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As is known [1], the sys t em of equations descr ib ing  two-phase motion of l iquids with different  phys ieochemical  
cha rac t e r i s t i c s  in a porous medium is r a the r  complex and can be in tegrated only by numer i ca l  methods.  This  is  a 
resu l t  both of the complexity of the sys tem and of the fact that the functional  dependences of the re la t ive  phase 
pe rmeab i l i t i e s  and capi l la ry  p r e s s u r e  on the sa tu ra t ion  which appear in these  equations are  often given in the form 
of exper imenta l  curves .  

Assumptions  of var ious  sor ts  a re  used in order  to obtain analyt ic  solut ions of the two phase -mot ion  problem.  
Here we as sume  that the rea l  porous medium spec imen  can be replaced by a sys tem of pa ra l l e l  cap i l l a r i e s  [2], whose 
radi i  r in  unit  c ross  sect ion of the spec imen  are  d is t r ibuted  in accordance with the l og -no rma l  law with densi ty  

/ (r) = no exp {-- 
ln~ r / ro t ~j, (1) 

where  no, r0, u are  p a r a m e t e r s .  Several  exper imenta l  invest igat ions  support  the in t roduct ion of such a d i s t r ibu t ion  
(see, for example [3]). It is na tura l  to se lect  the constants  no, r0, and ~ so that the bas ic  f i l t ra t ion  c h a r a c t e r i s t i c s  of 
the rea l  medium and the model coincide. 

We f i r s t  examine the mot ion of a homogeneous l iquid with v iscos i ty  p under  the influence of the p r e s s u r e  
gradient  dp/dx = A p / l  = const. Here Ap is the p r e s s u r e  di f ference ac ross  the ends of the speciment  of length l; x is the 
coordinate axis along the specimen,  which is posit ioned horizontal ly.  

The number  dN of cap i l l a r ies  whose radi i  lie in the intervM (r, r + dr) is dN = f ( r ) d r ,  so that the total  number  of 
cap i l l a r ies  per  unit  sect ion will  be 

co 

! u  I ] (r) dr = ]fl2-~nor0~ exp  { - ~ } .  (2 )  
o 

The d imens ion  of the number  N is em -2. It is obvious that the min imum r .  and maximum r* radi i  of the 
capi l la ry  are  found f rom the re la t ions  

r .  co 

0 r* 

The effective poros i ty  m of the model spec imen  is wr i t t en  as 

co 

= r~ ~. r2, (r) dr -~ re2(,o~ exp {4~2}. (3) 

From the Hagen-Poiseu i l l e  fo rmula  we have the flow ra te  q through a capi l lary  of radius  r that 

~/'4 dp  

Consequerr~ly the total  flow rate  Q through a unit  sect ion of the model is 

d p ~  

o 

Comparing this with the Darey law for the rea l  porous medium with pe rmeab i l i ty  k 

k dp 
q - -  dx 

we obtain 
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F r o m  (3) and (4) we find 

7[ co 

k = ~ -  I r~] (r) dr = -~- ro'N exp {t2z2}. 
o 

(4) 

1 1 mroZ 

To obtain the th i rd  r e l a t ion  connect ing the p a r a m e t e r s  of the function f ( r ) ,  we can r equ i r e  that one of the 
impor tant  c h a r a c t e r i s t i c s  of the two-phase  mot ion p r o c e s s  -- the res idua l  water  sa tura t ion  s o -- be the same for  the 
r ea l  medium and the model.  

It is known [2] that in the case  of oil inject ion into a spec imen prev ious ly  comple te ly  sa tura ted  with wate r  the 
wa te r  d i sp lacemen t  begins  only for  p r e s s u r e s  above some definite min imum "d i sp lacement  p r e s s u r e "  Ap, and that 
t he r e  always r ema ins  the s o - c a l l e d  res idua l  wa te r  sa tura t ion ,  which is p rac t i ca l ly  independent of the magnitude of the 
p r e s s u r e  d i f ferent ia l  c r ea t ed  a c r o s s  the end of the spec imen.  This  phenomenon is explained by the hydrophil ic  nature 
of the medium. In accordance  with the Laplace  fo rmula ,  the capi l la ry  p r e s s u r e  prevent ing  oil pene t ra t ion  in 
cap i l l a r i e s  of radius  r wil l  be 

p~ = c/r (c = 2 ~  cos O) (6) 

Here a12 is the in te rphase  tens ion  fo r ce  at the w a t e r - o i l  boundary and 0 is the contact wett ing angle. 

As a r e su l t  of the hydrophi l ic  nature  of the medium,  a water  f i lm r ema ins  on the wal ls  of the po res  (capi l lar ies) .  
We hencefor th  a s sume  that  the f i lm th ickness  5 is constant and independent of the capi l la ry  radius  and that 

ap > c / r* = @.. 

Let #1, P2 be the oil and wa te r  v i s c o s i t i e s ,  r e spec t ive ly .  

