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ABSTRACT 

T h i s  p a p e r  d e s c r i b e s  t h e  development  and 
a p p l i c a t i o n  of  a  m a t h e m a t i c a l  model and  
n u m e r i c a l  s o l u t i o n  method f o r  t h e  t r a n s i e n t  
f l o w  b e h a v i o u r  o f  a  f l u i d  i n  a  s y s t e m  o f  p i p e s .  
The t y p e  of  problem s t u d i e d  f a l l s  unde r  
c l a s s i c a l  waterhammer t h e o r y ,  and t h e  s o l u t i o n  
t e c h n i q u e  i s  t h e  method of  c h a r a c t e r i s t i c s .  

T h i s  method i s  a p p l i e d  i n  a  computer  program 
WHAM which was i n i t i a l l y  deve loped  t o  model a  
s e r i e s  o f  waterhammer e x p e r i m e n t s  s i m u l a t i n c  
t h e  r u p t u r e  o f  a  p r e s s u r e  t u b e  w i t h i n  a  CANDU 
n u c l e a r  r e a c t o r .  The WHAM code  was t h e n  
m o d i f i e d  c o n s i d e r a b l y  t o  model t h e  a c o u s t i c  
r e s p o n s e  o f  a  g e n e r a l  p i p i n g  ne twork .  

A p p l i c a t i o n  o f  t h e  WHAM code  t o  v a r i o u s  
e x p e r i m e n t s  i s  d i s c u s s e d .  

INTRODUCTION 

T h i s  p a p e r  d e s c r i b e s  t h e  development  and 
a p p l i c a t i o n  o f  a  ma thema t i ca l  model and  
n u m e r i c a l  s o l u t i o n  method f o r  t h e  t r a n s i e n t  
f l o w  b e h a v i o u r  o f  a  f l u i d  i n  a  s y s t e m  o f  p i p e s .  
The t y p e  o f  problem s t u d i e d  f a l l s  unde r  
c l a s s i c a l  waterhammer t h e o r y ,  and  t h e  s o l u t i o n  
t e c h n i q u e  i s  t h e  method o f  c h a r a c t e r i s t i c s .  

T h i s  method is a p p l i e d  i n  a  computer  program 
WHAM wh ich  was i n i t i a l l y  deve loped  t o  model a  
s e r i e s  o f  waterhammer e x p e r i m e n t s  s i m u l a t i n g  
t h e  r u p t u r e  o f  a  p r e s s u r e  t u b e  w i t h i n  a  CANDU 
n u c l e a r  r e a c t o r  ( R e f e r e n c e  1 ) .  The W H A M  code  
was t h e n  m o d i f i e d  c o n s i d e r a b l y  t o  model t h e  
a c o u s t i c  r e s p o n s e  o f  a  g e n e r a l  p i p i n g  ne twork ,  
w i t h  p a r t i c u l a r  a p p l i c a t i o n  t o  a  s i n g l e  c o r e  
p a s s  o f  t h e  D a r l i n g t o n  r e a c t o r ,  from t h e  pump 
d i s c h a r g e ,  t o  t h e  RIH, and t h r o u g h  e a c h  o f  t h e  
120 c h a n n e l s  t o  t h e  ROH. O t h e r  c o n n e c t i n g  
p i p e s  s u c h  a s  t h e  E C I  and  SDC p i p e s  a r e  a l s o  
i n c l u d e d  i n  t h e  model .  

An i m p o r t a n t  i n p u t  t o  t h e  code  is  t h e  p r e s s u r e  
wave o r  s o n i c  v e l o c i t y  i n  v a r i o u s  p a r t s  o f  t h e  
p i p i n g  n e t w o r k .  The method u s e d  t o  o b t a i n  t h i s  
v e l o c i t y  i s  b r i e f l y  r ev i ewed ,  i n c l u d i n g  s u c h  
e f f e c t s  a s  p i p e  e l a s t i c i t y ,  and i n  t h e  c a s e  o f  
t h e  p r e s s u r e  t u b e  r u p t u r e  e x p e r i m e n t s ,  non- 
c o n d e n s i b l e  g a s  mixed w i t h  t h e  f l u i d .  

T h i s  p a p e r  m a i n l y  d i s c u s s e s  t h e  a p p l i c a t i o n  o f  
t h e  WHAM c o d e  t o  v a r i o u s  e x p e r i m e n t s  pe r fo rmed  
a t  S t e r n  L a b o r a t o r i e s  i n  Hamil ton ,  O n t a r i o ,  and 
a t  O n t a r i o  Hydro1 s Resea rch  D i v i s i o n .  The 
f o r m e r  s i m u l a t e d  a  p r e s s u r e  t u b e  b r e a k  i n  a  
f u l l - s c a l e  s e t - u p .  The l a t t e r  s i m u l a t e d  t h e  
o v e r a l l  f e a t u r e s  o f  t h e  D a r l i n g t o n  p i p i n g  
s y s t e m  i n  a s m a l l - s c a l e  r i g .  

BASIC DIFFERENTIAL EQUATIONS FOR TRANSIENT FLOW 

For any f l o w  i n  which v i s c o s i t y  ( f r i c t i o n )  
c a n n o t  b e  i g n o r e d ,  complex p i p i n g  s y s t e m s ,  and  
s o  on ,  t h e  propagat - ion  o f  p r e s s u r e  waves becomes 
v e r y  c o m p l i c a t e d ,  and r e c o u r s e  m u s ~  b e  rrade t o  
d e v e l o p i n g  t h e  b a s i c  d i f f e r e n t i a l  e q u a t i o n s  f o r  
t r a n s i e n t  f l o w ,  and s o l v i n g  t h e n  w i t h  t h e  
a p p r o p r i a t e  a p p r o x i m a t i o n s .  Ch ie f  among t h e s e  
f o r  t h e  p r e s e n t  a p p l i c a t i o n  i s  t h a t  t h e  d e n s i t y  
o f  w a t e r  r e m a i n s  a p p r o x i m a t e l y  c o n s t a n t  
( a l t h o u g h  t h e  e q u a t i o n s  a r e  d e r i v e d  f o r  t h e  
g e n e r a l  c a s e  o f  a  c o m p r e s s i b l e  f l u i d ) .  Ano the r  
i m p o r t a n t  a s sumpt ion  i s  t h a t  t h e  e q u a t i o n  o f  
mot ion  (momentum e q u a t i o n ) ,  t o g e t h e r  w i t h  t h e  
c o n t i n u i t y  e a u a t i o n ,  and t h e  p h y s i c a l  p r o p e r t i e s  
o f  t h e  f l u i d ,  a r e  s u f f i c i e n t  t o  d e t e r m i n e  t h e  
wave p r o p a g a t i o n  b e h a v i o u r  i n  s i t u a t i o n s  where 
n e g l i q i b l e  h e a t  t r a n s f e r  t a k e s  p l a c e ,  a n d  where 
n e g l i g i b l e  c o n v e r s i o n  o f  f r i c t i o n a l  work i n t o  
t h e r m a l  e n e r g y  t a k e s  p l a c e .  These  a s s u m p t i o n s  
a r e  commonly made i n  t h e  m o d e l l i n g  o f  a c o u s t i c  
phenomena i n  s i n g l e - p h a s e  w a t e r .  The change  i n  
s o n i c  v e l o c i t y  w i t h  t e m p e r a t u r e  c h a n g e  f rom 
c h a n n e l  i n l e t  t o  o u t l e t  ( e . g .  d u r i n g  power 
o p e r a t i o n )  c a n  be  accoun ted  f o r  v i a  t h e  b u l k  
modulus o f  t h e  w a t e r ,  which is t r e a t e d  a s  a  
p h y s i c a l  p r o p e r t y  o f  t h e  w a t e r .  The d e r i v a t i o n  
o f  t h e  b a s i c  d i f f e r e n t i a l  e q u a t i o n s  f o r  momentum 
and c o n t i n u i t y  a r e  d e s c r i b e d  i n  d e t a i l  i n  
R e f e r e n c e  1. 

