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A STUDY OF THERMAL EFFECTS I N  WELL TEST ANALYSIS 

by Donald C. Mangold, Chin Fu Tsang, Marcel0 J. 
Lippmann and Paul A. Witherspoon (Member SPE-AIME), 
Lawrence Berkeley Labora tory ,  U n i v e r s i t y  of 
C a l i f o r n i a ,  Berkeley,  C a l i f o r n i a  

This paper  w a s  p resented  a t  t h e  54th  Annual F a l l  Technica l  Conference and E x h i b i t i o n  of t h e  Socie ty  

of Petroleum Engineers  of AIME, h e l d  i n  Las Vegas, Nevada, September 23-26, 1979. 

ABSTRACT 

Data a n a l y s i s  of w e l l  tests performed in non- 
i s o t h e r m a l  (e.g., geothermal )  r e s e r v o i r s  should t a k e  
i n t o  account  p r e s s u r e  changes r e s u l t i n g  from f l u i d  
(and rock)  temperature-dependent p r o p e r t i e s .  For 
example t h e  presence  of zones of d i f f e r e n t  tempera- 
t u r e s  may resemble p e r m e a b i l i t y  boundar ies  and w i l l  
r e q u i r e  c a r e f u l  i n t e r p r e t a t i o n  of w e l l  test d a t a .  
The p r e s e n t  i n v e s t i g a t i o n  employed a numerical  model 
which i n c o r p o r a t e s  tempera ture  e f f e c t s  on f l u i d  v i s -  
c o s i t y ,  d e n s i t y ,  and h e a t  c a p a c i t y .  This  s t u d y  n o t  
o n l y  examines t h e  i n f l u e n c e  of t h e  v i s c o s i t y  v a r i a t i o n  
b u t  a l s o  t h e  e f f e c t s  of t h e  t r a n s i t i o n  zone between 
h o t  and c o l d  waters. 

A series of s t u d i e s  were performed t o  s i m u l a t e  
t h e  r e s u l t s  from t e s t i n g  a w e l l  in a h o t  zone which 
is  surrounded by a c o n c e n t r i c  c o o l e r  region.  Observa- 
t i o n s  were made a t  b o t h  t h e  w e l l  i t s e l f  and a t  
o b s e r v a t i o n  wells. The cases inc lude :  (1) p r o d u c t i o n  
tests t o  ana lyze  long-term t r a n s i e n t  e f f e c t s ;  (2)  
build-up tests t o  examine p r e s s u r e  v a r i a t i o n s  a f t e r  
s h o r t  p e r i o d s  of product ion;  (3)  i n j e c t i o n  tests of 
c o l d e r  water i n t o  t h e  h o t  zone t o  e v a l u a t e  v i s c o s i t y  
effects ;  and ( 4 )  part ia l  p e n e t r a t i o n  of the  a q u i f e r  
t o  s t u d y  thermal  e f f e c t s  on tests c a r r i e d  o u t  using 
a p a r t i a l l y  p e n e t r a t i n g  product ion  w e l l .  

A. INTRODUCTION 

A c h a l l e n g e  t o  t h e  i n t e r p r e t a t i o n  of w e l l  test 
r e s u l t s  from nonisothermal  r e s e r v o i r s  is t h e  e f f e c t  
on t h e  p r e s s u r e  response  due t o  f l u i d  and r o c k  
temperature-dependent p r o p e r t i e s .  Zones of d i f f e r e n t  
tempera tures  i n  t h e  r e s e r v o i r  may resemble perme- 
a b i l i t y  boundar ies ,  so  t h a t  care i n  i n t e p r e t a t i o n  of 
r e s u l t s  is required1. 
of t h e s e  tempera ture  e f f e c t s  on w e l l  tes t  d a t a  where 
t h e  producing w e l l  is completed i n  t h e  c e n t e r  of a 
h o t  zone surrounded by a c o n c e n t r i c  c o o l e r  water 
r e g i o n .  
view toward comparing t h e  r e s u l t s  of such tests wi th  
t h e  classical  Theis  s o l u t i o n ,  and d iscover ing  t h e  ways 
i n  which temperature  d i f f e r e n c e s  can b e  accounted f o r  
i n  wel l tes t  d a t a  a n a l y s i s .  

This s t u d y  is an  examinat ion 

The i n v e s t i g a t i o n  was c a r r i e d  o u t  wi th  a 

References and i l l u s t r a t i o n s  a t  end of paper  

Only r e c e n t l y  have t h e r e  been d i s c u s s i o n s  of non- 
i so thermal  w e l l - t e s t i n g  i n  t h e  l i t e r a t u r e .  An a n a l y t -  
i ca l  s t u d y  by Tsang and Tsang2 motivated t h e  p r e s e n t  
s tudy  by g i v i n g  semilog r e s u l t s  t o  be expected from 
cold water i n j e c t i o n  i n t o  a h o t  r e s e r v o i r .  By assum- 
ing a s p e c i f i c  form f o r  t h e  v a r i a t i o n  of t h e  m o b i l i t y  
(k/u) a c r o s s  t h e  t r a n s i t i o n  zone (from cold  t o  h o t  
d a t e r ) ,  they  were a b l e  t o  d e r i v e  s o l u t i o n s  which 
f o l l o w  t h e  c l a s s i c  Theis curve  f o r  each reg ion .  
e a r l y  and l a t e r  t i m e  d a t a  r e s e r v o i r  t r a n s m i s s i v i t y  
(kh/p)  and s t o r a t i v i t y  (dch) can be determined so 
t h a t  c o m p r e s s i b i l i t y  ( c ) ,  r e s e r v o i r  p e r m e a b i l i t y  ( k ) ,  
J o r o s i t y  (6) and th ickness  (h)  can be eva lua ted .  
T h e i r  r e s u l t s  prompted t h e  p r e s e n t  numerical  i n v e s t i -  
g a t i o n  of v i s c o s i t y  e f f e c t s  where p r o d u c t i o n ,  b u i l d -  
up and p a r t i a l  p e n e t r a t i o n  w e l l  tests are cons idered .  

From 

B. BACKGROUND 

The s tandard  methods of w e l l - t e s t i n g  d a t a  
a n a l y s i s  i n  i so thermal  r e s e r v o i r s  have been thoroughly 
documented by Earlougher3. 
t e s t i n g  in geothermal  r e s e r v o i r s  have been d i s c u s s e d  
by only  a few a u t h o r s  i n  t h e  p a s t  decade. Recent ly  
Narasimhan and Witherspoon4 have reviewed t h e  
problems in c a r r y i n g  out  and ana lyz ing  w e l l  tests i n  
t h e s e  systems.  They mention t h a t  t h e  convent iona l  
concept  of t r a n s m i s s i v i t y  should be rep laced  by 
a b s o l u t e  p e r m e a b i l i t  (k)  o r  t h e  product  kh. In 
a n o t h e r  r e c e n t  s tudy3 of r e i n j e c t i o n  a t  t h e  East 
Mesa geothermal  area, p r e s s u r e  d i s t r i b u t i o n s  based on 
v i s c o s i t y  r a t i o s  of 1 : l . g  between h o t  and cold water 
were d e s c r i b e d .  The semilog p l o t s  show a d i s t i n c t i v e  
change in s l o p e  a t  t h e  co ld  f r o n t .  The approach 
used,  however, w a s  a series of s t e a d y  s t a t e  runs  wi th  
t h e  c o l d  f r o n t  a t  vary ing  d i s t a n c e s  from t h e  produc- 
t i o n  w e l l ,  and wi th  energy and m a s s  t r a n s p o r t  equa- 
t i o n s  decoupled. 
models t o  d e s c r i b e  drawdown and build-up tests i n  
s i n g l e  phase and two-phase r e s e r v o i r s  under i s o t h e r m a l  
condi t ions .  
t h e  i n j e c t i o n  of a h o t  l i q u i d  i n t o  a porous medium 
using temperature-dependent v i s c o s i t y .  They assumed 
s p e c i f i c  h e a t  and d e n s i t y  w e r e  independent of tempera- 
tu re ,  and they  c a l c u l a t e d  temperature  ( n o t  p r e s s u r e )  
d i s t r i b u t i o n s  w i t h i n  t h e  r e s e r v o i r ,  caprock and bed- 
rock. Thei r  r e s u l t s  show t h a t  t h e  h igh  v i s c o s i t y  of 
t h e  c o l d e r  water e f f e c t i v e l y  c o n t r o l s  t h e  average  

