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INTRODUCTION 

N e w  equat ions f o r  t h e  two phase flow of water and steam 
are presented .  The new equat ions co inc ide  with those  a l r eady  
i n  use f o r  t h e  case o f  ho r i zon ta l  flow b u t  are d i f f e r e n t  from 
those  f o r  v e r t i c a l  flow. I t  is  shown t h a t  t h e  usua l  equa- 
t i o n s  can only be v a l i d  when t h e  t w o  phases are flowing i n  
sepa ra t e  channels,  where t h e  channel dimensions are l a r g e  
compared with t h e  g r a i n  s i z e  of  t h e  porous media, and i n  such 
a case t h e  r e l a t i v e  pe rmeab i l i t i e s  should vary only s l i g h t l y  
wi th  t h e  s a t u r a t i o n  r a t i o .  I t  is shown t h a t  t h e  a c t u a l  vari- 
a t i o n  o f  r e l a t i v e  pe rmeab i l i t i e s  with s a t u r a t i o n  r a t i o  sug- 
g e s t s  a flow model where t h e  flow channel dimensions a r e  of 
t h e  same o rde r  of  magnitude as t h e  g r a i n  s i z e .  On t h i s  basis 
a new s e t  of  equat ions i s  proposed, which with t h e  a s s o c i a t e d  
flow model expla in  r e l a t i v e  pe rmeab i l i t i e s  q u a l i t a t i v e l y .  
In  add i t ion  they s h o w  t h a t  water can f l o w  upwards i n  t w o  
phase flow where t h e  p re s su re  g rad ien t  i s  less than hydro- 
s t a t i c .  I n  a simple t w o  phase flow t e s t  it i s  demonstrated 
t h a t  t h i s  happens as p red ic t ed  by t h e  new equat ion set .  

RELATIVE PERMEABILITIES 

Re la t ive  p e r m e a b i l i t i e s  a r e  permeabi l i ty  reduct ion fac- 
t o r s ,  when t w o  phases a r e  flowing simultaneously.  They are 
used i n  connection with Darcy's l a w ,  as it has been used for  
two phase flow, as follows: 

h n 
The v e l o c i t i e s ,  V and V a r e  t h e  average w a t e r  and steam 
v e l o c i t y  with r e s p e c t  t o  t h e  t o t a l  seepage a rea .  Another 
p o s s i b i l i t y  o f  extending Darcy's l a w  t o  inc lude  t w o  phase 
f l o w  is  t o  use t h e  average v e l o c i t y  with r e spec t  t o  t h e a c t u a l  
seepage a r e a  eqs.  1 and 2 would then be 

W S 

where k and krs a r e  def ined  a s  follows: 
T'W 

h 

k = S k  r w  w r w  
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Both d e f i n i t i o n s  of  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  w i l l  be used 
i n  t h e  fo l lowing  d i scuss ion  t o  avoid  confusion.  A s  can be 
seen  from eqs. 1 and 2 t h e  on ly  f o r c e s  a c t i n g  on t h e  two 
phases  are t h e  r e s i s t a n c e  f o r c e  and t h e  fo rce  o f  g r a v i t y .  
There are no i n t e r f ac i a l  f o r c e s  between t h e  two phases .  The 
on ly  flow model, where no forces between t h e  phases  occur i s  
when w a t e r  and steam flow i n  sepa ra t ed  l a r g e  channels  . I n  
s u c h a c a s e 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  would only  be a r e a  
r educ t ion  factors de f ined  as: 

h 

k = S  rw W 
(7 )  

