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This paper presents  r e s u l t s  from a flowing 
pressure-temperature-spinner log run i n  a 
well  d r i l l e d  by GEO Operator  Corporat ion 
(GEOOC) a t  The Geysers. Analysis and inter-  
pre ta t ion  of the log data  are a l so  presented. 
The data  indicated superheated steam with a 
temperature of 600°F (316OC) and an enthalpy 
of 1316 BTU/lbm (725 cal lgm) e n t e r e d  t h e  
wellbore below 8000 f e e t  (2438 meters). This 
temperature and enthalpy is much higher than 
most  Geysers steam wells which produce steam 
a t  or  below 475'F (246OC) and 1240 BTU/lbm 
(683 CALIgm). The h igh  temperature  and 
enthalpy are even more puzzling since static 
pressure and temperature measurements conduc- 
ted with Kuster type instruments six months 
l a t e r ,  ind ica te  a "normal" vapor-dominated 
system e x i p i n g  a t  475'F (246OC) and 500 ps ia  
(35 Kg/cm ). Conceptual r e s e r v o b  models 
which can explain these unusual thermodynamic 
conditions a r e  presented. 

The purpose of t h i s  paper is  threefold: (1) 
t o  describe the  pressure-temperature-spinner 
survey r u n  by GEO Operator  Corporat ion 
(GEOOC). a wholly owned subsidiary.of Geo- 
thermal Resources Internat ional ,  Inc. ,  i n  a 
w e l l  a t  The Geysers:  (2 )  t o  p r e s e n t  and 
analyze the data obtained; and (3) t o  des- 
cribe several  conceptual models which can 
account  f o r  t h e  observed thermodynamic 
behavior. 

The a c t i v i t i e s  of GEOOC personnel  a t  The 
Geysers are current ly  focused i n  two separate 
areas. GEOOC leases and operates the Unit 15 
steam f i e l d  located i n  the  southwest portion 
of The Geysers, providing steam t o  the Paci- 
f i c  Gas and E l e c t r i c  Unit 15. GEOOC is a l s o  
exploring and developing the northwest area 
o f  The Geysers (see Figure  1). I n  t h i s  
northwest Geysers area. a 130 MWg power plant  
is being constructed by Central California 
Power Agency No. 1, which GEOOC has dedicated 
approximately 1495 acres t o  and is under 
c o n t r a c t  t o  supply  steam. GEOOC is a l s o  
ac t ive ly  d r i l l i n g  step-out wells from this 
proven acreage. 

In  1984, GEOOC d r i l l e d  a successful step-out 

well i n  the northwest Geysers area. Results 
from a standard flow test  of 56 hours conduc- 
t e d  upon complet ion of d r i l l i n g  were: a 
f l o w r a t e  of 158,000 l b s / h r  a t  a f l o w l i n e  
pressure of 153 p s i a ,  and a flowline tempera- 
ture of 405'F. During the  last  5 hours of 
flow, a pressure-temperature-spinner log was 
successfully run t o  the t o t a l  depth of the 
well. 

The purpose of the pressure-temperature-spin- 
ner  log was: (1) t o  ident i fy  the locat ion and 
r e l a t i v e  productive size of steam entries, 
and (2)  t o  measure the flowing pressure and 
temperature prof i le .  Both of these objec- 
t i v e s  were met ,  with d e t a i l s  of the r e s u l t s  
being presented herein.  It was determined 
t h a t  steam with a temperature of 600°F and an 
enthalpy of 1316 BTU/lbm was entering the 
wellbore below 8000 feet. 

Following completion of the logging and flow 
tes t ing .  the well was shut-in and the well- 
bore f i l l e d  with gas (primarily nitrogen) t o  
preserve the i n t e g r i t y  of the  wellbore. miti- 
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FIGURE 1. 
a c t i v i t y  a t  The Geysers, California.  
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g a t e  any p o t e n t i a l  c o r r o s i o n  and prevent  
release of steam t o  the atmosphere. It was 
not possible t o  record a conventional buildup 
when the well was shut-in. 

Approximately s i x  months after being shut-in. 
a pressure-temperature survey was run u t i l i z -  
i n g  convent iona l  Kus ter  t o o l s .  A s t a t i c  
pressure of 500 ps ia  and a temperature of 
475'F was measured a t  approximately sea 
leve l ,  typ ica l  of vapordominated systems and 
i n  par t icu lar  The Geysers reservoir .  

The high temperatures encountered i n  t h i s  
well during flowing conditions is  the primary 
subject of this paper. Geological, geochem- 
i c a l ,  and  p r e s s u r e  t r a n s i e n t  d a t a  and  
analysis  have not  y e t  been incorporated i n  
t h i s  work. 

