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INTRODUCTION 

The concept o f  r e l a t i v e  p e r m e a b i l i t y  i s  t h e  
key concept i n  ex tend ing  D a r c y ' s  law f o r  
s i n g l e  phase f l o w  through porous media t o  
t h e  two-phase f l o w  regime. R e l a t i v e  p e r m e a b i l i t y  
f unc t i ons  are needed for  s i m u l a t i o n  s t u d i e s  o f  
two-phase geothermal r e s e r v o i r s .  These a re  
p o o r l y  known i n s p i t e  o f  cons ide rab le  t h e o r e t i c a l  
and exper imen ta l  i n v e s t i g a t i o n s  d u r i n g  t h e  
l a s t  decade. Since no c o n c l u s i v e  r e s u l t s  
e x i s t ,  many i n v e s t i g a t o r s  use ad hoc paramet- 
r i z a t i o n ,  o r  adopt r e s u l t s  ob ta ined  from f l o w  
o f  o i l  and gas (Corey,1954). I t  has been shown 
by Reda and Eaton (1980) t h a t  t h i s  can l e a d  
t o  s e r i o u s  d e f i c i e n c i e s .  S e n s i t i v i t y  o f  t h e  
r e l a t i v e  p e r m e a b i l i t y  cu rves  for  p r e d i c t i o n  o f  
mass f l ow  r a t e  and f l o w i n g  e n t h a l p y  i n t o  
geothermal w e l l s  has been s t u d i e d  by many 
i n v e s t i g a t o r s  ( eg. Eaton and Reda (1980) ,  
Bodvarsson e t  a1 (1980) ,  Sun and Ershag i  (1979) 
e t c . )  I t  can be concluded from these s t u d i e s  
t h a t  t h e  behav io r  o f  a two-phase s t e a d w a t e r  
r e s e r v o i r  depends g r e a t l y  on t h e  r e l a t i v e  
p e r m e a b i l i t y  cu rves  used. Hence, t h e r e  e x i s t s  a 
need f o r  o b t a i n i n g  r e l i a b l e  r e l a t i v e  permea- 
b i l i t y  f unc t i ons .  

The approach taken a t  Lawrence Berkeley 
Labora to ry  t o  o b t a i n  r e l a t i v e  p e r m e a b i l i t y  
cu rves  and t h e i r  dependence on f l u i d  and m a t r i x  
p r o p e r t i e s  i s  summarized i n  F i g .  1. Thermo- 
dynamic s t u d i e s  a re  c a r r i e d  o u t  t o  develop t h e  
equa t ions  gove rn ing  two-phase steam/water f l o w  
i n  porous media and t o  analyze t h e  r e l a t i o n s h i p  
between mass f l o w  r a t e  and f l o w i n g  en tha lpy .  
These r e l a t i o n s h i p s  w i l l  be v e r i f i e d  aga ins t  
exper imen ta l  r e s u l t s  and subsequent ly  w i l l  be 
used t o  develop a f i e l d  a n a l y s i s  technique t o  
o b t a i n  in-s i tu  r e l a t i v e  p e r m e a b i l i t y  parameters. 
C u r r e n t l y  our  e f f o r t  i s  concen t ra ted  on thermo- 
dynamic a n a l y s i s  and development o f  an exper imen ta l  
f a c i l i t y .  
f i n d i n g s  o f  our t h e o r e t i c a l  work and a l s o  
desc r ibes  t h e  des ign  and development e f f o r t  f o r  
t h e  exper imen ta l  f a c i l i t y .  

