
RAPPORTEURS' REPORTS 

SESSION 1 - RESERVOIR PHYSICS - Paul A. Witherspoon 

Session I on Reservoi r  Physics inc luded n i n e  papers cover ing a wide 
v a r i e t y  o f  t op i cs .  
underway a t  the  U n i v e r s i t y  o f  Colorado, where at tempts a r e  being made t o  
cha rac te r i ze  and model the var ious  processes t h a t  occur i n  geothermal 
systems. The importance o f  f a u l t s  i n  c o n t r o l l i n g  the  convect ive mot ion 
w i t h i n  geothermal systems i s  being examined from a number o f  s tandpo in ts ,  
and the  e f f e c t  o f  a r e a l i s t i c  v a r i a t i o n  i n  v i s c o s i t y  on convect ion i n  porous 
bodies has revealed t h a t  t he  convec t ive  mot ion i s  u n l i k e  the symmetric 
c l a s s i c a l  p r o f i l e s  t h a t  r e s u l t  f rom a f l u i d  o f  constant  v i s c o s i t y .  
ab le  e f f o r t  i s  being made t o  develop a b e t t e r  understanding o f  the  East Mesa 
geothermal system i n  the  Imper ia l  Va l ley .  

Kassoy summarized the  research a c t i v i t i e s  c u r r e n t l y  

A cons ider-  

Brigham reviewed the  l abo ra to ry  i n v e s t i g a t i o n s  c u r r e n t l y  underway a t  
Stanford U n i v e r s i t y  t o  develop a fundamental understanding of non- isothermal 
b o i l i n g  two-phase f l o w  i n  porous media. One o f  the  c r i t i c a l  problems i s  how 
the normal ly  immobile l i q u i d  s a t u r a t i o n s  vapor ize  w i t h  pressure reduc t i on  
under non- isothermal cond i t ions .  
r e l a t i v e  
temperature dependent p rope r t y  o f  rocks. Laboratory measurements have 
revealed t h a t  the temperature e f f e c t  on pe rmeab i l i t y  depends on the  na tu re  
of t he  s a t u r a t i n g  f l u i d ,  whereas 
b i l i t y  seems t o  be independent o f  the  na tu re  o f  the  s a t u r a t i n g  f l u i d .  The 
o b j e c t i v e  o f  t h i s  work has been t o  s imul taneously  measure the  e f f e c t  o f  
thermal and mechanical s t resses on pe rmeab i l i t y .  Brigham a l s o  summarized 
the advances t h a t  have been made i n  several  d i r e c t i o n s  i n  modeling geothermal 
f l u i d  product ion.  

Recent work on the  e f f e c t  o f  temperature on 
pe rmeab i l i t y  suggested t h a t  abso lu te  pe rmeab i l i t y  was a l s o  a 

the  e f f e c t  o f  c o n f i n i n g  pressure on permea- 

Manet t i  summarized some recent  work t h a t  has been c a r r i e d  ou t  i n  I t a l y  
t o  c o r r e l a t e  the  kh d i s t r i b u t i o n  w i t h  geo log i ca l  s t r u c t u r e  a t  La rde re l l o .  
Data from about 50 w e l l s  i n  d i f f e r e n t  p a r t s  o f  L a r d e r e l l o  were analyzed by 
back-pressure and pressure bu i ld- up methods. Good agreement between the  kh 
values f o r  any g iven w e l l  was o n l y  poss ib le  when the  s k i n - e f f e c t  was taken 
in to account. 
between areas o f  h igh  t r a n s m i s s i v i t y  and the  va r i ous  s t r u c t u r a l  h ighs w i t h i n  
the  L a r d e r e l l o  f i e l d .  The pe rmeab i l i t y  i s  be l ieved t o  reach i t s  maximum 
values along the  c r e s t s  because t e c t o n i c  a c t i v i t y  has resu l t ed  i n  a maximum 
of f r a c t u r i n g  and f i s s u r i n g  a t  such l oca t i ons .  

A c o r r e l a t i o n  o f  these r e s u l t s  shows a good correspondence 

Mar t i n  presented a rev iew o f  an ana l ys i s  t h a t  he has made on i n t e r n a l  
steam d r i v e  i n  geothermal r e s e r v o i r s  t h a t  a r e  produced by pressure dep le t i on  
w i t h  no water i n j e c t i o n .  He compares the  pressure- temperature behavior of  
geothermal systems and shows how they d i f f e r  depending on the  i n i t i , a l  condi-  
t i o n s .  He concludes t h a t  under c e r t a i n  cond i t i ons  o n l y  a r e l a t i v e l y  smal l  
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amount o f  the heat i n i t i a l l y  conta ined i n  a geothermal r e s e r v o i r  w i l l  be 
produced dur ing  pressure dep le t i on .  
and ho t  water occurs du r i ng  dep le t ion ,  more o f  the t o t a l  heat can be produced 
by complet ing w e l l s  h i g h  i n  the  r e s e r v o i r  t o  enhance steam produc t ion  and 
suppress water product ion.  

Where g r a v i t y  segregat ion o f  t he  steam 

Bodvarsson reviewed the  ana l ys i s  t h a t  he has been making o f  the  “macro- 
permeab i l i t y ”  t h a t  p r e v a i l s  i n  igneous rocks because o f  f r a c t u r e  cond i t i ons .  
From an a n a l y t i c a l  express ion f o r  f l o w  t o  a ho r i zon ta l  f r a c t u r e  i n t e r s e c t i n g  
a borehole, he has analyzed the  f l o w  cond i t i ons  t h a t  e x i s t  i n  f r a c t u r e d  
rese rvo i r s .  T h i s  approach has been used i n  Ice land t o  develop methods f o r  
t e s t i n g  we l l s ,  es t ima t i ng  r e s e r v o i r  pe rmeab i l i t y ,  and eva lua t ing  the  r e s u l t s  
of w e l l  s t imu la t i on .  Bodvarsson a l s o  discussed how the  isotope chemist ry  o f  
groundwaters i n  i ce land has been used t o  l oca te  areas o f  recharge. 

