
CALCULATION OF RESIDUAL OIL SATURATION 

IN AN INHOMOGENEOUS BED IN THE CASE OF MUTUAL 

DISPLACEMENT OF FLUIDS WITH VISCOPLASTIC PROPERTIES 

G. V. Kudryavtsev and A. Kh. Fatkullin 

In connection with the exis tence  of pe t ro leum having a limiting shea r  s t r e s s  under s t ra ta l  conditions 
[1], it is of i n t e re s t  to es t imate  the res idual  oil sa tura t ion in the case  of its displacement  f rom a porous 
medium by fluids with v iscoplas t ic  p rope r t i e s .  The effect  of the v iscoplas t ic  p roper t i e s  of fluids and cap-  
i l lary  and hydrodynamic fo rces  on the distr ibution of res idual  sa turat ion in an inhomogeneous bed was in-  
ves t iga ted  for  the example of a l inear  bed consisting of two sect ions of different  permeabi l i ty .  The equa- 
tions of motion for each phase a re  wri t ten  with considerat ion of the l imiting gradient  of shear  s t r e s s .  The 
calculations a re  c a r r i e d  out on the basis  of the re la t ionships  obtained. The resu l t s  of the calculations a re  
discussed.  

Let  one v iscoplas t ic  fluid displace another  in a horizontal  bed of length L consist ing of two sect ions.  
On each sect ion the absolute permeabi l i ty  ki and poros i ty  m i a re  constant but change abruptly on passing 
through the boundary of the sect ions ( i = l ,  2 is the number  of the sect ion r ead  f rom the entrance to the bed). 

One-dimensional  percola t ion  of two immiscible  and incompress ib le  v iscoplas t ic  fluids can be de-  
sc r ibed  by a Darcy- type  equation with co r rec t ion  for  the s h e a r - s t r e s s  gradient  [2]. In the genera l  case  
the re la t ive  phase permeabi l i t i e s  and capi l lary p r e s s u r e  a re  supposed dependent on saturat ion,  flow ve loc-  
ity, and theologica l  p roper t i e s  of the fluids. 

i ~  k-~7-'~ - ~is ~ - -  ~ ' v~ (f>i, ~ )  = P~i - -  P~ (1) 

Here  x is a coordinate  in the direct ion of movement ;  vj i  is the veloci ty  of percola t ion of phase j in 
sect ion i; ~i is v i scos i ty ;  kji is the re la t ive  phase permeabi l i ty ;  Pi is sa turat ion of the medium by the fluid 
being displaced; Tji is the gradient  of shea r  s t r e s s ;  lr i i s  a dimensionless  p a r am e te r  express ing  the r e -  
lationship of the plast ic  fo rces  and hydrodynamic forces ;  ATi =T2i - T  li; V=Vli  +V2i is the total percolat ion 
velocityl  Pji is t h e p r e s s u r e  inthe phase;  Pci  is the capi l lary  p r e s s u r e ,  It is cons idered  that the index j =1 
per ta ins  to the displacing and j =2 to the displaced fluid. 

To determine  the res idua l  sa tura t ion [3] of the displaced phase,  we se t  V2i=0 in (1). This  can be 
achieved in two cases :  
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We will  c o n s i d e r  the s e c o n d  ca se ,  a s s u m i n g  V =cons t .  Then we obtain f r o m  (1) the fol lowing p r o b l e m :  

(2) dx --  dpc ~ / dPi L i li(Pi) j 
P2 = P0, x = L; Pc1 (P-) = Pc~ (P+), * = l (3) 

The boundary  condi t ions  (3) e s t a b l i s h  cons tan t  s a tu r a t i on  at the exi t  f r o m  the bed  and cont inui ty  of 
the cap i l l a ry  p r e s s u r e  at  the in t e r f ace  of the s ec t i ons  of the bed (0_, P+ a re  s a t u r a t i o n  at  the lef t  and r i gh t  
i n t e r f a c e s  of  the sec t ions ,  r e s p e c t i v e l y ) .  

