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BLOWDOWN TRANSIENTS AND 

IMPLICATION FOR LEAK PROTECTION SHUTDOWN STRATEGY

1 .0  INTRODUCTION

The FY-1980 fo llo w -o n  s tu d y  o f le a k  p r o te c t io n  fo r  post-CRBRP steam  

g e n e ra to rs  has as  i t s  g e n e ra l o b je c t iv e  th e  in v e s t ig a t io n  of p o s s ib le  means 

o f i n i t i a t i n g  au to m a tic  shutdown in  th e  ev en t a  sodium -w ater r e a c t io n  i s  

d e te c te d .  The u l t im a te  g o a l i s  to  e s t a b l i s h  a r e l i a b l e  au to m atic  shutdoxm 

method, a c t in g  p r io r  to  ru p tu re  d is c  a c tu a t io n ,  th a t  w i l l  s i g n i f i c a n t ly  

red u ce  th e  damage to  th e  a f f e c te d  steam  g e n e ra to r  and in te rm e d ia te  h e a t 

t r a n s p o r t  system  (IHTS) below th a t  w hich would be s u s ta in e d  i f  no such a u to ­
m a tic  shutdown were a v a i la b le .  In  a d d i t io n ,  th e  shutdown method i s  to  

m inim ize th e  o v e r a l l  damage from  a l l  c a u se s . For exam ple, th e  w astage 

damage from a long  shutdown m ust be b a lan ced  a g a in s t  th e  c r e e p - f a t ig u e  

damage due to  a q u ic k  shutdown.

Of concern  to  th e  developm ent o f an optimum le a k  p r o te c t io n  shutdown 

s t r a te g y  i s  th e  s e v e r i ty  o f th e  s e le c te d  blowdown t r a n s i e n t ( s ) . The 

a b i l i t y  to  u t i l i z e  au to m a tic  shutdown and th e  c h o ic e  o f  le a k  r a t e  a larm s 

may be dependent upon th e  c h a r a c te r  o f th e  blowdown t r a n s i e n t  used  and th e  

r e s u l t in g  amount o f s t r e s s  damage in  c r i t i c a l  a re a s  of th e  steam  g e n e ra to rs  

and o th e r  IHTS com ponents.

T his r e p o r t  docum ents a  s tu d y  of blowdown t r a n s i e n t s  and im p lic a tio n s  

f o r  le a k  p r o te c t io n .  The C linch  R iver blowdown t r a n s i e n t  (SG-07U) i s  used 

a s  a b a s e l in e  f o r  t h i s  s tu d y  a s  i t  i s  ty p i c a l  and has been more th o ro u g h ly  

an a ly zed  th a n  t r a n s i e n t s  f o r  any o f  th e  post-CRBRP steam  g e n e ra to r s .  The 

CRBRP shutdown s t r a t e g y ,  th e  d e t a i l s  o f th e  blowdown t r a n s i e n t ,  and th e  

a l l o t t e d  number o f blowdown t r a n s i e n t s  a r e  summarized in  S e c tio n  2. The 

amount o f  s t r e s s  damage due to  th e  blowdown t r a n s i e n t s  i s  g iv en  in  S e c tio n  3; 

based  on th e  p e r - t r a n s i e n t  damage, a t o t a l  a llo w a b le  number o f t r a n s i e n t s
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i s  d e f in e d . S e c tio n  4 d is c u s s e s  s e le c t io n  o f a w a te r - s id e  blowdown t r a n ­

s i e n t  f o r  f u tu r e  p la n ts  where au to m a tic  shutdown may be employed. A 
summary o f th e  m ajor c o n c lu s io n s  o f  th e  s tu d y  a re  p re se n te d  in  S e c tio n  5.

2 .0  BLOWDOWN TRANSIENT

2 .1  A llo t te d  Ntimber o f  Blowdowns

The CRBRP Steam G en era to r Equipment S p e c i f ic a t io n  [ l ]  s p e c i f i e s  29 

w a te r - s id e  blowdown t r a n s i e n t s  p e r  loop  over th e  30 y ear p la n t  l i f e .  These 

a r e  c l a s s i f i e d  a s  u p s e t e v e n ts  and a r e  a s  fo llo w s :

No. o f Events

SG-06U W a te r-s id e  i s o l a t i o n  and blowdown o f 7

an e v a p o ra to r  module 
SG-07U W a te r-s id e  i s o l a t i o n  and blowdown, 6

s u p e rh e a te r  and b o th  e v a p o ra to rs  

SG-llU  E v ap o ra to r o u t l e t  r e l i e f  v a lv e s  open 3

SG-12U S u p e rh ea te r  o u t l e t  r e l i e f  v a lv e s  open 13________

29

Of th e s e ,  o n ly  th e  13 SG-06U and SG-07U t r a n s i e n t s  a r e  a s s o c ia te d  w ith  le a k  
p r o te c t io n .  The o th e r  16 blowdown t r a n s i e n t s  a r e  th e  r e s u l t s  o f o th e r  u p se t 

e v e n ts , in c lu d in g  o p e ra to r  e r r o r .

In  a d d i t io n ,  th e r e  a r e  fo u r  p o s s ib le  emergency e v en ts  w ith  blowdown from 

f u l l  power c o n d i t io n s :

SG-OIE I s o l a t i o n  and blowdown o f a  s u p e rh e a te r , 

i n l e t  v a lv e  f a i l s  to  c lo s e .

SG-03E D esign b a s is  steam  g e n e ra to r  sodium -w ater 
r e a c t io n .

SG-05E S u p e rh e a te r  i s o l a t i o n  and blowdown, o u t l e t  

i s o l a t i o n  v a lv e  open
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S6-08E I s o l a t i o n  and blowdown o f an ev ap o ra to r  module,

I n l e t  i s o l a t i o n  v a lv e s  f a i l s  to  c lo s e

A maximum o f seven  em ergency e v e n ts ,  o f a l l  ty p e s , i s  a llo w ed . The emer­

gency e v e n ts  a r e  n o t c o n s id e re d  in  t h i s  s tu d y .

