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INTRODUCTION 

The Arab o i l  embargo o f  1973 focused n a t i o n a  a t t e n t i o n  on energy 
problems. A n a t i o n a l  focus on development o f  energy sources a l t e r n a t i v e  
t o  consumption o f  hydrocarbons l ed  t o  t h e  i n i t i a t i o n  o f  research  s t u d i e s  
o f  r e s e r v o i r  eng inee r ing  o f  geothermal systems, funded by t h e  Na t iona l  
Science Foundation. A t  t h a t  t ime  i t  appeared t h a t  o n l y  two s i g n i f i c a n t  
r e s e r v o i r  eng inee r ing  s t u d i e s  o f  geothermal r e s e r v o i r s  had been completed. 

Many meetings concern ing  development o f  geothermal resources were 
h e l d  from 1973 th rough t h e  da te  o f  t h e  f i r s t  S tan fo rd  Geothermal Reservo i r  
Eng ineer ing  workshop December 15-17, 1975. These meetings were s i m i l a r  
i n  t h a t  many r e p o r t s  d e a l t  w i t h  t h e  o b j e c t i v e s  o f  planned research  
p r o j e c t s  r a t h e r  than w i t h  r e s u l t s .  The f i r s t  r e s e r v o i r  eng inee r ing  workshop 
h e l d  under t h e  Stan ford  Geothermal Program was s i n g u l a r  i n  t h a t  f o r  t h e  
f i r s t  t ime  most p a r t i c i p a n t s  were r e p o r t i n g  on progress  i n  a c t i v e  
research  programs r a t h e r  than on work planned. T h i s  was t r u e  for bo th  
l a b o r a t o r y  exper imenta l  s t u d i e s  and f o r  f i e l d  exper iments i n  p roduc ing  
geothermal systems. The Proceedings o f  t he  December 1975 workshop 
(SGP-TR-12) i s  a remarkable document i n  t h a t  r e s u l t s  of b o t h  f i e l d  
o p e r a t i o n s  and l a b o r a t o r y  s t u d i e s  were f r e e l y  presented and exchanged by 
a l l  p a r t i c i p a n t s .  W i th  t h i s  i n  mind t h e  second r e s e r v o i r  eng inee r ing  
workshop was planned f o r  December 1976. The o b j e c t i v e s  were aga in  
two- fo ld .  

F i r s t ,  t h e  workshop was designed as a forum t o  b r i n g  toge the r  
researchers  a c t i v e  i n  v a r i o u s  p h y s i c a l  and mathematical branches o f  t h e  
deve lop ing  f i e l d  o f  geotherma r e s e r v o i r  eng ineer ing ,  t o  g i v e  p a r t i c i p a n t s  
a c u r r e n t  and updated v iew of p rogress  be ing  made i n  t h e  f i eTd .  The 
second purpose was t o  p repare  t h i s  Proceedings o f  Summaries documenting 
t h e  s t a t e  o f  t h e  a r t  as o f  De ember 1976. 
be d i s t r i b u t e d  t o  a l l  i n t e r e s t e d  members o f  t h e  geothermal community 
i n v o l v e d  i n  t h e  development and u t i l i z a t i o n  o f  t h e  geothermal resources 
i n  t h e  wor ld .  

The workshop proceedings w i l l  

Many n o t a b l e  occurrences took  p l a c e  between t h e  f i r s t  workshop i n  
December 1975 and t h i s  p resent  workshop i n  December 1976. For  one t h i n g ,  
t he  newly formed Energy Research and Development A d m i n i s t r a t i o n  (ERDA) 
has assumed t h e  lead r o l e  i n  geothermal r e s e r v o i r  eng inee r ing  research.  
The second workshop under t h e  S tan fo rd  Geothermal Program was suppor ted 
by a g r a n t  f rom ERDA. I n  a d d i t i o n ,  two s i g n i f i c a n t  meetings on geothermal 
energy were h e l d  i n  Rotarua, New Zealand and Taupo, New Zealand. These 
meetings concerned geothermal r e s e r v o i r  eng inee r ing ,  and t h e  r e i n j e c t i o n  
of  coo led  geothermal f l u i d s  back i n t o  a geothermal system. I t  was c l e a r  
t o  a t tendees o f  bo th  t h e  New Zealand and the  December workshop meetings 
t h a t  a g r e a t  deal  o f  new i n f o r m a t i o n  had been developed between August and 
December 1976. 
comple t ion  o f  a new geothermal w e l l  on t h e  b i g  i s l a n d  of Hawa i which 

Another e x c i t i n g  r e p o r t  made a t  t h e  meet ing was a success fu l  
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produces a geothermal f l u i d  t h a t  i s  ma in l y  steam a t  a temperature i n  
excess o f  600 degrees F. 

Al though the  t o t a l  developed e l e c t r i c a l  power genera t i ng  c a p a c i t y  due 
t o  a l l  geothermal f i e l d  developments i n  1976 i s  on t h e  o r d e r  o f  1200 
megawatts, i t  was repo r ted  t h a t  r a p i d  development i n  geothermal f i e l d  
expansion i s  t a k i n g  p l a c e  i n  many p a r t s  o f  t h e  wor ld .  Approx imate ly  
400 megawatts o f  geothermal power were be ing  developed i n  t h e  P h i l i p p i n e  
Is lands ,  and p lann ing  f o r  expansion i n  p r o d u c t i o n  i n  Cerro P r i e t o ,  
Mexico was a l s o  announced. The Geysers i n  t h e  Un i ted  Sta tes  cont inued 
t h e  planned expansion toward t h e  l e v e l  o f  more than 1000 megawatts. 

The Second Workshop on Geothermal Reservo i r  Eng ineer ing  convened 
a t  S tan fo rd  December 1976 w i t h  93 at tendees f rom 4 n a t i o n s ,  and r e s u l t e d  
i n  t h e  p r e s e n t a t i o n  o f  44 t e c h n i c a l  papers, summaries o f  which a r e  inc luded 
i n  these Proceedings. The major  areas inc luded i n  t h e  program c o n s i s t e d  
of r e s e r v o i r  phys ics ,  w e l l  t e s t i n g ,  f i e l d  development, w e l l  s t i m u l a t i o n ,  
and mathemat ica l  modeling o f  geothermal r e s e r v o i r s .  

The p lann ing  f o r  t h i s  y e a r ' s  workshop and t h e  p r e p a r a t i o n  o f  t h e  
proceedings was c a r r i e d  o u t  m a i n l y  by my a s s o c i a t e  Paul Kruger and h i s  
s e c r e t a r y  f o r  t he  program, Mar ion  Wachtel. A g r e a t  deal  o f  t h e  work 
i nvo l ved  i n  conduct ing  t h e  workshop was a l s o  c a r r i e d  o u t  by s tudents  i n  
t h e  S tan fo rd  Geothermal Program under D r .  Paul A tk inson,  Program Manager. 
We would l i k e  t o  express o u r  deep g r a t i t u d e  t o  t h e  Energy Research and 
Development A d m i n i s t r a t i o n  whose f i n a n c i a l  suppor t  o f  t h i s  workshop made 
t h e  program and these proceedings p o s s i b l e .  

Henry J. Ramey, J r .  
S tan fo rd  Un i v e r s  i t y  
December 3, 1976 
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GEOTHERMAL R E S E R V O I R  E N G I N E E R I N G  RESEARCH 

H. J. Ramey, Jr .  and Frank G.  M i l l e r  
Department o f  Petroleum Eng ineer ing  

Stan ford  U n i v e r s i t y  
S tan ford ,  CA 94305 

Before  d i scuss ing  r e s e r v o i r  eng ineer ing  research,  i t  i s  u s e f u l  t o  
cons ide r  t h e  p l a c e  o f  r e s e r v o i r  eng ineer ing  w i t h i n  t h e  broad f i e l d  o f  
s tudy  o f  pet ro leum eng ineer ing .  Petroleum eng ineer ing  inc ludes  t h e  major  
s p e c i a l t i e s  o f  d r i l l i n g ,  p roduc t i on ,  and r e s e r v o i r  eng ineer ing .  Other 
s p e c i a l t i e s  impor tan t  t o  development and p roduc t i on  i n c l u d e  pe t ro leum 
geology, geophysics,  geochemist ry ,  f l u i d  t ransmiss ion ,  mar ine  o p e r a t i o n s ,  
r e f i n i n g ,  n a t u r a l  gas p roduc t i on  and process ing,  computer sc ience and 
r e s e r v o i r  s i m u l a t i o n ,  and economics. A l though pet ro leum eng ineer ing  i s  
f r e q u e n t l y  i nvo l ved  i n  p lann ing  the  d r i l l i n g  o f  an e x p l o r a t i o n  t a r g e t ,  
t he  main a c t i v i t y  a c t u a l l y  begins upon comple t ion  o f  an e x p l o r a t o r y  w e l l .  

Un fo r tuna te l y ,  t h e  o b j e c t i v e s  o f  t h e  t h r e e  major  pe t ro leum 
eng ineer ing  s p e c i a l t i e s  o f  d r i l l i n g ,  p roduc t i on ,  and r e s e r v o i r  eng inee r ing  
a r e  o f t e n  a n t a g o n i s t i c .  The d r i l l i n g  engineer  has a r e s p o n s i b i l i t y  t o  
complete t h e  w e l l  as r a p i d l y  as p o s s i b l e  w i t h  due regard  f o r  s a f e  
procedures and low d r i l l i n g  cos ts .  The p roduc t i on  engineer  has the  
r e s p o n s i b i l i t y  o f  m a i n t a i n i n g  h i g h  produc ing  r a t e s  f rom w e l l s  and i s  
f r e q u e n t l y  i nvo l ved  i n  the  w e l l  comple t ion  phase o f  t he  d r i l l i n g .  He 
must ana lyze  w e l l  l ogs  and d r i l l  stem t e s t s  and make d e c i s i o n s  concern ing  
t h e  runn ing  o f  p i p e  and comple t ion  o f  t h e  w e l l .  He must determine whether 
t h e  w e l l  i s  damaged and when and how t o  s t i m u l a t e  t h e  w e l l .  I n  a d d i t i o n ,  
he w i l l  be i nvo l ved  i n  the  comple t ion  des ign  o f  t he  w e l l  and w i l l  dec ide  
which p o r t i o n  o f  t he  i n t e r v a l  t o  complete. The r e s e r v o i r  engineer  i s  
i n t e r e s t e d  i n  the  t o t a l  rese rvo i r -p roduc ing  w e l l  system. He seeks such 
in fo rma t ion  as t h e  p e r m e a b i l i t y ,  p o r o s i t y ,  and f l u i d  con ten t  w i t h i n  t h e  
e n t i r e  r e s e r v o i r  volume and t h e  c o n d i t i o n  o f  t h e  w e l l .  The r e s e r v o i r  engineer  
w i l l  be i nvo l ved  i n  p lann ing  t h e  development o f  the e n t i r e  r e s e r v o i r ,  and 
w i l l  dec ide  t h e  number o f  w e l l s  r e q u i r e d  f o r  a g i ven  r e s e r v o i r ,  which w e l l  
p a t t e r n  should be used and what recovery  process should be used. He 
u s u a l l y  e s t a b l i s h e s  t h e  p o t e n t i a l  p roduc ing  l i f e  and o i l  recovery  o f  t h e  
system. Genera l l y ,  a l l  t h r e e  branches o f  eng ineers  employ economics i n  
making eng ineer ing  dec i s ions .  

Ob ta in ing  necessary eng ineer ing  da ta  f r e q u e n t l y  i nvo l ves  extended 
p e r i o d s  o f  t e s t i n g  d u r i n g  t h e  d r i l l i n g  o f  a w e l l .  I n  t h i s  respec t ,  t h e  
d r i l l i n g  o b j e c t i v e s  o f  f a s t ,  low-cost  comple t ion  a r e  d i a m e t r i c a l l y  opposed t o  
p r o d u c t i o n  and r e s e r v o i r  eng inee r ing  o b j e c t i v e s  t o  o b t a i n  r e l i a b l e  data.  On 
t h e  o t h e r  hand, t h e  p roduc t i on  engineer  a l s o  i s  r e l u c t a n t  t o  expose the  
fo rma t ion  t o  d r i l l i n g  f l u i d  f o r  extended pe r iods  o f  t ime.  Th is  may r e s u l t  
i n  fo rma t ion  damage and a poor p roduc ing  w e l l .  Of ten ,  t h e  technology 
employed by d r i l l i n g ,  p roduc t i on , -and  r e s e r v o i r  engineers i s  compartmenta l ized 
o r  segregated. The s p e c i a l t y  o f  f o rma t ion  e v a l u a t i o n  i s  o f t e n  considered 
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to be involved with the drilling and completion of a well only, although 
important information useful in reservoir engineering may be obtained during 
this phase. This specialty should cross all three engineering specialties. 

Fortunately, there are three good reference books available 
describinq the functions of drilling, production, and reservoir engineering. 
Good examples include the text Drilling and Well Completions, by Carl Gatlin, 
Principles of Oil Well Production, by P.E.W. Nind aGd'-Appl ied Reservoir 
Engineering, by B. Craft and M. Hawkins. The text by Nind is a McGraw- 
Hill publication. The other two are Prentire-Hall publications. 

In the light of important cross-purposes in the three major petroleum 
engineering specialties, it is imperative that engineering data not be taken 
for frivolous reasons. Engineering data should be gathered with firm 
objectives in mind. Data-taking procedures should be carefully planned so 
that the desired information will be obtained, and proper interpretive 
techniques established. Thus it is basic to review the principles involved 
in sound reservoir engineering research. 

Reservoir Engineering Research 

Reservoir engineering generally follows a specific pattern. First, field 
performance is observed and data obtained. From the observed performance, 
it is possible to generate a hypothesis as to the nature of the system. 
The hypothesis is then tested either by operating physical models in the 
laboratory or by computer investigation of mathematical formulations 
describing the hypothesis. From these results the physical laws involved 
in the operation of the reservoir can be formulated. It is also necessary 
to collect physical and thermodynamic data for the reservoir rock and 
fluids. These steps frequently involve running well tests. Pressure 
transient information and fluid samples may be obtained. The fluid samples 
can be used for pressure-volume-temperature studies in the laboratory, or 
used to  select correlated properties from the literature. Using this 
information, one can write and solve pertinent equations describing the 
reservoir system. The mathematical model solutions are usually compared with 
field behavior to establish the validity of the simulation. Given a reasonable 
correlation between the mathematical model and the field performance, it is 
then possible to study the effect of various development and production 
plans for the system. Final decisions as to development plan are usually 
based on comparative economics of various operating schemes. 

One danger in the preceding method lies in searching for field 
performance data to match a preconceived notion about important reservoir 
mechanisms. It is difficult to differentiate between a sound hypothesis and 
an incomplete mathematical model which includes only selected fact. One 
good example which occurs often in geothermal reservoir production is the 
idea that precipitation from geothermal fluids will plug the producing sand 
face of a well and result in declining production rates. The fact that all 
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geothermal w e l l s  do appear t o  d e c l i n e  i n  p r o d u c t i v i t y  ove r  s h o r t  p e r i o d s  
o f  t ime i s  sometimes thought  t o  p rove  t h a t  p r e c i p i t a t i o n  i s  r e s p o n s i b l e  f o r  
r a t e  d e c l i n e .  However, many o t h e r  f a c t o r s  may cause d e c l i n i n g  p r o d u c t i o n  
r a t e s  i n  w e l l s .  One i s  d e c l i n i n g  fo rma t ion  pressure  causing a decreas ing  
d r i v i n g  f o r c e  t o  move f l u i d s  i n t o  t h e  we l l bo re .  Of ten  t h i s  i s  t h e  f a c t o r  
respons ib le  f o r  d e c l i n i n g  geothermal w e l l  p roduc t i on  r a t e s  r a t h e r  than 
p r e c i p i t a t i o n  f rom geothermal f l u i d s .  

I t  i s  t h e r e f o r e  impor tan t  t o  keep an open mind. A p roper  r e s e r v o i r  
eng inee r ing  s tudy  searches f o r  t h e  hypothes is  d e r i v e d  f rom a l l  known f a c t s .  
I t  i s  n o t  v a l i d  t o  s e l e c t  o n l y  f a c t s  t h a t  s u b s t a n t i a t e  a preconceived concept. 
The researcher  should observe f a c t s ,  then produce a hypothes is  t o  e x p l a i n  
f i e l d  behav io r  and f rom t h i s  t e s t  t he  hypothes is  w i t h  p h y s i c a l  and mathematical 
models. 

Geothermal r e s e r v o i r  eng ineer ing  research  i s  c u r r e n t l y  s i m i l a r  t o  
o i l  and gas r e s e r v o i r  eng ineer ing  research  performed d u r i n g  t h e  f i r s t  q u a r t e r  
o f  t h i s  cen tu ry .  A t  t h a t  t ime workers were t r y i n g  t o  dec ide  t h e  t r u e  n a t u r e  
o f  gas and o i l  r e s e r v o i r s .  Almost every s c i e n t i f i c  d i s c i p l i n e  made a 
c o n t r i b u t i o n .  There were many debates as t o  the  e s s e n t i a l  behav io r  o f  o i l ,  
water  and gas w i t h i n  t h e  pore  space o f  rock .  I n c o r r e c t  t h e o r i e s  were 
o f fe red  and defended v i c o r o u s l y .  Debate o f t e n  gave way t o  rancor  and 
personal  an imos i t y .  S c i e n t i f i c  r e p u t a t i o n s  crumbled. There e x i s t  many 
s c i e n t i f i c  tex tbooks  w r i t t e n  d u r i n g  1900-1925 which a r e  now o n l y  h i s t o r i c a l  
c u r i o s i t i e s .  The f i n a l  r e s u l t ,  however, was a sound technology p r e s e n t l y  
heading i n t o  a second genera t i on  o f  accomplishment and d i scove ry .  

Gas and o i l  r e s e r v o i r  eng ineer ing  f l o u r i s h e d  immediately a f t e r  
World War I t .  The r e t u r n  o f  servicemen f rom war- t ime d u t i e s  p rov ided  a 
new pool  o f  eng inee r ing  t a l e n t  needed f o r  t he  r a p i d l y  growing o i l  i n d u s t r y .  
The modern geothermal i n d u s t r y  a l s o  da tes  e s s e n t i a l l y  f rom t h e  end of 
World War I I .  However, a p p l i c a t i o n  o f  r e s e r v o i r  eng inee r ing  t o  geothermal 
systems e s s e n t i a l l y  began i n  t h e  e a r l y  1960's. Geothermal r e s e r v o i r  
eng inee r ing  has come a long way i n  t h e  l a s t  t e n  years. We have reached a 
s tage o f  development t h a t  i s  comparable t o  t h e  e a r l y  1950's  i n  gas and 
o i l  r e s e r v o i r  eng inee r ing  research. T h i s  can be seen i n  t h e  r e p o r t  on t h e  
f i r s t  geothermal r e s e r v o i r  eng inee r ing  workshop h e l d  a t  S tan fo rd  i n  December 
o f  1975. Perhaps t h e  g r e a t e s t  reason for  r a p i d  advance has been development 
o f  f i e l d  s t u d i e s  r e c e n t l y .  The concept o f  j o i n t l y  funded f i e l d  s t u d i e s  
suppor ted by f e d e r a l  fund ing  and combining t h e  t a l e n t s  o f  p r i v a t e  i n d u s t r y ,  
u n i v e r s i t y  s t a f f s ,  and the  U.S. Geo log ica l  Survey, has p e r m i t t e d  r a p i d  
s t r i d e s  i n  t h e  f i e l d  o f  r e s e r v o i r  eng inee r ing  research.  

Geothermal r e s e r v o i r  eng inee r ing  research  i s  des t i ned  t o  blossom 
and bear s i g n i f i c a n t  f r u i t  f o r  the n a t i o n ' s  energy a p p e t i t e .  We c o n f i d e n t l y  
f o r e c a s t  t h a t  t h e  December 1977 workshop w i l l  r evea l  t h a t  geothermal 
r e s e r v o i r  eng inee r ing  research  has f i n a l l y  reached t h e  decade o f  t he  
1970's. 
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The s t a t u s  o f  geothermal r e s e r v o i r  eng ineer ing  i n  i n d u s t r y  i s  h i g h l y  
encouraging. The " s t a t e  of t h e  a r t "  has grown s t e a d i l y  over  t h e  years and 
has been a c c e l e r a t i n g  r a p i d l y  i n  t h e  l a s t  few years.  Geothermal engineers 
i n  i n d u s t r y  have had an advantage over  t h e i r  c o u n t e r p a r t s  i n  research and 
government i n  t h a t  they have had a c t u a l  r e s e r v o i r s  and producing w e l l s  on 
which t o  app ly  t h e i r  eng ineer ing  s k i l l s .  T h i s  involvement w i t h  f i e l d  t e s t i n g  
and development has c rea ted  an i d e a l  environment f o r  advancing t h e  
technology o f  geothermal r e s e r v o i r  eng ineer ing .  

I tend t o  v iew geothermal r e s e r v o i r  eng ineer ing  i n  a much broader 
c o n t e x t  than t h e  f i v e  genera l  t o p i c s  be ing discussed i n  t h i s  workshop. For 
r e s e r v o i r  engineers i n  p r i v a t e  i n d u s t r y .  a geothermal p r o j e c t  begins when a 
p o t e n t i a l  geothermal prospect  i s  be ing evaluated f o r  l e a s i n g .  The r e s e r v o i r  
engineer  must be i n v o l v e d  w i t h  h i s  e x p l o i t a t i o n  and land a c q u i s i t i o n  groups 
so t h a t  t h e  terms o f  t h e  eventual  lease a r e  ach ievab le  w i t h i n  the  framework 
of the  e x i s t i n g  s tage of technology, r e g u l a t o r y  c o n t r o l  and a p p r o p r i a t e  
economics. 

Once t h e  lease i s  consummated, t h e  r e s e r v o i r  engineer  must be i n v o l v e d  
i n  t h e  e x p l o r a t i o n  and i n i t i a l  d r i l l i n g  program. The e x p l o r a t i o n  da ta  
acqu i red  and eva lua ted  by t h e  e x p l o r a t i o n  g e o l o g i s t  i s  o f  v i t a l  importance 
t o  t h e  r e s e r v o i r  engineer  i n  h i s  e v a l u a t i o n  o f  t h e  r e s e r v o i r .  He must work 
c l o s e l y  w i t h  t h e  des ign  and e x e c u t i o n  o f  t h e  i n i t i a l  d r i l l i n g  program so 
t h a t  t h e  maximum r e s e r v o i r  i n f o r m a t i o n  can be ob ta ined from the  d r i l l  
c u t t i n g s ,  c o r i n g ,  logg ing ,  bot tomhole f l u i d s ,  temperatures and pressures.  
The cas ing  des ign  and w e l l  comple t ion  program w i l l  be o f  impor tan t  concern 
t o  t h e  r e s e r v o i r  engineer ,  s i n c e  they w i l l  p l a y  a l a r g e  r o l e  i n  l i m i t i n g  o r  
c o n t r i b u t i n g  t o  t h e  p r o d u c t i v i t y  o f  t h e  w e l l .  

Nowadays i n  t h e  U n i t e d  Sta tes ,  very  l i t t l e  new i n d u s t r i a l  development 
can occur  w i t h o u t  a thorough a n a l y s i s  of t h e  environmental  impacts o f  t h e  
o p e r a t i o n .  The r e s e r v o i r  engineer  i n  i n d u s t r y  must p l a y  a r o l e  i n  
c o n t r i b u t i n g  necessary i n f o r m a t i o n  i n  these analyses. He can p r o v i d e  d e t a i l s  
on t h e  a n t i c i p a t e d  w e l l  t e s t i n g  and f i e l d  e v a l u a t i o n  programs and on t h e  
es t imated  e x t e n t  o f  development and on t h e  q u a n t i t y  and c h a r a c t e r i s t i c s  
o f  t h e  f l u i d s  which w i l l  be produced. The q u a n t i t y  o f  i n f o r m a t i o n  r e q u i r e d  
b e f o r e  these p r o j e c t s  a r e  w e l l  d e f i n e d  may seem unmanageable, b u t  t h e  
r e s e r v o i r  engineer  i s  t h e  most q u a l i f i e d  t o  supply  much o f  t h i s  i n f o r m a t i o n .  

There i s  another  aspect  o f  r e g u l a t o r y  c o n t r o l  i n  which t h e  r e s e r v o i r  
engineer  should p l a y  an a c t i v e  r o l e .  The r e g u l a t i o n s  which g e n e r a l l y  f a l l  
i n t o  t h e  ca tegory  o f  env i ronmenta l  p r o t e c t i o n  have been i n  a genera l  s t a t e  
o f  f l u x  by l o c a l ,  s t a t e  and f e d e r a l  agencies.  Geothermal development i s  
v e r y  new to  these agencies,  and t h e r e  i s  an urgent  need t o  educate them on 
t h e  exact  n a t u r e  o f  t h e  o p e r a t i o n s .  Wi thout  t h i s  educat ion,  i n d u s t r y  has and 
w i l l  c o n t i n u e  t o  exper ience long delays i n  r e c e i v i n g  governmental approval  
f o r  f u t u r e  development. 
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Whi le I am on the  s u b j e c t  o f  delays,  we should examine an impor tan t  
r e s p o n s i b i l i t y  t h e  r e s e r v o i r  engineer has i n  sho r ten ing  t h e  long lead  t ime  
from i n i t i a l  d i scove ry  t o  commercial p roduc t i on .  I n  an o i l  o r  gas r e s e r v o i r ,  
f i e l d  p r o d u c t i o n  f a c i l i t i e s  can be i n s t a l l e d  s h o r t l y  a f t e r  t he  f i r s t  few 
w e l l s  a r e  d r i l l e d  and tes ted .  The r e s e r v o i r  e v a l u a t i o n  proceeds concur ren t  
w i t h  t h e  development o f  t he  f i e l d .  We a r e  n o t  p rov ided w i t h  t h i s  l u x u r y  
i n  geothermal development. Small geothermal power p l a n t s  a r e  n o t  economica l l y  
a t t r a c t i v e ,  and i t  takes ex tenua t ing  c i rcumstances t o  j u s t i f y  t h e i r  
i n s t a l l a t i o n .  We tend t o  view a 55 MW p. lant  as t h e  sma l les t  economic s i z e  
u n i t  under normal c i rcumstances. Th is  means t h a t  a r e s e r v o i r  w i l l  have t o  
c o n t a i n  c l o s e  t o  300 b i l l i o n  pounds o f  steam t o  support  t h i s  p l a n t  f o r  a 
30-year l i f e .  O f  course t h e  r e q u i r e d  minimum reserve  w i l l  va ry  depending 
upon t h e  power c y c l e  used and t h e  n a t u r e  o f  the f l u i d s  i n  the  r e s e r v o i r .  
I f  the  r e s e r v o i r  f l u i d  i s  ho t  water ,  the r e q u i r e d  f l u i d  reserves may be 
four  t o  f i v e  t imes as l a r g e .  The cha l l enge  t o  the r e s e r v o i r  engineer i n  
i n d u s t r y  i s  t o  determine how l a r g e  h i s  reserves a r e  w i t h i n  the  s h o r t e s t  
p o s s i b l e  t ime  and w i t h  the  minimum amount o f  w e l l s  and t e s t i n g .  

I t  i s  toward ach iev ing  t h i s  goal t h a t  t h e  r e s e r v o i r  engineer must 
c o n s t a n t l y  s t r i v e .  I f e e l  t h a t  t he  i n d u s t r y  i s  moving r a p i d l y  i n  t h i s  
d i r e c t i o n .  Well t e s t i n g  and e v a l u a t i o n  techniques have been v a s t l y  improved 
i n  t h e  l a s t  few years.  I n  t h i s  respec t ,  t he  bottomhole p ressure  measurement 
techniques a r e  meet ing our  needs, bu t  t he re  i s  an obvious absence o f  
e q u a l l y  s e n s i t i v e  temperature t o o l s .  
temperature changes i n  the  r e s e r v o i r  w i t h  g r e a t e r  accuracy.  

We must f i n d  a way t o  measure 

There a r e  cons ide rab le  chemical data becoming a v a i l a b l e  on e x i s t i n g  
geothermal r e s e r v o i r s .  I f e e l  t he re  i s  an urgent  need t o  analyze these da ta  
w i t h  respec t  t o  what they a r e  t e l l i n g  us on r e s e r v o i r  performance. I r e f e r  
n o t  o n l y  t o  i o n  c o n c e n t r a t i o n  changes, bu t  a l s o  t o  i so tope  chemis t r y .  The 
performance o f  a geothermal f i e l d  w i l l  be c o n t r o l l e d  by, among o t h e r  f a c t o r s ,  
t he  hydro logy  o f  t he  area. M o n i t o r i n g  the changes o f  isotopes,  such as H, 
0, C and S,  w i l l  p r o v i d e  i n s i g h t  i n t o  how t h e  hydrology o f  t he  area i s  
responding t o  geothermal ope ra t i ons .  The r e s u l t s  o f  these chemical 
i n v e s t i g a t i o n s  need t o  be i n t e g r a t e d  w i t h  f l o w  behavior and the  p h y s i c a l  
p r o p e r t i e s  o f  t h e  r e s e r v o i r  f l u i d s .  We f e e l  t h a t  t he  r e s e r v o i r  e v a l u a t i o n  
and p r e d i c t i o n  techniques w i l l  e v e n t u a l l y  have t o  account n o t  o n l y  f o r  t he  
mass and energy changes d u r i n g  e x p l o i t a t i o n ,  b u t  a l s o  f o r  t he  chemical 
changes. 

There has been cons ide rab le  i n t e r e s t  i n  t h e  l a s t  few years on the  
consequences o f  c o l d  f l u i d  i n j e c t i o n  i n t o  geothermal r e s e r v o i r s .  I n d u s t r y  
has been aware o f  t h i s  p o t e n t i a l  problem f o r  a number o f  years,  s o  i t  i s  
g r a t i f y i n g  t h a t  more research i s  being undertaken t o  determine t h e  phys i ca l  
c h a r a c t e r i s t i c s  o f  i t s  e f f e c t .  Such research w i l l  a i d  i n  des ign ing  
success fu l  r e i n j e c t i o n  programs, b u t  i n d u s t r y  w i l l  have the  r e s p o n s i b i l i t y  
o f  deve lop ing  f i e l d  t r i a l s  and making t h e  system work b e n e f i c i a l l y  f o r  
a d d i t i o n a l  heat recovery and n o t  t o  d e t r i m e n t a l l y  i n h i b i t  our  p roduc ing  
w e l l s .  An unknown i n  c a l c u l a t i n g  t h e  heat recovered from t h e  rock d u r i n g  
water i n j e c t i o n  i s  t he  f r a c t u r e  i n t e n s i t y .  I n  a l l  the mathematical 
d e r i v a t i o n s ,  we use the  assumption o f  instantaneous heat t r a n s f e r  from 
t h e  rock  t o  t h e  f l u i d  t o  achieve thermal e q u i l i b r i u m .  Th is  assumption has 
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t o  be v e r i f i e d  i n  t h e  l a b o r a t o r y  u s i n g  l a r g e r  rock than i n  pas t  experiments 
and a l s o  i n  the  f i e l d  by conduct ing  p i l o t  t e s t s .  The technology development 
f o r  f l u i d  i n j e c t i o n  i n t o  geothermal r e s e r v o i r s  should proceed much l i k e  the  
development o f  w a t e r - f l o o d i n g  i n  o i l  r e s e r v o i r s .  T h e o r e t i c a l  and l a b o r a t o r y  
analyses went hand i n  hand w i t h  f i e l d  t e s t i n g .  

I should p o i n t  o u t  t h a t  Union O i l  has been invo lved  i n  water i n j e c t i o n  
a t  The Geysers s ince  1969, i n  New Mexico s ince  1973, and f o r  over one year 
i n  Imper ia l  V a l l e y .  These i n j e c t i o n  programs were i n i t i a t e d  t o  dispose 
o f  t h e  produced l i q u i d s  i n  an env i ronmen ta l l y  acceptab le  manner. I 
a n t i c i p a t e  t h a t  r e i n j e c t i o n  o f  produced l i q u i d s  w i l l  become t h e  o n l y  
acceptab le  method o f  water d i sposa l  f o r  geothermal ope ra t i ons  i n  the  
Un i ted  S ta tes .  There fore ,  i t  i s  mandatory t h a t  we develop techniques t h a t  
m in im ize  t h e  d e t r i m e n t a l  e f f e c t s .  Our exper ience t o  da te  i n d i c a t e s  t h a t  
i f  t h e  i n j e c t i o n  program i s  designed c a r e f u l l y ,  water i n j e c t i o n  can be 
c a r r i e d  o u t  s u c c e s s f u l l y .  

Though we a r e  c o n f i d e n t  i n  c o l d  f l u i d  i n j e c t i o n ,  t h e r e  i s  s t i l l  a 
cons ide rab le  amount o f  f i e l d  da ta  and exper ience needed. We i n t e n d  t o  
concen t ra te  on r e s e r v o i r  analyses on the heat t r a n s f e r  c h a r a c t e r i s t i c s  i n  
these opera t i ons  i n  t h e  coming year .  We have experimented w i t h  t h e  use o f  
t r a c e r s  i n  our  i n j e c t i o n  water i n  t h e  pas t ,  and we p l a n  t o  expand t h i s  work 
i n  t h e  f u t u r e .  I t  i s  our hope t h a t  t he  use o f  t r a c e r s  w i l l  p r o v i d e  us w i t h  
i n f o r m a t i o n  on t h e  o r i e n t a t i o n  and i n t e n s i t y  o f  t h e  f r a c t u r e s  and how 
e f f e c t i v e l y  we a r e  m in ing  t h e  heat  f rom the  rock.  

I n  summary, I f e e l  t h a t  geothermal r e s e r v o i r  eng inee r ing  i n  i n d u s t r y  
i s  ex t remely  impor tan t  i n  advancing the  development o f  these needed resources. 
The eng ineer ing  go ing  on i n  t h e  f i e l d  i s  h i g h l y  complementary t o  the  c u r r e n t  
research  a c t i v i t y .  There i s  cons ide rab le  work ahead f o r  bo th  i n d u s t r y  and 
research, b u t  through i n f o r m a t i o n  exchanges such as t h i s  workshop, we can 
sho r ten  the  t ime- lag  i n  ou r  knowledge about geothermal r e s e r v o i r s .  
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E a r l y  op t im ism about t h e  r a t e  a t  which geothermal energy migh t  
be developed i n  t h e  Un i ted  Sta tes  appears t o  have d imin ished over  
the  pas t  two years ,  and the  fo rmula  f o r  a c c e l e r a t i n g  the  develop-  
ment o f  geothermal energy has proven e l u s i v e  bo th  f o r  i n d u s t r y  and 
the  f e d e r a l  government. C e r t a i n l y ,  t he  geothermal resource base 
has no t  changed, and severa l  o f  t he  l iqu id -dominated  f i e l d s  have 
been b e t t e r  d e f i n e d  by c o n t i n u i n g  d r i l l i n g  programs. The t e c h n i -  
c a l  problems have n o t  changed s i g n i f i c a n t l y  and progress has been 
made i n  t h e  a r t  o f  h a n d l i n g  geothermal b r i n e s ,  n o t a b l y  t h e  work w i t h  
the  h y p e r s a l i n e  b r i n e s  o f  t he  S a l t o n  Sea d e p o s i t .  More a p p l i e d  
research i s  underway and beg inn ing  t o  y i e l d  r e s u l t s .  Why, then,  
has op t im ism d imin ished? 

One o f  t he  main reasons i s  t h a t  power i s  no t  y e t  be ing  gen- 
e r a t e d  i n  t h e  Un i ted  Sta tes  f rom geothermal energy o u t s i d e  o f  The 
Geysers. Furthermore, t h e r e  s t i l l  a re  no f i r m  p lans  t o  c o n s t r u c t  
power p l a n t s  a t  ho t  water-dominated resource s i t e s .  The neares t  
t h i n g  t o  a planned commercial s i z e  genera t i ng  f a c i l i t y  o f  t h i s  
type  i s  t h e  Heber 50 MWe demonstrat ion p l a n t  p r o j e c t  i n i t i a t e d  by 
E P R l  and conceived f o r  comple t ion  i n  1980 w i t h  broad suppor t  f rom 
E P R I ,  t he  San Diego Gas and E l e c t r i c  Company ( t h e  lead u t i l i t y ) ,  
a number o f  o t h e r  p a r t i c i p a t i n g  u t i l i t i e s ,  Chevron O i l ,  and ERDA. 
Many o f  t he  d e t a i l s  o f  coopera t i on  must be reso lved i n  the  nex t  
few months f t h e  p r o j e c t  i s  t o  remain on schedule. I n c l u d i n g  the  
p o s s i b i l i t y  o f  another  10 MWe a t  t h e  Geothermal Loop Exper imenta l  
F a c i l i t y  a t  N i l a n d  and 10 MWe a t  East Mesa i n  C a l i f o r n i a ,  t he  
hydrotherma growth r a t e  i s  f a r  f rom impress ive.  I f  t h i s  s low 
t r e n d  i s  t o  be reversed and t h e  commerc ia l i za t i on  o f  hydrothermal  
resources  i s  t o  acce le ra te ,  more geothermal power p l a n t s  must beg in  
t o  appear i n  u t i l i t y  c o n s t r u c t i o n  p lans .  I n  o rde r  for  t h i s  t o  happen, 
the  i n d u s t r y  needs more p r e c i s e  es t imates  o f  t he  commercial poten-  
t i a l  o f  hydrothermal  r e s e r v o i r s  bo th  from the  s tandpo in t  o f  energy 
p r o d u c t i o n  and energy convers ion .  

A l though t h e r e  a re  few f i r m  p lans ,  severa l  u t i l i t i e s  have 
t e n t a t i v e  p lans  t o  use hydrothermal  resources p r o v i d i n g :  ( 1 )  they 
have access t o  commercial q u a l i t y  resources;  ( 2 )  t h e  c o s t  o f  geo- 
thermal power i s  c o m p e t i t i v e  w i t h  o t h e r  a v a i l a b l e  energy sources;  
( 3 )  t h a t  r e g u l a t o r y  approval  f o r  such p l a n t s  i s  fo r thcoming;  and 
(4) env i  ronrnental acceptance o f  geothermal power i s  achieved.  
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Al though seve ra l  o f  the  known resource s i t e s  appear to have t h e  
p o t e n t i a l  f o r  s a t i s f y i n g  a l l  o f  these c o n d i t i o n s ,  t h e  t r u t h  i s  
t h a t  we have n o t  y e t  s a t i s f i e d  a l l  o f  these c o n d i t i o n s  a t  any o f  
t h e  s i t e s .  T h i s ,  then,  i s  one o f  t he  main reasons t h a t  u t i l i t i e s  
a r e  c a u t i o u s  i n  regard t o  making f i r m  commitments t o  p lans  t h a t  
i n c l u d e  geothermal power p l a n t  c o n s t r u c t i o n .  A f u r t h e r  cause f o r  
r e l u c t a n c e  i s  t h a t  t h e  p o t e n t i a l  o f  geothermal energy t o  d i s p l a c e  
o t h e r  energy sources on a l a r g e  s c a l e  has n o t  been demonstrated. 
We do n o t  y e t  know how much geothermal power we can depend on f o r  
e l e c t r i c a l  power genera t i on .  

The present  s t a t u s  o f  geothermal development i s  somewhat 
d i s a p p o i n t i n g ,  b u t  may n o t  be q u i t e  as g r i m  as i t  seems. I t  
appears t o  be a case o f  a young i n d u s t r y  wan t ing  t o  grow somewhat 
f a s t e r  than c o u l d  reasonably be expected. Both the  p o t e n t i a l  and 
t h e  cha l l enge  a r e  s t i l l  t h e r e  and e f f o r t s  should c o n t i n u e  t o  
e s t a b l i s h  t h e  c r e d e n t i a l s  o f  hydrothermal  energy i n  the  market 
p lace .  

Importance o f  Reservo i r  Engineer ing 

Aside f r o m  technology a d a p t a t i o n ,  v e r i f i c a t i o n  o f  commercial 
v i a b i l i t y  and env i ronmenta l  acceptance, one o f  t h e  most c r u c i a l  
e f f o r t s  i n  t h e  commerc ia l i za t i on  o f  hydrothermal resources w i l l  
be r e s e r v o i r  assessment. I t  seems reasonable t o  specu la te  t h a t  
as r e s e r v o i r  p r o d u c t i o n  and geothermal f l u i d  c h a r a c t e r i s t i c s  a r e  
d e f i n e d  w i t h  b e t t e r  accuracy and g r e a t e r  conf idence,  geothermal 
power p l a n t s  w i l l  beg in  t o  appear w i t h  i n c r e a s i n g  frequency i n  
t h e  f u t u r e  p l a n  o f  u t i l i t i e s .  

A d e c i s i o n  on t h e  p a r t  of a u t i l i t y  t o  c o n s t r u c t  a geothermal 
power p l a n t  n a t u r a l l y  i n v o l v e s  a hos t  o f  c o n s i d e r a t i o n s ,  b u t  m o s t  
r e l a t e  one way o r  another  t o  t h e  r e s u l t s  o f  r e s e r v o i r  assessments. 
O v e r a l l  r e s e r v o i r  c a p a c i t y ,  r a t e  o f  sus ta ined  p r o d u c t i o n ,  f l u i d  
h e a t  con ten t ,  f l u i d  p u r i t y  and t h e  amount and species o f  non- 
condensib le  gases, a r e  impor tan t  c o n s i d e r a t i o n s ,  p a r t i c u l a r l y  as 
they r e l a t e  t o  power needs, s e l e c t i o n  o f  a p p r o p r i a t e  convers ion 
processes and env i ronmenta l  c o n t r o l s .  Reservoi r  assessment i s  
one o f  t he  most impor tan t  l i n k s  i n  t h e  development o f  geothermal 
energy,  and r e s e r v o i r  eng inee r ing  i s  an exceed ing ly  impor tan t  
p a r t  o f  r e s e r v o i r  assessment. 

R a t i o n a l e  f o r  I n c l u d i n g  Reservo i r  Assessment P r o j e c t s  i n  t h e  
E P R l  Program 

For a l l  p r a c t i c a l  purposes geothermal energy i s  a s o l e  source 
commodity. I t  cannot be t r a n s p o r t e d  except ove r  s h o r t  d i s tances ;  
t h e r e f o r e ,  power p l a n t s  must be s i t e d  near t h e  source. Once a 
commitment i s  made t o  a p a r t i c u l a r  r e s e r v o i r ,  t h e  commi tment i s  
i r r e v e r s i b l e  i n  t h a t  f u e l  s u b s t i t u t i o n  i s  n o t  a l i k e l y  p o s s i b i l i t y .  
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Geothermal power p l a n t s  must be designed t o  ope ra te  w i t h  low en- 
t h a l p y  f l u i d s ,  making i t  u n l i k e l y  t h a t  h i g h e r  grade f u e l s  c o u l d  be 
s a c r i f i c e d  t o  con t inue  o p e r a t i o n  o f  geothermal p l a n t s ,  i f  the  
r e s e r v o i r  f a i l s  t o  produce as expected. I n  such an event ,  t h e  
u t i l i t y  cou ld  exper ience c a p i t a l  losses assoc ia ted  w i t h  t h e  p l a n t  
as w e l l  as loss  o f  genera t i ng  capac i t y  r e q u i r e d  t o  meet p u b l i c  need 
The inhe ren t  n a t u r e  o f  t h i s  type  o f  arrangement suggests t h a t  t he  
u t i l i t y  seek assurances t h a t  t h e  r e s e r v o i r  w i l l  s u s t a i n  p r o d u c t i o n  
o f  f l u i d s  w i t h  c o n s i s t e n t  p u r i t y  and energy conten t  f o r  t h e  l i f e  
o f  t h e  power p l a n t  p r i o r  t o  commitment o f  funds t o  c o n s t r u c t  a 
p l a n t .  

Assurances o f  r e s e r v o i r  p roduc t i on  may conce ivab ly  be ob- 
t a i n e d  i n  two ways. The f i r s t  would be f o r  t h e  resource company 
t o  assume a l l  o f  t he  r i s k  by guaranteeing the  f l o w  o f  energy, and 
i n d e m n i f i c a t i o n  a g a i n s t  c a p i t a l  l oss  and loss o f  genera t i ng  
c a p a c i t y .  Th is  c o u l d  be achieved o n l y  by guaranteeing a l t e r n a t e  
f u e l s  t h a t  c o u l d  be used a t  o t h e r  p l a n t s  t o  make up any l o s t  
capac i t y ,  should the  r e s e r v o i r  f a i l .  However, such a complete 
guarantee i s  n o t  l i k e l y .  A more probab le  approach would be f o r  
the  u t i l i t y  t o  share some o f  t he  r i s k ,  i n  which case i t  would 
want t o  p a r t i c i p a t e  i n  r e s e r v o i r  assessment e i t h e r  d i r e c t l y  o r  
through q u a l i f i e d  consu l tan ts .  I n  e i t h e r  case, t he  u t i l i t y  would 
have a need t o  be conversant  w i t h  the  t e c h n i c a l  d i s c i p l i n e s  o f  
r e s e r v o i r  assessment, as they r e f l e c t  r e s e r v o i r  r e l i a b i l i t y  and 
l o n g e v i t y ,  f l u i d  p u r i t y ,  long- term temperature s t a b i l i t y ,  produc- 
t i o n  c a p a c i t y  and the  c a p a c i t y  o f  t he  r e s e r v o i r  f o rma t ion  t o  
accept  i n j e c t e d  supersa tura ted  b r i n e s .  For the  fo rego ing  reasons 
and E P R l ' s  emphasis on a c c e l e r a t i o n  o f  geothermal development, 
E P R l  has an i n t e r e s t  i n  advancing the  a r t  o f  r e s e r v o i r  assessment 
and rese rvo i  r eng i neer i ng  . 

Scope o f  E P R l ' s  Cur ren t  E f f o r t  

Several o f  t he  p r o j e c t s  i n  the  c u r r e n t  E P R l  geothermal p ro -  
gram a r e  l o o s e l y  r e l a t e d  t o  r e s e r v o i r  assessment. Only one i s  
d i r e c t l y  r e l a t e d .  The b r i n e  chemis t ry  p r o j e c t  i s  in tended t o  
improve t h e  c a p a b i l i t y  t o  analyze the  performance o f  b r i n e  systems 
as a f u n c t i o n  o f  t he  chemical and thermal p r o p e r t i e s  o f  geothermal 
b r i n e s  and t h e  thermodynamics, hydrodynamics and chemical k i n e t i c s  
o f  t h e  b r i n e  process ing  system. Al though t h e  p r o j e c t  i s  o r i e n t e d  
toward power p l a n t  a n a l y s i s ,  t h e  a n a l y t i c a l  techniques a r e  expec t -  
ed t o  be u s e f u l  i n  assess ing t h e  economic va lue  o f  d i f f e r e n t  geo- 
thermal b r i n e s  f o r  e l e c t r i c  power genera t ion .  Two heat  exchanger 
t e s t s  a t  Heber, one completed l a s t  year and a second almost 
complete, were conducted t o  develop da ta  on heat  exchanger pe r -  
formance as an a i d  i n  deve lop ing  des ign c r i t e r i a  f o r  commercial 
s i z e  heat  exchangers. Here aga in  t h e  r e s u l t s  should be u s e f u l  i n  
making f i r s t  o r d e r  approx imat ions o f  t he  economic wor th  o f  b r i n e s ,  
p a r t i c u l a r l y  b r i n e s  s i m i l a r  t o  those found a t  Heber. I n  our  
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f e a s i b i l i t y  s tudy  f o r  t h e  50 MWe low s a l i n i t y  hydrothermal demon- 
s t r a t i o n  p l a n t  p r o j e c t ,  a s i g n i f i c a n t  p o r t i o n  o f  t h e  e f f o r t  was 
devoted t o  r e s e r v o i r  a n a l y s i s .  The mob i l e  l a b o r a t o r y  p r o j e c t  i s  
in tended t o  inc rease and improve the  i n f o r m a t i o n  base on geothermal 
b r i n e  p r o p e r t i e s  and t h e i r  economic p o t e n t i a l  through s tandard ized 
f i e l d  t e s t i n g .  

Reservo i r  Assessment Gu ide l i ne  Manual 

Th is  p r o j e c t  i s  more d i r e c t l y  r e l a t e d  t o  r e s e r v o i r  assess- 
ment. I t s  purpose i s  t o  develop a g u i d e l i n e  manual on r e s e r v o i r  
assessment p r i m a r i l y  f o r  use by u t i l i t i e s ;  however, t h e  i n t e n t  i s  
t o  i n c l u d e  s u f f i c i e n t  i n f o r m a t i o n  t o  make i t  u s e f u l  t o  p r a c t i c i n g  
r e s e r v o i r  engineers as w e l l .  The o b j e c t i v e  o f  t he  e f f o r t  i s  n o t  
n e c e s s a r i l y  t o  advance the  s t a t e - o f - t h e - a r t ,  b u t  t o  c o n s o l i d a t e  
the  e x i s t i n g  body o f  i n f o r m a t i o n  i n t o  a c e n t r a l  source. The need 
f o r  t h e  manual stems f rom t h e  f a c t  t h a t  many techniques p r e s e n t l y  
used t o  assess geothermal r e s e r v o i r  p o t e n t i a l  a r e  n o t  w e l l  docu- 
mented i n  t h e  open l i t e r a t u r e  and have n o t  been s tandard ized by 
the  i n d u s t r y .  

For the  purpose o f  t h i s  e f f o r t ,  r e s e r v o i r  assessment i s  
viewed as t h a t  spectrum o f  a c t i v i t i e s  and t e c h n i c a l  d i s p l i n e s  
t h a t ,  when combined i n t o  a l o g i c a l  sequence, a r e  expected t o  
lead t o  optimum cho ices  rega rd ing :  ( 1 )  where t o  search f o r  
geothermal energy; ( 2 )  where t o  l o c a t e  e x p l o r a t o r y  w e l l s ;  and 
( 3 )  assessment o f  t h e  commercial p o t e n t i a l  o f  r e s e r v o i r s .  The 
r e l a t i v e  r o l e  o f  r e s e r v o i r  assessment i n  t h e  e l e c t r i c  power 
development c y c l e  i s  i l l u s t r a t e d  i n  F igu re  1 .  

S ince some assessment techniques a r e  new and o t h e r s  a r e  ex- 
pected t o  emerge f rom c u r r e n t  research,  s t a n d a r d i z a t i o n  o f  t e c h n i -  
ques i s  p robab ly  premature:  however, t he  absence o f  s t a n d a r d i -  
z a t i o n  makes i t  d i f f i c u l t  t o  compare r e s u l t s  ob ta ined  by one 
group w i t h  those ob ta ined  by another ,  and a common re fe rence  may 
be u s e f u l  i n  t h i s  c o n t e x t .  Some s t a n d a r d i z a t i o n  would be bene- 
f i c i a l  t o  t h e  power genera t i ng  i n d u s t r y  i n  t h a t  i t  cou ld  serve  
t o  remove some o f  t h e  a m b i g u i t i e s  t h a t  a r i s e  f rom d i f f e r e n t  s e t s  
o f  assumptions, d i f f e r e n t  computat ional  procedures, and sometimes 
d i f f e r e n t  s tandards o f  measurement, t e s t  and da ta  i n t e r p r e t a t i o n .  
I t  cou ld  inc rease t h e  l e v e l  o f  con f idence p laced on p r o j e c t i o n s  
o f  r e s e r v o i r  power p o t e n t i a l  and lower t h e  perce ived r i s k  o f  
investment i n  geothermal power p l a n t s .  

The approach i s  t o  i n c l u d e  the  f o l l o w i n g  sec t i ons  o r  chapters  
i n  the  manual : 

Geothermal Reservo i r  Assessment Phi losophy and Ra t iona le  
P rospec t ing  
Exp 1 o r a t i o n  
Reservoi r Development 
Produc t ion  F a c i l i t i e s  
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Product ion  Tes t  
Reservoi r Management 
Case Stud ies  

The major  emphasis w i l l  be on: 

Geophysical Data Ana lys i s  
Geochemical Data Ana lys i s  
Well Log and Core Ana lys i s  
We1 1 Test  Data Ana lys i s  
Reservo i r  Performance P r e d i c t i o n  
We1 1 Bore Eng ineer ing  

The t e x t  w i l l  c o n t a i n  conc ise  d e s c r i p t i o n s  o f  s c i e n t i f i c  p r i n -  
c i p l e s  and c a l c u l a t i o n  procedures.  Each c a l c u l a t i o n  s t e p  w i l l  be 
i l l u s t r a t e d  by p r a c t i c a l  examples. The number o f  c a l c u l a t i o n s  re -  
q u i r e d  o f  t he  user  w i l l  be min imized by making use o f  pa ramet r i c  
c h a r t s  cove r ing  t h e  range o f  expected va lues .  The c h a r t s  w i l l  be 
developed us ing  d imensionless v a r i a b l e s  so t h a t  a r e l a t i v e l y  small  
number o f  c h a r t s  can be used f o r  a l a r g e  range o r  r e s e r v o i r  cond i -  
t i o n s .  D i r e c t  readings f rom t a b l e s ,  c h a r t s ,  and nomograms, 
supplemented by a few c a l c u l a t i o n s  on a smal l  c a l c u l a t o r ,  should 
be s u f f i c i e n t  f o r  rough assessments. The manual w i l l  i n c l u d e  con- 
v e r s i o n  t a b l e s ,  t a b l e s  o f  r e l e v a n t  mathematical f u n c t i o n s ,  and a 
se lec ted  b i b l i o g r a p h y .  

Gross Heat and F l u i d  Reserves: Common geophysica l  e x p l o r a t i o n  
techniques w i l l  be descr ibed.  Examples o f  s i m p l i f i e d ,  app rox i -  
mate techniques o f  d e r i v i n g  u s e f u l  r e s e r v o i r  i n f o r m a t i o n  f rom geo- 
p h y s i c a l  da ta  w i l l  be inc luded.  Some examples i n c l u d e  a r e a l  ex- 
t e n t  o f  t h e  r e s e r v o i r ,  subsur face geo log ica l  s t r u c t u r e ,  depth t o  
t h e  geo log ica l  basement, presence o f  f a u l t s ,  f a u l t  a c t i v i t y  and, 
i n  some cases, t he  r e s e r v o i r  temperature and s a l i n i t y  o f  the  
wa te r .  In fe rences  about l o c a t i o n s  o f  a c t i v e  f a u l t s  can i n d i c a t e  
the  se ismic  r i s k s .  The techniques o f  e s t i m a t i n g  r e s e r v o i r  temp- 
e r a t u r e  f rom chemical a n a l y s i s  o f  water  w i l l  be d iscussed.  A 
b r i e f  account w i l l  be g i ven  o f  t he  p r i n c i p l e s  o f  assessment o f  
c o r r o s i o n ,  s c a l i n g ,  and env i ronmenta l  p o l l u t i o n  p o t e n t i a l  f rom 
chemical a n a l y s i s  o f  t h e  wa te r .  

Recoverable Energy: 
i n f o r m a t i o n  on r e s e r v o i r  t h i ckness ,  rock  type ,  pay zones, p o r o s i t y ,  
p e r m e a b i l i t y ,  water  q u a l i t y  and temperature,  w i l l  be d iscussed.  
Common w e l l  logs  w i l l  a l s o  be d iscussed.  

A c q u i s i t i o n  o f  q u a l i t a t i v e  and q u a n t i t a t i v e  

Flow Rates, Well  S t i m u l a t i o n  Pumping: Techniques o f  d e r i v i n g  
impor tan t  rese rvo i  r i n f o r m a t i o n  from we1 1 t e s t s  w i  1 1  be reviewed. 
The i n f o r m a t i o n  t h a t  can be d e r i v e d  f rom such t e s t s  i n c l u d e  
r e s e r v o i r  p ressure ,  w e l l  p r o d u c t i v i t y ,  r e s e r v o i r  boundar ies,  
c o n t i n u i t y  and i n t e r c o n n e c t i o n  o f  va r ious  produc ing  l a y e r s ,  
expected f l o w  r a t e s ,  t h e  need f o r  w e l l  s t i m u l a t i o n  and pumping 
requi rements.  
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Temperature Performance: S i m p l i f i e d  techniques f o r  p r e d i c t i n g  
pressure ,  temperature,  and f l o w  behav io r  o f  a r e s e r v o i r  f o r  a t  l e a s t  
30 years w i l l  be discussed. Temperature d e c l i n e  w i l l  d i c t a t e  i n -  
creased p roduc t i on  w i t h  corresponding e s c a l a t i o n  o f  o p e r a t i o n a l  
cos ts .  Temperature performance o f  a r e s e r v o i r  i s  a lmost  as impor- 
t a n t  as t h e  hea t  reserve .  Techniques f o r  e s t i m a t i n g  temperature,  
p ressure ,  d e n s i t y ,  and q u a l i t y  ( p r o p o r t i o n s  o f  steam and water )  
o f  t he  f l u i d  as i t  f lows up the  w e l l  bore  w i l l  a l s o  be presented  
i n  t h e  manual. 

The f i r s t  i ssue o f  t he  Reservo i r  Assessment Manual i s  planned 
f o r  comple t ion  by the  end o f  t h i s  year .  

Conclus ion 

Modest progress has been made i n  the  d e f i n i t i o n  o f  hydro-  
thermal resources and development o f  t h e  geothermal i n f o r m a t i o n  base. 
The r e l u c t a n c e  t o  b u i l d  hydrothermal power p l a n t s  thus f a r  i s  a 
f u n c t i o n  o f  many f a c t o r s  b u t  one impor tan t  f a c t o r  i s  t he  need f o r  
more complete and more accu ra te  r e s e r v o i r  assessments f o r  hydro-  
thermal f i e l d s .  E P R l ' s  geothermal program has a small  e f f o r t  i n  
r e s e r v o i r  assessment a t  t h i s  t ime, bu t  a s t r o n g  i n t e r e s t  i n  
advancing t h e  a r t , . a n d  hopes t o  be i n  a p o s i t i o n  t o  expand the  
e f f o r t  i n  the  f u t u r e .  
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STEAM ZONE TEMPERATURE GRADIENTS AT THE GEYSERS 

J. R .  H i t e  and E.  L. Fehlberg 
She l l  O i l  Co. 
P .  0 .  Box 831 

Houston, Texas 77001 

Temperature logs ,  which have been run  r o u t i n e l y  i n  The Geysers 
geothermal w e l l s ,  have been used t o  i n d i c a t e  t h e  depth corresponding t o  
t h e  t o p  o f  t h e  steam zone ( 1 ) .  Th i s  steam ches t  i s  marked by temperatures 
which exceed 400°F and by a sharp change i n  temperature g r a d i e n t .  
t h e  steam ches t  heat  t r a n s f e r  i s  l a r g e l y  by conduct ion ,  so t h a t  t h e  
g r a d i e n t  depends on heat  f l u x  and thermal c o n d u c t i v i t y .  W i t h i n  t h e  steam 
ches t ,  which i s  h i g h l y  f r a c t u r e d ,  heat  i s  t r a n s f e r r e d  v i a  the  v e r t i c a l  
f r a c t u r e s  by convec t i ve  r e f l u x  as w e l l .  T h i s  be ing  a much more e f f e c t i v e  
mechanism, t h e  temperatures a r e  more n e a r l y  i so thermal  ( 2 ) .  The ex i s tence  
o f  t h i s  abrup t  g r a d i e n t  change has been conf i rmed d i r e c t l y  i n  U . S .  
Geothermal C - 4  and C-5, where the  temperature was logged f rom t h e  su r face  
i n t o  t h e  upper unp roduc t i ve  p o r t i o n  o f  t h e  steam ches t .  

Above 

T h i s  r e p o r t  desc r ibes  a model o f  t h e  heat  t r a n s f e r  w i t h i n  t h e  steam 
ches t .  By comparing t h e  model w i t h  temperature g r a d i e n t  da ta  f rom a w e l l ,  
one can e s t i m a t e  t h e  average v e r t i c a l  p e r m e a b i l i t y  w i t h i n  t h e  r e f l u x  system. 

V e r t i c a l  Heat T rans fe r  Mechanisms 

The model i s  based p r i n c i p a l l y  on t h e  d e s c r i p t i o n  o f  t h e  r e s e r v o i r  
by T ruesde l l  and Whi te  ( 2 ) .  They argue t h a t  t h e  steam ches t  i s  a h i g h l y  
f r a c t u r e d  rock  system. Flow c o n d u c t i v i t y  i s  due l a r g e l y  ( o r  s o l e l y )  t o  
t h e  f r a c t u r e s .  The e f f e c t i v e  v e r t i c a l  p e r m e a b i l i t y  o f  t h e  m a t r i x  rock  i s  
unknown as y e t ,  bu t  i s  p robab ly  q u i t e  sma l l .  F l u i d  s to rage i s  known t o  be 
r e l a t i v e l y  l a r g e ,  a l t hough  i t s  d i s t r i b u t i o n  w i t h  depth remains a m a t t e r  o f  
some con t rove rsy .  I t  cou ld  be e i t h e r  i n  rock  m a t r i x  p o r o s i t y  o r  i n  a bot tom 
water  zone a t  some unknown depth (15,000 f t?)  o r  bo th .  To y i e l d  t h e  
a n t i c i p a t e d  reserves  a t  The Geysers, t h e  f l u i d  s to rage must be e q u i v a l e n t  
t o  a p o r o s i t y  o f  6% over  a depth  o f  5000 f t .  on 40-acre spacing.  The t o p  
o f  t h e  steam ches t  i s  presumed t o  be an u n f r a c t u r e d  rock  sea l .  (The seal  
i s  p robab ly  a t  l e a s t  p a r t i a l l y  broken i n  t h e  Old Geysers Area.) 

To model t h e  temperature g r a d i e n t  w i t h i n  t h e  steam ches t  t h e  equat ions  
o f  c o n t i n u i t y  were so lved f o r  a combina t ion  o f  steam r e f l u x  w i t h i n  t h e  
f r a c t u r e s  and thermal conduct ion  th rough t h e  rock  m a t r i x .  Steady s t a t e  
c o n d i t i o n s  were assumed and h o r i z o n t a l  g r a d i e n t s  were neg lec ted .  Rock and 
f r a c t u r e  p r o p e r t i e s  were cons tan t  w i t h  depth.  
phase up, l i q u i d  phase down) was modeled us ing  Darcy 's  Law, assuming 
s t r a i g h t  l i n e  r e l a t i v e  p e r m e a b i l i t i e s  f o r  each phase ( k  = S p ) .  T h i s  
would be c o r r e c t  f o r  laminar  f l o w  i n  f r a c t u r e  geometr ies e q u i v a l e n t  t o  
narrow s l i t s .  A t  t h e  top  o f  t h e  steam ches t  i t  was assumed t h a t  t h e  ne t  
mass f l u x  was zero  and t h a t  t h e  heat  f l u x  was equal t o  
i s  t h e  thermal c o n d u c t i v i t y  and 21 i s  t h e  temperature 

Flow i n  t h e  f r a c t u r e s  (vapor 

r P  

T 

dz 10 g r a d i e n t  
-kT dT where k 

0 
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j u s t  above t h e  steam ches t .  The r e s u l t i n g  equat ions  t h e  p r e d i c t  temperature 
and pressure  versus depth  as a f u n c t i o n  o f  1) steam p r o p e r t i e s ,  2) t h e  
assumed pressure  a t  t h e  t o p  o f  t h e  steam ches t ,  Po, 3) t h e  r a t i o  o f  thermal 
c o n d u c t i v i t y  kT, t o  t h e  average v e r t i c a l  p e r m e a b i l i t y  i n  t h e  r e f l u x  system, 
kv,  and 4 )  t h e  produc t  o f  t h i s  r a t i o  and t h e  g r a d i e n t -  

U . S .  Geothermal C - 4  and C - 5  Temperature Grad ien ts  

. 
dz dT I 0 

The temperature vs. depth  curves  shown i n  F i g .  1 were d r ' v e d  f rom 
Horner - type  b u i l d u p  analyses as suggested by Dowdle and Cobb 7 3 j  . Two 
separa te  l o g  runs were made i n  each w e l l ,  one a t  t h e  13-3/8" cas ing  p o i n t  
and one a t  t h e  9;-5/8" cas ing  p o i n t .  Each run  cons is ted  o f  severa l  t r a v e r s e s  
ove r  depth  and a b u i l d - u p  a t  TD. The surveys d i d  no t  i n c l u d e  t h e  p r o d u c t i v e  
p a r t  o f  t h e  steam zone. 

The da ta  show a sharp g r a d i e n t  change approx imate ly  cor respond ing  t o  
t h e  t o p  o f  t h e  steam r e f l u x  zone. Below t h a t  depth t h e  g r a d i e n t  i s  g r e a t l y  
reduced, a l t h o u g h  s t i l l  s i g n i f i c a n t l y  g r e a t e r  than t h a t  which would r e s u l t  
f rom a s t a t i c  steam phase. 

Resu l t s  

The c a l c u l a t e d  temperature g r a d i e n t s  a r e  compared t o  t h e  w e l l  da ta  
i n  F i g .  2 f o r  severa l  assumed va lues  o f  kv. 
o t h e r  parameters a r e :  

The assumed va lues  f o r  t h e  

c-5 - c- 4 - 
-1 m 

= 12.2" F/100 ft (222"C/km) ai 1 

dz  lo 
- 3 I dz o 

= 11.3"F/100 f t  (206"C/km) 

kT = 29.0 Btu/day-f t - O F  ( .005 cal/sec-cm-"C) kT = Same as C-4 

P = 425 p s i a  (29.32 bars)  P = 316 p s i a  (21 .77  bars) 

T = 450.6"F (232.6"C) T = 422.O"F (216.7"C) 
0 0 

0 0 

The pressure ,  Po, i s  t h e  s a t u r a t i o n  pressure  cor respond ing  t o  t h e  
measured temperature,  
o f  computed and a c t u a l  g r a d i e n t s  corresponds t o  kv = 0 . 5  rnd f o r  C - 4  and 
kv  = 0.2 md f o r  C - 5 .  
accuracy o f  t h e  temperature measurements as w e l l  as by t h e  many assumptions 
i n  t h e  model. 
shows t h a t  i t  i s  rough ly  p r o p o r t i o n a l  t o  t h e  assumed va lues  o f  kT and 

To, a t  t h e  t o p  o f  t h e  steam ches t .  The b e s t  match 

The accuracy o f  t h i s  r e s u l t  i s  a f f e c t e d  by t h e  

A s tudy o f  t h e  s e n s i t i v i t y  o f  kv t o  t h e  o t h e r  parameters 

"1 d= 0 - 
These r e s u l t s  were ob ta ined  u s i n g  da ta  f rom t h e  unproduc t i ve  p a r t  o f  

t h e  steam ches t .  
l e s s  than would be expected f rom a p r o d u c t i v e  i n t e r v a l .  

As a r e s u l t  t h e  c a l c u l a t e d  p e r m e a b i l i t y  va lues  a r e  much 

The model can a l s o  be used t o  e x t r a p o l a t e  p ressure  and temperature t o  
g r e a t e r  depths whenever t h e  temperature g r a d i e n t  a t  those depths can be 
re1  i a b l y  p red ic ted .  
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Conclusions 

The model suggests t h a t  t h e  average v e r t i c a l  p e r m e a b i l i t y  a t  The 
Geysers i s  l e s s  than i rnd i n  t h e  upper unp roduc t i ve  p o r t i o n  o f  t h e  steam 
ches t .  

Temperature da ta  taken f rom t h i s  p o r t i o n  o f  t h e  steam ches t  i n d i c a t e  
t h a t  t h e  r e s e r v o i r  i s  cons ide rab ly  l ess  isothermal  than p r e v i o u s l y  assumed. 
The dynamic e f f e c t s  o f  t h e  r e f l u x  system should be inc luded i n  any s tudy 
o f  t r a n s i e n t  w e l l  behav io r  o r  i n  any es t ima te  o f  d e l i v e r a b l e  reserves .  
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WATER INFLUX I N  A STEAM PRODUCING WELL 

R. Gelati", V .  C i l l e ra i " f c ,  R. Marconcini*sc and G. Neri;b2 

Castelnuovo area,  i n  L a r d e r e l l o  geothermal f i e l d ,  was 
e x p l o i t e d  i n t e n s i v e l y  over  a p e r i o d  o f  more than 35 years,  w i t h  
p r o d u c t i v e  w e l l s  t h a t  a r e  g e n e r a l l y  300-500 m deep. As a con- 
sequence o f  t h i s  e x p l o i t a t i o n  t h e  fo rma t ion  pressure  i n  t h e  
upper p a r t  o f  t h e  r e s e r v o i r  decreased below 4 a t a .  
deeper w e l l s ,  t0$800 m depth, have shown s h u t - i n  pressures i n  
t h e  6 - 10 a t a  range d u r i n g  these l a s t  few years.  

A few 

I n  1974 a deep w e l l ,  Sper imenta le 2, was d r i l l e d  i n  t h i s  
area i n  o r d e r  t o  t e s t  steam p r o d u c t i o n  p o s s i b i l i t i e s  from deep 
ho r i zons  o f  t he  r e s e r v o i r  where s u f f i c i e n t l y  h i g h  pressures 
were s t i l l  expected t o  be found. Having reached a depth  o f  
1266 m (F ig .  1 )  t h e  h o l e  was cased f rom t h e  su r face  t o  829 m i n  
o r d e r  t o  i s o l a t e  t h e  sha l lower  fo rmat ions .  A c i r c u l a t i o n  l o s s  
occu r red  a t  834 m, which represented t h e  o n l y  f r a c t u r e  i d e n t i -  
f i e d  d u r i n g  d r i l l i n g  i n  t h e  open-hole s e c t i o n  o f  t h e  w e l l .  No 
o t h e r  eventua l  f r a c t u r e s  were noted a t  g r e a t e r  depths as d r i l l i n g  
cont inued w i t h o u t  a f l u i d  r e t u r n .  

The s t r a t i g r a p h i c  r e c o n s t r u c t i o n  o f  t he  w e l l  i s  g i v e n  i n  
F ig .  1 .  

The s t r a t i g r a p h i c  and t e c t o n i c  s tudy o f  L a r d e r e l l o  r e g i o n  
shows t h a t  t h e  t e c t o n i c  con tac ts  crossed by t h i s  w e l l  a r e  
connected t o  r e g i o n a l - t y p e  o v e r t h r u s t  p lanes ( 1 ) .  

These o v e r t h r u s t s  g e n e r a l l y  correspond t o  t h e  most 
f r a c t u r e d  zones o f  t h e  r e s e r v o i r .  

The w e l l  blew o u t  on January 3 ,  1975. A f t e r  a s h o r t  
p e r i o d  o f  steam and l i q u i d  water  p roduc t i on  a f i r s t  measurement 
gave : 

f l o w - r a t e  - 26 t / h ,  no 1iq;id water ;  
wel lhead temperature - 175 C ;  
wel lhead pressure  - 7.9 a t a .  

.L 

' ' l s t i t u t o  l n t e r n a z i o n a l e  Ricerche 'Geotermiche,  CNR, P isa ,  I t a l y .  

ScfcGruppo M i n e r a r i o  L a r d e r e l l o ,  ENEL, L a r d e r e l l o ,  I t a l y .  
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I n  t h e  p e r i o d  f r o m  May t o  October 1975, superheat ing o f  
the  steam increased and wel lhead temperature reached 204OC a t  a 
d e l i v e r y  p ressure  o f  5 a t a .  I n  October t h e  temperature decreased 
t o  s a t u r a t i o n  p o i n t  and wet steam p r o d u c t i o n  began. 

A w e l l - t e s t i n g  program was s e t  up t o  s tudy t h e  phenomenon 
o f  two-phase p r o d u c t i o n  and t o  assess w e l l  performance. A 
s e p a r a t i o n  p l a n t  was i n s t a l l e d  and separate measurements taken 
o f  t h e  steam and l i q u i d  water  produced a t  d i f f e r e n t  back- 
pressures.  The corresponding wel lhead and bottom-hole back- 
p ressure  curves a r e  shown i n  F ig .  2. 

The pressures p l o t t e d  i n  t h e  bot tom-hole curve  were meas- 
u red  a t  1000 m depth because, as w i l l  be made c l e a r  l a t e r ,  below 
t h i s  depth t h e  h o l e  was, on severa l  occas ions,  f i l l e d  w i t h  
l i q u i d  water .  

3 A n e a r l y  cons tan t  f l o w - r a t e  o f  l i q u i d  water  (%2 m /h)  was 
produced, a long w i t h  t h e  steam a t  wel lhead pressures below about 
9 a t a ,  whereas d r y  steam o n l y  was produced a t  wel lhead pressure 
above 10  a t a .  

A t  a wel lhead p ressu re  o f  about 10 a t a  t h e  f l o w  regime 
corresponding t o  t h e  upper p a r t  o f  t h e  wel l -head curve  became 
u n s t a b l e  and a s l i g h t  inc rease i n  wel lhead pressure  was 
s u f f i c i e n t  t o  cause a sudden drop i n  f l o w - r a t e .  

Whi le  l i q u i d  water  was produced w i t h  the  steam i n  t h e  
upper p a r t ,  d r y  steam o n l y  reached t h e  wel lhead i n  t h e  lower 
p a r t .  I n  the  l a t t e r  case l a r g e  pressure  d i f f e r e n c e s  were 
observed between wel lhead and bottom-hole.  Pressure and 
temperature logs  were a l s o  run  a long t h e  borehole d u r i n g  
t h e  back-pressure t e s t .  

F i g .  3 shows these logs  i n  f l o w  c o n d i t i o n s  o f  p o i n t  3 ,  
F ig .  2. 

The f l u i d  i n s i d e  t h e  h o l e  i s  shown t o  be s a t u r a t e d  
above 834 m, where t h e  f i r s t  f r a c t u r e  was found. The pressure  
drop i n  t h i s  s e c t i o n  o f  t h e  h o l e  i s  g r e a t e r  than t h a t  o c c u r r i n g  
i n  t h e  f l o w  o f  steam o n l y  and can probab ly  be a t t r i b u t e d  t o  
t h e  presence o f  a two-phase m i x t u r e .  

The pressure  and temperature measured between 834 and 
1150 m i n d i c a t e  t h e  e x i s t e n c e  o f  superheated steam. The pressure  
i n  t h e  f i n a l  s e c t i o n  o f  t h e  h o l e  i s  c l e a r l y  i n d i c a t i v e  o f  a 
l i q u i d  phase which, w i t h i n  t h e  l i m i t s  o f  e r r o r  i n  measurement, 
seems t o  be i n  b o i l i n g  c o n d i t i o n s .  L i q u i d  temperature,  t h e r e f o r e ,  
i s  c o n t r o l l e d  by t h e  pressure  and t h e  lowest v a l u e  i s  found a t  
t h e  l i q u i d - s t e a m  i n t e r f a c e  (1150 m ) .  
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Borehole c o n d i t i o n s  a t  p o i n t  5 i n  F igu re  2 a r e  represented  
i n  F i g .  7. The w e l l  was s h u t - i n  f o r  an e igh t -day  pe r iod .  Steam 
f i l l e d  t h e  boreho le  down t o  a depth o f  1130 m below which i t  was 
f i l l e d  w i t h  l i q u i d  water .  

There i s  no water a t  t he  bottom o f  t he  h o l e  i n  t h e  cond i -  
t i o n s  shown i n  F i g .  8. The measurements were taken d u r i n g  a 
p ressure  b u i l d - u p  24 hours a f t e r  s h u t - i n .  

The l i q u i d  observed on some occasions i n  the  f i n a l  s e c t i o n  
of the  h o l e  i s  p robab ly  due t o  a complete l a c k  o f  p e r m e a b i l i t y  
below 1130 m. The presence o f  t h e  water depends on severa l  
f a c t o r s ,  i n c l u d i n g  pressure,  temperature and r a d i a l  temperature 
g r a d i e n t  a t  t h e  w e l l  s ides,  t he  t ime elapsed w i t h  the  w e l l  i n  
p a r t i c u l a r  f l o w  o r  s h u t - i n  c o n d i t i o n s ,  past  h i s t o r y  e t c .  

The low p e r m e a b i l i t y  between 1130 and 1000 m probab 
caused t h e  w a t e r - l e v e l  t o  r i s e  when the  water l ' ra ined ' l  on 
b o t  tom- ho 1 e. 

I n  conc lus ion  the  f o l l o w i n g  i n t e r p r e t a t i o n  seems va 
i n  l i g h t  o f  t h e  above f a c t s .  

Y 

i d  

1 .  Two-phase p roduc t i on  de r i ves  f rom the  m i x i n g  o f  f l u i d s  
e n t e r i n g  the  boreho le  a t  d i f f e r e n t  depths.  F rac tu res  
below 834 m produce superheated steam, whereas l i q u i d  
water o r  a water-steam m i x t u r e  e n t e r s  the boreho le  near 
t h e  top  o f  t he  open-hole s e c t i o n  o f  t he  w e l l .  

I t  i s  p o s s i b l e  t h a t  t h e  water e v e n t u a l l y  mixed w i t h  t h e  
steam came from t h e  f r a c t u r e  a t  834 m depth. 
case the  water c a r r i e d  a f t e r  a few months o f  superheated 
steam p r o d u c t i o n  cou ld  be t i e d  t o  t h e  drop  i n  p ressure  
and change i n  f l o w  p a t t e r n s  i n  t h e  zone around the  bore-  
h o l e  consequent t o  p roduc t i on .  

I n  t h i s  

Another p o s s i b i l i t y  i s  t h a t  water e n t e r s  the w e l l  from 
t h e  bottom o f  t h e  cas ing  due t o  a f a i l u r e  i n  cas ing  
cementing a f t e r  a work p e r i o d  i n  h i g h  temperatures.  

I t  i s  well-known t h a t  the sha l lower  permeable g e o l o g i c a l  
f o rma t ions  (main ly  t h e  sandstone ou tc ropp ing  over  a wide 
area very  near t h e  f i e l d )  c a r r y  t h e  me teo r i c  waters i n t o  
the  f i e l d  (2 ) .  We can thus assume t h a t  t he  water came 
from t h e  sandstone and reached the  boreho le  by seeping 
down a long the  cas ing.  

2. There a r e  probab ly  severa l  f r a c t u r e s  a t  d i f f e r e n t  depths 
i n  the  open-hole s e c t i o n  o f  t he  w e l l .  The f l u i d  i n  these 
f r a c t u r e s  has probab ly  d i f f e r e n t  pressures and no separa te  
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From t h e  temperature and pressure  d i s t r i b u t i o n  i t  can be 
deduced t h a t  t h e  water  e n t e r s  t h e  h o l e  near t h e  f r a c t u r e  a t  
834 m depth  and, i n  these f l o w  c o n d i t i o n s ,  a l l  t h e  water  i s  
c a r r i e d  upwards a long w i t h  t h e  steam. 

Between 834 and 1000 m t h e r e  would seem t o  be some 
f r a c t u r e s  t h a t  produce superheated steam; between 1000 m and 
t h e  s team- l i qu id  i n t e r f a c e ,  on t h e  o t h e r  hand, t h e  temperature 
i s  p robab ly  c o n t r o l l e d  by t h e  weak steam f l o w  produced by t h e  
b o i l i n g  l i q u i d .  

F igu re  4 g i ves  t h e  temperature and pressure  d i s t r i b u t i o n  
i n s i d e  t h e  h o l e  a t  p o i n t  2 o f  F i g u r e  2. 

The temperature l o g  i s  incomplete as no measurements 
were taken i n  t h e  s e c t i o n  o f  t h e  boreho le  c h a r a c t e r i z e d  by t h e  
two-phase m i x t u r e .  

I n  t h i s  case superheated steam e x i s t s  f rom 834 m down t o  
bot tom-hole and t h e  t r e n d  taken by t h e  s t i l l  u n s t a b i l i z e d  tempera- 
t u r e  d i s t r i b u t i o n  i s  s t i l l  a f f e c t e d  by t h e  d i s t r i b u t i o n  r e s u l t i n g  
p r e v i o u s l y  f rom t h e  b o i l i n g  o f  t h e  l i q u i d .  The temperature and 
pressure  d i s t r i b u t i o n  i n  t h e  h o l e  i n  f l o w  c o n d i t i o n s  o f  p o i n t  4, 
F i g .  2, i s  g i v e n  i n  F ig .  5. 

The pressure  l o s s  i n  t h e  cased s e c t i o n  o f  t h e  boreho le  
increased even though t h e  f l o w r a t e  decreased. The steam a t  
we l lhead i s  s l i g h t l y  superheated, whereas i t  i s  s a t u r a t e d  i n  
t h e  uncased s e c t i o n  above t h e  w a t e r - l e v e l .  The w a t e r - l e v e l  
rose  t o  about 1030 m. 

The pressure  d i s t r i b u t i o n  i n  t h e  boreho le  i s  g i v e n  i n  
g r e a t e r  d e t a i l  i n  F ig .  6, which represents  a p ressure  l o g  run  
one day a f t e r  t h a t  shown i n  F ig .  5 .  The low pressure  g r a d i e n t  
f rom about 400 m t o  t h e  su r face  i n d i c a t e s  a steam f l o w  
separated f rom t h e  l i q u i d .  The steam v e l o c i t y  i s  so reduced 
as t o  be incapab le  o f  c a r r y i n g  t h e  l i q u i d  t o  wel lhead.  

The 830-1030 m s e c t i o n  i s  now a l s o  a f f e c t e d  by t h e  t w o -  
phase f l o w :  t h e  water  e n t e r i n g  t h e  boreho le  i n  t h e  zone between 
t h e  bot tom o f  t h e  cas ing  and t h e  f i r s t  f r a c t u r e  i s  p a r t l y  h e l d  
up by t h e  r i s i n g  steam and p a r t l y  f a l l s  t o  bot tom-hole,  so 
caus ing  t h e  w a t e r - l e v e l  t o  r i s e .  The h i g h  pressure  g r a d i e n t  
between 834 and YO0 m may i n d i c a t e  t h a t  most o f  t h e  steam 
produced o r i g i n a t e s  i n  t h i s  s e c t i o n .  

The temperature d i s t r i b u t i o n  i n  F i g .  3 ,  on the  o t h e r  hand, 
would appear t o  be ev idence o f  a ve ry  low steam supply  f rom t h e  
fo rma t ion  below 1000 m. 

The temperature d i s t r i b u t i o n  near  bot tom-hole i n  F ig .  5 i s  
p robab ly  s t i l l  a f f e c t e d  by a p rev ious  f l o w  regime w i t h  t h e  water -  
l e v e l  a t  1130 m. 
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. . . . . .  . 

pressure  measurements f o r  them a r e  a v a i l a b l e .  From some 
b u i l d - u p  t e s t s  run on t h e  w e l l ,  a f i n a l  s h u t - i n  p ressure  
o f  about 20 a t a  may be i n f e r r e d .  

T h i s  p ressure  i s  c e r t a i n l y  a f f e c t e d ,  t o  an unknown degree, 
by f l u i d  f l o w  i n s i d e  t h e  boreho le  from one f r a c t u r e  t o  another .  
However, t h e r e  i s  o b v i o u s l y  a c o n s i d e r a b l e  v e r t i c a l  component 
o f  p ressure  g r a d i e n t  i n  the  zone, due t o  t h e  long and 
i n t e n s i v e  e x p l o i t a t i o n  by r e l a t i v e l y  sha l low w e l l s .  

3 )  Several  problems s t i l l  remain unsolved as regards t h e  
c o n t r i b u t i o n  t o  p r o d u c t i o n  f r o m  t h e  d i f f e r e n t  depth i n t e r -  
v a l s  i n  t h e  open-hole s e c t i o n .  A f low-meter  log ,  which 
i s  now i n  p r o j e c t ,  w i l l  p r o v i d e  some u s e f u l  i n f o r m a t i o n  
i n  t h i s  regard.  
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I P C I S l l l  

Fig. 1 - Stratigraphic profile of Sperimentale 2 well ( I ) .  

a - flysch: shales, marls, marly 1 imestones (U. Jurassic- 
Eocene) 

b - sandstone "macigno" (01 igocene) 

c - brecciated magnesian limestones and anhydrites 
(U. Trias) 

d - Triassic quartzites and phyllites 

e - Paleozoic quartzites and phyllites 

f - marbles and magnesian limestones (of unknown age) 

g - tectonic contacts 

h - circulation losses 

Fig. 2 - Back-pressure curves o f  Sperimentale 2 well. 
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F i g .  3 - Pressure and temperature logs i n  f l o w i n g  c o n d i t i o n s  
o f  p o i n t  3 i n  F ig .  2.  

F i g .  4 - Pressure and temperature logs i n  f l o w i n g  c o n d i t i o n s  
o f  p o i n t  2 i n  F ig .  2. 
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Fig. 5 - Pressure and temperature logs in flowing conditions of 
point 4 in Fig. 2. 

Fig. 6 - Pressure log in flowing conditions of point 4 in Fig. 2. 
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F i g .  7 - Pressure l o g  i n  c o n d i t i o n s  of p o i n t  5 i n  F ig .  2.  

F i g .  8 - Pressure l o g  24 hours a f t e r  well s h u t - i n .  

-29-  



INVESTIGATION OF A FLUID BOUNDARY 

George A. Frye 
Aminoi l  USA, Inc .  
P.O. Box 11279 

Santa Rosa, CA 95406 

Aminoi l  i s  a s u b s i d i a r y  o f  R. J .  Reynolds I n d u s t r i e s ,  Inc . ,  and successor 
t o  Burmah O i l  and Gas Company. Our d r i l l i n g  a c t i v i t i e s  i n  t h e  southeast  p a r t  
o f  The Geysers area have proved geothermal steam reserves t o  power 300 
megawatts o f  e l e c t r i c  g e n e r a t i n g  c a p a c i t y .  
conducted e x p l o r a t o r y  d r i l l i n g  a c t i v i t i e s  o u t s i d e  o f  t h e  proven p r o d u c t i v e  
area i n  o r d e r  t o  e s t a b l i s h  a d d i t i o n a l  reserves.  One o f  these areas i s  
d iscussed i n  t h e  paper. 

I n  t h e  pas t  year Aminoi l  has 

The area o f  i n v e s t i g a t i o n  i s  c h a r a c t e r i z e d  by t h e  i n t e r s e c t i o n  o f  a t  
l e a s t  t h r e e  r e g i o n a l  l ineaments.  These l ineaments a r e  d i s c e r n i b l e  f rom 
sate1 1 i t e  imagery o f  t h e  NASA LANDSAT ( f o r m e r l y  ERTS) program. 
a r e  conf i rmed by medium t o  low a l t i t u d e  c o l o r  s t e r e o  p a i r  photographs. 
t h e  s u r f a c e  these l ineaments sometimes l a c k  enough d i s c e r n i b l e  ground 
displacement t o  be c h a r a c t e r i z e d  as f a u l t s .  These l ineaments do c o i n c i d e  w i t h  
c l i f f s ,  t r u n c a t e d  r i d g e s ,  major  creeks a n d  s t r e a m  o f f s e t s .  F i g u r e  1 i n d i c a t e s  
t h e  l o c a t i o n  o f  these l ineaments by long, dashed l i n e s .  

The 1 ineaments 
On 

Shown a l s o  on F i g u r e  1 by smooth, cont inuous l i n e s  a r e  i s o p l e t h s  o f  heat  
f l o w  g r a d i e n t s .  
1000 f e e t )  h o l e  d r i l l i n g  i n  t h e  area. The i n t e r s e c t i o n  o f  t h e  l ineaments 
a l s o  c o i n c i d e s  w i t h  c l o s e l y  spaced i s o p l e t h s .  Heat f l o w  g r a d i e n t s ,  w h i l e  a 
good i n d i c a t i o n  o f  geothermal resources a t  depth, do n o t  always assure  
commerc ia l ly  p r o d u c t i v e  w e l l s .  

