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This paper  is the final stage in a study of the proper t ies  of the non-s teady-s ta te  filtration of a 
homogeneous liquid towards a central  well with a hemispher ica l  end face in heterogeneous media 
with a dual porosi ty,  consist ing of hemispher ica l  regions set one inside the other with different 
values of the medium pa rame te r s  [1, 2]. Exact solutions are found for the problems of the de- 
c rease  in seam p r e s s u r e  as a function of t ime and distance, as well as of the t ime change in out-  
put of a well with a hemispher ica l  end face operating at a fixed flow rate ,  o r  at a fixed end face 
p r e s su re ,  respect ively ,  in closed heterogeneous media. The effect of the magnitudes of the het-  
erogeneous media p a r a m e t e r s  on the change in the i r  production process  indicators is established 
on the basis of numer ica l  calculations.  

1 .  F o r m u l a t i o n  o f  t h e  P r o b l e m  

An analysis  of the production p rocess  in pet ro leum deposits with f i s sured-porous  type col lectors ,  model-  
ed as heterogeneous media  with dual porosi ty ,  shows that the major i ty  of production wells reveal  the p r o -  
ductive capacity of the seams at an inconsiderable depth. Thus, the g rea t e r  the capacity of the seam and the 
less the depth of well penetration into the seam, the more  closely will the liquid flow in the immediate neigh- 
borhood of the well approximate to a radial  flow, i.e., centra l ly  symmet r i c .  

Non-s teady-s ta te  central ly  s y m m e t r i c  problems of the fi l tration of a homogeneous liquid in f i s sured-  
porous media  are investigated in [1, 2] when the fi l trat ion region is e i ther  unlimited in extent, or  the external  
hemispher ica l  surface is a surface of equal p r e s s u r e .  

We shall assume that around the well of radius R w there  is a hemispher ica l  region R w -< r-< R 0 with one 
penetrabil i ty of the f issure  sys tem,  while beyond it R0 -< r -  < R~ the penetrabil i ty of the f i ssures  has another 
magnitude. As distinct f rom [1, 2] the external  contour r = R  1 is impenetrable.  We must determine the p ro -  
cess of p re s su re  decrease  at an a rb i t r a ry  point of the hemispher ica l  media set one inside the other,  and the 
output of a well with a hemispher ica l  end face in the production p rocess .  The problem reduces to integrating 
the sys t em of equations [3, 41. 
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for  zero  initial conditions and the following boundary conditions (the superscr ip t  2 is omitted): 

%(~o; T) = ~P=(~o; ~); 0~1(~o; T)/0~ = ko@2(~o; T)/0~; 

o,h(~l; T)IO~ = O; ~o = Ro!nw, ~., = R J R w .  

Here the following symbols  have been introduced: 

(1.1) 

(1.2) 
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n2 k~ 1) t=k~2) t~ - -~Rw2(gx+f i~ ) - l ;  A : : ~ ( l - - r  ~+-. =ttw-~2); 

=g~(g, + g0-~; k~ = / 1' i 1 
~,(2) ~ t.I 2) k o = n  2 I r~ 1 , i : 2 ;  

(1.3) 

o~ is  the coef f i c ien t  d e t e r m i n i n g  the  exchange  of  l iquid be tween  the  s y s t e m s  of  b locks  and f i s s u r e s  in the  m e -  
d ium,  P0aadp(~ ; r )  a r e  the in i t ia l  ' p r e s s u r e  and the p r e s s u r e  at any subsequen t  t i m e ,  k and g a r e  the p e n e t r a -  
b i l i ty  coe f f i c i en t  of  the  p o r o u s  m e d i u m  and the  coe f f i c i en t  o f  dynamic  v i s c o s i t y  of  the f i l t e r ing  l iquid,  /~l and 
f12 a re  the  e l a s t i c i t y  coe f f i c i en t s  o f  the  p o r o u s  b locks  and f i s s u r e s  of  the  m e d i u m ,  R w is the  wel l  r ad ius ,  w 
is the p a r a m e t e r  of  f i s s u r e  c a p a c i t y ,  ). is a p a r a m e t e r  which  c h a r a c t e r i z e s  the d e g r e e  of  di f f icul ty  with which  
fluid is exchanged  be tween  the s y s t e m s  of  b locks  and f i s s u r e s  of  the h e t e r o g e n e o u s  m e d i u m ,  and r and t a r e  
the  r a d i a l  c o o r d i n a t e  and t i m e .  The  s u p e r s c r i p t s  in the  func t ions  of  p r e s s u r e  and s e a m  p a r a m e t e r s  r e f e r  to 
the  s y s t e m  of  b locks  (1) and f i s s u r e s  (2) o f  the  m e d i u m ,  and the  s u b s c r i p t s  to the h e m i s p h e r i c a l  r e g i o n s  of  
the  s e a m  s y s t e m  se t  one ins ide  the o t h e r .  