Most l a b o r a t o r y  measurements o f  r e l a t i v e  p e r m e a b i l i t i e s  seem 
to  i n d i c a t e  t h a t  t hey  are dependant on s a t u r a t i o n  t o  t h e  
power two o r  h igker .  Wyckoff and B o t s e t  (1936) i n v e s t i g a t e d  
t h e  flow of mixtures  of l i q u i d  ( w a t e r )  and gas  (carbon dio- 
xide) and t h e i r  r e s u l t s  for r e l a t ive  p e r m e a b i l i t i e s  are given 
i n  f i g .  1,  which w i l l  be used f o r  r e fe rence  pe rmeab i l i t y  cur -  
ves  i n  t h e  fo l lowing .  The s e p a r a t e  channel  model i s  t h e r e -  
f o r e  n o t  v i a b l e ,  as it i s  n o t  i n  agreement wi th  measurements. 
For f u r t h e r  r e f e r e n c e s  s e e f o r  example Chen e t  a l .  (1978) and 
Counsi l  and Ramey (1979),  i n  which measurements o f  r e l a t i v e  
g e r m e a b i l i t i e s  f o r  s t e a m  and water are given.  

MACROSCOPIC FLOW MODEL 

Since  t h e  two phases  are no t  f lowing i n  l a r g e  s e p a r a t e d  
channels ,  t h e r e  must e x i s t  some i n t e r f a c i a l  f o r c e  between 
them and t h e  phases  w i l l  be  flowing a t  d i f f e r e n t  v e l o c i t i e s  
w i th  some s l i p  between them. One p o s s i b i l i t y  i s  t o  use a 
macroscopic flow-model, i n  which it i s  envisaged t h a t  t h e r e  
are  l a r g e  bubbles of s t e a m  i n  w a t e r  o r  l a r g e  drops of w a t e r  
i n  steam. Here l a r g e  i s  used i n  a r e l a t ive  sense  i n  compari- 
son wi th  t h e  g r a i n  s i z e .  I f  w e  cons ide r  for example t h e  case 
o f  l a r g e  bubbles  of steam i n  water, Yih (1965, p. 216) g i v e s  
f o r  t h e  v e l o c i t y  s l i p  between t h e  phases  f o r  h o r i z o n t a l  f l o w  
as : V 3u 

.e. 

- ' s  ' w  
vW 

By assuming h o r i z o n t a l  flow t h e  s l i p  f a c t o r  i s  ob ta ined  f r o m  
eqs. 1 and 2: 

By comparing eqs .  9 and 10 w e  ob ta in :  
A 

rs 3 
k 
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Eq. 11 then g ives  t h e  r a t io  of 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  
independent of  s a t u r a t i o n ,  which i s  c l e a r l y  not  i n  agreement 
wi th  measurements as ind ica t ed  by f i g .  1 The macroscopic 
flow model i s  thus  not  v i a b l e  and t h e  flow channels mus t  be 
of t h e  same s i z e  as t h e  g r a i n  dimensions and a microscopic 
flow model i s  more r e l evan t .  The r e l a t i v e  permeabi l i ty  fac-  
tors  would i n  t h i s  case  be po ros i ty  reduct ion  f a c t o r s  and as 
ind ica t ed  by most research  r e s u l t s  t h e  permeabi l i ty  is  a 
func t ion  o f  p o r o s i t y  t o  t h e  t h i r d  power. The r e l a t i v e  permea- 
b i l i t i e s  would then f i t  t h e  experimental  d a t a  i n  f i g .  1 as 
shown by Irmay (1954).  

MICROSCOPIC FLOW MODEL 

I n  t h i s  model it is  assumed t h a t  t h e  water i s  i n  c o n t a c t  with 
t h e  s o l i d  ske le ton  and t h a t  t h e  steam forms channels  i n  t h e  
water without  con tac t ing  t h e  s o l i d  ske le ton .  The f o r c e s  p e r  
volume a c t i n g  i n  t h i s  case would be  as fol lows.  

1) Force between s o l i d  and water:  

vw'w 

W 
k k  €or water  

where k i s  a permeabi l i ty  reduct ion  f a c t o r  f o r  w a t e r .  

2 )  Force between w a t e r  and steam: 

W 

W1Yw - C2Vs) 
1 - -  

S 
W 

K I V w  - c v 1 1 -sw 2 s  
1 

f o r  water  

where C and C a r e  c e r t a i n  unknown cons tan ts .  

