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Abs t rac t  Analyses are  presented of t h e  
downhole pressure bu i l dup  da ta  f o r  w e l l s  
l oca ted  i n  t h e  Redondo Creek area o f  t h e  
Baca Geothermal F i e l d .  The downhole d r i l l -  
i n g  i n f o r m a t i o n  and pressure/  temperature 
surveys are  f i r s t  i n t e r p r e t e d  t o  l o c a t e  
zones a t  which f l u i d  en te rs  t h e  we l lbo re  
f rom t h e  f r a c t u r e d  fo rmat ion  and t o  es t ima te  
the  i n i t i a l  r e s e r v o i r  temperature and pres-  
sure i n  these zones. I n t e r p r e t a t i o n  o f  t h e  
bu i l dup  da ta  f o r  each w e l l  cons iders  w e l l -  
bore e f f e c t s ,  t h e  CO2 content  o f  t h e  f l u i d  
and d i f f e r e n t i a t e s  between t h e  single-phase 

. and two-phase p o r t i o n s  o f  t h e  data. D i f f e r -  
ent  s t r a i g h t - l i n e  approximations t o  t h e  two 
p o r t i o n s  o f  t h e  da ta  on t h e  Horner p l o t  f o r  
a f l o w  t e s t  y i e l d  corresponding est imates 
f o r  t h e  s i n g l e  and two-phase m o b i l i t i e s .  
Est imates f o r  t h e  fo rmat ion  kh  are  made f o r  
t h e  we l l s .  

I n t r o d u c t i o n  The Baca Geothermal F i e l d  i s  
l o c a t e d  i n  t h e  Va l l es  Caldera i n  n o r t h  cen- 
t r a l  New Mexico, 60 m i l e s  n o r t h  o f  
Albuquerque, and about 35 m i l e s  nor thwest  o f  
Santa Fe. Ana lys i s  of t h e  downhole da ta  
f rom w e l l s  d r i l l e d  i n  t h e  Redondo Creek area 
o f  t n e  f i e l d  i n d i c a t e s  t h a t  t h e  bu lk  o f  t h e  
format ion p e r m e a b i l i t y  i s  i n  a f r a c t u r e  net-  
work. Consequently, t h e  performance o f  a 
w e l l  depends l a r g e l y  upon whether i t  i n t e r -  
sects  one o r  more f rac tu res ,  how l a r g e  each 
i n t e r s e c t e d  f r a c t u r e  i s  and t h e  degree t o  
which i t  i s  connected t o  t h e  r e s t  o f  t h e  
network. The r e s e r v o i r  pressures i d e n t i f i e d  
f rom t h e  downhole a n a l y s i s  d e f i n e  a v e r t i c a l  
g r a d i e n t  o f  0.348 p s i / f t .  

Chemical analyses o f  t h e  d ischarge f l u i d s  
from Baca w e l l s  i n d i c a t e  t h a t  t h e  r e s e r v o i r  
f l u i d  i s  o f  low s a l i n i t y  (5 8,000 ppm) w i t h  
an incondens ib le  gas con ten t  ( p r i n c i p a l l y  
COz)  of about 0.4 t o  1.5 percent  by mass 
( a  = 0.004 t o  0.015). The e f f e c t  o f  t h e  in-  
condens ib le  gas con ten t  on t h e  f l u i d  s t a t e  
may be examined us ing  an equat ion o f  s t a t e  
f o r  a m i x t u r e  o f  pure water and carbon d i -  
ox ide  ( P r i t c h e t t ,  e t  a l .  C1981-J). F igu re  1 
i l l u s t r a t e s  t h e  e f E c t T n  p-T space f o r  a = 
0.01. The probable  e x t e n t  o f  t h e  i n i t i a l  
two-phase r e g i o n  i n  t h e  Baca r e s e r v o i r  and 
t h e  ex ten t  t o  which t h e  w e l l s  w i l l  induce 

INGLE - PHASE GAS 

Temperature, 'C 

F igu re  1. Phase diagram f o r  water w i t h  
CO2 mass f r a c t i o n  a=0.01. 
S a t u r a t i o n  curve f o r  pure water 
(a=O) i s  dashed. 

f l a s h i n g  i n  t h e  fo rmat ion  upon p roduc t ion  
are  ve ry  s e n s i t i v e  t o  t h e  CO2 con ten t  o f  
t h e  f l u i d .  

