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a. INTRODUCTION 

L 

The Department of Energy's Geothermal Technology Division (GTD) held i t s  
Program Review I V  i n  Washington, D.C. i n  1985. 
toward a comprehensive-overview of GTD's research and development program with 
presentat ions on each of the major program elements by representat ives  of the 
operat ions o f f i ces ,  the  na t iona l  labora tor ies ,  cont rac tors  and by Headquarters 
personnel. 

This year a t t en t ion  was directed 

Program Review I V  marks the  f i r s t  opportunity t o  review DOE's geothermal 
As R&D program as i t  now appears under the  new GTD organizat ional  s t ruc ture .  

you know, i n  August of 1985, the  management organizat ion a t  Headquarters w a s  
res t ruc tured  t o  enhance the  e f f ic iency  of management of t he  Geothermal R&D 
Program. 
(1) 
a c t i v i t i e s  r e l a t ed  t o  the  advancement of technology f o r  locat ing and exploi t ing 
geothermal resources; and (2) Geothermal Conversion Research which encompasses 
research a c t i v i t i e s  re la ted  t o  advanced technology f o r  geothermal energy conversion. 

Simply put, t he  major R&D t h r u s t s  now f a l l  i n t o  two major subprograms: 
Geothermal Geosciences Research which addresses a l l  research and program 

The Geothermal R&D Program is implemented by four  organizations: GTD 
Headquarters with ove ra l l  management respons ib i l i ty ,  and the  three  operations 
o f f i ces  i n  San Francisco, Albuquerque and Idaho who car ry  out  the  various R&D 
tasks  and p ro jec t s  through the nat ional  labora tor ies  and contractors .  Program 
Review I V  was thus presented i n  four sessions,  each chaired by one of the  four  
lead organizations. Appropriately, t he  presentat ions within each session were 
keyed t o  the  various program respons ib i l i t i e s  and R&D elements and tasks  which 
f a l l  under the  purview of each of the four organizations. In  doing so, Program 
Review I V  addressed each of the major i n i t i a t i v e s  within the  Geothermal R&D 
Program. 

The annual program review meetings are an important element of our e f f o r t s  
t o  develop, r e f ine  and expand the technology base through which the  nat ion 's  
vas t  geothermal resources can be technical ly  and economically u t i l i zed .  
meetings provide a forum through which conference par t ic ipants  can obta in  an up- 
to-date repor t  on DOE's geothermal research and develapment programs, and where 
s ign i f i can t  RhD th rus t s  can be explored. The annual Program Review Meeting 
a l s o  provides an invaluable opportunity t o  compare and exchange information 
with co-workers and in t e re s t ed  par t ic ipants ,  thus f a c i l i t a t i n g  the  t r ans fe r  of 
technology among DOE, state and loca l  governments, and industry organizations. 

Program Review IV accomplished these goals  due i n  no small measure t o  the  

These 

dedicat ion and hard work of the  speakers and the  sess ion  chairpersons who shared 
t h e i r  knowledge and enthusiasm, and t o  the  general  audience who contributed 
t h e i r  i n t e r e s t  and perspect ives  t o  the  meeting. Special  thanks must go t o  
my fel low sess ion  chairpersons -- Tony Adduci of San Francisco Operations, George 
Tennyson of Albuquerque Operations and Susan Prestwich of Idaho Operations -- 
who put a g rea t  dea l  of e f f o r t  i n t o  organizing and conducting t h e i r  sessions.  
A s ince re  note  of thanks must a l s o  go t o  H r s .  Linda Kurkowski of Meridian Cor- 
porat ion who helped organize Program Review I V ,  and t o  her most ab le  s t a f f  
including Claudia MacDonnell, Kelly Poe, T e e  Ragland, Cheryl Ben-Ami and 
Kerry Schwartz. 

The technica l  papers and the  remarks of inv i ted  speakers contained i n  
these Proceedings have been reproduced from the  bes t  ava i lab le  copy, and are 
arranged i n  the  order  i n  which they were presented a t  Program Review I V .  

D r .  John E. Mock 
Director 
Geothermal Technology Division 
U.S. Department of Energy 

v i i  



KEYNOTE ADDRESS 

Miss Donna Fi tzpa t r ick  
Ass is tan t  Secretary f o r  Conservation 

and Renewable Energy 
U.S. Department of Energy 

The keynote address del ivered by Miss Fi tzpa t r ick  t o  the  pa r t i c ipan t s  i n  
Program Review IV is reproduced here  i n  summary form. 
s t r a t i o n ' s  leading proponents of geothermal energy, Miss Fi t zpa t r i ck  has ac t ive ly  
supported and has  made a number of  pubfic appearances on behalf of the  geother- 
m a l  research and development program. 
occasion t h a t  Miss Fi t zpa t r i ck  hag addressed the  annual program review meeting. 
She del ivered the  keynote address  a t  Program Review 111 last year i n  E l  Centro 
sho r t ly  a f t e r  joining the  Department of Energy. 
F i t zpa t r i ck  made a number of per t inent  points  and observations which are summarized 
below. 

As  one of the  Admini- 

Program Review IV marks the  second 

Throughout her  address, Miss 

Importance of Geothermal Energy 

o Geothermal energy is a "here and now" resource. 
explo i t  a l a rge  port ion of the  resource i n  an e f f i c i e n t ,  economic and 
environmentally safe manner i s  i n  place. The U.S. is generating over 
1500 MWe of e l e c t r i c i t y  from geothermal resources, with a t o t a l  of over 
3800 We of generating capacity worldwide. 

S igni f icant  advances have and are continuing t o  be made i n  the  technologies 
needed t o  fu r the r  exp lo i t  geothermal energy, with the  UnitFd S ta t e s  leading 
i n  advancing the  technology. 

The worldwide po ten t i a l  f o r  electrical generation alone from geothermal 
resources i n  t r u l y  enormous. 
t h i s  country's po ten t i a l  on the order  of 95,000-150,000 We. 
the  electrical generat ing po ten t i a l  has been estimated a t  upwards of 4 
mil l ion  We. 

The importance of geothermal energy t o  the  United S ta t e s  is re f lec ted  
i n  the r o l e  of t h i s  resource i n  the  energy mix t h a t  is c lose ly  tracked 
and projected f o r  t he  U.S. under the  National Energy Policy Plan. 

The technology needed t o  

o 

o 
The United S ta t e s  Geological Survey estimates 

Worldwide, 

o 

DOE I n i t i a t i v e s  on Behalf of U.S. Geothermal Industry 

o DOE'S Geothermal Technology Division has prepared a d iges t  e n t i t l e d  "United 
S t a t e s  Geothermal Technology-Equipment and Services f o r  Worldwide Applicatione," 
which was released a t  t h e  GRC Conference in H a w a i i .  

The d iges t  h ighl ights  t he  technological advances made i n  the  United 
S ta t e s  t h a t  have solved many of t he  critical engineering, materials 
and environmental issues t h a t  once surrounded t h i s  source of energy, 
and have made geothermal energy a p rac t i ca l ,  e c o n d c ,  and environ- 
mentally canpat ib le  element of the  U.S. energy p ic ture .  

The d iges t  is di rec ted  a t  an overview l e v e l  t o  energy decision-makers 
and, i n  more d e t a i l ,  t o  t h e i r  technical  exper t s  who w i l l  be evaluating 
t h e i r  options f o r  supplying the  energy demand of t h e i r  respect ive nat ions 
and areas of t he  world. 

The d iges t  fu r the r  focuses the  a t t en t ion  of the  foreign marketplace 
upon the  U.S. geothermal indus t ry  as the  leading source of expertise, 
goods and se rv ices  t o  assist them i n  development of t h e i r  own resources. 

The d iges t  i s  intended f o r  use not  jus t  by DOE, but also by U.S. industry 
i n  t h e i r  own e f f o r t s  t o  en te r  t he  in te rna t iona l  marketplace and t o  expand 
upon ex is t ing  opportuni t ies .  

o 

o 

o 

o 

3 
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Technology Transfer 

o DOE's Geothermal Technology Division is preparing a Technology Transfer 
Catalog which w i l l  become ava i lab le  i n  the  very near fu ture .  
is di rec ted  a t  geothermal energy developers, users  and the  serv ice  industry 
as a complete up-to-date source of federa l ly  sponsored research and advances 
i n  geothermal technology development t h a t  are i n  place and nearing readiness 
fo r  f i e l d  appl icat ion.  

The catalog 

Recent Accomplishments 

i n  

0 

0 

0 

The U.S. continues to  maintain and expand upon i t s  ro l e  as world leader  
the  development and use of geothermal technology and geothermal energy. 

J u s t  t h i s  year the 45-MWe proof-of-concept binary plant  a t  Heber, Cal i fornia  
went i n t o  operation. 
t he  world and was sponsored as a j o i n t  U.S. government/industry project .  
This plant  is expected t o  y ie ld  refinements i n  binary technology which 
w i l l  make use of the  abundant moderate temperature geothermal resources 
around t h e  world more e f f i c i e n t  and economically a t t r a c t i v e .  

A major s t ep  forward w a s  taken t h i s  year a t  DOE's Fenton H i l l  experimental 
s i t e  when the  hydraulic connection between the  two hot dry  rock w e l l s  was 
successful ly  completed. 
f a c i l i t y  are helping to  br ing the  hot  dry  rock resource t o  ac tua l i za t ion  
as a v iab le  economic component of our geothermal resource base. 
work has been sponsored by DOE under a mul t i l a t e ra l  agreement with Japan 
and West Germany developed through the  In te rna t iona l  Energy Agnecy. 

The Salton Sea Sc ien t i f i c  Dr i l l ing  Pro jec t  is a t  the  leading edge of geo- 
thermal technology development. This project ,  which w i l l  commence d r i l l i n g  
operat ions t h i s  month, i s  expected t o  y i e ld  valuable information which w i l l  
enable us  t o  tap  the  abundant energy contained i n  the  h o s t i l e  environment 
of deep, high-pressure, high-temperature geothermal resources and t o  convert 
those vast  amounts of energy i n t o  usefu l  appl icat ions.  
w i l l  also provide valuable information on mineral recovery from geothermal 
brines. 

It is the  f i r s t  binary plant  over 10 MWe anywhere i n  

The research and technology advances a t  t h i s  

This 

This pro jec t  

CORECT and Geothermal Energy 

The Committee on Renewable Energy Commerce and Trade (CORECT) was establ ished 
under the  Renewable Energy Industry Development A c t  of 1983 (P.L. 98-370). 

The goal of the  CORECT is t o  increase the e f f ic iency  of the  federa l  govern- 
ment i n  providing renewable energy export ass i s tance  t o  help t o  ensure the  
U.S. renewable energy industry maintains or stengthens i t s  world leadership 
posi t ion.  

Comprised of 14 agencies, t h e  CORECT m e t  f o r  the  f i r s t  time on February 6, 
1985. 
ina t ion .  These areas -- education, market development ass i s tance ,  t r ade  
pol icy and technical  competitiveness -- were reviewed by subcommittees 
who reported t h e i r  f indings a t  the  CORECT meeting i n  June a t  the  RETSIE 
Conference. 

A t  t h i s  meeting, four major i s sues  emerged which merit fu r the r  exam- 

DOE through i t s  Geothermal Technology Division, has  embarked on a number 
of i n i t i a t i v e s  such as t he  d iges t  and Technology Transfer Catalog men- 
tioned earlier, which complement and fu r the r  the goals  of CORECT. 

4 



. s. OVERVIEW OF THE U.S. DEPARTMENT 
OF ENERGY GEOTHERMAL PROGRAM 

D r .  John E. Mock 
Director,  Geothermal Technology Division 

U.S. Department of Energy 

Good morning once again, l ad ies  and gentle- 
men. 

As we begin t h i s  4th review of our own geo- 
thermal research and development program, we do 
so i n  the wake of the exci t ing r epor t s  on world- 
wide geothermal development presented t o  the In- 
t e rna t iona l  Symposium on Geothermal Energy j u s t  
two weeks ago. While we a r e  s t i l l  the world 
leaders  i n  developing t h i s  resource,  we a r e  con- 
fronted with some s t i f f  competition from abroad. 
This competition is  very welcome -- f i r s t ,  be- 
cause we support and applaud increased use of 
geothermal energy by a l l  countr ies  endowed with 
the resource. Second, i t  serves t o  keep us on 
no t i ce  t h a t ,  t o  remain i n  the forefront  of tech- 
nology economics and performance, we must proceed 
apace wi th  the research and development program 
i n  which a l l  of us a r e  involved. 

This program supports the goal of the Depart- 
ment of Energy t o  assure an adequate energy sup- 
ply,  a t  reasonable cost ,  composed of a balanced 
and mixed resource base of both conventional and 
renewable energy resources. Specif ical ly ,  we i n  
the  Geothermal Technology Division aim t o  a s s i s t  
i n  building the technology base t o  enable the 
pr ivate  sec to r  t o  develop the  various geothermal 
resource types. Our u l t ima te  object ive is t o  pro- 
mote advancement of the state-of-the-art of geo- 
thermal technology thus increasing t h e  avai labi l -  
i t y  of the  United S t a t e s '  abundant geothermal re- 
source a s  a v i ab le  a l t e r n a t i v e  to  f o s s i l  energy. 

We at  GTD see an appropriate Federal r o l e  
i n  performing s p e c i f i c  R&D tasks  which have both 
near- and long-term implications.  In  formulating 
our R&D s t ra tegy ,  the  key guidel ine is cooper- 
a t i o n ,  not competition, with the p r iva t e  sector .  
W e  have several  industry review panels t o  whom we 
present s p e c i f i c  aspects  of the program on a reg- 
u l a r  basis.  These groups provide a forum t o  as- 
sure  t h a t  our research is  timely and allow us t o  
work with industry t o  improve the technology base 
f o r  use of geothermal energy i n  the  near future.  
In  the long term, we a t  GTD exercise  prime respon- 
s i b i l i t y  f o r  developing advanced technology f o r  
the  use of nonhydrothermal resources such as geo- 
pressured br ines ,  hot d ry  rock, and magma. 

I now want t o  give you an overview of the 
Department of Energy's Geothermal Program, i n  the 
context of what is the  appropriate Federal r o l e  
i n  encouraging geothermal development. I w i l l  
leave i t  t o  the individual  project  managers 
t h e  various a c t i v i t i e s  t o  go i n t o  the technical  
d e t a i l s  of t h e i r  work i n  the sessions scheduled 
over the  next two days. Besides the  program 
overview, I w i l l  a l so  discuss  some changes which 
have been implemented i n  t h e  management s t r u c t u r e  
a t  DOE, and review the  s t a t u s  of the F i sca l  Year 

1986 budget as  i t  stands today. 

In  the past  couple of mont e Conser- 
vat ion and Renewable Energy Programs of DOE have 
undergone a s ign i f i can t  reorganization i n  order 
t o  streamline the management s t ruc tu re  and b e t t e r  
address the program p r i o r i t i e s .  This has a f f ec t -  
ed the geothermal program i n  a number of ways. 
F i r s t ,  and most immediately obvious, is t h a t  the 
DOE Hydropower Program has been separated from 
the Geothermal Program and w i l l  be managed a t  the 
Office l e v e l  i n  the Office of Renewable Technol- 
ogy. The former Geothermal and Hydropower Tech- 
nologies Division, o r  GHTD, i s  now known simply 
as  the Geothermal Technology Division. 

Within GTD, the  former management s t ruc tu re  
consisted of three Branches: Advanced Energy Sys- 
tems; Technology Development; and Program Inte-  
gration. This s t ruc tu re  has been eliminated and 
a l l  a c t i v i t i e s  are handled d i r e c t l y  a t  the Divi- 
s ion level .  For ease i n  program management, the 
programs have been s p l i t  i n t o  two funct ional  
research areas. Referring t o  Figure 1, you can 
see the d iv i s ion  of a c t i v i t i e s  between Geothermal 
Geosciences Research and Geothermal Conversion 
Research. These do not replace the branches which 
were o f f i c i a l  management uni t s  with assigned 
chiefs .  This i s  an informal program s p l i t  design- 
ed t o  allow us a t  headquarters t o  manage the 
program along technical  l i n e s ,  grouping together  
research a c t i v i t i e s  which employ s imi l a r  technol- 
ogies ,  regardless  of resource. 

The Geothermal Program embraces a two-prong- 
ed approach t o  technology development. One 
t h r u s t  is  on hydrothermal resources where both ~ 

near- and long-term research is being conducted 
t o  remove technical  b a r r i e r s  t o  hydrothermal ex- 
p l o i t a t i o n  and t o  increase the economically re- 
coverable resource base. The second t h r u s t  of 
the  program is t o  increase the resource base with 
long-term R&D which w i l l  u l t imately lead t o  the 
demonstration of the v i a b i l i t y  of other  forms of 
the geothermal resource,  s p e c i f i c a l l y  geopres- 
sured br ines ,  hot dry rock, and magma. 

One of the  most important advances i n  the  
pas t  year has been the successful  connection of 
the two major boreholes at  the hot dry rock test 
s i te  a t  Fenton H i l l ,  New Mexico. D r i l l i n g  i s  
continuing i n t o  the  la rge  f r ac tu re  zone produced 
from the  lower w e l l  t o  e s t a b l i s h  a s i g n i f i c a n t  
flow c i r cu la t ion  path. I n  col laborat ion with 

'West Germany and Japan, we expect t o  complete the 
thermal loop next year and perform extensive 
t e s t i n g  t o  determine many of the operat ional  
parameters before i n s t a l l i n g  a heat  exchanger 
system f o r  thermal drawdown tes t ing .  I f  t h i s  
long-range research proves t h i s  technology t o  be 
economic and t o  have appl icat ion i n  a l l  hot dry 
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rock systems, the geothermal economic resource 
base w i l l  be increased subs t an t i a l ly .  The pre- 
sen t  magma program w a s  s t a r t e d  i n  FY 1984 t o  per- 
form research and development on the technical  
f e a s i b i l i t y  of extract ing usable energy from mag- 
ma. We have narrowed our s i te  se l ec t ion  f o r  the  
eventual experiment i n  a major magma body t o  two 
primary candidates,  both i n  Cal i fornia:  the Long 
Valley Caldera, and Cos0 Hot Springs. 

We a r e  current ly  conducting extensive geophysical 
s tud ie s  a t  those sites, I n  col laborat ion with the 
USGS and other i n t e re s t ed  groups. We a r e  a l so  
invest igat ing various mater ia ls  f o r  compatibil i ty 
with magmas a t  temperatures about 1000°C. Re- 
search i s  being performed t o  study methods of 
energy extract ion and t o  develop the necessary 
technology t o  d r i l l  i n t o  a magma body. This, 
l i k e  the hot dry rock program, is  long-range 
research attempting t o  increase the usable geo- 
thermal resource base by showing the f e a s i b i l i t y  
of extract ing energy from geothermal resources 
other  than from hydrothermal systems. 

DOE'S geopressured geothermal program has 
thus f a r  provided us with the locat ion and gen- 
eral cha rac t e r i s t i c s  of geopressured aquifers  a- 
long the Texas and Louisiana Gulf Coast. Methane 
and thermal energy ex t r ac t ion  experiments have 
been performed, and the technology is being im- 
proved. We a r e  current ly  conducting long-term 
t e s t i n g  of the Gladys McCall and Pleasant Bayou 
w e l l s .  We are also beginning the  i n s t a l l a t i o n  of 
equipment t o  generate power i n  an experiment t h a t  
i s  being cost-shared with the E l e c t r i c  Power 
Research I n s t i t u t e  (EPRI) on the Pleasant Bayou 
w e l l .  Next year,  we plan to:  (1) run experiments 
a t  t h i s  s i te on t o t a l  energy recovery with EPRI; 
(2) ca r ry  out experiments involving var iable  flow 
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rates and pressure build-up t o  inves t iga t e  the 
a r e a l  extent  of various sandstone s t r a t a  and 
loca te  the confining o r  leaking f a u l t s ;  and (3)  
model the hydrodynamic c h a r a c t e r i s t i c s  of the  
systems using the new d a t a  and the accumulated 
data  of p r i o r  years tes t ing .  

There a r e  a number of program a reas  which 
cross-cut the d i f f e r e n t  types of geothermal re- 
sources. These a r e  hard rock penetrat ion,  tech- 
nology t r a n s f e r ,  and the s t a t e  a s s i s t ance  pro- 
grams. 

RhD t a sks  i n  hard rock penetrat ion research 
a r e  attempting t o  solve technical  and economic 
problems r e l a t ed  t o  geothermal w e l l  d r i l l i n g  and 
completion. In  research which could have s i g n i f i -  
cant near-term impact, we a r e  looking f o r  ways 
t o  solve the c r i t i c a l  problem of l o s t  c i r c u l a t i o n  
i n  geothermal w e l l s .  New materials are being 
developed and t e s t e d  i n  Sandia's Lost Circulat ion 
Test Fac i l i t y .  Many-other e f f o r t s  with po ten t i a l  
near-term impact a r e  underway t o  extend conven- 
t i o n a l  o i l  and gas d r i l l i n g  technology t o  the 
higher temperatures experienced i n  the  geothermal 
environment. These tasks  include the development 
of high temperature e l ec t ron ic s  f o r  logging too ls ,  
and the development of high temperature d r i l l i n g  
f lu ids .  Sandia has a l so  recent ly  begun t o  devel- 
op an "Advanced Geothermal D r i l l i n g  System". 
This long-term p ro jec t  has the ult imate goal of 
reducing d r i l l i n g  cos t s  f o r  geothermal w e l l s  by a 
f a c t o r  of two o r  more. The hard rock penetrat ion 
research program is  presented annually before an 
industry review panel which provides guidance i n  
the d i r ec t ion  of research and suggestions f o r  
areas  of study which would be most e f f e c t i v e  i n  
reducing the technical  b a r r i e r s  r e l a t ed  t o  geo- 
thermal d r i l l i n g .  
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After a B o s t  a year of planning, discussion, 
and negot ia t ion,  the Geothermal D r i l l i n g  Organi- 
za t ion ,  o r  GDO, has come i n t o  being. This 
group has as i ts  primary purpose the  sponsorship 
of commercial adaptation and adoption of as-yet- 
under-ut i l ized technology associated with geo- 
thermal d r i l l i n g  and completion. DOE has agreed 
t o  cost-share many of i ts  projects  where they 
r equ i r e  f u r t h e r  development t h a t  w i l l  not be fund- 
ed by industry alone. The f i r s t  GDO project  is 
the  development of an acoustic borehole tele- 
viewer based on the  prototype instrument suc- 
ces s fu l ly  t e s t ed  l a s t  year by Sandia. 

Under the  state technical  a s s i s t ance  acti- 
v i t y ,  we are providing a s s i s t ance  to several  
states where i t  is needed t o  assess as-yet-unde-. 
veloped, but promising, geothermal prospect 
areas.  
program of the Geo-Beat Center a t  the Oregon 
I n s t i t u t e  of Technology is supported t o  provide 
a s s i s t ance  to those seeking t o  use lower tempera- 
t u r e  geothermal resources. 

In addi t ion,  the technology t r a n s f e r  

Technology t r a n s f e r  f i r s t  became a l i n e  i t e m  
in the  budget last year and t h i s  approach was  
continued t h i s  year t o  emphasize dissemination of 
the  r e s u l t s  of DOE research and development 
programs through the Geothermal Resources Council 
seminars, workshops, and da ta  management a c t i v i -  
ties. As w i l l  be seen later, no funds a r e  re- 
quested s p e c i f i c a l l y  f o r  technology t r a n s f e r  
in 1986, but technology t r a n s f e r  e f f o r t s  w i l l  
continue, as they have t r a d i t i o n a l l y ,  as an 
i n t e g r a l  p a r t  of each individual  ongoing program. 

Our hydrothermal research e f f o r t s  are keyed 
f o r  both long- and near-term goals in a number of 
areas.  These are shown i n  Figure 2. 

Brine In j ec t ion  continues t o  be an a rea  of 
r i s k  and uncertainty,  but work with tracers and 
t h e  modeling of f l u i d  migration is helping us  t o  
understand t h e  behavior of i n j ec t ed  f lu id .  We 
plan t o  complete the ana lys i s  of d r i f t  phenomena 
in the  E a s t  Mesa i n j e c t i o n  backflow data ,  t o  
perform i n j e c t i o n  tests in cooperation wi th  one 
of the ongoing f i e l d  development programs, and t o  
develop and test  addi t ional  tracers and geophysi- 
cal monitoring instrumentation. W e  w i l l  con- 
t inue the development of accurate 'par t ic le  moni- 
t o r ing  devices, p a r t i c l e  con t ro l  techniques, and 
chemical conditioning methods t o  prevent adverse 
chemical react ions i n  the  w e l l  and nearby injec-  
t i o n  zones. In addi t ion,  we plan t o  develop ad- 
vanced w e l l  completion techniques t o  extend the 
useful  l i f e  of i n j e c t i o n  w e l l s ,  including methods 
of preventing casing-cement f a i l u r e s  and prevent- 
ing permeabili ty degradation near the wellbore. 

Reservoir d e f i n i t i o n  a l s o  continues t o  be a 
c r i t i c a l  area in our e f f o r t s  t o  increase the geo- 
thermal resource base. In t h i s  program, we have 
f i e l d  tes ted  several  f r a c t u r e  mapping and reser- 
voir  engineering techniques and completed i n i t i a l  
modeling of the Los Azufres and Broadlands f ie lds .  
We a r e  renewing our cooperative agreement with 
Mexico which w i l l  now emphasize the reservoir  a t  
Los Azufres. We plan t o  do de ta i l ed  modeling of 

HYDROTHERMAL R&D AREAS 
Heat Cycle Research 

Materials Research 

0 Reservoir Definition 

Brine Injection 

Caldera Reservoir Investigation 

Salton Sea Scientific Drilling 

Figure 2: HYDROTHERMAL RESEARCH 

these f i e l d s  f o r  co r re l a t ion  wi th  w e l l  f i e l d  d a t a  
and t o  confirm the models and ve r i fy  production 
potent ia l .  We plan a l so  t o  perform research and 
evaluation of the capab i l i t y  of various surface 
and subsurface techniques t o  loca te  na tu ra l  
f r ac tu re  systems so t h a t  they can be more effec- 
t i v e l y  and e f f i c i e n t l y  targeted f o r  d r i l l i n g .  
Lawrence Berkeley Laboratory, the lead laboratory 
f o r  t h i s  e f f o r t ,  has formed an industry review 
panel, l i k e  t h a t  of Sandia in hard rock penetra- 
t i o n ,  t o  assist i t  in staying abreast  of industry 
needs, p r i o r i t i e s ,  and a c t i v i t i e s  and t o  review 
the  DOE program. 

The heat  cycle research program pursues both 
t h e o r e t i c a l  and empirical  research, p r inc ipa l ly  
aimed a t  improving the eff ic iency of moderate 
temperature binary cycles. This r e f l e c t s  a pri-  
mary goal of the  program t o  develop a "second 
generation" binary system t o  make use of the  
widespread moderate temperature hydrothermal sys- 
tems. Heat cycle research f i e l d  experiments are 
ca r r i ed  out a t  the Heat Cycle Research f a c i l i t y ,  
now located a t  the Geothermal Test F a c i l i t y  a t  
East  Mesa. -We are current ly  conducting a metho- 
d i c a l  s e r i e s  of tests with various mixtures of 
hydrocarbons t o  determine the behavior of hear 
exchangers and turbines  in s u p e r c r i t i c a l  and 
two-phase expansion cycles. In addi t ion,  we are 
continuing t o  evaluate submersible electric b r ine  
pumps f o r  appl icat ion t o  binary plant  operations. 

In our materials research program, we have 
been developing and t e s t i n g  non-metallic coatings 
f o r  casings,  l i n e r s ,  piping, and other  components. 
In p a r t i c u l a r ,  we have f i e l d  tes ted  both polymer 
concretes and EPDM elastromers with great  success. 
Next year w e - w i l l  i nves t iga t e  waste disposal 
techniques, high temperature cements, w e l l  casing 
l i n e r  mater ia ls ,  and innovative heat  exchanger 
mater ia ls  . 

The Sal ton Sea S c i e n t i f i c  Dr i l l i ng  Project 
(SSSDP) is a s c i e n t i f i c  research e f f o r t  of DOE, 
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f o r  the d r i l l i n g  of these w e l l s .  &o w i l l  be on 
the north and south f lanks of the Newberry C a l -  
dera ,  a t h i r d  i n  the Santiam Pass a rea ,  and the 
fourth i n  the  Breitenbush-Clackamas area. 

the USGS, and the National Science Foundation t o  
study the roo t s  of the Salton Sea hydrothermal 
system i n  southern Cal i fornia 's  I m p e r i a l  Valley. 
The programhad i ts  beginning within the Continen- 
t a l  S c i e n t i f i c  Dr i l l i ng  Program (CSDP) and is  the 
f i r s t  project  of i ts type t o  s p e c i f i c a l l y  address 
i s sues  r e l a t ed  t o  thermal regimes beneath conti-  
nen ta l  spreading zones and the genesis of o re  
forming minerals. Since i ts  inception about a 
year ago and the subsequent contract  between DOE 
and the prime contractor ,  Bechtel National, Inc. ,  
the  SSSDP program has undergone downscaling due 
t o  funding l imitat ions.  Engineering aspects of 
the study have been given lower p r i o r i t y  i n  favor 
of enhancing the  s c i e n t i f i c  program t o  the degree 
possible. We s t i l l  an t i c ipa t e ,  however, t h a t  we 
w i l l  be able  t o  complete a s ign i f i can t  s c i e n t i f i c  
study of the deep hydrothermal system beneath the 
Salton Sea. D r i l l i n g  is  s la ted  to  begin t h i s  
month. 

The purpose of the Cascades research program 
is t o  conduct research on t h e  geothermal resourc- 
es of the Cascades Volcanic Region i n  Cal i fornia ,  
Oregon, and Washington. The object ives  of the 
program are to  s t imulate  development of the re- 
gion's geothermal resources by making data  pub- 
l i c l y  avai lable ,  and t o  increase knowledge of 
both applicable exploration techniques and the 
depth required to  penetrate  the overlying cold 
groundwater system t h a t  masks and suppresses sur- 
f ace  evidence of the underlying hydrothermal sys- 
t em.  Work i n  the a rea  includes geophysical ex- 
p lo ra t ion  as w e l l  a s  the cost  sharing of four 
deep thermal gradient w e l l s .  We a r e  now i n  the 
process of negotiating cooperative agreements 
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- Sanm Sea Scientnlc Drpting Project 

PROGRAM DIRECTION 

I hope t h a t  t h i s  overview of t h e  geothermal 
program research areas  has proven informative t o  
those not f ami l i a r  with i t  and has provided a 
s u f f i c i e n t  background for  the  technical  presenta- 
t ions  t o  follow t h i s  afternoon and tomorrow. 

Now I w i l l  give a b r i e f  overview of the  Fis- 
cal Year 1986 Budget as it stands today. Figure 
3 lists the Department's Congressional Budget 
Request along with a summary of the marks of the 
House and Senate Appropriations Committees. As 
y e t ,  we have not received no t i ce  of the r e s u l t s  
of the  House and Senate conferees decision on the  
f i n a l  budget to  be submitted t o  the President. 

The f i r s t  two columns of Figure 3 list, by 
s p e c i f i c  subac t i v i  t y  , the budget authorizat ion 
f o r  f i s c a l  year 1985 and where we intend t o  spend 
the money requested f o r  1986. The House, i n  i ts  
de l ibe ra t ions ,  has added one mil l ion d o l l a r s  t o  
the t o t a l  budget to  be used f o r  continuing t h e  
t e s t i n g  and monitoring of geopressured test 
w e l l s .  They have a l s o  directed t h a t  a t  l e a s t  one 
mil l ion d o l l a r s  of avai lable  funds be redirected 
t o  support the Sal ton Sea S c i e n t i f i c  m i l l i n g  
Program. 

The Senate Appropriations Committee recm- 
mendation f o r  f i s c a l  year 1986 was $27.2 mill ion,  
$2 mil l ion  over the budget request and $1 mil l ion 
over the House allowance. The Senate recommen- 

FY 1985 REQUEST HOUSE MARK SEUATE MARK APPROPRIATION 

$990 $0 $0 

$5,400 $3.600 $4.600 

$24.429 $20.800 $20.800 

$2.000 

$3,600 

$20.800 

$7,500 
$1.400 

$4,400 

$9.720 

$7,500' 

NIS 

NIS 

NlS 

d.000) 

$1,025 $ 800 5800 

$31,844 $25.200 $26,200 

$800 

$27200 

N1S:Appropriation not speCKiad ir Mwnmmee report 

Figure 3: FY 1986 BUDGET DATA ($OOO'sl 
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I . 
dat ion  includes $2 mil l ion  f o r  Hydrothermal Indus- 
t r i a l i z g t i o n ,  of which $320,000 w i l l  be used t o  
continue the state technical  ass i s tance  programs, 
and $1.06 mill ion f o r  building r e t r o f i t  work and 
p ipe l ine  construct ion f o r  the Boise geothermal 
d i s t r i c t  hea t ing  system. The Senate agreed with 
the  adminis t ra t ion request f o r  the Geopressured 
Program. They a l s o  concurred with the  House re- 
commendation t h a t  $1 mi l l ion  be redirected t o  the 
Salton Sea d r i l l i n g  project .  The Senate has a l s o  
recommended t h a t  $2 mil l ion  be red i rec ted ,  within 
avai lable  funds, t o  hot  dry rock research t o  re- 
s t o r e  it to  the  f i s c a l  year  1985 l eve l ,  F ina l ly ,  
the Senate has a l so  recommended tha t  $425,000 be 

redirected f o r  a hot dry rock project  i n  the 
southern Rocky Mountains. 

The House and Senate conferees are cur ren t ly  
working on a compromise appropriations b i l l  f o r  
submission to  the Res ident .  Once the budget 
process is completed, we i n  the  Division w i l l  
have t o  determine, based on R&D p r i o r i t i e s ,  how 
t o  r ed i r ec t  t he  avai lable  funds t o  abide by the  
d i c t a t e s  of Congress. 

It has been a pleasure t o  present the DOE 
Geothermal Program t o  you today. I hope you 
enjoy the  rest of our program. 
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ABSTRACT 

Forces were at work in the early- to mid- 
1970's which pointed to a rosy future and the rapid 
development of the geothermal industry for the 
production of electric power. During the past ten 
years, the industry has seen a dramatic downturn. 
Utilities are not exercising options for new 
generation. As a result, the geothermal industry 
is going through a period of retrenchment and the 
names o€ the players are changing. The importance 
of current industry activities, a possible scenario 
for the near-term future of the industry during the 
rest of this century, and the need for additional 
work will be discussed. 

INTRODUCTION 

During the last week in August, I attended the 
second International Symposium on Geothermal Energy 
in Hawaii. The symposium was convened by the 
Geothermal Resources Council and was sponsored by 
several agencies, including the U. S. Department of 
Energy. Representatives from the geothermal 
industry made presentations on subjects ranging 
from drilling and geology through power production 
and direct use, to economics and project manage- 
ment. The speakers came from the United States and 
no less than 18 other countries. Attendance at the 
symposium was just under 700, not including spouses 
and other guests. 

I came away from that symposium with the clear 
feeling that the geothermal industry was alive and 
well. It is in good shape technically and is 
growing at a rapid rate overseas. But it is a 
different and leaner industry from the one that 
existed just a few years ago. Here in the United 
States, however, it faces a new set of challenges 
and opportunities. How it will respond to those 
challenges and, perhaps more importantly, take 
advantage of the opportunities remains to be seen. 

I would like to focus my remarks on that group 
within the geothermal industry whose goal is to use 
this resource for electric power production in the 
United States. The players might be utilities that 
own and operate power plants, or third parties that 
sell their product to utilities. This may be a 
parochial approach, but I believe that, if we can 
penetrate this market, the fallout from our success 
will benefit the entire geothermal industry. 

EARLY DAYS 

In the early- t o  mid-19701s, events occurred 
that had a profound impact on the geothermal 
industry. At that time, many utilities in the 
southwest United States were heavily dependent on 
oil for the production of electric energy. Their 
version of resource diversification, if they had 
such a goal at all, was to commit to large, central 
station nuclear, coal, and oip projects. Geother- 
mal power production simply did not fit into their 
resource plans for at least three reasons: 

1. 

2. New nuclear and coal plants were projected to 

Oil was cheap, about $2.50 a barrel. 

produce power at lower costs than-oil. 

3. Most importantly, the technology for power 
production from geothermal resources had not 
been demonstrated. Except for The Geysers in 
northern California, the utility industry had 
no data to-use for making informed commitments 
to geothermal power development and production. 

By the mid-l970's, the utilities had changed 
dramatically. The oil crisis caused oil prices to 
soar to as high as $40.00 or more per barrel. 
Unfortunately, there were no more Btu's in that 
barrel than the one we paid $2.50 for. Occurring 
at the same time as the rising oil prices was a 
dramatic increase in inflation rates. This drove 
up the cost of new utility industry generation, 
either planned or under construction. Within a 
matter of months what had been an orderly, if not 
imaginative, approach to new generation fell into 
complete disarray. 

. The utilities' response was to explore alter- 
natives to nuclear, coal, and oil plants. Regu- 
latory commissions helped this trend along by 
ordering the utilities to pursue alternative energy 
options more vigorously. For utilities in the 
Southwest, geothermal was an obvious choice. It 
was an optimistic period for the geothermal 
industry. Utilities were turning to geothermal 
power production in a big way and the nuclear, 
coal, and oil "competition" did not present much of 
a challenge. 

The net result of these developments was 
stepped up activity in the geothermal industry. 
The pace of exploration and reservoir evaluation 
quickened. A number of power plant projects were 
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studied and pursued. The future of the geothermal 
industry looked bright indeed. Unfortunately, the 
geothermal industry was not yet prepared to offer a 
truly viable generation option using hot water 
resources to the electric utilities. 

CURRENT STATUS 

More recently, during the past five years, the 
pendulum has swung in the opposite direction. 
Today, the geothermal industry is going through a 
period of depression and upheaval. Four factors 
have been largely responsible for the present 
situation: 

1. Oil prices have leveled off and, in fact, have 
been significantly reduced. At the same time, 
the overall inflation rate is down dram.ati- 
cally. As a result, the competition (usually 
measured in terms of a utility's avoided cost) 
is much more difficult to meet. 

