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ABSTRACT 

  his paper presents an analysis of the conditions leading to the 
onset of channel flow reversal in a series of natural circulation 
tests conducted in the RD-14M facility. This series of tests was 
carried out to investigate two-phase natural circulation under 
conditions of decreasing primary inventory, but with no break in 
the heat transport system. 

In these tests, the channel flows were found to be unidirectional 
in the early part of each experiment. Then, depending on the 
specific test conditions, the flow in some channels reversed, 
while the flow in the remaining channels continued in the same 
direction. 

A conceptually simple flow-reversal criterion is applied to these 
tests: the prevailing header-to-header pressure differential 
(APuH) must be sufficiently negative to overcome the forward 
driving force resulting from the density gradient between the 
inlet and outlet feeders. A comparison between the predictions 
using the above criterion and the experimental data is made in 
the following areas : 
(1) the magnitude of the APHH at the onset of channel flow 

reversal, and 
(2) which of the channels is the first to reverse. 

For those tests which exhibited relatively steady APHH, the APHH 
was observed to become increasingly negative as the loop liquid 
inventory was reduced. The mechanism responsible for the 
increasingly negative APHH is described. Using the above flow- 
reversal criterion, the header-to-header pressure differential 
required for the onset of channel flow reversal, APrev, is 
computed using experimental values as a function of time. Onset 
of channel flow reversal is observed to occur when the absolute 
magnitude of the experimentally measured APHH exceeds that of 
APrev. Furthermore, the criterion predicts the top channels to be 
the first to reverse in these tests, which is in agreement with 
the experimental results for the tests which exhibited steady 
flow. 

For those tests which exhibited oscillatory APHuf the amplitude 
of the oscillations was observed to increase as the loop liquid 
inventory was reduced. A qualitative explanation for the- 



oscillatory behaviour of the loop is given. Using the above 
f low-reversal criterion, the header-to-header pressure 
differential required for the onset of channel flow reversal, 
APr,,,,, is computed as a function of time. When the experimentally 
measured APHH approaches APrev, temporary flow slowdowns are 
observed. When the absolute magnitude of the experimentally 
measured APm, significantly exceeds that of AP,,,, onset of 
sustained channel flow reversal is observed. Applying the above 
criterion to these tests, it is shown that the top channels are 
not necessarily the first to reverse. However, the above flow- 
reversal criterion is unable to predict which of the channels is 
the first to reverse in these tests. Development of a dynamic 
flow-reversal criterion, accounting for-the transient and 
feedback processes occurring in these tests, is in progress. 

A model of the below-header components in the RD-14M loop is 
under development. The model has been used to predict the 
fluctuation in APHH required for channel flow reversal as a 
function of the average APHH. The model also predicts that 
smaller fluctuations in APHH are sufficient for reversal of the 
channel flow when the net channel power is decreased. It is 
planned to integrate the present "below-header" model with an 
"above-header" model to predict the primary inventory at the 
onset of channel flow reversal. When an integrated model is 
developed, the effect of heat losses on the primary inventory at 
the onset of channel flow reversal will be determined. I 

The experiments described in this paper were performed by 
Whiteshell Laboratories of AECL Research, and funding for these 
experiments was provided by the CANDU Owners Group. The analysis 
described in this paper was performed by Ontario Hydro. 

INTRODUCTION 

RD-14M (Figure 1) is a multiple-channel pressurized-water test 
facility with its components arranged in a figure-of-eight heat 
transport circuit. For a detailed description of the 
experimental facility, the interested reader is referred to 
reference 1. 

The T88-series of experiments was carried out to investigate two- 
phase natural circulation flow in the RD-14M facility. Each - - 

experiment was started with the loop in single-phase 
thermosiphoning conditions. By controlled intermittent draining 
of the liquid inventory from the loop, two-phase natural 
circulation was established. It should be noted that there was 
no "real" break in the heat transport system in these tests. The 
intention was to minimize the effect of draining on the results. 
The system parameters were then allowed to stabilize before the 
next draining. Intermittent draining of the loop inventory 
continued until a process protection trip (usually high sheath 
temperature of -600Â°C occurred, thus terminating the experiment. 



In t h e  f i g u r e s  i n  t h i s  paper,  small arrows a r e  used t o  denote t h e  
beg inning  and end o f  each dra in ,  wh i l e  l a r g e  arrows a r e  used t o  
denote  t h e  occurrence o f  c h a m e l  f low r e v e r s a l s .  Fur the rmore ,  a  
9-point  (18-second) a v e r a g i n g  scheme h a s  been u s e d  t o  smooth o u t  
some of  t h e  f l u c t u a t i o n s  i n  t h e  f o l l o w i n g  f i g u r e s .  Some o f  t h e  
f l u c t u a t i o n s  t h a t  o c c u r r e d  i n  t h e  measurements o f  t h e s e  
the rmos iphoning  tes ts  may be a t t r i b u t e d  t o  i n s t r u m e n t s  r e c o r d i n g  
a t  l e v e l s  t h a t  w e r e  c o n s i d e r a b l y  less t h a n  2 5  p e r c e n t  o f  f u l l  
s c a l e .  

I n  these tes ts ,  t h e  channe l  f lows  were found t o  be u n i d i r e c t i o n a l  
i n  t h e  e a r l y  p a r t  o f  e a c h  expe r imen t .  Then, depend ing  on t h e  
s p e c i f i c  t e s t  c o n d i t i o n s ,  the  f l ow  i n  some c h a n n e l s  r e v e r s e d ,  
w h i l e  t h e  f low i n  t h e  remain ing  c h a n n e l s  c o n t i n u e d  i n  t h e  same 
d i r e c t i o n .  The r e s u l t s  o f  t h i s  series o f  RD-14M tests have been 
r e p o r t e d  and a n a l y z e d  by v a r i o u s  a u t h o r s  [2-71. 