3) Forces of g r a v i t y  and pressure :  

1 2 

f o r  steam 

Taking t h e  fo rce  balance f o r  

- ( C V - C V )  
vw'w 
k k  - ' w  l w  2 s  
~- 

W 

1 
0 = I S + ( C  v -c v 1 - 1 w 2 s 1-s 

W 

I n s e r t i n g  eq. 13 i n t o  eq. 1 2  

€or water  

f o r  steam 

steam and water  w e  o b t a i n :  

1 

W 
S (12) 

(13) 

and rearranging t h e  terms g ives :  
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W 
w w  

Eq. 13 then gives fo r  the steam phase 

1-s 
W v = -  I + a v w  

S 
c2 

S 

where a i s  defined as the r a t i o  between the two constants C 
and C 
water and the mean water velocity.  I n  a laminar flow of 
water and steam i n  a c i r cu la r  pipe a would be equal t o  2 
Eq. 16 can be rewrit ten by redefining the constant C a s  

Here a is  the r a t i o  between the maximum velocity ok 
2 '  

2 '  
kk 

where k i s  some permeability reduction factor .  Using the 
def in i t ion  of I eq. 17 becomes S 

S 

v S = -  PS kkS ( l-Sw) ($+ Psg) + a v w  

by comparing eqs. 15 and 18 w i t h  eqs. 3 and 4 the r e l a t ive  
permeabili t ies i n  the case of horizontal  flow are:  

k = ? ?  (19) 
W r w  

PS 3 
VW 

If we take for example, a = 2 ,  - = 1/6 and crw = Sw, the 

maximum value of the l a s t  term i n  eq. 20 becomes equal t o  
0.05, and can t h u s  be neglected. Eq. 20 then becomes 

k - I ?  
S rs 

I n  the case of horizontal  flow eqs. 15 and 18 reduce t o  eqs. 
3and 4 .  The necessary condition t o  maintain upward flow of 
water then becomes 

which can be compared w i t h  the  necessary condition derived 
from eq. 1: 

According t o  eq. 2 3  the pressure gradient mus t  be greater  
than hydrostatic pressure i n  order t o  obtain upward flow of 
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w a t e r .  Eq. 2 2 ,  which i s  der ived  f r o m  eq. 15, allows water t o  
flow v e r t i c a l l y  upwards, although t h e  p re s su re  g rad ien t  i s  
l e s s  than hydros t a t i c .  

FLOW TESTS 

To  i n v e s t i g a t e  t h e  behaviour of  two phase v e r t i c a l  flow, 
a t e s t  w a s  performed i n  a v e r t i c a l  4" c i r c u l a r  tube i n  t h e  
labora tory .  The set-up i s  schemat ica l ly  shown i n  f i g .  2.  

Pressure  and temperature are measured i n  four  d i f f e r e n t  
levels .  
measured a t  t h e  top end. The flow is  always upwards. 

The steam phase and water phase are separa ted  and 

A porous g rave l  tes t  medium o f  crushed b a s a l t  w a s  used. 
The permeabi l i ty  was measured a s  being 545 Darcy. The tes t  
w a s  not  intended t o  show t h e  v a r i a t i o n  of r e l a t i v e  permea- 
b i l i t i e s  with s a t u r a t i o n  so s a t u r a t i o n  w a s  no t  measured, b u t  
t e s t  wi th  porous media of o t h e r  pe rmeab i l i t i e s  needs t o  be 
made. The reason f o r  completely omi t t ing  t h e  s a t u r a t i o n  
measurements i n  t h i s  work is  t h e  uncer ta in ty  of  t h e  known 
methods i n  use a t  p r e s e n t  t o  measure t h i s  parameter. 

