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Tempera tu re  distribution in ap iecewise-homogeneous  f in i t e seam exposed to hot fluid and the 
effect  of inhomogeneity in the permeabi l i ty  and thermal  proper t ies  of separa te  zones of a 
seam on the redis t r ibut ion of t empera ture  fields for flat paral le l  or axial flow of a p r e s sed -  
in hot liquid are  studied. The differential equations which descr ibe  the p rocess  of t empera -  
ture distr ibution in accordance  with [1] are  solved for various initial and boundary conditions~ 
Exact  analytic formulas  are  obtained which are  useful in numerica l  computat ions.  The prob-  
lem under considerat ion is re la ted  to important  engineering problems in hydrology, geother-  
my, as well as in the development of oil or  gas fields [2-4, 5]~ 

It is known that o i l -bear ing  seams are  not uniform hydrologically or thermal ly .  The publications 
[3, 4, 6] and other publications deal with thermal  p rocesses  in such seams,  some of the fo rmer  being of 
approximate nature.  In [4, 6] t empera ture  distribution is studied in a semi-infini te  seam which consis ts  of 
two zones with different, though constant, hydrodynamic and thermal  pa r ame te r s  with p ressed- in  hot fluid 
in the case of flat paral le l  flows. 

It is noted that formulas  for tempera ture  distribution in a seam were found in [6] ei ther  for small  or 
large values of t ime.  

In view of its p rac t ica l  value the problem considered in [4, 6] is solved here  in the case of the p res sed -  
in hot fluid being f i l tered in a finite seam, that is, of the oil being withdrawn f rom the seam at a finite dis-  
tance f rom the tunnels. 

1 .  T h e  F l a t  P a r a l l e l  C a s e  

Into a finite seam divided into two zones of different permeabi l i ty  and thermal  proper t ies  let a fluid 
be swayed in through a s t ra ight - l ine  tunnel, the fluid being of tempera ture  T F. The remaining assumptions 
are  the same as in [6]. The finding of the tempera ture  redistr ibut ion of the p res sed - in  fluid for the two 
zones is mathemat ical ly  equivalent to the solving of the following sys tem of differential equations: 

02u~ Ou i az Ou i 
Ox ~ O$i Ox ~- a i Ot ' ( 1 . 1 )  

i =  [ t ,  O-<~x<~! 
L 

under the initial and boundary conditions, 

ul(O, t ) - / i ( t ) ;  u2(l t)=/2(t); ul(l ,  t )=u2( l ,  t); 
oul (l, t) _ ou._ (l. t) 

Ol ol ' 

~(x, O)=Fdz); u2(x, O)=F~(x), 

(1.2) 

Baku. Trans la ted  f rom Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. 3, pp. 151-156, 
May-June,  1975. Original ar t ic le  submitted September 27, 1974. 

�9 76 Plenum Publishing Corporation, 22 7 West 17th Street, N e w  York, N. Y. 10011. No  part o f  this publication may be reproduced, 
stored in a retrieval system, or transmitted, in an.v form or by any means, electronic, mechanical, photocopying, mierofilming, 
recording or otherwise, wi thout  written permission o f  the publisher. A copy o f  this article is available f rom the publisher for  $15.00. 

438 



"! 

0~8! 

~,e 

~,~ 

~,~ 

x\ 

0,2 o,* o,s o,s  

Fig .  1 

o,0 o,2 ga o,e o,s 

F ig .  2 

w h e r e  

T i - -  T O X a:cc ~.., 
U ~ = T r _ T o ,  z=---L--; t=-~-7; X= --2-. 

V~l l -= l~ (Z~ = a'--~ ; -Z-;  

L is the s e a m  length;  ll is the length  of  the f i r s t  zone;  Xi, a i a r e  the coef f ic ien t s  of  hea t  conduct ion  and 
t e m p e r a t u r e  conduct iv i ty  of  the zones ;  V i is the convec t ion  r a t e ;  X is the d imens ion  coo rd ina t e ;  T o is the 
ini t ia l  t e m p e r a t u r e .  