The pressure-temperature-spinner t o o l  was 
manufactured by Hot Hole Instruments ("1) of 
Los  Alamos. New Mexico. The t o o l  simulta- 
neously monitors pressure,  temperature. spin- 
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ner  revolut ions per second (RPS) and in te rna l  
t o o l  temperature. The sens i t ive  t o o l  elec- 
t r o n i c s  are insulated from the high tempera- 
t u r e  geothermal  environment wi th  a Dewar 
f i l l e d  with an eu tec t ic  f l u i d .  This insula- 
t i o n  system allows the t o o l  t o  be u t i l i z e d  i n  
a high temperature environment f o r  approxi- 
mately four  hours. a f t e r  which time the t o o l  
must be pulled and allowed t o  cool.  Indivi-  
dual s igna ls  from the four  measurements are 
sent  t o  the surface once every two seconds 
v i a  a high temperature s ingle  conductor elec- 
tr ical  l i n e .  Data is received. processed and 
recorded a t  the surface with conventional 
logging  equipment. Product  in format ion  
sheets  provided by HHI state t h a t  the t o o l  is 
13 f e e t  long. 3 inches i n  diameter and weighs 
170 pounds. The s t a t e d  accuracy is 0.2% of 
f u l l  scale. with a resolut ion of 0.2 p s i .  

Results from the logging run made with t h i s  
t o o l  are presented i n  Figure 2 ,  which i s  a 
reduced copy of the ac tua l  log. The data i n  
Figure 2 was obtained as the  t o o l  was being 
pulled up from the bottom of the well. Log 
data  obtained while lowering the  t o o l  are not 

SPINNER (Rev sec 1 
100 150 duo 

I I I 

TEMP ( O F )  PRESSURE(PS1A 
500 600 100 200 300 

TEMPERATI JRE- 

FIGURE 2. Section of the ac tua l  well log from 6200 f t . t o  9030 f t .  
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presented as it was e s s e n t i a l l y  ident ica l .  
The log is not compensated f o r  the s t r e t c h  or  
thermal expansion of the electrical cable. 

The step-like nature of the  log data can be 
explained as follows. The logging speed was 
normally between 150 f e e t  per minute and 200 
f e e t  per minute (note one minute time marks 
on le f t  s ide  of log).  A s  previously s t a t e d ,  
one signal f o r  each measurement i s  transmit- 
ted t o  the surface once every two seconds. 
A t  a logging speed of 200 feet per minute. 
t h i s  means a measurement is being recorded 
once every 6.7 feet of v e r t i c a l  depth. which 
is the v e r t i c a l  length of each s tep.  

The jagged nature of the spinner data is due 
t o  I r r e g u l a r i t i e s  i n  the open-hole diameter 
caused by wash-outs and t i g h t  spots .  i n  addi- 
t i o n  t o  t h e  t u r b u l e n t  f low regime of t h e  
steam. 

The pressure and temperature measurements 
recorded a t  the surface agreed with wellhead 
measurements made manually by GEOOC f i e l d  
operators.  Manual measurements, made with 
conventional equipment, of pressure and tem- 
perature a t  the time of the logging were 154 
ps ia  and 405'F. respect ively.  Additionally, 
data  from other wells i n  which t h i s  logging 
t o o l  was used compare favorably with data 
obtained from t o o l s  of competitors run i n  the 
same well. For these reasons,  the log data 
reported herein can confidently be accepted 
as accurate. 

Data from the spinner port ion of the log have 
been in te rpre ted  t o  determine where steam i s  
enter ing the wellbore. and the r e l a t i v e  pro- 
ductive s i z e  of each such en t ry  (see Figure 
3). In te rpre ta t ion  of t h i s  nature i s  pos- 
s i b l e  because changes i n  the spinner rota-  
t i o n a l  speed (RPS) are r e l a t e d  t o  changes i n  
the velocity of steam in the wellbore. When 
addi t ional  steam e n t e r s  the wellbore a t  an 
open f r a c t u r e ,  the steam veloci ty  increases 
due t o  increased mass flowing through the 
unchanged cross-sectional area. Thus, zones 
where spinner RPS increase are ident i f ied  as 
steam entries. The r e l a t i v e  productive s i z e  
of each  steam e n t r y  can  be e s t i m a t e d  by 
assuming a l i n e a r  re la t ionship between spin- 
ner  RPS and steam mass rate. The percent 
contribution f o r  each entry ident i f ied  has 
been calculated in t h i s  manner, and is shown 
i n  Figure 3. 

Steam entries can be detected and t h e i r  rela- 
t i v e  size estimated from measurements made a t  
the surface during drilling. These measure- 
ments include: 

1) increases in the  in jec t ion  pressure nec- 
essary t o  c i r c u l a t e  the  dr i l l ing  f l u i d  
( a i r ) .  caused by i n c r e a s e d  f r i c t i o n  
l o s s e s  i n  t h e  annulus  due t o  t h e  i n -  
creased steam flow; 

2)  temperature increases  i n  the flow l i n e  as 
a r e s u l t  of increased steam flow: 

3) changes i n  the  chemical composition of 
the  returning f l u i d  ( a i r  and steam); 

4) drilling breaks. i .e . .  rapid changes i n  
the rate of penetration: 

5 )  f low measurements made wi th  o r i f i c e  
p l a t e s  and/or p i t o t  tubes. These mea- 
surements require  extensive.  cos t ly  r i g  
time and are usually only conducted upon 
completion of a well. 

The entries detected with these methods are 
shown in Figure 3. I n  t h i s  par t icu lar  well 
t h e r e  i s  v e r y  good agreement between t h e  
e n t r i e s  detected a t  the surface and those 
detected with the log. 