Natnenson sumar i zed  i n v e s t i g a t i o n s  t h a t  he has made t o  es t imate  the 
f r a c t i o n  o f  s to red  energy i n  hydrothermal convect ion systems t h a t  i s  recover-  
able.  He has analyzed two poss ib le  methods f o r  e x t r a c t i n g  energy: (a) b o i l i n g  
the water i n  the  system t o  produce steam and (b) na tu ra l  and a r t i f i c i a l  
recharge o f  co ld  water t o  recover r e s e r v o i r  heat by a sweep process. I t  
appears t h a t  t he  r e s t r i c t e d  range o f  p o r o s i t y ,  temperature, and recharge over 
which the b o i l i n g  method w i l l  work l i m i t s  i t s  a p p l i c a t i o n  t o  r a t h e r  spec ia l  
cases such as vapor-dominated systems. The f r a c t i o n  o f  s to red  energy t h a t  
may be recovered i s  c r i t i c a l l y  dependent on the average l i q u i d  s a t u r a t i o n .  
I n  us ing recharg ing co ld  water t o  d r i v e  ho t  water t o  producing w e l l s ,  conduc- 
t i o n  can be analyzed t o  a f i r s t  approximation by superpos i t ion  on to  the move- 
ment o f  the temperature f r o n t .  Another f a c t o r  i s  the r o t a t i o n  of t he  i n i t i a l l y  
v e r t i c a l  i n t e r f a c e  between co ld  and ho t  water. These processes can be com- 
bined q u a l i t a t i v e l y  t o  y i e l d  an es t imate  of energy recovery. 

Meidav presented a rev iew o f  a method o f  us ing g r a v i m e t r i c  data t o  
est imate hydrothermal r e s e r v o i r  c h a r a c t e r i s t i c s  a t  the East Mesa geothermal 
f i e l d  i n  C a l i f o r n i a .  S i x  p o s i t i v e  g r a v i t y  anomalies a re  associated w i t h  
abnormally h igh  temperature g rad ien ts  i n  the Imper ia l  Val ley,  and one o f  
these anomalies i s  a t  East Mesa. The exp lanat ion  f o r  these observed e f f e c t s  
i s  d e n s i f i c a t i o n  o f  the  shal low sediments by depos i t i on  o f  temperature- 
s e n s i t i v e  minera ls  i n  t he  upward r i s i n g  plume o f  geothermal waters. An 
excess mass o f  about 10 b i l l i o n  tons of mat ter  i s  be l ieved t o  have been 
deposited a t  East Mesa which would have requ i red  an upwel l ing  o f  an est imated 
2.5 t r i l l i o n  tons o f  thermal water .  Assuming a per iod  o f  50,000 years was 
requ i red  leads t o  t h e  conc lus ion  t h a t  t he  v e r t i c a l  pe rmeab i l i t y  ranges from 
0.6 t o  60 m i l  1 i da rc ies .  A1 though s u r f  i c i a l  evidence o f  geothermal a c t i v i t y  
i s  absent a t  East Mesa, t h i s  ana l ys i s  sheds l i g h t  on the very  l a r g e  underground 
movements o f  thermal waters t h a t  a re  poss ib le  when hydrogeologica l  cond i t i ons  
do no t  favor o u t f l o w  t o  the  sur face.  

Tsang summarized an ana l ys i s  he has r e c e n t l y  made on screening geo- 
thermal p roduc t ion  w e l l s  f rom the  e f f e c t s  o f  r e i n j e c t i o n .  I n  t he  normal 
method o f  r e i n j e c t i n g  c o l d  water i n t o  a geothermal r e s e r v o i r ,  breakthrough 
even tua l l y  occurs depending on severa l  f ac to rs .  I n  the  s imp les t  case of a 
doublet ,  one produc t ion  and one i n j e c t i o n  w e l l ,  t h i s  breakthrough t ime can 
be lengthened considerably  by p lac ing  a screening we l l  between t h e  two w e l l s  
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so as t o  i n te rcep t  the  sho r tes t  stream l i n e .  By producing water from the 
screening w e l l ,  no t  on l y  can breakthrough be delayed, bu t  a s i g n i f i c a n t  
increase i n  energy recovery can a l s o  be achieved. 
f e a s i b i l i t y  study o f  the  e f f e c t s  of screening has no t  ye t  been made. 

A d e t a i l e d  econcmic 

Garg reviewed the  work t h a t  he and h i s  col leagues a re  c a r r y i n g  ou t  i n  
an e f f o r t  t o  mathemat ica l ly  model land sur face  subsidence associated w i t h  
geothermal energy product ion.  Th is  i s  p o t e n t i a l l y  a ser ious problem, 
p a r t i c u l a r l y  f o r  l iqu id- dominated geothermal systems. The t h e o r e t i c a l  model, 
developed w i t h i n  the framework o f  the  Theory o f  I n t e r a c t i n g  Continua, 
descr ibes the  thermomechanical response o f  the rock and f l u i d  composite 
m a t e r i a l  i n  terms o f  t he  i s o l a t e d  components. The s t r e s s - s t r a i n  equat ions 
f o r  the  rock m a t r i x  a r e  coupled w i t h  the d i f f u s i o n  equat ions f o r  the  f l u i d .  
The mic rosca le  d e t a i l s  o f  the  p o r e / f r a c t u r e  network i n  the rock a r e  ignored, 
bu t  the  f l u i d  pressures and t h e  s t ress  f i e l d  i n  the rock  m a t r i x  a re  per-  
m i t t e d  t o  assume d i s t i n c t  values w i t h i n  each computat ional reg ion  f o r  the 
composite. Al though most o f  t h e  requ i red  m a t e r i a l  p rope r t i es  can be 
obta ined from standard l abo ra to ry  t e s t s  on cores, i t  should be noted t h a t  
the  r e s e r v o i r  behavior i s  f r e q u e n t l y  governed by f r a c t u r e s ,  fo rmat ion  
inhomogeneit ies, and o ther  l a rge  sca le  fea tures  such as f a u l t s .  It, there-  
fo re ,  becomes important t o  supplement t he  l abo ra to ry  measurements by s u i t a b l e  
f i e l d  data. 
subsidence problem was presented. 