The momentum and c o n t i n u i t y  e q u a t i o n s  a r e  a  p a i r  
o f  q u a s i - l i n e a r  h y p e r b o l i c  p a r t i a l  d i f f e r e n t i a l  
e q u a t i o n s  and a s  such  canno t  e a s i l y  b e  s o l v e d  
a n a l y t i c a l l y .  A s t a n d a r d  method u s e d  t o  
n u m e r i c a l l y  s o l v e  sys t ems  o f  s u c h  wave-type 
e q u a t i o n s  i s  t h e  "Method of  C h a r a c t e r i s t i c s " ,  i n  
which t h e  two o r i g i n a l  p a r t i a l  d i f f e r e n t i a l  
e q u a t i o n s  a r e  c o n v e r t e d  t o  two t o t a l  
d i f f e r e n t i a l  e q u a t i o n s ,  e a c h  w i t h  t h e  
r e s t r i c t i o n  t h a t  it i s  o n l y  v a l i d  a l o n g  t h e  
c o r r e s p o n d i n g  c h a r a c t e r i s t i c ,  whose s l o p e  i n  
space - t ime  i s  g i v e n  by  t h e  speed  o f  sound .  T h i s  
method of  n u m e r i c a l  s o l u t i o n  i s  a d o p t e d  i n  t h e  
computer  code  WHAM. 

A t  a  boundary  c o n d i t i o n  such  a s  a  p i p e  d e a d  e n d ,  
a  c o n s t a n t  p r e s s u r e  s o u r c e ,  a  p a r t i a l l y  open  
v a l v e ,  and  s o  on,  t h e r e  i s  o n l y  one  
c h a r a c t e r i s t i c  a v a i l a b l e  ( i . e . ,  i n f o r m a t i o n  i s  
t r a n s m i t t e d  a t  t h e  s o n i c  v e l o c i t y  e i t h e r  f rom 
ups t r eam o r  downstream of  t h e  p i p e ,  d e p e n d i n g  on  
t h e  p i p e  e n d ) .  A s  it is from t h e  b o u n d a r i e s  
t h a t  d i s t u r b a n c e s  a r e  u s u a l l y  i n i t i a t e d ,  t h e  
a n a l y s i s  o f  boundary  c o n d i t i o n s  i s  v e r y  
i m p o r t a n t .  The boundary  c o n d i t i o n s  may t a k e  t h e  
form o f  some a u x i l i a r y  e q u a t i o n  t h a t  s p e c i f i e s  
e i t h e r  t h e  p r e s s u r e  o r  f low,  o r  some r e l a t i o n  
between them. T h i s  i n f o r m a t i o n  is  s u f f i c i e n t  t o  
d e t e r m i n e  b o t h  t h e  p r e s s u r e  and f l o w  a t  t h e  
boundary ,  i n  c o n j u n c t i o n  w i t h  t h e  momentum and  



c o n t i n u i t y  e q u a t i o n s .  

F o r  p i p e s  i n  a  c o m p l e x  n e t w o r k ,  t h e  j u n c t i o n s  
b e t w e e n  p i p e s  c o n s t i t u t e  i n t e r n a l  b o u n d a r i e s  a t  
o r  a c r o s s  w h i c h  c e r t a i n  c o n s t r a i n t s  m u s t  b e  
i m p o s e d .  Assuming  n o  f r i c t i o n a l  l o s s e s  o c c u r  
a t  a  j u n c t i o n ,  t h e  p r e s s u r e  a t  t h e  e n d  o f  e a c h  
p i p e  c o n n e c t i o n  m u s t  b e  common. T h i s  is  
e q u i v a l e n t  t o  a s s u m i n g  t h a t  t h e  v e l o c i t y  h e a d  
term may b e  n e g l e c t e d  i n  c o m p a r i s o n  t o  t h e  
p r e s s u r e  h e a d  term ( t h e  c o r o l i o r y  i s  t h a t  t h e  
e n e r g y  e q u a t i o n  ma,y b e  n e g l e c t e d ) .  I n  
a d d i t i o n ,  t h e  c o n t i n u i t y  e q u a t i o n  m u s t  b e  
s a t i s f i e d  a t  t h e  j u n c t i o n .  T h u s ,  p r e s s u r e  a n d  
f l o w  b o u n d a r y  c o n d i t i o n s  a r e  i m p o s e d  a t  e a c h  
i n t e r n a l  p i p e  j u n c t i o n ,  w h e t h e r  it b e  a  s e r i e s  
o r  a p a r a l l e l  c o n n e c t i o n .  

NUMERICAL METHOD OF SOLUTION 

Two a p p r o a c h e s  a r e  p o s s i b l e  t o  o b t a i n  a  
n u m e r i c a l  s o l u t i o n .  T h e s e  a r e  t h e  u s e  o f  a  
f i x e d  s p a c e - t i m e  g r i d ,  a n d  t h e  u s e  o f  a g r i d  o f  
c h a r a c t e r i s t i c  l i n e s .  The f i r s t  method  o f f e r s  
some a d v a n t a g e s  i n  mos t  f l u i d  t r a n s i e n t  
p r o b l e m s ,  s i n c e  t h e  s p a c e - t i m e  v a r i a b l e s  a r e  
a s s i g n e d  d e f i n i t e  v a l u e s .  T h i s  i s  t h e  method 
c h o s e n  i n  t h e  WHAM m o d e l .  One o f  t h e  main 
a d v a n t a g e s  o f  t h i s  method i s  t h a t  a  common 
f i x e d  t i r n e s t e p  c a n  b e  u s e d  i n  a  m u l t i - p i p e  
s y s t e m  w i t h o u t  h a v i n g  t o  a d j u s t  o t h e r  
p a r a m e t e r s .  