Using the fo rmula  obtained by Kotyakhov [4], we find the dis tance x( r , t )  t r ave led  by the w a t e r - o i l  contact 
su r face  f rom the point x = 0 dur ing the t ime  t in the cap i l l a ry  of radius  r (Fig. 1, where  1 is the oil region,  2 is the 

wa te r  region) : 

~d -- V (pdP -- tap (hp-- pc) (r -- 8)~ / 4 (7) z (r, t) __ ap 

(ap = ~2 -- pl) 

We see from (7) that x(r,t) is an ascending function of the variable r and, consequently, the oil will fill 
primarily the capillaries with large radii. The leading edge of the water-oil contact surface propagation in the model 

speeiment is obviously 

�9 * (0 = �9 (r*, 0- 

The f i r s t  oil por t ions  t r a v e l  through the spec imen  in the t ime  t , ,  given by the fo rmula  

4z* (m + pl) (8) 
t, = (ap-- Ap,) (r*--6)3" 

Let us examine the specimen section x = x(r, t), given by (7) and located between the points with the abscissas: 

x = x ,  (t) and x = x* (t). 

J" "I 

Fig. 1 

At the t ime  t all the cap i l l a r i e s  at this sec t ion  whose radi i  a re  g r e a t e r  than r will  be f i l led with oil; the 
cap i l l a r i e s  with s m a l l e r  radi i  will  be sa tura ted  with water .  Thus,  the oil sa tura t ion  s at this  sect ion is defined in the 

fo rm 
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t- ~ ~(r--8)2](r)dr. (9 )  

r 

Taking (9) into account,  we de te rmine  the magnitude of the res idual  water  sa tu ra t ion  so, which is dependent of the 
p r e s s u r e  di f ferent ia l  (in view of the adopted assumpt ion  that the thickness  of the water  f i lm wetting the capi l lary  walls  
is constant) ,  in the form 

so = i - s (6). (I0) 

Thus,  if the poros i ty ,  pe rmeab i l i ty ,  and res idua l  water  sa tura t ion  of the rea l  medium a re  given,  then (3), (4), 
and (10) can be used to construct  a capi l lary  model having the same cha rac t e r i s t i c s  as the r ea l  med ium,  and the 
p rocess  of water  d isp lacement  by oil is descr ibed  by s imple  analyt ic  express ions .  

Excluding f rom (9) and (7) the p a r a m e t e r  r ,  which, genera l ly  speaking,  runs through the ha l f - i n t e rva l  [6, ~],  we 
find the oil sa tu ra t ion  prof i les  at any t ime t,  i .e . ,  a re la t ion  of the form s = s(x,t) .  

Assuming that f i l t ra t ion  through the spec imen can take place for any" given p r e s s u r e  grad ien ts  Api, jus t  as under  
* = e/APi we can find the na tura l  conditions of the oil s t r a tum disposi t ion,  and using a fo rmula  of the form (6), for r i 

t ime  for d i sp lacement  of the f ree  water  f rom the spec imen  f rom (8). 

[5,6] 
To find the oil phase pe rmeab i l i t y  k~ we use  the so-ca l led  weighted average pe rmeab i l i ty  for the nonwetting phase 

kl~ *) f ( r - - ~ ) 4 ]  (r) dr( f  r 4] (r) dr) . ( 1 1 )  
r* 0 

We obtain s im i l a r l y  the wetting phase (water, K{) pe rmeab i l i ty  

r* o~ co -1 
k2~ = [I--,~ (r*)] (I re[ dr  -~ ~ [ra -- (r -- ~)4] f dr)(I  r4, dr) . ( 1 2 )  

0 r* 0 

For  a p r e s s u r e  di f ferent ia l  Ap = const ,  d i sp lacement  of water  by oil will take place in all  cap i l l a r i e s  whose radi i  
r a re  l a rge r  than r*; s ta t ionary  water  will be p resen t  in the other capi l la r ies .  In this case the oil will t r ave l  
se lect ively  along the cap i l l a r ies  of l a rges t  radius ,  forming a wa te r -o i l  contact front  which v a r i e s  with t ime  t and 
approaches the opposite end of the model specimen.  At the t ime t 1 the opposite end is reached by the front point of the 
wa te r -o i l  contact front  surface  cor responding  to the max imum capi l lary  radius  r max,  then at the t ime  t z the opposite 
end is reached by the lagging point of the wa te r -o i l  contact front  surface cor responding  to the m i n i m u m  radius  r rain of 
the capi l lary  through which oil can st i l l  t r ave l  for the Ap assumed;  the t imes  t 1 and t 2 a re  found f rom (8) for  r* = r max 
and r* = r rain, respect ively .  

0.16 

Q08 

0 s ! 

