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Two-phase f l o w  and heat t r a n s f e r  i n f l uence  the pressure-t ime response 
o f  hot-water we l l s .  
gas, and c o l d  water r e s e r v o i r s  a r e  n o t  completely app l i cab le  i n  hot-water 
reservo i r s  . 

'The methods developed f o r  pressure bu i l dup  analyses i n  o i l ,  

Mathematical synthes is  i s  necessary t o  b u i l d  e x i s t i n g  two-phase f l o w  
theory,  heat  t rans fe r  theory  and steam thermodynamics i n t o  ai system f o r  
ana lyz ing hot-water w e l l  pressure t rans ien ts  t h a t  i s  equ iva lent  t o  methods 
aGai lab le  f o r  o i l  and gas rese rvo i r s .  

HOT WATER FLASHING IN THE RESERVOIR CAUSES TEMPERATURE CHANGiES 
c 

When f l o w i n g  r e s e r v o i r  pressure f a l l s  below the s a t u r a t i o n  pressure 
corresponding t o  the  r e s e r v o i r  temperature, ho t  water f lashes i n  the  r e s e r v o i r .  
As the ho t  water f lashes,  f l u i d  temperature drops i n  response t o  the  p r e v a i l -  
ing  pressure. Consider cond i t i ons  p r e v a i l i n g  i n  a hot-water w e l l :  

S t a t i c  r e s e r v o i r  temperature = 5 9 3 T  
S t a t i c  r e s e r v o i r  pressure = 1823 ps ia  
Steam s a t u r a t i o n  pressure 

corresponding t o  593'F = 1464 ps ia  

Because the r e s e r v o i r  pressure i s  g rea te r  than the  s a t u r a t i o n  pressure,  
the re  is no steam i n  the  s t a t i c  r e s e r v o i r  cond i t i ons .  

Bottom-hole f l ow ing  pressure = 450 p s i a  

there fore ,  as i t  f lows toward the  w e l l ,  p a r t  o f  the  ho t  water f lashes i n t o  
steam. From thermodynamic cons idera t ions ,  the  temperature of the  steam-water 
m ix tu re  must correspond t o  450 psia.  

The bottom-hole f l o w i n g  pressure i s  less than the s a t u r a t i o n  pressure; 

S a t u r a t i o n  temperature 
corresponding t o  450 ps ia  = 456OF 

Thus the  f l u i d  temperature has decl  ined from 593OF t o  456'F. 
temperature was 593OF.  The d i f f e r e n c e  i n  the  rock and t h e  f l u i d  temperature 
causes the  heat t o  f l ow  from the  rock  t o  the  steam-water m ix tu res .  

But t h e  rock 

RATE OF HEAT TRANSFER FROM TEMPERATURE BUILDUP 

During pressure bu i l dup  measurement i n  a hot-water w e l l ,  temperature 
u s u a l l y  i s  measured along w i t h  the  pressure. 
t u r e  bu i l dup  can g i v e  us the  r a t e  o f  heat t rans fe r  i n  the  rock, by conduction, 
toward the  wel lbore .  

An i n t e r p r e t a t i o n  o f  t h e  tempera-. 

Fig. 1 shows temperature bu i l dup  graph i n  a hot-water we1 1 .  The s lope 
on t h i s  graph i s  g i ven  by the  f o l l o w i n g  r e l a t i o n :  
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where q = r a t e  o f  heat t r a n s f e r ,  Btu/hr  
k = thermal c o n d u c t i v i t y  o f  the  rock, Btu/hr- f t -OF 
h = format ion th ickness,  f t  
m = s lope on the  semi- log paper, OF/cycle 

The s lope on Fig.  1 i s  480F/cycle. Using k = 2 Btu/hr-f t -OF: 

= (48) (4a) (2)/2.303 

= 525 B t u / h r - f t .  

Th is  prov ides evidence o f  heat  t r a n s f e r .  During the  produc t ion  per iod ,  t h i s  
heat  i s  a v a i l a b l e  t o  r a i s e  t h e  enthalpy o f  the produced f l u i d .  