The S3 r e s e r v o i r  s imu la to r  CHARGR was re-  
c e n t l y  employed i n  a s e r i e s  o f  r a d i a l  f l o w  
c a l c u l a t i o n s  t o  i n v e s t i g a t e  t h e  response of 
i n i t i a l l y  single-phase and i n i t i a l l y  two- 
pnase r e s e r v o i r s  undergoing p roduc t ion  o r  
i n j e c t i o n  f rom a s i n g l e  w e l l  (Garg and 
P r i t c h e t t  [1980]). F igu re  2 shows t h e  
Horner p l o t  f o r  t h e  s imulated bu i l dup  h i s-  
t o r y  o f  an i n i t i a l l y  s ingle- phase r e s e r v o i r  
t h a t  undergoes f l a s h i n g  upon product ion.  
The i n i t i a l  bu i l dup  behav ior  (we l l bo re  s t o r-  
age e f f e c t s  were n o t  s imulated)  i s  governed 
by t h e  two-phase r e g i o n  o f  t h e  r e s e r v o i r ;  
t h e  s lope on t h e  Horner p l o t  o f  t h e  curve 
y i e l d s  a va lue f o r  t h e  t o t a l  k inemat ic  v i s-  
c o s i t y  v t  which i s  c h a r a c t e r i s t i c  o f  t h e  
two-phase r e g i o n  c rea ted  du r ing  drawdown. 
The d e t a i l e d  c a l c u l a t i o n s  show t h a t  t h e  
pressure bu i l dup  i s  accompanied by t h e  pro-  
pagat ion o f  a condensat ion f r o n t ,  o r i g i n a-  
t i n g  a t  t h e  we l l ,  i n t o  t h e  format ion;  t h e  
condensat ion f r o n t  e v e n t u a l l y  engu l f s  t h e  
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Figure  2. Pressure and temperature bu i l dup  
data  f o r  Case 8-1 s imulated w e l l  
t e s t  (Garg and P r i t c h e t t  [1980]). 

e n t i r e  two-phase r e g i o n  a f t e r  which t he  
bu i l dup  behavior  i s  e s s e n t i a l l y  t h a t  o f  a 
single-phase f l u i d .  The two-phase bu i l dup  
extends over a f u l l  l o g  cyc le ;  t he  s lope o f  
t h i s  s t r a i g h t  l i n e  imp l i es  a k inemat ic v i s-  
c o s i t y  which i s  i n  f a i r  agreement w i t h  t he  
ac tua l  two-phase value. The single-phase 
bu i l dup  i n  t h i s  case extends over l e s s  than 

. one-half cycle;  t he  s lope o f  t h i s  s t r a i g h t  
l i n e  imp l i es  a k inemat ic  v i s c o s i t y  which i s  
about 40 percent  l a r g e r  than t h e  ac tua l  
single-phase value. Th i s  example, and o the r  
cases t rea ted,  i l l u s t r a t e  t he  importance o f  
s e l e c t i n g  t he  c o r r e c t  s t r a i g h t  l i n e .  

We have used t h e  r e s u l t s  o f  t h e  numerical  
s imu la t ions  t o  p rov ide  guidance i n  our  
i n t e r p r e t a t i o n  o f  t h e  f l o w  data  f rom severa l  
Baca we l l s .  The i n t e r p r e t a t i o n  cons iders  
t he  e f f e c t s  o f  t h e  CO2 content  and f r a c-  
t u r e  p e r m e a b i l i t y  o f  t he  rese rvo i r .  The 
ana l ys i s  a l so  accounts f o r  t he  f a c t  t h a t  t h e  
downhole pressurel temperature gages are  
u s u a l l y  l oca ted  severa l  hundred f e e t  f rom 
the  pr imary  p roduc t i on  zone. I n  t he  f o l l o w-  
i n g  we w i l l  p resent  rep resen ta t i ve  bu i l dup  
analyses o f  da ta  f rom two Baca we l l s .  

Well Baca No. 4 F igures  3 and 4 present  
se lec ted temperature and pressure p r o f i l e s  
recorded i n  w e l l  8-4. Survey S8 was taken 
p r i o r  t o  any product ion  t e s t i n g ,  b u t  t he  
w e l l  had been deepened f rom 5048 f t  (4301 
ASL) t o  6378 f t  (2987 ASL) f i v e  weeks 
e a r l i e r .  Temperature survey S 1 1  was made 17 
days a f t e r  a 9-day product ion  t e s t  and i s  i n  
c l ose  agreement w i t h  58 f o r  depths l e s s  than 
5000 ft. For very  l ong  s h u t i n  t imes t h e  
measured temperatures ( p r o f i l e s  S24 and S40) 
are much h ighe r  than f o r  t he  sho r te r  s h u t i n  
t imes ( p r o f i l e s  S8 and S11) except f o r  c l ose  
agreement a t  t he  bot tom o f  t h e  hole.  Th i s  
i s  a t t r i b u t e d  t o  t he  i n f l u x  o f  h o t  f l u i d  
from a minor e n t r y  near t he  bottom o f  t h e  
we l l .  Survey S16 was recorded two days 
a f t e r  s h u t i n  f o l l o w i n g  a 64-day drawdown 