The o n s e t  of channe l  f l ow  r e v e r s a l  d e n o t e s  t h e  e s t a b l i s h m e n t  of 
a n  a l t e r n a t i v e  pathway f o r  t h e  c o o l a n t  i n  t h e  h e a t  t r a n s p o r t  
sy s t em whereby f l u i d  i n  t h e  same c o r e  p a s s  c o u l d  be r e c i r c u l a t e d  
t h r o u g h  t h e  h e a d e r s  w i thou t  go ing  t h r o u g h  t h e  s t eam g e n e r a t o r s  - 
t h e  " i n t ended"  h e a t  s i n k .  ( I n  t h e s e  RD-14M tes ts ,  t h e r e  were 
s i g n i f i c a n t  below-header h e a t  l o s s e s ,  which r e p r e s e n t s  a  major  
u n i n t e n d e d  h e a t  s i n k . )  I n  eve ry  c a s e ,  t h e  o n s e t  o f  channe l  f l ow  
r e v e r s a l  c o i n c i d e d  w i t h  a  r e d u c t i o n  o f  f l o w  t h r o u g h  t h e  s t eam 
g e n e r a t o r s .  I n  some c a s e s ,  it c o i n c i d e d  w i t h  a comple te  , 
c e s s a t i o n  of  f l ow  t h r o u g h  t h e  s team g e n e r a t o r s .  A s  a  r e s u l t ,  t h e  
f l u i d  t e m p e r a t u r e s  i n  t h e  i n l e t  and o u t l e t  h e a d e r s  ( F i g u r e  2 )  
approached  a  common v a l u e ,  and t h e  d e n s i t y  g r a d i e n t  f o r  d r i v i n g  
t h e  f l ow  between t h e  i n l e t  and o u t l e t  f e e d e r s  began t o  d i m i n i s h .  
E v e n t u a l l y  ( u s u a l l y  w i t h  f u r t h e r  d r a i n i n g ) ,  a  l i m i t i n g  
t e m p e r a t u r e  e x c u r s i o n  i n  e x c e s s  o f  600Â° occu r r ed ,  t e r m i n a t i n g  
t he  expe r imen t .  

I n  t h e  h i g h  power (160  kW/pass) tests,  t h e  l i m i t i n g  t e m p e r a t u r e  
e x c u r s i o n s  were obse rved  t o  occur  a t  p r imary  i n v e n t o r i e s  t h a t  
were s l i g h t l y  less t h a n  t h o s e  r e q u i r e d  f o r  t he  o n s e t  of  channe l  
f l ow  r e v e r s a l .  I n  medium (100 kW/pass) and low (60 kW/pass) 
power tes ts ,  t h e  l i m i t i n g  t e m p e r a t u r e  e x c u r s i o n  was obse rved  t o  
occu r  a t  p r imary  i n v e n t o r i e s  t h a t  were s i g n i f i c a n t l y  less t h a n  
t h o s e  f o r  t h e  o n s e t  o f  channe l  f low r e v e r s a l .  A summary of  t h e s e  
r e s u l t s  can  be found  i n  r e f e r e n c e  5 .  

I t  i s  known t h a t  heat l o s s e s  from t h e  RD-14M the rmos iphoning  
tests were s i g n i f i c a n t ,  hence  i n t e r p r e t a t i o n  and e x t r a p o l a t i o n  of 
t h e s e  t e s t  r e s u l t s  t o  o t h e r  s i t u a t i o n s  must accoun t  f o r  h e a t  l o s s  
e f fec t s .  F i g u r e  3 shows t h e  e s t i m a t e d  h e a t  l o s s e s  from t h e  l o o p  
a s  a  f u n c t i o n  o f  p r ima ry  c o o l a n t  t e m p e r a t u r e  [8]. 

The p r e s e n t  work f o c u s e s  on t h e  c o n d i t i o n s  l e a d i n g  t o  t h e  o n s e t  
of  s u s t a i n e d  channe l  f l ow  r e v e r s a l  i n  t h e s e  p a r t i a l  i n v e n t o r y  
the rmos iphoning  t e s t s .  The p r e s e n t  work c o n c e n t r a t e s  on t h e  
a n a l y s i s  of  h i g h  power thermosiphoning tes t s  s i n c e  t h e  i n f l u e n c e  





T h e  main ones  a r e  t h e  l o o p  v o i d  f r a c t i o n f  t he  l o c a t i o n  o f  t h e  
v o i d ,  t h e  i n i t i a l  ( p r ima ry  and s econda ry )  tes t  c o n d i t i o n s f  t h e  
n e t  i n p u t  power (1. e . , a f t e r  accoun t ing-  f o r  h e a t  l o s s e s f  i f  a n y ) ,  
and  d e t a i . 3  o f  t h e  p e r t u r b a t i o n  ( such  as t h e  l o c a t i o n  and r a t e  o f  
d r a i n i n g ,  l e n g t h  o f - t h e  i n t e r v a l  between d r a i n i n g  o p e r a t i o n )  t h a t  
i n d u c e s  t h e  o s c i l l a t i o n s .  

T e s t  T8805 i s  an  example of  a  t e s t  w i t h  quas i - s t e ady  header- to-  
h e a d e r  p r e s s u r e  ' d i f f e r e n t i a l s  f o l l o w i n g  i n t e r m i t t e n t  d r a i n i n g  
(shown i n  F i g u r e  4 ) .  Immediately f o l l o w i n g  a d r a i n ,  t h e  v o i d  
f r a c t i o n  was h i g h e s t  i n  t h e  p i p i n g  i n  t h e  v i c i n i t y  of h e a d e r  7 
( t h e  d r a i n i n g  h e a d e r ) .  A f t e r  t h e  sys tem was g i v e n  s u f f i c i e n t  

t i m e  t o  s t a b i l i z e f  t h i s  v o i d  was l l d i s t r i b u t e d l v  e v e n l y  between t h e  
two c o r e  p a s s e s ,  and  t h e  t h e r m a l h y d r a u l i c  behav iou r  o f  t he  two 
c o r e  p a s s e s  u n t i l  t h e  o n s e t  of  channe l  f l o w  r e v e r s a l  was 
e s s e n t i a l l y  t h e  same. The measured header- to-header  p r e s s u r e  
d r o p  was r e l a t i v e l y  s t e a d y f  and t h e  magni tude  of  f l u c t u a t i o n s ,  i f  
any,  was small when compared w i th  t h e  a v e r a g e  v a l u e s .  

T e s t  T8809 i s  an example o f  a  t e s t  w i t h  h i g h l y  o s c i l l a t o r y  
header- to-header  p r e s s u r e  d i f f e r e n t i a l s  f o l l o w i n g  i n t e r m i t t e n t  
d r a i n i n g  (shown i n  F i g u r e  5 ) .  I t  i s  i n f e r r e d  t h a t  t h e  e f fec t  of  
s u c c e s s i v e  removal o f  t h e  l oop  l i q u i d  i n v e n t o r y  from heade r  7 was 
t o  i nduce  l a r g e r  and l a r g e r  o s c i l l a t i o n s  i n  t h e  header- to-header  
p r e s s u r e  d i f f e r e n t i a l  i n  a  c o r e  p a s s ,  while t h e  a v e r a g e  header-  
t o -heade r  p r e s s u r e  d i f f e r e n t i a l  remained c l o s e  t o  z e r o .  ,The 
header- to-header  p r e s s u r e  d i f f e r e n t i a l  d id  n o t  s t a b i l i z e  abou t  
some s t e a d y  v a l u e s  b u t  f l u c t u a t e d  i n  t i m e .  Fur the rmorer  t h e  
header- to-header  p r e s s u r e  d i f f e r e n t i a l s  i n  t h e  two c o r e  p a s s e s  
were out-of-phase .  