The  p r o b l e m  (1.1), (1.2) is so lved  by us ing  the F o u r i e r  me thod  with the Duhamel  t h e o r e m ;  one ob-  
ta ins  

u (z, t) = v (~ (x) h (t) + r (x) h (t) + 

, ~ ~.~,, /~(t) - o;,e .t h (~) e . .Io/2 (~) e o,  dv  - -  A(~~ - ~ '  X,, (x), 

( !  .3) 

where  

/v~ ') (=), v~ ~ {~), ~6~ ) (=), 0 ..< z ~< z, 
v ~i) (=), v ~) (z), X~ (=)=  Iv(2 tJ ~=~j, d 2~ ~'x'j, .~,~va~ v-J,'-' l ~ x ~ t;  

(Z 1 

, i  3) (~) = F~ (=); , i  3) (~) = F~. (~); 

(t) sin ~lx --~-(z--x) 

~Vl = t [~ ~ ,  e (~'-~')z (e ~ - ,  l) - e  ~'~. + e~']-~; 

~," = -5- -+ _ _  ~ - - h - ;  

A(n j) - - M , ~  Xle~, t  e - a , = v ~ i ) ( x ) X ~ ) ( x ) d  x - r  " 
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l I - - i :  r f o  , 

and 5 n a r e  the r o o t s  of the t r a n s c e n d e n t a l  equat ion 

~i ctg ~i l - -  X[~ ctg ~2 (l - -  l) = ~ a~ u~ 
" 2 2 " (1.4) 

In p a r t i c u l a r ,  if  the in i t i a l  and b o u n d a r y  condi t ions  a r e  cons tan t ,  tha t  i s ,  fo r  

ul(O, t )=To; u~(l, t)=Y~; u,(x, O)=u2(x, O) = O, 

the so lu t ion  (1.3) b e c o m e s  

a~ 
-- (2) u = T c v  (i) (x) + Try (2) (x) + E (THA~) + TeA. ) X.  (x) e -~t .  

n : i  
(1.5) 

Of c o u r s e ,  by  us ing  (1.5) the compu ta t i ons  do not  p r e s e n t  any s p e c i a l  d i f f icu l t ies  s ince  the s e r i e s - c o n v e r g e s  
r a p i d l y .  

2 .  T h e  A x i a l l y  S y m m e t r i c  C a s e  

F o r  th is  c a s e  the hot  l iquid  s w a y s  into a c i r c u l a r  s e a m  cons i s t i ng  of two c o n c e n t r i c  zones  of d i f f e ren t  
cons t an t  t h e r m a l  p a r a m e t e r s .  Then  the t e m p e r a t u r e  funct ion u(r ,  t) s a t i s f i e s  the fol lowing d i f f e ren t i a l  
equa t ions :  

02u i t - - 2 v  i O u i  al Ou i 
Or 2 {- " - ' 7  Or ai ~/-' i = t, 2 (2.1) 

as  wel l  as  the in i t ia l  and b o u n d a r y  condi t ions  

u,(R,, t)=]l(t); u:(t, t)=f:(t); u,(R, t)--u~(B, t); 

Ou l ( / { , t )  = ~ au 2 ( R , t ) .  
OR air , 

ui(r, o)=r l ( r ) ;  u2(r, o)=r~(r) ,  

(2.2) 

w h e r e  

F1 o r.h ~ alT ' r : ~ p p  Re ~ - -  t - - ' - -=- .  ' Rp ' - -  R~' 

QCip r Bt 

and O is  the  expend i tu r e  of  the p r e s s e d - i n  f luid;  Ci,  Pi a r e  the hea t  c a p a c i t i e s  and dens i t i e s  of  the s e a m  
zones ;  m is  p o r o s i W ;  h is depth;  r h is  the hole r a d i u s ;  Bp is  the r ad iu s  of  the s e a m  p ro f i l e ;  R 1 is  the r ad iu s  
of the zone b o u n d a r y ;  r l ,  t a r e  the c o o r d i n a t e s .  

T h e  so lu t ion  of the p r o b l e m  (2.1), (2.2) is  g iven  by  

u(r,t) v(l)(r),l(t)+v{2)(r)]2(t)-F ~ { [ --82~e -62t = A~ ) I1 (t) x 
(2.3) 

X .I I1 (~) e ~'~ dr + .% I2 (t) - -  . - -  
0 0 

w h e r e  

= Iv~i) (r), v{i 2) (r), q~{1)(r); Rc < r < R, 
v(1)(r), v(Z)(r), (pn(r) Lv~i)(r), v~2)(r), q~t~2)(r), n ~ r . ~ 1 ;  
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,#)(r) = i - -  4 ~) (~); ,?)(r) = ~ ~ - -  