An example o f  some p r e l i m i n a r y  r e s u l t s  i n  modeling a hypo the t i ca l  

SESSION 1 1  - WELL TESTING - Henry J. Ramey, J r .  

Data from n ine  d i f f e r e n t  f i e l d  t e s t s  were presented. This  one f a c t  
se ts  t h i s  session apa r t  from a l l  prev ious meetings o r  workshops. 
cases considered ranged from vapor t o  l iqu id- dominated rese rvo i r s ,  and l i q u i d -  
dominated systems ranged from low t o  h igh  s a l i n i t y  systems. The types o f  
w e l l  t e s t s  included pressure bu i l dup  and drawdown, and i n te r fe rence  t e s t i n g .  
As a r e s u l t ,  i t  appears the  s t a t e  o f  development and a p p l i c a t i o n  o f  t he  tech-  
nology i s  good. A p p l i c a t i o n  o f  e x i s t i n g  petroleum engineer ing and ground- 
water hydrology theor ies  were shown t o  reveal  the  need f o r  new so lu t i ons ,  
however. Problems i d e n t i f i e d  inc lude:  

The f i e l d  

1 .  New so lu t i ons  f o r  t r a n s i e n t  w e l l  t e s t i n g  (both i n te r fe rence  and i n d i v i d -  
ual  w e l l  t e s t s )  i n  ho t  a q u i f e r s  which con ta in  a carbon d i o x i d e  gas cap. 
The so lu t i ons  should consider  e i t h e r  p roduc t ion  o f  hot  water from down- 
s t r u c t u r e  we l ls ,  and produc t ion  o f  carbon d i o x i d e  from u p s t r u c t u r e  o r  
gas-cap w e l l s .  What p r o p e r t i e s  a r e  detected i n  such t e s t s ?  

2 .  New so lu t i ons  are  needed f o r  p a r t i a l l y - p e n e t r a t i n g  w e l l s  i n  a t a l l  
steam column supported by b o i l i n g  of a deep l i q u i d  i n te r face .  A l l  
types o f  t e s t s  should be evaluated. 

3 .  Studies should be aimed a t  the r e s u l t s  o f  f l a s h i n g  i n  the r e s e r v o i r  rock 
and r e s u l t i n g  non-condensable gas evo lu t i on .  
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Another f i n d i n g  was tha t  the re  hasn ' t  been much supported research i n  
the area o f  w e l l  t e s t  ana lys i s .  Work t o  date has involved most ly  a re t read ing  
of e x i s t i n g  in format ion .  Sme work has been underway as  a j o i n t  p r o j e c t  by 
ENEL of I t a l y  and personnel o f  the  Stanford Geothermal Program. 

During the  presenta t ions ,  a p lea f o r  f i e l d  data was made and several  
p a r t i c i p a n t s  responded (Roger Stoker o f  the  Ra f t  R iver  P r o j e c t ,  and A l a i n  
Gr ingarten concerning data from the  A fa rs  and lssas T e r r i t o r y ) .  

S i g n i f i c a n t  f i n d i n g s  were made as a r e s u l t  of  the p resen ta t i on  of much 
f i e l d  data. I t  i s  c l e a r  t h a t  geothermal rese rvo i r s  a re  f u l l y  responsive t o  
a l l  p e r t i n e n t  laws of physics.  A c a r e f u l  study o f  f i e l d  performance r e s u l t s  
will o f ten  i n d i c a t e  important  f a c t o r s  which should be inc luded i n  computer 
s imu la t i on  models. F i e l d  data  presented a t  t he  workshop ind i ca ted :  (1) t h e r e  
are  w e l l  t e s t i n g  equipment needs, and (2)  t he re  were important recent  f i n d i n g s  
a s  a r e s u l t  o f  a p p l i c a t i o n  o f  new instruments. One need f o r  new equipment 
concerned running pressure recorders i n t o  very  h igh  v e l o c i t y  steam w e l l s  w h i l e  
producing. There i s  a need f o r  pressure and temperature recorders which can 
wi ths tand both  h igh  v i b r a t i o n  and h igh  temperatures. F l u i d  product ion  r a t e s  
on the order  o f  one m i l l i o n  pounds per hour were c i t e d  i n  several  cases! 

Very i n t e r e s t i n g  e a r t h  t i d e  e f f e c t s  were c i t e d  as measured w i t h  h igh-  
p r e c i s i o n  quar t z  c r y s t a l  pressure recorders i n  the  Raf t  R iver  p r o j e c t .  
Pressures were measured t o  0.001 p s i .  Th is  h igh  p r e c i s i o n  represents a major 
step forward. However, the  dev ice  i s  l i m i t e d  t o  upper temperatures i n  the 
range o f  300°F t o  3 5 O O F .  The Hewlett-Packard system was used i n  the  Ra f t  
R iver  p r o j e c t .  However, the  Sperry-Sun s t a i n l e s s  c a p i l l a r y  tube system has 
been used a few t imes, and i t  appears tha t  a combination of the c a p i l l a r y  tube 
w i t h  a quar t z  de tec to r  i n  an insu la ted  chamber a t  the surface might  have 
immediate use i n  some geothermal w e l l s .  

F i n a l l y ,  several  important  observat ions from the Geysers F i e l d  were made. 
Burmah ha5 observed water e n t r y  below a steam e n t r y  i n  two separate w e l l s .  
Water samples were obtained,  and i t  appears t h a t  the  f i r s t  s i g n i f i c a n t  i n f o r -  
mat ion on the  deep l i q u i d  i n t e r f a c e  pos tu la ted  by Ramey, Bruce, and White may 
have been obtained.  Another important  observat ion  was reported f r o m  the  cu r-  
r e n t  She l l  w e l l  d r i l l i n g  a t  the  Geysers. Hydrogen s u l f i d e  concent ra t ions  as 
h igh  as 3000 ppm were observed. Th is  p a r t  o f  the  w e l l  was plugged and the 
w e l l  s idetracked.  Both the  Burmah and She l l  w e l l s  a r e  i n  the  eastern  p o r t i o n  
of the  Geysers F i e l d .  