I n  h i g h e r  f l o w r a t e  wells. good agreement 
between log data and surface data would not 
be expected. Entries deep i n  high flowrate 
wells are of ten undetected as they are masked 
by the shallower e n t r i e s .  I n  such cases. use 
of a pressure-temperature-spinner log can 
ident i fy  the locat ion and r e l a t i v e  productiv- 
i t y  of the deep steam e n t r i e s .  

One f i n a l  point  is made regarding the data 
presented in Figure 3. The steam e n t r i e s  a re  
e s s e n t i a l l y  c lus te red  i n t o  two groups, with 
each group producing approximately 50% of the 
steam flow. One group is centered a t  about 
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FIGURE 3. Reduced spinner data.  
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7500 f e e t .  while the other group is centered 
a t  about  8800 f e e t .  The temperature  and 
enthalpy of the steam In  these two groups i s  
surpr is ingly d i f fe ren t .  as w i l l  be seen i n  
later sect ions.  - 
Pressure data  from the log a re  presented i n  
Figure 4(b). Casing and open-hole diameters 
are shown a l o n g s i d e  i n  F igure  4(a) .  A s  
expected, the f r i c t i o n a l  losses  are greatest 
i n  the ll-3/4-inch l i n e r .  

Also shown i n  Figure 4(b) are pressure pro- 
f i l e s  calculated from wellhead flow condi- 
t i o n s  using two r e l a t i v e l y  simple calcula- 
t ions.  The Fritzche equation (King. 1967). 
normally used f o r  calculat ing f r i c t i o n  losses  
i n  horizontal  pipel ine flow, was modified t o  
include pressure changes due t o  the piezo- 
metric head of steam. The other p r o f i l e  was 
calculated using a method published by Econo- 
&des (1979) i n  a pas t  Stanford workshop. 
Both methods can e a s i l y  be run on hand-held 
ca lcu la tors ,  and y ie ld  r e s u l t s  within 10% of 
measured values. 

Data from the  temperature portion of the log 
have been reduced and are presented i n  Figure 
4(c). Since the  steam i n  the  wellbore i s  
superheated. the pressure data from Figure 
4(b) is used i n  conjunction with the tempera- 
ture data t o  obtain the enthalpy which is 
a l s o  shown i n  Figure 4(c). A steam proper- 
t ies computer program was used t o  calculate  
these enthalpies .  Two features on Figure 
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4(c) deserve mention. The sudden temperature 
and enthalpy change of the steam which occurs 
between 7500 feet and 8000 f e e t ,  and the high 
temperature and enthalpy of the steam enter- 
ing the wellbore below 8000 feet. 

The sudden temperature and enthalpy change 
can  be expla ined  as f o l l o w s .  The steam 
enter ing the  wellbore below 8000 f e e t  has an 
enthalpy of about 1310 BTU/lbm. The steam 
e n t e r i n g  t h e  wel lbore  above 8000 f e e t  i s  
" t y p i c a l "  G e y s e r s  steam, t h a t  i s  i t s  
enthalpy is about 1205 BTU/lbm. The shallow 
steam cools  the  hot te r  steam from below and 
produces a mixture with an enthalpy of about 
1257 BTU/lbm. 

Wellbore heat losses  f o r  the  flowing condi- 
t i o n s  present during logging were calculated 
using the  method published by Ramey (1964). 
The data used i n  the  calculat ions and subse- 
quent r e s u l t s  are presented i n  the Appendix. 
Wellbore heat  losses  were .ca lcu la ted  t o  be 
93,464,000 BTUs per day or  25 BTU per pound 
of steam. Kinetic energy changes have been 
neglected. Subtracting the 25 BTU/lbm heat 
loss from the  previously calculated enthalpy 
of 1257 BTU/lbm means steam with an enthalpy 
of 1232 BTU/lbm should have been measured a t  
the surface.  The actual enthalpy measured a t  
the surface with the pressure-temperature- 
spinner t o o l  was 1227 BTUIlbm. The d i f fe r -  
ence i s  a t t r i b u t e d  t o  t h e  inaccuracy  of 
determining the percent steam flow from each 
zone. and/or the p o s s i b i l i t y  t h a t  the steam 
enter ing the wellbore above 8000 f e e t  has an 
enthalpy lower than 1205 BTU/lbm. 
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FIGURE 4. Reduced flowing pressure and temperature data. 

-200- 



T h i s  e x p l a n a t i o n  of h i g h e r  temperature and 
e n t h a l p y  steam e n t e r i n g  t h e  we l lbo re  below 
8000 f e e t  and being coo led  by a sha l lower  
steam e n t r y  is a l s o  suppor t ed  by temperature 
measurements made d u r i n g  drilling. Downhole 
temperatures were r o u t i n e l y  measured while 
t a k i n g  d i r e c t i o n a l  s u r v e y s  d u r i n g  t h e  dr i l -  
l i n g  p r o c e s s .  These data are listed in Table  
1. The measured temperatures were cons ide r -  
a b l y  h i g h e r  once drilling proceeded p a s t  8000 
f e e t ,  s u p p o r t i n g  t h e  concep t  of h i g h e r  rock  
and steam tempera tu res  below 8000 f e e t .  

