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In the cour se  of hydrodynamical  invest igat ions  of absorb ing  s t r a t a  designed to obse rve  the drop in 
the level  in oil wells  [1], i t  was d i scovered  that Q - A p  indicator  cha r t s  (here Q is  the instantaneous liquid 
flow ra te ,  Ap is  the instantaneous excess  p r e s s u r e )  show a c h a r a c t e r i s t i c  curved  shape (Fig. 1) r e c u r r i n g  
in genera l  t r a i t s  in mos t  of the wells  invest igated.  In the range of low liquid flow ra te s ,  the indicator  char t  
appea r s  convex facing the flow ra te  axis  over  a sma l l  char t  in terval ,  while in the range of l a rge  flow ra t e s  
i t  is  c lose  to a s t ra igh t  line cutting off a t e r mina l  segment  on the p r e s s u r e  drop axis .  

The absorb ing  s t r a t a  a r e  f r ac tu red  and ves i cu l a r  sandstones  c h a r a c t e r i z e d  by v e r y  high hydraulic  
conductivity and rapid  s tabi l izat ion of conditions (in a m a t t e r  of minutes) .  This  las t  fact  p rovides  the basis  
for  t rea t ing  the indica tor  cha r t s  obtained under  t r ans i en t  conditions as  s t a t iona ry  flow c h a r a c t e r i s t i c s  of 
the absorb ing  s t r a tum.  

Within the f r a m e w o r k  of this assumpt ion,  the obse rved  shape of the indica tor  cha r t s  can be accounted 
for  by assuming  that the init ial  (limiting) p r e s s u r e  gradient  which has to be ove rcome  before  the liquid can 
begin flowing is  detectable  in porous  blocks of low pe rmeab i l i t y  when the s t ra ta l  fluid seeps  through. The 
reason  for  that  could be the p r e s e n c e  of some,  even a low, l imit ing shea r  s t r e s s  in the liquid, and i ts  m a n -  
i fes ta t ion as  a r e s u l t  of the in te rac t ion  between the liquid and the porous  med ium (water) o r  as a resu l t  of 
the manifes ta t ion  of cap i l l a ry  ef fec ts  in the porous  blocks (see [2-4] for  m o r e  detail). Below, we p r e s e n t  
a descr ip t ion  of the phenomenon within the f r a m e w o r k  of the overa l l  f i l t ra t ion scheme in media  of double 
poros i ty ,  as p roposed  in [5, 6]. 

The phenomenon under d iscuss ion has  a lot in common with the i nc r ea se  in the effect ive thickness  of 
the s t r a t um when the production ra te  of an oil well  is s tepped up. I t  is  mos t  often re la ted  to the a p p e a r -  
ance of f r ac tu r ing  in a s t r a t um  leading to new par t ings .  But the i nc rea se  in effect ive th ickness  is  observed  
not only in injection wells ,  but a l so  in producing wells .  I t  is  t he re fo re  natura l  to a s s u m e  that the effect ive 
th ickness  depends not on the p r e s s u r e  (or at l eas t  not  sole ly  on the p r e s s u r e )  but on the p r e s s u r e  gradient  
pe r  se. Compell ing a rguments  in support  of that  assumpt ion  a r e  m a r s h a l l e d  in [7]. The change in e f fec -  
t ive th ickness  (new part ings)  can be accounted for  in turn  by the nonl inear i ty  of the f i l t ra t ion law (by the 
p r e sence  of an initial  p r e s s u r e  gradient  vary ing  f rom one par t ing  to the next) [8]. The specia l  fea ture  of 
what we t e r m  the f r ac tu red  porous  medium is  that  the effect  of i n e r t i a - r e l a t e d  (quadratic) t e r m s  in the law 
of hydraulic  r e s i s t ance  can become substant ia l  in flow through the c r acks .  

1. We cons ider  a f r a c t u r e d  porous  med ium consis t ing of porous  slugs or  blocks s epa ra t ed  f r o m e a c h  
other  over  a lmos t  the ent i re  sur face  by f i s su re s .  We shall  a s sume  that  the po ros i ty  m of the blocks is  
much g r e a t e r  than the total  volume of the f i s s u r e s  pe r  unit volume of the medium,  and that  the hydraulic  
conductivity of the blocks is  c o m m e n s u r a t e  with the hydraulic  conductivity of the s y s t e m  of f i s su re s .  