Th is  paper p resen ts  some o f  t h e  

I n  the  f i r s t  p a r t  o f  t h i s  paper we p resen t  some 
b a s i c  t h e o r e t i c a l  s t u d i e s  o f  t h e  mechanism 
o f  phase t r a p p i n g  and t h e  e f f e c t  o f  pore 
geometry on t h e  r e l a t i v e  p e r m e a b i l i t y  f unc t i ons .  
The f l o w  c o n d i t i o n s  which may suppor t  phase 
t r a p p i n g  a re  i d e n t i f i e d  and i t  i s  recommended 
t h a t  these o p e r a t i n g  c o n d i t i o n s  be avoided 

d u r i n g  t h e  exper iment.  The e f f e c t  o f  pore 
geometry on Ithe r e l a t i v e  p e r m e a b i l i t y  func- 
t i o n s  i s  s t u d i e d  by c o n s i d e r i n g  two d i f f e r e n t  
f l o w  c o n f i g u r a t i o n s ,  a c i r c u l a .  t ube  and a 
p lane  f r a c t u r e .  

I n  the  second p a r t  o f  t h i s  paper a d e s c r i p t i o n  
o f  t he  exper imen ta l  setup i s  g iven.  The proposed 
exper imen ta l  setup i s  s i m i l a r  t o  t h a t  o f  Reda 
and Eaton (1081 1. However, a s i g n i f i c a n t  
improvement i n  t h e  a n a l y s i s  o f  t h e  o p e r a t i n g  
c o n d i t i o n s  i s  achieved by c o n s i d e r i n g  t h e  
e f f e c t s  o f  c a p i l l a r y  p ressu re  and t h e  end 
e f f e c t s  r e s u l t i n g  from i t .  We a l s o  propose t o  
use a c a p i l l a r y  pressure probe t o  o b t a i n  t h e  
dependence o f  c a p i l l a r y  p ressu re  on s a t u r a t i o n  
under dynamic c o n d i t i o n s .  

PREVIOUS WORb( 

Var ious i n v e s t i g a t o r s  have at tempted t o  determine 
t h e  r e l a t i v e  p e r m e a b i l i t y  cu rves  for  s t e a d w a t e r  
f l o w  i n  porous media. Exper imenta l  works t o  
determine t h e  r e l a t i v e  p e r m e a b i l i t y  cu rves  have 
been repo r ted ,  among o the rs ,  by Corey (1954) ,  
Chen e t .  a1 1:1978), and Couns i l  and Ramey (1979) .  
Grant (1977) ,  Horne and Ramey (1978) and 
Shinohara (1978) used f l o w  r a t e  and en tha lpy  
d a t a  f r o m  t h e  Wa i rak i  geothermal f i e l d  i n  New 
Zealand t o  o b t a i n  i n f o r m a t  i o n  about i n - s i t u  
r e l a t i v e  p e r r n e a b i l i t y  f u n c t i o n s .  A comp le te l y  
t h e o r e t i c a l  model was proposed by Menzies 
(1982),  and Gudmundsson e t  a1 (1983) ,  who used a 
streamtube model t o  o b t a i n  r e l a t i v e  p e r m e a b i l i t y  
f u n c t i o n s .  

BASIC STUDIE!i 

I n  t h i s  s e c t t o n  we study t h e  mechanism o f  phase 
t r a p p i n g  and t h e  e f f e c t  o f  pore geometry on the 
r e l a t i v e  p e r m e a b i l i t y  f u n c t i o n s .  

Phase Trapping 

Phase t r a p p i n g  can occur when one o f  t h e  
phases b e c a w s  immobi le under the  ac t  i o n  
o f  c a p i l l a r y  pressure i n  a channel  f u l l  o f  t he  
o t h e r  phase which f l ows  around i t . .  Both water 
and steam can be t rapped  i n  f l o w  channels  when 
t h e  thermodynamic c o n d i t i o n s  are such t h a t  t h e  
n e t  r a t e  o f  phase t r a n s f o r m a t i o n ,  a t  t h e  
i n t e r f a c e  o f  t h e  t rapped phase and t h e  f l o w i n g  
phase, equals  zero.  Th is  phenomenon i s  
impor tan t  i n  t h i s  s tudy because o f  two reasons: 
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(i) phase t r a p p i n g  i s  an impor tan t  mechanism 
o f  p e r m e a b i l i t y  r e d u c t i o n  

3 
krw = 1 - 1.5 Sv + 0.5 S v  ( 3 )  