2 .2  Leak P r o te c t io n  S tra te g y

The p r o te c t io n  s t r a t e g y  fo llo w in g  d e te c t io n  o f a  sm all w a te r-to -so d iu m  

le a k  adop ted  by CRBRP in  SDD-53 [2 ]  can be ta k en  a s  r e p r e s e n ta t iv e  o f LMFBR 

p r a c t ic e :

—5 —3* For le a k s  o f  2 x 10 to  6 .5  x 10~ lb / s e c ,  th e  r e a c to r  i s

scrammed. The sodium te m p e ra tu re s  in  th e  IHTS drop to  standby  

c o n d it io n s  (600°F ). When th e  sodium te m p era tu re  d if f e r e n c e  reac h es  

50°F (ab o u t 15 m inu tes a f t e r  sc ram ), th e  a f f e c te d  steam  gen era ­

t o r  w i l l  be i s o la te d  and blown down on th e  w a te r s id e .

* For le a k s  o f g r e a te r  th a n  6 .5  x 10 lb / s e c ,  a  ra p id  w a te r - s id e  

i s o l a t i o n  and blowdown (SG-06U o r  07U) i s  i n i t i a t e d  im m ediate ly .

* I f ,  in  th e  c a se  o f a sm a ll le a k  w here th e  r e a c to r  i s  scrammed,
_3

th e  le a k  e n la rg e s  to  g r e a te r  th a n  6 .5  x 10 lb / s e c ,  a ra p id  w a te r­

s id e  i s o l a t i o n  and blowdown i s  i n i t i a t e d  im m ed ia te ly .

Any d is c u s s io n s  o f  t r a n s i e n t  m o d if ic a t io n  must s t a r t  from a c l e a r  un d er­

s ta n d in g  o f  th e  i s o l a t i o n  and blowdown t r a n s i e n t .  The blowdown of a l l  th re e  

h e a t exchange u n i t s  in  a loop ( i . e . ,  SG-07U) w i l l  be d e sc r ib e d  in  d e t a i l ,  as 

i t  i s  b e lie v e d  th a t  i t  w i l l  n o t be p o s s ib le  in  th e  m a jo r ity  o f le a k  d e te c t io n  

ca se s  to  id e n t i f y  q u ic k ly  which u n i t  has th e  le a k .

2 .3  I s o la t io n  and Blowdown Sequence

_3
Follow ing  d e te c t io n  o f a r e l a t i v e l y  la rg e  sm all le a k  (>5 x 10 lb / s e c ) ,  

th e  SG-07U t r a n s i e n t  i s  i n i t i a t e d  by a  s ig n a l  which (1) c lo s e s  th e  no rm ally
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open I s o la t io n  v a lv e s  in  th e  i n l e t  w a te r l i n e s  to  th e  e v a p o ra to rs  and in  

th e  i n l e t  and o u t l e t  steam  l i n e s  o f  th e  su p e rh e a te r  and (2) s im u lta n e o u sly  

opens th e  dump v a lv e  in  th e  w a te r - s id e  i n l e t  to  each e v a p o ra to r  and th e  

power r e l i e f  v a lv e s  in  th e  e v a p o ra to r  and su p e rh e a te r  w a te r/s team  s id e  

o u t l e t s .  A r e a c to r  t r i p  o c c u rs  ap p ro x im ate ly  4 seconds a f t e r  th e  i s o l a ­
t io n  v a lv e s  sh u t due to  s te a m -flo w /fe e d -f lo w  m ism atch. The ra p id  re d u c tio n  

in  e v a p o ra to r  p re s s u re  c lo s e s  th e  check  v a lv e  in  each ev ap o ra to r  o u t l e t  l i n e  

p r o h ib i t in g  backflow  from th e  drum. The w a te r/s te a m  s id e  p re s s u re  d e c re a se s  

u n t i l  th e  power r e l i e f  and dump v a lv e s  s h u t .  N itro g en  purge gas v a lv e s  

open and th e  w a te r - s id e  o f th e  u n i t s  i s  b a c k f i l le d  w ith  n it ro g e n  when th e  

p re s s u re  d ro p s  to  a low v a lu e .

The w a te r p re s s u re  a t  th e  e v a p o ra to r  i n l e t  f a l l s  to  a tm o sp h eric  p re s ­

su re  in  'V'3 seconds. The p re s s u re  w ith in  th e  h e a t exchange u n i t s  reduces 
in  '\<20 seco n d s. The steam  flow  in to  th e  s u p e rh e a te r  d rops to  e s s e n t i a l l y  

zero  in  l e s s  th a n  2 seconds. The i n l e t  w a te r flow  to  th e  e v a p o ra to r  s to p s  

and r e v e r s e s  to  ^-135% o f i t s  o r ig i n a l ,  s t e a d y - s ta te  v a lu e  and th en  r a p id ly  

f a l l s  to  z e ro , w ith in  5 seconds o f  t r a n s i e n t  i n i t i a t i o n .

On th e  sodium s id e ,  th e  sodium f lo w ra te  rem ains c o n s ta n t a t  i t s  s tead y  

s t a t e  v a lu e  u n t i l  th e  r e a c to r  scram ( a t  4 sec ) and th e n  d e c re a se s  to  40% 

flow  a t  10 seconds and to  c lo s e  to  i t s  f i n a l  v a lu e  o f >̂10% flow  w ith in  40 

seconds (se e  F ig u re  1 ) . W ith th e  lo s s  o f  w a te r - s id e  flow , th e  h e a t rem oval 

c a p a b i l i t i e s  o f th e  u n i t s  d is a p p e a r  and , co n seq u en tly , sodium te m p era tu res  

(and steam  g e n e ra to r  m e ta l te m p e ra tu re s )  r i s e  to  th a t  o f th e  sodium e x i t in g  

th e  in te rm e d ia te  h e a t exchanger (IHX). Sodium te m p era tu re  r i s e s  a re  f i r s t  

seen  in  th e  e v a p o ra to rs .  The i n l e t  sodium r i s e s  from 860 to  960®F in  20 

seconds (F ig u re  2 ) .  These in c re a s e s  c o n tin u e  u n t i l ,  a t  500 seconds, 1000°F 

i s  reach ed  and th e n  th e  e n t i r e  in te rm e d ia te  loop b eg in s  to  c o o l. The su p e r­

h e a te r  re sp o n se  i s  d e layed  because  o f i t s  r e l a t i v e l y  h ig h e r  te m p e ra tu re s .