We now s ta te  the genera l ized  Darcy  law (law of f i l t ra t ion with l imit ing gradient) for  the flow of liquid 
through porous  blocks 

_~(  gradp '~, 
us ----- - -  grad p _  q, i grad p I / Igradp[ > T  (i.I) 

u~ = O, [ grad p [ ~< q" 
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H e r e  k 2 i s  the  p e r m e a b i l i t y  of  the  p o r o u s  b locks ,  ~ / i s  the  l i m i t i n g  p r e s s u r e  g r a d i e n t  fo r  b locks ,  and  
p i s  the  p r e s s u r e  in t he  f i s s u r e s .  

The  e x i s t e n c e  of  the  l i m i t i n g  p r e s s u r e  g r a d i e n t  can  be l e f t  out  of a c c oun t  when t r e a t i n g  f low t h rough  
the  f i s s u r e s ,  s i n c e  the  open ing  of  the  f i s s u r e s  i s  m u c h  g r e a t e r  than  the  m e a n  p o r e  s i z e  in the  b locks ,  but 
the  q u a d r a t i c  t e r m  in the  r e s i s t a n c e  l a w  m u s t  be t a k e n  in to  accoun t .  We then have  [9]: 

grad p = - - ~  (i + ~ul) u 1 / k  (1.2) 

H e r e  u 1 i s  the  f i l t r a t i o n  r a t e  t h rough  the  s y s t e m  of f i s s u r e s ,  k 1 i s  the  f r a c t u r e  p e r m e a b i l i t y ,  and  fi i s  
a coe f f i c i en t .  

We now i n t r o d u c e  the  v e c t o r  of the  t o t a l  l iqu id  f low t h r o u g h  uni t  a r e a  of the  s t r a t u m  

u = u 1 + u s ( 1 . 3 )  

Upon e l i m i n a t i n g  u 1 and  t~ f r o m  Eqs .  (1 .1)- (1 .3) ,  we obta in  the  r e l a t i o n s h i p  be tween  u 1 and g r a d  p in  
the  f o r m  

gradp  = - -  (~ /k l )  ( l  -t- ~u) u (u<uo)  

grad p ---- - -  [7 + ~u + ~ _r t~1 ~ I (u >~ uo) 

(i.4) 

w h e r e  

u0 = 112 ~-1 ( l f i  + 4~k l  / ~ - t) 

The t o t a l  f low s a t i s f i e s  the  con t i nu i t y  equa t ion  

div u = 0 

(1.5) 

(i.6) 
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Equations (1.4) and (1.6) show that the flow in question is equivalent to flow through a homogeneous 
s t ra tum in the case of a nonlinear fi l tration law of the fo rm (1.4). Specifically, when fi = 0 Eqs. (1.4) con-  
ve r t  to the p ieeewise- l inear  fi l tration law 

kl 
u =  -- -~- grad p, u ~ k =  kl~ (1.7) 

kt -~- k~ [ k2 grad p ] 
u - -  ~ grad p -- T -kl ~- ks ] grad p [ J ' u ~> 

On the whole, the pattern of flow has a lot in common with the flow of a viscoplast ic  liquid, discussed 
ear l ie r  [8], through a layered s t ra tum consist ing of par t ings of contrast ing permeabil i ty.  Figure 2 shows, 
plotted in dimensionless coordinates,  z = ]grad p [ / % x = u A ,  the form of the a rb i t r a ry  filtration law (1.4) 
when different relat ionships obtain between the pa rame te r s  C =k2/k  1 and B =tim as well as the dependence 
y=UoA on the pa rame te r  B. Here curves  1 re fe r  to C=1,  and curves  2 to C=2,  curves  3 to C=10.  Un- 
p r imed  numbers  cor respond  to B = 10, p r imed  numbers  to B = 2. 