Throughout the  d iscuss ions of var ious  f i e l d  we l l  t e s t s ,  i t  became 
obvious t h a t  most r e p o r t e r s  considered presence o f  f r a c t u r e s  common t o  geo- 
thermal rese rvo i r s .  As a r e s u l t  i t  appears t h a t  a " h o l i s t i c "  approach v i a  
w e l l  t e s t i n g  was u s u a l l y  necessary. Most f i e l d  t e s t s  were charac ter ized by 
a dear th  of convent ional  e l e c t r i c  log  and core data. Well t e s t  a n a l y s i s  i s  
an important  technology t h a t  has l a r g e l y  been neglected t o  date. Because of 
the p o t e n t i a l  importance o f  t h i s  technology, one major f i n d i n g  o f  t he  work- 
shop was i d e n t i f i c a t i o n  of t he  need f o r  more work i n  t h i s  area. 
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S E S S I O N  1 1 1  - FIELD DEVELOPMENT - G.  A. Frye 

The authors present a matur ing approach t o  f i e l d  development., As men- 
t ioned i n  the opening session, the  b i r t h  o f  geothermal r e s e r v o i r  engineer ing 
i s  accomplished and t h i s  session r e f l e c t s  e a r l y  ch i ldhood development. Many 
authors express a caut ious opt imism about geothermal energy p o t e n t i a l .  Consi- 
de ra t i ons  about opt imal  energy e x t r a c t i o n  r a t h e r  than concerns about economical 
p roduc t ion  r e f l e c t  t h i s  optimism. Several t imes the  authors express the  need 
f o r  engineer ing design data and improved c o r r e l a t i o n s  from geophysics and w e l l  
t e s t i n g .  Even though the geothermal energy f i e l d  i s  r e l a t i v e l y  young i n  t he  
Uni ted States,  comments such as " I  would have done i t  d i f f e r e n t l y  i f  I had t o  
do i t  over again," i n d i c a t e  development o f  geothermal rese rvo i r  engineer ing.  

S p e c i f i c a l l y  the  d iscuss ion  sessions a f t e r  the presenta t ions  r e f l e c t e d  
the needed development o f  h i g h  temperature, h i g h  r e s o l u t i o n  t o o l s  f o r  
g rea te r  conf idence and sho r te r  observa t ion  per iods .  Re in jec t i on  w i l l  be 
extremely dependent on a n i s o t r o p i c  fea tures  o f  the rese rvo i r  found by these 
too l s .  H in r ichs  discussed Magma's e f f o r t s  i n  Imper ia l  County t o  o b t a i n  data 
f o r  e s t a b l i s h i n g  optimum produc t ion  and i n j e c t i o n  techniques. He then i n t r o -  
duced M r .  James Nugent o f  San Diego Gas and E l e c t r i c  Company (SDGEE:) who 
presented the e f f o r t s  o f  SDGEE and now along w i t h  ERDA on the geothermal t e s t  
f a c i l i t y  associated w i t h  the  Magma w e l l s .  I n  some cases the geophysical  
analyses o f  economic f i e l d s  can be expanded t o  new prospects.  Wooding, w h i l e  
recommending t h i s  approach, caut ioned t h a t  the  same geophysics d o n ' t  neces- 
s a r i l y  y i e l d  the  same w e l l  t e s t .  More c o r r e l a t i o n  between w e l l  t e s t  data and 
the geophysical  data a re  requ i red .  
the Bureau of Reclamation has assigned t o  lntercomp. The i n i t i a l  phase of 
t h i s  assigment involves ana l ys i s  o f  c u r r e n t  geophysical data i n  cons ide ra t i on  
of f i v e  w e l l s  on East Mesa operated by the  Bureau o f  Reclamation. 
phases of t h i s  study concern reserves,  f i e l d  development and i n j e c t i o n .  
lntercomp i s  a l s o  working w i t h  Republ ic Geothermal on the n o r t h  end o f  East 
Mesa. 

Gould presented the task TRW Systems and 

La ter  

Another t h r u s t  o f  t h e  d iscuss ion  expressed concern about t h e  length  o f  
t ime and i n i t i a l  c a p i t a l  investment t h a t  cha rac te r i ze  e l e c t r i c a l  power produc- 
t i o n  from geothermal energy. 
Woitke discussed PGEE's r e l a t i o n s h i p  w i t h  steam developers. 
The Geysers development i s  t y p i c a l  o f  Burmah's experience. 
were two items now causing some concern o r  de lay  i n  f i e l d  development a t  The 
Geysers. 
t i o n ,  PGEE has made a d d i t i o n a l  commitments t o  abate e x i s t i n g  p l a n t s  before 
development i s  expanded. 
concern about c e r t a i n  Federal leas ing  regu la t i ons .  Unless these concerns a re  
resolved i n  a t i m e l y  manner, power p l a n t  cons t ruc t i on  may be delayed. 
ments such as the need t o  op t im ize  the  cos t  per k i l owa t t - hou r  and r iot  maximize 
t o t a l  energy recovery r e f l e c t  t h i s  concern. Kuwada caut ioned i n  h i s  presenta-  
t i o n  t h a t  some opt imal  f i e l d  development f o r  energy may not  min imize produc t ion  

Whi le  no t  s p e c i f i c a l l y  f i e l d  development, 
The schedule f o r  

Also presented 

The f i r s t  was a s t a t u s  r e p o r t  on H2S abatement. Since t h i s  presenta-  

The second item expressed an investor-owned u t i l i t y ' s  

C o m-  
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problems. 
d isso lved  gases and s o l i d s  be considered. Scherer 's  approach t o  opt imal  
r a t e  o f  energy e x t r a c t i o n  appears t o  apply no t  on ly  t o  geothermal developers, 
bu t  a l s o  t o  governmental agencies as  a p lanning guide. 