The r e s u l t s  of t h e  tests are shown i n  t a b l e  1. They 
f a l l  i n t o  t h r e e  c a t e g o r i e s ,  according t o  t h e  no-s l ip  sa tu ra -  
t ion ,which  i s  t h e  s a t u r a t i o n  one would have i f  both water and 
steam w e r e  f lowing with t h e  same ve loc i ty .  I n  the  8 f i r s t  
runs ,  So i s  2% o r  lower. The flow i s  mostly steam with very 
l i t t l e  water  flow and i n  one case t h e  r e l a t i v e  permeabi l i ty  
€or water proves t o  be nega t ive ,  which means t h a t  t h e  water 
should flow downwards according t o  eq. 3 . ,  b u t  i n  f a c t  
a c t u a l l y  flows upwards. Otherwise t h e  k values  behave nor- 
mally,  b u t  a r e  much h igher  than would be expected f o r  t hese  
very l o w  water  s a t u r a t i o n s .  

W 

m 

I n  t h e  next  f i v e  runs water  and steam are flowing i n  
more equal  propor t ions .  The krw va lues  a r e  a l l  much too  high, 
i . e .  a l o t  more w a t e r  i s  flowing than can be explained byeq.3.  

I n  t h e  next  s i x  runs t h e r e  i s  very l i t t l e  or  no steam. 
The krw va lues  are p r a c t i c a l l y  equal t o  one as would be 
e xpe c t e d . 

The tes t  shows c l e a r l y  t h a t  eqs .  3 and 4 cannot expla in  
the  r e s u l t s  except  i n  t h e  s i x  cases  where t h e  flow i s  almost 
pure ly  water. The r e l a t i v e  pe rmeab i l i t i e s  ca l cu la t ed  from 
eqs.  15 and 18 behave i n  accordance with theory.  To demon- 
s t r a t e  t h i s  krs i s  c a l c u l a t e d ,  by assuming t h a t  t h e  value of  
k 
rzry of cases  of  i n v e s t i g a t i o n .  
k can be c a l c u l a t e d  and the  r e s u l t s  a r e  shown i n  f i g .  3 ,  
a68 t h e  r e s u l t  i s  q u i t e  i n  agreement with theory and experi-  
ments. This  means t h a t  t h e  microscopic flow model eqs .  15 
and 18 f u l l y  expla in  t h e  tes t  r e s u l t s ,  whereas the  macro- 
scopic  flow model (eqs.  1-41 does not .  

i s  equal t o  S3 as seems t o  be t h e  conclusion i n  t h e  majo- w I n  these  cases  both Sw and 
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DISCUSS ION 

I n  t h e  l i t e r a t u r e  the re  a r e  t w o  d i f f e r e n t  d e f i n i t i o n s  
i n  use f o r  r e l a t i v e  permeabi l i ty .  The r e l a t i v e  permea- 
b i l i t i e s  as def ined  i n  these  d i f f e r e n t  ways, a r e  r e l a t e d ,  
b u t  have very d i f € e r e n t  numerical values  (see eqs.  5 and 6 ) .  
Careful  d i s t i n c t i o n  between these  t w o  is  necessary e s p e c i a l l y  
when r e p o r t i n g  research  da ta .  I n  many of  t h e  e x i s t i n g  papers 
on t h e  subject it is impossible t o  see wether k and k are 
being used or  $ r w  rs 

and Grs rw 

Reported l abora to ry  tests on r e l a t i v e  p e r m e a b i l i t i e s  
show t h a t  they depend on s a t u r a t i o n  t o  t h e  power two o r  h ig -  
her .  The eqs. 1-4 can only be v a l i d  when t h e  f l u i d  shea r  
stress i s  t r ansmi t t ed  d i r e c t l y  t o  t h e  s o l i d  ske le ton .  The 
r e l a t i v e  permeabi l i ty  i s  a c t u a l l y  a permeabi l i ty  reduct ion  
f a c t o r ,  and as it varies with s a t u r a t i o n  t o  t h e  power t w o  or  
h igher  it does not  matter if t h e  d e f i n i t i o n  k or i s  used,  
s ince  t h e  r e s u l t i n g  shear  s t r e s s  i n  t h e  water  phase i s  
always h ighe r  than i f  water w a s  flowing alone with t h e  same 
average v e l o c i t y .  From t h i s  one can conclude t h a t  a macro- 
scopic  flow model, i .e .  a flow model where t h e  water i s  
assumed t o  flow more o r  l e s s  a lone e i t h e r  i n  l a r g e  channels  
o r  b i g  d r o p l e t s ,  does not  explain t h e  reported behaviour o f  
t h e  r e l a t i v e  pe rmeab i l i t i e s .  

