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Paper  No, 8

HEAT TRANSFER WITH HOCKEY-STICK STEAM GENERATOR

by
E. Moody and M.J.  G ab le r  (Atomics I n t e r n a t i o n a l )

ABSTRACT

The h o c k e y - s t i c k  modular  d e s i g n  c o n c e p t  i s  a good answer to  
f u t u r e  needs  f o r  r e l i a b l e ,  economic LMFBR steam g e n e r a t o r s .  The 
c o n c e p t  was s u c c e s s f u l l y  d e m o n s t r a te d  in  t h e  30 Mwt MSG t e s t  u n i t ;  
s c a l e d  up v e r s i o n s  a r e  c u r r e n t l y  in  f a b r i c a t i o n  f o r  CRBRP u s ag e ,  
and f u r t h e r  s c a l i n g  has  been accom pl i shed  f o r  PLBR a p p l i c a t i o n s .

Design and per formance  c h a r a c t e r i s t i c s  a r e  p r e s e n te d  f o r  th e  
t h r e e  g e n e r a t i o n s  o f  h o c k e y - s t i c k  s team g e n e r a t o r s .  The key 
f e a t u r e s  o f  t h e  d e s i g n  a r e  p r e s e n t e d  based on e x t e n s i v e  a n a l y t i c a l  
e f f o r t  backed up by e x t e n s i v e  a n c i l l a r y  t e s t  d a t a .

The bases  f o r  and a c t u a l  per fo rm ance  e v a l u a t i o n s  a r e  p r e s e n t e d  
w i th  em phas is  on t h e  CRBRP d e s i g n .  The d e s ig n  e f f o r t  on t h e s e  
u n i t s  has r e s u l t e d  in  t h e  development o f  a n a l y t i c a l  t e c h n iq u e s  t h a t  
a r e  d i r e c t l y  a p p l i c a b l e  t o  steam g e n e r a t o r s  f o r  any LMFBR 
a p p l i c a t i o n .

In c o n c l u s i o n ,  t h e  h o c k e y - s t i c k  steam g e n e r a t o r  co n ce p t  has 
been proven  t o  per fo rm both t h e r m a l l y  and h y d r a u l i c a l l y  as p r e ­
d i c t e d .  The h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  a r e  wel l  d e f i n e d ,  and 
proven a n a l y t i c a l  t e c h n i q u e s  a r e  a v a i l a b l e  as  a r e  pe rsonne l  e x ­
p e r i e n c e d  in  t h e i r  u s e .

For  p r e s e n t a t i o n  a t  t h e  f i r s t  j o i n t  US/Japan seminar  on LMFBR steam 
g e n e r a t o r s ,  J a p a n ,  F e b r u a r y ,  1978
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1 .0  INTRODUCTION

The h o c k e y - s t i c k  s team g e n e r a t o r  was deve loped  as a p a r t  o f  t h e  Company- 
funded L iqu id  Metal F a s t  B reede r  R eac to r  (LMFBR) program. A 30 Mwt u n i t ,  
te rmed t h e  Modular  Steam G e n e r a t o r  (MSG), was f a b r i c a t e d  and t e s t e d  under  AEC 
c o n t r a c t  w i th  t h e  f i r s t  s team produced  J u l y  9,  1972. The t e s t  program covered  
a wide e n v e lo p e  o f  o p e r a t i n g  c o n d i t i o n s  w i th  a t o t a l  s team ing  t ime o f  4015 hours 
and sodium o p e r a t i n g  t im e  o f  9305 h o u rs .  P a r a m e t r i c  d a t a  o ve r  a range  o f  1450 
t o  2550 p s ig  (99-172  b a r s )  was o b t a i n e d .  The t h e r m a l - h y d r a u l i c  perfo rmance  
o ver  t h e  e n t i r e  r ange  was bo th  p r e d i c t a b l e  and s t a b l e .

Based l a r g e l y  on t h e  MSG t e s t  s u c c e s s ,  AI was awarded a c o n t r a c t  f o r  de s ign  
and f a b r i c a t i o n  o f  t h e  s team g e n e r a t o r  u n i t s  f o r  t h e  C l in c h  R ive r  Breeder  
R e a c to r  P l a n t  (CRBRP) in  Sep tember  1975.  CRBRP uses  a r e c i r c u l a t i n g  s u p e r h e a t  
c y c l e  a s  shown i n  F ig u r e  1. The p l a n t  has t h r e e  l o o p s ,  each c o n s i s t i n g  o f  two 
e v a p o r a t o r s  and one s u p e r h e a t e r .  The d e s i g n  o f  t h e s e  u n i t s  i s  e s s e n t i a l l y  
com ple te  and f a b r i c a t i o n  i s  w e l l  underway.

Tab le  1 p r e s e n t s  t y p i c a l  CRBRP steam g e n e r a t o r  per fo rmance  c h a r a c t e r i s t i c s  
compar ison  t o  t h a t  o f  t h e  MSG d e s i g n .  I t  shou ld  be no ted  t h a t  t h e  MSG always 
o p e r a t e d  w i th  a small  d e g r e e  o f  s u p e r h e a t ,  t h u s  d i r e c t  comparison t o  t h e  CRBRP 
e v a p o r a t o r  i s  n o t  p o s s i b l e .  S i m i l a r l y ,  d i r e c t  s u p e r h e a t e r  compar ison can n o t  
be made s i n c e  t h e  MSG t e s t  d id  n o t  have a s a t u r a t e d  s team s o u r c e .  However, t h e  
MSG t e s t s  e s s e n t i a l l y  en v e lo p e  t h e  CRBRP o p e r a t i o n a l  reg im e.

T ab le  I  a l s o  p r e s e n t s  PLBR d e s ig n  d a t a  f o r  u n i t s  a p p l i c a b l e  t o  t h e  t h r e e  
c y c l e s  c u r r e n t l y  c o n s i d e r e d .  For many r e a s o n s ,  AI s t r o n g l y  f a v o r s  t h e  Benson 
( o n c e - t h r o u g h  s u p e r h e a t )  c y c l e .  However, t h e  b a s i c  h o c k e y - s t i c k  d e s ig n  concep t  
i s  a p p l i c a b l e  r e g a r d l e s s  o f  c y c l e .

I t  i s  o f  i n t e r e s t  t o  n o t e  from Table  1 t h a t  t h e r e  i s  a c o n s t a n t  m u l t i p l i e r  
o f  'v3 in  t h e  e v o l u t i o n  from MSG t o  PLBR. Th i s  i s  shown g r a p h i c a l l y  in  F igu re  2. 
The t r a n s i t i o n  from t h e  MSG t o  CRBRP was accom pl i shed  p r i m a r i l y  by i n c r e a s i n g  
t h e  number o f  tu b e s  and m a i n t a i n i n g  t h e  l e n g t h .  The t r a n s i t i o n  t o  PLBR r e ­
q u i r e d  an i n c r e a s e  in  bo th  l e n g t h  and number o f  t u b e s .  In a l l  u n i t s ,  t h e  tube  
d im ens ions  and p i t c h  have been h e ld  e s s e n t i a l l y  c o n s t a n t  w i th  t h e  e x c e p t io n  o f  
t h e  s a t u r a t e d  c y c l e  PLBR e v a p o r a t o r .

T ab le  2 p r e s e n t s  t y p i c a l  d e s ig n  c h a r a c t e r i s t i c s  o f  t h e  u n i t s .  I t  i s  
seen t h a t  t h e  CRBRP e v a p o r a t o r  and s u p e r h e a t e r  u n i t s  a r e  t h e  same s i z e .  O p t i ­
m a l l y ,  t h e  e v a p o r a t o r  cou ld  be '^̂ 3 f t  s h o r t e r  th a n  t h e  s u p e r h e a t e r .  From a 
s y s t e m a t i c  s t a n d p o i n t ,  however,  i n t e r c h a n g e a b i l i t y  appea red  t o  be d e s i r a b l e  and 
t h i s  f a c t o r  swayed t h e  f i n a l  s e l e c t i o n .

I t  i s  seen  t h a t  t h e  peak h e a t  f l u x  has been reduced  from MSG t o  CRBRP to  
PLBR. This  i s  d e s i r a b l e  from a s t r u c t u r a l  f a t i g u e  s t a n d p o i n t  and i s  o f  pr im ary  
conce rn  in  t h e  DNB zone .  Note t h a t  f o r  t h e  PLBR s a t u r a t e d  c y c l e ,  t h i s  peak 
h e a t  f l u x  i s  r educed  t o  r e a s o n a b l e  l e v e l s  o n ly  by u s in g  p r o t e c t i v e  o u t e r  t u b e s .

8-2



Note a l s o  t h a t  t h e  PLBR s a t u r a t e d  c y c l e  u ses  much l a r g e r  t u b e s .  This  
deve loped  from s t u d i e s  showing t h a t  a t  low p r e s s u r e s  l a r g e r  tu b e s  a r e  more 
econom ica l .  The tu b e  wall  AT has a l s o  been d e c re a se d  f o r  s t r u c t u r a l  p u rp o s e s .  
Tha t  shown f o r  t h e  s a t u r a t e d  c y c l e  i s  a c r o s s  both  t h e  s team and p r o t e c t o r  t u b e s .

The d a t a  p r e s e n t e d  has been based  on e x t e n s i v e  t e s t i n g  and a n a l y s e s .  The 
s u b s e q u e n t  s e c t i o n s  o f  t h i s  p a p e r  dea l  w i th  t h e  more d e t a i l e d  a s p e c t s  o f  the  
d e s i g n ,  t e s t ,  and a n a l y s e s  used  t o  deve lop  t h e s e  per formance  c h a r a c t e r i s t i c s .