The problems of w e l l -  

A paper  by Rice6 used computer 

Earlier , Chappelear and Volek7 modeled 
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tempera ture  and t h e  tempera ture  d i s t r i b u t i o n  wi th in  
t h e  system. 

For composite r e s e r v o i r s ,  B i x e l ,  Lark in  and Van 
Poollen8 gave r e s u l t s  f o r  t h e  p r e s s u r e  response  i n  
i so the rma l  r e s e r v o i r s  wi th  l i n e a r  d i s c o n t i n u i t i e s ,  
f o r  bo th  drawdown and build-up t e s t s .  L a t e r ,  Ramey9 
made an a n a l y t i c a l  s tudy  of a we l l  test performed i n  
c y l i n d r i c a l  composite r e s e r v o i r s  showing pe rmeab i l i t y  
c o n t r a s t s .  
i so the rma l ,  t h e i r  behavior  may b e  s i m i l a r  t o  noniso- 
thermal  ones.  
ex tens ions  t o  t h e  p re sen t  s tudy .  

Even though. the  systems ana lyzed  were 

These Torks sugges t  l i n e s  f o r  f u t u r e  

I C.  COMPUTATIONAL APPROACH 

This  s t u d y  employed a numerical  modello deve- 
loped a t  Lawrence Berkeley Labora tory  (LBL) c a l l e d  
"CCC" ( f o r  Conduction-Convection-Consolidation) t o  
. i m u l a t e  a geothermal r e s e r v o i r  w i th  a c e n t r a l  ho t  
c y l i n d r i c a l  r eg ion  surrounded by c o l d e r  water .  The 
.rogram has coupled energy and mass t r a n s p o r t  equa- 
c ions  t o  s imula t e  s i n g l e  phase noniso thermal  s a tu ra -  
red rous systems. V i s c o s i t y ,  s p e c i f i c  hea t  and 
d e n s i t y  of  water  a r e  p rope r ly  taken  as temperature- 
dependent p r o p e r t i e s  (see Tables  1 and 2 ) .  The pro- 
gram a l s o  has  t h e  a b i l i t y  t o  cons ide r  p r e s s u r e  and 
temperature-dependent rock  and f l u i d  p r o p e r t i e s  i n  
g e n e r a l ,  bu t  f o r  t h i s  s tudy  on ly  water p r o p e r t i e s  
were allowed t o  vary  wi th  tempera ture .  In  p a r t i c u l a r ,  
i n t r i n s i c  pe rmeab i l i t y  w a s  he ld  cons t an t  throughout 
i n  o r d e r  t o  s tudy  v a r i a b i l i t y  due t o  v i s c o s i t y  a lone .  
Pure l i q u i d  water w a s  assumed; t h e  e f f e c t s  of a sa l t  
s o l u t i o n  of a 3wt% b r i n e  i n  our p re sen t  problem are 
n e g l i g i b l e  (see Sec t ion  I below). This  model has 
been v a l i d a t e d  a g a i n s t  a v a r i e t y  of a n a l y t i c a l  a n i  
s e m i a n a l y t i c a l  s o l u t i o n s ,  as w e l l  as f i e l d  da ta l1- l3 .  

The mesh des;gn used f o r  t h e  m a j o r i t y  of ca ses  
s t u d i e d  i n  t h i s  paper employs c y l i n d r i c a l  symmetry 
wi th  nodes a t  1 m i n t e r v a l s  t o  a d i s t a n c e  of 300 m. 
Th i s  f i n e  mesh i s  necessary  t o  s imula t e  t h e  tempera- 
t u r e  f r o n t  movements p rope r ly .  The nodal s e p a r a t i o n  
g r a d u a l l y  i n c r e a s e s  a f t e r  300 m up t o  a cons t an t  
p r e s s u r e  and tempera ture  boundary node a t  5150 m from 
t h e  w e l l .  The caprock and bedrock are assumed t o  be  
i n s u l a t e d  and impermeable f o r  t h e  purposes  of t h i s  
s tudy .  Two s i z e s  of t h e  "hotspot"  were i n v e s t i g a t e d :  
a 100 m-radius c a s e  i s  d i scussed  f i r s t ,  t hen  a 50 m- 
r a d i u s  ho t spo t  i s  analyzed i n  more d e t a i l .  For 
s i m p l i c i t y ,  i n  most ca ses  a s i n g l e  l a y e r  model i s  
assumed ( i . e . ,  e f f e c t i v e l y  g r a v i t y  i s  n e g l e c t e d ) .  
The e f f e c t s  of g r a v i t y  and buoyancy of t h e  h o t  water 
a r e  cons idered  i n  t h e  case  of p a r t i a l  p e n e t r a t i o n  
wi th  a m u l t i p l e  l a y e r  mesh des ign .  A l l  c a ses  begin  
wi th  a s h a r p  f r o n t  between t h e  h o t  and co ld  wa te r ,  
bu t  t h e  e f f e c t s  of a d i f f u s e  f r o n t  are a l s o  commented 
on f o r  s e v e r a l  of t h e  cases  s t u d i e d .  

A l l  tests are assumed to  have cons t an t  m a s s  f low 
r a t e s ;  f o r  t h e  250 OC h o t s p o t s  t h e  vo lumet r i c  flow 
rate w a s  set  a t  q = 6.0602 x lo-* m 3 / s .  There i s  
no f l a s h i n g  occur r ing  i n  t h e  r e s e r v o i r s .  Also,  w e l l -  
bore  e f f e c t s  such a s  t h e  s k i n  e f f e c t  and we l lbo re  
s t o r a g e  a r e  assumed n e g l i g i b l e ,  s i n c e  i n  t h i s  s tudy  
t h e  wel lbore  is no t  modeled. These assumptions a r e  
necessa ry  i n  o rde r  t o  c o n c e n t r a t e  a t t e n t i o n  on t h e  
v a r i a t i o n s  i n  r e s e r v o i r  f l u i d  p r e s s u r e  and f l u i d  
tempera ture  dur ing  t h e  test .  
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100 11 CASE 

I n  t h i s  c a s e  t h e  tempera ture  wi th in  t h e  cy l ind -  
. i c a l  geothermal anomaly i s  750 O C ;  t h e  remainder of 
:he s imula ted  r eg ion ,  i nc lud ing  the  boundary node, i s  
i t  100 OC. When t h e  u s u a l  semilog p l o t  of AP ve r sus  
.og t i m e  i s  made, t h e  s l o p e  m of t h e  s t r a i g h t  l i n e  
J i l l  r e f l e c t  t h e  in f luence  of t h e  tempera ture  on t h e  
l a t e r  v i s c o s i t y ,  p ,  and t h e  volumetr ic  flow r a t e ,  q 
:due t o  changes i n  water d e n s i t y ) :  

qB lJ 
m = 0.183234 - kh 

For e a r l y  t i m e s ,  t h e  s l o p e  should  r e f l e c t  t h e  
ra lues  of l~ and q f o r  250 OC. 