To b e  a s s u r e d  o f  n u m e r i c a l  s t a b i l i t y ,  t h e  
C o u r a n t  c o n d i t i o n  ( a l s o  known a s  t h e  CFL 
c o n d i t i o n )  m u s t  b e  met  a s  d e s c r i b e d  i n  
R e f e r e n c e  1. T h i s  i s  a c h i e v e d  b y  t h e  
a p p r o p r i a t e  c h o i c e  o f  Ax ( a x i a l  s e g m e n t  l e n g t h )  
i n  e a c h  p i p e  f o r  a  g i v e n  A t  ( t i m e - s t e p ) ,  
a s s u m i n g  t h a t  t h e  s o n i c  v e l o c i t y  i s  known. 
S i n c e  a n  i n t e g r a l  number o f  a x i a l  s e g m e n t s  a r e  
a l s o  r e q u i r e d  i n  e a c h  p i p e ,  t h i s  means t h a t  
n u m e r i c a l  i n t e r p o l a t i o n  w i l l  b e  t h e  norm r a t h e r  
t h a n  t h e  e x c e p t i o n .  S u c h  I n t e r p o l a t i o n s  c a n  
i n t r o d u c e  a r t i f i c i a l  n u m e r i c a l  damping  o r  d r i f t  
i n t o  t h e  s o l u t i o n ,  u n l e s s  r e l a t i v e l y  s m a l l  
a x i a l  r e s o l u t i o n  i s  u s e d .  The WHAM c o d e  i s  
f l e x i b l e  e n o u g h  t h a t  e x t r e m e l y  s m a l l  r e s o l u t i o n  
c a n  be s p e c i f i e d ,  w i t h o u t  u n d u l y  s l o w i n g  down 
t h e  c a l c u l a t i o n  t i m e .  

SONIC VELOC ITY CALCULATIONS 

The p r e d i c t i o n  o f  a c o u s t i c  phenomena is  
s t r o n g l y  d e p e n d e n t  upon t h e  a s s u m e d  s o n i c  
v e l o c i t y  i n  a n y  s e g m e n t  o f  p i p e .  The s o n i c  
v e l o c i t y  i s  d e p e n d e n t  n o t  o n l y  upon  t h e  b u l k  
m o d u l u s  a n d  d e n s i t y  o f  t h e  w a t e r ,  b u t  a l s o  o n  
t h e  e l a s t i c  p r o p e r t i e s  o f  t h e  p i p e ,  a n d  t o  a  
g r e a t  e x t e n t ,  upon t h e  amount  o f  g a s  ( e i t h e r  
n o n - c o n d e n s i b l e  s u c h  a s  a i r  o r  n i t r o g e n )  or 
s t e a m  p r e s e n t  i n  t h e  w a t e r .  F o r  e x a m p l e ,  as  
d e s c r i b e d  i n  R e f e r e n c e  1, t h e  p r e s e n c e  o f  
n i t r o g e n  i n  t h e  p r e s s u r e / c a l a n d r i a  t u b e  a n n u l u s  
o f  t h e  S t e r n  L a b s  f a c i l i t y  d e s c r i b e d  b e l o w ,  h a s  
a  s t r o n g  b e a r i n g  o n  t h e  s e v e r i t y  o f  t h e  
wate rhammer  t r a n s i e n t .  

An i m p o r t a n t  c o n s i d e r a t i o n  f o r  t h e  c a l c u l a t i o n  
o f  t h e  s o n i c  v e l o c i t y  i n  e i t h e r  t h e  f u e l  

c h a n n e l ,  o r  t h e  PT/CT a n n u l u s  i n  t h e  c a s e  o f  t h e  
PT  r u p t u r e  e x p e r i m e n t s ,  i s  t h a t  t h e  e f f e c t  o f  
a n y  c o m p o n e n t  g e o m e t r y  i n t e r n a l  t o  t h e  e x t e r n a l  
t u b e  ( e . 9 .  f u e l  b u n d l e s )  n e e d s  t o  b e  t a k e n  i n t o  
a c c o u n t .  T h i s  i s  d o n e  v i a  a n  e x a c t  d e r i v a t i o n  
o f  t h e  c o n t i n u i t y  e q u a t i o n ,  w h i c h  c o n s i d e r s  t h e  
c r o s s - s e c t i o n a l  a r e a  c h a n g e s  that o c c u r  d u e  t o  
t h e  e l a s t i c  s t r a i n i n g  o f  e a c h  c o m p o n e n t .  T h i s  
i s  d e s c r i b e d  f u r r i e r  i n  R e f e r e n c e  L .  

I n  t h e  c a s e  o f  t h e  PT r u p t u r e  e x ~ e r i m e n t s ,  t h e  
f l o w  t h r o u g h  t h e  c a i a r a r i a  t u b e  i s  a n n u l a r  
r a t h e r  t h a n  c y l i n d r i c a l ,  s i n c e  it c o n t a i n s  a  
c i r c u l a r  p r e s s u r e  t u b e .  T h i s  e f f e c t i v e l y  c a n  b e  
r e p r e s e n t e d  a s  a  r e d u c e d  Young ' s  Modulus  o f  t h e  
o u t e r  t u b e ,  when c a l c u l a t i n g  t h e  e f f e c t  o f  w a l l  
f l e x i b i l i t y  o n  t h e  s o n i c  v e l o c i t y .  F o r  n o m i n a l  
p r e s s u r e / c a l a n d r i a  t u b e  d i m e n s i o n s  t h e  e f f e c t i v e  
Young ' s  Modulus  i s  a b o u t  0 .27  t i m e s  t h e  n o m i n a l  
v a l u e ,  i . e . ,  a  c o n s i d e r a b l e  r e d u c t i o n .  T h i s  
l e a d s  t o  a much l o w e r  s o n i c  v e l o c i t y  i n  t h e  
c a l a n d r i a  t u b e  t h a n  would n o r m a l l y  b e  t h e  c a s e  
f o r  c y l i n d r i c a l  f l o w  i n  a  t u b e .  

I n  t h e  c a s e  o f  a  f u e l  c h a n n e l ,  t h e  s o n i c  
v e l o c i t y  i s  a f f e c t e d  by  t h e  p r e s e r . c e  o f  t h e  f u e l  
b u n d l e s  i n  a  s i m i l a r  manner  t o  t h e  a b o v e .  I n  
a d d i t i o n ,  f r e s h  o r  u n i r r a d i a t e d  f u e l  s h e a t h s  may 
a l s o  c o m p r e s s  e l a s t i c a l l y ,  a n d  t h i s  w o u l d  
f u r t h e r  r e d u c e  t h e  s o n i c  v e l o c i t y  i n  t h e  
c h a n n e l .  I n  t h e  f o r m e r  c a s e  ( i r r a d i a t e d  f u e l ) ,  
t h e  c o n t i n u i t y  e q u a t i o n  y i e l d s  a n  e f f e c t i v e  PT 
Y o u n g f s  Modulus  o f  a b o u t  0 . 4 2  t i m e s  t h e  n o m i n a l  
v a l u e .  I n  t h e  c a s e  o f  f r e s h  f u e l  ( a s s u m i n g  
c o m p l e t e l y  e l a s t i c  s h e a t h i n g ) ,  t h e  c o n t i n u i t y  
e q u a t i o n  y i e l d s  a n  e f f e c t i v e  P T  Young's  Modulus  
a b o u t  0 . 2 5  times t h e  n o m i n a l  v a l u e .  Use o f  t h e  
e f f e c t i v e  Young ' s  Modulus i s  a  v e r y  c o n v e n i e n t  
method  o f  a c c o u n t i n g  f o r  t h e  e f f e c t s  o f  f l e x i b l e  
p i p i n g  o n  t h e  s o n i c  v e l o c i t y .  