The above c a l c u l a t i o n  o f  t he  heat t r a n s f e r  r a t e  assumes heat t r ans fe r  
t o  t he  we l lbore  by conduct ion on ly .  I n  f a c t ,  t he  heat i s  t r a n s f e r r e d  bo th  
by conduct ion and by the  f l u i d  t ranspo r t .  
t r ans fe r red  by conduct ion a lone w i l l  be less  than 525 B tu /h r - f t .  

Thus t h e  component o f  heat 

FLASHING I N  THE RESERVOIR G I V E S  R I S E  TO A REGION OF TWO-PHASE FLOW 

The bottom-hole f l ow ing  pressure o f  t h i s  hot-water w e l l  i s  (450 p s i a  
whereas the steam s a t u r a t i o n  pressure corresponding t o  the  s t a t i c  r e s e r v o i r  
temperature o f  593OF is  1464 ps ia .  The r e s e r v o i r  pressure increases away 
from the we l lbore  from 450 p s i a  t o  the  o r i g i n a l  pressure o f  1823 ps ia .  
some d i s tance  from the  we l lbore ,  t he  pressure w i l l  exceed 1464 p s i a  and t h a t  
p o i n t  w i l l  mark the  boundary between two-phase and single-phase f low.  

A t  

FOR PRESSURE ANALYSIS, A STRAIGHT LINE CANNOT BE FOUND 

Fig.  2 presents pressure t r a n s i e n t  data, measured a t  the  same t ime 
as the temperature data, F ig .  1. Pressure, on F ig .  2, i s  p l o t t e d  as a 
f unc t i on  o f  l o g  [ ( t  + A t ) / A t ]  f o r  an o i l  r e s e r v o i r  Horner- type ana lys is .  For 
t h i s  ana lys is ,  a s t r a i g h t - l i n e  p o r t i o n  o f  the  graph i s  selected;  i t i s  s lope 
i s  i nve rse l y  p ropo r t i ona l  t o  r e s e r v o i r  pe rmeab i l i t y .  

This  bu i ldup  l as ted  550 hours. But we see a curve r a t h e r  than a 
s t r a i g h t  l i n e .  Unfor tunate ly ,  there  a re  gaps i n  the  observat ions.  But 
data ga the r i ng  i s  a p a r t  o f  t h e  problem i n  hot-water we l l s .  

The bu i ldup  data presented i n  F ig .  2 do no t  show we l l bo re  f i l l  up 
o r  l i n e a r  f low e f fec ts  on a l og- log  type curve match. This  makes i t  
d i f f i c u l t  t o  f i n d  the  onset o f  r a d i a l  f l o w  o r ,  i n  o the r  words, t he  s t a r t  o f  
a semi- log s t r a i g h t  l i n e .  One could draw more than one s t r a i g h t  l i n e  through 
the  data on Fig.  2. Al though I have drawn a l i n e  o f  s lope 121 ps i / cyc le ,  I 
cannot f i n d  sound j u s t i f i c a t i o n  f o r  t h i s  l i n e .  

STEAM-WATER INTERFACE TENDS TO MASK THE END OF THE STRAIGHT LINE 

Drainage areas i n  hot-water  w e l l s  gene ra l l y  have two boundaries. The 
f i r s t  boundary i s  the steam-water i n t e r f a c e  which i s  created as a r e s u l t  o f  
t he  f low ing  r e s e r v o i r  pressure f a l l i n g  below the s a t u r a t i o n  pressure. 
ex ten t  of the steam-water boundary i s  con t ro l l ed ,  among o the r  f ac to rs ,  by the  

The 
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f l ow ing  pressure, t he  i n i t i a l  r e s e r v o i r  pressure and temperature, and the  
r a t e  o f  heat t r a n s f e r  from the  rock t o  the  f l u i d .  The second boundary i s  
the  drainage boundary o f  the system; i t  could be closed, he ld  a t  a constant 
pressure, o r  a mixed boundary. 

Pressure bu i l dup  i s  a f f e c t e d  more by the steam-water i n t e r f a c e  than 
by the  drainage boundary. I f  the steam-water i n t e r f a c e  i s  nost f a r  from the  
we l lbore ,  i t  w i l l  p robably  i n t e r f e r e  w i t h  t he  s t r a i g h t  l i n e  p o r t i o n  o f  the 
bu i ldup.  I t h i n k  t h a t  i s  what i s  happening i n  the bu i ldup  presented i n  F ig.  2. 