S p e c i f i c a l l y  t he re  i s  an e a r l y  requirement t h a t  the e f f e c t s  o f  

A lso  expressed was the need f o r  v a l i d  data f o r  economic models and 
rese rvo i r  s t imu la to rs .  Dorfman expressed the  need f o r  modeling of geo- 
pressured prospects t o  know how t o  best  produce geopressured f l u i d s .  
he po in ted  ou t  there  i s  l i m i t e d  publ ished data on f l ow  c h a r a c t e r i s t i c s  of 
these f l u i d s  f o r  model v a l i d a t i o n .  Some s e n s i t i v i t y  ana lys is  and examinat ion 
o f  methodology i s  requ i red  t o  o b t a i n  assured fo recas ts  from r e s e r v o i r  st imu-  
l a t o r s .  Knutsen o f  BPNL presented Bloomster 's paper. P re l im ina ry  r e s u l t s  
ind ica ted  the most important va r i ab les  t h a t  determine the cos t  o f  geothermal 
energy. 

However, 

SESSION I V  - WELL STIMULATION - Manuel Nathenson 

The s t i m u l a t i o n  o f  geothermal rese rvo i r s  involves techniques f o r  a r t i -  
f i c i a l l y  c r e a t i n g  h igher  pe rmeab i l i t y  i n  the  r e  ion  near a w e l l  over a 

p r a c t i c e  involves h y d r a u l i c  pumping t o  reopen producing hor izons clogged 
dur ing  d r i l l i n g ,  t o  remove v e i n  deposi ts ,  and t o  f r a c t u r e  t o  a minor ex ten t  
the reg ion  very near t o  t he  we1 1 (Thasson and Thorsteinsson, 1975). 
Current research concerns massive hyd rau l i c  f r a c t u r e s  and the c r e a t i o n  of 
rubb le  chimneys and enhanced pe rmeab i l i t y  zones us ing  explos ives.  
i n  the  volume e d i t e d  by Kruger and Ot te  (1973) g i v e  an overview o f  several  
types of s t i m u l a t i o n  proposals .  
about the schemes are: w i l l  they work i n  the i dea l i zed  wor ld o f  the computer 
o r  labora tory  model and w i l l  they work i n  the f i e l d ?  Because of t he  expense 
of f i e l d  experiments and the  d i f f i c u l t y  o f  ob ta in ing  enough data t o  i n t e r p r e t  
f i e l d  gxperiments, phys ica l  and mathematical models a re  important t o o l s  f o r  
research. 

d is tance o f  a few cent imetres t o  an order  o f  10 3 m. Current geothermal 

A r t i c l e s  

The two major quest ions t o  be answered 

Several papers were g iven  on hyd rau l i c  f r a c t u r e s  and the e x t r a c t i o n  o f  
energy from ho t  rock  us ing  water i n j e c t e d  i n t o  f l a t  cracks. AbB, Mura and 
Keer ( t h i s  volume) d iscuss  the  problem o f  how t o  so lve the  equat ions fo r  the 
shape of a c rack  under s t r e s s  and pressure grad ien ts  along the  crack. 
p lan  t o  b u i l d  up a s o l u t i o n  by us ing d i s l o c a t i o n  theory. 
the coupled f l u i d - a n d  sol id-mechanical  problem o f  crack growth were presented 
and var ious  approximations in t roduced t h a t  w i l l  a l l o w  the problem t o  be 
solved. Secor and P o l l a r d  (1975) have solved f o r  t he  shape of a c rack  under 
the in f luence of a h y d r o s t a t i c  g rad ien t  i n  the crack and a constant  g rad ien t  
of l i t h o s t a t i c  pressure f a r  f rom the  crack by superimposing a number o f  p lane 
s t r a i n  e l a s t i c i t y  s o l u t i o n s .  They apply  t h i s  s o l u t i o n  t o  d iscuss a t  what 
length  the  c rack  becomes uns tab le  as a f u n c t i o n  o f  f r a c t u r e  toughness and 
the d i f f e rence  i n  g rad ien t  between l i t h o s t a t i c  s t ress  and h y d r o s t a t i c  pressure. 

They 
The equat ions f o r  
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P o l l a r d  (1975) has a l s o  i nves t i gd ted  the i n f l uence  o f  the  ground sur face  on 
crack shape and s t a b i l i t y  and the  deformation o f  the  ground sur face dur ing  
subsurface c rack ing .  Dundurs ( t h i s  volume) i s  modeling f r a c t u r e s  by d r i l l  i n g  
f i n e  holes i n t o  a b lock  of epoxy r e s i n ,  cementing tubes i n t o  the  holes and 
supp ly ing  mercury under pressure t o  form hyd rau l i c  f r a c t u r e s .  
experiments was f o r  a crack propagat ing p a r a l l e l  t o  an e x i s t i n g  p ressur ized  
c rack  a t  a d i s tance  less  than the  s i z e  o f  t he  f i r s t  crack. The second c rack  
turned and j o i n e d  the f i r s t  crack. The j o i n t  was on the  s ide  (no t  t i p )  o f  
the  f i r s t  crack and was o f  a ve ry  small s i z e .  Fur ther  p r e s s u r i z a t i o n  o f  t he  
second c rack  enlarged the  f i r s t  c rack  bu t  the  second crack d i d  no t  expand. 
Byerlee, Lockner, and Weeks (1975) have s tud ied  hyd rau l i c  f r a c t u r e s  i n  sand- 
stone a t  con f in ing  pressures to  1000 bars and d i f f e r e n t i a l  s t resses t o  4000 
bars. A t  h igh  i n j e c t i o n  ra tes ,  h y d r a u l i c  tens ion  f r a c t u r e s  were formed, bu t  
a t  low i n j e c t i o n  ra tes ,  shear f r a c t u r e s  were formed. 