TABLE1 

Summary of Temperatures  
Measured during Drilling 

Flow Line 
Temperature 

Temperatures of 
Measured Returning 

d u r i n g  F l u i d  
D r i l l e d  D i r e c t i o n a l  ( A i r  and 

Depth Surveys Steam) 

6347 209 175 
6625 217 150 
7194 330 167 
734; 35 1 200 
7630 452 205 
7736 370 2 10 
7975 364 2 12 
8137 530 220 
8348 550 207 
8716 548 210 
8825 560 227 
8923 577 230 
9030 N/A 231 

The s o u r c e  of th i s  d e e p e r ,  h i g h  temperature 
and e n t h a l p y  steam is d i f f i c u l t  to e x p l a i n  as 
it is unusua l  f o r  vapor-dominated systems t o  
produce steam of this n a t u r e .  Before t h i s  is 
d i s c u s s e d  f u r t h e r ,  it is a p p r o p r i a t e  t o  f i r s t  
c o n s i d e r  the static pressure and temperature  
measurements made i n  t h e  well. 

Lfeet) (OF) (OF> 

BWALYSIS 

The static p r e s s u r e  and temperature data add 
a p u z z l i n g  c o n t r a s t  t o  t h e  f lowing  p r e s s u r e s  
and temperatures p r e v i o u s l y  d i s c u s s e d .  A 
static p r e s s u r e  and temperature su rvey  was 
r u n  i n  t h e  well a p p r o x i m a t e l y  s i x  mon ths  
after complet ion of t h e  pressure- temperature-  
s p i n n e r  l o g .  The well was completely shu t - in  
f o r  the six month p e r i o d .  Data from this 
survey  is t y p i c a l  of a static well in The 
Geysers.  A temperature and p r e s s u r e  of abou t  
475'F a n d  500 p s i a ,  r e s p e c t i v e l y ,  were 
r e c o r d e d  n e a r  sea l e v e l  (see F i g u r e  5). 
Unfor tuna te ly .  the t o o l s  would n o t  go below 
8100 fee t ,  p r e s u m a b l y  d u e  t o  a b r i d g e  o r  
l edge  i n  t h e  open-hole s e c t i o n  of t h e  well- 
bore .  Pressures and t empera tu res  above 4000 
f e e t  are i n d i c a t i v e  of t h e  g a s  f i l l i n g  the 
we l lbo re .  steam exists below about  4000 feet. 

The p r e s s u r e  g r a d i e n t  between t h e  last two 
p r e s s u r e  measurements, a t  8000 feet and 8100 
feet. is 0.370 p s i / f t  i n d i c a t i n g  a static 
water column exists. This may on ly  be con- 
d e n s a t e  which has accumulated on t o p  of an 
impermeable b r i d g e  in t h e  well. Accumulation 
of condensate  a t  t h e  bottom of o t h e r  Geysers 
wells has been p r e v i o u s l y  r e p o r t e d  by Lipman 
e t  al .  (1978). However, it cou ld  also i n d i -  
cate t h e  t o p  of a l iquid-dominated r e g i o n .  
I f  a n  impermeable b r i d g e  exists a t  8100 f e e t ,  
it would i s o l a t e  t h e  d e e p e r ,  h o t t e r  zone from 
we l lbo re .  This would accoun t  f o r  t h e  d i f f e r -  
ence between f lowing  and static temperature 
measurements. F u r t h e r  t e s t i n g  w i l l  be neces- 
sary t o  determine i f  such a b r i d g e  exists. 
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su rvey  conducted after 6-month shu t - in .  

Static temperature and pressure 
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Downhole measurements made during t h e  f lowing  
c o n d i t i o n s  p r e v i o u s l y  d e s c r i b e d  i n d i c a t e  
steam w i t h  a temperature and e n t h a l p y  consid-  
e r a b l y  greater than p r e v i o u s l y  r e p o r t e d  f o r  
The G e y s e r s  is  e n t e r i n g  t h e  s u b j e c t  well  
below 8000 feet. P r e v i o u s l y  pub l i shed  data 
from wells a t  The Geysers  i n d i c a t e  a vapor- 
dominated system e x i s t i n g  a t  abou t  475'F and 
514 p s i a  (Lipman e t  a l . ,  1978). James (1968) 
c o n v i n c i n g l y  a r g u e d  . t h a t  vapor -domina ted  
systems m u s t , e x i s t  a t  t h i s  p r e s s u r e  and temp- 
erature, which is e s s e n t i a l l y  a t  t h e  maximum 
e n t h a l p y  of dry s a t u r a t e d  steam. Produc t ion  
of steam f r o m  a r e s e r v o i r  of t h i s  t y p e ,  
assuming i s o t h e r m a l  expansion from 500 p s i a  
t o  250 p s i a  in t h e  r e s e r v o i r  r e s u l t s  i n  steam 
w i t h  a maximum t e m p e r a t u r e  o f  475'F and  
e n t h a l p y  of 1240 BTLVlbm being d e l i v e r e d  t o  
t h e  w e l l b o r e  ( a f t e r  T r u e s d e l l  and  W h i t e ,  
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1973).  Assuming no h e a t  loss i n  f low up t h e  
we l lbo re  ( i s o e n t h a l p i c  expans ion ) ,  a maximum 
tempera tu re  of 450°F and t h e  same e n t h a l p y  of 
1240 B T U / l h  would be expec ted  a t  t h e  s u r f a c e  
(see F igure  6 ) .  However, decompression and 
f low through t h e  r e s e r v o i r  probably does n o t  
occur  a long  a p e r f e c t l y  i s o t h e r m a l  p a t h .  b u t  
a long  some p a t h  between i s o t h e r m a l  and i s o -  
e n t h a l p i c .  Flow up t h e  we l lbo re  d e f i n i t e l y  
is n o t  i s o e n t h a l p i c  - h e a t  l o s s e s  t o  t h e  
c o o l e r  e a r t h  r e s u l t s  i n  a 5 t o  25 BTU/lbm 
loss. Thus, wells a t  The Geysers  t y p i c a l l y  
produce steam w i t h  an  e n t h a l p y  a t  t h e  s u r f a c e  
of 1220 BTU/lbm o r  less  as shown b y  t h e  
shaded area i n  F igu re  6 .  