The sodixim i n l e t  rem ains a t  '>j960°F fo r  200 seconds and th en  in c re a s e s  to  

1000°F a t  300 seconds (F ig u re  3 ) .  A fte r  500 seconds, th e  e n t i r e  in te rm e d ia te  

loop  c o o ls .  '
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3 .0  DAMAGE DUE TO BLOWDOWN TRANSIENT

3 .1  H eat Exchange U n its

A p re lim in a ry  a n a ly s i s  o f  s t r e s s  damage to  th e  CRBRP h e a t exchange 

u n i t s  due to  an "u m b re lla"  blowdown t r a n s i e n t  has been made by Atomics 

I n te r n a t io n a l  [3 , 4 ] .  T h is u m b re lla  t r a n s i e n t  i s  a w o rst ca se  a p p ro x i­

m ation  to  th e  v a r io u s  blowdown t r a n s i e n t s  and s p e c i f i c a l ly  in c lu d e s  th e  

SG-06U and SG-07U t r a n s i e n t s .  ( I t  shou ld  be no ted  th a t  th e  AI s t r e s s  

a n a ly s is  i s  p re lim in a ry  and cou ld  be r e v is e d  by r e s u l t s  o f a com plete e l a s t i c  

a n a ly s i s . )

P rim ary  s t r e s s e s  a r e  low enough to  be o f no co n ce rn . However, c re e p -  

f a t ig u e  damage m ust be co n s id e re d  fo r  th e  r e l a t i v e l y  m assive  tu b e sh e e ts .

Of th e s e ,  th e  w o rst i s  th e  s u p e rh e a te r  upper tu b e sh e e t because  i t s  norm al 

o p e ra tin g  te m p e ra tu re  i s  above 700°F.

The AI a n a ly s i s  c a l c u la t e s  t h a t  th e  t o t a l  c r e e p - f a t ig u e  damage f a c t o r ,  

from a l l  t r a n s i e n t s ,  on th e  s u p e rh e a te r  upper tu b e sh e e t i s  0 .794 . However, 

on ly  0 .151  o f th e  damage f a c to r  i s  due to  th e  29 blowdown t r a n s i e n t s .  Each 

blowdown t r a n s i e n t  c o n t r ib u te s  no more th a n  0.0052 (0 .1 5 1 /2 9 ) damage. I t  

shou ld  be no ted  th a t  when one loop  undergoes a blowdown t r a n s i e n t ,  th e  

o th e r  two lo o p s  a r e  su b je c te d  to  a norm al r e a c to r  scram t r a n s i e n t  (SG-OlU). 

However, a s  c a lc u la te d  by AI, th e  c r e e p - f a t ig u e  damage due to  a norm al 

r e a c to r  scram  i s  n e g l ig ib l e  and does n o t c o n t r ib u te  to  th e  t o t a l  damage 

f a c to r .

The damage from th e  blowdown t r a n s i e n t s  i s  due to  th e  la r g e  AT's th a t  

a r e  s e t  up a c ro s s  th e  upper p rim ary  and secondary  tu b e sh e e ts  by th e  h ig h  

h e a t c a p a c ity  o f th e  tu b e sh e e ts  and t h e i r  slow  c o o lin g  fo llo w in g  a  red u c­

t io n  in  sodium te m p e ra tu re  a t  th e  p rim ary  tu b e sh e e t.  In  ca se s  such as 

SG-07U where th e  CRBRP s u p e rh e a te r  has been i s o la te d  and dumped on th e  w ater 
s id e ,  th e s e  AT's a r e  r e l a t i v e l y  low and, in  f a c t ,  a re  l e s s  than  f o r  th e  

s ta n d a rd  r e a c to r  scram  (SG-OlU). S t r e s s  problem s occur when a p p re c ia b le
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su p e rh e a te r  steam  flow  i s  m a in ta in ed  d u rin g  th e  t r a n s i e n t .  The w orst ca se  

i s  SG-06U: i s o l a t i o n  and dvraip o f one e v a p o ra to r . W ater flow  i s  m a in ta in ed

th ro u g h  th e  a c t iv e  e v a p o ra to r  and a reduced  steam  flow  i s  m a in ta in ed  th rough  

th e  s u p e rh e a te r .  The r e s u l t in g  h ^ t  t r a n s f e r  p u l l s  th e  IHTS sodium tem pera­
tu r e s  down more r a p id ly  th a n  when a l l  th r e e  u n i t s  a r e  dumped ( i . e . ,  SG-07U) 

and r e s u l t s  in  l a r g e r  su p e rh e a te r  tu b e sh e e t AT's and c r e e p - f a t ig u e  damage.

The tim e v a r i a t i o n  o f AT's a c ro s s  th e  su p e rh e a te r  p rim ary  upper tu b e -  

sh e e t i s  shown in  F ig u re s  4 th ro u g h  6 f o r  t r a n s i e n t s ,  SG-07U, SG-06U and 

SG-OlU, r e s p e c t iv e ly .  A summary o f  maximum AT's f o r  v a r io u s  t r a n s i e n t s  

i s  g iv en  in  T ab le 1. These f ig u r e s  and ta b le  a re  rep roduced  from th e  AI tu b e -  

sh e e t t r a n s i e n t  r e p o r t  [9 ] .

E x tra p o la t io n  o f  CRBRP t r a n s i e n t s  and damage in crem en ts  to  la rg e  IUFBR's, 

which may be o n ce-th ro u g h  u n i t s ,  p e rh ap s run  in  p a r a l l e l ,  must be done w ith  
c a re .  The CRBRP a n a ly s i s  co n c lu d es  th a t  th e  c r e e p - f a t ig u e  damage from one 

"um b re lla"  blowdown t r a n s i e n t  i s  q u i te  sm all (0 .0052) and fo r  th e  SG-07U 

t r a n s i e n t ,  in  w hich th e  s u p e rh e a te r  i s  blown down, i s  even l e s s ,  being  no 

more th a n  fo r  a  r e a c to r  scram .