The f o l l o w i n g  s e c t i o n s  examine t h e  c o n d i t i o n s  l e a d i n g  t o  t h e  
o n s e t  o f  channe l  f l o w  r e v e r s a l  under  the two t y p e s  of  boundary 
c o n d i t i o n s f  i . e . ,  quas i - s t e ady  and o s c i l l a t o r y  header- to-header  
p r e s s u r e  d i f f e r e n t i a l s .  Two t o p i c s  a r e  o f  p a r t i c u l a r  i n t e r e s t :  
( a )  t h e  magnitude o f  t h e  n e g a t i v e  header- to-header  p r e s s u r e  

d i f f e r e n t i a l  r e q u i r e d  f o r  t h e  o n s e t  of  channe l  f low 
r e v e r s a l ,  and 

(b)  which o f  t h e  c h a n n e l s  i s  t h e  f i r s t  t o  r e v e r s e .  

CHANNEL FLOW mmRSAL UNDER QUASI-STEADY HEWER-TO-HEmER 
PRESSUFG DIFFERENTIALS 

The f o u r  tests (T8805, T8808, T8818 and T8819) i n  t h i s  group have 
t h e  same nominal  p r ima ry  and secondary  c o n d i t i o n s .  Some r e l e v a n t  
r e s u l t s  from t h e  expe r imen t s  a r e  a s  f o l l o w s :  
( a )  The o n s e t  of  channe l  f low r e v e r s a l  o c c u r r e d  a t  a  p r imary  

i n v e n t o r y  o f  abou t  85  t o  8 9  p e r c e n t .  
(b) The h i g h e s t  e l e v a t i o n  channe l s  (5 and 10)  were t h e  f irst  t o  

r e v e r s e .  
I t  shou ld  be n o t e d  t h a t  f o r  t h e  c o o l a n t  c o n d i t i o n s  i n  t h e s e  
tests,  more t h a n  50  p e r c e n t  of t h e  i n p u t  power ( i . e . r  v o l t a g e  



t i m e s  c u r r e n t )  i s  c a l c u l a t e d  t o  be l o s t  o u t s i d e  t h e  s t eam 
g e n e r a t o r s  ( refer  t o  F i g u r e  3 [8] ) . T h i s  magni tude  o f  h e a t  l o s s  
i s  c h a r a c t e r i s t i c  of  t he  RD-14M f a c i l i t y .  

Under s t e a d y  n a t u r a l  c i r c u l a t i o n  c o n d i t i o n s  i n  t h e  l o o p r  t h e  
o u t l e t  heade r  p r e s s u r e  must exceed t h e  i n l e t  heade r  p r e s s u r e ,  
o t h e r w i s e  t h e r e  i s  i n s u f f i c i e n t  p r e s s u r e  head t o  d r i v e  f l ow  o v e r  
t h e  steam g e n e r a t o r s .  A s  t h e  l i q u i d  i n v e n t o r y  i n  t h e  l o o p  i s  
c o n t i n u a l l y  reducedr  the  header- to-header  p r e s s u r e  d i f f e r e n t i a l s  
become more and more n e g a t i v e ?  a s  shown i n  F i g u r e  4 f o r  t e s t  
T8805. The b a s i c  mechanism appea r s  t o  be wel l -unders tood  and i s  
a s  f o l l o w s  [3? 6,7? 131 . Dra in ing  produced two impor t an t  e f f e c t s  : 

d r a i n i n g  l ed  t o  a  r e d u c t i o n  i n  t h e - l i q u i d  i n v e n t o r y .  
I n i t i a l l y ?  t h i s  l e d  t o  a  d e c r e a s e  i n  the f l u i d  d e n s i t y  i n  
t h e  h o t  l e g  side o f  t h e  l oop?  t h e r e b y  i n c r e a s i n g  t h e  d e n s i t y  
g r a d i e n t  between t h e  h o t  and c o l d  l e g  sides. A t  t h e  same 
t i m e ?  t h e  p r e s s u r e  d r o p  i n  s e c t i o n s  of  t h e  l oop  was 
i n c r e a s e d  due t o  t h e  p r e sence  of  i n c r e a s e d  v o i d s .  Dur ing 
t h e  f i r s t  few d r a i n i n g  o p e r a t i o n s ,  t h e  i n c r e a s e d  d e n s i t y  
g r a d i e n t  was a b l e  t o  overcome t h e  i n c r e a s e  i n  two-phase 
p r e s s u r e  d rop?  and t h e  l o o p  f low i n c r e a s e d .  
d r a i n i n g  r e s u l t e d  i n  t h e  d e p r e s s y r i z a t i o n  of  t h e  p r imary  
h e a t  t r a n s p o r t  l o o p  c l o s e  t o  t h e  p r e s s u r e  of  t h e  secondary  
side i n  t h e s e  tes ts .  Th i s  l e d  t o  a  g r a d u a l  r e d u c t i o n  of  t h e  
t e m p e r a t u r e  g r a d i e n t  f o r  h e a t  t r a n s f e r  from t h e  p r imary  t o  
secondary  sides. I 

I t  i s  p o s t u l a t e d  t h a t  w i t h  f u r t h e r  d r a i n i n g ?  t h e  combinat ion o f  
i n c r e a s e d  v o i d  t o g e t h e r  w i t h  t h e  dec r ea sed  e f f i c i e n c y  of  t h e  
s e c o n d a r y  side t o  condense  t h e  incoming steam caused  t h e  l e n g t h  
o f  two-phase r e g i o n  t o  e x t e n d  beyond t h e  t o p  of  t h e  s team 
g e n e r a t o r  U-tubes? and t h e  d e n s i t y  g r a d i e n t  between t h e  h o t  and 
c o l d  l e g  sides began t o  d i m i n i s h .  F u r t h e r  d r a i n i n g  from t h i s  
p o i n t  onwards f u r t h e r  degraded  t h e  d e n s i t y  g r a d i e n t  f o r  fo rward  
f l o w ?  w h i l e  t h e  two-phase p r e s s u r e  d rop  c o n t i n u e d  t o  i n c r e a s e .  
T h e  header- to-header  p r e s s u r e  d i f f e r e n t i a l  became i n c r e a s i n g l y  
n e g a t i v e  and t h e  l oop  f l ow  con t i nued  t o  d e c r e a s e  (see F i g u r e  4 ) .  
A q u a n t i t a t i v e  model [13] of t h e  above-header components h a s  been 
set up t o  s i m u l a t e  t h e  i n c r e a s i n g l y  n e g a t i v e  header- to-header  
p r e s s u r e  d i f f e r e n t i a l s  a s  t h e  l i q u i d  i n v e n t o r y  i s  reduced.  By 
m o d e l l i n g  t h e  above mechanism, agreement between model 
p r e d i c t i o n s  and e x p e r i m e n t a l  r e s u l t s  were o b t a i n e d .  