L4 1.5 I S  
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STEAM FROY DEEP ZONE IN SulJECT WELL 

SlEW FROY SUBJECT WELL AT SURFbCE 

FIGURE 6 .  Expansion p a t h s  f o r  p roduc t ion  of 
steam from vapor-dominated r e s e r v o i r s  ( a f t e r  
T r u e s d e l l  and White, 1973) .  

Although t h e  surface t empera tu re  and e n t h a l p y  
of t h e  s u b j e c t  well fa l ls  in t h e  range of 
" t y p i c a l "  Geysers  wells, t h e  unusual  n a t u r e  
of t h e  steam e n t e r i n g  t h e  well below 8000 
feet is c l e a r l y  e v i d e n t  in F igure  6 .  The 
d e c r e a s e  i n  e n t r o p y  shown by t h e  expansion 
p a t h  of t h e  subject well s u p p o r t s  t h e  inter- 
p r e t a t i o n  that mixing of steam from two d i f -  
f e r e n t  zones  is o c c u r r i n g .  Flow from two 
d i f f e r e n t  zones raises a n  interesting poss i -  
b i l i t y .  The deep ,  h o t t e r  steam mixes w i t h  
s h a l l o w e r ,  " t y p i c a l "  Geysers  steam t o  produce 
a n  e n t h a l p y  a t  t h e  s u r f a c e  wh ich  I s  o n l y  
s l i g h t l y  h i g h e r  than normal Geysers  wells. 
It is t h e r e f o r e  p o s s i b l e  that o t h e r  Geysers  
wells w i t h  a surface e n t h a l p y  greater t h a n  
1220 BTU/lbm may be producing steam from two 
d i s t i n c t l y  d i f f e r e n t  zones.  Flowing downhole 

temperature measurements would be necessa ry  
t o  detect  s u c h  d e e p e r ,  h i g h  t e m p e r a t u r e  
zones.  

S ince  600°F steam is e n t e r i n g  t h e  s u b j e c t  
well a t  d e p t h ,  r o c k s  w i t h  a t empera tu re  of a t  
least 600°F must be in c o n t a c t  w i t h  t h e  res- 
e r v o i r  f l u i d s .  Yet t h i s  t empera tu re  exceeds 
p r e v i o u s  temperature measurements made a t  The 
Geysers  (Lipman e t  a l . ,  1978; Thomas e t  a l . ,  
1979) by a t  least 100°F. What p roduc t ion  
mechanisms can  accoun t  for t h e s e  h i g h  steam 
tempera tu res?  What is t h e  o r i g i n a l  state of 
t h i s  steam and where is  it l o c a t e d  i n  rela- 
t i o n  t o  t h e  " t y p i c a l "  G e y s e r s  r e s e r v o i r ?  
S e v e r a l  d i f f e r e n t  concep tua l  models which can 
answer t h e s e  q u e s t i o n s  are p r e s e n t e d  n e x t .  

v 
The c o n c e p t u a l  m o d e l s  p r e s e n t e d  h e r e i n  
attempt t o  e x p l a i n  t h e  thermodynamic behav io r  
encoun te red .  Work t o  i n c l u d e  geochemical and 
g e o l o g i c a l  s t u d i e s ,  which w i l l  be necessa ry  
t o  f u l l y  unde r s t and  t h i s  well and t h e  reser- 
v o i r  it produces from, are underway. 