They were ob ta ined f rom A m i n o i l ' s  e x t e n s i v e  s h a l l o w  (300 t o  

Locat ions  A through E i n d i c a t e  ho les  d r i l l e d  t o  a t  l e a s t  7200 f e e t  on 
F i g u r e  1 .  
though Locat ions  A and E a r e  l o c a t e d  i n  areas o f  h i g h e r  heat f l o w  than C ,  o n l y  
minor  steam e n t r i e s  were encountered a t  depths f rom 6000 t o  8000 f e e t .  
minor  steam e n t r y  was a l s o  encountered i n  L o c a t i o n  D. 

Locat ions  B and C a r e  commerc ia l ly  p r o d u c t i v e  steam w e l l s .  Even 

A 

The rocks o f  t h e  steam-producing zones o f  A m i n o i l ' s  proven areas a r e  
predominate ly  s i l i c i f i e d  metagraywackes and l e s s e r  v a r y i n g  p r o p o r t i o n s  o f  
greenstone, c h e r t ,  s e r p e n t i n e  and a r g i l l i t e  and may be more a c c u r a t e l y  
descr ibed as a melange u n i t  o f  t h e  Franc iscan fo rmat ion .  
f i t  t h i s  d e s c r i p t i o n .  
encountered i n  Locat ions  A, D, and E show t h e  s e c t i o n s  o f  t h e  two areas t o  
be q u i t e  d i f f e r e n t .  
a r g u i l l i t e  w i t h  minor  metagraywacke. 

Locat ions  B and C 
Comparison o f  t h e  p r o d u c t i v e  s e c t i o n s  w i t h  those 

The l a s t  t h r e e  ho les  a l l  d r i l l e d  t h i c k  s e c t i o n s  o f  

These t h r e e  ho les  never d r i l l e d  o u t  o f  t h i s  sequence. The e n t i r e  
sequences i n  these t h r e e  ho les  a r e  a l s o  c h a r a c t e r i z e d  by t h e i r  genera l  l a c k  
o f  s i l i c a .  S i l i c a  i s  common i n  t h e  m a j o r i t y  o f  A m i n o i l ' s  p roduc ing  w e l l s .  
A few o f  these deeper w e l l s  may have penet ra ted  an a r g i l l i t e  s e c t i o n  below 
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p r o d u c t i v e  metagraywacke and show minor or  no p r o d u c t i o n  from those zones. 
A r g i l l i t e s  d i d  occur  i n  t h e  steam zone o f  one w e l l  b u t  were assoc ia ted  w i t h  
up t o  60% s i l i c a .  

O f  p a r t i c u l a r  i n t e r e s t  i s  Locat ion  E.  A water  e n t r y  encountered a t  
approx imate ly  5100 f e e t  was analyzed and i s  shown on F i g .  2. A sample was 
c o l l e c t e d  w h i l e  a i r  d r i l l i n g  and t h i s  a n a l y s i s  shows t h e  water  t o  be 
c o n s i d e r a b l y  more s a l i n e  w i t h  less  hardness than t h e  water  e n t r i e s  r e p o r t e d  
a t  t h e  1975 Stan ford  Geothermal Reservoi r  Engineer ing Workshop. A d d i t i o n a l  
d r i l l i n g  encountered a minor  steam e n t r y  below 7500 f e e t .  The h o l e  i s  now 
suspended and s u r f a c e  wel lhead pressure  i s  approx imate ly  50 p s i a .  The 
steam t o  noncondensible gas molar  r a t i o  i s  about 50 o r  more than a t e n f o l d  
decrease o f  L o c a t i o n  B. Methane and n i t r o g e n  account f o r  most o f  t h e  increase 
o f  noncondensible gases. An a n a l y s i s  o f  t h e  steam condensate i s  shown on 
F i g .  2. The s u l f i d e  conten t ,  over  t w i c e  A m i n o i l ' s  f i e l d  average, i s  
c o n s i s t e n t  w i t h  t h e  o v e r a l l  increased amount o f  noncondensible gases. 

F i f t e e n  days a f t e r  t h e  d r i l l i n g  r i g  was re leased a t  L o c a t i o n  E, a s t a t i c  
temperature and pressure  survey was conducted. Saturated steam was recorded 
t o  a 7070 f o o t  f l u i d  l e v e l .  Below t h i s  f l u i d  l e v e l  t h e  l i q u i d  c o n t i n u a l l y  
increased i n  en tha lpy  w i t h  i n c r e a s i n g  depth.  A maximum temperature o f  464OF 
was recorded a t  t o t a l  depth.  

The phenomena d iscussed above l e d  t o  t h e  t e n t a t i v e  c o n c l u s i o n  t h a t  t h e r e  
i s  a f l u i d  boundary w i t h  Locat ions  B and C on t h e  p r o d u c t i v e  s i d e  and A,  D, 
and E,  a l l  nonproduct ive.  Aminoi l  b e l i e v e s  t h e  change i n  r o c k  types t o  be 
s i g n i f i c a n t .  The change may be a t t r i b u t e d  to  the  l ineaments a l though 
s t r u c t u r a l  c o r r e l a t i o n s  i n  t h e  Franc iscan f o r m a t i o n  a r e  d i f f i c u l t  t o  
s u b s t a n t i a t e .  Even though t h e r e  were minor steam e n t r i e s  i n  t h e  nonproduc t ive  
ho les ,  t h e  heat g r a d i e n t  surveys. i n d i c a t e s  a r a p i d l y  decreas ing heat f l u x  
f r o m  t h e  p r o d u c t i v e  area. Changes i n  gas t o  steam molar r a t i o  and t h e  
increased hydrogen s u l f i d e  a t  L o c a t i o n  E may be a t t r i b u t a b l e  t o  t h e  smal l  
volume o f  t h e  steam e n t r y  w i t h  r e l a t i o n  t o  t h e  open h o l e  s u r f a c e  area.  
However, t h e  increased percentage o f  methane suppor ts  a f l u i d  boundary 
conc lus ion .  F u r t h e r  examinat ion o f  the  water  i n  t h e  h o l e  a t  L o c a t i o n  E 
i s  p lanned u s i n g  a bottom hole sampler. These analyses w i l l  be designed t o  
t e s t  f o r  thermodynamic phase e q u i l i b r i u m  o f  t h e  f l u i d  w i t h  known e q u i l i b r i a  
phenomena o f  t h e  p r o d u c t i v e  area.  
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EFFECTS OF HYDROTHERMAL CHEMISTRY ON RESERVOIR EVOLUTION 

E S O L V  ING AND PRECIPITATIOH 

S10,(s) + 2H20 + H 6 S i O 4 ( ~ ~ )  
n-quarfz 

Charles G. Sammis, Todd M. C. Li, and William F. Downs 
Department of Geosciences 

Pennsylvania State University 
University Park, PA 16802 

-6.22 

Although the corrosion and scaling problems associated with hand- 
ling geothermal fluids are well known, the effects of hydrothermal reac- 
tions are often overlooked in geothermal reservoir modeling. Water- 
rock chemistry can be expected to affect the evolution of a reservoir in 
at least three ways: (a) the heats of reaction may contribute directly 
to the energy production, (b) the viscosity and thermodynamic properties 
of water are affected by the dissolved solids--this is especially impor- 
tant in two-phase regimes, and (c) the porosity and permeability change 
with time due to dissolving and precipitation as well as due to the 
volume change associated with alteration. 

Chemical Energy 

T a b l e  1 summarizes the important hydrothermal reactions in a 
granitic source rock together with the heats of reaction and associated 
volume changes. Note that the available chemical energy is comparable 
to the thermal energy while the associated volume changes are an order 
of magnitude larger than those due to thermal contraction. 

Table 1 

IMPORTAHT REACTIONS IN GRANITIC ROCK 
(CHEMICAL REACTIONS TAKEN FROM H E L G E S O N ,  1969) 

~~ 

i 

I _  
1 I 

I (p,  = 2.65 G/CM 3 , C R  = 0.25 CAL/G"C, pR = 2.5 Y 10-5 / 'C )  i 
I- __ - ___ ____  - __ -~ 

CSOLI tG  

I GRANITIC ROCK (3CO'C)  -GRANITIC POCK (65°C) 
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Although s i g n i f i c a n t  chemical energy e x i s t s ,  i t  cannot always be 
e x t r a c t e d .  One of t h e  f i r s t  q u e s t i o n s  w e  addressed (Morris,  1975; Morr is  
and Sammis, 1975) w a s  t h e  d e l i n e a t i o n  of r e s e r v o i r  c o n d i t i o n s  under which 
one could expec t  t o  e x t r a c t  s i g n i f i c a n t  chemical h e a t .  For t h e  case of 
dissolving-precipitation r e a c t i o n s ,  a comparison of t he rma l  energy wi th  
chemical  energy l e a d s  t o  a s imple  r e l a t i o n  between s o l u b i l i t y  and h e a t  of 
r e a c t i o n  f o r  a g iven  r a t i o  of chemical t o  thermal  energy e x t r a c t e d .  
Because t h e  ra te  of d i s s o l v i n g  i s  c o n t r o l l e d  by t h e  s o l u b i l i t y  a t  t h e  
o u t l e t  temperature ,  t h e  r e s u l t i n g  r e l a t i o n  i s  independent of a l l  c r a c k  and 
f low parameters. I n  t h e  c a s e  of q u a r t z ,  t h e  s o l u b i l i t y  a t  3OOOC i s  too  
low f o r  chemical  h e a t  t o  make a c o n t r i b u t i o n  - thermal  energy is e x t r a c t e d  
f a r  f a s t e r  t h a n  chemical  energy under a l l  f low c o n d i t i o n s .  

I n  t h e  case of a l t e r a t i o n  r e a c t i o n s ,  however, t h e  r e a c t i o n  rate is n o t  
l i m i t e d  by s o l u b i l i t y  and, depending on the a l t e r a t i o n  rate,  s i g n i f i c a n t  
chemical  energy may be e x t r a c t e d .  Morr is  (1975) h a s  d e l i n e a t e d  t h e  combinations 
of f l o w  pa rame te r s ,  c r a c k  parameters ,  h e a t s  of r e a c t i o n  and a l t e r a t i o n  rates 
f o r  which chemical  energy a s s o c i a t e d  w i t h  t h e  a l t e r a t i o n  may be e x t r a c t e d .  
One of t h e  o b j e c t i v e s  of our  expe r imen ta l  program is  t o  determine a l t e r a t i o n  
ra tes  i n  t y p i c a l  r e s e r v o i r  rocks ,  and t h u s  assess t h e  importance of such 
r e a c t i o n s  t o  t h e  t o t a l  thermal  regime. 

N u m e r i c a l  Model f o r  Single-phase Flow I n c l u d i n g  P o r o s i t y  and P e r m e a b i l i t y  Changes 

The changes i n  p o r o s i t y  and p e r m e a b i l i t y  a s s o c i a t e d  wi th  b o t h  d i s s o l v i n g  
and a l t e r a t i o n  r e a c t i o n s  are  e a s i l y  i n c o r p o r a t e d  i n t o  t h e  s t a n d a r d  f i n i t e  
d i f f e r e n c e  schemes commonly used i n  numerical  r e s e r v o i r  modeling. The 
m o l a l i t y  of each  impor t an t  s o l u t e  may be t r e a t e d  as  a dependent v a r i a b l e  t o  
be found t o g e t h e r  w i t h  t h e  t empera tu re  and v e l o c i t y  f i e l d s .  I n  a d d i t i o n  t o  
t h e  s t a n d a r d  t h r e e  e q u a t i o n s  f o r  t h e  c o n s e r v a t i o n  of mass, momentum, and 
energy,  an e q u a t i o n  may be w r i t t e n  f o r  t h e  c o n s e r v a t i o n  of each s o l u t e  s p e c i e s .  
Such a n  e q u a t i o n  d i r e c t l y  i n c o r p o r a t e s  p e r m e a b i l i t y  changes a s s o c i a t e d  w i t h  
d i s s o l v i n g  and p r e c i p i t a t i o n .  It  r e q u i r e s ,  as  an a d d i t i o n a l  c o n s t i t u t i v e  
r e l a t i o n ,  t h e  e x p e r i m e n t a l l y  determined r a t e  equa t ion .  P e r m e a b i l i t y  changes 
a s s o c i a t e d  w i t h  a l t e r a t i o n  r e a c t i o n s  may be w r i t t e n  e x p l i c i t l y  i n  terms of 
the t e m p e r a t u r e ,  f l o w  v e l o c i t y ,  crack p a r a m e t e r s ,  w a t e r  chemis t ry ,  and 
a p p r o p r i a t e  a l t e r a t i o n  rate equa t ion .  T h i s  l a r g e r  system of e q u a t i o n s  may b e  
combined and so lved  u s i n g  e x a c t l y  t h e  same numerical  scheme employed by 
Harlow and P r a c h t  (1972). Using t h e i r  n o t a t i o n  ( v a r i a b l e s  are d e f i n e d  i n  
Tab le  2 ) ,  t h e  energy ba lance  e q u a t i o n  is  

a 4 - { [b  p (1-8) + b p 8]T} + t o p  b B?iT = V *  [\(l-€))?T] + p b T S a t  R R w w  w w  w w s  

and t h e  m a s s  and momentum ba lance  e q u a t i o n s  may be w r i t t e n  i n  t h e  form 

The e q u a t i o n  of s t a t e  of  water 
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and a po ros i ty -pe rmeab i l i t y  r e l a t i o n  

are a l s o  r e q u i r e d .  
dependence of t h e  v i s c o s i t y  of w a t e r  

It a l s o  i s  impor t an t  t o  i n c l u d e  t h e  t empera tu re  

0 .279  ' = T(OC)-3.8 [A] 
I f  w e  on ly  c o n s i d e r  t h e  d i s s o l u t i o n  and p r e c i p i t a t i o n  of S i 0 2  

Si02 (S) + 2H20$H4Si04 (7 1 

w e  can  write two more ba l ance  equa t ions :  t h e  c o n s e r v a t i o n  of Si02 d u r i n g  

and t h e  m a s s  b a l a n c e  f o r  S i02  i n  s o l u t i o n  

The s u b s c r i p t  R i n d i c a t e s  t h a t  we  o n l y  c o n s i d e r  t h e  p a r t  o f  t h e  s u b s c r i p t e d  
e x p r e s s i o n  which i s  due t o  t h e  r e a c t i o n .  The t i n e  ra te  of change of m o l a l i t y  
[arn/at], i s  g i v e n  i n  terns of e x p e r i m e n t a l l y  determined r a t e  c o n s t a n t s ,  k+ 

( f o r  t h e  forward d i s s o l u t i o n  r e a c t i o n )  and k - ( f o r  t h e  r e v e r s e  p r e c i p i t a t i o n  
r e a c t i o n )  by t h e  r a t e  e q u a t i o n  

=1. The a c t i v i t y  of HbSiOt, s i o  2 ' a ~ 2  o I f  we assume a pure  quartz-water  system a 

may be w r i t t e n  i n  terms of t h e  m o l a l i t y  

yH,SiO,"H,SiO, . .  - 
0 

_ -  a r) 

H4Si04  y H 4 S i 0 4 % + S i O ~  

0 =1 The r e f e r e n c e  s ta te  i s  chosen such t h a t f = m  = l .  
( t r u e  on ly  f o r  p u r e  wa te r )  e q u a t i o n  (10) may be w r i t t e n  

I f  w e  a l s o  assume y HI, SiOt,  

In g e n e r a l  w e  can w r i t e  A/V=(Fracture  Pa rame te r ) /S  where t h e  f r a c t u r e  
parameter  can be r e a d i l y  f o u n d  f o r  s i m p l e  a s sumed  f r a c t u r e  geometr ies .  
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Following Harlow and P r a c h t  (1972),  t h e s e  e q u a t i o n s  may be  so lved  i n  
t h e  fo l lowing  s e q u e n t i a l  o rde r :  (a) t h e  energy ba lance  e q u a t i o n  (1) ( i n  
f i n i t e  d i f f e r e n c e  form) i s  so lved  f o r  T a t  t h e  new t i m e  s t e p  us ing  t h e  
v a l u e s  of 8 ,  u ,  and T a t  t h e  p rev ious  t i m e  s t e p ;  (b)  e q u a t i o n s  (8) ,  ( 9 ) ,  and 
(12) a re  used t o  f i n d  8 and m a t  t h e  new t i m e  s t e p ;  (c )  equa t ion  ( 3 )  i s  
so lved  f o r  new v a l u e s  of  C p ;  and (d) equa t ion  (3) i s  s o l v e d  f o r  new v a l u e s  
of u .  The procedure  is  then  r epea ted  f o r  t h e  nex t  t i m e  s t e p .  We are 
c u r r e n t l y  working on such  a s o l u t i o n  procedure  f o r  s imple  r e s e r v o i r  
c o n f i g u r a t i o n s .  

I K i n e t i c s  of  t h e  D i s s o l u t i o n  and P r e c i p i t a t i o n  of Si02 

Lindsay,  W.T., Jr.,  and C.T. L iu ,  Vapor P r e s s u r e  Lowering of Aqueous S o l u t i o n s  
a t  Eleva ted  Temperatures ,  U.S. O f f i c e  o f  S a l i n e  Research  and Development, 

I Progres s  Report  No. 347, 235 p . ,  1968. 

I n  o r d e r  t o  implement t h e  above scheme, t h e  r a t e  c o n s t a n t s  k and 
k must b e  known. 
m - a s  a f u n c t i o n  of t ime  i n  t h e  a p p a r a t u s  shown i n  F i g u r e  1 (Barnes and 
R ims t id t ,  1975) 

+ 
These have been determined expe r imen ta l ly  by measuring 

I Morr is ,  J . R . ,  and C.G.  S a m m i s ,  The Recovery of Chemical Energy from a Dry- 
Rock Geothermal Rese rvo i r  ( a b s t r . ) ,  Trans.  Am. Geophys. Union, 56, 
1073, 1975. 

- 

k = 2.03 e -28. 3’RT noles/crn2sec 

k = 3.30 -2 e * 5’RT moles / c m 2  s ec 

+ 
- 

where t h e  a c t i v a t i o n  e n e r g i e s  are i n  kcal /mole.  
weakly dependent  on  p r e s s u r e  and s a l i n i t y  of  t h e  s o l u t i o n .  I n  t h e  case of 
s a l i n e  b r i n e s ,  t h e  major  e f f e c t  on t h e  k i n e t i c s  o f  q u a r t z  d i s s o l u t i o n  i s  

The r a t e - c o n s t a n t s  a re  on ly  

t o  lower a i n  (10) (Lindsay and Liu ,  1968) and s l i g h t l y  lower y 
i n  (11). Hz 0 H4 Si04 
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Table  2 Summary of No ta t ion  

0 p o r o s i t y ,  open volume f o r  wa te r  f low (pe r  u n i t  volume) 

d e n s i t y  of water, a f u n c t i o n  of tempera ture  

d e n s i t y  of rock  

w a t e r  v e l o c i t y  

pW 

pR 
-.. 
U 

S s o u r c e  o r  s i n k  of water from s u r f a c e  p i p e s  (volume p e r  u n i t  volume 

P water p r e s s u r e  p e r  u n i t  t ime)  

g 

F-I 
k 

bR’ bW 
T 

<T> 

TO 

S 
T 

5 
@ 

C 

W 

d 

B 
m 

M 
- 

wR 
a 

a c c e l e r a t i o n  of g r a v i t y  

c o e f f i c i e n t  of water v i s c o s i t y  

p e r m e a b i l i t y  

s p e c i f i c  h e a t s  of rock  and wa te r ,  r e s p e c t i v e l y  

t empera tu re  

ave rage  w a t e r  t empera ture  a t  a g i v e n  d e p t h  

r e f e r e n c e  tempera ture  f o r  thermal  expansion 

source  o r  s i n k  t empera tu re  

thermal  c o n d u c t i v i t y  of rock  

(p-po) /po  where po/po is a f u n c t i o n  of dep th  on ly  

measure of average  c r a c k  spac ing  

v o l u m e t r i c  expans ion  c o e f f i c i e n t  of wa te r  

mo 1 a l i  t y 

molecular  weight  

grams q u a r t z  p e r  gram of rock  

a c t i v i t y  

s u r f a c e  area p e r  u n i t  wa te r  volume, a f u n c t i o n  of f r a c t u r e  geometry 

ra te  c o n s t a n t  f o r  t h e  forward d i s s o l v i n g  r e a c t i o n  

ra te  c o n s t a n t  f o r  t h e  r e v e r s e  p r e c i p i t a t i o n  r e a c t i o n  

a c t i v i t y  c o e f f i c i e n t  

M m a s s  
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THE EFFECTS OF A STEP CHANGE I N  WATER FLOW ON AN INITIALLY 
LINEAR PROFILE OF TEMPERATURE 

Manuel Nathenson 
U.S. Geo log ica l  Survey 

Menlo Park, CA. 

I n  recen t  analyses o f  t he  ho t -water  system a t  Wai rake i ,  New Zealand 
(Mercer, P inder ,  and Donaldson, 1975) and the  vapor-dominated system a t  La r -  
d e r e l l o ,  I t a l y  (Pet racco and Squarc i ,  1975), i t  has been suggested t h a t  
l a r g e  q u a n t i t i e s  o f  c o l d  water a r e  e n t e r i n g  the  r e s e r v o i r  by f l o w i n g  down 
from t h e  su r face  and then h o r i z o n t a l l y  i n t o  t h e  r e s e r v o i r  because o f  
decreased r e s e r v o i r  pressures.  I t  i s  a l s o  suggested t h a t  decreased 
r e s e r v o i r  pressures should inc rease these downward f l o w s  above t h e i r  p re -  
e x p l o i t a t i o n  l e v e l s .  I n  o rde r  t o  es t ima te  t h e  e f f e c t s  o f  v e r t i c a l  f l ows  
on t h e  temperature d i s t r i b u t i o n ,  two i d e a l i z e d  problems a r e  analyzed i n  
t h i s  paper. I n  b o t h  problems, t h e  i n i t i a l  c o n d i t i o n  i s  a l i n e a r  
temperature inc rease w i t h  depth,  and t h e  f l o w  s t a r t s  a t  t ime  equal t o  
zero.  I n  t h e  f i r s t  problem, the  f l o w  i s  th rough a semi -con f in ing  l a y e r  
w i t h  t h e  temperature f i x e d  a t  t h e  t o p  and bottom o f  t h e  l a y e r .  I n  t h e  
second problem, t h e  f l o w  i s  i n t o  a ha l f - space  w i t h  t h e  su r face  temperature 
f i x e d .  

The govern ing  equa t ion  i s  conse rva t i on  o f  energy i n  a porous medium 
(e.g. ,  Bredehoeft  and Papadopulos, 1965) which can be w r i t t e n  i n  t h e  form 

where 4;': = (+pwc 
(pc) o f  water an8 rock w i t h  t 6 e  p z r g s i t y  @ ,  K - k,/p cw i s  an e f f e c t i v e  
thermal d i f f u s i v i t y  i n v o l v i n g  t h e  thermal c o n d u c t i v i r y  of t h e  rock  p l u s  
water and the  v o l u m e t r i c  s p e c i f i c  heat  o f  the  water ,  and q i s  t h e  seepage 
v e l o c i t y .  For the  f i r s t  problem of f l o w  th rough a semi -con f in ing  bed o f  
t h i ckness  R t h e  cons tan t  temperature a t  t h e  top  and bottom o f  t h e  bed and 
t h e  i n i t i a l  c o n d i t i o n  o f  cons tan t  g r a d i e n t  may be w r i t t e n  as 

+ (1-4) prc ) / p  c combines t h e  v o l u m e t r i c  s p e c i f i c  heats 

TO 
T ( 0 , t )  = 
T(1 , t )  = T i  

The boundary and i n i t i a l  c o n d i t i o n s  f o r  t h e  ha l f -space a r e  w r i t t e n  as 

0 
T(o , t )  = T 
l i m  aT r" ay e x i s t s  
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where (3b) insures  t h a t  t h e r e  i s  no p e r t u r b a t i o n  t o  the  g r a d i e n t  a t  i n f i n i t y  
and G i s  t h e  temperature g r a d i e n t  a t  t ime equal zero.  

The s o l u t i o n  t o  equat ions (1) and (2) i s  ob ta ined by changing t o  
d imensionless v a r i a b l e s  t h a t  reduce t h e  problem t o  homogeneous boundary 
and i n i t i a l  c o n d i t i o n s .  The f o y  o f  t h e  d i f f e r e n t i a l  equat ion  i s  then 
m o d i f i e d  by t h e  t r a n s f o r m a t i o n  T = T* exp (q"y") t o  an inhomogeneous 
equat ion  b u t  w i t h  no l i n e a r  g r a d i e n t  term. The reduced problem i s  so lved 
by c l a s s i c a l  techniques (see e.g., Berg and McGregor, 1964) t o  g i v e  

(4a) t = b * P t l l / K  q = ?Kq"/Q y = y q  

The l o c a t i o n  o f  a f l u i d  p a r t i c l e  t h a t  s t a r t e d  a t  t h e  o r i g i n  (y=o) a t  t=o  
may be w r i t t e n  i n  terms o f  d imension less v a r i a b l e s  as 

Yt', = 2h,* q"t"/$. ( 5 )  

The s o l u t i o n  t o  equat ions  ( 1 )  and ( 3 )  i s  o b t a i n e d  by a s i m i l a r  t r a n s -  
f o r m a t i o n  to a homogeneous problem. 
i s  mod i f ied  by t h e  t r a n s f o r m a t i o n  T I  = T?: exp ( X I - t ' )  as suggested by 
Brenner (1962) and t h e  equat ions a r e  so lved by o b t a i n i n g  an o r d i n a r y  
d i f f e r e n t i a l  e q u a t i o n  by Laplace t ransforms,  s o l v i n g  i t ,  and u s i n g  t h e  
i n v e r s i o n  g i v e n  i n  Carslaw and Jaeger (1959, p. 496).  The s o l u t i o n  may 
be w r i t t e n  as 

The fo rm o f  t h e  d i f f e r e n t i a l  equat ion  

Some sample s o l u t i o n s  a r e  presented i n  F ig .  1 f o r  the  s e m i - c o n f i n i n g  
l a y e r .  The va lues  f o r  i n f i n i t e  t i m e  a r e  ob ta ined f rom Bredehoeft  and 
Papadopulos (1965) formula (T-T ) / ( T  -T ) = (exp (2q" y / L ) - l ) / ( e x p ( 2 q 1 ' ) - 1 )  
as i t  i s  e a s i e r  t o  eva lua te .  
d imension less v a r i a b l e s  f o r  a f l o w  r a t e  q" = 1 ( t o p )  and 2.5 (bottom) w i t h  
t h e  l o c a t i o n  o f  a f l u i d  p a r t i c l e  t h a t  s t a r t e d  a t  t h e  o r i g i n  a t  t = o  marked 
w i t h  a h o r i z o n t a l  l i n e .  Choosing a l a y e r  t h i c k n e s s  o f  100 m, d i f f u s i v i t y  
of 23 m2/yr, $ = 0.2, and $5 - 0.68, t h e  d imensionless f low r a t e s  correspond 
t o  seepage v e l o c i t i e s  o f  0.46 and 1 .2  m/yr and t h e  i n s e t  t a b l e  shows t h e  

Tge so1utPon i s  presented i n  terms of 
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correspondence between p h y s i c a l  and dimensionless t ime. The f i g u r e s  show 
t h a t  t imes g r e a t e r  than 60 years  a r e  r e q u i r e d  t o  reach t h e  steady s t a t e  
s o l u t i o n .  For a l a y e r  t h a t  i s  10 m t h i c k ,  t h i s  t ime  i s  reduced t o  0.6 
year ( w h i l e  t h e  v e l o c i t i e s  a r e  1/10 t h e  values i n  F i g .  1 ) .  

F i g .  2 shows t h e  r e s u l t s  f o r  a ha l f - space .  Because o f  t h e  non- 
d i m e n s i o n a l i z a t i o n  (equat ions  6a) ,  d i f f e r e n t  va lues  o f  y '  and t '  a r e  
r e q u i r e d  t o  o b t a i n  the  same values o f  p h y s i c a l  l e n g t h  when changing t h e  
f l o w  r a t e .  The t o p  o f  F ig .  2 i s  f o r  t h e  same f l o w  r a t e  as t h e  bottom o f  
F i g .  1 .  The s o l u t i o n  i n  F i g .  2 i s  u s e f u l  i n  enab l i ng  t h e  i n f l u e n c e  o f  
t h e  upper boundary c o n d i t i o n  t o  be s t u d i e d  w i t h o u t  hav ing  t h e  bottom 
boundary c o n d i t i o n  o f  t h e  s o l u t i o n  i n  F ig .  1 propagate upwards. The 
major r e g i o n  o f  c u r v a t u r e  i n  t h e  p r o f i l e s  i s  w e l l  behind t h e  l o c a t i o n  o f  
t he  f l u i d  p a r t i c l e  t h a t  s t a r t e d  a t  y=o a t  t=o, and f a i r l y  modest v e l o c i t i e s  
show e a s i l y  measured temperature changes i n  o n l y  a few years.  I n  t h e  
model f o r  Wairakei  o f  Mercer, P inder ,  and Donaldson (1975) ,  t h e  area o f  
downflow needed t o  supply t h e  n a t u r a l  recharge appears f rom the  temperature 
contours  t o  be about 10 km2 a l though  i t  cou ld  be l a r g e r .  The v e l o c i t y  
needed t o  supply t h e  n a t u r a l  recharge o f  440 kg/sec i s  1 . 5  m/yr, about 
t h e  same as t h a t  i n  F i g .  2 ( t o p ) .  The v e l o c i t y  o f  4 . 6  m/yr i n  F i g .  2 
(bottom) i s  rough ly  t h a t  which would be r e q u i r e d  i f  t h e  c u r r e n t  p r o d u c t i o n  
were t o  be ob ta ined  w i t h o u t  recourse t o  removing s t o r e d  water bu t  as 
steady s t a t e  f l o w  (Bo l ton ,  1970) w i t h  recharge over  t h e  same 10 km2. 
assumptions, i f  t r u e ,  i n d i c a t e  t h a t  l a r g e  temperature d i f f e r e n c e s  should 
be e a s i l y  found i n  such an area o f  recharge. 

These 

For L a r d e r e l l o ,  t h e  maximum va lue  o f  recharge as suggested by a hydro- 
l o g i c  s tudy  i s  9 x l o 6  m3/yr (Pet racco and Squarc i ,  1975).  
t o  be d i s t r i b u t e d  over an area e q u i v a l e n t  t o  the  e n t i r e  p r o d u c t i v e  area 
(200 km2 f rom Gabbro t o  Carbo1 i ) ,  t h e  seepage v e l o c i t y  would be 0.05 m/yr 
and t h e  e f f e c t s  would be smal l  f o r  a 100 m t h i c k  c o n f i n i n g  bed. I f  the  
recharge area were r e s t r i c t e d  to  20 km2, t h e  f l o w  corresponds t o  F i g .  1 
( t o p )  and t h e  e f f e c t  should be e a s i l y  measurable. The magnitudes o f  t h e  
e f f e c t s  f o r  t h e  two cases cons idered suggest t h a t  m o n i t o r i n g  temperatures 
i n  und is tu rbed  w e l l s  on t h e  margins o f  producing geothermal areas should 
g i v e  a measure o f  t h e  change i n  t h e  f a i r l y  l o c a l  recharge. I f  t h e  amount 
o f  t o t a l  recharge i s  known, s u b t r a c t i n g  the  l o c a l i z e d  recharge should 
g i v e  an es t ima te  o f  t h e  recharge d e r i v e d  from deep c i r c u l a t i o n  t h a t  
o r i g i n a t e s  a t  l a r g e  d i s tances  from t h e  r e s e r v o i r .  

I f  t h i s  were 
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Figure 1.--Temperature versus depth in semi-confining layer for several 
times at dimensionless flow rates of 1 (top) and 2.5 (bottom). 
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HEAT TRANSFER IN NONISOTHERMAL L I Q U I D  INJECTION EXPERIMENTS 
I N  POROUS M E D I A  

Paul G.  A tk inson 
Department o f  Petroleum Engineer ing 

S t a n f o r d  U n i v e r s i t y  
S tan ford ,  C a l i f o r n i a  94305 

T h i s  paper p resents  a s tudy o f  heat t r a n s f e r  phenomena i n  bench- 
s c a l e  exper iments o f  heat  and mass f l o w  i n  porous media (A tk inson,  1976). 
The i n t e n t  o f  t h i s  work was t o  determine which heat t r a n s f e r  mechanisms 
a r e  impor tant  i n  t h e  bench-scale exper iments be ing  c a r r i e d  o u t  i n  t h e  
S t a n f o r d  Geothermal Program. The i n i t i a l  a n a l y s i s  considered t h e  
r e l a t i v e l y  s imp le  case o f  nonisothermal s ing le-phase l i q u i d  f l o w .  
However, t h e  r e s u l t s  can be a p p l i e d  t o  bench-scale exper iments i n v o l v i n g  
b o i l i n g  water  o r  b r i n e  f l o w  (such exper iments have been descr ibed by 
Chen, 1976). 

Mathematical  Model ing 

A s e r i e s  o f  s i m p l i f i e d  mathematical  models o f  heat  and mass t r a n s p o r t  
i n  f i n e - g r a i n e d  porous media were developed. The b a s i s  f o r  t h e  models was 
a p h y s i c a l  system which c o n s i s t e d  o f  c y l i n d r i c a l  conso l ida ted /sands tone 
cores mounted i n  a Hass le r - type  c o r e h o l d e r .  The coreho lder  system was 
p laced i n s i d e  a u n i f o r m  temperature a i r b a t h .  Hot o r  c o l d  l i q u i d  water  was 
i n j e c t e d  i n t o  t h e  core,  and temperature d i s t r i b u t i o n s  w i t h i n  i t  were 
measured as f u n c t i o n s  o f  t ime.  These exper imenta l  r e s u l t s  were r e p o r t e d  
by A r i h a r a  (1974). 

The A r i h a r a  da ta  were analyzed w i t h  new, s imp le  models. Such 
models can be used t o  g a i n  i n s i g h t  i n t o  t h e  p h y s i c a l  system because they  
d i s p l a y  t h e  i n t e r a c t i o n  o f  t h e  v a r i o u s  assumed heat t r a n s f e r  mechanisms. 
Furthermore, s i n c e  they  c o n t a i n  fewer unknown o r  u n c e r t a i n  parameters, 
t h e  comparison o f  t h e  models w i t h  exper imenta l  r e s u l t s  i s  e a s i e r  than 
w i t h  more compl ica ted  models. 

Four mathematical  models have been developed. A l l  o f  t h e  models 
account f o r  c o n v e c t i v e  energy t r a n s f e r ,  heat  losses f rom t h e  core ,  and 
thermal energy s torage.  However, each one inc ludes  d i f f e r e n t  assumptions 
about heat  conduct ion  a long t h e  a x i s  o f  t h e  system, and about t h e  n a t u r e  
o f  heat  losses f rom t h e  core.  Easch o f  t h e  models was s t u d i e d  and 
compared w i t h  b o t h  o f  t h e  o t h e r  models and w i t h  t h e  exper imenta l  da ta  
o f  A r i h a r a .  The development o f  a n a l y t i c a l  s o l u t i o n s  f o r  t h e  models 
s i m p l i f i e d  comparisons. None o f  t h e  mathematical  models c o u l d  match 
observed exper imenta l  behav io r  a c c u r a t e l y  f o r  t h e  e n t i r e  t i m e  o f  t h e  
exper iments.  However, each model d i d  e x h i b i t  behavior  which was impor tan t  
d u r i n g  some stage o f  t h e  exper iments,  and as a group these models were 
a b l e  t o  i s o l a t e  t h e  impor tan t  heat  t r a n s f e r  mechanisms i n  t h e  A r i h a r a  
exper iments.  These t h e o r e t i c a l  r e s u l t s  a r e  d iscussed i n  t h e  nex t  
sec t  ion .  
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Resu l ts  

I t  was determined t h a t  longt ime,  s teady -s ta te  temperature behav io r  
i n  t h e  c o r e  was dominated by convec t ion  energy t r a n s f e r  i n  c o n j u n c t i o n  
w i t h  s teady heat  losses  f rom t h e  s ides  o f  t h e  core.  T h i s  should cause 
t h e  s teady -s ta te  temperature p r o f i l e s  t o  be semi- log s t r a i g h t  l i n e s ,  
as can be seen t o  be t h e  case i n  F i g .  1 .  The s lopes o f  t he  semi- log 
s t r a i g h t  l i n e s  have n e g a t i v e  va lues  of  hP/(2.303 wCw) on log10 graph 
paper, where h i s  t h e  o v e r a l l  heat  l oss  c o e f f i c i e n t  from t h e  core ,  P 
i s  t he  pe r ime te r  o f  t h e  core ,  w i s  t h e  mass f l o w r a t e  th rough t h e  core ,  
and Cw i s  t h e  s p e c i f i c  heat  o f  t he  f l o w i n g  l i q u i d .  The one exper iment  
which d i d  n o t  graph as a s t r a i g h t  l i n e  i n  t h i s  f i g u r e  had n o t  reached 
s teady -s ta te .  

Dur ing  the  e a r l y  stages o f  ho t  o r  c o l d  l i q u i d  i n j e c t i o n ,  an e f f e c t i v e  
a x i a l  thermal conduct ion  mechanism was found t o  a f f e c t  t h e  temperature 
p r o f i l e s  s t r o n g l y .  T h i s  e f f e c t  was no t  reduced a t  h ighe r  mass i n j e c t i o n  
r a t e s ,  because o f  t h e  increased e f f e c t  o f  m ix ing  and d i s p e r s i o n  mechanisms 
w i t h  i nc reas ing  i n j e c t i o n  r a t e .  

E a r l y -  and medium-time stages o f  h o t  or c o l d  l i q u i d  i n j e c t i o n  were 
found t o  be a f f e c t e d  s t r o n g l y  by t r a n s i e n t  heat  losses th rough t h e  core-  
ho lde r  system. These t r a n s i e n t s  were caused p r i m a r i l y  by t h e  thermal 
c a p a c i t y  o f  t h e  v i t o n  s leeve which surrounded the  core .  I t  was a l s o  
found t h a t  t h e  t r a n s i e n t s  were c o n t r o l l e d  by a f lowrate-dependent  f i l m  
c o e f f i c i e n t  between t h e  c o r e  and coreho lder  s leeve.  

The f u n c t i o n a l  dependence between the  core-coreho lder  f i l m  c o e f f i c i e n t  
and t h e  mass i n j e c t i o n  r a t e  was es t imated by comparing c a l c u l a t e d  
temperatures w i t h  those repo r ted  by A r i h a r a .  The r e s u l t s  o f  these 
comparisons a r e  presented i n  F i g .  2 .  Th i s  f i g u r e  a l s o  presents  t h e  r e s u l t s  
o f  C r i ch low  (1972), de r i ved  from experiments on an unconso l ida ted  sandpack, 
and those o f  Colburn ( 1 9 3 1 ) ,  whose sma l les t  p a r t i c l e s  were 1/8 i n .  
g ranu les .  F i g u r e  2 suggests an i n t e r e s t i n g  t rend  i n  the  da ta ,  p a r t i c u l a r l y  
s ince  A r i h a r a ' s  exper iments were c a r r i e d  o u t  on conso l i da ted  porous media 
w i t h  e f f e c t i v e  p a r t i c l e  s i zes  o f  as  much as t e n  t imes sma l le r  than those 
o f  Cr ich low.  E x p e r i m e n t a l  i n v e s t i g a t i o n  o f  t h i s  f u n c t i o n a l  dependence i s  
c o n t i n u i n g .  

A C r i t i q u e  o f  Prev ious  Modeling o f  A r i h a r a ' s  L i q u i d  I . n jec t i on  Experiments 

The s i n g l e -  and two-phase nonisothermal  f l u i d  f l o w  exper iments o f  
A r i h a r a  have been used by va r ious  au thors  (Garg, -- e t  a l . ,  1975; Faust and 
Mercer, 1976; Thomas and P ierson,  1976) as a bas i s  f o r  check ing 
s o p h i s t i c a t e d  computer model r e s u l t s .  

None o f  these computer models i nco rpo ra ted  t h e  phenomenon o f  t r a n s i e n t  
heat  losses through t h e  coreho lder .  

For example, Garg, e t  a l . ,  presented c a l c u l a t i o n s  f o r  t h e  C W I - S - 4  
experiment o f  A r i h a r a ,  and compared computed and measured temperatures.  
T h e i r  model cou ld  handle o n l y  steady heat  losses  th rough the  coreho lder  
system. T h e i r  comparison appeared p l a u s i b l e  f o r  t h e  l i m i t e d  range o f  t ime  
presented.  However, a n a l y s i s  o f  t h e  s teady -s ta te  p r o f i l e  f o r  t h i s  experiment 
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(See F i g .  1) i n d i c a t e s  an o v e r a l l  heat  l o s s  c o e f f i c i e n t  f rom t h e  c o r e  o f  
1.98 Btu /  h r  f t2 O F )  w h i l e  Garg, -- e t  a l . ,  used an e f f e c t i v e  va lue  o f  4.2 
B tu /h r  ft '  O F ) .  T h i s  h ighe r  heat  l o s s  c o e f f i c i e n t  caused t h e  appearance 
o f  h ighe r  c a l c u l a t e d  heat  losses  f rom the  c o r e  d u r i n g  t h e  e a r l y  stages 
o f  t h e  exper iment .  T h i s  c a l c u l a t e d  behav io r  i s  c o n s i s t e n t  w i t h  t h e  observed 
e a r l y - t i m e  behav io r  o f  t h e  exper iments.  A t  longer  t imes,  however, t h e  
exper iments showed a lower heat  loss r a t e .  I f  Garg, -- e t  a ] . ,  had presented 
c a l c u l a t e d  temperatures f o r  t imes g r e a t e r  than 45 minutes,  these va lues  
would have been c l o s e  t o  t h e  va lues  presented f o r  45 minutes.  Thus, 
t h e i r  model would have reached s teady -s ta te  f o r  the  g i v e n  p h y s i c a l  
parameters. F i g .  3 shows t h a t  t h e  temperatures i n  t h e  co re  a c t u a l l y  
con t inued t o  change f o r  105 minutes.  

I t  can thus  be seen t h a t  ca re  must be taken i f  one wishes t o  avo id  
a s i t u a t i o n  where a mathematical model i s  c a l i b r a t e d  a g a i n s t  exper imenta l  
r e s u l t s  u s i n g  i n c o r r e c t  va lues  f o r  some phys i ca l  parameters. I t  i s  
impor tan t  t h a t  a l l  o f  t h e  r e l e v a n t  phys ics  be d iscovered and inco rpo ra ted  
i n t o  t h e  mathematical model b e f o r e  do ing  such a c a l i b r a t i o n .  

Summarv 

T h i s  paper has d iscussed an a n a l y s i s  o f  t h e  heat  t r a n s f e r  phenomena 
i n  the bench-scale exper iments be ing  c a r r i e d  out  i n  t h e  S t a n f o r d  Geothermal 
Program. The b a s i s  o f  t h i s  a n a l y s i s  was a s e r i e s  o f  s i m p l i f i e d  
mathemat ica l  models o f  heat  and mass t r a n s p o r t  i n  f i ne -g ra ined  porous 
media. The a n a l y s i s  determined t h a t  t h e  thermal c a p a c i t y  o f  t h e  coreho lder  
system caused heat  losses  from t h e  co re  which were n o t  s teady a t  e a r l y  
and medium t imes.  T h i s  phenomenon had n o t  been recognized p r e v i o u s l y .  
T h i s  was i n  s p i t e  o f  t h e  f a c t  t h a t  v a r i o u s  au thors  p r e v i o u s l y  had at tempted 
t o  match t h e  exper imenta l  behav io r  under d i s c u s s i o n  w i t h  t h e i r  
s o p h i s t i c a t e d  computer models. These computer models d i d  n o t  account f o r  
t h e  t r a n s i e n t  n a t u r e  o f  t h e  heat  losses  f rom t h e  core .  
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FORCED GEOHEAT EXTRACTION FROM SHEET-LIKE FLUID CONDUCTORS 

G .  Bodvarsson and J .  M.  Hanson 
School o f  Oceanography 
Oregon S t a t e  U n i v e r s i t y  

C o r v a l l i s ,  OR.  97331 

Geoheat i s  now be ing  e x t r a c t e d  f o r  e l e c t r i c a l  power genera t i on  
f rom a number o f  resources i n  t h e r m a l l y  a c t i v e  reg ions .  The most 
n o t a b l e  examples a r e  The Geysers, C a l i f o r n i a ;  L a r d e r e l l o ,  I t a l y ,  
and Wai rake i ,  New Zealand. Common t o  a l l  these cases i s  t h a t  t he  
energy i s  be ing  e x t r a c t e d  f rom n a t u r a l  hydrothermal resources on the  
bas i s  o f  f r e e  f l o w i n g  boreholes.  T h i s  type  o f  o p e r a t i o n  may be termed 
a s  f r e e  geoheat p roduc t i on .  

Large sca le  space hea t ing  by geoheat has been c a r r i e d  o u t  i n  
I ce land  f o r  more than t h r e e  decades. The Reyk jav ik  D i s t r i c t  Heat ing  
System, which now supp l i es  energy f o r  domestic hea t ing  f o r  more than 
100,000 people,  i s  a low- temperature o p e r a t i o n  where l a r g e  s c a l e  
resource  s t i m u l a t i o n  by boreho le  pumping i s  be ing  a p p l i e d .  

The f r e e  and s t i m u l a t e d  p r o d u c t i o n  methods a s  desc r ibed  above 
a r e  based on t h e  presence o f  n a t u r a l  f l u i d  conduct ing  openings i n  t h e  
resource  fo rmat ions  and on a n a t u r a l  recharge o f  t he  wi thdrawn f l u i d .  
One can a l s o  e n v i s i o n  f o r c e d  geoheat e x t r a c t i o n  systems (FGES)  w i t h  
an a r t i f i c i a l  recharge o f  t h e  heat  e x t r a c t i n g  f l u i d  which f l ows  t o  
some e x t e n t  th rough a r t i f i c i a l  openings c rea ted  by h y d r a u l i c  f r a c -  
t u r i n g  or o t h e r  p r e s s u r i z i n g  opera t i ons .  For  t h e  o p e r a t i o n  o f  such 
systems t o  be success fu l ,  t h e  openings have t o  p r o v i d e  adequate 
c o n t a c t  areas o r  c o n t a c t  volumes between t h e  f l u i d  and t h e  rock  such 
t h a t  a s u f f i c i e n t  amount o f  heat  can be e x t r a c t e d  f rom t h e  h o t  
f orma t i ons . 

I n  t h e  f o l l o w i n g ,  we w i l l  d iscuss  a number o f  economical and 
p h y s i c a l  aspects  o f  FGES w i t h  emphasis on heat  e x t r a c t i o n  f rom sheet-  
l i k e  n a t u r a l  f l u i d  conductors  i n  v o l c a n i c  fo rmat ions  such as s u f f i -  
c i e n t l y  open (conduct ing)  f a u l t  zones, d i kes  and fo rmat ion  con tac ts .  
We e n v i s i o n  a p p l i c a t i o n s  o f  our  r e s u l t s  i n  some reg ions  i n  t h e  western 
U. S . ,  t h e  P a c i f i c  Nor thwest ,  i n  p a r t i c u l a r .  

L imi  t a t  ions on Geoheat TransDort 

Thermal waters  and n a t u r a l  steam a r e  bu lky  heat  c a r r  
cannot be t r a n s p o r t e d  economica l l y  over  long d i s tances .  I n  
o f  power genera t i on  t h e  l i m i t s  a r e  o f  t h e  o rde r  o f  a few k i  
o n l y .  For d i r e c t  uses such as space hea t ing ,  t h e  maximum d 
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may i n  extreme cases amount t o  a few tens o f  k i l omete rs .  A t  t h e  
present  s t a t e - o f - a r t  where o n l y  n a t u r a l  convec t i ve  t ype  sources a r e  
be ing  harnessed, geoheat u t i l i z a t i o n ,  n o n - e l e c t r i c a l  uses, i n  p a r t i c u l a r ,  
a r e  t h e r e f o r e  seve re l y  l i m i t e d  by t h e  low t r a n s p o r t a b i l i t y .  The 
major  convec t i ve  sources a r e  no t  f a v o r a b l y  l oca ted  w i t h  regard  t o  t h e  
heat  market. There i s  consequent ly  a g r e a t  i n t e r e s t  i n  t h e  p o s s i b i l i t y  
o f  e x t r a c t i n g  geoheat a t  s u i t a b l e  temperatures over  much w ide r  areas 
than has been p o s s i b l e  so f a r .  

FGES i n  Regions o f  Moderate ly  H igh  t o  Normal Heat Flow 

The FGES which we e n v i s i o n  i n v o l v e  t h e  c i r c u l a t i o n  o f  a heat  
e x t r a c t i n g  f l u i d  th rough ho t  fo rmat ions  a t  depth between se ts  o f  i n -  
j e c t i o n  and p r o d u c t i o n  boreholes.  The p r i n c i p a l  f a c t o r s  t h a t  have t o  
be considered i n  t h e  des ign o f  such systems a r e  t h e  f o l l o w i n g :  

( 1 )  thermal p r o p e r t i e s  o f  t h e  format ions 
( 2 )  f l u i d  c o n d u c t i v i t y  a t  t h e  depth o f  i n t e r e s t  
(3 )  
( 4 )  

( 5 )  f l u i d  losses,  s c a l i n g .  

d r i  1 1  i n g  and equipment cos ts  
pumping power r e q u i r e d  t o  p r o v i d e  the  necessary penet ra -  
t i o n  and c o n t a c t  area 

Minimum Contact  Area 

The s i z e  o f  t h e  f l u i d - r o c k  con tac t  area r e q u i r e d  t o  produce a 
s u f f i c i e n t  amount o f  h o t  f l u i d  t o  amor t i ze  a g i ven  system investment 
depends c r i t i c a l l y  on f a c t o r s  ( 1 )  t o  ( 5 )  above. The minimum economic 
area can be es t imated  on t h e  bas i s  o f  an i d e a l i z e d  model. We assume 
t h a t  t h e  c i r c u l a t i n g  f l u i d  i s  water  absorb ing  heat f rom the  rock  i n  
u n i f o r m  and u n i d i r e c t i o n a l  f l o w  through an i n f i n i t e s i m a l l y  t h i n  f r a c -  
t u r e  i n  a l a r g e  volume o f  homogeneous rock  which i s  i so thermal  a t  t h e  
i n i t i a t i o n  o f  t h e  process. Using t h e o r e t i c a l  r e s u l t s  by Bodvarsson 
(1974) ,  t he  c o n t a c t  area as a f u n c t i o n  o f  p l a n t  investment and va lue  
of t h e  energy produced can e a s i l y  be c a l c u l a t e d .  The r e s u l t s  f o r  a 
s i n g l e  bo reho le -pa i r  p roduc ing  heat  f o r  b u i l d i n g  h e a t i n g  a r e  shown 
i n  F i g .  1 and t h e  corresponding r e s u l t s  f o r  e l e c t r i c a l  power gener- 
a t i o n  a r e  shown i n  F ig .  2. I n  b o t h  f i g u r e s  t h e  u s e f u l  l i f e  o f  t h e  
system i s  assumed t o  be 20 years,  t h e  i n t e r e s t  on c a p i t a l  8% and the  
o p e r a t i o n a l  and maintenance cos ts  a r e  10% o f  c a p i t a l  per  annum. 
Other  f a c t o r s  a r e  g i ven  i n  t h e  f i g u r e s .  I n  t h e  e l e c t r i c a l  case, t h e  
r e q u i r e d  power per  boreho le  p a i r  amounts t o  a few MW. 

S u i t a b l e  F l u i d  Conductors 

There a r e  two main p o s s i b i l i t i e s  o f  r e a l i z i n g  FGES o f  t h e  above 
type,  v i z . ,  by us ing  (a) n a t u r a l  subsur face f l u i d  conductors  o r  (b) 
a r t i f i c i a l  conductors  ob ta ined  by h y d r a u l i c  f r a c t u r i n g .  The second 
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p o s s i b i l i t y  i s  now under thorough i n v e s t i g a t i o n  i n c l u d i n g  f i e l d  t e s t i n g  
by t h e  Los Alamos S c i e n t i f i c  Labora tory  Dry-Hot-Rock Group i n  Los Alamos, 
N.M. (ERDA, 1976).  I n  t h i s  no te  we w i l l  concen t ra te  on t h e  n a t u r a l  
conductors .  The r e s u l t s  f o r  t h e  minimum c o n t a c t  area g i v e n  i n  F ig .  1 
and 2 w i l l  o b v i o u s l y  app ly  t o  b o t h  cases (a)  and ( b ) .  

The n a t u r a l  f l u i d  conductors  which have t h e  p o t e n t i a l  o f  p ro -  
v i d i n g  s u f f i c i e n t  f l u i d - r o c k  con tac t  and some r e l e v a n t  da ta  a r e  l i s t e d  
i n  Tab le  1 below. 

Due t o  g r e a t  h o r i z o n t a l  e x t e n t ,  major  open f a u l t  zones and 
b a s a l t i c  d i k e s  have very  l a r g e  w a l l  sur faces  which i n  a s u f f i c i e n t l y  
ho t  environment cou ld  be used f o r  heat  e x t r a c t i o n  p rov ided  an adequate 
and s u f f i c i e n t l y  u n i f o r m  l o n g i t u d i n a l  f l u i d  c o n d u c t i v i t y  i s  a v a i l a b l e .  
I t  i s  t o  be emphasized t h a t  t h e  f l u i d  c o n d u c t i v i t y  can be enhanced 
by an increased i n j e c t i o n  pressure.  

Tab le  1 

P o t e n t i a l  F l u i d  Conductors 

F i e l d  obse rva t i ons  on l a r g e  Role i n  geoheat 

( 1 )  F a u l t  zones 

( 2 )  B a s a l t i c  
d i k e s  i n  
f l o o d -  basa 1 t 
areas 

( 3 )  Other  
i n t r u s i o n s  

( 4 )  Format i o n  
con t ac t s 

( 5 )  Sedimentary 
ho r i zons  

s c a l e  f l u i d  c o n d u c t i v i t y  

Many major  geothermal 
systems a r e  c o n t r o l l e d  
by f a u l t s ,  e.g. i n  t h e  
Basin and Range Pro- 
v ince .  

Many geothermal systems 
i n  I ce land  a r e  c o n t r o l l e d  
by d i k e s .  

Few da ta  a v a i l a b l e ,  b u t  
columnar s t r u c t u r e  poss i -  
b l y  i n d i c a t i v e  o f  con- 
d u c t i v i t y .  

Lava-bed c o n t a c t s  a r e  
major  a q u i f e r s  i n  t h e  
f l o o d - b a s a l t  p l a t e a u  o f  
I ce 1 and. 

Many major  sed 
bas ins  c o n t a i n  
umes o f  therma 

menta r y  
l a r g e  v o l -  
water .  

e x t r a c t  i on  

Borehole p r o d u c t i o n  
ob ta ined  by i n t e r -  
s e c t i n g  f a u l t  zones. 

Boreholes i n  Cen t ra l  
Nor th  I ce land  produce 
by i n t e r s e c t i n g  d i k e s .  

Some p r o d u c t i o n  i n  
I ce land  appears t o  be 
ob ta ined  f rom t h i n  
b a s a l t i c  s i l l s .  

Major p r o d u c t i o n  i n  
Southwestern I ce land  
ob ta ined  f rom lava -  
bed con tac ts .  

Large s c a l e  f o r c e d  geo- 
heat  p roduc t  i o n  from 
sedimentary bas ins  i n  
France (DGRST,  1976) .  
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Factors  A f f e c t i n g  t h e  E f f i c i e n c y  o f  FGES 

The es t imates  g i ven  i n  F i g .  1 and 2 a r e  based on an i d e a l i z e d  
model. Dev ia t i ons  from t h e  assumed c o n d i t i o n s  w i l l  i n  one way o r  an- 
o t h e r  a f f e c t  t h e  r e s u l t s  and w i l l  have t o  be considered c a r e f u l l y .  

F i r s t ,  rock  temperatures a re  g e n e r a l l y  n o t  un i fo rm.  The water  
may t h e r e f o r e  f l o w  a long  rock  sur faces  where the  temperature v a r i e s  
i n  t h e  d i r e c t i o n  o f  f l o w .  Second, the  load on FGES w i l l  va ry  con- 
s i d e r a b l y ,  i n  p a r t i c u l a r  i n  cases where t h e  heat  i s  t o  be used f o r  
b u i l d i n g  hea t ing .  A v a r y i n g  p roduc t i on  r a t e  w i l l  u s u a l l y  be r e q u i r e d  
i n  such cases. A somewhat more e l a b o r a t e  computer model ing i n d i c a t e s  
t h a t  these two e f f e c t s  w i l l  no t  be o f  major  importance and can q u i t e  
e a s i l y  be taken i n t o  account. 

O f  g r e a t e r  concern i s  t h e  r a t h e r  complex i n t e r a c t i o n  o f  t h r e e  
phenomena a f f e c t i n g  t h e  f l o w  o f  thermal water  i n  subsur face n a t u r a l  
conductors ,  v i z . ,  ( i )  n a t u r a l  f l o w  channel ing,  ( i  i )  t he rmoe las t i c  
e f f e c t s  and ( i i i )  buoyancy o f  convec t i ve  e f f e c t s .  The q u a n t i t a t i v e  
theo ry  o f  these e f f e c t s  i n  t h e  n a t u r a l  environment i s  bo th  u n c e r t a i n  
and b a s i c a l l y  d i f f i c u l t .  By na tu re ,  these f l o w  phenomena a r e  non- 
1 i nea r  e f f e c t s .  

Tab le  2 has been designed t o  f u r n i s h  a ve ry  b r i e f  q u a l i t a t i v e  
overv iew o f  t h e  adverse i n f l u e n c e  o f  t h e  above t h r e e  f l o w  e f f e c t s  
on t h e  des ign  f a c t o r s  l i s t e d  i n  s e c t i o n  ( 3 )  above. 

Exper imenta l  P r e l i m i n a r y  Design o f  a Sheet -Cont ro l led  FGES 

The f l u i d  conductors  under (1 )  t o  ( 4 )  i n  Tab le  1 appear s u i t e d  
f o r  t h e  t y p e  o f  FGES under cons ide ra t i on .  The b a s i c a l l y  h o r i z o n t a l  
conductors  such as t h e  fo rma t ion  con tac ts  and i n t r u s i v e  s i l l s  have, 
however, ve ry  f r e q u e n t l y  t h e  disadvantages o f  n o t  be ing  d i r e c t l y  
observable.  Lack o f  f i e l d  da ta  can i n  such cases g r e a t l y  reduce t h e  
p o s s i b i l i t i e s  f o r  a r r i v i n g  a t  a r a t i o n a l  des ign  o f  t h e  heat  e x t r a c t i o n  
system. T h i s  t ype  of d i f f i c u l t y  i s  of  much l e s s  concern i n  t h e  case 
o f  t h e  q u a s i - v e r t i c a l  conductors ,  such as (1)  and (2) i n  Tab le  1 ,  
where sur face  ou tc rops  can be inspected.  Q u i t e  f r e q u e n t l y  t h e  p o s i t i o n  
of  such conductors  can be mapped w i t h  cons ide rab le  p r e c i s i o n .  

We have t h e r e f o r e  chosen t o  base o u r  f i r s t  a t tempt  a t  t h e  des ign  
o f  a FGES on t h e  assumption o f  a s u f f i c i e n t l y  open q u a s i - v e r t i c a l  
conductor  such as a b a s a l t i c  d i k e  o r  a f a u l t  zone. We make t h e  ad hoc 
assumption t h a t  such a conductor  i s  a v a i l a b l e .  Depending on t h e  p o s i -  
t i o n  o f  t h e  i n j e c t i o n - p r o d u c t i o n  boreholes,  t h e  main f l ow  i n  systems o f  
t h i s  t ype  can be v e r t i c a l l y  up (F ig .  3 ) ,  v e r t i c a l l y  down ( F i g .  4)  o r  
q u a s i - h o r i z o n t a l .  Consider ing t h e  va r ious  phenomena i n d i c a t e d  i n  Tab le  
2 t h e r e  appear grounds f o r  assuming t h a t  t h e  up - f l ow  systems w i l l  ex- 
h i b i t  t h e  h i g h e s t  degree o f  f l o w  s t a b i l i t y  and thereby  ach ieve  t h e  most 
favo rab le  c o n d i t i o n s  f o r  heat  e x t r a c t i o n .  

-- 
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PRODUCTION 

F i g u r e  3. Upf low system. 

PRODUCTION 

F i g u r e  4.  Downflow system 

S 

F i g u r e  5.  An e x p e r i m e n t a l  d e s l g n  of a m u l t i h o l e  FGES system f o r  b u i l d i n g  
h e a t i n g .  The minimum f l o w  p e r  b o r e h o l e  p a i r  i s  25 kg/sec.  

-58- 



Table 2 
Adverse f 1 ow phenomena 

P o t e n t i  a1 e f fec t s  
Ine f f i c i en t  
hea t  ex t rac t ion  Pumping  power Water losses  __ 

- Type o f  phenomena 
( 1 )  Non-uniform Potent ia l ly  major  High pumping pres- Can be a major  f ac to r  

quired t o  overcome cold water o u t  of t he  
conductivity,  f ac to r  sure  may be re- i n  channeling in jec ted  
f 1 ow channel - 
i n y  non-uniformity. heating zone. 

May increase water 
e f f e c t s  i n g  o f  water f r ac tu res  carrying losses by enhanced 

( 2 )  Thermoelastic Enhances channel- Narrowing  o f  

colder  t h a n  t he  water ho t t e r  t h a n  channeling. 
rock. the  rock requires 

increasing pump- 
i n g  pressure. 

( 3 )  Buoyancy and Enhanced channel- 
convection i n g  i n  down-flow 

systems 

Downward convect i  ve 
penetration of col d 
water may enhance 
1 osses . 

A preliminary experimental design of a multihole upflow FGES 
is shown in Figure 5. The system is to produce water in the temperature 
range 130- 1 OO°C for bu i 1 d i ng heat i ng purposes. The sys tern i s env i s i  oned 
to operate in an environment where the geothermal gradient is 5OoC. 
The effective contact area per borehole pair is to amount to 0.5 km , 
the flow per hole is 25 kg/sec and the effective thermal power relative t o  
an 

2 

effluent temperature of 40°C is 3 . 1  MW. 

Phys i ca 1 Pa rarneters 

The following rock and fluid parameters were used in the compu- 
tations underlying Figures 1 and 2; rock thermal conductivity kr = 2 . 1  
W/(m.deg), density p = 2700 kg/m3, specific heat of rock Cr = 1000 J/ 
(kg.deg), and specific heat of water C, = 4186 J/(kg.deg). The injec- 
t ion temperature was 3 O o C .  

Ep i 1 ogue 

Having come to the conclusion that the estimated subsurface 
dimensions of the FGES under consideration are not unreasonable, our 
principal task will be to demonstrate that nature complies with our 
basic assumptions. 
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RADON I N  GEOTHERMAL R E S E R V O I R  E N G I N E E R I N G  

Paul Kruger and Gary Warren 
C i v i l  Engineer ing Department 

S tan fo rd  Un i vers i t y  
S tan ford ,  CA 94305 

Radon i s  a p o t e n t i a l l y - u s e f u l  i n t e r n a l  t r a c e r  f o r  t he  s tudy o f  geo- 
therr ra l  rese rvo i  r s  (Stoker  and Kruger , 1975; Kruger , Stoker ,  and Uma';.a, 1975) .  
The n a t u r a l l y - o c c u r r i n g  gaseous r a d i o a c t i v e  element radon e x i s t s  e s s e n t i a l l y  
as t h e  l o n  e s t - l i v e d  iso tope,  3.83-day 222Rn, produced by a lpha decay of  
1620-year 226Ra, which i n  t u r n  i s  produced i n  the  n a t u r a l  uranium s e r i e s  
o r i g i n a t i n g  w i t h  4.5xl09-year 238U. 
c h a r a c t e r i s t i c  h a l f - 1  i f e  o f  3.83 days when separated f rom i t s  paren t  radium, 
w i l l  be produced " fo reve r "  from t h e  radium found r a t h e r  u n i f o r m l y  d i s t r i b u t e d  
i n  c r u s t a l  rocks a t  a mean concen t ra t i on  o f  about 1 pg/g/. However, radium as 
a chemical homolog o f  t h e  a l k a l i n e  e a r t h  elements ca lc ium,  s t r o n t i u m ,  and 
barium, can undergo hydrothermal  processes i n  geothermal systems and may be 
r e d i s t r i b u t e d  i n  a geothermal r e s e r v o i r .  

Thus radon, which decays w i t h  i t s  

S toker  and Kruger (1975)  noted t h a t  radon c o n c e n t r a t i o n  i n  g e o f l u i d s  
produced from a c t i v e  geothermal resources depends on severa l  independent 
f a c t o r s ,  among them t h e  d i s t r i b u t i o n  o f  radium i n  the  fo rma t ion  (a f u n c t i o n  
o f  t he  hydro-  and thermo-chemical h i s t o r y  o f  t he  f o r m a t i o n ) ,  t h e  emanating 
power o f  t h e  produced radon (a f u n c t i o n  o f  t h e  phys i ca l  s t a t e  o f  t h e  forma- 
t i o n ) ,  and t h e  t r a n s p o r t  t ime  o f  t h e  radon from emanation s i t e  t o  sampling 
s i t e  (a f u n c t i o n  o f  t h e  hydrodynamic p r o p e r t i e s  o f  t h e  r e s e r v o i r ) .  Because 
o f  i t s  r e l a t i v e l y  s h o r t  h a l f - l i f e  o f  3.83-days, i n  c o n t r a s t  t o  t h e  s t a b l e  
chemical components C02, H 2 S ,  S(180) ,  e tc . ,  radon o f f e r s  a un ique ly  s e n s i t i v e  
t r a c e r  f o r  t r a n s p o r t  t ime  measurements i n  geothermal r e s e r v o i r s .  

Two genera l  types o f  i n f o r m a t i o n  r e l a t e d  t o  t r a n s i t  t i m e  a r e  amenable 
t o  radon measurement experiments. Under stt:ady f l o w  c o n d i t i o n s ,  changes i n  
t h e  radon source w i l l  r e s u l t  i n  changes i n  t h e  radon c o n c e n t r a t i o n  i n  p ro -  
duced g e o f l u i d s .  And under steady emanation c o n d i t i o n s ,  changes i n  t h e  f l o w  
regime will a l s o  r e s u l t  i n  changes i n  t h e  radon concen t ra t i on .  

Shor t - te rm changes i n  radon ernan;*'-;on can be induced by se ismic  
a c t i v i t y  a f f e c t i n g  t h e  r e s e r v o i r .  Such an e f f e c t  seems t o  have occur red  
d u r i n g  exper iments run  f o r  o t h e r  purposes (Kruger , Stoker ,  and Umana , 1975) .  
The p o s s i b i l i t y  o f  r e l a t i n g  changes i n  radon c o n c e n t r a t i o n  d u r i n g  pe r iods  o f  
s teady g e o f l u i d  p roduc t i on  w i t h  se ismic  events  i s  be ing  exp lo red  as a poten- 
t i a l  means o f  s tudy ing  earthquakes. Shor t - te rm changes i n  radon emanation 
can a l s o  be induced by a r t i f i c i a l  f r a c t u r e  s t i m u l a t i o n  o f  low p r o d u c t i v i t y  
hydrothermal r e s e r v o i r s  o r  o f  ho t  d r y  rock  fo rmat ions .  The i n i t i a l  radon 
research program (Kruger and Ramey, 1973) was undertaken t o  s tudy the  poss i -  
b i l i t y  o f  de termin ing  the  e f f e c t i v e n e s s  o f  f r a c t u r e  s t i m u l a t i o n  methods. 

Long-term changes o f  radon c o n c e n t r a t i o n  i n  h i g h - p r o d u c t i v i t y  rese r -  
v o i r s  should be assoc ia ted  w i t h  long- term changes i n  r e s e r v o i r  c h a r a c t e r i s t i c s ,  
such as f r a c t u r e  dens i t y ,  p e r m e a b i l i t y  changes, lower ing  o f  b o i l i n g  f r o n t s ,  
o r  r e d i s t r i b u t i o n  o f  a l k a l i n e  e a r t h  elements. One example o f  such change was 
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noted when two w e l l s  a t  The Geysers sampled f o r  radon by Stoker  and Kruger 
(1975) were resampled two years  l a t e r .  The da ta  a r e  g i ven  i n  Table 1 .  

TABLE 1 

Long-Period Sampling of Steam We l l s  

Wellhead Wellhead Radon 
Pres  sur  e Temp e r a  tu  r e Flow C o nc en t r a t io rL 

W e l l  No. Date ( k l b / h r )  (PSig) (OF) .(nCi/lc> 

I D  Apr ' 7 4  2 2 . 1  130 351 26.7  ? 1 . 0  

May '76 25.0 131 342 4 0 . 8  t 2 . 8  

3 6 8  2 6 . 3  ! 1 . 0  11 A Apr ' 7 4  59.0 8a 

May '76 51.5 8 4  350 32.9 ! 2.2 

The radon c o n c e n t r a t i o n  ( i n  nanocur ies per  l i t e r  condensate) shows a 
s i g n i f i c a n t  change ove r  t h e  two-year p e r i o d  o f  steady p r o d u c t i o n  and exten-  
s i v e  se ismic  h i s t o r y .  A l though these fragmentary da ta  a r e  i n s u f f i c i e n t  t o  
i n d i c a t e  any o f  t h e  long- term changes i n  r e s e r v o i r  c h a r a c t e r i s t i c s  noted 
above, they  do i n d i c a t e  a reasonable j u s t i f i c a t i o n  f o r  long- term measurement 
o f  radon emanations i n  severa l  w e l l s  over  t h e  r e s e r v o i r .  

Cur ren t  i n t e r e s t  has focused on the  r e l a t i o n s h i p  between radon concen- 
t r a t i o n  and t h e  f l o w  regime i n  p roduc ing  geothermal r e s e r v o i r s .  S teady -s ta te  
p r o d u c t i o n  shou ld  r e s u l t  i n  a s teady -s ta te  c o n c e n t r a t i o n  o f  radon gas on t h e  
b a s i s  o f  a cons tan t  emanation r a t e  o f  radon f rom t h e  r e s e r v o i r  rock ,  a con- 
s t a n t  p e r m e a b i l i t y  f i e l d  i n  t h e  r e s e r v o i r ,  and thus a cons tan t  t r a n s p o r t  
t ime  f rom t h e  emanation o r  b o i l i n g  s i t e  t o  t h e  wel lhead.  

Several i n d i c a t i o n s  o f  a dependence o f  radon c o n c e n t r a t i o n  on f l o w  
r a t e  i n  p roduc ing  geothermal r e s e r v o i r s  have been observed. The b a s i s  f o r  
f l o w  models i n  vapor-dominated and l i qu id -domina ted  r e s e r v o i r s  was g i v e n  by 
S toke r  and Kruger (1975).  For a one-dimensional l i n e a r  v e r t i c a l  model of a 
steam r e s e r v o i r ,  i n  which t h e  radon i s  b o i l e d  o u t  w i t h  t h e  steam f rom a deep 
l i q u i d  zone, and l i t t l e  radon emanates i n t o  t h e  d r y  steam zone below t h e  w e l l ,  
t h e  c o n c e n t r a t i o n  should be d i r e c t l y  r e l a t e d  t o  t h e  f l o w  r a t e ,  f o r  which t h e  
t r a n s i t  t ime  i s  a f u n c t i o n  o f  t h e  p e r m e a b i l i t y - d i s t a n c e  produc t ,  Kh. A model 
o f  such f l o w  i s  g i ven  i n  Muscat (1946) as t h e  "open-bottom" w e l l ,  a th ree -  
d imensional  r e s e r v o i r  o f  g r e a t  t h i ckness .  F igu re  1 shows t h e  f i r s t  t e s t  o f  
radon c o n c e n t r a t i o n  dependence on f l o w  r a t e  a t  The Geysers w e l l  (Kruger, 
S toker ,  and UmaTa, 1975). The t r a n s i e n t ,  f o l l o w i r , g  a f l o w  r a t e  s h u t - i n  
f rom $100 Mt /hr  t o  ' ~ 5 0  Mt /hr ,  shows a p e r i o d  o f  about 21 days i n  change o f  
c o n c e n t r a t i o n  f rom an average o f  16.5 5 2  t o  a t e s t  t e r m i n a t i o n  va lue  of  
p~8 5 1 n C i / l c .  

Severa l  a t tempts  have been made t o  reproduce t h i s  observed l i n e a r  
change i n  c o n c e n t r a t i o n  w i t h  f l o w  r a t e .  Samples taken weekly a t  another  
w e l l  a t  The Geysers t h i s  summer i n  p r e p a r a t i o n  f o r  a double draw down t e s t  
showed a q u a l i t a t i v e  dependence d u r i n g  a p e r i o d  o f  s h u t - i n  unknown t o  us. 
F i g u r e  2 shows t h e  da ta  d u r i n g  t h i s  per iod .  Completed a n a l y s i s  o f  19 samples 
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ob ta ined  d u r i n g  t h e  p e r i o d  1 t o  2 months p r i o r  t o  t h e  s h u t - i n  showed a 
mean concen t ra t i on  o f  1 8 . 4  2 0.4 n C i / l c  a t  a s teady f l o w  r a t e  o f  130 
k lb /h r .  
showed a c u r i o u s  p a t t e r n .  The f i r s t  sample taken 15 days a f t e r  t he  i n i t i a l  
s h u t - i n  showed a s i g n i f i c a n t  decrease; t he  second sample, showing a major  
decrease, was taken 18 and 1 1  days r e s p e c t i v e l y  a f t e r  t h e  second and f i n a l  
f l ow  r a t e  changes. The t h i r d  sample was taken 15 days a f t e r  t h e  r e t u r n  t o  
f u l l  f l o w  and t h e  f o u r t h  sample was taken one day l a t e r .  The s i m i l a r i t y  i n  
p a t t e r n s  between f l o w  r a t e  and radon concen t ra t i on  w i t h  an apparent 15-16 
day phase lag  i s  q u a l i t a t i v e l y  s t r i k i n g .  

The random samples taken a f t e r  t he  then unknown s h u t - i n  p e r i o d  

Cur ren t  exper iments i n c l u d e  a f u l l  24  day, double f l o w  r a t e  s h u t - i n  
a t  The Geysers w i t h  samples taken d a i l y  a t  t h i s  and a nearby m o n i t o r i n g  w e l l  
w i t h o u t  change i n  f l o w  r a t e .  A two-week h a l f - f l o w  s h u t - i n  t e s t  i s  scheduled 
f o r  a w e l l  i n  t he  L a r d e r e l l o  steam f i e l d s  f o r  November, 1976. The r e s u l t s  
o f  these exper iments i s  expected t o  a s s i s t  i n  t h e  fo rma t ion  o f  a q u a n t i t a t i v e  
model o f  radon f l o w  i n  steam r e s e r v o i r s .  

Other exper iments a r e  underway t o  o b t a i n  steady f l o w  r a t e  radon 
concen t ra t i ons  i n  l iqu id -dominated  r e s e r v o i r s  i n  a n t i c i p a t i o n  o f  f l o w  r a t e  
change exper iments when s u f f i c i e n t  pe r iods  o f  p roduc t i on  a r e  a v a i l a b l e  and 
r e d u c t i o n  i n  f l o w  does n o t  i n t e r f e r e  w i t h  p roduc t i on  opera t i ons .  Tes ts  a r e  
underway a t  Well  6-1 o f  t h e  East Mesa f a c i l i t y  operated by t h e  Bureau of 
Reclamation, a t  Cerro P r i e t o  through the  cour tesy  o f  t he  Comision Federal 
de E l e c t r i c i d a d  and a t  Heber i n  c o n j u n c t i o n  w i t h  a long- term heat  exchange 
t e s t  suppor ted by t h e  E l e c t r i c  Power Research I n s t i t u t e .  A model f o r  radon 
c o n c e n t r a t i o n  change w i t h  f l o w  r a t e  change was suggested by Stoker  and Kruger 
(1975) as t h e  h o r i z o n t a l  f l o w  con f ined  a q u i f e r ,  i n  which t h e  c o n c e n t r a t i o n  
would be dependent on the  l o g a r i t h m  o f  1 / Q  r a t h e r  than d i r e c t l y  p r o p o r t i o n a l  
t o  Q i t s e l f .  V e r i f i c a t i o n  o f  t h i s  model r e q u i r e s  s u b s t a n t i a l  sampling under 
s teady o p e r a t i n g  c o n d i t i o n s  t o  o b t a i n  a s u f f i c i e n t l y  small  s tandard d e v i a t i o n  
i n  the  mean concen t ra t i on  o f  radon which should vary  l o g a r i t h m i c a l l y  w i t h  
f low.  The r e s u l t s  o f  these t e s t s  w i l l  be g i v e n  i n  subsequent r e p o r t s .  
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F i g u r e  1. Radon c o n c e n t r a t i o n  d u r i n g  a flow ra te  change. 
S o l i d  l i n e s  are mean v a l u e s  ove r  the flow ra te  
p e r i o d ;  broken l i n e s  r e p r e s e n t  one s t a n d a r d  
d e v i a t i o n .  
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BOREHOLE GEOPHYSICS I N  GEOTHERMAL WELLS--PROBLEMS AND PROGRESS 

W. S c o t t  Keys 
U. S .  Geolog ica l  Survey 

Denver, Colorado 80225 

Surface geophysical  techniques a r e  r e a d i l y  adaptab le  t o  e x p l o r a t i o n  f o r  
and e v a l u a t i o n  o f  geothermal r e s e r v o i r s  because e x i s t i n g  equipment and 
i n t e r p r e t i v e  models can be used. I n  c o n t r a s t ,  t h e  a p p l i c a t i o n  o f  boreho le  
geophysics f o r  these same purposes r e q u i r e s  t h e  development o f  equipment t o  
ope ra te  dependably i n  the  ve ry  h o s t i l e  environment o f  some geothermal w e l l s .  
A f t e r  equipment has been developed and t e s t e d ,  i t s  response must be 
c a l i b r a t e d  w i t h  respec t  t o  r e q u i r e d  parameters such as l i t h o l o g y  and 
p o r o s i t y .  T h i s  i s  d i f f i c u l t  i n  geo log i c  environments where t h e r e  i s  
p r a c t i c a l l y  no exper ience i n  w e l l - l o g  i n t e r p r e t a t i o n .  The d e s i r e d  f i n a l  
p roduc ts  a r e  r e l i a b l e  da ta  t o  gu ide  e x p l o r a t i o n  f o r  geothermal systems, 
and t o  a i d  i n  r e s e r v o i r  e v a l u a t i o n ,  modeling, and development, i n  t h e  ways 
i n  which w e l l  logs a r e  r o u t i n e l y  used i n  the  pe t ro leum i n d u s t r y .  Researchers 
i n  geothermal e x p l o r a t i o n  a r e  s t i l l  some years f rom a c h i e v i n g  t h e  l e v e l  o f  
a p p l i c a t i o n  a l ready  a t t a i n e d  i n  pe t ro leum e x p l o r a t i o n  and development. T h i s  
d e f i c i e n c y  i s  r e c e i v i n g  some a t t e n t i o n  f rom t h e  U . S .  Energy Research and 
Development Agency (ERDA) and t h e  U.S .  Geo log ica l  Survey. The two agencies 
cosponsored a workshop on Geophysical Measurements i n  Geothermal Wel ls i n  
September 1975 (Baker, Baker, and Hughen, 1975). Sandia L a b o r a t o r i e s  had 
prev ious ly 'summar ized t h e  s t a t e - o f - t h e - a r t  i n  a r e p o r t  on "Well-Logging 
Technology and Geothermal A p p l i c a t i o n s "  (Baker, Campbell, and Hughen, 1975) .  
For seve ra l  years t h e  U.S. Geo log ica l  Survey has had a research program t o  
develop l ogg ing  i n s t r u m e n t a t i o n  and l o g - i n t e r p r e t a t i o n  techniques f o r  
geothermal a p p l i c a t i o n s .  Th is  summary descr ibes  some o f  t h e  r e s u l t s  o f  
t h a t  research  e f f o r t .  

The research p r o j e c t  on boreho le  geophysics i n  t h e  U.S. Geo log ica l  
Survey has severa l  h igh- tempera ture  l ogg ing  systems under development and 
t e s t .  The f o l l o w i n g  probes r a t e d  a t  25OoC and 10,000 P S I  (6.896 x 107N/m2) 
a r e  be ing  used f o r  exper imenta l  geothermal w e l l  l ogg ing :  temperature, 
f l u i d  c o n d u c t i v i t y ,  c a l i p e r ,  n a t u r a l  gamma, s p e c t r a l  gamma, non-compensated 
gamma-gamma, non-compensated neut ron ,  16 inch  and 64 i nch  normal r e s i s t i v i t y ,  
spontaneous p o t e n t i a l ,  s i n g l e - p o i n t  r e s i s t a n c e ,  and a c o u s t i c  t e l e v i e w e r .  
Upgrading f o r  h igh- tempera ture  o p e r a t i o n  i s  planned f o r  seve ra l  o t h e r  
l ogg ing  probes which now opera te  t o  approx imate ly  1 5 O o C  ( C e l s i u s ) ;  these 
i n c l u d e  a c o u s t i c  v e l o c i t y ,  focused r e s i s t i v i t y ,  i n d u c t i o n ,  compensated 
gamma-gamma and f lowmeter probes, and a water sampler. Many o f  these probes 
a r e  o f  s t a i n l e s s  s t e e l ;  development o f  probes t h a t  a r e  more r e s i s t a n t  t o  
long exposure t o  t h e  h i g h l y  c o r r o s i v e  f l u i d s  found i n  some geothermal w e l l s  
has n o t  y e t  been s t a r t e d .  

The logg ing  probes l i s t e d  above a r e  operated on two research  t r u c k s  
t h a t  u t i  1 i z e  h igh- tempera ture  (250°C) armored cab le ;  6,000 f e e t  ( f t )  
(1829 meters (m) o f  four -conductor  and 16,000 f t  (4877 m) o f  seven-conductor 
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cab le .  Both t r u c k s  a r e  capable o f  reco rd ing  da ta  f rom we1 
i n  analog and d i g i t a l  forms. D i q i t a l  da ta  can be recorded 

s s imultaneous 
on computer- - - 

compat ib le  7- o r  9 - t r a c k  magnetic tape ,o r  punched o r  p r i n t e d  on paper tape. 
Data a r e  u s u a l l y  recorded a t  0.5 f t  (0.15 m) i n t e r v a l s ,  and o u t p u t  f rom as 
many as seven sensors can be recorded s imu l taneous ly  a long w i t h  depth  
i n fo rma t ion  t o  t h e  neares t  0.01 f t  (0.003 m). We a l s o  have magnet ic-  
tape systems f o r  reco rd ing  gamma spec t ra  and t h e  f u l l  a c o u s t i c  wave form 
d i g i t a l l y .  A l l  these d i g i t a l  da ta  a r e  then en tered  w i t h o u t  m o d i f i c a t i o n  
i n t o  the  Survey 's  computer i n  Denver f o r  q u a n t i t a t i v e  a n a l y s i s .  

Two general  approaches a r e  used t o  develop geophysical  l o g g i n g  probes 
capable o f  o p e r a t i n g  a t  h i g h  temperatures.  The s imp les t  method i s  t o  
i s o l a t e  a l l  t h e  e l e c t r o n i c  components and sensors from t h e  boreho le  
environment by means o f  a s t a i n l e s s  s t e e l  dewar f l a s k  i n s i d e  a h igh -p ressu re  
housing. Hea t -s ink  m a t e r i a l  t h a t  changes s t a t e  below the maximum o p e r a t i n g  
temperature o f  t h e  components i s  i nco rpo ra ted  i n  t h e  f l a s k .  These t o o l s  
a r e  u s u a l l y  designed f o r  10 hours o f  o p e r a t i o n  a t  25OoC. 
t o  t h i s  approach, which we use f o r  severa l  h i g h  temperature probes, i s  t he  
b u i l d - u p  o f  heat f rom power d i s s i p a t i o n  i n  t h e  e l e c t r o n i c s .  I n t e r n a l  heat ,  
which cannot escape from t h e  f l a s k ,  may cause d r i f t  i n  o u t p u t  s i g n a l .  

The major drawback 

A second approach i s  t o  rep lace  a l l  e l e c t r o n i c s ,  mechanical components, 
and m a t e r i a l s  f o r  o p e r a t i o n  a t  25OoC.  For most l ogg ing  probes t h i s  i s  n o t  
p o s s i b l e  because many o f  the necessary h igh- tempera ture  components and 
m a t e r i a l s  do n o t  e x i s t .  The Energy Research and Development Agency i s  
f und ing  a number o f  development e f f o r t s  i n  p r i v a t e  i n d u s t r y  t o  c o r r e c t  t h i s  
d e f i c i e n c y .  I n  t h e  meantime development o f  a dependable h igh- tempera ture  
a c o u s t i c  t e l e v i e w e r ,  so impor tan t  t o  t h e  geothermal i n d u s t r y ,  has been an 
expensive and time-consuming p r o j e c t .  Our approach f o r  t he  t e l e v i e w e r  has 
been a combina t ion  o f  t he  two techniques descr ibed above. A l l  e l e c t r o n i c s  
a r e  i n s t a l l e d  i n  a dewar f l a s k  w i t h  heat s i n k - m a t e r i a l  and t h e  motor-  
magnetometer-transducer s e c t i o n  i s  designed f o r  o p e r a t i o n  i n  h i g h  temperature 
f l u i d s .  The s t a t u s  and a p p l i c a t i o n  o f  t h i s  one-o f -a -k ind  probe w i l l  be 
descr ibed l a t e r .  

T e s t i n g  o f  probes developed f o r  geothermal logging has a l s o  been a 
problem. Components and sec t i ons  can be t e s t e d  i n  l a b o r a t o r y  ovens, b u t  
u n t i l  r e c e n t l y  t h e r e  has been no high-temperature,  h igh-pressure ,  wet 
chamber a v a i l a b l e  f o r  t e s t i n g  assembled probes. Even t h i s  k i n d  o f  a t e s t  
does n o t  f u l l y  s i m u l a t e  l ogg ing  environments. There i s  no s u b s t i t u t e  f o r  
a c t u a l l y  l ogg ing  a h o t  w e l l .  We a r e  a t tempt ing  t o  combine i n - h o l e  t e s t i n g  
w i t h  development o f  c a l i b r a t i o n  da ta  and l o g - i n t e r p r e t a t i o n  techniques f o r  
t he  probes l i s t e d  above. Some o f  ou r  h igh- tempera ture  probes a r e  dependable 
and s t a b l e  and o t h e r s  a r e  n o t ,  which i s  s i m i l a r  t o  the  exper ience users 
have had w i t h  commercial ly a v a i l a b l e  h igh- tempera ture  l ogg ing  s e r v i c e s .  

in -Ho le  Gamma Spectrometry 

The n a t u r a l  gamma l o g  p rov ides  no i n f o r m a t i o n  on t h e  r e l a t i v e  
concen t ra t i ons  o f  uranium, thor ium, and potassium which c o n t r i b u t e  t o  the  
t o t a l  gamma r a d i a t i o n  e m i t t e d  by a l l  rocks.  I n -ho le  gamma spec t romet ry  
does p r o v i d e  da ta  on t h e  r e l a t i v e  concen t ra t i ons  o f  these n a t u r a l l y  
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o c c u r r i n g  rad io i so topes  and has severa l  p o t e n t i a l  a p p l i c a t i o n s  t o  s t u d i e s  
o f  geothermal r e s e r v o i r s .  T h i s  l o g  p rov ides  more d i a g n o s t i c  i n f o r m a t i o n  
on l i t h o l o g y  than can be ob ta ined  from t h e  gross r a d i a t i o n  recorded as a 
n a t u r a l  gamma log,  and t h e  concen t ra t i ons  o f  t h e  radio-elements a r e  r e l a t e d  
t o  sources o f  rad iogen ic  heat i n  rocks.  