2. By using Eqs. (1.4) we can readi ly a r r ive  at the relationship between the flow rate of liquid ab-  
sorbed by the s t ra tum and the p re s su re  in the well. This relationship is descr ibed by the equations 

~Q l + c  

_ _  zg (t, l) -- g (x, i) 2 ln [ ] /~  h + g ( i , t ) ] ~ - C l n ~ - + - B C ( l - - p x ) }  (l~<z~<l/,) 
2BCx A A @ g (x, t) 

ap = ~ Q  ~ [c(l  + B) + ~'+Cl2~v , '-Pp~ .d- In p' g(~'P)zscp, + g(~")2~Cx i,2 ln[ V~ A+g(~,~).ll _ - ~ - < ~ < ~  

Here 

k~ A~ (1 q-C) ~ + 4BC 2 (1 + B) Q r---Lc B = ~uo, C = --~, = 
X . - -  2~rcuo h , P = rk , 

g (x, 9) = 1/A~ + 49BCx 

Specifically, when/3 = 0, these equations become simplified, converting to 

Ap = -- Q*Clnp, x ~ l  (Q* =[~Ql2~k2h) 
Ap=Q*C[C(I@C)-~( i - -~/~-- lnx) - - lnp] ,  i ~ x ~ i / p  

(2.2) 
Ap=Q*C[C( I+C) - I ( i - p ) Ipx - - ( i + C ) - l l np] ,  t / 9 ~ x < c ~  

The charac te r i s t i c  shape of the indicator  char ts  descr ibed by Eqs. (2.2) is shown in Fig. 3 as plotted 
for the case rk=200 m, r e = 0 . 1  m, y=0.02 a im/m,  ~=1/(1+C)=0+0.3,  and q denotes the quan t i t ygQ/  
(2~h(kl+k2)). One common feature of all the indicator  char ts  is their  convexity facing the depression axis 
and the presence  of an asymptotic  l inear  interval determined by the third equation of Eqs. (2.2) at fair ly 
high production rates .  The slope of that interval  is usually determined by the hydraulic conductivity of the 
stratum, while the segment out off by that interval on the depression axis is equal to TrkC/(l+ C) , i.e., the 
limiting pressure gradient for the blocks can be estimated from it. 

The indicator curves, while closely similar to those observed in the range of high flow rates, differ 
from them at low production rates in lacking a convex sector facing the flow axis. That might be due to 
the omission of the quadratic term in the arbitrary filtration law, i.e., in the conversion from Eq. (2.1) to 
the simplified Eqs. (2.2). Actually, as the indicator curves plotted in Fig. 4 show, there exists a range of 
values of the pa r ame te r s  over which the shape of the predic ted indicator  curves  is close to the empir ical  
shape; here p* = (2~k2h//~) Ap. The top of the figure belongs to p =0.01, the bottom to p =0.03. For  curves  
1, B = C = 2 ,  for curves  2, B=10  and C=0.5,  and for curves  3, B=10 and C=2.  

3. In the general  ease (B # 0), the formulas  obtained are  quite complicated, but still lend themselves  
to s t ra ightforward analytic investigation. But the analytic investigation must  be conducted while enter ta in-  
ing additional conditions for the distinct intervals  of changes in ra tes  of flow. We designate 

2~k2h A p  = P (x )  (3.1) 
~Q 
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so that  P (x) is  p ropor t iona l  to the slope of the segment  joining the instantaneous point on the indicator  
char t  to the origin of coordinates .  We find f rom Eqs. (2.1), to begin with, that  P (x) is  a continuous fume- 
tion, and that  

P(0) = C I n ( t  /9), p ( l )  = C [ l n ( t / p ) - t - B ( I _ p ) ]  (3.2) 

Consequently,  P (x) is  i nc reas ing  on some in te rva l  0-<x<-xm, i .e . ,  the indica tor  cha r t  i s  convex fac -  
ing the fiow axis.  On the other  hand, we rea l i ze  f rom the th i rd  formula  in (2.1) that,  in the l imi t  as x ~  % 
we have P (x) ~ in (1/0). That  means  that  when C > ( I -B  In p) -1, P (x) mus t  n e c e s s a r i l y  at tain a m a x i m u m  
at some finite Xm < % i .e . ,  t he re  is  a point on the indica tor  curve  at  which the tangent to the indicator  
curve  p a s s e s  through the origin of coordinates .  We now cons ider  values  o f x  such that  z = p x  is  of the o r -  
der  of s eve ra l  units,  1 - < p x -  < 10. Then with the condition p << 1, we can s impl i fy  Eqs. (2.2). Assuming the 
condition 1 < 4BCz <<A ~ met ,  we can obtain, accura te  to inf in i tes imals ,  