( i i )  phase t r a p p i n g  can l e a d  t o  l o c a l  changes and 
t h a t  a re  h y s t e r e t i c  i n  nature.  (Observed by 
U d e l l  (1983) i n  h i s  "Hot Wire" exper iment) .  

uV ( y.1 1) (4) = 1.5 - sv - s v  1.5 - - 
To study t h e  phase t r a p p i n g  mechanism i n  a k r v  p W  

two-phase s t e a d w a t e r  f l o w  i n  porous media, t h e  
f o l l o w i n g  assumptions are made: A p l o t  o f  these r e l a t i v e  p e r m e a b i l i t y  curves,  f o r  

a )  f l o w  i s  one d imensional  and h o r i z o n t a l  

b )  water i s  t h e  w e t t i n g  f l u i d .  Steam r e s i d e s  
on t h e  concave s i d e  o f  t h e  s t e a d w a t e r  
i n t e r f a c e  and b o t h  t h e  l i q u i d  and t h e  steam 
phases are superheated (Ude11,1983) 

pores are l a r g e  enough so t h a t  t h e  e f f e c t  
o f  adso rp t i on  on phase e q u l i b r i u m  can be 
neg lec ted  

c )  

d )  water,  vapor and t h e  m a t r i x  a re  l o c a l l y  
i n  thermodynamic e q u l i b r i u m  and any phase 
t r a n s f o r m a t i o n  i s  q u a s i s t a t i c .  

With these assumptions we can show t h a t ,  (see 
appendix-1) 

i )  t h e  vapor phase can be t rapped  when 
l i q u i d  i s  f l o w i n g  i n  t h e  d i r e c t i o n  o f  
i n c r e a s i n g  temperature 

t h e  l i q u i d  phase can be t rapped  i f  vapor 
i s  f l o w i n g  i n  t h e  d i r e c t i o n  o f  decreas ing 
temperature and a l s o  

i i )  

a~ - (-) < 0 
ax P, 

T h i s  i n d i c a t e s  t h a t  r e l a t i v e  p e r m e a b i l i t y  o f  
a phase may depend n o t  j u s t  on s a t u r a t i o n  but 
a l s o  on t h e  l o c a l  temperature g r a d i e n t .  

E f f e c t  o f  pore geometry 

To s tudy t h e  e f f e c t  o f  pore geometry on r e l a t i v e  
p e r m e a b i l i t y  f u n c t i o n s  we use an approach 
s i m i l a r  t o  t h a t  o f  Yuster  (1951).  The two 
d i f f e r e n t  f l o w  channel  geometr ics  cons ide red  a re  
( i )  a c i r c u l a r  tube, and (ii) a p lane  f r a c t u r e .  

I n  b o t h  these cases t h e  f l o w  i s  assumed t o  be 
separated wi th water  be ing  t h e  w e t t i n g  f l u i d .  We 
a l s o  assune t h a t  t h e  s u r f a c e  temperature d i s t r i b u -  
t i o n  i s  such t h a t  no f l a s h i n g  or condensat ion can 
occur .  Under these c o n d i t i o n s ,  t h e  r e l a t i v e  penne- 
a b i l i t y  f u n c t i o n s  f o r  t h e  c i r c u l a r  t ubes  a re  
(Yus te r ,  1951) 

(1) 

- 0.4 and 0.1, IrV 

p W  

_ -  

is shown i n  F i g .  2. Fran these cu rves  we can 
see t h a t  f o r  a g i v e n  s a t u r a t i o n  t h e  p a r a l l e l  p l a t e  
c o n f i g u r a t i o n  has a h i g h e r  r e l a t i v e  p e r m e a b i l i t y  
f o r  t h e  water phase t h a n  t h e  c i r c u l a r  t ube  
model. However, t h e  vapor phase r e l a t i v e  
p e r m e a b i l i t y  has t h e  o p p o s i t e  t r e n d .  T h i s  
phenomenon occurs because f o r  a g i v e n  s a t u r a t i o n  
t h e  p a r a l l e l  p l a t e  c o n f i g u r a t i o n  w i l l  have a 
t h i c k e r  water l a y e r  t h a n  t h e  c i r c u l a r  t ube  
model. 