Several geothermal i n v e s t i g a t o r s  i n  Los Alamos r e p o r t  t h a t  t he  gamma 
s p e c t r a l  l o g  i s  one o f  t h e  most u s e f u l  l ogs  run i n  t h e  c r y s t a l l i n e  
basement rocks pene t ra ted  by t h e i r  deep w e l l s  (West and Laugh l i n ,  1976). 
The s p e c t r a l  logs prov ided unique da ta  f o r  t h e  " d e n t i f i c a t i o n  o f  such 
rock types as h o r n b l e n d e - b i o t i t e  s c h i s t s  and l e u c o c r a t i c  monzogranite, 
and f o r  c o r r e l a t i o n  between holes.  The presence o f  h i g h  c o n c e n t r a t i o n s  
o f  rad ium-equ iva len t  uranium i n  f r a c t u r e  zones i s  evidence o f  t h e  m o b i l i t y  
o f  uranium and a i d s  i n  the  l o c a t i o n  o f  f r a c t u r e  zones t h a t  f o r m e r l y  had 
a r e l a t i v e l y  h i g h  i n t r i n s i c  p e r m e a b i l i t y .  The s p e c t r a l  l o g  may t h e r e f o r e  
p r o v i d e  i n f o r m a t i o n  r e l a t e d  t o  t h e  source o f  radon gas repo r ted  t o  be 
abundant i n  some geothermal waters and which migh t  c o n s t i t u t e  an environmental  
problem i n  t h e  development o f  geothermal energy. 

Continuous s p e c t r a l  logs a r e  a v a i l a b l e  from one commercial s e r v i c e  
company and we developed and a r e  now t e s t i n g  a h igh- tempera ture  s p e c t r a l  
l ogg ing  probe. We have developed t h e  c a p a b i l i t y  o f  t r a n s m i t t i n g  t h e  
s p e c t r a l  da ta  through 16,000 f t  (4877 m) o f  logg ing  cable and o f  d i g i t i z i n g  
the  spec t ra  i n  t h e  l o g g i n g  t r u c k s .  P r o j e c t  personnel a l s o  wro te  computer 
programs f o r  energy s h i f t i n g  and s t r i p p i n g  o f  complex gamma spec t ra  
(Eggers, 1976). By means o f  these techniques, q u a n t i t a t i v e  analyses f o r  
r a d i o i s o t o p e s  can be made w i t h  equipment t h a t  i s  p r o p e r l y  c a l i b r a t e d  f o r  
t h e  boreho le  environment. C a l i b r a t i o n  i s  now done by u t i l i z i n g  
l a b o r a t o r y  analyses o f  core.  

Acous t i c  Te lev iewer  

The a c o u s t i c  t e l e v i e w e r  p rov ides  t h e  most r e l i a b l e  and accu ra te  da ta  
on t h e  l o c a t i o n  and o r i e n t a t i o n  o f  f r a c t u r e s  and o t h e r  types of  secondary 
p o r o s i t y .  The probe employs an a c o u s t i c  t ransducer  which i s  r o t a t e d  a t  
t h r e e  r e v o l u t i o n s  pe r  second. Each r o t a t i o n  o f  t h e  t ransducer  i s  
d i s p l a y e d  as a sweep on an o s c i l l o s c o p e  a t  t h e  su r face ,  and t h e  sweeps 
a r e  t r i g g e r e d  on magnet ic n o r t h  by a magnetometer i n  t h e  probe. The 
i n t e n s i t y  o f  t h e  scope t r a c e  i s  a f u n c t i o n  o f  t he  amp l i t ude  o f  t h e  
a c o u s t i c  s i g n a l  r e f l e c t e d  from t h e  w a l l  o f  t he  borehole.  A camera i s  
used t o  reco rd  t h e  successive sweeps, which a r e  combined t o  produce a 
p i c t u r e  o f  t h e  boreho le  w a l l  as i f  i t  had been s p l i t  a long t h e  n o r t h  
s i d e  and opened o u t  i n t o  t h e  p lane o f  t h e  p i c t u r e .  The s t r i k e  and d i p  
o f  f r a c t u r e s  and o t h e r  p l a n a r  f e a t u r e s  can be c a l c u l a t e d  from t h e  
t e l e v i e w e r  l o g  and a c a l i p e r  l o g  (Zemanek, 1969). The a c o u s t i c  t e l e v i e w e r  
l o g  can r e s o l v e  f e a t u r e s  as smal l  as 1 . 5  mm, and i t  can be used i n  ho les  
f i l l e d  w i t h  d r i l l i n g  mud, water ,  o r  o i l .  Our t e l e v i e w e r  systems a l s o  
have a v a i l a b l e  o r i e n t e d  a c o u s t i c  c a l i p e r  ou tpu ts  t h a t  produce f o u r  very  
h i g h  r e s o l u t i o n  t races  a t  Nor th ,  East,  South and West. These data,  
combined w i t h  t h e  t e l e v i e w e r  l o g ,  p r o v i d e  a three-dimensional  model o f  
f r a c t u r e s  and o t h e r  openings. 
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Whi le  t e l e v i e w e r  probes were developed 8 years ago and have been used 
by severa l  s e r v i c e  companies, t h e  o n l y  h igh- tempera ture  t e l e v i e w e r  probe 
b u i l t  t o  da te  i s  be ing  developed under c o n t r a c t  f o r ,  and t e s t e d  by, t he  
U.S. Geo log ica l  Survey. I t has been used exper imen ta l l y  t o  l o g  geothermal 
w e l l s  a t  M a r y s v i l l e ,  Mont.; R a f t  R ive r ,  Idaho; Long Va l l ey ,  C a l i f .  and 
Los Alamos, New Mexico. Al though i t  has operated a t  temperatures as h i g h  as 
2OO0C f o r  many hours i t  i s  s t i l l  n o t  dependable, and a l l  component and 
m a t e r i a l  problems have no t  y e t  been solved. Desp i te  these problems we a r e  
encouraged by progress  t o  d a t e  and l o o k  f o r  f u r t h e r  improvement o f  t h e  
sys tern. 

The p o t e n t i a l  s i g n i f i c a n c e  o f  a probe t h a t  revea ls  i n d i v i d u a l  openings 
i n  the  boreho le  w a l l  i s  i l l u s t r a t e d  by a statement by g e o l o g i s t s  f o r  a 
major company i n v o l v e d  i n  the  development o f  one impor tan t  geothermal 
r e s e r v o i r ,  t h a t  t h e  o r i e n t a t i o n  o f  f r a c t u r e s  would be the  most impor tan t  
da ta  t h a t  c o u l d  be ob ta ined  from geophysical  logs.  T h i s  statement i s  
based on t h e  hypothes is  t h a t  f r a c t u r e s  o f  one o r i e n t a t i o n  a r e  more l i k e l y  
t o  produce steam than those o f  another ,  and t h a t  i n f o r m a t i o n  on t h e  
d i s t r i b u t i o n  and o r i e n t a t i o n  o f  f r a c t u r e s  as a f u n c t i o n  o f  depth  would 
a l l o w  w e l l s  t o  be d r i l l e d  d i r e c t i o n a l l y  a t  t he  best  ang le  t o  i n t e r s e c t  
t he  produc ing  f r a c t u r e s .  

Na tu ra l  f r a c t u r e s  a r e  very  abundant i n  most o f  t he  geothermal w e l l s  
we have logged; some o f  these w e l l s  a t t a i n  depths as g r e a t  as 10,000 f t  
(3048 m). F r a c t u r e  s e t s  have been observed w i t h  favored o r i e n t a t i o n s  
t h a t  may be c o n s i s t e n t  over severa l  thousand f e e t  o f  ho le .  Log A i n  
F ig .  1 i s  a s e c t i o n  o f  t e l e v i e w e r  l o g  made w i t h  t h e  h i g h  temperature probe 
i n  a w e l l  i n  Long V a l l e y ,  C a l i f .  Several f r a c t u r e  se ts  w i t h  d i f f e r e n t  
o r i e n t a t i o n s  a r e  c l e a r l y  shown. Considerable d i f f e r e n c e  i n  the  c h a r a c t e r  
o f  f r a c t u r e s  has been noted i n  such logs,  and the  da ta  be ing  c o l l e c t e d  w i l l  
make p o s s i b l e  a s tudy  o f  t he  r e l a t i o n s h i p  o f  water c o n t r i b u t i o n  t o  the 
o r i e n t a t i o n  and cha rac te r  o f  t he  f r a c t u r e s .  We have a l s o  used t h e  
t e l e v i e w e r  t o  l o g  a w e l l  be fo re  and a f t e r  h y d r a u l i c  f r a c t u r i n g  as an 
e s s e n t i a l  p a r t  o f  s t a t e - o f - s t r e s s  s t u d i e s  i n  C a l i f o r n i a  and i n  Colorado. 
F rac tu res  induced a r t i f i c i a l l y  as p a r t  o f  t h e  Los Alamos S c i e n t i f i c  
L a b o r a t o r y ' s  ho t -d ry - rock  program w e r e  observed d u r i n g  logg ing  i n  a deep 
w e l l  i n  New Mexico. Log B i n  F i g .  1 was made i n  t h i s  w e l l  and shows a 
s e c t i o n  o f  a h y d r a u l i c a l l y  induced f r a c t u r e  system, which i s  apparen t l y  
bo th  v e r t i c a l  and branching. I f  h y d r a u l i c  f r a c t u r i n g  becomes an impor tan t  
procedure f o r  t h e  s t i m u l a t i o n  o f  geothermal w e l l s  t h e  t e l e v i e w e r  w i l l  be 
needed t o  p r o v i d e  i n f o r m a t i o n  on the  f r a c t u r e s  produced. Study o f  
subsidence caused by t h e  w i thdrawal  o f  geothermal f l u i d s  i s  another  
p o t e n t i a l  a p p l i c a t i o n  of t h e  t e l e v i e w e r ;  t h i s  may prove t o  be one o f  t h e  
bes t  ways o f  e s t i m a t i n g  t h e  amount o f  compaction i n  sediments pene t ra ted  
by w e l l s .  I t  has h i g h  r e s o l u t i o n  and can t h e r e f o r e  be used t o  measure t h e  
sho r ten ing  o f  each l e n g t h  o f  cas ing  caused by compaction. Th is  can be 
done by l o c a t i n g  very  a c c u r a t e l y  c o l l a r s ,  p e r f o r a t i o n s ,  o r  o t h e r  
i r r e g u l a r i t i e s  i n  cas ing.  
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Log A--Long Val ley ,  C a l i f o r n i a  Log B--Los Alamos, New Mexico 

F igu re  1.--Acoustic te lev iewer  l o g s  made i n  geothermal wells 
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Computer I n t e r p r e t a t i o n  o f  Logs 

Four types o f  logs respond t o  changes i n  p o r o s i t y  i n  a l i t h o l o g y -  
dependent manner: t he  neut ron ,  a c o u s t i c  v e l o c i t y ,  gamma-gamma, and 
r e s i s t i v i t y  logs.  R e s i s t i v i t y  logs,  however, a l s o  depend on t h e  c o n d u c t i v i t y  
o f  t h e  i n t e r s t i t i a l  f l u i d .  A t y p i c a l  pe t ro leum-or ien ted  techn ique i s  t o  
c r o s s p l o t  two of  t h e  t h r e e  l i tho logy-dependent  p o r o s i t y  l ogs .  I f  t h e  rock 
t ype  i s  l imestone,  sandstone or do lomi te ,  o r  a m i x t u r e  o f  any two o f  these, 
t he  c r o s s - p l o t s  may i n d i c a t e  l i t h o l o g y  and p r o v i d e  es t imates  o f  p o r o s i t y  
values c o r r e c t e d  f o r  l i t h o l o g i c  o r  m a t r i x  e f f e c t s .  We a r e  a t t e m p t i n g  t o  
use t h i s  techn ique t o  i n t e r p r e t  geophysical  logs o f  t he  w e l l s  i n  t h e  R a f t  
R ive r  Basin, Idaho. 

F i g .  2 i s  a computer-generated p l o t  o f  d e n s i t y  f rom a commercial 
gamma-gamma l o g  and o f  p o r o s i t y  f rom a commercial neut ron  log,  assuming a 
sandstone m a t r i x .  The p l o t  i s  f o r  t he  depth  i n t e r v a l  5400 t o  5900 f t  
(1646 to1798  m) i n  t h e  Idaho Na t iona l  Eng ineer ing  L a b o r a t o r y ' s  w e l l  
RRGE-2. I t  i s  apparent from t h e  p l o t  t h a t  two d i s t i n c t  l i t h o l o g i e s  o r  
p o r o s i t i e s  a r e  p resen t .  Near ly  a l l  t h e  p o i n t s  c l u s t e r e d  around 13% 
apparent p o r o s i t y  and a b u l k  d e n s i t y  o f  3.0 g/cc correspond t o  t h e  
depth  i n t e r v a l  f rom 5690 t o  5760 f t  (1734 t o  1756 m ) .  The c u t - o f f  a t  
3.0 g/cc i s  due t o  s e t t i n g  o f  t he  s c a l e  f o r  t he  gamma-gamma l o g  a t  
va lue  s u i t a b l e  f o r  a t y p i c a l  o i l - f i e l d  environment. A more e f f e c t i v e  
s c a l e  would have accommodated t h e  h ighe r  d e n s i t i e s  encountered i n  t h e  
igneous and metamorphic rocks.  Th is  demonstrates t h e  importance o f  
hav ing  a l o g  a n a l y s t  a t  t h e  s i t e  who i s  f a m i l i a r  w i t h  t h e  geothermal 
environment. Data from c u t t i n g s  and core  i n d i c a t e  t h a t  t h e  i n t e r v a l  
from 5690 and 5760 f t  (1734 t o  1756 m) i s  b i o t i t e  s c h i s t .  B i o t i t e  has 
a b u l k  d e n s i t y  o f  2.8 t o  3 . 4  g/cc.  

The c l u s t e r  o f  p o i n t s  a t  a b u l k  d e n s i t y  o f  approx imate ly  2.6 g/cc 
and an apparent p o r o s i t y  o f  2 percent  represents  q u a r t z  monzonite, which 
i s  found above and below t h e  b i o t i t e  s c h i s t .  I f  t h e  sandstone, l imestone,  
and do lomi te  l i n e s  were added t o  the p l o t  i n  F i g .  2 t h e  q u a r t z  monzoni te 
would f a l l  between 0 and 5 percent  on t h e  l i n e  rep resen t ing  sandstone 
p o r o s i t y .  Th i s  r e l a t i o n s h i p  i s  q u i t e  reasonable because the  m i n e r a l s  in 
q u a r t z  monzoni te have g r a i n  d e n s i t i e s  t h a t  average near 2.65 g/cc,  a 
va lue  commonly assumed f o r  sandstone. The c r o s s p l o t  p o i n t s  f o r  b i o t i t e  
s c h i s t  do n o t  f a l l  near any o f  t h e  l i t h o l o g i c  types on a v a i l a b l e  c ross-  
p l o t s .  Th i s  i l l u s t r a t e s  t h e  need f o r  development o f  c a l i b r a t i o n  da ta  and 
i n t e r p r e t i v e  techniques f o r  t h e  rock  types found i n  geothermal areas 
b u t  n o t  found i n  petroleum-producing areas. 

P r o j e c t  personnel have developed computer techniques t o  compute 
l i t h o l o g y - c o r r e c t e d  p o r o s i t y ,  m a t r i x  d e n s i t y ,  m a t r i x  v e l o c i t y ,  a c o u s t i c  
p o r o s i t y ,  secondary p o r o s i t y ,  apparent water r e s i s t i v i t y ,  m inera logy ,  
thermal c o n d u c t i v i t y ,  and heat f l o w  i n  a l imestone-do lomi te  s e c t i o n  i n  
Texas (Merkel, MacCary and Chicko, 1976). F i g u r e  3 shows some o f  these 
curves generated by t h e  computer. L i t h o l o g y  was so lved as a f u n c t i o n  o f  
t h e  t h r e e  p o r o s i t y  logs (neutron, gamma-gamma, and a c o u s t i c  v e l o c i t y )  
by means o f  a l i n e a r  programming a l g o r i t h m .  
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A thermal c o n d u c t i v i t y  l o g  was generated i n  t h e  computer us ing  t h e  
r e s u l t s  o f  t he  minera logy  program and a geometr ic mean equat ion  t h a t  
has been found t o  represent  most e f f e c t i v e l y  t h e  r e l a t i o n s h i p s  between 
minera logy  and thermal c o n d u c t i v i t y  (Sass and o the rs ,  1971); Merkel ,  
1975). A tempera ture-grad ien t  log  was generated u s i n g  t h e  temperature 
l o g  and a d e l t a - Z  o f  10 f t .  The produc t  o f  thermal c o n d u c t i v i t y  and 
thermal g r a d i e n t  produced a hea t - f l ow  log .  

Conclusions 

The a p p l i c a t i o n  o f  boreho le  geophysics t o  the  development o f  geothermal 
energy i s  s t i l l  i n  i t s  i n fancy  bu t  equipment problems a r e  being so lved 
and progress i s  be ing  made toward q u a n t i t a t i v e  i n t e r p r e t a t i o n  o f  t he  logs 
i n  environments where p rev ious  exper ience does n o t  e x i s t .  These e f f o r t s  

w i l l  be f u r t h e r e d  by t h e  a v a i l a b i l i t y  o f  core,  core  analyses, and t e s t  
i n f o r m a t i o n  f rom v a r i o u s  geothermal environments and by i n c r e a s i n g  t ime 
a v a i l a b l e  f o r  l ogg ing  those w e l l s  where o t h e r  da ta  a r e  a v a i l a b l e .  
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The convent 
a cons tan t  r a t e  o f  

onal  methods o f  w e l l  t e s t s  a n a l y s i s  u s u a l l y  assume 
d ischarge o f  t h e  producing w e l l .  The procedure 

i n v o l v e s  matching a log-log p l o t  o f  t e s t  da ta  (drawdown versus t ime)  
t o  a n a l y t i c  o r  s e m i - a n a l y t i c  s o l u t i o n s  t h a t  a r e  based on a model o f  
t h e  p r o d u c t i o n  w e l l  as a l i n e  source o f  cons tan t  s t r e n g t h  i n  an i n f i n i t e  
r e s e r v o i r .  However, v a r i a b l e  d ischarge w e l l  t e s t  c o n d i t i o n s  may 
a r i s e  under a v a r i e t y  o f  c o n d i t i o n s ,  such as e x i s t i n g  w e l l - f i e l d  p ro-  
d u c t i o n  schedules, step-drawdown t e s t s ,  and i n f l u e n c e  o f  t h e  pumping 
water  l e v e l  on t h e  p r o d u c t i o n  r a t e .  I t  i s  very  d e s i r a b l e  t o  have t h e  
c a p a b i l i t y  t o  r e l i a b l y  i n t e r p r e t  da ta  from t h e  t e s t s .  I n  f a c t ,  the  
present  s tudy was prompted by a s e t  o f  recent  geothermal w e l l  t e s t  da ta  
i n  which due t o  v a r i o u s  mechanical problems, t h e  f l o w  r a t e  d u r i n g  t h e  
f i r s t  70 hours o f  p r o d u c t i o n  v a r i e d  w i d e l y  and c o u l d  n o t  e f f e c t i v e l y  
be t r e a t e d  as a mean cons tan t  r a t e .  The present  paper r e p o r t s  t h e  
development o f  a genera l  technique o f  a n a l y z i n g  w e l l  t e s t s  w i t h  v a r i -  
a b l e  f l o w  r a t e s .  

Method o f  A n a l y s i s  

The v a r i a b l e  f l o w  i s  approximated by a s e r i e s  o f  sequent ia l  
s t r a i g h t  l i n e  segments o f  a r b i t r a r y  l e n g t h  and s lope ( F i g u r e  1 ) .  The 
pressure  response o f  each l i n e a r l y  v a r y i n g  p r o d u c t i o n  p u l s e  a t  any t i m e  
i s  d e r i v e d  a n a l y t i c a l l y  i n  terms o f  t h e  well-known exponent ia l  i n t e g r a l .  
The change i n  pressure  head a t  t i m e  t and d i s t a n c e  r f rom t h e  
produc ing  w e l l  t h a t  i s  caused by a p r o d u c t i o n  p u l s e  n, o c c u r r i n g  
between T~ and T"+, i s  g i v e n  by 

r2  

I f  we d e f i n e  1 
x1 = - 4nkH 
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and the linear flow rate is given by 

The result of the integration is given by 
- U  

Ah,(t,r) = X I / [ A ~ + B ~ ( T ~ + X Z ) ~  [,!(un) -W(u,+,r]- [ B n ~ n e  n - T e n+l I 
where 

and W(U) is the well function, which is related to the exponential 
integral Ei (x) by 

W(U) = -Ei(-u) 

The total pressure drop as a function of time is obtained by a super- 
position of the reservoir responses attributable to each production 
pulse: 

To account for the influence of one linear boundary, a third parameter 
i s  defined as 

u@CHri2 
4kH x3 = 

where r. is the image well distance, and the pressure drop is then given 
I 

by 

Ah(t,r) =c Ah,(t,r) 2 Ahn t,ri 

where the position or negative sign indicated an impermeable or fully 
leaky boundary respectively. 
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These equat ions a r e  used t o  c a l c u l a t e  p ressure  drawdown values 
t h a t  correspond t o  a s p e c i f i c  f low r a t e  v a r i a t i o n  and a g i v e n  s e t  o f  
r e s e r v o i r  parameters. Thus w i t h  a s e t  o f  i n i t i a l  guess va lues  o f  
r e s e r v o i r  parameters a mul t iparameter  l e a s t - s q u a r e - f i t  computer rou-  
t i n e  i s  employed t o  compare w e l l - t e s t  da ta  w i t h  p r e d i c t e d  va lues  i n  a 
search f o r  t h e  bes t  s e t  o f  r e s e r v o i r  parameters. Input  da ta  f o r  t h e  
program a r e  An and ‘I,,, c o o r d i n a t e  p o i n t s  on t h e  p r o d u c t i o n  h i s t o r y  
record,  Ah and t, c o o r d i n a t e  p o i n t s  on t h e  w e l l - t e s t  p ressure  draw- 
down record,  and a few program c o n t r o l  parameters. 

Corresponding t o  op t ima l  va lues o f  X I ,  x 2 ,  and x3 obta ined,  
t h e  program ass igns va lues r e s p e c t i v e l y  t o  t r a n s m i s s i v i t y ,  kH; 
s t o r a t i v i t y ,  @CH; and t h e  image w e l l  d i s t a n c e  r i .  Both i n t e r f e r e n c e  
and p r o d u c t i o n  t e s t s  can be analyzed. I n  t h e  l a t t e r  case: work i s  
i n  progress t o  account f o r  t h e  i n f l u e n c e  o f  w e l l b o r e  s to rage and 
s k i n  e f f e c t s ,  a l s o  i n  a paramet r ic  fash ion .  

The method has been a p p l i e d  t o  da ta  from seven w e l l  t e s t s  t o  
e v a l u a t e  i t s  u t i l i t y  (see Table 1 ) .  Three o f  the  analyses i n v o l v e  
t h e o r e t i c a l l y  generated w e l l - t e s t  da ta  and f o u r  analyses i n v o l v e  f i e l d  
data.  

The f i e l d  da ta  were f rom two w e l l  t e s t s  conducted a t  t h e  East 
Mesa Geothermal f i e l d  i n  southern C a l i f o r n i a  and from two w e l l  t e s t s  
conducted a t  t h e  R a f t  R i v e r  i n  southern Idaho. The t h r e e  t h e o r e t i c a l  
cases i n v o l v e  w e l l  t e s t  da ta  c a l c u l a t e d  assuming: (1 )  cons tan t  
d ischarge;  (2 )  v a r i a b l e  d ischarge i n  s teps,  and (3 )  e x p o n e n t i a l l y  
decaying d ischarge.  
charge i n t e r f e r e n c e  t e s t s ,  t w o  o f  which i n d i c a t e d  t h e  presence of a 
boundary. The l a s t  remain ing f i e l d  t e s t  i n v o l v e d  a d ischarge r a t e  
w i t h  a v e r y  wide f l u c t u a t i o n .  

Three o f  t h e  f o u r  f i e l d  t e s t s  were c o n s t a n t  d i s -  

I n  a l l  o f  these cases, a s o l u t i o n  was p o s s i b l e  and an unambig- 
uous s e t  o f  r e s e r v o i r  parameters was determined. I n  t h e  t h r e e  t e s t s  
u s i n g  generated data,  known parameters a r e  reasonably  reproduced. 
The f i r s t  t h r e e  f i e l d  i n t e r f e r e n c e  t e s t s  analyses y i e l d e d  reasonable 
parameters. F igures  2, 3 and 4 show r e s p e c t i v e l y  t h e  t h e o r e t i c a l  
case o f  e x p o n e n t i a l l y  decaying d ischarge r a t e ,  t h e  East Mesa 31-1 
cons tan t  d ischarge i n t e r f e r e n c e  f i e l d  t e s t s  a n a l y s i s  i n v o l v i n g  t h e  
d e t e c t i o n  o f  a b a r r i e r  boundary, and t h e  a n a l y s i s  o f  t h e  R a f t  R i v e r  
#3 p r o d u c t i o n  t e s t ,  i n  which the  f l o w  r a t e  v a r i e d  markedly.  I n  the  
f i g u r e s ,  t h e  c i r c l e s  represent  observed drawdown data  and t h e  squares 
represent  t h e  b e s t - f i t  drawdown values.  The c l o s e  agreement w i t h  
a n a l y t i c a l  and convent iona l  r e s u l t s  i n  cases where they a r e  a v a i l a -  
b l e  i n d i c a t e s  t h e  v a l i d i t y  o f  t h e  method. Furthermore, t h e  r e s u l t s  
o f  t h e  RRGE 3 p r o d u c t i o n  t e s t  a n a l y s i s  i n d i c a t e  t h a t  t h e  methods 
can s u c c e s s f u l l y  analyze v a r i a b l e  f l o w  f i e l d  da ta .  
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Conclusions 

This method will make it poss 
when a constant discharge flow rate 
permit detection of boundaries even 
markedly varying flow rate. Work i s  
the analysis to the study short-term 

Nomenclature 

a 

A h  Pressure head drop 
n 
t 
r 
k 

H 

Q 

@ 
C 

r 

T 

cy. 

i 

Designation of production segment 
Ti me 
Distance from well 
permeabi 1 i ty 
Thickness o f  aquifer 
Time 
Flow rate 
k /  ( @PC ) 
Porosity 
Total compressi b i  1 i ty 
Image well distance 

ble to do well test analyses 
s difficult to maintain, and 
n situations where there is a 
currently in progress to extend 
data. 



I 
w 
u) 
I 

TEST C A S E S  

S y n t h e t i c  Data 

Constan t  D ischarge 

Stepped D ischarge  

E x p o n e n t i a l  Decay 
D ischarge  

~ _ _ _ _ _  

F i e l d  Data 

R a f t  R i v e r  No. 2 

Eas t  Mesa Wel l  31-1 

Eas t  Mesa Wel l  6 - 2  

R a f t  R i v e r  No. 3 

D I S C H A R G E  

Constant 

a 

a 
a 
a 

V a r i  ab1 e 

a 

a 

a 

B A R R I E R S  

None 

a 
e 

a 

9 

e 

Impermeable 

e 
a 

T Y P E  T E S T  

I n t e r f e r e n c e  

a 

a 
a 
a 

P r o d u c t i o n  

a 

a 

a 

TABLE ! .  WELL TESTS ANALYZED.  



Figure 1. Time-Dependent Flow Rate 
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The r e s u l t s  o f  a p r e l i m i n a r y  s tudy o f  t r a n s i e n t  w e l l  t e s t  ana ly -  
s i s  us ing  s imul taneous pressure  measurements i n  two w e l l s  i s  repor ted .  
Using t h e  s imul taneous measurements from p r o d u c t i o n - i n j e c t i o n  o r  p ro -  
duc t i on -p roduc t i on  doub le ts  r e s u l t s  i n  a s t r a i g h t  l i n e  p l o t  o f  t h e  
r a t  i o  

AP , - A P 2  

9 1 - s2--  

versus a f u n c t i o n  o f  t ime.  The s t r a i g h t  l i n e s  a r e  t h e  r e s u l t s  o f  
c a n c e l l a t i o n  o f  terms when t h e  c o n t r i b u t i o n  from the  two w e l l s  a r e  
combined, as w i l l  be shown below. The use o f  simultaneous w e l l  t e s t  
a n a l y s i s  can be used i n  c o n j u n c t i o n  w i t h  s i n g l e  w e l l  a n a l y s i s  methods 
t o  p r o v i d e  redundant es t imates  f o r  t he  e f f e c t i v e  fo rma t ion  parameters, 
and f o r  non - l i nea r  e f f e c t s .  

I n  t h i s  r e p o r t  we w i l l  assume an i n f i n i t e  r e s e r v o i r  w i t h  t h e  
w e l l  represented  by a -1. l i ne -sou rce  a p p r o x i n i t i n n  (Theis  Curve) .  The 
s o l u t i o n  i s  g i v e n  by" 

The t r a n s m i s s i v i t y  i s  determined by 

T = -  kh 
L1 

and t h e  s t o r a t i v i t y  i s  determined by 

S = $ch ( 3 )  

The p r i n c i p l e  o f  l i n e a r  s u p e r p o s i t i o n  o f  p ressure  i s  used t o  
w r i t e  t h e  drawdown f o r  two w e l l s  as t h e  sum o f  two The is  ( l i n e  source) 

-1. 

See the  Appendix f o r  symbol d e f i n i t i o n  
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f u n c t i o n  (Eq. 1 ) .  When two w e l l s  l abe led  1 and 2 a r e  separated by a 
d i s t a n c e  D and have i d e n t i c a l  fo rmat ion  p r o p e r t i e s  and bo th  w e l l s  
beg in  f l o w i n g  a t  t ime  t = 0 we have f o r  t h e  drawdown a t  w e l l  1 

w i t h  a s i m i l a r  equa t ion  f o r  w e l l  2. The behav io r  o f  A P 1  i s  shown i n  
F i g u r e  1 .  When q l  # -92 t h e  behav io r  o f  A P 1  i s  l i n e a r  w i t h  t .  
But  when ql = -42 t h e  drawdown A P 1 ,  tends t o  a cons tan t  v a l u e  as t 
increases.  T h i s  f u n c t i o n a l  dependence i s  e x p l a i n a b l e  when t h e  
exponent ia l  i n t e g r a l  i s  expanded as t h e  sum o f  a l o g  f u n c t i o n  p l u s  an 
i n f i n i t e  s e r i e s .  Thus, f o r  l a r g e  va lues o f  t 

Wi th  va lues o f  q u a n t i t i e s  used g i v e n  by Table 1 ,  t h i s  l i m i t  i s  found 
t o  be 1.275 MPa. From Equat ion ( 5 )  i t  i s  c l e a r  t h a t  t h e  l i m i t i n g  va lue  
o f  A P 1  g i ves  o n l y  T bu t  n o t  S , and f rom F i g u r e  1 we see t h a t  t he  
asympto t ic  va lue  i s  n o t  reached f o r  about 1 week. 

A more u s e f u l  f u n c t i o n  which g i ves  b o t h  S and T and can g i v e  
these va lues  i n  1 o r  2 days o f  w e l l  t e s t i n g  i s  d e f i n e d  by 

Note t h e  i n t e r e s t i n g  p o i n t  t h a t  t h e  r i gh thand  s i d e  o f  t h e  equa t ion  i s  
independent o f  q1 and 92 . 

I n  F igu res  2a and 2b t h e  exac t  f u n c t i o n a l  dependence (Eq. 6a) 
i s  shown where t h e  s t r a i g h t  l i n e  d e f i n e s  bo th  S and T. I n  F i g u r e  2 
we see t h a t  i n  t h e  absence of b a r r i e r s  or inhomogenei t ies t h e  s t r a i g h t  
l i n e  segment i s  w e l l  d e f i n e d  w i t h i n  h a l f  t o  two days o f  t e s t i n g ,  u s i n g  
va lues o f  S and T g i v e n  i n  Tab le  1 .  

When t h i s  same problem i s  considered w i t h  t h e  excep t ion  t h a t  
w e l l  2 begins f l o w i n g  a t  t = t l  > 0 w h i l e  f o r  w e l l  1 t h e  f l o w  begins 
a t  t = 0, we have t h e  approx imate express ion  f o r  l a r g e  t imes g i v e n  by 
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L 
( 7 )  

Figures  3a and 3b d i s p l a y  t h e  t ime  dependence o f  t h e  drawdown 
d i f f e r e n c e  f u n c t i o n  (us ing  the  c o r r e c t  express ion  i n  terms o f  exponent ia l  
i n t e g r a l s )  when p l o t t e d  a g a i n s t  a f u n c t i o n  o f  t h e  t ime, i . e .  

Again t h e  s t r a i g h t  l i n e  i s  w e l l  de f i ned  f o r  A t  > 10 hours (tl = 3 days) .  

When we cons ide r  b u i l d u p  t e s t s  u s i n g  s imul taneous w e l l  measure- 
ments, we have f o r  t h e  drawdown f u n c t i o n ,  

r 2  
A P i  - A P 2  - 1 [ .( S w ) - 91, - q 2  4rT  '' - tl + A t  4 T  A t  

- - -  S 'w2) 

where t l  i s  t h e  f l o w i n g  t ime  be fo re  shu t - i n .  We see from t h e  approx i -  
mate function expansion in (8) that the function passes through the 
o r i g i n  w i t h  s lope  

1 6rTL S (r; - D') ( 9 )  

when p l o t t e d  as a f u n c t i o n  o f  

t l  1 __- 
t l  + A t  at 

I n  F igures  4a and 4b we see t h a t  t h e  s t r a i g h t  l i n e  i s  w e l l  e s t a b l i s h e d  
a f t e r  about 10 hours.  
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The usual  i n d i v i d u a l  w e l l  b u i l d u p  curves a r e  a l s o  ob ta ined  i n  
t h e  case o f  s imul taneous measurements, t h a t  i s  

The dependence o f  A P 1  i s  shown i n  F i g u r e  5 and i s  approx imate ly  l i n e a r  
i n  

cou ld  o b t a i n  7 f rom F i g u r e  4, t h e  l i n e a r  term i n  Equat ion (10) may 

be sub t rac ted  f rom t h e  measured va lue  o f  A P 1 ,  and we extend t h e  s t r a i g h t  
l i n e  l o g  p l o t  t o  t imes as s h o r t  as a few hours i n d i c a t e d  by t h e  dashed 
l i n e  i n  F i g u r e  5, f o r  t h e  case o f  m3 and q1 = -0.6 ql. 

The va lue  o f  T can then be ob ta ined  from t h e  dashed l i n e  by de te rm in ing  
i t s  s lope  ( o r  f rom a s i m i l a r  p l o t  f o r  AP2) and S may be ob ta ined  
f rom F i g u r e  4 by e v a u l a t i n g  t h e  r a t i o  o f  S 

S i t u a t i o n s  w i l l  be much s imp le r  i f  we s e t  q1 = -q2, i .e.,  fo r  an 
i n j e c t i o n - p r o d u c t i o n  doub le t .  I n  t h i s  case, t h e  f i r s t  term i n  Equat ion 
(10) drops o u t  and a s t r a i g h t  l i n e  p l o t  a g a i n s t  
a f t e r  o n l y  a few hours. 

A t  f o r  t imes longer  than about 3 days. However, s i n c e  we Iln 
t i  i- A t s  

T 

q1 = 0.02 - 
S 

(see Equat ion  9 ) .  
?- 

i s  ob ta ined  1 
t + A t  A t  

- t 

I n  s imul taneous w e l l  t e s t  a n a l y s i s  s k i n  and w e l l b o r e  s to rage  
e f f e c t s  can be handled i n  a s imp le  manner. Consider f i r s t  o n l y  s k i n  
e f f e c t ,  then 

w i t h  a s i m i l a r  equa t ion  f o r  AP2 . When we fo rm t h e  f u n c t i o n  

we have 

Thus, t h e  f u n c t i o n  
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1 .  
t when plotted against - I S  a straight line (see Equation 6 )  with inter- 

cept 

When we also analyze AP1 and AP2 separately and combine the results 
with the analysis of 

we obtain not only the formation parameters T and S, but the skin 
effects s 1  and s2 also. 

In the case of wellbore storage the drawdown can be written 

r 2  s w  

where we have used the instantaneous line source formulation and the 
relationship between sand-face flow rate and time given by 

C is the wellbore storage coefficient. A similar expression can be 
written for AP2 , and i t  can be shown that for small t 

Substitution of ( 1 5 )  into (13)  gives 

where the function of A(u) is defined by 
1 1 

-89- 



However, i f  we n o t e  t h a t  C i s  t h e  w e l l b o r e  s to rage  cons tan t ,  
i .e . ,  t h e  f l u i d  s to rage  c a p a c i t y  i n  t h e  w e l l b o r e  (cc/atm),  i t  f o l l o w s  
t h a t  f o r  i d e n t i c a l  f o rma t ion  parameters S and T, and f o r  w e l l s  o f  
equal r a d i u s  and h e i g h t  t h e  w e l l b o r e  s to rage terms approx imate ly  
cancel when t h e  f u n c t i o n  i s  formed. AP1 - AP2 

91 - 92 
The c e n t r a l  theme o f  t h i s  r e p o r t  has been t h e  advantage o f  us ing  

two s imul taneous w e l l  measurements whenever p o s s i b l e .  The reasons f o r  
t h i s  a r e  t h a t  

1 .  Redundant, independent es t imates  f o r  f o rma t ion  p r o p e r t i e s  
can be ob ta  i ned, 

2. Wel lbore  s to rage  e f f e c t s  w i l l  cancel i n  c e r t a i n  cases, and 
s k i n  e f f e c t s  may be determined, 

3. O r i e n t a t i o n  and d i s t a n c e  o f  l i n e a r  boundar ies r e l a t i v e  t o  
t h e  two w e l l s  can be ob ta ined  i n  one se t  o f  measurements. 
(Th is  has a l s o  been worked o u t ,  though no t  presented i n  
t h i s  summary.) 

w i t h i n  one o r  two days of  t e s t i n g .  
4 .  I n  many cases s t r a i g h t  l i n e  approx imat ions  a r e  v a l i d  
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APPENDIX  

Symbol s : 

P 

9 
A P  = P - PO 
r 
t 
k 
h 

1-1 

4 
C 

D 

M Y )  
C 

S 

Subscripts : 

0 

W 

Functions 

-Ei ( - x )  

Pressure 
Volumetric f low r a t e  
Drawdown 
Radial distance 
Ti me 
Permeabi 1 i ty  
Formation thickness 
Fluid viscosi ty  
Porosity 
Compressibility ( t o t a l )  
Distance between the two wells 
Euler ' s  constant = 0.57722.  . ~ 

lrlellbore storage constant 
Skin e f f ec t s  

I n i t i a l  value 
We1 1 bore value 

Natural  l o g  o f  x 

Exponential Integral o f  x defined by 

-Ei(-x)  = sx !$! d u  

0 

where u i s  a durimy variable .  
The modified Bessel function o f  the second 
kind o f  order zero. 
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TABLE I 

Parameters Used in  Ca lcu la t ions  in  t h i s  Paper 

r = 0 .1  rn 

D = 300 m 

W 
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FUTURE WELL TESTING AND INJECTION AT THE EAST MESA FIELD 

K. E. Mathias 
U. S .  Bureau o f  Reclamat ion 

P. 0. Box 416 
H o l t v i l l e ,  CA 92250 

The Bureau o f  Reclamat ion has e s t a b l i s h e d  an ongoing program for 
t h e  a n a l y s i s  and e v a l u a t i o n  o f  t h e  East Mesa Geothermal F i e l d .  
p r e s e n t a t i o n  w i l l  d iscuss  t h e  recent  h i s t o r y  o f  t h e  f i e l d  i n c l u d i n g  
t e s t i n g  methods and r e s u l t s .  
cussed. 

T h i s  

F u t u r e  t e s t i n g  p lans  w i l l  a l s o  be d i s -  

T h e  East Mesa F i e l d  

Located from v a r i o u s  geophysica l  s t u d i e s  i n c l u d i n g  heat  f l o w ,  
g r a v i t y ,  se ismic no ise ,  and r e s i s t i v i t y ,  t h e  f i e l d  l i e s  on t h e  eas t  
f l a n k  o f  t h e  S a l t o n  t rough.  Mesa 6-1 was d r i l l e d  t o  a depth  o f  
2443 meters i n  1972 a t  a common anomaly t o  t h e  above geophysica l  para- 
meters.  The w e l l  was i n i t i a l l y  completed by a hanging s l o t t e d  l i n e r  
and l a t e r  t h e  uphole cas ing  was p e r f o r a t e d  o p p o s i t e  permeable sand 
hor izons .  Produced f l u i d  i s  o f  a sodium c h l o r i d e  type  hav ing a t o t a l  
d i s s o l v e d  s o l  i d s  (TDS) conten t  o f  26,300 mg/l (un f lashed wel lhead 
sample). 

Mesa 6-6 was d r i l l e d  as a s tep-ou t  w e l l  o n e - f o u r t h  m i l e  west o f  
Mesa 6-1. Completed t o  1916 meters,  produced f l u i d  i s  o f  t h e  sodium 
c h l o r i d e  type  hav ing  a TDS c o n t e n t  o f  5000 mg/l (un f lashed we l lhead 
sampl e) . 

I n  1974 t h r e e  a d d i t i o n a l  w e l l s  were d r i l l e d ,  based on a d d i t i o n a l  
heat  f l o w  and se ismic m o n i t o r i n g  work. These w e l l s  a r e  des ignated 
Mesa 5-1, Mesa 8-1, and Mesa 31-1. They f l o w  a sodium c h l o r i d e  t y p e  
water  w i t h  a TDS c o n t e n t  o f  about 2500 mg/ l .  

Tab le  1 descr ibes  t h e  cas ing  and comple t ion  program o f  each 
w e l l .  Wel l  l o c a t i o n s  a r e  shown i n  F i g u r e  1.  

Well  T e s t i n g  

Flow T e s t i n g .  The p o r t a b l e  f l a s h  tank  and w e i r  box has been 
most u s e f u l  i n  o b t a i n i n g  f l o w  i n f o r m a t i o n  a t  East Mesa w e l l s .  A 
p i p e l i n e  i s  connected d i r e c t l y  t o  t h e  f l a s h  tank  from t h e  w e l l  where 
f l u i d  i s  f l a s h e d  t o  atmospher ic c o n d i t i o n s .  Steam f rom t h e  w e l l  bore 
and f l a s h o f f  evo lve  from t h e  f l a s h  tank.  L i q u i d  passes i n t o  a w e i r  
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box where l e v e l  over a V-notch w e i r  i s  measured. C lock -d r i ven  pressure,  
temperature,  and l e v e l  gauges mon i to r  sur face  c o n d i t i o n s ,  and c a l c u -  
l a t i o n s  a r e  made t o  determine t o t a l  w e l l  f l o w .  Th is  techn ique was 
descr ibed by Mathias i n  1975. Flow t e s t s  have been performed a t  a l l  
w e l l s  and rep resen t  c o n d i t i o n s  which e x i s t  a t  t h e  wel lhead d u r i n g  
f lows a t  v a r i o u s  r a t e s  f o r  a t o t a l  f l o w  p e r i o d  of severa l  days. 
Low f l o w  c o n d i t i o n s  a r e  g e n e r a l l y  n o t  a t  p ressure ,  temperature o r  
f l ow  e q u i l i b r i u m  due t o  t h e  extended t ime  r e q u i r e d  t o  heat sur round ing  
uphole rock  fo rmat ions .  

Pressure T e s t i n g .  Downhole pressures have been measured us ing  
s tandard  o i l  f i e l d  type mechanical c l o c k - d r i v e n  r e c o r d i n g  ins t ruments .  
In a d d i t i o n ,  a v e r y  s e n s i t i v e  downhole q u a r t z  p ressure  gauge was used 

t o  conduct i n t e r f e r e n c e  t e s t s  i n  the  East Mesa F i e l d .  Th i s  t e s t  was 
repo r ted  by W i  therspoon, Narasimhan, and McEdwards i n  1976. The r e s u l t s  
o f  mechanical gauge work and e l e c t r o n i c  p r e c i s i o n  gauge work were com- 
b ined w i t h  f l o w  data  and used t o  eva lua te  and model t h e  East Mesa Reser- 
v o i r  (TRW-lntercomp, 1976). The r e s u l t s  o f  t h i s  work a r e  presented 
elsewhere i n  these proceedings (Spivak and Rice, 1976). 

Temperatures. Sur face  and downhole temperature have been 
measured bo th  a t  s h u t - i n  and under f l o w i n g  c o n d i t i o n s .  Standard o i l -  
f i e l d  t ype  mechanical c l o c k - d r i v e n  r e c o r d i n g  ins t ruments  have been 
used f o r  downhole measurements. A summary o f  bot tomhole temperatures 
a t  s h u t - i n  e q u i l i b r i u m  c o n d i t i o n s  i s  shown on Table 2. 

l n i e c t i o n  ODerations 

Mesa 5-1 has been used as an exper imental  i n j e c t i o n  w e l l .  I t  
was loca ted  i n  an area o f  low heat  f l o w  and approx imate ly  two k i l o -  
meters f rom t h e  neares t  microearthquake e p i c e n t e r  (Combs, 1974). The 
lower 305 meters were s l o t t e d  o p p o s i t e  sand hor izons  hav ing  an average 
Saraband p e r m e a b i l i t y  o f  69 m i l l i d a r c i e s .  Dur ing  i n i t i a l  t e s t s ,  water 
hav ing  a TDS of 50,000 mg/l and a d i s s o l v e d  oxygen con ten t  o f  6.9 
mg/l was i n j e c t e d .  A f t e r  48 hours of pumping a t  a r a t e  of 1000 m /day, 
water  l e v e l  reached t h e  su r face  and pressure  pumping began. A t  t h e  
end o f  t e n  days, su r face  pressure  had r i s e n  t o  about 5.5 bars gauge. 
Average i n j e c t i o n  pumping was then 400 m3/day. l n t e r m i  t t e n t  pumping 
was then begun, as r e q u i r e d  pressure  was above pumping equipment 
c a p a c i t y  on hand. Sur face  pressure  v a r i e d  between 0 and 14 bars 
w h i l e  pumping i n t e r m i t t e n t l y  a t  a w ide  range o f  r a t e s .  A summary o f  
i n j e c t i o n  a c t i v i t i e s  f rom February 28 th rough A p r i l  2 ,  1975 i s  tabu- 
l a t e d  on Tab le  3. 

3 

An average o f  0.0923 grams per  l i t e r  suspended s o l i d s  was 
measured i n  t h e  i n j e c t i o n  f l u i d .  A sample o f  t h e  f l u i d  f i l t r a t e  was 
analyzed by X-ray d i f f r a c t i o n  techniques. The p r imary  c o n s t i t u e n t s  
were found t o  be quar t z ,  c l a y - s i z e d  p a r t i c l e s ,  and o t h e r  m a t e r i a l  
t h a t  would be wind blown i n t o  a pond i n  a d e s e r t  area. From the  
above c o n c e n t r a t i o n  va lue ,  a t o t a l  we igh t  of 1030 k i lograms o f  s o l i d  
m a t e r i a l  i s  c a l c u l a t e d  t o  have been pumped down the  w e l l .  
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P i p i n g  a t  t h e  t e s t  s i t e  was r e v i s e d  so t h a t  f l u i d  blowdown f r o m  
geothermal o p e r a t i o n s  would be t r a n s p o r t e d  d i r e c t l y  i n t o  t h e  i n j e c t i o n  
system w i t h  minimal c o n t a c t  t o  a i r  and no c o n t a c t  w i t h  the  b r i n e  h o l d i n g  
pond. As h i g h  c o r r o s i o n  was noted i n  t h e  lower p o r t i o n  o f  t h e  downhole 
w i r e l i n e  equipment, i t  was suspected t h a t  c o r r o s i o n  damage t o  t h e  
cas ing  may have r e s u l t e d .  A Schlumberger cas ing  th ickness  l o g  was run  
i n  December o f  1975 and no damage was de tec ted .  

A h i g h  pres  u r e  pump of c a p a c i t y  t o  pump up t o  138 bars  gauge 
pressure  a t  1088 m 3 /day was added t o  t h e  wel lhead.  F l u i d  was i n j e c t e d  
u s i n g  t h i s  pumping arrangement f rom January 14, 1976 t o  January 28, 
1976. A summary o f  wel lhead pressures i s  shown on F i g u r e  2. I t  was 
noted t h a t  a t  a p ressure  o f  near 85 bars gauge, wel lhead pressure  
decreased. S u f f i c i e n t  pumping c a p a c i t y  was n o t  a v a i l a b l e  t o  increase 
t h e  volume o f  f l u i d  i n j e c t e d  t o  m a i n t a i n  t h e  85 bars gauge wel lhead 
pressure.  

5 I n  May, 1 76, t h e  i n j e c t i o n  w e l l  was a c i d  t r e a t e d  w i t h  38 rn 
of  15% H C I ,  38 m 3 of mud a c i d ,  and 19 m3 o f  5% H C I .  Shor t  term 
pumping concluded t h a t  t h e  t rea tment  had r e s u l t e d  i n  improved accep- 
tance c h a r a c t e r i s t i c s  o f  t h e  w e l l .  

F u t u r e  T e s t i n g  

General.  A t e s t i n g  program i n v o l v i n g  a l l  o p e r a t o r s  a t  t h e  East 
Mesa F i e l d  i s  scheduled f o r  e a r l y  1977. The t e s t i n g  program w i l l  
search two main areas.  F i r s t ,  a f l o w  p r o f i l e  t e s t  f o r  each w e l l  
connected i n t o  a d i s p o s a l  system (Mesa 8-1, 6-1, and 6-2) w i l l  be run  
t o  a s c e r t a i n  t h e  l a t e s t  c h a r a c t e r i s t i c s  o f  t h e  w e l l s  a t  low f l o w  
r a t e s .  As these w e l l s  w i l l  be used t o  supply  t h e  ERDA t e s t  pad a t  
t h e  t e s t  s i t e ,  i t  i s  impor tan t  t o  know each w e l l  c h a r a c t e r i s t i c  a t  
t h e  range o f  f l o w s  t o  be u t i l i z e d .  The second p a r t s  o f  t e s t s  i n v o l v e s  
i n t e r f e r e n c e  t e s t s .  The d e t a i l s  of  t h i s  t e s t  program a r e  o u t l i n e d  
below. T h i s  t e s t i n g  program and o t h e r s  i n  t h e  f u t u r e  w i l l  i n v o l v e  
o t h e r  equipment and programs a t  the  s i t e .  These i n c l u d e  i n j e c t i o n ,  
se ismic  m o n i t o r i n g ,  chemical ,  and o t h e r  geophysica l  m o n i t o r i n g .  These 
w i l l  a l s o  be d iscussed i n  d e t a i l .  

I n t e r f e r e n c e  T e s t i n g .  The i n t e r f e r e n c e  t e s t  w i l l  be of a 
d u r a t i o n  o f  a t  l e a s t  30 days. P r e c i s i o n  q u a r t z  p ressure  gauges w i l l  
be p laced i n  s e l e c t  w e l l s  operated by Republ ic ,  Magma Power Co., and 
t h e  Bureau. The Bureau's p r o d u c t i o n  w e l l  Mesa 6-2 w i l l  be operated 
a t  a low f l o w  r a t e  (about 800 m3/day). 
p r o v i d e  a c o n t i n u o u s l y  r e c o r d i n g  s u r f a c e  readout downhole c a p i l l a r y  
t y p e  pressure  gauge t o  be p laced i n  t h i s  w e l l .  F l u i d  w i l l  be 
i n j e c t e d  a t  w e l l  Mesa 5-1. The e f f e c t s  o f  p ressure  drawdowns and 
b u i l d u p s  i n  t h e  f i e l d  w i l l  be analyzed and used t o  r e f i n e  t h e  
a l r e a d y  e x i s t i n g  model developed by TRW and Intercomp. 

Magma Power Company w i l l  

P r e c i s i o n  pressure  gauges, o p e r a t i n g  personnel  and a n a l y s i s  o f  
r e s u l t s  w i l l  be s u p p l i e d  by Lawrence Berkeley Labora tory .  
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I n j e c t i o n  Equipment. F l u i d  conveyed t o  Mesa 5-1 w e l l s i t e  w i l l  
be moved downhole by a h i g h  speed c e n t r i f u g a l  pump. Bypass equipment 
has been i n s t a l l e d  a t  t h e  pump t o  m a i n t a i n  a steady and optimum f low 
o f  about 1088 m3/day a t  60 bars pressure through t h e  pump w h i l e  
a l l o w i n g  l e s s  f l u i d  t o  be i n j e c t e d .  The Mesa 5-1 wel lhead i s  f u l l y  i n -  
strumented t o  i n d i c a t e  wel lhead pressure,  temperature,  f l o w r a t e ,  
and t o t a l i z e d  f l o w .  T h i s  apparatus i s  shown on F igures  3 and 4. 

Seismic M o n i t o r i n g .  The Bureau s i x - s t a t i o n  se ismic m o n i t o r i n g  
a r r a y  i s  s i t u a t e d  w i t h i n  an area o f  about 6 km r a d i u s  o f  t h e  t e s t  
s i t e  o f f i c e .  Each s t a t i o n  i s  comprised o f  t h r e e  component seismometers 
o f  which s i g n a l s  a r e  te lernetered by FM r a d i o  l i n k  t o  t h e  Bureau 
o f f i c e .  The da ta  i s  recorded on magnet ic tape a t  t h a t  l o c a t i o n .  
C o r r e l a t i o n  between se ismic a c t i v i t y  and r e s e r v o i r  parameters have 
been observed i n  t h e  pas t .  I n  one case, (Witherspoon, Narasimhan, 
McEdwards, 1976), 14 l o c a l  se ismic events i n  a t i m e  p e r i o d  o f  l e s s  
than one hour corresponded d i r e c t l y  t o  a r i s e  i n  p ressure  i n  w e l l  
Mesa 8-1 b u t  n o t  i n  Mesa 6-1. These events  were l o c a t e d  two to  
f o u r  m i l e s  eas t  and n o r t h e a s t  o f  Mesa 8-1. I t  i s  p o s s i b l e  t h a t  a 
r e s e r v o i r  boundary prevented a p ressure  s i g n a l  f rom be ing  t r a n s -  
m i t t e d  t o  Mesa 6-1. D i f f e r i n g  f requency conten t  and anomalous t r a v e l  
t i m e  delays f rom events  o c c u r r i n g  o u t s i d e  t h e  f i e l d  have l e d  us t o  
b e l i e v e  t h a t  t h e r e  e x i s t s  an anomalous r e g i o n  i n  t h e  East Mesa F i e l d  
(Combs, 1975). 
more about t h i s  phenomena; t h e  r e s u l t s  o f  t h i s  work a r e  n o t  y e t  
completed. 

A s e t  o f  c a l i b r a t i o n  b l a s t s  was arranged t o  l e a r n  

S e i s m i c i t y  i n  t h e  Imper ia l  V a l l e y  has been seen t o  a f f e c t  
t h e  chemical  c o n t e n t  o f  w e l l s  d u r i n g  produc t ion .  The most remark- 
a b l e  change has been t h e  a s s o c i a t i o n  o f  area se ismic a c t i v i t y  w i t h  
increases i n  wel lhead C02 a t  Mesa 6-2 d u r i n g  produc t ion .  A d d i t i o n a l  
se ismic r e c o r d i n g  equipment i s  be ing i n s t a l l e d  t o  h e l p  f u r t h e r  
d e f i n e  t h i s  observa t ion .  
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Table 1 

Casing and Completion Records, 
Geothermal Resource Inves t iga t ions  , 

Imperial Valley, Cal i forn ia  

Average Saraband 
Mesa Casing Depth S l o t t e d  Perforated sand 
we1 1 outs ide  diameter i n t e r v a l  i n t e r v a l  i n t e r v a l  permeabi 1 i t y  

number ( i n .  ) (m) (m) (m) (md) 

6-1 20 0-116 
13  3/8 0-763 
9 5/8 0-2223 2075-21 79/1868-2075 230 
7 221 3-2443 2238-2433 1.5 

6-2 20 0-1 9 
11 3/4 0-301 
7 5/8 0-181 6 1663-181 6 1392-1 662 70 

5- 1 20 0-18 
13  3/8 0-312 
7 5/8 0-1830 1525-1830 69 

1 3  3/8 0- 304 
7 5/8 0-1 829 1508-1 829 39 

1 3  3/8 0-309 
7 5/8 0-1882 1652-1882 62 

8- 1 20 0-18 

31-1 20 0-18 

Table 2 

Bottom-hole s h u t - i n  temperatures, 
Geothermal Resource Investigations, 

Imperial Valley, Cal i forn ia  

Mesa Depth Bottom-hole 
We1 1 Measured tempera t u  re 

Number (m) (OC) 
~~ ~~ ~ 

6- 1 2442 204 

5- 1 1830 157 
8-1 1830 179 
31-1 1882 154 

6- 2 1816 188 
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Table  3 

I 

0 
P 
I 

--.I 

I n j e c t i o n  Schedule,  Mesa 5-1, 
February 28-Apri 1 2-1975 

Date 1975 Time Opera t ion  

Average Cumul a t i  ve 
f l  w r a t e  quant[&flowed s (m  /day)  

Feb. 28 
Mar. 11 
Mar. 11 
Mar. 12  
Mar. 12 

015 Begin I n j e c t i o n  1 090 0 

745 Stop  I n j e c t i o n  125 7 222 

730 Stop  I n j e c t i o n  398 6 968 
020 Begin I n j e c t i o n  398 - 
840 Begin I n j e c t i o n  w i t h  Booster pump 1 281 - 
330 S top  I n j e c t i o n  600 7 416 
450 Beqin 1n.iection 441 - 
100 s t o p  I n j e c t i o n  578 7 490 

Mar. 1 3  0915 Begin i n j e c t i o n  1 128 - 

11 184 
Apr. 2 0955 Begin inject ing sha l low well wa te r  300 - 
Apr. 2 1300 Stop  I n j e c t i o n  300 11 441 

Average flow dur ing  i n j e c t i o n  273 
Mar. 25 1525 Stop  I n j e c t i o n  34 3 
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USBR OEOTHERMAL TEST WELLS, EAST M E S A  TEST SITE 1 

Figure 1 -  Locations of U.S.  Bureau of  Reclamation Geothermal Test Wells, East Mesa Test Site. 
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I NSTRUMENTATI ON. AND TEST RESULTS FOR 
H A W A I I  GEOTHERMAL PROJECT'S HGP-A WELL 

Deane K iha ra ,  B i l l  Chen, P a t r i c k  Takahashi 
Co l l ege  o f  Engineer ing 

U n i v e r s i t y  o f  Hawaii  
Honolu lu ,  Hawaii  96822 

W i t h  t h e  complet ion o f  t h e  d r i l l i n g  o f  HGP-A and i n d i c a t i o n s  o f  
ext remely h i g h  bot tom h o l e  temperatures, t h e  n e x t  major phase i n  t h e  
Hawai i  Geothermal P r o j e c t  i s  a t e s t  and a n a l y s i s  program designed t o  
determine t h e  p r o p e r t i e s  o f  t h e  w e l l ,  t h e  f l u i d ,  and the  r e s e r v o i r .  
The program desc r ibed  below was fo rmu la ted  as a f i r s t  s t e p  t o  o b t a i n  
t h i s  i n f o r m a t i o n .  

The o b j e c t i v e s  o f  t h e  w e l l  t e s t  and a n a l y s i s  program a r e :  

1 .  Determine w e l l  and r e s e r v o i r  c h a r a c t e r i s t i c s .  
2. Obta in  data u s e f u l  f o r  d r i l l i n g  f u t u r e  w e l l s .  
3 .  Determine problem areas and p o s s i b l e  s o l u t i o n s  

4 .  Determine p o s s i b l e  environmental  problems. 
5 .  Remedy p o s s i b l e  s k i n  damage i n  w e l l .  

r e l a t i v e  t o  w e l l  p roduc t i on .  

D r i l l i n g  o f  HGP-A was completed on A p r i l  27, 1976. The s l o t t e d  
l i n e r  a t  t h e  bot tom o f  t h e  w e l l  was i n s t a l l e d  d u r i n g  t h e  p e r i o d  
May 27 t o  June 1 .  Water i n j e c t i o n  t e s t s  were completed on June 6 
u s i n g  t h e  mud pumps t h a t  were s t i l l  present  a t  the  d r i l l  s i t e .  
HGP-A has been f l ashed  f o u r  t imes f o r  v a r y i n g  pe r iods ,  once on 
J u l y  2, a second t ime  on J u l y  19 ,  a t h i r d  t ime  on J u l y  21 t o  check 
i n s t r u m e n t a t i o n ,  and then a longer  p e r i o d  o f  f o u r  hours on J u l y  22 
t o  o b t a i n  p r e l i m i n a r y  va lues f o r  wel lhead pressure and temperature,  
and t o t a l  mass f l o w  r a t e .  Beginning A p r i l  29, temperature and 
p ressu re  p r o f i l e s  i n  t h e  w e l l b o r e  have been ob ta ined  a t  v a r i o u s  
t imes,  and beg inn ing  August 19, water  a t  d i f f e r e n t  depths i n  w e l l -  
bore has been sampled i n  order to obtain chemical analyses o f  the 
wate r .  

The four-hour  w e l l  f l a s h i n g  on J u l y  22 was accomplished u s i n g  
t h e  wel lhead i n s t r u m e n t a t i o n  shown i n  F i g u r e  1 .  The s o n i c  f l o w ,  
l i p  pressure method o f  James1 was used t o  o b t a i n  t o t a l  mass f l o w  
w i t h  l i p  pressure be ing  measured a t  t h e  end o f  a v e r t i c a l  6" 

James, Russe l l ,  "Measurement o f  Steam-Water M ix tu res  D ischarg ing  
a t  t h e  Speed o f  Sound t o  t h e  Atmosphere." New Zealand Engineer ing,  
pp. 437-41,  October 1966. 
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d ischarge  tube.  I n  a d d i t i o n ,  an 8" d ischarge tube mounted h o r i -  
z o n t a l l y  was a l s o  f lowed f o r  a b r i e f  t ime.  Wellhead pressure  and 
temperature were ob ta ined  from a b leed l i n e  c o n t r o l l e d  by a 2" 
va l ve .  

Resu l ts  o f  t he  four -hour  f l a s h i n g  a r e  shown i n  F igu re  2 
which g i ves  we l lhead and l i p  pressure.  The l i p  p ressure  a t  t h e  
end o f  f o u r  hours was 23 p s i g ,  which corresponds t o  a mass f l o w  
o f  about 220,000 l b s .  per  hour ,  assuming a s p e c i f i c  en tha lpy  o f  
600 BTU per  l b .  Using t h i s  f i g u r e  f o r  s p e c i f i c  en tha lpy  and 
assuming a convers ion  e f f i c i e n c y  o f  15% leads t o  a usable e l e c t r i c  
power e q u i v a l e n t  t o  a l i t t l e  over  5 megawatts. . 

F igu re  3 a r e  p l o t s  o f  temperature versus depth and pressure  
versus depth f o r  HGP-A f o r  t h e  i n d i c a t e d  t imes a f t e r  t he  f l a s h i n g  
on J u l y  22, 1976. The temperature p r o f i l e  ob ta ined  one week a f t e r  
t he  f l a s h i n g  was f a i r l y  c l o s e  t o  e q u i l i b r i u m ,  except  t h a t  t h e  
p o r t i o n  o f  t h e  w e l l  t h a t  i s  cased cont inues  t o  decrease s l o w l y  i n  
temperature.  The temperature p r o f i l e s  a l s o  appear t o  i n d i c a t e  
t h a t  t h e  major  p r o d u c t i o n  r e g i o n  i s  p robab ly  between 3,500 and 
4,500 f e e t  and t h a t  a l esse r  producing zone o f  p robab ly  lower 
temperature may e x i s t  around 6,000 f e e t .  

The f o l l o w i n g  t e s t s  and analyses a r e  planned f o r  t h e  nex t  
per  i od : 

1 .  
2. 
3 .  
4. 
5. 
6 .  
7 .  
8. 
9 .  

Temperature and pressure  p r o f i l e s  
Susta ined long- term d ischarge 
V a r i a b l e  f l o w - r a t e  d ischarge 
Pressure drawdown and b u i l d u p  
Steam q u a l i t y  
Cold f l u i d  i n f l u x  
I n t e r f e r e n c e  t e s t s  us ing  obse rva t i on  wa te rwe l l s  
S c a l i n g  and c o r r o s i o n  e f f e c t s  o f  e f f l u e n t  
Chemical analyses o f  downhole water  samples 

F igu re  4 i s  a ske tch  o f  the  equipment and ins t rumen ta t i on  f o r  
t h e  d ischarge t e s t .  As shown, the  method invo lves  b a s i c a l l y  the  James 
techn ique f o r  measuring t o t a l  mass f l o w  w i t h  t w i n  cyc lone separa tors  
f o r  s i l e n c i n g  and separa t i on  o f  steam and water .  
w e i r  i s  used t o  measure the  l i q u i d  f l o w r a t e ,  p e r m i t t i n g  steam q u a l i t y  
and s p e c i f i c  en tha lpy  t o  be c a l c u l a t e d .  I n  a d d i t i o n ,  a c a l o r i m e t e r  
w i l l  be used t o  p r o v i d e  an independent measurement o f  the  s p e c i f i c  
en tha lpy .  A 2" t w i n  cyc lone sampler w i l l  be used t o  o b t a i n  gas and 
vapor samples f o r  chemical analyses and a recovery tube w i l l  be 
mounted on the  wel lhead t o  pe rm i t  temperature and p r o f i l e s  t o  be 
ob ta ined  d u r i n g  t h e  f l o w  t e s t .  

A 90' V-notch 

I n  o r d e r  t o  heat  up the  cas ing  s l o w l y  and prevent  damage, the  
w e l l  w i l l  be f lowed through the  2 - inch  b leed l i n e  w i t h  the  f l o w  

- 1  1 1 -  
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increased g r a d u a l l y  u n t i l  . f l a s h i n g  f l o w  i s  achieved.  Once the  temp- 
e r a t u r e s  o f  t he  system a r e  a t  o p e r a t i n g  l e v e l s ,  t e s t s  t o  determine 
the  p roduc t i on  c a p a c i t y  o f  HGP-A w i l l  be undertaken. Dur ing t h i s  
phase, t he  w e l l  w i l l  be a l lowed t o  f l o w  a t  va r ious  f r a c t i o n s  o f  
wide open f l o w .  Measurements taken d u r i n g  t h i s  s e r i e s  o f  t e s t s  
w i l l  a l l o w  de te rm ina t ion  o f  p roduc t i on  f l o w  r a t e  and steam f r a c  
as f u n c t i o n s  o f  we l lhead c o n d i t i o n s .  Th is  i n f o r m a t i o n ,  a long w 
chemical analyses o f  samples o f  steam, l i q u i d ,  and noncondensab 
gases, w i l l  a i d  i n  the  f u t u r e  s e l e c t i o n  o f  an energy convers ion  
system--whether i t  be a permanent u n i t  o r  a smal l  p o r t a b l e  u n i t  
t o  be used i n  c o n j u n c t i o n  w i t h  f u r t h e r  t e s t i n g  o f  HGP-A.  

I on 
t h  
e 

A longer  term, sus ta ined  d ischarge t e s t  w i l l  f o l l o w  f o r  t h e  
purpose o f  e s t i m a t i n g  r e s e r v o i r  c h a r a c t e r i s t i c s .  For t h i s  phase, 
t h e  w e l l  w i l l  b e . f l o w e d  a t  a cons tan t  r a t e  f o r  pe r iods  o f  two weeks 
o r  longer  and t r a n s i e n t  p ressure  measurements taken a t  t h e  bot tom 
o f  t he  w e l l .  The pressure  drawdown and bu. i ldup ( a f t e r  t he  w e l l  i s  
shut  i n )  da ta  w i l l  a l l o w  a rough es t ima te  o f  the  p e r m e a b i l i t y  and 
e x t e n t  o f  the  r e s e r v o i r  t o  be made. A lso  t o  be measured a r e  the  
c h a r a c t e r i s t i c s  o f  the  e f f  1 uent  ( temperature , speci  f i c  en tha lpy  , 
chemical compos i t ion ,  e t c . )  i n  o rde r  t o  de tec t  any changes i n  the  
produc ing  zones o r  a l l e v i a t i o n  o f  p o s s i b l e  s k i n  damage. 

I n  c o n j u n c t i o n  w i t h  these sus ta ined long- term d ischarges ,  
t h e  water  l e v e l s  o f  severa l  water  w e l l s  i n  the  immediate v i c i n i t y  
w i l l  be mon i to red .  Any measurable changes w i 1  be i nco rpo ra ted  
i n  the  e v a l u a t i o n  o f  the  r e s e r v o i r .  

Concurrent w i t h  the  we 
e v a l u a t i o n  phases, t e s t s  w i l  
and c o r r o s i o n  e f f e c t s  o f  the  
m a t e r i a l s  w i l l  be l oca ted  on 
beh ind  the  w e i r .  

1 p roduc t i on  t e s t  ng and r e s e r v o i r  

e f f l u e n t .  Specimens o f  va r ious  
the  separa to r  w a l l  and i n  t h e  l i q u i d  

be conducted t o  eva lua te  the  s c a l i n g  

Throughout the  course o f  t h e  w e l l  t e s t i n g  program, downhole 
water  samples and temperature and pressure  p r o f i l e s  w i l l  be taken 
d u r i n g  those i n t e r v a l s  when the  w e l l  i s  shut  i n  o r  i s  be ing  b l e d  
through the  2 - inch  b leed  l i n e .  
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EAST MESA--GEOLOGY, R E S E R V O I R  PROPERTIES 
AND AN APPROACH TO R E S E R V E  DETERMINATION 

J .  H. Barkman, D.  A.  Campbell, J. L. Smith and R. W .  Rex 
Repub l ic  Geothermal, Inc .  

11823 E.  Slauson Avenue, S u i t e  One 
Santa Fe Spr ings,  CA 90670 

The East Mesa KGRA i s  loca ted  i n  an area o f  anomalously h i g h  heat  
f l o w  on t h e  eas t  f l a n k  o f  t h e  Sa l ton  Trough, a t  t h e  southeast  corner  o f  t h e  
Imper ia l  V a l l e y  o f  C a l i f o r n i a  (see F ig .  1 ) .  T h i s  geothermal f i e l d  has been 
the  o b j e c t  o f  numerous academic and i n d u s t r i a l  s t u d i e s ,  severa l  o f  which a r e  
be ing  repo r ted  on a t  t h i s  workshop. 

Ten produc ing  w e l l s  have been d r i l l e d  w i t h i n  t h e  East Mesa KGRA, 
i n c l u d i n g  t h r e e  by Repub l ic  Geothermal i n  the  n o r t h e r n  p o r t i o n ,  f i v e  by t h e  
U.S .  Bureau o f  Reclamation i n  the  c e n t r a l  area,  and two by Magma Power Co. 
t o  t h e  south  (see F i g .  2 ) .  The e a r l y  d r i l l i n g  by t h e  Bureau a t  l o c a t i o n s  
near t h e  apparent  cen te r  o f  t he  sha l low thermal anomaly u n f o r t u n a t e l y  . .  
r e s u l t e d  i n  w e l l s  o f  low p r o d u c t i v i t y ,  T h i s  i n f o r m a t i o n  became w e l l - k  
and l e d  t o  t h e  f e e l i n g  by some t h a t  East Mesa would be d i s a p p o i n t i n g .  
more recen t  d r i l l i n g  by Repub l ic  and Magma has shown t h a t  h i g h  produc t  
w e l l s  can be brought  i n  w i t h  f l o w  r a t e s  t h a t  a r e  commercial f o r  e l e c t r  
power genera t ion .  

own 
The 
v i  t y  
C 

Due t o  t h e  a l r e a d y  e x t e n s i v e  i n v e s t i g a t i o n s ,  a g r e a t  dea l  i s  known 
about t h e  East Mesa r e s e r v o i r  and i t s  p r o p e r t i e s .  Repub l ic  now b e l i e v e s  
t h i s  l a r g e  body o f  knowledge p rov ides  t h e  conf idence needed t o  proceed w i t h  
commercial development a t  t h e  n o r t h e r n  end o f  t h e  f i e l d ,  s t a r t i n g  w i t h  a 
minimum 48-megawatt p r o j e c t .  Development d r i l l i n g  i s  expected t o  beg in  
e a r l y  n e x t  year  w i t h  funds p rov ided  by t h e  Bank o f  America under t h e  ERDA 
l oan  guaranty  program. 

The i n t e n t  o f  t h i s  p r e s e n t a t i o n  i s  p r i m a r i l y  t o  i l l u s t r a t e  an approach 
t o  rese rve  d e t e r m i n a t i o n  a p p l i c a b l e  t o  R e p u b l i c ' s  lease area.  

RESERVE DETERMINATION 

The rese rve  d e t e r m i n a t i o n  approach used i s  analogous t o  a v o l u m e t r i c  
c a l c u l a t i o n  f o r  d e t e r m i n a t i o n  o f  convent iona l  o i l  and gas reserves .  I t  i s  
comprised o f  e s s e n t i a l l y  t h r e e  s teps .  F i r s t ,  t h e  t o t a l  i n i t i a l  heat  con ten t  
(en tha lpy )  o f  t h e  r e s e r v o i r  was c a l c u l a t e d  between a bot tom o f  9000 f e e t  and 
a t o p  d e f i n e d  by t h e  3OO0F su r face .  
p o r t i o n  o f  t h i s  i n i t i a l  heat  con ten t  t h a t  can be expected t o  be recovered 
d u r i n g  t h e  economic produc ing  l i f e  o f  t h e  area  by u s i n g  r e s e r v o i r  s i m u l a t i o n  
s t u d i e s  o f  a s i n g l e  f i v e - s p o t  r e i n j e c t i o n  p a t t e r n .  L a s t l y ,  a convers ion  
e f f i c i e n c y  was developed t h a t  r e l a t e s  t h e  heat  con ten t  o f  t h e  produced water  
t o  t h e  e l e c t r i c a l  energy o u t p u t .  

Second, an es t ima te  was made o f  t h e  

- 1  16- 



Note t h a t  t h i s  approach i s  ve ry  conserva t i ve  i n  two major  respec ts .  
I 
I F i r s t ,  no c r e d i t  i s  taken f o r  recharge o f  t h e  r e s e r v o i r  due t o  thermal 

convec t i on  th rough t h e  f r a c t u r e  system. There i s  good g e o l o g i c a l  and 
geochemical ev idence t h a t  t h i s  w i l l  p robab ly  occur ,  w i t h  t h e  n e t  e f f e c t  be ing  
h ighe r  temperatures and longer  r e s e r v o i r  l i f e .  Second, t h e  r e s e r v o i r  model 
assumes t h a t  a f i v e - s p o t  p a t t e r n  w i l l  be employed t o  r e i n j e c t  t h e  coo led  
r e s i d u a l  wa te r .  I n  r e a l i t y ,  i t  i s  planned t o  p ro long  r e s e r v o i r  l i f e  and t o  
improve sweep e f f i c i e n c y  by u s i n g  a p e r i p h e r a l  f l o o d  o r  an i n v e r t e d  n ine -spo t  
p a t t e r n .  There fo re ,  t h e  f i v e - s p o t  p r e d i c t i o n  w i l l  p robab ly  p rove  t o  be 
p e s s i m i s t i c .  

We b e l i e v e  a more s o p h i s t i c a t e d  approach w i l l  o n l y  be war ran ted  a f t e r  
a d d i t i o n a l  d r i l l i n g  has y i e l d e d  a r e f i n e d  p i c t u r e  o f  r e s e r v o i r  p r o p e r t y  
d i s t r i b u t i o n ,  and a f t e r  long- term p roduc t i on  t e s t i n g  has y i e l d e d  i n f o r m a t i o n  
on a q u i f e r  i n f l u x .  The f o l l o w i n g  d i s c u s s i o n  dea ls  w i t h  t h e  a p p l i c a t i o n  o f  
t h i s  approach t o  R e p u b l i c ' s  reserves  i n  Sec t ions  29 and 30. 

T o t a l  I n i t i a l  Heat Content 

The f i r s t  s t e p  i n  c a l c u l a t i n g  the  t o t a l  i n i t i a l  heat  con ten t  o f  t h e  
r e s e r v o i r  f o r  Sec t ions  29 and 30 was t o  c o n s t r u c t  a s e t  o f  i so thermal  s u r f a c e  
maps which show t h e  depth t o  each o f  f o u r  se lec ted  r e s e r v o i r  temperatures 
(see F i g u r e  6 f o r  an example o f  t he  350°F map). 
s t a t i c  temperatures measured i n  t h e  w e l l s ,  w i t h  a d d i t i o n a l  i n p u t  p rov ided  by 
t h e  da ta  from t h e  e x i s t i n g  network o f  sha l l ow  temperature o b s e r v a t i o n  h o l e s .  

The maps were based on t h e  

Using t h e  maps, t he  b u l k  volume o f  each 1000- foot  depth  i n t e r v a l  and 
i t s  average temperature were determined f rom iso thermal  sur faces  by numer ica l  
i n t e g r a i o n .  The t o t a l  i n i t i a l  heat  con ten t  o f  each i n t e r v a l  can then be 
ca 1 cu 1 a ted  by : 

T o t a l  Heat Content = Bu lk  Volume - (T-To) -pc  (1 )  

Where T i s  t h e  r e s e r v o i r  temperature,  To i s  t h e  re fe rence  tempera ture  ( taken  
as 3z0F), and Pc i s  t h e  e f f e c t i v e  v o l u m e t r i c  heat  c a p a c i t y  o f  t h e  t o t a l  rock  
and f l u i d  system. The l a s t  term (pc)  may be c a l c u l a t e d  as  f o l l o w s :  

Where pr and pw a r e  d e n s i t i e s  o f  t h e  rock  and f l u i d ,  r e s p e c t i v e l y ,  c y  and cw 
a r e  t h e  s p e c i f i c  heat  c a p a c i t i e s  o f  t h e  rock  and f l u i d ,  r e s p e c t i v e l y ;  4 i s  
t h e  p o r o s i t y  o f  t he  p r o d u c t i v e  p o r t i o n  o f  t h e  rock;  and NS (ne t  sand) i s  t h e  
f r a c t i o n  o f  t he  i n t e r v a l  which i s  p r o d u c t i v e .  

Basis  i n p u t  and summary r e s u l t s  o f  t h e  c a l c u l a t i o n  f o r  each Sec t ion  a r e  
shown i n  Tab le  V I I .  P o r o s i t y  and n e t  sand va lues d e r i v e d  from R G I  16-29 and 
38-30 were taken t o  be r e p r e s e n t a t i v e  o f  Sec t ions  29 and 30, respec t i ve1  
T o t a l  i n i t i a l  heat  con ten t  f o r  t h e  two s e c t i o n s  i,s shown t o  be 2.14 x I O y k  BTU. 
The amount o f  t h i s  i n i t i a l  heat  t h a t  can be ' recovered f r o m  the  produced ho t  
water  and conver ted  t o  e l e c t r i c a l  energy i s  t h e  s u b j e c t  o f  t he  f o l l o w i n g  two 
subsect ions.  
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Reservoi r  S i m u l a t i o n  

S i m u l a t i o n  s t u d i e s  were c a r r i e d  o u t  u s i n g  t h e  geothermal s i m u l a t o r  
developed by INTERCOMP. These s t u d i e s  w i l l  be descr ibed i n  d e t a i l  i n  
INTERCOMP's p r e s e n t a t i o n  t o  t h i s  workshop and a r e  mere ly  summarized here  f o r  
completeness. 

The o b j e c t i v e s  o f  t h e  numer ica l  model s t u d i e s  were t o  p r e d i c t  t h e  
temperature,  pressure,  and r a t e  behav io r  o f  t h e  producing w e l l s  as a f u n c t i o n  
o f  t ime. The type o f  f i e l d  development considered inc luded:  ( 1 )  s t r a i g h t  
d e p l e t i o n  w i t h o u t  r e i n j e c t i o n ;  (2) p e r i p h e r a l  r e i n j e c t i o n ;  and (3 )  f i v e - s p o t  
r e i n j e c t i o n .  Var ious r a t e s  and p a t t e r n  s i z e s  were i n v e s t i g a t e d  as w e l l  as t h e  
e f f e c t  o f  an i n f i n i t e  a q u i f e r .  

I n  summary, i t  was found t h a t :  ( 1 )  An a q u i f e r  a l o n e  (hav ing t h e  same 
p r o p e r t i e s  as t h e  r e s e r v o i r )  i s  i n s u f f i c i e n t  t o  m a i n t a i n  pressure;  ( 2 )  For some 
combinat ions o f  w i thdrawal  r a t e ,  spac ing and p e r m e a b i l i t y ,  p e r i p h e r a l  i n j e c t i o n  
combined w i t h  t h e  c o n t r i b u t i o n s  from t h e  a q u i f e r  w i l l  m a i n t a i n  adequate 
pressure;  ( 3 )  Whenever the  p e r i p h e r a l  f l o o d  f a i l s  t o  m a i n t a i n  adequate 
pressure  f o r  t h e  d e s i r e d  w i thdrawal  r a t e ,  p ressure  can always be main ta ined 
by go ing  t o  a p a t t e r n  f l o o d  such as a f i v e - s p o t .  T h i s  l a s t  r e s u l t  was t r u e  
f o r  b o t h  t h e  50 and 10 md p e r m e a b i l i t y  models. The average p e r m e a b i l i t y  on 
t h e  R G I  Sec t ions  29 and 30 i s  expected t o  be approx imate ly  50 md based on t h e  
p r e v i o u s l y  d iscussed d a t a  f rom R G I  38-30 and 16-29. 

Al though many combinat ions o f  p a t t e r n  s i z e ,  p r o d u c t i o n  r a t e ,  p o r o s i t y  
and i n t e r v a l  t h i c k n e s s  were i n v e s t i g a t e d  f o r  a f i v e - s p o t  p a t t e r n ,  i t  was found 
t h a t  t h e  r e s u l t s  c o u l d  be expressed by a s i n g l e  d imension less c u r v e  r e l a t i n g  
temperature and t ime.  T h i s  r e s u l t a n t  c u r v e  i s  shown i n  F i g u r e  7. The 
produc ing  temperatur-e (T) i s  made d imensionless by express ing  i t  as a f u n c t i o n  
of t h e  i n i t i a l  p roduc ing  temperature ( T i )  and t h e  r e i n j e c t e d  water  temperature 
(Tf )  as i n  t h e , e q u a t i o n :  

T - Tf  
T =  D T. - Tf 

.I 
( 3 )  

The t i m e  ( t )  i s  made d imensionless by m u l t i p l y i n g  i t  by t h e  f l o w  r a t e  (Q) 
and d i v i d i n g  by t h e  t o t a l  pore  volume ($Ah). 
number o f  pore  volumes produced: 

T h i s  i s  e q u i v a l e n t  t o  t h e  

Qt = -  
t D  +Ah 

( 4 )  

T h i s  c u r v e  appears v a l i d  over  t h e  range o f  parameters o f  i n t e r e s t ,  b u t  i n  
extreme cases a separate s i m u l a t o r  r u n  w i t h  t h e  a c t u a l  parameter va lues  may 
be r e q u i r e d .  
i n f l u x  ( i . e . ,  no convec t ion)  i s  t h a t  t h e  f i n a l  temperature,  namely t h a t  
o f  t h e  r e i n j e c t e d  h o t  water  (2OOOF) i s  approached v e r y  s l o w l y  because o f  t h e  
heat  i n f l u x  f rom t h e  cap and base rock .  Secondly, thermal breakthrough occurs 
a t  about  one pore  volume, whereas f l u i d  breakthrough i n  a f i v e - s p o t  occurs a t  
about 0.7 ? P V .  T h i s  d i f f e r e n c e  i s  due t o  h e a t i n g  o f  t h e  i n j e c t e d  f l u i d  by 
t h e  f o r m a t i o n  and m i x i n g  w i t h  t h e  f o r m a t i o n  water .  

One o f  t h e  i n t e r e s t i n g  f e a t u r e s  o f  t h e  c u r v e  w i t h o u t  a q u i f e r  

- 1  18- 



A dimensional  "base case" i s  i l l u s t r a t e d  i n  F i g u r e  8 f o r  a 40,000 B/D 
producer on 40-acre spacing, which i n i t i a l l y  produces a t  355OF. 
water temperature i s  assumed t o  be 20OoF. The economic l i f e  o f  t h i s  w e l l  i s  
approx imate ly  30 years o r  265OF. 
case'' i s  used t o  determine t h e  f r a c t i o n  o f  o r i g i n a l  heat  con ten t  o f  t h e  rock 
and f l u i d  system which would be produced i n  t h e  ho t  water over  the  economic 
l i f e  o f  t h e  w e l l .  The t o t a l  amount o f  heat (en tha lpy )  conta ined i n  the  
produced f l u i d s  i s  e q u i v a l e n t  t o  over  90 percent  o f  t h e  o r i g i n a l  h e a t - i n - p l a c e  
i n  t h e  r e s e r v o i r ,  b u t  about h a l f  o f  t h i s  heat i s  re tu rned  t o  t h e  r e s e r v o i r  by 
means o f  t h e  r e i n j e c t e d  wa te r .  There fore ,  t he  n e t  heat produced i s  about 
45 percent  o f  t h e  o r i g i n a l  hea t - i n -p lace .  Dur ing the  30-year p e r i o d ,  
approx imate ly  t h r e e  pore  volumes o f  water were produced and r e i n j e c t e d .  Thus, 
i t  i s  concluded for East Mesa c o n d i t i o n s  t h a t  t h e  gross p r o d u c i b l e  heat  i s  
approx imate ly  equal t o  90 percent  o f  t he  o r i g i n a l  h e a t - i n - p l a c e  o f  1.92 x 10'' 
BTU f o r  Sec t ions  29 and 30 combined. 

The r e i n j e c t e d  

For the  reserve  c a l c u l a t i o n ,  t h i s  "base 

Conversion t o  E l e c t r i c i t v  

I t  i s  d e s i r a b l e  t o  express geothermal reserves i n  e l e c t r i c a l  terms 
( i . e . ,  megawatt-years), r a t h e r  than i n  volume o r  mass o f  ho t  water .  Reference 
must t h e r e f o r e  be made t o  a s p e c i f i c  power p l a n t  design. A number o f  such 
s t u d i e s  have been made i n  t h e  i n d u s t r y ,  t he  r e s u l t s  o f  which a r e  i n  genera l  
agreement and w i d e l y  known. For example, F i g u r e  9 shows a t y p i c a l  power o u t p u t  
f o r  t h e  one-stage and two-stage f l a s h e d  steam process as a f u n c t i o n  of 
tempera t u  r e .  