Lnfluence of 100 OC r eg ion  is  f e l t ,  t h e  s l o p e  w i l l  
:hange. S ince  t h e  v i s c o s i t y  r a t i o  of t h e  water  a t  
rhese two tempera tures  is 1:2.6, and t h e  f l u i d  d e n s i t y  
r a t i o  is 1:0.83, t h e  combined e f f e c t  from t h e  d i f f e r -  
sn t  t empera tures  on t h e  semilog s l o p e  is  approximate ly  
L:2. 
Expected i n  t h e  presence  of pe rmeab i l i t y  b a r r i e r  
( e x t e r n a l  r eg ion  h a l f  a s  permeable a s  t h e  zone around 
the  w e l l ) ,  i f  t h e  common assumption of an i s o t h e r n a l  
r e s e r v o i r  i s  made. F igure  1 shows t h e  r e s u l t s  from 
39 days of product ion  from the  100 m-radius h o t s p o t ,  
and f o r  t h e  l a t e r  t imes  t h e  semilog s l o p e  is e v i d e n t l y  
about t w i 3 e  t h a t  o€ t h e  i n i t i a l .  s lope .  

However, a f t e r  t h e  

This is t h e  change i n  s l o p e  m which would be  

Of cour se ,  t h e  l a t e r  s l o p e  must be  e x a c t l y  two 
r i m e s  t h e  e a r l y  s l o p e  t o  i n d i c a t e  a p e r f e c t  b a r r i e r .  
iowever, a s l o p e  of n e a r l y  2 n igh t  be grounds t o  
i n t e r p r e t  t h e  presence  of an imperfec t  pe rmeab i l i t y  
Darr ie r  i n  t h e  r e s e r v o i r .  Such a thermal  e f f e c t  
iou ld  t h e r e f o r e  cause  a mistaken i n t e r p e t a t i o n  i n  t h e  
d e l l  t e s t  a n a l y s i s .  

The under ly ing  p res su re  d i s t r i b u t i o n  f o r  t h i s  
Zase i s  seen  i n  F igure  2 ,  where t h e  e f f e c t  of t h e  
i i f f e r e n t  tempera ture  wa te r s  is ev iden t .  Even a f t e r  
B month of product ion  t h e  boundary of t h e  co lde r  water 
s t i l l  provides  a s i g n i f i c a n t  change i n  t h e  p r e s s u r e  
d e c l i n e  curves .  Furthermore,  t h e  thermal f r o n t  has 
ba re ly  moved dur ing  these  39 days (F igu re  3 ) .  In  
p r a c t i c e ,  t h e  "moving boundary" of t h e  thermal  f r o n t  
would probably appear t o  be s t a t i o n a r y  du r ing  a w e l l  
t e s t ,  because  t h e  r a d i u s  of an a c t u a l  ho t spo t  would 
l i k e l y  be  g r e a t e r  than 100 m ,  and t h e  mass of f l u i d  
withdrawn would on ly  s l i g h t l y  a f f e c t  t h e  p o s i t i o n  of 
t h e  f r o n t .  Thus, t h e  t h e r n a l  boundary would not  be 
d e t e c t a b l e  a s  a moving boundary, making i n t e r p r e t a t i o r  
of t h i s  change i n  semilog s l o p e  even more d i f f i c u l t  
t o  d i s t i n g u i s h  from a permeab i l i t y  b a r r i e r .  

F i n a l l y ,  t h i s  e f f e c t  may appear  f o r  any combinn- 
t i o n  of d i f f e r e n t  water tempera tures .  If  t h e  tenpera-  
t u r e  of t h e  sur rounding  r eg ion  is  inc reased  from 
100 OC t o  175 OC, t h e  same type  of r e s u l t  is 
observed (F igure  4 ) .  Here t h e  r a t i o  of t h e  semilog 
s l o p e s  i s  on ly  1:1.3, b u t  a d e f i n i t e  change i n  s l o p e  
is n e v e r t h e l e s s  v i s i b l e .  

The 100 m-radius ho t spo t  was chosen t o  i l l u s t r a t t  
t h e  g e n e r a l  ca se  of a thermal  boundary which does n o t  
move apprec iab ly  i n  t i m e .  The re fo re ,  t h e  e f f e c t  of a 
s i g n i f i c a n t  f l u i d  v i s c o s i t y  d i f f e r e n c e  appears  in t h e  
d a t a  as a s t a t i o n a r y  pe rmeab i l i t y  b a r r i e r  throughout 
n e a r l y  s i x  weeks of product ion .  



;SPE 8232 

~ _ _ _ _ _  

D.C. MANGOLD, C.F.TSANG, M.J. LIPPMANN. P.A. WITHERSPOON 

E. THE 50 M HOTSPOT: PRODUCTION FOR 120 DAYS 

For t h e  remainder of t h i s  s tudy  a 50 m-radius 
h o t s p o t  was assumed, i n  o r d e r  t o  i n v e s t i g a t e  e f f e c t s  
when t h e  product ion pe r iod  is long enough t o  manifest  
t h e  moving boundary of t h e  thermal  f r o n t .  In t h i s  
c a s e ,  p roduc t ion  was cont inued f o r  120 days,  t h a t  i s ,  
u n t i l  a l l  t h e  250 OC water  w a s  e x t r a c t e d  from t h e  
r e s e r v o i r ,  which then  was a t  100 OC throughout .  The 
p rogres s ion  i n  p r e s s u r e  change from t h e  i n i t i a l  hot-  
s p o t  cond i t ion  t o  t h e  end is shown i n  t h e  semilog 
p l o t  of Figure 5, where t h e r e  a r e  s e v e r a l  d i s c e r n i b l e  
p e r i o d s  of d i f f e r e n t  response.  During t h e  e a r l i e s t  
t imes (up t o  n e a r l y  0.5 day) t h e  p r e s s u r e  fo l lows  
t h e  250 OC Theis  behav io r ,  a s  expected. There 
fo l lows  a t r a n s i t i o n  t ime (from 0.5 t o  2 days) where 
t h e  cu rve  s h i f t s  t o  run p a r a l l e l  t o  t h e  100 OC Theis  
curve,  b u t  s t i l l  below i t  i n  magnitude (from 2 t o  20 
days ) .  Then t h e  curve aga in  s h i f t s  upward (20 t o  60 
days)  u n t i l  t h e  temperature  f r o n t  beg ins  t o  reach t h e  
o b s e r v a t i o n  w e l l .  A t  t h i s  p o i n t ,  t h e  p r e s s u r e  changes 
d r a s t i c a l l y ,  s lop ing  s t e e p l y  upward t o  j o i n  t h e  100 OC 

Theis  curve ( f o r  t imes g r e a t e r  t han  60 d a y s ) ,  a s  it 
should s i n c e  by t h e  end of t h e  120 days t h e  e n t i r e  
r e s e r v o i r  is  a t  100 OC. 