I t  i s  easy t o  show from equa t ions  1-4 t h a t  i n  
t h e  two-phase zone ( i . e .  0 < Sv < 1 )  t h e  sum o f  
r e l a t i v e  p e r m e a b i l i t i e s  i s  l e s s  t h a n  one ( i . e .  
krw + krv < 1) as l o n g  as t h e  v i s c o s i t y  r a t i o  
(pv/pw) remains less t h a n  u n i t y .  

However, t h i s  model i s  r a t h e r  s i m p l i s t i c  and 
f u r t h e r  s t u d i e s  a re  needed i n  which e f f e c t s  o f  
phase t r a n s f o r m a t i o n  should be i nc luded .  

PROPOSED EXPERIMENTAL SETUP AND OPERATING 
C O N D I T I O N S  

The proposed exper imen ta l  se tup  (F ig .3 )  i s  
s i m i l a r  t o  t h a t  o f  Reda and Eaton (1981).  
The t e s t  sample i s  a sand pack i n  a g l a s s  
c y l i n d e r  (3 "  I .D .  x 36" l e n g t h ) ,  mounted 
v e r t i c a l l y  t o  avo id  t h e  problem o f  f l o w  s t r a t i -  
f i c a t i o n .  The o u t e r  su r faces  o f  t h i s  c y l i n d e r  
a r e  made a d i a b a t i c  w i t h  t h e  a i d  o f  computer 
c o n t r o l l e d  guard hea te rs .  L i q u i d  water a t  
cons tan t  temperature i s  pumped i n t o  t h e  i n l e t  
end o f  t h e  t e s t  sample a t  a cons tan t  f l o w  r a t e  
w i th  t h e  a i d  o f  a d u a l - c y l i n d e r ,  cons tan t -  
f l ow  r a t e ,  me te r ing  pump. 

E l e c t r i c  h e a t e r s  a re  i n s t a l l e d  i n s i d e  t h e  
porous m a t r i x  a t  t h e  i n l e t  end. A c o n t r o l l e d  
amount o f  power i s  s u p p l i e d  t o  these h e a t e r s  
th rough  a s t a b i l i z e d  power supply  t o  cause 
b o i l i n g  and t h e  power i n p u t  i s  ad jus ted  t o  
achieve t h e  r e q u i r e d  f l o w  q u a l i t y .  The m i x t u r e  
o f  steam and water leaves t h e  t e s t  sample 
th rough  an e x i t  chamber designed t o  reduce t h e  
end e f f e c t s .  The e x i t  end i s  ma in ta ined  a t  
cons tan t  pressure w i t h  t h e  a i d  o f  a back 
p ressu re  r e g u l a t o r .  

Pressure,  temperature,  c a p i l l a r y  pressure and 

i n t e r v a l s  i n  t h e  c e n t r a l  p o r t i o n  o f  t h e  
t e s t  column. S a t u r a t i o n  read ings  w i l l  be 
taken  w i t h  the  a i d  o f  a y-ray densi tometer ,  
which avoids d i s t u r b i n g  t h e  f l o w  w h i l e  t a k i n g  

2 + + 2 : )  ( 2 )  s a t u r a t i o n  read ings  w i l l  be taken  a t  r e g u l a r  k r v  = 'v u w  