For t h e  proposed 48-megawatt East Mesa power p l a n t ,  a two-stage f l a s h  
process i s  planned. The reasons f o r  s e l e c t i n g  t h i s  process a r e :  ( 1 )  i t  
r e l i e s  on proven, e x i s t i n g  technology; (2) i t  u t i l i z e s  standard and w e l l -  
understood des ign  fea tu res ;  (3)  i t  can be designed and b u i l t  i n  t ime  t o  meet 
t h e  incremental  power needs o f  t he  Imper ia l  I r r i g a t i o n  D i s t r i c t  by 1980; (4) 
i t  i s  w e l l  s u i t e d  t o  t h e  low s a l i n i t y  and low noncondensables found i n  
Repub l ic  w e l l s ;  and (5) i t  w i l l  p robab ly  genera te  t h e  lowest -cos t  e l e c t r i c i t y  
under t h e  s p e c i f i c  East Mesa temperature and water  chemis t ry  c o n d i t i o n s .  

Assuming a produced water temperature o f  335OF and two-stage f l a s h ,  t h e  
c a l c u l a t e d  convers ion  e f f i c i e n c y ,  based on F i g u r e  9, i s  approx imate ly  5.5 
pe rcen t ,  which i s  i n  genera l  agreement w i t h  values quoted i n  t h e  l i t e r a t u r e .  
A conve rs ion  e f f i c i e n c y  o f  f i v e  percent  was used i n  the  reserve  c a l c u l a t i o n  
and was assumed t o  app ly  throughout the  range o f  temperatures expected. 

The r e s u l t i n g  c a l c u l a t e d  e l e c t r i c a l  energy reserve  f o r  Sec t ions  29 and 
30 i s  shown i n  Tab le  V I I .  
heat equal t o  90 percent  o f  t h e  o r i g i n a l  h e a t - i n - p l a c e  (as determined from 
t h e  f i v e - s p o t  s i m u l a t i o n  r e s u l t s )  and a convers ion  e f f i c i e n c y  o f  f i v e  pe rcen t .  
The t o t a l  reserve  amounts t o  3215 megawatt-years, which i s  107 megawatt 
i n s t a l l e d  c a p a c i t y  f o r  a 30-year l i f e .  These reserves a r e  c l e a r l y  adequate 
t o  suppor t  t he  proposed 48-megawatt p r o j e c t ,  even a f t e r  d i s c o u n t i n g  f o r  t he  
numerous u n c e r t a i n t i e s  invo lved.  

These c a l c u l a t i o n s  a r e  based on a gross p r o d u c i b l e  
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TABLE I 
EAST MESA WELL FLUID COMPARISON (mgl I )  

RGI RGI RGI RGI(4so') Bu-Rec Bu-Rec Bu-Rec Bu-Rec Bu-Rec 
Water 38-30 16-29 18-26' Water Well 6-1 6-2 8-1 31 -1 5-1 

Total Dissolved Solids 
Sodium 
Potassium 
Calcium 
Magnesium 
Iron 
Silicon 
Boron 
Arsenic 
Chloride 
Fluoride 
Bromide 
Sulfate 
Carbonate 
Bicarbonate 
pli (pli Units) 
Chem. Thermometer* * 

Alkali 
Silica 

1907 
630 
39 
4.3 
0.1 
1.5 

2.6 
0.13 

3.2 
0.70 

518 

565 

142 
128 
31 2 

8.9 

460°F 
442°F 

1978 
623 
39 
3.2 
0.1 
1.9 

3.2 
0.1 

4.0 

489 

51 4 

NIA 
169 
188 
342 

9.0 

424°F 
436°F 

2950 
980 
40 
0.1 
0.1 
2.3 

4.5 
167 

NIA 
600 

2.5 
NIA 
64 
0 

1340 
8.3 

41 7°F 
329°F 

1600 
41 0 

12 
68 
19 

10 

NIA 
760 

0.1 

0.9 

0.5 
NIA 
9.0 
4.0 

8.3 

202°F 
80°F 

76 

26300. 5000. 1600. 2900. 
8100. 1700. 61 0. 730. 
1050. 150. 70. 85. 
1360. 16.4 8.5 8.9 

17.2 0.24 0.05 0.05 
8.8 0.1 0.1 0.1 

9.7 7.8** 1.6 2.5 
0.26 0.22 0.053 0.025 

0.9 1.2 1.6 1.42 

320. 269. 389. 274. 

15850. 2142. 500. 51 0. 

NIA 1.66" N/A NIA 
42. 156. 173. 183. 
0.0 0.0 0.0 0.0 

202. 560. 41 7. 845. 
5.4 6.1 6.2 6.2 

449°F 429°F 432°F 440°F 
383°F 365°F 410°F 369°F 

1575. 
593. 
29. 
16.2 
2.1 

NIA 
201. 
NIA 
N/A 
454. 
N/A 
NIA 
NIA 
NIA 
331. 

9.1 

332°F 
334°F 

'Analysis of 18-28 sample made shortly after completion & may be contaminated with drilling fluids. 
* * RGI measured or calculated 
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Figure 1. Location Map, East Mesa K.G.R.A. 
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Figure 2. Plat of East Mesa Figure 3. Residual Gravity Anomaly Map of the East Mesa 
Geothermal Field (Biehler, 1971) with superimposed 
Surface Heat Flow Anomaly Contours (U.S.B.R. 1974). 
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Figure 4. East M e s a  Structure Contour Map. 
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TABLE II 
CHEMICAL ANALYSIS OF 

FLASHED STEAM - REPUBLIC 16-29 

TABLE IV 
REPUBLIC GEOTHERMAL WELLS 

ZONE SUMMARIES 

Total Noncondensables - 0.64 wt. O/O of steam 
Constitutents 

Carbon dioxide - 91.4 vol. O h  of noncondensables 
Nitrogen - 
Methane - 
Alkanes - 
Hydrogen sulfide - None detected 

4.3 
3.9 
0.4 

TABLE 111 
EAST MESA WELL DATA 

3 8 3 0  374  F l e w  338'F 670000 . Moo 3 5  736 1075 
1629 'a 365 F 332'F 419000" 30- 2 I 827 1275 
1828 ami 3 2 6 ~  310'F lest1 36 WO 230 0 I 794 176 

0"- c4 R U U n u l l O "  

31 I 6231 323F 3 W F  [en) 300000 1003 09 593 6 1 4  
8 1 6205 354 F 3 2 0 F l c r I l  228WO 1580 1 0 9 1 6  6 7 1  
6 1  aOY3 399°F 330'F 211 000 1530 1 0  942 8 7 2  
6 2  6 w 5  3 7 0 F  304 F 152 000 990 0 6  904 873 
5 1  6016 31YF 305'F 117wO 770 05 790 5 7 4  

NOTES 

TABLE V 
PRESSURE BUILDUP DATA AND RESULTS 

RGI WELLS 

TEST DATA 18-28 16-29 38-30 

Flow duration, hrs 21 5 5 53 5 47 
Shut-in time, hrs 9 3  22 40 24 39 
Cumulative production, STB 1,264' 4,525 5 907 
Last rate before shut-in. STBiD 2.517 19.668 25 462 
Producing t m e .  hrs 17 05 5 902 6 097 

RESERVOIR AND FLUID 
PROPERTYDATA 

Water viscosity.p, 0 210 
Water FVF, RB/STB 1 078 
Porosity. fraction 0 220 
Total comp:essibility, psi - l  7 5 7 0 ~ 1 0 - ~  
Wellbore radius. fl 0 375 
Estimated net thickness. ft 794 
Open intetvals 61 05-6210 

6440-8000 

- RESULTS 

Average permeability. md 7 95 
Flow capacity. md-ft 6,309 
Formation damage (skin) -0  91 
Distance to nearest boundaty. ft 451 

0.185 
1.085 
0.223 

7 9 0 4 ~ 1 0 - ~  
0.443 

827 
6413-6984 
7231-7996 

41.96 
34,698 
-2.20 

893 

38-30 4001-5000 640 0 29 174 115 '11 
5001-6000 735 0 27 109 74 80 
6001-7000 782 0 29 170 112 133 
7001-8000 399 0 19 9 7 4 
8001-8900 293 0 10 1 < l  '1 

16-29 5001-6000 746 0 23 26 19 20 
6001-7000 768 0 24 44 32 34 
7001-7900 431 0 21 12 9 5 

18-28 5100-6000 733 0 29 126 85 93 
6001-7000 608 0 22 16 12 10 
7001-7900 325 0 23 35 25 1 1  

TABLE VI 
COMPARISON OF PERMEABILITY AND 

FLOW CAPACITY OF EAST MESA WELLS 

Permeability-Thickness 
Max. obsenred Avp. Permeability (Darcy-tl) 

Well flow rate, ED from buildup (md) buildup lops 

38-30 50,300 57 41.7 44. 
16-29 31,400 42 34.7 30. 
18-28 2,600 8 6.3 14.' 

Republlc Geothermal 

Bureau of Reclamation 
31-1 21,200 30 22 2 Ni A 

6-1 14,800 0.5 0 3  NIA 
6-2 10,700 NIA N!A N:A 
8-1 16.100 13 13 5 N/A 

5-1 8 300 6 5 7  N, A 

Lawrence Berkeley Laboratory Interference Results: 
38-30 and 31-1 pair kh = 29 8 Darcy-tt 
6-1 and 6-2 pair kh = 11 2 Darcy-fl 

'RGI 18-28 has 14 Darcy-fl in the slotted interval plus another 99 7 Darq-ft  
behind blank pipe (below 5100 tt) 

0 185 
1 088 
0 249 

8 202x10-6 
0 510 

736 
6383-7022 
7271 -7485 
7869-7998 
8297-8384 
8640-8898 

56 61 
41.666 
- 2  81 

692 

TABLE VI1 

(Republic) 
PRELIMINARY RESERVE ESTIMATE 

EAST MESA FIELD - SECTIONS 29 81 30 

Awray Awrape 
Resenolr Sand 

Temperature Pororlty 
Sectlon ( O F )  (hactlon) 

29 334 0.17 
335 0.23 30 

335 0.20 
-- 

Total 
Ned Bulk lnillal 
Sand Volume Heal Contenl Rerem 

(hactlon) (nWOlO) (Btu I 10'4) (MW-Veers) 

0.60 8.363 8.732 1315 
0.58 11.701 12.625 1900 

0.59 20.064 21.357 3215 
--- - 

__ ._____ 

'Estimated 

Ibs Ibs Btu Btu 
ft' ft' Ib"F, IFF pr = 165--- 7 pw = 56.7-* Cr = .19-' C, = t 1 2 - - -  
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SEMI-ANALYTICAL APPROACH TO GEOTHERMAL 
RESERVOIR PERFORMANCE PREDICTION 

K. Sanyal, M. Sengul and H. T. Meidav 
Geonomics, Inc .  

3165-7 Adel i n e  S t r e e t  
Berke ley,  CA 94703 

T h i s  paper p resents  a s i m p l i f i e d  a n a l y t i c  t rea tment  o f  t h e  
problem o f  f l u i d  f l o w  and heat  t r a n s f e r  i n  a h o t  water  r e s e r v o i r .  A 
m u l t i - l a y e r e d  r e s e r v o i r  i s  considered, w i t h  a c i r c u l a r  a r r a y  o f  pro-  
duc ing w e l l s  surrounded by a c o n c e n t r i c ,  c i r c u l a r  a r r a y  o f  i n j e c t i o n  
w e l l s .  Complete i n j e c t i o n  o f  produced water ,  and hence an eventual  
steady s t a t e ,  i s  assumed f o r  t h e  f l o w  system. 
i s  assumed i n  t h e  r a d i a l  d i r e c t i o n .  The rock  p r o p e r t i e s  a r e  a l lowed 
t o  v a r y  from l a y e r  t o  l a y e r ,  b u t  a r e  considered u n i f o r m  w i t h i n  a 
p a r t i c u l a r  l a y e r .  The heat  t r a n s f e r  problem i s  handled by a modi- 
f i c a t i o n  o f  t h e  s o l u t i o n  t o  t h e  problem o f  heat e x t r a c t i o n  from 
f r a c t u r e d  d r y  rocks  proposed by Gr ingar ten ,  e t  a l .  (1975).  The 
r e s e r v o i r  i s  represented as a v e r t i c a l  s t a c k  of h o r i z o n t a l  l a y e r s ,  
w i t h  permeable and impermeable l a y e r s  a l t e r n a t i n g .  The pressure  
d i s t r i b u t i o n s  i n  v a r i o u s  l a y e r s  a r e  c a l c u l a t e d  by s p a t i a l  super-  
p o s i t i o n  o f  t h e  cont inuous l i n e  source s o l u t i o n  f o r  t h e  g i v e n  geo- 
metry ,  w i t h  average f l u i d  and rock  p r o p e r t i e s  w i t h i n  t h e  system. 
T h i s  approach can y i e l d  r e s u l t s  such as t h e  breakthrough t i m e  o f  
i n j e c t e d  water  i n  each l a y e r ,  p ressure  d i s t r i b u t i o n  i n  space and t ime 
and t h e  temperature o f  t h e  produced water  over  t ime.  I n  a s tudy  o f  
t h e  Heber geothermal r e s e r v o i r  i n  t h e  I m p e r i a l  V a l l e y  o f  C a l i f o r n i a  
such r e s u l t s  have shown reasonably c l o s e  agreement w i t h  t h e  r e s u l t s  
f rom computer s i m u l a t i o n .  

A temperature g r a d i e n t  

Many h o t  water  geothermal r e s e r v o i r s  d i s p l a y  a c losed temperature 
anomaly, i .e . ,  t h e  temperature o f  t h e  r e s e r v o i r  i s  h i g h e s t  near t h e  
c e n t e r  and g r a d u a l l y  d e c l i n e s  towards t h e  p e r i p h e r y .  For such 
r e s e r v o i r s  a l o g i c a l  development p l a n  i s  t o  produce h o t  water  from 
t h e  c e n t r a l  p a r t  o f  t h e  r e s e r v o i r  through an a r r a y  o r  c l u s t e r  o f  p ro-  
d u c t i o n  w e l l s .  The heat  i s  e x t r a c t e d  f rom t h e  produced water  f o r  
power genera t ion ,  and t h e  coo led  water  i s  i n j e c t e d  i n t o  t h e  c o o l e r  
marg ina l  areas o f  t h e  r e s e r v o i r  through an a r r a y  o f  i n j e c t i o n  w e l l s .  
T h i s  paper p resents  a s e m i - a n a l y t i c  method f o r  a n a l y z i n g  t h e  heat  and 
f l u i d  f l o w  c h a r a c t e r i s t i c s  o f  such a system. 

HEAT FLOW ANALYSIS 

The o b j e c t i v e  o f  t h i s  a n a l y s i s  i s  t o  be a b l e  t o  f o r e c a s t  t h e  
o u t l e t  temperature which, t o g e t h e r  w i t h  t h e  f l u i d  p r o d u c t i o n  r a t e  a t  
t h e  p r o d u c t i o n  w e l l s ,  determines t h e  heat  f l o w  r a t e .  
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Physica l  and Mathematical Model. As shown i n  F igure  l a ,  the 
r e s e r v o i r  cons i s t s  o f  t h i n  sand and shale layers  w i t h  d i f f e r i n s  t h i c k -  
ness, pe rmeab i l i t y  and p o r o s i t y  f o r  each sand layer ,  and w i t h  ;hale 
l aye rs  a l l  having the  same th ickness and assumed t o  be located 
between these sand layers.  Cold water i s  i n jec ted  through the 
i n j e c t i o n  w e l l s  located on a c i r c l e  w i t h  rad ius  R2 and hot  water i s  
produced a t  the produc t ion  well 's located on a c i r c l e  w i t h  rad ius  R1 
as shown i n  F igure  l b .  I n i t i a l l y  the r e s e r v o i r  temperature increases 
l i n e a r l y  from the  i n j e c t i o n  w e l l s  t o  the  produc t ion  w e l l s .  

The mathematical model i s  based upon Figure 2 where the  
re levan t  in format ion concerning the heat f l o w  f o r  a sand laye r  i s  
represented. ZE i s  the  d is tance from the  bottom o f  the  shale l aye r  
t o  the no heat f l o w  boundary w i t h i n  i t .  I f  the average water f low 
r a t e  f o r  a l l  t he  sand laye rs  i s  the  same and the  th ickness o f  the  
sand layers  and the  shale layers i s  constant then ZE w i l l  be h a l f  
o f  the  shale th ickness.  

The fo l l ow ing  assumptions a re  made i n  s i m p l i f y i n g  the phys ica l  
model : 

1. The sand laye rs  and the shale layers  a r e  homogeneous 
and i s o t r o p i c .  

2. The dens i ty ,  heat capac i ty ,  and thermal c o n d u c t i v i t y  o f  
water,  o f  the s o l i d  m a t r i x  o f  the sand layer ,  and o f  the  
shale layer  a re  constant.  Fur ther ,  the dens i ty ,  s p e c i f i c  
heat, and thermal c o n d u c t i v i t y  o f  the shale and o f  the 
s o l i d  m a t r i x  o f  the  sand layer  a re  the same. 

3 .  The water temperature Tw i s  o n l y  a f u n c t i o n  o f  r a d i a l  
coord inate,  r ,  and time, t, and does no t  vary w i t h  the  
v e r t i c a l  coord inate,  z. 

4. Heat conduct ion i n  the r a d i a l  d i r e c t i o n  i n  both sand and 
shale layers  i s  n e g l i g i b l e .  

5. I n i t i a l l y ,  both the  sand and shale layers  a re  a t  the same 
temperature a t  any g iven r. Taking the  temperature 
g rad ien t  i n  the  r d i r e c t i o n  i n t o  account, t he  i n i t i a l  
temperature d i s t r i b u t i o n  a t  any g iven r i s  g iven by the 
i n i t i a l  rock temperature Tro a t  the p o i n t  o f  p roduc t ion  
minus the product o f  the  temperature grad ien t ,  a, and 
the d is tance from the produc t ion  w e l l .  

Heat f l o w  f o r  a s i n g l e  layer ,  shown i n  F igure  2, i s  governed 
by t w o  d i f f e r e n t i a l  equat ions 
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where p C = (l-+)pRCR + +pwCw 
1 1  

and 

T (r,t) and T (r,z,t) are water and rock temperatures respectively. 

The temperatures must also satisfy the following initial and 
W R 

boundary conditions: 

T R (r,z,t) = T W (r,t) = T RO - a(R2-r), t<r/v ( 3 )  

TR(R2,z,t) = Tw(R2,t) = TRO t<O ( 4 )  

TR(R2,z,t) = T w 2  (R ,t) - T wo t>,O (5) 

( 6 )  T W (r,t) = TR(ryZEyt) for all r and t 

For a single layer, taking ZE at infinity, Lauwerier (1955) 
gave a solution for the above problem in Cartesian coordinates. In 
order to use Lauwerier's solution the shale layers separating the 
sand layers should be thicker than they.are assumed to be in this 
study. Carslaw and Jaeger (1959) gave the solution to the same 
problem as Lauwerier except that they considered a single fracture 
instead of a porous sand layer. 
gave the solution for the mathematical problem above in Cartesian 
coordinates, but they solved the problem for an infinite series of  
parallel, equidistant fractures of uniform thickness rather than for 
sand layers. Gringarten gave the solution, dimensionless temperature 
TWD(r,tD), in the form of a graph as a function o f  two dimensionless 
numbers, given in our notation as follows: 

Recently, Gringarten -- et al. (1975) 

where t'= t-(R -R )/Fw. 
through time, i.e., the time taken by the injected water to arrive 
at the production well. The dimensionless temperature, T D, is given 
by : 

The second term (R2-R1)/Tw is the break- ? '  

W 
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I 

For g i v e n  va lues  o f  Z and tD, TwD i s  read from t h e  graph. ED 
- 

D e f i n i n g  an average f l o w  r a t e ,  q, per  sand l a y e r  per  u n i t  leng th ,  
one can use t h e  s o l u t i o n  g i v e n  by Gr ingar ten  -- e t  a l .  i n  t h e  a n a l y s i s  
o f  t h e  problem a t  hand. T h i s  a p p l i c a t i o n  i s  summarized i n  t h e  f o l l o w -  
i n g  s e c t i o n .  

A p p l i c a t i o n  o f  G r i n g a r t e n ' s  S o l u t i o n .  I n  o r d e r  t o  use t h e  
s o l u t i o n  g i v e n  i n  g r a p h i c a l  form t o  f i n d  t h e  produced water  tempera- 
t u r e ,  one needs t o  determine t h e  dimensionless numbers g i v e n  by Eqs. 
8 and 9. Assuming t h e  thermal p r o p e r t i e s  o f  t h e  water  and s h a l e  a r e  
known, s t i l l  t o  be found a r e  t h e  va lues o f  t h e  breakthrough t ime,  
(R2-R1)/vw, and t h e  r a t i o  between t h e  average f l o w  r a t e ,  q ,  and t h e  
d i s t a n c e  r = R - R  

- 

2 1 '  - 
Given t h e  t o t a l  i n j e c t i o n  r a t e  Q, the  average f l o w  r a t e ,  q, 

i s  g i v e n  by t h e  express ion:  

Based on  t h e  r e l a t i v e  magnitude o f  t h e  ( k h ) i  p roduc t  o f  each l a y e r  
t h e  average f l o w  r a t e  f o r  each l a y e r  i s  found as: 

m 

t h  
where ( k h ) i  i s  t h e  produc t  o f  p e r m e a b i l i t y  and th ickness  o f  t h e  i 
l a y e r ,  and m i s  t h e  number o f  sand l a y e r s .  

D i v i d i n g  t h e  r a t e ,  qi, f o r  a sand l a y e r  by t h e  produc t  o f  i t s  t h i c k -  
ness and p o r o s i t y  ( h $ ) i ,  t h e  average v e l o c i t y  i n  t h e  l aye r  i s  o b t a i n e d :  

- - 
= q i / ( h + )  i, i= l ,2 , .  . . ,m 

"w i 

- - 
Using these va lues o f  q i ,  and v w i  together  w i t h  r = R2-Rl i n  

Eqs. 8 afid 9, t h e  va lues o f  Z E D  and t h e  breakthrough t ime, 
(R -R )/vwi, a r e  found. 

d i f f e r e n t  t imes,  now t h e  t a s k  i s  t o  determine t h e  d imensionless t ime, 
t ' D ,  which i s  taken as zero  f o r  t < ( R  -R,)/Gwi. 
c a t i o n  o f  G r i n g a r t e n ' s  s o l u t i o n  t o  t g e  problem under i n v e s t i g a t i o n  
one faces t w o  problems: 

2 1  

To o b t a i n  t h e  water  o u t l e t  temperatures f o r  each l a y e r  a t  

However, i n  t h e  a p p l i -  
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( 1 )  as po in ted  o u t  e a r l i e r ,  Gr ingar ten 's  s o l u t i o n  assumes t h a t  a l l  
the  f l o w  ra tes  a r e  the  same and the re fo re  t h a t  Z E D i ' s  a re  the same, 
whereas here they a re  d i f f e r e n t  f o r  each laye r ,  and 
(2) Gr ingar ten assumes t h a t  t he re  i s  no temperature g rad ien t  along 
the  f r a c t u r e ,  whereas there  i s  a temperature g rad ien t  a long the  sand 
layer  i n  the present problem. 

Per ta in ing  t o  the  f i r s t  o f  these problems, i f  the  values o f  
Z E ~ ~ ' S  f o r  the  layers  expected t o  have s i g n i f i c a n t  o u t l e t  temperature 
drops a l l  f a l l  i n  a narrow range, then the e r r o r s  introduced by the  
var iance o f  ZED from layer  t o  l aye r  can be considered acceptable f o r  
engineer ing purposes. 
t i o n  o f  no temperature g rad ien t  i n  the r a d i a l  d i r e c t i o n  and t o  in-  
c lude the  e f f e c t  o f  t h i s  temperature grad ien t  i n  the  s o l u t i o n ,  a l l  
o f  the layers  can be d i v ided  i n t o  several  concent r i c  sec t ions .  
I n i t i a l l y  a l l  the  sec t ions  a r e  assumed t o  be a t  a un i fo rm temperature 
which i s  g iven by t h e i r  median temperature, and the temperature grad- 
i e n t  i n  each o f  these sec t ions  i s  neglected. A lso the  area weighted 
average f l o w  ra te ,  8, i s  ca l cu la ted  f o r  each sec t i on  o f  every sand 
laye r  and thus the  same i s  done f o r  ydi. 

As f o r  the  second problem, t o  r e l a x  the  assump- 

In f i n d i n g  the  o u t l e t  temperature h i s t o r y  o f  a l aye r  a t  
t = t l < t 2 <  ... <tm, one f i r s t  c a l c u l a t e s  the o u t l e t  temperature a t  the  
produc t ion  end o f  the f i r s t  sec t ion ,  which w i l l  have the sho r tes t  
breakthrough time. Using Gr ingar ten 's  s o l u t i o n ,  the  o u t l e t  tempera- 
t u r e  o f  t h i s  sec t i on  i s  obta ined a t  t ime t 2  w i t h  t ime i n t e r v a l  
A t 1  = t l , t 2 .  
sec t i on  but  the next sec t i on  ( o r  sect ions)  breaks through, then f i r s t  
the  o u t l e t  temperature o f  t h i s  second sec t i on  i s  found. 
o f  t h i s  o u t l e t  temperature i s  used as the  i n j e c t i o n  temperature f o r  the  
f i r s t  sec t i on  t o  f i n d  i t s  o u t l e t  temperature by superpos i t ion .  

I f  dur ing  t h i s  f i r s t  t ime per iod  A t 1 ,  no t  o n l y  the  f i r s t  

The average 

The above procedure i s  repeated f o r  a l l  the  l aye rs  and t h e i r  
Taking the dens i t y  and the o u t l e t  temperature h i s t o r i e s  a re  found. 

s p e c i f i c  heat o f  water constant ,  the  average bottom ho le  water o u t l e t  
temperature h i s t o r y  i s  found by the  f o l l o w i n g  expression: 

m 

FLUID FLOW ANALYSIS 

The o b j e c t i v e  i n  t h i s  sec t i on  i s  t o  be a b l e  t o  p r e d i c t  the  
pressure behavior o f  p roduc t ion  and i n j e c t i o n  w e l l s  again f o r  the 
system shown i n  F igure  1. 
f l u i d  f l o w  c h a r a c t e r i s t i c s  o f  t he  system, both e a r l y  and l a t e  pressure 
h i s t o r i e s  w i l l  be inves t iga ted .  

I n  o rder  t o  get  a b e t t e r  understanding o f  the  

The f o l l o w i n g  assumptions a r e  made i n  order  t o  s i m p l i f y  the  
physics o f  t he  problem: 
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. . . . . . . 

t he  r e s e r v o i r  i s  i n f i n i t e l y  large,  compared t o  the w e l l  bore 
rad ius  
homogeneous and i s o t r o p i c  medium 
format ion has a un i fo rm thickness 
p o r o s i t y ,  pe rmeab i l i t y ,  and v i s c o s i t y  a re  constant (independ- 
en t  o f  pressure and temperature) 

Fur ther ,  f o r  s i m p l i c i t y ,  the r a d i i  of the produc t ion  and i n j e c t i o n  w e l l s  
a r e  taken t o  be the  same, and the  produc t ion  and i n j e c t i o n  w e l l s  a r e  
assumed t o  have constant  p roduc t ion  and i n j e c t i o n  ra tes  and show no 
s k i n  e f f e c t .  

The s o l u t i o n  g i v i n g  the  pressure h i s t o r y  of a produc t ion  w e l l  
producing a t  a constant  r a t e  located i n  a r e s e r v o i r  f o r  which the  above 
assumptions ho ld  i s  the  continuous l i n e  source s o l u t i o n  g iven as 
fo l l ows :  

where r = r/rw, 
D 

= 0.000264 kt /+uct rw2 , and 
t D  

m 

For an i n j e c t i o n  w e l l  the  produc t ion  ra te ,  qg, i n  Eq. 1 5  w i l l  be r e -  
p laced by the  i n j e c t i o n  r a t e  w i t h  negat ive s ign  (-9. ) .  i n  

I n  an i n f i n i t e  rese rvo i r  where there  are  N p roduc t ion  and M 
i n j e c t i o n  we l l s ,  the  pressure h i s t o r y  o f  any g iven produc t ion  o r  i n -  
j e c t i o n  w e l l  can be found through the  s o l u t i o n  g iven above w i t h  s p a t i a l  
superpos i t ion  i f  the i n j e c t i o n  and product ion ra tes  a r e  constant  w i t h  
t ime o r  a r e  a s tep func t i on  o f  t ime. 

Taking qp as the produc t ion  r a t e  f o r  a l l  the produc t ion  w e l l s  
and q as' the i n j e c t i o n ' r a t e  f o r  a l l  the  i n j e c t i o n  we l l s ,  the  
pressure h i s t o r y  o f  a p roduc t ion  w e l l  w i l l  be g iven by: 

i n  

- r 4 1  .3pBWq 

+ [ kh ]E - 4 
Pp( r , t )  = P. I kh 

141 .3PBwqin M 

j = 1  
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A s i m i l a r  express ion w i l l  be ob ta ined f o r  t h e  i n j e c t i o n  pressure  h i s t o r y ,  

' i n  

needs t o  f i n d  t h e  d imensionless r a d i a l  d i s t a n c e  r D i  t o  a l l  o f  t h e  
p r o d u c t i o n  w e l l s  and r D j  f o r  a l l  o f  t h e  i n j e c t i o n  w e l l s ,  and then t o  
f i n d  a l l  o f  t h e  va lues o f  t h e  exponent ia l  i n t e g r a l  f o r  a l l  o f  t h e  

( r , t ) ,  f o r  an i n j e c t i o n  w e l l .  

T o  f i n d  p p ( r , t )  f o r  a g i v e n  v a l u e  o f  d imension less t i m e  tD one 

arguments ( r  2 D i / 4 t D ) ,  i = I ,..., N ,  and ( r 2 D j / 4 t ~ ) ,  j = 1 ,..., M. 

D j  For t h e  system under i n v e s t i g a t i o n  t h e  va lues  o f  rD i  and r 
can be eva lua ted  through t h e  f o l l o w i n g  express ions (see F i g u r e  3 )  : 

r = l , i = l  Di (17) 

(19) , j = 1 , 2 ,  . . . M  2 2  271 ( j  - 1  
M 

r = L V R 1  + R2 - 2R R COS 
D j  rw 1 2  

A computer program i s  developed and p r o d u c t i o n  and i n j e c t i o n  
pressure  h i s t o r i e s  a r e  computed f o r  v a r i o u s  va lues o f  t h e  v a r i a b l e s  
a f f e c t i n g  t h e  f l u i d  f l o w  c h a r a c t e r i s t i c s  o f  t h e  system. 

NOMENCLATURE 

W 

t 

B 

C 

c R  

kR 

pD 

'i 
r 

TRO 
T 

k 

W 

wo 

w V 

P R  

p W  

u 
9 
e 

f o r m a t i o n  volume f a c t o r  f o r  water  

t o t a l  system e f f e c t i v e  isothermal  c o m p r e s s i b i l i t y  

s p e c i f i c  heat  o f  s h a l e  o r  t h e  s o l i d  m a t r i x  o f  t h e  sand 
l a y e r s  

f o r m a t i o n  p e r m e a b i l i t y  

thermal c o n d u c t i v i t y  o f  s h a l e  o r  t h e  s o l i d  m a t r i x  of t h e  
sand l a y e r .  

d imension less pressure  

i n i t i a l  p ressure  

r a d i u s  of t h e  p r o d u c t i o n  or i n j e c t i o n  w e l l s  

rock  temperature a t  t h e  p o i n t  o f  i n j e c t i o n  

water  i n j e c t i o n  temperature 

water  v e l o c i t y  

d e n s i t y  o f  s h a l e  or t h e  s o l i d  m a t r i x  o f  t h e  sand l a y e r s  

d e n s i t y  o f  water  

v i s c o s i t y  o f  water  

poros i t y  

ang le  
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A 

t 
J=7 

J = 5  

A 

In ject ion Well  M = 8  
Product ion Well N = 8  

A' 

Sand 

Shale 

Layers  

Layers 

Figure 1. Physical system 

- 133- 



Rl  R 2  

I 
I 

Production 

TRo = Formation Temperoture at 
Injection Point 

Two = Water Injection Temperature 

Figure 2. Mathematical model 
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J =7 J =3 

J=5 9" Injection Well M = 8  

0 Production Wel l  N = 8  

Figure 3 .  Explanation of symbols 
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EST I MAT I ON OF STAT I C R E S E R V O  I R TEMPERATURE 
DURING DRILLING OPERATIONS 

P.  H.  Messer 
Union O i l  Company 

P .  0. Box 6854 
Santa Rosa, CA 95406 

A r e l i a b l e  s t a t i c  fo rmat ion  temperature i s  v a l u a b l e  i n  d e t e r m i n i n g  
cas ing  depths,  e s t a b l i s h i n g  geothermal g r a d i e n t s ,  a n a l y z i n g  logs and 
e s t i m a t i n g  f , l u i d  p o t e n t i a l  for  geothermal r e s e r v o i r s .  The convent iona l  
d r i l l i n g  mud f l u i d  systems assoc ia ted  w i t h  geothermal w e l l  d r i l l i n g  d i s t o r t  
t h e  s t a t i c  fo rmat ion  temperature near t h e  w e l l b o r e  because t h e  c i r c u l a t i n g  
mud temperature i s  normal ly  much l e s s  than t h e  s t a t i c  f o r m a t i o n  temperature.  
As a r e s u l t ,  a w e l l b o r e  temperature recorded d u r i n g  d r i l l i n g  o p e r a t i o n s  does 
n o t  r e f l e c t  t h e  s t a t i c  f o r m a t i o n  c o n d i t i o n .  

The use o f  a Horner- type temperature b u i l d u p  p l o t ,  s i m i l a r  to  t h e  
convent iona l  p ressure  b u i l d u p  method, has been suggested ( ' ) f o r  e s t i m a t i n g  
s t a t i c  f o r m a t i o n  temperature.  The method has proven s a t i s f a c t  r i n  a 
number of o i l  and gas f i e l d  cases. Recent ly ,  Dowdle and Cobb 92y i n v e s t i -  
ga ted  the c o n d i t i o n s  under which t h e  Horner temperature p l o t  can be used t o  
y i e l d  r e p r e s e n t a t i v e  s t a t i c  f o r m a t i o n  temperatures.  They concluded t h a t  
t h e  method i s  r e l i a b l e  i f  b o t h  t h e  w e l l b o r e  temperature g r a d i e n t  changes 
v e r y  s l o w l y  and t h e  mud c i r c u l a t i o n  t i m e  i s  s h o r t .  However, i n  geothermal 
o p e r a t i o n s ,  temperature g r a d i e n t s  a r e  u s u a l l y  more extreme and longer  
c i r c u l a t i o n  t imes a r e  r e q u i r e d  t o  coo l  t h e  w e l l b o r e  s u f f i c i e n t l y  f o r  logg ing .  
There fore ,  t h e  method has proved t o  be l e s s  r e l i a b l e .  

As an a l t e r n a t e  s o l u t i o n ,  d imension less Horner temperature t y p e  
curves have been developed for  d e t e r m i n i n g  r e l i a b l e  s t a t i c  fo rmat ion  
temperatures under normal geothermal d r i l l i n g  c o n d i t i o n s  i n  t h e  Imper ia l  
V a l l e y ,  C a l i f o r n i a .  

Bas ic  TemDerature Eauat ion 

The temperature d i s t r  
i n  t h e  f o l l o w i n g  d i f f e r e n t  

a T  + ar' 

b u t i o n  near h w e l l b o r e  a t  any t i m e  i s  descr ibed 
a1 equat ion  t 3 e  : 

1 aT P- c p  aT - - =  
r a r  K a t  

Sub jec t  t o  t h e  assumptions of  conduct ive  heat  f l o w  i n  t h e  h o r i z o n t a l ,  
c y l i n d r i c a l l y  symmetr ica l ,  homogeneous medium surrounding t h e  w e l l b o r e ,  
t h e  s o l u t i o n  t o  t h e  above equat ion  i s  dependent on a s e t  o f  boundary 
c o n d i t i o n s .  U n l i k e  t h e  " d i f f u s i v i t y "  equat ion  used i n  d e s c r i b i n g  pressure  
behavior ,  t h e  i n n e r  boundary c o n d i t i o n  i s  n o t  cons tan t  because t h e  w e l l b o r e  
temperature g r a d i e n t  i s  changing d u r i n g  c i r c u l a t i o n .  

Edwardson -- e t  a l .  (4)  n u m e r i c a l l y  so lved t h e  above equat ion  a t  
v a r i o u s  d i s t a n c e s  f rom t h e  w e l l b o r e  f o r  a K/Cppr2 parameter v a l u e  
o f  0.4. T h i s  number i s  d e r i v e d  f rom t h e  f o l l o w i n g  es t imates  f rom l ime-  
stone, sandstone and s h a l e  hydrocarbon r e s e r v o i r  p r o p e r t i e s :  K = 1.303 
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Btu/hr- f t -OF;  Cp = 0.21 Btu/lb-OF; and p = 144 l b s / c u  f t .  The w e l l b o r e  
d iameter  was assumed t o  be 7.875 inches. The numerical  s o l u t i o n  i n  t h e  
form o f  a d imension less Horn r temperature t y p e  curve  i s  shown i n  F i g .  1 
f o r  rD  = 1.  Dowdle and CobbT2)demonstrated t h a t  t h e  n o n l i n e a r i t y  o f  these 
Horner temperature curves i s  due t o  t h e  s low change i n  w e l l b o r e  temperature 
g r a d i e n t  d u r i n g  t h e  mud c i r c u l a t i o n  p e r i o d .  

A l though t h e  d imensionless curves i n  F i g .  1 a r e  based on t h e  K/C p r  
p w  

t o  r e s e r v o i r s  w i t h  d i f f e r e n t  thermal p r o p e r t i e s  Ef i?t) . The va lues  o f  c i r c u l a t i o n  t i m e  ( t k )  i n  
va lue  o f  0.4, t h e i r  ad 
has been demonstrated 
F i g u r e  1 can s imp ly  be rep laced w i t h  va lues corresponding t o  another  s e t  o f  
c o n d i t i o n s .  
hours i n  F ig .  1 would be redesignated t ' k  = 1.2 hours. E m p i r i c a l  da ta  
determined d u r i n g  d r i l l i n g  o p e r a t i o n s  can be p l o t t e d  on F ig .  1 and a 
r e p r e s e n t a t i v e  K/C p r  2 va lue  f o r  the  system can be determined. 

For a case o f  K/Cpprw2 equal t o  0.8, the  curve  f o r  t k  = 2.4 

P W  

F i g u r e  2 shows a c t u a l  da ta  p o i n t s  c o l l e c t e d  d u r i n g  I m p e r i a l  V a l l e y  
d r i l l i n g  o p e r a t i o n s  p l o t t e d  on t h e  t h e o r e t i c a l  Horner b u i l d u p  curves fo r  
K/Cpprw2 eqyal  t o  0.4. 
would be r e q u i r e d  t o  d e f i n e  t h e  K/Cpprw2 
i n  F ig .  1 .  

C l e a r l y ,  a c i r c u l a t i o n  t i m e  i n  excess o f  14 hours 
v a l u e  o r  t o  use t h e  curves shown 

C i r c u l a t i o n  t imes on t h i s  o r d e r  a r e  excess ive and c o s t l y .  For these 
t h e o r e t i c a l  t y p e  curves t o  be u s e f u l  i n  I m p e r i a l  V a l l e y  geothermal 
r e s e r v o i r s ,  t k  va lues  down t o  0.052 would need t o  be generated. 

Development o f  E m p i r i c a l  Type Curves 

Rather than expanding t h e  numerical  s o l u t i o n s  presented by Edwardson 
-- e t  a l . ,  s u f f i c i e n t  temperature da ta  has been c o l l e c t e d  f rom t h e  d r i l l i n g  
o p e r a t i o n s  i n  more than one geothermal area o f  t h e  Imper ia l  V a l l e y  t o  
c o n s t r u c t  an e m p i r i c a l  s e t  o f  Horner temperature b u i l d u p  curves.  Var ious 
scheduled o p e r a t i o n s  d u r i n g  d r i l l i n g  p rov ided o p p o r t u n i t i e s  t o  measure 
d i r e c t l y  w e l l b o r e  temperatures a t  v a r i o u s  depths and t imes a f t e r  mud 
c i r c u l a t i o n  was stopped. For instance,  m u l t i p l e  maximum r e c o r d i n g  
thermometers were run during logging operations and also during hole 
d e v i a t i o n  surveys. I n  a d d i t i o n ,  Amerada-type temperature recorders  were 
r u n  a t  v a r i o u s  depths and c i r c u l a t i o n  h i s t o r i e s .  

Wel lbore  temperature change w i t h  t ime a f t e r  c i r c u l a t i o n  stopped was 
recorded i n  severa l  w e l l s  a t  v a r i o u s  f o r m a t i o n  depths f o r  a wide range 
o f  c i r c u l a t i o n  t imes.  F o l l o w i n g  complet ion,  a h i s t o r y  o f  temperature 
g r a d i e n t  surveys d e f i n e d  t h e  s t a t i c  f o r m a t i o n  temperature a t  any p a r t i c u l a r  
depth.  Having measured t h e  s t a t i c  f o r m a t i o n  temperature and r e c o r d i n g  t h e  
w e l l b o r e  temperature changes w i t h  t i m e  a f t e r  v a r i o u s  c i r c u l a t i o n  p e r i o d s ,  
t h e  curves i n  F i g .  3 were cons t ruc ted .  

Accuracy o f  t h e  S t a t i c  Format ion Temperature E s t i m a t i o n  

The e m p i r i c a l  s e t  o f  curves i n  F i g .  3 was developed f rom data  ob ta ined 
over  a f o r m a t i o n  depth i n t e r v a l  i n  excess o f  4500 f e e t  i n  one area o f  t h e  
Imper ia l  V a l l e y .  The u n i f o r m  spacing o f  t h e  curves suggests t h a t  t h e r e  was no 
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a p p r e c i a b l e  change i n  t h e  r e s e r v o i r  thermal p r o p e r t i e s  w i t h  depth o r  
temperature v a r i a t i o n .  The curves i n  F ig .  3 have been q u i t e  a c c u r a t e  i n  
e s t i m a t i n g  s t a t i c  f o r m a t i o n  temperature as demonstrated i n  t h e  f o l l o w i n g  
examp 1 es . 
F i e l d  ExamDles o f  E s t i m a t i n a  S t a t i c  Format ion Temoerature 

Example 1 

The f o l l o w i n g  da ta  was ob ta ined a t  a s p e c i f i c  depth a f t e r  14 hours 
o f  c i r c u l a t i n g  ( t k ) .  

Datum c i r c u l a t i n g  mud temperature,  164OF. - 
Tm - 
A t  = Time s i n c e  c i r c u l a t i o n  stopped, 10.75 hours. 

T =  Datum s h u t - i n  temperature a t  t ime A t ,  282OF. ws 

Solve fo r  Horner d imension less t ime:  

14 + 10.75 = 2.30 
tk + A t  - 

A t  - 10.75 

= .446 W S  
From graph: Ti - T 

T. - T 
I m 

T. - 282 

Ti  - 164 = .446 I 

Ti = 377OF 

The s t a t i c  temperature recorded a t  t h i s  datum severa l  months a f t e r  comple t ion  
was 377OF. 

Example 2 

The f o l l o w i n g  da ta  was ob ta ined a t  a d i f f e r e n t  datum i n  another  w e l l  a f t e r  
2.22 hours o f  c i r c u l a t i o n  ( t k ) :  

T = 180°F 
m 

t = 6.62 hours 

= 225OF 
ws T 

tk + A t  

A t  = 1.335 

- 138- 



From graph: T i  - 255 
= .50 Ti  - 180 

T. = 33OoF 
I 

The s t a t i c  temperature recorded a t  t h i s  datum more than 7 months a f t e r  
comple t ion  was 3 3 4 O F .  
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Nomenclature 

= Specific heat capacity, Btu/lb-OF. 

K = Thermal conductivity, Btu/hr-ft-OF. 

r = Radial distance, feet. 

r = Wellbore radius, feet. 

r = r/rw, dimensionless radius. 

tk = Circulation time, hours. 

At = Shut-in time since circulation, hours. 

W 

D 

= Static formation temperature, OF. Ti 
Tm = Datum circulating mud temperature, OF. 

T = Datum shut-in temperature at time At, OF. 

p = Density, lbs/cu ft. 
ws 
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x -  HORNER TEMPERATURE BUILD UP 

I-I- 

F F  

E E  

I I  

tK + At 
At 

tr =CIRCULATION TIME , HOURS 

Tm =DATUM CIRCULATING MUD 

TEMP, O F  

Tws=DATUM SHUT IN TEMP. AT 

TIME At,OF 

at =SHUT IN TIME, HRS. 

Ti  = STATIC FORMATION TEMP, * F  

ESTIMATION OF STATIC FORMATION 
TEMPERATURE 

PROCEWRE 

I. CALCULATE t k  + At 
A t  

2. ENTER GRAPH AT 
at 

AND PROCEED VERTICALLY TO 

THE INTERSECTION OF THE 

PROPER tr CURVE. READ THE 
VALUE FOR T i  - TwS ON THE 

ORDINATE SCALE CORRESPONO 

ING TO THE INTERSECTION 

Ti - Tm 

3. SOLVE FOR TI 

FIGURE 3 .  
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FIELD CASE STUDIES OF PRESSURE BUILDUP BEHAVIOR 
I N  GEYSERS STEAM WELLS 

C a l v i n  J. Strobe1 
Union O i l  Company 

1250 Coddington Center 
P.O.Box 6854 

Santa Rosa, CA. 95406 

The purpose o f  t h i s  paper i s  t o  i l l u s t r a t e  and d iscuss  p r a c t i c a l  
a p p l i c a t i o n  o f  p ressure  b u i l d u p  t e s t  theory  i n  The Geysers steam r e s e r v o i r .  
T h i s  f i e l d ,  l o c a t e d  i n  Sonoma County i n  Nor thern  C a l i f o r n i a ,  has i n s t a l l e d  
g e n e r a t i n g  c a p a c i t y  o f  522 MW. T o t a l  wi thdrawal  r a t e  i s  approx imate ly  
8.5 m i l l i o n  pounds per  hour f rom 93 w e l l s .  

The r e s e r v o i r  i s  n a t u r a l l y  f r a c t u r e d  greywacke, a very  competent rock  
w i t h  l o w  i n t e r s t i t i a l  p o r o s i t y  and p e r m e a b i l i t y .  I t  i s  underpressured, 
i n i t i a l  pressure be ing  approx imate ly  520 p s i a  a t  sea l e v e l  datum. S t a t i c  
p ressure  g r a d i e n t  i s  t h a t  o f  s a t u r a t e d  steam t o  t o t a l  depths reached t o  da te .  

Appl i c a t  ion  

P r a c t i c a l  a p p l i c a t i o n  o f  pressure b u i l d u p  a n a l y s i s  a t  The Geysers has 
been used t o  make q u a l i t a t i v e  i n t e r p r e t a t i o n s  about such t h i n g s  as f r a c t u r e  
geometry and boundary c o n d i t i o n s .  

Q u a n t i t a t i v e  es t imates  o f  r e s e r v o i r  p e r m e a b i l i t y  a r e  made on a r o u t i n e  
b a s i s .  Q u a n t i t a t i v e  e s t i m a t i o n  o f  p o r o s i t y  u s i n g  pressure b u i l d u p  a n a l y s i s  
r e q u i r e s  a very  a c c u r a t e  knowledge o f  r e s e r v o i r  geometry, so t h i s  
a p p l i c a t i o n  must be approached w i t h  c a u t i o n ,  s i n c e  t h e  r e s e r v o i r  i s  s t i l l  
be ing  d e l i n e a t e d  by e x p l o r a t o r y  d r i l l i n g .  

The pressure  b u i l d u p  can c o n v e n i e n t l y  be d i v i d e d  up i n t o  t h r e e  genera l  
p e r i o d s  for  purposes o f  d i s c u s s i o n :  ( 1 )  s h o r t - t i m e ,  ( 2 )  r a d i a l  f l o w ,  and 
( 3 )  l a t e - t i m e .  Dur ing s h o r t - t i m e ,  pressure b u i l d u p  i s  dominated by e i t h e r  
w e l l b o r e  s to rage and s k i n  e f f e c t ,  l i n e a r  f l o w  a long a f r a c t u r e  p lane,  o r  
a combinat ion o f  these. 
becomes a l i n e a r  f u n c t i o n  o f  t h e  l o g a r i t h m  o f  t ime. T h i s  semi- log s t r a i g h t  
p e r i o d  w i l l  be c a l l e d  r a d i a l  f l o w  fo r  purposes o f  d i s c u s s i o n  i n  t h i s  paper. 
A t  l a t e - t i m e ,  p ressure  depar ts  f rom semi- log s t r a i g h t  i n  vari0u.s ways 
depending upon boundary c o n d i t i o n s .  

A f t e r  these s h o r t - t i m e  e f f e c t s  d i e  o u t ,  p ressure  

Any o r  a l l  o f  t h e  above t h r e e  p e r i o d s  t y p i c a l  o f  p ressure  b u i l d u p  
behavior  a t  w e l l s t i n  The Geysers r e s e r v o i r  may be masked by such 
u n p r e d i c t a b l e  t h i n g s  as condensat ion i n  t h e  w e l l b o r e .  

Shor t  -T i me Behav i o r  

The s h o r t - t i m e  behavior  des ignated by s t r a i g h t  l i n e s  on F igs .  1 and 2 
commonly l a s t s  for  no more than a few minutes.  T h i s  da ta ,  recorded by 
hand u s i n g  a t e s t  gauge and a s top  watch, i s  v a l u a b l e  i n  c h a r a c t e r i z i n g  



f r a c t u r e  geometry and i n  d o i n g  t y p e  c u r v e  match ing t o  i d e n t i f y  t h e  proper  
semi- log s t r a i g h t  l i n e .  The we l l head  da ta  i s  conve r ted  t o  datum ( u s u a l l y  
m i d p o i n t  o f  steam e n t r i e s )  u s i n g  t h e  Cul lender-Smi th Method o f  c a l c u l a t i n g  
bot tomhole p ressu re  ( 1 ) .  

S h o r t - t i m e  b u i l d u p  behav io r  a t  The Geysers g e n e r a l l y  f a l l s  i n t o  one 
o f  t h e  two types:  ( 1 )  h a l f - s l o p e  as i n  F i g .  1 ,  and (2) u n i t  s lope ,  as i n  
F i g .  2.  Ramey ( 2 ) i d e n t i f i e d  t h e  s i g n i f i c a n c e  o f  these two types,  showing 
t h a t  u n i t  s l o p e  behav io r  i s  c h a r a c t e r i s t i c  o f  a w e l l  w i t h  s to rage  and s k i n ,  
and t h a t  h a l f - s l o p e  behav io r  i s  c h a r a c t e r i s t i c  o f  f l o w  a long  a l i n e a r  
f r a c t u r e  p lane .  U n i t  s l o p e  behav io r  i s  most common a t  The Geysers; 
however, f r a c t u r e d  w e l l s  commonly e x h i b i t  s to rage  e f f e c t s  w i t h  e a r l y  
behav io r  showing a n y t h i n g  f rom 1/2 t o  u n i t  s lope .  C e r t a i n  methods o f .  
a n a l y s i s  d iscussed i n  Reference 3 a r e  used t o  a v o i d  l a b e l i n g  a p a r t i c u l a r  
b u i l d u p  a s to rage  case when i t  i s  a c t u a l l y  a f r a c t u r e  case w i t h  s to rage .  

For p ressu re  b u i l d u p  a n a l y s i s  i n  w e l l s  e x h i b i t i n g  f r a c t u r e  f l o w ,  
Wat tenbarge r ' s  "double d e l t a  p" r u l e ,  d iscussed i n  Reference 3, has been 
used s u c c e s s f u l l y  t o  f i n d  t h e  s t a r t  o f  t h e  proper  semi- log s t r a i g h t  l i n e .  
A s  n o t i c e d  by Wattenbarger ( 4 1 ,  dimensionless p ressu re  a t  t h e  s t a r t  o f  t h e  
semi- log s t r a i g h t  l i n e  i s  app rox ima te l y  t w i c e  t h e  d imensionless p ressu re  a t  
t h e  t o p  o f  t h e  o n e - h a l f  s l o p e  l i n e .  T h i s  r u l e  a l s o  h e l p s  t o  d i f f e r e n t i a t e  
between f r a c t u r e  cases w i t h  w e l l b o r e  s to rage ,  and cases t h a t  a r e  o n l y  
s t o r a g e  and s k i n  e f f e c t  because i n  t h e  l a t t e r  case, a p p l i c a t i o n  o f  t h e  
"double d e l t a  p" r u l e  w i l l  l ead  t o  a p ressu re  d i f f e r e n c e  f o r  g r e a t e r  than 
p o s s i b l e  f o r  t h e  s t a r t  o f  a semi- log s t r a i g h t  l i n e .  A p p l y i n g  t h e  "double 
d e l t a  p" r u l e  t o  F i g .  2 shows t h a t  t h i s  b u i l d u p  m igh t  be a f r a c t u r e  case, 
even though i t  has a u n i t  s lope .  Comparison o f  t h i s  b u i l d u p  t o  t y p e  curves 
f o r  a v e r t i c a l l y  f r a c t u r e d  w e l l  hav ing  w e l l b o r e  s to rage  e f f e c t s  v e r i f i e d  t h a t  
t h i s  was a f r a c t u r e  case. 

Log- log graphs such as F i g s .  1 and 2 r e q u i r e  an a c c u r a t e  knowledge o f  
f l o w i n g  p ressu re  p r i o r  t o  s h u t - i n .  F low ing  p ressu re  measured a t  t h e  
we l l head  i s  g e n e r a l l y  n o t  d i r e c t l y  usab le  f o r  c o n s t r u c t i n g  a l o g - l o g  graph. 
T h i s  i s  because we l l head  f l o w i n g  p ressu re  r e f l e c t s  f r i c t i o n  p ressu re  l o s s e s ,  
and smal l  i n a c c u r a c i e s  i n  e s t i m a t i n g  f r i c t i o n  p ressu re  d rop  lead t o  v e r y  
s u b s t a n t i a l  changes i n  t h e  l o g - l o g  graph. The most u s e f u l  procedure f o r  
i d e n t i f y i n g  t h e  p roper  v a l u e  to  use f o r  g raph ing  has been t o  r e c o r d  s h o r t -  
t i m e  d a t a  a t  5-second i n t e r v a l s  f o r  t h e  f i r s t  m inu te  o f  t h e  b u i l d u p ,  t hen  
v i s u a l l y  i n s p e c t  t h e  d a t a  t o  de te rm ine  incrementa l  r i s e  i n  p ressu re  per  
5-second i n t e r v a l .  Best e s t i m a t e  o f  t h i s  can u s u a l l y  be made u s i n g  da ta  
beyond 10 seconds. Pressure a t  t i m e  ze ro  i s  t hen  c o r r e c t e d  t o  make i t  
c o n s i s t e n t  w i t h  t h e  observed incrementa l  p ressu re  r i s e  beyond 10 seconds. 

Rad ia l  Flow Behavior  

Pressure b u i l d u p  beyond t h e  s h o r t - t i m e  p e r i o d  i s  a l i n e a r  f u n c t i o n  o f  
t h e  l o g a r i t h m  o f  t ime .  F i g .  3,  showing t h i s  behav io r  f o r  a steam w e l l  a t  
The Geysers, d e s c r i b e s  a semi- log s t r a i g h t  l i n e  f o r  f i v e  l o g  c y c l e s .  
Q u a n t i t a t i v e  e s t i m a t e s  o f  p e r m e a b i l i t y - t h i c k n e s s ,  kh, made f rom graphs 
such as t h i s ,  g i v e  remarkably  c o n s i s t e n t  va lues  f rom t e s t  t o  t e s t  on a 
g i v e n  we1 1 .  
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The most p r e v a l e n t  problem w i t h  t e s t i n g  t h e  d r y  steam w e l l s  a t  The 
Geysers has been condensat ion,  which causes e r r a t i c  p ressu re  behav io r .  
I n  s e r i o u s  cases, we l l head  p ressu re  may even drop as t h e  w e l l b o r e  loads 
w i t h  water  condensat ion.  The da ta  s c a t t e r  on F i g .  3 i s  p robab ly  due t o  
condensat ion and r e v a p o r i z a t i o n  e f f e c t s .  F i g .  4 i s  a more d ramat i c  case, 
showing t h a t  a p a r t  o f  t h e  semi- log s t r a i g h t  l i n e  has been masked by these 
two-phase w e l l b o r e  e f f e c t s .  I n  v e r y  s e r i o u s  cases, a l ong  v a p o r i z i n g  
p e r i o d  may be m is taken  f o r  a semi- log s t r a i g h t  l i n e .  T h i s  m i s t a k e  can 
be avoided by comparing t h e  b u i l d u p  t o  t h e  a p p r o p r i a t e  l o g - l o g  t y p e  cu rve .  

The two-phase e f f e c t s  i l l u s t r a t e d  i n  F i g .  4 have been most common 
i n  w e l l s  s h u t - i n  o n ’ s m a l l  vents’, i . e . ,  1/2” o r  l e s s .  T h i s  problem i s  
e l i m i n a t e d  by do ing  t w o - r a t e  b u i l d u p  t e s t s .  The t w o - r a t e  t e s t s  r e q u i r e  
t h a t  t h e  w e l l  be choked back t o  a second r a t e  h i g h  enough t o  a v o i d  
condensat ion.  The p ressu re  b u i l d u p  a n a l y s i s  method, developed f rom 
Chapter 6 o f  Reference 5,  f o r  use a t  The Geysers, accounts f o r  t h i s  second 
r a t e ,  r e s u l t i n g  i n  t h e  a n a l y t i c  method shown on F i g .  5 .  The t w o - r a t e  
method g i v e s  r e s u l t s  t h a t  compare w e l l  w i t h  conven t iona l  b u i l d u p  t e s t s .  
For example, kh o b t a i n e d  f rom F i g .  5 was w i t h i n  13% o f  t h e  k h  v a l u e  o b t a i n e d  
on t h e  same w e l l  u s i n g  conven t iona l  b u i l d u p  t e s t  procedures.  

Late-Time Behavior  

When d ra inage  boundar ies o r  o t h e r  r e s e r v o i r  h e t e r o g e n e i t i e s  beg in  t o  
a f f e c t  p ressu re  b u i l d u p  a t  a w e l l ,  t h e  da ta  w i l l  no l onger  be a semi- log 
s t r a i g h t  f u n c t i o n  o f  t i m e .  Boundary c o n d i t i o n s  a t  The Geysers a r e  n o t  w e l l  
understood,  so t h a t  ou r  a n a l y s i s  o f  boundary e f f e c t s  on p ressu re  b u i l d u p  
must be c o n f i n e d  t o  q u a l i t a t i v e  comparisons w i t h  t ype  cu rves .  For example, 
t h e  t h e o r e t i c a l  behav io r  f o r  t h e  case o f  a v e r t i c a l l y  f r a c  u ed w e l l  i n  a 
c l o s e d  square ( F i g .  6)  was p u b l i s h e d  by G r i n g a r t e n ,  -- e t  a1 i 6 r .  T h e o r e t i c a l  
behav io r  f o r  t h e  system shown on F i g .  6, w i t h  un i fo rm f l u x  a l o n g  t h e  
f r a c t u r e ,  i s  i l l u s t r a t e d  on F i g .  7. The f i e l d  da ta  shown on F i g .  7, f rom 
a non-commercial w e l l  a t  The Geysers, matches a t ype  c u r v e  f rom t h e  f i r s t  
d a t a  p o i n t ,  recorded a t  10 seconds s h u t - i n  t ime ,  up u n t i l  a s h u t - i n  t i m e  
of  147 hours.  
t i m e  da ta .  F i e l d  cases o f  t h i s  t y p e  a r e  ex t reme ly  r a r e .  

F i g .  7 shows t h e  importance o f  r e c o r d i n g  a c c u r a t e  s h o r t -  

The most common t y p e  o f  l a t e - t i m e  behav io r  observed a t  The Geysers 
conforms t o  t h e  t h e o r e t i c a l  behav io r  f o r  t h e  d ra inage  system i l l u s t r a t e d  
i n  F i g .  8. T h i s  system, and t h e  corresponding t e curves shown on 
F i g .  9, a r e  f rom work pub l i shed  by Ramey, e t  a1 y y ) .  F i e l d  da ta  graphed 
on F i g .  9 f o l l o w  t h e  genera l  shape and t i m i n g  o f  events  c h a r a c t e r i s t i c  o f  
t h e  t y p e  curves;  d e v i a t i o n  o f  t h e  f i e l d  da ta  f rom t h e  t y p e  curves d u r i n g  
l a t e - t i m e  i s  p robab ly  due t o  t h e  condensat ion e f f e c t s  d iscussed e a r l i e r .  
The t y p e  curves s h i f t  upward and t o  t h e  r i g h t  c o r r e s p o n d i n g l y  as p roduc ing  
t i m e  p r i o r  t o  s h u t - i n  i s  increased. T h i s  behav io r ,  p e c u l i a r  t o  systems 
w i t h  s t r o n g  p ressu re  suppor t ,  i s  e x h i b i t e d  by most w e l l s  i n  The Geysers 
r e s e r v o i r .  

Type c u r v e  matches, such as F i g .  9, can be used t o  make r e l i a b l e ,  
q u a n t i t a t i v e  es t ima tes  o f  r e s e r v o i r  po re  volume and p o r o s i t y ,  p r o v i d e d  t h e  
system i s  a t  i n i t i a l  c o n d i t i o n s  and l o c a t i o n  and n a t u r e  o f  d ra inage  
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boundar ies can be reasonably i d e n t i f i e d .  P r a c t i c a l  ap l i c a t i o n  o f  t h i s  has 

g e o l o g i c  and eng ineer ing  i n v e s t i g a t i o n s  must be a j o i n t  c o o p e r a t i v e  e f f o r t .  

been demonstrated i n  a n a t u r a l l y  f r a c t u r e d  gas f i e l d  ( 1 1. Obvious ly ,  

Concludina Remarks 

Pressure b u i l d u p  behavior  recorded a t  w e l l s  i n  The Geysers d r y  steam 
f i e l d  has been v a l u a b l e  i n  g a i n i n g  i n s i g h t  i n t o  r e s e r v o i r  mechanics. Modern 
w e l l  t e s t  a n a l y s i s  methods have been a p p l i e d  s u c c e s s f u l l y  t o  d e s c r i b e  f i e l d  
da ta  and e x t r a c t  p r a c t i c a l  i n f o r m a t i o n .  Bu i ldup t e s t i n g ,  however, i s  n o t  an 
end i n  i t s e l f ,  b u t  must be harmonized w i t h  o t h e r  eng ineer ing  and g e o l o g i c a l  
methods. A n a l y s i s  o f  p ressure  b u i l d u p  behavior  a long w i t h  g e o l o g i c  
i n f o r m a t i o n ,  i s  a l o g i c a l  f i r s t  s tage o f  a n a l y s i s  l e a d i n g  t o  more 
s o p h i s t i c a t e d  methods such as r e s e r v o i r  s i m u l a t i o n  u s i n g  d i g i t a l  computers. 

Nomenclature 

L = F r a c t u r e  
P = Pressure 
T = F lowing T 

AT = S h u t - i n  T 
W = Flow Rate 

ength,  w e l l b o r e  t o  t i p  

me 
me 

1 bs/hr  
XE = L i n e a r  Dis tance,  boundary t o  boundary 
X F  = L i n e a r  Dis tance,  f r a c t u r e  t i p  t o  t i p  

Subscr i p t s  

D = Dimensionless 
TF = Wellhead f l o w i n g  
TS = Wellhead s h u t - i n  
WF = Bottomhole f l o w i n g  
WS = Bottomhole s h u t - i n  
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A R E S E R V O I R  ENGINEERING STUDY I N  GABBRO ZONE 
(NORTHERN PART OF LARDERELLO FIELD) 

Gabbro zone, l o c a t e d  n o r t h  o f  t h e  o l d  geothermal f i e l d  o f  
L a r d e r e l l o ,  was exp lo red  a f t e r  1960 by seve ra l  w e l l s ,  as shown 
i n  F i g .  1 .  

The geology of t h e  area can be summarized by g roup ing  t h e  
d i f f e r e n t  t e r r a i n s  i n t o  t h r e e  main complexes as f o l l o w s .  

1 .  A n  upper complex, c o n s i s t i n g  o f  Neogenic d e p o s i t s ,  and 
a l l och thonous  f l y s c h  f a c i e s  f o r m a t i o n s  w i t h  o p h i o l i t e s  
(Jurass ic-Eocene) ,  Because o f  i t s  p redominan t l y  a r g i l -  
laceous n a t u r e ,  t h i s  complex i s  p r a c t i c a l l y  impermeable. 

2. A d i s c o n t i n u o u s  l a y e r  represented by b r e c c i a t e d  carbon- 
a t e  rocks  a s s o c i a t e d  w i t h  e v a p o r i t i c  d e p o s i t s  ( T r i a s ) ,  
c h a r a c t e r i z e d  by h i g h  secondary p e r m e a b i l i t y .  

3 .  A lower complex,  consisting mainly o f  Triassic and 
Pa leozo ic  metamorphic c l a s t i c  f o r m a t i o n s  ( q u a r t z i t e s  
and $ h y l l i t e s ) .  I n  t h i s  case t o o  t h e  p e r m e a b i l i t y  
i s  t i e d  t o  t h e  e x i s t e n c e  o f  f r a c t u r e s .  

Gabbro zone rep resen ts  a s t r u c t u r a l  h i g h ,  separated f rom 
t h e  c u l m i n a t i o n  o f  t h e  main La rde re l l o -Cas te lnuovo  s t r u c t u r e .  

On t h e  E-NE s i d e ,  t h i s  s t r u c t u r e  bo rde rs  on an impor tan t  
d i r e c t  f a u l t  which,  on a r e g i o n a l  s c a l e ,  rep resen ts  t h e  western 
boundary o f  a l a r g e  t e c t o n i c  dep ress ion  t r e n d i n g  NW-SE (Era 
Graben). 

On t h e  n o r t h  s i d e  of t h e  Gabbro s t r u c t u r e ,  t h e  l a y e r  o f  
T r i a s s i c  b r e c c i a s  i s  l a c k i n g .  T h i s  i s  p robab ly  one cause o f  
t h e  decrease i n  p e r m e a b i l i t y  observed i n  t h e  n o r t h e r n  marg ina l  
zone. 

.n. 

C.N.R . ,  l s t i t u t o  l n t e r n a z i o n a l e  pe r  l e  R ice rche  Geotermiche, 
P i sa ,  I t a l y .  

$:::ENEL, Centro R ice rca  Geotermica, P i s a ,  I t a l y .  
.L .'. .L ,.,-,.ENEL, Gruppo M i n e r a r i o  L a r d e r e l  lo ,  L a r d e r e l  lo ,  I t a l y .  

- 150- 



Only a few w e l l s  were p r o d u c t i v e .  The ex tens ion  o f  
research  showed t h a t  t h e  h i g h  p r o d u c t i v i t y  zone (G1, G 3 ,  G6, Gg) 
i s  surrounded by d r y  o r  l o w  p r o d u c t i v i t y  w e l l s  ( F i g .  1 ) .  T h e r e f o r e  
i t  can be s a i d  t h a t  t h e  w e l l s  i n s i d e  t h e  c i r c l e  i n  F i g .  1 a r e  
producing f rom a r e s e r v o i r  c losed i n  on every s i d e  except  t h a t  
o f  t h e  o l d  L a r d e r e l l o  area. I n  p a r t i c u l a r ,  0% o f  p r o d u c t i o n  

G 1 ,  G 3 ,  G 6  and G9. 
i s  concent ra ted  i n  an area s m a l l e r  than 1 km 8 , i n c l u d i n g  w e l l s  

Other producing w e l l s  i n  t h i s  area a r e  SD2, G7, SD4,  G 4 ,  
G 8 ,  155. The non-commercial w e l l s  as, f o r  example, SD4,  G 4 ,  G 8 ,  
have been s h u t - i n  s i n c e  they were f i r s t  d r i l l e d .  

The producing w e l l s  d e l i v e r  superheated steam a t  a w e l l -  
head p6essure between 5 and 8 a t a  (kg/cm2a) and a t  a temperature 
o f  230 C. 
f l o w - r a t e  d e c l i n e s .  The f i r s t  w e l l s  d r i l l e d  n o r t h  o f  L a r d e r e l l o  
area where N . 1 5 5  and S V 9  which, a f t e r  t h e i r  s h u t - i n ,  reached 
t h e  pressures o f  25.8 and 25 a t a ,  r e s p e c t i v e l y ,  a t  wel l -head.  

T h i s  work se ts  o u t  t o  analyze s h u t - i n  p ressure  and 

The smal l  d i f f e r e n c e  between t h e  s h u t - i n  pressures o f  t h e  
two w e l l s  i s  n o t  s u r p r i s i n g  c o n s i d e r i n g  t h e i r  topographic  
p o s i t i o n ,  which i s  a long a l i n e  p a r a l l e l  t o  t h e  area c o n t a i n i n g  
t h e  producing w e l l s  o f  L a r d e r e l l o  and Castelnuovo f i e l d s .  

We can assume t h a t  t h e  isobars  of t h e  dra inage volume o f  
Lardere l lo -Caste lnuovo we 1s l i e  p a r a l l e l  t o  t h e  l i n e  j o i n i n g  
w e l l s  S V 9  and 155 and so he pressure  g r a d i e n t  has i t s  g r e a t e s t  
v a l u e  p e r p e n d i c u l a r  to  t h  s l i n e .  These c o n s i d e r a t i o n s  a r e  
conf i rmed ( F i g .  2) by t h e  v a l u e  (31  a t a )  o f  the  s h u t - i n  
pressure o f  Gabbro 1 w e l l  d r i l l e d  i n  1962, which i s  about 5 
a t a  more than t h e  s h u t - i n  p ressure  o f  w e l l  155 and a l s o  by 
s h u t - i n  pressures o f  w e l l s  G 3  and SD2, d r i l l e d  i n  1963. 

I n  t h a t  p e r i o d  t h e  s h u t - i n  pressure i n  t h e  o l d  L a r d e r e l l o  
area was 8 a t a  and t h e  f l o w - r a t e  i n  L a r d e r e l l o  f i e l d  was 
1500 t / h  a t  a d e l i v e r y  p ressure  o f  about 5 a t a .  

I t  appears f rom these c o n s i d e r a t i o n s  t h a t  Gabbro zone 
i s  d r a i n e d  by t h e  w e l l s  i n  o l d  L a r d e r e l l o  f i e l d .  

The development o f  p r o d u c t i o n  i n  Gabbro zone 
i n  F i g .  3 and t h e  pressure  d e c l i n e  i n  t h e  c losed we 
i n  F igs .  4 and 5. 

i s  shown 
1s i s  shown 

The wel l -head pressure  measurements f o r  w e l l  G 4  and G8 
a r e  n o t  comple te ly  r e l i a b l e  because t h e i r  behavior  i s  p robab ly  
a f f e c t e d  by t h e  e x i s t e n c e  o f  l i q u i d  water  i n s i d e  t h e  w e l l s  
( F i g .  4 ) .  

However, an i n t e r f e r e n c e  o f  G9 p r o d u c t i o n  on t h e  pressure  
t r e n d  i s  apparent .  
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The pressure  h i s t o r i e s  o f  SD2,  G7 and G9 a r e  a v a i l a b l e  
f o r  a l i m i t e d  p e r i o d  o f  t ime. 

F i g u r e  5 shows t h a t  SD2 p ressure  h i s t o r y  i s  a f f e c t e d  
by e x p l o i t a t i o n  o f  G6 and G9. 

We f i r s t  o f  a l l  t r i e d  a p p l y i n g  t h e  a n a l y s i s  methods used 
f o r  gas r e s e r v o i r s .  A s  t h e  a v a i l a b l e  da ta  a r e  i n s u f f i c i e n t  f o r  
d e f i n i n g  a r e l i a b l e  average r e s e r v o i r  p ressure  h i s t o r y ,  s h u t - i n  
pressures o f  t h e  i n d i v i d u a l  w e l l s  were p l o t t e d  versus cumula t ive  
p r o d u c t i o n  o f  t h e  e n t i r e  zone (F igs  6 and 7 ) .  
pressure  va lues,  w e l l  c o n d i t i o n s  and l o c a t i o n ,  we can assume 
t h a t  t h e  average pressure  o f  t h e  zone i s  h i g h e r  than G8 pressure  
and lower than S D 4  one. (As a m a t t e r  o f  f a c t ,  w e l l  G 6  has r e c e n t l y  
been s h u t - i n  f o r  two days and i t s  p ressure  reached 14.4 a t a ) .  
Furthermore, i n  the  f i n a l  s e c t i o n  a l l  t h e  curves appear t o  be 
p a r a l l e l  t o  one another .  The e x t r a p o l a t i o n s  o f  these curves t o  
1 a t a  g i v e  an e v a l u a t i o n  o f  steam reserves between 100 and 1 1 5  x 10 

Consider ing the  

9 
kg. 

To o b t a i n  an a l t e r n a t i v e  e s t i m a t e  o f  i n i t i a l  f l u i d  i n  p lace ,  
we analyzed t h e  f l o w - r a t e  d e c l i n e  curves.  

Assuming t h e  f o l l o w i n g  r a t e  and pressure  d e c l i n e  equat ions :  

-2 2 n 
Q = C(P -P ) 
- 
P = P.-KQ 

I ex 

Q = f l o w - r a t e  kg/h 

P = r e s e r v o i r  average pressure a t a  

P = f l o w i n g  pressure  a t a  

P .  = i n i t i a l  r e s e r v o i r  p ressure  a t a  

- 

I 

Qex = steam produced kg 

Q t o t  = i n i t i a l  steam i n  p l a c e  kg 

we o b t a i n ,  
2 

2 
1-A  2 R - R  

1 - B  1 -B 
(Q/Q,) = - - - 2 

A = P/P. 
I 

B = Pl/P. 
I = Qex’Qtot 

Q,, P a r e  Q and P a t  t = 0 1 
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To o b t a i n  t h i s  equat ion,  C and n a r e  supposed t o  
remain cons tan t  throughout  t h e  p r o d u c t i o n  per iod .  The va lues 
o f  n were taken f rom t h e  back-pressure t e s t s  performed a 
s h o r t  t ime a f t e r  t h e  w e l l s  blew o u t .  

To e s t a b l i s h  whether equat ion  ( 4 )  descr ibes  t h e  temporal 
e v o l u t i o n  o f  f l o w - r a t e  i n  t h e  w e l l s  examined, we p l o t t e d  t h e  
a c t u a l  va lues o f  l / n  versus t ime. 

(Q/Q, 1 
The diagram (Q/Ql) l / ”appear ing i n  t h e  f i g u r e  i s  due t o  

t h e  f a c t  t h a t  d e l i v e r y  pressures were cons iderab ly  lowered d u r i n g  
s h o r t  per iods  . 

The bes t  va lue  f o r  Qtot was chosen. 

A 10% 

Diagram 1n(Q/Ql)lin versus Pnt shows t h a t  p r o d u c t i o n  i n  

Qtot v a r i a t i o n  i s  e a s i l y  de tec ted  by t h i s  method. 

w e l l s  G 6  and G 9  c l e a r l y  i n t e r f e r e s  w i t h  t h e  p r e v i o u s l y  p roduc ing  
we1 1s. 

The i n t e r f e r e n c e  e f f e c t s  change t h e  dra inage volumes o f  
a w e l l  so t h a t  C i s  no longer  cons tan t  and t h e  equat ions no 
longer  v a l i d .  B e t t e r  r e s u l t s  w i l l  p robab ly  be gained by v a r y i n g  
C and n accord ing  t o  s u i t a b l e  c r i t e r i a .  

and an 
Q t o t  I n  o r d e r  t o  o b t a i n  an e v a l u a t i o n  o f  

i n d i c a t i o n  o f  t h e  e f f e c t  o f  a v a r i a t i o n  i n  n , t h e  a n a l y s i s  
was repeated u s i n g  n va lues cover ing  a l l  t h e  p o s s i b l e  range. 

The sum ot  Q f o r  a l l  t h e  w e l l s  i n  t h e  area i s  

70.10 kg, assuming n = 0.5, whereas, u s i n g  t h e  maximum v a l u e  
n = 1 f o r  a l l  t h e  w e l l s ,  

t o t  9 
becomes 130-109 kg. 

I Q t o t  

Thus an e v a l u a t i o n  o f  t h e  i n i t i a l  steam-in-place g i v e s :  

9 

9 
pressure  d e c l i n e  a n a l y s i s  : 100 f 115 x 10 kg 

f l o w - r a t e  d e c l i n e  a n a l y s i s :  70 + 130 x 10 kg  

These va lues a r e  i n  s u f f i c i e n t  agreement, c o n s i d e r i n g  t h e  
l i m i t s  o f  t h e  methods employed. However,’assuming t h a t  t h e  
r e s e r v o i r  was i n i t i a l l y  f i l l e d  w i t h  steam ( s p e c i f i c  volume o f  
0.07 m3/kg) and c o n s i d e r i n g  a p o r o s i t y  o f  5%, t h e  b u l k  volume 
should be 100 km3. 
r e s e r v o i r  depth should be 14 km. 

Since t h e  area concerned covers 7 km2, t h e  

From t h e  l a s t  c o n s i d e r a t i o n ,  t h e  hypothes is  o f  a c losed gas 
r e s e r v o i r ,  as assumed f o r  t h e  a n a l y s i s ,  does n o t  seem t o  work i n  our  
case, e s p e c i a l l y  i n  v iew of t h e  f a c t  t h a t  an unknown amount o f  f l u i d  
i s  f l o w i n g  from t h i s  area towards t h e  o l d  L a r d e r e l l o  zone. 

Some s o r t  o f  water  recharge, a feed ing  f rom deep s u b v e r t i c a l  
f r a c t u r e s ,  o r  t h e  i n i t i a l  presence o f  l i q u i d  and steam s imu l taneous ly  
i n  t h e  r e s e r v o i r ,  must be admi t ted.  
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F i g .  1 - Locat ion  of the  w e l l s  i n  L a r d e r e l l o  f i e l d .  Gabbro 
zone l i e s  w i t h i n  the  c i r c l e .  

1 :  producing w e l l s .  
2:  dry  o r  non-commercial w e l l s .  
3: Kh contours (Darcy m ) .  
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25.8 Ata iedi i d  
L arderello 

Cas refnuovo 

Fig .  2 - I n i t i a l  shu t - i n  pressures o f  the w e l l s  d r i l l e d  i n  
Gabbro zone. 
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Fig.  3 - Tota l  f l o w - r a t e  o f  the  w e l l s  i n  Gabbro zone du r ing  
1962-1975 peri 'od. Well No. 155 i s  no t  included. 

- 155- 



I 

.1 5 

G9 

Fig. 4 - G4-G8 well-head shut-in pressures versus time. 

Fig. 5 - SD4 - SD2 well-head shut-in pressures versus time. 
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A RESERVOIR ENGINEERING STUDY OF THE EAST MESA KGRA 

A. Spivak and L. F. Rice 
INTERCOMP Resource Development and Engineering, Inc.  

1201 Da i ry  Ashford, Su i te  200 
Houston, Texas 77079 

The East Mesa area i s  located on the east s ide  o f  the  Imper ia l  
Va l ley  approximately seven mi les  southeast o f  H o l t v i l l e  and 110 m i les  
east o f  the San Diego me t ropo l i t an  area. This  area p resen t l y  conta ins 
ten deep geothermal we l l s ,  f i v e  o f  which have been d r i l l e d  by the 
Bureau o f  Reclamation, th ree  by Republic Geothermal and two by Magma 
Power Company. Four o lde r ,  abandoned deep holes a r e  a l so  i n  the 
genera 1 a rea. 

Summarv 

The East Mesa Reservoir  has been analyzed from a r e s e r v o i r  
engineer ing p o i n t  o f  view us ing a three-dimensional Geothermal 
Reservoir  S imulat ion Model (1 ) .  The model t r e a t s  t r a n s i e n t  two-phase 
(steam-water) f l o w  i n  permeable rock and solves the energy and mass 
equat ions us ing  f i n i t e - d i f f e r e n c e  methods. 

The bas ic  ob jec t i ves  o f  the study were t o  determine the 
f o l l o w i n g :  

1 .  Expected r e s e r v o i r  l i f e  when f l u i d s  a t  temperatures grea ter  
than 3OO0F a re  produced a t  f l ow  ra tes  o f  

10,000 lb/min (600,000 lb /h r )  
100,000 lb/min (6,000,000 lb /h r )  

1,000,000 lb/min (60,000,000 l b / h r )  

2. Optimum product ion and i n j e c t i o n  we l l  spacing design f o r  the 
above f l ow  ra tes .  

Resul ts o f  the study showed tha t .under  c e r t a i n  assumptions con- 
cern ing  the  l eve l  o f  pe rmeab i l i t y  and the ex ten t  o f  the rese rvo i r ,  
a1 1 o f  the above ' ra te  ob jec t i ves  could be met f o r  a per iod  i n  excess 
o f  30 years.  

Basic Data 

1 .  Petrophysics and Geology 

Basic pet rophys ica l  cha rac te r i za t i on  o f  the  r e s e r v o i r  ( p o r o s i t y  
and pe rmeab i l i t y  d i s t r i b u t i o n )  were obta ined from the  f o l l o w i n g  
sources : 
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(a) flow test data from the five Bureau of Reclamation wells 
and the three Republic wells, 

(b) interwell interference data obtained by Lawrence Berkeley 
Laboratory using an ultra-sensitive pressure gauge, and 

(c) .analysis o f  all the log and core data in the Bureau of 
Reclamation and Republic wells. 

2. Subsurface Temperature Distribution 

A three-dimensional subsurface temperature distribution was 
determined by TRW using measured temperature profiles in deep 
wells and heat flow determinations in numerous shallow holes 
throughout the area. 

Two-Dimensional Areal Calculations 

A network ofo40 acre ( 1 3 2 0 '  x 1 3 2 0 ' )  grid blocks was set up 
to enclose the 300 F isotherm at a depth of 6000 ft. 
comprised 1 4  grid blocks in the x (east-west) direction and 20 grid 
b l o c k s  in the y (north-south) direction. A northwest-southeast 
fault was accounted for by zeroing interblock transmissibilities 
along a series of grid block interfaces approximating the fault. 
(See Figure 1. )  

The grid network 

A total thickness o f  1000' representing the interval from 
5000' to 6000' was simulated. This is approximately the interval 
i n  which all of the Bureau wells are completed with the exception of 
the 6-1 well which is cgmpleted below 6000'. 
in this interval is 355 F. 

The average temperature 

Heat lost to or gained from the rock volume above and below the 
interval being simulated i s  computed from the one-dimensional heat 
conduction equation: 

where 

Kob = r o c k  thermal conductivity (BTU/OF-ft-day) 

p = r o c k  density (lb/cu.ft.) 

C = r o c k  specific heat (BTG/lb-OF) 
P 

This equation is solved numerically in conjunction with the 
mass and energy balance equations. 
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I n  p r a c t i c e ,  the  over and underburden almost always supp l ies  
heat t o  the  rese rvo i r  i n  t h a t  i n jec ted  f l u i d  i s  almost always coo le r  
than the in -p lace  rese rvo i r  f l u i d .  Accord ing ly ,  the r e s e r v o i r  e i t h e r  
rema ns constant  i n  temperature o r  dec l ines ,  and as a r e s u l t ,  the  
heat f l u x  i s  from the  over and underburden i n t o  the  r e s e r v o i r .  I t  
shou d be noted t h a t  the  over and underburden heat supply i s  complete- 
l y  independent o f  heat suppl ied t o  the r e s e r v o i r  by convect ion.  

The two-dimensional s imu la t i on  runs were made under e i t h e r  o f  
two assumptions: The r e s e r v o i r  i s  c losed and l i m i t e d  t o  the  11,200 
acres o f  the  g r i d  model o r  the rese rvo i r  i s  e f f e c t i v e l y  i n f i n i t e  
so t h a t  the 11,200 acre  g r i d  model i s  o n l y  a p a r t  o f  a much la rge r  
hydro log ic  system. The p o r t i o n  o f  t h i s  system ou ts ide  the g r i d  w i l l  
be re fe r red  t o  as the "aqui fer ,"  a l though, s t r i c t l y  speaking, the 
t o t a l  system i s  an a q u i f e r  and the  g r i d  i s  s imply a reg ion  o f  
anomalous temperature. 

The pressure support suppl ied by the  a q u i f e r  t o  the  g r i d  has 
been ca l cu la ted  us ing the method of  Car ter  and Tracy (2) which i s ,  
i n  tu rn ,  an approximat ion of the  r igorous  superpos i t ion  c a l c u l a t i o n  
descr ibed by Van Everdingen and Hurst  (3 )  f o r  an i n f i n i t e  c i r c u l a r  
system. 

Product ion w e l l s  produce f l u i d  a t  an assigned r a t e  o r  what- 
ever the w e l l  i s  capable o f  producing aga ins t  a f lowing bottom- 
ho le  pressure of  1000 p s i ,  whichever i s  less.  I n  most cases, 
the  assigned r a t e  was 500,000 lb /h r .  For a water s p e c i f i c  g r a v i t y  
o f  1.02, 500,000 lb /h r .  i s  equ iva len t  t o  981 gpm o r  33,634 b a r r e l s  
per day. The product ion c a p a b i l i t y  o f  a w e l l  i s  ca l cu la ted  as 
f o l  lows: 

n n i  - 

where 

Q = flow rate (B/D)  

k = g r i d  blcck permeability (md) 
h = formation thickness (ft) 

pi, j , k  

r = wellbore radius (ft) 

= grid block pressure (psi) 
= flowing bottomhole pressure (psi) Pwf 

W 

= / A x *  A y  - 
IT re 

Ax = x-direction grid block dimension (ft) 
Ay = y-direction grid block dimension (ft) 
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Low Rate 

For t h e  low r a t e  case (600,000 l b / h r ) ,  one p roduc ing  w e l l  and 
one i n j e c t i o n  w e l l  were employed. The w e l l s  were i n  t h e  c e n t r a l  
p o r t i o n  o f  t h e  r e s e r v o i r ,  a d i s t a n c e  o f  1-1/4 m i l e s  a p a r t  A l l  o f  
t h e  produced f l u i d  was r e i n j e c t e d  a t  a temperature o f  200 F. The 
average r e s e r v o i r  p e r m e a b i l i t y  was 50 md. A f t e r  30 years,  t h e  
p r o d u c t i o n  w e l l  had sus ta ined  i t s  i n i t i a l  r a t e  and i n i t i a l  temper; 
a t u r e  o f  355OF. 
water  had o n l y  progressed approx ima te l y  1 /4  t h e  d i s t a n c e  between 
t h e  two w e l l s .  Resu l t s  f o r  t h i s  case were s i m i l a r ,  f o r  an average 
p e r m e a b i l i t y  o f  10 md. 

b 

The temperature f r o n t  c r e a t e d  by t h e  bank o f  200 F 

I n t e r m e d i a t e  Rate 

For t h e  i n t e r m e d i a t e  r a t e  case (6,000,000 l b / h r )  12 produc- 
t i o n  w e l l s  were employed. These w e l l s  were p laced  w i t h i n  t h e  cen- 
t r a l  p o r t i o n  o f  t h e  g r i d  model. For an average p e r m e a b i l i t y  o f  
50 md and assuming t h a t  t h e  system i s  i n f i n i t e ,  t h e  t o t a l  r a t e  
can be sus ta ined  f o r  a t  l e a s t  30 years.  I f  t h e  r e s e r v o i r  i s  c l o s e d  
and l i m i t e d  t o  t h e  11,200 ac res  w i t h i n  t h e  g r i d  model, t hen  t h e  
p r o d u c t i o n  r a t e  drops ve ry  r a p i d l y - a n d  w i t h i n  6 years t h e  average 
r e s e r v o i r  p ressu re  f a l l s  t o  t h e  l i m i t i n g  bot tomhole p ressu re  o f  
1000 p s i .  