2. Conservation, a reaction by customers to high 
electric energy costs, has slowed the rate of 
load growth. Utilities in the Southwest, 
therefore, do not need new generating capacity 
regardless of the source of the energy. 

3. Coal generation has taken a large share of the 
market, particularly in the eastern United 
States. 

4 .  Mergers, takeover attempts, and reorganizations 
of the resource developers have diverted their 
attention from pursuing geothermal development. 

We are now experiencing a slowdown in the 
growth of the geothermal industry. Drilling and 
reservoir evaluation in the United States has 
slowed. Many utilities have dropped, scaled down, 
or deferred plans to use geothermal energy to meet 
future load demands. These trends are causing the 
demise of some smaller, perhaps marginal, members 
of the geothermal industry. Participants with 
adequate financial resources are still pursuing 
their geothermal goals, but it is questionable how 
long some of them will continue. 

THE FUTURE 

In the near-term, say the next five years, I 
expect a continued shakeout of participants in the 
geothermal industry. The result will be a stronger 
and leaner industry. Continued development at The 
Geysers is probable. On the plus side, we will 
also see a few small wellheads and large power 
plants come on line at hot water resources. These 
will include units employing both flash and binary 
technologies. Utilities will closely monitor the 
performance of these units, but will not be making 
commitments for new generation, whether constructed 
or purchased by them, much before 1990. 

RECOMMENDATIONS 

So far, this summary sounds like the voice of 
doom, but the thought I would like to leave you 
with is far more upbeat. I believe the geothermal 

industry has an unprecedented opportunity d;ring 
the rest of this decade to positim itself for a 
marketplace that will be wide open in thet1990's. 
Most utilities in the Southwest are predicting a 
need for new generating capacity in this time 
frame. By the end of this decade, I predict 
utilities will be scrambling to identify and commit 
to 
be 

1. 

2. 

3 .  

4 .  

5. 

new generation. 
using to make their decisions will be: 

Some of the criteria they will 

There must be sufficient hard cost data avail- 
able for evaluation by utilities, which 
includes reservoir and power plant capital, 
maintenance, and heat costs. 

The reliability of the technology must be 
demonstrated here in the United States. 

Permitting and environmental issues must be 
identified and, if possible, resolved. 

Water for cooling must be available or easily 
obtained. 

Transmission to the utility's load center must 
either be available or easy to obtain. Few 
geothermal projects can justify the cost of new 
major transmission lines. 

During the next five years, we in the geother- 
mal industry have an opportunity to go a long way 
toward satisfying each of these criteria. 

Obviously, the geothermal industry must place 
in service the units now planned or completed. 
Cost and operating experience must be made 
available, in terms and details that are 
acceptable, to both utilities and third parties who 
would build power plants. No one, least of all 
the geothermal industry, will be well served if 
this information is incomplete or misleading. Even 
if the costs are higher than nuclear or coal 
options, geothermal generation has other advantages 
that may make it very attractive to the utilities 
in the 1990's. These advantages include a favor- 
able regulatory climate, short lead time, and the 
ability to closely match new generating capacity to 
load growth. 

Now is the time for the geothermal industry to 
look at the permitting issues that could be raised 
if our candidate geothermal reservoirs are to be 
developed. Baseline studies on such issues as 
environmental impacts and land use could be per- 
formed. This work is not too expensive and is 
useful in identifying institutional risks for a 
project. If these studies are already performed, 
the lead time for completing a project can be 
reduced. Such data could also serve as the basis 
for obtaining, in advance, permits and zoning 
changes to expedite a project. 

Another aspect of the permitting process that 
could be addressed in advance is the entitlement of 
an adequate cooling water supply for a proposed 
project. Options for obtaining and delivering 
cooling water to candidate reservoirs could be 
identified and evaluated. Few geothermal sites in 
the Southwest have cooling water readily available, 
and obtaining assured supplies can be a long, 
arduous effort. 
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Utilities have generally done a masterful job 
* in avoidingc potential geothermal sites when 

deciding where bulk transmission systems would be 
located. In fact, lack of readily available 
transmission lines may be the largest single 
impediment to rapid geothermal development. 
Obtaining permits and constructing bulk trans- 
mission lines can be as difficult and costly as 
these activities are for major power plants. The 
geothermal industry can help utilities make the 
decisions we would like them to make by identifying 
transmission options and helping to obtain the best 
option. 

Finally, I would like to mention some specific 
RD&D work the geothermal industry should concen- 
trate on to help satisfy the criteria I mentioned 
earlier. All of this work affects the reliability 
and costs of geothermal power production. 

1. The geothermal industry needs to continue to 
improve its ability to evaluate and predict 
reservoir performance. Perhaps more impor- 
tantly, we need to provide utilities with 
evidence of the reliability of our evaluations 
and predictions based on actual in-the-field 
operating experience. 

2. We need to continue to reduce the costs of 
developing and operating field facilities. 
This includes the reduction of drilling costs 
and the evolution of more efficient and 
reliable downwell pumps. 

3. Ways should be found t o  reduce power plant 
capital and operating costs. Even at 50 
megawatts, we are on a fairly steep point of 
the "economy-of-scale" curve. As far as 
operating costs are concerned, the infrastruc- 
ture required for a 50-megawatt plant is almost 
as large and expensive as what is required for 
a 500-megawatt plant. 

CONCLUSION 

In conclusion, I believe the next five years 
can be among the most exciting and productive the 
geothermal industry has ever seen. We can take 
advantage of this period t o  obtain and provide the 
answers to questions we know will be asked. If we 
do the job well, utilities will be beating paths to 
our door. We might not be the only game in town, 
but we can certainly be the best. 





GEOSCIENCES RESEARCE IN DOE - 1985 
c George A. Kolstad, Program Manager 

Division of Engineering and Geosciences 
Office of Basic Energy Sciences 

U.S. Department of Energy 
Washington, D.C. 20545 

As we see from a 1980 joint study by NSF and the 
Department of Education (Fig. l), the earth 
sciences are tagged for substantial growth during 
this decade. The Department's technology needs 
depend on the earth sciences. WE's need for 
fundamental research in the geosciences is 
implicit in the fact that all energy resources 
are found in the earth and the sun; all energy 
wastes are returned to the earth and its 
atmosphere. The Geosciences Program of the 
Office of Basic Energy Sciences has as its 
objective to support and provide basic, long- 
range research in the earth and near-space 
sciences in areas relating to the energy and 
military missions of the W E  (Fig. 2). Emphasis 
is given to the quantitative, analytical approach 
which leads, we believe, to the development of 
predictive understanding in the geosciences. 

To qualify for support in the Geosciences 
Program, proposals must satisfy at least two 
criteria: scientific excellence and relevance to 
the W E  mission. Some of the areas of relevance 
are shown in Fig. 3. and some specific examples 
of relevant scientific problem areas to the 
technology interests of W E  are given in Fig. 4. 

The support of basic, energy-related geoscience 
research was started under AEC in the latter half 
of the 1960's with the recognition within the 
Division of Physical Research that much of 
activities were dependent upon geoscience 
information. AEC management was not strongly 
supportive of the Geosciences but did permit the 
inclusion of relevant long-range research 
projects in the geosciences to be included in the 
activities of the Physics and Hathematics 
research program. 

AEC's . 

With the imposition of the Middle East oil 
embargo, it was widely recognized that the energy 
responsibilities of AEC would have t o  be 
broadened beyond nuclear to include alternate 
energy resources such as geothermal and solar as 
well as oil, gas and coal. Along with this 
recognition came a greater emphasis on the 
Geosciences in the thinking relating to the 
evolving research structure - a recognition that 
has slowly been accepted by energy-research 
management that the Geosciences were comparable 
in importance to nuclear physics and chemistry in 
the research objectives of the AEC. Thus, as 
shown in Pig. 5, substantial increases were made 
in the Geoscience research budget of OBES in 
interval FY 1974-76. However, the momentum for 
growth in the Geosciences was not maintained 
beyond FY 1976. Although the percentage 

fiscal year) were somewhat above the average OBES 
percentage increase, the small size of the total 

.Geoscience effort precluded any significant 
change in the balance of the energy-related 
research efforts among the disciplines supported 
by OBES. 

As shown in Fig. 6, the balance of effort among 
the four B&R categories given on the top half of 
the figure indicates roughly comparable support 
to the first three categories and substantially 
less to solar-terrestrial/atmospheric 
interactions. There are two reasons for this - 
the first being the relatively small Geoscience 
research component needed for solar energy as 
compared with other energy resources and the 
second being the establishment of a separate 
office within OBES to handle the C02 problem 
although the problem first identified under the 
OBES Geosciences Program, Le., the NAS/NRC 
Geophysics Study Committee). Also, problems 
dealing with the troposphere and troposphere- 
biosphere interactions have traditionally been 
handled under OUR, Ecological Research Division. 

Our areas of program emphasis are given in the 
bottom half of Fig. 6. Note that the top half 
and bottom half of the figure are not additive. 
They are merely two different ways of looking at 
the same funds. Note also that continental 
scientific drilling is the largest area of 
program emphasis. This is an area where the 
DOE'S Geosciences research program has taken the 
lead in helpiug to establish a truly cooperative 
national continental scientific drilling program 
by working closely with the U.S. Geological 
Survey and the National Science Foundation. It 
is also an area calling for substantial increases 
in funding if it is to move forward at a 
reasonable pace toward achieving its scientific 
goals. 

Looking for a moment at some achievements, or 
accomplishments, of the Geosciences research 
effort, the first two listed in Fig .  7 are by now 
well known to the geothermal community. Less 
well known, perhaps, are the last two. The first 
experiment is shown in Fig. 8 and was carried out 
by Professor Syun-Ichi Akasofu, of the 
Geophysical Institute of the University of 
alaska. Professor Akasofu's work deals with the 
aurora borealis and magnetic substorms. 
Professor Akasofu reasoned that the changing 
magnetic fields associated with magnetic 
substorms should induce electrit currents at the 
surface of the earth. Since the oil pipeline 
which runs between Prudhoe Bay and Valdez, 
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magnetic substorms might be expected to induce 
electric currents in it. Akasofu measured these 
currents and showed that such currents sometimes 
reach as much as 200 amperes and thus would 
represent a source of corrosion where the 
pipeline enters and leaves the earth. The 
information was made available to the Alyeska 
consortium who have put their engineers to work 
taking corrective action (e.g., grounding.straps, 
etc.). 

The second discovery, for which Dr. A1 Duba of 
DOE'S Lawrence Livermore National Laboratory is 
being awarded the Alexander von Humboldt award, 
is that the electrical conductivity of oil shale 
during retorting is a billion times greater than 
its value before or after retorting. Because 
highly conductive material inside insulators can 
readily be detected with radio waves, the 
retorting zone of an underground body of oil 
shale may be mapped remotely (Fig. 9). 

Let us turn now to continental scientific 
drilling, the largest area of program interest in 
the Geosciences Research Program. A brief 
chronology of events leading to the situation as 
it exists today is shown in Fig. 10. DOE 
involvement in continental drilling began in 1974 
under ERDA. At this time, the Geosciences 
program was in its infancy and there were very 
few geoscientists in the Agency. Gene Shoemaker 
(USGS, Flagstaff, AZ) came to Washington to 
report to the various Federal agencies on the 
outcome of the Workshop on Continental Drilling 
held in Albuquerque, N.H., in June of that year. 
As a member of the FCCSET Committee on Solid 
Earth Sciences, I discussed the matter with the 
Committee and an ad hoc panel was established, 
chaired by Dallas Peck (the present Director of 
the USGS) to work out a suitable plan for a 
continental drilling effort for scientific 
purposes to be conducted with the support of the 
Federal government. The recommendations of that 
panel, issued in April, 1977, include the general 
plan for implementing a program of continental 
scientific drilling that is in place today, now 
backed up by a formal in 

In terms of funding ntal 
scientific drilling lost out to the Deep Sea 
Drilling Program in the Carter Administration but 
we in DOE succeeded in putting in place 
the Geosciences research program of DOE 
program to provide a foundation for a National 
continental scientific drilling effort. Research 

with a workshop at the Los Alamos 
Laboratory in 1978, sponsored by the 

National Academy of Sciences and with funds 
kindly provided to OBES by the Geothermal Energy 
Division of DOE. The report of this workshop has 
become the "bible" for the development of the 
U.S. program. The following year (1979) we took 
our first halting step into continental . 
scientific drilling with OBES Geosciences funding 
of a computerized drill-hole informatibn unit at 
the Lawrence Livermore National Laboratory. For 
two years running prior to FY 1979, continental 
drilling was included in our Geoscience budget 
requests, but each time we had to cancel out due 
to insufficient funding increments. I felt 
strongly that we should not attempt to develop a 
continental scientific drilling program in DOE at 
the expense of our other Geoscience research 
activities which broadly suport the DOE mission.. 
Each year after FY 1979, further steps were taken 
to put in place the elements of a scientific 
drilling program based on the concept that "the 
science must lead the drill." 

In 1980. a consortium of the three weapons 
laboratories and LBL undertook a comparative site 
assessment of the various thermal regimes site 
listed in the report of the 1978 workshop. The 
report of this consortium, "Comparative Site 
Assessment of Five Potential Sites for 
Hydrothermal-Magma Systems" (DOE/TIC-11303), Nov. 
1980, was made available to the Department of 
Energy, the Continental Scientific Drilling 
Committee (NAS/NRC) and to the general public. 
From this document and from further studies 
conducted by the CSDC's Thermal Regimes Panel, we 
have now come to focus upon three study areas: 
the Salton Sea Geothermal Area, CA; the Valles 
Caldera in New Mexico; and the Long Valley/Inyo 
Domes-Mono volcanic complex in CA. 

The Salton Sea Drilling Project, an effort 
spearheaded by Professor Wilfred Elders of the 
University of California, Riverside, CA, was 
first proposed to the CSDC and endorsed by them 
in 1982 and, again through the efforts of 
Professor Elders, funded by the Congress through 
the DOE Division of Geothermal and Hydropower 
Technology, in 1983. Unfortunately, no 
additional funding was provided for the science 
associated with the SSSDP. Nevertheless, DOE 
(Geosciences Program), NSF and USGS agreed to 
reserve about $500,000 each for the support of 
the science. With the 3 agencies working closely 
together, some 37 projects have been funded to 
carry out the science on the SSSDP and various 
support services for the science provided. The 
hole is scheduled for "spud-in" in October 1985. 
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Two important events took place in 1984: 

(1) 

(2) 

DOE 

At the initiative of the DOE Geosciences 
Program, an Interagency Accord on 
Continental Scientific Drilling was 
developed jointly by DOE, NSF and USGS and 
signed by the Director of Energy Research, 
DOE, the Director of the National Science 
Foundation and the Director of the U.S. 
Geological Survey in April 1984. This 
accord provides the formal framework for the 
operation of the U.S. Continental 
Scientific Drilling Program and defines in 
rather general terms the interests of the 
three agencies in this activity. 

At the initiative of Senator Larry Pressler, 
the Congress approved and passed into law a 
resolution endorsing the Continental 
Scientific Drilling Program (S. Res. 439, 
Sect. 323, P.L. 98-473). This resolution 
has been most helpful in giving helped give 
the modest but developing efforts of DOE, 
NSF and USGS credibility and a degree of 
acceptance they had not previously 
experienced. 

drilling efforts in the CSDP were begun in 
1983 with - the establishment of the DOE 
Geosciences Research Drilling Office (GRDO) at 
.the Sandia Laboratories, N.M., and the start of 
DOE shallow drilling programs at the Valles 
Caldera, Long Valley and the Salton Sea. Four 
holes of less than 1 km each (Le., shallow 
holes) have been drilled, 3 at Inyo Domes, CA and 
one at the Valles Caldera, NM. In addition, some 
17 heat-flow holes are to be drilled near the 
boundaries of the Salton Sea E R A  and several 
more are being considered for FY 1986. 

Fig. 11 outlines the objectives of the DOE part 
of the U.S. program in CSD. As in other areas 
where the Department supports basic research, 
suitability for DOE support is based on three 
major factors: scientific excellence, relevance 
to DOE mission and the availability of funds. 
The funds provided for CSD during the 7 years it 
has been supported by OBES Geosciences have grown 
as shown in Fig. 12, to nearly a third of the 
Geosciences Program. DOE management has not 
provided funding to the OBES Geosciences to 
permit drilling at greater depths (Le., > 1 km). 
Bowever, there is reason to hope that the 
national plan called for by the Congress will 
stimulate sufficient funding to permit deeper 
drilling. 

The coordination of CSD efforts among the 
agencies (Fig. 13.) is carried out by the CSD 

Interagency Coordinating Group, established by 
the . Interagency Accord on Continental Scientific 
Drilling. In view of the efforts by DOE and NSF 
to put in place suitable operational frameworks 
for their respective continental scientific 
drilling efforts (Fig. 14 for DOE and DOSECC for 
NSF), it was decided to terminate Federal support 
for the NAS/NRC Continental Scientific Drilling 
Committee (CSDC). The CSDC has done an excellent 
job of helping to stimulate a national 
continental scientific drilling program. Now 
that the appropriate apparatus is in place for 
the efforts of the various cooperating agencies, 
it is appropriate to replace the CSDC with the 
ICG and the various internal agency operational 
frameworks. As the agency systems get into 
operation, such coordination as was done by the 
CSDC may now be carried out within the 
cooperating agency programs. 
Although the thermal regimes areas currently 
being studied under the DOE effort are those 
shown in Fig. 15, there are other potential 
thermal regimes sites for continental scientific 
drilling (Fig. 16) that may develop as the 
program matures. Continental scientific drilling 
is not a fixed or static effort and can be 
expected to change as the program evolves. The 
shallow drilling program at Long Valley may be 
drawing to a close this year or next, at least 
temporarily; thought is now being given to the 
development of a drilling plan to address the 
next phase beyond the shallow hole drilling. The 
current status of the scientific drilling 
activities at the SSSDP and the accomplishments 
at Long Valley are given in Pig. 17 and 18. We 
can look forward to a productive year at the 
Salton Sea and Long Valley in FY 1986 and hope 
that ve will be able to solve the difficult 
technological problems we will be facing as we 
cross the 300 degree C isotherm at the Salton 
Sea. 

In summary (Fig. 19), the Geosciences constitute 
a key area of science of broad importance 
throughout the DOE. The accomplishments of the 
Geosciences program have impacted a number of 
areas of energy technology and, indeed, have 
added a new energy resource (magma). Of the 
various geoscience initiatives, continental 
scientific drilling is the largest and most 
important. It is an area of research of high 
long-term relevance to DOE, especially in the 
area of thermal regimes. Other initiatives, such 
as chemical migration in the earth's crust, 
organic geochemistry and rock mechanics are also 
highly relevant to energy, and care must be taken 
to assure a strong, balanced effort throughout 
the Geosciences program of OBES so that the 
overall effort is not unduly distorted. 
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OFFICE OF BASIC ENERGY SCIENCES 

ACCOMPLISHMENT 
LONG VAUEY 

.SEARCH FOR OPTIMAL DRILLING LDCAlWNS. 1.D SEISMIC MAGINO 
- 4  FEDERAL AGENCIES -1 INDUSTRY - 1 STATE AGENCY -ma EFH)RT -DsM (FIG. 18) --DOE-ZOXDFTHEERORT - 7  uwmsmEs 

DRILUNG 
- m. RW-2.. OBSIDIAN WME. IYO WMES. a. m OBTAJN 

EOMPETENT OBSIDIAN SIMPLES AND m LOUTE THE uNomLnffi 
GRAmTK: EASEMENT R W .  5m FEET 

IN SUMMARY 

GEOSCIENCES KEY IN DOE - IMPACT A U  
TECHNOLOGIES; 

(F IG.  19) 
ACCOMPLISHMENTS HAVE HAD HIGH 
IMPACT ON ENERGY TECHNOLOGIES AND 
ADDED NEW ENERGY RESOURCE 

OF GEOSCIENCE INITIATIVES, CSDP IS 

HIGH RELEVANCE OF CSDP TO DOE 

LARGEST AND MOST IMPORTANT 

JUSTIFIES DEPARTMENT TO TAKE THE 
LEAD AMONG FEDERAL AGENCIES IN 
THERMAL REGIMES 
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4 GEOTHERMAL ACTIVITIES I N  CENTRAL AMERICA 
Sponsored by U.S. Agency f o r  In t e rna t iona l  Development 

by 

John T. Uhetten and Robert J. Hanold 

Mail S top  D446 
Ear th  and Space Sciences Division 
Los Alamos National Laboratory 
Los Alamos, New Mexico 87545 

ABSTRACT 

T h e  Agency f o r  I n t e r n a t i o n a l  Deve lopmen t  is 
funding a new program i n  ene rgy  and minerals for 
C e n t r a l  America. G e o t h e r m a l  e n e r g y  is a n  
important component. A count ry-wide  geo the rma l  
a s s e s s m e n t  h a s  s ta r ted  i n  Honduras,  and other  
assessment a c t i v i t i e s  are i n  p r o g r e s s  o r  p lanned  
f o r  Costa Rica, E l  Salvador, Guatemala, and Panama. 
Instrumentation f o r  well logging has been p r o v i d e d  
t o  Cos ta  Rica, and a self-contained logging truck 
w i l l  be made a v a i l a b l e  f o r  u se  th roughou t  C e n t r a l  
America. An i m p o r t a n t  o b j e c t i v e  of t h i s  program 
is t o  i n v o l v e  t h e  p r i v a t e  s e c t o r  i n  r e s o u r c e  
development. 

INTRODUCTION 

On F e b r u a r y  8 ,  1 9 8 5 ,  M .  P e t e r  M c P h e r s o n ,  
A d m i n i s t r a t o r  o f  t he  Agency f o r  I n t e r n a t i o n a l  
Development, and Senator Pete Domenici announced a 
new AID-funded program t i t l e d  " C e n t r a l  American 
E n e r g y  and Mine ra l  Development: A P a t h  Toward 
Economic S e c u r i t y . "  The c o u n t r i e s  i n c l u d e d  are 
C o s t a  R i c a ,  E l  S a l v a d o r ,  Guatemala,  Honduras,  
Panama, and ,  as a p p r o p r i a t e ,  c o u n t r i e s  of t h e  
Car ibbean .  The program is coordinated and managed 
by Los  Alamos  N a t i o n a l  L a b o r a t o r y .  I n i t i a l  
f u n d i n g  is $10.2 mi l l i on .  It is expected t o  be a 
multi-year program. 

0 i n c r e a s e  economic development and employment 

The ob jec t ives  are to  

i n  Cent ra l  America, 

0 p r o v i d e  a means f o r  t h e  p r i v a t e  s e c t o r  t o  
deve lop  ene rgy  and  m i  

0 p r o v i d e  t r a i n i n g  t o  co  
engineers. 

T h e  r e s o u r c e s  t a r g e t e d  f o r  a s s  
geothermal , p e a t ,  and m i n e r a l s .  Some a t t e n t i o n  
w i l l  a l s o  be g i v e n  t o  coa l  and l i g n i t e ;  petroleum 
and n a t u r a l  g a s ;  and wind, s o l a r ,  and  b i o m a s s .  
T h i s  p r o g r a m  w i l l  n o t  u n d e r t a k e  r e s o u r c e  
deve lopmen t .  T h a t  is a j o b  f o r  t h e  p r i v a t e  
sec to r .  

Much o f  t h e  work on t h i s  p r o j e c t  w i l l  be done by 
Los Alamos s c i e n t i s t s ,  eng lnee r s ,  and  economis t s .  
A s  a p p r o p r i a t e ,  c o n s u l t a n t s  w i l l  be u t i l i z e d  from 
t h e  p r i v a t e  s e c t o r ,  o t h e r  l a b o r a t o r i e s ,  a n d  
u n i v e r s i t i e s .  The U.S. G e o l o g i c a l  Survey  is 

con t r ibu t ing  t o  the ove ra l l  rogram, p a r t i c u l a r l y  
i n  t h e  g e o t h e r m a l  and m i n e r a l s  p r o j e c t s .  The 
f o l l o w i n g  d i s c u s s i a n  c e n t e r s  on  g e o t h e r m a l  
a c t i v i t i e s  t h a t  are p a r t  of t h i s  program. 

PILOT PROJECT ON ST. LUCIA 

T h i s  program was preceded by a geothermal p r o j e c t  
on St .  Luc ia ,  i n  t he  West I n d i e s .  Be fo re  1983, 
a t t e m p t s  t o  a s s e s s  and deve lop  t h e  geo the rma l  
resource  had been  made by B r i t i s h ,  I t a l i a n ,  and 
U . S .  c o n s u l t i n g  firms. However, no p r o d u c t i o n  
wells were d r i l l e d .  I n  1 9 8 3 ,  Los Alamos was 
funded by the Trade and Development Program of  the  
U.S. Department o f  S t a t e  t o  assess t h e  r e s o u r c e  
and recommend d r i l l i n g  sites. 

S t .  Luc ia  is a v o l c a n i c  i s l a n d .  Steam fumaroles 
and bo i l ing  pools occur near t h e  town of S o u f r i e r e  
w i t h i n  t h e  Q u a l i b o u  caldera, which formed 32,000 
t o  39,000 years  ago. Reg iona l  l i n e a r  f a u l t s  and 
c a l d e r a  f a u l t s  a p p e a r  t o  c o n t r o l  t h e  loca t ion  of 
thermal sp r ings  wi th in  t h e  ca ldera .  

A 5.2-km-long d ipo le -d ipo le  DC r e s i s t i v i t y  survey 
was conducted 3 l o n g  a n o r t h - s o u t h  t r e n d i n g  l i n e  
t h r o u g h  t h e  c a l d e r a  ( F i g .  1 ) .  An a p p a r e n t  
r e s i s t i v i t y  h i g h ,  g r e a t e r  t h a n  1 0 0 0  ohm-m, is 
l o c a t e d  below the Belfond area .  Beneath t h i s  high 
there is deeper l o w - r e s i s t i v i t y  material t h a t  is 
less t h a n  10 ohm-m. A zone  of very low apparent 
r e s i s t i v i t y ,  less  t h a n  1 ohm-m, u n d e r l i e s  t h e  
E t a n g s  a rea .  T h i s  zone is re la ted  t o  thermal 
u p w e l l i n g  a l o n g  w h a t  is p r o b a b l y  t h e  
caldera-bounding f a u l t  (Fig.  2). 

u r  S p r i n g s  a t  a d e p t h  of approx i -  
m a t e l y  600 m is h i g h e r  a p p a r e n t  r e s i s t i v i t y  

r i a l  r a n g i n g  from 40 ohm-m up to 150 ohm-m i n  
c e n t e r  of a 1-km-diameter h i g h - r e s i s t i v i t y  

c l o s u r e .  These data  s t r o n g l y  suggest a very ho t  
dry steam f ie ld .  

H y d r o g e o c h e m i c a l  d a t a  f r o m  Q u a l i b o u  caldera 
i n d i c a t e  a geo the rma l  r e s e r v o i r  u n d e r l i e s  t h e  
S u l p h u r  S p r i n g s  a r e a  t h a t  c o n s i s t s  o f  ( 1 )  an 
upper steam condensate zone ,  ( 2 )  a n  i n t e r m e d i a t e  
v a p o r  z o n e ,  a n d  ( 3 )  a l o w e r  b r i n e  z o n e .  
Temperatures as h igh  as 2 1 2 O C  were measured a t  a 
d e p t h  o f  600 m during previous shallow d r i l l i n g  a t  
Sulphur Springs.  Geochemical e v i d e n c e  i n d i c a t e s  
the  temperature of t he  br ine  may exceed 25OoC. 
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Fig. 1 
L o c a t i o n  of t h e  5.2-km-long r e s i s t i v i t y  p r o f i l e  
l i n e  (conta in ing  32 e l ec t rode  s t a t i o n s )  a c r o s s  t h e  
Qualibou caldera. 

? 
The recommended loca t ions  for explora tory  d r i l l i n g  . 
i n  Qualibou caldera are (Fig. 1 ) :  1 

(1 ) Craters of  Bel fond  - Caldera-related f a u l t i n g  
and recent  phreatomagmatic volcanism i n d i c a t e  
f r a c t u r e  p e r m e a b i l i t y ,  and low r e s i s t i v i t y  
s u g g e s t s  t h a t  geo the rma l  b r i n e s  o c c u r  a t  a 
depth of less than 1 km. 

1 

(2) Va l l ey  o f  Su lphur  S p r i n g s  - Hot s p r i n g s  and 
fumaro le s ,  f l u i d  chemical compos i t ions ,  and 
low f o r m a t i o n  r e s i s t i v i t y  a l l  i n d i c a t e  a 
geo the rma l  b r i n e  r e s e r v o i r  a b o u t  2 km d e e p  
w i t h  t h e  p o s s i b i l i t y  of a hot dry  steam f i e l d  
above t h e  b r ine  r e se rvo i r .  

(3 )  E tangs  - The southern caldera f a u l t  and a very  
low shallow r e s i s t i v i t y  suggest a r e s e r v o i r  of 
geothermal b r ine  a t  a depth of about 1 km. 

I n  s u m m a r y ,  Q u a l i b o u  ca lde ra  h a s  e x c e l l e n t  
geo the rma l  p o t e n t i a l ,  and e x p l o r a t o r y  d r i l l i n g  
s h o u l d  r e s u l t  i n  t h e  d i s c o v e r y  of a 
h igh- t empera tu re  b r i n e  r e s e r v o i r .  G e o t h e r m a l  
b r i n e s  (and  p e r h a p s  d r y  steam) may be found a t  a 
d e p t h  of 1-2 km unde r  t h e  c e n t r a l  and s o u t h e r n  
ca lde ra  area. 

F i e l d  work on St .  Lucia was completed wi th in  seven 
months of c o n t r a c t  i n i t i a t i o n ,  and i n  one  y e a r ,  
d e t a i l e d  r e s u l t s  were published i n  a s e r i e s  of Los 
Alamos Technical Reports ( R e f e r e n c e s  1-41. As a 
resu1.t  of t h i s  a s s e s s m e n t ,  U.S. A I D  and the U.N. 
Revolving Fund are p r o v i d i n g  o v e r  $5 m i l l i o n  for 
d r i l l i n g  and t e s t i n g  t o  begin e a r l y  i n  1986. This  
money w i l l  go t o  the p r i v a t e  s e c t o r ,  and a t  l eas t  
$2.5 mi l l i on  must be cont rac ted  t o  U.S. firms. 

PKJpored Ropored Ropored 
Well No. 2 Well No. 1 Well No. 3 

I I I A' A 

N 

1 5 -  

2 0  - 

S 

Fig. 2 

Apparent  r e s i s t i v i t y  data from t h e  dipole-dipole beneath t h e  a p p r g p r i a t e  g e o l o g i c  cross s e c t i o n .  
s u r v e y  p l o t t e d  a s  a f u n c t i o n  o f  d e p t h .  S h a d e d  areas d e p i c t  r e s i s t i v i t y  c o n t o u r s  of 10 
R e s i s t i v i t y  v a l u e s  are i n  ohm-m and are shown ohm-m or less. 
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8 
* GEOTHERMAL ACTIVITIES I N  CENTRAL AMERICA 

m j e c t i v e s  - The long-term geo the rma l  and 
a s s i s t a n c e  p l a n  t h a t  is b e i n g  f o r m u l a t e d  and  
implemented by Los Alamos and the U.S. Geological 
Survey is responsive t o  needs t h a t  were i d e n t i f i e d  
by s c i e n t i s t s ,  engineers,  and government o f f i c i a l s  
from C e n t r a l  American c o u n t r i e s .  T h e  p l a n  is 
designed t o  

(1)  I n s u r e  c o n t i n u e d  development of economical 

(2)  P r o v i d e  t e c h n i c a l  t r a i n i n g  t o  c o u n t e r p a r t  
o r g a n i z a t i o n s  for p l a n n i n g ,  o p e r a t i n g ,  and 
maintaining geothermal p l an t s .  

e l e c t r i c i t y  derived from geothermal energy. 

P r o g r e s s  To Date - D u r i n g  t h e  f irst  s i x  
months of t h i s  p r o j e c t ,  reconnaissance geo logy  and 
g e o c h e m i s t r y  s t u d i e s  were carried o u t  a t  s i x  
geo the rma l  s i t e s  i n  Honduras. P l a t a n a r e s ,  S a n  
I g n a c i o ,  and Azacualpa (Fig. 3 )  were selected f o r  
more detailed inves t iga t ions ,  and these s i t e s  were 
e x a m i n e d  by teams of Los AlamosIENEE (Empresa 
Nac iona l  de E n e r g i a  Electrica) g e o l o g i s t s ,  a n d  
e m p h a s i s  was p u t  o n  s t r u c t u r a l  g e o l o g y ,  
s t r a t i g r a p h y ,  and de t a i l ed  mapp ing  of t h e r m a l  
spr ings .  

Water samples  were co l lec ted  and  a n a l y z e d  from 
t h e s e  sites by a j o i n t  Los A1amosAJ.S.. G e o l o g i c a l  
S u r v e y I E N E E  team i n  order  t o  es t imate  t h e  
subsur face  temperatures of geothermal  r e s e r v o i r s .  
The samples  are c h a r a c t e r i z e d  by r e l a t i v e l y  high 
c h l o r i d e  waters hav ing  n e u t r a l  t o  a l k a l i n e  pH, 
c h a r a c t e r i s t i c s  t h a t  a r e  t y p i c a l  of h o t  
water-dominated geothermal systems. Estimates for 
s u b s u r f  ace geo the rma l  r e s e r v o i r  temperatures are 
as f o l l o w s :  P l a t a n a r e s ,  220OC; S a n  I g n a c i o ,  
20OoC; Azacualpa ,  185OC; Pavana, 145OC; and E l  
O l i  var , 130%. 

I n i t i a l  geothermal reconnaissance efforts i n  Costa 
Rica w i l l  center' on t h e  vo lcan ic  r e g i o n  su r round-  
i n g  t h e  M i r a v a l l e s  g e o t h e r m a l  development i n  
Guanacaste Province. 

Los Alamos p e r s o n n e l  have ove rhau led  a trailer- 
mounted well l o g g i n g  r i g  for i n t e r i m  u s e  i n  the  
M i r a v a l l e s  g e o t h e r m a l  w e l l s ,  a n d  l o g g i n g  is 
cur ren t ly  i n  p rogres s .  Tempera tures  up t o  235OC 
h a v e  b e e n  m e a s u r e d .  Measurements  be ing  made 
inc lude  pressure  and temperature as a f u n c t i o n  of 
d e p t h ,  w e l l b o r e  diameter and c o n t o u r ,  and f l u i d  
v e l o c i t y  i n  t h e  w e l l b o r e .  S a m p l e s  of t h e  
g e o t h e r m a l  r e s e r v o i r  f l u i d  have  been o b t a i n e d .  
The presence of wellbore s c a l i n g  i n  one p r o d u c t i o n  
w e l l ,  w h i c h  was s u s p e c t e d  by  I C E  ( I n s t i t u t o  
C o s t a r r i c e n s e  De E lec t r i c idad )  e n g i n e e r s ,  was 
ve r i f i ed .  

The s p e c i f i c a t i o n s  for a s e l f - c o n t a i n e d  well  
l o g g i n g  t r u c k  h a v e  b e e n  w r i t t e n ,  a n d  t h e  
procurement  p r o c e s s  h a s  begun. T h i s  t r u c k  w i l l  
remain i n  Cent ra l  America. I t  w i l l  h ave  on boa rd  
e l e c t r i c  a n d  h y d r a u l i c  s y s t e m s ,  a 3 , 0 0 0  m 
h igh - t empera tu re  logging  cable, and a l l  necessary 
equipment f o r  l ogg ing  geothermal  wells i n  remote  
areas, i n c l u d i n g  a s e l e c t i o n  of high-temperature 
downhole logging too ls .  

F a b r i c a t i o n  of a h i g h - o u t p u t  DC e l e c t r i c a l  
r e s i s t i v i t y  sys tem is  n e a r i n g  comple t ion .  T h i s  
u n i t ,  similar t o  t h e  sys t em t h a t  was used on St. 
Lucia, w i l l  remain i n  C e n t r a l  America t o  s u p p o r t  
g e o p h y s i c a l  e x p l o r a t i o n  a c t i v i t i e s .  It  w i l l  be 
used f i r s t  i n  Honduras. 

Guaisnvla 

San Pedro Sula 

t El ORvar 

Fiu. 3 
Honduras Geothermal Prospects 
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GEOTHERMAL NEEDS OF CENTRAL AMERICA 

H o n d u r a s  - B e f o r e  1 9 9 0 ,  ENEE must  make 
d e c i s i o n s  o n  how t o  meet Honduras '  g r o w i n g  
e l e c t r i c i t y  demands.  E N E E  has  r e q u e s t e d  an 
a s s e s s m e n t  o f  t h e  t e c h n i c a l  f e a s i b i l i t y  o f  
geothermal  power p l a n t s  i n  Honduras and t h e  most 
desirable l o c a t i o n s  f o r  development. Thus ,  a n  
e x t e n s i v e  geothermal  reconnaissance e f f o r t  is now 
underway. After completing e l e c t r i c a l  geophys ics  
m e a s u r e m e n t s  and  d r i l l i n g  sha l low t empera tu re  
g r a d i e n t  w e l l s ,  a s i t e  w i l l  b e  s e l e c t e d  f o r  
d r i l l i n g  production wells. The production t e s t i n g  
data from these wells w i l l  conf i rm (or  deny) the  
r e s e r v o i r  p o t e n t i a l  of t h e  s i t e  and provide ENEE 
w i t h  t h e  i n f o r m a t i o n  r e q u i r e d  t o  de t e rmine  i t s  
fu tu re  policy. 