Two obse rva t ions  can be made on t h e  b a s i s  of 
such a complete p r e s s u r e  h i s t o r y .  F i r s t ,  a s  noted 
i n  t h e  previous s e c t i o n ,  t h e  i n i t i a l  pe r iod  of 250 OC 

Theis  cu rve  behavior  is followed by a t r a n s i t i o n  t o  
a curve p a r a l l e l  t o  t h e  co lde r  water  Theis s o l u t i o n .  
Secondly,  as t h e  w e l l  con t inues  t o  be  produced, t h e  
cu rve  s h i f t s  upward aga in  a s  an i n d i c a t i o n  of another  
boundary, i n  t h i s  c a s e  t h e  moving boundary of t h e  
thermal  f r o n t .  

The p r a c t i c a l  a p p l i c a t i o n  of t h i s  "second s h i f t "  
is made by l o c a t i n g  an obse rva t ion  w e l l  a t  some d i s -  
t ance  away from t h e  produced w e l l .  As Figure 6 shows, 
t h e  e f f e c t  of t h e  moving thermal  f r o n t  occur s  much 
e a r l i e r  ( a t  approximately 15 days)  when observed a t  a 
d i s t a n c e  of 19.5 m from t h e  p roduc t ion  w e l l .  Thus 
t h e  l e n g t h  of t i m e  f o r  t h e  moving boundary t o  be  
manifested can be minimized by d a t a  taken a t  a 
s u i t a b l y  d i s t a n t  obse rva t ion  we l l .  

However, i f  t h e  obse rva t ion  w e l l  is too  f a r  away 
from t h e  axis of t h e  h o t s p o t ,  i t  may be  i n  t h e  cold 
water  zone. Figure 7 r e v e a l s  t h a t  t h e  same g e n e r a l  
s h i f t  of curves  t akes  p l a c e ,  bu t  w i th in  a much s h o r t e r  
l eng th  of t ime (approximately 7 days) .  This w e l l  is 
a t  59.5 m from t h e  producing w e l l ,  o r  9.5 m o u t s i d e  
t h e  o u t e r  boundary of t h e  ho t spo t .  It is i n t e r e s t i n g  
t o  n o t e  t h a t  i t s  e a r l y  t i m e  behavior  n e v e r t h e l e s s  
fo l lows  a 250 OC Theis  curve be fo re  s h i f t i n g  over  t o  
t h e  100 OC Theis  curve.  C l e a r l y ,  employing one o r  
more obse rva t ion  w e l l s  p rov ides  a ready check on t h e  
u s u a l  semilog d i r e c t  a n a l y s i s  from a s i n g l e  w e l l ,  
and i n c r e a s e s  t h e  r e a l  p o s s i b i l i t y  of d e t e c t i o n  of 
t h e  moving thermal  boundary. 

As a f u r t h e r  examination of t h e s e  r e s u l t s ,  l og  
LY v e r s u s  log  t / r 2  cu rves  were p l o t t e d  f o r  r - 2.5 m,  
19.5 m ,  39.5 m, and 59.5 m ( see  Figure 8, where t h e  
Theis  curves  f o r  100 OC and 250 OC are shown f o r  
r e f e r e n c e ) .  The obse rva t ions  a t  59.5 m and 39.5 m 
e v e n t u a l l y  merge i n t o  t h e  100 OC Theis  curve.  From 
a l l  t h e  t /r2 curves w e  can s e e  t h a t  t h e  d e p a r t u r e  
from t h e  250 OC Theis  behavior  occurs  a t  smaller 
v a l u e s  of t / r2  f o r  g r e a t e r  r a d i a l  d i s t a n c e s  r from 
t h e  we l l .  Also, t h e  merging of t h e  p r e s s u r e  behavior  
w i t h  t h e  100 OC Theis  s o l u t i o n  happens a t  e a r l i e r  

I 

v a l u e s  of t / r2  f o r  g r e a t e r  r. 
of more than  one obse rva t ion  w e l l  a t  d i f f e r e n t  r a d i a l  
d i s t a n c e s  from t h e  producing w e l l  t o  mon i t0 r . a  w e l l  
t e s t ,  i n  o r d e r  t o  t r a c e  p r e s s u r e  behavior  which may 
be  r e l a t e d  t o  a thermal  boundary. 

This confirms t h e  use 

A u s u a l  type cu rve  matching procedure was app l i ec  
t o  t h e  log-log p l o t  of r = 2.5 m d a t a  i n  o rde r  t o  
e s t i m a t e  t r a n s m i s s i v i t y  (kh/u)  and s t o r a t i v i t y  (t$ch). 
The r e s u l t s  of t h e  type curve a n a l y s i s  a r e  g iven  i n  
Appendix 1. The match wi th  t h e  ve ry  e a r l y  p a r t  of 
t h e  curve ( p a r t  [AI) y i e l d s  a good e s t i m a t e  f o r  kh /p ,  
a s  expected. But under such a d i r e c t  a n a l y s i s ,  i f  
t h e  a n a l y s t  matched t h e  l a t e r  p o r t i o n  of t h e  cu rve ,  
he would be s e r i o u s l y  mistaken ( p a r t  [B l ) .  The 
e s t ima ted  v a l u e s  f o r  bch r e f l e c t  t h e  s e n s i t i v i t y  
of type curve matching, even f o r  t h e  e a r l y  t ime d a t a .  
Again, matching wi th  t h e  latest  p o r t i o n  of t h e  curve 
would l ead  t o  s e r i o u s  e r r o r s  by d i r e c t  a n a l y s i s .  

The p rogres s  of t h e  temperature  f r o n t  is i n t e r -  
e s t i n g  t o  follow. In  Figure 9 a sequence of curves  
shows how t h e  f r o n t  moves s lowly a t  f i r s t ,  and q u i t e  
r a p i d l y  a t  t h e  end, r e f l e c t i n g  d i f f e r e n c e s  i n  r a d i a l  
volume under a cons t an t  pumping r a t e .  The d i f f u s i o n  
of t h e  f r o n t  is v e r y  appa ren t ;  Table  3 g i v e s  v a l u e s  
€ o r  t h e  s i z e  of t h e  f r o n t  throughout  i t s  h i s t o r y ,  and 
B com a r i s o n  wi th  a s imple a n a l y t i c a l  conduct ion 
modelP4. This d i f f u s i o n  of t h e  temperature  f r o n t  
may a l s o  account  f o r  some of t h e  s h i f t i n g  of t h e  
p re s su re  change d a t a  curves  over t h e  pe r iod  of pro- 
duct ion ( s e e  Sec t ion  I below). 