W i t h  t w e l v e  i n j e c t i o n  w e l l s  l o c a t e d  around t h e  p e r i p h e r y  o f  
t h e  300 F con tou r  and t h e  t w e l v e  p r o d u c t i o n  w e l l s  i n  t h e  i n t e r i o r  
as b e f o r e ,  t h e  i n t e r m e d i a t e  r a t e  can be ma in ta ined  f o r  30 years.  
The c o o l i n g  caused by t h e  r e i n j e c t i o n  i s  l i m i t e d  t o  t h e  r e g i o n s  
immediate ly  around t h e  i n j e c t i o n  w e l l s  so  t h a t  t h e  p roduc ing  w e l l s  
remain e s s e n t i a l l y  a t  t h e  i n i t i a l  temperature o f  3 5 5 O F .  

0 

High  Rate 

For  t h e  h i g h  r a t e  case (60,000,000 l b / h r )  b o t h  p e r i p h e r a l  and 
p a t t e r n  i n j e c t i o n  were looked a t .  I n  t h e  p e r i p h e r a l  i n j e c t i o n  case, 
60 p roduc ing  w e l l s  were l o c a t e d  i n  t h e  c e n t r a l  p o r t i o n  o f  t h e  
r e s e r v o i r  and 60 i n j e c t i o n  w e l l s  were l o c a t e d  around t h e  p e r i p h e r y  
o f  t h e  3OO0F con tou r .  
p ressu re  was 1000 p s i  and t h e  i n j e c t e d  water  temperature was 200 F. 
For b o t h  t h e  10 md and 50 md case, t h e  p r o d u c t i o n  r a t e s  dropped 
r a p i d l y  a t  f i r s t  and then s t a b i l i z e d  a t  r a t e s  below t h e  d e s i r e d  
60,000,000 l b / h r .  These s t a b i l i z e d  r a t e s  were 48,000,000 l b / h r  
and 33,000,000 l b / h r  f o r  t h e  50 md and 10 md cases, r e s p e c t i v e l y .  
The s t a b i l i z e d  r a t e s  c o u l d  be h i g h e r  i f  a lower l i m i t i n g  bottom- 
h o l e  p ressu re  c o u l d  be t o l e r a t e d .  

0 
As b e f o r e ,  t h e  minimum f l o w i n g  bot tomhole 

Since t h e r e  was some q u e s t i o n  as t o  whether t h e  h i g h  r a t e  
case was f e a s i b l e  w i t h  p e r i p h e r a l  i n j e c t i o n ,  a s e r i e s  o f  p a t t e r n  
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i n j e c t i o n  cases was run .  For a l l  p a t t e r n  cases, a 5-spot p a t t e r n  was 
assumed. 

S i m u l a t i o n  runs were made f o r  5-spot  p a t t e r n s  w i t h  w e l l s  
d r i l l e d  on 20, 40 and 80 a c r e  spacing. A l l  runs were made u s i n g  a 
2-0 a r e a l  10 x 10 g r i d  f o r  1 /4  o f , a  5-spot.  P roduc t i on  and i n j e c t i o n  
r a t e s  were approx ima te l y  500,000 l b / h r  per  w e l l .  I n  each case, 
t h e  temperature o f  t h e  produced water  was determined as a f u n c t i o n  
o f  t ime.  For 80 a c r e  spacing, t h e r e  was no d e c l i n e  i n  t h e  temper- 
a t u r e  o f  t h e  produced water ,  even a f t e r  30 years.  
spac ing t h e  produced water  temperature dropped t o  250 F a f t e r  27 
years and f o r  20 a c r e  spacing, t h e  produced water  dropped t o  25OoF 
a f t e r  about 15 years.  (See F i g u r e  2.) 

FOL 40 a c r e  

A summary o f  t h e  Two Dimensional A rea l  C a l c u l a t i o n s  i s  
presented i n  Tab le  1. 

Two-Dimensional Cross-Sect ional  C a l c u l a t i o n s  

The two-dimensional  a r e a l  s i m u l a t i o n s  assume u n i f o r m  permea- 
b i l i t y  i n  t h e  v e r t i c a l  d i r e c t i o n .  I n  o r d e r  t o  l ook  a t  t h e  e f f e c t s  
o f  v e r t i c a l  h e t e r o g e n e i t y ,  a two-dimensional  x -z  c r o s s - s e c t i o n a l  g r i d  
was u t i l i z e d .  The g r i d  has fou r  l a y e r s  i n  t h e  v e r t i c a l  d i r e c t i o n  
and 19 columns i n  t h e  x - d i r e c t i o n .  F l u i d  was i n j e c t e d  a t  one end 
(x=1) and produced f rom t h e  o t h e r  end (x=19).  Thickness i n  t h e  y-  
d i r e c t i o n  decreases f rom t h e  c e n t e r  toward t h e  i n j e c t i o n  and produc- 
t i o n  ends t o  rep resen t  app rox ima te l y  t h e  shape o f  t h e  a rea  t h a t  
would be swept i n  a 5-spot p a t t e r n .  The d i s t a n c e  between t h e  p r o -  
d u c t i o n  and i n j e c t i o n  w e l l s  i s  933 f t .  corresponding t o  a 40 a c r e  
5-spot  ( w e l l s  d r i l l e d  on 20 a c r e  spac ing ) .  (See F i g u r e  3 . )  

The assumed r e s e r v o i r  t h i c k n e s s  i s  1000 f e e t  w i t h  t h e  t h i c k -  
ness o f  each l a y e r  be ing  250 f e e t .  The h o r i z o n t a l  p e r m e a b i l i t i e s  f o r  
t h e  fou r  l a y e r s  f rom t o p  t o  bot tom a r e  1 1 1  md, 54 md, 20 md and 15 
md, r e s p e c t i v e l y .  V e r t i c a l  p e r m e a b i l i t i e s  were ass igned as o n e - h a l f  
of t h e  h o r i z o n t a l  p e r m e a b i l i t i e s .  T h i s  p e r m e a b i l i t y  d i s t r i b u t i o n  was 
based on d a t a  f rom t h e  East Mesa 6-1 w e l l .  

P r o d u c t i o n  and i n j e c t i o n  r a t e s  were s e t  a t  125,000 l b / h r  f o r  
t h e  s imu la ted  one-quar te r  5-spot (500,000 l b / h r  f o r  t h e  f u l l  5 -spo t ) .  
For t h i s  case, t h e  p roduc ing  w e l l  temperature dropped t o  25OoF a f t e r  
about 12 years.  The p roduc ing  w e l l  temperature was c a l c u l a t e d  u s i n g  
t h e  temperatures i n  t h e  f o u r  l a y e r s  weighted by t h e i r  r e s p e c t i v e  k h ' s .  
A t  t h e  end o f  12 years,  t h e  t o p  Layer has a lmost  been comp le te l y  
swept by t h e  r e l a t i v e l y  c o l d  200 F i n j e c t i o n  water ,  whereas tempera- 
t u r e s  i n  t h e  bot tom two l a y e r s  remain g r e a t e r  than 300 F. F i g u r e  4 
shows t h e  temperature d i s t r i b u t i o n  a f t e r  f o u r  years,  

0 

I n  o r d e r  t o  i n v e s t i g a t e  t h e  e f f e c t s  of a c o n v e c t i v e  heat  source 
from below, t h i s  case was repeated w i t h  t h e  t o t a l  i n j e c t i o n  o f  
125,000 l b / h r  d i s t r i b u t e d  as f o l l o w s :  
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Figure 1 .  Grid for  Two-Dimensional Areal 
Calculations 

0 

--- 20-ACRE SPACING 
CROSS-SECTIONAL SIMULATION 

-- 20-ACRE SPACING 
CROSS-SiCTIONAL SIMULATION 
WITH HEAT RECdARGE 

Figure 2. Produced F l u i d  Temperature as a Function of Time 
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p PROOUCTlON WELL 

IL'ECTION 

Figure 3. Five-Spot Cress-Sectional S lmulat lon Gr id  

Figure 4. T m p e r a t u r e  Distribution Contour Map a t  1460 Days: 
Cross-Sectional Simulation 
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Table 1. Two Dimension Areal Simulation Summary 

Case 
NO. 

Pemeabi l i  t y  Fluid 
(Millidarcies) 1 Injection 

8 

9 

10 

11 

12 

50 

50 

10 

10 

10 

No 

No 

No 

No 

Peripheral 

High Flow Ratc (1.000,OOO l-,.nin) 

Peripheral 

l3  14 I 50 I Peripheral 

10 

1s 

16 

17' 

18 

50 

50 

50 

50 

Pattern 
20-acre spacinq 

Pattern 
20-acre spacing 

Pattern 
40-acre spacing 

Pattern 
80-acre spacing 

Aquifer 
Support 

Yes 

No 

Mo 

Yes 

Yes 

No 

No 

Yes 

No 

Yes 

No 

Yes 

Yes 

Yes 

- 

Reservoir 
Longevity 

Exceeds 30 years 

Less t h a n  15 years 

Exceeds 30 years 

Less than 30 years 

Exceeds 30 years 

Lrs: than 30 years 

Exceeds 30 years 

Exceeds 30 years 

Approx. 6 years 

Less t h a n  30 years 

Less t h a n  30 years 

Exceeds 30 years 

Approx. 6 years 

Exceeds 30 years 

Approx. 2 years 

Approx. 12 years 

Approx. 20 years 

Exceeds 30 years 

Notes 

Flow not sustained 

Flow not sustained 

Flow not sustained 

Flow not srist ined 

Flow not sustained 

Flow not sustained 

Flow decreases by 101 

F l w  not sustained 

Flow decreases by 20% 

Pressure not maintained 
Injected f lu id  voiurw not 

equa 1 to  produced f 1 u i  d 
volume 

Longevity 1 imi ted to 3OO0F 

Longevity 1 in l  ted t o  3OO0F 
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(a) 

( b )  

100,000 l b / h r  @ 2OO0F i n t o  t h e  i n j e c t i o n  w e l l ,  and 

25,000 l b / h r  @ 5OO0F a t  t h e  bottom, ha l f -way  between 
t h e  i n j e c t i o n  w e l l  and t h e  p r o d u c t i o n  w e l l .  

Performance i n  t h i s  case was c o n s i d e r a b l y  improved ove r  t h e  
preced i ng case. 
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S T U D I E S  ON THE 3-WELL R E S E R V O I R  SYSTEM I N  RAFT R I V E R  

J.  F. Kunze, R. C .  Stoker,  D. Goldman and L. G. M i l l e r  
EGEG 

Idaho Nat iona l  Engineer ing Laboratory 
Box 1625 

Idaho Fa1 I s ,  I D .  83401 

The geothermal r e s e r v o i r  a t  Raf t  R iver ,  Idaho, was pene- 
t r a t e d  w i t h  a t h i r d  deep w e l l  i n  the  sp r ing  of 1976. The informa- 
t i o n  deduced from t h i s  w e l l  and the  subsequent t e s t i n g  o f  a l l  three 
w e l l s  i s  presented i n  t h i s  repo r t .  Th is  supplements the  paper pre-  
sented a t  the 1975 Reservoir  Engineer ing conference ( l ) ,  which 
discussed i n  d e t a i l  the experiences w i t h  the  f i r s t  two w e l l s  (5000 
f t  and 6500 f t  deep, respec t i ve l y ,  4000 f t  a p a r t ) .  F igure  1 shows 
the  l o c a t i o n  o f  these w e l l s ,  and the p i p e l i n e  between them. 

The T h i r d  We1 1 

The t h i r d  w e l l ,  about 7000 f t  southeast of the  o the r  two, 
was d r i l l e d  w i t h  w a t e r  and ra the r  thoroughly  tes ted  on the way down 
u n t i l  i t  appeared the  resource o f  the  des i red  temperature had j u s t  
been entered. Casing was then i n s t a l l e d  (be fore  the  w e l l  became too 
d i f f i c u l t  t o  handle) and d r i l l i n g  proceeded i n t o  the resource again 
w i t h  water.  However, the w e l l  was i n i t i a l l y  a poor ( < l o 0  gal/min) 
producer from depth. 

I t  has been planned t o  d i g  severa l  channels a t  depths below 
Ca lcu la t ions  had in -  

0 
the casing, each a t  a 10 
d i ca ted  t h a t  up t o  50% increase i n  f l o w  might be expected i f  the  
second channel cou ld  be 300 t o  400 f t  separated from the  f i r s t  i n  
the  main producing zone. I t  was decided, never the less,  t o  t r y  the  
technique on t h i s  poor producer. S h o r t l y  a f t e r  beginning the  
second channel ( f rom 4500; f t  depth) ,  the  w e l l  began t o  produce 
s i g n i f i c a n t  a r t e s i a n  pressures.  Yet a t h i r d  channel was d r i l l e d ,  
and a f t e r  complet ion the  w e l l  developed a r t e s i a n  f lows o f  800 gpm 
(51 l i t e r s / s e c )  i n i t i a l l y .  Flow was 350 gpm when steam f l a s h i n g  
choked the  f l o w  i n  the  w e l l  bore. 

t o  15' angle away. 

( 1 )  Raft River  Geothermal Reservoir  Engineer ing and Well 
S t imu la t i on ,  J.  F. Junze, L. G .  M i l l e r ,  and R. C .  S toker ,  
page 117 o f  SGP-TR-12 ,  December 15-17, 1975 Conference. 
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Figure  2 shows a cross sec t i on  o f  t h i s  w e l l ,  i n  comparison 
w i t h  t h e  o ther  we l l s .  F igure  3 shows the  paths o f  the th ree  chan- 
ne l s  o f  the  t h i r d  w e l l ,  shown on a ho r i zon ta l  p r o j e c t i o n .  

Logging, Coring, and Reservoir  Analys is  

A f u l l  complement o f  the standard logs was taken on each 
w e l l .  Though neutron and sonic logs g i v e  some c l u e  ( a f t e r  the  
f a c t )  of  where the produc t ion  zones might be, there  i s  s t i l l  no 
r e l i a b l e  c o r r e l a t i o n  t o  use such logs t o  i n d i c a t e  producing 
regions p r i o r  t o  running product ion casing. 
f r a c t u r e  pe rmeab i l i t y ,  the  w e l l  must be l e f t  open ho le  o r  
s l o t t e d  cas ing i n s t a l l e d . )  Perhaps the  main d i f f i c u l t y  i s  t h a t  
t o  da te  i t  i s  no t  p o s i t i v e l y  known where the  producing zones are.  
Flow meters from a number o f  o rgan iza t ions  have f a i l e d  t o  work 
i n  the down ho le  environment. Re- in jec t i on  o f  co ld  water i n t o  
format ion has, where done, g iven c lues  from r e s u l t i n g  temperature 
logs where the  format ion i s  t ak ing  water. These might correspond 
t o  the producing zones. 

( I n  the  case o f  

A number o f  s imulated i n  s i t u  pe rmeab i l i t y  measurements 
w e r e  taken on the cores withdrawn. The r e s u l t s  va r ied  by several  
orders o f  magnitude, even from samples a f o o t  apa r t .  Th is  f u r t h e r  
supports the conten t ion  t h a t  the produc t ion  i s  from f r a c t u r e s  
and no t  from homogeneous pe rmeab i l i t y .  

Well down ho le  pressure response has been measured, both 
i n  the producing w e l l s  and i n  the o ther  two we l l s ,  f o r  several  
combinations o f  the  producing w e l l .  From the data the product 
o f  pe rmeab i l i t y  and r e s e r v o i r  th ickness has been ca lcu la ted ,  
where d e f i n i t i v e  r e s u l t s  were obta ined.  

Wel ls # l  and #2 communicate q u i t e  r e a d i l y  w i t h  each o the r ,  
w i t h  an observable pressure drop w i t h i n  s i x  hours o f  f l ow ing  
the  o ther  w e l l .  
o f  f l ow ing  the o ther  we l l  a t  400 gpm. 

Drawdown o f  3.6 ps i  was observed over a month 

On the  o the r  hand, w e l l  #3 appears t o  be communicating very 
poo r l y  w i t h  the  o ther  two. 
w e l l  # l  cont inuous ly  (180 t o  350 gpm) and w e l l  #2 i n t e r m i t t e n t l y  
(180 gpm f o r  4 weeks), the we l l  #3 observed o n l y  a t o t a l  drop o f  
1 . 3  p s i .  I t  a l s o  e x h i b i t s  no tab ly  d i f f e r e n t  chemistry than the  
f i r s t  two. RRGE #1 and ,#2 have 2000 gpm d isso lved s o l i d s ,  w h i l e  
RRGE #3  has near l y  tw ice  t h i s  amount. 

Over a two-month per iod  o f  f l ow ing  

Summary 

The Raf t  River  producing format ion i t s e l f  i s  t i g h t  ( low 
pe rmeab i l i t y )  except f o r  f rac tu res ,  which a r e  the  key t o  g e t t i n g  
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adequate p r o d u c t i o n  f r o m  i t s  w e l l s .  To t h e  e x t e n t  t h i s  area i s  
t y p i c a l  o f  western v a l l e y s ,  t h e  exper ience i n  d i s c o v e r i n g  and 
e x t r a c t i n g  t h e  resource i s  i n s t r u c t i v e .  S ince one never knows 
i n  advance where t h e  resource i s ,  d r i l l i n g  i t  w i t h  water  i s  
e s s e n t i a l .  Though d r i l l  stem t e s t i n g  should overcome t h e  e f f e c t s  
o f  a mud column, t h e  t e s t  i n v o l v e d  dangers o f  h o l e  c o l l a p s e  and 
may be t e s t i n g  a r e g i o n  o f  no f r a c t u r e s  (as occur red  i n  RRGE #2 
on a t e s t  o f  a 100 f t  column j u s t  above t h e  r e g i o n  t h a t  f i r s t  
s t a r t e d  produc ing) .  The advantage o f  a l i g h t  d e n s i t y  column o f  
d r i l l i n g  f l u i d ,  whether water  o r  aera ted  water ,  should n o t  be 
underest imated i n  a l l o w i n g  t h e  geothermal f l u i d  t o  e n t e r  t h e  
h o l e  d u r i n g  d r i  1 1  ing.  

The v a r i a b l e  n a t u r e  o f  t h e  d i s t r i b u t i o n  o f  t h e  f r a c t u r e s  
makes i t  a p p r o p r i a t e  t o  cons ider  m u l t i p l e  channe l ing  below t h e  
p r o d u c t i o n  cas ing .  Each such d i r e c t i o n a l l y  d r i l l e d  channel 
adds o n l y  10 to  15% t o  t h e  t o t a l  w e l l  c o s t ,  and can mean t h e  
d i f f e r e n c e  between a successfu l  producer and a f a i l u r e .  Such 
channels can i l s o  p r o v i d e  an increment t o  t o t a l  f l o w  i n  a 
homogeneous f o r m a t i o n  exceeding the  incremental  c o s t  increase.  

To date,  l o g g i n g  methods d u r i n g  d r i l l i n g  a r e  inadequate 
t o  t e l l  where t h e  resource i s .  The expense i s  u s u a l l y  p r o h i b i t i v e  
f o r  m a i n t a i n i n g  a d r i l l  r i g  over  t h e  w e l l  w h i l e  i t  i s  t e s t e d  
adequate ly  p r i o r  t o  a d e c i s i o n  on cas ing  t h e  w e l l  o r  d r i l l i n g  
f u r t h e r .  For t h i s  reason, a l i g h t  d r i l l i n g  f l u i d  t h a t  w i l l  n o t  
even t e m p o r a r i l y  b l o c k  t h e  f r a c t u r e s  i s  impor tant .  M u l t i p l e  
channe l ing  i n  t h e  case o f  R a f t  R iver  was undertaken i n  a 
r e l a t i v e l y  c o n s o l i d a t e d  reg ion ,  and t h e  use o f  o n l y  water  d i d  
n o t  i n v o l v e  problems o f  h o l e  s t a b i l i t y .  

The producing zones i n  the  w e l l s  have been i n f e r r e d  i n -  
d i r e c t l y  f rom temperature p r o f i l e s  taken a f t e r  t h e  r e - i n j e c t i o n  o f  
c o o l  water .  F u r t h e r  a t tempts  a t  use o f  f l o w  meters w i l l  be made. 
C u r r e n t l y ,  t h e  f o l l o w i n g  conc lus ions  about t h e  i n d i v i d u a l  w e l l s  
producing zones can be drawn: 

1 .  Var ious producing zones from 3700 to  4600 f t .  No 
p r o d u c t i o n  below 4600 t o  T.D. a t  5000 f t ,  t h i s  
l a t t e r  400 f t  be ing  q u a r t z i t e  and q u a r t z  monzonite. 

2. P r i n c i p a l  producing zones a t  4 4 0 0 ,  4 9 0 0 ,  5 2 0 0 ,  
5 8 0 0 ,  and 5900 f t .  E s s e n t i a l l y  no p r o d u c t i o n  below. 
The p r i n c i p a l  p r o d u c t i o n  appears t o  be a t  4400 and 
4900 f t ,  b e f o r e  reaching q u a r t z  monzonite. 

3 .  Product ion  f rom 4 5 0 0 ,  4 9 0 0 ,  5300 and 5400 f t  depths;  
most o f  these a r e  f r a c t u r e d  zones i n  t h e  Pre-Cambrian. 
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Re- in jec t i on  exper ience w i t h  the w e l l s  shows almost a 
d i r e c t  comparison w i t h  the produc t ion  f l ow  and pressure data,  i .e . ,  
400 ps i  pressure t o  r e - i n j e c t  1200 gpm t o  1500 gpm t y p i c a l l y .  
None o f  the  th ree  w e l l s  was designed s p e c i f i c a l l y  f o r  r e - i n j e c t i o n .  
Current preference i s  t h a t  such a w e l l  should consider regions 
o f  good pe rmeab i l i t y  not  on l y  i n  the main producing r e s e r v o i r  but  
somewhat above i t  i n  the  mix ing zones where a l ready lower tempera- 
t u r e  water e x i s t s .  Reduced pumping costs  f o r  r e - i n j e c t i o n  a r e  a 
major emphasis f o r  f u t u r e  e f f o r t s .  

None o f  the  w e l l s  has had the  oppor tun i t y  t o  be f u l l y  
developed f o r  long per iods o f  f low,  and l i kew ise  t o  be monitored 
t o  conf i rm the  deduced Theis Equation parameters repor ted above 
from shor t  f l o w  per iods.  The reason i s  s imple t h a t  environmental 
cons idera t ions  have necess i ta ted d isposing o f  the water i n  places 
o ther  than the sur face waterways. For a w h i l e  the  No. 2 w e l l  
was used t o  i n j e c t  over 8 m i l l i o n  ga l l ons  o f  cooled geothermal 
water t h a t  had been s to red  i n  the reserve p i t  f o r  a long per iod  
o f  t ime. Present ly  t h i s  w e l l  i s  being f lowed i n  at tempts t o  
r e s t o r e  i t  t o  i t s  former p roduc t ion  c h a r a c t e r i s t i c s .  Tables I 
and I I  l i s t  the c h a r a c t e r i s t i c s  known about the  w e l l s  a t  t h i s  
t ime. 

TABLE I 

NOMINAL WELL FLOW CHARACTERISTICS 
(Values i n  ga l lons/min o f  water)  

Ar tes i an 

Steady 
I n i t i a l ,  S ta te  Hot 

We1 1 Cold and F lashing Pumped - 
No. 1 600 350 + 870 w i t h  450 

f t drawdown 

No. 2 800 .,- 400 a - -- 
(200) " (350) 

--- No. 3 800 + 350 
-1. 

'' Recently, s ince  i t s  use t o  dispose of  8 m i l l i o n  ga l l ons  o f  
co 1 d wa t e r  . 
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TABLE I I  

WELLHEAD PRESSURE CHARACTERISTICS 

We1 1 Cond i t i o n  P ressu r e  - 
RRGE-1 

RRGE-2 

RRGE-3 

Cold 
Qu i escen t 
Hot 

Cold 
Quiescent 
Hot 

%50 p s i g  
146 p s i g  
175 p s i g  

%60 p s i g  
129 p s i g  
165 p s i g  

Cold %40 p s i g  
Quiescent  100 p s i g  
Hot 140 p s i g  



SCALING TESTS ON A SALTON SEA GEOTHERMAL B R I N E  

W .  F. Downs, H. L. Barnes and J .  D. R i m s t i d t  
Department o f  Geosciences 

The Pennsylvania S t a t e  U n i v e r s i t y  
U n i v e r s i t y  Park,  PA. 16802 

As p a r t  o f  t h e  Penn S t a t e  s c a l i n g  p r o j e c t  sponsored by t h e  
U. S .  Bureau o f  Mines, we designed a f i e l d  t e s t  t o  determine 
s c a l i n g  r a t e s  f rom homogeneous geothermal f l u i d s .  T h i s  techn ique  
has been used on t h e  concen t ra ted  b r i n e s  o f  t h e  S a l t o n  Sea K.G.R.A.  
The p r i n c i p l e  adopted for  t h e  t e s t  was t o  c o o l  t h e  b r i n e  a b r u p t l y  
t o  a c o n t r o l l e d  temperature and then t o  m a i n t a i n  f l o w  u n t i l  s u f f i -  
c i e n t  s c a l e  was d e p o s i t e d  t o  determine s c a l e  compos i t i on  and 
amount d e p o s i t e d  a l o n g  t h e  f l o w  path.  

F i g u r e  1 i s  a schematic diagram o f  o u r  exper imenta l  appa- 
r a t u s .  A s e l e c t e d  p r o p o r t i o n  o f  t h e  geothermal b r i n e  i s  mixed 
w i t h  i r r i g a t i o n  o r  o t h e r  water  a t  ambient temperatures t o  produce 
a mixed f l u i d  a t  t h e  r e q u i r e d  temperature.  The remainder o f  t h e  
geothermal b r i n e  f lows th rough  a smal l  heat  exchanger where i t  
i s  coo led  t o  t h e  chosen temperature and ma in ta ined  as a s i n g l e  
phase. The smal l -volume heat  exchanger ( F i g u r e  2) was c o n s t r u c t -  
ed f rom a two- foo t  l e n g t h  o f  s i x  inch-d iameter  p ipe .  Bo th  end 
p l a t e s  a r e  i d e n t i c a l  and c o n t a i n  p o r t s  f o r  e n t r y  and e x i t  o f  
b o t h  t h e  geothermal b r i n e  and t h e  c o o l i n g  f l u i d .  The b r i n e  i s  
quenched w i t h i n  a 2 5 - f o o t ,  h e l i c a l  c o i l  o f  1 / 4  inch-d iameter  
copper t u b i n g .  The c o i l  has a f o u r - i n c h  o u t s i d e  d iameter  wh ich  
g i v e s  each t u r n  a t o t a l  l e n g t h  o f  app rox ima te l y  one f o o t .  
Flow r a t e s  were determined by measur ing t h e  t i m e  t o  c o l l e c t  
measured volume o f  e f f l u e n t  i n  a b a r r e l .  

The b r i n e  from Magmamax I ( cou r tesy  o f  San Diego Gas and 

A c o n s t a n t  f l o w  r a t e  o f  1 f 0.1 g a l l o n s ' p e r  
E l e c t r i c  Company) was i n t r o d u c e d  i n t o  t h e  heat  exchanger a t  
225OC and 25 ba rs .  
m i n u t e  was ma in ta ined  f o r  t h e  f o u r  hour d u r a t i o n  o f  each run. 
Exper iments were repeated a t  i n t e r v a l s  o f  25OC f o r  quench tempera- 
t u r e s  between 225OC and 75'C. 
15 m inu tes  and f l o w  r a t e s  every h a l f  hour.  Due t o  s c a l i n g  w i t h i n  
t h e  tube  and f l u c t u a t i o n s  in t h e  f l o w  r a t e  o f  t h e  w e l l ,  minor  
p e r i o d i c  ad justments had t o  be made t o  m a i n t a i n  t h e  constancy 
o f  temperature and f l o w  r a t e .  Dur ing  t h e  course o f  i n d i v i d u a l  
exper iments,  t h e  c h l o r i d e  c o n t e n t  o f  t h e  incoming b r i n e  was moni- 
t o r e d  t o  determine whether upstream f l a s h i n g  was s i g n i f i c a n t l y  
a l t e r i n g  t h e  compos i t i on  o f  t h e  incoming b r i n e .  Any runs wh ich  
i n c l u d e d  f l a s h e d  b r i n e s  were d i sca rded .  Upon comp le t i on  o f  t h e  
exper iment ,  t h e  c o i l s  were removed, weighed and s t o r e d .  

Temperatures were mon i to red  eve ry  
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When t h e  e n t i r e  s u i t e  o f  c o i l s  were re tu rned t o  o u r  labora-  
t o r y ,  they were d r i e d  i n  a n i t r o g e n  stream, any e x t e r i o r  s c a l e  f rom 
t h e  c o o l i n g  f l u i d  was removed and t h e  c o i l s  were reweighed. F i g u r e  
3 i s  a p l o t  o f  t h e  t o t a l  weight  o f  t h e  c leaned c o i l  as a f u n c t i o n  
o f  quench temperature.  The maximum amount o f  s c a l e  was formed a t  
quench temperatures between 125 and 150°C. 
t h e  b r i n e  was o n l y  s l i g h t l y  supersaturated and a t  lower  tempera- 
t u r e s ,  t h e  r a t e s  o f  p r e c i p i t a t i o n  were s low enough t h a t  o n l y  a 
r e l a t i v e l y  smal l  amount o f  s c a l e  was p r e c i p i t a t e d  d u r i n g  f l o w  
through t h e  tube. 

A t  h i g h e r  temperatures,  

The c o i l s  were c u t  i n t o  i n d i b i d u a l  loops and t h e  d i s t r i -  
b u t i o n  o f  s c a l e  a long t h e  c o i l s  was determined by weighing.  
Several  s c a l e  samples f rom d i f f e r e n t  c o i l s  were mounted and 
analyzed by x - r a y  d i f f r a c t i o n ,  scanning e l e c t r o n  microscopy-- 
i n c l u d i n g  x - r a y  emiss ion spectroscopy, and s tandard p o l i s h e d  
s e c t i o n  mic roscop ic  techniques. Scales formed f rom t h e  S a l t o n  
Sea B r i n e s  a r e  a complex m i x t u r e  o f  carbonate,  s u l f i d e  and s i l i -  
c a t e  m i n e r a l s .  The m a j o r i t y  o f  t h e  s c a l e  i s  composed o f  Pbs and 
c o p p e r - i r o n  s u l f i d e  phases d ispersed i n  a carbonate m a t r i x - -  
l a r g e l y  a r a g o n i t e .  The c r y s t a l  h a b i t  o f  t h e  a r a g o n i t e  and t h e  
abundance o f  c o p p e r - i r o n  s u l f i d e s  i s  a f u n c t i o n  o f  b o t h  t h e  
r a p i d i t y  o f  t h e  quench and t h e  quench temperature.  

The r e s u l t i n g  e a s i l y  acqu i red  da ta  show t h e  dependence 
on temperature decrement and d is tance,  o f  t h e  amount and compo- 
s i t i o n  o f  s c a l e  t h a t  i s  l i k e l y  t o  form d u r i n g  geothermal develop-  
ment o f  a w e l l .  These da ta  app ly  t o  a f l u i d  o f  f i x e d  i n i t i a l  
compos i t ion  be ing  cooled,  e i t h e r  b e f o r e  o r  a f t e r ,  b u t  n o t  d u r i n g  
f l a s h i n g .  The k i n e t i c s  o f  f l a s h i n g ,  where v o l a t r t e  components 
a r e  p a r t i a l l y  removed, may be s i g n i f i c a n t l y  d i f f e r e n t  b o t h  i n  
r a t e s  and i n  composi t ion o f  r e s u l t i n g  scale.  F u r t h e r  exper iments 
have been designed t o  determine t h e  e f f e c t s  o f  f l a s h i n g  on t h e  
k i n e t i c s  o f  s c a l e  fo rmat ion .  
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FIGURE 3 .  Weight change o f  coils as a function of quench temperature. 
The 175°C experiment was duplicated and both values are plotted. 
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OPTIMAL MANAGEMENT OF A GEOTHERMAL R E S E R V O I R  

Kamal Golabi  and Char les R. Scherer 
U n i v e r s i t y  o f  C a l i f o r n i a  

Los Angeles, CA. 90024 

I n  a p r e s e n t a t i o n  t o  t h e  F i r s t  S t a n f o r d  Geothermal Workshop 
l a s t  year ,  we o u t l i n e d  t h e  b a s i c  ph i l osophy ,  assumptions and 
genera l  approach t o  f i n d i n g  an o p t i m a l  r a t e  o f  energy e x t r a c t i o n  
f rom a h o t  water  geothermal f i e l d .  I n  t h i s  paper, we p resen t  
t h e  e x p l i c i t  r e l a t i o n s h i p s  govern ing t h e  p h y s i c a l  processes and 
economic f a c t o r s  o f  ou r  model, as w e l l  as t h e  m o d i f i c a t i o n s  t o  
t h e  model t h a t  have been necessary t o  accommodate t h e  more s p e c i -  
f i c  a r t i c u l a t i o n  of these r e l a t i o n s h i p s .  The conceptual  m o d i f i -  
c a t i o n s  o f  t h e  e a r l i e r  model a r e  s u b t l e ,  b u t  o f  g r e a t  importance 
i n  making ou r  work more u s e f u l  f o r  geothermal resource management. 

T h i s  s tudy  i s  concerned w i t h  t h e  o p t i m a l  management, and 
i n  p a r t i c u l a r  t h e  o p t i m a l  t i m i n g  o f  energy e x t r a c t i o n  from a 
geothermal r e s e r v o i r .  For t h e  conc lus ions  o f  t h i s  o p t i m i z a t i o n  
problem t o  be mean ing fu l ,  t h e  a n a l y s i s  must be c a r r i e d  o u t  i n  
t h e  c o n t e x t  o f  a p a r t i c u l a r  hydro- thermal  model. Fur thermore,  
some assumption r e g a r d i n g  t h e  f u t u r e  v a l u e  o f  geothermal energy 
must be made. A c c o r d i n g l y ,  we adopt t h e  hydro- thermal  model 
developed by G r i n g a r t e n  and Sauty ( l ) ,  and assume t h a t  t h e  v a l u e  
o f  geothermal energy i s  known as a f u n c t i o n  o f  t i m e  and t h e  
q u a n t i t y  o f  t h e  e x t r a c t e d  energy. We n o t e  however t h a t  o u r  
o p t i m i z a t i o n  model can be m o d i f i e d  t o  accommodate o t h e r  hydro-  
thermal models such as t h a t  o f  Kasameyer and Schroeder, which 
combines f r a c t u r e d  and porous media f l o w  ( 2 ) .  I n  v iew  o f  t h e  
i nc rease  i n  t h e  a t t r a c t i v e n e s s  o f  geothermal energy f o r  space 
h e a t i n g  ( 3 , 6 ) ,  we a l s o  assume t h a t  t h e  e x t r a c t e d  energy i s  used 
, f o r  g e n e r a t i o n  o f  steam t o  be used f o r  t h i s  purpose. However, we 
a r e  w e l l  aware t h a t  t h e  h o t  b r i n e ,  depending on t h e  parameters 
o f  a p a r t i c u l a r  f i e l d ,  may be more economica l l y  u t i l i z e d  f o r  
some o t h e r  purpose (e.g. ,  e l e c t r i c  power g e n e r a t i o n ,  d i r e c t  
u t i l i z a t i o n  o f  h o t  water  f o r  domest ic and i n d u s t r i a l  use, m i n e r a l  
e x t r a c t i o n  and d e s a l i n a t i o n ) .  I n  t h i s  paper,  we r e s t r i c t  o u r  
a t t e n t i o n  t o  t h e  case where t h e  d e c i s i o n  has a l r e a d y  been made 
t o  use t h e  geothermal energy f o r  space h e a t i n g .  

The q u a n t i t y  o f  t h e  e x t r a c t e d  energy i s  a f u n c t i o n  o f  b o t h  
t h e  r a t e  a t  which h o t  b r i n e  i s  e x t r a c t e d  and t h e  degree t o  wh ich  
i t  i s  cooled b e f o r e  r e i n j e c t i o n  i n  t h e  r e s e r v o i r .  Hence, we 
seek an e x t r a c t i o n  r a t e ,  a r e i n j e c t i o n  temperature and an economic 
l i f e  t h a t  maximize t h e  n e t  d i scoun ted  v a l u e  o f  t h e  e x t r a c t e d  energy.  
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The Hydro-Thermal Model 

The hydro-thermal model adopted f o r  t h i s  study was 
developed by Gr ingar ten and Sauty ( 1 ) .  I t  assumes a pumped 
produc t ion  w e l l  f o r  a s i n g l e  phase sa tura ted  conf ined ho t  water 
a q u i f e r  w i t h  a recharge w e l l  as shown i n  F ig .  1 ( a c t u a l l y  each 
w e l l  can represent a c l u s t e r  o f  w e l l s ) .  Al though the  a q u i f e r  
i s  conf ined v e r t i c a l l y ,  i t  i s  assumed t o  extend h o r i z o n t a l l y  
t o  i n f i n i t y .  

. .  . L - *  - .  
. . .  h . . . . . .  * . . .  0 .  

produc t ion  Figure ' r echa rge  

F l u i d  i s  withdrawn a t  the r a t e  Q and recharged a t  the  same 
The temperature o f  ex t rac ted  f l u i d  a t  t ime t is Tot. r a t e .  

Recharged f l u i d  en ters  the  ground a t  temperature T . t  a t  t ime t. 
I 

The r e c i r c u l a t e d  f l u i d  i s  heated by the a q u i f e r  m a t r i x  from 
T i t  t o  Tot (and t h i s  tends t o  cool  the  m a t r i x ) .  
years (0 <t g ) ,  To =Too where TOO i s  the i n i t i a l  e q u i l i b r i u m  
temperature o f  the  unexp lo i ted  anomaly and 'I denotes the  t ime u n t i l  
reduced f l u i d  temperature "breaks through'' t o  the  produc t ion  w e l l .  
The breakthrough t ime i s  f u n c t i o n  o f  Q and i s  descr ibed by: 

For the f i r s t  T 
t 

where t i s  a dimensionless expression f o r  t ime, 
U 
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h i s  the  th ickness o f  the a q u i f e r ,  D the w e l l  separat ion,  Q the  
pumping r a t e  and p c and p c the heat capac i t i es  o f  the  aqu i fe r  
m a t r i x  and the  flu?d: respec t i ve l y .  Thus T ( Q )  i s  i nve rse l y  
p ropor t i ona l  t o  Q. 

f f  

The temperature a f t e r  breakthrough i s  g iven by a f u n c t i o n  
- 
g ( T r t , t / t  ) which g ives the r a t i o  o f  the temperature drop through 
the heat Exchanger experienced by the  b r i n e  a t  the t ime t, t o  the 
analogous drop a t  t ime zero:  

t t 

0 t 
- t 

= g (Ti 9 t/tJ 
To - Ti 

T - Ti 
0 

I t  can be e a s i l y  shown t h a t  the v a r i a t i o n  i n  T. t  i s  smal l .  Hence, 
we have used the  r e s u l t s  o f  the hydro-thermal hodel t o  approximate 
9 by a f u n c t i o n  g which assumes T does not  vary  w i t h  time. However, i 
a l t h o u t h  T.  may be assumed constant w i t h  t ime, i t s  va lue does 
a f f e c t  heat removed per  u n i t  o f  t ime ( f o r  a g iven Q), and hence 
discounted ne t  revenues. That i s ,  f o r  a g iven steam temperature, 
lower values o f  T.  y i e l d  g rea ter  heat f lows per t ime bu t  r e q u i r e  
more expensive heat exchangers and a l s o  cause the  a q u i f e r  t o  cool 
more r a p i d l y .  

I 

The expression f o r  g has been developed (5)  and i s  g iven  by 

g W t u )  = II 
-8.006t/tu 

+l. 368e U 
-0.656t /t 

+O. 337e U 
-0.0138t/t 

0.338e 

if t l T .  

drops exponent ia l  l y  toward T.  t h  Therefore,  a f t e r  the T year, To 
a t  a r a t e  g ( t / t u )  as shown i n  F igure  2. I 

U 
0 

E+ 

Q) 
Lc 
7 
U 
a 

.) 

t ime, t T Figure  2 



The Economic Model 

We have now described the fundamental relationship between 
temperature and time for a given Q. Since extractable energy is 
proportional to T 
of the resource. As TAt+Ti 
increases and there is a time when it is no longer economical to 
extract more heat. Since a certain amount of heat i s  lost in 
transfer and transmission, we need the difference between the 
production and injection temperatures to reTain greater than a 
prespecified number 6. Thus we will need L", the optimal lifetime 
o f  the project, to be no greater than L where L is such that 

ToL& - T. = 6 and is a decreasing function of 6. 

- T., it is possible to take Tot as the quality 
the cost of heat extraction (per BTU) 0 

6' 6 

1 

There are at least two ways to consider the value of the 
energy. The first is to assume that the value of the energy 
increases with time at the rate of ert where r is the (continuous) 
rate of increase of real (as opposed to inflated) energy price 
with time, i.e. P = P ert where P is the value of the energy 
at time t and P 
of energy. The second approach is to assume that demand for the 
energy is price sensitive, using the area under the demand curve 
as an index of willingness to pay, and hence benefit or value t o  
society. I f  demand y ,  i s  price dependent, then we can write: 

t is detgrmined by the cost of alternative sources 
0 

This can be mathematically inverted, yielding: 

p=f  -l ( y )  . 
Then willingness to pay f o r  yoBTU/hr, w(y ) is: 

0 

0 0 
increases with time so that 

t (yo) 
We will assume w 

For the first criterion, the basic optimization problem ( 8  ) is then 
1 
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e1 : 

L 

L 

0 

sub jec t  t o  

TL - Ti 2 - 6 
0 

Cfpf 
where Q i s  the  e x t r a c t i o n  ra te ,  T the breakthrough t ime, 
the  heat capac i ty  o f  the  b r ine ,  i the  d iscount  ra te ,  L the 
economic 1 i f e  of the p r o j e c t  and C(Q,Ti) the f u n c t i o n  desc r ib ing  
the annual c a p i t a l  and o p e r t i n g  costs.  

For the  second c r i t e r i o n  the problem ( 0  ) i s  
2 

e 2  : 

L 

- 1 C(Q,Ti)e-itdt 

0 
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sub jec t  t o  T L - T  > 6  
0 i =  

A study o f  the var ious  components o f  the  produc t ion  and sur face  
equipment has es tab l i shed the  r e l a t i o n s h i p  between the  capac i ty  
o f  each component and the dec i s ion  va r iab les .  By combining these 
r e l a t i o n s h i p s  w i t h  empi r i ca l  cos t  data, we have obta ined the 
f u n c t i o n  C enabl ing us t o  o b t a i n  opt imal  so lu t i ons  t o  problems 
0 and 0 . The components o f  C a re  cos ts  for w e l l s  and casing, 
pipes an$ p ipe  c leaning,  heat exchangers, we1 1 assembl ies ,  pumps 
and pump opera t ing  cos ts .  The pump cos t  i s  dependent bo th  on 
the  f l ow  r a t e  and the drawdown generated i n  the  produc t ion  w e l l ,  
which i s  i n  t u r n  dependent on the f l o w  ra te .  An important p a r t  
o f  the  cos t  f unc t i on  i s  the r e l a t i o n s h i p  between heat exchanger 
area A and e f fec t i veness  o f  exchange: 

1 

- W Q  
E = l - e  

where k i s  a constant.  We have combined t h i s  w i t h  the  d e f i n i t i o n  
o f  e f fec t i veness .  

t o  incorpora te  heat exchanger area and T i n t o  the  cos t  f unc t  
A l i n e a r  demand curve has been assumed t o  so lve  0 

i 
2 '  

A f i n a l  no te  on the  o p t i m i z a t i o n  model i s  t h a t  the max 
poss ib le  f low,  c, from each produc t ion  w e l l  i s  determined no t  
by pump technology, but  by the requirement t h a t  the f l o w  i n t o  
the  produc t ion  w e l l  be laminar i n  o rder  t o  be cons is ten t  w i t h  

on. 

mum 
o n l y  

t h e  
assumption o f  the  Gringarten-Sauty model. 
t o t a l  f l ow  Q, i s  achieved by us ing  a number o f  w e l l s  d r i l l e d  
reasonably apar t  from each o the r  t o  minimize pressure i n te r fe rence .  
Each o f  these w e l l s  has an upper bound o f  5 on capac i ty .  

Hence, we assume the  

P ropos ed Work 

The next s tep  i n  our study i s  a s e n s i t i v i t y  ana lys i s  i n -  
d i c a t i n g  the r e l a t i v e  importance o f  the  phys i ca l ,  cos t  and economic 
parameters o f  our model i n  determin ing the opt imal  p o l i c y .  
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A l o g i c a l  extens ion o f  our work i s  the  development o f  a 
dynamic dec i s ion  process i n  which the e x t r a c t i o n  r a t e  Q w i l l  be 
al lowed t o  vary w i t h  t ime. An e x t r a c t i o n  s t ra tegy  i s  then 
de f ined i n  terms o f  a vec tor  o f  pumping ra tes :  

QL) Q = (Q,, Q, ,........., 
t h  where Q i s  the pumping r a t e  i n  the t year. We w i l l  seek an 

opt imal  s t ra tegy  t h a t  maximizes the  t o t a l  d iscounted n e t  revenues. 
I n i t i a l  cons idera t ion  o f  t h i s  extens ion has shown t h a t  the  dynamic 
programming approach, suggested i n  l a s t  y e a r ' s  presentat ion,  i s  
no t  cons i s ten t  w i t h  the  Gr ingar ten & Sauty model. Th is  i s  because 
the  d e r i v a t i v e  o f  T w i t h  respect t o  t ( t>- r )  i s  dependent on the 
h i s t o r y  o f  Q (;.e. Qt-,, Qt-21 ......a,) i n  the Gr ingar ten and 
Sauty model. Th i s  dependence i s  e f f e c t i v e l y  precluded by the  
dynamic programming approach. The s o l u t i o n  t o  the m u l t i p l e  ex- 
t r a c t i o n  r a t e  problem i s  t he re fo re  no t  ye t  a t  hand. However, 
s ince m u l t i p l e  e x t r a c t i o n  p o l i c i e s  may have advantages f o r  the  
opt imal  management o f  geothermal resources, we in tend t o  consider 
t h i s  problem f u r t h e r .  Another 'extens ion would be t o  i nves t i ga te  
var ious geometries and spacing o f  product ion and recharge w e l l s .  
The geometry and we l l  separat ion no t  on l y  a f f e c t  the breakthrough 
t ime, bu t  a l s o  the hyd rau l i c  drawdown and hence pumping cos ts  
and produc t ion  we l l  capac i t i es .  Heat losses i n  sur face p i p i n g  
w i l l  a l s o  be considered i n  t h i s  extension. 

t 

0 

Our o p t i m i z a t i o n  model can be extended t o  cases where the 
ho t  b r i n e  i s  intended f o r  uses o the r  than space heat ing,  i n  
p a r t i c u l a r ,  e l e c t r i c  power generat ion.  
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PRELIMINARY ASSESSMENT OF A HOT DRY ROCK GEOTHERMAL 
ENERGY R E S E R V O I R  FORMED BY HYDRAULIC FRACTURING 

Hugh D .  Murphy, Robert G .  Lawton, Je f fe rson  W. Tester ,  
Robert M. P o t t e r ,  Donald W. Brown, and R. Lee Aamodt 

Los Alamos S c i e n t i f i c  Laboratory 
P .  0. Box 1663 

10s Alamos, N.M. 87545 

I f  a mass o f  r e l a t i v e l y  impermeable hot  rock can be h y d r a u l i c a l l y  
f r a c t u r e d  and i f  a heat e x t r a c t i o n  f l u i d  can be c i r c u l a t e d  through the 
f r a c t u r e  and recovered, apprec iab le amounts o f  energy can be ex t rac ted  from 
the  rock.  The Los Alamos Hot Dry Rock Geothermal Energy P r o j e c t  i s  designed 
t o  i nves t i ga te  and demonstrate t h i s  concept. A se r ies  o f  f i e l d  experiments 
have been c a r r i e d  ou t  a t  a s i t e  c a l l e d  Fenton H i l l ,  located on the  west 
f l a n k  o f  the  Va l les  Caldera i n  the Jemez mountains of nor the rn  New Mexico. 

I n  December, 1974, the  f i r s t  deep borehole, GT-2 was completed t o  a 
depth o f  2.929 km (9609) f t )  i n  g r a n i t e ,  where the temperature was 1 9 7 O C  
(386OF) .  
borehole, and a second borehole,  EE-1, was d r i l l e d  to complete the c i r c u -  
l a t i o n  loop, bu t  i t  f a i l e d  to  i n t e r s e c t  the f r a c t u r e  by about 8 m (26  f t ) .  
Communication between the  wel lbores was es tab l i shed by i n i t i a t i n g  a f r a c t u r e  
f rom EE-1. Th is  paper discusses some aspects o f  what has been learned about 
t h i s  dual f r a c t u r e  system by subsequent experiments. 

A hyd rau l i c  f r a c t u r e  was then created near the  bottom of  t h i s  

Permeation Studies and Minimum Ear th  St ress 

By assuming constant ,  one-dimensional, permeable f low i n t o  a homogeneous 
porous media w i t h  constant  p roper t i es ,  and by a l s o  assuming t h a t  the  h y d r a u l i c  
c o n d u c t i v i t y  o f  the  f r a c t u r e  i s  very l a r g e  compared t o  t h a t  o f  the  rock,  i t  
can be shown t h a t  i f  water i s  i n j e c t e d  i n  o a f r a c t u r e  a t  a constant  ra te ,  
q, the change i n  f r a c t u r e  pressure,  P, i s  : F 

( 1 )  P =  '.9p kA TT . . . . . . . . . . . . . . . . . .  
Because the  h y d r a u l i c  d i f f u s i v i t y ,  K, i s  

K = k/p . . . . . . . . . . . . . . . . . .  

the product o f  the  f r a c t u r e  area times the  square roo t  o f  pe rmeab i l i t y ,  
A&, i s  g iven by r e w r i t i n g  E q  1 .  

. . . . . . . . . . . . . . .  (3 )  
P A & =  2 
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T y p i c a l  data f o r  the  EE-1  f r a c t u r e  a r e  presented i n  F i g .  1 .  The 
exper iment was conducted by pumping i n t o  t h e  EE-1 w e l l b o r e  a t  a cons tan t  
r a t e  o f  2.1 L / s  (34 g a l / m i n ) ,  c o r r e c t e d  t o  downhole c o n d i t i o n s .  A good 
1 i near  f i t  t o  t h e  da ta  i s  ob ta ined on P versus 6 coord ina tes .  D e v i a t i o n  
o f  t h e  l a t e r  t ime da ta  from t h e  l i n e a r  f i t  i s  thought  t o  be due t o  pressure 
dependent p e r m e a b i l i t y ,  o r  a " leak"  f rom t h e  EE-1 f r a c t u r e  t o  t h e  GT-2 
f r a c t u r e  v i a  a f l o w  connect ion ,  as w i l l  be discussed. 

S ince - t h e  p o r o s i t y  o f  t h e  g r a n i t e  i s  l e s s  than 1%, t h e  mean compress- 
i b i l i t y ,  8 ,  i s  e s s e n t i a l l y  t h a t  o f  t h e  rock  which, based upon t h e  r e s u l t s  
o f  s o n i c  v e l o c i t y  logs ,  i s  es t imated  t o  be 2.7 x bar' l  (1.9 x 10'7psi-1; 
1 bar  = l o 5  N/m2 = 14.5 p s i ) .  
2OO0C, 2 and t h e  above va lues o f  and q, i t  can be shown t h a t  t h e  A& 
v a l u e  f o r  t h e  E E - 1  f r a c t u r e  a t  t h e  t ime t h i s  exper iment was conducted was 
2.2 x 1 0 - 5 m 3  (7.8 x 10-4cu f t ) .  
i n i t i a l  pore  pressure  o f  zero  ( t a k i n g  h y d r o s t a t i c  p ressure  as t h e  base1 i n e )  , 
t h e  Av'k d e r i v e d  i s  more p r o p e r l y  des ignated as ( A & ) o ,  where t h e  s u b s c r i p t  
represents  t h e  change i n  t h e  i n i t i a l  pore pressure.  

Using a v a i l a b l e  p r o p e r t i e s  o f  water  a t  

Since t h i s  r e s u l t  was ob ta ined w i t h  an 

I t  i s  found t h a t  va lues o f  (A&)" a r e  most u s e f u l  when they  a r e  
i n t e r p r e t e d  as a parameter which c h a r a c t e r i z e s  a f r a c t u r e .  Changes i n  
( A & ) o  i n d i c a t e  i r r e v e r s i b l e  changes i n  a f r a c t u r e ,  examples b e i n g  f r a c t u r e  
e x t e n s i o n  due t o  p r e s s u r i z a t i o n  o r  changes i n  k due t o  p o t e n t i a l  geochemical 
e f f e c t s  such as t h e  f o r m a t i o n  and p r e c i p i t a t i o n  o f  rock-water  i n t e r a c t i o n  
produc ts  or t h e  d i s s o l u t i o n  o f  rock  minera l  components, p a r t i c u l a r l y  s i l i c a  
(S  i o 2 ) .  

F ig .  2. A t  t h e  t o p  o f  t h i s  f i g u r e  a r e  i d e n t i f i e d  t h e  v a r i o u s  f l o w  
exper iments,  w h i l e  near t h e  bottom, t h e  maximum EE-1 wel lhead pressure  
achieved d u r i n g  each exper iment i s  i n d i c a t e d .  S ince t h e  c r e a t i o n  o f  t h e  
EE-1 f r a c t u r e  i n  October,  1975, i t s  ( A & ) d  has increased d u r i n g  severa l  
o f  these f l o w  exper iments.  Furthermore, these increases have been observed 
o n l y  when t h e  EE-1 pressure  has exceeded 90 t o  94 bars  (1300 t o  1360 p s i ) .  
Thus, i t  i s  b e l i e v e d  t h a t  these increases i n  (A&). a r e  due t o  increases i n  
A ( f r a c t u r e  ex tens ions)  and t h a t  t h e  f r a c t u r e  ex tens ion  pressure,  P,, i s  
approx imate ly  92 bars  (1330 p s i )  above h y d r o s t a t i c .  S ince  i t s  c r e a t i o n ,  
(A&). o f  t h e  GT-2 f r a c t u r e  has n o t  changed s i g n i f i c a n t l y .  
sus ta ined pressure  ever reached a t  t h e  GT-2 we l lhead was 91 bars (1320 
p s i ) ,  i .e . ,  below Pe. 
f r a c t u r e  has a p p a r e n t l y  n o t  changed, i n  s p i t e  of t h e  p o t e n t i a l  geochemical 
e f f e c t s  c i t e d  above. 

A h i s t o r i c a l  summary o f  t h e  ( A & ) o  f o r  b o t h  f r a c t u r e s  i s  presented i n  

The maximum 

The p e r m e a b i l i t y  o f  t h e  r o c k  surrounding t h e  GT-2 

I f  i t  i s  assumed t h a t  the  f r a c t u r e  extens ion,  p ressure  for  l a r g e  
f r a c t u r e s  i s  approx imate ly  equal t o  t h e  minimum e a r t h  s t r e s s  l e s s  hydro- 
s t a t i c  pressure,  t h e  va lue  o f  t h e  minimum ear ' th  s t r e s s ,  S , i n  t h e  EE-1 
and GT-2 f r a c t u r e s  i s  approx imate ly  375 bars  (5440 p s i )  02 50% o f  t h e  
overburden pressure,  S 1 .  

Pore Pressure Dependent P e r m e a b i l i t y  

The e f f e c t s  o f  pore  pressure  upon A& a r e  i n d i c a t e d  i n  F i g .  3 .  
r e s u l t s  were ob ta ined f rom an exper iment i n  which t h e  sequence o f  o p e r a t i o n s  
was t o  f i r s t  i n j e c t  water  i n t o  the  EE-1 f r a c t u r e  a t  a cons tan t  r a t e  u n t i l  

The 



a pressure o f  28 bars (400 p s i )  above h y d r o s t a t i c  was reached, and then 
ad jus t  the  f l o w  r a t e  such t h a t  t h i s  pressure was maintained constant  f o r  two 
hours. In  such a manner a new pore pressure was es tab l i shed i n  the  rock 
adjacent t o  the  f r a c t u r e  face. 
was repeated a t  the a d d i t i o n a l  pressure l e v e l s  shown on the  f i g u r e .  The 
s t a r t  o f  each new change i n  pressure l eve l  was taken as a new zero t ime 
and the  r e s u l t s ,  when p l o t t e d  versus &, y ie lded  s t r a i g h t  l i n e s  as shown. 
Using a mod i f ied  p r i n c i p l e  o f  superpos i t ion ,  the  A t c f o r  each increment of 
pressure can be ca l cu la ted  and the r e s u l t s  a re  i nd i ca ted  on the  f i g u r e .  As 
can be seen, inc reas ing  the  pore pressure from 0 t o  69 bars (1000 p s i )  above 
h y d r o s t a t i c  resu l ted  i n  a f a c t o r  o f  3.8 increase i n  A&-. 
change (pressure l e v e l s  were below the  f r a c t u r e  extens ion pressure) the 
pe rmeab i l i t y  apparent ly  increased by a f a c t o r  o f  15. 

Fol lowing the  two-hour "soak" the  procedure 

Since A d i d  no t  

Add i t i ona l  r e s u l t s ,  obta ined from another f l o w  experiment, i n d i c a t e  
t h a t  the pe rmeab i l i t y  increases even more sharp ly  (up t o  a f a c t o r  o f  80!) 
as the  pore pressure increases t o  83 bars (1200 p s i )  above h y d r o s t a t i c .  
These r e s u l t s  a re  q u a l i t a t i v e l y  s i m i l a r  t o  those o f  Brace, e t  a l .  3 f o r  
wes te r l y  g r a n i t e  and t o  those o f  Po t te r ,  -- e t  a l .  
I f  one i n t e r p r e t s  the  "e f fec t i ve "  s t ress  ho ld ing  microcracks c losed as 
s imply  the  d i f f e r e n c e  between the  e a r t h  s t ress  and the  pore pressure,  
then Brace, e t  a l .  3 have shown t h a t  reducing the  e f f e c t i v e  s t r e s s  by 
inc reas ing  the  pore p r e s s u r e  tends t o  open the microcracks,  lead ing  t o  
l a r g e  changes i n  the  e f f e c t i v e  pe rmeab i l i t y  o f  the  rock. 

f o r  GT-2 core specimens. 

F ig .  4 presents  a summary o f  a l l  the  data we have measured p e r t a i n i n g  
to pore-pressure-dependent pe rmeab i l i t y .  Included are  data from the  E E - 1  
f r a c t u r e ,  t he  present  GT-2 f r a c t u r e  ( roughly  centered a t  2.81 km) and an 
e a r l y ,  now- inact ive f r a c t u r e  i n  GT-2. E m p i r i c a l l y  we have found t h a t  t he  
square r o o t  o f  t he  r a t i o  o f  t h e  pe rmeab i l i t  a t  zero wellhead pressure t o  
the  permeabil i t y  a t  e leva ted  pressured, d, i s  reasonably 1 i near  w i t h  
pressure as shown. A value of  zero f o r  the r a t i o  m a t  the  i n t e r c e p t  
w i t h  the  abscissa mathemat ica l ly  imp l ies  i n f i n i t e  pe rmeab i l i t y  a t  the  face 
o f  the  f r a c t u r e  plane. A reasonable i n t e r p r e t a t i o n  would be t h a t  when the  
pressure approaches the maximum h o r i z o n t a l  component o f  e a r t h  s t ress ,  S 2 ,  
( t h e  in termediate e a r t h  s t ress ,  a1 igned h o r i z o n t a l l y  and para1 l e 1  t o  the 
f r a c t u r e  plane) the  e f f e c t i v e  s t ress  i n  the  S2 d i r e c t i o n  approaches zero 
w i t h  concomitant opening o f  m ic ro f rac tu res .  The l e a s t  squares l i n e  us ing  
the  e n t i r e  data se t  has the  equat ion:  

- -  ko - 1.00 - 0.0098 P(Bars) . . .  . . . . . . . . . (4)  k 
and the  ex t rapo la ted  pressure, a t  q= 0, o f  102 bars (1480 p s i )  above 
h y d r o s t a t i c  i s  be l ieved t o  be an es t imate  of  S2. Thus the  abso lu te  va lue 
of  S2 i s  about 390 bars (5660 p s i ) ,  o r  o n l y  15  bars above S3. 
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Nomenclature 

o f  g r a n i  t e  

i t y  o f  
amos 

A = Area (both sides) of fracture 
k = permeability of rock 
P = pressure change in the fracture 
?e = fracture extension pressure 
q = volumetric flow rate entering the fracture 
S l ,  S2, S3 = maximum, intermediate and minirnum compressive earth stress 
t 
B 
4- 
B f  
K 

Fr 
0 

= time 
= mean compressibility ('QBf + (1 - @)ar) 
= compressibil i ty of rock 
= compressibility of water 
= hydraulic diffusivity (= k/pp) 
= viscosity of water 
= porosity 
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FI ow EXPERIMENTS 
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F i g .  1 - Transient increase i n  well- 
head pressure due t o  water in jec t ion .  

F i g .  2 - Variation o f  (A&)o product. 
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F i g .  4 - Summary of  a l l  pore pressure 
dependent permeability data and ex- 
t rapola t ion  to  intermediate principal 
s t r e s s .  

Fig. 3 - Transient pressure increases 
a t  elevated pore pressures. 
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FLUID FLOW THROUGH A LARGE VERTICAL CRACK IN THE EARTH'S CRUST 

J. Weertman 
Departments o f  M a t e r i a l s  Science & Eng ineer ing  and Geo log ica l  Sciences 

Nor thwestern U n i v e r s i t y ,  Evanston, 1 1 1 .  60201 
S. P .  Chang 

Eng ineer ing  Sciences Department, Nor thwestern U n i v e r s i t y  

I n  t h i s  i n v e s t i g a t i o n ,  we a r e  p r i m a r i l y  concerned w i t h  model ing 
f l u i d  f l o w  th rough  v e r t i c a l  c racks  t h a t  were c r e a t e d  f o r  t h e  purpose o f  
e x t r a c t i n g  heat  f rom h o t ,  d r y  r o c k  masses. The b a s i c  e q u a t i o n  f o r  
t h e  two-dimensional  problem o f  f l u i d  f l o w  th rough  a c r a c k  i s  p resen ted  
and an approx imate s o l u t i o n  i s  found. The b a s i c  e q u a t i o n  i s  a non- 
l i n e a r ,  Cauchy-s ingular  i n t e g r o - d i f f e r e n t i a l  equa t ion .  Modera te l y  
s i m p l e  formulae f o r  t h e  c r a c k  opening d isp lacement  and t h e  e f f e c t i v e  
p ressu re  d i f f e r e n c e  between t h e  c r a c k  t i p s  a r e  d e r i v e d .  The r e s u l t s  
a r e  v a l i d  f o r  a r b i t r a r y  v e r t i c a l  c racks ,  p r o v i d e d  t h a t  t h e  f l u i d  
i n j e c t i o n  and removal p o i n t s  a r e  n o t  p laced  t o o  c l o s e  t o  t h e  c r a c k  
t i p s .  (A  more complete t rea tmen t  o f  t h i s  problem i s  g i v e n  by us i n  
a paper t o  appear i n  t h e  Jou rna l  o f  Geophysical Research.) 

The Bas ic  Equa t ion  

Consider a v e r t i c a l ,  l i q u i d - f i l l e d ,  two-dimensional  c r a c k  t h e  
c e n t e r  o f  which,  a t  y = 0, i s  assumed t o  be a t  a depth below t h e  
e a r t h ' s  s u r f a c e  t h a t  i s  l a r g e  compared w i t h  t h e  h a l f  h e i g h t  L o f  t h e  
c r a c k .  L e t  D(y) rep resen t  t h e  c r a c k  opening d isp lacement  a t  t h e  
v e r t i c a l  d i s t a n c e  y f rom t h e  c r a c k  c e n t e r .  D(y) i s  determined by 
t h e  f o l l o w i n g  n o n l i n e a r ,  Cauchy-s ingular  i n t e g r o - d i f f e r e n t i a l  equa t ion :  

L L 
B ( y ' ) d y ' + L r  *.- - - 2rr(l-v) s y-y' l l ( 1 + 2 G )  Y Y-Y 

-L -L 

where B (y )  = -dD(y) /dy,  PO i s  t h e  overburden p ressu re  w i t h i n  t h e  r o c k  
mass a t  y = 0, P b  i s  t h e  h y d r o s t a t i c  p ressu re  w i t h i n  t h e  l i q u i d  a t  
y = 0, T ( y )  i s  any t e n s i l e  o r  compressive t e c t o n i c  s t r e s s  component 
w i t h i n  t h e  r o c k  mass whose a x i s  i s  p e r p e n d i c u l a r  t o  t h e  c r a c k  p lane,  
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p i.s t h e  d e n s i t y  o f  r o c k  and p '  i s  t h e  d e n s i t y  o f  t h e  l i q u i d ,  g i s  
t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n ,  P I 9  i s  t h e  component o f  t h e  pressure  
g r a d i e n t  w i t h i n  t h e  l i q u i d  t h a t  d r i v e s  f l u i d  f l o w ,  v i s  Po isson 's  
r a t i o ,  p i s  t h e  shear modulus and X i s  t h e  o t h e r  Lam6 c o n s t a n t ,  
and 
exer ted  p a r a l l e l  t o  t h e  c r a c k  faces t h a t  i s  produced when f l u i d  
f lows through t h e  c rack .  

~ ( y ) ,  which i s  equal t o  -P Ig(y )D(y) /2 ,  i s  t h e  shear s t r e s s  

When t h e  f l u i d  f l o w  i s  laminar  and when the  c rack  faces a r e  
n e a r l y  p a r a l l e l  t o  each o t h e r ,  t h e  pressure  g r a d i e n t  P '  i s  equal  t o  
o r  very  n e a r l y  equal t o  (Batche lo r ,  1967) 9 

where rl i s  t h e  v i s c o s i t y  o f  t h e  f l u i d  and V i s  t h e  volume o f  f l u i d  
t h a t  moves pas t  t h e  p o i n t  y i n  u n i t  t i m e  per  u n i t  l e n g t h  o f  c rack .  
I n  t h e  cases of i n t e r e s t  t o  us ,  t h e  f l u i d  f l o w  w i l l  always be laminar  
or  n o t  s t r o n g l y  t u r b u l e n t .  

I t  i s  u n l i k e l y  t h a t  f l u i d  used t o  e x t r a c t  geothermal energy 
from a v e r t i c a l  c r a c k  i n  a h o t ,  d r y  r o c k  mass would be i n j e c t e d  
e x a c t l y  a t  t h e  lower c r a c k  t i p  and removed e x a c t l y  a t  t h e  upper 
c r a c k  t i p  ( o r  v i c e  v e r s a ) .  
which water  i s  i n j e c t e d  a t  y = - L '  and i s  removed a t  y = L '  where 
L' c L .  
Eq. ( 1 )  can be w r i t t e n  as (on i n s e r t i n g  Eq. (2 )  i n to  E q .  ( 1 )  and 
a l s o  u s i n g  t h e  r e l a t i o n s h i p  

A more r e a l i s t i c  s i t u a t i o n  i s  one i n  

I n  t h i s  s i t u a t i o n ,  P I g  = 0 i n  t h e  r e g i o n  L I S  I y I  sL. Thus, 

2 ~ ( y )  = D ( y ) P I g ( y ) ) .  

L L' 

where H i s  t h e  Heav is ide  s t e p  f u n c t i o n .  

S o l u t i o n  by L i n e a r i z a t i o n  

An approx imate s o l u t i o n  o f  Eq. (3)  may be ob ta ined by s e t t i n g  
up a p e r t u r b a t i o n  scheme and s o l v i n g ,  w i t h  i n c r e a s i n g  l a b o r ,  t h e  
r e s u l t i n g  equat ions.  However, a reasonably  good approximate s o l u t i o n  
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can be found by u s i n g  t h e  f o l  owing s imp le  p h y s i c a l  arguments. The 
c r a c k  opening d isp lacement  i s  n o t  a r a p i d l y  v a r y i n g  q u a n t i t y  near 
t h e  c e n t e r  o f  t h e  c rack .  Fur hermore, t h e  i n t e g r a l  terms on t h e  r i g h t -  
hand s i d e  o f  Eq. (3 )  can be shown, a p o s t e r i o r i ,  t o  be r e l a t i v e l y  
smal l  i n  magnitude compared w i t h  t h e  o t h e r  terms f o r  any reasonable 
va lues  o f  V. The re fo re ,  i f  t h e  v a l u e  o f  L '  d i f f e r s  a p p r e c i a b l y  f rom 
t h e  v a l u e  o f  L, which we now assume i t  does, t h e  c r a c k  opening 
d isp lacement  D(y) i n  t h e  two i n t e g r a l s  i n  q u e s t i o n  may be cons ide red  
t o  have a c o n s t a n t  v a l u e  i n  a f i r s t  app rox ima t ion .  I t  w i l l  be obv ious  
l a t e r  t h a t  t h e r e  w i l l  be no need t o  c a r r y  t h e  s o l u t i o n  t o  a h i g h e r  
app rox ima t ion  i n  which D(y) i s  n o t  cons ide red  t o  be a c o n s t a n t  i n  
t h e  two i n t e g r a l s .  We a l s o  assume t h a t  t h e  t e c t o n i c  s t r e s s  T ( y )  i s  
equal  t o  a c o n s t a n t  and i s  independent o f  t h e  v a r i a b l e  y .  

Under these assumptions t h e  c r a c k  opening d isp lacement  D(y) i s  
found t o  be 

2 F  2 f J  
2 2 %  2 2 %  - 2L'ylogl {L -y ) +(L -L' ) V{(L -y  ) *-(L -L' 1 1 

where f o r  I y I > L  t h e  d isp lacement  D ( y )  = 0. The term D i s  equal  t o  
C 
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and i s  n o t  a f u n c t i o n  o f  V and q . 
The c r a c k  opening displacement D(y) produces s t r e s s  s i n g u l a r i -  

t i e s  a t  t h e  c r a c k  t i p s .  The t e n s i l e  s t r e s s  T '  a c t i n g  across t h e  
c r a c k  p lane j u s t  ahead o f  t h e  c rack  t i p  i s  equal t o  

where r ( < < L )  i s  t h e  d i s t a n c e  measured f rom a c rack  t i p  and K i s  
t h e  s t r e s s  i n t e n s i t y  f a c t o r  which i s  d e f i n e d  as t h e  l i m i t  

where t h e  + s i g n  i s  used i n  t h e  l i m i t  of y - L ( K  a t  upper c r a c k  
t i p )  and t h e  - s i g n  when y+ -L (K a t  lower t i p ) .  On s u b s t i t u t i n g  
E q .  ( 5 )  i n t o  Eq. (8) t h e  f o l l o w i n g  va lues  o f  t h e  s t r e s s  i n t e n s i t y  
f a c t o r  a r e  found: 

For t h e  s i t u a t i o n  i n  which V = 0, t h e  longes t  p o s s i b l e  c r a c k  
h a l f  h e i g h t  t h a t  can e x i s t  w i t h o u t  K 
a g i v e n  v a l u e  o f  (T-P +PI )  i s  equal ' to 

t a k i n g  on n e g a t i v e  va lues  f o r  

0 0  

L = 2 (T-Poi Pi) /g(p-p ' )  . 

A c r a c k  o f  t h i s  l e n g t h  has a displacement a t  y = 0 equal t o  

The s t r e s s  i n t e n s i t y  f a c t o r  i s  equal t o  

(9) 
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when K = 0. I f  K i s  equal  t o  o r  l a r g e r  than t h e  c r i t i c  v a l u e  K 
f o r  c rack  propagat ion,  t h e  c r a c k  w i l l  propagate t o  t h e  upper s u r f s c e  
by break ing  rock  open a t  t h e  upper t i p  w h i l e  s imu l taneous ly  c l o s i n g  
i t s e l f  up a t  t h e  lower t i p  (Weertman 1971a, 1971b, 1973; Secor and 
Pol  l a r d  1975). 

t 

Now cons ider  t h e  case i n  which V i s  n o t  zero.  Because 
Dc<<L, i f  can be shown (Weertman and Chang) t h a t  t h e  terms t h a t  
c o n t a i n  t h e  f a c t o r  n / ( h + 2 u )  i n  Eqs. (4) and (8 )  can be dropped f rom 
these equat ions w i t h o u t  i n t r o d u c i n g  any a p p r e c i a b l e  e r r o r .  I t  can 
f u r t h e r  be shown t h a t  except f o r  cracks w i t h  h a l f  h e i g h t s  s m a l l e r  
than 50 m t h e  terms i n  Eqs. (5 )  and (8) t h a t  c o n t a i n  t h e  express ion  
(12Vn/aDc3)L a r e  smal l  i n  magnitude compared w i t h  t h e  terms t h a t  con- 
t a i n  t h e  express ion  ( p - p ' ) g L  or (T-Po+PA). 
and t h e  s t r e s s  i n t e n s i t y  f a c t o r  o f  a l a r g e  cri;r,k w i t h  water  f l o w i n g  
i s  e s s e n t i a l l y  t h e  same as t h a t  o f  a w a t e r - f i l i e : '  c r a c k  i n  wh ich  t h e  
f l u i d  i s  s t a t i o n a r y .  

TLIIJS t h e  c rack  p r o f i l e  

A Remark on Two C o r r e c t i o n s  

There a r e  two c o r r e c t i o n s  t h a t  can be m d t  t o  our  r e s u l t s .  One 
o f  these i s  f o r  t h e  i n f l u e n c e  o f  the  e a r t h ' s  svrf:,cc. Another 
c o r r e c t i o n  takes i n t o  account t h e  f o r c e  i n  t h e  v c r k i c a l  d i r e c t i o n  
produced a t  t h e  c r a c k  w a l l s  by t h e  f l u i d  presGure because t h e  c r a c k  
w a l l s  a r e  n o t  v e r t i c a l  when t h e  c r a c k  i s  f i l l e d  w i t h  f l u i d .  I t  can 
be shown (Weertman and Chang) t h a t  b o t h  of these c o r r e c t i o n s  a r e  
n e g l i g i b l y  smal l .  

Conclus ion 

We conclude f rom t h i s  a n a l y s i s  t h a t  t h e  c rack  p r o f i l e  and s t r e s s  
i n t e n s i t y  f a c t o r s  o f  any l a r g e  v e r t i c a l  f l u i d - f i l l e d  c r a c k  f o r  heat  
e x t r a c t i o n  purposes w i l l  n o t  be changed a p p r e c i a b l y  when f l u i d  i s  
fo rced t o  f l o w  th rough t h e  c r a c k  a t  p h y s i c a l l y  p r a c t i c a l  v e l o c i t i e s .  
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LABORATORY EXPERIMENTS ON HYDROFRACTURE AND THE 
PERMEABILITY OF HOT GRANITE 

J .  Byerlee, D. Lockner, R. Summers 
U.S. Geologica l  Survey 

Menlo Park ,  CA 94025 

I t  has been proposed t h a t  an a r t i f i c i a l  geothermal r e s e r v o i r  c o u l d  be 
c rea ted  by i n j e c t i n g  water  under h i g h  pressure  through a h o l e  d r i l l e d  i n t o  
a h o t  d r y  b a t h o l i t h .  By d r i l l i n g  a second h o l e  t o  i n t e r s e c t  t h e  p l a n e  
c rea ted  by h y d r a u l i c  f r a c t u r e ,  a f l u i d  c i r c u l a t i o n  system c o u l d  be c rea ted  
by pumping c o l d  water i n t o  one h o l e  and e x t r a c t i n g  h o t  water  o r  steam through 
t h e  o t h e r  ho le .  We have c a r r i e d  o u t  a number o f  l a b o r a t o r y  exper iments t o  
i n v e s t i g a t e  v a r i o u s  aspects o f  t h i s  p r o j e c t .  

I t  i s  u s u a l l y  assumed t h a t  d u r i n g  h y d r a u l i c  f r a c t u r e  a s i n g l e  t e n s i o n  
f r a c t u r e  i s  formed w i t h  i t s  p l a n e  p a r a l l e l  t o  t h e  d i r e c t i o n  of  maximum 
p r i n c i p a l  s t r e s s .  I n  l a b o r a t o r y  exper iments we have found t h a t  a t  h i g h  
i n j e c t i o n  r a t e s  t h i s  i s  c o r r e c t ,  b u t  i f  t h e  rock  i s  under shear s t r e s s  and 
t h e  f l u i d  i s  i n j e c t e d  s l o w l y  enough, shear f r a c t u r e s  a r e  formed w i t h  t h e i r  
p lanes o r i e n t e d  about 300 t o  t h e  d i r e c t i o n  o f  maximum p r i n c i p a l  s t r e s s .  
This otcurs  n o t  o n l y  i n  sandstone, b u t  a l s o  i n  v e r y  low p e r m e a b i l i t y  rocks 
such as o i l  sha le  and Wester ly  Gran i te .  The e f f i c i e n c y  o f  an a r t i f i c i a l  
geothermal r e s e r v o i r  depends i n  p a r t  on t h e  s u r f a c e  area o f  t h e  h o t  rock  
w i t h  which t h e  c i r c u l a t i n g  f l u i d  comes i n  c o n t a c t .  Our l a b o r a t o r y  r e s u l t s  
suggest t h a t  i t  may be p o s s i b l e ,  i n  reg ions  o f  h i g h  t e c t o n i c  s t r e s s ,  t o  inc rease 
t h e  f r a c t u r e  s u r f a c e  area s imp ly  by v a r y i n g  t h e  f l u i d  i n j e c t i o n  r a t e  and thus 
t o  c r e a t e  n o t  o n l y  a t e n s i o n  f r a c t u r e  b u t  shear f r a c t u r e s  as w e l l .  

A major  problem i n  c r e a t i n g  a f l u i d  c i r c u l a t i o n  system i s  knowing 
e x a c t l y  where t o  d r i l l  the second h o l e  t o  i n t e r s e c t  the  f r a c t u r e s .  We 
found t h a t  t h e  s p a c i a l  d i s t r i b u t i o n  o f  t h e  f r a c t u r e  p lanes can be determined 
a c c u r a t e l y  by de termin ing  the l o c a t i o n  o f  t h e  a c o u s t i c  emiss ion events  t h a t  
occur  d u r i n g  f r a c t u r e .  T h i s  technique should be a p p l i c a b l e  i n  l a r g e - s c a l e  
f i e l d  p r o j e c t s  as w e l l .  I t  should a lso  be p o s s i b l e  to  c a l c u l a t e  t h e  t h r e e -  
dimensional  d i s t r i b u t i o n  o f  the f r a c t u r e  planes from t h e  change i n  magnet ic 
f i e l d  a t  t h e  e a r t h ' s  s u r f a c e  caused by t h e  i n j e c t i o n  o f  m a t e r i a l  of  h i g h  
magnet ic s u s c e p t i b i l i t y  i n t o  t h e  f r a c t u r e .  

Once t h e  c i r c u l a t i n g  system i s  formed, how does t h e  p e r m e a b i l i t y  of  
t h e  system change w i t h  t ime? We have measured t h e  p e r m e a b i l i t y  o f  g r a n i t e  
under c o n f i n i n g  pressure  and d i f f e r e n t i a l  s t r e s s  a t  temperatures to 4 0 0 O C .  
I n  a l l  cases t h e  i n i t i a l  p e r m e a b i l i t y  a t  e l e v a t e d  temperature was found t o  
be h i g h e r  than t h e  p e r m e a b i l i t y  a t  room temperature. T h i s  was probab ly  
caused by thermal c r a c k i n g  t h a t  c o u l d  be de tec ted  by m o n i t o r i n g  t h e  a c o u s t i c  
emiss ion from t h e  r o c k  d u r i n g  t h e  exper iments.  The h i g h  i n i t i a l  p e r m e a b i l i t y ,  
however, d i d  n o t  p e r s i s t  and i n  n e a r l y  a l l  cases decreased s i g n i f i c a n t l y  
d u r i n g  t h e  f i r s t  h a l f  day o f  water  f l o w  through t h e  rock.  D i s s o l u t i o n  o f  
t h e  m i n e r a l s  was concent ra ted  near t h e  i n l e t  where t h e  pressure  was h i g h e s t ,  
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and p r e c i p i t a t i o n  occur red  throughout t h e  sample owing t o  o v e r s a t u r a t i o n  
as t h e  pressure  dropped. T h i s  p r e c i p i t a t i o n  a lmost  c e r t a i n l y  caused t h e  
r e d u c t i o n  o f  p e r m e a b i l i t y .  I n  many cases, p a r t i c u l a r l y  a t  t h e  h i g h e s t  
temperatures,  measurable f l o w  o f  water  through t h e  sample ceased a f t e r  a 
few days, even i n  samples t h a t  con ta ined a p r e - e x i s t i n g  f r a c t u r e  p lane.  I f  
t h e  same phenomenon occurs i n  a l a r g e - s c a l e  f i e l d  p r o j e c t ,  then o u r  r e s u l t s  
suggest t h a t  t h e  system would tend t o  c l o g  un less  p r e v e n t i v e  s teps were 
taken. 
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HEAT EXTRACTION FROM A HYDRAULICALLY FRACTURED 
PENNY-SHAPED CRACK I N  HOT DRY ROCK 

H. Ab;,' T. Mura and L. M. Keer 

Evanston, I l l i n o i s  60201, U.S.A. 
Northwestern Un ive r s i ty  

Heat e x t r a c t i o n  from a penny-shaped crack  having both  i n l e t  and o u t l e t  
ho le s  i s  i n v e s t i g a t e d  a n a l y t i c a l l y  by cons ider ing  t h e  hydrau l i c  and thermal  
growth of t h e  c rack  when f l u i d  i s  i n j e c t e d  a t  a cons t an t  flow r a t e .  The rock 
m a s s  i s  assumed t o  be  i n f i n i t e l y  extended, homogeneous, and i s o t r o p i c .  The 
equat ions  f o r  f l u i d  flow are der ived  and solved t o  determine t h e  flow p a t t e r n  
i n  t h e  crack.  Temperature d i s t r i b u t i o n s  i n  both rock and f l u i d  are  a l s o  d e t e r -  
mined. The c rack  width change due t o  thermal  c o n t r a c t i o n  and t h e  corresponding 
flow ra te  i n c r e a s e  are d iscussed .  Some numerical  c a l c u l a t i o n s  of o u t l e t  t e m -  
p e r a t u r e ,  thermal  power e x t r a c t i o n ,  and crack  opening displacement due t o  
thermal  c o n t r a c t i o n  of rocks  are  presented  f o r  c r acks  a f t e r  they  a t t a i n  sta- 
t i o n a r y  s ta tes  f o r  given i n l e t  flow r a t e  and o u t l e t  s u c t i o n  p res su re .  

The p resen t  paper i s  a f u r t h e r  development of t h e  prev ious  works of 
Bodvarsson (1969), Gr ingar ten  e t  al. (1975), Lowell (1976), Harlow and Pracht  
(1972), McFarland (1975), among o t h e r s ,  and cons ide r s  t h e  two dimensional  r a t h e r  
than  t h e  one-dimensional crack. Furthermore, the crack radius and w i d t h  are 
q u a n t i t i e s  t o  be  determined r a t h e r  than given a p r i o r i .  

FLUID FLOW I N  A PENNY-SWED CRACK 

Consider a l a r g e  penny-shaped c rack  having a r ad ius  R and width w ( i n  the  
z -d i r ec t ion )  as shown i n  Fig.  1. F lu id  i s  i n j e c t e d  from t h e  i n l e t  a t  t h e  c e n t e r  
of t h e  c rack  and removed i n  p a r t  a t  t h e  o u t l e t ,  x = a ,  where x is  t h e  d i s t a n c e  
measured i n  t h e  v e r t i c a l  d i r e c t i o n  from the  c e n t e r .  The r a d i i  o f  t h e  i n l e t  and 
o u t l e t  h o l e s  are denoted by RO and Ra, r e s p e c t i v e l y .  

The t o t a l  mass flow r a t e  a t  the  i n l e t  we l lbo re  can be  w r i t t e n  i n  t h e  form: 

40 4, + qE + qL + qT (1) 
where qa i s  t h e  e f f e c t i v e  flow ra te  equal  t o  t h e  o u t l e t  f low rate,  qE i s  t h e  
t o t a l  m a s s  change i n  t h e  c rack ,  qL corresponds t o  the  t o t a l  f l u i d  loss i n  t he  
c rack  p e r  u n i t  time, and qT i s  t h e  i n c r e a s e  of t h e  c rack  volume due t o  the  
thermal  c o n t r a c t i o n  of t h e  rock and can be neglec ted .  

I f  t h e  c rack  is  subjec ted  t o  a cons t an t  i n l e t  f low rate and t h e  c rack  
r a d i u s  i s  s u f f i c i e n t l y  l a r g e ,  t h e  f l u i d  v i s c o s i t y  can be neglec ted  from t h e  
equat ion  of l i n e a r  momentum as shown i n  a previous  paper  (Ab6, Mura and Keer, 
1976) : 

'Permanent address  , Tohoku Unive r s i ty ,  Sendai,  Japan. 
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a =  p g r  s i n  e 
ar f a e  f 
* = - p  g cos  e ,  

where p i s  t h e  f l u i d  p re s su re  i n  t h e  c rack ,  g is  t h e  a c c e l e r a t i o n  due t o  
g r a v i t y ,  and pf i s  t h e  f l u i d  dens i ty .  Equation (2) i s  i n t e g r a t e d  as 

p ( r , B , t )  = P O W  - pf g r  cos  e (3) 

where po i s  t h e  f l u i d  p re s su re  a t  r = 0 and t i s  t i m e .  
assumed t o  be cons t an t .  

The d e n s i t y  pf has  been 

The f r a c t u r e  mechanics i s  introduced h e r e  by cons ider ing  a c rack  opening 
stress 

K 

(uz)z=o = -p + ( S O  - K  p g x )  where S O  i s  t h e  t e c t o n i c  stress a t  r = 0, a Y  
i s  t h e  c o e f f i c i e n t  of a c t i v e  rock  p r e s s u r e ,  and py  i s  t h e  d e n s i t y  of t h e  rock. 

The stress i n t e n s i t y  f a c t o r  a t  t h e  c rack  t i p  and t h e  opening displacement  
a 

are e a s i l y  obta ined  from t h e  r e s u l t s  der ived  by Keer (1964): 

K = l i m  ( r  - R)1’2 oZ = @[po - S o +  5 2 gR(K p - pf )cos  e ]  
r + R  IT a Y  

and 

- S o  + {(K p - p f ) g  r cos  e ] jR2-  r2  3 
a Y  

w( r , e>  = ---[Po 
OfD 

where 

wi th  E and v being  Young’s modulus and Poisson’s  r a t i o  r e s p e c t i v e l y .  