One o f  the  

Murphy ( t h i s  volume) i s  ana lyz ing  the  heat t r a n s f e r  t o  a c i r c u l a r  crack 
whose f r a c t u r e  gap w i d t h  v a r i e s  across the c rack  f o r  the  l i m i t i n g  case o f  no 
mechanism f o r  p o r o s i t y  generat ion,  so t h a t  heat  i s  t r ans fe r red  t o  the c rack  
on l y  by conduct ion. The crack i s  assumed open so t h a t  the formula f o r  f l o w  
res i s tance  i n  a t h i n  channel can be used and the  conduct ion problem i s  solved 
to p rov ide  a kernel  fo r  the s o l u t i o n  o f  the  f l u i d  f l o w  equat ion ( i n c l u d i n g  
buoyancy) and energy equat ion i n  t he  crack. McFarland (1975) has so lved 
severa l  problems f o r  heat t r a n s f e r  and f l u i d  f l o w  i nc lud ing  buoyancy i n  a 
crack. The f l o w  i n  c i r c u l a r  cracks o f  e l l i p t i c a l  cross sec t ion  i s  !;alved f o r  
cases i n  which the crack i s  e i t h e r  p a r t l y  f i l l e d  w i t h  porous ma te r i a l  o r  i s  
open. The crack may con t rac t  or r e t a i n  i t s  shape. Baiant ,  Nemat-Nasser, and 
Ohtsubo ( t h i s  volume) a re  us ing  f i n i t e  element methods t o  so lve f o r  the  i n i t i a -  
t i o n  and extension o f  f r a c t u r e s  i n  ho t  d r y  rock and f o r  the c i r c u l a t i o n  of 
water and heat t r a n s f e r  i n  the  f r a c t u r e d  zone. I n  an example, they compare 
a n a l y t i c a l  and numerical s o l u t i o n s  f o r  t he  temperature d i s t r i b u t i o n  f o r  water 
f low ing  i n  a stream tube and ga in ing  heat by conduct ion from the surrounding 
rocks.  

The progress o f  f i e l d  s tud ies  t o  develop the  e x t r a c t i o n  o f  energy us ing  
h y d r a u l i c  f r ac tu res  has been r e c e n t l y  descr ibed by Smith, Aamodt, P o t t e r ,  and 
Brown (1975).  A w e l l  d r i l l e d  t o  a depth o f  2928 m has a bottom-hole tempera- 
t u r e  of 197°C. Various f r a c t u r i n g  experiments have been performed. For 
example, w i t h  a packer se t  a t  2917 m y  a s i n g l e  hyd rau l i c  f r a c t u r e  was created 
a t  a sur face pumping pressure o f  120 bars w i t h  a ca l cu la ted  crack rad ius  of 
57 m .  
temperature of 203OC (H. D .  Murphy, W r i t t e n  Commun., 1976; Aamodt, 1976). 
These two w e l l s  have been connected by what i s  thought t o  be a system o f  
h y d r a u l i c  f r ac tu res .  

A second we l l  r e c e n t l y  d r i l l e d  t o  a depth o f  3060 m has a bottom-hole 

The second s t i m u l a t i o n  technique discussed a t  the workshop was the  
c r e a t i o n  o f  Permeab i l i t y  by explos ions.  
1975) propose t h a t  the  p e r m e a b i l i t y  i n  the  f r a c t u r  d zone beyond the c a v i t y  

where r i s  d is tance from tt ie shot po in t . ,  
col leagues a re  look ing a t  va r i ous ,aspec ts  o f  heat and mass t rans fer .  r e levan t  

McKee and Hanson ( t h i s  vollume and 

should sca le  as l/r5 f o r  a sphe r i ca l  b l a s t  and l / r  5 f o r  a c y l i n d r i c a l  b l a s t  
Kruger ( t h i s  volume) and Ihis 
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t o  s t imu la ted  r e s e r v o i r s .  
t o r y  model o f  a rubb le  chimney t o  study the  processes o f  in- p lace b o i l i n g ,  
moving f l a s h  f r o n t s ,  and two-phase f low.  The i n i t i a l  rock  loading has a h i g h  
p o r o s i t y  and pe rmeab i l i t y  so t h a t  pressure grad ients  needed t o  d r i v e  the  f l o w  
are  smal l .  The system i s  i n i t i a l l y  f i l l e d  w i t h  l i q u i d  water. As i t  i s  pro-  
duced from the top,  e i t h e r  no recharge o r  recharge o f  c o l d  o r  h o t  water  i s  
added from the bottom. Plans a r e  underway t o  scale these experiments t o  
f i e l d - s i z e  systems. 
measure heat and mass t r a n s f e r  r a t e s  from a sphere of porous m a t e r i a l  i n  a 
bath of c i r c u l a t i n g  f l u i d  t o  check i f  heat t r a n s f e r  r a t e s  a r e  enhanced by 
mass d i f f u s i o n .  
i s  such a s l o w  process t h a t  heat t r a n s f e r  r a t e s  a re  no t  af fected.  
Kruger, and Umana have been look ing  a t  t he  p r o p e r t i e s  o f  radon as a d i a g n o s t i c  
fo r  r e s e r v o i r  s tud ies .  
re leas ing  radon i s  p r o p o r t i o n a l  t o  the  exposed surface area, i t  may be poss ib le  
t o  r e l a t e  radon measurements t o  the  increase i n  sur face area caused by st imu- 
l a t i o n .  Since f i e l d  da ta  a r e  n o t  a v a i l a b l e  for  s t imu la ted  r e s e r v o i r s ,  
measurements a re  being made on product ion  from na tu ra l  systems t o  develop 
i n t e r p r e t i v e  techniques. 

Hunsbedt, Kruger, and London have b u i l t  a labora-  

Kuo, Brigham, and Kruger descr ibe another experiment to  

Resu l ts  i n d i c a t e  t h a t  mass t r a n s f e r  by molecular  d i f f u s i o n  
Stoker,  