F. THE 50 M HOTSPOT: BUILD-UP TESTS 

The build-up t e s t s  performed i n  t h i s  s e r i e s  of 
s imulat ions confirm t h e  same g e n e r a l  behavior  obser-  
ved i n  t h e  product ion t e s t s ,  b u t  t h e  e f f e c t s  occur a t  
z a r l i e r  t i m e s .  Figure 10 shows a Horner p l o t  of a 
Juild-up test a f t e r  30 days of p roduc t ion  from t h e  
50 m hotspot  of t h e  previous s e c t i o n .  A t  t h e  e a r l i e s t  
t imes t h e  p o i n t s  are p a r a l l e l  t o  t h e  250 OC ana ly -  
t i c a l  curve,  b u t  a f t e r  less than  one day t h e  p o i n t s  
s h i f t  toward t h e  100 OC curve.  By 5 days t h e  pres-  
su re  is a l r e a d y  fol lowing c h a r a c t e r i s t i c  100 OC 

mi ld-up  behavior .  

The build-up t e s t  has  s e v e r a l  d i f f e r e n c e s  from 
B product ion w e l l  test. F i r s t ,  t h e  response i s  gener- 
slly f a s t e r  t han  t h e  drawdown test .  Second, because 
the re  is  only mass flow r e s u l t i n g  from p r e s s u r e  equi-  
l i b r a t i o n ,  t h e  thermal  f r o n t  moves ve ry  l i t t l e  during 
wi ld-up .  Th i rd ,  t h e  sma l l  mass f low a l s o  means t h a t  
the d i f f u s i o n  of t h e  thermal  f r o n t  proceeds much more 
slowly because it is mainly by conduction. These 
l a t t e r  two cond i t ions  do no t  permit  t h e  obse rva t ion  
Jf a moving thermal  boundary o r  a d i f f u s e  f r o n t  a s  a 
neans of d i scove r ing  thermal  e f f e c t s ,  such as during 
irawdown tests. However, build-up tests should al low 
a b e t t e r  c o r r e l a t i o n  t o  t h e  proper  a n a l y t i c a l  so lu -  
t i o n  once a thermal  f r o n t  is suspected.  Therefore ,  
t he  b e s t  approach may be  a combination of drawdown 
and build-up tests. The p roduc t ion  t e s t s  would 
x o v i d e  an a n a l y s t  w i th  s u f f i c i e n t  d a t a  t o  determine 

k h / U ,  $ch and t h e  presence of a moving thermal  
Eront. Then t h e  d a t a  from build-up tests could be 
Jsed t o  confirm t h e  e s t ima ted  v a l u e s  of t h e  r e s e r v o i r  
parameters,  and t o  match t h e  p r e s s u r e  response t o  
type curves t o  d i scove r  ' poss ib l e  thermal  e f f e c t s .  

S imi l a r  behavior  on build-up t e s t s  was observed 
Eor o t h e r  combinations of temperatures .  In Figure 11 
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t h e  f l u i d  v i s c o s i t y  r a t i o  f o r  125 O t o  50 OC is 
approximate ly  1:2.4, and i n  F igure  12 f o r  250 t o  
50 O C  i t  is about 1:5.1. Although bo th  of t h e s e  
c a s e s  are f o r  product ion  t i m e s  of on ly  15 days ,  by 
t h e  end of ano the r  15 days of s h u t t i n g - i n  t h e  w e l l  
t h e  p r e s s u r e s  are responding accord ing  t o  t h e  ana ly-  
t i c a l  s o l u t i o n  f o r  50 OC. This demonst ra tes  t h e  
r a p i d  ad jus tment  of t h e  system under a v a r i e t y  of 
t empera tu res ,  and confirms t h a t  build-up tests should  
prove  t o  b e  a u s e f u l  means f o r  checking suspec ted  
thermal  e f f e c t s  in w e l l  t e s t i n g .  

I G. REINJECTION AND PRODUCTION OF COLD WATER 

An a n a l y t i c a l  s o l u t i o n  has  been found f o r  geo- 
thermal  r e s e r v o i r  p r e s s u r e  response  t o  co ld  water 
r e i n j e c t i o n  ( s e e  Tsang and Tsang2),  as mentioned 
above. Thei r  g e n e r a l  s o l u t i o n  has  been obta ined  by 
assuming t h a t  t h e  m o b i l i t y  K(z) = k /p  may b e  repre-  
s e n t e d  f o r  any z = r2/t by a smooth f u n c t i o n  which 
t a k e s  on t h e  v a l u e s  of K I ( i n j e c t i o n ) ,  % ( r e s e r v o i r )  
and (KI + K R ) / ~ ,  r e s p e c t i v e l y ,  a t  z = 0, z = m y  

and z = mean r a d i a l  d i s t a n c e  of t h e  (symmetric) t he r -  
m a l  f r o n t .  Their r e s u l t s  i n d i c a t e  t h a t  f o r  s m a l l  
v a l u e s  of t / r2  t h e  curve  fo l lows  a Theis  s o l u t i o n  
w i t h  parameters  corresponding t o  t h o s e  of t h e  n a t i v e  
h o t  water. 
p a r a l l e l  t o  a Theis l i n e  wi th  parameters  correspond- 
ing  to  those  of t h e  i n j e c t e d  water. It is sugges ted  
t h a t  from matching e a r l y  d a t a  kh and hch may b e  
a s c e r t a i n e d ,  and a f t e r  matching later d a t a  t h e  pos i -  
t i o n  of t h e  f r o n t ,  and t h e r e f o r e  h ,  may be e s t i m a t e d .  
Thus k ,  6 c  and h are eva lua ted .  However, t h i s  
procedure  has  no t  y e t  been t e s t e d  wi th  f i e l d  d a t a .  

For l a r g e  t / r 2  i t  approaches a l i n e  

The r e s u l t s  of t h e  a n a l y t i c a l  s o l u t i o n  were 
checked a g a i n s t  t h e  numer ica l  model CCC employed 
h e r e ;  one example is d i sp layed  in Figure  13. The 
c h a r a c t e r i s t i c  p r e s s u r e  behavior  no ted  in previous  
s e c t i o n s  f o r  drawdown and build-up tests is also  
appa ren t  h e r e ,  and fo l lows  t h e  behavior  p red ic t ed  by 
t h e  a n a l y t i c a l  s o l u t i o n .  
a f u r t h e r  s h i f t  toward t h e  Theis s o l u t i o n  f o r  t h e  
i n j e c t e d  co ld  water, and e v e n t u a l l y  i t  should  merge 
i n t o  t h e  p r e s s u r e  response  f o r  co ld  water a lone .  

Later t h e  d a t a  should  begin  

To co r robora t e  t h e s e  r e s u l t s ,  t h e  behavior  of a 
100 OC 50 m-radius "coldspot" surrounded by a 250 OC 

r eg ion  was s tud ied .  
t h e  same f a s h i o n  as t h e  p rev ious  "hotspot" c a s e s ,  
w i th  t h e  r e s u l t s  shown in Figure  14. Again, t h e  pa t -  
t e r n  is t h e  same, b u t  now i n  t h e  oppos i t e  d i r e c t i o n  
(from cold  water behavior  toward hot  water behav io r ) .  
A f t e r  t h e  d a t a  runs  p a r a l l e l  t o  t h e  250 OC Theis 
s o l u t i o n  i t  s h i f t s  f u r t h e r  toward t h a t  s o l u t i o n ,  b u t  
runs  n e a r l y  h o r i z o n t a l  f o r  t h e  las t  5 days. This is 
probably  because  t h e  250 OC water f lows  much more 
r e a d i l y  than  t h e  100 O C  water, so t h a t  t h e  produced 
w e l l  appears  t o  have a f u l l  r echa rge  boundary a t  t h i s  
p o i n t  in t i m e .  As t h e  co ldspo t  is produced f o r  
l onge r  t i m e s ,  t h e  d a t a  should  t u r n  f u r t h e r  toward t h e  
250 OC Theis  s o l u t i o n  and f i n a l l y  merge a t h  it. 