F o l l o w i n g  t h e  same l i n e  o f  reason ing  we can show 
t h a t  f o r  p lane  f r a c t u r e s  readings.  
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D e s i r a b l e  o p e r a t i n g  c o n d i t i o n s  have been 
s t u d i e d  w i t h  t h e  a i d  o f  numer i ca l  model ing.  
I t  was speculated t h a t  t h e  e f f e c t  o f  c a p i l l a r y  
pressure,  and t h e  end e f f e c t s  r e s u l t i n g  from 
i t ,  would be ve ry  s i g n i f i c a n t .  To s tudy these 
e f f e c t s ,  v a r i o u s  c a p i l l a r y  p ressu re  cu rves  were 
i n c o r p o r a t e d  i n  a numer i ca l  code MULKOM (Pruess, 
1983),  and t e s t  runs  were s imulated.  A t y p i c a l  
r e s u l t  o f  a s i m u l a t i o n  wi th t h e  end e f f e c t s  i s  
shown i n  F i g .  4 and f o r  t h e  purpose o f  comparison, 
a t y p i c a l  r e s u l t  w i t h o u t  t h e  end e f f e c t  i s  shown 
i n  F i g .  5. From these f i g u r e s  we can see t h a t ,  
w h i l e  t h e  fou r  parameters o f  i n t e r e s t ,  Pv, Pc, T 
and Sv,  va ry  mono ton ica l l y  w i t h  more or less 
cons tan t  g r a d i e n t  i n  F i g .  5, t h e  end e f f e c t s  
cause a very sharp g r a d i e n t  o f  Pv ,  Pc and 
Sv ( F i g .  4 )  over the  l a s t  20 cm o f  t h e  t e s t  
column near the  e x i t  end. Th is  phenomenon 
occurs because o f  t h e  p h y s i c a l  n a t u r e  o f  t h e  
problem which r e q u i r e s  t h a t  t h e  c a p i l l a r y  
p ressu re  must equal  zero a t  t h e  e x i t .  

We have a l s o  considered t h e  e f f e c t s  o f  m a t r i x  
p r o p e r t i e s ,  boundary c o n d i t i o n s  and t h e  r e l a t i v e  
p e r m e a b i l i t y  f u n c t i o n s  on t h e  proposed exper iment.  
R e s u l t s  o f  s i m u l a t i o n s  u s i n g  many parameter 
combinat ions show t h a t  i t  i s  p o s s i b l e  t o  o b t a i n  
a r e g i o n  o f  a lmost cons tan t  s a t u r a t i o n  over 
an extended l e n g t h  o f  t h e  t e s t  column. Readings 
taken  i n  t h i s  r e g i o n  can be analyzed t o  y i e l d  
r e l a t i v e  p e r m e a b i l i t i e s  w i t h o u t  much d i f f i c u l t y .  

The a n a l y s i s  technique f o l l o w s  t h a t  o f  Reda and 
Eaton (1981) .  By c o n s i d e r i n g  t h e  conserva t i on  
o f  mass and energy i n  a two-phase concurrent  
f l o w  i n  a v e r t i c a l  t e s t  s e c t i o n ,  we d e r i v e  t h e  
f o l l o w i n g  r e l a t i o n s h i p s .  

m (ho  - hw) - mogz + qo - q 
f =  ( 5 )  m h - h  

O L  w) 

m" p v  pv 
dPv kA - dz 

k r v  = - 

( 6 )  

( 7 )  

The r i g h t  hand s i d e  o f  equa t ions  5-7 c o n s i s t s  
o f  q u a n t i t i e s  which a re  e i t h e r  known or  can be 
measured from t h e  exper iment and hence equat ions 
6 and 7 can be used t o  c a l c u l a t e  the  r e l a t i v e  
p e r m e a b i l i t i e s .  

SUMMARY 

C r i t e r i a  f o r  phase t r a p p i n g  i n  f l o w  
channels have been developed based on t h e  
thermodynamics o f  curved i n t e r f a c e s .  I t  i s  
shown t h a t  t he  vapor phase can be t rapped  i f  
l i q u i d  i s  f l o w i n g  i n  the  d i r e c t i o n  o f  h i g h e r  
temperature.  On t h e  o t h e r  hand, l i q u i d  can be 
t rapped  if vapor i s  f l o w i n g  i n  t h e  d i r e c t i o n  o f  
l ower  temperature.  Based on an i d e a l  c a p i l l a r y  
a n a l y s i s  we conclude t h a t  t h e  shape o f  t h e  
r e l a t i v e  p e r m e a b i l i t y  f u n c t i o n s  depend on t h e  
po re  geometry and t h e  v i s c o s i t y  r a t i o  o f  steam 
and water .  We a l s o  show t h a t  t h e  sum o f  