Solut ions  of  the  p r o b l e m  a r e  g iven  below fo r  d i f fe ren t  wel l  p roduc t ion  p a t t e r n s  (depending on the con -  
d i t ions  f o r  ~ = 1). 

2 .  D e t e r m i n a t i o n  o f  t h e  P r e s s u r e  F i e l d  f o r  C l o s e d  F i s s u r e d - P o r o u s  

S e a m s  w i t h  a F i x e d  W e l l  O u t p u t  

The  condi t ions  at the  wel l  a r e  w r i t t e n  in the  f o r m  

lim{~0,1"~(~: t)/a~] : :  --  q(t). (2.1) 
~-~1 

On so lv ing  the s y s t e m  (1.1) with the  condi t ions  (1.2), (2.1) in a m a n n e r  s i m i l a r  to tha t  d e s c r i b e d  in [21, 
we obta in  the  f o r m u l a  fo r  p r e s s u r e  r e d u c t i o n  

~i (~; t) = ]i (~; t) 4- o ~ ,  r (Pro; T) U i (~t, ~, pro) (i := 1,2), (2.2) 
" ltt~= [ T x m) 

U~(L, ~, z) = (~1, z - ~ ~ . " --~ ~--T + 

~..t.ko' I 
~, + ~ v ~  ~_ a+ V~o .~ ~,, (x,  + ~) ,- + ( ~  + ~ J ~_ cos (x~ + ~) ~; 

U~. (~.  ~, a) :: "~'2 c~,s ~' -_~ .r - sin ~' ~ x ;  
I /,o I I,'0 V ,% 

Wx(~.~t,/%) :: lira., ~ l.'z(.%,~_l,x); 
x ~ - -  P ~ t t  

X,.2 = ( g ~ -  ~_o)/gko + ~ ,  e_~:: (1 _-;: V'ko)/I/~o, 6 (z )=  l(A+~)-~ ; 
(I) (x; t) = s~ (x) lsx (x) -4- AI exp [st (x) tl - -  st (z) [s~ (x) -F AI exp [.% (z) tl; 

[(Ac --  BD)/~_A ~ -4- (B/~A) f~ (A; x), ~ = t 
/,(~;t) = /  ~o [ ~  .~,,. ~ - - ! - 2 ~ t  o ,] -~-P . (A; t )  ~_. r ~ ( ~ - ~ )  , ~ = 2 ,  

~2 (A; t) := t + !(! --  o0/A1 [1 --  ~ (1 - -  r exp ( - -  At/co)l, B = ~o~/k~on; 

~o [(~f + ~ + ~ / ( ~  --  ~o) + (t + ~o + ~ ) ( ~  - -  1)1, A = ~  

- = ~ [~ ~7 ~- ~o -i-- ~,~o) (~, --  ~)  (~-~ - -  ~) -4- (~o - -  ~)~ ~o (~ -4- 2~) fl- ~ (~z - -  ~o) ~ (~o -- 2~0j, 
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s,,~(z) = (1/2(o)[ --(A -~-x')-' ~ 6(x)]. (2.3) 

The values p 2  (m= 1, 2 . . . .  ) a re the  roots  of the equation 

V~(~0, ~t, P ) =  0. (2.4) 

The resul t ing solution Eq. (2.2) descr ibes  the p rocess  of p re s su re  reduction at an a rb i t r a ry  point in the 
f i ssure  sys tem of a f i s su red-porous  seam of composite penetrabil i ty with a well having a hemispher ical  end 
face and for a constant output of liquid. 