The damage f a c to r  numbers in  i s o l a t i o n  would su g g es t th a t  a s ig n i f i c a n t l y  

la rg e r  number o f  le a k  p r o te c t io n  blowdown t r a n s i e n t s  m ight be acc ep ted  by th e  

h e a t exchange u n i t s  th a n  i s  c u r r e n t ly  s p e c i f ie d .  The l im i t in g  damage f a c to r  

i s  one; f o r  co n se rv a tism  a  d e s ig n  l i m i t  o f 0 .9  i s  u sed . On t h i s  b a s i s ,  an 

a d d i t io n a l  20 blowdown t r a n s i e n t s  o f SG-06U s e v e r i ty  cou ld  be accommodated, 
by th e  CRBRP s u p e rh e a te r .  The t o t a l  number of a llo w a b le  le a k  p r o te c t io n  blow­

down t r a n s i e n t s  would th en  be 33, o r g r e a te r  th an  one p e r  y e a r . Even g r e a te r  

numbers o f blowdown t r a n s i e n t s  s im i la r  to  SG-07U could  be accommodated.

Very s im i la r  i s o l a t i o n  and blowdown t r a n s i e n t s  a re  a n t ic ip a te d  fo r  

f u tu r e  LMFBR's [ l o ] .  A c r e e p - f a t ig u e  a n a ly s i s  s im i la r  to  th a t  done fo r  th e  

CRBRP u n i t s  m ust be conducted  f o r  each  advanced steam  g e n e ra to r  d e s ig n , con­

s id e r in g  th e  mass and th e rm al c a p a c ity  o f  th e  tu b e s h e e ts ,  to  a s s e s s  th e  num­

b er o f blowdown t r a n s i e n t s  a l lo w a b le . However, i t  i s  a n t ic ip a te d  th a t  w ith  

re a so n a b le  d e s ig n  p r a c t i c e s ,  th e  d e s ig n  m argins w i l l  be s im i la r  to  th o se  

fo r  th e  CRBRP u n i t s .
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TABLE 1

SUPERHEATER -  UPPER DOUBLE TUBESHEET

” "̂'̂ Rira " "^Center^
[From Reference 9]

Tran. (°F)

Primary Tubesheet 
time ZTI
(sec) Min.

(^F)
Time
(sec) -^^Max.

(^F)

Secondary Tubesheet
Time
(sec) (°F)

Time
(sec)

Normal Conditions
1 SG03N 3.6 1,800 -131.6 21,750 0.0 0 -182.4 21,750
2 SG04N 123.8 7,400 -11 .7 24,400 166.5 7,400 0.0 0
3 SG05N 0.0 0 -126.4 7,200 0.0 0 -164.4 7,300
4 SG06N 122.5 7,100 -8 .3 200 160.9 7,200 -8 .3 200
5 SG08N 27.7 3,390 -39 .1 4,860 30.5 3,420 -36.2 4,950
6 SG09N 0.0 0 -10 .1 160 0.0 0 -10.1 283

Upset Conditions
7 SGOlUA 77.5 1 1,180 -3 6 .8 350 76.1 1,230 -36.6 350
8 SGOlUB 105.2 990 -39 .4 370 102.8 1,030 -39 .3 370
9 S601UC 102.7 1,000 -38 .9 380 100.3 1,040 -38 .8 380

10 SGOIUD 257.5 1,520 -39 .4 360 258.6 1,540 -39.2 360
11 SG02U 175.4 820 -8 .5 70 176.6 840 -8 .5 70
12 SG03U 124.2 1,480 -99 .1 660 119.6 1,600 -99.5 660
13 SG03UB 91.8 1,580 -101.2 650 82.1 1,630 -101.6 650
4 SG04U 0.0 0 -213.9 620 0.0 0 -214.4 620

iS SG05U 29.0 130 -47 .3 910 29.0 130 -47.5 950
16 SG06UA 157.7 1,940 -34 .7 480 158.5 1,980 -34.7 480
17 SG07UA 15.4 4,950 -25 .5 4,950 17.0 4,950 -0 .6 1,100
18 SG07UB 1.0 1,820 -0 .8 2,380 0.0 0 -0 .8 2,380
19 SG07UC 3.4 1,980 -12 .1 1,630 3.9 1,980 0.0 140
20 SGIOUA 100.7 840 -43 .2 360 116.3 3,960 -43.1 360
21 SGIOUB 69.2 1,080 -46 .5 360 78.0 3,960 -46.4 360
22 SG12U 0.7 40 -7 .3 320 0.7 40 -7 .2 320
23 SG13U 121.4 2,260 -38 .4 500 126.3 2,440 -38 .4 500
24 SG16U 46.4 500 -36 .6 320 42.4 1,980 -36 .4 320
25 SG17UA1 25.0 5,000 -26 .2 5,000 27.2 5,000 -0 .7 1,050
26 SG17UA2 0.9 1,700 -0 .6 2,220 0.1 3,200 -0 .7 .2,320
27 SG18UA1 12.6 3,960 -15 .4 3,960 13.2 3,960 -0 .3 1,120
28 SG18UA2 0.9 1,740 -0 .8 2,240 0.0 0 -0 .9 2,280
29 SG19U 240.7 1,220 -41 .0 360 240.2 1,220 -40.9 360
30 SG20U 220.6 1,180 -4 2 .2 360 219.5 1,180 -42.2 360
31 SG21U 134.8 9,300 -54 .0 200 182.5 9,300 -54 .0 200
32 SG23U 0.0 200 -98 .4 920 0.0 200 -98 .8 920

Emergency Conditions
33 SGOIE , 295.0 1,610 -44 .1 360 302.4 1,670 -44.2 360
34 SG03E 0.0 0 -34 .1 360 0.0 0 -34.5 360
35 SG04E 110.1 3,340 -63 .2 1,020 110.4 3,340 -63.9 1,100
36 SG08EA 8.7 3,960 -20 .8 3,960 9.0 3,960 -4 .7 120
37 SG09E 0.0 0 -14 .1 92 0.0 0 -14.1 91
38 SGIOE 259.4 3,660 -54 .2 880 274.4 3,920 -54.5 900
19 SGllE 4.0 1,980 -19 .7 1,980 3.7 1,980 -7 .8 50
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P la n t  a v a i l a b i l i t y  c o n s id e ra t io n s  may n o t perm it th e  u se  o f such a 

la r g e  number o f " s t r e s s - a l lo w a b le "  le a k  p r o te c t io n  blowdown t r a n s i e n t s  as 

one p e r  y e a r .  The c o s t  o f  p la n t  downtime i s  g r e a t ,  p a r t i c u l a r ly  as 

th e  p la n t  o p e ra to r  fo llo w in g  shutdown, m ust d e te rm in e  w hether th e  t r a n s i e n t  

was i n i t i a t e d  by a  le a k  d e te c t io n  system  f a l s e  alarm  o r  by an a c tu a l  le a k  

to  be lo c a te d  and p lugged . T h ir te e n  to  f i f t e e n  le a k  p r o te c t io n  t r a n s i e n t s  

over th e  u n i t ' s  l i f e  (a s  i s  s p e c if ie d  f o r  CRBRP) would seem a re a so n a b le  

d e s ig n  number — w ith  ev e ry  e f f o r t  expended to  red u ce  th e  a c tu a l  number o f 

t r a n s i e n t s  to  a much sm a lle r  v a lu e .