On t h e  o t h e r  hand, i f  it assumed t h a t  t h e  gas phase i s  
deplacing t h e  l i q u i d  phase from t h e  pores  then a microscopic  
flow model is  envisaged. I n  t h i s  t h e  steam may be flowing i n  
more o r  l e s scon t inuous  channels o r  pa ths ,  b u t  t h e s e  have a 
c ross - sec t iona l  dimension of  t h e  same o rde r  of magnitude as 
t h e  po res ,  o r  less. The steam i s  flowing wi th in  the  water ,  
with a v e l o c i t y  h igher  than t h e  w a t e r  ve loc i ty .  The r e s u l t -  
i n g  average v e l o c i t y  s l i p  c r e a t e s  a shear  stress between t h e  
two phases ,  t h i s  shear  s t r e s s  i s  t r ansmi t t ed  through t h e  
water to the  rock. I t  inc reases  t h e  ve loc i ty  i n  t he  water 
and l e s s e n s  t h e  p o s s i b i l i t y  of t h e  heavier  phase flowing 
downwards while  t h e  l i g h t e r  phase i s  flowing upwards. 

The microscopic model, eqs .  15 and 1 8 , i s  d i s t i n c t l y  
d i f f e r e n t  from t h e  macroscopic mode1,eqs. 1-4, in  t h e  case o f  
v e r t i c a l  flow. I n  t h e  case  of  ho r i zon ta l  flow the  t w o  models 
y i e l d  t h e  same equat ions ,  provided a c o r r e c t  d e f i n i t i o n  of 
t h e  r e l a t i v e  pe rmeab i l i t i e s  i s  used (eqs.  19 and 21 ) .  The 
condi t ions  f o r  maintaining upwards flow of w a t e r  i s  markedly 
d i f f e r e n t  f o r  t h e  t w o  flow models (eqs.22 and 23) .  This  i s  
o f  g r e a t  importance f o r  t h e  c a l c u l a t i o n  o f  geothermal convec- 
t i o n ,  and it also expla ins  t h e  "chimney e f f e c t "  of  geothermal 
a r e a s ,  i .e. a pressure  l e v e l  wi th in  a geothermal f i e l d  t h a t  
i s  lower than the  pressure  l e v e l  of  a l l  surrounding a q u i f e r s .  
dhen c a l c u l a t i n g  t h e  flow towards a we l l ,  or o t h e r  flows 
under t h e  inf luence  of  g r e a t  pressure  g rad ien t s ,  only s m a l l  
d i f f e r e n c e s  .are t o  be expected between t h e  r e s u l t s  of t h e  t w o  
models. 

Flow tests, performed i n  a v e r t i c a l  tube support  t h e  
t h e o r i e s  p u t  forward. I n  a t h i r d  p a r t  of t h e  tests measured 
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r e l a t i v e  p e r m e a b i l i t i e s  show no pe rmeab i l i t y  
r educ t ion  b u t  r a t h e r  a n  icrease i n  pe rmeab i l i t y ,  and t h i s  
i s  accepted'as impossible accord ing  t o  a l l  r e s e a r c h e r s ,  t h e  
r e l a t i v e  p e r m e a b i l i t y  being always less than  one f o r  a l l  sat- 
u r a t i o n s .  The 1/3 of t h e  t es t s  mentioned i s  performed under  
such c o n d i t i o n s  t h a t  n e i t h e r  t h e  steam phase nor  t h e  water 
phase  .dominates t h e  o t h e r ,  i . e .  n e i t h e r  water s a t u r a t i o n  nor  
steam s a t u r a t i o n  are extremely low. 
tes ts  behave normally w i t h  respect t o  t h e  r e l a t i v e  permea- 
b i l i t i e s .  