6-4  TEMPERATURE SURVEYS 
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Figure  3. 8-4 temperature surveys before,  
du r i ng  and a f t e r  Flow Test  No. 2. 
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Figure  4. 8-4 pressure surveys before,  

per iod.  The pr imary  product ion  i s  appar- 
e n t l y  l oca ted  a t  - 4800 f t  (4546 ASL); t h e  
r e s e r v o i r  rock  i s  coo led  by t he  f l a s h i n g  o f  
t h e  f l u i d  w i t h i n  t h e  product ion  zone. The 
corresponding pressure p r o f  i 1 e (S16 i n  
F igure  4) shows t h a t  t h e  f l u i d  i n  t h e  we l l-  
bore two days a f t e r  s h u t i n  i s  l i q u i d  below 
2100 ft. The long- term s t a b l e  p r o f i l e s  (S24 
and S32) c ross  t h e  e a r l y  t ime  p r o f i l e  (S8) 
a t  - 4500-5000 ft. Pressure e q u i l i b r i u m  
between t h e  we l l bo re  and r e s e r v o i r  f l u i d  i s  
maintained a t  t h e  zone o f  p r imary  permeabil-  
i t y  - 4800 ft. 

I n  summary, t h e  zone o f  p r imary  pe rmeab i l i t y  
i n  8-4 i s  l oca ted  a t  - 4800 f t  (4546 ASL) 
w i t h  minor e n t r i e s  located near t h e  we l l-  
bottom and a t  shal lower depths noted du r i ng  
d r i l l i n g .  The i n i t i a l  temperature and pres-  
sure a t  4800 f t  are  est imated t o  be 1170 

dur ing  and a f t e r  Flow Test  No. 2. 

p s i g  (- p (a)  = 81.4 ba rs ) *  and - 500'F 
(260'C). 

Although 8-4 has been f l o w  t e s t e d  th ree  
times, downhole measurements are avai  1 ab le  
o n l y  f o r  t h e  bu i l dup  p e r i o d  f o l l o w i n g  Flow 
Test  No. 2 (9/10/73-11/13/73). Dur ing t h e  
64-day drawdown p o r t i o n  o f  t h i s  t e s t  t he  
f l u i d  f lowed t o  a separator  vessel  and t h e  
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steam and water phases were measured in-  
d i v i d u a l l y .  A f t e r  50 days, t h e  f l o w  r a t e  
s t a b i l i z e d  w i t h  a wellhead pressure o f  120 
p s i g  and a separator  pressure o f  113 p s i g  
(Har tz  [1976]). A t  separator  cond i t i ons  t he  
steam f r a c t i o n  and t o t a l  f l u i d  en tha lpy  were 
repo r ted  t o  be 27.5 percent  and h t  = 556.1 
BTU/lbm. The mass f l o w  r a t e  and the  
d u r a t i o n  o f  Flow Test  No. 2 are taken as 

M = 172,500 l bm/hr  - 21.73 kg/s  
t = 1538 hours. 

F igu re  5 shows a semi- log p l o t  of t h e  
bu i l dup  data  recorded by Union a t  a depth o f  - 6350 f t  (3000 ASL). Since t h e  measurements 

BACA NO k PRESSURE BUILDUP 
AFTER FLOW TEST NO 2 
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F igu re  5. 8-4 pressure  and temperature 
bu i l dup  f o l l o w i n g  Flow Test No. 2. 

were made so f a r  below the  pr imary  produc- 
t i o n  zone a t  4800 f t  (4546 ASL), we must ac- 
count f o r  t he  pressure d i f f e r e n c e  i n  t he  
data  i n t e r p r e t a t  i on. 