The concep tua l  models must i n c l u d e  a " t y p i -  
cal" Geysers vapor-dominated system existing 
t o  a d e p t h  of a b o u t  8000 f e e t .  T h i s  i s  
necessa ry  t o  e x p l a i n  t h e  t empera tu res  and 
p r e s s u r e s  measured d u r i n g  static c o n d i t i o n s ,  
a n d  t o  a c c o u n t  f o r  t h e  measu remen t s  made 
d u r i n g  d r i l l i n g  p r i o r  t o  8000 f e e t .  Below 
8000 f e e t ,  t r a n s i t i o n  t o  a h i g h  t empera tu re  
r e g i o n  must r a p i d l y  occur .  T h i s  r e q u i r e s  a 
sudden i n c r e a s e  in t h e  t empera tu re  g r a d i e n t  
from less t h a n  1°F/lOO feet t o  abou t  10°F/lOO 
feet t o  o b t a i n  t empera tu res  of 600°F i n  1000 
feet. The p r e s s u r e  g r a d i e n t  may be that of a 
static steam column, o r  a h o t  water column 
depending on whether o r  n o t  an impermeable 
b r i d g e  i n  t h e  well  a t  8100 f e e t .  I f  a n  
impermeable b r i d g e  e x i s t s ,  a static steam 
g r a d i e n t  below 8100 feet is p o s s i b l e .  How- 
e v e r .  i f  t h e  b r i d g e  does  n o t  e x i s t ,  t h e  last  
two static p r e s s u r e  measurements i n d i c a t e  t h e  
start of a l iqu id -domina ted  system. F u r t h e r  
t e s t i n g  of t h e  well is n e c e s s a r y  t o  determine 
i f  t h e  impermeable b r i d g e  e x i s t s .  

The first model c o n s i d e r s  a l o c a l i z e d  h e a t  
sou rce  which acts l i k e  a furnace and s u p p l i e s  
h e a t  t o  produce 600°F steam from 475'F steam 
( s e e  F igu re  7). The h e a t  s o u r c e  would l i k e l y  
be a l o c a l  i n t r u s i o n  of magmatic material, 
such as a d i k e  o r  p l u t o n .  D r i l l i n g  and com- 
p l e t i n g  a new well acts as a s t i m u l i  which 
creates a new fracture f low p a t h  o r  p a t h s  
t h r o u g h  the p r e v i o u s  h o t  d r y  i m  ermeable 
r o c k .  

h o t t e r  rock  t o  t h e  we l lbo re .  Ehvis ioned on 
t h e  M o l l i e r  diagram shown in F igure  6. steam 
o r i g i n a t e s  a t  475'F (maximum e n t h a l p y  of dry 
s a t u r a t e d  steam) and expands a long  a p a t h  
much s t e e p e r  t h a n  i s o t h e r m a l  t o  r e a c h  P o i n t  
A. A p a t h  s t e e p e r  t h a n  i s o t h e r m a l  is pos- 

F l u i d  o r i  inates  a t  475 8 F a n d  is  
supe rhea ted  t o  600 B F as it f l o w s  through t h e  
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s i b l e  due t o  h e a t  t r a n s f e r  from 600°F r o c k s .  
Note t h a t  t h e  well can  be o u t s i d e  t h e  h o t  dry 
rock  area and still produce 600°F steam as 
long as t h e  f r a c t u r e s  go through t h e  h o t  
r o c k .  The e x i s t e n c e  of ve ry  h o t  dry r o c k s  
n e a r  p roduc t ive  wells have been no ted  i n  t h e  
L a t e r a  F i e l d  i n  I t a l y  ( C a v a m e t t a  e t  a l . .  
1985) .  S t a t i c  temperatures as h i g h  as 650°F 
a t  9100 feet have been measured i n  dry h o l e s  
n e a r  p r o d u c t i v e  wells. 

When t h e  well is static, c o o l e r ,  sha l lower  
steam f l o w s  down t h e  well masking t h e  h i g h e r  
t empera tu res  below 8100 feet. T h i s  s imple 
model is c o n s i s t e n t  w i t h  t h e  t empera tu res  
encoun te red ,  is p h y s i c a l l y  p o s s i b l e ,  b u t  does  
n o t  seem v e r y  p robab le .  

v 
I n  t h e  second model, we c o n s i d e r  a l i q u i d -  
d o m i n a t e d  s y s t e m  l o c a t e d  j u s t  be low t h e  
vapor-dominated system, b u t  i s o l a t e d  due t o  
an  impermeable s e c t i o n .  The two s e c t i o n s  
were a t  one time connec ted ,  but t h e  l i q u i d -  
dominated system s e a l e d  i tself  due t o  mine ra l  
d e p o s i t i o n .  F o u r n i e r  (1983) h a s  hypothesized 
t h a t  such a system cou ld  exist a t  dep th .  b u t  
neve r  be d e t e c t e d  s i n c e  it is s e l f - s e a l e d .  
The impermeable s e c t i o n  p e r m i t s  a ve ry  h igh  
temperature g r a d i e n t  t o  exis t  between the 
vapor-dominated system and t h e  l iquid-domi- 
n a t e d  system (see F igure  8). The s u b j e c t  
well p e n e t r a t e s  t h e  seal and produces water 
which is f l a s h e d  t o  d r y n e s s  while f lowing  t o  
t h e  w e l l b o r e .  Low p e r m e a b i l i t y  and  h i g h  
p r e s s u r e  drops would be necessa ry  t o  f l a s h  
t h e  l i q u i d  t o  complete dryness. Add i t iona l -  
l y ,  t h e  f l u i d  i n  t h e  l iquid-dominated system 
must be h igh  (greater t h a n  25%) i n  salt con- 
tent t o  raise the b o i l i n g  p o i n t  of water t o  
abou t  600°F ( T r u e s d e l l  and White,  1973) .  I n  
e f f e c t  t h e  salt raises t h e  s a t u r a t i o n  l i n e  
shown on t h e  M o l l i e r  diagram i n  F igure  6 .  
Thus, b r i n e  exists a t  600°F and 514 psia. 
t h e n  b o i l s  when decompressed t o  produce 600°F 
steam. If pure  water e x i s t e d  in t h e  l i q u i d -  
dominated sys t em,  and the p r e s s u r e  a t  its 
f r e e  surface is 514 p s i a .  t h e  l e v e l  would 
have t o  d rop  abou t  3000 feet t o  o b t a i n  t h e  
p r e s s u r e  c o r r e s p o n d i n g  t o  a s a t u r a t i o n  
t empera tu re  of 600°F. This is c a l c u l a t e d  as 
f o l l o w s :  