t h e  r e l a t i v e  p e r m e a b i l i t i e s  i n  t h e  two-phase 
zone i s  g e n e r a l l y  l ess  t h a n  u n i t y .  Our 
a n a l y s i s  n e g l e c t s  phase change, and a more 
r e a l i s t i c  t reatment  o f  steam-water f l o w  i s  
needed b e f o r e  conc lus i ve  r e s u l t s  can be 
obta ined.  From t h e  b a s i c  s t u d i e s  we conclude 
t h a t  t h e  r e l a l t i v e  p e r m e a b i l i t y  f u n c t i o n s  may 
depend, among1 o t h e r  parameters,  on t h e  f l u i d  
p r o p e r t i e s ,  pore geometry and f l o w  c o n d i t i o n s .  

R e s u l t s  o f  t h e  numer i ca l  s t u d i e s  show t h a t  t h e  
end e f f e c t s  can be very s i g n i f i c a n t .  However, 
i t  i s  p o s s i b l e  t o  des ign and exper iment such 
t h a t  a n e a r l y  cons tan t  vapor s a t u r a t i o n  r e g i o n  
e x i s t s  over an extended p o r t i o n  o f  t h e  t e s t  
sample. I n  t h i s  reg ion ,  t h e  c a p i l l a r y  pressure 
g r a d i e n t  i s  sma l l  and t h u s  t h e  exper imen ta l  
da ta  can be e a s i l y  i n t e r p r e t e d .  

NOMENCLATURE 

A 

f 

9 

h 

k 

k r  

m 

P 

9 

R 

req 

S 

T 

V 

X 

z 

IJ 

Y 

core c r o s s - s e c t i o n a l  area 

dynamic ( q u a l i t y  (mv/(rnv + m,)) 

a c c e l e r a t i o n  o f  g r a v i t y  

s p e c i f i c  en tha lpy  

i n t r i n s i c  p e r m e a b i l i t y  o f  t he  sample 

r e l a t i v e  permeabi li t y 

mass f l o w  r a t e  

Pressure 

heat f l u x  due t o  conduc t ion  

gas cons tan t  f o r  vapor 

equ iva len t  r a d i u s  o f  c u r v a t u r e  

req = 2y/pC 

i n p l a c e  s a t u r a t i o n  

temperature 

s p e c i f i c  volume 

l i n e a r  d i s t a n c e  

v e r t i c a l  d i s t a n c e  a long t h e  co re  h o l d e r  

abso lu te  v i s c o s i t y  

G i b b ' s  f r e e  energy per  u n i t  area o f  i n t e r f a c e  

SUBSCRIPTS 

c c a p i l l a r y  

o c o n d i t i o n  a t  t h e  i n l e t  o f  t he  t e s t  sample 

v vapor phase 

w water phase 

- i n f i n i t e  r a d i u s  o f  c u r v a t u r e  
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APPENDIX 

Mechanism o f  phase t r a p p i n g  i n  f l o w  channels.  

The r e q u i r e d  thermodynamic r e l a t i o n s  are:  
L a p l  ace s equa t ion  

P C = P v  - P w  = 2y/req, and 

K e l v i n ' s  equa t ion  

V Y  
. W b  RT  L n  !Pv/Pm) = - r 
eq 

A . l  

A.2 

F i r s t  we apply  these t o  a t rapped  vapor bubble i n  
a channel  f u l l  o f  f l o w i n g  water  ( F i g .  6 ) .  
e r i n g  a h o r i z o n t a l  f l o w ,  

Consid- 

- apw < 0 
ax A.3 

Since t h e  vapor bubble does n o t  f l o w  i t  must have 
cons tan t  p ressu re  throughout  ! i .e .  Pv = c o n s t . i n s i d e  
t h e  bubble) .  Therefore 

A.4 

eq 

Assuming t h a t  t h e  vapor phase and t h e  l i q u i d  phase 
a r e  i n  thermodynamic e q u l i b r i u m  a long t h e i r  i n t e r f a c e ,  
t h e  temperature g r a d i e n t  i s  ob ta ined  by d i f f e r e n t i a t i n g  
eqn. A.2 

I n  t h e  assumed c o n f i g u r a t i o n  t h e  vapor i s  super- 
heated and hence P, > Pv. 
q u a n t i t y  i n  t h e  square b racke t  i n  eqn. A.5 i s  
p o s i t i v e .  