Since t h e  emanating power of a rock m a t e r i a l  f o r  

Barnes and R i m s t i d t  ( t h i s  volume) a r e  studying e q u i l  ibr iurn chemis t ry  
o f  s i l i c a  s o l u b i l i t y  and k i n e t i c s  o f  t he  dominant react ions .  Data obta ined 
w i l l  be use fu l  f o r  suggesting ways t o  manipulate w e l l s  i n  order  t o  prevent  
scale fo rmat ion  du r ing  the  f l o w  o f  ho t  water i n  w e l l s  and pipes.  Sammis 
( t h i s  volume) discusses t h e  modeling o f  chemical reac t ions  i n  geothermal 
rese rvo i r s .  Natural  f l u i d s  i n  hydrothermal convect ion systems have long 
a q u i f e r  residence t imes a t  h i g h  temperatures so t h a t  they tend t o  be i n  
chemical e q u i l i b r i u m  w i t h  t h e i r  host  rocks. The i n j e c t i o n  o f  c o l d  water i n t o  
a na tu ra l  o r  s t imu la ted  geothermal r e s e r v o i r  w i l l  p rov ide a f l u i d  t h a t  i s  no t  
i n  e q u i l i b r i u m  lead ing t o  p o s s i b i l i t i e s  o f  depos i t i on ,  s o l u t i o n ,  and redeposi- 
t i o n  depending upon t h e  i n i t i a l  d i sso lved- so l i ds  content  o f  the  f l u i d  and i t s  
subsequent temperature h i s t o r y .  Summers, Winkler ,  and Byer lee (1975) have 
found s i g n i f i c a n t  p e r m e a b i l i t y  reduct ions  i n  f l ow ing  water through g r a n i t e  
a t  h i g h  temperatures, and Charles and Valagna (1975) descr ibe  a l t e r a t i o n  
products i n  the  f l o w  o f  water through monzogranite a t  h igh  temperature. The 
r e s u l t s  o f  these and f u r t h e r  s tud ies  must be in teg ra ted  i n t o  models o f  f l u i d  
i n j e c t i o n  processes i n  o rde r  t o  assess p o t e n t i a l  d i f f i c u l t i e s .  
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SESSION V - MODELLING - James W. Mercer 

The goal o f  t h i s  r e p o r t  i s  t o  summarize the  present s ta tus  of: geothermal 

The geothermal mode l l ing  e f f o r t  presented a t  t h i s  workshop i s  
r e s e r v o i r  model l ing,  and t o  i n d i c a t e  the f u t u r e  goals o f  geothermal1 mode l l ing  
research. 
ca tegor ized  i n  F ig .  1. The major subd iv is ions  a r e  model l ing o f  n a t u r a l  geo- 
thermal systems and mode l l ing  o f  producing geothermal systems. These two 
subd iv is ions  were chosen because, i n  genera l ,  they emphasize two d i f f e r e n t  
v iewpoints .  Model l ing of n a t u r a l  geothermal systems i s  usua l l y  done i n  t he  
v e r t i c a l  c ross- sec t ion  and emphasis i s  placed on examining f r e e  convect ion i n  
o rder  t o  ga in  i n s i g h t  i n t o  t h e  n a t u r a l  ( p r e - e x p l o i t a t i o n )  behavior and forma- 
t i o n  of geothermal rese rvo i r s .  Mode l l ing  o f  producing geothermal systems i s  
u s u a l l y  done i n  the area l  p lane.  
t i o n  e f f ec t s  i n  o rder  t o  reproduce observed f i e l d  cond i t i ons ,  and hope fu l l y  
p r e d i c t  f u t u r e  f i e l d  cond i t i ons .  
subdivided f u r t h e r  as shown i n  Fig.  1 .  

Th is  approach emphasizes s imu la t i ng  e x p l o i t a -  

Model l ing associated w i t h  p roduc t ion  can be 
These d i v i s i o n s  w i l l  be discussed l a t e r .  
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Figure 1.--Status of Geothermal Modelling. 
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Researchers involved w i t h  the  mode l l ing  o f  na tu ra l  geothermal systems 
inc lude ( i n  the  order  o f  t h e i r  p resen ta t i ons ) :  
P .  Cheng and M.  Sorey. D r .  Wooding considers a n a l y t i c a l  and f i n i t e - d i f f e r e n c e  
techniques app l i ed  t o  f r e e  convect ion.  For reasons o f  economics, he gene ra l l y  
r e s t r i c t s  h i s  models t o  two dimensions. To examine the  three-dimensional 
aspects of the  problem, he i s  c o l l a b o r a t i n g  w i t h  D r .  Shen, who i s  us ing  phys- 
i c a l  model 1 ing (Hele-Shaw c e l l  models) t o  examine f r e e  convect ion. The phys i-  
ca l  models developed by D r .  Shen a r e  a l s o  being used t o  v e r i f y  the  numerical  
models. D r .  Cheng uses f i n i t e - d i f f e r e n c e  techniques t o  examine the  f r e e  con- 
v e c t i o n  associated w i t h  v o l c a n i c  i s lands ,  such as the  Hawaiian Is lands .  He 
has a l s o  developed a n a l y t i c a l  s o l u t i o n s  f o r  f r e e  convect ion caused by va r i ous  
types of magmatic i n t rus ions .  D r .  Sorey examines the  heat and mass t r a n s f e r  
associated w i t h  var ious  ho t  sp r i ng  geometries. 
based on an i n teg ra ted  f i n i t e - d i f f e r e n c e  scheme. 

R. A .  Wooding, H. W .  Shen, 

He uses a numerical method 

I t  i s  i n t e r e s t i n g  t o  no te  t h a t  a l l  o f  the  above models consider  s i n g l e -  
A l o g i c a l  extension o f  t h i s  work would be t o  inc lude phase (hot-water) f low.  

t he  vapor phase. Such a two-phase, c ross- sec t iona l  model could a i d  i n  t e s t i n g  
the  va r i ous  hypotheses concerning vapor-dominated geothermal systems. Al though 
such a model was no t  presented a t  t h i s  workshop, Dr. T. Lasseter (who was 
i n v i t e d  t o  the  workshop bu t  cou ld  no t  a t tend)  has considered t h i s  problem 
us ing  a model based on i n teg ra ted  f i n i t e - d i f f e r e n c e  techniques. 