Cos ta  Rica - W i t h  t h e  M i r a v a l l e s  geothermal 
f i e l d  undergoing a c t i v e  deve lopmen t ,  t h e  most 
u r g e n t  need of I C E  is f o r  equipment and technical 
expe r t i s e  t o  perform well logging  measurements i n  
t h e  p roduc t ion  wells. The measurements that  have 
b e e n  g i v e n  h i g h e s t  p r i o r i t y  i n c l u d e  w e l l  
t e m p e r a t u r e  s u r v e y s ,  p r e s s u r e  s u r v e y s ,  f low 
measurements t o  d e t e r m i n e  wh ich  h o r i z o n s  a r e  
producing  t h e  geothermal  f l u i d s ,  c a s i n g  p r o f i l e  
measurements  t o  check f o r  c a s i n g  damage and  
we l lbo re  s c a l e  accumulations, obtaining samples of 
t h e  pressurized r e s e r v o i r  f l u i d s  f o r  geochemical 
a n a l y s i s ,  cement bond l o g  s u r v e y s  t o  assess the 
i n t e g r i t y  of t he  bond between the  c a s i n g  and the  
fo rma t ion ,  and r e s e r v o i r  i n t e r f e r e n c e  t e s t s  f o r  
e s t i m a t i n g  t h e  p r o d u c t i o n  c a p a c i t y  o f  t h e  
geothermal reservoi r .  

I n  a d d i t i o n  t o  M i r a v a l l e s ,  o t h e r  r e g i o n s  within 
Costa Rica appear t o  have  s i g n i f i c a n t  geothermal 
e n e r g y  p o t e n t i a l .  T h e  most promis ing  of these 
r e g i o n s  w i l l  b e  i d e n t i f i e d  as p a r t  o f  t h i s  
program. 

E l  Sa lvador  - E l e c t r i c i t y  production from the 
Ahuachapan  g e o t h e r m a l  power p l a n t  h a s  b e e n  
d e c l i n i n g  s t e a d i l y  during recent years. The most 
u r g e n t  need o f  CEL (Canision Ejecutiva Hydroelec- 
t r i c a  del Rio Lempa) is t o  r e v e r s e  t h i s  t r e n d  and 
b r i n g  t h e  p l a n t  back t o  i t s  p rev ious  l e v e l  of 
p roduc t ion .  CEL h a s  i d e n t i f i e d  two p r o b a b l e  
c a u s e s :  d e c l i n i n g  r e s e r v o i r  p r e s s u r e  because  
geothermal  f l u i d s  a r e  n o t  r e i n j e c t e d  i n t o  t h e  
r e s e r v o i r ,  and mechanical damage i n  otherwise good 
p r o d u c t i o n  we l l s .  C E L  n e e d s  w e l l  l o g g i n g  
measurements and r e s e r v o i r  engineering expe r t i s e  
t o  devise  a p l a n  f o r  s o l v i n g  these problems and 
improving well production. 

A d j a c e n t  t o  A h u a c h a p a n  is a n  u n d e v e l o p e d  
geothermal area a t  Ch ip i l apa .  CEL has r eques t ed  
equ ipmen t  and pe r sonne l  t o  conduct  geophys ica l  
exploration a c t i v i t i e s  to  i d e n t i f y  t h e  geothermal 
r e s e r v o i r  and t a rge t  t he  most promising production 
well loca t ions .  

G u a t e m a l a  - T h e  mos t  u rgen t  need of I N D E  
( I n s t i t u t o '  Nacional  de E l e c t r i f i c a c i o n )  a t  t h e  
Z u n i 1  g e o t h e r m a l  f i e l d  is f o r  e q u i p m e n t  and 
technical expe r t i s e  t o  l o g  production wells. I N D E  
h a s  placed p a r t i c u l a r  impor tance  on cement bond 
l o g g i n g  b e c a u s e  t h e  we l l s  a r e  v e r y  h o t ,  and  

p roduc t ion  c a s i n g s  were cemented $in p l a c e  using 
convent iona l  modera te - tempera ture  cement. I N D E  
would a l s o  l i k e  t o  have  " t r a c e r "  tests performed 
t o  determine the comnunication between p roduc t ion  
wells through the  geothermal reservoir .  

I N D E  has a l s o  r eques t ed  ass i s tance  i n  understand- 
ing the geology, hydrogeochemistry, and geophys ics  
of the Amatitlan geothermal region. 

Panama  - T h e  V a l l e  d e  Anton  r e g i o n  is 
cur ren t ly  be ing  examined by I R H E  ( I n s t i t u t o  de 
R e c u r s o s  H i d r a u l i c o s  y E l e c t r i f i c a c i o n )  as a 
p o t e n t i a l  geothermal  energy  d e v e l o p m e n t  s i t e .  
I R H E  has r e q u e s t e d  a s s i s t a n c e  i n  conduc t ing  a 
hydrogeochemical r e c o n n a i s s a n c e  o f  t h e  area.  
E m p h a s i s  w i l l  b e  p l a c e d  o n  g e o c h e m i c a l  
t h e r m o m e t r y  t o  d e t e r m i n e  i f  a s u f f i c i e n t l y  
high-temperature reservoi r  e x i s t s  i n  t h i s  region. 
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SAN OVERVIEW/DISCUSSION OF 

HEAT CYCLE RESEARCH 

ANTHONY J. ADDUCI 
U.S. DOE SAN FRANCISCO OPERATIONS OFFICE 

* The San Francis0 Operations Off ice 's  Foss i l  two i n t e rna t iona l  agreements under Headquarters 
Geothermal and Solar  Division has two branches: d i rec t ion .  
(1) Foss i l  and Geothermal; and (2) Solar .  
Foss i l  and Geothermal (FG) Branch cons is t s  of 
seven s c i e n t i s t s  and engineers ,  (Table 1). 

The 
The program and pro jec t  l i s t i n g  presented i n  

Table 2, provides an overview of t he  breadth of 
our e f f o r t s .  

TABLE 1 

PERSONNEL I N  FOSSIL & GEOTHERMAL BRANCH 

The SAN Off ice  has been on the  cu t t ing  edge 
of new and innovative methods of working with 
industry including the  development of cooperative 
agreements f o r  demonstration plants .  A t  present, 
we are carrying out  a complex management organiza- 
t i o n  task f o r  t he  Sal ton Sea S c i e n t i f i c  Dr i l l i ng  
Program. 
pas t  two years ,  new technology t r ans fe r  methods 
with var ious i n d u s t r i a l  groups and organizations. 
These cont rac ts  w i l l  begin t o  take shape i n  
FY 1986 and should be the  pathf inder  f o r  other  
a l t e rna t ive  energy technology t r ans fe r  processes. 

ANTHONY J. ADDUCI, BRANCH SUPERVISOR 

.JOHN CRAWFORD, GEOLOGY/ENGINEERING 

LUCY GARCIA, TECHNOLOGY TRANSFER/ADMINISTRATION 

HAROLD LECHTENBERG, PETROLEUM ENGINEER 

We have aggressively pursued i n  the  

GARY PETERSON, CHEMICAL ENGINEER 

MARTY MOLLOY, GEOSCIENCES 

PAUL THRASH, MECHANICAL ENGINEER 

This a r ray  of programs is managed by the  
Office under Headquarters Direction. 
SAN have chosen t o  take t h i s  pos i t ion  f o r  two 
reasons. F i r s t ,  we have the  technica l  and 
s c i e n t i f i c  personnel wi th  experience t o  under- 
take the  necessary management a c t i v i t i e s ,  as w e l l  

Secondly, but much more important is t h a t  federa l  
funds are d i rec ted  t o  be used f o r  t he  development 
of technology o r  f o r  a pro jec t  and not t o  pur- 

r e spons ib i l i t y  of the  f ede ra l  manager. 

We a t  

1 
~ 

I 
1 
i as make technica l  recommendations and evaluations. 
! Under t h i s  branch our r e s p o n s i b i l i t i e s  range 

from basic  science i n  chemistry and materials t o  
major pro jec t  management leading t o  commercial 
operat ions,  chase cont rac t  management. This is the  basic 

I n  addi t ion ,  t h e  FG Branch maintains state, 
and loca l  government and DOD interagency coordina- 
t i on ,  has a very ac t ive  technology t r a n s f e r  ef- 
f o r t ,  and and is responsible  f o r  coordination of 

1 
i 
j 
I 
I 

1 
TABLE 2 

ASSIGNED PROGRAMS/PROJECTS 

GEOTHERMAL RESERVOIR TECHNOLOGY NAVY/DOE GEOTHERMAL COOPERATIVE AGREEMENT" 
~ 

~ GEOCHEMICAL ENGINEERING AND MATERIALS GEOTHERMAL TEST FACILITY* 

GEOTHERMAL STATE COOPERATIVE PROGRAMS FOR INTERNATIONAL AGREEMENTS: DOE/CFE (MEXICO) 
AZ, CA, H I ,  NV, AND THE PACIFIC TRUST 
TERRITORIES* 

GEOTHERMAL TECHNOLOGY TRANSFER 

HEBER BINARY GEOTHERMAL POWER PLANT 

SALTON SEA SCIENTIFIC DRILLING PROJECT 

DOE/ENEL (ITALY) 

H A W A I I  GEOTHERMAL PLAN* 

GEOTHERMAL PUMP DEVELOPMENT P R W  

INTEROFFICE SUPPORT, ALO/IDO 

i 

I t h e  SAN chaired session 
I * Not reviewed in-depth by o ther  papers i n  

1 
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A t  t h i s  point  I would l i k e  t o  stress the  
f i r s t  pa r t  of our branch name "Fossil." With t h e  
reorganizat ion of SAN i n  1983, the  Geothermal and 
Foss i l  Programs were combined and integrated.  
This brought t o  the  Branch a s k i l l e d  petroleum 
engineer and a chemical engineer (Table 1). Both 
have been in tegra ted  i n t o  the SAN Geothermal Pro- 
gram with the  petroleum engineer and h i s  d r i l l i n g  
experience going t o  the  SSSDP and the  chemical 
engineer adding the  chemical and materials pro- 
gram t o  h i s  l i s t  of management items. 

On the  o ther  s ide ,  t he  f o s s i l  groups gained 
ass i s tance  with the  Elk H i l l s  Petroleum reserve 
deep w e l l .  This i s  "a w e l l  of s ign i f i can t  i n t e r -  
est" t o  the  Continental Sc ien t i f i c  Dr i l l ing  
Program. 
continues to coordinate with Elk H i l l s .  This 
mutual enchancement of both programs a t  SAN is  
worthy of no t ice .  

SAN has made the  i n i t i a l  contract  and 

I n  the  SAN-chaired sess ion  of the Annual 
Program Review there  i s  not su f f i c i en t  time t o  
d e t a i l  a l l  the  aforementioned programs and pro- 
jects. I n  t h i s  sess ion  we are concentrating on 
the  progams and pro jec ts  which are of the  grea- 
test i n t e r e s t  t o  t h i s  audience. My overview 
presented here  w i l l  touch on those programsfpro- 
jects which w i l l  not be reviewed in-depth by 
o ther  papers i n  t h i s  session.  
indicated i n  Table 2. 

These are so 

Sta t e  Cooperative Programs of pa r t i cu la r  in- 
terest are presented i n  Table 3. F i r s t  is  the 

TABLE 3 

STATE PROGRAMS 

CAfNV COOPERATION ON 

- NEWBERRYfBRIDGEPORT RESERVOIR ON THE 
STATE BORDER 

HAWAII 

- GEOTHERMAL SUBZONING - HI TECH RESEARCH FACILITY 

CALIFORNIA ENERGY COMMISSION LIAISON 

- MAGMA PROGRAM 
- HYDROTHERMAL DEVELOPMENTS - NAVY PROGRAM 

IMPERIAL COUNTY, SONOMA COUNTY LIAISON 

joining of Cal i fornia  and Nevada i n  a mutual 
program t o  assess the  P ick le  MeadowsfNewberry 
Crater area on the  CaliforniafNevada border. 
This e f f o r t  i s  of extreme importance t o  both 
states. The Cal i forn ia  Energy Commission i n  f a c t  
has stepped i n  t o  f i l l  the  gap l e f t  when the  
Cal i forn ia  DMG respec t fu l ly  declined DOE funding. 

The funding of H a w a i i  geothermal e f f o r t s  i n  
FY 85 and the  appl ica t ion  of H a w a i i  S t a t e  funds 
has l e d  t o  two s ign i f i can t  events. F i r s t ,  H a w a i i  

is  the  f i r s t  s tate t o  designate-geothermal dgvel- , 
opment zones. Second, H a w a i i  dedicated i t s  Geo- 
thermal High Technology Center on August 3.4 with 
speeches from DOE Assis tant  Secretary Donna 
F i t zpa t r i ck  and Governor Aryoshi. 
advantages of t h i s  cen ter  are many: i t  is locat-  
ed i n  the  center  of t he  Pac i f i c  Ring; it i s  on a 
publ ic  resevoi r ;  the  climate is  very appealing; 
and the  S ta t e ,  county and univers i ty  a l l  support 
i t  along with t h e  H a w a i i  Natural Energy Ins t i t u t e .  
The Center w a s  recent ly  v i s i t e d  by delegat ions 
from Taiwan and Japan, who are both in t e re s t ed  i n  
conducting programs a t  the  center .  

The cen t r a l  

SAN has a l s o  been working with the  Cal i for-  
n i a  Energy Commission t o  coordinate and assist 
with hydrothermal developments; help coordinate 
the Sandia Magma Program; and act as l i a i s o n  with 
the  Navy. 
counties t o  assist them with geothermal planning. 

Another a rea  where SAN has been ac t ive ly  
involved i s  i n  coordination with the  Department 
of Defense through the  Navy Cooperative Agreement 
(Table 4) .  

We a l s o  work with Imperial and Sonoma 

TABLE 4 

NAVY COOPERATIVE AGREEMENT 

EFFORTS INCLUDE: 

- RESERVOIR ASSESSMENT . 

o FALLON 
o LONG BEACH 
o 29 PALMS 

- LIAISON & COORDINATION W I T H :  
o CALIFORNIA ENERGY COMMISSION 
o HAWAII DPED 
o NEVADA 
o ENEL/ITALY 

- SUPPORT & INTERACTION OF NAVY ENERGY 
PLANNING 

We have a s s i s t ed  the  Navy i n  ident i fy ing  the  
geothermal po ten t i a l  of and have provided advice 
on development of the  29 Palms, Fal lon and Long 
Beach geothermal reservoi rs .  In  addi t ion,  SAN 
has coordinated among t h e  Navy and the  S ta t e s  of 
Cal i fornia ,  H a w a i i  and Nevada. SAN was recent ly  
requested and funded by the  Navy t o  a i d  i n  fur- 
ther ing development of geothermal resources on 
Navy property worldwide. 
re-evaluation of third-par ty  power p lan ts .  

This includes the  

A program which s t i l l  requires  our a t t e n t i o n  
is  t h e  Reno heat ing project .  A t  present ,  t he  
project  i s  s t a l l e d  within the l ega l  system and 
u n t i l  those i n t r i c a c i e s  are sorted out ,  the  pro- 
ject w i l l  proceed slowly a t  best .  

The last  i t e m  I would l i k e  t o  address is  the  
Geothermal T e s t  F a c i l i t y ,  (Table 5). 
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+ TABLE 5 

* 
GEOTHERMAL TEST FACILITY 

t 

OPEN TO EXPERIMENTS 

o SURFACE EQUIPMENT h MATERIALS 
o EXPERIMENTS 
o DOWN-HOLE INSTRUMENTS 
o RESERVOIR TESTING 

INCREASE IN USE/CURRENTLY 

o 

o INEL/DIRECT CONTACT HEAT EXCHANGER 
o AMF SCIENTIFIC DRILLING/SPINNER 
o EIGHT OTHER INQUIRIES TO DATE 

SAN DIEGO STATE UNIVERSITY/WELL PROTECTION 
o USGS-FLAGSTAFF/DENVER 

Most of you know of the existence of the Geo- 
thermal Test Facility (GTF) in the Imperial Val- 
ley near the Magma East Mesa Plant. 
is alive and getting better. We have had 8 
inquiries in the past three months and currently 
have two tests in progress: one by private 
industry (AMF) and one by DOE'S Idaho National 
Engineering Laboratory. Last month we also had 
the U.S. Geological Survey (USGS) using our dedi- 
cated instrument well 31-1 to test their equip- 
ment in preparation for the Salton Sea Drilling 
Project. USGS will be back again in the next 9 
months for more tests and calibration. 

The facility 

For those who are not familiar with the 
facility it is operated to support tests and ex- 
periments of equipment to be used in geothermal 
systems. This includes materials, valves, pipes, 
coatings, turbines, separators, heat exchangers, 
and surface instruments to mention a few. There 
is  also a well available at any time for down 
hole instrument testing. 

There is  no charge for coming on the site, 
receiving brine, power, air, or office space. 

The GTF will: 

1. Receive your apparatus h help set it up 
2. Provide fluid, utilities, office space 

and a corporate pad area 
3. Help with tear-down and loading of 

experiments 

The GTF will not: 

. Run your apparatus 
2. Take data 
3. Require patent rights 

5. Approve anything for future use 

In other words no DOE "seal of approval" 

. 4. Verify your data 

i s  given. 

This facility has been host to geothermal 
experiments which could not be tested anywhere 
else. Please take advantage of this facility. 

The second portion of this presentation will 
concentrate on Heat Cycle Research, (Table 6). 

TABLE 6 

HEAT CYCLE RESEARCH 

o TWO-PHASE FLOW RESEARCH 
o HAWAII GEOTHERMAL PLANT 
o GEOTHERMAL PUMP DEVELOPMENT PROGRAM 

This is a misnomer since the Heat Cycle Research * 
Program has been assigned to Idaho Operations Of- 
fice for several years. However, SAN does have 
certain efforts in heat extraction which I will 
mention along with our yet to be finalized plans 
for the newly assigned program of geothermal pump 
development. 

First is the basic experimentation in two- 
phase flow research that is being conducted in 
association with Brown University. 
has been on-going for several years and is gra- 
dually defining two-phase flow regimes for well 
flows. 

This program 

The principal heat cycle project which 
is still on-going is the Hawaii Geothermal 
Power Plant (Table 7) .  

TABLE 7 

HAWAII POWER PLANT 

(BASE LOAD OPERATION) 

START OPERATION MARCH 1982 

AVE. PRODUCTION: 2.4 MW 

TOTALS (MARCH 1982 THRU JULY 85) 

OPERATING HRS 27,827 

NON OPERATING HRS 2,220 

MEGAWATT HOURS PRODUCED 67,102 

AVE. AVAILABILITY FACTOR 92.6% 
(CAPACITY FACTOR) 

This is the first operational well head power 
plant that has sustained long term operation for 
DOE. The well was drilled and the power plant 
designed, built and put into operation for $12 
million. It is not economical in power output 
nor is it heat cycle efficient, discharging 
liquid at 375" F and at 250 psig. However the 
objective of tapping reliable geothermal energy 
from an active volcanic rift has been proven by 
this facility. The electric company has placed 
an RFP €or a 24 MW plant and the basic need for 
the underwater cable project which DOE funds is 
due to the success of the HGP-A geothermal 
plant. 
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After a protracted start-up pekiod the plant 
began sustained base load operation in March 1982 
at approximately 2.5 MW output. (The plant never 
reached 3 MW due to the extensive use of steam 
for auxillary equipment). 
Table 7 this plant has produced significant elec- 
tricity and has achieved an availability factor 
in excess of 92% under base load conditions. 
What this table does not show is that the plant 
is so stable that scheduled maintenance cycles 
have been extended with no problems. 
scheduled maintenance will occur in September 
1985. 
tor. 
automatic startdown from the substation. 

As you can see in 

The second 

The plant requires only a day shift opera- 
The night and mid-night shifts are on an 

It is only fair to note that problems have 
been encountered at the facility. 
percolation system does not work efficiently; the 
H2S abatement system has high operating and 
maintenance costs and due to the inexpensive 
components used in the auxilliaries, overhaul or 
replacement is required. 
that the major question now is how long the plant 
will be kept in operation after the DOE contract 
terminates in 1988. Discussions have been 
going on for over a year with the State of 
Hawaii as to the future of the plant. 

The brine 

It should be stressed 

The principal new assignment to SAN in the 
area of Heat Cycle Research is the Geothermal 
Pump Development Program, (Table 6). This 
program was only recently transferred to SAN in 
August 1985. Thus, the level of detail presented 
here is very tentative. The assignment of this 
program to SAN includes some equipment and avail- 
able test facilities to build upon. 
budget has not been allocated for the program at 
this time. 

A FY 86 

The significant items available to this 
program are noted in Table 8. 

TABLE 8 

GEOTHERMAL PUMP DEVELOPMENT PROGRAM 

TANGIBLE ITEMS 

1 PORTABLE PUMP TEST FACILITY 

1 STATIONARY PUMP TEST FACILITY 

1 80 HP REDA PUMP 

1 300 HP REDA PLIMP 

OTHER ITEMS OF IMPORTANCE 

ERPI SUPPORT ON TEST FACILITY 
ELECTRICITY COSTS 
(OFFER LAPSES 12/85) 

and the stationary pump test facility is at the 
GTF in East Mesa. 
is not in operation. 
operated for a few weeks by REDA, and the 300" 
pump was built by REDA. The program also has a 
proposal from EPRI to pay for electricity to 
operate the stationary pump test facility for 
some months. This offer lapses at the end of 
December 1985. Also in 1983 Chevron offered to 
operationally test a field ready and acceptable 
pump at the Heber Binary project. This offer 
needs to be rechecked. 

- 
It has not yet bsen tested and 

The rebuilt 80 HP p q v  was 

The program in the past concentrated on 
down-hole submersible electric powered pumps. 
The future thrust of the program may be broader 
although a submersible pump will be the only type 
of pump considered. Other types will not be 
investigated since in discussions with developers 
over the past years it has always been the 
consensus that the submersible pump concept 
is the best. 
pump however, is the prime item of discussion 
and investigation. The basic need for a geo- 
thermal pump is for binary power systems. Binary 
systems require a liquid phase fluid to prevent 
heat exchanger thermal efficiency degradation 
through deposition. Other geothermal systems 
which need to supplement artesian well flow 
would also use the pump. 
of the program are noted in Table 9. 

The source of power to drive the 

The overall objective 

TABLE 9 

GEOTHERMAL PUMP DEVELOPMENT 

OBJECTIVE : 

TO DEVELOP A SUBMERSIBLE PUMP FOR 
GEOTHERMAL FLUID PRODUCTION. 

NEED: 

A CRITICAL COMPONENT FOR BINARY POWER 
PLANTS, NON-ELECTRIC APPLICATIONS MAY 
ALSO FIND PUMPS ADVANTAGEOUS. 

Our first rough ideas at SAN are to formu- 
late a plan to cooperate with the pump industry 
to develop a pump designed for geothermal opera- 
tion and not just a modified water or oil field 
pump. 
including cost sharing of designs, fabrication of 
small prototypes, and offering to successful pro- 
totypes the use of both the portable pump test 
facility and the operational stationary pump test 
facility. Our initial plans for pump development 
are summarized in Table 10. 

This cooperation could take many forms 

, 
1 

CHEVRON OFFER TO TEST AN ACCEPTABLE 
PUMP AT HEBER 

The portable pump test facility is operational; 
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TABLE 10 

CXOTHERMAL PUMP DEVELOPMENT 

TENTATIVE PLANS 

1. ~ COOPERATE WITH INDUSTRY TO DESIGN A SUB- 
MERSIBLE PUMP FOR GEOTKERMAI. FLUID PUMPING. 

2. COORDINATE WITJI DEVELOPERS TO RECEIVE INPUT 
ON PUMP PERFORMANCE SPECS. AND FIELD TEST 
OPPORTUNITIES 

3. COOPERATE IN THE FABRICATION OF PROTOTYPES. 

4. PLACE INTO AN OPERABLE CONDITION AND MAKE 
AVAILABLE BOTH PUMP TEST FACILITIES FOR 
INDUSTRY USE. 

5. SCHEDULE TBD 

6 .  FUNDS TBD 

7. OTHER TBD 

I n  the short month we have had the  program 
Much depends upon FY 86 we have made progress. 

funding l eve l s  and programmatic discussions with 
Headquarters. 
l eve l  nor a schedule f o r  t h i s  a c t i v i t y  budget can 
be accurately predicted. 
an  e f f i c i e n t  r e l i a b l e  geothermal submersible pump 
w i l l  be ready fo r  a f i e l d  test f o r  a t  least 3 
years, however. 
ger depending upon the  a v a i l a b i l i t y  of funds. 
Based upon the success of the  Eeber Binary P lan t  
these  pumps w i l l  d e f i n i t e l y  be needed i n  the  fu- 
ture espec ia l ly  i f  the  present  sha f t  pumps become 
the  primary f ac to r  a f f ec t ing  plant  e f f ic iency  and 
economics . 

A t  t h i s  t i m e ,  ne i the r  a funding 

It does not look l i k e  

It could be s ign i f i can t ly  lon- 
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HEBER BINARY PROJECT 

Tiffany T. Nelson , 

Robert G. Lacy 

San Diego Gas & Electric 
Post Office Box 1831 

San Diego, California 92112 
(619) 235-7754 

ABSTRACT 

The need to demonstrate commercial scale, 
binary cycle, geothermal technology was first 
expressed in the mid-1970's in EPRI Report ER-1099. 
From those initial conceptual plans, athe Heber 
Binary Project has finally evolved into an 
operating plant. Engineering was kicked off in 
early 1981, and construction at the site began in 
June 1983. Construction was completed in June 
1985, and following the start-up phase, the 
generator was synchronized in June 1985. Initial 
component data is starting to be gathered, and, as 
the second phase of brine field development comes 
on stream, more plant data will become available. 
A two-year, full-load demonstration period ending 
in 1988 is planned for the plant before it goes 
into commercial operation. 

INTRODUCTION 

Formally begun in September 1980 with the 
signing of a Cooperative Agreement between San 
Diego Gas and Electric (SDGbE) and the U. S. 
Department of Energy (DOE), the goal of the Heber 
Binary Project is to prove the economic and 
operational viability of binary cycle geothermal 
technology in a commercial scale geothermal power 
production. Also counted among the Project's 
sponsors are the Electric Power Research Institute, 
the State of California, Imperial Irrigation 
District, the Department of Water Resources, 
Southern California Edison, Pacific Gas and 
Electric, and Fluor Engineers, Inc. By providing a 
proven alternative to the flash process on low- to 
moderate-temperature (below 400'F) geothermal 
resources, the Project hopes to expand the 
worldwide development of geothermal energy into 
these lower- temperature resources. 

LOCATION 

The plant is located on a 17-acre site in the 
southern portion of California's Imperial Valley 
and will utilize geothermal brine from the Heber 
KGRA. 

PROCESS DESCRIPTION 

The process used by the plant is a 
supercritical Rankine cycle with a 90/10 mixture of 
isobutane and isopentane as the binary working 
fluid. Geothermal brine provides the heat source 
to vaporize the working fluid, and a wet cooling 
tower provides the heat sink to condense the 
exhaust from the turbine. 

The geothermal brine is produced from pumped 
wells at an adjacent facility owned by the 
Project's heat supplier. Once the heat is 
removed, the brine is returned to the heat supplier 
for reinjection at his facility located about one 
and a half rdiles from the plant. Both the 
production and injection facilities utilize the 
island drilling concept with directionally drilled 
wells to minimize land use. Shaft-driven downhole 
pumps, set at about 720 feet in the supply wells, 
produce the brine at sufficient pressure to 
maintain it in the liquid phase throughout the 
process to minimize scaling and corrosion problems 
and to eliminate the need to remove non-condensible 
gases. With brine as the tube side fluid, a bank 
of eight shell and tube heat exchangers are 
arranged in two parallel trains and are used to 
transfer the geothermal energy from the brine. 
Variable speed brine return pumps are then used to 
elevate the cooled brine to reinjection pressure 
prior to its return to the heat supplier. 

The hydrocarbon working fluid is contained 
within a closed loop. After being condensed, the 
liquid hydrocarbon is elevated to supercritical 
pressure by two sets of pumps operating in series. 
The liquid hydrocarbon is vaporized in the heat 
exchangers and flows through a knockout drum to 
remove any entrained liquids prior to the turbine. 
The hydrocarbon vapor expands through the turbine 
to drive the generator and exhausts to the 
condensers to complete the cycle. 

The plant operates with a floating cooling 
cycle. Cooling water temperature, which determines 
condenser pressure, is allowed to fluctuate with 
ambient wet bulb temperature. As a result, 
generator output varies with ambient conditions for 
a given set of turbine throttle conditions. 
Floating cooling improves plant efficiency and 
reduces brine requirements for the designed 45 MW 
average annual output plant. Figure 1 shows the 
schematic of the plant with the major process 
stream conditions for rated plant output at 55'F 
wet bulb temperature. 

PLANT DESIGN 

During the course of engineering, the plant 
design evolved extensively from the early 
conceptual drawings. In addition to the 
requirements for normal steady state plant 
operations, features to facilitate plant warm-up, 
shutdown, system evacuation, and maintenance had to 
be added before arriving at the final design. The 
fire protection system and other ancillary systems 
were also added to support the plant. As system 
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Figure 1 Plant Diagram with Full Load Stream Conditions at 55OF WBT 

requirements were set, Fluor Engineers, Inc., the 
Project architectlengineer, also conducted numerous 
studies to optimize component size and 
configuration. 

Within the brine system, the major components 
are the brinelhydrocarbon heat exchangers and the 
brine return pumps. The heat exchangers are 
plumbed in two four-shell trains with no provisions 
to valve out individual shells. The brine return 
pumps control brine flow through the plant and, in 
that way, are an integral part of the control 
scheme of the plant, since brine flow is directly 
related to the amount of heat added to the process. 
Hydraulic couplings were selected to give these 
pumps variable speed capability to meet both the 
varied flow and injection pressure requirements. 

In addition to its major components, the brine 
system includes facilities to cool and store hot 
brine for system filling and to recirculate brine 
within the plant during warm-up. A 100% capacity 
brine bypass line allows the heat exchangers and 
return pumps to be bypassed on a plant trip while 
still maintaining flow in the supply and injection 
wells. 
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On the hydrocarbon side, the early manifolded 
arrangement of the hydrocarbon pumps was changed to 
a series arrangement of pump pair sets to simplify 
piping and pump minimum flow protection. Liquid 
inventory in the hydrocarbon loop is controlled in 
the reservoirs located directly below the 
condensers by transferring liquid to and from the 
storage tank. To accommodate warm-up, a liquid 
bypass between the heat exchanger discharge and the 
condensers is provided. A turbine bypass, sized 
for 20% flow, is also included for the later stages 
of warm-up just prior to rolling the turbine. The 
hydrocarbon system design pressure of 850 psi is 
sufficient to contain the pressure transient on a 
turbine trip, thus allowing the turbine bypass to- 
only be sized for warm-up purposes. A coalescing 
filter has been added to remove water, rust scale, 
and other foreign matter. Its capacity is 2% of 
the total hydrocarbon flow. 

The cooling water loop is a standard wet 
cooling tower system. Two settling ponds, gravity 
fed from the nearby irrigation canal, allow silt 
and other solids to settle out before entering the 
system. The canal water is first treated with a 
coagulant at the pond to p-romote the settling of 
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suspended solids, and at the tower, it is treated 
with chedicals to reduce biological growth and stem 
corrosion rates. Cooling water is circulated 
through the system by two vertical cooling water 
pumps. 

A digital, microprocessor-based control system 
has been used rather than a conventional analog 
system. The digital system offers greater 
flexibility, reduced control room size, and 
increased data acquisition capability, The main 
components of the central control system are the 
distributed control system, which controls the 
plant, the programmable controller system, which 
performs start/stop motor logic for all major 
pumps, and the data acquisition system, which 
provides all plant reporting and data acquisition. 
The plant is designed for base load operation with 
operator-commanded load change capability. The 
control scheme initiates the appropriate change in 
brine and hydrocarbon flow on any commanded load 
change with the rate of the process determinitlg the 
rate of load-addition. To prevent operation of the 
turbine in the two-phase region, turbine control 
valve actuation can be inhibited, based on inlet 
pressure and temperature, until sufficient inlet 
condition margin is achieved to support a higher 
load. 

After the major process systems, the plant 
tire protection system is the most extensive. The 
plant’s system is similar to those found in 
refineries, relying on water spray systems to keep 
equipment cool until the hydrocarbon source feeding 
a fire can be shut off and the fire allowed to burn 
itself out. An underground network of fire mains 
feeds the spray systems with the water provided by 
fire pumps, which take suction from the settling 
ponds. Cross-zoned ultraviolet (UV) detectors and 
combustible gas detectors comprise the hazard 
detection system, which actuates the water spray 
systems. Other major auxiliary systems include the 
hydrocarbon unloading and recovery system, flare 
system, inert gas system, and service water system. 

MAJOR FQUIPMENT 

The total equipment cost for the Project was 
$47.6 million. All equipment was competitively bid 
and purchased under the requirements of federal 
procurement regulations, which was a condition for 
DOE funding. Table 1 lists the costs and design 
specifications for the major plant components. 

,TABLE 1 

Turbine-Generator $5.7M 

Four stage, double axial flow, 3,600 RPM turbine; 
86% efficiency at guarantee point; 3 phase, 60 Hz, 
13.8 KV, 77.8 MVA, hydrogen cooled generator 

Heat Exchangers $7.2M 

T”9 pass, counterflow, 1,584 MBTU/hr, 38,200 
ft /shell, 850 psi, shellitube side design pressure 
.75 in. OD, 20 BWG Al 29-4c tubes 

Condensers $4.9M 

Twg pass, cross flow, 1,342 MBTU/hr, 203,260 
ft /shell, .75 In. OD, 20 BWG Sea Cure tubes 

Brine Return Pumps $1.5M 

Single stage, horizontal split, 6,000 gpm, 1,250 
ft. head, variable-speed hydraulic coupling, 
2,500-hp motor 

Hydrocarbon Condensate Pumps $.5M 

Three stage, vertical can, 8,670 gpm, 570 ft. head, 
900-hp motor 

Hydrocarbon Booster Pumps $1.3M 

Two stage, horizontal split, 8,670 gpm, 2,110 ft. 
head, 3,500-hp motor 

Cooling Water Pumps $.8M 

Single stage, vertical, 70,000 gpm, 100 ft. head, 
2,250-hp synchronous motor 

Cooling Tower $2.7M 

Nine cell, induced draft, counterflow 

The turbine generator was the most unique 
piece of equipment procured by the Project, since 
no other similar machine of its size existed. The 
specitication called for a complete turbine 
generator package with a guarantee of throttle flow 
at rated output of 70 MW and specific inlet and 
exhaust conditions. Included in the package are 
dual stop and throttle valves, a separate 
synchronization valve, separate lubrication and 
seal oil systems, and a flexible generator 
coupling. The barrel case construction of the 
turbine allowed side entry for the inlet and 
exhaust piping, eliminating an elevated turbine 
pedestal for a downward exhaust. 

The largest single capital cost components are 
the heat exchangers and condensers, which represent 
about 25% of the total cost for equipment. To keep 
costs to a minimum, an extensive cost reduction 
study was undertaken concentrating primarily on the 
heat exchangers. Surface area and configuration 
were optimized, and excessive conservatism was 
removed from the design fouling factor. The 
surface area optimization revealed that capital 
costs increased about twice as fast as operating 
costs declined for narrowing pinch points. This 
pushed the optimized surface area towards a larger 
design pinch point and resulted in the selection of 
12°F pinch point for the heat exchangers. The 
configuration optimization revealed that total cost 
of the heat exchangers dropped as the same surface 
area was packaged in fewer and larger shells until 
the size of the shells became too large. Other 
heat exchanger features are identical tube and 
shell design pressures , and a “no-tubes-in-the- 
window” baffle design. The condensers feature a 
cross-flow design with a two-pass shell. 
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. 
additional contract was awarded fo  a specialty ' 
heavy lift contractor in the first quarter of 1984 
to move the large vessels and heat exchangers from 
the local railhead to the site and rough set them 
on their foundations. This interim contract was 
required, since equipment delivery was coming at a 
time too early to award the Mechanical contract. 
Construction was completed and the Project turned 
over to Plant Operations in June 1985. 

Material selection for the heat exchanger and 
condenser tubes was the subject of another study. 
Considering corrosion resistance, cost, and a 
30-year plant life, Alleghany Ludlum's AL 29-4c was 
selected for the heat exchangers, and Trent Tube's 
"SeaCure" was the selected material for the 
condensers. Both are ferritic stainless steel with 
chromium contents in excess of 26%. The remainder' 
of the plant, for the most part, is carbon steel 
with fiberglass-reinforced plastic cooling water 
piping as the major exception. 

HEAT SALES CONTRACT 

Supplying the heat for the Project are Chevron 
Geothermal Company (Chevron) and Union Oil Company 
(Union), who are the two major leaseholders in the 
Heber KGRA. SDG&E initially negotiated the Project 
heat sales contract with Union. Chevron, as 
majority leaseholder in the Heber unit and unit 
operator, exercised its right to participate in the 
sale of.heat to the Project. The development of 
the reservoir for the Project takes a phased 
approach, with 50% brine flow due in May 1985 and 
full brine flow due a year later. 

The cost of heat will be made up of a 
commodity charge and a demand charge. Included in 
the pricing formula for both charges is a factor 
which removes from the payment the cost of heat 
used t o  generate the electric power for the brine 
production and return pumps, since the plant is 
supplying the power for those pumps. During the 
demonstration phase, the Project will pay the heat 
supplier's actual operations and maintenance (O&M) 
expenses in addition to the cost of heat. The base 
price for heat, which is $1.15 per million BTU's 
during most of the demonstration phase, excludes 
the heat supplier's O&M costs. Before the plant 
goes into commercial operation, an increment to 
account for field O&M will be negotiated and added 
to the $1.15 price. The base price is also 
adjusted by an escalation factor, which is a 
composite of several indices that relate to the 
heat supplier's cost of doing business. 

CONSTRUCTION 

The construction of the plant was organized 
into four major construction packages and three 
smaller ones. All packages were competitively-bid, 
fixed-price contracts overseen by a construction 
manager, Dravo Constructors, Inc. Construction 
began in June 1983 with the Site Development 
package, which entailed rough grading, installation 
of the settling ponds, and construction of the shop 
and main buildings. Shortly thereafter, in August, 
the Civil/ Structural contract, which contained all 
foundations, pipe supports, and underground piping 
and electrical conduit, was awarded. 