F i g u r e  1 shows  t h e  computed  s o n i c  v e l o c i t y  f o r  
h e a v y  w a t e r ,  a s  a  f u n c t i o n  o f  t h e  w a t e r  
t e m p e r a t u r e  a t  1 1 . 4  MPa p r e s s u r e .  T h e s e  v a l u e s  
a r e  u s e d  i n  a l l  t h e  WHAM r e a c t o r  c a l c u l a t i o n s ,  
a n d  s i m i l a r  c a l c u l a t i o n s  a r e  a v a i l a b l e  f o r  l i g h t  
w a t e r .  The computed  s o n i c  v e l o c i t y  is  shown f o r  
f e e d e r  ( s t ee l )  p i p e s ,  u n i r r a d i a t e d  a n d  
i r r a d i a t e d  f u e l  c h a n n e l s .  A l s o  shown i n  t h e  
f i g u r e  i s  t h e  s o n i c  v e l o c i t y  u n c o r r e c t e d  f o r  a n y  
e f f e c t  o f  p i p i n g  e l a s t i c i t y .  I t  c a n  be s e e n  
t h a t  t h e  s o n i c  v e l o c i t y  i n  t h e  f e e d e r s  is  l i t t l e  
a f f e c t e d  b y  t h e  e l a s t i c i t y  o f  t h e  p i p e ,  w h e r e a s  
t h e  s o n i c  v e l o c i t y  i n  t h e  f u e l  c h a n n e l s  i s  
s i g n i f i c a n t l y  r e d u c e d  d u e  t o  e l a s t i c i t y  e f f e c t s .  
C h a n n e l s  c o n t a i n i n g  u n i r r a d i a t e d  f u e l  h a v e  t h e  
l o w e s t  s o n i c  v e l o c i t y  d u e  t o  t h e  a d d e d  e l a s t i c  
f l e x i b i l i t y  o f  t h e  s h e a t h s .  

S e p a r a t e  s o n i c  v e l o c i t y  c a l c u l a t i o n s  were 
p e r f o r m e d  f o r  t h e  s i m u l a t i o n  o f  t h e  PT r u p t u r e  
t e s t s  w i t h  WHAM, a n d  t h e s e  a r e  d e s c r i b e d  i n  
d e t a i l  i n  R e f e r e n c e  1. T h e s e  t e s t s  u s e d  l i g h t  
w a t e r ,  a n d  a n i t r o g e n - f i l l e d  PT/CT g a s  a n n u l u s .  
The l a r g e  r e d u c t i o n  o f  s o n i c  v e l o c i t y  w i t h  a  
s m a l l  amount  o f  g a s  i s  i m p o r t a n t  t o  t h e  r e s u l t s  
o f  t h e s e  tests ,  a s  d i s c u s s e d  b e l o w .  The e f f e c t  
o f  a  s m a l l  amount  o f  v o i d  may a l s o  be i m p o r t a n t  
i f  a n y  s t e a m  q u a l i t y  i s  p r e s e n t .  F i g u r e  2 s h o w s  
t h e  c a l c u l a t e d  s o n i c  v e l o c i t y  a s  a  f u n c t i o n  o f  
t h e  v o i d .  



THE COMPUTER CODE WHAM 

A s  mentioned prev ious ly ,  t h e  computer code WHAM 
was i n i t i a l l y  w r i t t e n  t o  numerical ly  so lve  t h e  
momentum and c o n t i n u i t y  equa t ions  f o r  t h e  PT 
r u p t u r e  experiments .  For t h i s  purpose,  t h e  
model was s e t  up f o r  t h e  gene ra l  case  of a  
network of  p ipe s  connected e i t h e r  i n  s e r i e s ,  
p a r a l l e l ,  o r  a  combination of bo th .  The b a s i c  
flow diagram f o r  WHAM i s  d i scussed  i n  Reference 
1.  

L a t e r ,  when applying t h e  model t o  t h e  more 
complex geometry of an e n t i r e  core  pass  of t h e  
Dar l ing ton  r e a c t o r ,  major modi f ica t ions  were 
r e q u i r e d  t o  t h e  WHAM code, a l though t h e  b a s i c  
numerical  t echnique  and s o l u t i o n  methodology 
remained t h e  same. A l a r g e  e f f o r t  was then 
devoted t o  s e t t i n g  up a  more gene ra l  network 
model, with t h e  r e s u l t  t h a t  t h e  u se r  now has 
almost  complete  freedom t o  spec i fy  t h e  de s i r ed  
l o c a t i o n  of  junct ion connect ions ( e  .g . , channel 
f e e d e r s )  and branch l i n e s  < e . g . ,  ECI/SDC 
p ip ing ,  header  e n d s ) ,  t oge the r  with t h e  
a p p r o p r i a t e  hyd rau l i c  boundary cond i t i ons .  
With a l l  t h e s e  modi f ica t ions ,  however, t h e  WHAM 
code remains an e s s e n t i a l l y  one-dimensional 
p ip ing  network t r a n s i e n t  hydrau l ic  model. 

Another important  modi f ica t ion  made t o  W H A M  f o r  
a p p l i c a t i o n  t o  Darl ington,  was t h e  modelling of 
f u l l  coo l an t  flow i n  t h e  p ip ing  network. The 
u s e r  need s p e c i f y  on ly  t h e  s t e ady - s t a t e  flow i n  
every  f u e l  channel  ( e . g . ,  ob ta ined  from NUCIRC 
c a l c u l a t i o n s )  and t h e  model c a l c u l a t e s  t h e  
i n i t i a l  p r e s s u r e  and flow d i s t r i b u t i o n  along 
each s e c t i o n  of p ip ing ,  i nc lud ing  t h e  f u e l  
channe ls ,  t h e  r e a c t o r  i n l e t  header p ip ing ,  and 
t h e  pump d i s cha rge  l e g s .  The i n i t i a l  p r e s su re  
and flow cond i t i ons  a r e  always c a l c u l a t e d  
s t a r t i n g  from t h e  downstream end of t h e  
network. The i n i t i a l  d i s t r i b u t i o n  va lue s  a r e  
used a s  boundary va lues  a t  t ime zero,  and t h e  
t r a n s i e n t  s o l u t i o n  i s  obtained by s tepp ing  i n  
t ime u s ing  t h e  method of c h a r a c t e r i s t i c s .  For 
a l l  t imes  g r e a t e r  than zero,  t h e  p r e s su re  and 
flow a r e  c a l c u l a t e d  by t h e  code, us ing  only t h e  
fundamental equa t ions ,  t oge the r  with f i xed  
p r e s s u r e  boundary condi t ions  a t  t h e  pump 
d i s cha rge  o u t l e t s  (cu twate rs )  and t h e  r e a c t o r  
o u t l e t  header .  Other than p ip ing  dead-ends 
( z e r o  f l o w ) ,  and i n t e r n a l  a r e a / r e s i s t a n c e  
changes,  t h e s e  a r e  t h e  only imposed wave 
r e f l e c t i o n  p o i n t s  f o r  t h e  r e a c t o r  c a l c u l a t i o n s .  