Dur ing drawdown t h e  we l lbore  i s  f i l l e d  w i t h  
two-phase f l u i d  which enters  f rom the  p r i -  
mary p roduc t i on  zone. The r e s e r v o i r  rock  i s  
cooled by t he  f l a s h i n g  o f  t he  f l u i d  w i t h i n  
t he  p roduc t i on  zone. A f t e r  s h u t i n  t h e  temp- 
e ra tu re  w i t h i n  t h i s  zone recovers along w i t h  
pressure u n t i ' l  condensation occurs; i t  
subsequently recovers s lowly,  p r i m a r i l y  by 
conduct ion.  From t h e  temperature survey 
made on 11/15/73 (S-16) we es t imate  t h e  
temperature i n  t h e  we l lbore  a t  4800 f t  (4546 
ASL] a f t e r  condensation i s  i n i t i a t e d  t o  be - 
464 F (240'C). 

The CO2 content  o f  t h e  d ischarge f l u i d  
from 8-4 has been measured t o  be 0.85-1.1 
percent  ( a  = 0.0085-0.011). Although the  
i n- s i t u  va lue  may be d i f f e r e n t  ( P r i t c h e t t ,  
e t  a l .  [1981]), we assume f o r  t h e  moment 
t h a t  a = 0.01. 
--  

Then according t o  F igu re  1, 

* Here and i n  t h e  sequel we add 10 p s i  
(0.7 bars)  t o  t he  gage pressure t o  
c o r r e c t  f o r  t ne  atmospheric pressure 
a t 4 0 0 0  ASL. 

t h e  pressure  requ i red  t o  ensure t h a t  t he  
464°F (240'C) wel lbore  f l u i d  be single-phase 
l i q u i d  i s  Pmax = 812 p s i a  (56 bars) .  Cor- 
respondingly,  t h e  recorded s h u t i n  pressure 
a t  - 6350 f t  (3000 ASL) must s a t i s f y  t he  
i n e q u a l i t y  pws > 812 + 0.35 (4546-3000) = 
1353 p s i a  = 1343 p s i g  

Th i s  value i s  a t t a i n e d  a t  - 43 minutes a f t e r  
shut in ;  h e r e a f t e r  t he re  i s  a constant  hydro- 
s t a t i c  head o f  541 p s i  between t h e  gage 
pressure and t h e  corresponding pressures i n  
the  product ion  zone. Only t h e  single-phase 
p o r t i o n  o f  t he  Horner p l o t  (F igu re  5)  may be 
used i n  t h i s  case ( a  = 0.01) i n  eva lua t i ng  
f o rma t i on  p r o p e r t i e s  o f  t he  product ion  zone. 

Fur ther ,  i f  t h e  C02 content  were 1 percent  
(a  = 0.01), then f rom F igure  1 we see t h a t  
t he  i n j t i a l  r e s e r v o i r  cond i t i ons  (81.4 bars, - 260 C )  would correspond t o  single-phase 
l i q u i d .  Dur ing drawdown the  fo rmat ion  f l u i d  
f l ashes  i n  t he  v i c i n i t y  o f  t he  we l lbore  and 
the  f l a s h  f r o n t  propagates l a t e r a l l y  i n t o  
t he  producing zone. A f t e r  shut in ,  condensa- 
t i o n  commences b u t  a two-phase reg ion  cre-  
ated dur ing  drawdown would n o t  r e t u r n  t o  
single-phase l i q u i d  u n t i l  the  pressure 
b u i l d s  up t o  t h e  value o f  Pma associated 
w i t h  - 260'C, i.e., Pmax = 61 bars (972 
p s i a ) .  The corresponding pressure a t  the  
record ing  depth o f  6350 f t  (3000 ASL) i s  
g iven by pws = 972 + 0.35 (4546-3000) = 
1513 p s i a  = 1503 ps ig .  Th is  value i s  c l ose  
t o  t he  t r a n s i t i o n  pressure (- 1575 p s i g )  
between the  two-phase and single-phase be- 
hav ior  shown i n  F igure  5. 

We note  i n  passing t h a t  i f  we had ignored 
t n e  presence o f  C02 and assumed the  f l u i d  
t o  be pure water ( a o  = 0), we would com- 
pute  t h a t  t h e  producing zone a t  4800 f t  
would recover f rom two-phase t o  single-phase 
water when the  pressure b u i l d s  up t o  pws = 
1212 psig.  Th i s  va lue  i s  cons iderab ly  below 
the  observed t r a n s i t i o n  pressure (-  1575 