When t h e  header-to-header p r e s s u r e  d i f f e r e n t i a l s  a r e  r e l a t i v e l y  
s t e a d y ,  t h e  f o l l o w i n g  f l ow- reve r sa l  c r i t e r i o n  based  on quas i -  
s t e a d y  c o n d i t i o n s  i s  u sed :  t h e  p r e v a i l i n g  header- to-header  
p r e s s u r e  d i f f e r e n t i a l  (PIH - PoH) must be s u f f i c i e n t l y  n e g a t i v e  t o  
overcome t h e  fo rward  d r i v i n g  f o r c e  r e s u l t i n g  from t h e  d e n s i t y  
g r a d i e n t  between t h e  i n l e t  and o u t l e t  f e e d e r s .  Mathemat ica l ly ,  
t h e  r equ i r emen t  can be e x p r e s s e d  a s :  

Eq. 1 

where PIH ( t )  , Po,, ( t )  a r e  t h e  i n l e t  and o u t l e t  header  



p r e s s u r e s ,  r e s p e c t i v e l y ,  a t  t i m e  t ,  
pIF ( 2 ,  t )  , poF ( z ,  t )  a r e  t h e  f l u i d  d e n s i t i e s  i n  t h e  i n l e t  
and o u t l e t  feeders, r e s p e c t i v e l y ,  a t  e l e v a t i o n  z  and 
t i m e  t ,  
g  i s  t h e  a c c e l e r a t i o n  due  t o  g r a v i t y ,  and 
t h e  i n t e g r a l  on t he  r i g h t  hand side i s  e v a l u a t e d  o v e r  
t h e  v e r t i c a l  d i s t a n c e  from t h e  channe l  t o  t h e  h e a d e r s .  

The above c r i t e r i o n  s imply  s t a t e s  t h a t  f o r  t h e  f l ow  i n  a  channe l  
t o  r e v e r s e ,  t h e  n e t  f o r c e  on the  f l u i d  i n  t h e  channe l  must be i n  
t h e  r e v e r s e  d i r e c t i o n .  A s  t h e  f l u i d  v e l o c i t i e s  i n  t h e  f e e d e r s  
and  c h a n n e l s  a round  t h e  o n s e t  o f  c h a n n e l  f l ow  r e v e r s a l  were 
obse rved  t o  be r e l a t i v e l y  small, f r i c t i o n a l  e f f e c t s  have  been 
n e g l e c t e d  i n  t h e  above c r i t e r i o n .  T h i s  c r i t e r i o n  i s  c o n s i s t e n t  
w i t h  e a r l i e r  a n a l y s e s  [ 6,14 ] - 
Using t h e  quas i - s t e ady  f l ow- reve r sa l  criterion, w e  d e f i n e  a  
header- to-header  p r e s s u r e  d i f f e r e n t i a l  r e q u i r e d  f o r  c h a n n e l  f low 
r e v e r s a l ,  APrev, a s  f o l l o w s :  

~ r e v ( t )  = - \ 1 pIF(z , t )  -  OF ( z t t )  1 g  dz Eq. 2 

With t h i s  d e f i n i t i o n ,  t h e  quas i - s t e ady  f l o w - r e v e r s a l  c r i t e r i o n  
can  be r e s t a t e d  a s  f o l l o w s  : When MHH > &rev, f o rward  f low i s  
p r e d i c t e d -  When APHH < APrev, r e v e r s e  f l o w  i s  p r e d i c t e d .  Under 
two-phase n a t u r a l  c i r c u l a t i o n  c o n d i t i o n s  (assuming homogeheous 
two-phase f low)  and  b e f o r e  t h e  o n s e t  o f  channe l  flow r e v e r s a l  i n  
t h e s e  tes ts ,  t h e  f o l l o w i n g  app rox ima t ions  can  be made: 

Thus, APrev can be approximated a s  

Eq. 3 

where i s  t h e  ave rage  v o i d  f r a c t i o n  o f  t h e  f l u i d  i n  t h e  
o u t l e t  feeder a t  t i m e  t ,  and h .is t h e  e l e v a t i o n  d i f f e r e n c e  
between t h e  channe l  and t h e  h e a d e r s .  I n  g e n e r a l ,  <qF(t)> i s  a  
f u n c t i o n  o f  t h e  o u t l e t  f e e d e r  geometry ( i n c l u d i n g  e l e v a t i o n  and 
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 ) ,  t h e  channe l  power, p r e v i o u s  
o p e r a t i n g  h i s t o r y  o f  t h e  channe l ,  i . e - ,  APHH ( t )  a t  e a r l i e r  times, 
and sys tem c o n d i t i o n s ,  e . g .  p f ,  pg and hfg .  

The i n s t a n t a n e o u s  v o i d  f r a c t i o n  of  t h e  f l u i d  i n  t he  channe l  e x i t  
was e s t i m a t e d  from l i n e a r  i n t e r p o l a t i o n  of  t h e  gamma d e n s i t o m e t e r  
r e a d i n g s  between t h e  empty and f u l l  p i p e  r e a d i n g s .  To o b t a i n  t h e  
ave r age  v o i d  f r a c t i o n  of  t h e  f l u i d  i n  t h e  o u t l e t  f e e d e r ,  t h e  
f l u i d  v o i d  f r a c t i o n  a t  t h e  channel  e x i t  i s  averaged  i n  t h e  
a p p r o p r i a t e  manner a ccoun t i ng  f o r  e l e v a t i o n  and c r o s s - s e c t i o n a l  
a r e a  changes  i n  t h e  o u t l e t  f e e d e r .  Tab l e  2 shows t h e  l e n g t h s  of  
t h e  o u t l e t  f e e d e r s  f o r  t h e  t e n  channe l s  and t h e  e s t i m a t e d  



a v e r a g i n g  p e r i o d s  r e q u i r e d  assuming a  t y p i c a l  v o l u m e t r i c  f l o w  
r a t e  o f  0 . 1  L / s .  *When t h e  v o i d  f r a c t i o n  i s  a  r e l a t i v e l y  s t e a d y  
f u n c t i o n  of t i m e f  t h e  a v e r a g e  o u t l e t  f e e d e r  v o i d  f r a c t i o n  i s  n o t  
s e n s i t i v e  t o  t h e  l e n g t h  of  t h e  ave r ag ing  p e r i o d s  u sed r  and t h u s  
t h e  d e t a i l s  o f  t h e  o u t l e t  f e e d e r  geometry .  

