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INTRODUCTION /STATEMENT OF THE PROBLEM 

The concept  of r e l a t i v e  p e r m e a b i l i t i e s  r e p r e s e n t s  a n  a t t e m p t  t o  e x t e n d  
Darcy ' s  Law f o r  s ing le-phase  f lows  through porous media t o  t h e  two-phase 
f l o w  regime. '  
t h e  macroscopic  p r e s s u r e  g r a d i e n t  imposed on t h e  f low through t h e  r e l a t i v e  
p e r m e a b i l i t y  parameters  kL ( f o r  t h e  l i q u i d  phase)  and  kG ( f o r  t h e  "gas" o r  
vapor phase) ,  expressed  as f r a c t i o n s  of t h e  b u l k  p e r m e a b i l i t y  ( k )  of t h e  
medium t o  a l l - l i q u i d  flow. Accurate "models" f o r  kL and kG as f u n c t i o n s  
of some independent  f l o w  v a r i a b l e  ( h i s t o r i c a l l y  l i q u i d  s a t u r a t i o n )  are  r e q u i r -  
ed i f  one i s  t o  s o l v e  t h e  complex two-phase f l o w  problems a s s o c i a t e d  w i t h  
geothermal  energy  e x t r a c t i o n ,  n u c l e a r  waste i s o l a t i o n ,  enhanced o i l  r e c o v e r y  
and o t h e r s .  

I n  t h i s  regime,  t h e  f l o w r a t e  of each  phase i s  r e l a t e d  t o  

F i g u r e  1 shows a schemat ic  of a g e n e r a l i z e d  r e l a t i v e  p e r m e a b i l i t y  
model (RPM) which i n c o r p o r a t e s  a l l  of the  features ( " l i m i t s " )  p o t e n t i a l l y  
encountered  f o r  a two-phase, l i q u i d /  vapor ,  f l o w  through a porous medium. 
Here s i s  l i q u i d  s a t u r a t i o n ,  d e f i n e d  as  t h e  f r a c t i o n  of t h e  pore  volume 
occupied  by l i q u i d ;  f ,  t h e  dynamic q u a l i t y  of  t h e  f low,  d e f i n e d  as t h e  f r a c -  
t i o n  of t h e  t o t a l  mass f l o w r a t e  a t t r i b u t e d  t o  t h e  vapor phase ,  (WG/W +WG); 

p r e s s u r e  ( p ) .  The f o u r  s a t u r a t i o n  l i m i t s  of i n t e r e s t ,  and t h e i r  correspond-  
i n g  f l o w  r e g i m e s ,  are  d e f i n e d  below: 

k ' ,  t h e  bulk  p e r m e a b i l i t y  of t h e  medium t o  a l l -vapor  f low a t  a s p e c i  k i e d  

A. s ( f - 0 )  i s  t h e  s a t u r a t i o n  a t  which f g o e s  t o  zero .  Thus, f o r  s?s ( f+O) ,  

B. Thus, f o r  s?s (kL+k) ,  

C. s ( f - 1 )  i s  t h e  s a t u r a t i o n  a t  & i c h  f g o e s  t o  u n i t y .  Thus, f o r  s i s ( f + l ) ,  

D. 

t h e  vapor phase does n o t  f low,  i .e . ,  i t  i s  " t rapped"  (WG=O). 
s (kL+k)  i s  t h e  s a t u r a t i o n  a t  which kL goes  t o  k. 
t h e  t r a p p e d  vapor phase no lo,nger i n f l u e n c e s  t h e  f l o w  of t h e  l i q u i d  phase.  

t h e  l i q u i d  phase does n o t  f low,  i .e . ,  i t  i s  " t rapped"  (WL=O). 
s(kG-k ' )  i s  t h e  s a t u r a t i o n  a t  which kG goes t o  k ' .  
t h e  t r a p p e d  l i q u i d  phase no l o n g e r  i n f l u e n c e s  t h e  f l o w  of t h e  vapor phase.  