2 . 0  HOCKEY-STICK STEAM GENERATOR FEATURES

B a s i c a l l y  t h e  h o c k e y - s t i c k  s team g e n e r a t o r  i s  a s im p l e ,  s t r a i g h t  s h e l l  and 
t u b e ,  c o u n t e r  f low  h e a t  excha nge r  w i th  an o f f s e t  l e g  which p ro v id e s  f l e x i b i l i t y  
t o  accommodate tu b e  t o  s h e l l  and tu b e  to  t u b e  d i f f e r e n t i a l  thermal  e x pans ion .
The u n i t  i s  mounted v e r t i c a l l y  w i th  t h e  sodium f low ing  downward th rough  t h e  
s h e l l  and t h e  w a t e r - s t e a m  f lo w in g  upward th ro u g h  th e  t u b e s .  Th is  a r rangem ent  
p ro v id e s  e x c e l l e n t  n a t u r a l  c o n v e c t io n  f low  f o r  decay  h e a t  removal p u rp o s es .

F ig u r e  3 shows t h e  CRBRP u n i t s  which s e r v e  e i t h e r  as  e v a p o r a t o r s  o r  s u p e r ­
h e a t e r s ,  Dual sodium o u t l e t  n o z z l e s  a r e  p ro v id ed  f o r  s p l i t t i n g  t h e  s u p e r h e a t e r  
f low t o  t h e  two e v a p o r a t o r  modules .  In e v a p o r a t o r  s e r v i c e ,  one o u t l e t  n o zz le  
remains  capped.

From a the rm al  s t a n d p o i n t ,  t h e  d e s ig n  must  p ro v id e :  (1)  s t a b l e ,  r e l i a b l e
per fo rm ance  o v e r  a wide r ange  -  n o rm a l ly  40 t o  110%, (2)  thermal  p r o t e c t i o n  o f  
s t r u c t u r a l  components o v e r  a wide r ange  o f  t r a n s i e n t  c o n d i t i o n s ,  and (3)  p e r ­
formance  a t  minimum c o s t .  The f o l l o w i n g  s e c t i o n s  a d d r e s s  t h e s e  s p e c i f i c  p o i n t s .

2 .1  Per formance  F e a t u r e s

By n e c e s s i t y ,  t h e  sodium must  be i n t r o d u c e d  th rough  p ip i n g  a t  r i g h t  a n g le s  
t o  t h e  tu b e  b u n d le .  To most  e f f e c t i v e l y  u t i l i z e  t h e  a v a i l a b l e  h e a t  t r a n s f e r  
s u r f a c e ,  t h i s  f low  must  be t u r n e d  and s i m u l t a n e o u s l y  d i s t r i b u t e d  ev en ly  a c r o s s  
t h e  b u n d le .  As shown in  F ig u re  3,  t h i s  i s  accom pl i shed  by i n t r o d u c i n g  t h e  
n o z z l e  f low  i n t o  an annul  us a round t h e  bund le  which t u r n s  t h e  f low upward and 
d i s t r i b u t e s  i t  e v e n l y  around  th e  annul  u s .  Th is  even d i s t r i b u t i o n  i s  accom­
p l i s h e d  by e c c e n t r i c  f low s t r a i g h t e n e r  r i n g s .

The f low i s  th e n  t u r n e d  inward  th ro u g h  s i x  f low windows. A double  tube  
s p a c e r  i s  p ro v id e d  above t h e  f low  window t o  minimize c i r c u l a t i o n  i n t o  t h e  s t a g ­
n a n t  hockey s t i c k  r e g i o n .  A d i s c - d o n u t  a r r angem en t  was used on t h e  MSG; how­
e v e r ,  conce rn  o v e r  sod ium -w ate r  r e a c t i o n  e f f e c t s  l e d  t o  t h e  double  s p a c e r  
a r r angem en t  which has a low er  r e s i s t a n c e .  As a r e s u l t ,  t h e r e  i s  some r e c i r c u ­
l a t i o n  above t h e  d o u b le  s p a c e r  which p r o v i d e s  a d d i t i o n a l  margin  on h e a t  t r a n s ­
f e r  a r e a  and does  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  u s e f u l n e s s  o f  t h e  s t a g n a n t  
r e g i o n  in  t r a n s i e n t  accommodation.

The tu b e  bund le  i s  a r r a n g e d  on a t r i a n g u l a r  p i t c h  and i s  e n c lo se d  in  a 
sh roud which f i t s  a s  c l o s e l y  a s  p r a c t i c a l  t o  t h e  o u te rm o s t  t u b e s .  However, 
t h i s  a r r an g em en t  r e s u l t s  in  open a r e a s  around  t h e  p e r i p h e r y  o f  t h e  bundle  which 
can l e a d  t o  s i g n i f i c a n t  bypass  f lo w .  In o r d e r  t o  c o u n t e r a c t  t h i s  e f f e c t ,  t h e

8-3



.1

tu b e  s p a c e r s  ( r e q u i r e d  f o r  s t r u c t u r a l  s u p p o r t )  a r e  de s ig n ed  as  d r i l l e d  p l a t e s  
w i th  sodium f low  h o le s  between tu b e s  b u t  w i t h o u t  open ings  in  t h e  bypass a r e a .
This  approach  f o r c e s  t h e  bypass  f low back i n t o  t h e  bundle  a t  each  s p a c e r  t h e r e b y  
m in im iz ing  t h e  bypass  e f f e c t .

In t h e  a r e a  j u s t  below t h e  windows,  t h e  tu b e  s p a c e r s  a r e  p la ced  c l o s e r  
t o g e t h e r  than  r e q u i r e d  from a s t r u c t u r a l  s t a n d p o i n t  ( a p p ro x im a te ly  h a l f  s p a c i n g ) .  
Th is  a r r an g em en t  p r o v id e s  an impedance to  a x i a l  f low which i s  g r e a t e r  than  th e  
tu b e  bund le  c r o s s  f low impedance.  As a r e s u l t ,  even f low  d i s t r i b u t i o n  a c r o s s  
t h e  bund le  i s  a t t a i n e d  i n  a v e ry  s h o r t  a x i a l  d i s t a n c e ,  t h u s  m in im iz ing  t h e  l e s s  
e f f i c i e n t  c r o s s  f low  h e a t  t r a n s f e r  a r e a .  The f low has now completed i t s  90° 
t u r n  and f low s  u n i f o r m ly  downward th ro u g h  t h e  bundle .

At t h e  e x i t  a r e a  o f  t h e  t u b e  b u n d le ,  s p a c e r s  and windows a r e  a r r a n g e d  in  
t h e  r e v e r s e  o r d e r  t o  acc om pl i sh  t h e  t r a n s i t i o n  from v e r t i c a l  t u b e  bundle  f low 
t o  h o r i z o n t a l  n o z z l e  f low.  A gain ,  t h e r e  i s  some r e c i r c u l a t i o n  f low in  t h e  
s t a g n a n t  sodium between t h e  low er  windows and t u b e s h e e t  hav ing e s s e n t i a l l y  th e  
same e f f e c t  a s  t h e  upper  r e c i r c u l a t i o n .

As shown in  F ig u re  3 ,  t h e  a c t i v e  tu b e  l e n g t h  i s  t a k e n  c o n s e r v a t i v e l y  as 
t h e  c e n t e r - t o - c e n t e r  d im ens ion  between windows. S e c t i o n s  4 . 0  th rough  6 . 0  o f  
t h i s  p a p e r  t r e a t  t h e  h y d r a u l i c s  and pe r fo rm ance  o f  t h e  d e s ig n  in  more d e t a i l .

2 . 2  Thermal P r o t e c t i o n  F e a t u r e s

During most  t r a n s i e n t s ,  t h e  sodium and w a te r - s t e a m  t e m p e r a t u r e s  fo l l o w  
each  o t h e r  ve ry  c l o s e l y  s i n c e  p l a n t  c o n t r o l  sys tems  r e g u l a t e  f lows t o  match 
r e q u i r e d  h e a t  removal .  A d d i t i o n a l l y ,  t h e  t h i n  w a l l e d  tu b e s  have small  c a p a c i ­
t a n c e s  and r e spond  r a p i d l y  t o  t e m p e r a t u r e  changes  i n  e i t h e r  f l u i d .

The m ass ive  s h e l l ,  s u p p o r t ,  h e a d e r ,  and t u b e s h e e t  s e c t i o n s  r e q u i r e d  from 
p r e s s u r e  and s e i s m i c  c o n s i d e r a t i o n ,  on t h e  o t h e r  hand,  respond q u i t e  s low ly  to  
f l u i d  t e m p e r a t u r e  changes .  As a r e s u l t ,  t r a n s i e n t s  can engender  l a r g e  the rmal  
g r a d i e n t s  a c r o s s  t h e s e  t h i c k  s e c t i o n s  and ,  u n l e s s  p r o t e c t i o n  i s  p r o v id e d ,  
u n a c c e p t a b l e  the rm al s t r e s s e s  can d e v e lo p .  The pr im ary  conce rns  a r e  in  t h e  
a r e a  o f  c r e e p  and f a t i g u e  damage o v e r  a 30 (CRBRP) and 40 (PLBR) y e a r  l i f e .
PLBR t r a n s i e n t s  a r e  much l e s s  s e v e r e  than  CRBRP, t h e r e f o r e  d e s ig n  s i m p l i f i c a ­
t i o n  i s  a n t i c i p a t e d .

F ig u r e  4 shows an exp loded  view o f  t h e  CRBRP steam g e n e r a t o r  components.
The p r im ary  means o f  p r o t e c t i n g  t h e  m a ss iv e  p r e s s u r e  boundary  components i s  by 
p l a c i n g  s t e e l  and s t a g n a n t  sodium between them and t h e  f low ing  sodium.

In t h e  n o z z l e s ,  t h i s  i s  a ccom pl i shed  w i t h  p inned  l i n e r s  which c o n t a i n  the  
f low and s e p a r a t e  i t  f rom t h e  n o z z l e  p r o p e r .  This  l i n e r  s l i p  f i t s  i n t o  t h e  
h e a d e r  l i n e r  which p r o t e c t s  t h e  h e a d e r  from t h e  a n n u l a r  f low toward  t h e  windows. 
Seal r i n g s  a r e  p ro v id ed  t o  p r e v e n t  f low  i n t o  t h e  annul  us between th e  shroud 
and s h e l l .