The r e s u l t i n g  2/3 o f  t h e  
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NOMENCLATURE 

g = P r o j e c t i o n  of t h e  a c c e l e r a t i o n  of g r a v i t y  on t h e  flow 
d i r e c t i o n  (m/sec2). 

k = PermeabLli ty  (Darcy) 

f o r  water and 

fi , rh = 
p = P r e s s u r e  (~/m2). 

S = S a t u r a t i o n  o f  water. 

So = 

S = S l i p  f a c t o r .  

V , V , V , V = Mean v e l o c i t y  o f  water and steam respec-  

X = Mass f r a c t i o n  o f  steam. 

Mass flow o f  water and steam r e s p e c t i v e l y  (kg / sec ) .  w s  

W 

No-slip s a t u r a t i o n  o f  water. 
W 

A h  

w s w s  
t i v e l y  ( m / s e c ) .  

z = Coordina te  i n  t h e  flow d i r e c t i o n  ( m ) .  

pw,ps = Densi ty  of w a t e r  and steam r e s p e c t i v e l y  (kg/m3) - 
Pw,Ds = Dynamic v i s c o s i t y  of water and steam r e s p e c t i v e l y  

(kg/m sec) . 
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Fig. 3 Relative permeability for  steam as  calculated from 
experiments. 

TABLE 1 

X til Rela t rve  D3nlndtlng 
IW Is s: /Iw 

T e s t  kw in 
permeab. phase i n  2 

no. kg/sec.  kg/sec.  % N/m3 N/m3 e 
m . s e c  for water  volume 

-5 
1 l.ll-10-3 1.36.10-3 55.1 411.2 9810.08 0.05 0.27’10 0.!7 

2 2.44 -. 1.23 - 33.5 235.0 9633.85 0.13 1.04 - 0.66 

3 2.77 - 1.23 - 30.8 274.1 9673.01 0.15 1.01 - 0.64 

4 5.00 - 1.04 - 17.2 391.6 9869,82 0.32 1.28 - 0.81 

5 7.22 - 1.01 - 12.3 920.3 10319.18 0.47 0.78 - 0.49 U 

6 5.00 - 0.44 - 8.1 254.5 9653.43 0.75 1.96 - 1.24 

7 5.55 - 0.46 - 7.7 332.9 9731.75 0.80 1.67 - 1.06 

8 6.11 - 0.19 - 3.0 -137.1 9261.81 2.10 -4.45 - -2.82 

5 
(0 

E 
9 8.47 - 0.088 - 1.0 313.3 9712.17 6.04 2.70 - 1.71 m 

U 
10 10.42 - 0.082 - 0.8 391.6 9790.50 7.82 2.67 - 1.69 ffl 

‘0 
11 10.69 - 0.064 - 0.6 391.6 9790.50 10.03 2.73 - 1.73 m 

12 11.25 - 0.061 - 0.5 391.6 9790.50 11-00 2.87 - 1.82 

13 10.55 - 0.052 - 0.5 391.6 9790.50 11.93 2.69 - 1.70 

k 
01 U 
nJ 
2 

14 39.09 - 0.16 - 0.4 2291.0 11689.85 13.95 1.71 - 1.08 

15 34.84 - 0.122 - 0.4 2506.0 11905.24 16.01 1.39 - 0.88 

16 38.18 - 0-115 - 0.3 2408.0 11807.34 18.14 1.59 - 1.00 
h 
0 17 40.00 - 0.075 - 0.2 2428.0 11026.92 26.25 1.65 - 1.04 4J 

18 40.00 - 0.03 - 0.1 2526.0 11924.82 47.09 1.58 - 1.00 2 

19 38.78 - 0.00 - 0.0 2448.0 11846.5010Q00 1.58 - 1.00 
______ 