F i g u r e  6 shows a  comparison of  t h e  header- to-header  p r e s s u r e  
d i f f e r e n t i a l  r e q u i r e d  f o r  f low r e v e r s a l  t o  o c c u r f  breVf and t h e  
e x p e r i m e n t a l l y  measured p r e s s u r e  d i f f e r e n t i a l  between h e a d e r s  6 
and  7,  APHH, f o r  channe l  5 i n  t e s t  T8805. 

From F i g u r e  6 ,  it is  obse rved  t h a t  a t  t h e  beg inn ing  of  t h e  t e s t  
the re  i s  a  b r i e f  p e r i o d  d u r i n g  which f&"H < Urev. T h i s  anomalous 
r e s u l t  i s  a t t r i b u t e d  t o  t h e  f a c t  t h a t  d u r i n g  t h i s  p e r i o d f  t h e  
l o o p  i s  i n  s i ng l e -phase  the rmos iphoning  and u s e  of  E q .  3 i s  
i n v a l i d  . 

Dur ing  t h e  p e r i o d  from t h e  s t a r t  of  t h e  f i rs t  d r a i n  t o  t h e  e n d  o f  
t h e  s i x t h  d r a i n  (p r imary  i n v e n t o r y  from 1 0 0  t o  88 p e r ~ e n t ) ~  it is  
o b s e r v e d  t h a t  APHH > APrev. For  t h e  t i m e  p e r i o d  from t h e  end o f  
t h e  s i x t h  d r a i n  t o  t h e  beg inn ing  of  t h e  s e v e n t h  d r a i n s r  APHH 
becomes comparable t o  APrevr o r  APHH < APrev. Expe r imen t a l l y f  o n s e t  
o f  c h a n n e l  f low r e v e r s a l  was observed t o  occu r  d u r i n g  t h e  s e v e n t h  
d r a i n  (p r imary  i n v e n t o r y  of  83  p e r c e n t ) .  Cons ide r i ng  t h e  
i n s t r u m e n t  u n c e r t a i n t i e s  and t h e  approx imat ions  u sed  t o  o b t a i n  
t h e  r e s u l t s  t h e  agreement between t h e  expe r imen t a l  d a t a  and t h e  
q u a s i - s t e a d y  f l o w - r e v e r s a l  c r i t e r i o n  i s  q u i t e  good.  Applying t h e  
q u a s i - s t e a d y  f l o w - r e v e r s a l  c r i t e r i o n  t o  t h e  4 quas i - s t e ady  tests 
i n  t h i s  g roupr  and u s i n g  t h e  a c t u a l  header-to-header p r e s s u r e  
d i f f e r e n t i a l s f  t h e  i n v e n t o r y  f r a c t i o n s  a t  t h e  o n s e t  of  channe l  
f l o w  r e v e r s a l  de t e rmined  w i t h  t h e  above c r i t e r i o n  a r e  e s t i m a t e d  
t o  be w i t h i n  3 p e r c e n t a g e  p o i n t s  of t h e  e x p e r i m e n t a l l y  measured 
i n v e n t o r y  f r a c t i o n s  (see Tab le  3 )  . ~ l t e r n a t i v e l ~ ~  t h e  v a l u e s  of  
Drev a t  t h e  o n s e t  of  channe l  f low r e v e r s a l  de te rmined  u s i n g  t h e  
above c r i t e r i o n  a r e  w i t h i n  18 p e r c e n t  of  t h o s e  of  t h e  
e x p e r i m e n t a l l y  measured APHH f o r  t h e  4 quas i - s t e ady  t e s t s .  

A s  n o t e d  e a r l i e r f  t h e  header-to-header p r e s s u r e  d i f f e r e n t i a l  
r e q u i r e d  f o r  channe l  f l o w  i s  dependent  on t h e  p a s t  o p e r a t i n g  
h i s t o r y  of  t h e  c h a n n e l .  For  exampler t h e  magnitude o f  t h e  kreV 
f o r  a  p a r t i c u l a r  channe l  depends on t h e  r a t e  a t  which a  change i n  
t h e  header- to-header  p r e s s u r e  d i f f e r e n t i a l  i s  b rought  abou t .  I f  
t h e  change i n  header- to-header  p r e s s u r e  d i f f e r e n t i a l  i s  brought  
a b o u t  a t  a  v e r y  s low r a t e r  a l l owing  s u f f i c i e n t  time f o r  t h e  f l u i d  
d e n s i t y  i n  t h e  o u t l e t  f e e d e r s  t o  a d j u s t  t o  t h e  new f low r a t e s  
t h r o u g h  t h e  channe l f  t h e n  t h e  channel  f low would slow down v e r y  
g r a d u a l l y r  and t h e  q u a l i t y  of  t h e  f l u i d  l e a v i n g  t h e  channe l  would 
i n c r e a s e  s lowly  a s  a r e s u l t .  U l t i m a t e l y f  t h e  o u t l e t  feeder would 
be a lmos t  comple te ly  vo ided ,  whi le  t h e  channe l  f low would d rop  t o  
a  v e r y  s m a l l  v a l u e .  I n  t h i s  c a se ,  t h e  header-to-header p r e s s u r e  
d i f f e r e n t i a l  r e q u i r e d  t o  r e v e r s e  t h e  f low d i r e c t i o n  would be 
app rox ima te ly  (p f  - pq) gh .  I n  t h e s e  r e l a t i v e l y  s t e a d y  
e x p e r i m e n t s ,  it i s  found t h a t  t h e  header-to-header p r e s s u r e  



d i f f e r e n t i a l s  a t  t h e  o n s e t  of  channe l  f l o w  r e v e r s a l  are smaller 
t h a n  t h e  above v a l u e  because  t h e  f l u i d  v o i d  f r a c t i o n  i n  t h e  
o u t l e t  feeder i s  t y p i c a l l y  much less t h a n  u n i t y -  F i g u r e  7 shows 
t h e  c a t l e t  feeder a v e r a g e  v o i d  f r a c t i o n  i n  channe l  5 f o r  t es t  
T8805. I t  i s  o b s e r v e d  t h a t  j u s t  p r i o r  t o  t h e  o n s e t  o f  channe l  
f l o w  r e v e r s a l f  t h e  a v e r a g e  v o i d  f r a c t i o n  i n  t h e  o u t l e t  feeder was 
between 30 t o  60 p e r c e n t .  I t  i s  conc luded  t h a t  t h e  r a te  o f  
change o f  t h e  header- to-header  p r e s s u r e  d i f f e r e n t i a l s  w i t h  t i m e  
i n  t h e s e  expe r imen t s  i s  r a p i d  compared t o  t h e  t r a n s i t  times 
t h r o u g h  t h e  c h a n n e l s  and t h e  o u t l e t  feeders. Consequen t ly f  t h e  
f l u i d  d e n s i t i e s  i n  t h e  o u t l e t  feeders a p p e a r s  t o  be " f rozenv1  a t  
t he i r  o l d  v a l u e s  j u s t  p r i o r  t o  t h e  o n s e t  o f  channe l  f l o w  
r e v e r s a l .  

