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COLD WATER INJECTION INTO TWO-PHASE GEOTHERMAL RESERVOIRS 
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La J o l l a ,  C a l i f o r n i a  92038 

A geothermal r e s e r v o i r  s i m u l a t o r  (CHARGR) i s  
employed i n  i t s  one-dimensional r a d i a l  mode 
t o  examine t h e  response o f  geothermal reser-  
v o i r s  t o  c o l d  water i n j e c t i o n  f rom a s i n g l e  
we1 1. The numerical  s o l u t i o n s  are  analyzed 
t o  generate i n t e r p r e t a t i o n  techniques f o r  
pressure  t r a n s i e n t  da ta  du r ing  i n j e c t i o n  and 
subsequent w e l l  shu t in .  It i s  shown t h a t  
t h e  pressure  bu i l dup  ( i  .e. , i n j e c t i o n )  da ta  
may be analyzed i n  a s t r a i g h t f o r w a r d  manner 
t o  y i e l d  t h e  abso lu te  f o r m a t i o n  permeabi l-  
ity; t h e  pressure  f a l l - o f f  ( i.e. s h u t i n )  
data, on t h e  o t h e r  hand, appear t o  be o f  
l e s s e r  u t i l i t y .  

I n t r o d u c t i o n  Recent ly  Garg [1980], Grant 
119/8j. Moench and Atk inson C19771 and 
S o r e y i - e t  a l .  [1980] have examined t h d  draw- 
down a n T b m d u p  response o f  i n i t i a l l y  two- 
phase geothermal r e s e r v o i r s .  The p l o t  o f  
p ressure  drop versus l o g a r i t h m  o f  t ime  ( f o r  
drawdown t e s t ;  f o r  bu i l dup  AP versus l o g  
t + A t / A t  should be p l o t t e d )  asymptotes t o  a 
s t r a i g h t  l i n e  a f t e r  an i n i t i a l  non- l inear  
pe r iod ;  t h e  s lope m o f  t h e  s t r a i g h t  l i n e  can 
be used t o  i n f e r  t h e  k inemat i c  m o b i l i t y .  
For two-phase geothermal r e s e r v o i r s ,  how- 
ever, i t  i s  n o t  p o s s i b l e  t o  o b t a i n  t h e  
abso lu te  f o r m a t i o n  p e r m e a b i l i t y  f rom conven- 
t i o n a l  drawdown/buildup t e s t s .  I f  abso lu te  
f o r m a t i o n  p e r m e a b i l i t y  i s  desired,  i t  i s  
necessary t o  conduct an i n j e c t i o n  t e s t .  

A t  t h e  present  t ime, t h e o r e t i c a l  analyses o f  
pressure  i n j e c t i o n / f a l l - o f f  da ta  are un- 
a v a i l a b l e  i n  t h e  pub l i shed  l i t e r a t u r e .  I n  
t h e  present  paper, we employ a numerical  re-  
s e r v o i r  s i m u l a t o r  (CHARGR; P r i t c h e t t  [1980]) 
t o  examine t h e  response o f  two-phase geo- 
thermal r e s e r v o i r s  d u r i n g  c o l d  water i n j e c -  
t i o n .  

An examinat ion o f  t h e  numerical  s'imulations 
shows t h a t  t h e  pressure  i n j e c t i o n  da ta  may 
be analyzed i n  t h e  convent iona l  manner t o  
y i e l d  abso lu te  f o r m a t i o n  p e r m e a b i l i t y .  The 
pressure  f a l l - o f f  response, on t h e  o t h e r  
hand, i s  ve ry  complex and i s  seen t o  be o f  
l i m i t e d  u t i l i t y  i n  e v a l u a t i n g  fo rma t ion  
p roper t i es .  

Numerical Examples To examine t h e  response 
o f  a geothermal r e s e r v o i r  under c o l d  water 
in jec t ion,  t h e  CHARGR r e s e r v o i r  s imu la to r  

was exe rc i sed  i n  i t s  one-dimensional r a d i a l  
mode. The r a d i a l l y  i n f i n i t e  r e s e r v o i r  was 
s imula ted us ing  a 60-zone [ A r l  = 0.11 m; 