The e f f e c t  of any a r ea  change a t  a  junct ion,  o r  
f r i c t i o n a l  r e s i s t a n c e  change of a  p ipe ,  
o r i f i c e ,  v e n t u r i ,  o r  nozzle ,  i s  i nhe r en t l y  
accounted f o r  i n  t h e  s o l u t i o n  of t h e  acous t i c  
wave t r an smi s s ion  problem. A l l  such a r e a  o r  
r e s i s t a n c e  changes produce wave r e f l e c t i o n ,  and 
it is  impor tan t  t h a t  t hey  be accu ra t e ly  
modelled, i n  such a  way t h a t  t h e  s t e ady - s t a t e  
p r e s s u r e  d rop  p r ed i c t ed  using t h e  t r a n s i e n t  
fundamental equa t ions  i n  t h e  WHAM model, 
matches c l o s e l y  with t h a t  c a l cu l a t ed  by o the r  
s t anda rd  codes such a s  NUCIRC.  Equivalent  
f r i c t i o n  f a c t o r s  a r e  t h e r e f o r e  der ived  f o r  each 
p i p e  s e c t i o n ,  o r i f  i c e ,  nozzle ,  and s o  on, us ing  
NUCIRC code p r e d i c t i o n s .  These equiva len t  
f r i c t i o n  f a c t o r s  a r e  then input  t o  WHAM, with 
t h e  r e s u l t  t h a t  t r a n s i e n t  ( l o c a l )  p r e s su re s  and 

flows c a l c u l a t e d  by WHAM r ep r e sen t  t h e  a c o u s t i c  
wave t ransmiss ion  p a r t ,  while t h e  mean o r  
average p r e s su re  and flow at. any l o c a t i o n  a r e  
a lmost  i d e n t i c a l  t o  t h a t  c a l c u l a t e d  by t h e  
NUCIRC code.  This is  a very u se fu l  se l f -check  
on t h e  s o l u t i o n  provided by WHAM, a s  i t  s t e p s  
through t ime .  Another u se fu l  se l f -check  is  t h a t  
a  ze ro  wave d i s t u rbance  i n i t i a t e d  a t  a  boundary 
cond i t i on  should produce no change from t h e  
p r e d i c t e d  i n i t i a l  p r e s su re s  and f l o w s  i n  t h e  
p ip ing  network. That i s ,  t h e  s o l u t i o n  of  t h e  
t r a n s i e n t  equa t i ons  fol lowing a  nu l l - d i s t u rbance  
should e x a c t l y  equal  t h e  i n i t i a l  s t e a d y - s t a t e  
s o l u t i o n .  This  was always found t o  be t h e  ca se  
with WHAM, i n d i c a t i n g  t h a t  t h e  e f f e c t  of 
numerical damping o r  d r i f t  was n e g l i b l e .  

In  o rde r  L O  ob t a in  a  hick degree of p r e d i c ~ i o n  
accuracy of t h e  changing pressure  g r a d i e n t s ,  s o  
a s  t o  determine t h e  l o c a t i o n s  of p r e s s u r e  nodes 
and an t i nodes  i n  t h e  acoasz ic  wave, a  very smal l  
a x i a l  r e s o l u t i o n  ( c a l c u l a t i o n  l eng th )  of about 
5  cm, o r  l / l O t h  of a  f u e l  bundle l e n g t h ,  was 
chosen f o r  t h e  e n t i r e  5000 metres  o r  s o  of 
p ip ing  i n  a core  pa s s .  In order  t o  s a t i s f y  t h e  
Courant c r i t e r i o n  f o r  numerical s t a b i l i t y ,  t h i s  
n e c e s s i t a t e d  a  c a l c u l a t i o n a l  time s t e p  of 50 
microseconds. This  small  t ime-step a l l ows  a  
s t e ady - s t a t e  s o l u t i o n  t o  be reached r e l a t i v e l y  
qu ick ly  (wi th in  about 0 . 5  seconds of s imu la t i on  
t i m e ) ,  s o  t h a t  computer run t ime  i s  no t  
exce s s ive .  A t y p i c a l  120 channel run on t h e  IBM 
RISC computer u se s  about 10  Mb of c o r e  memory 
and t a k e s  about 3 hours .  

The WHAM code, t h e r e f o r e ,  provides  an ex t remely  
numerical ly  a ccu ra t e  t ime-ser ies  s o l u t i o n  f o r  
a c o u s t i c  wave t ransmiss ion  i n  a  p ip ing  network.  
That i s ,  t h e  d i s t r i b u t e d  model e a u a t i o n s  
themselves a r e  solved i n  an accu ra t e  manner. 

The r equ i r ed  i npu t s  t o  t h e  program may be 
summarized a s  fo l lows:  
( a )  a l l  dimensions and f r i c t i o n / l o s s  f a c t o r s  

of t h e  p ip ing  
(b> network d e t a i l s  such a s  j unc t i ons ,  

s e r i e s / p a r a l l e l  pipe connec t ions  
( c )  p r e s su re  wave ve loc i t y  i n  each s e c t i o n  of 

p ipe  
(d)  p r e s su re  ( o r  flow) boundary c o n d i t i o n s  a s  

necessary 
( e )  s t e ady - s t a t e  flow r a t e  through a l l  

channels  
( f )  l o g i c  f o r  open/closed connec t ions  ( e .  g . ,  

f o r  in te rconnec t ing  p ipe s )  
( g )  c a l c u l a t i o n a l  time s t e p  and maximum t ime 

of s imula t ion  
(h )  t o l e r ance  f a c t o r  on wave v e l o c i t y  ( i f  

app l i c ab l e )  
(i) input /ou tpu t  (I/O) i n s t r u c t i o n s  t o  t h e  

code 

The ou tpu t s  of t h e  program a r e  t h e  p r e s s u r e  and 
flow r a t e  a t  each node i n  each p ipe  of t h e  
network, a s  a  func t ion  of time a f t e r  t h e  s t a r t  
of t h e  s imula t ion  t r a n s i e n t .  A l l  i n t e r n a l  
c a l c u l a t i o n s  of t h e  program a r e  i n  met res  of 
head (p r e s su re )  and discharge flow ( v e l o c i t y  x 
a r e a ) ,  t he se  being t h e  two v a r i a b l e s  normally 
used i n  t h e  a n a l y s i s  of f l u i d  t r a n s i e n t s .  The 
i n t e r n a l  c a l c u l a t i o n s  a r e  then independent of  
t h e  f l u i d  dens i t y  a s  can be seen by i n s p e c t i o n  



o f  t h e  g o v e r n i n g  e q u a t i o n s .  The code  u s e s  an  
i n p u t  f l u i d  d e n s i t y  o n l y  t o  c o n v e r t  t h e  o u t p u t  
p r e s s u r e  and f l o w  t o  t h e  more f a m i l i a r  MPa ( o r  
p s i )  and kgs'l u n i t s .  

PRESSURE TUBE RUPTURE EXPERIMENTS INVOLVING 
WATERHAMMER 

These e x p e r i m e n t s  were e x t e n s i v e l y  i n s t r u m e n t e d  
and c a r e f u l l y  p l a n n e d ,  and  s i n c e  t h e  o b s e r v e d  
phenomena r e q u i r e  t h e  s o l u t i o n  o f  t h e  same 
fundamen ta l  wave e q u a t i o n s  a s  f o r  t h e  a c o u s t i c  
phenomena, v e r i f i c a t i o n  o f  WHAM a g a i n s t  t h e s e  
e x p e r i m e n t s  p r o v i d e s  a  measure  o f  c o n f i d e n c e  i n  
t h e  methodology employed.  