3 .2  In te rm e d ia te  Pump

The o th e r  m ajor IHTS com ponent, b e s id e s  th e  steam  g e n e ra to r  u n i t s  which 

i s  a f f e c te d  by th e  blowdown t r a n s i e n t s  i s  th e  in te rm e d ia te  pump. A d e ta i le d  

s t r e s s  a n a ly s i s  o f  th e  CRBRP pump has been conducted by F o s te r  W heeler [S ].

For th e  in te rm e d ia te  pump, th e  o p e ra t in g  te m p era tu re  i s  below th e  creep  

re g io n  (650°F) and R eference  8 co n c lu d es  th a t  th e  l im ite d  number o f t r a n ­
s i e n t s  w hich e x p e rie n c e  e le v a te d  te m p e ra tu re s  produce n e g l ig ib le  c reep  

e f f e c t s .

For p u rp o ses  o f  a n a ly s i s ,  th e  most se v e re  pump u p s e t even t (IP-3U) and 

th e  rem ain ing  " f a i r l y  sev e re"  u p s e t t r a n s i e n t s  were lumped w ith  a sev e re  

emergency ev en t (IP -6E ) to  g iv e  98 IP-6E  u m b re lla  e v e n ts . The o th e r ,  l e s s  

se v e re  u p se t t r a n s i e n t s  w ere grouped w ith  th e  IP -IU  e v en t; th e  c r e e p - f a t ig u e  

damage from t h i s  ev en t i s  n e g l ig ib l e .  An e l a s t i c  f a t ig u e  a n a ly s i s  was done 
on th e  98 IP-6E e v e n ts . The r e s u l t in g  t o t a l  f a t ig u e  damage was o n ly  0 .6 8 , 

o r 0.007 damage p e r  t r a n s i e n t .  In  r e a l i t y ,  th e  u p se t ev en ts  w i l l  c o n t r i ­

b u te  much l e s s  to  th e  f a t ig u e  damage th a n  th e  um b re lla  emergency t r a n s i e n t  

u sed  in  th e  c a l c u la t io n s .  A d d it io n a lly ,  a s  R eference 8 n o te s ,  a more r ig o ro u s  

i n e l a s t i c  a n a ly s i s  would be expec ted  to  show a s u b s t a n t i a l  re d u c t io n  in  

f a t ig u e  damage from  th a t  p re d ic te d  by e l a s t i c  a n a ly s i s .

I t  i s  concluded  th a t  th e  l im i t in g  components f o r  s t r e s s  damage r e s u l t ­

ing  from blowdown t r a n s i e n t s  a r e  th e  steam  g e n e ra to r  u n i t s .  The rem ainder
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o f t h i s  r e p o r t  w i l l ,  th e r e f o r e ,  c o n s id e r  o n ly  th e s e  u n i t s .

4 .0  SELECTION OF BLOWDOWN TRANSIENT

V arious f a c t o r s  a f f e c t in g  th e  s e le c t io n  o f an optimum blowdown t r a n ­

s i e n t  have been I n v e s t ig a te d .

I t  m ust f i r s t  be reco g n ized  t h a t ,  f o r  t h i s  c l a s s  o f t r a n s i e n t s ,  th e  

c r e e p - f a t ig u e  damage i s  due to  th e  v e ry  la rg e  th e rm al c a p a c ity  o f th e  tu b e ­

s h e e ts  w hich cau se  them to  la g  s ig n i f i c a n t l y  behind  changes in  sodium temp­

e r a tu r e .  Each blowdown t r a n s i e n t  can be d iv id e d  in to  two tim e p e r io d s  

(s e e  F ig u re  3 ) .  In  th e  f i r s t ,  th e  lo s s  o f  w a te r - s id e  flow  and h e a t rem oval 

c a p a b i l i ty  r e s u l t s  in  a  r i s e  o f  sodium te m p e ra tu re s  fo r  ap p ro x im ate ly  500 

seconds o r  8 m in u te s . The r e a c to r  scram  and main pump t r i p s ,  which occur 

v e ry  e a r ly  in  th e  t r a n s i e n t  ( a t  s e c o n d s ) , e v e n tu a lly  r e s u l t  in  a d e c re a se  

in  p rim ary  loop  te m p e ra tu re s  and IHTS sodium te m p e ra tu re s . T his c o n s t i tu te s  

th e  second tim e p e r io d  o f th e  blowdown t r a n s i e n t .  For CRBRP, th e  second 

p e r io d  l a s t s  t y p i c a l l y  from 8 m in u tes  to  one h ou r, a t  which tim e te m p e ra tu re s  

re a c h  s tandby  c o n d it io n s  o f  'Vi600°F.

These two tim e p e r io d s  must be looked a t  s e p a ra te ly .  In  th e  f i r s t  up - 

te m p e ra tu re  p h ase , th e  t r a n s i e n t  s e v e r i ty  cou ld  be le ssen ed  by p ro v id in g  

some h e a t rem oval c a p a b i l i ty  w ith in  th e  steam  g e n e ra to rs  fo r  an extended 

p e r io d  compared to  th e  c u r r e n t  t r a n s i e n t s .  T his su g g es ts  two p o s s ib le  a l t e r ­

n a t iv e s :

1. M ain ta in  a reduced  w a te r /s te a m  flow  th ro u g h  th e  u n i t s ,  o r

2. Slow down th e  blowdown, i . e . ,  d e c re a se  th e  r a t e  o f w a te r­

s id e  p re s s u re  blowdown.

However, maximum tu b e sh e e t AT's and s ig n i f i c a n t  c r e e p - f a t ig u e  damage do 

n o t occu r in  t h i s  tim e  p e r io d .