~ r 6 0  o 1.2 ~ r - 5 9 1  r a d i a l  g r id .  The o u t e r  
r a d i u s  o f  t h e  g r i d  i s  25,825 m and i s  suf-  
f i c i e n t l y  l a r g e  such t h a t  no s i g n a l  reaches 
t h i s  boundary du r ing  t h e  t e s t  per iod.  The 
fo rma t ion  th i ckness  i s  H = 250 in. The w e l l  
i s  assumed t o  be c o i n c i d e n t  w i t h  Zone 1. 
( I n  t h e  CHARGR code, a w e l l  can be repre-  
sented as an i n t e g r a l  p a r t  o f  t h e  g r i d  by 
ass ign ing  t o  the  we l l- b lock  s u f f i c i e n t l y  
h i g h  p e r m e a b i l i t y  and p o r o s i t y . )  The rese r-  
v o i r  rock. i s  assumed t o  be a t y p i c a l  sand- 
stone. The r e l e v a n t  rock p r o p e r t i e s  are  
g i v e n  i n  Tab le  1. The m i x t u r e  ( r o c k /  f l u i d )  
thermal  c o n d u c t i v i t y  i s  approximated by 
Budianskyls f o rmu la  ( P r i t c h e t t  [1980]). I n  
t h i s  paper, cons ide ra t i ons  o f  s k i n  e f f e c t  
and w e l l  s torage have been ignored. These 
e f f e c t s ,  w h i l e  impor tant  i n  p r a c t i c a l  w e l l  
t e s t i n g ,  are  n o t  germane t o  t h e  present  d i s -  
cussion. 

Tab le  1 
ROCK PROPERTIES EMPLOYED I N  NUMERICAL 

SIMULATIONS 

Ar2 = 1.2 A r l ;  Ar3. = 1.2 Ar2, ..., 

Poros i t y ,  d 0.1 

Permeabi 1 i ty , k ( m2) 5 x 10-14 
U n i a x i a l  Format ion Com- 0 
p r e s s i b i l i t y ,  Cm(MPa-l) 

Rock Gra in  Dens i ty ,  2650 
2 r (  ~ m 3  
Gra in  Thermal Conduc t i v i t y ,  5.25 

Heat Capaci ty,  cr(kJ/kg'C) 1 
Re 1 a t i v e  Permeabi 1 i t y  , 
( k r  a* k r g  
Residual  L i q u i d  Satura t ion,  0.3 
S i r  
Residual  Gas Satura t ion,  Sgr 0.05 

K r  (Wlm-' C ) 

C o r e p  

'*(Sl)4, krg = (l-S;*)(l-S:)*, St = 
(Sa-Sar)/(1-Sar-Sgr) 9 Sa(Sg) = l i q u i d  
(gas) volume f r a c t i o n .  

-175- 



The i n i t i a l  f l u i d  s t a t e  f o r  t h e  two cases 
cons idered i n  t h e  f o l l o w i n g  i s  g i ven  i n  
Table 2. The c o l d  water i s  i n j e c t e d  a t  a 
cogs tan t  r a t e  o f  35 kg /s  f o r  t = 5.868 x 
10 s; t h e  Well i s  then shut  i n  f o r  A t  = 
1.3932 x 106 s. 

Table 2 
INITIAL FLUID STATE FOR 

COLD WATER INJECTION INTO 
TWO-PHASE RESERVOIRS 

Case Pressure Temp$rature Steam 
No. MPa C Sat. 

1 8.5917 MPa 300 0.28 

0.301 4 320 

RADIUS, r (m) 

2 8.5917 MPa 300 0.05 

Pressure I n j e c t i o n  Data The pressure  b u i l d-  
up ( i n j e c t i o n )  data  (F igu res  1 and 2) c lose-  
l y  f i t  s t r a i g h t  l i n e s  w i t h  i d e n t i c a l  
slopes. The s lope i m p l i e s  a f l o w i n  
ma t i c  v i s c o s i t y  o f  2.02 x 10-7 “$7; 
which i s  i n  good agreement w i t h  t h e  k ine-  
mat i c  v i s c o s i t y  o f  t h e  c o l d  i n j e c t e d  water  

TIME, s 

F igu re  1 Pressure I n j e c t i o n  Data for ‘Case 1. 

TIME, s 

F i g u r e  2 Pressure I n j e c t i o n  Data f o r  Case 2. 

(.v - 1.96 x lo7 m 2 / s ) .  F igu res  3 and 4 
show t h e  r a d i a l  d i s t r i b u t i o n  o f  steam sa tu r-  
a t i o n  and temperature a t  the  end o f  t h e  i n-  
j e c t i o n  p e r i o d  ( t  - 5.868 x lo5 s). The 
condensat ion f r o n t  ( e s p e c i a l l y  i n  t h e  low 
steam s a t u r a t i o n  case 2) i s  seen t o  have 
advanced f u r t h e r  i n t o  t h e  f o r m a t i o n  than  t h e  

F igu re  3 Rad ia l  D i s t r i b u t i o n  o f  Temperature 
and Steam S a t u r a t i o n  a t  Se lec ted 
Times f o r  Case 1. 

enow . 320 

w - 170 

RADIUS. r (m) 

F igu re  4 Radia l  D i s t r i b u t i o n  o f  Temperature 
and Steam S a t u r a t i o n  a t  Selected 
Times f o r  Case 2 .  

edge of the  thermal f r o n t .  The l a t t e r  e f -  
f e c t  i s  due t o  t h e  f a c t  t h a t  pressure  
changes are  exper ienced over a much l a r g e r  
p o r t i o n  o f  tne  r e s e r v o i r  than t h a t  which was 
coo led by t h e  i n j e c t e d  c o l d  water. 