. (2) i - -  v ?  ) v(z ~) )~ R 2 ( ~ ' - ~ ' )  ( r  ~ ' '  - -  RZcV') �9 �9 ,z (r) = (r); (r) = ~ N~ 

v(z ~) (r) = F~(r); vx (~) ( r )=  Fs (r); 

[7~ 2 7 , -  i ~ ]~2(v,--~ 0 ( R g V ,  ~2%)]--1; 
N~ --  L 2~ 2vi 

. . . . . . . .  ;0 = - -  8, 
~,, (L~) Y.. (8) - ~ ,  (~) y~, (~n) ~, 

k Rc _I 

Mn = )~IR ~v'-i  .1 ~ r ~-2v' r (r) dr  -~ ~,~R 2 v ' - i  r l - z€  r )~ (r) dr  
Rc R 

] = 1 ,2 ,3 .  

In the  above  Iv(x) and  Yu(x) deno te  B e s s e l  func t ions  of  r e a l  a r g u m e n t  of  the  u - th  o r d e r  of  the  f i r s t  o r  s e c o n d  
kind,  r e s p e c t i v e l y ;  

6 n a r e  the  r o o t s  of the  equa t ion  

1~,_t (~n) Y,. (sBc) - x,,, (~n d Y~,_~ ( ~ )  
az Iv,  (fiR) Yvt  (6Riz) - -  Iv,  (~Bqq Yv,  (SR) 

I v , _  l (~R \ ~%. (8) - -  I v (~) Yv ,  t ('~R) 
= a 1 . �9 .., . ,. - -  i , :  (Zi~) Y,: (8) - x~: (8) Y,, (SR) - "  

In the  c a s e  of c o n s t a n t  b o u n d a r y  c o n d i t i o n s ,  

ul(rc ,  t)=u~; u ( i , t ) = a . ;  

ul (r ,  O)=u~(r ,  0)-----0, 

the s o l u t i o n  (2.3) a s s u m e s  a s i m p l e  f o r m ,  

2 
u = ur r (r) + u~v (2) (r) ~. -~ (ucA(~ l) -4- u ~ A ~  )) %~ (r) e - 6 ~ t .  

To s tudy  the  e f f ec t  of  the  s e a m  i n h o m o g e n e i t y  on the t e m p e r a t u r e  f i e l d  c o m p u t a t i o n s  w e r e  c a r r i e d  
out  u s i n g  the  f o r m u l a  (1.5) fo r  h = 10 m; ~l  = 1; ~2 = 1 ;2;  k = 0.2;  0.5;  1.0'; l = 0.5;  T k = 0; 0 .4 .  

The  fo l lowing  s i m p l e  a s y m p t o t i c  e x p a n s i o n s  a r e  then found fo r  the  r o o t s  of Eq .  (1.4):  

i + . . - f o r  

6~=(n~) -~+ l i  35 .~_ for ~ =  t 
8 128 (na) "~ . . . . .  "-5" 

The. r e s u l t s  of  the  c o m p u t a t i o n s  a r e  shown in F i g s .  1 and 2. In the  c a s e  of  T'k = 0 (F ig .  1) the changing  
o f  X 1 wi th  X k k e p t  f i x e d  (the c u r v e s  1, 2, 3, c o r r e s p o n d  to the  v a l u e s  of X= l ;  0.5; 0 .2  r e s p e c t i v e l y )  has  
a c o n s i d e r a b l e  e f fec t  on the  hea t  d i s t r i b u t i o n  in  the  s e a m  and,  in  p a r t i c u l a r ,  f o r  h igh v a l u e s  o f  t i m e .  
A s i m i l a r  t e n d e n c y  can  a l s o  b e  o b s e r v e d  in  t h e  c a s e  o f  T k = 0 .4  (F ig .  2) the  on ly  d i f f e r e n c e  b e i n g  
tha t  now the  r a t e  of  t e m p e r a t u r e  c h a n g e  a s  a funct ion  of  x i s  l o w e r  than  fo r  the  p r e v i o u s  c a s e .  
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In view of the above i t  follows that  when opera t ing  nea r  the front  face of the hole as well  as in the 
ca se  of sway ing- in  of the hot fluid into the s eam i t  is n e c e s s a r y  that the inhomogenei ty  of the s e a m  as 
r e g a r d s  i ts  t h e r m a l  p r o p e r t i e s  be taken into account .  
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