In  th e  second o r  cool-down p h ase , th e  t r a n s i e n t 's  s e v e r i ty  i s  reduced by 

d e c re a s in g  th e  te m p e ra tu re  re d u c t io n  r a t e  o f th e  p e r fo ra te d  re g io n  o f th e
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tu b e s h e e t .  T his can  be done by d e c re a s in g  th e  h e a t t r a n s f e r  from th e  tu b e -  

s h e e t .  Steam flow  th ro u g h  th e  upper tu b e sh e e t i s  d e t r im e n ta l ;  one w ants 

th e  w a te r - s id e  co m p le te ly  blowdown a t  t h i s  tim e . A lso , one w ants th e  system  

d es ig n ed  to  r e s u l t  in  a  slow  d e c re a se  o f  sodium te m p e ra tu re s  a f t e r  r e a c to r  

scram and pump t r i p .

I In s p e c tio n  o f th e  v a r io u s  t r a n s i e n t  AT's g en e ra ted  a c ro s s  th e  CRBRP 

tu b e sh e e ts  in  R eferen ce  9 (se e  T ab le  1 o f  t h i s  r e p o r t)  shows th a t  f o r  a lm ost 

a l l  u p se t t r a n s i e n t s ,  maximum AT's a r e  g e n e ra te d  in  th e  second, lo n g -te rm  
phase  o f  th e  t r a n s i e n t  r a th e r  th a n  in  th e  f i r s t  phase . T h is i s ,  a g a in , a 

d i r e c t  consequence o f  th e  r e l a t i v e l y  m assive  tu b e sh e e ts  and th e i r  la rg e  

th e rm al c a p a c i t i e s .  F ig u re s  4 , 5, and 6 rep roduced  from R eference 10, show 

t h i s  b e h a v io r c l e a r ly  fo r  SG-07U, SG-06U, and SG-OlU ( r e a c to r  sc ram ), r e s ­

p e c t iv e ly .

One c o n c lu s io n  o f t h i s  s tu d y , th e r e f o r e ,  i s  th a t  re a so n a b le  v a r ia t io n s  

o f th e  w a te r - s id e  blowdown r a t e  have no e f f e c t  on th e  s e v e r i ty  o f th e  t r a n ­

s i e n t  and th e  r e s u l t in g  s t r e s s  damage. These a r e  s e t  by th e  t o t a l  p la n t  

coast-dow n c h a r a c t e r i s t i c s  a f t e r  r e a c to r  scram . C o n s id e ra tio n  should  be 

g iv en  to  te rm in a tin g  th e  w a te r - s id e  flow  s h o r t ly  a f t e r  r e a c to r  scram as 

a way to  red u ce  th e  r a t e  o f tu b e sh e e t cooldown and to  s to p  f u r th e r  sodium- 

w a te r r e a c t io n  w astage damage.

S in ce  th e  w a te r - s id e  i s o l a t i o n  and blowdown does n o t a f f e c t  th e  s e v e r i ty  

o f th e  o v e r a l l  t r a n s i e n t ,  th e  blowdown p ro c e ss  can be s e le c te d  on th e  b a s is  

o f le a k  r a t e s  and w astage damage a lo n e . The key q u e s tio n s  a re :

* At what minimum le a k  s iz e  should  a  ra p id  blowdown be used?

* I f  a  blowdoim i s  to  be u se d , how f a s t  should  i t  be?

The second q u e s tio n  i s  th e  e a s ie r  o f th e  two to  answ er: The blowdown should

be a s  ra p id  a s  p r a c t i c a l .  T h is fo llo w s  from th e  p o te n t i a l  fo r  r a p id  tu b e  

f a i l u r e  p ro p a g a tio n  a t  la r g e r  le a k  r a t e s .  Using th e  CRBRP steam g e n e ra to r
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c o n d it io n s  and a sodium te m p e ra tu re  of 860 F a s  an exam ple, th e  e a r l i e s t
-4p o s s ib le  secondary  tu b e  f a i l u r e  o ccu rs  a t  200 sec  fo r  a  10 lb / s e c  le a k ,

-3  -3a t  45 sec  f o r  a  10 lb / s e c  le a k  and a t  15 sec f o r  a  5 x 10 lb / s e c  le a k .

T h ir ty  seconds has been shown to  be a  f e a s ib l e  and p r a c t i c a l  blowdown
tim e.

R eac to r scram  w i l l  be i n i t i a t e d  upon in d ic a t io n  o f a sm all le a k  ( e . g . ,

>2 X 10 ^ l b / s e c  fo r  CRBRP). B ecause o f th e  economic p e n a lty  a s s o c ia te d  

w ith  p la n t  shutdow n, th e r e  i s  a s tro n g  in c e n t iv e  n o t to  scram . T h e re fo re , 

one needs to  a s s u re  th a t  th e  le a k  i s  " r e a l"  and n o t a f a l s e  a larm  from th e  

le a k  d e te c t io n  system . One way to  do t h i s  i s  by con firm ing  th e  alarm  w ith  

s ig n a l s  from  o th e r  le a k  d e te c t io n  m e te rs .

Once a  scram has been ta k e n , th e r e  i s  no f u r th e r  economic p e n a lty  a s so ­

c ia te d  w ith  a  subsequen t w a te r - s id e  blowdown. The tim e fo r  blowdown i n i t i a ­

t io n  can be de term ined  by b a la n c in g  th e  p o te n t i a l  f o r  secondary  tu b e  damage 

a g a in s t  th e  need f o r  f u r th e r  v e r i f i c a t i o n  o f th e  le a k  and lo c a t io n  to  w ith in  

a p a r t i c u l a r  u n i t .  At some le a k  s i z e ,  th e  p o te n t i a l  fo r  secondary  tube  

damage i s  so g r e a t  t h a t  r a p id  blowdown m ust occur s im u ltan e o u sly  w ith  (o r 

p reced e) r e a c to r  scram .

