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ABSTRACT 

I n j e c t i o n  t e s t  data from Baca wel l  B-20 show 
tha t  h a l f  o f  the f l u i d  enters a f ractured 
zone below - 5000 f t  whereas the  primary 
production zone i s  a t  - 4000 ft. The frac- 
tu re  created during the  subsequent stimula- 
t i o n  o f  8-20 apparently in te rsec ts  the lower 
f luid-accepting zone ra ther  than a produc- 
t i o n  zone. Fracture st imulat ion must pro- 
v ide a channel t o  a productive region o f  the 
natural  f rac tu re  system t o  be e f fec t i ve .  
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Non-productive we l ls  i n  the  Redondo Creek 
area o f  the Baca Geothermal F i e l d  have been 
used as i n j e c t i o n  wells. The a b i l i t y  o f  
these wel ls t o  accept high i n j e c t i o n  ra tes  
impl ies tha t  a we l l  may penetrate a perme- 
able zone which i s  a f l u i d  acceptor but not 
a f l u i d  producer. In te rpre ta t ion  o f  f l ow  
data from i n j e c t i o n  tes ts  on we l ls  i n  the 
Redondo Creek area, o r  other f rac tu red  geo- 
thermal systems, must consider t h i s  possi- 
b i 1 i ty  . 
As pa r t  o f  i t s  evaluation o f  the  geothermal 
reservo i r  i n  the  Redondo Creek area, Union 
O i  1 Company performed both production and 
i n j e c t i o n  tes ts  on several ind iv idua l  
wells. S-CUBED independently analyzed 
avai lable we l l  t e s t  data under a contract  
funded by the  U. S, Department o f  Ener y. 
An e a r l i e r  paper (Riney and Garg [1982!), 
described an analysis o f  the  pressure bui ld-  
up data f o r  we l l  8-20 subsequent t o  a 104- 
day production,test (Flow Test No. 4). Data 
from an i n j e c t i o n  t e s t  performed on 8-20 are 
analyzed here and the  resu l t s  compared with 
the  resu l t s  o f  the analysis o f  the production 

. t e s t  data. This we l l  i s  a lso one o f  two Baca 
we l ls  (6-20 and 8-23) which were hydrau- 
l i c a l l y  f rac tu red  by Republic Geothermal, 
Inc. The f rac tu re  s t imu la t ion  o f  8-20 i s  
discussed i n  view o f  the  production and 

when 547 f t  o f  t oo l s  stuck i n  the  hole w i th  
the top o f  the f i s h  located a t  5827 ft. The 
we l l  was completed w i th  the  bottom o f  a 
blank 9-518" casing se t  a t  2505 ft; a 7" 
blank and perforated l i n e r  was hung from 
2390 f t  t o  5812 ft. 

The pressure and temperature p r o f i l e s  re- 
corded above the  f i s h  before and a f t e r  a 
104-day production t e s t  indicated t h a t  
production was p r imar i l y  from a permeable 
zone located a t  - 4000 ft (Riney and Garg 
[1982]). The reservoir  pressure and 
temperature i n  t h i s  zone were estimated t o  
be Po - 97.5 ps ig  (p(a) = 67.9 bars) and 
To - 488 F (253 C),  respectively. A 
second permeable zone located towards 
we1 lbottom was ten ta t i ve l y  i d e n t i f i e d  but 
production from t h i s  zone was minor. The 
values o f  t he  pressure and temperature es t i -  
mated from recordings above the f i s h  ( a t  
depth 5750 ft) are considered representative 
o f  the reservo i r  values i n  the lower perme- 
able zone, i.e., Po P 1443 p s i g  (p(a) = 
100.2 bars) and To = 549'F (287 C). 