Because o f  t h e  u n c e r t a i n t y  i n  t h e  values o f  
a and the  i n i t i a l  temperature i n  the  
product ion  zone, i t  i s  o f  i n t e r e s t  t o  
determine t h e  values of these parameters 
which correspond t o  t h e  two-phase t o  
single-phase t r a n s i t i o n  pressure i nd i ca ted  
by t h e  Horner p l o t .  The equat ion- of- state 
f o r  COz/water m ix tu res  ( P r i t c h e t t ,  e t  a l .  
[19811) has been used t o  determine-those 
p o i n t s  ( a o ,  To) which correspond t o  a 
pressure i n  t h e  product ion  zone o f  Pmax = 
1575 - 541 = 1034 p s i g  = 1044 ps ia  (72 
bars) .  The est imated i n i t i a l  temperature 
(TO - 500'F) corresponds t o  t he  h ighe r  
measured value o f  CO2 i n  t he  discharge 
f l u i d  (ao = 0.011) whereas the  lower 
measured va lue  (ao = 0.0085) c o r r e y o n d s  
t o  an i n t i a l  temperature o f  To - 512 F (- 
267'C). These values are w i t h i n  t he  
u n c e r t a i n t i e s  o f  t h e  measurements. 

p s i g ) .  
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The slope m2 = 5 0 ' p s i l c y c l e  = 3.44 x l o 5  
Pa/cyc le  i n  t h e  single- phase p o r t i o n  o f  t h e  
Horner p l o t  r e f l e c t s  t he  bu i l dup  behavior  i n  
t h e  product ion  zone and extends over two 
f u l l  l o g  cyc les .  It can, there fore ,  be used 
t o  es t imate  t h e  k inemat ic  mob i l i t y- th i ckness  
product  f rom the  r e l a t i o n  

4- c Y 

e 1000- 
r: - 
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- 6 
m 

a 
f 
5000 

0 a - 

To es t imate  t h e  f o rma t i on  kh product  we need 
an approximate va lue  f o r  t he  t o t a l  k inemat ic  
v i s c o s i t y  o f  t h e  r e s e r v o i r  f l u i d  du r i ng  t h e  
single- phase p o r t i o n  o f  t he  bu i l dup  re-  
sponse. We use t h e  v i s c o s i t y  o f  l i q u i d  
water a t  t he  i n i t i a l  cond i t i ons  o f  t h e  
producing zone (81.4 bars, 26OoC), v t  = 
vP = 1.315 x m 2 / s  and compute 

kh  = 1.52 x m3 = 5050 md-ft. 

Well Baca No. 20 The temperature surveys, 
i n  F igure  6 e s p e c i a l l y  S5 and S10, i n d i c a t e  
t h a t  r e l a t i v e l y  low temperature f l u i d  en te rs  
t h e  we1 1 bore a t  approximately 4000 f t  (5165 
ASL). Th i s  imp l i es  t h a t  t he  pr imary  
p roduc t i on  zone i s  l oca ted  a t  4000 f t  and 
the  f l u i d  e n t e r i n g  t he  we l lbore  a t  t h i s  

, depth du r i ng  bu i l dup  subsequent t o  Flow Test  
No. 4 has been coo led by f l a s h i n g  w i t h i n  t he  
format ion.  Below 5000 f t  (4237 ASL) t h e r e  
appears t o  be conduct ive  hea t i ng  o f  t he  
we l lbore  f l u i d  (see S5 and S10). 

- 

\ 8, 8 - 2 0  TEMPERATURE SURVEYS 
- AFTER FLOW TEST NO. 4 - S3 1/6/81 Shut-3hours - S5 1/8/81 Shut-2days - SI0 2/6/81 Shut-l month 

8 - SI2 5/7/81 Shut-4months 
I 

Temperoture (OF) 

F igu re  6. 8-20 temperature surveys f o l l o w i n g  
Flow Test  No. 4. 

The i n i t i a l  pressure a t  4000 f t  i s  es t imated 
f rom S2 ( n o t  shown) and S12 (F igu re  7 )  t o  be - 975 p s i g  (p (a )  = 67.9 bars) .  Since no 
s t a b l e  temperature p r o f i l e  i s  ava i l ab le ,  we 
ex t rapo la te  S12 f rom 3500 f t  t o  es t imate  t h e  
i n i t i a l  temperature a t  4000 f t  t o  be - 
485-515'F (252-268'C). From S3 the  tempera- 
t u r e  i n  t h e  pr imary  p roduc t i on  zone a t  4000 
f t  (5165 ASL) i s  est imated t o  be reduced t o  - 432'F by t h e  in- format ion  f l a s h i n g .  