We in t roduce  the v a r i a b l e  ~ = x / L  and the L e v e r e t t  funct ion 

% (Pi) = - 7 -  

(~ is i n t e rphase  tension) .  We t r a n s f o r m  Eq.  (2) and condi t ions  (3) to a d i m e n s i o n l e s s  f o r m  

dp i C~ 
~ = -  ~ [ ~ i  (p~) - ~] (4) 

p2 = p0, ~ = 1 
(5) 

~p~ (n-) = ~g~q-) (P~ (P+), ~ = ~, = z 1L 

v~lL t 
' dd~.~ <0 ,  Ci = ~ ] / r ~  •  ) (6) q~i ~ P'i 

As fol lows f r o m  (1), the d imens ion l e s s  p a r a m e t e r  ~ri can be pos i t ive ,  equal  to z e r o ,  and nega t ive .  
Equat ion  (4) can  f o r m a l l y  have t h r e e  so lu t ions  of Pi (~), fo r  which  

dp~ / at  <0,  doll at  = O, dp~ I d~ < 0 

If  Ir i ~ 0, then 

• ~ > 0, dpJ d~ > O 

i.e., residual saturation increases toward the exit from each section. When Iri> O,the condition 

• (PO --  ~ ~ 0 

should  be o b s e r v e d ,  s ince  o the rwi se  d P i / d  ~ < 0, wh ich  is wi thout  phys i ca l  mean ing .  

(7) 
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The roo t  Pi =Pi ~ of equation n l i  (Pi)-vi = 0 r e p r e s e n t s  the value of the l imit ing res idua l  sa tura t ion  for  
a given value of the p a r a m e t e r  Ir i >0.  A uni form distr ibution (dPi /d  ~ =0) is physical ly  poss ib le ,  if  at  the 
exit  of each  sect ion a sa tura t ion  equal to pi  ~ is es tab l i shed .  For  al l  p i > p i  ~ we will have integral  cu rves  
of Pi (4) with de r iva t ives  dPi /d~  > 0, which a r e  of pr inc ipa l  in te res t .  

The foregoing and the expe r imen ta l  invest igat ions [1] indicate that  the phase  pe rmeab i l i t i e s  and the 
cap i l l a ry  p r e s s u r e  for  v i seop las t i c  fluids depend on the p a r a m e t e r  v. 

However ,  p resen t ly  the re  a r e  no re l i ab le  data on the e m p i r i c a l  functions k I (p, v), go (p, ~r). T h e r e -  
fo re ,  on the bas i s  of the known concepts  of the c h a r a c t e r  of cu rves  k 1 (p) and go (p), in the calculat ions under 
cons idera t ion  the indicated dependences can be se l ec t ed  analogous to those found for  v iscous  fluids, inwhieh 
case  re la t ionsh ip  (7) should be fulfi l led for  the given va lues  of v.  

The solution of p rob l em  (4), (5) g ives  the distr ibution of r e s idua l  sa tu ra t ion  r e spec t ive ly  for  the s e c -  
ond and f i r s t  sec t ions  of the bed 

P~ P~ 

S ' ~ f 
1 ~ (p2) d, e t 9i' (pi) dpi 

= t - ~ •  R-s ' ~ = 4 , -  ~ xll (pl) - x1 (8) 
p~ p -  

F r o m  dis t r ibut ions  (8) we calcula te  the we igh ted -mean  res idua l  sa turat ion,which charae terLzes  the 
final y ie ld  for  the sec t ions  and for  the bed as a whole 

<pi> =~- .  pi(~)d~, <ps> : i - - ~ .  p~(~)d~, <p>---- <p~> ~.--F<p~> (I--~*) (9) 

The re s idua l  sa tura t ion  was  ca lcu la ted  by means  of re la t ionsh ips  (8), (9) on the "Nai r i"  compute r  
for  a wide range  of va r i a t ion  of p a r a m e t e r s  C 2 and ~r2, the i r  re la t ion  with p a r a m e t e r s  C 1 and v 1 f r o m  (6), 
(1) being used  

Cs / kimi ~'/2 ksA~ / ks ~'I, 

The last relationship is obtained i f  the gradient of shear stress is expressed in terms of the l imit ing 
shea r  s t r e s s  [1]. 

In the calcula t ions  we took k2/k 1 = 10, m2 /m 1 = 2, and Po = 0.7. 

The re la t ive  pe rm eab i l i t i e s  of the f i r s t  phase  kii (Pi) for  the nonwetting fluid on both sect ions  of the 
bed, 1{12 (o 2) for  the wett ing fluid on the h i gh -p e rmeab l e  sect ion,  and kli (Pl) for  the wetting fluid on the low-  
p e r m e a b l e  sect ion w e r e  ass igned  r e s p e c t i v e l y  in the following fo rm:  

( 0.9- p, V /~  /o.88-p  
k~ (p~) = k - - 0 F  / , k~(p~) = ~'---0-.~--/ ' k~ (p~) = ( 0 - - - ~  / 