The Mechanical and the Electrical contracts 
were awarded in April and June 1984, respectively, 
which encompassed the bulk of plant construction. 
The three remaining packages for painting, paving, 
and landscaping were separated out to allow small 
contractor participation in the Project. The first 
two were awarded in the first quarter of 1985. An 

START-UP 

Plant start-up officially began in October 
1984 with the energization of the plant switchyard. 
Start-up is the responsibility of SDG&E and 
consists of process transmitter and control loop 
checkout, as well as actual equipment start-up. 
Start-up and turnover to Plant Operations of the 
auxiliary systems and cooling water system was 
completed in March 1985. Plant warm-up and initial 
turbine roll occurred in May. The generator was 
synchronized for the first time in June 1985. 

OPERATIONS AND DEMONSTRATION 

The operation and maintenance function at the 
plant has been contracted to WESTEC Services, Inc., 
who will be overseen by an on-site SDG&E plant 
staff, including a site supervisor, plant engineer, 
engineering assistants, and a plant chemist. 
Formal classroom operator training began in July 
1984 and was later supplemented with on-the-job 
training as construction and start-up progressed. 
The plant is manned twenty-four hours a day by a 
four-man rotating shift consisting of a shift 
supervisor, control operator, assistant control 
operator, and maintenance helper. The maintenance 
staff is on-site during the normal work day and 
includes four instrument technicians in 
anticipation of the instrument calibration 
requirements of the Test Program. 

The plant Test Program began after initial 
synchronization when the Start-up Group turned the 
plant over to Plant Operations. The initial phase 
of testing will concentrate on individual plant 
components to verify contractually guaranteed 
performance and establish baselines for future 
performance measurement. Once full brine flow is 
achieved, the DOE Facility Acceptance Test will be 
performed signifying the start of the two-year 
Demonstration Period. During the Demonstration 
Period, the majority of the plant level steady 
state and transient tests will be conducted. These 
tests will determine plant performance under a 
variety of conditions, as well as indicate the 
speed of the process in reacting to upset 
conditions. In addition to these tests, component 
and plant performance will be measured on a regular 
basis to determine fouling and equipment 
degradation rates. In parallel with the Test 
Program data, plant and component reliability data 
will be maintained through Demonstration. A good 
plant availability record is a key for future plant 
development, and the Test Program is structured to 
minimize tests in the last six months of 
Demonstration to simulate the operating schedule of 
a commercial plant. 
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One of the chief goals of Demonstration, in 
addition to,fhe plant test data, is to determine 
the expected costs for future binary p.lants. A 
studpis already underway to determine what the 
engineering costs for a second plant would be 
without the cost associated with designing a 
first-of-a-kind R&D plant. Other studies will look 
at construction and project management costs as 
these phases wind down. As operating data becomes 
available, potential plant design and component 
improvements will be investigated, all with goal of 
reducing equipment costs. 
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ABSTRACT 

Research a t  the Pacific Northwest Labora- 
tory (PNL) focuses on long-term geothermal power 
plant re1 iabi l  Sty. Past work concentrated on 
development of continuous high-temperature probes 
fo r  monitoring process variables. PNL a lso 
completed a comprehensive handbook of brine t reat-  
ment processes as  they r e l a t e  t o  injection well 
longevity. 

A recently completed study analyzed corrosion 
i n  the hydrocarbon system of a binary cycle plant. 
Over the two-year monitoring period, corrosion 
rates were less than 1 MPY i n  any part  of the 
hydrocarbon system. The system,was kept completely 
dry so the ra tes  seem reasonable. 

Present projects include: 

0 Determination of Gas Breakout Conditions a t  
the Heber Binary Demonstration Plant Operated 
by San Diego Gas and Electric Company ( l a t e r  
referred t o  as the Heber Plant). 

Brine chemistry data p lus  resul ts  of 
these tests indicate f a i r l y  low potential fo r  
ca l c i t e  scaling a t  the Heber Plant. 

0 Generation of Water Mixing Solubili ty Data 

Experimental data from this project will 
be used i n  the data base of a computer program 
being developed the University of 
California, San . That program will 
predict scaling species fo r  geothermal brines 
a t  various temperatures and pressures. 

0 Installation of Prototype Leak Detectors a t  
the Heber Plant 

Four u n i t s  have been installed to  detect 
leaks of brine into hydrocarbon, cooling water 
into hydrocarbon, hydrocarbon into brine, and 
hydrocarbon into cooling water. A1 1 units 
s t i l l  need f i e l d  calibration. 

0 Evaluation of State-of-the-Art Particle 
unters 

Laboratory testing i s  underway on a new 
model ultrasonic par t ic le  measurement instru- 
ment. A new l a se r  u n i t  is expected soon and 

will a lso be tested i n  the laboratory before f i e ld  
testing of both units. 

INTRODUCTION 

The history of geothermal power development 
shows that  corrosion, scaling, and reinjection of 
waste waters have caused unexpected plant failures.  
Often these fai lures  result i n  shutdowns of many 
months f o r  repairs. The fa i lures  have occurred i n  
valves, turbines, pumps, pipe materials, heat 
exchangers and injection wells. Since the geo- 
thermal market is small, there is l i t t l e  incentive 
fo r  vendors to  f i n d  the cause of fa i lures  and 
upgrade their materials and designs f o r  service i n  
hot brines. 

The objectives of the PNL program have been t o  
research the causes of corrosion and scaling 
fai lures  i n  existing plants and t o  develop the 
science of the chemical processes involved so 
future plants can be economically viable. Advanced 
instrumentation is being developed and tested t o  
col lect  data on scaling and corrosion. The instru- 
ments and data together should eventually provide 
early detection f o r  plant operators so they can 
avoid possible problems. 

PROJECT SUMMARIES 

CORROSION IN HYDROCARBON SYSTEMS 

Early i n  the operation of a binary cycle power 
plant, corrosion was noticed on the hydrocarbon 
side of heat exchanger tubes. Since water and 
brine had occasionally contacted the hydrocarbon 
side surfaces, i t  was unknown whether the corrosion 
was due just t o  the aqueous exposure o r  i f  the iso- 
butane itself was somehow corroding the metal. A 
test program was designed to  monitor the corrosion 
fo r  a two-year period i n  order t o  answer that  
question and t o  test the monitoring equipment a s  
well. 

Four conunerci a1 res i s tance-type con ti nuous 
corrosion probes were installed i n  the hydrocarbon 
loop of the binary cycle geothermal power plant. 
A t  each probe location, ten corrosion coupons were 
also installed.  The locations were picked t o  
monitor cool liquid, warm liquid,  hot vapor, and 
cool vapor. Figure 1 shows a typical trace fo r  a 
probe i n  the warm liquid. Probes i n  the other 
three locations showed similar low corrosion 
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ra tes (i.e., less than 1 MPY). A l l  coupon data 
a lso supported the continuous probe information. 
For the e n t i r e  monitor ing period, special care was 
taken t o  keep the hydrocarbon dry. Thus, the low 
corrosion rates would i nd i ca te  t h a t  isobutane by 
i t s e l f  i s  no t  corrosive t o  carbon steels.  

GAS BREAKOUT EQUIPMENT 

One prevalent sca l ing species i n  geothermal 
systems i s  calcium carbonate. It forms when carbon 
d iox ide i s  released from the b r ine  and the b r ine  
becomes supersaturated i n  calcium carbonate 
( ca l c i t e ) .  Although the thermodynamics o f  c a l c i t e  
formation i s  f a i r l y  we l l  understood, no r e l i a b l e  
methods e x i s t  f o r  p red ic t i ng  when f l ash ing  and 
r e s u l t i n g  p r e c i p i t a t i o n  w i l l  occur i n  geothermal 
brines. 
San Diego i s  working on a computer model t o  make 
the predic t ions , but  lacks some key experimental 
high-temperature s o l u b i l i t y  data.) 

The consequences o f  c a l c i t e  sca l ing can be a 
choking o f  production we l l s  o r  process p ip ing  o r  
plugging o f  the d i s t r i b u t i o n  p la te  i n  heat 
exchangers. Normally the e f f e c t  i s  l oca l i zed  
because c a l c i t e  formation k i n e t i c s  are so rapid. 
The c a l c i t e  formation zone i s  always near the po in t  
o f  i n c i p i e n t  f lashing. The key t o  keeping the 
c a l c i t e  i n  so lu t i on  i s  simply overpressuring the 
b r ine  t o  be sure carbon d iox ide does not come out 
of solut ion.  Too much overpressure adds t o  pumping 
costs. Thus, accurate knowledge o f  breakout 
pressures a t  any given temperature would a l low 
optimum pump operation. 

A f i e l d - s t y l e  instrument has been developed 
which w i l l  experimentally determine breakout 
condi t ions f o r  a pumped b r ine  stream over a range 
o f  temperatures. The equipment i s  shown schemati- 
c a l l y  i n  Figure 2. I t s  de ta i l ed  operation i s  
described i n  another document (Ref. 1). The 
instrument i s  mounted on three skids t o  enhance i t s  
p o r t a b i l i t y .  One contains the actual  breakout 
equipment, a second contains recording instruments 
only, and the t h i r d  i s  a rad ia to r  plus fan f o r  
cool ing a r e c i r c u l a t i n g  water stream. A l l  t h a t  i s  
needed a t  a t e s t  s i t e  i s  e l e c t r i c a l  power f o r  the 
rad ia to r  fan and the instrumentation. A portable 
generator can be used t o  supply the necessary 
power. 

During operation the b r ine  temperature can be 
var ied and then con t ro l l ed  a t  any desired tempera- 
tu re  by changing the f low through and the bypass 
around two heat exchangers. Pressure a t  a s i g h t  
glass i s  con t ro l l ed  using an adjustable o r i f i c e .  
As pressure i s  reduced i n  the s i g h t  glass ( a t  a 
f i x e d  temperature), gas bubbles are eventual ly 
released. The pressure a t  which bubbles begin t o  
form i s  termed the breakout pressure f o r  t ha t  
temperature. A gas breakout curve i s  generated by 
changing the temperature a t  the s i g h t  glass and 
recording the new breakout pressure. Figure 3 
shows breakout curves f o r  the East Mesa and Heber 
Known-Geothermal-Resource-Areas. The i n t e r e s t i n g  
d i f ference i n  the two curves i s  the much higher 
pressure required t o  keep gas i n  so lu t i on  i n  the 
East Mesa brines. The explanation l i e s  i n  the 
s i g n i f i c a n t l y  d i f f e r e n t  b r i ne  chemistries o f  the 

(Dr. Weare a t  the Univers i ty  o f  Cal i forn ia ,  

two reservoirs.  Table 1 shows a p a r t i a l  a n a l j s i s  (c 

o f  both br ines w i t h  emphasis on components t h a t  
a f f e c t  CO s o l u b i l i t y .  Heber b r i ne  has a much 
lower tota? gas content than the East Mesacbrine. 
Also, the f r a c t i o n  o f  CO, i n  the gas i s  much lower 
f o r  the Heber brine. Consistent w i t h  the gas 
measurements i s  a reduced t o t a l  CO, content i n  the 
Heber br ine.  

TABLE 1. P a r t i a l  Chemical Analyses o f  
Heber and East Mesa Brines 

Constituent 

Na 
c1 
Ca 
HCO, 
Total  CO, 

East Mesa Heber 
mgla mg/a 

2085 4070 
3449 7730 
51.5 806 
492 40.5 
1519 164 

Gas Analyses 

Total  Gas ( /lo6 g br ine)  460 42 

CHI, (mole %) 17.4 13.2 
N, (mole %) 5.2 70.3 

CO, (mole ~7 77.2 9.7 

WATER M I X I N G  SOLUBILITY DATA 

I n  any comnercial geothermal power plant,  the 
feed water i s  a mixture o f  f l u i d s  from many wells. 
Chemistry di f ferences between the wel ls  are t o  be 
expected. Only s l i g h t  changes i n  chemistry are 
needed t o  cause undesirable p r e c i p i t a t i o n  reactions. 
Work a t  the Univers i ty  o f  Cal i forn ia ,  San Diego i s  
developing a computer code t o  p red ic t  sca l ing 
tendencies o f  br ines upon mixing. Unfortunately, 
good experimental s o l u b i l i t y  data a t  h igh tempera- 
tures (300'C) i s  not  avai lab le f o r  many mineral 
species. The purpose o f  PNL's work i s  t o  generate 
some o f  the missing s o l u b i l i t y  data using laboratory  
scale equipment. Work t o  date has concentrated on 
c a l c i t e  s o l u b i l i t y .  

Figure 4 shows a schematic o f  the equipment 
used. Simulated br ines are prepared w i t h  known CO 
contents. This b r i ne  i s  pumped slowly (1-2 ml/minf 
through a packed bed o f  ca l c i t e .  The c a l c i t e  bed 
i s  maintained a t  a constant temperature using a 
modif ied gas chromatograph oven. The e f f l u e n t  
stream from the c a l c i t e  bed i s  analyzed f o r  calcium 
a t  per iod ic  in terva ls .  When the calcium content no 
longer changes, the b r ine  i s  assumed t o  be a t  
equ i l i b r i um w i t h  the ca l c i t e .  

Figures 5 and 6 show some o f  the t e s t  data 
being generated. Test 1 shown i n  Figure 5 was the 
procedural v e r i f i c a t i o n  run. PNL's data were 
compared w i t h  1 i te ra tu re  values generated e a r l i e r  
by E l l i s  and coworkers (Ref. 2). Although our data 
were s l i g h t l y  higher than those o f  E l l i s ,  we were 
conf ident the system could generate useful  numbers. 
Figure 6 shows new data no t  previously attempted by 
others. A matr ix  o f  condi t ions i s  being used w i t h  
d i f f e r e n t  s a l i n i t y ,  CO, p a r t i a l  pressure, and 
bicarbonate content. The studies on c a l c i t e  are 
near ly  complete, but  f u t u r e  plans are t o  study 

40 



* 
* calcium s u l f a t e  s o l u b i l i t y  using the same techni-  

ques. 

HYDROCAIRBON INTO BRINE (OR WATER) LEAK DETECTORS 

c 

The need f o r  design and development o f  leak 
detectors became c lea r  when heat exchangers a t  a 
binary cycle p l a n t  f a i l e d  by p i t t i n g  corrosion 
a f t e r  less than f i v e  years operation. Massive 
hydrocarbon leaks developed and b r ine  contaminated 
the turbine. Ordinary corrosion measuring i ns t ru -  
ments detect  on ly  uni form corrosion rates. P i t s  i n  
heat exchanger tubes can penetrate the wa l l  long 
before the bulk  o f  the tube i s  ser ious ly  corroded. 
When p i t s  do develop, hydrocarbon w i l l  be l o s t  
e i t h e r  t o  the b r ine  o r  the cool ing water depending 
on which heat exchangers are leaking. Ear ly  
detect ion o f  any hydrocarbon losses can save 
operating d o l l a r s  i f  the leaking tubes are found 
and t h e i r  ends are plugged. 

Two hydrocarbon leak detectors have been 
i n s t a l l e d  a t  the Heber Binary Demonstration Plant  
operated. by San Diego Gas and E l e c t r i c  Company 
( l a t e r  ca l l ed  the Heber Plant). One instrument 
detects isobutane leaks i n t o  b r i ne  and one detects 
isobutane i n  cool ing water. Both u n i t s  operate on 
the same p r inc ip les .  De ta i l s  o f  t h e i r  operation 
are documented i n  other publ icat ions (Refs. 3,4). 

Figure 7 shows a schematic o f  a hydrocarbon 
leak detector un i t .  The leak detector samples a 
l i q u i d  stream continuously a t  a r a t e  o f  about 
0.2 gpm. L iqu id  pressure i s  reduced t o  near 
atmospheric. Conditions are such tha t  any iso-  
butane present w i l l  vaporize afid pass out  the top 
o f  the separation vessel whi le  cool l i q u i d  b r i ne  
( o r  water) passes ou t  the bottom o f  the vessel. 
The isobutane i s  f i l t e r e d  and dried, then swept t o  
an. i n f r a r e d  detector which quan t i f i es  the isobutane 
present. I n  both u n i t s  a n i t rogen purge i s  used t o  
maintain detector pressure and sweep any isobutane 
t o  the i n f r a r e d  detector. 

The design guide l ine f o r  the detectors was 
b u i l d  them t o  be able t o  detect  a leak r a t e  of 
1 gpm o r  less o f  isobutane i n t o  e i t h e r  the b r ine  o r  
cool ing water stream. (This t rans lates t o  less 
than 10 ppm hydrocarbon i n  the b r i n e  a t  the Heber 
Plant). One u n i t  was tested a t  another p l a n t  s i t e  
and detected the equivalent o f  about 0.2 gpm 
hydrocarbon loss  i n  cool ing water when data were 
adjusted t o  Heber Plant design conditions. Detec- 
t i o n  o f  less than 0.1 gpm hydrocarbon loss  i n  the 
b r ine  was predic ted f o r  the Heber Plant. These 
l i m i t s  s t i l l  need f i e l d  v e r i f i c a t i o n  a t  the Heber 
Plant. 

WATER INTO HYDROCARBON LEAK DETECTOR 

Under ord inary operat ing condi t ions , hydro- 
carbon pressure i n  the Heber Plant  w i l l  exceed both 
the b r i n e  and cool ing water pressures. Conse- 
quently, leak ing heat exchanger tubes should r e s u l t  
i n  hydrocarbon contamination o f  e i t h e r  the b r i n e  or 
cool ing water. Past experience, however, has shown 
t h a t  the hydrocarbon f l u i d  can ge t  contaminated 
w i t h  b r i ne  o r  cool ing water, e s p e t i a l l y  dur ing 
s ta r tup  and shutdown o f  the plant.  

I f  b r ine  i s  present even i n  very small amounts 
i n  the hydrocarbon stream, the f l u i d  combination 
i s  corrosive and can r e s u l t  i n  p i t t i n g  on the 
hydrocarbon side o f  the tubes. Also, e i t h e r  water 
o r  b r i n e  i n  the hydrocarbon can cause turb ine 
damage by condensing i ns ide  the turbine. Conse- 
quently, the detect ion o f  b r i ne  (o r  water) i n  the 
hydrocarbon i s  essent ia l  t o  maintain re1 i a b l e  
1 ong- term operation. 

Figure 8 shows the conceptual diagram f o r  
e i t h e r  the b r ine  o r  water leak detector. Thei r  
p r i nc ip les  o f  operation are i den t i ca l .  Operational 
d e t a i l s  are given i n  other documents (Refs. 3,5). 
Basical ly,  the u n i t s  continuously sample a hydro- 
carbon stream. The hydrocarbon i s  cooled i f  
necessary t o  close t o  ambient temperatures. It 
flows t o  a s e t t l i n g  chamber which g rea t l y  reduces 
i t s  ve loc i ty .  I f  any water o r  b r i ne  i s  present, 
the aqueous phase w i l l  drop t o  the bottom o f  the 
s e t t l i n g  chamber because i t  has a higher densi ty 
than the hydrocarbon. Presence o f  the aqueous 
phase i s  detected by a capacitance probe. As the 
s e t t l i n g  chamber f i l l s  w i t h  water, the probe 
produces a higher and higher output voltage. The 
u n i t  i s  designed t o  be self-emptying, so the  s i ze  
o f  a leak can be re la ted  t o  the number o f  f i l l / e m p t y  
cycles the u n i t  sees i n  a given time period. The 
u n i t  was f i e l d  tested a t  another s i t e .  Detection 
l i m i t s  f o r  i t  are governed by s o l u b i l i t y  o f  water 
i n  the isobutane. I f  the water concentration i s  
abovg saturation, the leak detector w i l l  respond t o  
it. Saturat ion i s  c lose t o  100 ppm H,O i n  the 
hydrocarbon f o r  normal leak detector operat ing 
conditions. 

PARTICLE COUNTERS 

PNL has j u s t  completed a comprehensive study 
on current  b r i ne  treatment processes p r i m a r i l y  as 
they r e l a t e  t o  operation o f  i n j e c t i o n  wel ls.  The 
document (Ref. 6) covers process chemistry, 
i n j e c t i o n  formation compat ib i l i ty ,  current  i ns t ru -  
mental/operational aspects as we l l  as f u t u r e  
technical  p o s s i b i l i t i e s  f o r  b r i ne  treatment. A 
summary repo r t  o f  the document i s  a lso a v a i l -  
able (Ref. 7). 

The repo r t  documented i n j e c t i o n  problems 
encountered i n  several countr ies throughout the 
world. Very few o f  the plugging problems were 
accompanied by p a r t i c l e  s i ze  information. It i s  
recognized the p a r t i c l e  s i z i n g  informat ion w i l l  be 
a key t o  extending the l i f e t i m e  o f  i n j e c t i o n  wells. 
To date, no e x i s t i n g  p a r t i c l e  s i z i n g  instruments 
have been successful f o r  continuous operat ion on 
geothermal brines. PNL i s  developing improved 
commercial versions o f  prototype instruments t h a t  
show promise o f  working i n  the geothermal f i e l d .  
Two d i f ferent  p r i nc ip les  are under development: a 
l ase r  o p t i c a l  u n i t  and an u l t rason ic  un i t .  

l a s e r  U n i t  

A unit i s  being constructed t o  wi thstand 
geothermal b r i ne  a t  temperatures t o  4OOOF w i t h  
pressures t o  700 psia. These condi t ions make the 
instrument compatible w i t h  both f l a s h  and b ina ry  
plants. It should a lso operate e i t h e r  upstream o r  
downstream o f  the i n j e c t i o n  pump. 
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The u n i t  will be tested i n  the laboratory on 
par t ic les  i n  the 1-30 micron range a t  concentra- 
tions varying between 1 and 100 ppm. These sites 
and concentrations cover the documented ranges of 
in te res t  t o  geothermal injection operations. 

U1 trasonic U n i t  

T h i s  u n i t  records ultrasonic echoes from a 
transducer which can be placed on e i ther  the main 
p ip ing  flow o r  a smaller side-stream. The u n i t  
currently being tested has a low-temperature 
(190°F-rated), off-the-shelf transducer w i t h  an 
advanced control package. The advanced control 
package is  being tested t o  determine how effec- 
t ively i t  can site particles.  Normal units 
indicate total  concentration only. The manufac- 
turer is currently making some experimental 
high-temperature transducers (goals are  275OF and 
100-200 psia). PNL plans t o  test these, also. A 
successful combination of some sizing capabili ty 
w i t h  high-temperature transducers will give the 
instrument a good usable l ifetime i n  geothermal 
service. Figure 9 shows some sizing responses 
which were obtained i n  the laboratory tests a t  
ambient temperature. 

Status 

The following t e s t s  will be the in i t i a l  runs 
on the two par t ic le  counters. 

Laser U1 trasonic 

Sit ing Ability Prototype In Progress 
Tested 

Detects Hard Crystal- Prototype Yes 
1 ine Particles Tested 
( i  .e., Binary Plant) 

(i.e., Flash Plant) 
Detects Soft S i l ica  Gel ? Yes 

Concentration Response Prototype In Progress 
Tested 
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FIGURE 1. Measured Corrosion Rates in 
Isobutane Stream. 
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FIGURE 2. Equi ment for Measuring Gas 
Brealout Conditions. 

Experimental Gas Breakout Data 
Heber and East Mesa KGRA's 

0 East Mess 
0 Heber 

FIGURE 3. Examples o f  Gas Breakout Curves 
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FIGURE 4. E uipment for Determination 08 Mineral ~ Solubi 11 ties. 

Test 1 
16-16.3  psia C02 
Feed Water 

0 PNL Data 

A Ellis Data - Interpolated 5 200 

T (OCI 

FIGURE 5. Comparison of PNL and Ellis 
Calcite Solubility Data. 

19.5 -20.0 psia CO, 
Feed Water 

8 6 7 0  ppm CI (-0.25 MI 
3070 ppm HCO, (-0.05 MI 

Temperature ("CI 

FIGURE 6. Sam !e Calcite Solubility Data 
in hixed Brine. 
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FIGURE 7. Schematic f o r  Hydrocarbon 
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FIGURE 8. Schematic f o r  Br ine I n t o  
Hydrocarbon Leak Detector. 
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3 . SALTON SEA SCIENTIFIC DRILLING PROGRAM: 

DRILLING PROGRAM STATUS 

Charles A. Harper 

Research and Development Division, Bechtel National, Inc. 
San Francisco, California 

SUMMARY 

The project is within a few weeks of the 
start of drilling. 
components of the program scope are as follows: 

At this time, major 

o 

o 

Total depth is targeted for 10,000 ft 

$1 million is budgeted for coring, which 
could yield over 1,000 ft of core 

o Three limited flow tests are planned 

o Over 250 hours are allocated for logging 
and downhole sampling during drilling 

o An additional 6 month standby period will 
be available for monitoring and sampling 
after drilling is completed 

Site earthwork was finished in August. The 
installation of utilities, trailers, and other 
support facilities will be performed during the 
remainder of September. 
up will begin the first week in October, with 
spud-in expected on about October 7 (Figure 1). 

Drilling equipment rig- 

Figure 1 
Three-Month Schedule 

The timing of the first flow test depends on 
the procurement/construction schedule for the 
flow test facility. The best estimate is for the 
first flow test to occur the week of November 4. 
This test should provide near pristine fluid 
samples from the first lost circulation zone 
below the 3,000 ft casing point. 
facility has been'designed in accord with the 
science program requirements for sampling and 
flow measurement. 
into the well after a brief settling period. A 
similar flow test will be conducted at the first 
lost circulation zone below the 6,000 ft casing 
point. 

The flow test 

Spent brine will be reinjected 

At the completion of drilling, a final flow 
test will be made of the entire open hole 
interval from 6,000 ft to total depth. 
planned to dispose of the spent brine from the 
test off-site in an approved dump. 

It is 

The overall schedule (Figure 2) now shows 
program completion in November, 1986. A decision 
will be made by Kennecott, the lease holder, 
whether t o  take over the well for additional 
commercial testing at least two months prior to 
'this time. Should Kennecott chose not to take it 
over, the plan calls for the well be plugged and 
the site abandoned as the last task in the 
program. 

CORE. AND LOG 

Figure 2 
Overall Schedule 
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GEOTHERMAL RESERVOIR TECHNOLOGY 

Maicelo J.  Lippmapn 

Earth Sciences Division, Lawrence Berkeley Laboratory 
University of California, Berkeley, CA 94720 

ABSTRACT 
A status report on Lawrence Berkeley Laboratory’s 

Reservoir Technology projects under DOE’S Hydrothermal 
Research Subprogram is presented. During FY1985 significant 
accomplishments were made in developing and evaluating 
methods for (1) describing geothermal systems and processes; 
(2) predicting reservoir changes; (3) mapping faults and frac- 
tures; and (4) field data analysis. In addition, LBL assisted 
DOE in establishing the research needs of the geothermal 
industry in the area of Reservoir Technology. These activities, 
as well as plans for FY 1986 are outlined. 

INTRODUCTION 
Significant advances in the understanding of the charac- 

teristics and behavior of geothermal reservoirs have been made 
over the last ten years. However, several important issues 
have yet to be resolved (Table 1). That is, we need to: (1) 
develop better methods for mapping and characterizing frac- 
tures in geothermal systems; (2) identify and quantify the 
phenomena controlling two-phase fluid flow in geothermal 
reservoirs; (3) evaluate the effects of noncondensible gases and 
dissolved solids in reservoir fluids on geothermal system 
behavior; (4) develop methods for analyzing enthalpy tran- 
sients and two-phase well tests; (5) upgrade existing high- 
temperature downhole instrumentation; and (6) enhance and 
verify modeling techniques to predict capabilities and longevi- 
ties of geothermal systems. 

Accordingly, the purpose of Lawrence Berkeley 
Laboratory’s (LBL) Geothermal Reservoir Technology Project, 
funded by the Department of Energy’s (DOE) Geothermal 
Technology Division (GTD), has been to reduce uncertainties 
in predicting the productive capabilities and longevities of 
geothermal reservoirs by developing and verifying reliable and 
practical techniques for mapping reservoir parameters, for 
understanding and monitoring reservoir processes, and for 
modeling reservoir conditions before and during the exploita- 
tion stage. 

This project involves the development of methodologies 
and instrumentation for: (1) characterizing and mapping 
reservoir parameters, processes, and spatial dimensions; (2) 
monitoring and predicting reservoir behavior during produc- 
tion; (3) fault and fracture mapping; and (4) surface and 
downhole measurements. The project includes field case studies 
in which developments are tested and vertified for transfer to 
industry. LBL is also identifying new research areas and pro- 
viding general guidance to DOE as cognizant laboratory for its 
Geothermal Reservoir Technology Program. 

DESCRIPTION OF MOST IMPORTANT FY1985 
ACTMTIES 

Fracture detection and mapping. To summarize existing 
technology, a “White Paper” was published describing the 
state-of-the-art in the U.S. and assessing the research needs in 
this area (Goldstein, 1984). In addition, a one-day workshop 

for industry was hosted by LBL on July 11, 1985 to review 
DOEsupported fracture research activities. A summary 
report on the workshop was recently issued (Goldstein and 
Cox, 1985). 

As far as research is concerned, a variety of numerical 
modeling, laboratory and field studies were carried out. Elec- 
tromagnetic (EM) techniques for fracture detection and map- 
ping are being evaluated by means of numerical modeling, 
laboratory experiments based on metal scale model analogs, 
and field surveys. Specifically, surface-to-borehole and cross- 
hole methods for detecting major conductors and hydraulic 
paths between wells are being studied. 

Table 1. 
Geothermal Reservoir Technology 

Important Issues Yet To Be Resolved 

FRACTURES 

- Fractures and Permeability 

TWO-PHASE FLOW 

Detection and Characterization 

Relative Permeability Functions 
Two-Phase Flow in Fractures (Deviation from 
Darcy’s Law) 
Capillary and Adsorption Effects 
Two-Phase Flow in Wellbores (Coupling Between 
Wellbore and Reservoir through Multiple Feed 
Points) 

COMPOSITIONAL EFFECTS 
Noncondensible Gases 
Dissolved Solids 

RESERVOIR DIAGNOSTIC METHODS 
Enthalpy Transients (Determination of Cold 
Water Fronts, Reservoir Properties, Natural 
Recharge, etc.) 
Temporal and Spatial Variations in Concentm 
tions of Noncondensible Gases and Dissolved 
Solids 

DOWNHOLE MEASUREMENTS 
Upgrade of Downhole Instrumentation 

MODELING 
Efficient Methods for Three-Dimensional Flow 
Enhanced Capabilities for Front Tracking and 
Tracer Transport 
Verification of Techniques by Applications to Field 
Data 
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In November 1984, a P- and Swave vertical seismic 
profiling (VSP) survey was carried out at The Geysers in a 
joint project with Geothermal Resources International, Inc. 
The survey mapped (a) fracture density as function of depth, 
and (b) dominant fractured direction (Figure 1). The field 
data clearly show that shear wave velocity is highly sensitive 
to the density and orientation of fractures. Theoretical and 
laboratory work is being done to verify the field results, and it 
seems that the shear wave velocity ratios are related to several 
factors, including the dominant fracture direction relative to 
the S-wave displacement vector, the average spacing between 
fractures, and a function called fracture stiffness (Majer et. al., 
1985). 

During August 1985, LBL along with Seismographic Ser- 
vices Corp., Geophysical Services Corp., and Japan Metals and 
Chemical Corp. conducted a shear-wave VSP survey in a well 
at the Nigorikawa geothermal field in Hokkaido, Japan. Theri 
were two objectives: (1) to define a deep fracture zone (2000 
to 2500 m depth) and its extent by utilizing reflected shear 
waves; and (2) to define the extent of a shallow (600 m) frac- 
ture zone using tomographic techniques. The data are now 
being processed at LBL's Center of Computational Seismology, 
with results of the tomographic study expected by early 
November 1985. 

Analysis of Vapor-Dominated Systems. Pruess (1985) 
developed a quantitative model for the natural state and e v e  
lution of these systems. Computer simulations showed that 
upon heat recharge at the base, a single-phase liquid- 
dominated geothermal reservoir in fractured rock with low 
matrix permeability will evolve into a twephase reservoir with 
boiling-point-for-depth pressure and temperature profiles. The 
study indicated that a rather limited discharge event 
through cracks in the caprock, involving loss of only a few per- 
cent of fluids in place, is suficient to set the system off to 
evolve into a vapor-dominated reservoir. 

0 
LL 
0 
0 u 
I 
t 

2 0 0  

Various analyses of reservoir data from Lardarellq Italy, 
were performed by D'Amore and Pruess (I~SS), and Pruess et '. 
al. (1985). The key findings were: (1) most COz in well 
discharges originates from mineral buffers; (2) rekased COz 
equilibrates only partially with other gaseous constituents; and 
(3) long-term trends of vapor fraction support the three-source 
model of D'Amore and Truesdell (1979). 

Bodvarsson and Witherspoon (1985) developed theoretical 
decline curves for vapor-dominated systems using a multiple- 
porosity technique (Pruess and Narasimhan, 1985). They stu- 
died the parameters controlling the flow rate decline, the 
effects of well spacing on steam recovery (Figure 2), and the 
applicability of P/z analysis to estimate reserves of vapor- 
dominated systems. 

Relative Permeability Studies. Combined experimental 
and numerical studies of twephase steam-water flow through 
porous media were carried out by Verma et al. (1985), yielding 
information on relative permeability functions and capillary 
pressure curves at temperatures up to 120 C. The experimen- 
tal setup is shown in Figure 3. The results indicated an 
enhancement of vapor relative permeability over that of non- 
wetting phases in twecomponent systems such as like oil and 
water, and gas and oil. It was hypothesized that this enhance- 
ment is the result of phase transformation effects at pore 
throats. 

Analysis of data from different high-temperature 
(> 250 e C) geothermal fields shows that the-sum of liquid and 
vapor relative permeability values is equal to unity for all 
saturations (e.g., Bodvarsson et al., 1985a). 

Modeling Studies of Olkaria. A fully three-dimensional 
well-by-well model of the East Olkaria field in Kenya was 
developed (Bodvarsson et al., 1985a, b). This detailed model is 
the first of its type to be applied to a geothermal system. A 

THE GEYSER'S VSP d-' 
#a 

x - cdp 

-.. -. we*;, ................ . .aa-.. .............. ............ ......... .- - S%:, z : i r I i i I I I.. 

DIRECTION b 
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X-COORD 
METERS 

4 0 0  

Figure 1. VSP survey layout at The Geysers. Triangles indicate vibrator posi- 
tions; arrows indicate source polarization directions (Majer et al., 
1985). 
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Figure 2. Effects of well spacing on flow rate decline in vapor-dominated frac- 
tured geothermal reservoirs (Bodvarsson and Witherspoon, 1985). 

reasonable match with the flow rate and enthalpy history of 
all 25 production wells in the field was obtained. The model 
was used to determine the optimum well spacing, the overall 
generating capacity of the system, and the effect of brine rein- 
jection on the behavior of individual wells and of the entire 
reservoir (Figure 4). 

Electronics 

Figure 3. Schematic of the experimental s e tup  to 
study twephase stem/water flow in porous 
media (verma et al., 1985). 

Modeling Reservoir Changes at Cerro Prieto. During the 
period 1979-1983 repetitive high-precision dc resistivity meas- 
urements were made over the Cerro Prieto geothermal field at 
intervals of 6 to 24 months to study reservoir changes result- 
ing from fluid production. This year Goldstein et al. (1985) 
performed two-dimensional iterative, least-square inversions of 
these data. The results of this analysis, supported by addi- 
tional numerical experiments on artificial (simulated) data, 
have revealed that systematic, significant changes in resistivity 
have occurred within the Cerro Prieto area; e.g., (a) a slight 
increase in brine resistivity due to the recharge of cooler, less 
saline water from above and from the sides; (b) a possible 
slight reduction in bulk porosity due to calcite precipitation 
where cooler recharge waters come into contact with the hotter 
reservoir rocks: and (c) a slight twephase condition around 
the production ‘interv&. 
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Figure 4. Effect of injection on the number of develop 
ment wells needed to produce 45 MW, at 
Olkaria using a density of 11 wells/km2 
(Bodvarason et al., 1985b). 
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The study also showed that during 1981-1983 there was 
a reversal in the resistivity of the production region, which can 
be explained by the collapse of the twephase region due to 
continued cooling of the reservoir. This hypothesis is s u p  
ported by noted changes in the SiO, content of the produced 
brines as well as wellhead temperatures. 

Hydrogeologic Model of Cerro Prieto. The hydrogeologic 
model of Cerro Prieto was updated based on data from 
recently completed wells. In the eastern region of the field a 
deeper reservoir (7) was identifed at depths below 3100 m, 
that feeds a shallower reservoir (p) by fluid flow up a major 
normal fault (H) identified in earlier geologic studies (Halfman 
et al., 1985). 

Enthalpy Transients in Two-Phase Geothermal Systems. 
A sensitivity study was carried out to determine the rock 
matrix and fracture parameters that control the enthalpy rise 
in fractured porous media under two-phase conditions 
(Lippmann and Bodvarsson, 1985). It was shown that the 
enthalpy transients are most sensitive to the characteristics of 
the relative permeability curves, matrix permeability and ther- 
mal conductivity, and fracture spacing and porosity. In con- 
trast to porous media, in these fractured systems the effects of 
matrix porosity on enthalpy is small (Figure 5). 

DOE-CFE Agreement on Geothermal Energy. LBL 
assisted DOE in the negotiations of a new three-year coopera- 
tive agreement with Comisi6n Federal de Electricidad (CFE). 
In February 1985 LBL organized a workshop between CFE 
and DOEsponsored groups to review the latest data and 
results on the Cerro Prieto and Los Azufres fields, and to out- 
line possible joint projects to be carried out under this agree- 
ment. 
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Figure 5. Effect of rock matrix porosity on flowing 
enthalpy transients in fractured two-phase 
geothermal systems (Lippmann and Bod- 
varsson, 1985). 
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Cognizant Laboratory Activities. As cognizant laboratory 
in Geothermal Reservoir Technology, LBL continued to assist - 
DOE in formulating research plans for its Geothermal Reser- 
voir Technology Program. To further determine the research 
needs of the geothermal industry and to review the appropri- 
ateness of DOEfunded projects to meet these needs, LBL 
organized and hosted on March 12, 1985 the second meeting of 
the Review Panel on Reservoir Technology (a third meeting is 
scheduled for September 30, 1985). 