A C02 mass f r a c t i o n  o f  a. = 0.0147 has 
been measured i n  the discharge f l u i d  from 
we l l  8-20. This i s  the high end o f  the  
range o f  values measured f o r  the  Redondo 
Creek wells. I f  we assume tha t  the CO2 
content i n  the primary production zone i s  
the measured value, then the  i n i t i a l  thermo- 
dynamic s ta te  o f  the upper permeable zone 
may be determined from the  equation-of- 
s ta te  f o r  CO lwater mixtures (Pr i tche t t ,  
e t  & [1982fi. The estimated cond i t ion  
To P 67.9 bars, To = 253'C, a0 = 
0.0147) impl ies tha t  the permeable zone a t  
4000 f t  i s  i n i t i a l l y  two-phase w i th  an i n  
s i t u  gas saturat ion o f  S a 0.08. The 
i n i t i a l  cond i t ion  o f  the yower permeable 
zone, represented by valyes a t  5750 f t  (Po 
P 100.2 bars, T P 287 C, a. = 0.0147), 
impl ies tha t  the h u i d  there i s  sinqle-phase 
1 iquid. 

i n j e c t i o n  t e s t  analyses. 
INJECTION TEST ANALYSIS (BEFORE STIMULATION) 

BACKGROUND 
I n j e c t i o n  Test No. 1 was performed on 6-20 

Well 8-20 was d r i l l e d  during the period June during July, 1981. During the  129 hour 
26 - August 30, 1980 from ground leve l  ele- i n j e c t i o n  per iod a cumulative volume o f  
vat ion (9065 ASL) t o  a t o t a l  measured depth 1,793,000 gal lons o f  water a t  158-175'F was 
o f  6374 f t  (3026 ASL). D r i l l i n g  terminated accepted a t  the wellhead under vacuum. 
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Spinner surveys and pressureltemperature 
surveys were run  during in ject ion;  pressure1 
temperature surveys were also recorded 
downhole changes a f t e r  i n j e c t i o n  stopped. 

The spinner surveys ind ica te  tha t  approxi- 
mately 20 percent o f  the  in jec ted  f l u i d  i s  
l o s t  i n t o  the formation j u s t  below the cas- 
i ng  i n  the i n te rva l  250&3000 ft, approxi- 
mately 30 percent i n  the i n te rva l  4000-5000 
ft, and approximately 50 percent below the  
bottom o f  the perforated l i n e r  located a t  
5812 ft. Figure 1 shows downhole tempera- 
t u r e  surveys made before, dur ing and a f t e r  
the  i n jec t i on  pet4od. The depressed ten- 
peratures below 4500 f t  apparently r e s u l t  
from the penetrat ion o f  the  co ld  i n j e c t i o n  
f l u i d  i n t o  the formation a t  these depths. 

mo 

Figure 1. 
Test No. 1. 

Temperature surveys f o r  I n j e c t i o n  

It i s  noteworthy tha t  the primary production 
zone a t  4000 f t  does not accept a s i g n i f i -  
cant por t ion  o f  the in jec ted  f l u i d .  Compar- 
ison o f  pressure p r o f i l e s  S13 and S20 (Fig- 
ure 2) provides a p a r t i a l  explanation; the 
overpressure (pressure above reservo i r  
pressure) dur ing i n j e c t i o n  increases w i th  
depth. 
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Figure 2. Pressure surveys f o r  I n j e c t i o n  
Test No. 1. 
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Figure 3. Bottomhole pressure and tempera- 
tu re  and surface i n j e c t i o n  r a t e  during In- 
j e c t i o n  Test No. 1. Here t i s  t ime since 
i n j e c t i o n  started. 