- E o  
g 
$2000 

-1 57 1/13/81 Shut - 7  doys 0- 

SI0 2/6/81 Shut - I month 
SI2 5/7/81 Shut - 4 months 

f 

Pressure (psig) 

F igu re  7. 6-20 pressure surveys f o l l o w i n g  

Four f l o w  t e s t s  have been performed on 6-20 
bu t  o n l y  Flow Test  No. 4 (9/24/80-1/6/81) 
was o f  s u f f i c i e n t  d u r a t i o n  (104 days) and 
w i t h  s u f f i c i e n t  pressure t r a n s i e n t  measure- 
ments t o  warrant  ana lys is .  Dur ing t he  f l o w  
t e s t  t h e  w e l l  was f lowed through a v e r t i c a l  
separator .  The wel lhead pressure and t o t a l  
f l o w  r a t e s  v a r i e d  over t h e  t e s t  p e r i o d  b u t  
s t a b i l i z e d  over t he  l a s t  two months. For 
t h e  purposes o f  ana l ys i s  we use 

M = 56,100 lbm/hr  (averaged over l a s t  10 days) 

- 7.06 kg /s  
t = 2,653 hours (equ i va len t  p roduct ion  t ime)  

Time t i s  ca l cu la ted  by d i v i d i n g  the cumula- 
t i v e  f l u i d  mass produced dur ing  t he  104-day 
Flow Test No. 4 (148,830,000 lbm) by t he  
t o t a l  mass f l o w  r a t e  averaged over t h e  l a s t  
t e n  days o f  t he  product ion .  

F igure  8 presents  a semi- log p l o t  o f  t h e  
pressure bu i l dup  a t  a depth o f  4500 f t  (4700 
ASL) where most o f  t h e  downhole record ings  
were made. Since the  pr imary  product ion  i s  

Flow Test  No. 4. 

BACA NO 20 PRESSURE BUILDUP 
AFTER FLOW TEST NQ 4 

Recorded (Gage at 4500 It ) 
o Corrected (Gage 01 4ooo It 1 

---Cwreclad (Gage ot 5OoOlt) 
MPTH = 4500 11 

pdcycle m2=200 psilcycle 

TEMRRATURE ---___ 
200 

IO0 IO' IO2 IO' 10' 10' 
( t  +AI )/At 

Figure  8. 6-20 pressure and temperature 
bu i l dup  f o l l o w i n g  Flow Test No. 4. 

a t  4000 f t  and the  bu l k  o f  t h e  pressure data  
were recorded a t  4500 ft, i t  i s  necessary t o  
account f o r  t h e  pressure d i f f e r e n c e  i n  i n -  
t e r p r e t i  ng t h e  data. The pressure p r o f i l e s  
i n  F igu re  7 show t h a t  t h e  we l lbore  f l u i d  i s  
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two-phase du r i ng  t h e  bu i l dup  per iod.  The 
f l u i d  below 4500 f t  i s  two-phase a t  t h ree  
hours ( S 3 )  and two days ( S 5 )  a f t e r  shut in .  
A f t e r  seven days (57) t h e  f l u i d  below 4500 
f t  i s  single- phase l i q u i d ,  t h e  f l u i d  above 
4000 f t  i s  single-phase gas and t h e r e  ap- 
pears t o  be a two-phase sec t i on  a t  4000-4500 
ft. A f t e r  one month t he re  i s  l i q u i d  below 
3000 f t  w i t h  a gas cap above t h i s  depth. 

Since t h e  we l lbore  pressure a t  t h e  gage 
depth must be co r rec ted  by d i f f e r e n t  amounts 
a t  d i f f e r e n t  bu i l dup  times, we have 
r e p l o t t e d  t he  Horner p l o t  i n  F igure  9. The 
data  p o i n t s  a t  4000 f t  (5165 ASL) recorded 
du r i ng  p r o f i l e  surveys are  i nd i ca ted  as are 
t he  es t imates  made f rom surveys i n  which re-  
cord ings  were o n l y  made a t  4500 f t  (4700 
ASL). In t h i s  case the  est imates f o r  t h e  
pr imary  p roduc t i on  depth (4000 f t )  con ta in  
c o r r e c t i o n s  which account f o r  changes i n  t h e  
we l lbore  s t a t e  w i t h  changes i n  bu i l dup  
t ime. From t h e  co r rec ted  p l o t  (F igure  9)  we 
see t h a t  t he  t r a n s i t i o n  f rom slope mi t o  
m2 i s  a c t u a l l y  completed a t  pws > - 900 
p s i g  r a t h e r  than t h e  much l a r g e r  apparent 
va lue  i n f e r r e d  f rom F igure  8. 