The results of the Panel meeting were reported to DOE 
for the consideration of GTD managers, and are available to 
the geothermal community (see Geothermal Resources Council 
Bulletin, July/August 1985, pp. 27-28). 

PROPOSED PLANS FOR FYl980 
An outline of LBL’s FY1986 Geothermal Reservoir Tech- 

nology activities as proposed to DOE is given below. The final 
program is being evaluated by GTD managers. 

Subtask 1. Characterization and Mapping of Reservoir 
Parameters, Processes and Spatial 
Dimensions. 

1A. Develop quantitative models of natural state and 
evolution of vapor-dominated geothermal reservoirs. 

1B. Improve well testing techniques, especially for 
heterogeneous and fractured media systems. 

1C. Explore applications of chemical data for reservoir 
diagnostics, using distributed-parameter models. 

ID. Organize a joint industry-DOE/LBL workshop on 
instrumentation for wellhead and downhole meas- 
urements. 

Subtask 2. Monitoring and Prediction of Reservoir 
Changes During the Production Lifetime. 

Demonstrate techniques for analyzing and predict- 
ing reservoir response to exploitation combining 
reservoir engineering, geophysical and chemical 
data. 

2B. Study rock-fluid interactions and their impact on 
reservoir performance. 

2C. Investigate effects of multiple feed zones on the 
behavior of geothermal wells. 

2A. 

Subtask 3. Improvement of Techniques for Modeling 
Reservoir Behavior. 

3A. Develop capabilities for realistic modeling of brines 
and rock-fluid interactions at reservoir temperatures 
and pressures. 
Improve accuracy and efficiency of existing numeri- 
cal codes. 

3B. 

Subtask 4. Fracture detection and mapping. 
4A. Laboratory Studies. 

44- 1. Seismic-acoustic modeling. 
4A-2. Electromagnetic (EM) modeling. 

EM techniques. 
4B. Numerical studies surface-borehole and cross-hole 
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,4C. Field investigations. 
s 4C-1.. Vertical seismic profile survey. 

4C2. Electrical anisotropy. 
4C-3. Well log analysis. 
4C-4. Tectonics and fracture analysis. 

4’ 

Subtask 8. Laboratory Ekperimenta. 
5A. Perform and analyze laboratory experiments on 

“characteristic curves’’ (relative permeability and 
capillary pressure). 

Subtask 6. Field Case Studies. 
6A. Joint industry-LBL studies on U.S.fields. 
6B. Analysis of Klamath Falls data. 
6C. Field-demonstrate techniques developed under Sub- 

tasks 1 through 4. 

Subtask 7. DOECFE Agreement. 
7A. Assistance to DOE in technical coordination of the 

agreement. 
7B. Delineation and descriptive studies of the Cerro 

Prieto and/or Los Azufres fields. 
7C. Monitoring and modeling studies of the Cerro 

Prieto and Los Azufres fields. 
7D. Data transfer between DOE and CFE. 

Subtask 8. DOEENEL Agreement. 
8A. Reservoir technology studies. 

Subtask 9. Cascades Studies. 
9A. Geophysical studies. 

5 9B. Reservoir engineering studies. 

Subtask 10. Cognizant Laboratory in Reservoir 
Technology. 

1OA. Assistance to DOE. 
10B. LBL’s Industry Review Panel. 
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ABSTRACT 
This paper presents the characteristics of the pressure 

response of observation wells during a constant pressure test in a 
double-porosity bounded system. Wellbore skin in the constant 
pressure active well is considered negligible. The interacting 
effects of the exterior radius, rd, and the interporosity flow param- 
eter, h, are examined in pressure-radius and pressure-time 
responses. The pressure-radius semilog responses are semilog 
straight in the region around the well, indicating a constant rate in 
space. The shape of the fracture interference pressure response of 
the observation well is similar to the pressure response during con- 
stant rate teHts in double-porosity systems. The dimensionless pres- 
sure response has a transition period where, for the pseudo steady 
state interporosity flow model, the pressure is constant. Interfer- 
ence fracture pressure responses for the pseudo steady state and the 
transient interporosity flow models are compared. 

INTRODUCTION 
The model for a well proauCing at a constant pressure is used 

for decline curve analysis. The mathematical solution for the rate 
decline of a single-porosity system was presented by Carslaw and 
Jaeger [1960] and Van Everdingen and Hurst [1949]. The 
interference pressure response to a constant pressure test was con- 
sidered by Uraiet and Raghuvan [1980], again in a single 
porosity-reservoir. They presented log-log type curves for various 
interference wells in an infinite reservoir. 

In naturally f r a d  reservoirs, fluid flows both in the frac- 
tures and in the matrix blocks. Barenblurt and Z e l m  [I9601 and 
Warren and Root [1963] presented a mathematical model for 
douljle-porosity systems with pseudo steady state (PSS) matrix 
behavior. Da Prat et a1 [I9811 and Raghuvan ad Ohueri 119803 
considered the rate decline of a well producing at constant pressure 
in a bounded double-porosity system. Da Prut et a1 119811 
presented the Laplace solution for the rate decline of a well 
including wellbore skin, but presented type curves only for zero 
skin. Also, they did not present a single log-log rype curve for 
various combinations of the b e  parameters that were considered, 
r d ,  w, and X. 

Sageev et a1 [ 19851 presented a decline curve analysis method 
that extends the method presented by Fetkovich [I9801 to double- 
porosity systems. They presented a single log-log type curve that 
describes the rate decline behavior as a function of four parameters: 
rd, S, w, and 1. They used the PSS interporosity flow model for 
developing the type curve, but also considered the relation between 
the PSS and the transient interporosity flow model with fractured 
skin. The double-porosity model that includes transient matrix 
flow with fracture skin was presented by Moench [1983] and 
Moench 119841. 

In this p a p ,  we examine the pressure distribution around a 
well producing at a constant pressure, without wellbore skin, in a 
bounded double-porosity reservoir. Both pressure-radius profiles at 
lixed times, and pressure-time responses at fixed locations are 
presented. The effects of X and rd on interference pressure 
responses are considered, as well as the practical aspects of 
interference constant pressure testing in double-porosity systems. 

THEORY 
The following presents a short description of the mathemati- 

cal solution for a well producing at constant pressure in a double- 
porosity bounded reservoir. Reservoir and fluid Properties are con- 
sidered homogeneous, and gravity and inertial effects are neglected. 
Deruyck et a1 [1982] presented the fracture diffusivity equation: 

where q* is the rate of flow between the matrix and the fractures. 
The initial and boundary conditions associated with the fracaue 
diffusivity equations are: 

[ 2],*=0 (4) 

Making use of the initial condition, the Laplace transformation of 
the dimensionless form of equation (1) is, Deruyck et al [ 19821: 

where Fp(rD,s) is the Laplace transformations of pp(rD&). The 
dimensionless groups are defined as: 

(6) 

(7) 

r 
rD = - 

r W  
(9) 

The variable&) depends on the assumed interporosity flow 
model. For the pseudo steady state model: 
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For the transient interporosity flow model with slab-shaped matrix, 
As) is: 

X AS) = o + - a tnh(a) 
3s 

where: a = 4- 
For the transient interporosity flow model with spherically-shaped 
matrix, As) is: 

X As) = o + - b coth(b) 
5s 

The parameters o and X are defined as: 

k m  

kf 
k = a - 4  

and the other terms are defined in the Nomenclature. 

constant pressure active well in a bounded reservoir is: 
The pressure solution for observation points away from the 

where g = = 
For an infinite system, the interference pressure solution is: 

The matrix pressure for the PSS interporosity flow model is 
related to the fracture pressure by Deruyck et al [1982]: 

PRESSURE DISTRIBUTION 
As discussed by Sagem er al [1985], the dimensionless rate 

response of a double-porosity bounded system depends on the 
values of rd, o, and I All the presented curves are evaluated 
using a numerical inversion method of the Laplace transformation 
developed by Stehfest 119701. The dimensionless rate response of 
a double-porosity bounded reservoir is presented in Figure 1. The 
thin curve in the middle represents the response of an infinite 
homogeneous system. There are two curves for double-porosity 
bounded systems with a fixed value of the storage coefficient, 
u) = 0.01, and a fixed value of the dimensionless radius, reD = 10'. 
In the uppermost curve, the value of X is relatively large (lo">, and 
the double-porosity effects take place prior to the effects of the 
exterior no-flow boundary. Hence, the rate response is infinite act- 
ing at early time conmlled by the fractured system, then flattens 
out for about two log cycles when the rate is almost constant, to be 
followed by an exponential rate decline of the combined fracture- 
matrix system. 

c 

In the lowermost curve in Figure 1 the value of X is small 
(lp), and the effects of the no-flow exterior b8undary take place 
prior to the double-porosity effects. in this case, the infipite acting 
flow period is followed by an exponential decline of the rate, con- 
trolled by the fractured portion of the reservoir. The first exponen- 
tial decline is followed by the double-porosity effects, yielding 
almost a constant wellbore rate, as the matrix pressure approaches 
the fracture pressure. After the flattening flow period, the rate 
declines exponentially, representing the depletion of the combined 
fracture-matrix system. 

Figure 2 presents the dimensionless rate decline curve when 
the double-porosity effects take place before the effect of the exte- 
rior boundary. Also, six dimensionless times are marked on 
Figure 2, denoted by 1 through 6. Dimensionless pressure profiles 
for both the matrix and the fractures are presented in Figure 3. The 
first profile, for tdw = 104 represents the end of the infinite acting 
flow period of the fractured system. Hence, the matrix dimension- 
less pressure is negligible, and the fracture dimensionless pressure 
is negligible at the boundary, reD = 104. The pressure profiles 
marked 2 and 3 represent the intermediate flow period, when the 
fluid flow from the matrix supports a constant wellbore rate. Dur- 
ing this flow period the matrix is depleting, as suggested by curves 
2 and 3, yet, the fracture pressure is almost constant as a result of 
the flow from the matrix to the fracture. The forth pressure profile 
represents the end of the infinite acting flow period of the com- 
bined matrix-fracture system. Hence, the pressure in the matrix is 
slightly higher than the fracture pressure, but cannot be dis- 
tinguished in the figure. The fifth and sixth profiles denote the 
exponential depletion of the combined matrix-fracture system, as 
the pressure profiles approach the value of 1. 

Figure 4 presents the dimensionless rate decline curve when 
the effects of the exterior boundary take place prior to the double- 
porosity effects, The same six dimensionless times as in Figure 2 
are marked on Figure 4, denoted by 1 through 6. The pressure 
profiles for the dimensionless rate response described in Figure 4 
are presented in Figure 5. The 6rst three pressure profiles describe 
the infinite acting flow period of the fractured system. The fracture 
pressure is declining throughout the reservoir, while the matrix 
pressure is constant at the initial pressure, p&. The forth pressure 
profile describes the exponential decline of the fractured system 
caused by the presence of the no-flow exterior boundary. The fifth 
profile represents the double-porosity effects, resulting in a flatten- 
ing of the wellbore rate, see Figure 4. The pressure depletion of 
the matrix is noticeable, while the'fracture pressure is almost con- 
stant, indicated by the slow upward movement of the pressure 
profiles. The sixth pressure profile represents the end of the rransi- 
tion flow period when the rate response changes from being dom- 
inated by the fractured system, to the combined matrix-fracture sys- 
tem. The matrix pressure approaches the fracture pressure and 
eventually, the complete reservoir depletes exponentially. 

The Semi-log pressure profiles presented in Figures 3 and 5 
are straight lines in the region surrounding the wellbore. This indi- 
cates a constant rate in space. The slope of the semi-log pressure 
profiles is proportional to the fracture flow rate that decreases with 
time. The constant rate flow period at the well is accompanied by 
a period when the slope of the pressure profiles is almost constant. 

= 

INTERFERENCE RESPONSES 
In this section we examine the pressure-time responses at 

various locations away from the active constant pressure well. The 
double-porosity effects and the exterior boundary effects on 
interference pressure responses are examined for the PSS inter- 
porosity flow model, followed by a short discussion of transient 
interporosity flow models. We assume that wellbore storage is 
negligible at interference wells. 

58 



Sageev 

For a double-porosity reservoir with a small value of the 
interporosity flow parameter, k, the double-porosity effects 
occur late into the test, and may be detected only if (I-PD) is 
used instead of p ~ .  
The magnitude of the interference pressure drops at observa- 
tion wells increases as the distance between the observation 
well and the active well decreases. 
For a given reservoir, the interference matrix pressure con- 
verges to the interference fracture pressure at the same time, 
and the double-porosity effects occur at the same time for all 
interference locations. 
Transient interporosity matrix flow reduces the pressure 
difference between the matrix and the fractures, and reduces 
the flattening of the interference pressure response. The frac- 
ture interference pressure responses for double-porosity reser- 
voirs with slab shaped or spherically shaped matrix blocks are 
similar. 

- Lterference pressure responses when the double-porosity 
effects take place prior to the effects of the exterior boundary are 
presented ip Figure 6. ,Four dimensionless radii are considered for 
a fixed value of the dimensionless exterior radius, r& = I@. The 
thick family of curves repsents the dimensionless pressure 
response of the fractures and the other family of curves represents 
the dimensionless pressure response of the matrix blocks. The 
interference response of the fractures increases initially, in this case 
up to rdo = I@. Then, the dimensionless pressure becomes practi- 
cally constant for about two log cycles. The length of the constant 
pressure period is proportional to the log of Yo. After tJw=5*1@, 
the pressure response of the combined matrix-fracture system 
increases, and is infinite acting to tdo= 10'O (as can also be 
seen in Figure 1). At t&= 10'O the system depletes exponen- 
tially, and the dimensionless pressure approaches the value of 1. 

The matrix pressure response is smoother than the fracture 
pressure response. The matrix and fracture pressure responses join 
to a single m e  at rdo=5*106 for this case, indicating a com- 
bined depletion of the total system. The constant pressure period 
of the interference fracture pressure response is significant. This is 
similar to the dimensionless pressure response of a well producing 
at a constant rate, as presented by Deruyck et af [1982]. The 
flattening of the pressure response is indicative of double-porosity 
behavior of fissured systems. The derivative of the interference 
pressure response has a double hump that is similar to the pressure 
derivative presented by Bourdet et al[1984]. 

Interference pressure responses when the exterior boundary 
effects OCCUT prior to the double-porosity effects are presented in 
Figure 7. In this case, the system behaves like a single porosity 
system up to tdo = 5.10'. This is a much longer time in com- 
parison to the case when the double-porosity effects take place 
prior to the boundary effects, that was at tdo = IO'. The matrix 
pressures for the various dimensionless radii ani practically the 
same , as indicated in Figure 7, and can be seen in the fifth and 
sixth marrix pressure responses in Figure 5. Figure 8 presents the 
responses of the same system described in Figure 7, except that 
1 -PO is used instead of pD. Here, the constant pressure period is 
present, but occurs late into the test, starting at rdr~)=lO'. Also, the 
difference between the responses at various radii is much smaller 
in comparison to the responses desuibed in Figure 6. When 
rdo > IO", the dimensionless rate of the combined matrix-fracture 
system declines exponentially, and I-pD approaches 0. 

Interference fracture responses for the PSS and transient inter- 
porosity flow models are presented in Figure 9. Here, the double- 
porosity effects take place $or to the boundary effects, r&@, 
rp100, d . 0 1 ,  and I-lO-". Slab and spherically shaped matrix 
blocks for the transient flow model are considered. The introduc- 
tion of transient matrix flow reduces the pressure differences 
between the matrix and the fractures, and reduces flattening of the 
pressure response. In +e responses presented in Figure 9, the PSS 
flow model has a significant constant pressure period, and the two 
transient flow models do not. The three fracture responses con- 
verge to a single curve at t~m=5*1@, that is one log cycle earlier 
than when the PSS matrix pressure converges to the fracture 
response, see Figure 6. Sugeev et aZ[1985] showed that transient 
matrix blocks with fracture skin greater than I/3 yield a response 
similar to the PSS interporosity flow model. 

CONCLUSIONS 
1. The fracture pressure profiles in the region around the active 

constant pressure well are semi-log straight, indicating con- 
stant rate in space. 
The slope of the fkacture pressure profiles is nearly constant 
during the constant rate flow period at the active well. 
The fracture pressure response at observation wells has a con- 
stant pressure period (F'SS interporosity flow model) similar 
to the constant rate tests. 

2. 

3. 
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NOMENCLATURE 

formation volume factor 
modified Bessel function, first kind, zero order 
modified Bessel function, first kind, first order 
modified Bessel function, second kind, zero order 
modified Bessel function, second kind, first order 
ratio of volume of one porous system to bulk volume 
compressibility 
formation thickness 
permeability 
pressure 
dimensionless pressure 
Laplace transform of pD 
volumetric rate 
dimensionless rate 
Laplace transform of 40 
matrix flow rate 
radius 
Laplace variable 
time 
dimensionless time 
interporosity flow coefficient 
viscosity 
porosity 
dimensionless fracture storage 
interporosity shape factor 

Subscripts 

D = dimensionless 
f =  fracture 
m = matrix 
r = total 

w = wellbore 
e = exterior 
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FIGURE 3: Dimensionless pressure profiles for a finite double- 
porosity system, PSS model, ud) .Ol ,  &I@, and rele. 
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FIGURE 4: Log-log response for a finite double-porosity system, 
PSS model, ~ 0 . 0 1 ,  b1@, and r&104. 
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FIGURE 5: Dimensionless pressure profiles for a finite double- 
porosity system, PSS model, mO.01, &le, and rei@. 

FIGURE 6: Interference responses for a finite double-porosity sys- 
tem, PSS model, d . 0 1 ,  Me, r~lO,SO,lOO,SOO, and rei@. 

FIGURE 7: Interference responses for a finite double-porosity sys- 
tem, PSS model, W0.01, &le, r~lO,SO,laO,SOO, and relv. 
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FIGURE 8: Interference responses for a finite double-porosity sys- 
tem, PSS model, using 1-pD instead of pD. m0.01, kW, 
r~10,50,100.500, and r&@. 

FIGURE 9: A comparison between interference fracture pressure 
response for PSS and transient interporosity flow models. 
~ 0 . 0 1 ,  Me, rF100, and r&@. 
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I 

I SUMMARY 
i 

The Geothermal Technology D iv is ion  i n i t i a t e d  the  Geothermal Mater ia ls  Program i n  1976 t o  ensure t h a t  
t h e  p r i v a t e  sector development o f  geothermal energy resources i s  not constrained by the a v a i l a b i l i t y  o f  
technologica l ly  and economically v iab le  mater ia ls  o f  construction. Since 1978 Brookhaven National Labora- 
t o r y  (BNL) has provided technica l  and managerial assistance i n  the  implementation o f  the long-term high- 
r i s k  e f f o r t .  Major successes have been at ta ined i n  the  development o f  elastomers f o r  high-temperature 
appl icat ions and i n  the  use o f  polymer concrete l i n e r s  f o r  corros ion protection. Both technologies have 
been successful ly t ransferred t o  industry. 

i n  the case o f  the  high temperature Y-267 EPDM (ethylene propylene, diene, methylene) elastomer, the  
operating l i m i t s  f o r  elastomeric par ts  were increased from the range 149OC-204OC t o  260OC-316OC. Based 
upon extensive t e s t i n g  by C'Garde, Inc., and over 25 other  organizations during the past 6 yr, no be t te r  
elastomer for  geothermal serv ice i s  known. Reductions i n  cost up t o  several hundred times compared t o  
those o f  other high temperature elastomers have been attained. Over 15 laboratory  and 20 f i e l d  case h is -  
t o r i e s  have been documented. Current uses include seals i n  logging tools, casing packers, gate valves, 
BOP rams, shock subs, and jars .  

The mater ia ls  program has a lso produced the most comprehensive and thorough examination o f  the geo- 
thermal cementing problem undertaken thus far. As p a r t  o f  the program, the f i r s t  known downhole t e s t i n g  
o f  cements i n  a f lowing geothermal wel l  was conducted. Nine cements s a t i s f i e d  the t e s t  c r i t e r i a .  Unfor- 
tunate ly  the  exposure temperature was on ly  214OC, and i t  i s  considered essential t o  have data a t  a tem- 
perature o f  a t  l e a s t  300OC before d e f i n i t i v e  conclusions can be made regarding the  hydrothermal s t a b i l i t y  
a t  economically a t t r a c t i v e  wel l  conditions. Current budget const ra in ts  prevent the performance o f  these 

Research and development e f f o r t s  aimed a t  f u r t h e r  cost reductions and extension o f  service l i f e  are 
c u r r e n t l y  i n  progress. Tasks inc lude high temprature elastomers f o r  dynamic seal ing applications, 
advanced mater ia ls  f o r  l o s t  c i r c u l a t i o n  control,  waste u t i l i z a t i o n  and disposal, corrosion res is tan t  
elastomeric l i n e r s  f o r  wel l  casing, high temperature l igh twe igh t  cements, and non-metall ic mater ia ls  
f o r  heat exchanger appl icat ions. The major th rus ts  o f  the FY 1985 e f f o r t s  are summarized below. 

1 .  

i 

I 
i 

i needed tests. 
I 

i 
i 

High Temperature Elastomers f o r  Dynamic Sealing Applications 
I 

0 Chemical mod i f i ca t ion  o f  prev ious ly  developed and tested Y-267 EPDM 260% s t a t i c  seal materi- 
a l  f o r  use i n  dynamic seal ing applications. 

0 Optimization o f  EPDM formulations f o r  use i n  c r i t i c a l  high cost appl icat ions such as i n  down- 
hole d r i l l  motors and open-hole packers. 

I 

1 2. Advanced Mater ia ls  f o r  Lost C i r c u l a t i o n  Control 

I 0 Hydrothermally s tab le and pumpable chemical systems are being investigated f o r  use as l o s t  
I 

L c i r c u l a t i o n  contro l  mater ia ls  i n  geothermal wel l  d r i l l i n g  operations. I 

3. P i t t i n g  Resistant Steels 

0 Studies o f  the mechanism whereby high corrosion resistance i s  obtained through a l l o y i n g  o f  
s ta in less  s tee ls  w i th  molybdenum combined w i t h  nitrogen. 

1 4. Geothermal Waste U t i l i z a t i o n  and Disposal 

~ 

l 

a Studies o f  methods f o r  u t i l i z i n g  waste const i tuents  as raw mater ia ls  f o r  cementit ious binders 
I 

l 
o r  as nonleachable f i l l e r s  i n  composites t h a t  can be used f o r  general construction purposes. 
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5. 

a Analyses o f  biochemical techniques f o r  concentratlon and subsequent removal e f  heavy metals 
from waste. 3 

Mater ia ls  f o r  Non-Metallic Heat Exchangers 

0 Development o f  corrosion res is tan t  m e t a l l i c  and s i l i c o n  c a r b i d e - f i l l e d  composites which have 
thermal conduct iv i t ies  i n  t h e  range o f  s ta in less steels. 

6. Corrosion Resistant Elastomeric L iners f o r  Well Casing 

0 Invest igat ion o f  high temperature chemical coupling systems f o r  bonding elastomeric l i n e r s  t o  
carbon s tee l  well  casing. 

0 Data on corrosion resistance o f  Y-267 EPDM-lined carbon s tee l  casing f o r  comparison w i t h  
those f o r  high chrome and n icke l  al loys. 

7. High Temperature Geothermal Well Cements 

0 Characterization o f  promising high temperature well  cements under placement and downhole en- 
vironmental condit ions dup l ica t ing  most o f  the  we1 1 completion variables. 

Prel iminary screening t e s t s  on l igh twe igh t  cement s lu r r ies .  0 

8. Corrosion i n  Binary Geothermal Systems 

0 Quant i ta t i ve  corrosion data from laboratory  and p lan t  t e s t s  f o r  metals presently used i n  b i -  
nary p lants  and other more p o t e n t i a l l y  r e s i s t i v e  metals and nonmetals. 

9. High Temperature Cathodic Protect ion Systems 

0 Testing and character izat ion o f  high temperature electrochemical processes designed t o  
cathodica l ly  protect  the external surfaces o f  we1 1 casing and heat exchangers. 

Recent resu l ts  from several o f  these e f f o r t s  are given i n  the  body o f  t h i s  paper. It i s  expected 
t h a t  Tasks 2, 4, 5, and 7 w i l l  continue i n  FY 1986. 

INTRODUCTION 

Among the most pressing problems constraining the development and expanded use o f  geothermal energy 
resources f o r  e l e c t r i c  power generation i s  the lack o f  sa t is fac to ry  component and system r e l i a b i l i t y .  
This i s  due t o  the  unava i lab i l i t y ,  on a commercial scale, o f  cos t -e f fec t i ve  mater ia ls  t h a t  can funct ion i n  
a wide range o f  geothermal environments and t o  the u n a v a i l a b i l i t y  o f  a comprehensive body o f  d i r e c t l y  re- 
levant  t e s t  data or mater ia ls  se lect ion experience. Sui tab le mater ia ls  are needed f o r  service i n  geother- 
mal wel ls  and i;l process p lan t  equipment. For both s i tuat ions,  t h i s  requires mater ia ls  t h a t  can withstand 
high-temperature, highly-corrosive, and scale-forming geothermal f lu ids .  I n  add i t ion  t o  requ i r ing  a high 
degree o f  chemical and thermal resistance, the  downhole environment places demands on the physical/mechan- 
i c a l  proper t ies o f  mater ia ls  f o r  components u t i l i z e d  i n  well  d r i l l i n g ,  completion, pumping, and logging. 

I n  1976, the  GHTD s ta r ted  the Geothermal Mater ia ls  Program t o  address material s-related problems, 
and since 1978 Brookhaven National Laboratory has provided technical and managerial assistance i n  the i m -  
plementation o f  the e f f o r t .  Major successes have been at ta ined i n  the development o f  elastomers f o r  high- 
temperature appl i c a t i o n s l  and i n  the use o f  polymer concrete 1 iners  f o r  corrosion protection.2 Both 
technologies have been successful ly t ransferred t o  industry. Other outputs from the mater ia ls  program 
being used by the eothermal indust ry  inc lude the character izat ion o f  wel l  cements a f t e r  downhole exposure 
t o  f lowing brine,? and handbooks summarizing the performance o f  mater ia ls  i n  above-ground and downhole 
geothermal envi ronments.4,5 

Achievement o f  the  program goal requires the  e f f e c t i v e  management o f  a wide range o f  technological 
and economic problems. The GHTD/BNL approach i s  t o  optimize the benef i t s  o f  materials-related R and D 
through the  reso lu t ion  o f  selected problems. The program st rategy concentrates on developing an optimum 
balance between 1) problems whose so lut ions have a short t o  moderate term impact on the operation o f  
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prototype plan&s, and 2) long-term R and D designed t o  have s i g n i f i c a n t  impacts on i n d u s t r i a l  v i a b i l i t y  
and proQtc t i v i t y  through improvements i n  mater ia ls  performance and costs. The program strategy i s  t o  con- 
duct p ro jec ts  t h a t  1) i d e n t i f y  mater ia ls- re la ted needs constraining commercial izat ion,  2) evaluate the  
a p p l i c a b i l i t y  o f  e x i s t i n g  mater ia ls  and technology t o  geothermal problems, 3) develop spec i f i c  and generic 
so lu t ions  t o  mater ia ls  problems t h a t  have major impacts on geothermal energy costs and product iv i ty ,  and 
4) provide appropriate and adequate incentives and mechanisms f o r  the  s t imulat ion o f  industry-sponsored 
geothermal mater ia ls  R, D and D. 

RESULTS 

1. High Temperature Elastomers For Dynamic Sealing Applications 

This p ro jec t  performs applied research t o  optimize a Y-267 EPDM elastomer formulation, developed ear- 
l i e r  by GHTD f o r  s t a t i c  seal appl icat ions, f o r  use, i n  dynamic seal appl icat ions a t  temperatures up t o  
260OC. Elastomers for  these condit ions do not cur ren t ly  ex is t ,  and a successful development could sub- 
s t a n t i a l l y  reduce d r i l l i n g  and completion costs’. The e f f e c t s  o f  compositional changes on the  propert ies 
o f  the  elastomer are being determined, and the  formulation optimized t o  y i e l d  the spec i f i c  seal ing re- 
quirements. Prototype and f u l l - s c a l e  t e s t i n g  w i l l  be performed. Based upon the resu l ts  from t h e  generic 
research, a s p e c i f i c  seal ing app l ica t ion  w i l l  be targeted f o r  continued R and D. 

The Y-267 EPDM elastomer compound was o r i g i n a l l y  developed f o r  geothermal casing packer appl icat ions. 
The primary requirements were t o  develop a thermochemical l y  stable compound w i t h  excel l e n t  extrusion re- 
sistance. Consequently, t h e  Y-267 EPDM compound contains no special consideration f o r  dynamic seal appli: 
cations. However, it i s  h igh ly  abrasion res is tant ,  a charac ter is t i c  t h a t  comes along w i th  i t s  excel lent  
ext rus ion resistance which i s  p a r t i a l l y  provided by a small p a r t i c l e  s ize  black. 

The current p ro jec t  i s  t o  modify t h e  Y-267 EPDM compound f o r  be t te r  dynamic seal charac ter is t i cs  
wh i le  maintaining i t s  excel lent  thermochemical resistance. The e f f o r t  i s  centered around improving the  
l u b r i c i t y  and the  l u b r i c a b i l i t y  o f  the compound. The e f f o r t  evaluates developmental compounds i n  a simple 
r o t a t i n g  (300 rpm) shaf t  environment a t  204OC with d i f f e r e n t i a l  pressures up t o  250 psi.  Once the i n i t i a l  
development i s  complete, t h e  development w i l l  move i n t o  a phase devoted t o  a spec i f i c  appl icat ion, e.g., 
Moineau motor stator. The precise app l ica t ion  w i l l  be selected based on the  resu l ts  o f  the i n i t i a l  devel- 
opment. The i n i t i a l  development i s  scheduled f o r  completion towards the  end o f  calendar year 1985. 

2. Advanced Mater ia ls  f o r  Lost C i rcu la t ion  Control 

This p ro jec t  i s  inves t iga t ing  hydrothermally s tab le and pumpable chemical systems f o r  use as l o s t  
c i r c u l a t i o n  contro l  mater ia ls  (LCM) a t  temperatures up t o  300%. Lost c i r c u l a t i o n  problems d i r e c t l y  and 
i n d i r e c t l y  represent 20 t o  30% o f  geothermal well  costs, and high temperature materials t h a t  w i l l  y i e l d  
permanent repai rs  t h a t  can be made without removal o f  the  d r i l l  s t r i n g  i n  order t o  set casing and cement, 
do not ex is t .  The invest igat ions include laboratory  studies o f  in te rac t ions  between bentonite-based 
d r i l l i n g  muds, reac t ive  s o l i d  addit ives, and chemical f lu ids .  The pumpabil i ty charac ter is t i cs  of the  
s l u r r i e s  and the  proper t ies o f  the  cured mater ia ls  are also determined. 

A formulation which 
appears t o  have high po ten t ia l  as a new cementit ious l o s t  c i r c u l a t i o n  contro l  material i s  composed o f  
bentonite, ammonium polyphosphate (AmPP), borax, magnesium ‘oxide, and water. The appropriate combination 
of these ingredients r e s u l t s  i n  t h e  formation o f  s l u r r i e s  w i t h  v i s c o s i t i e s  and thickening times adequate 
t o  a l low placement. A f t e r  cur ing a t  elevated hydrothermal temperatures, the  cement produc d was charac- 
t e r i z e d  by a compressive strength >500 p s i  a t  2 h r  age, a permeabil l ty t o  water <2.0 x lo-$ Darcy, and a 
l i n e a r  expansion >15%. The react ion compound responsible f o r  t h e  s t rength development a t  3OOOC was found 
t o  be an assemblage o f  i n t e r l o c k i n g  c r y s t a l s  composed o f  a grown th in -p la te  crysta l .  It was in fe r red  t h a t  
t h i s  mic rocrys ta l l ine  c l u s t e r  i s  associated with montmor i l lon i te  and AmPP-based complex formations. Con- 
sistometer t e s t s  performed a t  Sandia confirmed the  pumpabil i ty o f  the mater ia ls  a t  high temperature and 
pressure. 

I n  t h i s  work, i t  was found t h a t  
the  add i t ion  o f  a cement, borax and glass f i b e r  mix ture t o  bentoni te  s l u r r i e s  produces a 1CM t h a t  i s  pump- 
able a t  high tempertures as a r e s u l t  o f  the retardat ion r e s u l t i n g  from the hydro lys is  o f  the borax. A 
ser ies o f  s l o t  tes ts  were completed i n  July. A ser ies o f  larger-scale t e s t s  i n  the Sandia National Labo- 
r a t o r y  Lost C i r c u l a t i o n  Test F a c i l i t y  are scheduled f o r  FY 1986. 

An i n t e r i m  repor t  describing resu l ts  through March 1985 has been published.6 

Another promising high temperature LCM was recent ly  ident i f ied.7 
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3. Corrosion Resistant Elastomeric L iners f o r  Well Casing F 

The geothermal f l u i d s  i n  the Imper ia l  Val ley are characterized by brines w i th  high levels*of cor- 
ros ive substances. This dr ives the  operators t o  using super a l loys  f o r  routine-components such as tub ing 
and piping. This can be extremely expensive, suggesting the use o f  the  process indust ry  p rac t ice  o f  l i n -  
i n g  p ipe t o  protect  i t  from corrosion, a per fect  app l i ca t ion  f o r  Y-267 EPDM. 

DOE/BNL formed a cost sharing pro jec t  w i th  a geothermal operator t o  adapt t h e  Y-267 EPDM f o r  t h i s  
appl icat ion. Processing and adhesion t o  s tee l  pipe are t h e  primary technologies t o  be developed t o  be i n  
a p o s i t i o n  t o  t e s t  t h e  f e a s i b i l i t y  of the  concept. Currently, no known system t o  bond t h e  Y-267 EPDM t o  
s tee l  ex is ts  which can withstand the  288% postcure and the  usual ly  high temperatures associated with 
Y-267 EPDM applications. I n  addit ion, the  uncured Y-267 EPDM i s  s t i f f  and has no tack, making i t  d i f f i -  
c u l t  t o  l a y  up and mold onto the  I D  of pipe. The object ive o f  t h i s  r e l a t i v e l y  small e f f o r t  i s  t o  develop 
two (36 in.) l i n e d  prototype casing sections which can be f i e l d  tested w i t h  actual b r ine  f lowing through 
them. The development o f  the prototypes i s  scheduled f o r  completion i n  ear ly  1986. 

4. Geothermal Waste U t i l i z a t i o n  and Disposal 

Before the large-scale development o f  geothermal energy can occur, environmentally and economically 
acceptable methods f o r  the disposal o f  la rge  quant i t ies  o f  waste must be developed. These wastes repre- 
sent a large, low-grade domestic mineral resource. I f  economic methods f o r  recovery are developed, the  
wastes could provide an important source o f  s t r a t e g i c a l l y  important metals as well  as revenues comparable 
t o  those from e l e c t r i c  power generation. 

The i n i t i a l  phase o f  the DOE/BNL program consists o f  an assessment i n  which data per ta in ing t o  the  
fo l low ing  questions are being compiled. 

0 What are the applicable environmental regulat ions a t  the  s t a t e  leve l  f o r  the states o f  i n t e r e s t ?  

0 What are the applicable federal environmental regulat ions per ta in ing  t o  geothermal resources and 
t o  what extent w i l l  they be involved? 

0 Are any o f  the e x i s i t i n g  regulat ions expected t o  change? I f  so, what are the timeframes f o r  re- 
sol v i  ng these i ssues? 

0 Evaluate the  regulat ions f o r  d e f i n i t i o n s  o f  waste c l a s s i f i c a t i o n s  and f o r  standardlproposed t e s t s  
required. How are some o f  these required t e s t s  formulated and why? 

0 What are the near/far term requirements f o r  the disposal o f  these waste? 

0 What i s  the current  state-of-the-art disposal practices f o r  these wastes? 

0 Can the operators o f  the geothermal p ro jec ts  meet t h e  current  regulat ion requirements and waste 
disposal standards? Are current  disposal pract ices adequate? W i l l  these companies need more t ime 
t o  develop addi t ional  o r  a1 t e r n a t i v e  disposal methods? 

0 What are the  types o f  wastes generated from geothermal processes? 

Two experimental approaches which are complementary are being used i n  attempts t o  develop methods 
which w i l l  economically meet the  disposal regulat ions i d e n t i f i e d  above. 

The f i r s t  i s  the  use o f  biochemical techniques t o  concentrate and remove t o x i c  metals from wastes, 
and the second i s  t o  develop processes f o r  converting t o x i c  const i tuents  from the wastes i n t o  nonleachable 
forms which can be used as a const ruct ion mater ia l  o r  disposed o f  i n  conventional l a n d f i l l  s i tes.  - 

The i n i t i a l  resu l ts  from the BNL studies on the biochemical treatment o f  wastes have recent ly  been 
pub1 ished.8 These studies have demonstrated t h a t  cer ta in  microorganisms can grow i n  the presence o f  
h igh concentrations o f  t o x i c  metals i n  geothermal sludge and are able t o  bioaccumulate heavy metals. The 
bioaccumulation i s  se lec t i ve  and several microorganisms have been tested f o r  se lec t i ve  adsorption o f  ura- 
nium, thorium, cobalt,  chromium, manganese, t i n ,  and platinum. The r e s u l t s  have shown t h a t  under the ex- 
perimental condit ions used, P. aeru fnosa SCU has a preference f o r  uranium, wh i le  p. aeru inosa PAO-1 and 

rium.0 Current ly  the  E. aeruginosa i s  being used as a mo e sys em t o  study mechanisms by which the 
- P. fluorescens e x h i b i t  a praerence * o r  thorium, and As e r  i l l u s  n i  e r  i s  se lec t i ve  + o r  c romium and tho- +-?- 
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t o x i c  metal resistances are manifested a t  the  molecular leve l .  Concurrent studies address the bioaccumu- 
l a t i o n  pechanisms. While the metal resistance i s  spec i f i c  and plasmid mediated, the surface s e l e c t i v i t y  
may be re la ted  t o  resistance, o r  may be due only  t o  the chemical s t ruc tu re  o f  the c e l l  wal l  and c e l l  mem- 
brane components. The r e s u l t s  support the  view tha t  i n  the metal-microorganism interactions, several 
mechanisms may be operative, which invo lve special ized metabolites, such as exo-ce l lu lar  chelators, spe- 
c i f i c  c e l l  surface s i tes,  and t ranspor t  agents. 