Ap =~ IxQ" in t__p + ~tuorkk, C (i -1- B) (1 i + 02 + A) (3.3) 

This  equation co r r e sponds  to a s t ra igh t  line cutting off the in te rva l  

Ixrtfu~ g: [I { t  Ap0 = ~ , -  + B) \ t 

on the p r e s s u r e  axis .  

According to (1.5), 

= (~U 0 / kl) (l -~ ~'/0) = (~U0 / kl) (1 -~ B) (3.5) 

Hence, f rom Eqs.  (3.4) and (3.5), 

APo = r~T(t -- 2 ~ )  (3.6) 

That  means  that  the in te rva l  cut off on the p r e s s u r e  axis will enable us to e s t ima te  T, i f  the value of 
rk  is  known (or has  been es t imated) .  Finally,  for  the value of x m at which P (x) at tains a max imum,  we 
have, in a f i r s t  approximat ion ,  and reca l l ing  our prev ious  assumpt ions :  

C 0 @ B ) (  2 ) 
xm = ' ~ - - r  1- -  l + o + X  (3.7) 

The cor responding  flow ra te  

2~rehk~T (1 2 
Q m=2~trchx'~uo- Ix(G--t) t + c + h j  (3.8) 

Consequently,  the re  i s  qual i tat ive a g r e e m e n t  between the exper imen ta l ly  obse rved  and pred ic ted  in-  
d ica tor  char t s .  Ver i f ica t ion of the quanti tat ive re la t ionship  would be out of the question on the basis  of the 
m a t e r i a l  avai lable .  Nor can we a s s u m e  with comple te  confidence that  the m e c h a n i s m  desc r ibed  provides  
the only poss ib le  explanation for  the shape of the indicator  cha r t s  observed.  

4. Up to this point we have been cons ider ing  a f r ac tu red  porous  s t r a t um in which the p r e s s u r e  in the  
blocks and in the f i s s u r e s  is  the s ame  in each c r o s s  section.  Another l imi t ing  model  is  obtained when we 
a s s u m e  that  the porous  port ion (the blocks) and the channels (pockets or  f i s sures)  a r e  opened up only by 
the well being driven,  sha re  a common externa l  boundary, but do not i n t e r ac t  in the s t r a t um c r o s s  sect ions .  
For  the ra te  of flow through the channels,  we have 

 Q1, t )  (4.1) Ap = LQx + MQ1 ~ = In "~ t - ~ - ~  -~- --  

and for  the ra te  of flow through the porous  pa r t  we have 

A p =  IxQ2 In r~ 2nk~h ~ + Tr~ (4.2) 

The total  flow ra te  

Q = Q1 + Q2 (4.3) 
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It is readily seen that these equations agree, except for differences in notation, with Eqs. (1.2)-(1.4). 
We introduce the notation 

whereupon we get 

where 

Qo = t/*M-1L.(]/ ' t  + 47r~M / L 2 - -  ~) 

Ap = LQ + M Q  ~ (Q < Qo) 
I a a 2 

Ap = 7"rk 1 + ax + - ~  --} 2b ~o 1/-(t -}- a)* + 4b + 4abx) (Q >t qo) 

(4.4) 

(4.5) 

k~ 1 . - ~  Q (4.6) a--- - -~-- - - - -~- ,  b =  , z - - - - - ~  

Q, "rr~ 2~klhTrl~ 
= ~ = Fln(r~lrc) 

The corresponding indicator charts are  represented by the curves plotted in Fig. 2. 

It must be pointed out, however, that the model with the independent porous stratum is more or hess 
at variance with the assumed rapid stabilization of the no,  stationary process.  
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