BACA NO POPRESSURE BUILDUP 
AFTER FLOW TEST NO 4 -1 

F igure  9. 

A C02 mass f r a c t i o n  o f  1.47 percent  has 
been measured i n  t h e  discharge f l u i d  f rom 
w e l l  6-20. Th is  i s  h i ghe r  than t h a t  measur- 
ed i n  a l l  bu t  one o the r  w e l l  and may be 
h igner  o r  lower than the  i n - s i t u  va lue  
( P r i t c h e t t ,  e t  a l .  [1981]). I f  we assume 
t h a t  t he  m2 c o n t e n t  i n  t he  pr imary  
p roduc t i on  zone i s  i n  f a c t  t h e  same as 
measured i n  t he  discharge f l u i d ,  then t h e  
zone a t  4000 f t  would be i n i t i a l l y  two-phase 
f o r  any temperature w i t h i n  our range of 
u n c e r t a i n i t y  (- 252-268'C). According t o  
t he  equat ion- of- state f o r  C02lwater 
mixtures,  a t  252'C the  i n i t i a l  i n  s i t u  gas 
s a t u r a t i o n  would be S = 0.077 whereas t h e  
temperature o f  268'? would imp ly  
0.409. I n  t h i s  case, t he  transitions%; 
s lope m i  t o  s lope m2 i n  F igure  9 would 
merely r e f l e c t  t he  recovery  o f  t h e  
p roduc t i on  zone t o  i t s  i n i t i a l  cond i t i ons .  

Corrected 6-20 pressure bu i l dup  
fo l l ow ing  Flow Test  No. 4. 

On t h e  o t h e r  hand, i f  we assume the  change 
i n  s lope corresponds t o  a t r a n s i t i o n  f rom 
two-phase t o  single-phase behavior  du r i ng  
bui ldup,  then the  equat ion- of- state f o r  
C02lwater mix tures  may be used t o  de- 
termine t h e  s e t  o f  pe rm iss ib le  p o i n t s  (To, 
ao) f o r  which Pmax = 62.8 bars  (910 p s i a  
= 900 p s i g ) .  A value o f  To = 252'C would 
imp ly  a. = 0.01 whereas a va lue  o f  To  = 
268'C would imp ly  a0 = 0.003. 

Because o f  t h e  u n c e r t a i n t y  i n  a. and To 
we cannot e s t a b l i s h  i f  the  pr imary  pro-  
duc t i on  zone i s  i n i t i a l l y  single-phase 
l i q u i d  (e.g., P = 67.9 bars, To  = 
252'C, a. = 0.017 o r  i n i t i a l l y  two-phase 
(e.g., P = 67.9 bars, To = 252'C, a. 
= 0.0147f. In e i t h e r  case, however, t h e  
s lope mi i n  F igure  9 approximates t he  
two-phase p o r t i o n  o f  t h e  pressure bui ld- up 
f o r  a f u l l  l o g  c y c l e  and t h i s  p o r t i o n  o f  t he  
data  can be used t o  i n f e r  fo rmat ion  
p rope r t i es .  

From the  va lue  o f  mi = 265 p s i l c y c l e  (18.3 
x l o 5  Pa l cyc le )  we can c a l c u l a t e  t h e  
corresponding va lue  o f  t h e  two-phase k ine-  
mat ic  mobi l  i t y- th i ckness  product  
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kh  1.15 1.15 (7.06) = 7.06 10-7 ms 
't - 
_ -  

= 2n(18.3 x l o 5 )  

To es t imate  t h e  fo rmat ion  kh product  we 
f i r s t  no te  t h a t  du r i ng  t he  l a s t  t e n  days o f  
Flow Test No. 4 t h e  wel lhead pressure and 
e f f e c t i v e  ( t o t a l )  en tha lpy  o f  t he  produced 
f l u i d  were e s s e n t i a l l y  constant :  WHP = 116 
psig;  h t  = 794.3 BTUllbm. We have used 
these values, and an i s e n t h a l p i c  model f o r  
two-phase f l o w  i n  t he  we l lbore  t h a t  assumes 
no s l ippage between the  l i q u i d  and gas 
components, t o  es t imate  t he  downhole f l o w i n g  
cond i t i ons  du r i ng  t he  f i n a l  t e n  days o f  
drawdown. The ca l cu la ted  pressure a t  4000 
f t  (5165 ASL) i s  pwf = 180 p s i g  (p (a )  = 
13.1 bars)  and t h e  corresponding downhole 
f l o w i n g  k inemat ic  v i s c o s i t i e s  o f  the  l i q u i d  
and gas components and t h e  mass r a t i o  o f  t h e  
m ix tu re  e n t e r i n g  t he  we l lbore  are as f o l l o w s :  