Fo r  a p p l i c a t i o n  t o  t h e s e  e x p e r i m e n t s ,  a  
s i m u l a t i o n  o f  t h e  a s - b u i l t  l o o p  was p e r f  ormed 
w i t h  t h e  WHAM network  model ( F i g .  3 )  . A t  one 
end  o f  t h e  ne twork  t h e r e  i s  a  c o n s t a n t  p r e s s u r e  
s o u r c e  ( p r e s s u r i z e r ) ,  w h i l e  a t  t h e  o t h e r  end  a  
p r e s s u r e / f l o w  bounda ry  c o n d i t i o n  i s  imposed t o  
s i m u l a t e  t h e  f l o w  d i s c h a r g e  o u t  o f  t h e  
c a l a n d r i a  t u b e  a n n u l u s .  I t  i s  t h e  l i m i t e d  
d i s c h a r g e  o u t  o f  t h e  a n n u l u s  which r e s u l t s  i n  
t h e  d e c e l e r a t i o n  of  t h e  w a t e r  and  t h e  
i n i t i a t i o n  o f  t h e  waterhammer t r a n s i e n t  
( a c o u s t i c  r e s p o n s e )  i n  t h e  PT/CT a n n u l u s .  T h i s  
d e c e l e r a t i o n  f o l l o w s  t h e  s team-gas-water  mixing  
and s t e a m  v o i d  c o l l a p s e  s equence  d e s c r i b e d  i n  
R e f e r e n c e  1. 

The c a l c u l a t i o n a l  t i m e  s t e p  c h o s e n  d e t e r m i n e s  
t h e  number of  s egmen t s  i n  e a c h  p i p e  a c c o r d i n g  
t o  t h e  Couran t  c o n d i t i o n .  Too l a r g e  a  s t e p  
p r o d u c e s  o n l y  one  o r  two s e g m e n t s  i n  t h e  
s h o r t e s t  p i p e ,  w h i l e  t o o  s m a l l  a  s t e p  s l o w s  
down t h e  c a l c u l a t i o n  t i m e .  A s e n s i t i v i t y  s t u d y  
showed t h a t  a  100  m s  w id th  waterhammer p u l s e  i s  
a c c u r a t e l y  mode l l ed  w i t h  a  l m s  t i m e  s t e p .  

Four  o f  t h e  most  p e r t i n e n t  p r e s s u r e  t u b e  
r u p t u r e  e x p e r i m e n t s  were m o d e l l e d  w i t h  WHAM, 
namely T e s t s  1 , 2 , 5  and 6 ,  d e s c r i b e d  i n  d e t a i l  
i n  R e f e r e n c e  1. As w e l l ,  numerous s e n s i t i v i t y  
a n a l y s e s  were c o n d u c t e d  t o  a s s e s s  t h e  r e l a t i v e  
i m p o r t a n c e  o f  v a r i o u s  v a r i a b l e s ,  and  t o  c o n f i r m  
t h e  r o b u s t n e s s  o f  t h e  s o l u t i o n  t e c h n i q u e .  
These  s t u d i e s  a r e  a l s o  d e s c r i b e d  i n  R e f e r e n c e  
1. 

T e s t  1 was t h e  h i g h e s t  p r e s s u r e  t e s t  pe r fo rmed  
o f  t h e  s e r i e s ,  w i t h  a  s o u r c e  ( p r e s s u r i z e r )  
p r e s s u r e  o f  1 1 . 6  MPa. The w a t e r  t e m p e r a t u r e  
was 290 C, c o r r e s p o n d i n g  t o  a  s a t u r a t i o n  
p r e s s u r e  o f  a b o u t  7 . 5  MPa. Consequen t ly ,  t h e  
p r e s s u r e  d i f f e r e n t i a l  d r i v i n g  w a t e r  t o  t h e  
b r e a k  was a b o u t  4 MPa, and p roduced  a  h i g h  mass 
f l o w  r a t e  o f  a b o u t  60 kgs'l i n t o  t h e  a n n u l u s .  
As a  r e s u l t ,  a  l a r g e  peak  a n n u l u s  p r e s s u r e  was 
e x p e c t e d  and a  t h i c k  s t a i n l e s s  s t e e l  c a l a n d r i a  
t u b e  was u s e d  t o  c o n t a i n  t h e  p r e s s u r e .  

T e s t  2  was pe r fo rmed  a t  a  l o w e r  s o u r c e  p r e s s u r e  
( 9 . 2  MPa) t h a n  t h e  f i r s t  t e s t ,  and  more 
i m p o r t a n t l y ,  a t  a  h i g h e r  t e m p e r a t u r e  ( 3 0 0  C) 
c o r r e s p o n d i n g  t o  a  s a t u r a t i o n  p r e s s u r e  o f  8 . 6  
MPa. The r e d u c e d  d r i v i n g  p r e s s u r e  d i f f e r e n t i a l  
( 0 . 6  MPa) produced a  much lower  i n i t i a l  f l ow  
r a t e  i n t o  t h e  a n n u l u s ,  s o  t h a t  a  waterhammer 
e f f e c t  was n o t  e x p e c t e d .  T h i s  t e s t  i s  r e f e r r e d  

t o  a s  a  "low s u b c o o l i n g "  t e s t ,  i n  c o n t r a s t  w i t h  
T e s t  1 which i s  r e f e r r e d  t o  a s  a  " h i g h  
s u b c o o l i n g "  t e s t .  

T e s t  5  was pe r fo rmed  a t  7 . 5  MPa a n d  255 C u s i n g  
a  t h i n n e r  s t a i n l e s s  s t e e l  c a l a n d r i a  t u b e  t h a n  i n  
T e s t s  1 and  2 .  S i n c e  t h e  s a t u r a t i o n  p r e s s u r e  
f o r  t h i s  t e s t  i s  4 . 3  MPa, t h i s  i s  t e rmed  a  " h i g h  
s u b c o o l i n g l ~  t e s t ,  w i t h  a  r e a s o n a b l y  h i g h  i n i t i a l  
f l o w  r a t e  i n t o  t h e  a n n u l u s  ( a b o u t  3 0  k g s - I ) .  

T e s t  6 was pe r fo rmed  a t  p r e s s u r e  a n d  t e m p e r a t u r e  
c o n d i t i o n s  v e r y  s i m i l a r  t o  T e s t  5 .  The main  
d i f f e r e n c e  was t h a t  t h e  c a l a n d r i a  t u b e  was 
t h i n n e r  t h a n  i n  T e s t  5 ,  and made o f  Z i r c a l o y  
r a t h e r  t h a n  s t e e l .  T h i s  t u b e  was e x p e c t e d  t o  
y i e l d  a t  a b o u t  8 . 5  MPa, s o  t h e  s u r v i v a b i l i t y  o f  
t h e  t u b e  was i n  q u e s t i o n  b e f o r e  t h e  t e s t .  
However, t h e  t u b e  a i d  n o t  f a i l  b u t  s t r a i n e d  
p l a s t i c a l l y  i n  t h e  hoop ( i . e . ,  c i r c u m f e r e n t i a l )  
d i r e c t i o n  by  a  r e l a t i v e l y  l a r g e  amount 
( 0 . 7 5  p e r c e n t ) .  