I t  i s  n o t e d  t h a t  t h e  o n s e t  o f  channe l  f l o w  r e v e r s a l  i n  many tests  
( 3  o u t  of 4 )  o c c u r r e d  d u r i n g  a d r a i n i n g  o p e r a t i o n .  T h i s  i s  n o t  
s u r p r i s i n g  s i n c e  it i s  d u r i n g  a  d r a i n i n g  o p e r a t i o n  t h a t  t h e  
header- to-header  p r e s s u r e  d i f f e r e n t i a l s  were chang ing  r a p i d l y  i n  
t i m e .  

According t o  t h e  above c r i t e r i o n f  t h e  h i g h e s t  e l e v a t i o n  and 
l owes t  power c h a n n e l s  s h o u l d  be t h e  f i r s t  t o  r e v e r s e  (refer  t o  
E q -  3 ) .  I n  t h e s e  R D - 1 4 M  t e s t s ,  t h e  f l ow  r e s i s t a n c e s  and t h e  
i n p u t  powers t o  t h e  t e n  channe l s  w e r e  scaled i n  such  a  way t h a t  
t h e  q u a l i t i e s  of  t h e  f l u i d  l e a v i n g  t h e  c h a n n e l s  were rough ly  t h e  
same. F i g u r e  8  shows t h e  o u t l e t  feeder a v e r a g e  v o i d  f r a c t i o n  f o r  
c h a n n e l s  5  t o  9  i n  t e s t  T8805 a s  a  f u n c t i o n  of  t i m e .  The 
e l e v a t i o n  t e r m  (see Table 4 )  i n  Eq. 3 i s  expec t ed  t o  dominatef  
and t h e  t o p  c h a n n e l s  are p r e d i c t e d  t o  be t h e  f i r s t  t o  r e v e r s e  a s  
shown i n  F i g u r e  9 f o r  t e s t  T8805. T h i s  i s  i n  agreement w i t h  t h e  
e x p e r i m e n t a l  r e s u l t s  f o r  t h e  r e l a t i v e l y  s t e a d y  tests.  

CHANNEL FLOW REVERSAL UNDER OSCILLATORY HEmER-TO-HEmER PRESSUEtE 
DIFE'EmNTIALS 

When the  header- to-header  p r e s s u r e  d i f f e r e n t i a l s  were 
o s c i l l a t o r y f  t h e  main expe r imen t a l  o b s e r v a t i o n s  a r e  as f o l l o w s :  
( a )  Onset  of  channe l  f l ow  r e v e r s a l  f o r  t h e  1 MPa tests (T8809 

and T8810) o c c u r r e d  a t  a  r e l a t i v e l y  h i g h  p r imary  i n v e n t o r y  
of  92 .6  p e r c e n t f  w h i l e  o n s e t  of  channe l  f low r e v e r s a l  f o r  
t h e  0 . 1  M P ~  t e s t  (T8804) o c c u r r e d  a t  a  p r imary  i n v e n t o r y  of  
83 .2  p e r c e n t .  

(b)  Even though T8810 was a r e p e a t  tes t  of  T8809, t h e  f i r s t  
c h a n n e l s  t o  r e v e r s e  were d i f f e r e n t  f o r  tests T8809 and 
T8810. P r e v i o u s  a n a l y s i s  d id  n o t  r e v e a l  any c o n s i s t e n t  
p a t t e r n  r e g a r d i n g  which o f  t h e  c h a n n e l s  would be t h e  f i r s t  
t o  reverse f o r  t h e s e  tes ts .  

I t  i s  e s t i m a t e d  t h a t  h e a t  l o s s e s  from components o t h e r  t h a n  t h e  
s team g e n e r a t o r s  a ccoun t  f o r  more t h a n  35 p e r c e n t  of  t h e  i n p u t  
power ( i . e . , ' v o l t a g e  times c u r r e n t )  i n  T8809 and T8810, and more 
t h a n  18 p e r c e n t  of  t h e  i n p u t  power i n  T8804 ( refer  t o  F i g u r e  3 
181 1 



Figure 5 shows that in test T8809 large out-of-phase oscillations 
in the header-to-header pressure differentials were produced 
during and after each draining, while Figure 10 shows that in 
test T8804 smaller header-to-header differential pressure 
oscillations were produced. Not surprisingly, onset of channel 
flow reversal occurred at a higher inventory in test T8809 than 
in test T8804. 

When the header-to-header pressure differentials are oscillatory, 
the quasi-steady flow-reversal criterion is no longer sufficient 
for predicting the onset of channel flow reversal. A dynamic 
stability analysis that models the transient and feedback 
processes occurring inside the feeders and channels is required. 
The development of a dynamic flow-reversal criterion is in 
progress. As a temporary measure, we have applied the quasi- 
steady flow-reversal criterion to tests with oscillating header- 
to-header pressure differentials. Some insights can be gained 
from these tests by using this simple criterion. The inadequacy 
of the quasi-steady flow-reversal criterion for tests with 
oscillating header-to-header pressure differentials is also 
demonstrated. 

Figure 11 shows a comparison of the header-to-header pressure 
differential, APrev, required for channel flow reversal from Eq. 3 
for channel 8 in test T8809 and the experimentally measured 
pressure differential, APHH, between headers 6 and 7. Using the 
methodology developed in the previous section, the outlet feeder 
void fraction was estimated by averaging the instantaneous fluid 
void fraction leaving the channel for the time durations shown in 
Table 2. It is observed in Figure 11 that there are many 
instances when the values of APHH approach those of These 
observations are confirmed by the corresponding slowdowns in the 
inlet turbine flow meter readings shown in Figure 12. Around 
3000 seconds, APHH < APrev. Flow reversal in channel 8 was 
observed to occur shortly afterwards. 