Figure 3 shows a semi-log p l o t  o f  the 
pressure bui ldup and temperature data 
recorded by Union a t  a depth o f  5750 f t  
during the  i n j e c t i o n  period. The surface 
volumetric i n j e c t i o n  r a t e  i s  also shown. A 
log-log p l o t  o f  t he  pressure buildup data i s  
given i n  Figure 4. The approximation o f  the 
data t o  the  112-slope l i n e  i n  t h i s  type 
curve indicates tha t  the bu lk  o f  the in- 
jec ted  f l u i d  i s  enter ing a f racture.  The 
f rac tu re  accepting the f l ow  i s  towards well-  
bottom below the primary production zone. 
Both the  i n jec ted  f l u i d  and the reservo i r  
f l u i d  are single-phase l i q u i d  a t  these 
depths; there i s  a near ly constant hydraul ic 
head between the  gage depth and the  accept- 
i ng  horizon. Analysis o f  the pressure 
bui ldup data i s  ccnnplicated by the  presence 
o f  the f rac tu re  f l ow  and the  tenperature 
di f ferences between the  in jec ted  
reservo i r  f l u ids .  

I -  
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Figure 4. 
during I n j e c t i o n  Test No. 1. Here P i  
1509 psig. 

Except f o r  the  iso la ted  spike i n  the in jec- 
t i o n  r a t e  a t  t = 4.5 hours, the surface vol- 
umetric i n j e c t i o n  r a t e  i s  essent ia l l y  con- 
stant. The downhole temperature o f  the 

Log-log p l o t  o f  pressure bui ldup 
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i n jec ted  f l u i d  s t a r t s  t o  decrease rap id l y  a t  
t - 2 hours from i t s  i n i t i a l  value o f  - 
520'F (271%) t o  - 240'F (116'C). During 
the t r a n s i t i o n  per iod the  corresponding kin- 
ematic v i scos i t y  o f  the  downhole i ec ed 
f l u i d  increases from - 1.3 x k / s  
t o  v - 2.6 x 10-7 &/s. Theoretical 
calculat ions by P r i t c h e t t  and Garg E19801 
have shown t h a t  the downhole v iscos i ty  o f  
the  in jec ted  f l u i d  should be used when 
in te rp re t i ng  pressure bui ldup data. 

The durat ion o f  the f i t  o f  the data t o  the  
1/2-slope l i n e  i n  Figure 4 impl ies tha t  
pseudo-radial f l ow  i s  not at ta ined u n t i l  the 
i n j e c t i o n  has been underway f o r  a t  leas t  t = 
2 hours. The usual Horner methods o f  i n te r -  
p re ta t ion  o f  the  bui ldup data also f a i l s  i n  
the temperature t r a n s i t i o n  per iod (2 < t < 
10 hours) because o f  the  va r ia t i on  i n  the  
kinematic v i scos i t y  of the in jec ted  f l u i d .  
The reason f o r  t he  rap id  decrease i n  the  
downhole pressure required t o  sustain the 
i n j e c t i o n  r a t e  a t  l a t e  times (t > 10 hours) 
i s  not known. Possible mechanisms include 
opening new i n j e c t i o n  f ractures o r  increased 
mob i l i t y  o f  the f l u i d  i n  a two-phase en t ry  
(e.g., a t  4000 ft) as the  co ld  i n j e c t i o n  
f l u i d  decreases the  steam saturat ion present 
ea r l  i e r  . 
A log-log p l o t  o f  the  pressure f a l l o f f  data 
recorded a t  5750 f t  i s  shown i n  Figure 5. 
The data are approximated by a 1/2-slope 
l i n e  f o r  f a l l o f f  a t  A t  < 1 hour subsequent 
t o  termination o f  in ject ion.  Figure 6 shows 
a Horner p l o t  o f  the pressure f a l l o f f  data; 
the temperatures recorded a t  depth 5750 f t  
are also shown. 
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Figure 5. Log-log p l o t  o f  pressure f a l l o f f  
subsequent t o  I n j e c t i o n  Test NO. 1. 
P w f ( A t  = 0) = 1783 pSig. 