The shroud  pe r fo rm s  t h e  f u n c t i o n  o f  c o n t a i n i n g  tu b e  bundle  f low and p r o ­
v id i n g  therm al s e p a r a t i o n  from t h e  s h e l l .  In a d d i t i o n ,  t h e  annu lus  sodium gap
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and shroud  p r o t e c t  t h e  s h e l l  from damage by t h e  f lam e f r o n t  o f  a sodium-water  
r e a c t i o n .  The shroud was c o n t in u e d  f u l l y  i n t o  t h e  elbow r e g io n  f o r  t h e  CRBRP 
u n i t s  whereas  i t  ended h a l f  way i n t o  t h e  elbow in  t h e  MSG. The p r im ary  reason  
f o r  t h i s  was t h e  s e v e r i t y  o f  t h e  CRBRP t r a n s i e n t s .

F i n a l l y ,  t u b e s h e e t  p r o t e c t i o n  i s  p ro v id e d  by thermal  b a f f l e s  p la ced  a t  t h e  
f a c e  o f  each  t u b e s h e e t .  These b a f f l e s  p r o v id e  thermal  c a p a c i t a n c e  to  abso rb  
t e m p e r a t u r e  g r a d i e n t s  b e f o r e  t h e y  can r e a c h  s t r u c t u r a l  members as  do th e  l i n e r s  
in  th e  n o z z l e  and s h e l l  r e g i o n s .

This  a s p e c t  o f  the rm al p r o t e c t i o n  o f  s t r u c t u r a l  members r e q u i r e d  a mass ive  
a n a l y t i c a l  e f f o r t  f o r  t h e  CRBRP f i n a l  d e s i g n .  In o r d e r  t o  accompl i sh  t h i s  t a s k ,  
a s o p h i s t i c a t e d  t h e r m a l / s t r e s s  a n a l y s i s  sys tem us ing  ex t re m e ly  d e t a i l e d  models 
was deve loped .  The r e a d e r  i s  d i r e c t e d  t o  R e fe re nce  1 f o r  d e t a i l s  o f  t h i s  system.

2 .3  Economic F e a t u re s

The p r im ary  p a r a m e te r s  which a f f e c t  s team g e n e r a t o r  c o s t s  f o r  a g iven  p e r ­
formance r e q u i r e m e n t  a r e  t u b e  d i a m e t e r ,  number o f  tu b e s  and tu b e  l e n g t h ;  any 
one can be t h e  dependen t  v a r i a b l e .  There  a r e  r e s t r i c t i o n s  on t h e  d e g re e  o f  
o p t i m i z a t i o n  which can be a t t a i n e d ,  some o f  which a r e :

1) Tube wall  DNB A(AT) -  c r e e p - f a t i g u e  e f f e c t s
2) S tea m /w a te r  s i d e  v e l o c i t y  - e r o s i o n  p rob lem s ,  AP
3) Tube l e n g t h  -  maximum l e n g t h  a v a i l a b l e  w i t h o u t  welds
4) Number o f  welds  -  r e l i a b i l i t y  c r i t e r i a
5) Tube d i a m e t e r  -  minimum p r a c t i c a l  f o r  t u b e / t u b e s h e e t  

w eld ing  and f o u l i n g  c o n s i d e r a t i o n s .

F ig u re  5 shows t h e  economic e f f e c t  o f  v a ry in g  tube  s i z e  and number f o r  t h e  
CRBRP. The p l a n t  r e q u i r e s  n in e  i n s t a l l e d  modules p lu s  one s p a r e ,  t h u s  t h e  p l a n t  
c o s t  e f f e c t  i s  t e n  t im es  th e  u n i t  c o s t  e f f e c t .  The c o s t  i n c r e a s e  e f f e c t  o f  i n ­
c r e a s i n g  tu b e  d i a m e t e r  i s  p r i m a r i l y  engendered  by t h e  c o r r e s p o n d in g  i n c r e a s e  in 
l e n g t h ,  which i s  m a g n i f i e d  by t h e  e f f e c t s  on s h e l l ,  sh ro u d ,  s p a c e r s ,  and s u p p o r t s .

For a g iven  tu b e  d i a m e t e r ,  an i n c r e a s e  in  t h e  number o f  tu b e s  i n c r e a s e s  
t u b e s h e e t  s i z e ,  s h e l l  d i a m e t e r  and number o f  welds  which a r e  b a l a n c e d  a g a i n s t  
a l e n g t h  d e c r e a s e .  A d e c r e a s e d  number o f  tu b e s  r e v e r s e s  t h e  b a l a n c e  r e s u l t i n g  
in  an optimum p o i n t  as  shown.

P re v io u s  s t u d i e s  had d e t e rm in e d  t h a t  t h e  5 / 8 - i n .  (1 5 .9  mm) tu b e  was a 
p r a c t i c a l  lower l i m i t  from bo th  f a b r i c a t i o n  and f o u l i n g  c o n s i d e r a t i o n s .  All 
c o n f i g u r a t i o n s  shown in  F ig u re  5 a r e  w i t h i n  a v a i l a b l e  t u b e  l e n g t h  and o v e r  t h e  
range  o f  number o f  welds  i n v o l v e d ,  t h e  r e l i a b i l i t y  c r i t e r i a  d id  n o t  appea r  a 
ma jor  co n c e rn .

F u r t h e r  a n a l y s i s  was made t o  d e t e r m in e  t h e  DNB A(AT) and t h e  r e s u l t s  a r e  
shown in  F ig u re  6. Data from power p l a n t s  u s in g  2 - 1 / 4  Cr -  1 Mo t u b i n g  i n d i c a t e d  
250 fp s  (76 m /sec )  t o  be a s a f e  l i m i t  f o r  e r o s i o n / c o r r o s i o n  problems.  T h e r e f o r e ,
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a c o n s e r v a t i v e  l i m i t  o f  'v200 f p s  (61 m /sec )  was s p e c i f i e d .  The c o r r e s p o n d in g  
A(AT) o f  580F (320C) was deemed a c c e p t a b l e  from a s t r u c t u r a l  a n a l y s i s  and th e  
757 5 / 8 - i n .  ( 1 5 .9  mm) 0 . 0 .  t u b e  c o n f i g u r a t i o n  became th e  r e f e r e n c e  d e s ig n .  I t  
can be seen  from F ig u re  5 t h a t  t h e  s e l e c t e d  d e s ig n  i s  v e ry  c l o s e  to  t h e  economic 
optimum.

For CRBRP, t h i s  e v a l u a t i o n  was accom pl i shed  w i th  hand c a l c u l a t i o n s .  For 
PLBR a n a l y s e s ,  a computer  c o d e ,  SOC-II ,  has been deve loped  t o  per fo rm o v e r a l l  
p l a n t  c o s t  o p t i m i z a t i o n .  A s e c t i o n  o f  t h i s  code i s  used f o r  s team g e n e r a t o r  
o p t i m i z a t i o n  and p e rm i t s  e x t r e m e l y  a c c u r a t e ,  d e t a i l e d  economic a n a l y s e s  w i t h i n  
t h e  c o n f i n e s  o f  e x i s t i n g  l i m i t s .

3 . 0  HEAT TRANSFER CORRELATIONS

In g e n e r a l ,  t h e  sodium s i d e  c o r r e l a t i o n s  which have been ,  and a r e  b e in g ,  
used  a r e  s t a n d a r d  c o r r e l a t i o n s  from R e fe re n ce  2.  The p r im ary  e x c e p t io n  t o  t h i s  
i s  t h e  use o f  t h e  Graber  & R ie g e r  c o r r e l a t i o n ( 3 )  f o r  f o r c e d  c o n v e c t io n  over  
t u b e s .  S in ce  t h e  sodium s i d e  r e s i s t a n c e  i s  a small  f r a c t i o n  o f  t h e  t o t a l  r e ­
s i s t a n c e ,  v e r i f i c a t i o n  o f  t h i s  c o r r e l a t i o n  was n o t  p o s s i b l e  from t h e  MSG t e s t  
d a t a .  However,  t h i s  c o r r e l a t i o n  a p p e a r s  t o  be most com ple te  and c o v e r s  th e  
f low and P/D r a t i o s  employed i n  t h e  MSG, CRBRP and PLBR most  a d e q u a t e l y .

For c a l c u l a t i o n s  o f  the rm al  p r o t e c t i o n  ( i . e . ,  i n p u t  t o  s t r e s s  m o d e l in g ) ,  
t h e  c o r r e l a t i o n s  used  were t h e  most  c o n s e r v a t i v e  where c h o i c e s  e x i s t  in  Ref­
e r e n c e  2. Although g r e a t  c a r e  has been t a k e n  in  t h e  d e s ig n  to  i s o l a t e  s t a g n a n t  
sodium r e g i o n s ,  some n a t u r a l  c o n v e c t io n  has  been i n c lu d e d  in  t h e  thermal  a n a l y s i s .

The w a t e r - s t e a m  s i d e  c o r r e l a t i o n s  a r e  f a i r l y  well  a c c e p te d  s t a n d a r d  c o r r e ­
l a t i o n s  t h a t  have been v e r i f i e d  in  t h e  MSG w i th  two e x c e p t io n s  — f i l m  b o i l i n g  
and t h e  o n s e t  o f  DNB. The b a s i c  p rem ise  in  t h e  s e l e c t i o n  o f  c o r r e l a t i o n s  was 
s i m p l i c i t y ,  w i th  a r e a s o n a b l e  a c c u r a c y  o v e r  a n t i c i p a t e d  ranges  o f  i n t e r e s t .
Tab le  3 summarizes t h e  c o r r e l a t i o n s .