For  the f issure  sys tem of a f i s su red-porous  seam of uniform penetrabil i ty the corresponding formula 
for  p r e s su re  reduction is obtained f rom the formula  given above by setting k 0 =1. 

3 .  D e t e r m i n a t i o n  o f  W e l l  O u t p u t  in t h e  P r o d u c t i o n  f r o m  a C l o s e d  

F i s s u r e d - P o r o u s  S e a m  f o r  a F i x e d  E n d  F a c e  P r e s s u r e  

It is assumed that a constant p re s su re  Pw is maintained during the entire production process  at the hemi-  
spher ical  sur face  of a centra l ly  placed production well in the f issure sys tem of a f i s sured-porous  seam of 
composite penetrabil i ty.  The normal ized p r e s s u r e  reduction flmction in the f issure  s y s t e m  

r "0 = [po - p~(~; "O](po - p~)-'  .(~ = 1,2) 

sat isf ies  the conditions (1.2) and the condition 

l i m  ~ ( ~ ;  t) = i 

Proceeding in the manner  outlined above, the well output 

q ( O  = - ( a / a ~ ) [ ~ ! : , ( ~ ;  -r) J~=, 

can be descr ibed by the following analytical express ion:  

2to ~ d) (P,n;~C) W a (~o, ~,, Pro) 
q(t) = -X" z.. w~(.~o, ' (3.1) 

where 

w., (~, ~,, x) = L t~-k~ + (X~ -- i) L;,.~o-- ~~ Vko ~ r iX, - i):: + 

+ ~ o +  + t,) ~+ (X, -- ,) ~in (X, ,)x - t , )~-(X+.+ ') >." 
\ .~ox ~ 

• sin(X,, + t )x  + [ } ~ -  %ko 

~-----~ e_ sin (X 1 - -  t) x + 

~ k o l 
+ ~0+~-~-~0 ~ V ~ -  h + ~ j ~ + x c o ~ ( X , - i ) . ~ +  

+ (e+ko ~-~lx'  ~'-~/k--~e+ ]/-~'o)e_sin(Xo. -i- i ) x  + 

Here Pm ( m = l ,  2 .... ) are the roots of the equation 

(~o~lp ~ --e-k0)e+cos(X 1 --  l)p -- (s-} 1 + e+~0]flFo)psin(X1 -- i)p + 

+ (~o~lp -~ +e+ko)~-cos(X~ ~-t)p - -  (~o V ~ o -  ~,)e_psin(X_, + i)p := 0. (3.2) 

Formula  (3.1) descr ibes  the change in t ime of output of  a well with a hemispher ica l  end face in the f i s -  
sure  sys t em of a closed f i s sured-porous  seam of composite penetrabil i ty.  
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TABLE 1 

lOip m 
m (2.4) 

~,=0,005 

- - l O t  S i [ - - l f J :  s; 

2045 
6t57 

12508 
21126 
32244 
45703 
61581 

t O i  Pm 
(3.2) 

5~ 209 t750 t298 
55 62l 4057 1686 
55 1256 6038 2302 
55 2118 7458 3149 
51; 3'2~2.q 8427 425t 
56 4575 9083 55~) 
5r 6163 9538 7174 

~.=0,005 Z=O,OI 

1 603 35 8 27 1~ 
2 5017 52 256 1{)7 262 
3 12126 53 744 ! 10 74n 
4 15637 5t t475 1 liJ 1480 
5 19141 55 2450 110 2455 
6 22900 55 3669 t { 1 3674 
7 25152 56 5013 t l I 5014 
8 30123 5f; 6,q44 111 6655 
9 33814 51; 8313 111 8351 