Thus, f o r  s c s ( k G + k ' ) ,  

The o c c u r r e n c e  of t r a p p e d  p h a s e s  i s  g e n e r a l l y  a t t r i b u t e d  t o  c a p i l l a r y  
e f f e c t s .  For c e r t a i n  g e o l o g i c  materials, t h e  s a t u r a t i o n  regime i n  which 
a t r a p p e d  phase can  e x i s t  may b e  q u i t e  e x t e n s i v e  (e.g. ,  Fig.  2-5 of C o l l i n s  2 
p r e s e n t s  d a t a  f o r  s a n d s t o n e  c o r e s  i n d i c a t i n g  p o t e n t i a l  v a l u e s  f3r g ( f - 1 )  
i n c r e a s i n g  from 0.2 t o  0.7 as k d e c r e a s e s  from 10 -12 m2 t o  10- 
Should a t r a p p e d  phase i n i t i a l l y  r e s i d e  s o l e l y  w i t h i n  t h e  non- in te rconnec ted  
r e g i o n s  of t h e  pore  s p a c e ,  i t  would n o t  be expec ted  t o  i n f l u e n c e  t h e  f l o w  
of  t h e  o t h e r  phase. However, as t h e  volume p e r c e n t  of a t r a p p e d  phase  
i n c r e a s e s ,  i t  may a l s o  b e g i n  t o  r e s i d e  i n  p o r t i o n s  of t h e  i n t e r c o n n e c t e d  
f low c h a n n e l s  w i t h i n  t h e  porous medium. A t  t h i s  p o i n t ,  t h e  t r a p p e d  phase 
would begin  t o  a d v e r s e l y  a f f e c t  t h e  f low o f  t h e  o t h e r  phase. For t h e s e  
r e a s o n s ,  r e s t r i c t i o n s  must be imposed on t h e  above-noted l i m i t s :  

m 1. 
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s ( k G + k ' ) r  s ( f + l )  and s(kL+k) 2:s(f-0) 

F u r t h e r ,  s i n c e  t h e  vapor phase i s  a " g a s , "  k'>k due t o  molecular  e f f e c t s ,  
w i t h  k '  approaching  k "from above" o n l y  as  p r e s s u r e  becomes i n f i n i t e .  It 
c a n  be s e e n ,  t h e r e f o r e ,  t h a t  t h e  f u n c t i o n s  kL(s )  and kG(s)  depend on t h e  
" p h y s i c a l  p r o p e r t i e s "  of b o t h  t h e  working f l u i d  and t h e  porous medium. 
Hence, no  u n i v e r s a l  c o r r e l a t i o n  f o r  t h e s e  f u n c t i o n s  c a n  e x i s t .  Such models 
must b e  determined exper i m e n t a l l y  f o r  each  fluid/medium combinat ion of i n t e r e s t .  

A s t a t e - o f - t h e - a r t  comp ter code c u r r e n t l y  u t i l i z e d  t o  p r e d i c t  geothermal  s r e s e r v o i r  performa ce (SHAFT ) i n c o r p o r a t e s  a RPM based on t h e  o i l / g a s  d a t a  
a n a l y s i s  of Corey.' I n  i t s  c u r r e n t  form, t h i s  model a l l o w s  t r a p p e d  phases  
t o  e x i s t ,  b u t  does  n o t  a l l o w  f o r  e i t h e r  t rapped  phase t o  i n f l u e n c e  t h e  f l o w  
of t h e  o t h e r  phase.  Two s a t u r a t i o n  v a l u e s  are i n p u t ,  s (kG+k) and s(kL+k).  
However, t h e  e q u a t i o n s  used t o  d e s c r i b e  kL(s )  and kG(s )  i n  t h i s  model 
possessasymptot ic  l i m i t s  which r e q u i r e  s ( f + l )  t o  be i d e n t i c a l  t o  t h e  i n p u t  
v a l u e  f o r  S(kG+k) and s ( f+O)  t o  be i d e n t i c a l  t o  t h e  i n p u t  v a l u e  f o r  s(kL+k).  
No dependence of kG on p i s  model led.  