It was produced f o r  30 days i n  

Thus, t h e  e f f e c t  of co ld  water i n j e c t e d  o r  pro- 
duced from h o t t e r  r e s e r v o i r s  conforms t o  t h e  expected 
p a t t e r n  due t o  f l u i d  v i s c o s i t y  (and d e n s i t y )  d i f f e r -  
ences .  

PARTIAL PENETRATION HOTSPOT I H* 
The previous  s e c t i o n s  have assumed a s i n g l e  

l a y e r  model where t h e r e  is n e c e s s a r i l y  f u l l  pene t ra -  
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t i o n ,  and g r a v i t y  is no t  an in f luence .  To s tudy  
thermal  e f f e c t s  i n  t h e  common s i t u a t i o n  of p a r t i a l  
p e n e t r a t i o n , , a  mul t i l aye red  c y l i n d r i c a l  mesh w a s  
used. There were f i v e  10 meter t h i c k  l a y e r s  i n  t h e  
a q u i f e r ,  w i th  nodes a t  r a d i a l  d i s t a n c e s  of 1 m ou t  t o  
a d i s t a n c e  of 20 m fropl t h e  w e l l ;  from 20 m outwards 
t h e  size of t h e  annular  nodes g r a d u a l l y  inc reased .  
The boundary between ho t  and co ld  r eg ions  was p laced  
a t  48 m. The w e l l  was produced f o r  40 days from t h e  
t o p  two l a y e r s  a t  40% of t h e  former rate. The obser- 
v a t i o n  w e l l  is in t h e  middle l a y e r ,  2.5 m from t h e  
a x i s  of t h e  system. The r e s u l t s  are d i sp layed  i n  
F igu re  15. 

The same g e n e r a l  p a t t e r n  of t h e  prev ious  sec- 
t i o n s  is apparent  f o r  p a r t i a l  pene t r a t ion .  The 
a n a l  t i c a l  s o l u t i o n s  are taken  from Witherspoon, e t  
al.", and are semilog s t r a i g h t  l i n e s  f o r  t h e  t i m e s  
p l o t t e d  f o r  t h e  r e s e r v o i r  parameters  used. 
r e s u l t  confirms t h e  e f f e c t  of v i s c o s i t y  d i f f e r e n c e s  
on t h e  p r e s s u r e  response  dur ing  a drawdown tes t ,  even 
when t h e  w e l l  is p a r t i a l l y  p e n e t r a t i n g .  

This 

I. THREE ADDITIONAL FACTORS 

There are t h r e e  f a c t o r s  which have a y o s s i b l e  
i n f l u e n c e  on t h e  above r e s u l t s :  t h e  e f f e c t  of n a t u r a l  
convec t ion ,  t h e  e f f e c t  of a b r i n e  s o l u t i o n ,  and t h e  
e f f e c t  of a d i f f u s e  f r o n t .  These p o s s i b i l i t i e s  are 
covered b r i e f l y  in t h i s  s e c t i o n .  

To s tudy  t h e  e f f e c t  of n a t u r a l  convec t ion ,  a 
s imula t ion  was performed us ing  t h e  p a r t i a l  p e n e t r a t i o n  
mesh of 5 l a y e r s ,  w i th  tempera tures  of 250 OC i n s i d e  
and 100 OC o u t s i d e .  There was no p roduc t ion  a t  t h e  
well. After 27.5 days t h e  mass f low c y c l e  I n  t h e  
s imula t ion  achieved a quas i - s t eady- s t a t e  and no 
f u r t h e r  mass f low was computed; t h e  hea t  f low c a l r i ~ l a -  
t i o n s  were cont inued  t o  38 days.  The r e s u l t s  were 
compared t o  a n a l y t i c a l  formulas r e c e n t l y  de r ived  ::y 
:oran Hellstrom16 a t  LBL f o r  buoyancy t i l t i n g  of a 
thermal f r o n t  in an a q u i f e r ,  i nc lud ing  t h e  e f f e c t  of 
a d i f f u s e  f r o n t .  The numer ica l ly  computed f low ve lo-  
: i t y  a t  t h e  f r o n t  compared t o  w i t h i n  0.76% of t h e  
a n a l y t i c a l  s o l u t i o n  a t  27.5 days. The maximum f low 
r e l o c i t y  due t o  n a t u r a l  convec t ion  was 1.455 m / s ,  
:ompared tb t h e  f low v e l o c i t y  from pumping which w a s  
i.285 10-6 m / s  a t  30 days ,  a f a c t o r  of n e a r l y  30:l .  
h e s e  r e s u l t s  confirm t h a t  t h e  use of a s ing le - l aye r  
oesh f o r  t h e  major p a r t  of t h i s  i n v e s t i g a t i o n  w a s  
x c e p t a b l e ,  s i n c e  n a t u r a l  convec t ion  has  n e g l i g i b l e  
z f f e c t  on r e s e r v o i r  p re s su re  f o r  t h e  t i m e  pe r iods  
:onsidered (up t o  approximate ly  40 days) .  

The e f f e c t  of a b r i n e  s o l u t i o n  i n s t e a d  of pure  
rater w a s  examined us ing  e s t i m a t i o n  formulas from 
lahl17 f o r  phys i ca l  p r o p e r t i e s  of geothermal  b r i n e s .  
Xe  r e s u l t s  a r e  d i sp l ayed  in Table 4. A 3wt% b r i n e  
:30,000 ppm t o t a l  d i s so lved  s o l i d s )  was chosen f o r  
:omparison, because many geothermal a r e a s  (New 
, ea l and ,  Japan ,  Mexico, U.S. [except Sa l ton  S e a l ,  
. ce land)  have a smaller weight pe rcen t  of t o t a l  d i s -  
iolved s o l i d s .  The d i f f e r e n c e  in p r o p e r t i e s  between 
iuch a b r i n e  and water is n e g l i g i b l e  fo r ,  pC, and 
ipproximately 6% f o r  LI o r  (k /p ) .  However, t h e  e r r o r  
if 6% a p p l i e s  equa l ly  t o  t h e  250° and 100 O C  wa te r s ,  
,o t h a t  t h e  v i s c o s i t y  r a t i o  remains t h e  same. Thus 
mncountering a b r i n e  s o l u t i o n  i n  p l a c e  of pure  water 
n a f i e l d  test should n o t  a f f e c t  t h e  r e s u l t s  r epor t -  
d here .  
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0 

F i n a l l y ,  t h e  d i f f u s e n e s s  of t h e  thermal  f r o n t  

In t h e i r  a n a l y t i c a l  
w i l l  have an e f f e c t  on t h e  s l o p e  of t h e  semilog p l o t ,  
a s  shown in Tsang and Tsang2. 
fo rmulas ,  t h e  size of t h e  d i f f u s e  zone (where t h e  
v i s c o s i t y  v a r i e s  apprec i ab ly  between t h e  v a l u e s  f o r  
ho t  and cold water)  depends on t h e  a q u i f e r  d i f f u s i -  
v i t y .  The sma l l e r  t h e  va lue  of t h e  d i f f u s i v i t y ,  t h e  
more t h e  semilog s t r a i g h t  l i n e  w i l l  t u r n  t o  fo l low 
t h e  Theis  curve f o r  t h e  i n j e c t e d  co ld  water .  Accord- 
ing t o  t h e i r  numerical  r e s u l t s ,  t h e  v a l u e  used f o r  
a q u i f e r  d i f f u s i v i t y  in t h i s  i n v e s t i g a t i o n  would l ead  
t o  a curve which t u r n s  e a r l y  t o  run p a r a l l e l  t o  t h e  
Theis  curve f o r  c o l d e r  water.  Thus t h e  p r e s e n t  s e t  
of s i m u l a t i o n s  does confirm t h e i r  a n a l y t i c a l  r e s u l t s  
f o r  t h e  e f f e c t  of t h e  d i f f u s e  between ho t  and cold 
wa te r s  on pres su re  response in a w e l l  t e s t .  