The p r e h e a t  p o r t i o n  o f  t h e  e v a p o r a t o r  i s  well  c h a r a c t e r i z e d  by t h e  s t a n d a r d  
D i t t u s - B o e l t e r  e q u a t i o n .  For t h e  n u c l e a t e  b o i l i n g  re g im e ,  t h e  Jen s  & Lottesv*^) 
e q u a t i o n  was s e l e c t e d .  In t h i s  r e g im e ,  t h e  w a te r  s i d e  c o e f f i c i e n t  i s '  so l a r g e  
t h a t  t h e  s e l e c t i o n  o f  c o r r e l a t i o n  i s  n o t  c r i t i c a l .

(5)In t h e  s u p e r h e a t  r e g im e ,  t h e  Bishop c o r r e l a t i o n ^  ‘ was found t o  g iv e  t h e  
b e s t  ag reem en t  t o  t h e  MSG t e s t  d a t a .  Th is  c o r r e l a t i o n  i s  based  on d a t a  a t  p r e s ­
s u r e s  r a n g in g  from 2350 to  3120 p s i a  (160 t o  220 b a r s ) .  A s i m i l a r  c o r r e l a t i o n  by 
Heineman,  based on d a t a  from 300 to  1500 p s i a  (20 t o  100 b a r s ) ,  when e x t r a p o l a t e d  
y i e l d s  et s l i g h t l y  lower  v a l u e .  The d i f f e r e n c e  i s  s m a l l ;  t h e r e f o r e ,  t h e  l a r g e r  
v a lu e  was s e l e c t e d  f o r  c o n s e r v a t i s m  in  t r a n s i e n t  c a l c u l a t i o n s .

D e p a r tu r e  from n u c l e a t e  b o i l i n g  (DNB) i s  c h a r a c t e r i z e d  by a sudden drop  in  
h e a t  t r a n s f e r  r e s u l t i n g  from a change  in  t h e  h e a t  t r a n s f e r  mechanism. This  in  
t u r n  r e s u l t s  in  a change in  s l o p e  o f  t h e  sodium t e m p e r a t u r e  p r o f i l e .  The MSG 
t e s t  d a t a  showed t h i s  e f f e c t  and a l s o  showed a more d i s t i n c t  change a t  low 
p r e s s u r e s  because  o f  t h e  h i g h e r  n u c l e a t e  b o i l i n g  h e a t  f l u x .
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The t e s t  d a t a  was compared t o  a number o f  DNB c o r r e l a t i o n s  found in  t h e  
l i t e r a t u r e .  None p ro v id e d  an a c c e p t a b l e  f i t ;  p r i m a r i l y  because  none were based 
on MSG geometry  o r  t e s t  c o n d i t i o n s .  As a r e s u l t ,  a c o m p le te ly  new c o r r e l a t i o n ( ^ )  
was deve loped  by AI which p ro v id e d  t h e  b e s t  f i t  t o  t h e  range  o f  MSG t e s t  d a t a .  
S in ce  t h e  m a j o r i t y  o f  AI s team g e n e r a t o r  d e s i g n s  a r e  s i m i l a r  to  the  MSG, t h i s  
c o r r e l a t i o n  i s  deemed a d e q u a te .  Subsequen t  DNB t e s t i n g  conduc ted  a t  GE and ANL  ̂  ̂
t e n d s  t o  co n f i rm  t h e  v a l i d i t y  o f  t h i s  c o r r e l a t i o n .

A t tem pts  t o  c o r r e l a t e  t h e  o b s e rv ed  MSG f i l m  b o i l i n g  h e a t  t r a n s f e r  w i th  
n o rm a l ly  used  c o r r e l a t i o n s  proved  u n s u c c e s s f u l .  An e q u a t io n  o f  th e  form 
Nu = CiRe^2 PrCs was used  in  t h e  i n i t i a l  a t t e m p t .  I t  was found t h a t  in  us ing  
t h i s  e q u a t i o n ,  t h e  Reynolds number power (Cz)  had t o  be g r e a t e r  than  one to  
p ro v id e  r e a s o n a b l e  d a t a  c o r r e l a t i o n .  Such a v a l u e  i s  i n c o n s i s t e n t  w i th  any 
known f i l m  b o i l i n g  c o r r e l a t i o n .  F u r t h e r  e v a l u a t i o n  o f  t h e  t e s t  d a t a  i n d i c a t e d  
t h a t  t h e r e  was s t r o n g  e v i d e n c e  o f  a s i g n i f i c a n t  amount o f  m o i s t u r e  e x i s t i n g  
beyond t h e  p o i n t  where t h e  t h e o r e t i c a l  e q u i l i b r i u m  q u a l i t y  was one.  The p rov ide  
b e t t e r  c o r r e l a t i o n  o f  t h e  t e s t  d a t a ,  an a n a l y t i c a l  t e c h n i q u e  employing the rmal  
n o n e q u i l i b r i u m  was u s e d . (6)

The b a s i c  model ,  te rmed  D is p e r s e d  Flow Film B o i l i n g ,  in c lu d e d  th e  e f f e c t s  
o f  the rm al n o n e q u i l i b r i u m  and gave an a c c u r a t e  d e s c r i p t i o n  o f  t h e  p h y s i c a l  f low 
and h e a t  t r a n s f e r  p r o c e s s e s  o c c u r r i n g .  Three  d i f f e r e n t  h e a t  t r a n s f e r  p r o c e s s e s  
were i n c l u d e d .  Heat  t r a n s f e r  between t h e  v ap o r  and w a l l ,  t h e  vapor  and d r o p l e t s ,  
and t h e  w a t e r  d r o p l e t s  and t h e  w a l l .

I t  was found t h a t  t h e  d i s p e r s e d  f low f i l m  b o i l i n g  mode l ,  w i th  a s u i t a b l y  
a d j u s t e d  i n i t i a l  d r o p l e t  s i z e  c o r r e l a t i o n ,  p ro v id ed  an a c c u r a t e  f i t  to  t h e  t e s t  
d a t a  o v e r  t h e  com ple te  ra n g e  o f  p r e s s u r e s  and mass f low s .  However, due t o  t h e  
c o m p le x i ty  o f  t h e  model and t h e  q u e s t i o n a b i l i t y  o f  i t s  a p p l i c a t i o n  t o  th e  h ig h e r  
mass f low r a t e  a t  CRBRP c o n d i t i o n s ,  i t  was d e c id e d  t h a t  a b e s t  f i t  o f  a m od i f ied  
Tong c o r r e l a t i o n  t o  t h e  AI-MSG d a t a  would be made.

A l a r g e  u n c e r t a i n t y  was a t t a c h e d  t o  t h i s  c o r r e l a t i o n ,  s i n c e  i t  y i e l d e d  a 
r e l a t i v e l y  poor  f i t  t o  t h e  AI-MSG d a t a  in  t h e  CRBRP p r e s s u r e  r ange .  T h e r e f o r e ,  
t h e  a p p l i c a t i o n  o f  t h i s  c o r r e l a t i o n  t o  s i z i n g  t h e  CRBRP e v a p o r a t o r  module l e d  to  
l a r g e  u n c e r t a i n t y  m a rg ins .  In a s u b s e q u e n t  e f f o r t  t o  minimize t h e  s i z e  o f  t h e  
steam g e n e r a t o r ,  t h e  f i l m  b o i l i n g  c o r r e l a t i o n  f o r  use on CRBRP was r e - e v a l u a t e d .

A s u rv e y  o f  t h e  l i t e r a t u r e  showed t h a t  t h e  Bishop e t  al  f i l m  b o i l i n g  c o r r e -  
l a t i o n ( 5 )  was a p p l i c a b l e  t o  t h e  CRBRP steam c o n d i t i o n s .  Th is  c o r r e l a t i o n  i s  an 
e q u i l i b r i u m  c o r r e l a t i o n  as  i s  t h e  Tong c o r r e l a t i o n ,  and i s  r e l a t i v e l y  easy  to  
model compared to  t h e  c o m p le x i ty  o f  t h e  d i s p e r s e d  f low n o n e q u i l i b r i u m  model .  A
compari son  o f  t h e  m o d i f i e d  Tong and t h e  Bishop  c o r r e l a t i o n s  was made ( F ig u r e  7)
t o  t h e  AI-MSG t e s t  d a t a  based  on p r e d i c t e d  h e a t  t r a n s f e r  l e n g t h .  I t  shou ld  be 
no ted  t h a t  t h e  Tong c o r r e l a t i o n  used  in  t h e  compar ison had been m od i f ied  to
match t h e  t e s t  d a t a  as  well  as  p o s s i b l e  b e f o r e  t h e  compar ison was made.

I t  i s  a p p a r e n t  t h a t  a f l a t t e n i n g  t r e n d  o c c u r s  to  t h e  c u rv es  in  F igu re  7 a t  
h i g h e r  mass f low r a t e s .  Th is  c ou ld  be a n t i c i p a t e d  s i n c e  t h e  c o r r e l a t i o n s  used 
f o r  f i l m  b o i l i n g  in  each  c a s e  i s  o f  t h e  e q u i l i b r i u m  t y p e ,  and th e  high  end o f
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t h e  t e s t  d a t a  w a t e r  f low  r a t e s  t e n d  toward  e q u i l i b r i u m  c o n d i t i o n s .  The e q u i l i b ­
r ium c o r r e l a t i o n s  shou ld  be good a t  w a t e r  mass f low s  h igh  enough t o  be in  t h e  
e q u i l i b r i u m  zone .  The Bishop c o r r e l a t i o n  t e n d s  t o  approach  t h e  p ro p e r  h e a t  
t r a n s f e r  c o e f f i c i e n t  a t  t h e  h igh  end o f  t h e  t e s t  f low r a t e s .  The m od i f ied  Tong 
c o r r e l a t i o n  t e n d s  t o  u n d e r p r e d i c t  t h e  p r o p e r  h e a t  t r a n s f e r  c o e f f i c i e n t  a t  e q u i ­
l i b r i u m  c o n d i t i o n s  by

The CRBRP s team g e n e r a t o r  mass f low  r a t e  i s  s i g n i f i c a n t l y  h i g h e r  than  t h e  
t e s t  d a t a  r a n g e ,  and w i l l  o p e r a t e  w i th  e q u i l i b r i u m  f i l m  b o i l i n g .  Note t h a t  t h e  
CRBRP mass f low  r a t e  i s  c o n s t a n t  o ve r  t h e  40 t o  100% power o p e r a t i n g  range  s i n c e  
a c o n s t a n t  speed  r e c i r c u l a t i o n  pump i s  u sed .  A lso ,  f i l m  b o i l i n g  in  CRBRP i s  in 
a low ra n g e  o f  s team q u a l i t y  (25 t o  50%), where s i g n i f i c a n t  n o n e q u i l i b r i u m  
e f f e c t s  would n o t  be a n t i c i p a t e d  even a t  t h e  lower  mass f low r a t e s  o f  th e  
AI-MSG t e s t  c o n d i t i o n s .  Th is  c o n c l u s i o n  i s  based on t h e  f a c t  t h a t  t h e  Bishop 
c o r r e l a t i o n  was shown t o  match t h e  AI-MSG f i l m  b o i l i n g  h e a t  t r a n s f e r  r a t e s  well  
f o r  e q u i l i b r i u m  q u a l i t i e s  o f  <50%.