The s t ra igh t  l i n e  o f  slope m .: 68 ps i l cyc le  
(4.70 x 105 Palcycle) approximates data 
points a t  dimensionless times (t + e t ) / A t  c 
40, corresponding t o  f a l l o f f  times o f  A t  > 
3.3 hours. The flow 1s assumed t o  be 
pseudo-radial a t  t h i s  po in t  i n  time; the 
slope m can be used t o  estimate the k in- 
ematic mobi l i ty- th ickness product f o r  wel l  
8-20 
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Figure 6. Pressure f a l l o f f  and downhole 
temperature subsequent t o  In jec t i on  Test No. 
1. Here the  i n j e c t i o n  t ime i s  t P 129 hours. 

The average mass r a t e  corresponding t o  the  
i n j e c t i o n  of 1,793,000 gal lons (6770 6 )  
during the  i n j e c t i o n  period o f  t = 129 hours 
i s  

E = 14.2 kglsec 

The kinematic mobil i ty-thickness product i s  
given by 

k h  1.15 I 1.15 (14.2; - 5.53 10-6 ms 

The theore t ica l  calculat ions presented by 
Garg and P r i t c h e t t  [1980] show tha t  the kin- 
ematic v iscns i tv  o f  the  reservo i r  f l u i d  
should be used when in te rp re t i ng  f a l l o f f  
data subsequent t o  re in jec t ion .  Since most 
of the in jec ted  f l u i d  i s  assumed t o  enter 
the formation towards wellbottom, w i th  
representative i n i t i a l  reservo i r  condit ions 
(287.C. 100.2 bars) the appropriate value 
i s  v - 1.3 x 10-7 d/s. The estimated 
formation kh product during f a l l o f f  i s  

k h  P (1.3 x 

= -2rm 2n (4.7 x 10 ) 

(5.53 x 

E 7.19 x m2 = 2400 m d - f t  

Although t h i s  value i s  o f  the same order o f  
magnitude as the  value kh P 3030 m d - f t  es t i -  
mated from Flow Test No. 4 production data, 
comparison should be made with reserva- 
t ions. During production the f low i s  t w o -  
phase from a permeable zone a t  4000 ft; 
during i n j e c t i o n  t h i s  zone accepts on ly  a 
f r a c t i o n  o f  the in jec ted  l i qu id ,  



ANALYSIS OF DOCINHOLE DATA (AFTER STIMULATION) 

During reworking we1 1 6-20 i n  preparation 
f o r  f rac tu re  st imulat ion the 7" s lo t ted  
l i n e r  was pul led, l o s t  c i r c u l a t i o n  zones 
plugged back t o  3520 ft and then a 7" blank 
l i n e r  was cemented i n  place w i th  the shoe a t  
4880 ft. Since the  st imulat ion i n te rva l  was 
designed t o  be from 4880 f t  t o  5120 ft, a 
sand plug was placed from the  top o f  the  
f i s h  a t  5827 f t  t o  5400 f t  and then tamed 
wi th  cement t o  5120 f t  (Morris and BuGak 
[1981]). 

Figure 7 presents temperature p r o f i l e s  
recorded subsequent t o  the  recompletion o f  
8-20. Survey RGI, recorded by Republic 
Geothermal, Inc. j u s t  p r i o r  t o  the f rac tu re  
stimulation, shows three zones tha t  appar- 
e n t l y  accepted the co ld  workover f l u i d s  
during recompletion; the  zone a t  4000 ft 
which was the primary production zone dur ing 
Flow Test No. 4 p r i o r  t o  recompletion; the  

Figure 7. Temperature p r o f i l e s  before and 
a f t e r  st imulat ion. 
i n te rva l  4000-5000 ft which accepted approx- 
imately 30 percent o f  the in jec ted  f l u i d  
during In jec t i on  Test No. 1 p r i o r  t o  recom 
plet ion;  a zone o f  less than 100 ft i n  
height near the  bottom o f  the open in te rva l  
j u s t  above the top  cement cap a t  5120 ft. 