J. CONCLUSION 

, 

This  paper  has  shown t h a t  t h e  e f f e c t s  of v i scos -  
i t y  from reg ions  of d i f f e r e n t  temperature  water  
can appear  in w e l l  t e s t  d a t a  in a way t h a t  may be  
mistaken a s  pe rmeab i l i t y  b a r r i e r s  i n  some cases .  
This  e f f e c t  can be recognized by a pumping test of 
s u f f i c i e n t  d u r a t i o n  wi th  obse rva t ion  wells l o c a t e d  
a t  a s u i t a b l e  d i s t a n c e  from t h e  p roduc t ion  w e l l .  The 
q u e s t i o n s  of i d e n t i f y i n g  t h e  moving thermal  boundary, 
a p p l i c a t i o n s  of t h e  method t o  build-up tests, and 
p a r t i a l l y  p e n e t r a t i n g  w e l l s  have been discussed.  The 
p o s s i b l e  i n f l u e n c e s  of g r a v i t y  and buoyancy ( i - e . ,  
n a t u r a l  convec t ion ) ,  a b r i n e  s o l u t i o n ,  and t h e  s i z e  
of t h e  d i f f u s e  zone have a l s o  been considered.  

Fu tu re  ex tens ions  of t h i s  i n v e s t i g a t i o n  would 
i n c l u d e  f u r t h e r  work in der iv ing  t h e  a n a l y t i c a l  r e l a -  
t i o n s h i p  between t h e  t ime of d e p a r t u r e  from t h e  Theis 
s o l u t i o n  f o r  t h e  i n n e r  r eg ion  and t h e  d i s t a n c e  t o  t h e  
boundary between t h e  ho t  and cold wa te r s ,  p o s s i b l y  
along t h e  l i n e  of Ramey9. With such a r e l a t i o n s h i p  
t h e r e  is t h e  p o t e n t i a l  t h a t  geothermal  w e l l - t e s t i n g  
could p o i n t  out  t h e  presence of d i f f e r e n t  temperature  
r eg ions .  

NOMENCLATURE 

B r e s e r v o i r  volumes pe r  s t anda rd  volume, 
dimensionless  

C f l u i d  c o m p r e s s i b i l i t y ,  Pa'l 

C f l u i d  s p e c i f i c  heat ,  J / k g ' K  

Ca a q u i f e r  s p e c i f i c  h e a t ,  J/kg*K 

h a q u i f e r  t h i c k n e s s ,  m 

k i n t r i n s i c  pe rmeab i l i t y ,  m2 

thermal  c o n d u c t i v i t y  of s o l i d - f l u i d  
mix tu re ,  W/m*K 

K(z) m o b i l i t y  ( k p ) ,  m2/Pa*s  

m s l o p e  of semilog s t r a i g h t  l i n e ,  Pa/log cycle 

P f l u i d  (pore)  p r e s s u r e ,  Pa 

% 

f l u i d  p r e s s u r e ,  dimensionless  

volumetr ic  f low r a t e ,  m3/s 
pD 
q 
K r a d i a l  d i s t a n c e ,  m 

SS 

T temperature ,  OC 

TO 

s p e c i f i c  s t o r a g e  c o e f f i c i e n t ,  m-1 

r e f e r e n c e  water temperature ,  OC 

t t ime,  s 

tD 
Z 

0. 

B 

K 

u 
P 

Pa 

P O  

t ime,  dimensionless  

r a t i o  r 2 / t ,  m2/s 

f i r s t  c o e f f i c i e n t  of thermal  expansion f o r  
water, 0c-l 
second c o e f f i c i e n t  of thermal  expansion f o r  
wa te r ,  OC-2 

water  c o m p r e s s i b i l i t y ,  Pa-] 

f l u i d  v i s c o s i t y  (dynamic),  Pa's 

f l u i d  d e n s i t y ,  kg/m3 

a q u i f e r  rock d e n s i t y ,  kg/m3 

r e f e r e n c e  water  d e n s i t y ,  kg/m3 

4 p o r o s i t y ,  dimensionless  

SUBSCRIPTS 

a a q u i f e r  

D dimensionless  q u a n t i t y  

M mixture  of s o l i d  and f l u i d  

m match v a l u e  from type curve a n a l y s i s  

0 r e f e r e n c e  q u a n t i t y  

8 s p e c i f i c  s t o r a g e  

TC Theis  Curve e s t i m a t e  
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APPENDIX 1 

Theis  Curve Matching 

These c a l c u l a t i o n s  are f o r  t h e  50 m-radius hot-  
s p o t ,  250 OC i n s i d e  and 100 OC o u t s i d e .  

A. E a r l y  Times (up t o  0.372 d )  

A t  match o i n t ,  f o r  t = 10.0 t h e r e  is 
AP = 4.0 x 10  5 Pa a t  t = 8.026 d f o r  f low rate 
q = 6.0602 x m 3 / s .  

(!$) = 2 (?) = 1.2056 x 10-8 (m3/Pa*s) 
TC m 

The t r u e  v a l u e  is  1.3551 x so  t h e  a n a l y s i s  
h a s  a r e l a t i v e  e r r o r  of 11%. 

= 4.3333 x 10-7 (m/Pa) 
bChTC = (:)Tc $ (k) m 

The t r u e  v a l u e  i s  2.4962 x so  t h e  a n a l y s i s  
has  a r e l a t i v e  e r r o r  of 74%. 

B. L a t e r  T i m e s  (from 1.5 d )  

A t  match p o i n t ,  f o r  t = 10.0 t h e r e  is AP = 7.3 x 
lo5 Pa a t  t = 0.53 d ?same f low r a t e ) .  

(";"> = 6.6062 x 10-9 (m3/Pa.s) 
TC 

The t r u e  v a l u e  i s  1.3551 x so t h e  a n a l y s i s  
has  a r e l a t i v e  e r r o r  of 51%. 

bchTC = 4.8402 x (m/Pa) 

The t r u e  v a l u e  was 2.4962 x so  t h e  a n a l y s i s  
has  a r e l a t i v e  e r r o r  of 1,839%. 