The f low rate qE, def ined  i n  ( l ) ,  i s  

R I T  

0 -lT 

d 
qE = - / d t  / pf  w r dedr  = R3(p0 - S o ) ) .  d t  D 

Now t h e  average stress i n t e n s i t y  f a c t o r  i s  introduced by t h e  d e f i n i t i o n  

K = -  - 1  7 K de = - fi (po - So) .  
21T IT 

-IT 

It i s  assumed t h a t  when t h e  c rack  i s  expanding 

E = cons tan t  K . 
C 

The f low l o s s  i s  def ined  by 

where uL i s  t h e  f l u i d  l o s s  r a t e  pe r  u n i t  area of t h e  c rack  su r face  and i s  
assumed h e r e  t o  be  a l i n e a r  func t ion  of p;  

2PfUL = CL0 + CL1(P0 - pf g r  cos  8 )  

where CLO and CL1 are cons t an t .  Then, (10) becomes 
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F i n a l l y ,  t h e  flow rate  qa i n  (1) i s  eva lua ted  from the  Bernou l l i  equa t ion  
appl ied  t o  t h e  f low i n  t h e  neighborhood of t h e  t h r o a t  of t h e  o u t l e t .  Then 

where p: i s  t h e  s u c t i o n  p r e s s u r e  by t h e  o u t l e t  pump and t h e  cons tan t  Cv (> 1 )  
i s  an  o u t l e t  head l o s s .  

r e s p e c t  t o  t f o r  given va lues  of qo, p: and o t h e r  phys i ca l  cons t an t s  and geo- 
metrical va lues  of ho, a ,  Ra; po i s  expressed i n  terms of Kc and R through t h e  
r e l a t i o n s  (8) and (9) .  The c rack  r a d i u s  R i n c r e a s e s  wi th  t i m e  from t h e  i n i t i a l  
va lue  Rs which i s  t h e  va lue  of R b e f o r e  t h e  o u t l e t  i s  introduced.  R reaches a 
s t a t i o n a r y  v a l u e  a f t e r  some t i m e  when 

Equations ( I ) ,  (7), (12) and (13) provide a f u n c t i o n a l  form of R wi th  

> 0 and pz/So < l / A  - 1 (14) 4E 

where A = S o / p f  gho.  
can remain a t  the  i n i t i a l  s i z e  R when 

W e  c a l l  t h i s  case Case ( I ) .  On t h e  o t h e r  hand, t h e  c rack  

S 

< O  and K < K .  (15) ‘E - C 

W e  c a l l  t h i s  case Case (11).  
from (l), (7), (12) and (13) f o r  given values of 9 0 ,  p: and o t h e r  phys i ca l  and 
geometr ica l  cons t an t s .  I n  t h e  next  s e c t i o n  w e  s h a l l  c a l c u l a t e  t h e  q u a n t i t y  of 
h e a t  e x t r a c t e d  from t h e  o u t l e t  i n  each case  (I) and (11) .  Several numerical  
examples f o r  R = R ( t )  and p o  = p o ( t )  w e r e  shown i n  a previous  paper (Ab6, Keer, 
Mura 1976).  

Here, R = Rs and po i s  obta ined  as  a func t ion  of t 

HEAT EXTRACTION FROM OUTLET 

I n  t h i s  s e c t i o n  a s t a t i o n a r y  penny-shaped c rack  ( a f t e r  R and po have at- 
t a i n e d  t h e i r  s t a t i o n a r y  va lues )  is  t r e a t e d  as  a s t a r t i n g  p o i n t  f o r  t h e  analy-  
t i c a l  s tudy  of two-dimensional h e a t  t ransmiss ion  problems. 

crack.  Assumptions of i n c o m p r e s s i b i l i t y  and i r r o t a t i o n a l i t y  of f l u i d  l e a d  t o  
W e  have t o  determine f i r s t  t h e  v e l o c i t y  f i e l d  of t h e  f l u i d  i n s i d e  t h e  

a a q r  - ar ( r  qe> - - a e  = o 

- 
and ur and u 
boundary cond i t ion  i s  tr = 0 a t  r = R. 
p o i n t  source  and s i n k ,  r e s p e c t i v e l y ,  s i n c e  Ro and Ra are s u f f i c i e n t l y  s m a l l  

are t h e  components of v e l o c i t y  averaged through t h e  width w. The e 
The i n l e t  and o u t l e t  are t r e a t e d  as a 
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when compared wi th  R. The s o l u t i o n  is  obtained as 

m n  

1 a n-1 a r cos  e - a r cos  ne - - r ( r  cos  e - a ) 2  + r2s in2e  
'a 

q r = n [ C  
n=l R 

m n  
3 =--[I qa - a n- 1 a s i n  0 r s i n  ne + 2Tr 2n ( r  cos  8 - a ) L  + r z s i n 2 8  n=l  R qe  

+ 1 pf g CL1 (3R2 - r 2 ) s i n  0 .  

It should b e  no t i ced  t h a t  (19) i s  v a l i d  even f o r  a non-s ta t ionary  crack.  

Next,  t h e  energy equat ion f o r  t h e  f l u i d  i s  der ived .  , F o r  hea t  t r a n s f e r  
problems a t  s m a l l  f l u i d  v e l o c i t y ,  t h e  mechanical energy terms are s m a l l  i n  t h e  
energy equat ion .  The e f f e c t  of h e a t  conduction i n  f l u i d  (water)  may a l s o  b e  
s m a l l  compared w i t h  those  of h e a t  convect ion and t r a n s f e r  terms. Furthermore,  
t h e  t i m e  d e r i v a t i v e  term of t h e  f l u i d  temperature  T can be neglec ted  because of 
smal lness  (Bodvarsscn, 1969, Lowell ,  1976).  It i s  assumed t h a t  t h e  rock  temper- 
a t u r e  Tr is approximately equal  t o  T on t h e  c rack  s u r f a c e  and T i s  cons tan t  
through t h e  c rack  width (Bodvarsson, 1969, Gr ingar ten  e t  a l . ,  1975, Lowell, 1976).  
In  t h i s  way t h e  energy equat ion  f o r  t h e  f l u i d ,  a f t e r  averaging through t h e  c rack  
wid th ,  can be w r i t t e n  i n  t h e  form: 

where Cf and X are t h e  s p e c i f i c  h e a t  of t h e  f l u i d  and t h e  h e a t  conduc t iv i ty  of 
t h e  rock  r e s p e c t i v e l y .  The p o s i t i o n  of t h e  boundary z = w/2 h a s  been rep laced  
by z = 0, s i n c e  w i s  ve ry  s m a l l  compared wi th  t h e  r a d i u s  R and t h e  d i s t a n c e  a. 

i n  t h e  rock i s  ve ry  s m a l l  compared w i t h  R and a so  t h a t  t he  h e a t  f l u x  i s  almost 
perpendicular  t o  the  f r a c t u r e  su r face .  
be governed by t h e  fo l lowing  equat ion:  

When t h e  energy system ope ra t e s  e f f e c t i v e l y ,  t h e  thermal  p e n e t r a t i o n  depth 

Thus t h e  rock temperature  Tr may simply 

a 2T c P aTr 
- YY- a -  A a t  

where Cy i s  t h e  s p e c i f i c  h e a t  of t h e  rock.  
does no t  mean t h a t  Tr i s  independent of r and e.  
used t h e  same equat ion  as  (21).  

and (21) must s a t i s f y  t h e  fol lowing cond i t ions :  

It i s  noted t h a t  t h i s  s i m p l i f i c a t i o n  
Harlow and Pracht  (1972) have 

The temperatures  T ( r , B , t )  and T,(r ,B,z , t )  which are t h e  s o l u t i o n s  of (20) 
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The h e a t  e x t r a c t i o n  ra te  o r  thermal  power output  a t  t h e  o u t l e t  i s  

Qf = qaCf(Ta - To) 

where T i s  the  f l u i d  temperature  a t  t h e  o u t l e t ,  o r  by (23) and (22c) a 

ILLUSTRATIVE EXAMPLES 

The d a t a  employed h e r e  and i n  t h e  fo l lowing  are  g iven  below: 

= 1.0  c a l / g r  "C cf Ra/RO = 0.5 

= 1.25 C = 0.25 c a l / g r  O C  

= 1.0 gr/cm3 X = 6 . 2 ~  cal /cm sec "C 

T = 250°C 

= 0.49 T o  = 65°C 

V Y 
C 

Pf 

@Y = 2.65 gr/cm3 m 

a K 

V = 0.25 c1 = 8.0 x10-6/oC 

TK /*So = 1.118. 

T 

So/Pfgho = 1 . 3  C 

Furthermore,  B1 i s  taken  as ze ro  s i n c e  t h e  e f f e c t  of t h e  p r e s s u r e  on t h e  
l o s s  should n o t  b e  l a r g e  as  d i scussed  by H a l l  and Do l l a rh ide  (1964). 

f l u i d  

The o u t l e t  f l u i d  temperature  Ta and t h e  thermal  power output  Qf i n  Case (I) 
are graphed as f u n c t i o n s  of t i m e  i n  Figs .  2a and 2b. The corresponding r e l a t i o n s  
i n  Case (11) are graphed i n  F igs .  3a and 3b. The e f f e c t  of t h e  p o s i t i o n  of t h e  
o u t l e t  h o l e  i s  a l s o  shown i n  F igs .  2a and 2b. The o u t l e t  f low rate qa cons idered  
h e r e  is  n o t  n e c e s s a r i l y  l a r g e  (Table 1). 
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Table 1. Stationary Cracks 

3000 

2000 

3000 

Case 1 
1.451~10~ -0.23916 5.305~10~ 0.24009 11500 

1.409 -0.24264 5.151 0.24396 5750 

1.289 -0.23852 4.647 0.23923 

1.232 -0.23882 4.649 0.23954 10000 

1.162 -0.23916 4.653 0.23988 

1.183 -0.24172 3.819 0.24245 

1 

2 

A 

B 

C 

D 

E 

I 

I1 

I F  1 1.059 I -0.24264 I 3.827 1 0.24337 1 
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Fig. 1 
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PHYSICAL MODEL STUDIES OF EXPLOSION-FRACTURED GEOTHERMAL R E S E R V O I R S  

Ans te in  Hunsbedt, Roberto I r e g u i ,  and Paul Kruger 
.L 

C i v  

Mechan 

Large s c a l e  u t i l i z a t  

1 Engineer ing Department 
and A .  Lou is  London 
c a l  Engineer ing Department 
S tan ford  U n i v e r s i t y  
S tan ford ,  CA 94305 

on o f  geothermal energy w i l l  r e q u i r e  means f o r  
enhanced energy e x t r a c t i o n  f rom geothermal r e s e r v o i r s  s i n c e  t h e  h i g h e r  qual  i t y  
hydrothermal resources adequate for  commercial e l e c t r i c i t y  g e n e r a t i o n  represent  
o n l y  a smal l  f r a c t i o n  o f  t h e  es t imated  resource base. 
developed f o r  a r t i f i c i a l  f r a c t u r i n g  o f  hydrothermal and d r y  h o t  rock  
geothermal resources t o  o b t a i n  adequate p e r m e a b i l i t y  f o r  water  c i r c u l a t i o n  
and t o  expose new rock  s u r f a c e  area. Non-isothermal processes such as i n -  
p l a c e  b o i l i n g  o r  a r t i f i c i a l  c i r c u l a t i o n  o f  c o o l e r  f l u i d s  can be used t o  
e x t r a c t  t h e  energy f rom t h e  f r a c t u r e d  fo rmat ion .  
heat  t r a n s f e r  processes, p h y s i c a l  model s t u d i e s  were conducted i n  t h e  Stan ford  
Geothermal Program f r a c t u r e d - r o c k  r e s e r v o i r  model capable o f  o p e r a t i n g  a t  a 
maximum pressure  o f  800 p s i g  a t  500°F. The 1 7 - f t 3  p h y s i c a l  model has been 
descr ibed p r e v i o u s l y  [Hunsbedt, Kruger, and London (1975), Hunsbedt (1975), 
and Hunsbedt, Kruger and London (1976)].  A summary o f  t h e  c h a r a c t e r i s t i c s  
o f  t h e  r e l a t i v e l y  l a r g e  f r a c t u r e - p e r m e a b i l i t y  rock  systems t e s t e d  i n  t h e  model 
a r e  summarized i n  Tab le  1 .  The p o r o s i t y  and p e r m e a b i l i t y  c h a r a c t e r i s t i c s  o f  
these systems resembled those o f  f r a c t u r e - s t i m u l a t e d  c rea ted  by high-energy 
exp 1 os i ves . 

Technologies a r e  being 

To e v a l u a t e  non- isothermal  

TABLE 1 

Summary o f  Rock System C h a r a c t e r i s t i c s  

Rock Svstem 

Rock type  
-3- -1. 

1 2 3 
Gabbro G r a n i t e  Gran i t e " "  

Mean rock  e q u i v a l e n t  d iameter ,  inches 0.99 2.65 1.62 

Drainage p o r o s i t y ,  percent  44 35  43 

A d e s c r i p t i o n  o f  t h e  i n - p l a c e  b o i l i n g  exper iments ( f l a s h i n g  by pressure 
r e d u c t i o n )  conducted w i t h  the  f i r s t  two rock  systems were g i v e n  by Hunsbedt 
(1976) and by Hunsbedt, Kruger and London (1976). The r e s u l t s  showed t h a t  

-9- 

"Now a t  General E l e c t r i c  Company, Sunnyvale, CA 94086 
2- -1. ,. ,. 

Obtained f rom t h e  underground " P i  l e d r i v e r ' '  rock  chimney. 
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J. 

the  f r a c t i o n  o f  rock energy ex t rac ted  by in -p lace  boi1ing"was i n  excess o f  
75 percent o f  maximum f o r  a broad range o f  p roduc t ion  cond i t ions .  Heat 
t r a n s f e r  from the  rock resu l ted  i n  an increase i n  the t o t a l  energy e x t r a c t i o n  
from the  hydrothermal ( l i q u i d  and rock) system ranging from 1.25  t o  2.57 
times the  energy obta ined by f l ash ing  the  f l u i d  alone. Grav i t y  segregat ion 
resu l ted  i n  the  product ion o f  s l i g h t l y  superheated steam from the  producing 
zone located a t  the top  o f  the r e s e r v o i r  model. F l u i d  p roduc t ion  and rock 
heat t r a n s f e r  analyses were developed which c l o s e l y  p r e d i c t  the  behavior 
o f  the  phys ica l  model as long as the  a x i a l  l i q u i d  temperature grad ien ts  a r e  
smal l .  App l i ca t i on  o f  the rock heat t r a n s f e r  ana lys i s  t o  la rge-sca le  systems 
w i t h  a 30-year p roduc t ion  t ime showed t h a t  a maximum rock s i z e  o f  about 
200 f e e t  would g i v e  energy e x t r a c t i o n  f r a c t i o n s  o f  the  same order  as those 
obta ined exper imenta l l y .  

Non-isothermal product ion o f  the  rese rvo i r  model was a l s o  achieved by 
recharg ing cool  f l u i d s  a t  the bottom, a process o f t e n  r e f e r r e d  t o  as the  
sweep process. Experiments o f  t h i s  type were conducted w i t h  the  second rock 
system. The r e s u l t s  o f  one such experiment a re  g iven i n  F ig .  1 which show 
the  a x i a l  temperature p r o f i l e s  measured a t  var ious times du r ing  product ion.  
The zone o f  p roduc t ion  a t  the top  i s  seen t o  remain a t  nea r l y  constant  
temperature u n t i l  cool  f l u i d  recharged a t  the  bottom breaks through t o  the  
producing zone a f t e r  about 4 hours. A t  t h a t  t ime there  i s  a r a p i d  drop i n  
the temperature of the liquid being produced. It is also noted t h a t  
s i g n i f i c a n t  thermal energy s t i l l  remains i n  the  top  rock zone when l i q u i d  
p roduc t ion  was terminated. Th is  a l s o  tends t o  be t r u e  i n  la rge-sca le  
systems because the  power generat ing equipment requ i res  f l u i d s  a t  temperatures 
above a minimum l e v e l  t o  operate e f f i c i e n t l y .  I n  analogy t o  the  exper imental  
r e s u l t s ,  there  w i l l  be a tendency t o  achieve incomplete energy e x t r a c t i o n  
from the rock near the producing zone o f  a la rge-sca le  system as w e l l .  
The est imated mean rock temperatures a l s o  g iven i n  F ig .  1 a r e  seen t o  be 
on ly  s l i g h t l y  h igher  than the l i q u i d  temperature i n d i c a t i n g  e f f e c t i v e  heat 
t r a n s f e r  from the rock. The l i q u i d  temperature d i s t r i b u t i o n  and the  mean 
rock t o  l i q u i d  temperature d i f f e r e n c e  a t  the  end o f  product ion both determine 
the  magnitude o f  the rock energy e x t r a c t i o n  f r a c t i o n  de f ined i n  terms o f  the  
i n i t i a l  and recharge f l u i d  temperatures. The rock energy e x t r a c t i o n  f r a c t i o n  
f o r  t h i s  experiment was est imated t o  be 0.85. The rock heat t r a n s f e r  

s i z e  o f  a la rge-sca le  system. The r e s u l t s  show t h a t  a maximum rock s i z e  of  
about 150 f e e t  would g i v e  rock energy e x t r a c t i o n  f r a c t i o n s  o f  t h e  same order  
as those achieved i n  the model. Th is  assumes a 30-year p roduc t ion  t ime, 
mean rock t o  l i q u i d  temperature d i f f e r e n c e  o f  15OF, and s i m i l a r  pe rmeab i l i t y  
c h a r a c t e r i s t i c s  o f  the model and la rge-sca le  systems. 

. ana lys i s  developed f o r  the model system was used t o  est imate the  mean rock 

F l u i d  p roduc t ion  experiments were conducted w i t h  the  producing zone 
loca ted  a t  the  bottom o f  the model t o  i n v e s t i g a t e  the  poss ib le  development o f  
a x i a l  temperature grad ien ts  i n  the  steam zone observed t o  occur i n  the  i n -  
p lace b o i l i n g  experiments. The f l u i d  p roduc t ion  r e s e r v o i r  pressure behavior 
f o r  one such experiment i s  shown i n  Fig.  2. The r e s u l t s  show t h a t  a l l  l i q u i d  
was produced a t  nea r l y  constant  pressure (between p o i n t s  D and D ' )  fo l lowed 

.L 

"The rock  energy e x t r a c t i o n  f a c t o r  i s  def ined as the thermal energy ex t rac ted  
from the rock t o  the  thermal energy s tored i n  the  rock between i n i t i a l  and 
f i n a l  l i q u i d  temperatures. 
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by a sharp pressure d e c l i n e  when vapor product ion i s  i n i t i a t e d  ( a t  p o i n t  D ' ) .  
I t  i s  noted tha t  the  corresponding rese rvo i r  pressure c h a r a c t e r i s t i c  f o r  i n -  
p lace  b o i l i n g  w i t h  vapor p roduc t ion  from the  top, a l s o  shown i n  F ig .  2, 
dec l ines  more un i fo rm ly .  
were produced (as h igh  enthalpy superheated steam) i n  the  in -p lace  b o i l i n g  
experiment w h i l e  about 99 percent o f  the  f l u i d s  were produced (as low 
enthalpy l i q u i d )  i n  the  steam d r i v e  experiment. The rock temperature 
decreased o n l y  s l i g h t l y  du r ing  the  produc t ion  process i n d i c a t i n g  t h a t  t h i s  
i s  an i n e f f e c t i v e  rock energy e x t r a c t i o n  process. Examination o f  the  
temperature behavior i n  the  model rese rvo i r  showed t h a t  the  a x i a l  
temperature p r o f i l e s  were near l y  un i fo rm and t h a t  the l i q u i d  was s l i g h t l y  
subcooled, i n d i c a t i n g  the presence o f  a non-condensable gas (argon used fo r  
p r e s s u r i z a t i o n  du r ing  heatup) i n  a d d i t i o n  t o  water vapor i n  the  zone above 
the  l i q u i d .  Fur ther  eva lua t i on  o f  t h i s  steam/gas d r i v e  produc t ion  process 
appears warranted t o  determine the  major parameters and the  ex ten t  t o  which 
i t  may be important i n  la rge-sca le  systems. 

Note a l s o  t h a t  o n l y  60 percent o f  the f l u i d s  

~ 

~ 

I 

Experiments a r e  c u r r e n t l y  i n  progress w i t h  the t h i r d  rock system. The 
rock was obta ined from the rubble chimney formed by co l l apse  o f  the  over-  
burden format ion i n t o  the c a v i t y  created by the  61 k t  " P i l e d r i v e r "  nuc lear  
explos ion.  The P i l e d r i v e r  nuc lear  exp los ive  was detonated on June 2, 1966 
a t  a depth o f  1,500 f e e t  i n  a format ion o f  g ranod io r i t e .  The exp los ion  
produced a c a v i t y  rad ius  o f  131.5 f e e t  and a co l lapsed rubble chimney 890 
f e e t  h i g h  and 160 f e e t  i n  w id th  measured i n  the  reen t ry  tunnel  103 f e e t  
above the  explos ive.  The rubb le  chimney i s  est imated t o  con ta in  about 
67 m i l l i o n  f t 3  o f  f r a c t u r e d  rock w i t h  a zone o f  f r a c t u r e s  created by the  
immense shock wave out  t o  a d is tance o f  more than 1,000 f e e t .  The rubb le  
rock i s  expected t o  be mic ro f rac tu red ,  and thus may have thermal p roper t i es  
measurably d i f f e r e n t  from n a t u r a l l y  f rac tu red  g ran i tes .  

The cu r ren t  rock system i n  the phys ica l  model cons i s t s  o f  P i l e d r i v e r  
rock obta ined from the  reent ry  tunnel  a t  a d is tance o f  about 100 f e e t  from 
the  chimney ax i s .  
t o  Stanford from the  Nevada Test S i t e  was s t i l l  approximately l o g  normal. 
S i x  o f  the rocks o f  var ious  s izes  have thermocouples i n s t a l l e d  t o  o b t a i n  
center  rock temperature measurements. 

The s i z e  d i s t r i b u t i o n  a f t e r  conveyance i n  30-gal lon drums 

In -p lace  b o i l i n g  and cool  f l u i d  recharge energy e x t r a c t i o n  experiments 
s i m i l a r  t o  those performed p rev ious l y  w i t h  the  f i r s t  two rock systems w i l l  
be performed w i t h  the  cu r ren t  rock system under s i m i l a r  t e s t  cond i t i ons  t o  
p rov ide  comparative rock thermal t r a n s i e n t  data.  Furthermore, the steam 
produc t ion  ra tes  w i l l  be as h igh  as p r a c t i c a l  t o  o b t a i n  l a rge  rock/steam 
temperature d i f f e rences  and consequently lower measurement u n c e r t a i n t i e s .  
An anal 'ysis o f  the  conduct ion e r r o r  i n  the  rock center  temperature measure- 
ments w i l l  be performed and co r rec t i ons  w i l l  be app l i ed  t o  bo th  prev ious 
exper imental  data and the P i l e d r i v e r  rock system data.  An improved ana lys i s  
f o r  p r e d i c t i n g  the  rock/steam temperature d i f f e rences  f o r  non-constant 
c o o l i n g  r a t e  w i l l  be developed us ing  the  shape f a c t o r  c o r r e l a t i o n  proposed 
by Kuo (1976). 
the heat t r a n s f e r  behavior o f  i r regu la r ly -shaped rocks can be c o r r e l a t e d  
t o  equ iva len t  spher ica l  rocks o f  equal mass, t o  a s p h e r i c i t y  shape parameter 
and t o  the rock sur face area t o  volume r a t i o .  

Kuo has shown from s e n s i t i v e  heat t r a n s f e r  experiments t h a t  
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A q u a l i t a t i v e  assessment of m i c r o f r a c t u r e s  on t h e  heat t r a n s f e r  and 
energy e x t r a c t i o n  processes w i l l  be made by comparing t h e  measured rock  
temperature t r a n s i e n t  w i t h  those ob ta ined f o r  t h e  second rock  load ing .  
The rock/steam temperature d i f f e r e n c e  measurements w i l l  be compared t o  
a n a l y t i c  p r e d i c t i o n s  for  i n d i v i d u a l  inst rumented rocks b e f o r e  a p p l y i n g  i t  
t o  t h e  model rock  system as a whole. The u l t i m a t e  goal  o f  t h i s  a n a l y s i s  
i s  t o  develop a genera l i zed  thermal model f o r  a c o l l e c t i o n  o f  rocks t h a t  
can be a p p l i e d  t o  l a r g e - s c a l e  f r a c t u r e - s t i m u l a t e d  geothermal systems w i t h  
known o r  assumed r o c k - s i z e  and shape- factor  d i s t r i b u t i o n s .  

Fu ture  exper imenta l  e f f o r t s  a r e  a n t i c i p a t e d  w i t h  two o t h e r  r o c k  systems. 
Experiments w i t h  a f o u r t h  rock  system w i l l  e x p l o r e  t h e  e f f e c t  o f  f i n i t e  
p e r m e a b i l i t y  and low p o r o s i t y  on t h e  energy recovery process f rom f r a c t u r e d  
geothermal systems. Experiments w i t h  a f i f t h  rock  system w i l l  e x p l o r e  t h e  
p o t e n t i a l  improvement i n  t h e  heat t r a n s f e r  by thermal c r a c k i n g  processes. 
Measurements o f  radon emanation from t h e  P i l e d r i v e r  g r a n i t e s  i n t o  
surrounding a i r  and water  a r e  underway i n  t h e  S t a n f o r d  Geothermal Program. 
Radon emanation c h a r a c t e r i s t i c s  appear p romis ing  as an i n d i c a t o r  o f  changes 
i n  rock  s u r f a c e  area. Thus, i t  i s  a n t i c i p a t e d  t h a t  changes i n  t h e  radon 
emanation r a t e  as w e l l  as i n  t h e  heat t r a n s f e r  r a t e  f rom t h e  rock  system 
w i l l  be impor tant  i n d i c a t o r s  t h a t  thermal c r a c k i n g  and exposure o f  new heat  
t r a n s f e r  s u r f a c e  area have occurred.  
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EXPLOSIVE STIMULATION OF GEOTHERMAL WELLS 

M. E .  Maes 
Energy Sciences Associates 

S e a t t l e ,  WA 98101 

The widespread, economic u t i l i z a t i o n  o f  geothermal energy i s  a t  l e a s t  
p a r t l y  dependent on e f f i c i e n t  methods f o r  s t i m u l a t i o n  o f  geothermal w e l l s  and 
fo rmat ions .  Well  s t i m u l a t i o n  has become r o u t i n e  i n  t h e  pet ro leum i n d u s t r y  
and y e t ,  i n  s p i t e  o f  decades o f  downhole exper ience, most o f  t h e  success fu l  
pet ro leum techniques cannot be used i n  a geothermal a p p l i c a t i o n .  The p r i n c i p a l  
problem i s  temperature,  which imposes chemical ,  p h y s i c a l  and mechanical 
l i m i t a t i o n s  on equipment and s t i m u l a t i o n  f l u i d s .  The r e s t r i c t i o n s  become 
p a r t i c u l a r l y  s e r i o u s  when f o r m a t i o n  temperatures exceed t h e  350' t o  4OO0F range 
which o f  course a r e  t h e  b e t t e r  geothermal zones. i r o n i c a l l y ,  one s t i m u l a t i o n  
techn ique which has l o s t  f a v o r  i n  o i l  and gas f i e l d s  o f f e r s  promise geothermal ly .  
E x p l o s i v e  f r a c t u r i n g ,  p a r t i c u l a r l y  bore shoot ing,  can be used t o  f r a c t u r e  
fo rmat ions  ad jacent  t o  t h e  w e l l  bore.  

The f i r s t  requirement f o r  e x p l o s i v e  geothermal s t i m u l a t i o n  i s  an e x p l o s i v e  
which w i l l  t o l e r a t e  t h e  temperature environment.  An impor tant  d i s t i n c t i o n  must 
be made between convent iona l  e x p l o s i v e s  which can be adapted one o r  another  
f o r  exper imenta l  purposes, and a t r u e  geothermal e x p l o s i v e  which is capable o f  
be ing  r o u t i n e l y  under a wide v a r i e t y  o f  commercial f i e l d  c o n d i t i o n s .  I n  t h e  
f i r s t  case, s p e c i a l  methods can be employed t o  p r o t e c t  t h e  e x p l o s i v e  from t h e  
heat ,  such as i n s u l a t i v e  packaging, t h e  des ign o f  e x p l o s i v e  c o n t a i n e r s  t o  
a l l o w  f o r  expansion and m e l t i n g ,  f o r c e d  c o o l i n g  o f  t h e  charges, and cont inuous 
water  f l o o d i n g  o f  t h e  w e l l  t o  drop l o c a l  temperatures. These-methods w i l l  a l l o w  
a v a r i e t y  o f  common e x p l o s i v e s  t o  be t r i e d  f o r  research purposes b u t  a r e  
p r o h i b i t i v e l y  expensive and fundamenta l ly  ur;safe f o r  commercial a p p l i c a t i o n .  
There a r e  some advanced m i l i t a r y  e x p l o s i v e s  i n  e x i s t e n c e  now which w i l l  t o l e r a t e  
temperatures up t o  500-6OO0F, b u t  a r e  s p e c i a l l y  synthes ized and c o s t  f r o m  $125 
t o  over  $500 per  pound. They a r e  t h e r e f o r e  i m p r a c t i c a l  economical ly  except 
f o r  v e r y  smal l  charges. F o r t u n a t e l y ,  composi t ions have r e c e n t l y  been 
d iscovered a t  a s u b s t a n t i a l  c o s t  advantage. These new m a t e r i a l s  have 
demonst ra ted  the rma l  s t a b i l i t y  t o  6OO0F and should be a v a i l a b l e  f o r  a f e w  
d o l l a r s  a pound i n  q u a n t i t y .  

The o b j e c t  o f  any s t i m u l a t i o n  technique i s  t o  increase t h e  a b i l i t y  o f  t h e  
surrounding f o r m a t i o n  t o  accept o r  r e l e a s e  f l u i d s  more r e a d i l y .  Exp los ives  
achieve t h i s  by punching i n t o  o r  c r a c k i n g  t h e  fo rmat ion  around t h e  w e l l  bore.  
E x p l o s i v e  s t i m u l a t i o n  can be d i v i d e d  i n t o  t h r e e  p r i n c i p a l  techniques:  
p e r f o r a t i o n ,  bore  shoot ing,  and massive fo rmat ion  f r a c t u r i n g .  P e r f o r a t i o n  
i n v o l v e s  t h e  use o f  shaped charges, which focus e x p l o s i v e  shock waves t o  
produce an in tense,  u l t r a - h i g h  v e l o c i t y  j e t  o f  mo l ten  metal  which punches 
through t h e  s t e e l  cas ing,  cement and i n t o  t h e  f o r m a t i o n  beyond. P e r f o r a t i n g  
shaped charges a r e  used e x t e n s i v e l y  i n  t h e  o i l  and gas i n d u s t r y  t o  open w e l l  
bores t o  p r o d u c t i o n  zones, b u t  s i n c e  t h e  p e n e t r a t i o n  i s  l i m i t e d  t o  a few f e e t  
and h o l e  s i z e s  a r e  t y p i c a l l y  under one inch,  they a r e  o f  l i t t l e  v a l u e  i n  
opening up t i g h t  fo rmat ions .  
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Bore shoot ing w i t h  cans o f  desens i t i zed  n i t r o g l y c e r i n e  was q u i t e  common i n  
o i l  and gas w e l l s  u n t i l  about 20 years ago, when i t  was gradua l ly  replaced by 
hyd rau l i c  f r a c t u r i n g .  I t involves the detonat ion o f  one o r  more charges o f  
subs tan t i a l  s i z e  i n  the  w e l l  bore i n  order  t o  sha t te r  the  surrounding 
format ion.  Canis ters  o f  exp los ive  a r e  lowered t o  the zone se lected f o r  
f r a c t u r i n g  ( a f t e r  the casing has f i r s t  been removed) and detonated. S ing le  
charges can be employed o r  m u l t i p l e  charges can be used t o  e f f e c t  re in fo rced  
shock waves. The ex ten t  o f  the  f r a c t u r e s  s t i l l  depends on many f a c t o r s  
i nc lud ing  the  type o f  rock,  ex is tence o f  nearby d i s c o n t i n u i t i e s ,  depth, and 
the  design and s i z e  o f  the charge. T y p i c a l l y ,  a s i x - i n c h  diameter can is te r ,  
w i t h  an exp los ive  loading o f  about ten lbs .  per l i n e a r  foo t ,  would be 
expected t o  c rea te  f r a c t u r e s  ou t  t o  a d is tance o f  10 t o  20 f e e t  from the 
we l l  bore i n  a un i form format ion.  More impor tan t ly ,  as a r e s u l t  o f  shock 
r e f l e c t i o n  o f f  the  face o f  t he  d i s c o n t i n u i t y ,  f r a c t u r e s  cou ld  propagate as 
f a r  as 30 t o  40 f e e t  t o  adjacent d i s c o n t i n u i t i e s  such as nearby steam o r  
ho t  water passages. Bore shoot ing would the re fo re  be expected t o  i n t e r s e c t  
any nearby na tu ra l  f r a c t u r e  networks. Bore shoot ing w i l l  c rea te  some rubb le  
which must be e i t h e r  cleaned up o r  al lowed t o  drop t o  lower l e v e l s  o f  the 
we l l  a f t e r  t he  shot .  

Massive format ion f r a c t u r i n g  invo lves the  use o f  spec ia l  l i q u i d  
explos ives which a re  pumped back i n t o  a format ion p r i o r  t o  detonat ion.  A 
t y p i c a l  shot could imploy ten t o  twenty thousand pounds o f  explos ives and i s  
capable o f  i n f l uenc ing  the format ion f o r  a hundred f e e t  o r  more from the  
w e l l  bore. The process requ i res  the  use o f  l a rge  pumping equipment and 
soph is t i ca ted  con t ro l s ,  and i s  s t i l l  i n  the  development stage i n  the  
p e t r o l  eum i ndus t r y  . 

An extens ion o f  s imple bore shoot ing t o  achieve a degree o f  mas'sive 
format ion f r a c t u r i n g  i s  a technique known as r e p e t i t i v e  bore shoot ing i n  which 
a d d i t i o n a l  charges a r e  placed i n  the ever en la rg ing  c a v i t y  produced by each 
prev ious bore shot.  
be expected t o  i n f l uence  a rad ius  o f  up t o  f i f t y  f e e t  from the  w e l l  bore. 

With t h i s  method, a se r ies  o f  th ree  o r  f ou r  shots would 

A t  present,  the explos ives employed i n  a massive f r a c t u r i n g  system have 
thermal s t a b i l i t y  l i m i t a t i o n s  t h a t  prevent t h e i r  use above 3OO0F. Therefore,  
o n l y  p e r f o r a t i o n  and bore shoot ing (perhaps i nvo lv ing  r e p e t i t i v e  bore shoot ing) 
o f f e r  immediate p o t e n t i a l .  Conventional commercial p e r f o r a t i n g  charges can 
be used i n  w e l l s  w i t h  temperatures up t o  35OoF and beyond i f  spec ia l  coo l i ng  i s  
employed. I n  more extreme environments the e x i s t i n g  h igh  temperature m i l i t a r y  
explos ives a r e  s u i t a b l e .  Several have d e n s i t i e s  and de tonat ion  v e l o c i t i e s  
which a r e  d e s i r a b l e  f o r  good shaped charged performance. Whi le cos t  i s  not  
c r i t i c a l ,  s ince  t y p i c a l  charge weight i s  on the  order  o f  one pound, the  e f f e c t  
per  u n i t  cos t  i s  very low. 

For t r u e  s t imu la t i on ,  on l y  bore shoot ing o f f e r s  economic v i a b i l i t y  today 
i n  h igh  temperature we l l s .  Assuming the  use o f  new low cos t  geothermal 
explos ives,  a t y p i c a l  bore shot t reatment i nvo l v ing  a few hundred pounds can 
be done f o r  a cos t  o f  a few thousand d o l l a r s .  When the  h igh  cos t  o f  d r i l l i n g  
geothermal w e l l s  i s  considered, the  p o s s i b i l i t y  o f  ach iev ing  economic 
produc t ion  o r  improving ou tpu t  f o r  less  than 5% o f  the  w e l l  d r i l l i n g  and 
complet ion cost  i s  most a t t r a c t i v e .  Nevertheless,  i t  i s  a long s tep  from 
economic and techn ica l  f e a s i b i l i t y  t o  commercial r e a l i t y ;  a major element i n  
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t h a t  s tep  i s  t h e  development o f  s a f e  hardware and f i e l d  o p e r a t i o n a l  procedures.  
The e n t i r e  process, n o t  j u s t  t h e  e x p l o s i v e ,  must be considered and t h e  s a f e t y  
o f  personnel  and equipment a r e  o f  paramount importance. There fore ,  c e r t a i n  
c o n d i t i o n s  must be met i n  o r d e r  t o  q u a l i f y  an e x p l o s i v e  s t i m u l a t i o n  system 
f o r  r o u t i n e  commercial use. These c o n d i t i o n s  inc lude:  

1 )  Two component e x p l o s i v e  systems i n  which o n l y  a few pounds o f  l i v e  
e x p l o s i v e  a r e  handled above ground, t h e  b u l k  o f  t h e  charge be ing  
armed by m i x i n g  two non-detonable components o n l y  a f t e r  t h e  
c o n t a i n e r s  have en tered  t h e  w e l l .  

2) Complete thermal s t a b i l i t y  a t  maximum w e l l  temperature,  t o  i n s u r e  
t h a t  s e l f - d e t o n a t i o n  does n o t  occur  i n  t h e  event t h a t  c o o l i n g  i s  
l o s t  o r  t h e  charge hangs up i n  t h e  w e l l .  

3)  Remote s a f e t y  i n t e r l o c k s  on t h e  i n i t i a t i o n  mechanism t o  p revent  
a c c i d e n t a l  premature i n i t i a t i o n .  

4) A r e l i a b l e ,  p r e f e r a b l y  automat ic  f a i l - s a f e  method o f  n e u t r a l i z i n g  
t h e  charge i n  t h e  w e l l ,  i n  case i t  must be p u l l e d  o u t  w i t h o u t  
d e t o n a t i o n .  

These c o n d i t i o n s  w i l l  i n s u r e  t h a t  t h e  e x p l o s i v e  charges cannot cause 
massive damage o r  i n j u r y  t o  personnel  above ground i n  case o f  an a c c i d e n t ,  and 
a l s o  w i l l  m in imize  t h e  p o t e n t i a l  f o r  ser ious  damage t o  a w e l l  i n  t h e  event 
o f  a mishap. 

F o r t u n a t e l y ,  these c o n d i t i o n s  a r e  w i t h i n  t h e  present  s t a t e  o f  t h e  a r t ,  
and can be incorpora ted  i n t o  the  des ign o f  charges and s u p p o r t i n g  hardware 
today. Given t h e  new developments i n  low c o s t  geothermal exp los ives ,  i t  
appears t h a t  geothermal s t i m u l a t i o n ,  us ing  bore h o l e  shoot ing,  can be a 
commercial r e a l i t y  i n  less  than two years.  
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S I M U L A T I O N  OF HEAT TRANSPORT I N  FRACTURED, 
SINGLE-PHASE GEOTHERMAL R E S E R V O I R S  

W i l l i a m  G .  Gray, Kevin O ' N e i l l  and George F. P inder  
Water Resources Program 

Department of C i v i l  Eng ineer ing  
P r i n c e t o n  U n i v e r s i t y  

P r i n c e t o n ,  N. J .  08540 

Al though many geothermal r e s e r v o i r s  depend upon f r a c t u r e  
p e r m e a b i l i t y  t o  o b t a i n  adequate mass f lows,  r e l a t i v e l y  l i t t l e  
research e f f o r t  has been d i r e c t e d  toward f r a c t u r e d  r e s e r v o i r  
s i m u l a t i o n .  T h i s  paper o u t l i n e s  t h e  mathematical  apparatus 
necessary t o  develop a numer ica l  s i m u l a t o r  f o r  a f r a c t u r e d ,  
s ing le-phase geothermal r e s e r v o i r .  I t  i s  assumed t h a t  t h e  
f r a c t u r i n g  i s  e x t e n s i v e  and w e l l - d i s t r i b u t e d  ( though n o t  neces- 
s a r i l y  un i fo rm)  so  t h a t  i t  i s  reasonable t o  cons ider  a super-  
f i c i a l  d ischarge th rough t h e  f r a c t u r e s  as w e l l  as t h e  pores.  
Whi le  mass and heat  t r a n s p o r t  a r e  o f  course coupled i n  a system 
o f  t h i s  k i n d ,  we have subd iv ided t h e  ensuing d i s c u s s i o n  i n t o  
mass f l o w  and heat  f l o w  f o r  c l a r i t y  o f  p r e s e n t a t i o n .  

-, 
Mass F l o w  Equat ion  

A n a l y t i c a l  s o l u t i o n s  f o r  t h e  pressure  d i s t r i b u t i o n s  i n  
porous b l o c k s  o f  v a r i o u s  shapes and s i z e s  show t h a t  t h e  pressure  
i n  t h e  i n t e r i o r  o f  a t y p i c a l  b l o c k  reaches 95% o f  t h e  v a l u e  o f  an 
i n i t i a l  "step" i n p u t  imposed on t h e  b l o c k  s u r f a c e  i n  a t i m e  
which i s  v e r y  s h o r t  r e l a t i v e  t o  t h e  l e n g t h  o f  t ime t y p i c a l l y  r e -  
q u i r e d  f o r  o v e r a l l ,  macroscopic system changes. I n  a d d i t i o n ,  
r e c e n t  model ing analyses and examinat ion o f  p e r t i n e n t  f i e i d  d a t a  
by Closmann (1975) suppor t  t h e  p o i n t  o f  v iew t h a t  for  most purposes 
one may cons ider  b o t h  pore  and f r a c t u r e  f l o w  f i e l d s  t o  be charac-  
t e r i z e d  by a s i n g l e  p ressure  v a r i a b l e .  A n e t  f l o w  o f  mass may 
e x i s t  between one f l o w  regime and t h e  o t h e r ,  b u t  t h i s  w i l l  be 
such as t o  m a i n t a i n  t h e  near e q u a l i t y  o f  pressure.  A p p l i c a t i o n  
o f  accepted space-averaging techniques (Gray and Lee, 1976) t o  
a p o i n t  mass balance equat ion  prov ides  t h e  f o l l o w i n g  mass con- 
s e r v a t i o n  equat ion :  

(PWEW) = v * [ p  v ]+s = v * [ p  v + p v 3 a 
a t  - w-w m - f - f  p - p  
- 

+ sm 
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i s  t h e  averaged d e n s i t y  o f  a l l  (pore p l u s  f r a c t u r e )  water ,  
pW 

where 

p i s  t h e  d e n s i t y  o f  f r a c t u r e  water ,  

p i s  t h e  d e n s i t y  o f  pore water ,  

E i s  t h e  v o i d  f r a c t i o n  occupied by a l l  water ,  

v f  
v”  i s  t h e  s u p e r f i c i a l  d ischarge through t h e  pores ( v e c t o r ) ,  and 

!? 
S i s  t h e  mass source o r  s i n k  s t r e n g t h ,  t h a t  i s ,  mass e n t e r i n g  m 

o r  l e a v i n g  per  u n i t  t ime per  u n i t  volume o f  t o t a l  medium. 

f 

P 

W 

i s  t h e  s u p e r f i c i a l  d ischarge through the  f r a c t u r e  ( v e c t o r ) ,  

The l e f t h a n d  s i d e  o f  ( 1 )  may be expanded as 

W 
aT 

- 2 
- Pwap a t  + ’wUT at 

where E i s  t h e  v o i d  f r a c t i o n  o f  t h e  f r a c t u r e s ,  f 
E: i s  t h e  v o i d  f r a c t i o n  o f  the  pores, 

P 
p i s  t h e  incrementa l  f l u i d  pressure,  

Tf 

Pm 
T i s  t h e  l o c a l l y  averaged temperature o f  a l l  water  d e f i n e d  as 

i s  t h e  l o c a l  average f l u i d  temperature i n  t h e  f r a c t u r e s ,  

T i s  t h e  l o c a l  average temperature o f  t h e  porous medium, and 

W 

( 3 )  T = E T  + E T  
W f f  P P m  

The parameters up, 01 B and B a r e  e m p i r i c a l  c o e f f i c i e n t s  d e f i n e d  
through t h e  relation;: T 

W 
aT 

- -  * +  a -  a €W 
T a t  - a  a t  P a t  
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S u p e r f i c i a l  f r a c t u r e  and pore discharges may be expressed i n  terms 
o f  incremental pressure grad ien ts ,  as 

where 1-1 i s  the  f l u i d  v i s c o s i t y ,  

k i s  the  f r a c t u r e  pe rmeab i l i t y  ( t enso r ) ,  and Z f  
k i s  the  pore pe rmeab i l i t y  ( tensor )  
-0 

Under c e r t a i n  cond i t i ons  k f  may be considered t o  be a f u n c t i o n  o f  
-vf  * 

S u b s t i t u t i o n  o f  equat ions (2) through (5)  i n t o  ( 1 )  y i e l d s  
the f o l l o w i n g  expression f o r  the conservat ion o f  a l l  f l u i d  mass: 

I n  a d d i t i o n  t o  the e x p l i c i t  coup l ing  o f  t h i s  equat ion t o  the  temp- 
e ra tu re  equat ions through the  second term on the l e f thand  s ide,  
temperature dependence a l s o  enters  i m p l i c i t l y  through the  changing 
va lue o f  1-1 . 

Heat Flow 

The governing equat ions f o r  heat f l ow  a r e  provided by 
space averaging o f  conservat ion o f  energy equat ions w r i t t e n  i n  
terms o f  temperature. For the f r a c t u r e  system, t h i s  r e s u l t s  i n  

- - V * D  *VT + p cv 
O V T f  - z f  - f PfCEf a t  f -.t - 

aTf 
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and f o r  t h e  porous medium 

" 'pm + p cv *VT - V * D  'VT 
pm a t  p - p  - pm - zpm .- pm ( P C E )  

where (PCE)  P C E  + P c E , 
s s s  Pm P P 

i s  t h e  rock  d e n s i t y ,  
p S  

c i s  t h e  s p e c i f i c  heat o f  t h e  rock,  

E i s  t h e  volume f r a c t i o n  o f  t h e  rock,  

c i s  t h e  s p e c i f i c  heat o f  water ,  

S 

S 

D i s  t h e  tensor  c o e f f i c i e n t  o f  d i s p e r s i o n  f o r  t h e  f r a c t u r e s ,  z f  
D i s  t h e  tensor  c o e f f i c i e n t  o f  d i s p e r s i o n  f o r  t h e  porous 
z pm 

med i um, 

h i s  a porous medium-f racture heat t r a n s f e r  c o e f f i c i e n t  
r e l a t i n g  t h e  t ime r a t e  o f  heat  t r a n s p o r t  between those 
regimes, per  volume o f  t h e  medium, t o  t h e  temperature 
d i f f e r e n c e  between t h e  two. Ts, f  and T,,,m a r e  source 
o r  s i n k  temperatures o f  f r a c t u r e  and pore f l u i d s ,  
r e s p e c t i v e l y .  (For w i thdrawal ,  t h e  s i n k  temperature i s  
t h e  r e s e r v o i r  f l u i d  temperature and t h e  l a s t  terms i n  
7 v a n i s h ) .  

S i s  t h e  f r a c t u r e  mass source o r  s i n k  s t r e n g t h ,  

S i s  t h e  pore  mass source o f  s i n k  s t r e n g t h ,  and 

'm m,f m,p 

m,f 

m, P 
= s  + s  and the ratio o f  the two components can be 

determined u s i n g  t h e  p e r m e a b i l i t i e s  o f  t h e  two systems. 

The s u p e r f i c i a l  v e l o c i t i e s  i n  (7 )  must, o f  course, be com- 
puted u s i n g  t h e  pressure f i e l d  through equat ions (5) and ( 6 ) .  
Equat ions ( 5 ) ,  ( 6 ) ,  and (7 )  p r o v i d e  f i v e  equat ions i n  t h e  f i v e  

been so lved successfu l  T7m y f o r  a v a r i e t y  o f  h y p o t h e t i c a l  problems 
dependent va r i ab1 es 

f o r  which a n a l y t i c a l  s o l u t i o n s  e x i s t .  The numerical  s i m u l a t o r  
uses isoparamet r ic  Hermitean f i n i t e  elements (Van Genuchten, e t  
a l ,  1977) t o  s o l v e  i n  t h r e e  space dimensions, and a t ime-centered 
d i f f e r e n c e  scheme t o  s o l v e  i n  t ime.  

, T f ,  p, and v These equat ions have 
-P '  

F igures  1 and 2 show r e s u l t s  fo r  an a d d i t i o n a l  f u l l y  coupled, 
one-dimensional ,  t r a n s i e n t  t e s t  case, s u b j e c t  t o  the  f o l l o w i n g  
c o n d i t i o n s :  
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a t  x = O  

t > O  

a t  x = lOOcm 

T = Tf = 4OoC 
Pm 

p = o  

T = T f = O  
Pm 

5 2 
dyne/cm p = -1.0 x 10 

1 2 - = 5.38 x 10 
1.I 

(Mercer e t  a l ,  1975) 

+ (T-150) x 3.8 - ( ~ - 1 5 0 ) ~  x 2.6 x 10-5cm.sec/g f o r  O<T<300°C 

E = 0.02, E = 0.2, a = 1.0 x 10-1°cm2/dyne, aT = 0 
f P P 

- -  kf -8 2 -11 2 
k -7 2 

= 5.0 x 10 

= 5.0 x 10 / C 

cm /dyne 
BP 

BT 

- 10 cm , pm = 3.0 x 10 cm , 
E 

f P 
E 

-4 0 

= 2.5g/cm 3 , cs = 0 .2ca l /g .  0 C, D = 5.0 x 10 -4 c a l /  0 C.cm.sec, 
ps f 

-3 0 D a 3.0 x 10 c a l l  C cm.sec. 
Pm 

The i n i t i a l  temperature d i s t r i b u t i o n  f o r  b o t h  f r a c t u r e s  and porous 
medium i s  d i s p l a y e d  on each f i g u r e .  As expected, a non-zero v a l u e  
o f  h r e t a r d s  t r a n s l a t i o n  o f  t h e  f r a c t u r e  temperature f r o n t ,  i n -  
creases t r a n s l a t i o n  o f  t h e  porous medium f r o n t ,  and increases d i s -  
p e r s i o n  o f  both.  As t h e  f r o n t s  progress,  t h e  pressure  g r a d i e n t  
( n o t  shown) decreases f rom t h e  i n i t i a l ,  e s s e n t i a l l y  isothermal  
va lue,  due p r i m a r i l y  to  t h e  decrease i n  f l u i d  v i s c o s i t y  w i t h  
r i s i n g  temperature.  
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STEAM TRANSPORT I N  POROUS M E D I A  
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Numerous i n v e s t i g a t o r s  have pursued development o f  l a r g e - s c a l e  
two-phase d i g i t a l  s i m u l a t i o n  models o f  vapor-dominated geothermal 
systems. These represent  s i g n i f i c a n t  advances i n  t h e  c a p a b i l i t y  t o  
n u m e r i c a l l y  s i m u l a t e  complex systems. However, t h e  b a s i c  p h y s i c a l  
phenomena which a r e  being modeled a r e  s t i l l  under i n v e s t i g a t i o n .  The 
purpose o f  t h i s  d i s c u s s i o n  i s  t o  present  t h e  r e s u l t s  o f  a numer ica l  
s tudy i n  which some o f  t h e  p h y s i c a l  phenomena which may occur  i n  vapor-  
dominated geothermal r e s e r v o i r s  a r e  examined. These phenomena inc lude:  
( 1 )  superheat ing o f  d i s c h a r g i n g  steam, (2) energy changes due t o  com- 
p r e s s i b l e  work, ( 3 )  conduct ive  heat  t r a n s p o r t ,  and (4) g r a v i t a t i o n a l  
e f f e c t s  o f  t h e  steam column. F u r t h e r  d e t a i l s  p e r t a i n i n g  t o  t h i s  s tudy 
a r e  a v a i l a b l e  i n  a r e p o r t  by Moench (1976).  

The numerical  model used i n  t h i s  s tudy draws upon t h e  concepts of  
White and o t h e r s  (1971) fo r  a vapor-dominated geothermal system, though 
o f  n e c e s s i t y  some s i m p l i f i c a t i o n s  have been made. The p h y s i c a l  system 
i s  i d e a l i z e d  as a one-dimensional column o f  porous o r  h i g h l y  f r a c t u r e d  
rock  f i l l e d  w i t h  a m i x t u r e  o f  steam and l i q u i d  water under h i g h  pres-  
sure.  T h i s  r e s e r v o i r  i s  o v e r l a i d  by a "cap rock" t h a t  has low perme- 
a b i l i t y .  A t  t h e  bottom o f  t h e  r e s e r v o i r  t h e r e  i s  a zone where l i q u i d  
water  s a t u r a t e s  t h e  pores.  Heat i s  s u p p l i e d  by a magma chamber a t  
depth and t r a n s f e r r e d  upward through t h e  l i q u i d - s a t u r a t e d  zone by 
conduct ion  and convect ion.  The pr imary  mechanisms f o r  heat  t r a n s f e r  
th rough t h e  vapor-dominated zone a r e  v a p o r i z a t i o n  and condensat ion.  
F i g u r e  1 i l l u s t r a t e s  t h e  d i s t r i b u t i o n s  o f  temperature and pressure  t o  
be expected i n  t h i s  i d e a l i z e d  n a t u r a l  system. 

The model i s  designed t o  determine t h e  t ime-vary ing  d i s t r i b u t i o n s  
o f  l i q u i d - w a t e r  s a t u r a t i o n ,  pressure,  and temperature w i t h i n  t h e  vapor-  
dominated reg ion .  These d i s t r i b u t i o n s  may be due t o  t h e  wi thdrawal  
of  steam a t  e i t h e r  cons tan t  p ressure  or cons tan t  d ischarge.  
assumptions o f  t h e  model i n c l u d e  t h e  f o l l o w i n g :  (1) l i q u i d  water  
w i t h i n  t h e  vapor zone i s  s t a t i o n a r y ,  b u t  s u b j e c t  t o  v a p o r i z a t i o n ,  
(2)  Darcy 's  law i s  v a l i d  f o r  t w o  f l u i d s ,  ( 3 )  t h e  r o c k  m a t r i x  i s  r i g i d ,  
(4)  l o c a l  thermal e q u i l i b r i u m  occurs between t h e  f l u i d s  and rock,  
(5 )  negl  i g i b l e  v iscous d i s s i p a t i o n ,  (6 )  n e g l i g i b l e  thermal d i s p e r s i o n ,  
and (7) n e g l i g i b l e  s u r f a c e  t e n s i o n  e f f e c t s .  

Basic  

To s i m u l a t e  t h e  v e r t i c a l  f l o w  o f  steam through v a r i a b l y  s a t u r a t e d  
porous media, two c o n t r o l l i n g  equat ions a r e  used (see Appendix):  a 
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f l u i d - f l o w  equat ion and an energy equation. These equations con ta in  
parameters which a r e  dependent upon pressure, temperature, and l i q u i d -  
water sa tu ra t i on .  The energy equat ion accounts f o r  heat conduct ion,  
convect ion,  vapor iza t ion ,  compressible work, and heat storage. These 
p a r t i a l  d i f f e r e n t i a l  equat ions a re  coupled through the  v e l o c i t y  terms, 
the  vapor i za t i on  terms, the  l i q u i d  sa tu ra t i on ,  and the  pressure- and 
temperature-dependent parameters. 
eously a t  d i s c r e t e  t ime i n t e r v a l s  by a f i n i t e - d i f f e r e n c e  technique. 

The equat ions a r e  solved s imul tan-  

Resul ts 

F igure  2 shows the  pressure, temperature, and l i qu id -wa te r  

top  of a one k i lometer  column o f  r e s e r v o i r  rock.  This  represents the  
e f f e c t  o f  removing about 70% o f  the  mass t h a t  was i n i t i a l l y  a v a i l a b l e .  
Steam i s  produced a t  a r a t e  which dec l ines  w i t h  t ime due t o  wi thdrawal 
a t  constant  pressure.  A l l  the l i q u i d  water i n  the  top  300 m has been 
vapor ized and steam i n  t h i s  reg ion  i s  superheated. 

s a t u r a t i o n  a f t e r  10 9 sec (31.6 years) o f  steam product ion from the 

Temperature d i s t r i b u t i o n s  "A" and l l B t l  i n  F igure  2 show the  
i n f l uence  o f  heat conduct ion and compressible work (as de f ined by the  
second t e r m  on the  r ighthand s ide  o f  the energy equat ion) .  D i s t r i -  
b u t i o n  "A" shows the  temperature p r o f i l e  obta ined us ing the  complete 
energy equat ion.  D i s t r i b u t i o n  llBll shows the  temperature p r o f i l e  ob- 
ta ined when the  compressible work term i s  omi t ted  from the  c a l c u l a t i o n s .  
I t  i s  c l e a r  t h a t  compressible work i s  s i g n i f i c a n t  o n l y  where super- 
heated steam i s  present.  Both p r o f i l e s  show the temperature increase 
a t  the top o f  t he  r e s e r v o i r  brought about by conduct ion from the  base 
o f  the  cap rock a t  a d is tance o f  approximately 50 in. Conduction from 
the  cap rock o r  o ther  nearby rocks no t  cooled by the  vapor i za t i on  
process may be responsib le  f o r  the  temperature increase o f  produced 
steam observed i n  some w e l l s  ( S e s t i n i ,  1970). The t ime v a r i a t i o n  i n  
temperature a t  the  top o f  the  r e s e r v o i r  i s  shown i n  F igure  3 f o r  
curves "A" and "B l l  . I n  the  e a r l y  p a r t  o f  the  product ion h i s t o r y ,  
the  coo l i ng  e f f e c t  o f  compressible work counteracts  the heat ing  due 
t o  conduct ion from the  cap rock. 

The e f f e c t  o f  e l i m i n a t i n g  g r a v i t y  from the  c a l c u l a t i o n s  upon the 
pressure and temperature d i s t r i b u t i o n s  i s  shown by the  dashed l i n e s  i n  
F igure  2. Apart  from i t s  poss ib le  i n f l uence  upon the v e r t i c a l  d i s t r i -  
b u t i o n  o f  l i q u i d  water (not  inc luded i n  t h i s  study) the e f f e c t  o f  
g r a v i t y  can be s a f e l y  neglected. 
l i t t l e ,  i f  any, e f f e c t  upon r e s e r v o i r  p roduc t ion  c h a r a c t e r i s t i c s .  

The weight o f  the  steam column has 
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APPEND I X 

The bas ic  equat ions used i n  t h i s  study a r e  reproduced here f o r  
convenience. Add i t i ona l  d e t a i l s  and c o n s t i t u t i v e  r e l a t i o n s h i p s  a re  
g iven i n  the  repo r t  by Moench (1976). 

F low Equat ion 

kA ap _ I .  -. 
(- -Pvg) I+q+q' a 

-b az v IJ az 
V 

where 

P V  

P V  

k 

kr 
9 
$ 

S 
P 

9 

9 '  
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t 

K 

B 
T 

dens i t y  o f  t h e  water vapor 

dynamic v i s c o s i t y  of t h e  water vapor 

i n t r i n s i c  pe rmeab i l i t y  

r e l a t i v e  p e r m e a b i l i t y  t o  water vapor 

a c c e l e r a t i o n  of g r a v i t y  

p o r o s i t y  

l i qu id -wa te r  s a t u r a t i o n  

pressure 

source or s i n k  of steam through w e l l s  ( p o s i t i v e  i f  source of 

steam) 

source o r  s i n k  o f  steam by vapor i za t i on  o r  condensation ( p o s i t i v e  

i f  source of steam) 

v e r t i c a l  coord ina te  ( p o s i t i v e  downward) 

t ime  
I apv 

compressibi I i t y  o f  water, - (-1 
pv ap T I apv 

thermal expans iv i t y  of water vapor, - - (-1 
P,, 2-r p 

temperature 
V 
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Energy Equation 

where 

K 
V 

c I  

c3 

PQ 

ps 

CPR 

2 C 

P V  
C 

PS 
C 

L 

Q 

D 
D t  
- 

a aT aT aT - (K -1-c v - -Lq' +Q = [C I +C 2 +C 3 a t  I- az az I az 

DP - 4Cl-SI T f3 

e f  f e c t i  ve therma I conduct i v i  t y  

average i n t e r s t i t i a l  v e l o c i t y  

heat capac i t y  of vapor,$(l-S)pvcpv 

heat  capac i ty  of l i q u i d ,  $SpgcpR 

heat capac i t y  of s o l i d , ( l - $ ) p  c 

dens i ty  o f  l i q u i d  water, 

dens i t y  of s o l i d  rock  p a r t i c l e s  

s p e c i f i c  heat a t  cons tan t  pressure of  vapor 

s p e c i f i c  heat a t  constant  pessure of l i q u i d  

s p e c i f i c  heat  a t  cons tan t  pressure of s o l i d  

l a t e n t  heat of vapor i za t i on  

energy source or s i n k  by means o t h e r  than condensation 

or vapor i za t i on  ( p o s i t i v e  i f  source o f  heat)  

s PS 

a subs tan t i a l  d e r i v a t i v e ,  - a +v-  
a t  az 

Liquid-Water Sa tu ra t i on  Equation 
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Figure 1. Vertical temperature and pressure distributions 
in a n  idealized natural vapor-dominated system. 
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BUOYANCY INDUCED BOUNDARY LAYER FLOWS I N  GEOTHERMAL RESERVOIRS 

Ping Cheng 
Department o f  Petroleum Engineer ing 

Stanford Un ive rs i t y ,  Stanford,  CA. 94305 

J: 

Most o f  the t h e o r e t i c a l  study on heat and mass t r a n s f e r  i n  
geothermal rese rvo i r s  has been based on numerical method. Recent- 
l y  a t  t he  1975 NSF Workshop on Geothermal Reservoir  Engineer ing,  
Cheng ( 1 )  presented a number o f  a n a l y t i c a l  so lu t i ons  based on 
boundary l aye r  approximat ions which a r e  v a l i d  f o r  porous media 
a t  h igh  Rayleigh numbers. According t o  var ious  est imates the 
Rayleigh number f o r  the Wairakei geothermal f i e l d  i n  New Zealand 
i s  i n  the  range o f  1000-5000, which i s  t y p i c a l  f o r  a v i a b l e  geo- 
thermal f i e l d  c o n s i s t i n g  o f  a h i g h l y  permeable format ion and a 
heat source a t  s u f f i c i e n t l y  h igh  temperature. 

The bas ic  assumption o f  the  boundary l aye r  theory i s  t h a t  
heat convect ive heat t r a n s f e r  takes p lace  i n  a t h i n  porous l a y e r  
ad jacent  t o  heated o r  cooled surfaces. Indeed, numerical so lu t i ons  
suggest t h a t  temperature and v e l o c i t y  boundary layers  do e x i s t  i n  
porous media a t  h igh  Rayleigh numbers ( 2 ) .  I t  i s  wor th ment ioning 
t h a t  the l a rge  v e l o c i t y  g rad ien t  e x i s t i n g  near the  heated o r  cooled 
surfaces i s  n o t  due t o  v i s c o s i t y  bu t  i s  induced by the  buoyancy 
e f f e c t s .  The present paper i s  a summary o f  the work t h a t  we have 
done on the  a n a l y t i c a l  so lu t i ons  o f  heat and mass t r a n s f e r  i n  a 
porous medium based on the  boundary l aye r  approximat ions s ince  
the  1975 Workshop. 

S i m i l a r i t y  So lu t ions  t o  Boundary Layer Equations 

Free Convection about a V e r t i c a l  Impermeable Surface w i t h  Uni form 
Heat F1 ux 

The s o l u t i o n  f o r  f r e e  convect ion about a v e r t i c a l  impermeable 
sur face w i t h  w a l l  temperature being,a power func t i on  o f  d is tance,  
i .e . ,  T = T + Ax f o r  x > O  i s  g iven  by Cheng and Minkowycz (3 ) .  
The constant  heat f l u x  s o l u t i o n  can be obta ined by a s imple t rans-  
format ion o f  va r iab les  and by s e t t i n g  A = 1/3 i n  Ref. 3. The 

x 
W 

-1. 

V i s i t i n g  Professor .  On sabbat ica l  leave from Department o f  
Mechanical Engineering,. U n i v e r s i t y  of  Hawaii, Honolulu, Hawaii 
96822. 
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expressions f o r  l o c a l  Nussel t  number, the mean Nussel t  number, 
and thermal boundary layer  th ickness are  

1 
Nu / [ R a C ; l 3  = 0 . 7 7 2 3 ,  

- 

X X 

i - 

1 - 
3 ~- 6T - 4.8/[Ra:] , 

X 
( 3 )  

t he  dens i t y  o f  the  f l u i d  a t  i n f i n i t y ;  g t h e  g r a v i t a t i o n a l  
acce1erat ion;u and B the  v i s c o s i t y  and the thermal expansion co- 
e f f i c i e n t  o f  t he  f l u i d ;  K the  pe rmeab i l i t y  o f  the porous medium; 
L the  l eng th  o f  the  p l a t e ;  q the  sur face heat f l u x ;  a and K 

t he  equ iva len t  thermal d i f f u s i v i t y  and the thermal c o n d u c t i v i t y  
o f  the  sa tura ted  porous medium. The equivalence of Eqs. ( 1 )  through 
( 3 )  and the  corresponding expressions g iven by Cheng & Minkowycz ( 3 )  
was shown r e c e n t l y  by Cheng ( 4 ) .  

Free Convection about a Hor i zon ta l  Impermeable Surface w i t h  Uni form 
Heat F lux  

The constant  heat f l u x  s o l u t i o n  f o r  a h o r i z o n t a l  impermeable 
sur face can be obta ined by a s imple t rans format ion  o f  va r iab les  
and by s e t t i n g  h = 1/2 i n  the  s o l u t i o n  g iven by Cheng and Chang ( 5 ) .  
The expressions f o r  l o c a l  Nussel t  number, the mean Nussel t  number, 
and thermal boundary l aye r  th ickness f o r  the  present problem a r e  

1 - 
Nu = 0.8588, 

X 

z / [ R a ; l 4  L = 1.288, 

( 4 )  
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Mixed Convection from a V e r t i c a l  Isothermal Impermeable Surface 

The problem o f  mixed convect ion from a v e r t i c a l  impermeable 
sur face w i t h  a s tep  increase i n  w a l l  temperature ( i .e . ,  
f o r  x L 0) , embedded i n  a porous medium i s  considered byTWCheng ( 6 ) .  
The expressions f o r  l oca l  Nussel t  number, average Nussel t  number, 
and thermal boundary l aye r  th ickness a re  

= T m + A  

Nu __- X = [ - B ' ( O ) ]  
11 2 Y 

[ R e  P r ]  
X 

( 7 )  

V 
X V a and P r  w i t h  Re - - where Um i s  t he  v e l o c i t y  ou ts ide  

u 2  

the boundary layer .  

as a f u n c t i o n  o f  G r  /Re a re  shown i n  Figs.  1 and 2, where the  
corresponding values f o r  f r e e  convect ion about a v e r t i c a l  isothermal 
p l a t e  as g iven by Cheng and Minkowycz (3) can be r e w r i t t e n  as 

The values of  Nux/[RexPr]' and [RexPr]'€iT/x 

x x  

- 
2 6.31 [ R e x F r ]  6T/x = __ i l  

[ G r x / R e J  2 
(11) 

Mixed Convection from a Hor izon ta l  Impermeable Surface w i t h  Uni form 
Surface Heat F lux  

The expressions f o r  l o c a l  Nussel t  number, average Nussel t  
number, and thermal boundary l aye r  th ickness are  g iven by (4,7) 

[ R e x P r ]  
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The Val es o f  Nux/[RexPr]’ and [RexPr,]’?/x as a f u n c t i o n  Y o f  Ra*/(Re P r )  a r e  g i v e n  i n  Ref. 4, where t h e  asymtotes f o r  f r e e  
conveet ionxabout a h o r i z o n t a l  p l a t e  w i t h  u n i f o r m  heat f l u x  a r e  
g i v e n  by Eqs. (4 )  and ( 6 ) ,  which can be r e w r i t t e n  as 

1 1 

The E f f e c t  o f  U, on Heat T r a n s f e r  Rate and t h e  S ize  o f  Hot-Water Zone 

To g a i n  some f e e l i n g  on t h e  o r d e r  o f  magnitude o f  v a r i o u s  
p h y s i c a l  q u a n t i t i e s  i n  a geothermal r e s e r v o i r ,  cons ider  a v e r t i c a l  
impermeable s u r f a c e  a t  2 1 5 O C  i s  embedded i n  an a q u i f e r  a t  15 C.  
I f  t h e r e  i s  a p ressure  g r a d i e n t  i n  t h e  a q u i f e r  such t h a t  ground- 
water  i s  f l o w i n g  v e r t i c a l l y  upward, t h e  va lues o f  heat t r a n s f e r  
r a t e  and t h e  s i z e  o f  t h e  h o t  water  zone can be determined f rom 
Figs. 1 and 2. The r e s u l t s  o f  t h e  computations for U, varying 
f r o m  0.01 cm/hr t o  10 cm/hr a r e  p l o t t e d  i n  F igs .  3 and 4 where 
i t  i s  shown t h a t  t h e  t o t a l  heat t r a n s f e r  r a t e  f o r  a v e r t i c a l  sur -  
face,  1 km by 1 km, increases from 20 MW t o  110 MW, w h i l e  t h e  
boundary l a y e r  th ickness  a t  x = 1 km decreases f r o m  130 m t o  
20 m. 

0 

V a l i d i t y  o f  Boundary Layer Approximat ions 

The v a l i d i t y  o f  t h e  boundary l a y e r  approx imat ions can be 
accessed by a comparison o f  r e s u l t s  o b t a i n e d  by s i m i l a r i t y  so lu -  
t i o n s  t o  t h a t  of numerical  s o l u t i o n s  o f  exac t  p a r t i a l  d i f f e r e n t i a l  
equat ions,  o r  t o  exper imenta l  data.  For f r e e  c o n v e c t i o n . i n  a 
porous medium between p a r a l l e l  v e r t i c a l  p l a t e s  separated b y . a  
d i s t a n c e  H, t h e  c o r r e l a t i o n  equat ion  g i v e n  by B o r i e s  and Combarnous 
(8) i s  
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- 0 . 6 2 5  H 0 . 3 9 7  
NuH. = 0 . 2 4 5  ( R a H )  ( E )  Y (17) 

- 
and RaH = pgBK L i s  t h e  l e n g t h  o f  t h e  p l a t e ,  NuH - - hH - - 

3 
where 

H / r  between 0.05 and 0.15 8 . 
r a t e  as ob ta ined f r o m  boundary l a y e r  approx imat ions f o r  an i s o -  
thermal v e r t i c a l  p l a t e  ( 3 )  i s  

(T -TL)H/va. Eq. ( 1 7 )  i s  v a l i d  f o r  Ra f rom k 2  10 t o  10 and f o r  
On t h e  o t t e r  hand, t h e  heat  t r a n s f e r  

NuL = 0.688 ( R a L )  0.5 , 

which can be r e w r i t t e n  as 

0.5 H 0 . 5  
N""= 0.888 ( R a H )  ( E )  > 

(18) 

(19) 

Eqs. (17) and (19) f o r  H/L = 0.05 and 0.15 a r e  p l o t t e d  i n  
F i g .  5 f o r  comparison. I t  i s  shown t h a t  they a r e  i n  good agree- 
ment, e s p e c i a l l y  a t  h i g h  Ray le igh  numbers where t h e  boundary l a y e r  
approx imat ions a r e  v a l i d .  

Conc 1 ud i ng Remarks 

As i n  t h e  c l a s s i c a l  c o n v e c t i v e  heat  t r a n s f e r  theory,  
boundary l a y e r  approx imat ions i n  porous l a y e r  f l o w s  can r e s u l t  i n  
a n a l y t i c a l  s o l u t i o n s .  Mathemat ica l l y ,  t h e  approx imat ions a r e  t h e  
f i r s t - o r d e r  terms o f  an asympto t ic  expansion which i s  v a l i d  f o r  
h i g h  Ray le igh  numbers. Comparison w i t h  exper imenta l  da ta  and 
numer ica l  s o l u t i o n s  show t h a t  the  approx imat ions a r e  a l s o  a c c u r a t e  
a t  moderate va lues  o f  Ray le igh  numbers. For problems w i t h  low 
Ray le igh  numbers where boundary l a y e r  i s  t h i c k ,  h igher -order  
approx imat ions  must be used (9). 
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F I G U R E  3. T H E  E F F E C T  OF U, ON T O T A L  H E A T  TRANSFER R A T E  FOR M I X E D  C O N V E C T I O N  FROM 
A N  I S O T H E R M A L  V E R T I C A L  H E A T E D  SURFACE I N  A GEOTHERMAL R E S E R V O I R .  
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A CALCULATION MODEL FOR THE P-V-T-X PROPERTIES 
OF GEOTHERMAL B R I N E S  

R. W .  P o t t e r ,  I l l  
U.S. Geologica l  Survey 

Menlo Park, CA. 
and 

J. L. Haas, J r .  
U.S. Geologica l  Survey 

Reston, VA. 

A s e t  o f  P-V-T-X da ta  f o r  t h e  h i g h l y  s a l i n e  f l u i d s  encountered i n  some 
geothermal r e s e r v o i r s  i s  an impor tant  p r e r e q u i s i t e  t o  t h e  model ing o f  t h e  
chemical  and p h y s i c a l  behavior  o f  geothermal r e s e r v o i r s .  However, very  
l i m i t e d  da ta  a t  t h e  temperatures and pressures encountered i n  t h e  geothermal 
systems a r e  a v a i l a b l e  ( P o t t e r ,  1976). I n  t h i s  paper, we present  r e l a t i v e l y  
s imp le  workable models which can be used t o  p r e d i c t  a c c u r a t e l y  b o t h  t h e  
d e n s i t y  and vapor p ressure  o f  complex b r i n e s  a t  e l e v a t e d  temperatures.  
Together these models y i e l d  a paramet r ic  equat ion  o f  s t a t e  f o r  t h e  vapor-  
s a t u r a t e d  geothermal b r i n e .  

There have been a t tempts  t o  e r e c t  t h e o r e t i c a l  models f o r  c a l c u l a t i n g  
t h e  d e n s i t y  o f  complex b r i n e s ,  p a r t i c u l a r l y  seawater ( M i l  l e r o ,  1973) b u t  
g e n e r a l l y  these models a l l  represent  some form o f  Young's Rule: 

ovs = C f i O v i  

where oVs i s  t h e  apparent mola l  volume o f  t h e  s o l u t i o n ,  f i  i s  t h e  mole 
f r a c t i o n  o f  component i , and +vi i s  t h e  apparent mola l  volume o f  
component i f o r  t h e  t o t a l  i o n i c  s t r e n g t h  o f  t h e  s o l u t i o n .  These models 
a r e  g e n e r a l r y  i n a p p l i c a b l e  t o  t h e  geothermal case because: 

1 .  The m o d i f i e d  Young's Rule d e f i n e s  components as i o n i c  species and 
sums a l l  t h e  p o s s i b l e  combinat ions o f  anions and c a t i o n s .  P r e s e n t l y ,  
i t  i s  e s s e n t i a l l y  impossib le  t o  a c c u r a t e l y  d e f i n e  t h e  s p e c i a t i o n  i n  
a h i g h l y  s a l i n e  f l u i d  a t  e l e v a t e d  temperatures.  

2 .  I n  o r d e r  t o  app ly  t h e  Rule, h i g h l y  p r e c i s e  oVi da ta  a r e  r e q u i r e d  
f o r  a l l  t h e  species.  A t  t h e  present  t ime d e n s i t i e s  o f  t h e  r e q u i r e d  
accuracy a r e  a v a i l a b l e  g e n e r a l l y  o n l y  a t  temperatures l e s s  than 5OoC. 

3. The m o d i f i e d  Young's Rule as used by M i l l e r 0  (1973) assumes t h e  
a d d i t i v i t y  o f  t h e  i n f i n i t e - d i l u t i o n  volume p r o p e r t i e s .  A l though t h i s  
ho lds  f a i r l y  w e l l  f o r  c h l o r i d e s ,  i t  has n o t  been g e n e r a l l y  documented 
f o r  carbonates and s u l f a t e s .  I t  i s  a l s o  ques t ionab le  whether 
p r e d i c t i o n s  based on such assumptions would work f o r  h i g h l y  s a l i n e  
f l u i d s  such as a r e  encountered i n  t h e  S a l t o n  Sea f i e l d s .  

S ince Young's Rule does however d e f i n e  t h e  41 i t  f o l l o w s  by analogy 
vs ' t h a t :  

d = d  + 
S 0 

(d  -d ) f  + (d2-do) f  2.. .  
1 0 1  ( d  n o n  -d ) f  
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where ds i s  t h e  d e n s i t y  of  t h e  s o l u t i o n ;  do i s  t h e  d e n s i t y  o f  H20; dl, 
d2, dn a r e  t h e  d e n s i t i e s  of t h e  b i n a r y  s a l t - w a t e r  systems o f  t h e  same 
m o l a l i t y  as t h e  s o l u t i o n ;  and fl, f 2 ,  fn a r e  equal t o  t h e  c o n c e n t r a t i o n  
( m o l a l i t y )  o f  t h e  r e s p e c t i v e  s a l t  d i v i d e d  by t h e  m o l a l i t y  o f  t h e  s o l u t i o n .  
However, because water  i s  s imp ly  one component o f  each b i n a r y  s o l u t i o n  
i t  f o l l o w s  t h a t :  

d = dl + (d  -d ) f  + (d -d ) f  
S 2 1 2  3 1 3 " '  

where dl<dz<d 3...<dn f o r  computat ional  convenience. 
r e l a t i o n s h i p  t h e  d e n s i t y  o f  NaCl (2.4034 molal)-KC1 (1.1311 mola l ) -H20 
a t  25OC was c a l c u l a t e d  u s i n g  equat ions (2) and (3) as w e l l  as d e f i n i n g  
f o r  equat ion  (3)  dl 

o f  1.1274 0.0003 g/cm3. 

To t e s t  t h i s  

. .dn. A l l  t h r e e  methods y i e l d e d  t h e  same r e s u l t ,  
1.1272 f 0.0003 i s  i n  good agreement w i t h  t h e  measured v a l u e  

The o n l y  da ta  o f  s u f f i c i e n t  accuracy f o r  complex s o l u t i o n s  a t  e l e v a t e d  
temperatures w i t h  which t o  t e s t  t h e  d e n s i t y  model a r e  those f o r  seawater 
(Fabuss -- e t  a l . ,  1968). 
MgS04-H20 were taken f rom Fabuss e t  a l .  (1968), f o r  CaC12 s o l u t i o n s  from 
P o t t e r  and Clynne (1976), and for KBr-HzO and MgC12-H20 up t o  100°C f rom 
t h e  I n t e r n a t i o n a l  C r i t i c a l  Tables ( N a t i o n a l  Research Counc i l ,  1928). No 
da ta  above 100°C were a v a i l a b l e  f o r  K B r  and MgCl , hence they were 
c a l c u l a t e d  as K C l  and caC12 r e s p e c t i v e l y .  
was 0.9838 + 0.0005 g/cm3 versus a measured d e n s i t y  o f  0.9839 + 0.0005 whi l e  
a t  1 5 O o C  t h e  c a l c u l a t e d  d e n s i t y  was 0.9443 f 0.0015 g/cm3 v e r s i s  t h e  measured 
d e n s i t y  o f  0.9451 2 0.0010 g/cm3. 

Data f o r  t h e  d e n s i t y  o f  NaCl-HzO, Kcl-HzO, and 

-- 

A t  106OC t h e  c a l c u l a t e d  d e n s i t y  

White (1965) l i s t s  analyses f o r  a S a l t o n  Sea b r i n e  sample whose d e n s i t y  
a t  2OoC i s  1.264 2 0.005. Based on t h e  chemical analyses t h e  b r i n e  can be 
approximated as a NaCl (2.592 m o l a l ) - K c l  (0.953 molal)-CaC12 (2.216 m o l a l )  
b r i n e .  Using t h i s  compos i t ion  and t h e  da ta  f rom P o t t e r  and Brown (1975, 
1976) and P o t t e r  and Clynne (1976), t h e  d e n s i t y  o f  t h e  b r i n e  was c a l c u l a t e d  
as a f u n c t i o n  o f  temperature:  

-6  2 d = 1.2730 - 3.771 x - 1.407 x 10 t 0.002 
S (4 )  

Equat ion (4 )  y i e l d s  a d e n s i t y  a t  2OoC o f  1.265 2 0.002 g/cm3 which i s  
i n  e x c e l l e n t  agreement w i t h  t h e  measured d e n s i t y .  

P r e d i c t i v e  techniques f o r  t h e  vapor p ressure  o f  a s o l u t i o n  a r e  almost 
u n i f o r m l y  i m p r a c t i c a l  f o r  b r i n e s  w i t h  a h i g h  c o n t e n t  o f  d i s s o l v e d  s o l i d s .  
One technique,  however, has proved f a i r l y  a c c u r a t e  f o r  e x t r a p o l a t i n g  data,  
observed a t  lower temperatures,  t o  as much as 2OO0C t o  3OO0C above t h e  
temperature range of t h e  observa t ions .  A m o d i f i e d  form o f  t h i s  technique,  
t h e  r e f e r e n c e  substance p r i n c i p l e  (Othmer and Yu, 1968; Othmer and Chen, 
1968), was used t o  d e r i v e  a f u n c t i o n  f o r  t h e  vapor p ressure  o f  H20-NaCl 
s o l u t i o n s  f rom t h e  f r e e z i n g  temperature t o  3OO0C w i t h  a p r e c i s i o n  o f  0.32 
percent  o f  t h e  observed vapor p ressure  (Haas, 1971a and b; 1975a and b ) .  

The reference substance method can be d e r i v e d  from t h e  Clapeyron 
equat ion  f o r  t h e  v a p o r i z a t i o n  o f  two l i q u i d s .  Othmer and Yu (1968) have 
shown t h a t  t h e  temperature Tx o f  a b r i n e  and t h e  temperature To o f  
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t h e  H20 1 
descr  1 bed 

I n  t 

q u i d  (or r e f e r e n c e  substance) a t  t h e  same pressure  can be 
by an equat ion  o f  t h e  f o l l o w i n g  f r o m :  

I n = T  = m l n T  + c  ( 5 )  
0 X 

e p r e v i o u s  work on t h e  H,O-NaCl system (Haas, 1975a & b ) ,  i t  was 
found t h a t  one can improve t h e  c a l h l a t i o n  by s e t t i n g  c = 0 and 
m = (a + bTx) - l .  Equat ion 5 can be r e w r i t t e n :  

I n  To = (a + bTx)-’  I n  Tx 

I n  p rev ious  work Haas has shown t h e  model t o  be a p p l i c a b l e  t o  t h e  
I f  one examines equat ion  6, i t  becomes s imp le  b i n a r y  system NaCl-H20. 

obv ious t h a t  as few as t w o  w e l l - d e f i n e d  observa t ions  c o u l d  be used t o  
p r e d i c t  t h e  remainder of t h e  P-T curve. To t e s t  t h i s  approach t h e  da ta  
o f  L i u  and L indsay (1971) f o r  a NaCl (1.7065 molal)-Na2S04 ( . l l 9 0  m o l a l ) -  
MgC12 (.2690 m o l a l )  b r i n e  were used a t  75O and 100°C t o  d e f i n e  t h e  
cons tan ts  a and b o f  equat ion .6 .  The c a l c u l a t e d  vapor p ressure  a t  
300°C agree3 w i t h  tKe measured v a l u e  t o  w i t h i n  0.5 bars.  . 

I n  preceding example, da ta  a t  two temperatures which were 25’ c e n t i g r a d e  
a p a r t  were used fo r  t h e  e s t i m a t i o n  o f  t h e  vapor pressure.  I t  i s  obv ious 
t h a t  t h e  g r e a t e r  t h e  spread i n  t h e  known data,  t h e  b e t t e r  t h e  e s t i m a t i o n ,  
because e r r o r s  i n  t h e  known data  have cons iderab ly  l e s s  e f f e c t .  Commonly 
a v a i l a b l e  da ta  fo r  s o l u t i o n s  are :  1)  t h e  f r e e z i n g  p o i n t  depress ion ( f o r  
d i l u t e  s o l u t i o n s ) ,  2) t h e  normal b o i l i n g  p o i n t  e l e v a t i o n  where t h e  vapor 
p ressure  o f  t h e  b r i n e  i s  1 atm o r  3)  osmot ic c o e f f i c i e n t s  near room 
temperature.  From any two of these o r  f rom vapor pressures o f  t h e  b r i n e  
o f  i n t e r e s t ,  t h e  cons tan ts  -- a and - b o f  equat ion  6 may be es t imated .  

The two models can be used t o  generate a PVTX g r i d  f o r  a geothermal 
b r i n e .  These da ta  i n  t u r n  can be used t o  generate a paramet r ic  equat ion  
of s t a t e  f rom which t h e  energy r e l a t e d  thermodynamic p r o p e r t i e s ,  e.g. 
en tha lpy ,  can be e x t r a c t e d .  
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ONE-DIMENSIONAL CONVECTIVE AND CONDUCTIVE GEOTHERMAL HEAT FLOW 

J. C. M a r t i n ,  R. E .  Wegner and F. J .  Kelsey 
Chevron O i l  F i e l d  Research Co. 

P.O. Box 446, LaHabra, Ca. 90631 

A number o f  research workers have i n v e s t i g a t e d  two- and 
three-d imensional  n a t u r a l  c o n v e c t i v e  heat  f l o w  i n  porous media 
c o n t a i n i n g  a s ing le-phase f l u i d '  9 2 .  Resu l ts  i n d i c a t e  t h a t  con- 
v e c t i v e  heat  f l o w  i n  geothermal r e s e r v o i r s  can be h i g h  w i t h  low 
geothermal g r a d i e n t s  w i t h i n  t h e  convec t ion  c e l l s .  

Single-phase convec t ion  can occur o n l y  i n  two o r  t h r e e  dimen- 
s ions ;  however, i t  i s  e v i d e n t  t h a t  steam and h o t  water  sometimes 
e x i s t  s imu l taneous ly  i n  geothermal areas. The l a r g e  d i f f e r e n c e  i n  
d e n s i t y  between steam and h o t  water  p rov ides  a d r i v i n g  f o r c e  t h a t  
tends t o  segregate t h e  two phases, making c o u n t e r c u r r e n t  v e r t i c a l  
one-dimensional  f l u i d  f l o w  t h e o r e t i c a l l y  p o s s i b l e .  

T h i s  paper p resents  t h e  r e s u l t s  o f  a s tudy o f  one-dimensional ,  
v e r t i c a l ,  two phase, s teady-s ta te ,  geothermal f l u i d  and heat  f l o w .  
Steam i s  assumed t o  be generated a t  depth by heat  conducted f rom 
below. The steam f lows upward and an equal mass o f  h o t  water  f lows 
downward w i t h i n  t h e  geothermal r e s e r v o i r .  A t  t h e  t o p  o f  t h e  geo- 
thermal r e s e r v o i r  t h e  steam condenses i n t o  h o t  water  which then 
f l o w s  downward. 
conduct ive .  

Above t h e  r e s e r v o i r  t h e  heat  f l o w  i s  aga in  o n l y  

A method o f  c a l c u l a t i n g  one-dimensional ,  combined c o n v e c t i v e  
and conduct ive  heat f l o w  i s  presented w i t h  c a l c u l a t e d  examples. The 
o b j e c t  o f  t h e  i n v e s t i g a t i o n  was t o  understand t h e  one-dimensional 
c o n v e c t i v e  heat  f l o w  t h a t  may occur  where c o n d i t i o n s  have been s t a b l e  
long enough f o r  t h e  f l o w  t o  approach s teady-s ta te .  Resu l ts  presented 
h e r e i n  app ly  t o  u n f r a c t u r e d  porous media. S i m i l a r  r e s u l t s  should 
app ly  t o  f r a c t u r e d  r e s e r v o i r s  and permeable f a u l t  zones. 