Only  a  summary o f  t h e  WEAM code  p r e d i c t i o n s  f o r  
t h e  above  f o u r  t e s t s  i s  p r o v i d e d  h e r e .  D e t a i l s  
may b e  found i n  R e f e r e n c e  1 .  

The f o u r  t e s t s  can  b e  s e p a r a t e d  i n t o  two 
c a t e g o r i e s ,  namely:  

( a )  t e s t s  w i t h  "h igh"  c a l a n d r i a  t u b e  s o n i c  
v e l o c i t y  ( T e s t s  1 and 2 )  

( b )  t e s t s  w i t h  "low" c a l a n d r i a  t u b e  s o n i c  
v e l o c i t y  ( T e s t s  5  and 6 )  

F i g u r e  4 shows a  compar ison  o f  t h e  a n n u l u s  
p r e s s u r e  t r a n s i e n t s  f o r  T e s t s  1 and 2 .  The 
l a r g e  d i f f e r e n c e  between t h e  two t e s t s  is  d u e  
m a i n l y  t o  t h e  d i f f e r e n c e  i n  i n l e t  f l o w .  T e s t  1 
( w i t h  t h e  much h i g h e r  i n l e t  f l o w )  e x h i b i t e d  a  
much more v i o l e n t  waterhammer t r a n s i e n t  t h a n  
T e s t  2 .  The main c o n c l u s i o n  f rom t h i s  
compar i son  i s  t h a t  " h i g h "  s u b c o o l i n g  c o n d i t i o n s  
r e s u l t  i n  a  more s e v e r e  waterhammer t h a n  "low" 
s u b c o o l i n q  c o n d i t i o n s .  

F i g u r e  5  shows a s i m i l a r  compar ison  f o r  T e s t s  5  
and 6 .  Both t h e s e  t e s t s  a r e  w i t h  " h i g h "  
s u b c o o l i n q  c o n d i t i o n s ,  b u t  t h e  waterhammer i s  
s u b s t a n t i a l l y  r educed  due  t o  t h e  low c a l a n d r i a  
t u b e  s o n i c  v e l o c i t y  r e s u l t i n g  f rom p l a s t i c  
s t r a i n .  The main c o n c l u s i o n  from t h i s  
compar i son  is  t h a t  t h e  g r e a t e r  t h e  s t r a i n ,  t h e  
l ower  t h e  s o n i c  v e l o c i t y ,  and  t h e  lower  a n d  
b r o a d e r  t h e  p r e s s u r e  p u l s e .  Comparison o f  t h e  
p r e d i c t e d  a n n u l u s  p r e s s u r e  t r a n s i e n t s  w i t h  t h e  
measured  p r e s s u r e  t r a n s i e n t s  i n  F i g u r e s  4 and  5  
shows t h a t  t h e  e x p e r i m e n t a l  r e s u l t s  a r e  
r e a s o n a b l y  w e l l  p r e d i c t e d  by t h e  WHAM model.  

OHRD SMALL LOOP TESTS 

A number o f  tests  have been  pe r fo rmed  r e c e n t l y  
i n  t h e  s m a l l - s c a l e  l o o p  a t  OHRD, t o  i n v e s t i g a t e  
t h e  e f f e c t  o f  r e l a t i v e l y  s i m p l e  p o t e n t i a l  d e s i g n  
changes  on t h e  R I H  a c o u s t i c  r e s p o n s e .  The s m a l l  
l o o p  c o n s i s t s  o f  1" d i a m e t e r  p i p i n g  c o n n e c t e d  t o  
t h e  main l o o p  i n  which f low i s  d r i v e n  b y  a  
p r o t o t y p i c a l  5-vane D a r l i n g t o n  pump. The s m a l l  
l o o p  tests i n c l u d e  t h e  base  c a s e  ( n o  f i x e s ) ,  
e f f e c t  o f  pump d i s c h a r g e  i n t e r c o n n e c t ,  e f f e c t  o f  



s t u b  o r  b r a n c h  l i n e s ,  and e f f e c t  o f  r e s o n a t o r s  
o f  v a r i o u s  s c a l e d  d e s i g n s .  

A l l  t h e  p e r t i n e n t  s m a l l  l o o p  t e s t s  have  been  
m o d e l l e d  w i t h  t h e  WHAM code  a t  t h e  s m a l l  l o o p  
r e s o n a n c e  t e m p e r a t u r e  o f  220 C .  F i g u r e  6  shows 
a  s c h e m a t i c  o f  t h e  WHAM model f o r  t h e  b a s e  
c a s e .  The f i g u r e  a l s o  i n d i c a t e s  t h e  r e l e v a n t  
m o d i f i c a t i o n s  t o  s i m u l a t e  t h e  o t h e r  c a s e s .  I n  
a l l  c a s e s ,  t h e  measured  a m p l i t u d e  and p h a s e  o f  
t h e  s o u r c e  p r e s s u r e  a t  t h e  e n t r a n c e  t o  e a c h  
s i m u l a t e d  pump d i s c h a r g e  l i n e  i n  t h e  s m a l l  l o o p  
was i n p u t  t o  t h e  WHAM code ,  and t h e  o u t l e t  
p r e s s u r e  n e a r  t h e  main l o o p  pump s u c t i o n  was 
h e l d  f i x e d .  T h i s  e n s u r e d  t h a t  t h e  p r e s s u r e  
d r o p  a c r o s s  t h e  s m a l l  l o o p  was e q u a l  t o  t h e  
pump head  o f  t h e  main l o o p .  I n  a l l  c a s e s  
d i s c u s s e d  be low,  t h e  p r e s s u r e  p u l s e  
a m p l i f i c a t i o n  i s  n o r m a l i s e d  t o  100% a t  t h e  West 
d i s c h a r g e  l i n e .  Un le s s  o t h e r w i s e  s t a t e d ,  t h e  
r e f e r e n c e  s o n i c  v e l o c i t y  ( c o r r e c t e d  f o r  p i p e  
e l a s t i c i t y )  u s e d  i n  WHAM a t  220 C  i s  h e l d  
c o n s t a n t  a t  1265 m / s .  Note t h a t  t h e  
u n c o r r e c t e d  s o n i c  v e l o c i t y  i n  l i g h t  w a t e r  a t  
220 C  i s  c a l c u l a t e d  t o  be 1295 m / s .  

Base  C a s e :  F i g u r e  7 shows a  compar ison  o f  t h e  
p r e d i c t e d  v s .  measured p r e s s u r e  p u l s e  
a m p l i f i c a t i o n  i n  t h e  two 1" d i s c h a r g e  l i n e s  and 
t h e  1" h e a d e r  f o r  t h e  b a s e  c a s e .  Note t h a t  
WHAM i s  a b l e  t o  p r e d i c t  t h e  measured  p r e s s u r e  
a m p l i f i c a t i o n  r e a s o n a b l y  w e l l .  