Fig. 2 

In the course  of the t ime  (tl, t 2) the oil flow ra te  through the opposite end of the spec imen  wil l  be var iab le .  
Kotyakhov [4] obtained the fo rmula  for the flow ra te  of l iquids through cap i l l a r ies  

(r - -  6p (Ap - -  p~) 

b (r, t) ~ 8 V (~.l)~ -- (r -- 6) ~ A~ (ap -- Pc) t / 4"" (13) 

Substituting into (13) express ion  (8) for t with r* ~ [rmi'~,r max] , we obtain the flow ra te  bl(r*) through the 
cap i l la r ies  at the opposite end of the specimen.  Fo rming  the product b l ( r ) fAr  and summing  in  the l imi t s  f rom r rain to 
r max,  (where r max ~ oo), we obtain the fo rmula  for the oil d ischarge  dur ing the t ime  in te rva l  (tl, t z) : 
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Q= \ ba(r)fdr. 
rmin  

H o w e v e r ,  if  we  t a k e  r*  = r m i n  as  a f u n c t i o n  of t he  t i m e  t f r o m  (8), we o b t a i n  t h e  oil  d i s c h a r g e  t h r o u g h  t h e  
o p p o s i t e  end  of t h e  s p e c i m e n  in t he  h a l f - i n t e r v a l  [t l ,  t ] ,  w h e r e  t I c o r r e s p o n d s  to r m a x  ~ ~ :  

H e r e  T i s  t he  v a r i a b l e  of i n t e g r a t i o n .  

tl  

q (t) = --  i b~ (v) f ('r) J" ('r) d~: 
t 

(dr (3) = ] (~)d~). 

1 
J ~ 

s! :II? 

t=lO 3 

1o 2 4 8 8 

Fig. 3 

Generally speaking, at the opposite end of the specimen both the residual water saturation and the permeability 
will be variable in the interval (t~, t2). 

.?, 

/ 

0 S2 i 

Fig.  4 

In  t h e  c a s e  of o i l  f low a l o n g  t h e  c a p i l l a r i e s  (r} @ [rm~n, rmaX] , we c a n  f ind  how t h e  oil  s a t u r a t i o n  v a r i e s  a t  t h e  

s e c t i o n s  of t h e  w a t e r - o i l  c o n t a c t  f r o n t  f o r  t = t 1 : 

oo 

s(x, t l )~ (r--~)2/dr (f r ]dr) . 
r(x, tD o 

In t h e  u n s t e a d y  f i l t r a t i o n  r e g i m e ,  w h e n  t h e  p r e s s u r e  d i f f e r e n t i a l  i s  a f u n c t i o n  of t i m e ,  i . e . ,  Ap = Ap(t) ,  t h e  

f i l t r a t i o n  c h a r a c t e r i s t i c s  s and  k ~ wi l l  a l s o  b e  f u n c t i o n s  of t i m e .  

7gO 1400 2100 

Fig.  5 

Knowing ,  f o r  e x a m p l e  e x p e r i m e n t a l l y  o r  t h e o r e t i c a l l y ,  how t h e  p o r o s i t y  and  p e r m e a b i l i t y  of r o c k  s p e c i m e n s  v a r y  
as  a f u n c t i o n  of t he  e f f e c t i v e  r o c k  p r e s s u r e  and  t e m p e r a t u r e ,  and  a l s o  h a v i n g  one  o t h e r  v a l u e  ( for  e x a m p l e ,  t h e  
v a r i a t i o n  of r0, t he  p a r a m e t e r  f ( r )  a s  a f u n c t i o n  of t he  e f f e c t i v e  r o c k  p r e s s u r e  and  t e m p e r a t u r e ) , - -  we c a n  e x p r e s s  t he  
p a r a m e t e r s  of t h e  d i s t r i b u t i o n  f ( r )  in  t e r m s  of t he  e f f e c t i v e  r o c k  p r e s s u r e  and  t e m p e r a t u r e ,  and  u s i n g  t h e s e  
p a r a m e t e r s  f o r  t he  m o d e l  s p e c i m e n  d e s c r i b e d  a b o v e  we c a n  f ind  s o and  k ~ a s  a f u n c t i o n  of t h e  e f f e c t i v e  r o c k  p r e s s u r e  

and  t e m p e r a t u r e .  

F i g u r e s  2 , 3 ,  and  4 show c u r v e s  of t h e  c a p i l l a r y  p r e s s u r e ,  oil  s a t u r a t i o n  p r o f i l e s ,  and  p h a s e  p e r m e a b i l i t i e s ,  
r e s p e c t i v e l y ,  c a l c u l a t e d  u s i n g  (6), (7), (9), (11),  (12) f o r  k 0 = 0 .4065 d a r c y ,  m 0 = 0 .182 ,  r 0 = 3-  10 -4 e m ,  o = 0 .3 ,  
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a =0 .5 ,  5 =0 .2"10  -4 cm, P2 =0.01 cp, N1 = 0 - 1 1 c p , l  = 10 cm, Zip = 5075o10 z d y n e s / c m  2 f o r t  = 10, 102 , 103 sec. 

F igure  5 p resen t s  the re la t ion  s o = s o (Pl), where Pi is the effective rock p re s su re .  Analysis  of core ma te r i a l  at 
the li thology labora tory  of the Siber ian Scientific Research  Inst i tute  of Geology, Geophysics,  and Minera l  Raw 
Mater ia l s  has shown that the following empi r i ca l  re la t ions  hold: 

2i0 i8 
k ~  52--~-~-t0-s cm 2, r0~ 600~-/h 10-a em2' 

m : [(1 / m0 -- 1) exp (0.0~Sp~ "514~ -~ 1] -1 . 
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