The net pressure head on the fluid in a given channel is the sum 
of the header-to-header pressure differential and the density 
gradient between the inlet and outlet feeders for that particular 

For forward flow, APner (t) > 0. For reverse flow, (t) < 0. 
In these tests, the first term in Equation 4, i.e., the header- 
to-header pressure differentials, exhibited large amplitude 
oscillations about zero, while the second term in  quat ti on 4, the 
density gradient term, also exhibited large amplitude 
oscillations. Depending on the timing and magnitude of the 
oscillations for the different channels, the flow in a particular 
channel may or may not reverse. However, it is clear that under 
highly oscillatory header conditions, the top channels are not 
necessarily the first ones to reverse. Some elements of the 





F i g u r e  1 8  shows t h e  p r e d i c t e d  f l u c t u a t i o n  i n  header- to-header  
p r e s s u r e  d i f f e r e n t i a l  r e q u i r e d  f o r  channe l  f l ow  r e v e r s a l  i n  tes t  
s e c t i o n  5 a s  a f u n c t i o n  of  t h e  ave r age  header- to-header  p r e s s u r e  
d i f f e r e n t i a l  a t  a  n e t  channe l  power ( i . e .  i n p u t  channe l  power 
minus  e s t i m a t e d  h e a t  l o s s e s )  of  10, 20, and 3 0  kW, r e s p e c t i v e l y  
a n d  a p r e s s u r e  of  5 MPa. I n  t h e s e  tests,  f l u c t u a t i o n s  o r  
o s c i l l a t i o n s  i n  APHH can  a r i s e  from s e v e r a l  s o u r c e s ,  such  a s :  
( a )  from t h e  d r a i n i n g  o p e r a t i o n ,  (b) from t h e  sys tem c o n d i t i o n s  
f o l l o w i n g  a  d r a i n ,  and ( c )  from changes o c c u r r i n g  i n  t h e  
s e c o n d a r y  side ( e . g .  i n t e r m i t t e n t  o p e r a t i o n  of  t h e  jet 
c o n d e n s e r )  . 
I n  t h o s e  tes ts  w i th  r e l a t i v e l y  s t e a d y  header- to-header  p r e s s u r e  
d i f f e r e n t i a l s ,  t h e  APHH was obse rved  t o  become more n e g a t i v e  a s  
t h e  l i q u i d  i n v e n t o r y  w a s  r educed .  F i g u r e  18 shows t h a t  a s  t h e  
a v e r a g e  header- to-header  p r e s s u r e  d i f f e r e n t i a l ,  APHH, becomes 
more n e g a t i v e ,  t h e  f l u c t u a t i o n  i n  APHH r e q u i r e d  f o r c h a n n e l  
r e v e r s a l  i s  p r e d i c t e d  t o  be s m a l l e r .  E v e n t u a l l y ,  a  s m a l l  

f l o w  

f l u c t u a t i o n ,  s a y  + 2 kPa, would be s u f f i c i e n t  t o  t r i g g e r  a  
c h a n n e l  f low r e v e r s a l .  Th i s  r e s u l t  i s  c o n s i s t e n t  w i t h  t h e  
e x p e r i m e n t a l  o b s e r v a t i o n s .  

I n  t h o s e  t es t s  w i t h  o s c i l l a t o r y  header- to-header  p r e s s u r e  
d i f f e r e n t i a l s ,  e .  g .  t e s t  ~ 8 8 0 9 ,  APHH was obse rved  t o  o s c i l l a t e  
a b o u t  z e r o .  F i g u r e  1 8  shows t h a t  when t h e  ave r age  header- to-  
h e a d e r  p r e s s u r e  d i f f e r e n t i a l  i s  around ze ro ,  much l a r g e r  
f l u c t u a t i o n s ,  on t h e  o r d e r  o f  +15 kPa, a r e  p r e d i c t e d  t o  be 
r e q u i r e d  t o  t r i g g e r  t h e  o n s e t  of  channe l  f low r e v e r s a l .  T h i s  
r e s u l t  i s  c o n s i s t e n t  w i t h  t h e  expe r imen t a l  o b s e r v a t i o n s  a s  w e l l .  

T h e  p r e s e n t  model can  a l s o  be used  t o  a s s e s s  q u a n t i t a t i v e l y  t h e  
ef fect  o f  h e a t  l o s s e s  on t h e  channe l  f low r e v e r s a l  behav iou r .  
F i g u r e  1 9  shows t h e  p r e d i c t e d  f l u c t u a t i o n  i n  header- to-header  
p r e s s u r e  d i f f e r e n t i a l  r e q u i r e d  f o r  r e v e r s i n g  t h e  d i r e c t i o n  o f  
f l o w  i n  channe l  5 a s  a  f u n c t i o n  of t h e  n e t  channe l  power a t  an  
a v e r a g e  header- to-header  p r e s s u r e  of  -10 kPa and a  p r e s s u r e  o f  
5 MPa. I t  i s  obse rved  t h a t  a s  t h e  n e t  channe l  power i s  
d e c r e a s e d ,  t h e  magnitude of  t h e  f l u c t u a t i o n  i n  APnH r e q u i r e d  f o r  
c h a n n e l  f low r e v e r s a l  i s  a l s o  reduced.  

I n  t h e  f u t u r e ,  it i s  p l anned  t o  i n t e g r a t e  t h e  p r e s e n t  "below 
h e a d e r w  model w i th  an "above-headerw model of  t h e  RD-14M l oop  t o  
p r e d i c t  t h e  p r imary  i n v e n t o r y  a t  t h e  o n s e t  of  channe l  f low 
r e v e r s a l .  Once an i n t e g r a t e d  model i s  i n  p l a c e ,  t h e  e f f e c t  o f  
h e a t  l o s s e s  on t h e  p r imary  i n v e n t o r y  a t  t h e  o n s e t  of channe l  f l o w  
r e v e r s a l  can be p r e d i c t e d .  

SUMMARY 

T h e  s t a t u s  of  a d e t a i l e d  a n a l y s i s  of  t h e  T88 series of p a r t i a l  
i n v e n t o r y  the rmos iphoning  RD-14M tes ts  ha s  been p r e s e n t e d .  The 
approach  used  i s  t o  deve lop  a r e l a t i v e l y  simple model t h a t  



"captures" as many of the important phenomena as possible. 
Because of the very high heat losses in these RD-14M tests, the 
present work concentrated on the high power (160 kW/pass) tests. 
In particular, the conditions leading to the onset of channel 
flow reversal are examined. 

These tests are grouped together according to whether the 
behaviour of the header-to-header pressure differentials were 
either relatively steady or oscillatory. 

A conceptually simple flow-reversal criterion based on quasi- 
steady conditions is used in these tests: the prevailing header- 
to-header pressure differential must be'sufficiently negative to 
overcome the forward driving force resulting from the density 
gradient between the inlet and outlet feeders. 