Based on t h e s e  two f a c t o r s ,  (1)  t h e  CRBRP s team g e n e r a t o r  mass f low r a t e  
i s  h i g h ,  and (2)  t h e  q u a l i t y  o f  s team in  t h e  f i l m  b o i l i n g  r e g i o n  low, e q u i l i b ­
r ium f i l m  b o i l i n g  w i l l  p e r s i s t  in  t h e  CRBRP and t h e  Bishop c o r r e l a t i o n  i s  b e l i e v e d  
t o  be a p p l i c a b l e .

4 . 0  SODIUM HYDRAULICS

Sodium s i d e  p r e s s u r e  d rop  f o r  t h e  CRBRP e v a p o r a t o r  and s u p e r h e a t e r  modules 
i s  c u r r e n t l y  based  upon r e s u l t s  o f  t h e  H y d ra u l i c  T e s t  Model (HTM). P r i o r  p r e ­
d i c t i o n s  had been based  upon t h e  MSG h y d r a u l i c  t e s t .  S ince  t h e  f low p a th s  
th ro u g h  th e  MSG and th e  CRBRP u n i t s  a r e  s i m i l a r ,  l o s s  f a c t o r s  e x p e r i m e n t a l l y  
d e t e rm in e d  f o r  t h e  MSG were a p p l i e d  t o  make a p r e s s u r e  drop  p r e d i c t i o n  p r i o r  
t o  t h e  CRBRP h y d r a u l i c  t e s t .  The p r e t e s t  p r e d i c t i o n  was on ly  5% h ig h e r  than  
t h e  a c t u a l  measured p r e s s u r e  d ro p .  T h e r e f o r e ,  t h e  v a l i d i t y  o f  u s in g  s t a n d a r d  
h y d r a u l i c  c o r r e l a t i o n s  was con f i rm ed  by t e s t .

Sodium flow d i s t r i b u t i o n  f o r  t h e  CRBRP steam g e n e r a t o r  modules has been 
d e t e rm in e d  e x p e r i m e n t a l l y . ^8) s i n c e  t h e  CRBRP s team g e n e r a t o r  d e s ig n  p ro v id e s  
f o r  i n d i v i d u a l  t u b e  t o  tu b e  the rm al  e x p a n s io n ,  un ifo rm f low d i s t r i b u t i o n  does 
n o t  have t h e  same d e g re e  o f  im p o r tan ce  a s  in  a s t r a i g h t  s h e l l  and tu b e  u n i t ,
where a small  tu b e  t o  tu b e  t e m p e r a t u r e  d i f f e r e n t i a l  can cause  t h e  tu b e s  to
b u c k l e .  However, t h e  CRBRP d e s ig n  s t i l l  r e q u i r e s  u n i f o r m i t y  o f  f low f o r  the rmal  
p e r fo rm a n ce ,  a s  well  a s  t o  m in im ize  r a d i a l  and c i r c u m f e r e n t i a l  the rmal  g r a d i e n t s .  
The purpose  o f  t h e  h y d r a u l i c  t e s t  was tw o f o ld :  f i r s t  t o  d e t e rm in e  v i b r a t i o n
c h a r a c t e r i s t i c s ,  and second t o  measure s h e l l - s i d e  f low d i s t r i b u t i o n  and p r e s s u r e  
l o s s .  The t e s t  was performed by AI under  c o n t r a c t  t o  GE-FBRD. A carbon  s t e e l  
model ( t h e  HTM) was d e s i g n e d ,  f a b r i c a t e d ,  and t e s t e d  by AI from June 1974 to  
June 1976. The model was f u l l - s i z e ,  i d e n t i c a l  to  t h e  p r o t o t y p e  s team g e n e r a t o r  
in  i n t e r n a l  c o n f i g u r a t i o n  e x c e p t  t h a t  i t s  a c t i v e  l e n g t h  was s h o r t e n e d  from 
46 f t  (14 m) t o  25 f t  ( 7 . 6  m ) . The t e s t  was per formed in  a c l o s e d  loop  w a te r  
t e s t  f a c i l i t y  a t  t h e  Rocketdyne D i v i s i o n  o f  Rockwell I n t e r n a t i o n a l .  Th is  f a c i l i t y  
i s  d e s ig n e d  f o r  w a te r  f low  t e s t i n g  o f  components up to  32,000  gpm (121,000 £/min)
The HTM was t e s t e d  a t  f low  r a t e s  up t o  30 ,000  gpm (114 ,000  £/min)  f o r  t h e  f low
d i s t r i b u t i o n  t e s t s .
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Flow v e l o c i t i e s  were measured t h r o u g h o u t  t h e  u n i t  t o  d e t e rm in e  f low d i s t r i ­
b u t i o n .  I n s t r u m e n t  p o r t s  were p ro v id ed  a t  30 a x i a l  l o c a t i o n s ,  w i th  c a p a b i l i t y  
t o  s u rv e y  a c r o s s  t h e  d i a m e t e r  o f  t h e  u n i t  ev e ry  60O. Two and t h r e e  d im ens ional  
pi t o t  t u b e s  were used  w i th  w a te r  manometers  to  d e t e rm in e  l o c a l  v e l o c i t i e s .  An 
e r r o r  a n a l y s i s  was per form ed t o  d e t e rm in e  t h e  a c c u ra c y  o f  t h e  d a t a  t a k i n g  p ro c e s s  
and equ ipm en t .  I t  was conc luded  t h a t  t h e  method used was c a p a b le  o f  ±5% r e s o l u ­
t i o n  o f  t h e  a c t u a l  v e l o c i t y  d i s t r i b u t i o n .

Flow d i s t r i b u t i o n  t e s t  r e s u l t s  a r e  p r e s e n t e d  in  Refe rence  8.  V e lo c i ty  
measurements  in  t h e  i n l e t  f low  a n n u lu s  i n d i c a t e  t h a t  t h e  l o c a l  f low r a t e  a t  IBQO 
from t h e  i n l e t  was a b o u t  t h r e e  t i m e s  t h e  f low  r a t e  in  l i n e  w i th  t h e  i n l e t .  How­
e v e r ,  t h e  m a l d i s t r i b u t i o n  a t t e n u a t e d  t o  a b o u t  5% n o n u n i fo rm i ty  in  t h e  bundle  a t  
t h e  i n l e t  windows and became un i fo rm  4 f t  ( 1 . 2  m) below t h e  windows. Flow d i s ­
t r i b u t i o n  th ro u g h  t h e  module i s  shown in  F ig u re  8.

Based upon t h e  r e s u l t s  o f  t h e  h y d r a u l i c  t e s t ,  a d e s ig n  m o d i f i c a t i o n  o f  th e  
i n l e t  f low  s t r a i g h t e n e r  r i n g s  was made t o  promote un ifo rm flow d i s t r i b u t i o n  in 
t h e  a n n u l u s .  Th i s  w i l l  e l i m i n a t e  any p o s s i b l y  d e l e t e r i o u s  e f f e c t s  o f  such mal­
d i s t r i b u t i o n ,  such  as  l o c a l l y  h igh  c r o s s  f low  v e l o c i t i e s  in  t h e  i n l e t  window 
a r e a .  As t h e  f low  d i s t r i b u t i o n  was good in  t h e  tu b e  bundle  i n i t i a l l y ,  t h e  i n l e t  
a n nu lus  d e s ig n  change  w i l l  n o t  s i g n i f i c a n t l y  improve f low d i s t r i b u t i o n  t h e r e .

5 .0  WATER-STEAM HYDRAULICS

W ate r - s team  p r e s s u r e  d rop  i s  c a l c u l a t e d  f o r  t h e  steam g e n e r a t o r  based  upon 
f r i c t i o n a l  p r e s s u r e  l o s s ,  p r e s s u r e  l o s s  due t o  momentum change ,  and t h e  p r e s s u r e  
l o s s  due t o  e l e v a t i o n  change .  S ta n d a rd  h y d r a u l i c  c o r r e l a t i o n s  a r e  used to  c a l ­
c u l a t e  t h e s e  l o s s e s .  These c o r r e l a t i o n s  have been used to  match s team s i d e  
p r e s s u r e  drop  d a t a  from t h e  AI-MSG t e s t s . T h e  t e s t  c o n d i t i o n s  g e n e r a l l y  
cove re d  t h e  CRBRP o p e r a t i n g  c o n d i t i o n s .  The c o r r e l a t i o n s  matched t h e  t e s t  d a t a  
w i t h i n  a ±15% e r r o r  band.

Water  s i d e  s t a b i l i t y  was i n v e s t i g a t e d  f o r  t h e  e v a p o r a t o r  modules f o r  bo th  
s t a t i c  and dynamic i n s t a b i l i t i e s .  S t a t i c  i n s t a b i l i t y  o c c u r s  when a small  f low 
d i s t u r b a n c e  p roduces  a d i f f e r e n t  s t e a d y  s t a t e  o p e r a t i n g  c o n d i t i o n  ( e x c u r s i v e  
f low)  o r  p e r i o d i c  f low  b e h a v i o r .  Dynamic i n s t a b i l i t y  o c c u r s  when i n e r t i a  and 
o t h e r  feedback  e f f e c t s  p l a y  an e s s e n t i a l  p a r t  in  t h e  p r o c e s s .