VQ = 1.59 x m2/s 

v = 2.29 x m2/s 
9 

m lm = 1.12 
9 Q  

The l i n e a r i z e d  equat ions i n  t h e  Appendix can 
now be used t o  es t imate  v t .  From Eq. 
(A-5) we compute 

22 9 = 1.12 1.59 = 16.2 
k 

rQ 

I f  we assume t h a t  t he  f l o w  w i t h i n  t he  f o r -  
mat ion i s  p r i m a r i l y  through a f r a c t u r e  



network then f rom Eq. (A-6) we can c a l c u l a t e  
t h e  i n d i v i d u a l  r e l a t i v e  p e r m e a b i l i t i e s  k r  
= 0.942 and krp= 0.058. From Eq. (A-2) w% 
es t imate  t h e  t o t a l  k inemat ic  v i s c o s i t y  
du r i ng  t he  l a s t  t e n  days o f  drawdown. 

0.058 + 

1.59 x lo-' 2.29 x 10- "t = ( 

We assume t h a t  t he  k inemat ic  v i s c o s i t y  
du r i ng  t h e  two-phase p o r t i o n  o f  t he  bu i l dup  
i s  approximated by t h i s  value. An es t imate  
o f  t he  f o rma t i on  kh product  f rom the  
two-phase p o r t i o n  o f  t h e  bu i l dup  data  can 
now be made. 

kh = (1.29 x (7.06 x 

= 90.8 x m3 = 3030 md- ft 

Discussion The o b j e c t i v e  o f  t h i s  paper was 
t o  i l l u s t r a t e  an ana l ys i s  procedure which i s  
based on the  synthes is  o f  f i e l d  measurements 
and t h e o r e t i c a l  r e s u l t s  i n  i n t e r p r e t i n g  
geothermal w e l l  f l o w  data. The i n t e r p r e t a-  
t i o n  g iven here f o r  w e l l  6-4 i s  based on t h e  
single- phase p o r t i o n  o f  t he  bu i l dup  data  and 
y i e l d s  a va lue  o f  kh which i s  i n  reasonable 
agreement w i t h  t he  va lue  o f  4207 md- ft 
est imated by Har tz  [1976] f rom a conven- 
t i o n a l  Horner p l o t  ana lys is .  The i n t e r -  
p r e t a t i o n  g iven f o r  w e l l  6-20, however, i s  
based on the  two-phase p o r t i o n  o f  the  b u i l d-  
up da ta  and a c o r r e c t i o n  o f  t h e  Horner p l o t  
t o  account f o r  the  f a c t  t h a t  gage i s  l oca ted  
severa l  hundred f e e t  f rom the  pr imary  pro-  
duc t i on  zone. A convent iona l  Horner analy-  
s i s  would no t  be app l icab le .  
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A endix Several authors (e.g., Garg and 
?J=ii-€ r i t c  e t [1980]) have obtained approximate 
a n a l y t i c a l  s o l u t i o n s  f o r  a geothermal 
r e s e r v o i r  undergoing two-phase product ion  a t  
a constant  r a t e .  I n  these s tud ies  t he  
balance equat ions f o r  r a d i a l  two-phase f l o w  
i n  porous media are l i n e a r i z e d  by assuming 
t h a t  t h e  t o t a l  and t h e  component k inemat ic  
m o b i l i t i e s  are r e l a t e d  as f o l l ows :  

k k  k krt + r g  (7) = - 
vg t ' Q  

k 1 = k r L . r g  
't " Q  'g 

(A;2) 

Given the  f l o w i n g  entha lpy  h t  o f  t h e  
two-phase mix ture ,  i t  i s  a l so  poss ib le  t o  
o b t a i n  t h e  separate k inemat ic  m o b i l i t i e s .  

(A-3) 
The expression 

h - m h + (1-m ) hp 
t -  9 9 g (A-4) 

r e l a t i n g  t he  t o t a l  and f l u i d  component 
en tha lp ies  may be used w i t h  Eqs (A-3) t o  
w r i t e  

Here mg and l-mg are  t h e  gas and l i q u i d  
components o f  t he  f l u i d  f low.  

I f  we assume t h a t  t h e  f l o w  w i t h i n  t h e  
format ion i s  p r i m a r i l y  through a f r a c t u r e  
network, then 

krQ+ krg = 1 
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