In s p e c t io n  o f w astage  l i m i t s  f o r  th e  CRBRP h e a t exchange u n i t s  and fo r

advanced u n i t s  su g g e s ts  t h a t  problem s w ith  secondary  tu b e  f a i l u r e s  w i l l
-4become se v e re  a t  abou t 3 x 10 lb / s e c  i f  manual shutdown i s  u sed . C linch  

R iver w astage l i m i t s  a r e  p lo t te d  in  F ig u re s  7 , 8 , and 9 fo r  sodium tem pera­

tu r e s  o f 650, 860, and 900°F, r e s p e c t iv e ly .  In  each p lo t ,  th e  s o l id  l in e s  

r e p re s e n t  th e  minimum tim e fo r  w astage  f a i l u r e  a t  each le a k  r a t e .  The 
d o tte d  l i n e s  r e p r e s e n t  th e  av e ra g e  tim e  f o r  w astage f a i l u r e ;  th a t  i s  one- 

h a l f  o f th e  le a k s  w i l l  r e q u i r e  more tim e to  f a i l u r e  and o n e -h a lf  w i l l  r e q u ir e  

l e s s  tim e to  f a i l u r e  th a n  re p re s e n te d  by th e  d o tte d  c u rv e s .*

Minimum tim e  f o r  d e te c t io n  i s  ap p ro x im ate ly  60 seconds, based  on f i r s t -  
p ass  d e te c t io n  w ith  th e  r e f e r e n c e  CRBRP chem ical le a k  d e te c to r s .  To t h i s  must

*The d a ta  b ase  and r a t i o n a l e  fo r  th e  w astage cu rv es  a r e  g iven  in  Appendix A.

-1 7 -



10'

Time
(sec)

10"

10’

10 '

10

LTMir
f

10 -  10-
Leak Rate ( lb / s e c )

Figure 7 650°F Wastage Lim its fo r  CRBRP Evaporator. Main Body
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F ig u r e  9. 900°F Wastage Lim its fo r  CRBRP Superheater, Main Body
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be added 5 m in u tes  fo r  o p e ra to r  re sp o n se  ( in  th e  c a se  o f manual shutdown) 

and 30 seconds fo r  blowdown. The minimum tim es  fo r  d e te c t io n  and s a fe  

shutdown a r e  th e  svims o f  th e se  tim e s ; 390 sec  w ith  manual shutdown and 90 

sec w ith  au to m a tic  shutdow n. I n s p e c t io n  o f th e  CRBRP w astage l im i t  cu rves 

show th a t  th e  maximxun le a k  r a t e s  t h a t  can  be p ro te c te d  a g a in s t  ( i . e . ,  no 
secondary  f a i l u r e s )  a r e  a s  fo llo w s  (u s in g  100% -lim lt c u rv e s ) :

Sodium T em perature ( F)

650

860

900

Maximum Leak R ate ( lb / s e c )  

W/Manual Shutdown _____

1 .7  X  104 .6  X 10 

2 .3  X  10 

2 .0  X  10

-4

-4

-4

W/Automatlc Shutdown 

-3  

-45 .4  X 10 

4 .8  X 10-4

C lin ch  R iv e r System 53 I n i t i a t e s  r a p id  blowdown and scram ( e . g . ,  SG-07U)
_3

a t  a le a k  r a t e  o f 6 .5  x 10 lb / s e c .  Judg ing  by th e  above t a b le ,  t h i s  v a lu e

i s  h ig h . I t  ap p ea rs  a p p ro p r ia te  to  c o n s id e r  ra p id  blowdown a t  a minimum le a k  
-4  -4r a t e  o f 2 x 10 to  5 x 10 lb / s e c .  The CRBRP le a k  p r o te c t io n  cu rves  

(F ig u re s  7 -9 ) a r e  re a so n a b le  ap p ro x im atio n s  to  th o se  fo r  th e  advanced steam  

g e n e ra to r s ;  more a c c u ra te  cu rv es  f o r  each  advanced u n i t  can be found in  

R eference  7.

The u se  o f  au to m a tic  shutdown (blowdown and scram) can p ro v id e  a d d i t io n a l  

p r o te c t io n  a g a in s t  secondary  w astage  damage a s  compared to  manual shutdown, 

as  i t  e l im in a te s  th e  tim e r e q u ire d  fo r  o p e ra to r  re sp o n se . However, th e  p ro ­

b a b i l i t y  o f f a l s e  a larm s w ith  such a system  must be k ep t v e ry  low to  avo id  

sp u rio u s  shutdowns and d ec reased  p la n t  a v a i l a b i l i t y .

5 .0  SUMMARY AND CONCLUSIONS

The m ajor c o n c lu s io n s  o f  t h i s  s tu d y  a r e  th e  fo llo w in g .

1 . The c r e e p - f a t ig u e  damage due to  a blowdown t r a n s i e n t  i s  independen t 

o f th e  r a t e  o f  w a te r - s id e  blowdown fo llo w in g  i s o la t io n .  The damage 

depends p r im a r i ly  upon p la n t  system  c h a r a c t e r i s t i c s  which s e t  th e  

r a t e  o f  IHTS sodium cooldown a f t e r  r e a c to r  scram and main pump t r i p .
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2. The tim e  d e la y  betw een a sm all le a k  a larm  and r e a c to r  scram should 
be c o n s id e re d  as  a  t r a d e o f f  between (1) p ro v id in g  tim e to  confirm  
th e  e x is te n c e  o f th e  le a k  to  a  re a so n a b le  le v e l  o f a s su ra n c e  and 
(2) th e  p o te n t i a l  f o r  secondary  tu b e  w astage ' damage.

3 . In  g e n e ra l ,  th e r e  ap p ea rs  to  be  no in c e n t iv e  to  d e la y  w a te r -s id e  
blowdown fo llo w in g  scram  b ecau se  th e  a d d i t io n a l  s t r e s s  damage due 
to  blowdown i s  i n s ig n i f i c a n t  and th e  p o te n t i a l  fo r  w astage damage 
shou ld  be e l im in a te d  a s  q u ic k ly  as  p o s s ib le .  One e x c e p tio n  i s
th e  c a se  o f m u l t ip le  e v a p o ra to rs  fe e d in g  a s u p e rh e a te r  (as fo r  CRBRP) 
where th e  i s o l a t i o n  and blowdown o f one ev a p o ra to r  s h o r t ly  a f t e r  
scram  can cause  s ig n i f i c a n t  a d d i t io n a l  s t r e s s  damage to  th e  su p e r­
h e a te r  upper tu b e s h e e t .