S a t u r a t i o n  p r e s s u r e  f o r  600°F - p r e s s u r e  
a t  t o p  of water s u r f a c e  f p r e s s u r e  
g r a d i e n t  - dep th  of 600°F water. 

(1550 p s i a  - 514 p s i a )  f .323 p s i / f o o t  - 3100 feet 
A s t a n d i n g  l i q u i d  column and/or  f l o o d i n g  of 
the vapor-dominated system has n o t  occur red  
because t h e  l i qu id -domina ted  system is under- 
p r e s s u r e d  r e l a t i v e  t o  h y d r o s t a t i c ,  hence.  the 
p r e s s u r e  a t  t h e  f r e e  surface of t h e  water is 
514 p s i a .  

The problem w i t h  this model is that it seems 
u n l i k e l y  t h a t  water cou ld  f l a s h  t o  dryness 

p r i o r  t o  e n t e r i n g  t h e  we l lbo re  (James. 1968; 
R-uesde l l  and White, 1973).  A d d i t i o n a l l y .  
t h e  e f f e c t  of noncondensible  g a s e s ,  which are 
known t o  e x i s t ,  would be t o  lower t h e  b o i l i n g  
p o i n t  of water. Once geochemical data is 
i n c o r p o r a t e d  with t h i s  work, it should be 
p o s s i b l e  t o  v e r i f y  t h e  v a l i d i t y  of t h i s  
model. 

The last concep tua l  model is an e x t e n s i o n  of 
t h e  p r e v i o u s  one. I n  t h i s  model, t h e  l i q u i d -  
dominated system has b o i l e d  t o  dryness. l eav -  
i n g  behind supe rhea ted  steam e x i s t i n g  i n  t h e  
f r a c t u r e s  and  m a j o r  v o i d s .  L i q u i d  water 
remains adsorbed t o  t h e  r o c k s  and h e l d  i n  any 
e x i s t i n g  small p o r e s  a n d  f r a c t u r e  i n t e r -  
stices. The a b i l i t y  of water t o  exist on 
rock  a t  h i g h e r  temperatures than  s a t u r a t i o n  
h a s  been confirmed by l a b o r a t o r y  work (Hsieh 
and M y .  1981; H e r k e l r a t h  e t  e l . .  1983) .  
h o w e v e r ,  t h e i r  w o r k  was c o n d u c t e d  a t  
temperatures c o n s i d e r a b l y  lower than  600°F. 
The f o s s i l  l i q u i d - d o m i n a t e d  s y s t e m  would 
a l l o w  t h e  h i g h  t e m p e r a t u r e  g r a d i e n t s  
n e c e s s a r y  f o r  r o c k  t e m p e r a t u r e s  t o  r e a c h  
600°F. 
The n a t u r e  o f  t h e  c o n n e c t i o n  b e t w e e n  t h e  
vapor-dominated system and t h e  f o s s i l  l i q u i d -  
dominated system cou ld  be p h y s i c a l  o r  evolu-  
t i o n a r y .  A p h y s i c a l  b a r r i e r ,  s u c h  as a n  
impermeable r e g i o n .  may e x i s t  which s e p a r a t e s  
t h e  two r e g i o n s  and p r e v e n t s  them from mixing 
t o  c r e a t e  more uniform temperature g r a d i e n t s .  
However, t h e  boundary between t h e  zones may 
be due t o  t h e  e v o l u t i o n  of t h e  vapor-domina- 
t e d  s y s t e m  o v e r  time ( W a l t e r s .  M. A . ,  
p e r s o n a l  c o m m u n i c a t i o n ) .  R e c e n t  work by  
h e s s  (1985) h a s  q u a n t i f i e d  t h e  e v o l u t i o n  of 
a vapor -domina ted  s y s t e m  f r o m  a l i q u i d -  
dominated system as proposed by James (1968) 
and later T r u e s d e l l  and White (1973).  It 
seems p o s s i b l e  t h a t  t h i s  no r thwes t  area of 
The Geysers  cou ld  still be evo lv ing  i n t o  t h e  
"typical" Geysers r e s e r v o i r .  Hence, t h e  
d e e p e r ,  h o t t e r  zone has n o t  y e t  cooled down. 
The h i g h  t empera tu re  g r a d i e n t  cou ld  be due t o  
the slow n a t u r e  of t h e  e v o l u t i o n a r y  p r o c e s s .  
e s p e c i a l l y  i f  an  area of reduced p e r m e a b i l i t y  
is p r e s e n t .  