TABLE 1 

2 r o Q e r t i e s  of t h e  Aquifer  Used i n  t h e  S imula t ions  

Thickness ,  h ( m )  50 

P o r o s i t y ,  d 0.1 

I n t r i n s i c  Pe rmeab i l i t y ,  k urn2) 29 

S p e c i f i c  S to rage  C o e f f i c i e n t ,  S, (m-1) 
Dens i ty ,  pa ( k g / m 3 )  2650 

Heat Capac i ty ,  Ca (J/kg'K) 970 

Thermal Conduct iv i ty ,  K M  (W/m'K) 2.8935 

3.9 x 10-5 

TABLE 2 

P r o r e r t i e s  of Water Used i n  t h e  S imula t ions  

; m s r e s s i b i l i t y ,  K (Pa-') 6.5 x 

F i r s t  C o e f f i c i e n t  of Thermal 
Expansion, c1 !OC-l) 3.17 x 

be ,Lid C o e f f i c i e n t  of Thermal 
Cxpansion, B (0c-2) 2.56 x 

Reference Temperature, To (OC) 25 

Reference Dens i ty ,  po (kg/m3) 996.9 

Densi ty  equa t ion :  
p = po [ l  - ~1 (T-To) - B (T-T,)21 

Heat 

Dens 3 Temp. V i s c o s i t y  Capaci ty  
(OC) ~ ( ( 1 0 - 3  Pa's) C(J/kg'K) , P ( k g / m  ) 

50 0.5450 4010 987.40 

100 0.2800 3770 958.84 

3651 939.78 125 

175 0.1585 3434 892.08 

250 0.1070 31 88 796.60 

0.2310 

0-4 

0-6 
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253 

- 200 - 
. - -  
g 
4 
c' 153- 

100 

1 UBLE 3 

- 
- 

- 

- 
I 

Diffusion of Thermal Front 
120 Dav Production 

Observation well at 2.5m 

Comparison of t h e  P r o p e r t i e s  of Pure  Water 
With a 3 w t %  B r i n e  

(3  w t %  = 30,000 ppm t o t a l  d i s s o l v e d  s o l i d s )  

'Temp. 
(OC 1 - Prope r ty  

250 Densit33 (kg/m ) 100 

Heat Capaci ty ,  C 250 
( J / k g ' K )  100 

(1 0-3 Pa's ) 100 
Vi scos i ty ,  )J 250 

D e n s i t y q a p a c i t y  
Product ,  pC 250 
( l o 6  J /m3*K)  100 

t o b i l i t y  k& 250 
(10-10 h / P a . s )  100 

Br ine  Water 

81 8.52 
981.79 

3092 
3657 

0.1140 
0.2983 

2.5309 
3.5904 

2.5439 
-9722 

796.60 
958.84 

3188 
3770 

0.1070 
0.2800 

2.5396 
3.6148 

2.7103 
1.0357 

Percent  
Change 

2.75 
2.39 

-3.00 
-3.00 

6.54 
6.54 

-0.34 
-0.68 

-6.14 
-6.14 

Hotspot drawdown (100m radius) 

.I - 
L 
0 
L 3 -  
0 

e 

Observation well at 2.5m 

'aral le1 to 
O'C Theis 

Observation well at 2.5m 

I I I 
01 I 10 

Time (days) 

Hotspot radial pressure distribution (100m radius) 

fi 

Radius (meters) 

XBL 797-7574A 

Figure  2. Radia l  p r e s s u r e  d i s t r i b u t i o n  f o r  100 m 
ho t spo t  (shaded r eg ion  i s  100 O C ) .  

Hatspat Temperature Profile ( I O O m  radius) 

Figure  3. Temperature p r o f i l e  f o r  100 m ho t spo t  
(note  b reak  i n  h o r i z o n t a l  a x i s ) .  

6t  

01 I 10 IO0 
Time (days) 

) XBL797-7569 

xBL797-7570 F i g u r e  4. Drawdown curve  f o r  100 h o t s p o t  w i t h  
175 O C  f o r  sur rounding  r eg ion  ( r  = 2.5 m). 

Figure  1. Drawdown cu rve  f o r  100 m ho t spo t  ( r  = 2.5 m). 
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120 days product ion ( 5 0  radius) 

I I I I 

Time (days) 
XBL 798- I1480 

Figure  5. Drawdown h i s t o r y  f o r  120 days product ion  from 50 m ho t spo t  ( r  = 2.5 m). 
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120 days production (50m radius) 

Observotion wel l  01 19.5m 

~~~ 

I IO IC 

T ime (days)  

30 

2 5  

2 0  

- 
2 
2 15 - 
a 
a 

I O  

0 5  

i 

0 

I20  days production ( 5 0 m  radius) 
I 

Observation well 01 595m 

Time (days1 

XBL 798-11482 XBL 798-1 1483 

Figure 6. Drawdown h i s t o r y  f o r  120 days p,roduction Figure 7. Drawdown his tory  f o r  120 days production 
from 50 m hotspot ( r  = 19.5 m). from 50 m hotspot ( r  = 59.5 m). 
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I 07 

h 

I06 

a a 

IO 

Log-log plot of drawdown for t / r 2 ( 5 0 m  radius 

+ 59.5 m 

I I 

10-4 I 0 - 3  10-2 

t / r 2  
10-1 

XBL 798-1 1496 

F i g u r e  8. Drawdown curves  f o r  t / r2  f o r  v a r i o u s  r a d i a l  d i s t a n c e s  r from t h e  well (log-log p l o t ) .  
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120 days production - Radial distribution of temperature front 
2 50 

225 

200 

I75 

I50 

125 

100 

I I 

100 days \ \  

I I I I 
IO 20 30 40 c . 

Radial distance (meters) 
XBL 798-1 1488 

Figure 9. Radial distribution of temperature front for 120 days production from 50 m hotspot. 
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- 
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Buildup curves (50m radius) 

8 I 

- - 

- 
Z 6 -  

- 
- 

- 

- 
- 

Observation well 01 2.5m 
I 

-ccc 
Pumping time 3 0 d a y s  

Observotion well at 2 . 5 m  

2 -  

0 

1 1  I I 1  I I I  - 
4.0 9.25 I S  AI ldO”.l 0.11 0.15 0.1 1.1 1.5 

- - 
I I 

Buildup curves (50m radius) 
12, I I 1 

Pumping time 15 days 
Observation well 01 2.5m 

Buildup curves (50m radius) 

c 4 Observotion well at 2 5 m  

I I 1  1 1  I 1  - 
- A I  i d i y s l  011 0\5 085 W1.5 3.75 5.25 9 I5 
- - 

0 I I 
1000 100 10 

Log ( -) (days) 

XBL 798-1 1485 

. - ~ ~ u r t ~  12.  b u i l d u p  c u r v e s  f o r  50 m h o t s p o t ,  250 OC 

and  50 O C ,  ( a f t e r  1 5  d a y s  pumping, r = 
2.5 m). 

01 I 
IO’ 2 4 71a4 2 4 71d 2 4 7 1 0 s  

t /ra  ( sec/m* 1 
XLL 78s-  1077 

F i g u r e  13. Drawdown c u r v e  f o r  t / r 2  f o r  c o l d  water 
i n j e c t i o n  i n t o  a h o t  r e s e r v o i r  - see 
r e f e r e n c e  2 (log-log p l o t ) .  

Partial Denelrotion drawdown curves 

Time (days) 
XBL79B-11481 

F i g u r e  15. Drawdown c u r v e  f o r  40% p a r t i a l  p e n e t r a -  
t i o n  i n  48 m h o t s p o t .  
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