The o b j e c t i v e  o t h e  p r e s e n t  e f f o r t  w a s  t o  conduct a s e n s i t i v i t y  s t u d y ,  
u s i n g  t h e  SHAFT code', t o  demonst ra te  t h e  i n f l u e n c e  of  v a r i o u s  RPMs on 
p r e d i c t e d  geothermal  r e s e r v o i r  performance. A b a s i c  model devised  t o  accompl ish  
t h i s  g o a l  was one which would a l l o w  each of t h e  four  noted  s a t u r a t i o n  l i m i t s  
t o  be s p e c i f i e d  ( i n p u t )  independent ly ;  kL(s )  and k G ( s )  were t h e n  modeled 
as  having a l i n e a r  dependence on s between t h e s e  s p e c i f i e d  l i m i t s .  A s  w i t h  
t h e  Corey model, k' w a s  s e t  e q u a l  t o  k. 

S i n c e  t h e  pr imary o b j e c t i v e  w a s  t o  i n v e s t i g a t e  a broad spectrum of  
p o s s i b l e  " s a t u r a t i o n  l i m i t "  combinat ions,  t h e r e b y  r e q u i r i n g  a r e l a t i v e l y  
l a r g e  number of coiuputer r u n s ,  a one-dimensional probleril was chosen f o r  
s t u d y  (F ig .  2) .  
= 10.4 b a r s  and T1 = 180°C was connected t o  a permeable s t r a t u m  i n i t i a l l y  
a t  t h e  same p r e s s u r e  and tempera ture .  The s t r a t u m  w a s  assumed t o  be bounded 
above and below by l a y e r s  of impermeable rock.  Heat conduct ion  from t h e s e  
l a y e r s  t o  t h e  stratum was n e g l e c t e d .  A t  t i m e  ( t )  z e r o ,  a wel l -bore w a s  
"joined" t o  t h e  stratum, i .e . ,  a boundary condition of p2 = 1.06 bars w a s  
s p e c i f i e d  a t  t h e  stratum e x i t .  The t r a n s i e n t  problem was t h e n  s o l v e d  f o r  
p ( x , t ) ,  T ( x , t )  and s ( x , t )  u n t i l  a s t e a d y - s t a t e  s o l u t i o n  w a s  achieved.  I n  
a l l  cases, a s h o r t  r e g i o n  of l i q u i d  water f low,  fo l lowed by a n  extended 
r e g i o n  of two-phase, steam/water , f low w a s  p r e d i c t e d  t o  occur .  Reservoi r  
"performance" o r  "output"  was q u a n t i f i e d  by t h e  product  of t h e  t o t a l ,  
s t e a d y - s t a t e ,  mass f l u x  (W) and t h e  m i x t u r e  e n t h a l p y  ( H )  a t  t h e  s t r a t u m  
e x i t  ( i . e . ,  i n t o  t h e  w e l l ) .  
(WH) were non-dimensionalized by t h e  product  (WHREF) p r e d i c t e d  t o  occur 
a t  t h e  same l o c a t i o n  f o r  a " r e f e r e n c e  case" RPM. The r e f e r e n c e  case u t i l i z e d  
i n  t h e  p r e s e n t  s t u d y  i s  one which possessed  no t rapped  phases ,  w h i l e  s t i l l  
m a i n t a i n i n g  t h e  s t a t e d  l i n e a r  dependence of < and kG on s. 

An i n f i n i t e  porous r e s e r v o i r  c o n t a i n i n g  l i q u i d  water a t  p1 

A l l  such  s t e a d y - s t a t e  c o n v e c t i v e  energy  fluxes 

C o n s i s t e n t  w i t h  t h e  scope of t h e  p r e s e n t  i n v e s t i g a t i o n ,  i t  w a s  f i r s t  
n e c e s s a r y  t o  d e f i n e  a n  a b s o l u t e  p e r m e a b i l i t y  f o r  t h e  stratum which would 
meet t h e  f o l l o w i n g  two c r i t e r i o n :  "low enough" t o  be r e p r e s e n t a t i v e  of 
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c o n s o l i d a t e d  g e o l o g i c  materials, i .e.,  t h o s e  c a p a b l e  of " t r a p p i n g  p h a s e s , "  
and "h igh  enough" t o  e n s u r e  t h a t  t h e  problem r e n a i n e d  c o n v e c t i o n  dominated. 