10 37226 56 10022 111 tOllli 

6,o I 
q~(/; v,) 

4,5 

3,0 

/~5 ." 

o . . ~  ~ 
10 -t tO o 

! / 

iTV  7J !/A ,' / /  

711,,:'// 
10 t #0 ~ lO J .r:,t 

Fig.  1 

If  the f i s s u r e  s y s t e m  of the p la te  is a s s u m e d  to have u n i f o r m  p e n e t r a b i l i t y  (k 0 =1) the f o r m u l a  given above 
s i m p l i f i e s  c o n s i d e r a b l y ,  s i nce  the fol lowing r e l a t i o n  then  b e c o m e s  val id:  

W~(~o, h ,  P,,,)/W..(L, ~,, Pm)h.=, = [(i + LPT.) sin (~, - -  1) p~ -- p,.(~, - 

--1) cos(~l--l) p~l [(l/pro) cos (~1 --  t) p~ --  ~1(~1- t) sin (~ --  1) p,.I - t .  (3.3) 

The we l l - lmown so lu t ion  for  th i s  p r o b l e m  in the case  of a homogeneous  g r a n u l a r  m e d i u m  [15] can he ob ta ined  
f r o m  Eq. (3.1). 

4 .  D i s c u s s i o n  o f R e s u l t s  o f  t h e  C a l c u l a t i o n s  

In o r d e r  to make  n u m e r i c a l  c a l c u l a t i o n s  f r o m  the ba s i c  f o r m u l a s  of the so lu t ions  to the p r o b l e m s ,  we 

mus t  have n u m e r i c a l  va lues  of s l(p m) and s2(p m) as d e t e r m i n e d  f r o m  Eq. {2.3) depending  on the roo t s  of Eqs .  
(2.4), (3.2). F o r  th i s  pu rpose  a t ab l e  was  composed  of v a r i o u s  va lues  of the p a r a m e t e r  2~ for  k 0 =1,  w= 0.1, and 
~I =10.  It fol lows f r o m  Tab le  1 tha t  as m i n c r e a s e s  the va lues  of s2(p m) i n c r e a s e  without l imi t ,  w h i l e t h e  fo l -  
lowing r e l a t i o n  b e c o m e s  va l id  for  the va lues  of sl (Pm): 

lira st(p,,) = - -  A .  

C a l c u l a t i o n s  were  made  f r o m  the data  of Tab le  1, and the r e s u l t s  are g iven in Fig .  1. The dashed l ines  c o r -  
r e s p o n d  to the g r a n u l a r  m e d i u m  and a re  c o n s t r u c t e d  f r o m  the data  of [15] for  ~1 =3, 10 (curves  1 '  and 1, r e -  
spec t i ve ly ) .  

G r a p h s  of the t i m e  
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var ia t ion  of the p r e s s u r e  reduct ion functions r T,) at the end face,  cons t ruc ted  f rom Eq. (1.3) for  hypothet-  
ical  p e t r o l e u m  deposi ts  with f i s s u r e d - p o r o u s  type co l lec tors  with ~1 = 3; 10, w=0.1 and values of the p a r a m -  
e t e r  k=  0.005; 1; 0.005 and 0.01 are  given by the curves  2, 3, 3 ' ,  and 2 T, r e spec t ive ly .  The envelopes  of these  
curves  4 '  and 4 co r r e spond  to spat ia l ly  unbounded pe t ro l eum s e a m s  with g ranu la r  and f i s su red -po rous  type 
co l l ec to r s .  