The water  i s  assumed s u f f i c i e n t l y  f r e s h  t h a t  t h e  e f f e c t s  o f  
d i s s o l v e d  s o l i d s  can be neglected.  The s u r f a c e  temperature and heat  
f l o w  r a t e  a r e  assumed t o  be known. C a p i l l a r y  p ressure  and steam 
and h o t  water  r e l a t i v e  p e r m e a b i l i t i e s  a r e  used i n  t h e  a n a l y s i s ;  
however, t h e  e f f e c t s  o f  c a p i l l a r y  p ressure  were neg lec ted  i n  t h e  
example c a l c u l a t i o n s .  The a n a l y s i s  a l l o w s  t h e  thermal c o n d u c t i -  
v i t y  t o  vary  w i t h  temperature and steam o r  h o t  water  s a t u r a t i o n ;  
however, f o r  s i m p l i c i t y  a cons tan t  v a l u e  was used i n  t h e  c a l c u l a t i o n s .  
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D I S C U S S I O N  

Appendix A 
the derivation of 
simultaneously to 
pressure point on 

V 
A G  

gives the equations of heat and fluid flow, and 
the two equations below. These can be solved 
obtain the steam saturation and the temperature- 
the boiling curve as functions of depth. 

-b B G d  = 1 

Symbols are defined in Appendix B. If one dimensional, two phase 
convective flow i s  possible, equation 1 can be solved for the steam 
saturation. This result can be used with equation 2 to calculate 
the pressure gradient. 

In equation 1, AGv is the fractional convective heat flow; 
BGd is the fractional conductive heat flow. For a given problem 
coefficients A and B are constants, and G, and Gd determine the vari- 
ations in the convective and conductive heat f l o w .  Both Gv and Gd 
are functions o f  the relative permeabilities, the fluid saturations, 
the temperature-pressure point on the boiling curve, and the fluid 
properties. 
enthalpy difference and Gd is a function of the variations in 
thermal conductivity. 

In addition, Gv is a function of the steam-hot water 

Figure 1 presents the two sets of steam-hot water relative 
permeability curves used in the calculations. Type I I  relative 
permeability curves were included because recent experimental re- 
sults reported by Brigham3 indicate high immobile water saturations. 
Figure 2 presents the variation o f  Gv with steam saturation for 
various pressures for Type I relative permeability curves. This 
curve is "bell" shaped because the mass flow of steam upward must 
equal the mass flow of water downward. The relative permeability to 
steam controls the shape of the curve at low values of steam satu- 
rations, S s ,  and the relative permeability to hot water controls 
the shape at high values of Ss. 

Figure 2 indicates that the temperature-pressure point on 
the boiling curve also has a strong effect on Gv. At lower tempera- 
ture-pressure values the relatively high water viscosity depresses 
the curve, causing the maximum Gv to occur at higher steam satura- 
tions. At high temperature-pressure values, the curves are depressed 
by smaller differences in densities and enthalpies. At critical 
conditions these differences are zero, hence one-dimensional con- 
vection cannot exist. 
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F i g u r e  3 presents  Gd versus S s  f o r  v a r i o u s  pressures f o r  
Type I r e l a t i v e  p e r m e a b i l i t y  curves. The sharp d e c l i n e  i n  Gd a t  
h i g h e r  S s  r e s u l t s  from t h e  low d e n s i t y  o f  steam as compared t o  t h a t  
o f  h o t  water .  
s l o p e  o f  t h e  b o i l i n g  curve,  $ ( p ) .  

The h i g h  Gd a t  low pressures r e s u l t s  from t h e  s teep 

F i g u r e  4 p resents  t h e  v a r i a t i o n  o f  AG,, BGd, and AGV + BGd 
w i t h  S s  f o r  Type I r e l a t i v e  p e r m e a b i l i t y  curves,  T = 435OF, P = 362 
p s i a ,  k = .010 darcys,  Kh = 40 Btu/day-f t - 'F,  and uh = -6  Btu/day- 
f t 2 .  TWO va lues  o f  
S s  s a t i s f y  t h i s  c o n d i t i o n  ( F i g u r e  4 ) .  The lower steam s a t u r a t i o n ,  
S s l ,  i s  assoc ia ted  w i t h  c o n d i t i o n s  approx imat ing a h o t  water  column 
through which steam i s  m i g r a t i n g  upward and t h e  h o t  water  downward. 
For a wide range o f  c o n d i t i o n s ,  t h e  pressure  g r a d i e n t  approximates 
t h a t  o f  h o t  water ,  caus ing a corresponding r a p i d  increase i n  tempera- 
t u r e  and pressure  w i t h  depth. T h i s  r e l a t i v e l y  l a r g e  temperature 
g r a d i e n t  can cause s i g n i f i c a n t  conduct ive  heat f l o w .  

TO s a t i s f y  equat ion  I ,  AG, + BGd must equal I .  

The h i g h e r  steam s a t u r a t i o n ,  S s 2 ,  i s  assoc ia ted  w i t h  c o n d i -  
t i o n s  approx imat ing  a steam column w i t h  a smal l  amount o f  m o b i l e  ho t  
water .  I n  t h i s  case t h e r e  i s  a wide range o f  c o n d i t i o n s  i n  which 
t h e  pressure  g r a d i e n t  i s  v e r y  low, approx imat ing t h a t  o f  steam. 
T h i s  very  low increase i n  p ressure  and temperature w i t h  depth r e -  
s u l t s  i n  low conduct ive  heat  f l o w .  

A t  a steam-hot water  i n t e r f a c e  or  contac t ,  t h e  h i g h  steam 
s a t u r a t i o n ,  Ss2, e x i s t s  above t h e  i n t e r f a c e ,  and t h e  low steam satu-  
r a t i o n ,  S s l ,  e x i s t s  below i t .  I f  c a p i l l a r i t y  i s  inc luded,  t h e  
i n t e r f a c e  becomes a steam-hot water  t r a n s i t i o n  zone, i n  which 
c a p i l l a r i t y  determines t h e  s a t u r a t i o n  d i s t r i b u t i o n .  

F i g u r e  5 p resents  t h e  r e s u l t s  o f  a s e r i e s  o f  c a l c u l a t i o n s  
i n  which an impermeable zone e x i s t s  t o  a depth o f  2500 f e e t ,  f rom 
which a permeable (10 md) geothermal r e s e r v o i r  extends t o  a depth  
o f  10,000 f e e t .  Below t h i s  t h e r e  i s  another  impermeable zone. The 
s u r f a c e  temperature i s  chosen t o  be 6OoF, and t h e  c o n d i t i o n s  a t  t h e  
t o p  o f  t h e  r e s e r v o i r  a r e  those used i n  F i g u r e  4. Both impermeable 
zones were assigned a thermal c o n d u c t i v i t y  o f  40 B t u / d a y - f t -  F. 
F i g u r e  5 p resents  t h e  v a r i a t i o n s  i n  temperature,  pressure,  steam 
s a t u r a t i o n  and conduct ive  heat  f l o w  w i t h  depth f o r  b o t h  Type I and 
Type I I  r e l a t i v e  p e r m e a b i l i t y  curves.  Only t h e  steam s a t u r a t i o n  for  
t h e  Ss2 s o l u t i o n  changes s i g n i f i c a n t l y  w i t h  r e l a t i v e  p e r m e a b i l i t y .  
As  mentioned p r e v i o u s l y ,  t h e  S s l  s o l u t i o n  approximates c o n d i t i o n s  i n  
a h o t  water  column, i n  which the  pressure  increases w i t h  depth  
accord ing  t o  a h o t  water  g r a d i e n t .  T h i s  r e q u i r e s  a corresponding 
increase i n  temperature t o  m a i n t a i n  b o i l i n g  c o n d i t i o n s .  The i n -  
crease i n  temperature r e s u l t s  i n  s i g n i f i c a n t  conduct ive  heat f l o w .  
The Ss2 s o l u t i o n  approximates c o n d i t i o n s  i n  a steam column, and 
t h e  l o w  steam d e n s i t y  r e s u l t s  i n  low temperature and pressure  grad- 
i e n t s ,  and v e r y  smal l  conduct ive  heat f low.  

0 
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Figure  6 presents  the  r e s u l t s  o f  c a l c u l a t i o n s  s i m i l a r  t o  
those o f  F igure 5, except t he re  i s  a steam-hot water i n t e r f a c e  a t  
-10,000 f e e t .  
f e e t  and the  S s l  s o l u t i o n  app l i es  below -10,000 fee t .  Here again 
o n l y  the steam s a t u r a t i o n  f o r  the  SS2 s o l u t i o n  changes s i g n i f i -  
c a n t l y  w i t h  r e l a t i v e  p e r m e a b i l i t i e s .  Steam generated a t  the  
bottom o f  the  r e s e r v o i r  migrates upward u n t i l  i t  reaches the  top 
where i t  condenses. Throughout the column s u f f i c i e n t  phase t rans-  
f e r  takes p lace  between the  steam and hot  water t o  ma in ta in  steady- 
s t a t e  heat and f l u i d  f low.  

The Ss2 s o l u t i o n  app l i es  f rom -2500 f e e t  t o  -10,000 

F igure  7 presents an example w i t h  and w i thou t  a steam-hot water 
i n t e r f a c e  a t  5,000 fee t .  
below t h i s  depth. The S s l  s o l u t i o n  approaches c r i t i c a l  cond i t i ons  a t  
-15,550 fee t .  The c a l c u l a t i o n s  i n d i c a t e  t h a t  convect ive heat f l o w  does 
no t  approach zero t o  w i t h i n  a few degrees o f  the  c r i t i c a l  temperature. 
This  occurs even though the  d r i v i n g  f o r c e  ( the  d i f f e r e n c e  i n  dens i t y )  
and the  enthalpy d i f f e r e n c e  both approach zero as c r i t i c a l  cond i t i ons  
a re  approached. This  seemingly i ncons is ten t  r e s u l t  i s  caused by the  
very low slopes o f  the  dens i t y  and enthalpy d i f f e rences  as the  c r i t i c a l  
cond i t i ons  a r e  approached (F igure  8) .  Ca lcu la t ions  i n d i c a t e  t h a t  below 
the  p o i n t  where c r i t i c a l  cond i t i ons  a r e  reached a s i n g l e  phase e x i s t s  
which i s  above c r i t i c a l  cond i t ions .  There i s  a reduc t ion  i n  the  pressure 
g rad ien t  as i l l u s t r a t e d  i n  F igure  7 and the  heat f l o w  i s  pu re l y  conduct ive.  

Both the  S s l  and Ss2 so lu t i ons  a r e  shown 

Resul ts  o f  c a l c u l a t i o n s  no t  presented he re in  i n d i c a t e  t h a t  
i t  i s  poss ib le  t o  encounter cond i t i ons  below the  c r i t i c a l  beyond 
which o n l y  superheated steam e x i s t s .  Both S s l  and Ss2 s o l u t i o n s  
encounter these cond i t ions .  They occur a t  the  maximum value o f  
t he  AGv + BGd curve. 

F igure  4 i nd i ca tes  t h a t  t he  AGv + BGd curve may extend t o  
much lower values i n  the h igh  S s  range than f o r  the  low range. 
I n  some cases where A and B a r e  s u f f i c i e n t l y  la rge ,  o n l y  Ss2 so lu -  
t i o n s  e x i s t .  Since A and B vary i nve rse l y  w i t h  uh, these condi -  
t i o n s  a r e  more l i k e l y  t o  occur f o r  low uh values. Ca lcu la t i ons  
i n d i c a t e  t h a t  t h i s  type o f  s o l u t i o n  may be v a l i d  and have s i g n i -  
f i c a n t  convec t ive  heat f l o w  over many thousands o f  f e e t  f o r  low 
p e r m e a b i l i t i e s  even less  than 0.1 md. I t i s  conceivable t h a t  t h i s  
type o f  f l u i d  and heat f l o w  may be t a k i n g  p lace  a t  g rea t  depths 
i n  t e c t o n i c a l l y  a c t i v e  regions where pe rmeab i l i t y  may be being 
mainta ined by f r a c t u r i n g .  The increased heat f l o w  cou ld  be 
respons ib le  f o r  areas o f  increased heat f l o w  near f a u l t s .  

The lower l i m i t  o f  pe rmeab i l i t y  f o r  which p h y s i c a l l y  
meaningful  s o l u t i o n s  can be obta ined has no t  been determined. 
Numerical so lu t i ons  have been obta ined f o r  extremely small values 
o f  pe rmeab i l i t y  and f r a c t i o n a l  convect ive heat f low,  AG,. I n  
these so lu t i ons  the  S s  v a r i e s  i n  such a manner t h a t  both the  
f l u i d  pressure grad ien t  and the b o i l i n g  curve cond i t i ons  are  



s a t i s f i e d .  These s teady-state so lu t i ons  assume t h a t  a l l  t r a n s i e n t s  
have d ied  ou t .  Thus, t he  lower pe rmeab i l i t y  l i m i t  depends on the  
cond i t i ons  o f  the  problem and on the t ime requ i red  t o  reach steady- 
s t a t e .  

The r e s u l t s  presented i n  Figures 4-8 a re  for a t o t a l  heat 
f l o w  o f  -6  Btu/ f t2-day and a rese rvo i r  pe rmeab i l i t y  o f  10 md. 
Other c a l c u l a t e d  r e s u l t s  i n d i c a t e  t h a t  the o v e r a l l  f l u i d  and heat 
f l o w  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  a wide range o f  cond i t ions .  

Conclusions 

1. Combined one-dimensional, v e r t i c a l ,  convect ive and con- 
d u c t i v e  heat f l o w  i s  t h e o r e t i c a l l y  poss ib le  i n  geothermal 
re ,servo i rs .  C a l c u l a t i o n 9  i n d i c a t e  t h a t  t h i s  can occur 
over depths ranging from the  surface t o  below 20,000 
f e e t .  

2. I n  many cases two f l u i d  sa tu ra t i ons  s a t i s f y  the  same heat 
f l o w  r a t e .  One i s  a h igh  hot water s a t u r a t i o n  i n  which ho t  
water i s  the  p r i n c i p a l  mobi le  phase. The pressure g rad ien t  
i s  approximately t h a t  o f  the  hot water. The o the r  f l u i d  
s a t u r a t i o n  i s  a h igh  steam s a t u r a t i o n  i n  which steam i s  
the  p r i n c i p a l  mobi le  phase, and the  pressure g rad ien t  i s  
approximately t h a t  o f  steam. Only the  steam s a t u r a t i o n  
changed s i g n i f i c a n t l y  w i t h  r e l a t i v e  pe rmeab i l i t y  f o r  the  
two se ts  o f  r e l a t i v e  pe rmeab i l i t y  curves inves t iga ted .  

3 .  For pe rmeab i l i t i es  g rea ter  than 1 md and f o r  h igh  steam 
sa tu ra t i ons ,  the  convect ive f r a c t i o n  o f  the  heat f l o w  i s  
genera l l y  many times the conduct ive f r a c t i o n .  For h igh  
hot  water sa tu ra t i ons  the two f r a c t i o n s  a r e  o f t e n  o f  
comparable magnitudes. 

4. Convective heat f lows invo lv ing  h i g h  steam sa tu ra t i ons  can 
extend t o  considerably  g rea ter  depths than those i n v o l v i n g  
h igh  water sa tu ra t i ons .  
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APPENDIX A 

The equations used in the numerical solution are derived in this appendix. 
All equations written in a consistent set of units, and the symbols are 
defined in Appendix B. 

The basic equations are: 

Darcy's law for hot water ) (A-1) 

us = -1, g p ,  
Darcy's law for steam ( A - 2 )  

a Continuity equation for mass & (p,uw + p u = - - a t  C @ ( P W S W  + PSSS)I s s  
( A - 3 )  

Saturations s ,  + s, = 1 ( A - 4 )  

a u  1 = Continuity equation for heat + Psh,S, + (y) P,.c,.T] 

( A - 5 )  _ -  

Capillary pressure P, - P, = pc  us, T )  ( A - 7 )  

Boil ing curve T = 1L ( p S ,  P c )  (A-8) 

The preceding eight equations contain the following eight unknowns uw, us, p ~ ,  
pS, S,, Ss, T and Uh. 
This analysis is restricted to steady-state fluid and heat flow. Thus, all 
derivations with respect to time are zero, and equation A 3  can be integrated 
t o  yield 

PWUW + PSUS = c ( z )  ( A - 9 )  
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where c ( z )  i s  t h e  constant  o f  i n t e g r a t i o n  w i t h  respec t  t o  t ime.  
the mass r a t e  o f  f l ow .  Because no f l u i d  mass en te rs  o r  leaves t h e  porous 
media, t h e  mass o f  t he  water f l o w i n g  downward i s  equal t o  t h e  mass o f  t he  
steam f l o w i n g  upward, and the  n e t  mass f l o w  i s  zero. 
and 

I t  represents  

Thus c ( z )  equals zero 

P W U W  = - P s U s  ( A - 1 0 )  

8Pw 2PS 
az The f o l l o w i n g  equat ion f o r  pwuw can be obta ined by e l i m i n a t i n g  us, r a n d  - 

from equat ions A-1, A-2 and A-7. 

a P c  a s s  

( A - 1 1 )  
g ( P w - P s )  

p w u w  = 1,- 1 1 1 + 
- + -  

P A  pwaw p s x s  p w x w  

E l i m i n a t i n g  psus from equat ions A-6 and A-10 y i e l d s  

( A - 1 2 )  

Under s teady -s ta te  cond i t i ons ,  Uh i s  a constant  which i s  equal t o  the  heat  
f l o w  r a t e  a t  t h e  sur face.  

Combining equat ions A-11 and A-12 y i e l d s  

As i s  customary i n  e x p l o r a t o r y  c a l c u l a t i o n s  such as these, t h e  e f f e c t s  o f  
c a p i l l a r i t y  a re  neglected, and equations A-11 and A-13 reduce t o  

( A - 1 4 )  

( A - 1  5 )  

- 257 -  



Eliminating uw and u from equations A-1, A-2 and A-10 yields 
S 

(A-16) 

From equation A-8 (neglecting capillarity), 
E=** (A-17) 
az dp az 

aT  Eliminating 3F and * from equations A-13, A-16 and A-17 and converting to 
nondimensional form yields a ?  

AGv + BGd = 1 (A-18) 

2 where 
- hwo gpwo A =  

'h 'wo 

pwo pwo 

PWAW P A  
- + -  

G" = 

where pwo, uw0, hwo and ( ~ 1  
pressure. 

correspond to boiling conditions at atmospheric dP 0 
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APPENDIX B 

NOMENCLATURE 

A, B 

C W  

= nondimensional coefficients (see equation A-18) 

= constant of integration with respect to time (see equations 
following equation A-9)  

G d ,  Gv = variable parts of fractional conductive and convective heat flow 
(see equation A-18) 

9 = gravitation constant 

h = enthalpy 

kh 

'3  krsy krw 

pC 

= thermal conductivity 

= single phase permeability, relative permeabilities to 
steam and hot water respectively. 

= capi 11 ary pressure 

P = fluid pressure 

S = saturation 

SS1 , Ss2 

T = temperature 

t = time 

U 

'h 
Z = depth 

x 
1-I = viscosity 

4 = porosity 

P = density 

$ 

Su bscr i pt s 
r = rock 
S = steam 
W = water 

= solutions of equation (1) (see Figure 4) 

= velocity as given by Darcy's law 

= heat f l o w  rate 

kr 
= fluid mobility = - 

1-I 

= boiling curve temperature expressed as a function of fluid pressure 
(Eq. A-8) 
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MODELLING HEAT TRANSFER AND ROCK DEFORMATION 
PROCESSES I N  GEOTHERMAL SYSTEMS 

C.  Archambeau, D. Holcomb, D. R. Kassoy 
J. S .  Rinehar t ,  A .  Zebib 

U n i v e r s i t y  o f  Colorado 
Boulder, CO. 80302 

The geothermal research program a t  the  U n i v e r s i t y  o f  Colorado 
encompasses th ree  pr imary areas o f  study. These inc lude:  

1 .  Analys is  and i n t e r p r e t a t i o n  o f  data from the  Mesa Anomaly. 
Development o f  a p h y s i c a l l y  v i a b l e  conceptual model o f  t h e  
undeveloped system. 

2. Heat and mass t r a n s f e r  i n  s imple models o f  l iqu id-dominated 
geothermal systems. Analys is  o f  f low,  temperature and pressure 
d i s t r i b u t i o n .  

3 .  Rock deformat ion processes associated w i t h  mechanical load ing  
( e a r t h  t i d e s ,  t ec ton i cs )  and e x t r a c t i o n  and r e i n j e c t i o n  o f  
1 iqu ids .  

Dur ing the  Second Workshop we w i l l  present r e s u l t s  o f  s tud ies  on: 

( 1 )  Steady Nonl inear  Convection on a Saturated Porous Medium w i t h  
Large Temperature Var ia t i on .  

(2) The V e r t i c a l  Convection o f  Heated L i q u i d  i n  a F a u l t  Zone i n  
the  Geothermal Environment. 

(3 )  The Enhancement o f  M ic ro f rac tu re  S t ruc tu re  i n  Rocks. 

Steady Nonl inear  Convection i n  a Saturated Porous Medium 
w i t h  Larae TemDerature V a r i a t i o n  

P o t e n t i a l l y  e x p l o i t a b l e  l iqu id-dominated geothermal basins must be 
h i g h l y  permeable and supp l ied  w i t h  heat from below. 
i n  these basins i s  such t h a t  s i g n i f i c a n t  f l u i d  mot ion i s  present,  then heat 
may be convected toward the  sur face such t h a t  h igh  enthalpy l i q u i d  i s  
a v a i l a b l e  a t  r e l a t i v e l y  shal low depths. 

I f  t he  phys ica l  s i t u a t i o n  

I n  order  t o  understand the  d i f f e r e n t  f a c t o r s  i n f l uenc ing  convect ive 
mot ion i n  a geothermal basin,  we consider  a s i m p l i f i e d  model. Our system i s  
a rectangul.ar, homogeneous, i s o t r o p i c ,  water-saturated porous medium w i t h  
r i g i d  boundaries. The v e r t i c a l  s ides a r e  insu la ted ,  w h i l e  the upper 
h o r i z o n t a l  boundary i s  isothermal a t  a temperature To and the  lower h o r i z o n t a l  
boundary i s  isothermal a t  a h igher  temperature TI. The dens i t y  and v i s c o s i t y  
o f  the water a r e  func t i ons  o f  t he  temperature w h i l e  a l l  o the r  p roper t i es  a re  
taken as temperature independent. For s i m p l i c i t y ,  we o n l y  consider  two- 
dimensional convect ion.  
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The d e s c r i b i n g  equat ions show t h a t  convec t ion  w i l l  s t a r t  i f  t h e  
v a l u e  o f  t h e  Ray le igh  number (R) o f  t h e  system which i s  a measure o f  t h e  r a t i o  
o f  t h e  buoyancy f o r c e  t o  t h e  v iscous  r e s i s t a n c e  exceeds a c r i t i c a l  v a l u e  
(R,) which i s  a monotonic decreas ing f u n c t i o n  o f  t h e  temperature d i f f e r e n c e  
AT = TI - To . I n  t h i s  case t h e  amount o f  heat  t r a n s f e r  increases 
s i g n i f i c a n t l y  f rom i t s  conduct ion  va lue .  

Because o f  t h e  n o n l i n e a r i t y  of t h e  d e s c r i b i n g  equat ions when convec t ion  
i s  p resent ,  numerical  s o l u t i o n  o f  t h e  equat ions i s  e s s e n t i a l .  However, when 
R i s  o n l y  s l i g h t l y  l a r g e r  than Rc weakly n o n l i n e a r  a n a l y s i s  i s  p o s s i b l e .  A 
r e s u l t  o f  t h i s  a n a l y s i s  shows t h a t  t h e  Nusse l t  number (Nu) which i s  t h e  r a t i o  
o f  t h e  heat  t r a n s f e r  across t h e  system t o  i t s  conduct ion  v a l u e  i s  g i v e n  
approx imate ly  by Nu 1 + R(R - Rc) 
such t h a t  f o r  a s p e c i f i c  v a l u e  o f  R t h e  Nusse l t  number was found 
t o  increase as AT a+bR+cR2 increases.  These approximate r e s u l t s  
were used t o  check t h e  numerical  code f o r  va lues  o f  R -+ Rc+ 

where a, b and c a r e  f u n c t i o n s  o f  AT 

The s o l u t i o n  t o  t h e  f u l l  i n i t i a l  boundary v a l u e  problem which descr ibes  
n a t u r a l  convec t ion  i n  t h e  system was found by t h e  f i n i t e  d i f f e r e n c e  method. 
The p a r a b o l i c  energy equat ion  was so lved by t h e  a l t e r n a t i n g  d i r e c t i o n  i m p l i c i t  
method. The e l l i p t i c  momentum equat ion  was so lved by t h e  success ive over  
r e l a x a t i o n  method. An i n i t i a l  p e r t u r b a t i o n  i s  assumed f o l l o w e d  by marching 
i n  t i m e  u n t i l  a steady s t a t e  i s  reached. Est imates o f  accuracy w e r e  found by 
mesh s i z e  r e d u c t i o n .  

Our numer ica l  r e s u l t s  were checked a g a i n s t  pub l i shed r e s u l t s  f o r  
cons tan t  v i s c o s i t y  computat ions w i t h  good agreement. E x c e l l e n t  agreement 
w i t h  t h e  weakly n o n l i n e a r  t h e o r y  was a l s o  found f o r  va lues o f  - R 1.2. 

I t  was found t h a t :  RC 

1. A l though t h e  Nusse l t  number increases w i t h  an inc rease o f  AT 
a t  t h e  s p e c i f i e d  v a l u e  o f  R, a u n i v e r s a l  c u r v e  i s  found t o  d e s c r i b e  t h e  
v a r i a t i o n  o f  t h e  Nusse l t  number w i t h  R/Rc f o r  va lues  o f  0 < AT 20OoC. 

2. The v e l o c i t y  and temperature d i s t r i b u t i o n s  a r e  c o n s i d e r a b l y  
i n f l u e n c e d  by t h e  v i s c o s i t y  dependence on temperature.  The h o r i z o n t a l  mot ion  
i s  f a s t e r  near  t h e  lower boundary. The ascending h i g h  temperature f l u i d  i s  
moving f a s t e r  than t h e  c o l d e r  descending f l u i d .  

3 . .  Thermal boundary l a y e r s  w i t h  s t r o n g  temperature g r a d i e n t s  a r e  
found t o  e x i s t  a t  i n c r e a s i n g l y  s m a l l e r  va lues o f  
d i f f e r e n c e  increases.  

R/Rc as t h e  temperature 

4. Temperature d i s t r i b u t i o n s  w i t h  depth cannot always be used t o  
d e l i n e a t e  conduct ion  and convec t ion  reg ions .  

5. I n  t h e  u p f l o w  s e c t i o n  o f  t h e  convec t ion  c e l l  d i s t o r t i o n  o f  h i g h  
temperature isotherms may lead t o  f l a s h i n g  a t  r e l a t i v e l y  sha l low depths.  
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The V e r t i c a l  Convect ion o f  Heated L i q u i d  i n  a F a u l t  Zone 
i n  t h e  Geothermal Environment 

There i s  abundant evidence i n  Long V a l l e y ,  t h e  Imper ia l  V a l l e y ,  t h e  
Cos0 area, Wairakei ,  Broadlands, and t h e  R io  Grande R i f t  r e g i o n  among 
o t h e r s ,  which suggests t h a t  f a u l t  zones a r e  i n t i m a t e l y  assoc ia ted  w i t h  
geothermal a c t i v i t y .  I n  many o f  these areas thermal anomalies and h o t  
s p r i n g s  a r e  a l i g n e d  w i t h  t h e  f a u l t s  themselves. T h i s  j u x t a p o s i t i o n  i m p l i e d  
t h a t  t h e  f a u l t s  p r o v i d e  a p a t h  f o r  convec t ing  heated l i q u i d  f rom depth.  
When t h e  r i s i n g  h o t  water  i n t e r s e c t s  a r e l a t i v e l y  permeable h o r i z o n t a l  
a q u i f e r  a charg ing  process c o u l d  occur l e a d i n g  t o  a r e s e r v o i r  o f  geothermal 
f l u i d s .  I n  t h i s  sense i t  seems reasonable t o  suggest t h a t  l o c a l i z e d  g e o l o g i c a l  
s t r u c t u r e  ( f a u l t s  and a q u i f e r s )  c o n t r o l s  t h e  heat and mass t r a n s f e r  i n  
geothermal systems r a t h e r  than t h e  l a r g e  s c a l e  hydrodynamical convec t ion  
p a t t e r n s  s t u d i e d  so f r e q u e n t l y .  Wi th  t h i s  i n  mind we have i n i t i a t e d  a s tudy 
of heat  and mass t r a n s f e r  i n  models o f  a f a u l t  zone. 

The f a u l t  zone i s  imagined t o  be a r e g i o n  o f  h e a v i l y  f r a c t u r e d  rock  
w i t h  a f i n i t e  t r a n s v e r s e  dimension (as opposed t o  a s i n g l e  d i s c r e t e  c rack)  
which extends f o r  some i n d e f i n i t e  l e n g t h  a long t h e  e a r t h ' s  sur face .  
Microear thquake da ta  suggests t h a t  these f a u l t s  may descend t o  a depth f a r  
i n  excess o f  t h a t  assoc ia ted  w i t h  geothermal r e s e r v o i r s  ( 1 4  km). Thus i t  
i s  assumed t h a t  t h e  f a u l t  extends through a r e g i o n  o f  sedimentary m a t e r i a l  
i n t o  t h e  basement complex beneath. Due t o  p e r i o d i c  t e c t o n i c  a c t i v i t y  t h e  
f r a c t u r e  system i n  t h e  f a u l t  zone i s  mainta ined.  Thus t h e  f a u l t  r e g i o n ,  
w i t h  a r e l a t i v e l y  h i g h  f r a c t u r e  p e r m e a b i l i t y ,  can a c t  as a l o c a l i z e d  c o n d u i t  
f o r  t h e  mot ion o f  f l u i d .  I n  t h e  most general  model one imagines t h a t  
s u r f a c e  water  ( p r e c i p i t a t i o n ,  r i v e r  r u n o f f ,  e t c . )  p e r c o l a t e s  downward over  
a r e g i o n  o f  a r e a l  e x t e n t  l a r g e  compared t o  t h a t  o f  t h e  f a u l t .  A l though t h e  
genera l  p e r m e a b i l i t y  may be i n s i g n i f i c a n t  w i t h  respect  t o  t h a t  o f  t h e  f a u l t  
reg ion ,  t h e  l a r g e  h o r i z o n t a l  area invo lved permi ts  s i g n i f i c a n t  q u a n t i t i e s  
o f  l i q u i d  t o  reach t h e  h o t  basement complex. S ince t h e  l a t t e r  i s  thought  t o  
be h e a v i l y  f r a c t u r e d ,  l i q u i d  f rom t h e  p e r i p h e r y  o f  t h e  geothermal area can 
m i g r a t e  th rough t h e  h o t  rocks toward t h e  f a u l t  zone. The d r i v i n g  mechanism 
f o r  t h i s  l a t e r a l  mot ion  a t  depth i s  a p ressure  g r a d i e n t  assoc ia ted  w i t h  t h e  
d i f f e r e n c e  between t h e  h y d r o s t a t i c  p ressu re  o f  t h e  c o l d  p e r i p h e r y  f l u i d  
and t h a t  o f  t h e  h o t  f l u i d  a t  t h e  same depth.  Hence t h e  f a u l t  can be charged 
w i t h  h o t  water  which then r i s e s  upward i n  t h e  channel composed o f  f r a c t u r e d  
m a t e r i a l .  A t  v a r i o u s  hor izons  i n  t h e  sedimentary s e c t i o n  h o t  water  may leave 
t h e  f a u l t  t o  charge a v a i l a b l e  a q u i f e r s .  Should t h e  f a u l t  extend t o  t h e  
s u r f a c q h o t  s p r i n g s  may appear. 

I n  our  f i r s t - o r d e r  model we imagine a f a u l t  zone (ex tend ing  t o  t h e  
sur face)  which i n t e r s e c t s  r e l a t i v e l y  impermeable sediments (no f l u i d  l o s s ) .  
The zone i s  model led as a narrow v e r t i c a l  s l a b  o f  porous m a t e r i a l .  I n  t h e  
sedimentary s e c t i o n  t h e  w a l l s ,  assumed t o  be impermeable, have a temperature 
t h a t  increases l i n e a r l y  w i t h  depth.  Beneath t h e  c o n t a c t  w i t h  t h e  basement 
complex we assume t h a t  mass can pass through t h e  w a l l s  which a r e  a t  a 
cons tan t  h i g h  temperature.  Two-dimensional s o l u t i o n s  a r e  sought f o r  t h e  
f l o w  c o n f i g u r a t i o n  i n  t h e  v e r t i c a l  s l o t  ( t h e  f a u l t  as observed i n  t h e  
t r a n s v e r s e  dimension).  S o l u t i o n s  a r e  developed f o r  t h e  f a u l t  charg ing  

I mechanism i n  t h e  basement complex, f o r  t h e  r e g i o n  o f  i n i t i a l  c o o l i n g  o f  
I l i q u i d  near t h e  c o n t a c t  and t h e  t r a n s i t i o n  t o  f u l l y - d e v e l o p e d  f l o w  near t h e  

~ 
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top  o f  the  f a u l t .  I t  i s  shown t h a t  t he  l a t t e r  con f igu ra t i ons  can e x i s t  
o n l y  i f  the  f a u l t  zone Rayleigh number i s  s u f f i c i e n t l y  small. The ana lys i s  
a l s o  i nd i ca tes  t h a t  two-dimensional s o l u t i o n s  a r e  poss ib le  o n l y  i f  a f a u l t  
zone i s  s u f f i c i e n t l y  narrow, a l l  o the r  phys ica l  p r o p e r t i e s  he ld  f i x e d .  For 
wider f a u l t s  o n l y  three-dimensional f l o w  con f igu ra t i ons  can e x i s t .  Such 
s o l u t i o n s  a r e  g iven f o r  a l i m i t e d  range o f  Rayleigh numbers. 

The Enhancement o f  M ic ro f rac tu re  S t ruc tu re  i n  Rocks 

A q u a n t i t a t i v e  d e t e r m i n i s t i c  model o f  d i l a t a n c y  (m ic ro f rac tu re  
development) has been developed t h a t  f i t s  the s t r e s s - s t r a i n  r e l a t i o n s  
f o r  c o n f i n i n g  pressures between 0 and 4 kb. This  includes loading, 
p a r t i a l  unloading and re load ing .  The d e s c r i p t i o n  has been tes ted  f o r  
ra tes  o f  10-5 t o  10-6/sec. 

In  connect ion w i t h  geothermal work, mode l l ing  i s  use fu l  i n  two ways. 
F i r s t ,  d i l a t a n c y  represents c o n t r o l l a b l e  p o r o s i t y  and t h i s  i s  obv ious ly  
important t o  geothermal work. Changing the  l o c a l  s t ress  f i e l d s  may make 
i t  poss ib le  t o  induce a d i l a t a n t  s t a t e  w i t h  the associated g r e a t l y  
increased permeab i l i t y .  The o the r  s ide  o f  t h i s  i s  t h a t  improper pumping 
can decrease e x i s t i n g  d i l a t a n c y .  I n  e i t h e r  case a model i s  very use fu l .  

Second, i n  the  l abo ra to ry ,  d i l a t a n c y  has been found t o  precede and 
c o n t r o l  ma te r ia l  f a i l u r e .  Pumping i n  a geothermal f i e l d  can lead to  
d i l a t a n c y  and f a i l u r e  w i t h  poss ib le  ca tas t roph ic  e f f e c t s  on the f i e l d  and 
the  surroundings. Th is  i s  no t  a l l  bad i n  t h a t  a small earthquake may 
g r e a t l y  increase f r a c t u r i n g .  

The general  approach adopted was s t a t i s t i c a l ,  based on t h e  s l i d i n g  
g r a i n  boundary c rack  model. 
p a r a l l e l  t o  the  maximum p r i n c i p a l  s t ress  a x i s  and produces vo lumet r ic  
s t r a i n  a long the  minimum compressive s t ress  ax i s .  D i s t r i b u t i o n  func t i ons  
fs, f,, f v  f o r  t he  boundary s t rength ,  l o c a l  s t ress ,  and crack volume a r e  
requ i red .  These must depend on the  s t ress  i nva r ian ts .  Th is  approach, as 
opposed t o  the  more common continuum mechanics approach, i s  c l o s e l y  r e l a t e d  
t o  the  micro-physics which makes i t  eas ie r  t o  i n t e r p r e t  observat ions i n  
terms o f  what i s  happening a t  i n d i v i d u a l  cracks.  Separat ing ou t  t he  
var ious  dependencies s i m p l i f i e s  the  problem o f  i nc lud ing  e f f e c t s  l i k e  
chemical weakening. I f  i t  i s  known what the  chemist ry  o f  the  f l u i d s  does 
t o  the  c rack  s t rength ,  then by mod i fy ing  f s  accord ing ly  the  e f f e c t  i s  
included. 

S l i p  on g r a i n  boundaries opens cracks t h a t  a re  

1 /2 J 3 '  1/3 
The s t ress  i n v a r i a n t s  Y = ( 3 / 4 J 2 ' )  and P -  P - 1 / 2 ( ~ )  were 

- chosen as the  va r iab les .  Y i s  a measure o f  the maximum shear t r a c t i o n  and 
P represents  the  average normal t r a c t i o n .  As P increases, the f r i c t i o n a l  
f o r c e  t h a t  must be overcome by Y t o  cause s l i d i n g  increases. The onset o f  
d i l a t a n c y ,  YDIF), i s  a measure o f  the  weakest c rack  and the shape o f  t h i s  
curve i n  Y - P space g ives  the  e f f e c t  o f  The 
s t reng th  d i s t r i b u t i o n  f s  i s  requ i red  t o  g i v e  a c u t o f f  a t  Y (n. 
form, used t o  descr ibe  f a i l u r e  i n  ceramics, i s  f s ( Y s  - YD ?m) = 
2a(Ys- YD1exp(-a(Y - YD)2). 
i s  dN(Y,,P) = fsd(Ys - Y o ) .  

on the  f a i l u r e  s t ress ,  Y s .  
A convenient 

Then the  d i f f e r e n t i a l  number o f  cracks opening 
The s t ress  d i s t r i b u t i o n  f, i s  taken t o  be a 
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d e l t a  f u n c t i o n  f o r  a f i r s t  o rder  theory. The form o f  the crack volume 
d i s t r i b u t i o n  fv  i s  unknown but  assumed t o  be i n v a r i a n t ,  so t h a t  i t s  e f f e c t  
can be computed from one va lue o f  the  d i l a tancy  on the loading curve. Using 
t h i s  approach, b i a x i a l  loading curves f o r  c o n f i n i n g  pressures o f  0 t o  4 Kb 
were f i t  by vary ing  o n l y  one constant which r e f l e c t e d  the e f f e c t  o f  
c o n f i n i n g  pressure on the average crack volume. 

Unloading i s  a very d i f f e r e n t  process from loading i n  t h a t  i t  i s  a 
more l i n e a r  process, w i t h  d i l a t a n c y  p e r s i s t i n g  u n t i l  unloading i s  complete. 
Deta i led  cons idera t ion  o f  the  l oca l  s t resses a t  an open crack suggests 
t h a t  c losu re  i s  by smooth l i n e a r  backs l i d ing  when the  s t ress  f a l l s  below 
the  fa i - lu re  s t ress .  The unloading curves a re  descr ibed we l l  by t h i s  
process. To descr ibe  the process we f i n d  t h a t  th ree  parameters must be 
obta ined from experiment: 
o f  p o t e n t i a l  c racks /un i t  volume. 

YD(P), fv, and a f a c t o r  r e l a t e d  t o  the  number 

Implementation o f  the  model i n  a computer code i s  s t ra igh t fo rward .  
The f i n i t e  element method i s  a na tu ra l  choice. The e f f e c t s  o f  cracks 
can be incorporated i n  a s imple and i n t u i t i v e l y  appeal ing way by t r e a t i n g  
the  cracks as d i s l o c a t i o n s  and us ing the  equiva lent  body f o r c e  d e s c r i p t i o n .  
Th is  in t roduces a body f o r c e  dens i ty  t h a t  can be t rea ted  e a s i l y  by f i n i t e  
elements. i t  a l s o  au tomat i ca l l y  includes crack i n t e r a c t i o n  e f f e c t s .  Pore 
pressure e f f e c t s  a r e  handled by us ing  the  i n t e r a c t i n g  cont inua method t o  
c a l c u l a t e  the  e f f e c t i v e  s t resses.  I t  i s  not  c l e a r  how pore pressure w i l l  
a f f e c t  the s t reng th  o f  the  cracks.  Changing, o r i en ted  p o r o s i t y  imp l ies  
t h a t  the pe rmeab i l i t y  i s  a n i s o t r o p i c  and va r iab le .  I t  i s  s t r a i g h t -  
forward t o  inc lude t h i s  e f f e c t  i n  a f l u i d  f l ow  f i n i t e  element code. The 
o v e r a l l  problem i s  h i g h l y  non l inear  and must be solved i t e r a t i v e l y .  
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DERIVATION, BY AVERAGING, OF THE EQUATIONS OF HEAT, MASS 
AND MOMENTUM TRANSFER I N  A GEOTHERMAL R E S E R V O I R  

Guy E.  Assens 
Lawrence Berkeley Labora tory  

One C y c l o t r o n  Road 
Berkeley,  CA 94720 

The f o l l o w i n g  paper i s  an a b s t r a c t  o f  a r e p o r t  under comple t ion  a t  t h e  
Lawrence Berkeley Labora tory  (Assens, 1977); t h e  main purpose o f  t h i s  r e p o r t  
i s  t o  (1) p r o v i d e  a mathematical  d e r i v a t i o n  o f  t h e  equat ions d e s c r i b i n g  t h e  
t r a n s f e r  o f  heat,  mass and momentum i n  a geothermal b r i n e  r e s e r v o i r  
( e s p e c i a l l y  when heat o r  mass sources a r e  p r e s e n t ) ,  and ( 2 )  h e l p  i n  t h e  
c h o i c e  of t h e  dependent v a r i a b l e s  bes t  s u i t e d  f o r  s o l v i n g  these equat ions 
n u m e r i c a l l y .  

The b a s i c  t o o l  i s  an averag ing  procedure t h a t  a l l o w s  t h e  d e r i v a t i o n  
o f  t h e  t r a n s p o r t  equat ions i n  a porous medium f rom t h e  l e v e l  o f  t h e  pores,  
where each o f  t h e  s o l i d ,  l i q u i d  and f l u i d  c o n s t i t u e n t s  i s  cons idered as a 
separate continuum, t o  a g rosser  l e v e l  where t h e  medium i n  which t r a n s p o r t  
takes p l a c e  i s  i t s e l f  cons idered as a cont inuum w i t h o u t  r e f e r e n c e  t o  i t s  
t h r e e  components. 

Two v a r i a n t s  o f  t h i s  averag ing  have been proposed by chemical  engineers:  
Anderson and Jackson (1967) on one hand, Whi taker  (1969, 1973) and 
S l a t t e r y  (1972) on t h e  o t h e r .  
a p p l i e d  t o  t h e  d e r i v a t i o n  of t h e  t r a n s p o r t  o f  s o l u t e  (B lake and Garge, 1976) 
whereas t h e  l a t e r  was used i n  r e l a t i o n  t o  t h e  t r a n s p o r t  o f  s o l u t e  (Gray, 
1975), a d e r i v a t i o n  o f  Darcy 's  law (Gray and O ' N e i l l ,  1976; Neuman, 1976) 
and t h e  t r a n s p o r t  o f  heat  in terms of f l u i d  i n t e r n a l  energy (Witherspoon 
e t  a l .  1975) o r  en tha lpy  (Faust,  1976). 

The former v a r i a n t  has been r e c e n t l y  

I n  t h e  f o l l o w i n g  pages we r e s t r i c t  t h e  scope o f  o u r  i n v e s t i g a t i o n  t o  
a one-component f l u i d  and f o l l o w  t h e  l a t t e r  o f  t h e  aforement ioned v a r i a n t s ,  
hoping t h a t  we may a v o i d  some o f  t h e  shortcomings n o t i c e d  i n  t h e  l i t e r a t u r e  
surveyed w h i l e  o b t a i n i n g  a more complete form o f  t h e  t r a n s p o r t  equat ions .  

THE BALANCE EQUATIONS FOR A CONTINUUM 

Hypotheses: 

( G l )  Continuum approx imat ion  

( G 2 )  N e g l i g i b l e  thermodynamic f l u c t u a t i o n s  

( G 3 )  Laminar flow regime 

(G4)  One component f l u i d  
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Mass balance:  

a a 
j 

a t  ax 
2 + - ( P V j )  = 0 

Momentum balance ( i - d i r e c t i o n )  

THE AVERAGING PROCEDURE 

D e f i n i t i o n s :  

Consider ,  w i th in  t h e  porous medium, a f ixed  r e p r e s e n t a t i v e  elementary 

volume (Bear, 1972) Ra (a = S, L ,  G ) .  



Let $ be any p rope r ty  o f  t h e  a-phase,  def ined  phys ica l ly  i n  R and mnthe- 
a c1 

m a t i c a l l y  set equal  t o  zero i n  R - R . 
Phase average : <$ > I dV 

a 

a v  
R 

J $adV I n t r i n s i c  phase 
average : 

Rcl 

Deviat ion:  

Any q u a n t i t y ,  e .g .  <$a>, t h a t  has  no meaning a t  a f i n e r  l e v e l  than 

t h a t  o f  t h e  R . E . V .  w i l l  be  subsequent ly  r e f e r r e d  t o  as " loca l ly1 t  de f ined ,  

whereas a q u a n t i t y  t h a t  exis ts  a t  t h e  l e v e l  o f  t h e  po re ,  e . g .  w i l l  be 

r e f e r r e d  t o  as "pointwise" de f ined .  

Hypotheses: 

(GS) c h a r a c t e r i s t i c  l eng ths :  d << R << L 

(pore)  ( R . E . V . )  ( r e s e r v o i r )  

(Sa) 
a 

= <$a> <<$ >> = <<I$ >> 
a a (G6) good behavior  of $ : 

a a a  01 

= <JIa> 
<<$ > > = <<$ > > 

a a 

Theorems : 

General t r a n s p o r t  theorem (Whitaker, 1969): 

Averaging theorem (Whitaker, 1969; S l a t t e r y ,  1972): 

a% a 1 
ax 

j 
< - >  = - <$ > + - 

ax a v J Jlanaj - j 
s a 
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Modified averaging theorem (Gray, 1975):  

dA a% a a < - > =  
ax.  Q ax 

3 

Modified t r a n s p o r t  theorem (Assens, 1977):  

J 

Nice r e l a t i o n s :  

n d A = -  
a j  

w n dA aj aj 

- 
j 

ax 

a t  
a a€ 

= -  

THE AVERAGED BALANCE EQUATIONS 

Assume t h a t  (Hl) t h e  average o f  t h e  product o f  two o r  more dev ia t ions  -I_ 

of v a r i a b l e s  not  s t r o n g l y  dependent on v e l o c i t y  i s  n e g l i g i b l e  compared t o  

t h e  product o f  t h e  averages o f  t h e s e  v a r i a b l e s .  

Mass ba lances :  
So l id  - Assume (H2) incompressible ,  non r e a c t i n g  s o l i d .  

- -  - 0  a t  

F lu id  phase ~ ( a  = L ,  G): 

a - -  a c1 a (<p >cl<v >) + LJp (v - w . )  n dA + - ax <PaVaj’  = 0 
QJ aj j 

- (Ea <Pa’ 1 + ax a aj V a aj 
j 

a t  
( 1 5 )  

(convect ion)  (phase change) (d i spe r s ion )  ( s torage)  
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where the dispersion term may be omitted subject to ( H 3 )  low correlation 

between density and velocity. 

Momentum balances: 

Solid - Assume (H4) indeformable solid matrix 

V = o  sij 
Fluid - Assume (HS) negligible inertia 

yields Darcy's formula in the case of a ( H 6 )  rigid gss-liquid interface 

with no slip. 

Heat Balances: 

Solid - Define the "stagnant" thermal conductivity A '  
S by: 

Then, by H1: 

a s s  - (E: <p > <e > ) at s s  s 
0 a a < T > ) + -  S v 'J(-As 2) nSjdA = < E  S > 

(conduction across 

(storage) 

<=Vs a t  s sol id) fluid-solid interface) 

3 
(-Esx; ax s ax 

+ -  

sS 
j j 

(conduction within s a  S > - < T >  € <p > s s  

(1'3) 

Fluid - Define the tensor of thermal dispersion A$j as follows: 

Then define the "effective" thermal conductivity tensor: 

* 
f A '  + A"  

ai j 0: aij x 
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Finally assume ( H 7 )  negligible viscous dissipation 

(storage) (convect ion) (conduction within phase a) 

(convection + conduction across 
interfaces separating phase a 
from phase B and solid) 

(pressure work 1 

(residual pressure work) (internal generation) 

COMBINING THE AVERAGED EQUATIONS 

Fluid momentum balance: Define ( l o c a l l y )  the f l u i d  mass f l u x :  

Assume (H8) negligible capillarity, then define (pointwise) t h e  r e se rvo i r  

pressure p: 
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F F lu id  mass ba lance :  Define ( l o c a l l y )  t h e  f l u i d  d e n s i t y  <pF> as fo l lows:  

G E <p >F f E <p > L  + E <p > 
F F  L L  G G  

then  : 
0 

am 
- (€ <p > ) + A =  0 
a t  F F ax 

j 

a F 

F F lu id  hea t  ba lance :  Define ( l o c a l l y )  t h e  f l u i d  i n t e r n a l  energy <e > 

and i n t e r n a l  heat genera t ion  r a t e  <E > as fo l lows:  

F 
0 

F 

0 0 0 

<E > Z <E > + <E > 
F L G 

Then : 

* 
L a <T > G )  

'G'Gij 5 G <TL> - F a .  F 3 a 
3 j 

<p > <e >) + - (m.<e$ ) +  ax ( -E A *  - 
ax 1 L L i j  axi 

a 
at (€F F F 

L aEL a <v >) + <pG> G (at aEG + - a <v >) 
ax Cj 

aTS 

j 

(30) 

L j 
- L j ( - A s  ax) nsj dA + <p > (- + - V L a t  ax 

+ 1 (FGvGj - p L v LJ " )  n Lj dA + / (pL - pG) wLjnLjdA = < E F >  

j j 
sS 

0 
5 1 CI 

LG LG 

Assume (H9) t empera ture  e q u i l i b r i u m  between both f l u i d  phases  then  d e f i n e  

(poin twise)  t h e  f l u i d  tempera ture  T ( l o c a l l y )  t h e  f l u i d  e f f e c t i v e  thernial 

SF c o n d u c t i v i t y  t e n s o r  X 

(Combarnous and Bor ies ,  1974) : 

F' 
* 

and a c o e f f i c i e n t  o f  s o l i d - f l u i d  heat t r a n s f e r  h F i j  



with <TF> F = <TL> L = <TG> G 

ahSF(<TS> S - <TF> F ) = - 1  - j ( - A s  ax) aTS nsj dA 
V 

S, j 
(33 )  

S 

AS with a 

Then 

-, solid-fluid interfacial area per unit volume of porous medium. v 

(storage) (convect ion) (cknduc t i on within f 1 uid) 

(conduction across (pres sure work) (residual pressure work) solid-fluid inter- 
face) 

e 
= <E$ (internal generation) (34) 

Solid heat balance: By H8 and H9, 

a s s  - (E <p > <e > ) at s s  s 
* a S s F <T > ) + ahsF(<TS> - <TF> ) (-€SASij s 

(conduction within solid) (conduction across 
solid-fluid interface) 

( 3 5 )  

(storage) 
S a <TS> S 

& <p > <c > - s s  vs at 

= <E > (internal generation) S 

Solid-fluid heat balance: 

Assume (H10) solid-fluid temperature equilibrium then define ( p o i n t h  i se I 

the reservoir temperature ’r and (locally) t h e  reservoir effective therin;~ 1 
* 

conductivity tensor X : ij 

-275- 



( T ~  in R S 

* * 
- (with E + E = 1) 

* - 
Xij - ESXSij + EFXFij S F  ( 3 7 )  

Then : 

* a <T>) a *  F a 
j 

( - X i j  (m.<e > ) + - <eF> ) + - F 
ax 

F 
a x .  J F 

1 
(storage) (convection) (conduction) 

0 0 a + <p-a,; (<v > + <v >) = < E  > + < E  F > Lj Gj S 
J 
(pressure work) (internal generation) 

Similarly, in terms of (fluid) enthalpy: 

* 
( - A . .  - a <T>) S F F  a .  F a 

11 ax i ax 
j 

at a ( ~ < p > < e > ' + ~ < p > < h > )  s s  s F F  F + -  ax (mj <h F ' I + - 
j 

0 0 a 
j 

(<vLj> + <V - -- <p> - >) - <p> = <E > + <E > a 
at Gj a x  S F 

ELEMENTAL AVERAGING 

(Or,how to fit external heat o r  mass sources, such a s  wells o r  l c a k i n g  

boundaries, into the balance equations.) 

\ 
The Procedure \ 

Partition the reservoir into a set of 

"elements". Any element R is bounded by 

\ 

c 
/ 

e 
i) an interface S connecting R to 

C e 

neighboring elements. 

ii) a surface Sw separating R from e 
\ 
\ 

the "outside". 

Elemental average: 

-276- 



Hypothesis G5 modified: 

a. << II << L (d<<) e 
(pore) (R. E.V. ) (element) (reservoir) 

Divergence theorem: 

Elemental mass balance: 

e 
+ j g.n.dA = M 

’e at 1 3  
C 

S 

Elemental momentum balance: Immaterial 

( 4 2 1  

Elemental heat balance: By approximation of the pressure term in ( 3 8 e ) :  

(43e)  

Alternatively: 

- - * 
x ’ -  

e w  

e a< > * - J  ( < v L j >  + <v >) dV = V (E + E,) + thw + AW(r-) (TW - - ’e at Gj e S  

Re 
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TOWARD NUMERICAL SOLUTION 

The Pressure-Work Term 

The main d i f f e r e n c e  between equat ions (43e) and (43h) l i e s  i n  the 
pressure terms i n  the  l e f t  s ide.  These terms may be viewed as coup l ing  the  
heat balance t o  the  mass balance. 

An order  o f  magnitude ana lys i s  (Appendix B) shows t h a t ,  under steady 
s t a t e  cond i t ions ,  the  c o n t r i b u t i o n  of the pressure-work term t o  the  heat 
balance i s  systemat ica l  l y  lower w i t h  equat ion (43h) than w i t h  equat ion (43e) ; 
t h a t  term cannot however be neglected, even i n  equat ion (43h), s ince  i t  i s  
o f  the same order  o f  magnitude as the  convect ion term when the  element 
considered i s  devoid o f  any ex terna l  mass source. 

Equation (43h) e x h i b i t s  an a d d i t i o n a l  pressure term i n v o l v i n g  the  t ime 
d e r i v a t i v e  o f  the  elemental pressure:  we expect t h a t  term t o  y i e l d  a 
s i g n i f i c a n t  c o n t r i b u t i o n  t o  the  heat balance o f  those elements on l y  t h a t  
inc lude w e l l s  and o n l y  f o r  a "short"  per iod  o f  t ime f o l l o w i n g  every d r a s t i c  
change i n  the  r a t e  o f  mass generat ion.  

Provided such d r a s t i c  changes cover a r e l a t i v e l y  small p a r t  o f  the  
simulated life span of the geothermal reservoir, we think that, all i n  all, 
equat ion (43h) may be eas ie r  t o  so lve  than equat ion (43e). 

The ln tea ra ted  F i n i t e  D i f f e rence  Method 

Le t  us now compare equat ions (43e) and 43h) from the s tandpoint  o f  
ease i n  programming by the  In tegra ted  F i n i t e  D i f f e rence  Method (Lasseter 
e t  a l . ,  1975; Assens, 1976). 

The re levan t  c h a r a c t e r i s t i c s  o f  t h a t  method a r e  t h a t  

1)  every element may be connected t o  any number o f  surrounding 
elements and 

2) the  elemental balances a re  obta ined by adding t o  the  s torage and 
generat ion terms the  c o n t r i b u t i o n  ( f l uxes )  o f  every connect ion.  

Using the IFDM, we eva lua te  the pressure-work term i n  (43e) as the  
product o f  the  pressure w i t h i n  Re by the  sum o f  a l l  the  vo lumet r ic  f l uxes  
across a l l  the  connect ing surfaces r e l a t i v e  t o  Re. On the o t h e r  hand, we 
found no s imple way t o  evaluate the  ( i n t e g r a l )  pressure-work term i n  (43h); 
we however acknowledge t h a t  t h i s  might be s t ra igh t fo rward  when us ing  the  
F i n i t e  Element Method. 

We are  c u r r e n t l y  look ing  f o r  a way of  approximat ing the  pressure-work 
term i n  (43h) so t h a t  we may be ab le  t o  apply  IFDM t o  the  s o l u t i o n  o f  t h a t  
p a r t i c u l a r  equat ion.  
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Choosing a Set o f  Dependent Var iab les 

The s e l e c t i o n  o f  (43h) over (43e) imp l ies  the  choice o f  t he  f l u i d  
enthalpy as one o f  t he  two dependent va r iab les  needed t o  f u l l y  descr ibe  the 
behavior o f  the  geothermal system. 

The very form o f  the  mass balance equat ion (42) leads us t o  the  choice 
o f  the  f l u i d  dens i t y  as the  o ther  va r iab le .  A more ma te r ia l  reason f o r  
t h a t  choice i s  however t h a t  the  mass balance f o r  the e n t i r e  r e s e r v o i r  w i l l  
thus be kept more accu ra te l y  than i f  pressure had been taken as the  second 
dependent v a r i a b l e  ( P r i t c h e t t ,  1975: i n  t h i s  l a t e r  case dens i ty ,  then 
considered as a parameter, would be evaluated i n d i r e c t l y ,  based on the  
values o f  enthalpy and pressure obta ined by so l v ing  the  t ranspor t  equat ions.  
I n  the  former case o n l y  dens i t y  increments a re  computed, and the  values o f  
the dens i t y  obta ined a t  the  end o f  t he  previous t ime s tep  accord ing ly  
updated, thus ensur ing b e t t e r  " h i s t o r i c a l "  consistency. 

Whenever temperature e q u i l i b r i u m  i s  no t  f u l l y  es tab l i shed,  as may be 
the  case i n  the  process o f  s t o r i n g  ho t  o r  c o l d  water underground, equat ion 
(43h) needs t o  be replaced by the  elemental averages o f  both equat ions 
(34) and (35): t he  s o l i d  temperature i s  w i t h  l i t t l e  doubt best chosen as 
the  t h i r d  dependent v a r i a b l e  then requi red.  

CONCLUSION 

Averaging the  mass balance equations from the  l eve l  o f  the pore t o  t h a t  
o f  a "R.E.V. "  o f  porous medium y i e l d s  an equat ion the form o f  which i s  
analogous t o  t h a t  o f  the  bas ic  equat ions but  f o r  the i n t r o d u c t i o n  o f  the  
p o r o s i t y  and a d i spe rs ion  term which we expect t o  be n e g l i g i b l e  whenever no 
c o r r e l a t i o n  e x i s t s  between dens i t y  and v e l o c i t y .  

The momentum balance equat ion y i e l d s  an e x p l i c i t  expression f o r  the  
v e l o c i t y ,  prov ided i n e r t i a  i s  n e g l i g i b l e .  

The main change from the  bas ic  heat balance equat ion t o  the averaged 
equat ion i s  the  s u b s t i t u t i o n  o f  a tensor o f  " e f f e c t i v e "  thermal c o n d u c t i v i t y  
o f  the porous medium f o r  the i n d i v i d u a l  sca la r  c o n d u c t i v i t i e s  o f  each s o l i d ,  
l i q u i d  and gaseous cons t i t uen ts .  

Since these equat ions ho ld  o n l y  w i t h i n  the porous r e s e r v o i r  s t r i c t o  
sensu, a f u r t h e r  s tep  o f  averaging i s  requ i red  t o  inc lude the ex te rna l  heat 
o r  mass sources such as w e l l s  or  l eak ing  boundaries: t h i s  c l a s s i c a l  
averaging y i e l d s  equat ions t h a t  express the balance o f  heat and mass f o r  
any element o f  a p a r t i t i o n  o f  the  rese rvo i r ,  i n  a form s u i t a b l e  f o r  numerical 
so lu t i on .  

Comparing the  two forms o f  the  heat balance obtained i n  terms of  e i t h e r  
f l u i d  i n t e r n a l  energy (43e) o r  enthalpy (43h), we f i n d  t h a t ,  beside a h i g h l y  
t r a n s i e n t  pressure term i n  equat ion (43h), the  bas ic  d i f f e r e n c e  l i e s  i n  a 
pressure-work term t h a t  couples the  heat balance t o  the  mass balance: an 
elementary o rder  o f  magnitude ana lys i s  i nd i ca tes  t h a t  coup l ing  i s  minimum 
when heat balance i s  expressed i n  terms o f  enthalpy,  thus favor ing  the 

-279- 



s e l e c t i o n  o f  t he  f l u i d  enthalpy as one o f  t he  dependent va r iab les  t h a t  
descr ibe the  behavior o f  the rese rvo i r .  

Th is  choice however does no t  a l l o w  us t o  use the  In tegra ted  F i n i t e  
D i f fe rences  Method i n  the  cu r ren t  s t a t e  o f  our a r t .  

Both computational s i m p l i c i t y  and mass balance accuracy lead t o  the  
s e l e c t i o n  of  the  f l u i d  dens i ty  as second dependent va r iab le ,  supplemented 
by the  s o l i d  temperature whenever s o l i d - f l u i d  temperature e q u i l i b r i u m  i s  
no t  es tab l i shed.  
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NOMENCLATURE 

Whenever relevant, the dimension is listed in the second column i n  

terms o f  mass (M), length (L), time (t) and temperature ( T I .  

Roman lower case letters 

a ( L - 5  

e R 

m 
j 

solid-fluid interfacial area per unit vol l ime 
of porous medium 
coupling ratios pressure-work/heat convection 
specific heat capacity at constant volumt 

characteristic length of  the pore space 

(specific) internal energy 

ith component of the gravitational acceleration 

(specific ent ha1 py 

coefficient of  so 1 id- f luj d heat transfer 

(second order) tensor of absolute permeability 

relative permeability of  the 0: phase  

second order permeability tensor 

characteristic length of the R . E . V .  

characteristic length of  the element R 

jth component of t h e  f l u i d  mass f l u x  

e 

j th component of the unit normal to S directed a’ 
from R outward 

pressure 
a 

time 

jth component of  the point velocity 

jth component of  the elemental velocity 

jth component of the (point) velocity of  S 

jth coordinate 
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Roman c a p i t a l  l e t t e r s  

A, (L2) 

R. 

sC 

W 
S 

v, 

Greek lower c a s e  l e t te rs  

i j  6 

E 

E a 
- 3  -1 (MLt T ) a x 
- 3  -1 A '  (MLt T ) 

CL ~. 

- 3  -1 A" (MLt T ) 
a i  j 
* - 3  .-1 

A .  ( M L t  T ) 
1j 

a r e a  of  S, 

energy generated wi th in  t h e  a phase ,  p e r  u n i t  
time, p e r  u n i t  volume 

c h a r a c t e r i s t i c  length  of t h e  r e s e r v o i r  

mass genera t ion  ,rate 

any space domain 

boundary between Reand t h e  surrounding elements 

boundary between Reand t h e  e x t e r i o r  ( w i t h  r c spec t  

t o  t h e  r e s e r v o i r ) .  

boundary between Ra 

boundary between R and R a 
temperature  

mathematical symbol : "union" 

and R - R 
c1 

8 

volume of  R ,  

c o e f f i c i e n t  o f  ( i s o b a r i c )  therma 1 expans i 011 

coe f f i c  ien t of i s o t  herma 1 expans ion 

Kronecker symbol 

p o r o s i t y  o f  t h e  porous medium 

volumetr ic  f r a c t i o n  of t h e  a phase 

( i n t r i n s i c )  thermal conduc t iv i ty  of  t h e  (x phase 

s tagnant  thermal conduc t iv i ty  

t e n s o r  of  thermal d i s p e r s i o n  

t e n s o r  o f  e f f e c t i v e  thermal conduc t iv i ty  o f  t h e  

porous medium 

dynamic v i s c o s i t y  

d e n s i t y  

v iscous  stress t e n s o r  
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Greek caDital letter 

@ -(t-*) viscous dissipation function 

Subscripts 

c 

e 
connection 

e 1 ement 

F fluid 

i,j ,k spatial coordinates 

L 1 iquid 

S sol id 

W exterior 

a phase identifier ( a  = S ,  L, G) 

8 phase identifier ( B  = S ,  L, C) 

Mathematical symbols and notations 

U union of two sets 

elemental average 
I 

is, by definition, equal to - - - 

< >  phase average over R 

a 
intrinsic phase average over R CY < >  

5 

e deviation from intrinsic phase average 

substantial derivative Do - a. a. 
j 

- _ -  
at + 'j 8~ Dt 

gradient 
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APPENDIX A 

The basic assumptions 

G1 
G2 
G3 

G4 
GS 
G 6  

H 1  

H 2  

H3 

H4 

HS 

ti6 

H7 

118 

H9 

H10 

Continuum approximation 
Negliglbe thermodynamic fluctuations 
Laminar flow regime 
One component fluid 
d << II (< II << L 
Good behavior of  the variables 

e 

The average of  the product of two o r  more deviations 
of variables not strongly dependent on velocity i s  

negligible compared to the product of the averages 
of these variables 
incompressible, non reacting solid 
low correlation between density and velocity 
indeformable solid matrix 
negligible inertia 
rigid gas-liquid interface with no slip 
negligible viscous dissipation 
negligible capillarity 
temperature equilibrium between both fluid phases 
solid-fluid temperature equilibrium (optional) 
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APPENDIX 8 

Order of  magnitude analysis of the pressure-work .term 

Consider an homogeneous, isotropic, isothermal reservoir with uniform 

thickness, partitioned into a set of  toric elements centered on a fully 

penetrating well produced at a constant rate -M . 
e 

Let the heat convection term (CNV) be the reference with which the magnitude 

of the pressure-work term (PWK) is to be evaluated. 

Case 1 

First consider the element immediately surrounding the well and assunie 

that the fluid is one-phase throughout: 
e 

e * -  e- 
CNVe = M<e> - M e Similarly: CNVh rv Mh 

C 

Thus : 
!G PWKh - c - - -  whereas h - CNVh - -  e PWK, 

e - CNV, 
- c --c1 - -  

Ph Pe 

Let us compare both coupling ratios c e and c h 
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In most cases the element closest to the well i-s suf. iciently narrow for 

the pressure drop across it to be a small fraction of  the average pressure; 

whence c may be expected to be at least one order of  magnitude smaller than h 
c :  e 

h -1 

e 

C 

C 
- - 10 

Let us further 

saturated cond 

T =  

- 
pL - 
e =  L 

- 
hL - 

Then : 

particularize our analysis and consider the following "typical" 

tions (see e.g. Wukalovitch, 1958): 

6 2  293.6 "C p = 80 atm (7.9 10 N/m ) 

725 kg/m3 pG = 41.6 k€!/m3 
6 

6 
e = 2.57 10 J/hg 

= 2 . 7 6  10 J/kg 
G 

1.30 l o 6  J/kg 

1.31 lo6 J/kg hG 

( . 8  IO-* f o r  steam 
c -  

[ 7 .  l o -*  for  liquid water e 

and c is at least one order of magnitude smaller. h 

Case 2: 

Then consider any element away from the well and assume that the fluid 

is one-phase throughout: 

1 
I liner 

M 
<E. PWK p <v.>n.dA + e 

- ['inner 
J J  
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* e -  
- e  ) MAe CNV, = M(eoUter i n n e r  

* -  
CNVh = MAh 

Thus : 

h 1 A 6  C 

C 
- cy-- 

e BP & 
where B i  - 1 f o r  steam c o n s i d e r e d  a s  a p e r f e c t  g a s  and ( s e e  e . g .  Helgeson 

and Kirkham, 1974) :  

-4 2 6 2 3 6; - (3.10 m/N)(7.9 10 N / m  ) = 2 . 1 0  f o r  l i q u i d  water 

- 1  Assuming a p i e z o m e t r i c  g r a d i e n t  of 10 

y i e l d s  t h e  f o l l o w i n g  approximate  f i g u r e s :  

and an  element  wid th  R e of 100 mctcrs 

4 2 A i  7 .  10 N / m  

- 2800 J / k g  A i L  IT - 180 J/kg AeG 

AhL = + 80 J / k g  A i G  + 3800 J / k g  

Then, f o r  l i q u i d  w a t e r :  

f o r  s team: 

e 
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Case 3 :  

Finally, once again consider any element away from the well but assume 

that complete flashing (or  condensation) occurs within it; given the asslimp- 

tion of isothermal process, the vapor zone lies closest to the well: 

0 -  0 
CNV, - FI (ec - eL) CNVh - M (hC - hL) 

Thus : 

Summary 
C Case number e 'h 

liquid water 10-1 
1 

steam 

liquid water lo3 1 
2 

steam 1 1 
I 1 

Table 1 

Under steady-state conditions: 

i )  equation (43h) involves a lesser amount of coupling than does 

equation (43e). 

the pressure-work term cannot be safely neglected. ii) 
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APPLICATION OF THERMAL DEPLETION MODEL TO GEOTHERMAL RESERVOIRS 
WITH FRACTURE AND PORE PERMEABILITY 

P. W. Kasameyer and R. C. Schroederf: 
Ear th  Sciences Geothermal Group 

U n i v e r s i t y  o f  C a l i f o r n i a  
Lawrence Livermore Laboratory 
Livermore, C a l i f o r n i a  94550 

The use fu l  l i f e t i m e  o f  a geothermal resource i s  u s u a l l y  ca lcu-  
l a t e d  by assuming f l u i d  w i l l  be produced from and r e i n j e c t e d  i n t o  a 
un i fo rm porous medium. However, most geothermal systems a r e  found 
i n  f rac tu red  rock.  I f  the  r e i n j e c t i o n  and produc t ion  w e l l s  i n t e r -  
sec t  connected f rac tu res ,  then r e i n j e c t e d  f l u i d  may cool  the pro-  
duc t i on  w e l l s  much sooner than would be p red ic ted  from c a l c u l a t i o n s  
o f  f l o w  i n  a porous medium. 

We have developed a "qu ick and d i r t y ' '  method f o r  c a l c u l a t i n g  
(Kasameyer and Schoeder, how much sooner t h a t  coo l i ng  w i l l  occur 

1975, 1976).  I n  t h i s  paper, we discuss the  bas ic  assumptions o f  
the  method, and show how i t  can be app l i ed  t o  the Sa l ton  Geothermal 
F i e l d ,  the R a f t  R i v e r  Sys tem,  and t o  r e i n j e c t i o n  o f  supersaturated 
f l u i d s .  

S o l u t i o n  f o r  Flow i n  a Porous Medium 

We model a f i n i t e  hot-water r e s e r v o i r  produced a t  a constant  
f l o w  r a t e  w i t h  f l u i d  rep len ished e i t h e r  by r e i n j e c t i o n  o r  by cool  
recharge a t  the  boundaries. We assume t h a t  an i dea l i zed  w e l l  d i s t r i -  
b u t i o n  can be found which a l lows a s p e c i f i e d  f l o w  r a t e  and which 
produces a l l  o f  the  o r i g i n a l  f l u i d  fr,om the r e s e r v o i r  be fore  any 
r e i n j e c t e d  f l u i d  has been produced. Fur ther ,  we assume there  i s  no 
pressure drawdown o r  f l ash ing ,  t h a t  the f l u i d  moves w i t h  p i s t o n  d i s -  
placement through the  pores, and t h a t  the pore f l u i d  and m a t r i x  come 
t o  thermal e q u i l i b r i u m  instantaneously .  A l l  these assumptions lead 
t o  an over-est imate o f  the  produc t ion  temperature. 

An a n a l y t i c a l  s o l u t i o n  f o r  t h i s  i dea l i zed  problem o f  heat t rans-  
f e r  has been discussed by Bodvarsson (1974).  
moves through the  system w i t h  no change o f  shape w i t h  time, and w i t h  
a slower v e l o c i t y  than the f l u i d  f r o n t .  Ahead o f  the temperature 
f r o n t ,  the  r e s e r v o i r  r e t a i n s  i t s  i n i t i a l  temperature. Behind the  f r o n t ,  
enough heat has been taken from the  rocks t o  cool  them t o  the r e i n j e c -  
t i o n  temperature. 

A steep temperature f r o n t  

;': R. C.  Schroeder i s  now w i t h  Lawrence Berkeley Laboratory 
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1 
So lu t i on  i n  the Presence o f  Fractures 

A f am i l y  o f  f r a c t u r e s  i s  assumed t o  e x i s t  p a r a l l e l  t o  the  
d i r e c t i o n  o f  f l ow .  The f r a c t u r e s  a re  charac ter ized  by a permea- 
b i l i t y  k f r  and a spacing D .  
f r a c t u r e s  a re  t i g h t  enough so t h a t  water storage i n  them i s  n e g l i -  
g i b l e . )  
f i e l d  so t h a t  the f l o w  stream l i n e s  are  p a r a l l e l  i n  the  porous rock 
and i n  the  f rac tu res ,  bu t  the  f l ow  v e l o c i t i e s  a re  d i f f e r e n t .  

(For the r e s u l t s  presented here, the 

The f r a c t u r e s  a re  assumed t o  have no e f f e c t  on the  pressure 

The s o l u t i o n  o f  a problem w i t h  two d i s t i n c t  v e l o c i t i e s  by a 
f i n i t e  d i f f e r e n c e  method (e.g., Kasameyer and Schroeder, 1975) i s  no t  
e f f i c i e n t  i f  the  v e l o c i t i e s  a re  q u i t e  d i f f e r e n t .  I n  t h a t  case, t ime 
steps must be determined by the  most rap id  v e l o c i t y  and c a l c u l a t i o n s  
take a long t ime when f r a c t u r e s  a re  important.  An approximate so lu-  
t i o n  r e q u i r i n g  a few t ime steps has been developed. The r e s e r v o i r  
i s  conceptua l l y  d i v ided  i n t o  10 regions o f  equal volume. The 
boundaries o f  the  regions co inc ide  w i t h  f l o w  f r o n t s  o f  the  r e i n -  
j e c t e d  f l u i d  so t h a t  the  f l u i d  i n  the pores and the f l u i d  i n  the  
f r a c t u r e s  both f l o w  through the regions i n  se r ies  (see F igure 1 ) .  
I n  each reg ion,  we w r i t e  p a i r s  o f  approximate equations r e l a t i n g  the  
temperature of the  f l u i d  i n  the  f rac tu res  averaged throughout the  
region, T f r ,  t o  the average temperature o f  the  s a t u r a t i n g  f l u i d ,  Ts .  
The 10 p a i r s  o f  coupled f i r s t - o r d e r  equations a r e  solved a n a l y t i c a l l y  
by assuming constant  c o e f f i c i e n t s  dur ing  t ime i n t e r v a l s  which a r e  
much longer than those appropr ia te  f o r  the  f i n i t e - d i f f e r e n c e  method. 

The equat ions f o r  the ith region a r e  presented here i n  dimension- 
l ess  form (see Kasameyer and Schroeder, 1976, f o r  the d e r i v a t i o n s  . 
The times have been m u l t i p l i e d  by cx = (thermal d i f f u s i v i t y ) / ( D / 2 )  1 . 

dT -R ( I t - R  ) 
f r =  q LJ M (Tf r -Tf ro )  + H 

d t  R (1t-R ) 7" 
lJ q 

- ( l t R u )  M (T -T ) - R H 
dT 

s =  __ d t  ( i + R  ) 7" so u 
4 

The equations depend o n l y  on th ree  dimensionless constants 

Flow in Fractures x =  
q F l o w  i n  p o r e s  
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5i 
-c = a-r where T i s  t h e  l i f e t i m e  based  on a porous  f l o w  c a l c u l a t i o n .  

- Heat s t o r e d  i n  f r a c t u r e s  
'p Fieat stored-in s a t u r a t e d  r o c k  

- 

The f l u i d  enters  the  pores and f r a c t u r e s  o f  reg ion  i a t  
temperatures T and TSo, respec t i ve l y .  These temperatures a r e  
determined from the  s o l u t i o n  f o r  reg ion  i - 1 ,  o r  by the r e i n j e c t i o n  
temperature i f  i=1.  

The term H i s  the  heat conducted from the  saturated rock i n t o  
the f r a c t u r e s .  That term i s  approximated by an expression depending 
on ly  on the  t ime and the  instantaneous values and d e r i v a t i v e s  o f  
the  average temperatures. 

The f u n c t i o n  F ( t )  v a r i e s  smoothly from one a t  e a r l y  t imes t o  
zero a t  l a t e  times. 

The approximat ion o f  H i s  j u s t i f i e d  by the  c lose  agreement o f  
our  c a l c u l a t i o n s  o f  the temperature i n  f rac tu red ,  impermeable rock 
w i t h  those o f  Gr ingar ten,  e t  a l . ,  (1975) ,  shown i n  F igure  2. Resul ts 
presented a t  the  Stanford Workshop i n  1975 (Kasameyer and Schroeder, 
1975) i nd i ca ted  b e t t e r  agreement between the  methods, bu t  'those re -  
s u l t s  were f o r  a small range o f  values o f  T" and were based on the  
very slow f i n i t e - d i f f e r e n c e  c a l c u l a t i o n  w i t h  a l a rge  number o f  regions. 
Our answers d i f f e r  from those o f  Gr ingarten, e t  a l .  because 1 )  we 
over-est imate the  heat t r a n s f e r  t o  the  f r a c t u r e  f l u i d  a t  e a r l y  t imes, 
and 2) the thermal f r o n t  i s  smoothed ou t  a t  l a t e  times because o f  
averaging over l a r g e  reg ions.  

.I 

Correc t ion  Factors  f o r  Porous F low Models 

A se t  o f  ca l cu la ted  produc t ion  temperature h i s t o r i e s  a r e  shown i n  
F igure  3 .  Results from many such c a l c u l a t i o n s  can be summarized i n  one 
f i g u r e  by c a l c u l a t i n g  the time, t f ,  when the produc t ion  temperature 
f a l l s  below a s p e c i f i e d  value. That va lue would normal ly  be de te r -  
mined from power generat ing equipment. 
below, we have chosen a va lue o f  0.8. The r a t i o  o f  t f / - r  f o r  
d i f f e r e n t  f r a c t u r e  systems and produc t ion  ra tes  i s  a c o r r e c t i o n  f a c t o r  
f o r  the  use fu l  l i f e t i m e .  

For the  examples presented 
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The values o f  t h a t  c o r r e c t i o n  f a c t o r  f o r  small Rp-,- a r e  con- 
toured i n  F igure  4 .  The contours depend o n  RU and r".  For no 
f l o w  i n  f r a c t u r e s  (Rq < 1 )  o r  f o r  slow removal o f  f l u i d  ( ~ > > ' / c x ) ,  
t he  porous medium c a l c u l a t i o n s  a r e  c o r r e c t .  I f  those cond i t i ons  
a r e  no t  met, the  c o r r e c t i o n  f a c t o r  can be determined from t h i s  
d i agram. 

Examp 1 es 

I .  The Sa l ton  Sea F i e l d  

The T" values have been r e l a t e d  t o  f r a c t u r e  spacings (D)  
by assuming parameters appropr ia te  f o r  the  Sal ton Sea Geothermal 
F i e l d  (F igure  4 ) .  Two scales o f  f r a c t u r e  systems a r e  seen i n  t h a t  
f i e l d .  Fractures a re  seen i n  cores w i t h  spacings less  than a 
meter. From F igure  4, we see t h a t  f l o w  i n  these f r a c t u r e s  w i l l  n o t  
shorten the use fu l  l i f e t i m e  o f  the f i e l d .  Fau l ts  hundreds o f  meters 
apa r t  i n f l uence  the  f l o w  i n  several  we l l s .  I f  these f a u l t s  c a r r y  
more than h a l f  the  f l u i d ,  produced and r e i n j e c t e d  we l l s ,  the  use fu l  
l i f e t i m e  may be d r a s t i c a l l y  shor te r  than pred ic ted  from porous f low 
c a l c u l a t i o n s .  

I I .  A Fracture-Dominated System L i ke  Raf t  River 

I f  most o f  the f l ow  i s  from f rac tu res ,  then the c o r r e c t i o n  
f a c t o r  depends o n l y  on the f r a c t u r e  spacing and the  r a t e  a t  which 
heat i s  removed from the system. I n  F igure 5, we see t h a t  the 
dependence o f  the c o r r e c t i o n  f a c t o r  on pumping r a t e  can be s t rong,  
and knowledge o f  the f r a c t u r e  spacing i n  such a system i s  c r u c i a l  
f o r  p lanning e x p l o i t a t i o n  ra tes .  

I I I. Re in jec t i on  o f  Super-saturated Br ines 

I t  may be p r a c t i c a l  t o  i n h i b i t  s i l i c a  depos i t ion  i n  a geo- 
thermal power p l a n t  by b r i n e  mod i f i ca t i on .  A c i d i f i c a t i o n  o f  Sal ton 
Sea b r i n e  i n h i b i t s  depos i t ion  o f  s i l i c e o u s  scale and decreases ra tes  
o f  p r e c i p i t a t i o n  o f  s i l i c a  and s u l f i d e s  long enough t o  produce 
power from the  b r i n e  and r e i n j e c t  i t  i n t o  the  ground (Owen, 1975; 
Owen and T a r d i f f ,  1977). However, the format ion around a r e i n j e c t i o n  
w e l l  may become badly plugged by s i l i c a  i f  the r e i n j e c t e d  b r i n e  i s  
no t  reheated r a p i d l y  . 

The length  o f  t ime r e i n j e c t e d  b r i n e  s tays cool  can be e s t i -  
mated. I f  the  f l u i d  i s  i n j e c t e d  i n t o  a porous medium, a steep 
boundary between warm and cool  rock moves a t  a v e l o c i t y  less  than 
the  p a r t i c l e  v e l o c i t y .  I f  R i s  t he%f rac t i on  of the  heat o f  the 
r e s e r v o i r  s to red  i n  the pore f l u i d  (R%.3 f o r  15% p o r o s i t y ) ,  then 
the  temperature moves a t  v e l o c i t y  RVp, where Vp i s  the p a r t i c l e  
ve l  oc i t y  . 

-293- 



P a r t i c l e  paths and temperature boundary l oca t i ons  f o r  r a d i a l  
f l o w  areound a w e l l  a r e  shown i n  F igure  6. A p a r t i c l e  i n j e c t e d  a t  
t ime t a f t e r  the w e l l  s t a r t e d  f l ow ing  remains cool  f o r  a per iod  o f  
t ime, tc, where 

As shown i n  F igure  6, b r i n e  i n j e c t e d  one year a f t e r  i n j e c t i o n  
begins w i l l  remain cool f o r  nea r l y  h a l f  a year.  Short- term i n j e c t i o n  
t e s t s  may not  i n d i c a t e  the f u l l  p o t e n t i a l  f o r  i n j e c t i o n  w e l l  damage, 
because the  f i r s t  b r i n e  which i s  i n j e c t e d  w i l l  be r a p i d l y  reheated. 
The k i n e t i c s  o f  p r e c i p i t a t i o n  from super-saturated b r ines  and the 
temperature dependence o f  the  ra tes  o f  poss ib le  rock-br ine  i n t e r -  
ac t i ons  must be s tud ied  i n  o rder  t o  p r e d i c t  the long-term success 
o f  r e i  n j e c t  ion. 
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FIGURE 1. D i v i s i o n  o f  r e s e r v o i r  i n t o  a small 
number o f  regions. 

 IO-^ lo-* 10-1 1 10 

Time. t* 

FIGURE 2. Comparison o f  our  ca l cu la ted  curves 
f o r  the ou tpu t  temperature from 
f r a c t u r e d  impermeable rock (dashed) 
w i t h  those o f  Gr ingar ten e t  a l . ,  
1975, ( s o l i d ) .  The i r  values have 
been converted t o  our  dimensionless 
format, where t" = a t .  
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FIGLXE 3 .  

Thermal d e p l e t i o n  curves for  d i f f e r e n t  
f r a c t u r e  spacings D ( i n  meters ) .  The 
parameters were chosen s o  t h a t  a l l  t h e  
o r i g i n a l  pore  f l u i d  would be produced 
a f t e r  20 years,  and t h e  u s e f u l  l i f e t i m e  
(T) based on t h e  exact  porous f l o w  c a l -  
c u l a t i o n  was 66 years.  
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FIGURE 4 .  

Correction factor for lifetime estimates. The production 
temperature falls to 0.8 at t'f. The ratio of tf/T is con- 
toured fgr different flow distribution (Rq) and production 
rates (T ) .  The contour where the' factor equals 0.20 is 
distorted because of our approximation of term H.  The 
fracture spacings (D) are appropriate for the Salton Sea 
Field example. 
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I 1 I I 

R = 6  4 

Fracture spacing, m 

5 .  The e f f e c t  o f  p roduc t ion  r a t e  on the c o r r e c t i o n  fac to r .  
f r a c t u r e  spacing i s  around 10 meters, more than tw ice  the  energy 
can be removed from the  system a t  t he  slow produc t ion  r a t e  
(T = 120 years) as a t  the  f a s t  r a t e  (T = 30 years ) .  

If t he  

" 
0 1 2 3 4 

Time, years  

FIGURE 6 .  Locat ion  o f  temperature f r o n t  and f l u i d  p a r t i c l e s  as f u n c t i o n  o f  
t ime s ince  r e i n j e c t i o n  s ta r ted .  
( R  = 0.3, and r a d i a l  f l o w  o f  0.05 rn3/sec. i n t o  a 200111 t h i c k  a q u i f e r  
w i t h  20% p o r o s i t y .  ' T h e  s o l i d  l i n e  shows the  d is tance to  the 
temperature f r o n t .  
p a r t i c l e s  i n j e c t e d  a t  d i f f e r e n t  times. A p a r t i c l e  i n j e c t e d  one 
year a f t e r  i n j e c t i o n  s t a r t e d  remains cool  f o r  AT years. 

The curves i n  the  f i g u r e  a re  f o r  

The dashed curves a r e  the t r a j e c t o r i e s  o f  
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I MODELING OF TEXAS GULF COAST GEOPRESSURED GEOTHERMAL AQUIFERS 

R. M. Knapp, M. H. Dorfman and 0. F. Isokrar i ;? 
Petroleum Engineer ing Department 
The U n i v e r s i t y  o f  Texas a t  Aus t in  

Aus t in ,  Texas 78712 

We would l i k e  t o  r e p o r t  t h a t ,  a t  t h i s  time, we have coded and tes ted  a 
model t h a t  s imulates the  behavior o f  a geopressured geothermal a q u i f e r  as 
i t  i s  subjected t o  p roduc t ion  from one o r  more we l l s .  
s imu la to r  by checking i t s  computed responses against  r e s u l t s  repor ted f o r  
systems t h a t  span the  range o f  the a b i l i t i e s  o f  the s imu la to r .  