In those tests with relatively steady header-to-header pressure 
differentials, the header-to-header pressure differentials were 
observed to become increasingly negative as theloop liquid 
inventory was reduced. The mechanisms responsible for the 
increasingly negative header-to-header pressure differential were 
described. Using the quasi-steady flow-reversal criterion, the 
header-to-header pressure differential required for the onset of 
channel flow reversal, APrev, was computed as a function of time. 
Onset of channel flow reversal occurs when APHH < &rev. Applying 
the above criterion to these tests, the top channels are 'expected 
to be the first to reverse. This result is in agreement with the 
experimental results. 

For those tests with oscillatory header-to-header pressure 
differentials, the amplitude of these oscillations was observed 
to increase as the loop liquid inventory was reduced. A 
qualitative explanation for the oscillatory behaviour of the loop 
was given. Using the quasi-steady f low-reversal criterion, the 
header-to-header pressure differential required for the onset of 
channel flow reversal, APrev, was again computed as a function of 
time. When the experimentally measured header-to-header pressure 
differential approached APrev, temporary flow slowdowns were 
observed. When APHH < APrev, the onset of sustained channel flow 
reversal was observed. By applying the quasi-steady flow- 
reversal criterion to these tests, it is shown the top channels 
are not necessarily the first to reverse. However, the present 
methodology is unable to predict which of the channels is the 
first to reverse in these tests. A dynamic flow-reversal 
criterion, accounting for transient and feedback processes, is 
being developed. 

A model of the below-header components in the RD-14M loop is 
under development. The model has been used to predict the 
fluctuation in header-to-header pressure differential, APuH, 
required for channel flow reversal as a function of the average 
APuH. Model predictions are consistent with experimental 
results. The model also predicts that smaller fluctuations in 



APuu are required for channel flow reversal as the net channel 
power is decreased. It is planned to integrate the present 
"below-headerw model with the "above-headern model by Fung (131 
to predict the primary inventory at the onset of channel flow 
reversal. 
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TABLE 1 
B r i e f  Summary o f  T e s t  R e s u l t s  a t  160 kW/Pass & S u r g e  Tank I s o l a t e d  

f r o m  Heat  T r a n s p o r t  Loop 

Onse t  of Flow R e v e r s a l  Power T r i p  

C h a n n e l  
No. 

I n v e n t o r y ,  
% 

Chann 
e l  

No. 

I n v e n t o r y ,  
% 

86.1 
d u r i n g  l a s t  
d r a i n  

8 5 . 3  
d u r i n g  l a s t  
d r a i n  

8 9 . 3  
d u r i n g  l a s t  
d r a i n  

87 .4  
due t o  h i g h  
b o i l e r  F W  
i n l e t  
t e m p e r a t u r e  

7 9 . 6  88 .0  
a f t e r  7 t h  
d r a i n  

9 2 . 6  
a f t e r  4 t h  
d r a i n  

9 2 . 6  
a f t e r  4 t h  
d r a i n  

- 

83.2 , 
d u r i n g  7 t h  
d r a i n  

N o t e s  : 
repeat o f  T8805 w i t h  s l o w e r  d r a i n  r a t e s  



TABLE 2 
Lengths and Estimated Averaging Periods for RD-14M Channels 

Channel No. Length of Outlet Feeder (m) Averaging Period (s) I I 

TABLE 3 
Comparison of Experimentally Measured Inventory Fractions 

at Onset of Channel Flow Reversal with Those Determined Using the 
Quasi-Steady Flow-Reversal Criterion 

11 Test No. Experimental Value Quasi-Steady Flow-Reversal ~ifference 
Criterion Value 

TABLE 4 
Elevation Difference Between the Headers and the Channels 

Channel No. Elevation Difference (m) I 



Table 5 
RD-14M Frictional Resistance Coefficients for Below Header Components [IS] 

Note : In Reference 15, the frictional resistance coefficient, k, of a 
component is defined as follows - 

Test Section No. 

5 

6 

7 

where APfric is the frictional pressure drop (in units of m of 
water) 

Q is the volumetric flow rate (in units of L/s) 

Rearranging, 

k~~ 

3.19 

3.57 

0.76 

Itch 

4.12 

4.50 

4.45 

 OF 

0.34 

0.49 

0.48 

ktotal =  IF + kt, +  OF 

7.65 

8.56 

5.69 
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Figure 1. RD- 14M Loop Schematic 
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Figure 2. Header Fluid Temperature as a Function of Time in Test T8805. 
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Figure 4. Header-to-Header Pressure Differential as a Function of Time in 

Test T8805. 
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Figure 6. Comparison of  Experimentally Measured Header-to-Header Pressure 
Differential and the Header-to-Header Pressure Differential Required for 
Channel Flow Reversal for Channel 5 in Test T8805. 
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Figure 8. Outlet Feeder Average Void Fraction of Channels 5 to 9 as a Function 
of Time in Test T8805. 
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Figure 9. Header-to-Header Pressure Differential Required for Channel Flow 
Reversal for Channels 5 to  9 as a Function of Time in Test T8805. 
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Figure 10. Header-to-Header Pressure Differential as a Function of Time in 

Test T8804. 



Figure 1 1. Comparison of Experimentally Measured Header-to-Header Pressure 

Differential and the Header-to-Header Pressure Differential Required for 
Channel Flow Reversal for Channel 8 in Test T8809. 
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Figure 12. Inlet Feeder Turbine Flow Meter Reading as a Function of Time for 

Channel 8 in Test T8809. 
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Figure 13. Comparison of Inlet Feeder Turbine Flow Meter Reading for Channels 5 
and 8 in Test T8809. 
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Figure 14. Void Fraction of Fluid Leaving Channel 5 as a Function of Time in 
Test T8809. 
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Figure 15. Void Fraction of Fluid Leaving Channel 8 as a Function of Time in 

Test T8809. 
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Figure 16. Comparison of Outlet Feeder Average Void Fract ion in Channels 5 and 
8 in Test T8809. 
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Figure 17. Header-to-Header Pressure Differential Required for Channel Flow 
Reversal in Channels 5 to 9 as a Function of Time in Test T8809. 
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Figure 18. Fluctuation in Header-to-Header Pressure Differential Predicted to 
Be Required for Reversing Flow in Channel 5 as a Function of the Average 
Header-to-Header Pressure Differential for Various Channel Powers a t  
5 MPa Pressure. 
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Figure 19. Fluctuation in Header-to-Header Pressure Differential Predicted to 
Be Required for Reversing Flow in Channel 5 as a Function of the Net Channel 
Power at  an Average Header-to-Header Pressure Differential of -10 kPa and 
and a Pressure of 5 MPa. 