The reser o i r  pr l e m  w a s  f i r s t  s o l v e d  w i t h  k as  t h e  primary independent  

R e s u l t s  showed 
v a r i a b l e  ( lO-l'Sk510 -" m2>, i n c o r p o r a t i n g  s e v e r a l  r e p r e s e n t a t i v e  
kL(s)  , k G ( s )  models u t i l i z e d  i n  t h e  s e n s i t i v i t y  s t u d y  i t s e l f .  
non-dimensionalized r e s e r v o i r  o u t p u t  t o  be i n s e n s i t i v e  t o  k ,  and er y t r a n s f e r  
a l o n g  t h e  stratum t o  remain  c o n v e c t i o n  dominated, f o r  a l l  kZZ2.10 
F a c t o r i n g  i n  t h e  " t r a p p i n g  e f f e c t i v e n e s s "  d a t a  r e p o r t e d  by C o l l i n s , '  and t h e  
t r a d e o f f  between p e r m e a b i l i t y  and computer r u n  t i m e ,  a f i n a l  c h o i c e  f o r  k ,  of 

-fZ ,s 

m2, was made. 

D e t a i l e d  s c r u t i n y  of  t h e s e  s o l u t i o n s  l e d  t o  t h e  d i s c o v e r y  of some f e a t u r e s  
which, a t  f i r s t ,  were p u z z l i n g ,  b u t ,  i n  t h e  f i n a l  a n a l y s i s ,  were shown t o  b e  
e n t i r e l y  c o n s i s t e n t  w i t h  t h e  p h y s i c s  i n c l u d e d  i n  t h e  a n a l y s i s  and t h e  boundary 
c o n d i t i o n s  imposed upon it. I n  summary, p r e d i c t e d  s t e a d y - s t a t e  s a t u r a t i o n  
d i s t r i b u t i o n s ,  - f o r  convection-dominated f lows ,  were found t o  c o n t a i n  " d i s c o n t i -  
n u i t i e s , "  o r  "zones of  e x c l u s i o n , "  from u n i t y  t o  s ( f - 0 )  and from s(f-1) t o  
zero.  P r e d i c t e d  p ( x > ,  T(x)  and f ( x )  d i s t r i b u t i o n s  were found,  however, t o  be 
c o n t i n u o u s  and  "smooth." What t h i s  s a y s  i s  t h a t ,  i n  t h e  s t e a d y - s t a t e  l i m i t ,  no 
p h y s i c a l  r e g i o n s  w i t h i n  t h e  stratum were p r e d i c t e d  t o  c o n t a i n  a t r a p p e d  phase. 
However, under t r a n s i e n t  c o n d i t i o n s ,  and under c o n d i t i o n s  where conduct ion  e f f e c t s  
w e r e  n o n - n e g l i g i b l e ,  p h y s i c a l  r e g i o n s  c o n t a i n i n g  t r a p p e d  phases w e r e  p r e d i c t e d  
t o  exist. The mathematical  e x p l a n a t i o n  f o r  t h e s e  s o l u t i o n s  i s  reviewed below. 

I n  t h e  s t e a d y - s t a t e  l i m i t ,  t h e  c o n t i n u i t y  e q u a t i o n  r e d u c e s  t o  W=TJL+WG = 
c o n s t a n t .  S i m i l a r l y ,  t h e  energy  e q u a t i o n  r e d u c e s  t o  WLHL+WGHG + Q = c o n s t a n t ,  
where Q i s  t h e  a x i a l  c o n d u c t i v e  h e a t  f l u x  a t  any s t a t i o n  a l o n g  t h e  stratum. 
Darcy 's  Law ( t h e  momentum e q u a t i o n )  f o r  each phase r e q u i r e s  t h a t  lJLaKL (dp/dx)  
and  WfkG (dp/dx).  Within a f i n i t e  s reg ime ( s ( f + O ) S s < l )  l e t  kG be se t  
e q u a l  t o  zero.  
e q u a t i o n  d i c t a t e s  t h a t  W=WL = c o n s t a n t > O ,  and  t h e  energy  e q u a t i o n ,  f o r  
convection-dominated f lows  (WLHL+WGHG>>Q), d i c t a t e s  t h a t  WLHL = c o n s t a n t .  
A combina t ion  of t h e s e  l a t t e r  two results t h u s  r e q u i r e s  HL = c o n s t a n t .  
a two-phase m i x t u r e  of water and steam i n  e q u i l i b r i u m ,  i f  HL = c o n s t a n t ,  
t h e n  p and T must a l s o  be c o n s t a n t ,  hence (dp/dx) must be zero.  
matical i n c o n s i s t e n c y  t h e n  arises, s i n c e ,  f o r  (dp/dx)  = 0 ,  WL must a l s o  
be z e r o ,  c o n t r a r y  t o  t h e  c o n t i n u i t y  requi rement .  T h e r e f o r e ,  no computa- 
t i o n a l  s o l u t i o n s  can  exist i n  t h e  "zones of e x c l u s i o n . "  