With regard t o  the  conversion o f  t o x i c  wastes i n t o  nonleachable forms, several inorganic and organic 
encapsulants have been tested. Mater ia ls  used include methylmethacrylate, polyester, su l fu r ,  magnesium 
polyphosphate cement, and por t land cement. Other variables included water content, p a r t i c l e  size, and 
method o f  encapsulation. Prel iminary resu l ts  ind icated t h a t  several systems had leach rates well  below 
those speci f ied i n  t h e  State o f  C a l i f o r n i a  regulations. Work t o  optimize the  processes and t o  estimate 
costs i s  i n  progress. 

5. Mater ia ls  f o r  Nonmetallic Heat Exchangers 

This p r o j e c t  i s  inves t iga t ing  thermally conductive polymer-based composites f o r  use as corrosion 
res is tan t  mater ia ls  o f  const ruct ion f o r  she l l  and tube heat exchangers i n  binary geothermal processes. 
Corrosion o f  the br ine  side o f  tub ing i n  s h e l l  and tube heat exchangers has been a major problem i n  the  
operation o f  b inary geothermal processes. Compared t o  the  cost o f  high a l l o y  steels, a considerable eco- 
nomic benef i t  could r e s u l t  from the u t i l i z a t i o n  o f  a proven corrosion res is tan t  polymer concrete material 
i f  s u f f i c i e n t  heat t r a n s f e r  proper t ies can be derived. The work consists o f  determinations o f  the  e f f e c t s  
o f  compositional and processing var iab les on the thermal propert ies o f  the composite, and measurements o f  
the  physical and mechanical proper t ies a f t e r  exposure t o  hot b r i n e  and isobutane. 

To date, the maximum thermal conduct iv i t y  obtained i s  3.5 BTU/hr-ft-OF, compared t o  a value o f  11.2 
BTU/hr-ft-OF f o r  the  AL 29-4C f e r r i t i c  s ta in less steel used i n  the tubes o f  the Heber heat exchangers. 
Assuming a l l  other design fac to rs  equal, d i r e c t  subs t i tu t ion  o f  the  polymer composites f o r  the  metal tubes 
w i l l  reduce the  r a t i n g  o f  the exchangers by -12%. However, ant ic ipated reductions i n  the fou l ing  r e s i s t -  
ance o f  the polymer composite tub ing may compensate f o r  the  thermal conduct iv i t y  differences. 

For t h e  Heber b inary plant, i t  has been reported t h a t  the  heat exchangers and condensers represent 
-30% of the t o t a l  investment i n  p lan t  equipment.9 Therefore, since the  cost o f  the  polymer composite 
tub ing i s  estimated t o  be i n  the  same range as tha t  f o r  carbon steel,  subs t i tu t ion  f o r  the AL 29-4C could 
s i g n i f i c a n t l y  reduce t h e  cost o f  f u t u r e  b inary plants. 

6. Corrosion i n  Binary Geothermal Systems 

This program y i e l d s  corrosion data f r a n  laboratory and p lan t  t e s t s  f o r  metals presently used i n  b i -  
nary p lants  and other more p o t e n t i a l l y  r e s i s t i v e  metals and nonmetals. I n  operating binary processes, 
b r i n e  leakage i n t o  the  organic working f l u i d  side o f  the  p lants  has resul ted i n  unanticipated corroslon 
problems. Data are not  ava i lab le  on the  e f f e c t s  o f  sa l t ,  oxygen, and water impur i t ies  i n  isobutane and/or 
isopentane on the corrosion rates o f  metals. The work involves the  exposure o f  t e s t  coupons i n  operating 
p lants  and i n  a laboratory  t e s t  loop i n  which the leve ls  o f  water, oxygen and s a l t  can be varied. When 
completed, t h e  program w i l l  y i e l d  q u a n t i t a t i v e  in format ion regarding the  extent o f  corrosion tha t  w i l l  oc- 
cur  upon contamination o f  the  b inary s ide o f  a plant, thereby a l lowing designers mater ia ls  options. 

CONCLUSIONS 

The DOE Geothermal Mater ia ls  Program i s  addressing problems whose so lut ions have a shor t  t o  moderate 
term impact on the  operation o f  prototype p lan ts  as we l l  as conducting long-term R and D designed t o  have 
s i g n i f i c a n t  impacts on i n d u s t r i a l  v i a b l l i t y  and produc t iv i t y  i n  mater ia ls  performance. Act ive technology 
t r a n s f e r  l inkages are establ ished and maintained. To date, the  program has resul ted i n  the  development of 
t h e  best known high temperature elastomer f o r  geothermal service, and several other outputs from t h e  pro- 
gram are being used o r  tested by industry. Current R an D e f f o r t s  on dynamic seals, l o s t  c i r c u l a t i o n  con- 
t r o l  materials, and l igh twe igh t  wel l  cements may be used'by indust ry  i n  the near future. Other e f f o r t s  on 
elastomer-l ined we l l  casing, encapsulation or biochemical concentrat ion and separation o f  wastes, and non- 
metal 1 i c  heat exchanger tub ing w i l l  requi re  considerably longer development times. 
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INTRODUCTION 

Fracture d e f i n i t i o n  and mapping has been a 
major research ob jec t ive  o f  t h e  Department o f  
Energy's Reservoir D e f i n i t i o n  Program f o r  severdl 
years. This i n i t i a t i v e  r e f l e c t s  both the  impor- 
tance o f  f r a c t u r i n g  i n  c o n t r o l l i n g  f l u i d  pathways 
and a need f o r  research which i s  ind icated by 
indus t ry 's  problems i n  explor ing f o r  and develop- 
i ng f ractured geothermal reservoi rs. This po in t  
i s  f u r t h e r  emphasized by indus t ry 's  comments a t  
t h e  recent meeting o f  the  Geothermal Resources 
Council t h a t  i n j e c t i o n  techniques i n  high- 
temperature f ractured reservo i rs  are considered 
experimental. Geothermal energy w i l l  not  be 
considered a t r u l y  renewable energy resource u n t i l  
t h e  mysteries surrounding f rac tu re  geometry and 
f lu id - rock  i n t e r a c t i o n  are solved. 

F l u i d  f l o w  i s  f r a c t u r e  cont ro l led  i n  essen- 
t i a l l y  a1 1 high-temperature geothermal systems. 
Some data on the  geometry o f  the  f rac tu re  zones 
and on t h e  chemical and physical condit ions w i t h i n  
the  reservo i r  can be obtained d i r e c t l y  through 
wel l  logs and from t h e  chemistry o f  sampled 
f l u i d s .  Other geological and geochemical inves- 
t i g a t i o n s  o f  reservo i r  rocks can f requent ly  pro- 
v ide a great deal o f  addi t ional  in format ion t h a t  
cannot be obtained from these measurements. This 
in format ion may be p a r t i c u l a r l y  important dur ing 
t h e  ear ly  stages o f  a geothermal program when i t  
may be d i f f i c u l t  t o  ob ta in  data on temperatures 
and f l u i d  chemistr ies through downhole measure- 
ments because the  rocks have been cooled by d r i l l -  
i n g  f l u i d s ,  and f low t e s t s  are o f  i n s u f f i c i e n t l y  
long dura t ion  t o  remove a l l  d r i l l i n g  f l u i d  from 

- the  reservoir.  Later, dur ing the,developrnent o f  a 
f i e l d ,  when t h e  number o f  d r i l l  holes has i n -  
creased, geological and geochemical studies o f  the 
reservo i r  rocks can provide in format ion on t h e  
d i rec t ions  o f  f l u i d  flow, and guide f u r t h e r  
development t o  areas o f  h igh permeabil i t ies. 

Our f r a c t u r e  inves t iga t ions  are based on 
d e t a i l e d  studies o f  high-temperature geothermal 
systems, l a r g e l y  through the  use o f  l i t h o l o g i c  
samples from d r i l l  cu t t ings  or core. These 
studies develop the  models o f  f ract&e geometries, 
permeabil i ty, and a l t e r a t i o n  t h a t  must be ad- 
dressed by any geophysical or reservo i r  engineer- 
i n g  modeling. They a lso  provide t h e  basis f o r  
understanding t h e  e f f e c t s  o f  geothermal i n j e c t i o n ,  
which i s  discussed i n  more d e t a i l  i n  the  accom- 
panying paper by Adams and Moore ( t h i s  volume). 
Although many o f  t h e  techniques we have applied 
are we l l  established, some have not previously 

been applied t o  the  study o f  geothermal systems. 
The unique appl icat ions presented i n  t h i s  paper 
inc lude the s t ruc tu ra l  models from t h e  Baca sys- 
tem, the  f l u i d  inc lus ion  gas research from t h e  
Imperial Valley, and t h e  s tab le  isotope i n v e s t i -  
gations from Meager Mountain. 

FRACTURE FORMATION AND GEOMETRY 

Fractures are formed i n  the  f i e l d  o f  b r i t t l e  
deformation i n  t h e  ear th 's  crust. This f i e l d  i s  
normally defined by the  depth l i m i t  o f  earthquake 
a c t i v i t y  and i s  as shallow as 2 km i n  par ts  of 
Yellowstone (Smith and Bra i le ,  1982) and about 7 
km beneath t h e  Cos0 and Roosevelt Hot Springs geo- 
thermal systems (Walter and Weaver, 1980; Zandt 
and Nielson, i n  preparation). Below t h e  depths 
where earthquakes occur, deformation i s  by d u c t i l e  
f l o w  ra ther  than b r i t t l e  f racture,  and i t  i s  un- 
1 i ke ly  tha t  adequate permeabi 1 i t y  can be sustained 
t o  support geothermal systems. Wi th in  t h e  zone of 
b r i t t l e  f racture,  the geometry and extent o f  f rac-  
t u r e  development i s  dependent on rock type, over- 
burden pressure, s t r a i n  rate, and s t ress or ienta-  
t ion .  

Fracture permeabi l i t y  a t  the  Raca geothermal 
system i n  t h e  Valles caldera, New Mexico has been 
defined l a r g e l y  through the  study o f  40,000 m o f  
cu t t ings  and cores (Hulen and Nielson, 1983; 
Nielson and Hulen, 1984). This s t r a t i g r a p h i c  data 
has then been used t o  develop a s t r u c t u r a l  cross- 
sect ion (Fig. 1) which can then be compared t o  
production data t o  determine f l u i d  f low paths. 
S t ruc tura l  permeabil i ty i s  developed i n  f a u l t s  and 
f rac tu res  which were formed dur ing the  eruptions 
o f  the  Valles caldera and by subsequent s t r u c t u r a l  
doming o f  the  area o f  geothermal explorat ion 
(Redondo resurgent dome). 

Nielson and Hulen (1984) modeled t h e  devel- 
opment o f  t h i s  s t ruc tu ra l  dome t o  help expla in  t h e  
permeabil i ty re la t ionsh ips  found i n  t h e  Baca pro- 
j e c t  area. For instance, wh i le  many f a u l t s  and 
f ractures were geothermal producers, many showed 
no signs o f  f l u i d  or o f  hydrothermal a l te ra t ion ,  
bu t  t h e i r  permeabil i ty was evidenced by l a r g e  
amounts o f  l o s t  c i r c u l a t i o n  dur ing  d r i l l i n g .  

As a r e s u l t  o f  the  doming process, the  
a f fec ted  s t r a t a  a re  subjected t o  d i f f e r e n t i a l  
stresses. I n  t h e  upper por t ions o f  the  dome (Ftg. 
2), t h e  rocks are under tension. This commonly 
r e s u l t s  i n  normal f a u l t i n g  along t h e  c res t  o f  the 
dome. Approximately halfway down through the  
dome, a surface ca l led  the  neutra l  plane separates 
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FIGURE 2 

Ideal i zed model o f  dome devel opment . 
diameter (a)  by the equation L = [&&-I where T 

i s  overburden thickness, q i s  u n i t  weight o f  
s t ra ta,  p i s  magma pressure, and k i s  a constant 
(Johnson, 1970). 

Nielson and Hulen (1984) concluded t h a t  the 
idea l  i zed model o f  dome development was modi f i ed 
by t h e  reac t iva t ion  o f  o lder  s t ructures associated 
w i t h  t h e  Jemez f a u l t .  These s t ructures were 
steep, throughgoing f a u l t  zones p r i o r  t o  the  fo r -  
mation o f  t h e  Redondo dome, and they have contin- 
ued t o  maintain t h a t  character during and a f t e r  
the  formation o f  the  dome. I t , i s  our opinion t h a t  
these react ivated f a u l t s  are t h e  pr inc ipa l  I con- 
d u i t s  o f  upwell ing hydrothermal f l u i d s ,  and t h a t  
successful w e l l s  i n  t h e  f i e l d  i n t e r s e c t  these 
fractures, o r  f rac tu res  o r  s t r a t i g r a p h i c  horizons 
which communicate w i t h  these p r i n c i p a l  f l u i d  
conduits. The s t r u c t u r a l  model developed i s  a 
p r e d i c t i v e  model i n  the  sense t h a t  i t  i n  can be 
used t o  guide f u r t h e r  explorat ion o f  f ractures i n  
t h i s  system (Nielson, 1985). 

FLUID-FRACTURE INTERACTION 

Geometry and d i s t r i b u t i o n  o f  f rac tu res  i s  
on ly  t h e  f i r s t  par t  o f  the  equation i n  understand- 
i n g  t h e  f r a c t u r e  cont ro ls  on c i r c u l a t i o n  i n  geo- 
thermal systems. F l u i d  i n t e r a c t s  w i t h  f ractures 
t o  e i t h e r  enhance permeabi l i ty  through d i s s o l u t i o n  
o r  reduce permeabil i ty through a l t e r a t i o n  and pre- 
c i p i t a t i o n .  I n  t h e  process o f  I n t e r a c t i o n  between 
f l u i d s  and rocks, changes i n  mineralogy and physi- 
ca l  t rapping o f  f 1 u i d  samples a1 low geochemical 
techniques t o  be used t o  quant i f y  physical 
processes. 

Data from Hydrothermal Minerals 

The i d e n t i f i c a t i o n  and d i s t r i b u t i o n  o f  t h e  
hydrothermal minerals occurr ing i n  the geothermal 
reservo i r  rocks must represent the  f i r s t  step i n  
any program t h a t  w i l l  u l t i m a t e l y  requi re  geologi- 
ca l  o r  geochemical input. The recogni t ion of 
"geothermal minerals" i n  f rac tu red  reservoi r s  t h a t  
character ize t h e  thermal systems outslde o f  t h e  
Imperial Val ley I s  f requent ly  not simple. Deta i l -  
ed inves t iga t ions  o f  Roosevelt Hot Springs i n  Utah 
(Nielson e t  a1 ., 1978; Capuano and Cole, 1982; 
Christensen e t  a1 ., 1983) and Meager Mountain, 
B r i t i s h  Columbia (Moore e t  al., 1985). among 

others, ind ica te  t h a t  the  reservo i r  rocks had been 
a l te red  by several d i f f e r e n t  unrelated thermal 
events. Thus, i n  many systems, p a r t i c u l a r  care 
must be paid t o  the  paragenetic sequences and 
de ta i led  mineral re la t ionships.  Nevertheless, 
w i t h  care, a s i g n i f i c a n t  amount o f  in format ion can 
be obtained. 

Hulen and Nielson (1982, 1983, i n  press) 
u t i l i z e d  the  d i s t r i b u t i o n  o f  secondary minerals a t  
Baca t o  def ine permeable zones i n  reservo i r  rocks. 
Thei r  invest igat ions show t h a t  f l u i d  f low has been 
confined p r i n c i p a l l y  t o  s teeply  d ipp ing normal 
f a u l t s  and subsidiary f rac tu res  associated w i t h  
them. I n  addit ion, they demonstrated t h a t  t h i n  
sandstone lenses t h a t  interbedded w i t h  volcanic 
rocks a t  Baca could a lso act as t h i n  s t ra t ig raph ic  
aqui fers  when they were in tersected by the  steeply 
d ipp ing  fau l ts .  Permeabil i ty along many o f  these 
channels has been reduced or l o c a l l y  el iminated by 
hydrothermal self-seal ing. A l t e r a t i o n  from the  
surface through the  base o f  geothermal production 
i s  o f  three d i s t i n c t i v e  types: a r g i l l i c ,  propy- 
l i t i c  and p h y l l i c  (Fig. 3) .  Strong p h y l l i c  

A- I A LOOKING NORTHEAST 

FIGURE 3 
Hydrothermal a l t e r a t i o n  i n  t h e  - Baca geothermal 
system (Hulen and Nielson, i n  press). 

a l t e r a t i o n  i s  t y p i c a l l y  associated w i t h  major 
a c t i v e  thermal f l u i d  channels. P h y l l i c  zones 
y i e l d i n g  no f l u i d  were c l e a r l y  once permeable, bu t  
now are hydrothermally sealed. The deepest we l l  
(8-12, 3423 m) i n  t h e  dome may have penetrated t h e  
base o f  the  a c t i v e  hydrothermal system. Below a 
depth o f  2440 m i n  t h i s  well ,  hydrothermal ve in ing 
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FIGURE 4 
Strat igraphy w i t h i n  the greywackes from three wel ls  i n  The Geysers. 
shaded. Le t te rs  denote ind iv idua l  s t ra t ig raph ic  horizons which were d i f f e r e n t i a t e d  on the 
basis of t h e i r  chemical composition. A sumnary o f  the chemical var ia t ions  i s  shown on the 
graph t o  the  r i g h t  of each l i t h o l o g i c  log. 
cor re la t i ve .  From Moore (1984). 

The greywacke i s  un- 

S t ra t ig raph ic  horizons between we l ls  are no t  

disappears e n t i r e l y  and t h e  rocks resemble those 
developed by isochemical thermal metamorphism. 
The t r a n s i t i o n  i s  re f lec ted  by temperature logs, 
which show a conductive thermal gradient below 
2440 m. This depth may mark the  dome's neutra l  
plane and ind icates t h a t  explorat ion below t h i s  
depth w i l l  be non-productive due t o  lack  o f  
permeabi 1 i t y  . 

Moore e t  a l .  (1983, 1985) i n  a s i m i l a r  manner 
u t i l i z e d  the  d i s t r i b u t i o n  o f  secondary minerals a t  
Meager Mountain t o  loca te  zones o f  high permeabil- 
i t i e s .  This f i e l d  appears t o  be s i m i l a r  t o  many 
o f  the  Cascade stratovolcanoes cur ren t ly  being 
evaluated by the  geothermal indust ry  and by coop- 
e r a t i v e  pro jects  between DOE and industry. Meager 
Mountain i s  underlain by i n t r u s i v e  and metamorphic 
basement rocks t h a t  i n  places are in t ruded by 
young dikes re la ted  t o  recent volcanism. The 
basement rocks d isp lay evidence o f  a t  l e a s t  three 
d i f f e r e n t  and unrelated hydrothermal systems. 
Through carefu l  petrographic and chemical studies, 
minerals re la ted  t o  each o f  the  d i f f e r e n t  events 
can be separated and t h e i r  d i s t r i b u t i o n s  mapped. 
Hydrothermal minerals re1 ated t o  the  present geo- 
thermal system are also s t rongly  zoned w i t h  re- 
spect t o  temperature. Here, three d i s t i n c t  hydro- 
thermal a l t e r a t i o n  zones can be recognized. These 
include: 1) a low-temperature zone characterized 
by smecti te and in te r layered clays, 2) an interme- 
d i a t e  temperature zone characterized by c h l o r i t e  
and i l l i t e ,  and 3) a high temperature zone con- 
t a i n i n g  epidote, a c t i n o l i t e  and potassium fe ld -  

spar. Data from other  systems suggest t h a t  mine- 
r a l s  o f  zone 1 probably formed a t  temperatures up 
t o  225OC. The minerals o f  zone 2 are i n d i c a t i v e  
o f  temperatures above 225OC but  less  than 300OC. 
Hydrothermal a l t e r a t i o n  i n  zone 3 probably occur- 
red a t  temperatures above t h i s  range. The occur- 
rence o f  these minerals and t h e  general lack o f  
s i g n i f i c a n t  ve in ing o f  geothermal o r i g i n  i n  t h e  
metamorphic and i n t r u s i v e  country rocks suggests 
t h a t  the  dikes have been major conduits f o r  the  
upwell i ng f l  u ids . 
Data from Rock Chemistry 

During t h e  past several years, UURI scien- 
t i s t s  have conducted s i g n i f i c a n t  new research on 
the  r o l e  o f  rock chemistry as a t o o l  f o r  mapping 
rock types and permeable zones. This use o f  major 
element analyses t o  map l i t h o l o g i e s  has proven t o  
be p a r t i c u l a r l y  usefu l  f o r  we l ls  t h a t  are r o t a r y  
d r i l l e d  i n  sedimentary o r  metamorphic environments 
such as the  Imperial Val ley and The Geysers. For 
example, Moore (1984) showed t h a t  l i t h o l o g i c a l l y  
s i m i l a r  greywackes from The Geysers could be 
d i f f e r e n t i a t e d  on t h e  basis o f  t h e i r  major and 
minor element contents (Fig. 4). Through t h i s  
study, i t  was shown t h a t  many o f  the  steam ent r ies  
were associated w i t h  greywackes w i t h  a s i g n i f i c a n t  
arg i l laceous component. The lack o f  widespread 
brecc ia t ion  f u r t h e r  suggested t h a t  these steam 
zones are associated w i t h  f l a t  l y i n g  ( t h r u s t )  
f a u l t s  and t h a t  a substant ia l  amount o f  hor izon ta l  
steam f low must occur i n  t h e  reservoir.  

. 
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#We have determined t h e  r e l a t i v e  m o b i l i t i e s  o f  
P various t r a c e  elements dur ing a l t e r a t i o n  and are 

us ing t h i s  data t o  help map the d i s t r i b u t i o n  o f  
permeabJe zones a t  depth. A t  Meager Mountain 
(Moore e t  al., 1983, 1985) t h e  t race  and minor 
element contents o f  270 samples o f  t h e  reservo i r  
rocks from s i x  we l ls  were determined. Chemical 
analyses o f  the  discharge prec ip i ta tes  from the 
we l l  bores and springs were used t o  es tab l i sh  
which t r a c e  elements are present ly  mobile a t  
d i f f e r e n t  depths w i t h i n  t h e  system. Chemical 
analyses o f  t r a v e r t i n e  deposited a t  Carbonate 
Springs near Meager ind ica te  t h a t  i n  the  uppermost 
p a r t  o f  t h e  system bismuth and t o  a much lesser  
extent arsenic and mercury are mobile. Trace 
elements t h a t  are mobile a t  deeper l e v e l s  i n  the  
thermal system occur w i t h i n  calcium carbonate 
deposits formed by f l u i d s  t h a t  discharge from one 
o f  the wel ls  located on t h e  southeast edge o f  t h e  
f i e l d .  These elements inc lude mercury, arsenic, 
strontium, and bismuth and traces o f  zinc. Con- 
centrat ions o f  arsenic up t o  9000 ppm, zinc t o  60 
ppm, and lead t o  25 ppm have been found i n  some 
samples. Discharge p r e c i p i t a t e s  from t h e  pro- 
duct ion wel l  MC-1 provide in format ion on t r a c e  
metal m o b i l i t i e s  i n  the  deepest leve ls .  Although 
t h e  compositions o f  the  scales are h igh ly  var i -  
able, chemical analyses i n d i c a t e  t h a t  s i l v e r ,  
copper, n icke l ,  and higher contents o f  z inc are 
ava i lab le  f o r  p rec ip i ta t ion .  S i l v e r  contents as 
h igh  as 115 ppm and z inc concentrations o f  130 ppm 
were measured i n  t h e  scale. 

The t race  element contents o f  the  rocks sam- 
p led by the  d r i l l  holes confirm t h e  importance o f  
d ike  rocks as conduits f o r  t h e  geothermal f l u i d s  
i n  the  reservo i r  a t  shallow depths. Dikes from 
the  center o f  the  thermal anomaly contain anomal- 
ous concentrations o f  Zn and i n  places Pb i n  
add i t ion  t o  As and Hg (Fig. 5). These elements 
are crudely zoned w i t h  respect t o  t h e  present 
temperatures. Dikes characterized by enrichments 
i n  Hg + Zn + As occur on ly  i n  the  highest temper- 
atures whereas dikes enriched i n  Hg + Zn occur a t  
somewhat lower temperatures (Moore e t  a1 ., 1983). 

Our current  research i n  t h i s  area i s  being 
d i rec ted  toward evaluat ing the  chemical and physi- 
ca l  condit ions t h a t  r e s u l t  i n  t h e  deposit ion o f  
some o f  these genera l ly  mobile t r a c e  elements. 
Toward t h i s  goal, an extensive compilat ion o f  
arsenic i n  geothermal waters has been conducted, 
t h e  s t a b i l i t i e s  o f  various arsenic compounds a t  
elevated temperatures have been ca lcu l  ated, and 
t h e  arsenic contents o f  s u l f i d e  minerals from the  
Salton Sea geothermal system have been determined 
(Ballantyne e t  al.. i n  prep.). 

Data from F l u i d  Inc lus ions 

Despite near ly  f o u r  decades o f  deep d r i l l i n g  
i n  high temperature geothermal f i e l d s  our know- 
ledge o f  the  chemical proper t ies and d i s t r i b u t i o n s  
o f  geothermal f l u i d s  i s  s t i l l  f a r  from complete. 
I n  p a r t  t h i s  r e f l e c t s  t h e  r e a c t i v i t y  and sensi- 
t i v i t y  o f  geothermal br ines t o  changes i n  physical 
condit ions and i n  p a r t  t o  t h e  p r a c t i c a l  d i f f i c u l -  
t i e s  encountered i n  ob ta in ing  uncontaminated and 
representative samples. Geothermal f l u i d s  may be 
sampled i n  several ways; a t  t h e  wellhead o r  from 
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FIGURE 5 
D i s t r i b u t i o n  o f  temperatures, rock types and mer- 
cury, arsenic and z inc i n  t h e  thermal anomaly a t  
Meager Mountain, B.C. The dikes shown on the  logs 
(Fig. 5a) were emplaced dur ing recent volcanic ac- 
t i v i t y .  The t race  element d i s t r i b u t i o n s  i n d i c a t e  
t h a t  t h e  dikes have been t h e  primary conduits f o r  
upwell ing f l u i d s  i n  the  anomaly (Fig. 5b). From 
Moore e t  al. (1983). 
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TABLE 1 

FLUID INCLUSION DATA: IMPERIAL VALLEY, CALIFORNIA 

Homogenization S a l i n i t y  (wt.) Mde Ratios 
Depth Mineral Temp. % NaCl C02/H20 CH4/H20 Ethane/H20 Propane/H20 

("C) 

850-880 
910-940 
1000-1030 
1000-1030 
1000-1030 
1060-1090 
1060-1090 
1120-rl50 
1120-1150 

An = anhydrite 
Q t z  = quartz 
Sph = spha ler i te  

An 206 
An 218 
An 231 
Qtz  217 
SPh 198 
An 244 
Q t Z  235 
Q t z  224 
SPh 216 

12 
15 
15 
13 
14 
19 
17 
15 
16 

springs and fumaroles, through the  use o f  a down 
hole sampler, o r  through t h e  analysis o f  f l u i d  
inclusions. F l u i d  inc lus ions are samples of the  
geothermal br ines t h a t  have been trapped i n  
c a v i t i e s  i n  the  hydrothermal minerals during t h e i r  
formation o r  dur ing  t h e i r  subsequent f r a c t u r i n g  
and healing. F l u i d  inc lus ions t y p i c a l l y  contain a 
l i q u i d  and vapor phase a t  room temperature, and 
some may also conta in  c rys ta ls  o f  daughter mine- 
r a l s  p rec ip i ta ted  from t h e  f l u i d s .  The tempera- 
t u r e  o f  t rapping o f  the  inc lus ion  i s  obtained by 
heating the  inc lus ion  u n t i l  the  vapor disappears 
and then addtng a cor rec t ion  fac to r  based on the  
depth o f  bur ia l .  The composition o f  t h e  i n c l u -  
sion, i n  terms o f  equivalent weight percent sodium 
chloride, t h e  major components o f  geothermal 
waters, i s  determined from t h e  f reez ing po in t  
depression o f  the  l iqu id .  

These methods provide essent ia l l y  no i n f o r -  
mation on t h e  quant i t y  and type of gases present 
i n  t h e  geothermal brines. This information i s  
important both f o r  p red ic t ing  reservo i r  charac- 
t e r i s t i c s  and assessing var ia t ions  i n  f l u i d  chem- 
i s t r y  i n  space and time. Toward these goals, we 
are u t i 1  i z i  ng new techniques bei ng devel oped a t  
NASA under t h e i r  lunar  program t o  analyze the  gas 
contents o f  ind iv idua l  f l u i d  inclusions. Data has 
been obtained from samples co l lec ted  from t h e  
Imperial Valley. The gas composition of the  
f l u i d s  may vary widely. Representative ana ly t i ca l  
data f o r  inc lus ions from t h e  Imperial Val ley i s  
given i n  Table 1. This f i n d i n g  i s  i n  sharp con- 
t r a s t  w i th  analyses o f  the  gases discharged from 
t h e  wells. These gases are enriched i n  methane 
compared t o  other  hydrocarbons. The f l u i d  i n -  
c lus ion  data a lso  i n d i c a t e  t h a t  s a l i n i t i e s  i n -  
crease downward, con f i  rmi ng t h e  suggestions t h a t  
f l u i d  f l o w  i s  dominantly l a t e r a l .  

Data from Iso top ic  Analyses 

Estimates o f  the  water t o  rock r a t i o  and 

.0139 .0006 
t race  .0005 
.0079 .0010 t r a c e  
.0024 .0064 .0002 t race  

.0028 .0005 t race  t r a c e  

.0036 .0004 . 00 36 ,0013 

hence t h e  overa l l  permeabi l i ty  o f  a geothermal 
system can be obtained from mass balance equations 
based on t h e  chemical composition o f  t h e  f l u i d s  
and rocks o r  from t h e i r  i s o t o p i c  compositions. 

L i t t l e  data i s  ava i lab le  from geothermal 
systems outside o f  t h e  Imperial Val ley and New 
Zealand. Recently we have applied t h i s  approach 
t o  t h e  Meager Mountain thermal system. The iso-  
t o p i c  compositions o f  t h e  thermal f l u i d s  from t h i s  
system are p a r t i c u l a r l y  unusual because o f  t h e i r  
wide range o f  deuterium values. The r e s u l t s  i n d i -  
cate t h a t  the  system has been rock-dominated and 
t h a t  it i s  characterized by extremely low water- 
rock ra t ios ,  perhaps i n  the  range o f  .05 t o  .5 by 
volume. These values appear i n  general t o  be 
consistent w i t h  both the  r e l a t i v e l y  h igh res is -  
t i v i t i e s  measured on the  southern f lank  of Meager 
Mountain and w i t h  the  low p r o d u c t i v i t i e s  o f  t h e  
geothermal we1 1 s. 

CONCLUSIONS AND REQUIRED RESEARCH 

The geothermal indus t ry  i s  plagued by h igh 
explorat ion expense due l a r g e l y  t o  the  d i f f i c u l -  
t i e s  i n  explor ing f o r  f rac tu re-cont ro l led  sys- 
tems. For geothermal energy t o  become a truly 
renewable energy resource, i n j e c t i o n  techniques 
must be developed based on an in t imate  knowledge 
o f  t h e  geometry o f  fractures, and t h e  chemical and 
physical processes which take p lace along them. 

Although a great deal o f  progress has been 
made, our knowledge o f  t h e  i n t e r n a l  s t ruc tu re  of 
most a c t i v e  systems i s  s t i l l  crude and much.more 
work i s  required. Deta i l s  o f  t h e  reservo i r  
proper t ies u l t i m a t e l y  must come from t h e  rocks 
themselves. I n  t h i s  paper, we have described 
several approaches t h a t  had not  prev ious ly  been 
applied t o  ac t ive  geothermal systems. The methods 
have y ie lded s i g n i f i c a n t  new i n s i g h t  i n t o  f r a c t u r e  
formation a t  Baca and on t h e  chemistry and com- 
pos i t iona l  var ia t ions  o f  the  br ines i n  t h e  Imper- 
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i a l  Ual ley. 

Our c u r r d t  research object ives stem from the  
need fqS fundamental research i n t o  f rac tu re  perme- 
a b i l i t y  development i n  various rock types and o f  
us ing f l u i d  inc lus ion  data t o  more accurately de- 
sc r ibe  reservo i r  conditions. We fee l  t h a t  addi- 
t i o n a l  research i n t o  geological models o f  f rac-  
tured geothermal reservo i rs  i s  needed. Deta i led 
documentation o f  t h e  s t ruc tu ra l  complexity o f  
a c t i v e  systems and t h e  e f f e c t  o f  i n t e r a c t i o n  o f  
f l u i d s  w i t h  these systems i s  i n  shor t  supply. 
These types o f  data are fundamental f o r  e f f i c i e n t  
explorat ion and production management. They a1 so 
provide the  ground t r u t h  necessary f o r  the  devel- 
opment o f  other mapping and i n t e r p r e t a t i o n  techni -  
ques. Because t h e  b r i n e  temperature and composi- 
t i o n  can be obtained from f l u i d  inc lus ion  measure- 
ments, the  s ign i f i cance o f  t h i s  k ind  o f  fundamen- 
t a l  data i s  f a r  reaching. These data can, f o r  
example, be used i n  t h e  development o f  new geo- 
thermometers as we1 1 as t o  provide pre-producti on 
chemical data needed i n  current  reservo i r  simula- 
t i o n  models and the  basic data needed f o r  develop- 
ment o f  evolut ionary models o f  geothermal systems 
i n  space and time. 

a 
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Abstract  Bonnevi 11 e Power Administrat ion (BPA) 
has developed geothermal resource and engineer- 
i n g  data bases to provide informat ion and guid- 
ance i n  making generation planning decisions. 
Prel iminary analysis ind icates t h a t  d i f f e r e n t  
rese rvo i r  conf i rmat ion s t ra teg ies may be appro- 
p r i a t e  depending on the geologic province being 
addressed. Future planning a c t i v i t i e s  w i l l  
address implementation mechanisms f o r  confirm- 
i n g  the reg ion 's  geothermal resources. 

Background The Bonnevi l le Power Administrat ion 
TBPA) i s  an agency i n  the Department o f  
Energy. It was created by the Congress i n  1937 
t o  market power from Bonnevil le Dam, the f i r s t  
large dam to be canpleted by the U.S. Govern- 
ment on the Columbia River o r  i t s  t r i b u t a r i e s .  
As other Federal dams were b u i l t  i n  the region, 
BPA was subsequently designated to market the 
power from them also. These multi-purpose 
pro jects  are designed to provide f l ood  contro l ,  
recreat ion,  navigation, and other benef i t s - - i n  
addi t ion t o  generating e l e c t r i c i t y .  They have 
a t o t a l  generating capaci ty o f  about 20 m i l l i o n  
k i l owa t t s  from 30 la rge  Federal projects.  The 
Federal system suppl ies  about h a l f  the power 
consumed i n  the Northwest w i t h  BPA ac t i ng  as a 
who1 esale energy broker 

BPA's service t e r r i t o r y  takes i n  300,000 square 
mi les i n  Washington, Oregon, Idaho, and western 
Montana, as wel l  as small neighboring por t ions 
o f  Wyoming, Nevada, Utah, and Ca l i f o rn ia .  The 
service area contains a populat ion o f  approx- 
imately 9 m i l l i o n .  

To d i s t r i b u t e  and market the power, BPA oper- 
ates and maintains a region-wide gr id .  The 
g r i d  also connects w i t h  u t i l i t i e s  i n  the 
P a c i f i c  Southwest through the P a c i f i c  North- 
west-Pacific Southwest I n t e r t i e s ;  w i th  the 
power system i n  B r i t i s h  Columbia t o  the north;  
and w i t h  systems t o  the east. 

Besides wheeling power from the Federal dams, 
BPA del ivers  o r  exchanges large quan t i t i es  of 
power f o r  o ther  u t i l i t i e s .  The g r i d  provides 
near ly  80 percent o f  the reg ion 's  transmission 
capaci ty . 

Federal l e g i s l a t i o n  i n  1980 gave added respon- 
s i b i l i t i e s  to BPA and created the Northwest 
Planning Council to provide guidance to BPA i n  
meeting these added respons ib i l i t i es .  The 
twofold task o f  the Council i s  to forecast the 
fu tu re  e l e c t r i c  energy demand o f  the Northwest 
and to develop plans t o  match fu tu re  regional  
loads w i th  conservation and new generating 
sources. 

Overall generation resource planning strategy 
i n  the Northwest i s  accomplished by the Council 
i n  consul ta t ion and cooperation w i t h  BPA and 
other regional u t i 1  i t i e s .  Trans lat ing these 
s t ra teg ies i n t o  implementation plans, a c t i v -  
i t i e s ,  and pro jects  i s  the . respons ib i l i t y  o f  
the regional  u t i l i t i e s  who p r o j e c t  the need f o r  
new generation resources w i t h i n  t h e i r  respec- 
t i v e  service areas. 

Completed Assessment Work I n i t i a l  plans and 
pro ject ions by the Council ind icated t h a t  geo- 
thermal generation could p lay a prominent r o l e  
i n  the Northwest i n  the future,  b u t  t h a t  
f u r the r  assessment and knowledge would need to 
be developed. To address the Council I s  needs 
as wel l  as our own, BPA undertook e f f o r t s  i n  
1981 t o  develop geothermal engineering and 
resource data bases which would provide plan- 
n ing  guidance f o r  f u tu re  work i n  geothermal 
resources. 