S t a t i c  f low  i n s t a b i l i t y  was i n v e s t i g a t e d  f o r  both  e x c u r s i v e  f low and p e r i ­
o d ic  f low  b e h a v i o r .  E x c u r s iv e  f low  (Led inegg i n s t a b i l i t y )  i s  r e l a t i v e l y  s im ple  
to  p r e d i c t .  The o v e r a l l  p r e s s u r e  drop  i s  made up o f  c o n t r i b u t i o n s  from t h e  i n l e t  
l o s s e s ,  o r i f i c e ,  h y d r o s t a t i c  head ,  f r i c t i o n a l  head ,  momentum head and e x i t  l o s s e s .  
The p r e s s u r e  d rop  (Ap) can be shown t o  be a c u b ic  in  te rm s  o f  f low (9 )  so t h a t  f o r  
a p a r t i c u l a r  range  o f  Ap, i t  may be p o s s i b l e  t o  s u s t a i n  t h r e e  d i f f e r e n t  f low s .  
O p e ra t i o n  in  t h i s  ra n g e  r e s u l t s  i n  a sudden drop  in  f low  r a t e .  The o n s e t  o f  such 
an i n s t a b i l i t y  i s  p r e d i c t e d  when t h e  s l o p e  o f  t h e  Ap/f low r a t e  (W) cu rve  becomes 
s m a l l e r  th a n  t h e  s l o p e  o f  t h e  s u p p ly  Ap/W cu rv e  ( t h e  pump c h a r a c t e r i s t i c ) .  Con­
s e r v a t i v e l y ,  t h i s  may be w r i t t e n  3(Ap)/3W<Q.
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The Ap/W c u rv e s  f o r  t h e  v a r i o u s  o p e r a t i n g  c o n d i t i o n s  f o r  t h e  CRBRP steam 
g e n e r a t o r  module were g e n e r a t e d  u s in g  t h e  computer  program MODULE ( d e s c r i b e d  in 
S e c t i o n  6 . 1 ) .  For t h i s  a n a l y s i s ,  i t  was assumed t h a t  one e v a p o r a t o r  module s u s ­
t a i n e d  f e e d w a t e r  f low  d i f f e r e n t  th a n  t h e  p a r a l l e l  module ,  w h i l e  sodium i n l e t  
t e m p e r a t u r e ,  sodium flow r a t e ,  and f e e d w a t e r  t e m p e r a t u r e  were kep t  f i x e d .  Nega­
t i v e  s l o p e s  were n o t  o b s e rv ed  on t h e  Ap/W c u r v e s ,  im ply ing  e x c u r s i v e  f low b eh av io r  
w i l l  n o t  e x i s t .

Var ious  forms o f  p e r i o d i c  s t a t i c  i n s t a b i l i t y  have been i d e n t i f i e d ,  i n c l u d i n g  
f low p a t t e r n  i n s t a b i l i t y ,  b o i l i n g  c r i s i s  i n s t a b i l i t y ,  bumping,  g e y s e r i n g ,  and 
chugg ing .  The b o i l i n g  c r i s i s  i n s t a b i l i t y  w i l l  be p r e s e n t  s i n c e  DNB does o c c u r ;  
however,  t h i s  i s  n o t  a r e a l  i n s t a b i l i t y  conce rn  in  t h e  SG d e s ig n  s e n s e .  The 
o t h e r  forms o f  i n s t a b i l i t i e s  a r e  n o t  e x p e c te d  t o  be p r e s e n t ,  based  upon th e  con­
f i g u r a t i o n  o f  t h e  s team g e n e r a t o r  and AI-MSG t e s t i n g .

Three ty p e s  o f  dynamic i n s t a b i l i t y  have been e v a l u a t e d  — a c o u s t i c  i n s t a b i l i t y ,  
p r e s s u r e  drop  o s c i l l a t i o n s ,  and d e n s i t y  wave i n s t a b i l i t y .  A f low i s  s u b j e c t  to  
a c o u s t i c  i n s t a b i l i t i e s  when p r e s s u r e  waves t r a v e l  t h ro u g h  th e  sys tem.  In some 
e x p e r i m e n t s , o s c i l l a t i o n s  r e s u l t e d  from o p e r a t i o n  a t  t h e  n e g a t i v e - s l o p i n g  
r e g io n  o f  t h e  Ap/W c u rv e .  In o t h e r  e x p e r i m e n t s , c o n d u c t e d  a t  p r e s s u r e s  in  
t h e  range  o f  3200-3500 p s i a  (217-239 b a r s ) ,  t h e  minimum h e a t  f l u x  f o r  i n c e p t i o n  
o f  t h e  i n s t a b i l i t y  was 8 40 ,000  B t u / h r - f t ^  (2649 kw/m^). With r e g a r d  t o  th e  
CRBRP r e f e r e n c e  s y s tem ,  t h e  s l o p e  o f  t h e  Ap/W cu rve  i s  p o s i t i v e  and t h e  maximum 
l o c a l  h e a t  f l u x  ( o c c u r r i n g  d u r i n g  n u c l e a t e  b o i l i n g )  i s  350 ,000  B t u / h r - f t 2  
(1104 kw/m2).

P r e s s u r e  d rop  o s c i l l a t i o n s  o c c u r  in  sys tem s  having a c o m p re s s ib l e  volume 
ups t ream  o f ,  o r  w i t h i n ,  t h e  h e a t e d  s e c t i o n .  Th is  i s  a compound i n s t a b i l i t y ,  
b ro u g h t  ab o u t  by o p e r a t i o n  on t h e  n e g a t i v e  s l o p i n g  p a r t  o f  th e  Ap/W cu rve .  All
r e f e r e n c e  sys tem s  a r e  o p e r a t e d  on t h e  p o s i t i v e  s l o p e  o f  t h e  Ap/W c u rv e .

D e n s i ty  wave i n s t a b i l i t y  i s  t h e  most  common ty p e  o f  i n s t a b i l i t y .  A small 
r e d u c t i o n ( l O )  o f  i n l e t  f low  in  a h e a t e d  channel  i n c r e a s e s  t h e  e n t h a lp y  r i s e  
t h e r e b y  r e d u c i n g  t h e  a v e ra g e  d e n s i t y .  For c e r t a i n  com bina t ions  o f  geo m e t r i c a l  
a r r a n g e m e n t ,  o p e r a t i n g  c o n d i t i o n s  and boundary  c o n d i t i o n s ,  t h e  p e r t u r b a t i o n s  can 
become s e l f - s u s t a i n e d .  V a r ious  p a r a m e te r s  which a f f e c t  d e n s i t y  wave s t a b i l i t y  
a r e  summarized in  T ab le  4.  Comparison w i th  t h e  c o r r e s p o n d in g  MSG and CRBRP 
p a ra m e te r s  show i n h e r e n t  s t a b i l i t y .  The u se  o f  an o r i f i c e  i s  a common method 
o f  i n c r e a s i n g  d e n s i t y  wave s t a b i l i t y  m arg in .

A p r e l i m i n a r y  a n a l y s i s  o f  d e n s i t y  wave i n s t a b i l i t y  was made us ing  two d i f ­
f e r e n t  c r i t e r i a ,  t h e  S t e n n i n g  and V e z i ro g lu  c u rv e (1 2 )  and t h e  Sho tk in  c r u c i a l  
b o i l i n g  l e n g t h . B o t h  o f  t h e s e  e v a l u a t i o n s  show t h a t  a s u b s t a n t i a l  s t a b i l i t y  
margin  e x i s t s  f o r  t h e  CRBR e v a p o r a t o r .

A d e t a i l e d  a n a l y s i s  o f  d e n s i t y  wave s t a b i l i t y  a t  f u l l  and p a r t  load  o p e r a ­
t i o n  and v a r i o u s  i n l e t  t h r o t t l i n g  c o n d i t i o n s  was made u s in g  a m od i f ied  v e r s io n  
o f  t h e  DYNAM compute r  c o d e . ^ ^ ^ )  DYNAM i s  e s s e n t i a l l y  an e x t e n s i o n  o f  a n u c l e a r  
hydrodynamic s t a b i l i t y  code t o  steam g e n e r a t o r  a n a l y s i s .  F u r t h e r  m o d i f i c a t i o n s  
o f  DYNAM were made r e c e n t l y  a t  AI f o r  pu rp o ses  o f  t h e  CRBRP steam g e n e r a t o r
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s t a b i l i t y  a n a l y s i s ,  i n c l u d i n g  m o d i f i c a t i o n  o f  h e a t  t r a n s f e r  c o r r e l a t i o n s  to  
r e f l e c t  t h e  r e f e r e n c e  CRBRP s team g e n e r a t o r  c o r r e l a t i o n s  a s  well  as  m i s c e l l a ­
neous improvements t o  DYNAM's p h y s i c a l  mode ling  o f  t h e  s team g e n e r a t o r .  The 
r e s u l t s  o f  t h e  DYNAM a n a l y s i s  show t h a t  t h e  CRBRP e v a p o r a t o r s  a r e  f r e e  from 
d e n s i t y  wave i n s t a b i l i t i e s .  The a n a l y s i s  p r e d i c t s  t h e  e v a p o r a t o r  to  be very  
s t a b l e  o v e r  t h e  40 t o  100% lo a d  ra n g e  w i t h o u t  an i n l e t  o r i f i c e .  A t y p i c a l  
Nyqu is t  p l o t  p roduced  by DYNAM i s  shown in  F ig u re  9 f o r  100% power e v a p o r a t o r  
o p e r a t i o n  w i th  and w i t h o u t  an o r i f i c e .  A d d i t i o n a l  s t a b i l i t y  margin i s  ga ined  
by t h e  a d d i t i o n  o f  t h e  o r i f i c e ,  a s  i s  d e m o n s t r a t e d  in  F ig u re  9 by t h e  d e c r e a s e  
in  s t a t i c  g a in  w i th  t h e  o r i f i c e .  The s t a b i l i t y  margin  i s  a l s o  g r e a t e r  a t  p a r t  
power o p e r a t i o n .