S t a t e d  a n o t h e r  way, h e a t  t r a n s f e r  i n t o  t h i s  
area by conduc t ion  has been greater t h a n  h e a t  
transfer o u t  by convec t ion ,  caus ing  i n c r e a s e d  
t empera tu re .  T h i s  h e a t  t r a n s f e r  imbalance is 
p r o b a b l y  c a u s e d  by  t h e  be t te r  i n s u l a t i o n  
r e s u l t i n g  from t h e  greater dep th  of t h e  steam 
r e s e r v o i r  i n  t h i s  area. Pressure has n o t  
i n c r e a s e d  because t h e  h o t t e r  zone is i n  com- 
municat ion w i t h  t h e  typical Geysers zone. 

A similar e v o l u t i o n  p r o c e s s  a p p e a r s  t o  be 
o c c u r r i n g  in H a w a i i .  It has been hypothe- 
s i z e d  that t h e  Puna Geothermal System. an  
a p p a r e n t  l i qu id -domina ted  system, is  i n  t h e  
p r o c e s s  of b o i l i n g  t o  form a vapor-dominated 
system ( I o v e n i t t i  and D ' O l i e r .  1985) .  F l u i d s  
w i t h  temperatures as h i g h  as 650°F have been 
produced from t h i s  system. 
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1) Two s e p a r a t e  and thermodynamically dis- 
t i n c t  zones are f e e d i n g  the well d e e c r i b e d  in 
this paper .  The sha l low zone s u p p l i e s  t y p i -  
cal Geysers  steam with a temperature less 
than 475'F. The deeper  zone s u p p l i e s  steam 
at a tempera ture  of about 6009. Conceptual 
models of r e s e r v o i r s  which can  produce 6009 
steam have been p resen ted .  

It is p o s s i b l e  that o t h e r  wells a t  The Gey- 
sers are producing steam a t  depth  w i t h  tem- 
peratures that approach 6009. b u t  is being 
masked by c o o l e r ,  sha l lower  steam and cannot  
be detected a t  the s u r f a c e .  Use of downhole 
logging t o o l s  are n e c e s s a r y  t o  detect such 
deepe r ,  high t empera ture  zones.  

2) The s p i n n e r  data o b t a i n e d  from the l o g  
a g r e e s  well w i t h  c o n v e n t i o n a l  me thods  o f  
d e t e c t i n g  steam e n t r i e s .  Hence. c o n v e n t i o n a l  
methods f o r  d e t e c t i n g  and q u a n t i f y i n g  steam 
e n t r i e s  can be used wi th  more conf idence  in 
average  f l o w r a t e  wells (100,000 t o  180,000 
lbslhr) . 
3) The thermodynamic data and a n a l y s i s  pre-  
s e n t e d  in this paper  must be i n t e g r a t e d  with 
geochemical and g e o l o g i c a l  s t u d i e s  t o  more 
p r e c i s e l y  and f u l l y  e x p l a i n  the high  tempera- 
tures and e n t h a l p i e s  encountered ,  and the 
r e s e r v o i r  from which t h e y  are be ing  produced. 

I would l i k e  t o  t h a n k  t h e  management of  
Geothermal Resources  I n t e r n a t i o n a l ,  I n c . ,  f o r  
s u p p o r t  and pe rmis s ion  t o  p u b l i s h  this work. 
I would a l s o  l i k e  t o  thank Dr. Jim Combs and 
t h e  technical staff of GEOOC f o r  guidance and 
critical rev iew and D. Darling and S. Meson 
a t  GEOOC f o r  h e l p  i n  p r e p a r a t i o n  3f h e  
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Nomenclature 

a - geothermal gradient, 'F/ft 
K - earth thermal conductivity, 
Kcem - cement thermal conductivity, 

BTU/day OF ft 
Q - heat loss rate, BTU/day 
ri - inside radius of casing. ft 
rh - radius of hole, ft 
ro - outside radius of casing, ft 
t - time from start of flow, days 
Te - temperature of earth at top of section, 
T, - temperature of steam at top of Section, 
U - overall he t transfer coefficient. 
Z - depth change, ft 

BTU/day OF ft 

OF 

OF 

BTU/day ft' OF 

f o r  & s P W . g n s  of 

19421 
u - [ro (In (rh/ro))~~cem~-l 

f(t)- In ( 2  m / r h )  - .29 

for calculations 

t - 8 days 

k!! Flowrate - 158,000 lbS/hr 

K - 42.4 BTU/ft day OF - 7 BTU/ft day OF 

HEATLOSS SCHEMATIC 

0 
I- o w v) 

N 
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I- o w u) 
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6250' 

c) 

z 

I- o w u: 

P 
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E 
o W 
02 780 

TSTEAM TEARTH 

' 0 4570 \-.. 
\ 

r i i 447' 
r 0 =ago' 
r h = 6t5' 

'hZ.443' 

FIRST STEAM 
ENTRY 

I 

MID - POINT 
OF 

ENTRIES 

7 
Sect ion2 2- 4- m L l Q Q u m k m -  

1 2420 414 56 1 . 5 1  33.0 50,947 1 3 . 4  

3 410 513 449 2.24 00 2.492 0.7 
2 3830 457 208 1.91 62.9 38,353 10.1 

4 1225 525 475 2 .24  00 1.672 u 
TOTALS 93,464 24.7 

-206- 