The cap i l l a ry  functions in ca se s  of d i sp lacemen t  by a nonwetting fluid and d isp lacement  by a wett ing 
fluid had r e spec t ive ly  the following fo rm:  

0.9072 0.9072 
(pt(pi) = ~ -- 9.2123 pi s~ q)t (Pi) = 9.2t23 (t -- pl) ~~ -- ~ (~i < O) 

0.9072 0.9072 
(Pi (Pi) = p~ -- p~" -- 8~Piz~ (Pl (Pi) = ~ (i -- pi) s~ -- 0.9 -- Pi (nl > 0) 

!7.462 0.9072 
8i -- 0.9-- pi ~ ' ~i -- (i --  p~~176 

We found the dis t r ibut ions  and value of the we igh ted -mean  res idua l  sa tura t ion  and dependences on 
the locat ion of the m o r e  or  l ess  p e r m e a b l e  sect ions  in the d i rec t ion of percola t ion ,  the i r  r e la t ive  s ize ,  we t -  
tabil i ty of the porous  medium,  and re la t ionship  of hydrodynamic  and plas t ic  fo rces .  

F igure  1 shows the dis t r ibut ion of r e s idua l  sa tu ra t ion  for  d i sp lacement  by a nonwetting (A) and we t -  
ting (B) fluid, where  cu rves  1 and 2 co r re spond  to va lues  C2 = 0.1 (curves  a,  b, and c co r r e spond  to va lues  
7r  , 0, and 10). We see  f r o m  Fig.  1 that  at the in te r face  of the sect ions  there  is a discontinuity of 
r e s idua l  sa tura t ion ,  i ts  value being g r e a t e r  on the side of the h igh -pe rmeab le  sect ion than on the side of 
the l o w - p e r m e a b l e  when ~r~ > 0 (the second phase  has a g r e a t e r  shear  s t r e s s  than the f i r s t ) .  In the case  
v2< 0 (the f i r s t  phase  has  a g r e a t e r  shea r  s t r e s s  than the second) the opposi te  p ic ture  is observed ,  ff the 
d isplaced phase  se lec t ive ly  wets  the rocks  be t t e r .  With an i nc rea se  of C 2 the effect  of inhomogeneity of 
the porous  med ium  on the dis t r ibut ion of r e s idua l  sa tu ra t ion  d e c r e a s e s .  
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The we igh ted -mean  res idua l  sa tu ra t ion  <p > is shown in Fig. 2 as a function of the p a r a m e t e r  } .  
and direct ion of perco la t ion  (A is injection of the wett ing fluid f r o m  the l ow-pe rmeab l e  section, and B is 
injection of nonwetting fluid f r o m  the h igh -pe rmeab le  section,  o therwise  the legend is the s ame  as  in Fig. 1). 

With a ce r ta in  combinat ion of the p a r a m e t e r s  of the p r o c e s s  a m a x i m u m  comple te  r e p l a c e m e n t  of 
one fluid by another  can be obtained. The comple teness  of d i sp lacement  dec rea se s  with an i nc r ea se  of~r2> 0. 

F igure  3 gives the we igh ted -mean  r e s idua l  sa tura t ion  as a function o f C  2 and v 2 for  the value ~ .  =0.5 
when d i sp lacement  is accompl i shed  f r o m  the l o w - p e r m e a b l e  (A) and h igh -pe rmeab le  (B) sec t ion  by a non- 
wett ing (a) and wett ing (b) fluid. The following va lues  of v 2 c o r r e s p o n d  to the curves :  

Curves 1 2 3 4 5 6 7 
= --50 --25 --lO 0 t0 25 50 

An analys is  of the dependences shows that  the volume of the undisplaced fluid d e c r e a s e s  with i nc rea se  
of C2, and for  each  value ~r 2 =cons t  there  ex i s t s  a value of C 2 such that  beginning with which a fu r the r  in-  
c r e a s e  of this p a r a m e t e r  changes <p > l i t t le .  The la t t e r  is man i fes ted  a t  smal l  va lues  of C2, when the d i s -  
placing phase  is wetting.  If the l e s s  p e r m e a b l e  sect ion is located a t  the ent rance  to the bed, m o r e  wett ing 
fluid r e m a i n s  than nonwetting. When the h i g h -pe rmeab l e  sect ion is loca ted  at  the en t rance ,  the e f fec t  of 
wettabi l i ty  on the final y ie ld  depends on C 2. 

The e f fec t iveness  of d i sp lacement  by v i scop las t i c  fluids i n c r e a s e s  with the absolute value of the pa -  
r a m e t e r  v 2 < 0. 
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