These  calculat ions and an analys is  of the fo rmula  for  the p r e s s u r e  reduct ion p r o c e s s  (for k 0 =1) show 
that  as the d imens ion less  t ime  i n c r e a s e s  the fo rmula  in the f i s s u r e d - p o r o u s  medium differs  f rom that in the 
g r anu l a r  med ium by the quantity 

(t --  ~o)2k -~ [(1/3)(~1- i) '  + 3E~ + 2~1(~1 --  1)~] - '  

However,  as the radius  of  the impene t rab le  outer  boundary of the s e a m  inc rea se s ,  the reduction in end-face  
p r e s s u r e  of a well  with a h e m i s p h e r i c a l  end face producing at a constant  output is obse rved  to s tabi l ize  with 
t ime ,  both in the g ranu la r  as well  as in the f i s s u r e d - p o r o u s  s e a m s .  This  follows f r o m  a compar i son  of curves  
1 ' - 3 '  and 1-3 with the envelopes  4'  and 4. A s i m i l a r  phenomenon is not c h a r a c t e r i s t i c  for  o ther  f o rms  of liquid 
flow, ne i the r  l inear  nor  plane pa ra l l e l  [9-141. 

Resul t s  of calculat ing the output of a well  with a h e m i s p h e r i c a l  end face in c losed g ranu la r  and f i s sured  
porous  s e a m s  of homogeneous (k0=l) penet rabi l i ty  f r o m  fo rmulas  (3.1), (3.3) are given in Fig. 2. The dashed 
curves  co r re spond  to a g r anu la r  medium (co=l, k =co) and the continuous to f i s s u r e d - p o r o u s  medea (co =0.1, 

=0.01). Curves  1, 1';  2, 2';  3 and 3 '  c o r r e s p o n d  to pe t ro l eum deposi ts  with impene t rab le  ou te r  boundaries  
with ~l =3, 10, and 20 units of the d imens ion less  rad ius .  The envelopes  of these  cu rves  4'  and 4 co r respond  
to spat ia l ly  unbounded s e a m s  with g ranu la r  and f i s s u r e d - p o r o u s  type co l l ec to r s .  It follows f rom a c o m p a r i -  
son of curves  1-4 and 1 ' - 4 '  that the output of  wells  for  cen t ra l ly  s y m m e t r i c  f i l t ra t ion in f i s su r ed -po ro u s  medea 
does not exceed the output of wells  in g r anu la r  med ia  for  a fixed product ion t ime .  

This is explained by the fact that  par t  of  the volume in f i s s u r e d - p o r o u s  pe t ro l eum s e a m s  (depending on 
the magnitude of the p a r a m e t e r  co) contains inclusions of low pent rabi l i ty  which resu l t  in lower  product ion out-  
p u t s  for  a well  with a hem i s phe r i ca l  end face.  In ,~ranular s e a m s  the whole volume has the s ame  penet rabi l i ty  
equal  to the pene t rab i l i ty  of  the f i s su re  s y s t e m  k(2) of a f i s s u r e d - p o r o u s  seam,  and there  are  no inclusions of 
pene t rab i l i ty  (co = 1). The functions q (1-.) a r e  given in Fig. 3 for  va r ious  values  of the p a r a m e t e r s  ~o, k [curve 1} 
c0=0.1, ~=0.005;  2) co=0.1, k=0 .01 ;  3) co=0.5, k=0.005;  4) co=l, ~=o~], These cu rves  enable a quanti tat ive 
analys is  to be made of  the t ime  change in production output of  a well  with a h e m i s p h e r i c a l  end face in c losed 
f i s s u r e d - p o r o u s  s e a m s  and for  it to be com pa red  with that in a g ranu la r  medium.  In fact ,  the data of  Fig. 3 
can be used to predic t  the fur ther  behavior  of  the p reproduc t ion  p r o c e s s  indicators  for  f i s su red -po rous  pe t ro -  
leum s e a m s w i t h  known values  of the p a r a m e t e r s  ~o and k. 

The init ial  s y s t e m  of f i l t ra t ion equations (1.1) and also the solutions obtained enable us to conclude that 
in f i s s u r e d - p o r o u s  s e a m s  as the f i s su re  capaci ty  p a r a m e t e r  co approaches  unity and as the quantity k inc reases ,  
the t ime  var ia t ion  of well  output in f i s s u r e d - p o r o u s  media  tends to assume the c h a r a c t e r  of the var ia t ion in 
well  output in a g r anu la r  medium.  The values  of  the functions in the computed fo rmulas  were  taken f rom [16- 
lSl. 
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