Bonnevil le was immediately struck by the 
d i s p a r i t y  o f  estimates p reva i l i ng  among 
regional  geothermal experts about the quan t i t y  
o f  the resource and lack o f  knowledgeable 
informat ion about the costs and types of 
technology necessary to comerc ia l  l y  e x p l o i t  
the resource once i t  was found. E f f o r t s  were 
undertaken i n  two areas t o  remedy these 
de f i c i enc i es . 
On the resource assessment side, the challenge 
was to, on a regional  basis, systemat ical ly 
character ize known moderate to high temperature 
geothermal s i t e s  (resources greater than 90" C) 
w i t h i n  the BPA service area. The ove ra l l  
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object ive o f  the characterization was to con- 
so l idate and evaluate geologic, geophysical, 
environmental, and legal information current ly  
avai lable i n  ex i s t i ng  records and f i l e s  i n t o  a 
c m o n  data base f o r  the Pac i f i c  Northwest 
Region (Washington, Oregon, Idaho, and t h a t  
por t ion o f  Montana west o f  the Continental 
Divide). 

Included i n  the assessment was development of :  
(1 1 consistent regional methodologies for  the 
i n te rp re ta t i on  o f  geologic/geophysical data and 
estimating o f  resource potent ia l ,  (2)  a l i s t  o f  
s i t e s  to be subsequently analyzed and ranked 
f o r  degree o f  developabil ity, ( 3 )  detai led s i t e  
descriptions, ( 4 )  character izat ion o f  each 
speci f ic  s i t e  potent ia l ,  (5 )  typ ica l  ,s i te 
configurations, (6) estimate o f  energy poten- 
t i a l ,  development cost, and energy cost f o r  
each s i te ,  and (7) ranking c r i t e r i a  techniques 
t o  allow resource s i t es  t o  be ranked one 
against the other. 

The information derived from t h i s  recent ly 
canpleted work w i l l  be used by BPA along w i th  
other information t o  generate consistent fore- 
casts o f  resource cost, timing, character- 
i s t i c s ,  and a v a i l a b i l i t y  (Mw). It also w i l l  be 
used t o  define and evaluate generation acquisi- 
t i o n  strategies and t o  ass is t  i n  the evaluation 
o f  potent ia l  projects and f e a s i b i l i t y  studies. 

The resource assessment work was conducted f o r  
BPA by the state Energy Offices o f  the four 
Northwest states and iden t i f i ed ,  characterized, 
and ranked 116 e l e c t r i c  generation s i t es  w i th in  
the region i n  the manner described. These 
included 76 s i t es  i n  the s tate o f  Oregon, 28 
s i t e s  i n  Idaho, 8 s i t es  i n  Montana, and 4 s i t e s  
i n  Washington. 

Simultaneously, BPA also launched e f f o r t s  t o  
develop engineering data bases t o  begin under- 
standing the conversion technology issues assoc- 
ia ted w i th  the resources characterized i n  the 
resource assessment study. BPA commissioned 
Kaiser Engineers and Southern Cal i  f o rn ia  Edi son 
(SCE) t o  develop s e n s i t i v i t y  cost  studies, 
conceptual p lan t  designs, and generation 
canparative cost  studies f o r  the fo l lowing 
conversion technologies. 

10 W! (approximately) Modular P lant  ( f low 
from four wel ls)  
Single-stage Flash 
Binary Cycle 
Rotary Separater Turbine 

Well Head ( f l o w  from single we l l )  
Single-stage Flash 
Binary Cycle 
Rotary Separator Turbine Gravity Head 
(Sperry Ma tthews System 1 

c 

The deta i led work developed Sstimates o f  the 
capi ta l  costs, annual costs, and cost of energy 
f o r  both modular and "well head" s ize plants 
where power ra t ings would be on a more s i t e -  
spec i f ic  basis. The studies included a 
character izat ion o f  the geothermal f l u i d  
quanti t i e s  , a1 lowabl e sal i n i  t ies ,  and 
temperatures needed to support the p lan t  
concepts (177" C and 260" C). 

Generic geothermal f l u i d  del ivery costs f o r  
f i e l d s  capable o f  supplying f l u i d  f o r  the 
d i f f e r e n t  p lan t  concepts were also developed. 
Costs included allowances f o r  appropriate 
re turn on investment values desired i n  high 
r i s k  geothermal explorations. Two scenarios 
were developed: 
10,000 f e e t  deep i n  high Cascade-type environ- 
ments, and (2 )  shallow, 500-3000 f e e t  deep 
wel ls i n  a Basin and Range environment. Both 
scenarios included "take-across-the fence" type 
contracts wherein the resource ( fue l  ) developer 
handles disposal ( re in jec t i on )  o f  the exhausted 
f l u i d  and includes those costs i n  resource con- 
t racts.  F i e l d  development f inancing incorpo- 
ra ted e f fec ts  o f  Federal and s tate tax codes 
f o r  depletion allowances, investment tax 
credi ts,  energy investments credi ts,  and 
accelerated cost recovery (ACR) methodologies. 
Results o f  the power p lan t  study were reported 
by SCE i n  the EPRI 8th Annual Geothermal 
Conference proceedings. 

Future A c t i v i t i e s  During our prel iminary 
analysis o f  the data bases i t  was ins t ruc t i ve  
f o r  BPA t o  consider the resource on the basis 
o f  the two major geologic provinces which l i e  
w i th in  the BPA service area--the Cascade Range 
and the Basin and Range. L i t t l e  concerted 
at tent ion had been paid to t h i s  second geo- 
l o g i c  province although the bulk o f  the BPA 
service area i s  w i th in  the Basin and Range 
province. A number o f  Basin and Range KGRA's 
were i d e n t i f i e d  and categorized i n  the four- 
s ta te assessment work mentioned ea r l i e r .  
Several "modest" sized f i e l d s  ( less than 100 
MW) have been characterized and confirmed 
including Raft  River, Idaho, and Beowae, 
Nevada. This character izat ion (shown i n  
Table 1) suggests t h a t  separate and independent 
commercialization strategies for the Region's 
two d i s t i n c t  geologic provinces i s  required i f  
fu ture a v a i l a b i l i t y  o f  these resources i s  
desired. It also suggests a se t  o f  actions to 
confirm reservoirs i n  one geologic province my 
not be appropriate f o r  the other. 

Bonnevi 11 e proposed t o  regional planners t h a t  
they view the demonstration o f  geothermal 
reservoirs as a four-step process. The f i r s t  
step i s  development o f  a good s c i e n t i f i c  under- 
standing o f  the geologic province coupled w i th  
s c i e n t i f i c  data gathered i n  regard t o  the 

(1 1 f o r  deep wells, 3000- 
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Province Exploration 
Strategies Understood 
and Utilized. 

Methology and techniques Basic earth sciences ~ 

defined and successfully 
uti l ized. i n  early stage of 

work and understanding 

development. 

Industry Exploration 
Efforts 

Extensive - especially 
i n  Southern Idaho and 
Northern Nevada. 

Very l i t t l e  due to short  
f iel d seasons , high 
costs and lack of scien- 
t i f i c  understanding. 

Generic Reservoir Moderate s ize  (less Unknown - may be of 
Characterist ics than 100 Mw) 500-10,000 

f t .  depths, low salin- 
i t y  ( less  than 5000 ppm), 
Moderate temperature, 
hydrothermal systems 

substantial size. 

(200" - 400" F). 

Appropriate Conversion Conversion techno1 ogies Conversion technology 
Technology for  Expected 
Reservoir 

still evolving - opti-  may not ex i s t  i f  
m i  za tion requi red on resource does not occur 
thermodynamic cycles, as a hydrothermal 
sizes, and plant costs. system. 

Resource Integra 
to Uti1 f ty  Grid 

tion Most KGRA's are dis- 
t an t  from main grid 
and may have high per 
u n i t  integration costs. 

Could have ei ther  high 
or  low per u n i t  integra- 
tion costs depending on 
reservoir size and 
location. 

Plant Sit ing Factors Some locations i n  
environmentally sensl- 

Many locations i n  envi- 
ronmentally sensitive 

areas, waste heat areas. 
rejection could present 
problems due t o  lack 
of cooling water. Brine 
reinjection may be a 
problem. 

Lower brine costs due t o  
ease i n  d r i l l ing  and 
modest d r i l l i n g  depths. 

Unknown Reservoir Economics 

P1 ant Economics Higher per u n i t  costs Unknown 
due to low enthalapy 
systems. ............................................................................................... 
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geology, geochemistry, geophysics, and hydrol- 
ogy of the system studied. The second step, as 
BPA views i t ,  is development of conceptual 
resource models as represented by maps, cross 
sections, and computer documents. Development 
of these conceptual models drive the industry 
exploration processes which we view as the 
t h i r d  step and appear t o  have been successfully 
ut i l ized by industry i n  locating comercial 
reservoirs i n  Basin and Range environments. I t  
i s  BPA's understanding that  such models do not 
ex i s t  for  the Cascade Range geologic province; 
work funded by the U.S. Geological Survey 
(USGS) and U.S. Department of Energy's (DOE) 
geothermal program is ongoing b u t  basic 
scienti  f i c  understanding is  sti 11 being 
devel oped. 

Summing up,  i t  appears that  the necessary 
sc ien t i f ic  understanding and reservoir 
exploration s t ra tegies  are  i n  place which would 
a l l  mi successful resource characterization work 
i n  the Basin and Range portions of the BPA 
service area, ignoring inst i tut ional  con- 
s t ra in ts .  However, un ti 1 demons trabl e 
sc ien t i f ic  progress i s  made on development of 
conceptual models for  Cascades geothermal 
resources, implementing demonstration confi r- 
mation dr f l l ing  programs, which is one course 
of action being considered by regional plan- 
ners, may be premature i n  the Cascades and have 
problematical chances for  success. 

To speak to some of the dilemnas suggested i n  
Table 1 ,  Bonneville has the following 
ac t iv i t i e s  planned i n  their short-term two-year 
planning horizon: 

Address the "front-end" sc ien t i f ic  unknowns 
of the Cascades geologic province geo- 
thermal resources. BPA is formalizing 
arrangements w i t h  USGS, USDOE, and the U.S. 
Forest Service t o  monitor, through an 
information exchange "forum," the scien- 
t i f i c  progress tha t  lead Federal research 
and land management agencies are making i n  
developing knowledge of geothermal poten- 
t i a l  of the Cascades' geologic province. 
As part  of t h i s  act ivi ty ,  BPA plans to  
participate i n  and cosponsor yearly "High 
Cascades" geothermal reservoir definit ion 
workshops for  the purpose of monitoring the 
sc ien t i f ic  progress of the agencies conduct- 
i n g  this work. 
ference records sui tab1 e for di ssemi na ti on 
to  the public and industry would result 
from these effor ts .  

Scient i f ic  forums and con- 

. 
Investigate and define ('as sc ien t i f ic  
knowledge is  developed) mechanisms which 
address the funding problems for early 
"high risk" sc ien t i f ic  d r i l l i n g .  BPA w i l l  
be monitoring the progress of DOE'S Cascade 
Thermal Gradient Dril l ing Cofunding Program 
as a possible model for  future regionally 
funded programs. 

Development i n  cooperation w i t h  other 
regional en t i t i e s ,  of plans and implemen- 
tation mechanisms t o  proceed w i t h  reservoir 
confirmation programs as appropriate and as 
the need is identff ied for reservoirs 
located i n  the BPA service area. 

Conclusions BPA bel ieves tha t  geothermal power 
generation can play a prominent role i n  meeting 
future projected Northwest e lec t r ic  energy 
needs for  the 21st century provided key con- 
cerns about the s ize  character is t ics  and tech- 
nical potential of the resource is addressed 
during the region's period of generating sur- 
plus. BPA's e f for t s  to date have focused on 
developing engineering and resource data bases 
so tha t  informed decisions can be made about 
the role of the resource i n  the future. The 
data base provides information which w i l l  give 
guidance i n  determining appropriate mechanisms 
to  conduct identified f ie ld  exploration work 
required for reservoir definit ion and charac- 
terization. The data bases have been developed 
so tha t  they can be easi ly  updated as new infor- 
mation and circumstances dictate.  Early i n  
1986, the region's u t i l i t i e s  will commence plan- 
n i n g  e f for t s  t o  develop resource confirmation 
s t ra tegies  and plans for  geothermal resources 
which l i e  w i t h i n  the BPA service area. The 
pace of resource assessment, definit ion,  and 
characterization work will be strongly infl u- 
enced by forecasts of projected regional energy 
needs. 
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KEBER GEOTHERMAL BINARY DEMONSTRATION POWER PLANT PROJECT 
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ABSTRACT 

Federal  and DOE policy is t o  promote technologi- 
cal innovation and facil i tate technology t r a n s f e r  t o  
t h e  publ ic  and p r iva t e  sec to r s .  This  paper describes 
t h e  p r inc ipa l  elements of the technology t r a n s f e r  plan 
and how it has been appl ied  t o  t h e  Heber Geothermal 
Binary Demonstration Power P lan t  pro jec t .  

INTRODUCTION 

Federal  and DOE pol icy  is t o  promote technologi- 
cal innovation and facilitate technology t r a n s f e r  t o  
the publ ic  and p r i v a t e  sectors. This  policy is being 
implemented by a l l  DOE l abora to r i e s .  

To be e f f e c t i v e ,  technology t r a n s f e r  (Table 1 )  
must be a planned e f f o r t .  It must i d e n t i f y  t h e  audi- 
ence t o  whom t h e  technology t r a n s f e r  is of i n t e r e s t .  
It must i d e n t i f y  t h e  information needs of  t h e  audi- 
ence, collect and assemble t h i s  information and then 
make it accessible i n  usable  form. 

. 

TABLE 1 
EFFECTIVE TECHNOLOGY TRANSFER 

Planned Effort 
I d e n t i f y  t h e  Audience 
Iden t i fy  Information Needs 
Collect and Assemble Information 
Make Information Accessible 

The purpose of t h i s  paper is to  describe t h e  
technology t r a n s f e r  plan on the  Heber Geothermal 
Demonstration Power P lan t  project. 

HEBER GEOTHERMAL BINARY DDfONSTRATION POWER PLANT 

Technology t r a n s f e r  is a con t rac tua l  requirement 
of t h e  Heber Geothermal Binary Demonstration Power 
P lan t  pro jec t .  To focus  on t h i s  requirement, the 
information i n  Table 2, which is i n  t h e  statement of 
work, specifies the p r o j e c t  goal and programmatic 
objec t ives .  Let us  examine how t h e  Heber p ro jec t  and 
p r o j e c t  ob jec t ives  address the p r inc ipa l  elements of 
e f f e c t i v e  technology t r ans fe r .  

TABLE 2 
PROJECT OBJECTIVES 

The goa l  o f  t h e  p ro jec t  is t o  s t imu la t e  commer- 
cial  development of geothermal energy f o r  t h e  produc- 
t i o n  of electric power. The following ob jec t ives  
are i n  support  of those  goals:  

Demonstrate a binary conversion system technolgy 
a t  commercial scale. 

Demonstrate r e se rvo i r  performance cha rac t e r i s -  
tics of a s p e c i f i c  liquid-dominated hydrothermal 
reservoi r .  

Demonstrate t he  v a l i d i t y  of r e se rvo i r  engineering 
estimhtes and of r e se rvo i r  p roduc t iv i ty  (capa- 
b i l i t y  and longevity).  

Provide Federal  a s s i s t ance  required to  i n i t i a t e  
development at a resource of large po ten t i a l .  

Act as a npathfinder" f o r  t h e  regula tory  process 
and o the r  legal and i n s t i t u t i o n a l  a spec t s  of 
geothermal development. 

Provide a basis for t h e  f i n a n c i a l  community to  
estimate t h e  r i s k s  and b e n e f i t s  assoc ia ted  w i t h  
geothermal investments. 

Demonstrate environmental, social, and economic 
a c c e p t a b i l i t y  of t h e  binary cyc le  technology f o r  
producing electric power from liquid-dominated 
hydrothermal resources.  

Demonstrate t he  o v e r a l l  matur i ty  of the technol- 
ogy and commercial readiness  of the power plant.  

PLANNED EFFORT 

T h a t  technology t r a n s f e r  is a planned e f f o r t  on 
Heber Droject is imp l i c i t  i n  t h e  stated goal f o r  

t h e  p ro jec t  which is to  -stimulate commercial develop- 
ment of geothermal energy f o r  t h e  production of elec- 
t r i c  power. The Heber p l an t  is the first commercial 
scale binary power p lan t .  A s  such, it w i l l  demon- 
strate the t echn ica l  performance, r e l i a b i l i t y ,  and 
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economlc p o t e n t i a l  of an i n t eg ra t ed  geothermal power 
system. Successful demonstration w i l l  provide con- 
f idence  needed by resource developers, u t i l i t i e s ,  and 
the f i n a n c i a l  community to  make large scale commit- 
ments t o  a new technology. 

1 Wells & Fluid j 
Production & 

Inject ion Systems 

1 . 1  

To assu re  tha t  technology t r a n s f e r  is not  
d i l u t e d  or lost i n  implementing a p ro jec t ,  the plan 
should inc lude  it as a d i s t i n c t  a c t i v i t y .  T h i s  has 
been done on the  Heber p ro jec t  where Data Acquisit ion 
and Dissemination is one of the four  p r inc ipa l  ele- 
ments i n  the Work B r e a k d m  S t ruc tu re  (Figure 1). 

j Power Plant Design 1 , 
& Construction 

1.2 

Geothermal Binary 
Demonstration 

Power Plant I 
1 .o I r - - -- -- 

Power Plant Data Acquisition I 
Denonstration & Dissemination 

I 

FIGURE 1 
WORK BREAKDOWN STRUCTURE 

IDENTIFY THE AUDIENCE 

Iden t i fy ing  the audience for t he  proposed tech- 
nology transfer is important t o  a sce r t a in  the audi- 
ence's information needs and t o  address these needs. 
The p r inc ipa l  groups in t e re s t ed  i n  the Heber tech- 
nology are p o t e n t i a l  u se r s  such as investor-owned 
u t i l i t i e s ,  public-owned u t i l i t i e s ,  and third-party 
developers. Third-party developers are an important 
group as they are eligible for t ax  credits and depre- 
c i a t i o n  benef i t s .  Tax credits and deprec ia t ion  bene- 
fits may make a project v i ab le  t h a t  might no t  be under 
investor-owned or public-owned , u t i l i t y  regulations.  
Also, i f  t h e  power p l an t  size i s  under 50 We, t h e  
third-party developer is not  sub jec t  t o  u t i l i t y  regu- 
l a t ions .  F ina l ly ,  PURPA regula t ions  f o r  t h e  purchase 
of power from small producers make many projects 
v i ab le  only to  th i rd-par ty  developers. Public-owned 
u t i l i t i e s  may also j u s t i f y  t h e  cons t ruc t ion  o f  alter- 
na t ive  energy source power. Their p r inc ipa l  advan- 
tages are t h e  a b i l i t y  t o  borrow money over a long 
term a t  lower i n t e r e s t  rates than investor-owned 
u t i l i t i e s  and the i r  investment and r e tu rn  may n o t  be 
sub jec t  t o  taxes.  

Additional groups i n  the  audience are the @inan- 
cia1 community, publ ic  i n t e r e s t  groups, and regula tory  
organizations.  The f i n a n c i a l  communPty inc ludes  no t  
only commercial banks and f i n a n c i a l  associat%ons, bu t  
a l s o  insurance companies, pension funds, broker under- 
writers, corporations,  par tnersh ips ,  and special pur- 
pose l imi ted  par tnersh ips  that may provide funds t o  
the  developers. Public i n t e r e s t  groups inc lude  those 
concerned with safety, environment, preservation of 
historical or archeological f ea tu res ,  and protection- 
ists o f  endangered wildl i fe  and plants.  Regulatory or- 
ganiza t ions  inc lude  Federal, State and local resource 
management agencies,  health and aa fe ty  agencies. 

IDENTIFICATION OF INFORMATION NEEDS AND DELIVERABLES 

The p r inc ipa l  information needs are de l inea ted  
i n  the programmatic objec t ives ,  Table 2. Referring 
t o  t h i s  table, conversion system technology w i l l  be 
accomplished through t h e  design, construction, and 
opera t ion  by San Diego Gas and Electric Company of a 
nominal 45 We n e t  geothermal binary demonstration 
power plant.  

Obtaining r e se rvo i r  characteristics and produc- 
t i v i t y  data w i l l  be  accomplished by San Diego Gas and 
Electric Company through t h e  loca t ion  of the p lan t  at 
Heber which is a t y p i c a l  liquid-dominated hydrother- 
mal r e se rvo i r  and by obta in ing  r e se rvo i r  performance 
data tha t  is planned t o  inc lude  f l u i d ,  production 
w e l l ,  and i n j e c t i o n  w e l l  characteristics. 

The Heber project had t o  comply wi th  regulatory,  
legal, and i n s t i t u t i o n a l  requirements of the Federal ,  
State, and local governments. As such, t h e  p ro jec t  
acts as a "pathfinder." 

Similarly,  t h e  needs of the environmental, so- 
cial ,  and economic groups w i l l  be met by s a t i s f y i n g  
t h e i r  needs through the regulatory process. 

Information t o  establish f inanc ia l  r i s k s  and 
bene f i t s  of an e n t e r p r i s e  is not  a usua l  output from 
a demonstration project. I n  order t o  make the tech- 
n i c a l  and cos t  information from the  Heber p ro jec t  
re levant  t o  a commercial developer, ETEC is preparing 
a report descr ib ing  a commercial version of the- Heber 
project. The base l ine  commercial p l an t  w i l l  consider 
the  organiza t iona l ,  f i nanc ia l ,  and r e s p o n s i b i l i t i e s  
arrangement among the  pa r t i c ipan t s ,  the project orga- 
n i za t ion ,  and method of implementation and opera t ion  
of t h e  pro jec t .  Many o f  the adminis t ra t ive  prac- 
tices, plans,  and procedures applicable t o  the  multi- 
par ty  Heber p l an t  w i l l  either be reduced i n  require- 
ments or eliminated. I n  addi t ion ,  ETEC w i l l  review 
the  design of t h e  Heber p lan t ,  incorpora t ing  recom- 
mendations made by San Diego Gas and E l e c t r i c  Company 
and Fluor Engineers, InC. personnel and ETEC's own 
Engineering staff. Using costs on the Heber project 
as a reference,  estimates w i l l  be made of t h e  capital 
and opera t ing  cost of t h e  base l ine  commercial plant.  

Technecon Consulting Group, Inc. under con t r ac t  
t o  DOE, w i l l  perform economic and f inanc ia l  analyses.  
Specific Technecon t a s k s  are: 

c 
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Power p lan t  performance and c o s t  
Well fM1d c o s t  a n a l y s i s  
Well f i e l d  cash flow a n a l y s i s  

*Geothermal heat sales con t r ac t  a n a l y s i s  
Power production economics 
Publ ic  u t i l i t y  commission concerns 
Publ ic  sector b e n e f i t s  
Technology t r a n s f e r  p o t e n t i a l  
F inancia l  and investment dec is ion  a n a l y s i s  
Reporting. 

Computef programs have been developed t o  perform 
these analyses.  

Rela t ive  to  the economic and f i n a n c i a l  ana lyses ,  
three ownership cases w i l l  be analyzed: (1 )  f inanc ing ,  
ownership, and opera t ion  by a regula ted  inves tor -  
owned electric u t i l i t y ;  (2) financing, ownership, 
and opera t ion  by a tax-exempt municipal u t i l i t y ;  and 
(3) f inanc ing ,  ownership, and opera t ion  by a non- 
regula ted  p r i v a t e  sector en te rp r i se .  

COLLECT AND ASSWBLE INFORMATION 

The importance of data acqu i s i t i on  and dissemi- 
na t ion  is stressed by inc luding  these a c t i v i t i e s  as 
major elements of t h e  work breakdown s t r u c t u r e  
(Figure 1). 

It was o r i g i n a l l y  contemplated t o  subcont rac t  
t he  Data Acquisit ion and Dissemination t a sks ,  but 
these tasks w i l l  now be performed by San Diego Gas 
and Electric Company w i t h  a s s i s t a n c e  from other pro- 
ject  p a r t i c i p a n t s  and DOE cont rac tors .  The la t ter  
groups included EPRI, ETEC, Technecon, LBL, Battelle 
PNL, and Radian Corporation. 

The detai led requirements of these a c t i v i t i e s  
are described i n  t h e  Data Management Plan. The Data 
Management Plan summarizes the method by which data 
w i l l  be produced, evaluated, and t r ans fe r r ed  by the 
project (sponsors) t o  p o t e n t i a l  users.  

F igure  2 depicts the data management a c t i v i t i e s  
logic. The p l an t  opera t ing  records are processed by 
the  data processor and summarized i n  f i n a l  reports. 
The p l an t  design and cons t ruc t ion  records  are assem- 
bled as f in i shed  documents. These records  inc lude  
the engineer ing  design package, r e l i a b i l i t y  and 
a v a i l a b i l i t y  reports, special s t u d i e s  and topical 
r epor t s ,  and p r o j e c t  con t ro l  documents. 

MAKE INFORMATION ACCESSIBLE 

The Data Management Plan i d e n t i f i e s  and ind i -  
cates the organiza t ion  of the  documents tha t  w i l l  be 
produced and made a v a i l a b l e  for dissemination. The 
two major groupings are the project documents and the 
demonstration test program documents. 

In te r im and f i n a l  reports of these documents w i l l  
be supplied t o  the DOE Technical Information Center 
where they w i l l  be a v a i l a b l e  for dissemination to  
i n t e r e s t e d  parties. 

PRODUCTION 

El SENSORS 

L 

LOGS. RECORDS. 
WORK ORDERS. 

-e KEYBOARD 

PROCESSING -I-= 

FINISHED 
REPORTS. 

FIGURE 2 
DATA MANAGWENT ACTIVITIES SUMMARY 

CONCLUSIONS 

Technology t r a n s f e r  on an innovat ive  concept 
such as the Heber Geothermal Binary Demonstration 
Power P lan t  p ro jec t  can be q u i t e  complex. The number 
of groups and organiza t ions  i n  the audience and the i r  
wide d i v e r s i t y  of i n t e r e s t s  compounds the complexity. 
Successfu l  technology t r a n s f e r  must i d e n t i f y  t h e  
audience and its needs and assemble the information 
i n  usable  form for dissemination. To achieve  these 
r e s u l t s ,  a technology t r a n s f e r  plan should be 
included as an  i d e n t i f i a b l e  element a t  the start  
of a project. 
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ABSTRACT The audiences for projects i n  functions 1 
and 2 are mostly people who are already i n  the 

GTD's FY-1985 explicit Technology Transfer geothermal energy business. Function 3 projects 
budget was substantially higher than i n  previous are aimed a t  people who could enter the busi- 
years. T h i s  gave GTD the opportunity to pursue ness, ei ther as energy producers or energy 
some important new initiatives. Those activit ies users. Function 4 projects are aimed a t  GTD 
are described i n  terms of four generic technology Headquarters and fiel d managers. 
transfer functions. 

TECHNOLOGY TRANSFER BUDGET FLUCTUATIONS 

INTRODUCTION Federal program budgets for explicit T.T. 
activit ies often fluctuate much fran year to 

Almost every facet of the GTD R&D program year. GTD i s  going through such a fluctuation 
that i s  not directly on focused on the invention r i g h t  now. The GTD budgets  for technology 
or development of new technology could be class- transfer were $100 K i n  FY 1984 and about $900 
ified as "technology transfer". GTD's current K i n  FY 1985. The President's request for FY 
technology transfer (T.T) activit ies address four 1986 is  $ 0 K.  Since the D.O.E. appropriations 
related functions: bi l l  for FY 1986 is  n o t  yet passed, GTD does 

not know how much explicit "technol ogy transfer" 
1. Adaptive Development - Support of RAD money i t  will have i n  FY 1986. 

that is  necessary to adapt technically-proven 
technology t o  f i t  i n t o  existing industrial engi- Such fluctuations have been canmon over the 
neering and technology settings. Most "field l a s t  two decades, and an appropriate R&D manage- 
tests" and "verification experiments" on geo- ment strategy for dealing w i t h  them has evolved. 
thermal equipment and procedures f i t  into this The strategy i s  based on the realization that 
category, or  can be viewed as the bridges between the border1 ine between ''advanced R&D" and "tech- 
GTD "R&D" efforts and GTD "T.T." efforts. Sane nology transfer" i s  not absolute. Two types of 
examples are: (1) The canpleted project to trans- activity are appropriate to fund either impli-  
fer the EPDM high-temperature elastomer i n t o  c i t ly  as parts of R&D projects, or  as explicit 
canmercial d r i l l i n g  devices; (2) Support of T.T projects: (1) Engineering work that adapts 
Geothermal Dr i l l i ng  Organization efforts - to technical ly-proven technology to fiel d condi- 
faci l i ta te  the canmercial availability of d r i l l -  tions and industry needs; and (2) Infomation 
ing  hardware developed by GTD; and ( 3 )  The tleber dissemination work that  pu t s  new technical in-  
geothermal binary electric system verification formation i n  the hands o f  private-sector engi- 
experiment. neers and decision makers. 

2. Technical Information Dissemination - 
Informational and educational efforts that enable 
industrial engineers to  use the technical data 
that results from GTD R&D projects. Examples: 
(1 )  Technical report dissemination via the DOE 
Energy Technical Information Center a t  Oak Ridge; 
(2 )  Support of graduate seminars a t  Stanford 
University; and (3)  Pub1 ication of highly 
specialized geothermal engineering handbooks, 
e.g., the Geothermal Materials Selection Guide- 
lines. 

3. Broadcasting - Providing information 
that encourages new actors t o  enter the geothermal 
energy arena, especial ly  when those actors are 
likely to develop relatively untapped geothermal 
reservoirs or  new geothermal energy applications. 
Examples: (1) The O.I.T. GeoHeat Center Technical 
Assistance Program; (2 )  The Cascades Deep Geo- 
thermal Gradient D r i l l i n g  Program; and (3 )  The 

mal Technologies" Digest. 

4. System Improvement - Actions to enhance 
GTD's technology transfer program i n  generic 
ways. 

When expl ici t technol ogy transfer budgets 
are high,  both of these activit ies are funded 
as T.T. When T.T. budgets are moderate, the 
f irst  activity tends to be funded as R&D, and 
t h e  second as T.T. When T.T. budgets are very 
low, i t  is  legitimate to fund the second type 
of activity from R&D line items, since "NO re- 
search is  complete u n t i l  i t s  results are known 
to those who can use them." 

In FY 1985, GTD found a l i t t l e  extra room 
to: (1) Support more broadcast efforts to en- 
rol 1 new private-sector technol ogy producers 
and users i n t o  the geothermal energy business, 
and ( 2 )  Take a l i t t l e  harder look a t  the effect- 
iveness of GTD's continuing T.T. efforts, to 
see i f  they can 

SPEC IF IC TECHNOLOGY TRANSFER ACT1 V IT1 ES 

Table 1 describes most of the recently 
canpleted and ongoing GTD technology transfer 4 

activities. You can see from the Table t h a t  the 
four generic functions described above are cov- 
ered pretty we1 1 by the current initiatives. 
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TABLE 1 
GTD TECHNOLOGY TRANSFER ACTIVITIES 

F.Y. 85 ACCOMPLISHMENTS: 

Models & Databases Report 0 0  
G.T. Technology Digest 0 0 0  
GRC T.T. Poster Session 0 0 0  
T.T. Plan Guidance Manual 0 
T.T. Workshop Media 0 

F.Y. 85 I N  PROGRESS (T.T. LINE FUNDING): $(K) 

INEL T.T. Pro jects  0 0  250 
I t a l y  Agreement 0 0  173 
Nevada Leaching P ro jec t  0 0 119 
U. Hawaii 0 0  75 
Ascension I s land  0 0  50 
Mexico Agreement 0 0  
L.D.C. E f f o r t  0 0  55 
E l  Centro Conference 0 0  10 
Program Review P r i n t i n g  0 0  13 
T.T. Support, Meridian 0 0 0 7 5  
GRC Support 0 0 0 5 4  
Sandia Tel ecomm. P ro jec t  o 15 

(Total  1 93 9 

F.Y. 85 I N  PROGRESS, (NOT T.T. LINE-FUNDED): 

Heber Binary Experiment o o 
Geothermal D r i l l i n g  O r g .  o o 

OIT Technical Assistance o o o 
Cascades D r i l l  i ng 0 0  

These recen t l y  completed a c t i v i t i e s  were 
i n i t i a t e d  e i t h e r  i n  FY 1984 o r  FY 1985. 

Multi-Year T.T. Plan Guidance Manual. Th is  manu- 
a l  was completed i n  November 1985. It describes 
major elements t h a t  are valuable to include i n  a 
programmatic T.T. plan. The manual i s  intended 
n o t  on ly  f o r  GTD use, b u t  f o r  o ther  D.O.E. Renew- 
able Energy programs as well. 

T.T. Workshop Proceedings. The Proceedings o f  
the May 1984 GTD workshop, "A  Synthesis o f  Tech- 
no1 ogy Transfer Methodol ogi es" , were pub1 i shed i n  
December 1985. They are a valuable compendium 

0 . 
o f  lessons learned i n  the 1960s ahd 1970s. when 
many Federal T.T. programs were very active. 
Copies can be obtained from GTD Headquarters. 

Geothermal Model s and Databases Report. Reviews 
o f  many o f  the geothermal ly - re1 ated computer 
models-and databases developed by GTD and i t s  
predecessor agencies dur ing the  1975-1984 pe r i -  
od have been c o l l e c t e d  i n  one report ,  "Update 
and Assessment o f  Geothermal Economic Models, 
Geothermal F l u i d  Flow and Heat D i s t r i b u t i o n  
Models, and Geothermal Data Bases". The pur- 
poses, general usefulness, and cu r ren t  avai l -  
a b i l i t y  o f  these t o o l s  are described. The in- 
t e n t  o f  the r e p o r t  i s  to remind engineers and 
s c i e n t i s t s  o f  the a v a i l a b i l i t y  o f  these resourc- 
es. The r e p o r t  was prepared by Meridian, and 
published by GTD i n  May 1985. 

T.T. Workshop Video Tapes. Three video tapes 
edi ted f r a n  presentat ions a t  the GTD 1984 T.T. 
workshop we& completed i n  May 1985. Tape I i s  
"An Overview o f  Technology Transfer Mechanisms", 
presented by Dr .  John E. Mock o f  GTD. Tape I1 
i s  "Technology Del ivery  Systems" , by Dr .  Arthur 
Ezra o f  the National Science Foundation. Tape 
I11 i s  "Pract ica l  Methods o f  Technology Trans- 
fer' ' , and s t a r s  Roy Marlow o f  the Pennsylvania 
State technology t rans fe r  program, and Dick 
Traeger o f  Sandia. The tapes run f o r  28 t o  45 
minutes, and serve as i n t e r e s t i n g  "refresherso' 
f o r  T.T. agents and managers. They can be 
borrowed f r a n  GTD Headquarters. 

Topics Review Meeting: The Geysers - A geo- 
thermal t op i ca l  review meeting (' ' the Ogle 
Committee Meeti ngll) on "Geothermal Development 
a t  The Geysers" was he ld  i n  May a t  Santa Rosa, 
Ca l i f o rn ia .  The l a t e s t  technical  developments 
a t  The Geysers were reviewed, and technical  
problems requ i r i ng  more R&D were i den t i f i ed .  

Geothermal Technology Digest. A d iges t  o f  "U.S. 
Geothermal Technol ogy: 
f o r  Worldwide Appl icat ions" was completed i n  
August 1985. The i l l u s t r a t e d  f i f t y  page d igest  
i s  intended to help dec is ion makers and engi- 
neers understand the current  s ta tus o f  geo- 
thermal techno1 ogi es, geothermal power develop- 
ment, and areas i n  which U.S. f i rms are wel l  
equipped to provide geothermal technology and 
services. The d iges t  was w r i t t e n  by Meridian, 
and designed and p r i n t e d  by INEL. 
d i s t r i b u t e d  to the  650 attendees a t  the Geo- 
thermal Resources Council meeting i n  August 
1985. It w i l l  be d i s t r i b u t e d  f u r t h e r  t o  U.S. 
indust ry  and non-U .S. energy organizations. 

T.T. Poster Session. The Geothermal Resources 
Council included a "Technol ogy Transfer Oppor- 
t u n i t i e s  Poster Session" a t  the GRC August 1985 
In ternat ional  Symposium on Geothermal Energy. 
This  enabled Federal and other  technology devel- 
opers t o  communicate essent ia l  d e t a i l s  o f  new 
technologies t o  po ten t i a l  producers and users. 

1985 Technology Transfer Current A c t i v i t i e s  

Equipment and Services 

I t was 

A c t i v i t i e s  funded under the FY 1985 
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I 
' Technology Transfer budget, about $ 900 K, and 

still i n  prog&ss are described here. . 
INEL Technology Transfer. This  program, budgeted 
a t  t 250 K , consists of (1) the evaluation of 
condensation behavior i n  hydrocarbon turbine ex- 
pansion processes, and (2) joint  DOE and industry 
injection-backflow studies. Both of these stud- 
i e s  are developing information that industry 
needs for its detailed design work w i t h  these 
technol ogies. 

Ita1 A reement. FY 1985 i s  the f i n t y e a r  of the 
TJiGw-- -year agreement between the U.S. and Italy 
for  j o in t  investigation of geothermal energy pro- 
duction a t  Lardarello, I taly and nearby areas: 
The first agreement began i n  1975. Stanford Uni- 
versity, Lawrence Berkeley, and Lawrence Livennore 
will conduct studies of reservoir engineering, 
induced seismicity, fluid sampling, and other 
issues. The budget will be between $ 150 K and 
$180 K. Some details remain to be worked out. 

Nevada Leaching Project. The University of We- 
vada is helping the mining industry understand 
the value of colocated geothemal resources i n  
the solution leaching of metals fran ores. The 
budget is  $ 119 K. 