Pressure F a l l - O f f  Response Horner p l o t s  o f  
p ressure  f a l l - o f f  data  are  g i ven  i n  F iqures 
5 and 6 .  Tnree reg ions  can b e  i d e n t i f i e d  on 
these p l o t s :  

8.68 1 

Figure  5 Pressure F a l l - O f f  Data (Horner 
P l o t )  f o r  Case 1. 
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f o r  l a r g e  ( t  + A t ) / A t  (i.e., smal l  
s h u t i n  t imes ) ,  p ressure  f a l l s  o f f  r e-  
l a t i v e l y  r a p i d l y  

f o r  moderate va lues o f  (t + A t ) / A t ,  
p ressure  i s  e s s e n t i a l l y  constant  

( i i i )  f o r  smal l  va lues o f  ( t  + A t ) / A t  (i.e., 
l a r g e  bu i l dup  t imes) ,  p ressure  aga in  
s t a r t s  t o  f a l l  r a t h e r  r a p i d l y .  

The f i r s t  r e g i o n  (i.e., ( t  + A t ) / A t  l a r g e )  
o f  t h e  f a l l - o f f  curve i s  governed by t h e  
pressure  response o f  t h e  condensed f l u i d  re-  
gion. Due t o  t h e  l a r g e  c o n t r a s t  i n  s ing le-  
phase and two-phase compressi b i  1 i t i e s ,  t h e  
two-phase r e g i o n  remains p r a c t i c a l l y  unaf-  
f e c t e d  d u r i n g  t h i s  t i m e  p e r i o d  (see e.g., 
steam s a t u r a t i o n  p r o f i l e s  i n  F igu res  3 and 
4 ) .  The condensed f l u i d  r e g i o n  behaves l i k e  
a r e s e r v o i r  w i t h  a constant  pressure  (= 
pressure  a t  t h e  edge o f  t h e  condensat ion 
f r o n t )  boundary. These e a r l y  pressure  f a l l -  
o f f  da ta  are  r e p l o t t e d  i n  F igu res  7 and 8; 
these f i g u r e s  c l e a r l y  demonstrate t h a t  t h e  
e a r l y  f a l l - o f f  behav ior  i n  the  present  cases 
resembles t h a t  o f  a r e s e r v o i r  w i t h  a con- 
s t a n t  pressure  boundary. The condensat ion 
f r o n t  rad ius ,  re, can, t he re fo re ,  be c a l -  
c u l a t e d  f rom t h e  fo rmu la  (Ear lougher [1977]): 

t+At /At 

F igu re  7 E a r l y  Pressure F a l l - O f f  Data f o r  
Case 1. 

i+Ai /At 

F igu re  8 E a r l y  Pressure F a l l - O f f  Data f o r  

where 

Case 2. 

k = f o r m a t i o n  p e r m e a b i l i t y  
A t s  = t ime  t o  s t a r t u p  o f  semi-steady 

r e s e r v o i r  behav ior  ( t i m e  a t  
which pressure  curve bends over)  

u = v i s c o s i t y  o f  i n j e c t e d  l i q u i d  
water 

CT t T o t a l  f o rma t ion  compress ib i l-  
i t y  i n  t h e  condensed reg ion.  

The condensat ion f r o n t  r a d i i  i n f e r r e d  f rom 
Equat ion (1) and t h e  da ta  o f  F igu res  7 and 8 
are compared w i t h  the  ac tua l  values i n  Table 
3. 

Table 3 
CONDENSATION FRONT RADII 

( U  = -1 . 8  x 10 -4 Pa-s; CT = 0.075 x lo4 Pa-') 

re re Case A t s  

- No. ( i n f e r r e d )  ( a c t u a l )  
- 

1 72 s 14.6 m (15.5 - + 1.5)  m 
2 753 s 47.2 m (57 .1  - + 5.2)  m 

Al though t h e  i n f e r r e d  values f o r  r e  are  i n  
reasonable agreement w i t h  t h e  ac tua l  values, 
a no te  o f  c a u t i o n  i s  i n  o rde r  here. I n  
p r a c t i c a l  s i t u a t i o n s ,  t h e  e a r l y  f a l l - o f f  
da ta  (such as t h a t  u t i l i z e d  i n  t h e  above 
c a l c u l a t i o n  f o r  r e )  a re  l i a b l e  t o  be dom- 
i n a t e d  by we l l bo re  storage, and i t  may w e l l  
be imposs ib le  t o  i d e n t i f y  t h e  t i m e  a t  which 
t h e  we1 1 s t a r t s  exhi b i t i n g  "semi-steady" re- 
sponse. 