Researchers involved w i t h  t he  mode l l ing  o f  producing geothermal systems 
inc lude ( i n  the  order  o f  t h e i r  p resen ta t i ons ) :  C.  R. Faust, J .  W. Mercer, 
G .  F. Pinder ,  W. G .  Gray, J .  W. P r i t c h e t t ,  2 .  P. Bafant,  S .  Nemat-Nasser, 
H. Ohtsubo, C.  G. Sammis, A. B a r e l l i ,  R. C e l a t i ,  G. Manet t i ,  G.  Ne r i ,  S .  Bor ies ,  
and T. Main i .  D r s .  Faust and Mercer have developed f i n i t e- e lemen t  and f i n i t e -  
d i f f e rence  models f o r  s imu la t i ng  p roduc t ion  o f  geothermal rese rvo i r s .  These 
models can t r e a t  s i ng le-  and two-phase (steam-water) f low,  and are  capable o f  
s imu la t i ng  the  conversion of a compressed-water reg ion  t o  a two-phase reg ion .  
Drs. P inder  and Gray have concentrated o? t h e o r e t i c a l  equat ion development 
and computer code implementat ion (us ing f i n i t e- e lemen t  techniques) f o r  m u l t i -  
phase f l o w  (steam-water), subsidence, and f low i n  f r a c t u r e  media. O i r .  P r i t c h e t t  
has developed a f i n i t e - d i f f e r e n c e  model f o r  mul t iphase f l o w  and heat t r anspo r t .  
I t  i s  proposed t h a t  t h i s  model be coupled w i t h  a conso l i da t i on  model developed 
by S .  K.  Garg i n  o rder  t o  s imu la te  subsidence and induced seismic a c t i v i t y .  
Drs. Bafant ,  Nemat-Nasser and Ohtsubo use f i n i t e- e lemen t  techniques t o  examine 
the  fo rmat ion  of f r ac tu res  (bo th  h y d r a u l i c a l l y  and thermal ly  induced) and the  
subsequent f l o w  of water i n  the  f r a c t u r e s .  D r .  Sammis examines rock-water 
i n t e r a c t i o n s  us ing f i n i t e - d i f f e r e n c e  and experimental  techniques. He considers 
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  r e a c t i o n  and a l t e r a t i o n  reac t i on  e f f ec t s  on: 
( 1 )  r e a c t i o n  heat (chemical energy),  ( 2 )  changes i n  pe rmeab i l i t y  and p o r o s i t y ,  
and (3 )  changes i n  the thermodynamic p r o p e r t i e s  of water.  Drs. Bare l  1 1 ,  
C e l a t i ,  Manet t i  and Ner i  examine a n a l y t i c a l l y  the pressure h i s t o r y  o f  a p a r t i a l  
pene t ra t i ng  w e l l  i n  a hot-water r e s e r v o i r .  D r .  Bor ies i s  a t tempt ing  t o  de te r -  
mine exper imenta l l y  the  heat t r a n s f e r  c o e f f i c i e n t s  between f l u i d  and rock i n  
a porous system undergoing conversion from s i n g l e -  t o  two-phase f low.  F i n a l l y ,  
D r .  Maini  uses a n a l y t i c a l  s o l u t i o n s  to examine downhole heat exchange. 
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Another paper, which does n o t  f i t  d i r e c t l y  i n t o  the scheme i n  F ig .  1 ,  
bu t  which encompasses a l l  o f  the  mode l l ing  work, was g iven by R. Ather ton  on 
general s e n s i t i v i t y  theory.  
d i f f e r e n t i a l  equat ions, a s e n s i t i v i t y  ana l ys i s  may be performed on bo th  equa- 
t i o n  parameters and boundary cond i t i ons  t o  determine i n  which space domains 
they are  important.  

By app rop r i a te l y  modi fy ing a g iven se t  of p a r t i a l  

Before d iscuss ing  f u t u r e  goals  o f  model l ing,  i t  should be noted t h a t  
there  were o the r  papers which d e a l t  i n  p a r t  w i t h  model l ing; however, they w i l l  
be included i n  the  o the r  rappor teurs '  r epo r t s .  

Returning t o  F i g .  1 ,  i t  i s  ev ident  from the papers presented t h a t  model- 
l i n g  of porous r e s e r v o i r  performance, bo th  s ing le-  and two-phase, i s  a t  an 
a p p l i c a t i o n  stage. However, mode l l ing  o f  f r ac tu red  r e s e r v o i r  performance, 
subsidence and hydrothermal reac t ions  needs f u r t h e r  research and development 
before f i e l d  a p p l i c a t i o n s  o f  t h i s  type a re  poss ib le .  
presented inc lude:  (1) incorpora te  a we1 l b o r e  model and/or near-we1 l bo re  
model w i t h  a r e s e r v o i r  model, (2)  inc lude the  equat ion o f  s t a t e  f o r  s a l i n e  
water, (3 )  couple the r e s e r v o i r  model w i t h  a management model, (4) perform 
f u r t h e r  s e n s i t i v i t y  ana l ys i s ,  and (5) inc lude more rock-water i n t e r a c t i o n .  

Extensions o f  the  models 

One of the most important  p o i n t s  made a t  t h i s  workshop i s  the  need f o r  
people i n  model l ing t o  work more c l o s e l y  w i t h  people doing l abo ra to ry  and 
f i e l d  work, i n  order  t o  determine what data a re  needed and wha t  assumptions 
are  v a l i d .  Some o f  the  c o n t r i b u t i o n s  from labora tory  work inc lude:  ( 1 )  thermal 
e f f ec t s  on r e l a t i v e  and abso lu te  permeabil i t y ,  (2) thermal e f f e c t s  on d i spe r-  
s ion,  ( 3 )  chemical r e a c t i o n  ra tes ,  (4) c a p i l l a r y  pressure e f f e c t s ,  and (5 )  heat 
t r a n s f e r  ra tes  between f l u i d  and rock.  Cont r ibu t ions  from f i e l d  work inc lude:  
( 1 )  de te rmina t ion  o f  permeabil i t i e s  and p o r o s i t i e s ,  (2) r e s e r v o i r  boundaries 
and th ickness , (3)  i n  i t i a l  pressure and temperature/enthal py d i s t r i b u t i o n s ,  
and (4) r e s e r v o i r  geology. 

I t  i s  the  op in ion  o f  t h i s  rappor teur  t h a t  the most important goal f o r  geo- 
thermal model l ing i nd i ca ted  a t  t h i s  workshop, i s  the need t o  make f i e l d  a p p l i -  
ca t ions ,  and i f  these a p p l i c a t i o n s  a re  t o  be successfu l ,  i t  i s  essen t i a l  t o  have 
good communication between people doing mode l l ing  and people doing w e l l  t e s t i n g  
and f i e l d  work. 
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