The 240-foot i n te rva l  (4880 ft - 5120 ft) 
stimulated was non-productive p r i o r  t o  
f rac tu re  treatment, although there was a 
small r a t e  o f  f l u i d  loss during the we l l  
recompletion operation (Morris and Eunyak 
C19811). This suggests tha t  a t  leas t  one 
l o s t  c i r c u l a t i o n  zone existed i n  the  
recompleted we1 lbore. 

During the f rac tu re  treatment (0ctober5, 
1981) approximately 9000 bb l  o f  co ld  f l u i d  
was in jec ted  i n t o  the well. The f i r s t  o f  
several temperature surveys was made approx- 
imately 12 hours a f t e r  the f rac tu re  stimula- 
t ion.  Surveys LANL-1 and LANL-2, shown i n  
Figure 7, e x h i b i t  depressed temperatures a t  
the  same three zones as i n  survey R G I  
recorded p r i o r  t o  st imulat ion. The de- 
pression o f  the  temperature near the  bottom 

o f  the open in te rva l ,  however, appears more 
pronounced. 

The f i r s t  post-st imulat ion temperature pro- 
f i l e  recorded by Union (S27) was eighteen 
days a f t e r  the  st imulat ion; the low temper- 
ature recorded a t  5000 f t  i s  noteworthy. 
Thereafter, a 14-day (October 26 - November 
9, 1981) f l ow  t e s t  (Flow Test NO. 5) was 
performed t o  determine the  wel ls productive 
capacity. Survey S28 was recorded by lower- 
ing the  gage down the  we l l  imnediately, a f t e r  
shut i  n; the near-surface measurements were 
made several hours before the near-bottom- 
hole measurements. The most noteworthy 
feature i s  the  depressed temperature a t  t he  
5000 f t  horizon. The survey taken 8-days 
a f t e r  shut in (S29) v e r i f i e s  t h i s  character- 
i s t i c  which i s  a t t r i bu ted  t o  cool ing which 
accompanies the  in-formation f lash ing  o f  the  
f l u i d  dur ing Flow Test No. 5. The depressed 
temperatures presented e a r l i e r  a t  the in jec- 
t i o n  zones f o r  the workover and i n j e c t i o n  
f l u i d s  have disappeared. 

I n  sumnary, the primary production zone i n  
the st imulated we l l  i s  a t  t he  center o f  t he  
open in te rva l ,  i.e., a t  5000 ft. The i n i -  
t i a l  reservo i r  temperature and pressure a t  
t h i s  tep th  are estimated from S13 t o  be To 
= 507 F (264 C )  and Po = 1313 psig (p(a) = 
91.2 bars). I f  we assume a C02 content o f  
a = 0.0147, then the reservo i r  f l u i d  would 
be i n i t i a l l y  single-phase but f l a s h  w i th in  
the formation during Flow Test No. 5. 

During the  14-day drawdown per iod o f  Flow 
Test No. 5, 6-20 produced - 110,000 lbmlhr 
t o t a l  mass f l ow  i n i t i a l l y ,  but  declined 
rap id l y  t o  a f i n a l  s tab i l i zed  r a t e  o f  
-50,000 lbm/hr (WHP = 25 psig), The steam 
fract ion,  based on mini-separator data, 
increased from -50 percent t o  -86 percent 
during drawdown. Since the we l l  could not 
produce a t  comnercial l i n e  pressures, bui ld-  
up data s u f f i c i e n t  f o r  formation analysis 
were not obtained. 

CONCLUSIONS 

The st imulated zone (4880-5120 ft) was 
located i n  a region which was na tu ra l l y  
fractured. Our analysis o f  the pre- 
st imulat ion production data (Flow Test No. 
4) and i n j e c t i o n  data ( In jec t i on  Test No. 1) 
indicates tha t  the na tura l  f ractures a t  t h i s  
depth were good acceptors but poor pro- 
ducers. The induced f rac tu re  apparently 
intersected the  ex i s t i ng  f rac tu res  bu t  the  
inherent non-producibi l i ty o f  the na tura l  
f rac tu re  system remained. 
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