HEAT TRANSFER INTERFERES WITH DRAINAGE BOUNDARY EFFECTS 

Under f l ow ing  cond i t i ons ,  the  f l u i d  temperature i s  less than the  reser-  
v o i r  temperature. The r e s u l t i n g  heat t r a n s f e r  causes temperature g rad ien ts  
in the rock. As the  w e l l  i s  shut in ,  we have the phe'nomenon o f  temperature 
bu i ldup  i n  the  rock a long w i t h  the  pressure bu i ldup  i n  the f l u i d .  A f t e r  some 
t ime, when the  temperature and pressure have s t a b i l i z e d ,  the f l u i d  i n  the 
we l lbore  b o i l s .  The b o i l i n g  causes the temperature t o  drop, which, i n  t u r n  
w i l l  g i v e  r i s e  t o  a new b o i l i n g  c y c l e  when the  temperature has s t a b i l i z e d .  

The pressure f l u c t u a t i o n s  caused by b o i l i n g  i n t e r f e r e  w i t h  the  
drainage boundary e f f e c t s .  
e f f e c t s  can be observed w i t h  c e r t a i n t y  i f  the  b o i l i n g  d i d  no t  occur.  I 
t h i n k  steam-water boundary e f f e c t s  w i l l  dominate any drainage boundary e f fec ts .  

This  does no t  mean t h a t  the  drainage boundary 

HOT-WATER BUILDUPS DIFFER FROM GAS/OIL BUILDUPS 

There a re  s i g n i f i c a n t  d i f f e rences  between the bu i ldups  in  hot-water 
and g a s / o i l  we l l s .  These a r e  some o f  t he  d i f f e rences :  

1. Gas/oi l  systems gene ra l l y  a re  porous and have we l l - de f i ned  upper 
and lower boundaries. Most o f  the w e l l s  have cornplete penet ra t ion .  
On the  o the r  hand, ho t  water gene ra l l y  f lows through f rac tu res .  
Wel ls have p a r t i a l  penet ra t ion .  We have two phaljes f low ing  near 
the we l l bo re  and on l y  s i n g l e  phase f l ow ing  some d is tance away 
from the we l lbore .  A f t e r  shu t- in ,  the two phaselj tend t o  become 
s i n g l e  phase a l l  over.  

2.  I n  hot-water rese rvo i r s ,  heat t r a n s f e r  i n t e r a c t s  w i t h  the  
r e s e r v o i r  pressures and sa tura t ions .  I t  i s  o f  no consequence 
i n  t he  oil/gas rese rvo i r s .  

3. B o i l i n g  tends t o  mask the  boundary e f f e c t s  i n  hot-water we l l s .  

FURTHER WORK I S  NEEDED 

We need t o  have an i n t e r p r e t a t i v e  method f o r  use i n  hot-water we l l s .  
A n a l y t i c a l  so lu t i ons  t o  the  f l u i d  and heat d i f f u s i v i t y  equat ions a re  no t  
l i k e l y  t o  answer a l l  the  quest ions.  We probably  w i l l  need the he lp  of a 
two-dimensional rad ius- he igh t  computer model t o  develop requ i red  in format ion.  



0 
0 
CD 

0 
co 
ln 

0 
CD 
ln 

0 
v 
ln 

0 
(u 
In 

0 
0 
In 

0 
0 
0 
r 4  

a , @  
0 .- 
r i l -  ,

E  8 
l- 

c 

a, 
L 
3 
cn 

LL 
.- 

-72- 



0 
0 
u 
r-4 

0 
0 
v 
rl 

0 
0 
N 
ri 

0 
0 
0 
ri 

C3 
C> 
00 

0 
0 
0 
4 

0 
0 
4 

0 
4 

4 

a 
f 

I 
3 
ul 
v) 
a, 
L 
P 

r-4 

a, 
L 
3 
cn 

LL 
.- 

-73- 