A. When i n i t i a t e d ,  th e  w a te r - s id e  blowdown p ro c e ss  shou ld  be ra p id .
About 30 seconds blowdown tim e ap p ea rs  p r a c t i c a l  and ad eq u a te , based 
on th e  CRBRP d e s ig n .
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APPENDIX A, WASTAGE LIMITS

The p er t in en t  wastage phenomena are o f  two types: (1) impingement wastage

o f  a nearby tube and (2) s e lf -w a s ta g e  o f  the leaking tube. These are d i s ­

cussed sep a ra te ly  below.

A.l Impingement Wastage

An e x te n s iv e  data base has been b u i l t  up around the world fo r  impingement 

wastage o f  2 -1 /4  Cr-1 Mo s t e e l  a t  temperatures and tube spacings c h a r a c te r is t ic  

o f  the steam generator designs under con s id era tion . The recommended c o r r e la ­

t io n  equations which have been used in t h i s  report are those o f  R. Anderson [5]  

o f  the UKAEA:

Steam In jec t io n  W = 2500 exp - [0 .255  (In 3 .42 M/L)^ + 4114/T]

Water In jec t io n  W = 3 .08  exp - [0 .6658  (In 0 .72 M/L^^^)^]

where:

W » wastage ra te  (mm/min)

M = steam or water in je c t io n  rate  (gm/sec)

L = leak to  ta r g e t  spacing (mm)

T = sodium temperature (°K)

These equations have been shown to c o r r e la te  UKAEA, U .S . ,  Japanese and German
-4  -2data w ell over a steam leak ra te  range o f  1 .8  x 10 lb /s e c  (8 x 10 gm/sec)

to 0.022 lb / s e c  (10 gm/sec) and a water leak ra te  range o f  1.1 x 10 lb /s e c

(0 .5  gm/sec) to  0 .13  lb / s e c  (60 gm /sec).

The CRBRP steam generator tube pattern  i s  tr ian gu lar  spacing with a p itch  o f
I'

1.125 inch. The tube O.D. i s  0 .625  inch and the wall th ickness  i s  0.109 inch. 

80% wastage penetration  i s  assumed to  r e s u l t  in tube f a i lu r e .  The minimum
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d is tan ce  to  an adjacent tube i s  0 .5  in ch es ,  and to a tube in the second row 

1.324 in ch es .  This d if f e r e n c e  in d is ta n ce  has a major e f f e c t  on the rate  o f  

impingement w astage, as can be seen by in sp ection  o f  the above equations.

I f  i t  i s  assumed th a t  there i s  no preferred o r ien ta t io n  fo r  le a k s ,  the. bundle 

geometry r e s u l t s  in 47% o f  leaks d irec ted  a t  an adjacent tube and 53% a t  a 
tube in the second row removed from the leaking tube. For the adjacent tube, 

no impingement damage can r e s u l t  i f  the leak i s  l e s s  than '̂ 2̂ m ils  diameter 

because the sodium-water react ion  zone w i l l  not reach the adjacent tube.

For a tube in the second c i r c l e ,  impingement damage w i l l  not r e s u l t  i f  the  

leak s i z e  i s  l e s s  than '̂ 5̂ m ils .  This i s  a d ir e c t  consequence o f  the fa c t  

th a t  experimental data show no impingement damage fo r  L/D's (d is tan ce  to  t a r ­

get tu b e /leak  hole  diameter) greater  than 300. S im ila r ly ,  for  any leak s i z e  

grea ter  than 2 m i l s ,  the impingement damage on the more d is ta n t  tube w i l l  be 

l e s s  because o f  the correspondingly grea ter  L/D.

_2
The most rapid impingement wastage fo r  leak ra tes  up to 10 lb / s e c  i s  a d ir e c t  

(normal) impingement on an adjacent tube; th i s  i s  p lo tted  as the 100% wastage 

l im i t  curves in Figures 7 ,  8 ,  and 9. S ince a t  l e a s t  h a lf  o t  the leaks w i l l  

impinge on a second row tube, d ir e c t  impingement on such a tube i s  p lo tted  as 

the 50% l i m i t  curves in th ese  f ig u r e s  (50% l im it  represents  th at  o n e-h a lf  o f  the  

secondary tube f a i lu r e s  w i l l  occur irore rap id ly  and one h a lf  w i l l  occur s low er .)

A.2 Self-W astage

The only a v a i la b le  c o r r e la t io n s  for  se lf -w a s ta g e  are those  o f  Gudahl and 

Magee [6 ] :

Steam, 900°F (482°C) p = 49 .4  m°‘ ^̂

Steam, 860°F (460°C) p = 8.748
0 5

Liquid or 2-0  Mixture, p = 0.667 m '
580 -  650°F (308 -  343°C)
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where:

p * e f f e c t i v e  penetration  ra te  (m il /s e c )  

m = in je c t io n  ra te  ( lb / s e c )

-7 -4The a v a i la b le  U.S. data extend over the range o f  7 x 10 to  5 x 10 lb /s e c  

and are shown in Figures A1 and A2 reproduced from Reference 6.

The above s e l f -w a s ta g e  equations are maximum bounds on the penetration  rate  or ,  
in other words, represent the minimum observed times to  sudden enlargement.

Thus, they are the 100% l i m i t  l i n e s  o f  Figures 7 ,  8 and 9 . 50% l i m i t  l in e s

were constructed  as th e  mean (b e s t  f i t  curve) o f  the data a t  each sodium 

temperature 1e v e l .

The s e n s i t i v i t y  l i m i t  o f  the chemical d e tec to rs  in the CRBRP geometry and opera-
-5t in g  con d it ion s  i s  about 2 x 10 l b / s e c .  Leaks below th is  s i z e  cannot be 

detected . Given enough tim e, and i f  they do not permanently plug, these  micro-
_3

leaks wi l l  en large to  f in a l  ra te s  in ex cess  o f  10 lb / s e c .  However, some
-5time i s  required for  them to  "grow" through the d e tec t ion  range o f  -v-2 x 10

_3
to '̂ 1̂0 lb / s e c .  The data o f  Reference 6 show t h i s  time to be in excess  o f  

50 minutes a t  sodium temperatures o f  650°F or l e s s .  Therefore, d e tec t io n  and 

sa fe  shutdown wi l l  occur before enlargement i s  completed. At 860°F, the
-5  -3

period o f  enlargement in the d e tec t io n  range (from 2 x 10“ to 10 lb /s e c )  

was from 1 to 27 minutes. Approximately 40% o f  the leaks required more than 

5 minutes fo r  enlargement.
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