6 .0  PERFORMANCE EVALUATION

The per fo rm ance  o f  t h e  CRBRP s team g e n e r a t o r  modules has been e v a l u a t e d  
in  g r e a t  d e t a i l .  The h e a t  t r a n s f e r  a r e a  o f  t h e  modules has been s i z e d  u s in g  
an u n c e r t a i n t y  a n a l y s i s ,  and f u l l  power per fo rm ance  has been v e r i f i e d  f o r  t h e  
lower  l i m i t s  o f  system o p e r a t i n g  c o n d i t i o n s .  Per formance e v a l u a t i o n s  have been 
made u s in g  t h e  MODULE Computer Program.

6 .1  Method o f  A n a ly s i s

The MODULE code was i n i t i a l l y  deve loped  as  a to o l  f o r  e v a l u a t i n g  t h e  r e s u l t s  
o f  t h e  AI-MSG t e s t .  The code u s e s  a f i n i t e  d i f f e r e n c e  method to  e v a l u a t e  h e a t  
t r a n s f e r  c h a r a c t e r i s t i c s  o f  a s team g e n e r a t o r  module.  The MODULE code has both  
d e s ig n  and per fo rm ance  o p t i o n s ,  and can e v a l u a t e  any steam g e n e r a t o r  sys tem ,  such 
as  R e c i r c u l a t i o n ,  Benson,  S u l z e r ,  and S a t u r a t e d .  The d e s ig n  o p t io n  i s  used to  
c a l c u l a t e  t h e  r e q u i r e d  h e a t  t r a n s f e r  a r e a  o f  a s team g e n e r a t o r  f o r  a r e q u i r e d  
o p e r a t i n g  c o n d i t i o n .  The per fo rm ance  o p t i o n  c a l c u l a t e s  s p e c i f i e d  o p e r a t i n g  
p a r a m e te r s  f o r  a f i x e d  s team g e n e r a t o r  d e s i g n .

The MODULE code  has been v e r i f i e d ,  as  r e q u i r e d  by t h e  CRBRP s team g e n e r a t o r  
s p e c i f i c a t i o n ,  by compar ison  t o  a benchmark problem which was g e n e r a t e d  by GE 
u s in g  t h e i r  own computer  code ,  STMGEN.

6 . 2  Requ i red  Heat  T r a n s f e r  Area

The c a l c u l a t i o n  o f  r e q u i r e d  h e a t  t r a n s f e r  s u r f a c e  a r e a  i s  shown in  T ab le  5. 
The r e q u i r e d  a r e a  i s  composed o f  t h e  nominal h e a t  t r a n s f e r  a r e a  (which in c lu d e s  
a l lo w a n c e s  f o r  c o r r e c t i o n s ,  p l u g g i n g ,  and f o u l i n g )  p lu s  an a d d i t i o n a l  margin f o r  
u n c e r t a i n t i e s  in  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s .

M a te r i a l  o r d e r s  f o r  t h e  CRBRP steam g e n e r a t o r  u n i t s  were p la ced  d u r in g  p r e ­
l i m i n a r y  d e s i g n ;  t h e  r e q u i r e d  h e a t  t r a n s f e r  s u r f a c e  a r e a  had n o t  y e t  been 
e s t a b l i s h e d .  The b e s t  e s t i m a t e  o f  r e q u i r e d  h e a t  t r a n s f e r  a r e a  a t  t h e  t im e  o f  
m a t e r i a l  o r d e r s  was 5700 f t 2 .  S ubsequen t  a n a l y s i s  has shown t h a t  t h e  r e q u i r e d  
a r e a  i s  '^̂ 7% l e s s ,  which p ro v id e s  e x c e s s  d e s ig n  marg in .  The major  f a c t o r  a f f e c t i n g  
t h e  r e q u i r e d  s u r f a c e  a r e a  was a r e s u l t  o f  t h e  f i l m  b o i l i n g  c o r r e l a t i o n ,  as  d i s ­
cu s s e d  in  S e c t i o n  3 . 0 .

8-11
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The MODULE code i s  used  f o r  t h e  co m p u ta t io n  o f  th e  nominal h e a t  t r a n s f e r  
a r e a ,  e x c e p t  f o r  the rm al  c o r r e c t i o n s ,  which a r e  computed s e p a r a t e l y .  The therm al^  
c o r r e c t i o n s  a r e  f a c t o r s  t h a t  a r e  n o t  i n c l u d e d  in  t h e  MODULE code ,  such as  t h e
e f f e c t s  o f  tu b e  s u p p o r t  p l a t e s ,  t h e  sodium i n l e t  and o u t l e t  a n n u l i ,  h e a t  t r a n s f e r
in  tu b e  s u r f a c e s  o u t s i d e  t h e  d e f i n e d  a c t i v e  r e g i o n ,  w a te r  s team flow m a l d i s t r i ­
b u t i o n ,  and sodium f low  m a l d i s t r i b u t i o n .  The o v e r a l l  e f f e c t  o f  t h e s e  c o r r e c t i o n s  
i s  s m a l l ,  o f  t h e  r e q u i r e d  a r e a .

The u n c e r t a i n t y  marg in  i s  r e q u i r e d  t o  p ro v id e  95% c o n f id e n c e  o f  a c h i e v in g  
d e s ig n  pe r fo rm a n ce .  The u n c e r t a i n t y  f a c t o r s  a r e  no ted  in  Tab le  5 ,  a long  w i th  th e  
a c t u a l  u n c e r t a i n t i e s  a s s i g n e d  t o  each .  The i n d i v i d u a l  u n c e r t a i n t i e s  a r e  s t a t i s ­
t i c a l l y  summed t o  d e t e rm in e  t h e  u n c e r t a i n t y  marg in .

The a l l o c a t i o n  o f  t h e  h e a t  t r a n s f e r  s u r f a c e  a r e a  i s  shown in  F ig u re  10. The 
CRBRP s team g e n e r a t o r s  have l a r g e  t o t a l  per fo rmance  marg ins  -42.5% in  th e  evapo­
r a t o r  and 29.6% in  t h e  s u p e r h e a t e r .

6 .3  Full  Power Per formance

The s team g e n e r a t o r  s p e c i f i c a t i o n  r e q u i r e s  t h a t  f u l l  power o p e r a t i o n  be 
ac h i e v e d  w i th  f u l l y - f o u l e d  e v a p o r a t o r s  and s u p e r h e a t e r ,  a p p ly in g  t h e  95% lower 
l i m i t  c o n f i d e n c e ,  w i t h o u t  ex c e e d in g  t h e  s p e c i f i e d  maximum sodium flow r a t e  and 
i n l e t  t e m p e r a t u r e  o f  13 .5  x 10® Ibm/h ,  9360F (6 .1  x 10® k g /h ,  502°C).  Using th e  
per formance  o p t i o n  o f  t h e  MODULE c o d e ,  t h e  r e q u i r e d  sodium c o n d i t i o n s  f o r  f u l l  
power o p e r a t i o n  w i th  low er  l i m i t  pe r fo rm ance  o f  both  th e  s u p e r h e a t e r  and evapo­
r a t o r  modules i s  12 .3  x 10® Ibm/h and 936°F ( 5 . 6  x 10® kg/h  and 502OC). Thus,  
t h e  sys tem can o p e r a t e  a t  t h e s e  c o n d i t i o n s .

I t  i s  r e c o g n i z e d ,  however,  t h a t  t h e  system may be r e s t r i c t e d  in  o p e r a t i o n  
f o r  some p o s s i b l e  c o n d i t i o n s ,  such a s  nominal o r  b e t t e r  than  nominal s u p e r h e a t e r
and lower  l i m i t  e v a p o r a t o r  c o n d i t i o n s .  I t  shou ld  be no ted  t h a t  t h i s  c o n d i t i o n
i s  a s team c y c l e  l i m i t  and i s  in d e p e n d e n t  o f  t h e  steam g e n e r a t o r  d e s ig n .

7 . 0  CONCLUSIONS

As a r e s u l t  o f  t h e  MSG t e s t i n g  and t h e  e x t e n s i v e  CRBRP d e s ig n  and a n a l y s i s  
e f f o r t  which i n c o r p o r a t e d  t h e  r e s u l t s  o f  c o n c u r r e n t  a n c i l l a r y  t e s t i n g ,  i t  i s  
conc luded  t h a t  t h e  h o c k e y - s t i c k  modular  c o n c e p t  p ro v id e s  a c u r r e n t l y  a v a i l a b l e ,  
proven s team g e n e r a t o r  f o r  LMFBR usage .