The momentum e q u a t i o n  t h e n  d i c t a t e s  t h a t  WG=O, t h e  c o n t i n u i t y  

For 

A mathe- 

S y s t e m a t i c  v a r i a t i o n s  of t h e  f o u r  independent  s a t u r a t i o n  l i m i t s  d e f i n e d  
above were e q u i v a l e n t ,  t h e r e f o r e ,  t o  s y s t e m a t i c  v a r i a t i o n s  i n  t h e  f o l l o w i n g  
q u a n t i t i e s :  (a) t h e  e x t e n t  of t h e  s a t u r a t i o n  regime w i t h i n  which s t e a d y - s t a t e  
two-phase f l o w  s o l u t i o n s  c o u l d  be a c h i e v e d ,  (b; t h e  maximum v a l u e s  of kL and 
kG a t  t h e  boundar ies  of  t h i s  s a t u r a t i o n  reg ime,  and  (c) t h e  s l o p e s  of t h e  k t ( s )  
and k G ( s )  c u r v e s  w i t h i n  t h i s  regime. As n o t e d ,  even though no p h y s i c a l  r e g i o n s  
w i t h i n  t h e  stratum were p r e d i c t e d  t o  c o n t a i n  a t rapped  phase ,  " i n t e r a c t i o n s "  
between " i n c i p i e n t  t r a p p e d "  and f lowing  phases  could  s t i l l  b e  "s imula ted"  
through items ( a )  and ( b )  above. 
kL c o u l d  b e  " s p e c i f i e d "  as b e i n g  less t h a n  one; a l t e r n a t i v e l y ,  when kL approached 
z e r o ,  kG c o u l d  b e  " forced"  t o  approach  a v a l u e  less t h a n  one. 

Simply p u t ,  when kG f i r s t  exceeded z e r o ,  
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I n  a n  a t t e m p t  t o  p r e s e n t  r e s u l t s  of t h i s  s e n s i t i v i t y  s t u d y  i n  a c o n c i s e  
manner, two d i s t i n c t  c o r r e l a t i n g  parameters  were in t roduced .  The f i r s t  of t h e s e  
w a s  6, d e f i n e d  as t h e  r a t i o  of t h e  a b s o l u t e  v a l u e s  of t h e  s l o p e s  f o r  t h e  kL(s)  
and kG(s )  curves :  

1 Ak/As IG S(kL+k) - ~ ( f - t l )  

P f --; Ak/A = [ s ( f + O )  - s(kG+k) ] $1 
T h i s  parameter  i s  a measure of t h e  i n c r e m e n t a l  change i n  t h e  mass f l o w r a t e  r a t i o ,  
AWG/AW,, f o r  a n  i n c r e m e n t a l  change i n  s. 
shown i n  F i g u r e  3.  