3 / 4 "  I n t e r c o n n e c t :  The 3 /4"  i n t e r c o n n e c t  c a s e  
was c h o s e n  s i n c e  t h e  p r e s s u r e  r e s p o n s e  v a r i e s  
s l o w l y  w i t h  t e m p e r a t u r e  a t  220 C ,  and  hence ,  i s  
c o n s i d e r e d  s t a b l e .  T h i s  was n o t  t h e  c a s e  f o r  
t h e  o t h e r  i n t e r c o n n e c t  c a s e s  t e s t e d  ( 1 / 2 "  and 
3 / 8 " )  a t  t h i s  t e m p e r a t u r e .  F i g u r e  8 compares 
WHAM p r e d i c t i o n s  w i t h  expe r imen t  f o r  t h e  3 /4"  
i n t e r c o n n e c t  c a s e .  Again,  r e l a t i v e l y  good 
a g r e e m e n t  i s  o b t a i n e d .  

1 / 2  a n d  1 / 4  Wavelength S t u b s :  F u n d a m e n t a l  
c o n s i d e r a t i o n s  i n d i c a t e d  t h a t  a  1 / 2  wavelength  
l o n g  s t u b  c o n n e c t e d  n e a r  a  p r e s s u r e  a n t i n o d e  on 
t h e  pump d i s c h a r g e  l i n e s ,  s h o u l d  n o t  r e d u c e  t h e  
R I H  p r e s s u r e ,  whereas  a  1/4 wave leng th  s t u b  
s h o u l d  s i g n i f i c a n t l y  r e d u c e  t h e  s i m u l a t e d  
h e a d e r  p r e s s u r e .  These  e f f e c t s  were t e s t e d  i n  
t h e  s m a l l  l o o p  and model led  w i t h  WHAM. I t  is  
i m p o r t a n t  t o  n o t e  t h a t  t h e  t e m p e r a t u r e  i n  t h e  
r e l a t i v e l y  l o n g  s t u b  (much l a r g e r  L/D r a t i o  
t h a n  t h e  r e a c t o r  c a s e )  was m a i n t a i n e d  w i t h  a  
s m a l l  b l e e d  f l o w  o u t  o f  t h e  s t u b .  and  t h i s  was 
a l s o  m o d e l l e d  w i t h  WHAM. 

F i g u r e  9 compares  WHAM p r e d i c t i o n s  w i t h  
e x p e r i m e n t  f o r  t h e  1 / 2  wave leng th  ( t e rmed  
"lambda") c a s e .  I t  was found t h a t  a  s m a l l  
c h a n g e  i n  t h e  s o n i c  v e l o c i t y  f r o m  1265 m/s t o  
1275 m / s  (which  is w e l l  w i t h i n  t h e  u n c e r t a i n t y  
n o r m a l l y  a s s o c i a t e d  w i t h  s o n i c  phenomena) gave  
b e t t e r  ag reemen t  w i t h  t h e  e x p e r i m e n t a l  d a t a .  

F i g u r e  11 shows t h e  ~ r e d i c t e d  e f f e c t  w i t h  WHAM, 
o f  assuming a  s m a l l  b l e e d  f low t h r o u g h  t h e  s t u b ,  
o f  a b o u t  0 . 5 %  o f  t h e  f l o w  i n  t h e  d i s c h a r g e  l i n e .  
I t  can  b e  s e e n  t h a t  t h i s  s m a l l  b l e e d  f l o w  h a s  a  
s i g n i f i c a n t  e f f e c t  on t h e  r e s u l t s ,  and  much 
b e t t e r  ag reemen t  i s  o b t a i n e d  w i t h  e x p e r i m e n t  
when t h i s  i s  i n c l u d e d .  The r e a s o n  f o r  t h i s  i s  
t h a t  z e r o  b l e e d  f low i m p l i e s  a p e r f e c t  
r e f l e c t i o n  boundary  a t  t h e  s t u b  e n d ,  w h e r e a s  a  
s m a l l  f i n i t e  b l e e d  f low p r o d u c e s  a  l ower  
r e f l e c t  i o n .  

R e s o n a t o r s  (Types  1 t h r o u g h  4 ) : Various des igns  
o f  r e s o n a t o r  have  been  t e s t e d  i n  t h e  s m a l l  l o o p ,  
r a n g i n g  f rom r e l a t i v e l y  l a r g e  volume t o  s m a l l  
volume r e s o n a t o r s ,  connec t ed  t o  t h e  d i s c h a r g e  
l i n e s  v i a  p i p e s  of  d i f f e r e n t  d i a m e t e r s  and  
l e n g t h s .  The d e t a i l s  of  r e s o n a t o r  d e s i g n  a r e  
n o t  t h e  s u b j e c t  o f  t h i s  s e c t i o n ,  and  o n l y  
r e s u l t s  a r e  shown h e r e  of  t h e  v a r i o u s  
s i m u l a t i o n s  pe r fo rmed  with WHAM compared t o  
e x p e r i m e n t a l  r e s u l t s .  

F i g u r e s  12 t h r o u g h  1 5  show t h e  r e s u l t s  f o r  t h e  
fear r e s o n a t o r  c a s e s .  A s t r i k i n q  f e a t u r e  o f  
t h e s e  r e s u l t s  i s  t h a t  a  l a r g e  d e c r e a s e  i n  h e a d e r  
D r e s s u r e  i s  o b t a i n e d  i n  a l l  c a s e s ,  and  t h e  
e x p e r i m e n t a l  r e s u l t s  a r e  e x c e i l e n t l y  r e p r o d u c e d  
by  WHAM. 

CONCLUSIONS 

I t  is conc luded  t h a t  t h e  s o l u t i o n  t e c h n i q u e  i n  
t h e  one-dimensional  WHAM model i s  more t h a n  
a d e q u a t e  t o  p r e d i c t  t h e  d a t a  f rom t h e  f u l l - s c a l e  
p r e s s u r e  t u b e  r u p t u r e  e x p e r i m e n t s  i n v o l v i n g  
waterhammer, and t h e  s m a l l  s c a l e  t e s t s  
i n v o l v i n g  a c o u s t i c  p r e s s u r e  p u l s a t i o n s ,  w i t h  
r e a s o n a b l e  c o n f i d e n c e .  

REFERENCE 

(1) "Numerical  S o l u t i o n  of  t h e  Waterhammer 
E q u a t i o n s  Using t h e  Method o f  
C h a r a c t e r i s t i c s  and Comparison A g a i n s t  
Expe r imen t s " ,  M.Sc. T h e s i s  by  A.P.  
Muzumdar, Oxford  U n i v e r s i t y ,  F a c u l t y  o f  
Mathemat ics ,  September,  1 9 9 1 .  

F i g u r e  10  shows t h e  c o r r e s p o n d i n g  r e s u l t s  f o r  
t h e  1 / 4  wave leng th  t e s t ,  assuming z e r o  b l e e d  
f l o w  t h r o u g h  t h e  a t t a c h e d  s t u b .  The re  is a  
marked d e c r e a s e  i n  t h e  h e a d e r  p r e s s u r e  compared 
t o  t h e  b a s e  c a s e ,  b u t  WHAM a p p e a r s  t o  
o v e r e s t i m a t e  t h e  p r e s s u r e  r e d u c t i o n .  
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F I G U R E  6 

WHAM NETWORK MODEL FIGURE 9 
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