Therefore t h e  
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Cons ide r ing  eqns. A.3, A.4 and A.5 i t  can be 
concluded t h a t  f o r  t h e  mechanical  and thermo- 
dynamic e q u i l i b r i u m  o f  t h e  t rapped  vapor bubble 

a’eq < o  
ax 

a T  - > o  ax 

A.6 

A.7 

Now we consider  t r a p p i n g  o f  l i q u i d  phase i n  a f l o w  
channel  ( F i g .  7). I n  t h e  t rapped  s e c t i o n  l i q u i d  
has cons tan t  pressure ( i . e .  Pw = c o n s t a n t ) .  For 
mechanical  e q u i l i b r i u m ,  eqn. A . l  y i e l d s  

a r  
- - - -  apC p V  - - 2 y  eq 
ax - ax r 2 ax 

eq 

Since 

dPC 

ax < O  - 

a r  
we must have 3 > 0 ax 

A.8 

Cons ide r ing  t h e  thermodynamic e q u i l i b r i u m  o f  t h e  
phases a long t h e  i n t e r f a c e ,  eqn. A.2 y i e l d s  

THERMODYNAMIC ANALYSIS -- IT R E F I K  

I ’  I 

L NUMERICAL MODEL FIELD PNALYSIS 
I 

TECHNIOUE 

F i g .  1. O v e r a l l  approach t o  determin- 
a t i o n  o f  r e l a t i v e  p e r m e a b i l i t y  
f u n c t i o n s  for s t e a d w a t e r  f l ow .  

A.9 

S ince 

- apv < 0 
ax 

equa t ions  A.8 and A.9 y i e l d  t h a t  f o r  mechanical  and 
thermodynamic e q u i l i b r i u m  o f  t h e  t rapped  l i q u i d  phase 
T and req must s a t i s f y  

a ( T  re  ) 

ax < o  A . 1 0  

or 

a r  
r eq Z < - T *  ax 

I n c o r p o r a t i n g  t h e  eqn. A.8 

a i  
ax - < o  

Fran eqn. A . l ,  A . 1 0  and A . l l  

A . l l  

A . 1 2  

- PARALLEL PLATE 

CIRCULAR TUBE 

.4 - 

0 .2 .b .s .8 1.0 

sv 

F i g .  2. R e l a t i v e  p e r m e a b i l i t y  cu rves  
f o r  i d e a l i z e d  c a p i l l a r y  tubes.  
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CONSTANT F L O U  
RATE PUMP 

E L E C T R I C  H E A T E R  

L I Q U I D  WATER 
R E S E R V O I R  

y - R A Y  D E T E C T O R /  
E L E C T R O N I C S  

y - R A Y  SOURCE 

I N S U L A T E D  
CORE HOLDER 

BACK PRESSURE 
REGULATER 

F i g .  3.  Schematic o f  t h e  exper imen ta l  setup. 

1.6 

v) 
0 

X 

d 1.2 

1.0 
0 . 2  . 4  .6 .8 1.0 

(d 

F i g .  4 .  Simulated t e s t  r e s u l t s  wi th t h e  end e f f e c t s .  

1 . 7 -  - 
1.6 - T - 

( " C )  - 1.5 - 120 - 
N 

In 
0 

1 1 1  1 1 1 1 I I  

0 . 2  . 4  .6 .8 1.0 

(m)  

F i g .  5. S imulated t e s t  r e s u l t s  w i t h o u t  t h e  end e f f e c t s .  

DIP.ECTIOS OT FLOP D I Q E C T I O Y  OF FLOW . x  * 

F i g .  6. Vapor t r a p p i n g  i n  a f l o w  
channel .  

F i g .  7. L i q u i d  t r a p p i n g  i n  a f l o w  
channel .  
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