The b a s i c  d e s ig n  has  been s u b s t a n t i a t e d  by an e x t e n s i v e  (9 ,000  h) t e s t  o f  t h e  
t h e  30 MWt MSG. Thermal - h y d r a u l i c  c o r r e l a t i o n s  have been v a l i d a t e d ,  m o d i f i e d ,
o r  deve loped  t o  a c c u r a t e l y  p r e d i c t  pe r fo rm a n ce .  The thermal  c h a r a c t e r i s t i c s  a r e
well  d e f i n e d ,  a n a l y t i c a l  t e c h n i q u e s  have been d e v e lo p e d ,  and an a d e q u a te  s t a f f  
o f  h i g h l y  e x p e r i e n c e d  pe r sonne l  i s  a v a i l a b l e .
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TABLE 1

SG PERFORMANCE CHARACTERISTICS

Parameter
Program MSG★ CRBRP PLBR
Cycle Saturated^ Benson Recirculating Benson Sulzer Saturated
Mode EV EV/SH EV SH EV/SH EV SH EV

Na Side
Duty Unit (Mwt) 27.4 29.4 120.8 83.4 291.2 314.1 249.1 337
Flow Unit [Ib/h x 10° (kg/h x 10 )] 1.46(0.66) 1.21(0.55) 6.75(3.05) 13.5(6.1) 10.8(4.9) 16.2(7.35) 32.4(14.7) 14.0(6.35)
Inlet Temperature fop (°C)] 834(446) 950(510) 866(463) 936(502) 900(482) 814(434) 900(482) 815(435)
Outlet Temperature [°F (°C)] 625(329) 678(359) 660(349) 866(463) 600(316) 600(316) 814(434) 550(288)
Pressure Drop,[psi (bars)] 9.4(0.64) 7.4(0.5) 16(1.08) 62(4.2) 10(0.68) 12(0.82) 50(3.4) 15(1.02)

H„0 Side
Flow/Unit Ilb/h x 10® (kg/h x 10®)] 0.124(0.056) 0.105(0.048) 1.11(0.5) 1.11(0.5) 1.1(0.5) 1.72(0.78) 3.26(1.48) 8.7(3.95)
Inlet Temperature [°F (°C)] 468(242) 473(245) 545(285) 628(331) 470(243) 470(243) 662(350) 529(276)
Outlet Temperature [Op (°C)] 724(384) 932(500) 628(331) 905(485) 856(458) 662(350) 856(458) 549(287)
Inlet Pressure [psia (bars)] 2691(183) 2525(172) 1945(132) 1785(121) 2390(162) 2630(179) 2490(169) 1075(73.5)
Outlet Pressure [psia (bars)] 2586(176) 2434(166) 1825(124) 1535(102) 2290(156) 2570(174) 2290(156) 1040(71)
Recirculation Ratio - - 2:1 - - t - 6:1

<»

* Test Conditions
t 5% evaporator flow returned to condenser 
§ Minimal superheat, see text 
EV = Evaporator 
SH = Superheater



TABLE 2

SG DESIGN CHARACTERISTICS

Parameter
Program MSG CRBRP PLBR
Cycle Benson Recirculating Benson Sulzer Saturated
Mode EV/SH EV SG EV/SH EV SH EV

Tube OD [in. (tnm)l 0.625(15.9) 0.625(15.9) 0.625(15.9) 0.625(15.9) 0.625(15.9) 0.625(15.9) 1.50(38.1)*
Tube wall [in. (mm)] 0.109(2.77) 0.109(2.77) 0.109(2.77) 0.109(2.77) 0.109(2.77) 0.109(2.77) 0.109(2.77)
Tube pitch [in. (mm)] 1.12(28.5) 1.22(31.0) 1.22(31.0) 1.125(28.6) 1.125(28.6) 1.20(30.5) 2.34(59.4)
Number of tubes 158 757 757 2224 2434 1970 862
Active Tube Length [ft (m)] 58(17.7) 46(14.0) 46(14.0) 77(23.5) 77(23.5) 51.5(15.7) 77(23.5)
Total Tube Length [ft (m)l 69(21.0) 63(19.2) 63(19.2) 98(29.9) 98(29.9) 74(22.6) 98(29.9)
Peak Heat Flux [Btu/h-ft (kw/m )1 250,000/ 350,000 _ 160,000 140,000 150,000§

510,000
(789/1609) (1104) (504) (442) (473)

Shell ID [in. (cm)] 22(55.9) 49(124.5) 49(124.5) 72.0 (182.9) 77.0(195.6) 82.0(208.3) 85.0(215.9)
Heat Transfer Area [ft (m )] 1500(139) 5700(530) 5700(530) 28,100(2610) 30,500(2833) 16,600(1542) 26,065(2421)
Maximum Tube Wall AT [°F (°C)] 205(114) 190(106) 238(132) 130(72) 130(72) 152(84) 266(148)

C71

* Has 41 ft (12.5 m) of 1.975/1.520 (50.2/38.6) 
t At operating conditions that p ro d u ce maximum 
§ At inner tube

** Dependent on power level 
EV = Evaporator 
SH = Superheater

OD/ID protective tube
heat f l u x  (i.e., CRBRP evaporator at -60% power)



TABLE 3 
HEAT TRANSFER CORRELATIONS

Cond i t ion C o r r e l a t i o n

C»
o>

Sodium fo r c e d  c o n v e c t i o n ,  s h e l l  s i d e  

H2 O p r e h e a t

H^O subcoo led  and n u c l e a t e  b o i l i n g  

H^O DNB ( d e p a r t u r e  from n u c l e a t e  b o i l i n g )

H2 O f i l m  b o i l i n g

Steam s u p e r h e a t

P/D = p i t c h / d i a m e t e r  r a t i o

Nu = (0.25 + 6.2 - (0.007 - 0.032 p)Pe(°’® ' d)

Nu = 0 .023  R e° '® Pr° ’^

h -  ( e P / 9 0 0 / 1 . 9 )  ( q O - 7 5 )

I = 18.85

Y h f g  (pg /p^ )  G/10^

Nu^ = 0.0193 R e ^ ° - V ^ - ^ ^  x 

+ (1 - X)
g b 9 ^ b

Nu^ = 0.0073 Re^-^^^Pr®*^^

Nomenclature

Nu = N u s s e l t  number

h = h e a t  t r a n s f e r  c o e f f i c i e n t  ( B t u / h - o p - f t ^ )

Re = Reynolds number

Pe = P e c l e t  number

G = mass v e l o c i t y  ( I b m / h - f t ^ )

Pr = P ra n d t l  number

P = p r e s s u r e  ( p s i a )

q = h e a t  f l u x  ( B t u / h - f t ^ )

= q u a l i t y  

d e n s i t y

l a t e n t  h e a t  o f  v a p o r i z a t i o n  (Btu/lbm)

Pg/Pj^ = d e n s i t y  r a t i o  - vapor  t o  l i q u i d  

hfg

S u b s c r i p t s  

f  = f i l m  

b = bulk



TABLE 4

DENSITY WAVE STABILITY PARAMETERS

P aram eter E f f e c t  and Comments AI-MSG Value CRBRP E vapora to r

High O r i f i c e  
A p / to ta lA p

S t a b i l i z e s ;  f o u r  r e f e r e n c e  
sys tems s t a b l e .

0 .5 0 .3

High System P r e s s u r e S t a b i l i z i n g ;  no i n s t a b i l i t i e s  
e x c e p t  perfo rmance  changes  
were no ted  in  AI-MSG t e s t s .

-500-2600 ps i  
(34-177 b a r )

1500-1900 psi  
(102-129 bar )

I n l e t  Subcooling S t a b i l i t y  i n c r e a s e s  w i th  
d e c r e a s i n g  s u b c o o l in g  u n t i l  a 
c r i t i c a l  v a lu e  i s  r e a c h e d ,  
then  t h e  t r e n d  r e v e r s e s .

-200 B t u / l b  
( -1 1 1 .1  k g - c a l / k g )

60-100 B tu / lb  
( 3 3 . 3 - 5 5 . 6  k g - c a l / k g )

Angle From V e r t i c a l Most s t a b l e  in  v e r t i c a l  w a te r  
upf low c o n f i g u r a t i o n .

v e r t i c a l  upflow v e r t i c a l  upf low

Flow I n e r t i a High f low i n e r t i a  i n c r e a s e s  
s t a b i l i t y .

0 . 3 - 0 . 9 3  
X 106 l b / h - f t 2  
( 1 . 4 6 - 4 . 5  X 1 0 6  

kg/h-m2)

1.6  X 10° I b / h - f t  
( 7 .8  X 106 kg/h-m2)

Pump Presence S t a b i l i z e s . pump p r e s e n t pump p r e s e n t

Drum P rov ides  a d d i t i o n a l  s t a b i l i t y  
m arg ins .

no drum drum p r e s e n t

Dryout D e s t a b i l i z i n g ;  however,  no 
i n s t a b i l i t i e s  were obse rved  in 
t h e  AI-MSG t e s t s .

d ry o u t d ry o u t

00



TABLE 5

CRBRP STEAM GENERATOR MODULE HEAT TRANSFER REQUIREMENTS

Module Cond i t ion Heat  T r a n s f e r  Area [ f t ^ (m^)]
E vapo ra to r S u p e rh e a t e r

Minimum Heat T r a n s f e r  Area 
(C le an /C lea r /S m o o th  Tubes)

3278 (304 .5 ) 4013 (372 .8 )

Thermal C o r r e c t i o n s 99 (9 .2 ) 37 ( 3 .4 )
P lugging  and F ou l ing 966 (89 .7 ) 744 (69 .1 )

Nominal Heat  T r a n s f e r  Area 4353 (404 .4 ) 4794 (445 .3 )

Heat T r a n s f e r  U n c e r t a i n t i e s  
(95% Conf idence)

P r e h e a t  (13.7%) 50 ( 4 .6 ) - -

N u c le a te  B o i l i n g  (13.7%) 12 ( 1 .1 ) - -

DNB (34.6%) 396 (3 6 .8 ) - -

Film B o i l i n g  (19.2%) 247 (22 .9 ) - -

S u p e rh e a t  (13.7%) - - 359 (33 .4 )

Tube C o n d u c t i v i t y  (8.2%) 149 (13 .8 ) 161 (15 .0 )
F ou l ing  (50%) 409 (38 .0 ) 322 (29 .9 )

Sodium Convect ion  (13.7%) 87 ( 8 .1 ) 50 ( 4 .6 )

S t a t i s t i c a l  Sum o f  U n c e r t a i n t i e s 681 (63 .3 ) 520 (4 8 .3 )

Required  Heat  T r a n s f e r  Area 5016 (466 .0 ) 5314 (493 .7 )

A v a i l a b l e  Heat T r a n s f e r  Area 5700 (529 .5 ) 5700 (529 .5 )

8-18
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Figure 3. CRBRP Steam Generator Module
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Figure 8. CRBRP Steam Generator Hydraulic Model Flow Distribution
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