We have tes ted  t h i s  

The general o b j e c t i v e  o f  our  work was t c  develop and t e s t  a s imu la to r  
f o r  geopressured geothermal aqu i fe rs .  The s imu la to r  considers the  e f f e c t s  o f  
heterogeneous and a n i s o t r o p i c  porous media, and the  presence o f  two f l u i d  
phases, water and na tu ra l  gas. The na tu ra l  gas can e x i s t  e i t h e r  i n  s o l u t i o n  
o r  as a separate and d i s t i n c t  f l ow ing  phase. The model inc ludes severa l  
d r i v e  mechanisms which we f e e l  w i l l  be s i g n i f i c a n t :  these inc lude the  water 
c o m p r e s s i b i l i t y ,  t he  rock m a t r i x  compress ib i l i t y ,  the  changes t h a t  occur i n  
pore volume as the  a q u i f e r  i s  compacted, the  i n f l u x  o f  water from adjacent  
shales e i t h e r  a t  the  edge o f  the sandstone body o r  immediately above i t  o r  
below i t ,  and the  expansion of t he  na tu ra l  gas e i t h e r  i n  s o l u t i o n  o r  as a 
free-phase. We fee l  t h a t  such a model can be used for d e p l e t i o n  s tud ies .  
Wi th  the  a d d i t i o n  o f  thermal e f f e c t s  i t  can be used t o  study the  f e a s i b i l i t y  
o f  r e i n j e c t i o n  o f  ' 'cool"  used water. 

The s imu la to r  i s  t he  r e s u l t  o f  combining the  momentum t ranspor t  equat ion 
f o r  water and gas w i t h  c o n s t i t u t i v e  equat ions desc r ib ing  t h e  changes o f  
f l u i d  p r o p e r t i e s  w i t h  pressure and the  changes o f  format ion parameters, 
such as p o r o s i t y ,  pe rmeab i l i t y  and format ion th ickness w i t h  decreasing pore 
pressure.  The r e s u l t i n g  equat ions,  shown i n  the  appendix, a r e  solved us ing  
f i n i t e  d i f f e r e n c e  methods t o  o b t a i n  pressure d i s t r i b u t i o n s  w i t h i n  the  a q u i f e r .  
The energy t ranspor t  equat ion can be added t o  the  se t  o f  equat ions and solved 
t o  o b t a i n  temperature d i s t r i b u t i o n s .  A t  the  U n i v e r s i t y  o f  Texas, we have 
done t h i s  i n  a decoupled fash ion  i n  order  to  examine long-term e f f e c t s .  We 
do no t  f e e l  t h a t  t h i s  i s  adequate f o r  t he  thermodynamically demanding case of 
water r e i n j e c t i o n .  

The goal o f  t he  model development was t o  have a mechanism f o r  per forming 
r e s e r v o i r  engineer ing s tud ies  on p o t e n t i a l  geopressured geothermal aqu i fe rs .  
The f i - r s t  example o f  t h i s  was performed on a prospect i n  eastern Kenedy 
County, Texas, (Knapp and I s o k r a r i ,  1976). An 'isopachous map o f  the prospect 
was used t o  cons t ruc t  a rec tangu lar  cube o f  equal volume and area. This  
resu l ted  i n  a r e s e r v o i r  4 .5 m i les  by 9 m i les  t h a t  was 162 f e e t  t h i c k .  A t  
t he  expected i n i t i a l  pressure o f  11,000 ps ia ,  the  average fo rmat ion  p o r o s i t y  
was est imated t o  be 0.216 and the  average pe rmeab i l i t y  was est imated t o  be 

.C 

" D r .  l s o k r a r i  i s  now w i t h  Amoco Product ion Company, P. 0.  Box 591, Tulsa,  
Oklahoma 74102. 
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18 m i l l i d a r c i e s  based on w e l l  l og  and core data. The r e s e r v o i r  f l u i d  was 
assumed t o  be f r e s h  water a t  30OoF. 
we l l  producing 40,000 BBLS/day were made t o  i n v e s t i g a t e  the e f fec t i veness  
o f  var ious  d r i v e  mechanisms. These a r e  shown i n  Fig.  1 .  i n  the  f i r s t  case, 
the  on ly  a c t i v e  producing mechanism was the  expansion o f  the  water. 
w i l l  be noted t h a t  t he  producing w e l l  pressure drops t o  5,000 ps i  i n  about 7 
years. We stopped the  c a l c u l a t i o n s  a t  t h a t  p o i n t  because 5,000 ps i  i s  
approximately the  h y d r o s t a t i c  pressure a t  the  expected w e l l  depth o f  13,000 
f e e t .  For Case I I ,  a rock m a t r i x  c o m p r e s s i b i l i t y  o f  7.5 x lom6 ps i - ’  was 
added. i t  can be seen t h a t  the  w e l l  pressure dropped t o  j u s t  below 8,000 
p s i a  a f t e r  30 years o f  product ion.  
p s i - l  was added f o r  Case I l l .  I n  t h i s  instance, t he  w e l l  pressure remains 
above 9,000 p s i a  f o r  t he  f u l l  t h i r t y - y e a r  producing per iod.  To s imu la te  
the  e f f e c t s  o f  shale water i n f l u x  from o f f - sho re  shales, a shale sec t i on  
was added which has a w i d t h  o f  2.5 m i les  and a l eng th  and th ickness i d e n t i c a l  
t o  t h a t  o f  t h e  sandstone format ion.  The shale p o r o s i t y  a t  11,000 ps ia  was 
assumed t o  be the  same as the  sandstone p o r o s i t y ,  o r  0.216; the  i n i t i a l  shale 
pe rmeab i l i t y  was est imated t o  be m i l l i d a r c i e s  and the  shale m a t r i x  
c o m p r e s s i b i l i t y  was assumed t o  be 7.5 x psi‘’. The shale u n i a x i a l  
compaction c o e f f i c i e n t  was assumed t o  be 4.6 x p s i - l .  Th i s  run i s  
shown as Case I V .  The w e l l  b lock  pressure i s  susta ined a t  a h igher  l e v e l  
than i n  the  o ther  runs a l though the  amount o f  support due t o  shale water 
i n f l u x  i s  not  g r e a t l y  enhanced. Other runs, on a reduced system, show t h a t  
the  e f f e c t s  o f  under ly ing  sediments a r e  much grea ter  (Knapp and I s o k r a r i ,  
1976). F i n a l l y ,  t he  e f f e c t s  o f  adding 44.1 scf/STB o f  na tu ra l  gas t o  the  
fo rmat ion  water a r e  shown as Case V i n  F ig .  1. The small amount o f  gas 
a long w i t h  i t s  very  small s a t u r a t i o n  combine t o  p rov ide  o n l y  a small amount 
o f  a d d i t i o n a l  pressure support  f o r  product ion.  

F i ve  dep le t i on  s tud ies  us ing  a s i n g l e  

I t  

A compaction c o e f f i c i e n t  o f  4.6 x 

Since one w e l l  would no t  produce enough water f o r  s i g n i f i c a n t  e l e c t r i c  
power product ion,  t he  d e p l e t i o n  o f  the  a q u i f e r  us ing  eleven 40,000 BBLS/day 
w e l l s  was simulated. The average r e s e r v o i r  pressure f e l l  below 7,000 ps i  i n  
about ten  years. The s i n g l e  sand u n i t  could no t  support a power generat ion 
p l a n t  f o r  a long enough pe r iod  o f  t ime t o  deprec ia te  i t .  There are ,  
however, o the r  sand bodies o f  a s i m i l a r  s i z e  i n  t h i s  prospect t h a t  could 
a l s o  be produced, which would extend t h e  use fu l  l i f e  o f  the  system. 

The model was next used t o  study the  produc t ion  o f  na tu ra l  gas from 
geopressured geothermal aqu i fe rs ,  ( I s o k r a r i  and Knapp, 1976). We c l a s s i f i e d  
such a q u i f e r s  i n t o  th ree  types based on the  na tu ra l  gas content .  I n  Type 1 ,  
t he  r e s e r v o i r  water i s  undersaturated w i t h  na tu ra l  gas. However, i t  cou ld  
s t i l l  con ta in  more than 40 standard cub ic  f e e t  o f  na tu ra l  gas per  r e s e r v o i r  
ba r re l  o f  water a t  r e s e r v o i r  cond i t ions .  I n  Type 2 rese rvo i r s ,  t he  r e s e r v o i r  
water i s  f u l l y  saturated w i t h  na tu ra l  gas and the  r e s e r v o i r  may con ta in  a 
small gas cap. Type 3 i s  a geopressured gas r e s e r v o i r .  The water i s  nea r l y  
immobile i n  the  r e s e r v o i r  bu t  t he  adjacent and under ly ing  shales con ta in  
water w i t h  gas i n . s o l u t i o n ,  t h a t  may move i n t o  the  rese rvo i r .  

Computer runs were made t o  generate a v a r i e t y  o f  data.  For Type 1 and 
Type 2 rese rvo i r s ,  r e s e r v o i r  pressure v a r i a t i o n s  w i t h  na tu ra l  gas and water 
p roduc t ion  were generated. I t  was found t h a t  subs tan t i a l  amounts o f  
na tu ra l  gas can be produced over  a long pe r iod  o f  time. 
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The model was used t o  make a rea l  s tud ies  o f  a bounded hypothe t ica l  
geopressured gas rese rvo i r ,  w i t h  no shale water i n f l u x  us ing  d i f f e r e n t  
compaction c o e f f i c i e n t s .  I t  was found the  P/Z  (average r e s e r v o i r  pressure 
d i v i d e d  by gas d e v i a t i o n  f a c t o r )  versus cumulat ive product ion  curve 
changes s i g n i f i c a n t l y  w i t h  an increase i n  compaction c o e f f i c i e n t s .  

The model was a l s o  used t o  make c ross-sec t iona l  s tud ies  t o  assess the  
e f f e c t s  o f  shale water i n f l u x  from adjacent and under ly ing  shales. 

F i n a l l y ,  the  model was used t o  s imu la te  the  repor ted produc t ion  h i s t o r y  
o f  the  Anderson 'L' zone, a geopressured F r i o  (Oligocene) gas r e s e r v o i r  
i n  South Texas descr ibed by Duggan (1972). Good agreement was obta ined 
between the  observed and ca l cu la ted  pressures and water p roduc t ion  versus 
cumulat ive gas product ion.  
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APPEND1 X 

The b a s i c  equa t ions  f o r  a deformable heterogeneous,  a n i s o t r o p i c  and 

nonisothermal r e s e r v o i r  a s  presented by Knapp and I s o k r a r i  (1976) a r e :  

Momentum Transpor t  i n  Water Phase: 

Momentum Transpor t  i n  Gas Phase: 

Rw q w  wsc sc 
vP* 

K(fP - !kL Vh)) + v ( p  - K,W RSwK(vPw - - pw 9, vh)) + 
w Pw 144 gc g 144 - 

9, 

. . . . . . . . . . . . . . . . . . . . .  . ( 2 )  

Energy Transpor t :  

qwCvwT 
vP* 

+ S w p w R S w C v w ~ w ) ]  - V T  = V * [K,] V T  + 

q c  T 
+q+Q vP  . . . . . . . . . . . . . . . . . . . . . . . . . . . - ( 3 ,  
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Note t h a t  equat ions ( 1 )  t o  ( 3 )  assume t h a t  f l u i d  i s  homogeneous. 

Vp* = AXi AZ. W .  / 5.6146 BBLS 
3 1  

-1 Cm i s  t h e  u n i a x i a l  compaction c o e f f i c i e n t ,  p s i a  , d e f i n e d  as: 

A 

K 1-77 

K r m  

K + p p  

c =  m 4 A  

where: 

A 

i s  t h e  shear modulus o f  t h e  porous r o c k  

k(krm) i s  t h e  b u l k  modulus o f  t h e  porous r o c k  ( b u l k  modulus o f  t h e  r o c k  

m a t r i x )  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . (  5 )  s w + s  = 1  
9 

P - P w = P ( S )  9 c w . . . . . . . . . . . . . . . . . . . . . . . . . . . ( 6 )  

Cons t i t u t i  ve Re1 a t  i o n s  h i  ps : 

1. P o r o s i t y  - Pressure/ temperature r e l a t i o n s h i p  f o r  s a t u r a t e d  r o c k :  

+n+ l  n n [Tn+l n 
-T I I P  ( 7 )  = @n + ( I -+  )(Crm+Cm) [pn+l-p"l I T  + ( 1 4  )CTrm . . . .  

where: 

i s  o f  t h e  w e t t i n g  phase 



2. Permeability - Pressure/temperature relationship for saturated rock 

-n+l -n 'Trm n+l n c +c 
rm) (P -P ) + ( y ) ( T  -T ) I  (8) Kn+' = Kn [ l a 0  + ( . . . . . . .  1 - (pn 1- @ 

where: 

Kn+'(Kn) = new value of permeability ( o l d  value o f  permeability) 
Equation (8) can be shown to be equivalent to: 

n+l n 
K"' = Kn EXP [$ 1 

. . . . . . . . . . . . . . . . . .  * ( 9 )  
(l-& ( l-(pn+l) 

3. Compaction of a geologic medium due to fluid withdrawal 

. . . . . . . . . . . . . . . . . . . . .  - ( 1 0 )  
A Z  = c m A P L ~  + cTT A T L ~  

where: 

A 

- - 3CTrmK 
'TT A 4 

K+?'IP.. . . . . . . . . . . . . . . . . . . . . . . . . .  (11) 

-305- 



NOMENCLATURE 

cm 

c V  

'Trm 

9 

gc 

h 

K 

Kr 

Km 
P 

P 

pC 

q 

0 

RSw 

S 

T 

t 
- 
V 

X,Z 

w 

Greek 

A X ,  AZ 

P 

Q 

IJ 

-1 Rock matrix compressibility, psia 

Coefficient of thermal expansion (T' l )  

Specific heat of f l u id ,  BTU/lb-'F 

Acceleration o f  gravity 

Acceleration constant (32.12 f t /sec/sec)  

Depth below a reference datum, f t  

Absolute permeability, tensor (.001127 x rnd) 

Re1 a t i  ve permeabi 1 i ty  , f ract ion 

Thermal conductivity of saturated rock, BTU/D-ft-'F 

Pressure, psia 

Wetting phase pressure, psia 

Capillary pressure, psia 

Source - s i n k  volumetric flow ra t e ,  STB/D 
3 Heat source strength,  BTU/Day-ft 

Gas so lub i l i t y  i n  water (lbs/lbs) 

Saturation , f ract ion 

Temperature, O F  

Time, days 

Macroscopic velocity, BBLS/D- f t  

X,Z direct ion,  f t  

Width  (for ver t ical  s tud ies ) ,  thickness fo r  horizontal studies 

2 

Block dimensions 

Phase density, 1 bm/ f t  

Porosity 

Viscosity 

3 
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Operators 

V. 

0 .  

Divergence o f  a vector in fixed coordinate 

Divergence o f  a vector i n  deforming coordinates 
- 

Subscripts 

C Constant 

g Gas 

i X direction node index 

j Z direction node index 

rm Rock mat r ix  

W Water 

Superscripts 

n Old time level 

n + l  New time level 

-307- 



STATUS OF MODELING EFFORTS FOR THE WAlRAKEl  GEOTHERMAL FIELD 

James W. Mercer and Charles R .  Faust 
U.S. Geologica l  Survey 

Reston, UA. 

The t h e o r e t i c a l  model used i n  t h i s  s tudy i s  based on an approach t h a t  
combines t h e  mass, momentum and energy balances f o r  steam and water  i n t o  two 
p a r t i a l  d i f f e r e n t i a l  equat ions i n  terms o f  t h e  dependent v a r i a b l e s ,  p ressure  
and en tha lpy .  The assumptions used i n  t h i s  f o r m u l a t i o n  and t h e  d e t a i l e d  
development o f  the  equat ions a r e  presented i n  Faust (1976). The r e s u l t i n g  
two- and three-d imensional  equat ions a r e  approximated by f i n i t e - d i f f e r e n c e  
express ions,  and a r e  so lved u s i n g  e i t h e r  d i r e c t  or i t e r a t i v e  m a t r i x  
techniques.  

To s i m u l a t e  t h e  p r o d u c t i o n  behavior  o f  t h e  Wairakei  geothermal f i e l d  
we have chosen a two-dimensional ,  a r e a l  model. A l though a three-d imensional  
model has been developed f o r  a p p l i c a t i o n s  t o  f i e l d  problems, i t  i s  
p r e f e r a b l e  t o  use two-dimensional  models whenever p o s s i b l e ,  i n  o r d e r  t o  
a v o i d  excess ive d a t a  p r e p a r a t i o n  and computing expense. The two-dimensional ,  
a r e a l  model is o b t a i n e d  by p a r t i a l l y  i n t e g r a t i n g  t h e  pressure-en tha lpy  
equat ions i n  t h e  Z-dimension. The r e s u l t i n g  two-dimensional equat ions a r e  
thus d e f i n e d  i n  terms o f  v e r t i c a l l y  averaged q u a n t i t i e s .  I n  averaging 
these q u a n t i t i e s ,  i t  i s  g e n e r a l l y  assumed t h a t  e i t h e r  (1) t h e  f l u i d s  have 
no segregat ion,  or  (2) t h e  f l u i d s  a r e  comple te ly  segregated. 

I f  t h e  f l u i d s  a r e  assumed n o t  segregated, then a f u r t h e r  s i m p l i f y i n g  
assumption i s  g e n e r a l l y  made: t h a t  t h e i r  p r o p e r t i e s  a r e  u n i f o r m  throughout  
t h e  th ickness  o f  t h e  r e s e r v o i r .  T h i s  leads t o  t h e  e a s i e s t  e v a l u a t i o n  of 
t h e  v e r t i c a l l y  averaged terms, s i n c e  l a b o r a t o r y  determined r e l a t i v e  
p e r m e a b i l i t y  curves may be used i n  t h e  s i m u l a t i o n .  However, t h i s  assumption 
i s  v e r y  r e s t r i c t i v e  as i t  l i m i t s  t h e  a p p l i c a t i o n  o f  t h e  averaged equat ions 
t o  v e r y  t h i n  r e s e r v o i r s  o r  t o  l a b o r a t o r y  exper iments.  

The assumption t h a t  t h e  f l u i d s  a r e  comple te ly  segregated i s  l e s s  
r e s t r i c t i v e .  I t  r e q u i r e s  t h a t  t h e  f l u i d s  a r e  i n  v e r t i c a l  e q u i l i b r i u m .  
T h i s  concept was f i r s t  in t roduced i n  t h e  pet ro leum l i t e r a t u r e  by Coats, 
N ie lsen,  Terhune and Weber (1967) f o r  t h e  r e s e r v o i r s  hav ing  a l a r g e  c a p i l l a r y  
t r a n s i t i o n  zone. I t  was l a t e r  m o d i f i e d  by Coats, Dempsey and Henderson 
(1971) f o r  r e s e r v o i r s  w i t h  a smal l  t r a n s i t i o n  zone. The l a t t e r  case i s  
s i m i l a r  t o  t h e  c o n d i t i o n s  i n  a geothermal r e s e r v o i r  i n  which a steam cap 
( o r  steam-water m i x t u r e  a t  t h e  r e s i d u a l  water  s a t u r a t i o n )  e x i s t s .  I n  
a p p l y i n g  t h e  concept o f  v e r t i c a l  e q u i l i b r i u m  i t  i s  assumed t h a t  t h e  f l u i d  
p o t e n t i a l s  a r e  u n i f o r m  throughout  the  r e s e r v o i r  th ickness .  T h i s  corresponds 
t o  a g r a v i t y  segregated f l u i d  d i s t r i b u t i o n  w i t h  t h e  p o t e n t i a l  o f  each f l u i d  
be ing  u n i f o r m  i n  the  p o r t i o n  o f  the  column occupied by t h a t  f l u i d ,  and 
r e q u i r e s  t h a t  t h e  r e s e r v o i r  has good v e r t i c a l  communication. Use of the  
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assumption o f  
r e l a t i v e l y  un 
t h e  r e s e r v o i r  
f l u i d  p r o p e r t  

v e r t i c a l  e q u i l i b r i u m  and o f  t h e  a d d i t i o n a l  assumption o f  a 
form temperature d i s t r i b u t i o n  throughout t h e  t h i c k n e s s  o f  

es as f u n c t i o n s  o f  average pressure and en tha lpy .  
p e r m i t s  r e l a t i o n s h i p s  t o  be d e r i v e d  fo r  v e r t i c a l l y  averaged 

To demonstrate t h e  a p p l i c a b i l i t y  o f  t h i s  approach t o  s o l v i n g  f i e l d  
problems, we used our  a r e a l  two-phase model t o  s i m u l a t e  t h e  geothermal 
system l o c a t e d  a t  Wairakei ,  New Zealand. The Wairakei  f i e l d  was the  f i r s t  
ho t -water  hydrothermal system t o  be u t i l i z e d  f o r  t h e  genera t ion  o f  
e l e c t r i c i t y .  Power genera t ion  began a t  Wairakei  i n  1958, and by 1968 t h e  
power s t a t i o n s  a t  Wairakei  were p r o v i d i n g  192 MW, o r  approx imate ly  8% o f  
t h e  t o t a l  e l e c t r i c a l  requirements o f  New Zealand 's  N o r t h  I s l a n d .  A though 
i t  i s  b e l i e v e d  t h a t  t h e  f i e l d  was o r i g i n a l l y  a l l  h o t  water ,  by 1962 lower 
p o r t i o n s  o f  t h e  r e s e r v o i r ,  where most development i s  o c c u r r i n g ,  had become 
two phase and upper p o r t i o n s  probab ly  became two phase much e a r l i e r  

Our conceptual  model o f  t h e  Wairakei  system i s  b a s i c a l l y  t h e  same as 
t h a t  o u t  ined i n  Mercer, P inder  and Donaldson (1975), w i t h  t h e  e x c e p t i o n  t h a t  
we now a l o w  for  mass leakage through the  bottom o f  t h e  r e s e r v o i r .  The 
Wairakei  hydrothermal system i s  considered t o  have been a t  steady s t a t e  p r i o r  
t o  e x p l o  t a t i o n .  The f i r s t  s t e p  i n  model ing t h e  Wairakei  f i e l d  i s  t h e r e f o r e  
t h e  r e p r - d u c t i o n  o f  t h e  observed v i r g i n  o r  steady s t a t e  c o n d i t i o n s .  These 
r e s u l t s  w i l l  be used as t h e  i n i t i a l  c o n d i t i o n s  f o r  t h e  t r a n s i e n t  model o f  
e x p l o i t a t i o n .  I n  o r d e r  t o  reproduce t h e  s t e a d y - s t a t e  c o n d i t i o n s ,  t h e  
f o l l o w i n g  g e o l o g i c a l  and h y d r o l o g i c a l  da ta  a r e  necessary: 1 )  isopachs o f  
t h e  unconf ined a q u i f e r ,  t h e  Huka F a l l s  c o n f i n i n g  bed, and Waiora a q u i f e r ,  
where development i s  o c c u r r i n g ;  2) s t r u c t u r e  map o f  one o f  these l a y e r s ;  
3) i n i t i a l  temperature and pressure  d i s t r i b u t i o n s ;  4 )  parameters such as 
p e r m e a b i l i t y ,  p o r o s i t y ,  and thermal c o n d u c t i v i t y  f o r  t h e  a q u i f e r  and 
c o n f i n i n g  bed; and 5) a q u i f e r  d ischarge measurements. 

The r e s u l t s  o f  t h e  steady s t a t e  s i m u l a t i o n  a r e  used as i n i t i a l  c o n d i t i o n s  
f o r  t h e  t r a n s i e n t  model. 
and t h e  r e s u l t s  t o  be presented w i l l  d e s c r i b e  t h e  c u r r e n t  s t a t u s  o f  our  
Wairakei  s i m u l a t i o n .  

T h i s  model ing e f f o r t  represents  an ongoing p r o j e c t ,  
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NUMERICAL SIMULATION OF PRODUCTION AND SUBSIDENCE 
AT W A I R A K E I ,  NEW ZEALAND 

John W.  P r i t c h e t t ,  Sabodh K. Garg, D. H. Brownel l  
Systems, Science and Software 

P .  0. Box 1620, La J o l l a ,  C a l i f o r n i a  92038 

A numerical  s i m u l a t i o n  o f  t h e  f l u i d  p r o d u c t i o n  h i s t o r y  a t  t h e  
Wairakei  f i e l d  has been performed i n  a two-dimensional v e r t i c a l  p lane 
which passes through t h e  p r i n c i p a l  f e a t u r e s  o f  t h e  r e s e r v o i r .  A 
successfu l  h i s t o r y  match, i n  terms o f  t h e  pressure  d e c l i n e  i n  t h e  
system, was ob ta ined.  D e t a i l s  o f  t h a t  s i m u l a t i o n  have been r e p o r t e d  
elsewhere (Garg, -- e t  a i . ,  1976) b u t  t h e  r e s u l t s  a r e  summarized h e r e i n  f o r  
c l a r i t y .  

As i s  w e l l  known, s u b s t a n t i a l  , land s u r f a c e  subsidence has accom- 
panied p r o d u c t i o n  a t  Wairakei .  Both t h e  l o c a t i o n  o f  t h e  r e g i o n  o f  
maximum subsidence and t h e  c h a r a c t e r  o' f  t h e  de format ion  a r e  somewhat 
anomalous, i n  t h a t  the  g r e a t e s t  subsidence occur red  o u t s i d e  t h e  pro-  
d u c t i o n  area and s u b s t a n t i a l  evidence e x i s t s  f o r  n o n - l i n e a r  rock  behav io r  
d u r i n g  produc t ion .  The reasons fo r  t h i s  p e c u l i a r  behav io r  a r e  d i s -  
cussed, and s p e c u l a t i o n s  a r e  presented concern ing t h e  adequacy of 
e x i s t i n g  subs idence-pred ic t ion  techniques.  

S i m u l a t i o n  o f  Wairakei  Produc t ion  H i s t o r y  

The Wairakei  geothermal system i s  l o c a t e d  n o r t h  o f  Lake Taupo and 
west o f  t h e  Waikato R i v e r  ( F i g u r e  1 ) ;  i t  occupies a s u r f a c e  area o f  
approx imate ly  15 km2 (Gr ind ley ,  1965), and extends westward f r o m  t h e  
r i v e r  approx imate ly  5 km. I n  o r d e r  t o  s i m u l a t e  t h e  behav io r  o f  t h e  f i e l d ,  
we cons ider  a two-dimensional  v e r t i c a l  c r o s s - s e c t i o n  ( l i n e  AB i n  F i g u r e  1 )  
which extends through t h e  main p r o d u c t i o n  area and t h e  r e g i o n  o f  l a r g e  
s u r f a c e  subsidence. The g e o l o g i c  s t r a t i f i c a t i o n ,  as determined from 
w e l l b o r e  logs ( G r i n d l e y ,  1965; Grange, 1955) i s  shown i n  F i g u r e  2. The 
numer ica l  g r i d  i s  shown i n  F i g u r e  3. Most o f  t h e  f l u i d  p r o d u c t i o n  comes 
f rom t h e  Waiora f o r m a t i o n  (see F i g u r e  3 ) .  
s t e e p l y  i n  t h e  eas t  ( F i g u r e  2 ) ;  t h e  exact  depth i s ,  however, unknown and, 
t h e r e f o r e ,  t h e  i n d i c a t e d  depth i n  F i g u r e  2 may be i n  s u b s t a n t i a l  e r r o r .  
To t h e  west,  t h e  Waiora f o r m a t i o n  i s  c u t  by t h e  much l e s s  permeable 
r h y o l i t e s .  There a r e  i n d i c a t i o n s  t h a t  t h e  r e s e r v o i r  extends beyond A 
i n  t h e  west (Bo l ton ,  1970); f o r  purposes o f  t h e  present  s tudy t h i s  i s ,  
however, n o t  v e r y  impor tan t .  The r e s e r v o i r  i s  assumed t o  be 3 k m  
t h i c k  ( i n  t h e  d i r e c t i o n  t r a n s v e r s e  t o  AB); t h i s  y i e l d s  a s u r f a c e  area 
o f  15  krn2 f o r  t h e  r e s e r v o i r .  
d e n s i t y ,  s p e c i f i c  .heat, thermal c o n d u c t i v i t y ,  e t c . )  a r e  determined f rom 
t h e  a v a i l a b l e  f i e l d  da ta  ( c . f . ,  Mercer, -- e t  a l . ,  1975) and s t u d i e s  o f  core  
samples performed f o r  S3 by T e r r a  Tek. 

The Waiora f o r m a t i o n  d i p s  

The rock  p r o p e r i t e s  ( p e r m e a b i l i t y ,  p o r o s i t y ,  
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The f i e l d  behavior was simulated from 1953 through 1967 s ince  
the  subsidence i s  w e l l  documented ( f o r  1967), and the data r e a d i l y  
access ib le  through 1967. F igure  4 shows a comparison o f  ca l cu la ted  
pressure-drop h i s t o r y  f o r  the  produc t ion  area w i t h  the data.  I n  
general the  agreement i s  extremely good. Borehole 36 i s  o f  spec ia l  
i n t e r e s t  i nso fa r  as i t  l i e s  toward the eastern end o f  the f i e l d ;  observed 
pressure drops i n  borehole 36 a r e  genera l l y  lower than those observed 
elsewhere i n  the  f i e l d .  Th is  suggests t h a t  the  Waiora fo rmat ion  i n  the 
east has a lower pearmeab i l i t y  than t h a t  i n  the r e s t  o f  the  geothermal 
f i e l d  (c . f . ,  Mercer, -- e t  a l . ,  1975). 
ho le  36 a r e  a l s o  i n  good agreement w i t h  the  data (see F igure  4 ) .  

The computed pressures f o r  bore- 

The behavior o f  the  Wairakei f i e l d ,  under e x p l o i t a t i o n ,  i s  p r i -  
m a r i l y  governed by the  s a t u r a t i o n  temperature-pressure r e l a t i o n  f o r  
water (Bol ton,  1970). The upper po r t i ons  o f  the  r e s e r v o i r  s t a r t  f l a s h i n g  
soon a f t e r  the  produc t ion  commences (see F igure  Sa.); t h i s  he lps t o  
ma in ta in  the  r e s e r v o i r  pressures i n  the  e a r l y  years (Figures 4, 6a). 
The two-phase b o i l i n g  reg ion  keeps on growing w i t h  cont inued product ion;  
i n  the  years 1959-1960, the  two-phase f l ow  begins t o  invade the  pro-  
duc t i on  hor izon  (F igure 5b). F i e l d  pressures now (1959-1960) begin 
t o  drop r a p i d l y  (see Figures 4 and 6b) due t o  the r e l a t i v e  pe rmeab i l i t y  
e f f e c t  i n  two-phase f low.  Eventua l l y  (around 1964) the  e n t i r e  pro-  
duc t i on  reg ion  s t a r t s  t o  b o i l  (see F igure  5c) ;  t h i s  marks the  onset o f  
t he  r e l a t i v e  f l a t t e n i n g  o f  t he  pressure drop curve (F igure  4 ) .  
d iscuss ion  i l l u s t r a t e s  the dominating i n f l uence  exerc ised by b o i l i n g  
on the  r e s e r v o i r  pressure response; as a mat te r  o f  f a c t ,  a l l  the 
important stages ( i n i t i a l  f l a t  po r t i on ,  middle l a r g e  pressure drop 
reg ion,  and f i n a l  r e l a t i v e l y  f l a t  p a r t ,  F igure  4) i n  the r e s e r v o i r  
pressure h i s t o r y  can be t raced t o  b o i l i n g  i n  one o r  another p a r t  o f  
t he  rese rvo i r .  

The above 

Subsidence a t  Wairakei 

Ground subsidence a t  Wairakei was f i r s t  measured i n  1956 when bench- 
mark l e v e l s  were compared w i t h  those es tab l i shed i n  1950; p e r i o d i c  mea- 
surements have ind ica ted  t h a t  the area a f f e c t e d  by subsidence probably 
exceeds 25 square m i les  (Hatton, 1970). The area o f  maximum subsidence 
(subsidence 2 0.5 m ) ,  however, l i e s  ou ts ide  the  main produc t ion  region. 
Cross-sect ion AB (Figures 1-3) passes through the  l a r g e  Subsidence 
reg ion;  the  i n t e r s e c t i o n  o f  the  subsidence reg ion  w i t h  AB i s  ind ica ted  
i n  F igure  3. The maximum subsidence reg ion,  i n  the  shape o f  an e l l i p -  
t i c a l  bowl, o v e r l i e s  the t h i c k e r  p a r t  o f  Waiora format ion (F igure  3 ) .  
Maximum subsidence a t  Wairakei (1964-1974) i s  o f  the order  o f  4 .5  m; 
t h i s  has been accompanied by ho r i zon ta l  movements o f  the  order  o f  0.5 m 
( S t i l l w e l 1 , e t  -- a l . ,  1975; see F igure 7 ) .  

Pressure p r o f i l e s  (Figures 6a-c) show t h a t  the  reg ion  o f  l a rges t  
pressure drop l i e s  d i r e c t l y  below the maximum subsidence area; f u r t h e r -  
more, the  reg ion  o f  l a rge  pressure drop t o  the  west o f  t he  subsidence 
reg ion  ( i .e . ,  i n  the  th inne r  p a r t  o f  Waiora) i s  r e l a t i v e l y  smal l .  Th is  
s t r o n g l y  suggests t h a t  the  subsidence p a t t e r n  observed a t  Va i rake i  i s  the 
combined r e s u l t  o f  the l o c a l  geology and the  f l u i d  p roduc t ion  h i s t o r y .  
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Labora tory  measurements have been performed upon c o r e  samples 
f rom Wai r a k e i  by T e r r a  Tek (.see P r i t c h e t t , e t  -- a l . ,  1976). 
ments y i e l d e d ,  among o t h e r  q u a n t i t i e s ,  t h e  b u l k  (K) and shear (11) 
e l a s t i c  modul i  o f  t h e  v a r i o u s  s t r a t a .  I f  t h e  l a b o r a t o r y  measurements 
a r e  taken as c o r r e c t  f o r  t h e  t h i n  s u r f a c e  l a y e r s  o v e r l y i n g  t h e  r e s e r v o i r  
(pumice/breccia and Huka Fa1 1s f o r m a t i o n ) ,  we may determine t h e  
e f f e c t i v e  e l a s t i c  modul i  o f  t h e  Waiora f o r m a t i o n  through knowledge o f  
(1) t h e  pressure  drop  h i s t o r y ,  (2)  t h e  measured subsidence h i s t o r y ,  and 
(3)  t h e  th ickness  o f  t h e  Waiora l a y e r .  Dur ing t h e  i n t e r v a l  1964-1967, 
r e s e r v o i r  pressures i n  t h e  Waiora dropped a t  a r a t e  o f  1.77 bars/year ,  
and t h e  mean subsidence r a t e  i n  t h a t  l a y e r  was 0.36 m/year. Using a 
Waiora th ickness  o f  950 meters,  we o b t a i n :  

These measure- 

= 4.67 k i l o b a r s .  
4 

( K  + 3 "Waiora 

T h i s  v a l u e  i s  s m a l l e r  by a f a c t o r  o f  n i n e  than t h a t  based upon t h e  
smal l -sample l a b o r a t o r y  t e s t s  d iscussed above. T h i s  l a r g e  d iscrepancy 
i m p l i e s  t h a t ' e i t h e r  t h e  Waiora f o r m a t i o n  i n  t h e  r e g i o n  o f  maximum sub- 
s idence i s  much t h i c k e r  than t h a t  assumed i n  t h e  present  s i m u l a t i o n  o r  
t h a t  t h e  Waiora f o r m a t i o n  i s  i n t e n s e l y  f r a c t u r e d .  I n  v iew o f  our  ana- 
l y s i s  o f  t h e  Wairakei  p r o d u c t i o n  da ta  and a l s o  o f  a v a i l a b l e  g e o l o g i c  
da ta ,  we lean towards t h e  second o f  these exp lanat ions .  

So f a r  i t  has been assumed t h a t  t h e  rock  m a t r i x  responds t o  
changes i n  pore  pressure  as i f  i t  were a l i n e a r - e l a s t i c  m a t e r i a l  (con- 
s t a n t  e l a s t i c  modul i  K, p). There e x i s t s  s u b s t a n t i a l  ev idence which 
suggests t h a t  t h i s  assumption i s  r a t h e r  poor.  F i g u r e  7 ( f rom S t i l l w e l l ,  
e t  a l . ,  1975) i s  a map o f  t h e  Wairakei  f i e l d  showing bo th  t h e  areas o f  
p r i n c i p a l  p r o d u c t i o n  and o f  p r i n c i p a l  subsidence. W i t h i n  t h e  sub- 
s idence area and somewhat t o  t h e  south o f  t h e  c e n t e r  o f  t h e  r e g i o n  i s  
"Benchmark A-97". 
s idence h i s t o r i e s  f o r  Benchmark A-97  and measured pressure  drop  h i s t -  
o r i e s  a t  t h e  -150 m ( M . S . L . )  l e v e l  i n  t h e  r e s e r v o i r .  S t i l l w e l l ' s  da ta  
may be c r o s s - p l o t t e d  as shown i n  F i g u r e  8, which i l l u s t r a t e s  t h e  r e -  
s e r v o i r  p ressure  drop  as a f u n c t i o n  o f  t h e  downward movement o f  
Benchmark A-97.  The "dots" denote t i m e  - 1 January o f  t h e  year  i n -  
d i c a t e d  i n  each case. T h i s  p l o t  s t r o n g l y  suggests t h a t  n o n l i n e a r  
ground movement processes a r e  o p e r a t i n g  a t  Wairakei .  At e a r l y  t imes,  
t h e  s l o p e  o f  t h i s  (psuedo) s t r e s s - s t r a i n  curve  i s  36 bars/meter o f  
subsidence - a t  present ,  t h e  s l o p e  i s  2.4 bars/meter,  lower by a 
f a c t o r  o f  15. 

-- 

S t i l l w e l l ,  -- e t  a l . ,  (1975) presented b o t h  d e t a i l e d  sub- 

On t h e  b a s i s  o f  t h e  subsidence da ta  taken over  t h e  i n t e r v a l  1 
January 1964 - 1 January 1968, and t r e a t i n g  t h e  v a r i o u s  fo rmat ions  t o  
be homogeneous and l i n e a r  e l a s t i c ,  we o b t a i n e d  a mean v a l u e  o f  
(K  + 4v/3)waiora 2 4.67 kb, above. 
genera l  t r e n d  throughout  t h e  area o f  s u r f a c e  subsidence i s  q u a l i t a t i v e l y  
s i m i l a r  t o  t h e  behav io r  shown i n  F i g u r e  8, we can make more d e f i n i t e  
statements about t h e  behav io r  o f  t h e  r e s e r v o i r  rocks. Over t h e  t ime 
i n t e r v a l  1964-1967, F i g u r e  8 shows t h a t  t h e  average s lope o f  t h e  pressure  

I f  we make t h e  assumption t h a t  t h e  
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drop-subsidence curve  a t  Benchmark A-97 was 12 bars/meter:  a f a c t o r  o f  
t h r e e  lower than t h e  i n i t i a l  s l o p e  b u t  a f a c t o r  o f  f i v e  g r e a t e r  than 
t h e  c u r r e n t  s lope. T h i s  suggests t h a t ,  a t  e a r l y  t imes (19531, 

and t h a t ,  a t  l a t e  t imes (1975), 

%I (K  + 4'/3)Waiora % 0.9 k i l o b a r s .  

I t  i s  c o m f o r t i n g  t o  n o t e  t h a t  t h e  v a l u e  o f  14 k i l o b a r s  a t  e a r l y  t imes i s  
s u b s t a n t i a l l y  c l o s e r  t o  t h e  l a b o r a t o r y  v a l u e  than t h e  v a l u e  o f  4.67 kb 
f o r  t h e  p e r i o d  1964-1967 - i t  i s  l o w  by o n l y  a f a c t o r  o f  th ree .  The 
d i f f i c u l t y  i s ,  o f  course, t o  account for  t h e  spec tacu la r  decrease i n  
apparent e l a s t i c  modul i  w i t h  t ime. 

The apparent inc rease i n  r o c k  c o m p r e s s i b i l i t y  a t  Wairakei  w i t h  
t i m e  i s  t y p i c a l  o f  many r e s e r v o i r s  ( f o r  a case s tudy o f  an o i l / g a s  
r e s e r v o i r  see Mer le ,  -- e t  a l . ,  1976). 
response o f  t h e  r o c k  may be a s c r i b e d  t o  (1) s t r u c t u r a l  f a i l u r e  a t  
l a t e  t imes and/or (2) decrease i n  b u l k  modulus w i t h  an inc rease i n  
A ( P c - P f ) .  
t h e  pore  pressure .  I n i t i a l l y ,  t h e  r e s e r v o i r  rock  behaves i n  a l i n e a r -  
e l a s t i c  manner w i t h  K + 4p/3 % 14 kbars.  
we know t h a t  t h i s  model i s  p robab ly  adequate up t o  about 1963. A t  
about  t h a t  t ime, however, f a i l u r e  must have begun. Hence, i t  should 
be p o s s i b l e  t o  es t imate ,  based upon e l a s t i c a l l y - c a l c u l a t e d  1963 shear 
s t resses ,  t h e  y i e l d  s t r e n g t h  o f  t h e  rock.  Rock which has y i e l d e d  
should t h e r e a f t e r  be ass igned an e f f e c t i v e  incrementa l  shear modulus 
o f  zero.  The e l a s t i c a l l y - c a l c u l a t e d  1963 response would a l s o  enable 
us t o  e s t i m a t e  t h e  t h r e s h o l d  v a l u e  o f  A ( P c - P f )  a t  which t h e  b u l k  
modulus K s t a r t s  t o  decrease w i t h  i n c r e a s i n g  A ( P c - P f ) .  
dependence o f  K on A ( P c - P f )  would be, o f  course, determined by h i s t o r y -  
matching (see a l s o  Mer le ,  - e t  _ *  a1 9 1976 i n  t h i s  connect ion) .  

A n o n l i n e a r i t y  i n  t h e  mechanical 

Here, Pc i s  t h e  t o t a l  ( o r  "conf in ing" )  p ressure  and P f  i s  

From t h e  Benchmark A-97 data,  

The f u n c t i o n a l  

The f o r e g o i n g  d i s c u s s i o n  i l l u s t r a t e s  t h e  d i f f i c u l t i e s  assoc ia ted  
w i t h  match ing (and p r e d i c t i n g  f o r  t h e  f u t u r e )  t h e  subsidence h i s t o r y  a t  
Wairakei .  I t  i s  a l s o  w o r t h w h i l e  to  p o i n t  out t h e  i m p l i c a t i o n s  o f  o u r  
a n a l y s i s  o f  t h e  Wairakei  subsidence da ta  f o r  p r e d i c t i n g  subsidence i n  
a v i r g i n  geothermal f i e l d .  I f  f o r  example we a t tempt  t o  p r e d i c t  sub- 
s idence i n  t h e  S a l t o n  Sea f i e l d  due t o  some s p e c i f i e d  p r o d u c t i o n / i n -  
j e c t i o n  s t r a t e g y ,  we would n e c e s s a r i l y  have t o  use e l a s t i c  modul i  based 
on measurements o f  t h e  e a r l y - s t a t e  modul i  ( d e r i v e d  from seismic 
measurements, fo r  ins tance) .  i f ,  however, i n  r e a l i t y  t h e  e f f e c t i v e  
modul i  were t o  d e c l i n e  by a f a c t o r  on t h e  o r d e r  o f  15 d u r i n g  p r o d u c t i o n  
as they  d i d  a t  Wairakei ,  we would thereby d r a s t i c a l l y  underest imate 
t h e  subsidence hazard. C l e a r l y ,  i t  would be d e s i r a b l e  t o  determine 
t h e  a p p r o p r i a t e  long- term n o n l i n e a r  s t r e s s - s t r a i n  r e l a t i o n s  p r i o r  t o  
making such t h e o r e t i c a l  p r e d i c t i o n s .  
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A t  t h i s  t ime i t  i s  no t  c l e a r  how these ma te r ia l  parameters can 
be measured. Ne i ther  l abo ra to ry  t e s t s  on small core  samples nor pre- 
p roduc t ion  seismic measurements a r e  l i k e l y  t o  be o f  much help.  
I t  may be poss ib le  t o  o b t a i n  some guidance from the  ana lys i s  o f  geo- 
l o g i c a l ,  subsidence, and produc t ion  data f o r  geothermal and o i l / g a s  
rese rvo i r s  w i t h  w e l l  documented produc t ion  and subsidence h i s t o r i e s .  
Such an ana lys i s  may he lp  i n  i d e n t i f y i n g  the  mechanisms which cause 
the  non l inear  behavior. Some examples o f  such mechanisms are :  

1.  Geological  h i s t o r y  o f  the  f i e l d .  

2. Dewatering o f  in terspersed shales. 

3. Thermal e f f e c t s  on the  mechanical p roper t i es  o f  t he  rock.  

4. Chemical d i s s o l u t i o n  o f  i n te rg ranu la r  cementing minera ls  

5. Mechanical scour ing and weakening o f  the  m a t r i x  by 

by f resh  water recharge. 

f l u i d  motion. 

An understanding o f  these mechanisms, t o  the  ex ten t  necessary t o  assess 
t h e i r  r e l a t i v e  magnitudes, appears t o  be requ i red  be fore  dev i s ing  ex- 
per imental  procedures f o r  cha rac te r i z ing  rock response and making 
subsidence p r e d i c t i o n s  a t  a v i r g i n  geothermal f i e l d .  
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A MODEL OF THE HYDROTHERMAL SYSTEM 
OF LONG VALLEY CALDERA, CALIFORNIA 

Michael Sorey 
U. S .  Geological Survey 

Water Resources Division 
345 Middlefield Road 
Menlo Park, CA 94025 

Long Valley caldera, an elliptical depression covering 450 km 2 
on the eastern front of the Sierra Nevada in east-central California 
(Fig. l ) ,  contains a hot-water convection system with numerous hot 
springs and measured and estimated aquifer temperatures at depth 
of 18OoC-28O0C. In this study, the results of previous geologic, 
geophysical, geochemical, and hydrologic investigations of the Long 
Valley area have been synthesized to develop a generalized concep- 
tual and mathematical model which describes the natural conditions of 
heat and fluid flow in the hydrothermal system. Because only one 
deep drill-hole (2  km) has thus far been completed within the caldera, 
this model must be considered speculative in detail, although its 
gross features are consistent with known constraints. Details of 
the work discussed i n  this summary will be published a s  a U . S . G . S .  
open-file report in February, 1977. 

Conceptual Model 

As illustrated in Figure 2, the conceptual model is three-dimen- 
sional, including the area within the topographic boundary of the 
caldera floor, and extending to a depth of 6 km. For numerical simu- 
lation the caldera rocks are divided into five horizontal layers, 
corresponding in composition and depth to the major rock units identified 
by the seismic refraction and geologic studies (Hill, 1976; Bailey and 
others, 1976), and calculations of average depths of fill (F. H.  
Olmsted, written communication, 1976). Of these, the upper layer, 
which is 1-km thick, corresponds to the post-caldera sedimentary 
(glacial, alluvial, and lacustrine) and volcanic (flows and tuffs) 
rocks and contains the shallow, cold ground-water system. Layer 2, 
1-km thick, corresponds t o  the densely welded Bishop Tuff, a rhyo- 
litic ash flow that erupted 0.7 m.y. ago during caldera formation. 
Layer 3 includes welded Bishop Tuff, the pre-caldera Glass Mountain 
Rhyolite, and some granitic and metamorphic basement rocks. Geo- 
physical and geologic studies show that the densely welded tuff forms 
a continuous layer over the area of the caldera with an average thick- 
ness of 1.4 km. It is likely that the welded tuff has retained signi- 
ficant permeability after fracturing. In the conceptual model, a deep, 
hot ground-water system, i.e. the hydrothermal reservoir, is assumed 
to occur in layers 2 and 3. Layers 4 and 5 correspond to pre-caldera 
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basement rocks,  which a r e  assumed impermeable b u t  t h e r m a l l y  conduct ive .  
Two l a y e r s  were used i n  t h i s  depth i n t e r v a l  (3-6 km) t o  a l l o w  more 
accura te  numerical  heat  f l o w  s i m u l a t i o n .  The presence o f  magma below 
6 km i n  t h e  western p a r t  o f  t h e  ca ldera ,  which i s  suggested by se ismic,  
t e l e s e i s m i c ,  and h e a t - f l o w  s t u d i e s ,  i s  s imu la ted  by a cons tan t  ( w i t h  
t ime)  b u t  a r e a l l y  v a r i e d  temperature d i s t r i b u t i o n  a t  t h e  base of t h e  
model. 

5 

6 

6 

H y d r a u l i c  and thermal p r o p e r t i e s  used i n  t h e  model a r e  l i s t e d  i n  
Table 1 .  

0.54 - 0.-58 

0.54 - 0.58 

0.54 - 0.58 

Tab le  I . - -Hydraul ic  and thermal p r o p e r t i e s  for Long V a l l e y  model. 

Layer  

I 

2 

3 

4 

5 

I n t r i n s  i c  V e r t  i ca I 

permeabi I i-i-y compressi b i  I i t y  

m2 x 

0 

0.03 - 0.35 

0.03 - 0.35 

0 

0 

2 
m /N 

I o - ~  

lo-io 

lo-io 
l o - 1 o  

-10 I O  

Poros i t y  

0.35 

0.10 

0.05 

0.05 

0.05 

Layer 1 i s  cons idered as an impermeable cap except  a long p a r t s  o f  
t h e  c a l d e r a  r i m ,  where recharg ing  ground water  moves downward a long 
t h e  r i n g  f a u l t ,  and i n  t h e  Hot Creek gorge area, where hot water  
f l o w s  upward a long f a u l t s  t o  d ischarge i n  t h e  gorge s p r i n g s .  Ground- 
water  f l o w  i s  from t h e  h i g h e r  a l t i t u d e s  a long t h e  west and n o r t h e a s t  
r i m s  t o  d ischarge areas a t  lower a l t i t u d e s  i n  Hot Creek gorge and a t  
depth  through t h e  southeast  r i m  of t h e  c a l d e r a .  A d d i t i o n a l  d r i v i n g  
f o r c e  causing f l o w  i s  p rov ided by d e n s i t y  d i f f e r e n c e s  between h o t  
and c o l d  p a r t s  o f  t h e  f l o w  system. The e f f e c t i v e  r e s e r v o i r  t r a n s -  
m i s s i v i t y  was eva lua ted  by s p e c i f y i n g  pressures based on water  
t a b l e  a l t i t u d e s  i n  recharge and d ischarge areas and a d j u s t i n g  t h e  
r e s e r v o i r  p e r m e a b i l i t y  d i s t r i b u t i o n  t o  y i e l d  t h e  d e s i r e d  mass f l u x  
of water  , 

Numerical S i m u l a t i o n  

To p e r m i t  numerical  s i m u l a t i o n  o f  heat and f l u i d  f l o w ,  each 
l a y e r  o f  t h e  model i s  subd iv ided i n t o  82 g r i d  b l o c k s  o r  nodes a long 
land-net  l i n e s  ( F i g .  3 ) .  F i n e r  nodal spac ing i s  used near t h e  d i s -  

-325- 



charge areas. Hot water i s  assumed t o  discharge on ly  over the  sur-  
face o f  the  node t h a t  includes the spr ings i n  Hot Creek gorge, i n  
T3S/R28E-S25, and through the southeast r i m  as ind ica ted  i n  F igure  3. 
Only minor d i f f e rences  i n  computed d i s t r i b u t i o n s  o f  pressure and 
temperature would be expected i f  a more d e t a i l e d  d i s t r i b u t i o n  o f  
hot-water discharge were modeled, because approximately 80 percent 
o f  the  sur face discharge from the  thermal rese rvo i r  i s  through the  
spr ings i n  the  gorge (Sorey and Lewis, 1976). 

The equations and s o l u t i o n  procedure used i n  t h i s  study a re  
described i n  d e t a i l  by Sorey (1975). The f l o w  equation i s  

ap v *  [ P  -. (VP-pg) 1 = c - a t  
- k 

IJ 

where 
p = f l u i d  dens i t y  
k = i n t r i n s i c  permeab i l i t y  
IJ = dynamic v i s c o s i t y  
P = f l u i d  pressure 
g = g r a v i t a t i o n a l  acce le ra t i on  vector  
C = f l u i d - r o c k  c o m p r e s s i b i l i t y  
t = t ime 

I 

Equation 1 i s  based on conservat ion of  mass and Darcy's law f o r  non- 
isothermal f l u i d  f l o w  i n  porous media. An assumption inherent  i n  t h i s  
fo rmula t ion  i s  t h a t  f l u i d  f l ow  i n  the  hydrothermal system, a l though 
probably c o n t r o l l e d  l o c a l l y  by permeable zones along f a u l t s ,  can 
best  be described i n  l a rge  sca le  as f l o w  i n  a porous medium i n  which 
pe rmeab i l i t y  i s  d i s t r i b u t e d  e f f e c t i v e l y  throughout. 

The energy equat ion i s  

I aT - V * [ KmVT] -p CV* VT= ( p c ) 
a t  

where 
K = r o c k - f l u i d  thermal c o n d u c t i v i t y  
Tm = r o c k - f l u i d  temperature 
5 = Darcy v e l o c i t y  vec tor  
c = f l u i d  s p e c i f i c  heat a t  constant volume 

( p c ) '  = r o c k - f l u i d  heat capac i ty  

Equation (2) accounts f o r  conduct ive and convect ive t rans fe r  o f  heat 
under s teady-state and t r a n s i e n t  cond i t ions .  We assume t h a t  thermal 
e q u i l i b r i u m  e x i s t s  between f l u i d  and s o l i d  phases a t  po in ts  o f  con- 
t a c t  and t h a t  heat t r a n s f e r  by hydrodynamic d ispers ion  can be neg- 
l ec ted  i n  the type o f  problem considered here (Mercer and o thers ,  
1975, p. 2618). Temperature-dependent parameters, IJ and c, i n  
Eq. ( 3 )  were evaluated from tabu la ted  data (Dorsey, 1968). 



The equat ion o f  s t a t e  r e l a t i n g  f l u i d  dens i t y  t o  temperature i s  

P = P, [l -B (T-To) -y (T-To) 2] ( 3 )  

where 

= f l u i d  dens i t y  a t  reference temperature T 
0 

6 = thermal expans iv i t y  

y = c o e f f i c i e n t  f o r  second order  f i t  

Densi ty  v a r i a t i o n s  w i t h  pressure a r e  neglected. 

Simultaneous so lu t i ons  t o  the  f low and energy equat ions were 
obta ined by an in tegra ted  f i n i t e - d i f f e r e n c e  method i n v o l v i n g  i t e r a -  
t i v e  s o l u t i o n s  a t  se lected t ime steps f o r  pressure, temperature, 
and v e l o c i t y  f i e l d s .  Th is  numerical procedure o f f e r s  considerable 
advantages over standard f i n i t e - d i f f e r e n c e  methods i n  terms o f  
reduced comput ing  t imes and nodal requirements (Narasimhan and 
Witherspoon, 1976). 
i s  con t inuous ly  increased by a f a c t o r  between 1 and 2, w i t h  the  
l i m i t a t i o n  t h a t  t he  maximum change i n  nodal temperatures per  t ime 
s tep  be less  than about 10 percent of the  maximum t o t a l  change ex- 
pected i n  the  system. Because the  response times f o r  pressure changes 
a r e  much smal ler  than for  temperature changes, the  f low system 
e s s e n t i a l l y  e q u i l i b r a t e s  t o  a quasi-steady s t a t e  w i t h i n  each thermal 
t ime step. For a s imu la t i on  pe r iod  of  35,000 years, approx imate ly  
50 thermal t ime steps were used; f o r  a 350,000 year s imu la t ion ,  
approx imate ly  70 t ime steps were requi red.  

The t ime step used t o  so lve the  energy equat ion 

Hydraul i c  Charac te r i s t i cs  

Locat ions o f  t he  p r i n c i p a l  f a u l t s  w i t h i n  the ca ldera,  most o f  
which a r e  h i g h  angle, normal f a u l t s ,  a re  a l s o  shown i n  F igure  3. 
Fractures in the welded tuff associated with these and other faults 
no t  de l ineated  a t  t he  land sur face  a r e  considered t o  p rov ide  the  
major channels f o r  f l o w  i n  the  hydrothermal system. The apparent 
l a c k  o f  f a u l t i n g  i n  the  eastern p a r t  o f  the  ca ldera ( w i t h  the  ex- 
cep t ion  o f  t he  r i n g  f r a c t u r e )  need no t  prec lude permeable zones i n  
t h a t  area which cou ld  a l s o  occur i n  b recc ia ted  zones between the  
two major coo l i ng  u n i t s  i n  the  Bishop T u f f  (Sheridan, 1968).  

Values o f  i n t r i n s i c  pe rmeab i l i t y  obta ined from the  model f o r  a 
1-km t h i c k  r e s e r v o i r  w i t h  a mass f l u x  o f  250 kg/s (based on geo- 
chemical mix ing  models and boron discharge i n t o  Lake Crowley; 
Sorey and Lewis, 1976) a r e  l i s t e d  i n  Table 2. I n t e r e s t i n g l y ,  the  
Long Va l ley  r e s u l t s  o f  30-50 m i l l i d a r c y s  a r e  w i t h i n  a f a c t o r  o f  3 
o f  the  va lue used by Mercer, Pinder,  and Dona1dso.n (1975) f o r  the  
f rac tu red  vo lcan ics  o f  the Wairora a q u i f e r  a t  Wairakei, New Zealand. 
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Tab le  2. I n t r i n s i c - p e r m e a b i l i t y  da ta  from Long V a l l e y  model 
and o t h e r  s t u d i e s .  

Data source 
Reservo i r 

t h  i ckness ( km)  

Permeabi I i t y  
(xIo-'15 2) rn 

SO Long V a l l e y  model I 

0.4 - 0.85 2 
Wairakei  model 

0.0005 Long Val  l e y  cores  

--- 0.04 NTS ash flow t u f f s  

NTS welded t u f f  ( f r a c t u r e d )  0.05 - 0.2 5,000 

--- 3 

4 

I - 50 

00 

- 180. 

- I O .  

- 30,000 

Range f o r  two p o s s i b l e  cases of r e s e r v o i r  p e r m e a b i l i t y  d i s t r i b u t i o n .  I 

Wairora a q u i f e r  c o n s i s t i n g  o f  pumice brecc  

modeled by Mercer and o t h e r s  (1975) .  

Data f o r  c o r e s  of a l t e r e d  rock,  f l o w  r o c k s  

Oak  S p r i n g s  Format ion (Ke l  l e r ,  1960). 

Winograd and o t h e r s  ( 1971 1. 

' 
a and v i t r i c  t u f f s  as 

and non-welded t u f f s .  

Comparisons w i t h  measurements on Long V a l l e y  cores,  and w e l l  t e s t s  
and cores a t  t h e  Nevada Tes t  S i t e  i n d i c a t e  t h a t  t h e  p e r m e a b i l i t y  
va lues  o b t a i n e d  from t h e  model represent  an i n t e g r a t i o n  o f  t h e  e f f e c t s  
o f  f r a c t u r e  p e r m e a b i l i t y  o v e r  t h e  volume o f  r e s e r v o i r  rock .  

E q u i v a l e n t  o f  " c o l d  water"  h y d r a u l i c  heads from t h e  model simu- 
l a t i o n s  a t  each node were computed u s i n g  t h e  r e l a t i o n s h i p  

H 0 = P/(pog) + 2 (5) 

0 where p = f l u i d  d e n s i t y  a t  r e f e r e n c e  temperature (10 C )  and Z = 
a l t i t u d e  o f  node above sea l e v e l .  An example o f  t h e  r e s u l t a n t  head 
d i s t r i b u t i o n ,  i n  l a y e r  2 a t  1.5 k m  depth  as seen i n  F i g u r e  4 ,  shows 
t h e  predominant eastward f l o w  toward t h e  Hot Creek gorge area and 
t h e  e f f e c t s  o f  recharge f rom t h e  Glass Mountain area.  The e x i s t e n c e  
of deep recharge a l o n g  t h e  n o r t h e a s t e r n  r i m  i s  suggested i n  p a r t  by 
t h e  r e s u l t s  o f  a 2-km deep t e s t  h o l e  r e c e n t l y  d r i l l e d  by p r i v a t e  
i n d u s t r y  3 km eas t  o f  Hot Creek gorge, which encountered r e l a t i v e l y  
cool ground-water temperatures w i t h i n  t h e  Bishop T u f f .  

0 
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Thermal C h a r a c t e r i s t i c s  

The Long Va l ley  model i s  const ra ined by est imates o f  t he  n a t u r a l  
heat discharge from the  ca ldera.  
e r a t u r e  p r o f i l e s  i n  w e l l s ,  the t o t a l  heat discharge i s  est imated t o  
be 6.9 x 107 ca l / s .  App l i ca t i ons  o f  geochemical mix ing  models i n -  
d i c a t e  t h a t  190-300 kg/s o f  water a t  21OoC-28Z0C discharges upward 
from the  r e s e r v o i r  toward the  ho t  spr ings,  w i t h  the  h ighes t  est imated 
r e s e r v o i r  temperature corresponding t o  the  lowest mass f l u x .  The 
model was used t o  evaluate the  depths o f  f l u i d  c i r c u l a t i o n  f o r  which 
an under ly ing  magma chamber cou ld  supply the  requ i red  heat f low,  
equ iva len t  t o  an average o f  15 HFU over the  area o f  the  ca ldera,  
f o r  var ious  per iods o f  t ime. The i n i t i a l  thermal c o n d i t i o n  was the  
temperature d i s t r i b u t i o n  a t  steady s t a t e  i n  the  absence o f  f l u i d  
f l ow .  

From sp r ing  measurements and temp- 

Studies o f  s a l i n e  depos i ts  i n  Sear les Lake, downdrainage from 
Long Val l e y  (Smith, 1976),  i n d i c a t e  t h a t  present-day ho t  sp r ing  
d ischarge i n  the  ca ldera has pe rs i s ted  f o r  o n l y  30,000-40,000 years.  
Model s imu la t ions  o f  heat and f l u i d  f l o w  f o r  a pe r iod  o f  35,000 
years show t h a t  present-day heat discharge cou ld  have been susta ined 
f o r  t h i s  pe r iod  by a magma chamber a t  6 km w i t h  f l u i d  c i r c u l a t i o n  t o  
1.5-2.5 km. As shown i n  Figures 5 and 6, s imulated r e s e r v o i r  temp- 
e ra tu res  a t  a depth o f  1 .5  km under the  Hot Creek gorge area a r e  
near 2OOOC a f t e r  35,000 years w i t h  a ho t  sp r ing  d ischarge o f  250 
kg/s. Cooler temperatures east  o f  Hot Creek, r e s u l t i n g  f rom re-  
charge a long the  nor theas t  r i m ,  a re  cons is ten t  w i t h  the  r e s u l t s  
repor ted  f o r  the deep t e s t  ho le.  

I n  con t ras t ,  Ba i ley ,  Dalrymple, and Lanphere (1976) f i n d  e v i -  
dence o f  ex tens ive  hydrothermal a l t e r a t i o n  0.3 m.y. ago which appears 
t o  be r e l a t e d  t o  the main magma chamber ra the r  than t o  the  post -  
ca ldera e r u p t i v e  vo l can ic  rocks.  S imu la t ion  o f  ho t - sp r ing  d ischarge 
f o r  per iods  much g rea te r  than 35,000 years produces maximum r e s e r v o i r  
temperatures s i g n i f i c a n t l y  coo le r  than the  prev ious r e s u l t s .  
Correspondingly,  deeper l e v e l s  o f  c i r c u l a t i o n  a r e  requ i red  t o  sus- 
t a i n  heat f l o w  and r e s e r v o i r  temperatures above 200°C. 

I n  F igure  7, r e s e r v o i r  temperatures under the  gorge a r e  p l o t t e d  
as func t i ons  o f  t ime f o r  two cases o f  r e s e r v o i r  depth. The i n i t i a l  
increase i n  r e s e r v o i r  temperatures p r i o r  t o  about 10,000 years i s  
due t o  the  a r r i v a l  o f  h o t t e r  water f r o m  the  west. Ca lcu la t i on  o f  
average ground-water t r a v e l  t imes from recharge t o  d ischarge areas, 
based on the t ime a t  which r e s e r v o i r  temperature under the  gorge 
begins t o  d e c l i n e  r a p i d l y  (10,000 years) ,  y i e l d  values near 2,000 
years f o r  a 1-km t h i c k  r e s e r v o i r .  S imu la t ion  of  present-day ho t  
sp r ing  discharge f o r  per iods grea ter  than about 300,000 years, a f t e r  
which t ime the  system has e s s e n t i a l l y  reached steady s ta te ,  shows 
t h a t  even f o r  the  2-3-km deep r e s e r v o i r  d ischarge temperatures 
f a l l  w e l l  below 20OoC. 
w i t h  the  model i n d i c a t e  t h a t  c i r c u l a t i o n  t o  depths of 4-5 km 
would be requ i red  t o  sus ta in  present-day thermal cond i t i ons  over 
per iods  of  300,000 years. 

The r e s u l t s  o f  these and o the r  s imu la t ions  
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Because permeable channels i n  the basement rocks a re  u n l i k e l y  
t o  e x i s t  a t  these depths and i n  view o f  the  d i ve rse  i n d i c a t i o n s  o f  
the  age o f  ho t  sp r ing  a c t i v i t y  noted above, an a l t e r n a t i v e  hypothesis 
t h a t  d ischarge from the  hydrothermal system has been i n t e r m i t t e n t  i n  
charac ter  i s  prefer red.  S i g n i f i c a n t  per iods o f  i n a c t i v i t y  cou ld  have 
resu l ted  from c l i m a t i c  v a r i a t i o n s  and s e l f - s e a l i n g  processes which a r e  
i n  evidence today. These p o s s i b i l i t i e s  and the  adequacy o f  the  
s i m p l i f i e d  hydrothermal model analyzed i n  t h i s  study car1 o n l y  be 
evaluated by deep d r i l l i n g  i n  the  western p a r t  o f  t he  ca ldera.  

Under the  eastern t w o - f i f t h s  o f  the  ca ldera,  r e s e r v o i r  tempera- 
tu res  measured i n  the  deep t e s t  ho le  and s imulated temperatures from 
the  model would seem to  prec lude the  p o s s i b i l i t y  o f  energy develop- 
ment east o f  Hot Creek. However, the  s i g n i f i c a n c e  o f  t h i s  area may 
be i t s  p o t e n t i a l  c o n t r i b u t i o n  o f  r e l a t i v e l y  c o l d  ground water t o  
h igh-enthalpy f l u i d  p roduc t ion  from beneath the  resurgent dome i n  
the  west-centra l  p a r t  o f  the  ca ldera,  and (o r )  i t s  p o t e n t i a l  f o r  
r e i n j e c t i o n  o f  hydrothermal f l u i d s .  The model analyzed i n  t h i s  
study has helped t o  q u a n t i f y  t he  r e l a t i o n s h i p s  between heat and 
f l u i d  f l o w  and the  h y d r a u l i c  c h a r a c t e r i s t i c s  o f  the hydrothermal 
system. Inco rpo ra t i on  o f  a d d i t i o n a l  d e t a i l  from deep and shal low 
d r i l l i n g  would enable the  model t o  be used t o  analyze the  p o t e n t i a l  
f o r ,  and the  e f f e c t s  o f ,  energy development i n  the Long V a l l e y  
ca 1 dera. 
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Figure 1 .  Map showing location of  Long Valley and 
other points o f  reference. 
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F i g u r e  2 .  Block  diagram showing conceptual  model o f  Long V a l l e y  
hydrothermal system. 

System c o n s i s t s  o f  f i v e  h o r i z o n t a l  l a y e r s  hav ing 
p r o p e r t i e s  l i s t e d  i n  t e x t .  P a t t e r n l e s s  l a y e r s  between 
depths o f  1 and 3 km represent  hydrothermal r e s e r v o i r  
i n  f r a c t u r e d ,  densely  welded Bishop T u f f .  Recharge t o  
t h e  r e s e r v o i r  i s  by way o f  t h e  c a l d e r a  r i n g  f a u l t  i n  
t h e  west and nor theas t .  Discharge i s  by way o f  f a u l t s  
and f r a c t u r e s  t o  s p r i n g s  i n  Hot Creek gorge. S t r a i g h t  
arrows i n d i c a t e  ground-water f l o w ;  wavy arrows i n d i c a t e  
heat  f l o w .  
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Figure  3 .  Sketch map of Long Va l ley  caldera showing nodal c o n f i g u r a t i o n  f o r  
numerical s imu la t i on  o f  hydrothermal model w i t h  un i fo rm rese rvo i r  
pe rmeab i l i t y  d i s t r i b u t i o n .  
d.ischarge node cover ing Hot Creek gorge. 
shown as s o l i d  heavy l i n e s  w i t h  b a l l  on downthrown s ide.  
denotes discharge a t  depth through southeastern ca ldera r i m .  

R denotes recharge node; D denotes 
P r i n c i p a l  f a u l t s  a re  
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Figure 5. Diagrammatic east-west cross-section of Long Valley caldera showing 
isotherms in model after 35,000 years with hot-spring discharge 
of 250 k g / s ,  southeast-rim outflow of 110 kg/s,  and reservoir 
depth of 1-2 km. 
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Figure 7. Transient  response since i n i t i a t i o n  of  springflow o f  average 
reservo i r  temperature below Hot Creek gorge f o r  two simulated 
reservo i r  depths. 
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LARGE-SCALE GEOTHERMAL FIELD PARAMETERS AND CONVECTION THEORY 

R. A. Wooding 
Appl ied Mathematics D i v i s i o n  

D . S .  I .R. 
Wel l ington,  New Zealand 

The quest ion o f  the  depth reached by groundwater i n  na tu ra l  recharge 
t o  a geothermal f i e l d  i s  o f  i n t e r e s t  f o r  geothermal development, s ince i t  can 
a f f e c t  the na ture  o f  the recharge regime dur ing  wi thdrawal,  and the  volume 
o f  water w i t h i n  reach du r ing  e x p l o i t a t i o n .  Also, use fu l  in ferences may be 
drawn about the  la rge-sca le  pe rmeab i l i t y  o f  the system i f  the  groundwater 
f l o w  regime i s  understood. 

Evidence f o r  the  presence o f  thermal convect ion i n  the  groundwater 
now appears t o  be we l l -es tab l i shed,  a l though topographic e f f e c t s  may a l s o  
be important (Studt  and Thompson 1969, Healy and Hochstein 1973). 
regions which serve p a r t i c u l a r l y  w e l l  as i l l u s t r a t i o n s  a re  (1) the  Imper ia l  
Va l ley  o f  Southern C a l i f o r n i a  and (2) the Taupo Volcanic Zone o f  New Zealand. 
Both e x h i b i t  a number o f  q u i t e  we l l -de f ined zones o f  anomalously h igh  heat 
f l o w  (geothermal f i e l d s ) ,  separated by d is tances o f  10 t o  15 Km, the i n t e r -  
vening areas u s u a l l y  having very low heat f low.  A t  Imper ia l  Va l ley ,  the 
f a i r l y  permeable sands i n  which convect ion i s  l i k e l y  t o  occur a r e  o v e r l a i n  
by sediments o f  low permeab i l i t y ,  roughly 0.6 Km i n  th ickness,  and thermal 
c o n d u c t i v i t y  a lone w i thou t  apprec iab le convect ion,  commonly occurs i n  these 
upper layers  (Palmer, Howard and Lande 1975). I n  the case o f  ( 2 ) ,  the heat 
f l ow  i n  areas surrounding geothermal f i e l d s  i s  depressed p r a c t i c a l l y  t o  
zero, and t h i s  has been in te rp re ted  by Studt  and Thompson as being due t o  
downflowing recharge water from p r e c i p i t a t i o n .  The water i ssu ing  n a t u r a l l y  
from geothermal f i e l d s  i s  predominantly meteor ic ,  but  the residence times 
i n  the groundwater stage appear t o  be very long. 

Two 

I t  fo l l ows  t h a t  the  upper boundary cond i t i ons  o f  the  two cases must 
be s i g n i f i c a n t l y  d i f f e r e n t .  I n  (1)  the upper f l o w  boundary i s  p r a c t i c a l l y  
impermeable wh i le ,  i n  ( 2 ) ,  f l o w  through the  upper boundary i s  almost unimpeded. 
Idea l i zed  cond i t i ons  which correspond approximately to these cases were 
in t roduced by Lapwood (1948); these w i l l  be designated as boundary cond i t ions  
1 and 2 respec t i ve l y .  

Lapwood ca l cu la ted  c r i t i c a l  Rayleigh numbers (R = Rc) f o r  neu t ra l  
s t a b i l i t y  i n  a ho r i zon ta l  l aye r  o f  un i fo rm i s o t r o p i c  porous m a t e r i a l ,  heated 
from below t o  main ta in  a constant temperature d i f f e r e n c e  between the  two 
boundaries. F l u i d  p roper t i es  and thermal c o n d u c t i v i t y  o f  the saturated 
medium were assumed constant.  Although the s t a b i l i t y  approach does no t  y i e l d  
h e a t - f l u x  Nussel t  numbers f o r  convect ion a t  s u p e r c r i t i c a l  Rayle igh numbers, 
i t  prov ides a use fu l  p r e d i c t i o n  o f  the most l i k e l y  aspect r a t i o - - h o r i z o n t a l  
wavelength t o  l aye r  depth--of  convect ion c e l l s  under f i n i t e  ampl i tude 
cond i t i ons  prov ided t h a t  R - Rc i s  small i n  comparison w i t h  Rc. 
t he  approach i s  convenient f o r  s tudy ing the  i n f l uence  o f  changing f l u i d  o r  
medium p roper t i es ;  many cases can be t rea ted  qu ick l y ,  and l i k e l y  combinations 
o f  parameters may be se lected f o r  more d e t a i l e d  study a t  h igher  Rayleigh 
numbers. 

Also, 
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Maanitudes o f  Convection Parameters 

Several f a c t o r s  i n d i c a t e  t h a t  R/R i s  no t  very l a rge  i n  the  two c 
geothermal zones discussed above. I t  I S  l i k e l y  t h a t  heat en ters  the  system 
by conduct ion through rock layers  from q u i t e  shal low, perhaps magmatic, 
sources. I f  convect ion were no t  present,  a thermal anomaly would s t i l l  
e x i s t ,  w i t h  a d i f f e r e n t  s p a t i a l  d i s t r i b u t i o n ,  and probably w i t h  a heat f low 
several  t imes normal. The presence of  convect ion w i l l  enhance the  heat f low,  
bu t  probably by a f a c t o r  o f  order  2, ra the r  than 10. 
p o i n t  o f  view, perhaps the most important f u n c t i o n  o f  convect ion i s  t o  
r e d i s t r i b u t e  and concentrate the  heat f low.)  A low Nussel t  number w i l l  be 
associated w i t h  o n l y  moderate values o f  R/Rc. 

(From a p r a c t i c a l  

I n  round numbers, a 1000°C magma body a t  a depth o f  about 5 Km would 
g i v e  r i s e  t o  a conduct ion heat f l o w  o f  5-10 heat f l o w  u n i t s  (1 h. f .u.  being 
the wor ld  average). 
5 Km l aye r ,  g i v i n g  r i s e  t o  an o v e r a l l  Nussel t  number o f  2, t h i s  would 
account f o r  the  heat f l o w  observed in ,  f o r  example, the  Taupo Volcanic  Zone. 

I f  convect ion were present i n  the  upper p a r t  o f  the  

A low va lue o f  Rayleigh number appears t o  be cons is ten t  w i t h  est imated 
phys ica l  parameters, average values from the upper p a r t  o f  the Wairakei 
f i e l d  (McNabb, Grant and Robinson 1975). Assuming v e r t i c a l  permeabi 1 i t y  
K 7 x cm2, co ld  water v i s c o s i t y  u, = poise,  thermal c o n d u c t i v i t y  
K 3 x c.g.s. u n i t s ,  l i q u i d  dens i t y  con t ras t  Ap = 0.2, i't i s  found t h a t  

R/L - kgAp/Kpo ( 1 )  

= 50 per Km depth. 

Here the  depth L o f  the permeable l aye r  i s  unknown, bu t  i t  i s  suggested t h a t  
i t  i s  not  more than about 3 Km. I t  i s  important t o  e s t a b l i s h  whether the 
convect ion theory i s  cons i s ten t  w i t h  t h i s  shal low depth of  groundwater 
pene t ra t i on  and the  observed 10-15 Km separa t ion  o f  geothermal f i e l d s .  

Extensions o f  t he  Theorv 

The m a t r i x  pe rmeab i l i t y  K and the f l u i d  v i s c o s i t y  p a r e  invo lved o n l y  
through the  r a t i o  K/p--the ' 'mob i l i t y ' ' - - bu t  i n  p r a c t i c e  t h i s  f u n c t i o n  may 
be q u i t e  complex. This  has l ed  t o  var ious  extensions o f  Lapwood's work. 

Using upper boundary cond i t i ons  of type 1 ,  Kassoy and Zebib (1976) 
have considered the  case o f  temperature-dependent v i s c o s i t y ,  n o t i n g  t h a t ,  
f o r  water,  u may change by an order  o f  magnitude over the range o f  temperatures 
encountered i n  geothermal a p p l i c a t i o n s .  On the o ther  hand, Ribando, Torrance 
and Tu rco t te  (1976) t rea ted  v i s c o s i t y  as constant ,  and c a r r i e d  ou t  numerical 
c a l c u l a t i o n s  o f  f i n i t e -amp l i t ude  convect ion both f o r  the  Lapwood system and 
f o r  pe rmeab i l i t y  decreasing exponen t ia l l y  w i t h  depth. 

A pecul i a r  e f f e c t  observed r e c e n t l y  i n  s i 1  ica-water systems (H. J. 
Ramey, J r .  , pers. comm.) i s  t h a t  the  permeabi 1 i t y  appears to  decrease w i t h  
r i s i n g  temperature, perhaps by a f a c t o r  o f  2 o r  more i n  a range o f  a few 
hundred degrees cent igrade.  Al though an exp lanat ion  i s  no t  for thcoming a t  
t h i s  t ime of  w r i t i n g ,  i t  i s  i n t e r e s t i n g  t o  note t h a t  s i l i c a  polymerizes i n  
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aqueous s o l u t i o n  t o  form a ge l - -a  p roper ty  which has been s tud ied  i n  
connect ion w i t h  the  format ion o f  sca le  (Marsh, K l e i n  and Vermeulen 1975). 
Thus the  phenomenon may be equ iva len t  t o  an increase o f  e f f e c t i v e  v i s c o s i t y  
w i t h  temperature, p a r t i a l l y  counterac t ing  the usual v i s c o s i t y  decrease 
associated w i t h  pure water. For purposes o f  c a l c u l a t i o n ,  t h i s  can be 
incorporated i n t o  the  assumed tempera tu rev i scos i t y  law. 

The Permeab i l i t v  Problem 

Permeable media encountered i n  geothermal areas depar t  g r e a t l y  from the  
simple homogeneous i s o t r o p i c  systems f requen t l y  considered i n  the  l abo ra to ry  
and i n  theory.  
i n  p a r t i c u l a r  the  l aye r ing  produced by a sequence o f  many t h i n  vo l can ic  
depos i ts ,  vary ing  i n  degrees o f  welding, b recc ia t i on ,  e tc . ,  and perhaps 
in terspersed w i t h  t h i n  sedimentary lenses, the  occasional  ex is tence of  
h i g h l y  permeable, weathered hor izons between successive depos i ts ,  and the  
presence o f  numerous n e a r - v e r t i c a l  f a u l t s  t rend ing  along the  Zone. On the  
l a rge  scale,  a f racture-dominated system s t i l l  appears t o  be w e l l  represented 
by a Darcy-type f l o w  law, bu t  the pe rmeab i l i t y  i s  l i k e l y  t o  be non- i so t rop i c  
(H. J .  Ramey, J r . ,  pers. comm.). 

The Taupo Volcanic  Zone e x h i b i t s  many such compl icat ions,  

Borehole data on which la rge-sca le  pe rmeab i l i t y  might be est imated i s  
inadequate, genera l l y  because d e t a i l e d  in fo rmat ion  on f r a c t u r e s  and permeable 
hor izons i s  missed. However, zones o f  d r i l l  c i r c u l a t i o n  loss  a re  recorded, 
and can g i v e  a use fu l  i n d i c a t i o n  o f  f rac tu res  encountered. For the  deepest 
borehole i n  the  Wairakei geothermal f i e l d  (Bore 121, 2265 metres) c i r c u l a t i o n  
losses a r e  encountered f requen t l y  down t o  1000 m, bu t  o n l y  a few cases a r e  
noted a t  g rea te r  depths (1680 m and 2250 m, G. Gr ind ley and P. Browne, pers. 
comm.). 
i s  i n  accord w i t h  the  observed hydrothermal a l t e r a t i o n  (P.  Browne, pers.  
comm.), which imp l ies  a lesser  through- f low o f  water.  However, there  a r e  
no o the r  bores o f  comparable depth a t  Wairakei t o  supplement these l i m i t e d  
observat ions.  

Th is  i n d i c a t i o n  o f  fewer permeable f r a c t u r e s  a t  the  g rea te r  depths 

Attempts t o  est imate the  v e r t i c a l  and ho r i zon ta l  components o f  la rge-  
sca le  pe rmeab i l i t y  i n  the area o f  the  Wairakei f i e l d  (McNabb, Grant and 
Robinson 1975) i n d i c a t e  t h a t  the  ho r i zon ta l  pe rmeab i l i t y  could have been 
anyth ing up t o  10 times as grea t .  A con t ras t  as h igh  as t h i s  would be 
cons is ten t  w i t h  a layered system having very permeable hor izons. The 
v e r t i c a l  f a u l t i n g  cou ld  be less  important,  as the re  a r e  i n d i c a t i o n s  t h a t  
pe rmeab i l i t y  v a r i e s  t o  a lesser  ex ten t  w i t h  ho r i zon ta l  d i r e c t i o n .  

S t a b i l i t v  Analvs is  from Convection Theorv 

The bas ic  equat ions o f  thermal convect ion o f  a v a r i a b l e - v i s c o s i t y  
f l u i d  i n  a sa tura ted  medium have been g iven elsewhere (e.g., Wooding 1975). 

A simple, bu t  re levant  genera l i za t i on  t o  a n i s o t r o p i c  pe rmeab i l i t y  i s  
r e a l i z e d  by assuming ho r i zon ta l  s t r a t i f i c a t i o n ,  so t h a t  one p r i n c i p a l  a x i s  
o f  t he  pe rmeab i l i t y  tensor i s  v e r t i c a l  and the o ther  two a re  h o r i z o n t a l .  
Le t  yl, y2 be the  r a t i o s  o f  the v e r t i c a l  component o f  pe rmeab i l i t y  t o  the  
two h o r i z o n t a l  components. These r a t i o s  w i l l  be assumed constant  a l though 
the  i n d i v i d u a l  components of  pe rmeab i l i t y  may vary w i t h  depth. 
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Su i tab le  scales f o r  t he  convection problem a re  the  length  L ( l aye r  
depth), t h e  thermal d i f f u s i v i t y  K and the  v e l o c i t y  RK/L, where R i s  t h e  
Rayleigh number de f ined i n  ( 1 ) .  
r a t i o  o f  t he  heat capac i ty  o f  the  saturated medium t o  t h a t  o f  t h e  f l u i d  
(Wooding 1957). Also, Ap i s  an appropr ia te  dens i ty  scale. 

The t ime scale i s  EL2/R~, where E i s  t he  

I f  z i s  t he  dimensionless upward v e r t i c a l  coordinate, the  dimensionless 
dens i t y  p r o f i l e  corresponding t o  steady conduction o f  heat f r o m  below i s  
equal t o  z.  Any small pe r tu rba t i on  0 (x, y, z ,  t)  o f  t h i s  p r o f i l e  w i l l  
g i ve  r i s e  t o  a pe r tu rba t i on  v e l o c i t y  f i e l d ;  i f  w (x, y, z, t )  i s  t he  
v e r t i c a l  component o f  v e l o c i t y ,  l e t  

where ‘I i s  dimensionless t ime and a, B are  dimensionless wave numbers. Then 
the  l i n e a r i z e d  equations g ive ,  f o r  the  z-dependent func t ions  01, wl, 

where D 
values a t  t he  upper boundary. The boundary cond i t i ons  1 and 2 g i v e  

d/dz and u = ( v / K ) / ( v / K ) ~ ,  (v = v / p ) ,  t he  s u f f i x  o r e f e r r i n g  t o  

8 ,  = w ,  = O a t z = O  (5) 

and 1) !i, = w ,  = O a t z = l  ( 6 4  

2) 0 ,  = Dw, = 0 a t  .! = 1 (6b) 

where 1) r e f e r s  t o  an impermeable upper boundary and 2) t o  a boundary 
which i s  permeable ( g i v i n g  constant pressure). 

Results from S t a b i l i t y  Analys is  

When the  r a t i o  V/K i s  constant ( a  = l ) ,  (3) t o  (6) can be solved 
a n a l y t i c a l l y ,  and would inc lude the  case where the  decrease i n  k inemat ic  
v i s c o s i t y  w i t h  depth (due t o  r i s i n g  temperature) i s  balanced by the  decrease 
o f  pe rmeab i l i t y  w i t h  depth--a reasonable approximation t o  r e a l i t y .  

F igure  1 i s  a p l o t  o f  wavenumber am and minimum Rayleigh number R 
f o r  g iven  values o f  the  permeab i l i t y  r a t i o  yl, assuming t h a t  B = 0. T% 
curves 1 and 2 correspond t o  boundary cond i t i ons  1 and 2. For any g iven 
va lue o f  y l ,  t h e  system i s  more uns tab le  w i t h  boundary cond i t i ons  2 than 
w i t h  boundary cond i t ions  1. However, the  curves 1 and 2 a re  q u i t e  s i m i l a r  
i n  p o s i t i o n  and shape, and s i t u a t i o n s  i n v o l v i n g  boundary cond i t ions  
in termediate between 1 and 2 might be i n f e r r e d  r e a d i l y .  For t h i s  reason 
equal values o f  y1 on the  two curves a r e  j o i n e d  by broken l i n e s .  Curves 
1 and 2 tend t o  the  same value o f  Rm as y1, and am tend t o  zero; i .e.,  as 



the horizontal-to-vertical permeability ratio increases, the permeability 
of the upper boundary to fluid flow becomes less significant. 

The reduction of am with decreasing y (increasing anisotrophy) is 
substantial. i f ,  for example, y = 0.1--d possible value according to 
McNabb, Grant and Robinson (1975j--am 
1.8, which corresponds to a horizontal wavelength to layer depth ratio of 
4 to 5.2 for hexagonal cells. 
amplitude convection in a geothermal zone, a 3 Km depth of groundwater 
flow would lead to a field spacing of 12 to 15.6 Km, which is plausible 
when compared with observation. 

is likely to be in the range 1.4 to 

If this can be extrapolated to finite- 

When CJ varies with z, the equations (3) ff. have been solved numerically. 
Surprisingly, the wavenumber of greatest instability, am, is relatively 
insensitive to variations of viscosity and permeability with depth, even 
when these approach an order of magnitude. This suggests that if other, 
unsuspected, factors are not present, the observed field geometry is most 
strongly influenced by anisotropic permeability. 

When the medium also exhibits anisotrophy in the horizontal, it is 
necessary to consider three-dimensional instability in more detail. 
Contours o f  R have been plotted as a function of  wavenumbers a and B .  
When the horizontal permeability in the x-direction exceeds that in the 
y-direction, Rc has a minimum (R,) at 
the most unstable small disturbance consists of two-dimensional rolls 
with axes at right angles to the direction of maximum permeability. It 
does not follow, however, that such rolls will be observed at finite 
amplitudes when R > R,,.,. 
may be to impose three-dimensional convection cells upon the system. 

C 

= 0 and a = am. This shows that 

For example, the effect of variable viscosity 

A more detailed discussion of these results is given elsewhere 
(Wooding 1976) . 
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