R e s u l t s  p l o t t e d  as a f u n c t i o n  of 6 are 

For t h o s e  cases where o n l y  a s i n g l e  t r a p p e d  phase regime w a s  s p e c i f i e d  i n  
t h e  RPM, r e s e r v o i r  performance was s e e n  t o  depend s o l e l y  on B . A t  6=1,  a l i m i t  
common t o  b o t h  "branches"  i n  t h i s  p l o t ,  r e s e r v o i r  o u t p u t  w a s  s e e n  t o  be i d e n t i c a l  
t o  t h a t  p r e d i c t e d  f o r  t h e  r e f e r e n c e  c a s e  model. It  may be concluded ,  t h e r e f o r e ,  
t h a t  s p e c i f y i n g  trapped-phase reg imes  wi thout  a l l o w i n g  f o r  " i n t e r a c t i o n "  between 
t h e  t r a p p e d  and f lowing  phases  h a s  no n e t  i n f l u e n c e  on p r e d i c t e d  r e s e r v o i r  p e r f o r -  
mance. A s  6 approached b o t h  z e r o  ( t r a p p e d  l i q u i d  f o r  a l l  s) and i n f i n i t y  ( t r a p p e d  
vapor f o r  a l l  s )  , r e s e r v o i r  o u t p u t  monotonica l ly  approached z e r o ,  c o n s i s t e n t  
w i t h  mathemat ica l  arguments  a l r e a d y  d i s c u s s e d .  Concerning " s e n s i t i v i t y , "  f o r  
"single-trapped-phase' '  RPMs, a '50% change i n  6 about  1 r e s u l t e d  i n  - 2 0  t o  25% 
r e d u c t i o n s  i n  p r e d i c t e d  r e s e r v o i r  o u t p u t .  T h i s  c o r r e l a t i n g  approach proved 
u n s a t i s f a c t o r y ,  however, s i n c e  c a l c u l a t i o n s  u s i n g  "two-trapped-phase'' RPMs y i e l d e d  
r e s u l t s  which f e l l  everywhere below t h e  two "envelope curves"  j u s t  d i s c u s s e d .  

A more s u c c e s s f u l  c o r r e l a t i o n  r e s u l t e d  wi th  t h e  i n t r o d u c t i o n  of r: - 
s ( f + 0 )  - s(f+l) 
s(kL+k) - s(kG+k) 

T h i s  parameter  i s  a r a t i o  of " s a t u r a t i o n  regimes":  t h e  numerator i s  t h e  e x t e n t  
of t h e  t o t a l  s a t u r a t i o n  regime f o r  which s t e a d y - s t a t e  s o l u t i o n s  c a n  be o b t a i n e d ;  
t h e  denominator i s  t h e  maximum e x t e n t  of t h e  t o t a l  s a t u r a t i o n  regime i n  which 
t h e  two phases  e x h i b i t  " interdependence."  A s  such ,  t h i s  parameter  i s  a "measure" 
of  a l l  t h r e e  q u a n t i t i e s  i n  t h e  b a s i c  RPM s u b j e c t  t o  s y s t e m a t i c  v a r i a t i o n s  ( r eca l l  
p r e v i o u s  d i s c u s s i o n s ) .  R e s u l t s  p l o t t e d  as  a f u n c t i o n  of r are shown i n  Fig.  4. 

Once a g a i n ,  two d i s c r e t e  "envelope curves"  were found t o  e x i s t ,  one f o r  
e a c h  "single-trapped-phase' '  RPM. However, i n  t h e s e  c o o r d i n a t e s ,  t h e  two c u r v e s  
were n e a r l y  i d e n t i c a l ,  w i t h  a l l  p r e d i c t i o n s  f o r  t h e  more g e n e r a l  "two-trapped-phase'' 
RPMs f a l l i n g  between them. I n  t h e  l i m i t  of  r=1, t r a p p e d  phases  are i n c l u d e d  i n  
t h e  RPM, b u t  each t r a p p e d  phase i s  n o t  a l lowed t o  i n f l u e n c e  t h e  f l o w  of  t h e  o t h e r  
phase. A s  no ted  earlier f o r  such  cases, r e s e r v o i r  o u t p u t  was found t o  b e  i d e n t i -  
cal  t o  t h a t  p r e d i c t e d  f o r  t h e  r e f e r e n c e  case RPM. I n  t h e  l i m i t  of r+O, no 
s t e a d y - s t a t e  s o l u t i o n s  are p o s s i b l e ,  hence o u t p u t  approaches  zero.  Concerning 
" s e n s i t i v i t y , "  a +50% i n c r e a s e  i n  I? r e s u l t e d  i n  a 2 2 5  t o  35% r e d u c t i o n  i n  pre- 
d i c t e d  r e s e r v o i r  performance. 
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I n  c los ing ,  i t  should be noted t h a t  r equals  one f o r  - a l l  v a r i a t i o n s  
of t h e  modified-Corey RPM. Consequently, a l l  p red ic t ions  of r e s e r v o i r  
performance made u t i l i z i n g  t h i s  RPM were found t o  be i n s e n s i t i v e  t o  v a r i a t i o n s  
i n  t h e  two s p e c i f i e d  ( i n p u t )  s a t u r a t i o n  l i m i t s .  
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