An examinat ion o f  the  numerical  r e s u l t s  
snows t h a t  a t  t h e  end o f  t h e  f i r s t  p a r t  o f  
t h e  f a l l - o f f  curve, t h e  pressure  g r a d i e n t  i n  
t h e  single-phase (condensed) r e g i o n  i s  es- 
s e n t i a l l y  zero whereas t h e  pressure  a t  t h e  
edge of t h e  condensat ion f r o n t  remains a t  
i t s  va lue a t  A t  = 0 ( s t a r t  o f  s h u t i n  p e r i -  
od). Also, t h e  edge o f  t h e  condensat ion 
f r o n t  i s  s t a t i o n a r y  th roughout  t h i s  i n i t i a l  
p e r i o d  (F igu res  3 and 4 - See steam satura-  
t i o n  p r o f i l e s  f o r  t = 5.868 x lo5  s t o  ( t  
+. b t ) / h t  - (2610 i n  F igu re  3, and 653 i n  
F igu re  4 ) ) .  
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During the intermediate fall- off period, the 
condensation front  s t a r t s  moving towards the 
wellbore. This part of the well response i s  
cnaracteri zed by an essent i a1 ly constant 
pressure. A t  the end of t h i s  period, the 
condensation front  becomes coincident with 
the edge of the thermal f r o n t  (see e.g., 
steam saturation curve labeled (t  + A t ) / A t  - 
3.43 in Figure 4) .  The condensation front  
once again becomes stationary a t  t h i s  point. 

For large fall- off times ( i . e . ,  for  the 
tnird fall-off period), the well response i s  
governed by the two-phase region. As can be 
seen from Figures 5 and 6, the pressure 
f a l l -o f f  data do not, however, asymptote t o  
a s t ra ight  l ine.  I t  i s  convenient t o  plot  
the fall- off data in a somewhat different  
manner. Figures 9 and 10 are plots  of log 
A P  ( A P  = p W ( A t )  - pf where pf i s  the 
l a s t  flowing pressure) versus log A t .  Re- 
ferr ing t o  Figure 10, i t  may be seen tha t  
the two-phase fall- off data l i e  on the unit 
slope l ine.  A unit slope l ine  can also be 
ident if ied on Figure 9. I t  i s  well known 
t h a t  the presence of a unit slope l ine in- 
dicates  tha t  the well response i s  controlled 
by storage type ef fec ts ;  t h i s  part of the 
fall-off data i s  useless for analysis pur- 
poses in the absence of d a t a  regarding the 
location of tne condensation front  (-  ef-  
fect ive we1 1-bore radius for  two-phase 
fall- off regime). For single-phase f low,  a 
r o u g h  rule  of t h u m b  i s  that  the semi-log 
s t ra ight  l ine  s t a r t s  a t  a time which i s  one 
and one-half log cycles removed from the 
time a t  which the pressure data begin t o  
deviate from the unit slope s t ra ight  l ine.  
Utilizing the l a t t e r  c r i te r ion ,  i t  i s  seen 
from Figure 9 that  only the l a s t  point or 
two may be expected t o  l i e  on the semi-log 
line. I n  view of t h e  non-linear nature of 
two-phase flow in porous media, especially 
prior t o  the s t a r t  of semi-log s t ra ight  
l ine ,  i t  would very l ikely be f u t i l e  t o  t r y  
t o  analyze the two-phase fall- off data of 
Figure 9 t o  derive kinematic mobility. 
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Figure 9 Plot of Log bp Versus Log A t  f o r  
Case 1. ( A P  = PwPf ; pW 
i s  the well pressure a t  A t  and 
pf i s  the las t  flowing pres- 
sure.)  Note t n a t  the Vertical and 
Horizontal Scales are Different. 
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10 Plot of Log AP Versus Log A t  f o r  
Case 2. ( A P  - pw-pf ; PW 
i s  the well pressure a t  A t  and 
pf  i s  the  l a s t  flowing pres- 
sure.) Note tha t  (1) the Ver- 
t i c a l  and Horizontal Scales are 
Different, and ( 2 )  the Vertical 
Scale i s  Discontinuous. 
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