University of Hawaii a t  Manoa. Three tasks to be 
performed a t  the Puna Ceothennal Research Facil- 
i ty  are budgeted a t  $ 75 K: (1) reservoir analy- 
sis, (2) sulfur abatement and recovery, and (3) 
the impact of hydrogen sulfide on plants. These 
projects are intended to pave the way for further 
geothermal devel opment i n  Hawai 1. 

Ascension Island Project. The DOE-funded portion 
of this resource analysis project, $ 55 K for re- 
sis i t ivi ty  measurements, was completed i n  the 
Spring of 1985. The U.S. Air Force plans to con- 
tinue wi th  this project, and GTD has agreed to 
continue monitoring i t  for the Air Force. 

Mexico Agreement. In about a month, GTD antici- 
pates canpleting negotiations wf t h  Mexico for 
joint  technical studies of two fields i n  Mexico. 
Work a t  Cerro Prieto will extend the revious 

the production areas next  to the current field. 
Work a t  Los Azufres, a new undertaking for GTD, 
will measure reservoir characteristics preparatory 
to s i t i n g  production wells. The wells w i l l  power 
the 50 We flash-steam power plant originally 
intended for D.O.E.'s "Baca" project, which 
Mexico has purchased fran New Mexico Power and 
Light. Lawrence Berkeley, Stanford University, 
the University of Utah Research Institute, and 
possibly others wil l  participate i n  the work. 
This  agreement w i l l  be funded from GTD budgets of 
FY 1986 and later. Budgets for previous similar 
agreements ranged from $100 to  $500 K per year. 

joint  analyses o f  reservoir characterist P cs into 

Less-Developed Country Study. GTD is conducting 
a study of  the geothermal resources and develop- 
ment Gportuniti-es i n  less-developed countries. 
The purpose is  to clarify, for the U.S. geothermal 
industry, opportunities and pathways for market- 
ing  U.S. equipment and services abroad. $ 55 K 
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is  earmarked for  this project, which is king 
conducted by Meridian. 6TD is continuing to 
work to enlist support ,  both technical and fi- 
nancial , from the U.S. Agency for International 
Development, the Trade Development Program, and 
the Department of Commerce. 

GTD Technology Transfer Support. lihrch of 6TD's 
ongoing T.T. program support work has been 
contracted to' Meridian. The following items 
are i n  progress, and budgeted a t  $90 K.- 

0 GTD Technology Transfer Five-Year Plan. 
This is an update of the FY 7984 T .T. Plan. Now 
that  we are near the end of FY 1985, i t  is near- 
l y  completed. This "Plan" serves mostly as an 
i n t e r i m  report of what was initiated i n  FY 1985 
and what appears to be useful to do i n  l a t e r  
years. 

0 T.T. Guidebook for Federal Managers. 
T h i s  is an Illustrated handbook on the design, 
planning, and management of Federal T.T. p r e  
grams. I t  emphasizes strategies, tactics, and 
management approaches appropriate for R&D pro- 
grams whose mission is to develop technologies 
for use by the private sector. 

0 Geothermal Technology Catalog. This 
catalog will de scribe about 200 technol ogi es 
developed by GTD. The illustrated fomat is 
similar to that used i n  the DOE-ETIC "Energy- 
Grams" and the NASA "Tech Briefs". The catalog 
will a l e r t  and remind indus t ry  engineers of the 
avaflability of useful technologies, and point 
them to  relevant contacts i n  the National Labs, 
R&D finns, and energy firms. Staff i n  National 
Labs and GTD-supported R&D finns are i n  process 
of wr i t i ng  most of the Catalog items. 

GRC Su ort. The Geothermal Resources Council 

thermal energy. The grant of $54 K included 
the development of the T.T. poster session a t  
the GRC August 1985 International Symposium on 
Geothermal Energy. 

& eve op an International Volume on geo- 

Sandia Technology Transfer Experiment. GTD i s  
working wi th  Dick Traeger a t  Sandia to  acquire 
the equipment necessaly for a teleconferencing 
and graphics communication experiment between 
GTD Headquarters and Sandia. The purpose is to 
explore the value of real-time communication of 
technical and management information. 

Other GTD Technology Transfer Projects 

GTD i s  conducting a number of projects, 
funded fran budget lines other than Technology 
Transfer, which do or are expected to effect  
considerable transfer of geothermal technology - 
to the private sector. These include: 

Heber Binary Verification Experiment. A two- 
year instrumentated t e s t  period is just about 

s tar t ,  and w i l l  provide verification of the 
conversion technology, per se, two years of de- 
ta i l  ed process data, and verification of the 
process measurements and control technol ogies 



used i n  the plant. George Budney's paper i n  
these proceedings describes the details of this 
project. 

Geothermal D r i l l i n g  Organization. FY 1985 i s  the 
second year i n  which GTD i s  jointly sponsoring 
w i t h  industry technology-specific actions to 
move important geothermal d r i l l  i ng technologies 
off the Federal R&D shselves i n t o  the hands of 
manufacturers. Current activit ies include: 

o Acoustic Borehole Televiewer: Squire- 
Water house i s b u i l  ding two televiewers, 
which will be operated i n  the field for 
one year. 

o R.F.Q.s are out for using high tempera- 
ture elastomers i n  d r i l l  pipe protectors, 
blowout preventers, and rotating-head 
seal s. 

o GDO i s  preparing t o  monitor the use of 
foam as the d r i l l i n g  f l u i d  i n  a geother- 
mal we1 1 . 

Cascades D r i l l i n g  Experiments. The deep thermal 
gradient holes to be drilled i n  t h i s  GTD activi- 
ty will assess the suitability of available ex- 
pl oration technol ogy for detecting geothermal 
reservoirs i n  an unusual enviroment. T h i s  
activity is  attempting' to transfer geothermal 
technology to an entire region of the country. 

OIT Technical Assistance. The Oregon Institute 
of Technology's GeoHeat Center continues to 
provide infohnation and technical assistance to  
new users of geothermal direct heat systems, and 
potential installers of wellhead electric gener- 
ators. 

Topical Review Meeting: Small Power Plants. A 
geothermal topical review meeting on "Geothermal 
b a l l  Power Plants" w i l l  be held i n  November a t  
Reno, Nevada. Technology status, R I D  needs, and 
T.T. needs will be discussed. 

OUT-YEAR TECHNOLOGY TRANSFER ACTIVITIES 

FY 1986 and la ter  are unlikely to produce 

E 

any major surprises w i t h  respect to the routes 
and mechanisms that GTD uses to transfer Feder- 
al ly devel oped technology and technical data 
to industry. However, you can anticipate see- 
ing a number of important ''transfer'' events 
coming out of GTD i n  the next few years. These 
include: 

Heber Binary Experiment Results. Refined esti- 
mates of what Heber might  cost i f  b u i l t  as. an 
"industryonly" rather - than as a 'research" 
plant should be available i n  1986. The two 
year t e s t  should be completed i n  early 1988. 
The report on evaluation of performance and 
econanics should appear i n  early 1989. 

New Technical Handbooks. The following techni- 
cal handbooks are scheduled to emerge fran GTD 
projects during 1986 - 1988: 

o We1 1-Canpl etion Handbook 
o Handbooks on new Reservoir Definition 

model s 
o Brine Injection - Surface Treatment 

Handbook 
o Brine Injection - F l u i d  Mixing Handbook 
o Brine Injection - Flu id  Migration Hand- 

book 
o Detailed Analyses of advanced binary 

power plant technology options 

Geopressure and Hot Dry Rock Evaluations. Both 
o f  these GTD advanced technol ogy sub-programs 
are approaching major evaluation milestones 
w i t h i n  the next two or three years. Generic 
evaluation reports can be expected. 

Technology Export Assistance Information. A 
moderate amount of GTD, DOE-wide, and Dept. of 
Commerce attention is being devoted to  improv- 
ing  U.S. industry's ability to export equipment 
and technical services. Given America's cur- 
rent general weaknesses i n  international canpe- 
t i t ion,  this attention i s  likely to be maintain- 
ed for the next few years. Reports that con- 
tain marketing intelligence and on how t o  
thread your way through the network of Federal 
export assistance programs should appear soon. 
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c IWT DRY ROCK PHASE I 1  RESERVOlR ENGINEERING 

Hugh Murphy 

Los Alamos National Laboratory 
Los Alamos, NM 87545 

ABSTRACT 

Ear ly  attempts t o  hyd rau l i ca l l y  f rac tu re  and 
connect two we l l s  d r i l l e d  a t  the Hot Dry Rock 
s i t e  a t  Fenton H i l l  i n  New Mexico fa i l ed .  
Microearthquakes t r iggered by hydrau l i c  
f r a c t u r i n g  ind ica ted  t h a t  the f rac tu re  zones grew 
i n  unexpected d i rec t ions .  Consequently one o f  
the we l l s  was sidetracked a t  a depth o f  2.9 km; 
was r e d r i l l e d  i n t o  t h e  zones o f  most i n t e n s e  
microseismic a c t i v i t y ;  and a f l ow  connection was 
achieved. Hydraul ic communication was improved 
by supplemental f r a c t u r i n g  using recen t l y  
developed h igh  temperature and h igh  pressure open 
hole packers. Prel iminary t e s t i n g  Ind ica tes  a 
rese rvo i r  w i t h  st imulated j o i n t  volume which 
already surpasses t h a t  a t ta ined  i n  the e a r l i e r  
phase I reservo i r  a f t e r  several years o f  
development. 

I NTROOUCT I O N  

Hot Dry Rock (HDR) geothermal energy 
reservo i rs  d i f f e r  from the more f a m i l i a r  
hydrothermal rese rvo i r s  i n  t h a t  i n  the former 
case, permeabi l i ty  and po ros i t y  must be induced, 
usua l ly  by the process o f  hydrau l i c  f rac tu r ing ,  
whereas i n  the hydrothermal reservo i r  these 
a t t r i b u t e s  are already present, and i n  f a c t  the 
po ros i t y  i s  usua l ly  saturated w i t h  water o r  
steam, which, a f t e r  d r i l l i n g ,  can be used as the 
working f l u i d  f o r  energy ex t rac t i on  and 
e l e c t r i c i t y  production.' I n  HDR rese rvo i r s  
e s s e n t i a l l y  no water e x i s t s  in -s i tu ,  and so must 
be suppl ied from an extraneous source. 

The technical  challenges faced i n  HDR 
development are daunting. Wells must be d r i l l e d  
t o  depths where temperatures are l i k e l y  t o  a t t a i n  
200 t o  300°C. su i tab le  f o r  e l e c t r i c i t y  
generation. Even i n  regions w i t h  favorable 
geothermal gradients such temperatures are found 
a t  g rea t  depths, 3 t o  5 km, where the minimum 
component of  the i n - s i t u  ea r th  s t ress  i s  l i k e l y  
t o  be 35 t o  100 MPa (5000 t o  15000 ps i ) .  One 
must then f rac tu re  the rock formation, and ho ld  
open the f rac tu res  so t h a t  the permeabi 1 i ty 
remains high and flow resistance i s  low and such 
t h a t  l a r g e  areas o f  h o t  r o c k  a r e  adequa te l y  
bathed, r e s u l t i n g  i n  high heat production. A t  
the same time, since a l l  water must be provided 
extraneously, one must avoid excessive water 
losses t o  the county rock surrounding the 
f rac tu red  reservo i r .  Furthermore, damaging 
earthquakes p o t e n t i a l l y  could be caused by down 
hole accumulation o f  t h i s  water loss. One must 
a l so  avoid po ten t i a l  geochemical problems, such 

as sca l ing  o f  surface equipment w i t h  p rec ip i t a ted  
products o f  aqueous rock d isso lu t ion .  

The incent ive  f o r  meeting these challenges 
i s  the enormous resource base t h a t  HDR energy 
provides. Unl ike hydrothermal reservoirs,  which 
are  . r a r e l y  found, p o t e n t i a l  HDR reservo i rs  
under l ie  much o f  the na t ion  and world. Even i f  
one cons ide rs  j u s t  t h e  h i g h  grade resources, 
i.e., regions w i t h  geothermal gradfents greater 
than 4O'C/km, where h i g h  tempera tures  can be 
a t ta ined  a t  shallow depths, the HDR resource base 
represents a thermal energy equivalent t o  near ly  
100 m i l l i o n  Megawatt-centuries, about ten times 
t h a t  o f  coal deposits. 

HDR research i s  underway i n  B r i t a in ,  Federal 
Republic o f  Germany (FRG), France, Japan, and the  
U n i t e d  Sta tes .  Supported by USDOE, FRG, and 
Japan, the l a r g e s t  i n - s i t u  demonstration p r o j e c t  
i s  being conducted by Los Alamos Nat ional  
Laboratory a t  the Fenton H i l l ,  New Mexico s i t e ,  
loca ted  on the west f l ank  o f  the dormant Val les 
Caldera. 

I n i t i a l  HDR f e a s i b i l i t y  was proven with the 
phase I reservo i r .  Two we l l s  were d r i l l e d  t o  3 
km, l i n k e d  w i t h  f ractures,  and dur ing 
i n t e r m i t t e n t  t e s t i n g  from 1978 to 19e0, 3 t o  5 MW 
o f  thermal power were produced f o r  per iods as 
long as nine months. The f low resistance was low 
enough t h a t  the pumping power requ i red  t o  fo rce  
the water down one wel l ,  though the  fractures, 
and up the o ther  we l l  was l ess  than 2% of the 
thermal power produced. The produced water was 
of h igh  qua l i t y ,  e s s e n t i a l l y  potable, and even 
dur ing  f rac tu r ing ,  the  l a r g e s t  detected 
earthquake reg i s te red  on ly  1.5 on the R ich ter  
scale. Fur ther  d e t a i l s  are provided by Dash e t .  
a1 . (1983). 

RESERVOIR FRACTURING 

The successes o f  the phase I reservo i r  l e d  
t o  the decis ion t o  create a deeper, ho t te r ,  and 
la rge r  reservo i r .  The ob jec t ive  o f  t h i s  Phase I 1  
reservoir ,  a l so  loca ted  a t  the Fenton H i l l  Site, 
i s  t o  es tab l i sh  the engineering p r a c t i c a l i t y  o f  
HDR. Based upon Phase I experience, which 
ind ica ted  t h a t  f rac tu res  were near ly  v e r t i c a l ,  
w i t h  roughly a North-South o r ien ta t i on  , two new 
we l l s  were d r i l l e d  i n  segments. I n  the f i r s t  
segment, 0 t o  2.5 km, b o t h  w e l l s  were n e a r l y  
ve r t i ca l ,  b u t  i n  the deeper segment the boreholes 
were d i r e c t i o n a l  d r i l l e d  towards the East, a t  an 
angle from v e r t i c a l  which eventua l l y  b u i l t  up t o  
35'. Figure 1 shows a perspect ive view. The 
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upper wel l ,  EE-3, which i s  the intended 
productSon w e l l ,  l i e s  300 m above t h e  l ower  
i n j e c t i o n  well ,  EE-2, i n  the s lanted i n te rva l .  
Also shown i n  Figure 1 i s  a phase I reservo i r  
w e l l  which c o n t a i n s  a geophone sonde. T h i s  
sonde, and s i m i l a r  seismic sensors emplaced i n  
other boreholes, de tec t  and loca te  the 
microearthquakes t r i gge red  dur ing  hydrau l i c  
f r a c t u r i n g  (House, Keppler and Kaieda, 1965). 

Figure 1. Perspective view o f  Phase I1 boreholes 
and t yp i ca l  geophone too l  emplaced f o r  
microearthquake monitor ing dur ing  
f r a c t u r i n g  . 

F i r s t  attempts t o  hyd rau l i ca l l y  connect the 
two new boreholes by f r a c t u r i n g  were i n i t i a t e d  
near the bottom o f  the lower wel l .  However the 
tubu la r  goods i n  the we l l  f requent ly  f a i l e d  due 
t o  the h igh  downhole pressure (90 MPa or 13,000 
ps i ) ,  and s t ress  corrosion i n  the high 
temperature environment (over 300°C). A t ten t ion  
s h i f t e d  uphole, and i n  December 1983 a massive 
hydrau l i c  f r a c t u r i n g  operat ion was conducted i n  

6 

which  21,000 c u b i c  meters  (5,600,000 g a l )  o f  - 
water were i n j e c t e d  a t  3.5 km i n  the lower we l l  
a t  downhole pressure and average f l ow  r a t e  @f 83 
MPa and 0.1 cubic m/s (40 ba r re l s  /min). De ta i l s  
are provided by Dreesen and Nicholson (19851, and 
House, Keppler and Kaieda (1985). Figure 2 shows 
the loca t ions  o f  the microearthquakes induced. 
The downhole seismic sensors a re  e x t r a o r d i n a r i l y  
sensi t ive,  which enabled de tec t ion  o f  events w i t h  
extrapolated R ich ter  body wave magnitudes as low 
as -5, b u t  F i g u r e  2 shows o n l y  t h e  850 h i g h  
q u a l i t y  even ts  w i t h  magnitudes f rom -3 t o  0. 
Note t h a t  s e i s m i c i t y  i s  induced over  a r o c k  
volume t h a t  i s  about 0.8 km high, 0.8 km wide i n  
the N-S d i rec t ion ,  and about 0.15 km thick.  This 
rock volume i s  3000 times greater than the water 
volume in jected. House e t  a l .  (1985) concluded 
tha t :  

1. F i r s t  mot ions  o f  t h e  mic roear thquakes  and 
f a u l t  p lane  s o l u t i o n s  de termined f rom t h e  
s u r f a c e  a r r a y  of seismometers i n d i c a t e d  a 
shear-s l ip motion, probably along e x i s t i n g  
rock j o i n t s .  Th is  suggests t h a t  any t e n s i l e  
o r  o s c i l l a t o r y  source mechanism may on ly  
generate very weak seismic signals. 

2. The f i n i t e  thickness, 0.15 km, o f  the zone o f  
se ismic i ty  and i t s  spa t ia l  growth imply the  
c r e a t i o n  o f  a zone o f  f r a c t u r i n g  o r  j o i n t  
s t imu la t ion ,  ra the r  than a s ing le  c lass i ca l  
f rac tu re  . 
Fehler (unpublished work) performed spec t ra l  

analysis o f  many o f  the microearthquake coda, and 
found power spec t ra l  dens i t ies  cons is ten t  w i t h  
usual earthquake mechanics, ie, shear-slippage. 
Corner frequencies were o f  the order o f  300 Hz, 
and based upon the work o f  Brune (19701, Fehler 
found t h a t  the cha rac te r i s t i c  dimension o f  the 
rock surface mobi l ized f o r  each shear-s l ip event 
was o f  t h e  o r d e r  o f  10 m, comparable t o  t h e  
spac ing  o f  t h e  major  j o i n t s  observed i n  w e l l  
surveys. 

The above r e s u l t s  i nd i ca te  a f r a c t u r i n g  
mechanism which i s  incons is ten t  w i t h  conventional 
theor ies o f  hydrau l i c  f r a c t u r i n g  (Hubbert and 
W i l l i s ,  1957; Daneshy, 1973) which p r e d i c t  the 
propagation o f  a s ing le  f rac tu re  caused by 
t e n s i l e  f a i l u r e  o f  the rock. However, the HDR 
r e s u l t s  are cons is ten t  w i t h  Lockner and Byerlee 
(19771, who observed a t r a n s i t i o n  from t e n s i l e  t o  
shear f r a c t u r i n g  when low f l ow  ra tes  were 
i n jec ted  i n t o  laboratory rock specimens; and our 
observations were confirmed a t  the B r i t i s h  Hot 
Dry Rock r e s e r v o i r  i n  Cornwal l  where i t  was 
observed (Pine and Batchlor, 1984) t h a t  
f r a c t u r i n g  occurred as a zone o f  m u l t i p l e  
f ractures,  and t h a t  shear sl ippage along e x i s t i n g  
j o i n t s  was the dominant mechanism. Because these 
j o i n t s  are p reex i s t i ng  na tura l  f ractures,  i t  i s  
perhaps inappropr iate t o  r e f e r  t o  the process o f  
f o rc ing  water i n t o  them as " f ractur ing;"  
"s t imu la t ion"  w i l l  be used instead. 
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Figure 2. Hypocentral locat ions o f  microearthquakes induced by massive hydraulic f rac tu r i ng  
i n  i n j e c t i o n  we l l  EE-2. L e f t  hand side presents elevat ion view, looking north, 

-while r i g h t  hand side i s  plan view, looking down. While i t  may appear i n  the 
elevat ion view t h a t  EE-2 and EE-3A intersect,  i n  a c t u a l i t y  EE-3A i s  150 meters 
south o f  EE-2 a t  the cross-over depth. I 

Shear Stimulation Modeling. These unexpected 
resu l t s  suggested t h a t  fur ther  study required a 
model incorporating deta i led f l u i d  dynamics and 
rock mechanics w i th in  j o in ted  rock masses. The 
F l u i d  Rock In teract ion Program, based upon the 
ca lcu lat ion method developed by Cundall and K a r t i  
(1978) was adapted f o r  t h i s  use. The rock j o i n t s  
are on a regular rectangular g r i d  and the code 
permits i n te rac t i ve  coupling o f  f l u i d  dynamics 
w i t h  rock stresses and deformations. For 
example, an excess o f  pressure on a block during 
one computational cycle w i l l  r e s u l t  i n  
compression o f  the block and opening ( d i l a t i o n )  
o f  the j o i n t s  next to it, resu l t i ng  i n  addi t ional  
permeabil ity and changed pressure d i s t r i bu t i on .  

When j o i n t s  a re  a l i g n e d  p a r a l l e l - t o  the  
p r inc ipa l  earth stresses, a process equivalent t o  
c lass ica l  hydraulic f ractur ing (but wi thout the 

necessity o f  accounting f o r  rock strength) i s  
predicted, i n  which a s ingle j o i n t  begins t o  open 
a t  a pressure equal t o  the minimum earth stress, 
and the aperture and shape o f  the opened j o i n t  
agree wel l  w i th  conventional hydraulic f rac tu r i ng  
theory (Daneshy, 1973). However, when the j o i n t s  
are rotated 30" from the p r inc ipa l  stress 
directions, and a low v iscos i ty  f l u i d  l i k e  water 
i s  used f o r  f ractur ing,  two types o f  s t imulat ion 
patterns can occur. I n  the f i r s t  type, t y p i f i e d  
i n  F igu re  3, which occurs when r e s i s t a n c e  t o  
shear s l i ppage  i s  low o r  shear d i l a t a n c y  i s  
large, only a s ing le j o i n t  i s  stimulated. I n  the 
second type, corresponding t o  high shear 
resistance or  small dilatancy, mu l t i p le  j o i n t  
st imulat ion occurs as shown i n  Figure 4. Shear 
slippage along the j o i n t s  i s  accompanied by 
shear-stress drops and the in teract ion o f  the 
stress drop w i th  the act ing earth stresses 
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Figure 3. Single j o i n t  s t imu la t ion  induced by 
shear sl ippage along na tura l  j o i n t s .  
S t i m u l a t i o n  o f  o n l y  a s i n g l e  j o i n t  
occurs when resistance t o  shear 
sl ippage i s  low (low f r i c t i o n )  o r  the 
di latancy, i.e., the a b i l i t y  t o  open 
the j o i n t  due t o  shear, i s  high. The 
resolved stresses shown r e s u l t  from a 
p r inc ipa l  ear th  s t ress  o f  2 Q app l ied  
a t  an angle o f  30" t o  the j o i n t s .  u 
i s  the minimum p r i n c i p a l  ear th  stress 
and i s  perpendicular t o  the 2 u 
stress. 

r e s u l t s  i n  opening o f  j o i n t s  normal t o  the 
maximum stress, so t h a t  a dendr i t i c ,  m u l t i p l e  
j o i n t  pa t te rn  occurs. This pa t te rn  o f  st imulated 
j o in t s ,  and the computed shear-stress drops, 
exp la in  why microearthquake maps i n  
water- f ractured jo inted-rock masses are usua l ly  
n o t  planar, bu t  are e l l i p s o i d a l  i n  shape, and why 
the observed f i r s t  motions o f  microearthquakes 
i nd i ca te  a shear mechanism. 

To understand t h i s  s t imu la t i on  behavior 
better,  r e f e r  t o  Figure 5. The main j o i n t  has 
s l ipped i n  shear and separated contact. When the 
faces a r e  no l o n g e r  i n  c o n t a c t  t h e r e  i s  no 
f r i c t i o n  t o  support the i n i t i a l  shear stress, so 
the region midway between the center and the t i p  
o f  the main j o i n t  has the y-stress p r o f i l e  shown 
on the top and bottom o f  F i g  5. The o r i g i n a l  
normal stress, 1.75 u ,  i s  reduced t o  as low as 
1.25 u i n  the upper r i g h t  and lower l e f t  
quadrants, p rec ise ly  low enough f o r  l i f t - o f f  and 
s t imu la t i on  o f  the l a t e r a l  j o i n t s  indicated. (As 
explained i n  Figure 3, a i s  the minimum p r i n c i p a l  

Figure 4. M u l t i p l e  j o i n t  shear s t imu la t ion  which 
occurs when shear resistance i s  h igh  
or d i la tancy  i s  low. Note geometrical 
s i m i l a r i t y  w i t h  microearthquake 
loca t ions  i n  Figure 2. 

ear th  stress. 1 These x -d i rec t ion  j o i n t s  then 
a l l o w  easy migra t ion  o f  the water i n t o  the 
y -d i rec t i on  j o i n t s  imnediately adjacent and 
p a r a l l e l  t o  the main one, so t h a t  these j o i n t s  
begin t o  open, and t h i s  cyc le  repeats i t s e l f ,  
u n t i l  eventua l l y  the f rac tu re  pa t te rn  appears as 
pred ic ted  i n  Figure 4, and observed i n  Figure 2. 

ACHIEVING HYDRAULIC COMMUNICATION 

Despite the huge volume o f  water i n jec ted  i n  
the lower we l l  dur ing the massive hydrau l i c  
f rac tu r i ng ,  the st imulated zone d i d  no t  propagate 
i n t o  the v i c i n i t y  o f  the upper well ,  as shown i n  
Figure 2, and no hydrau l i c  communication between 
the two we l l s  was observed. Another l a rge  
f r a c t u r i n g  operat ion was conducted, t h i s  t ime i n  
the upper wel l ,  bu t  the two Stimulated zones d i d  
n o t  overlap s u f f i c i e n t l y  and again no 
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Figure 5. S t imu la t ion  o f  l a t e r a l  j o in t s .  

communication was observed. Consequently, i n  
March o f  1985 the upper we l l  was sidetracked a t  a 
depth o f  2.9 km, and d i r e c t i o n a l l y  d r i l l e d  as 
shown i n  F i g u r e  6 th rough  t h e  f r a c t u r e  zone 
associated w i t h  the lower wel l .  Th is  s idetracked 
we l l  i s  re fe r red  t o  as EE-3A. 

Precursor signs o f  an impending connection 
were observed i n  May. Weak flows, 0.3 U s ,  i n t o  
the r e d r i l l e d  we l l  were noted when the other w e l l  
was pressurized t o  12 MPa. A f t e r  d r i l l i n g  ahead, 
another f l ow  was observed, b u t  t h i s  t i m e  the f l ow  
was much stronger and occurred a t  three j o i n t s  
i n te rsec t i ng  EE-3A near 3.6 km. On May 20 i t  was 
noted t h a t  when-the d r i l l  r i g  pumps were used t o  
i n j e c t  water i n t o  EE-3A, a sudden pressure r i s e  
was a lmos t  immed ia te l y  observed i n  t h e  o t h e r  
we1 1. 

With these increasing portents o f  success i t  
was decided t o  improve the hydrau l i c  
communication q u a l i t y  o f  the j o i n t s  near 3.6 km 
by s t imu la t i ng  them w i t h  high pressure. This was 
accomplished 6y s e t t i n g  a s p e c i a l l y  developed, 
high temperature packer (Dreesen and M i l l e r ,  
1985) a t  a depth o f  3.52 km, where the d r i l l  hole 
was reasonably smooth, and then pumping water 
i n t o  the e n t i r e  open hole i n t e r v a l  between the 
packer and t h e  bo t tom o f  t h e  ho le ,  wh ich  was 
located a t  3.72 km (12,200 f e e t )  a t  t h i s  time. 
The physical  s i t u a t i o n  i s  depicted i n  Figure 6. 
A volume o f  1,670 cu. m (442,000 ga l lons)  was 
in jected, p r i m a r i l y  a t  ra tes  o f  15 t o  27 l/s (240 
t o  420 gpm), and a t  downhole pressures ranging 
from 66 t o  75 MPa (9600-11,000 ps i ) .  A r a p i d  
r i s e  i n  pressure was noted a t  EE-2, and two hours 
a f t e r  the connnencement o f  pumping i n  EE-3A, the 
EE-2 wellhead valve was opened, and water flowed 
out. A t  f i r s t  the ou t f low r a t e  was small, b u t  by 
r e p e t i t i v e l y  surging the well ,  i.e., by shut t ing  
i t  3n f o r  a while, then qu ick l y  vent ing it, the 
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Figure 6. E leva t ion  view o f  reservoir ,  look ing  
North. Packer shown al lowed 
supplementary s t imu la t i on  o f  EE-3A. 
which resu l ted  i n  low f l ow  resistance 
connection between EE-2 and EE-3A. 
The f l ow  paths ind ica ted  are  n o t  
exac t ,  b u t  a r e  i n f e r r e d  f rom j o i n t  
loca t ions  determined from a 
temperature survey i n  EE-3A. 

ou t f low r a t e  was s tead i l y  increased, and a t  the  
t e s t  conclusion i t  a t ta ined  a value o f  10 l / s  
(160 gpm). The rese rvo i r  f l ow  resistance was 
3GPa s /cu  m (30  psi/gpm), and w i t h  t i m e  and 
fu tu re  st imulat ion,  should reduce fu r ther .  Even 
now, t h e  impedance i s  o n l y  two t imes  t h e  l ow  
back-pressure impedance observed f o r  the Phase I 
rese rvo i r  a f t e r  several months o f  operat ion and 
several episodes o f  h igh pressure st imulat ion.  

A post-connection temperature survey taken 
i n  EE-3A on May 30 showed t h a t  several new j o i n t s  
had been s t i m u l a t e d  and a l s o  served as  f l o w  
e n t r i e s  from EE-3A t o  the reservo i r .  Figure 6 
por t rays  the po ten t i a l  f l ow  paths, which appear 
sho r t  i n  t h i s  e leva t ion  view, b u t  bear i n  mind 
t h a t  EE-2 and EE-3A are  h o r i z o n t a l l y  separated by 
150 m a t  the depth where the two we l l s  appear t o  
in te rsec t .  

Fol lowing the successful connection the 
r e d r i l l e d  we l l  was extended and two add i t i ona l  
s t imu la t ions  were conducted i n  i t  w i t h  open hole 
packers. The f i r s t  s t imu la t ion  was conducted 
very deep, and f a i l e d  t o  r e s u l t  i n  s i g n i f i c a n t  
communication. The second s t i m u l a t i o n  was 
attempted a t  a depth about midway between the 
successful and unsuccessful ones, and another 
hydrau l i c  connection was achieved. The presence 
o f  an expensive d r i l l  r i g  over one we l l  d i d  n o t  
permi t  extensive f l ow  test ing,  b u t  a p re l im inary  
t race r  t e s t  suggests t h a t  the rese rvo i r  has a 
st imulated j o i n t  volume o f  approximately 400 
cubic m, which i s  50 percent greater than t h a t  o f  
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the Phase I reservoir  a f t e r  years o f  operations 
and improvements. 

I n  August 1985 the d r i l l  r i g  was furloughed 
af ter  d r i l l i n g  EE-3A t o  i t s  t o t a l  design depth. 
I n  October the r i g  w i l l  be react ivated a t  EE-3A 
and deta i led geophysical wel l  surveys w i l l  be 
conducted. Two new st imulat ing operations, again 
using open hole packers, are planned f o r  
Novenber, the goal being to enlarge the reservoir  
y e t  again. Following these stimulations the wel l  
w i l l  be temporarily completed w i th  l i n e r s  and 
tubulars, so that  a d r i l l i n g  or workover r i g  w i l l  
no longer be required, and then a 10 t o  30 day 
long c i r cu la t i ng  f low t e s t  w i l l  be conducted t o  
more f u l l y  evaluate the reservoir. 

CONCLUSIONS 

Seismic monitoring provides a view o f  
f racture systems which i s  unobtainable by any 
other means a t  the depths of  i n te res t  here. the 
seismic observations, supported by resu l t s  i n  
B r i t a i n  as wel l  as the rock mechanics lab, 
ind icate tha t  i n j e c t i n g  w i th  low v iscos i ty  f l u i d  
l i k e  water i n t o  jo in ted rock resu l t s  i n  mul t ip le  
j o i n t  st imulat ion caused by shear-slippage, not  
the s ingle tens i l e  f racture o f  conventional 
theory. Guided by microearthquake maps, an 
ex i s t i ng  wel l  was sidetracked and r e d r i l l e d  i n t o  
the stimulated zone created by e a r l i e r  massive 
hydraulic in ject tons a t  EE-2. The r e d r i l l e d  wel l  
encountered zones o f  permeabil ity induced by the 
ea r l y  st imulat ion but  i t  required supplementary 
st imulat ion before good f low communication could 
be established between the two wells. Two o f  the 
three . supplementary st imulat ions have been 
successful, and i t  appears tha t  fu ture 
stimulations may be s i m i l a r l y  successful, bu t  
already the new reservoir  appears promising. It 
possesses a f low resistance and stimulated j o i n t  
volume approaching that  of, or superior t o  tha t  
at ta ined by the e a r l i e r  Phase I reservoir  a f t e r  
prolonged heat ext ract ion and permeabil ity 
enhancing improvements. 
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Abstract 

Flow character izat ion and volumetric s i z ing  
techniques using tracers i n  f ractured hot dry rock 
(HDR) reservo i rs  are discussed. Mathematical 
methods f o r  analyzing the residence t i m e  
df s t r i b u t i o n  (RTD1 are presented. Tracer modal 
volumes and RTD shape are correlated w i th  
reservoi r performance parameters such as act ive 
heat t ransfer  area and dispersion levels. 
Chemically react ive t racers are proposed for 
mapping advance rates o f  cooled regions i n  liDR 
reservoirs, providing ea r l y  warning o f  thermal 
drawdown. Important react ion r a t e  parameters i i re 
Iden t i f i ed  f o r  screening po ten t i a l  tracers. 

Nomen c 1 a ture 

A= ef fect ive heat t ransfer  area 
A,,= 1 s t  order pre-exponential factor  

ArS2= 2nd order pre-exponential factor  

C, C(t1= t racer  concentration 
Cp = f l u i d  heat capacity 

D = dispersion coef f ic fent  

Ea = 1 s t  order ac t i va t i on  energy 

EaS2 = 2nd order ac t i va t i on  energy 
E(v) or E ( t 1  = e x i t  RTD for a pulse 
k = 1 s t  order react ion r a t e  constant 
L = character is t ic  reservo i r  length 

m = mass o f  t racer  pulse 
Pe = dispersional Peclet number = uL/D 

I 
i 

P 
F 
c 

i Q - volumetric f lowrate 
t = time 
T = f l u i d  temperature 

u = f l u i d  ve loc i t y  

V, CY> = modal and mean reservo i r  volume 
X,Y,Z = reservo i r  postion coordinates 

the RTD a t  1/2 height 
P =  f l u i d  density 
a- thermal d i f f u s i v l t y  o f  rock 

A -  thermal conduct iv i ty o f  rock 
u2 = variance o f  the RTD 

Introduct ion and Scope 

This paper reviews the research and development 
work on tracers t h a t  has occurred i n  the l a s t  11 
years a t  Los Alamos and MIT. Deta i ls  are 
contained i n  the fo l lowing publ icat ions by the 
author  and h i s  co-workers (Tester,  B i v i n s  and 
Potter (19821, Robinson and Tester (19841, 
Robinson (19841, and Robinson, Tester, and Brown 
(1984) 1. 
Tracers have become a r e l i a b l e  diagnostic t oo l  f o r  
determining the size and f l u i d  flow 
character is t ics  o f  geothermal reservofrs. They 
have been used i n  f i e l d  t e s t s  o f  h o t  d r y  rock 
(HDR) geothermal reservoirs a t  the Fenton H i l l  
s i t e .  i n  New Mexico and a t  the Rosemanowes quarry 
i n  Cornwall, U.K. Model-independent informatlon, 
such as f racture volumes and dlspersive 
Characteristics, obtained from i n e r t  t racer 
measurements has provided a means o f  quant i fy ing 
the behavior o f  these fractured geothermal 
systems. Because, however, the information 
supplied by conventional i n e r t  t racers i s  
i n s u f f i c i e n t  t o  construct deta i led reservoir  
models w i th  extenslve predic t ive capabi l i t ies ,  we 
are a lso developing new techniques t h a t  use 
temperature-sensl t ive,  chemically react ing 
compounds as tracers. These react ive t racers w i l l  
measure d i r e c t l y  the cooldown r a t e  o f  the rock 
between the two wellbores o f  a continuous flow 
geothermal reservoir .  Reactive t racers should 
also be useful i n  measuring produced f l u i d  thermal 
drawdown i n  some conventlonal geothermal 
reservoirs where re in jec t i on  has created t h i s  
undesirable side e f fec t .  

To date theoret ica l  modeling and bench-scale 
screeming tes ts  have been conducted t o  i d e n t l  fy 
potent ia l  react ive t racers f o r  f i e l d  use and t o  
explore the strengths and l i m i t a t i o n s  o f  the 
react ive t racer  concept for s i t i n g  HDR systems. 

I n e r t  Tracer Analysis 

Def in i  t lons 

1. Residence Time Dis t r ibut ion,  E ( t ) :  E(t)dt i s  
the f r a c t i o n  o f  t h  in jected f l u i d  which leaves the 
system between t and t + dt. An e f fec t l ve  t racer  
f o l l o w s  t h e  same f l o w  paths as the  r e s e r v o i r  
f l u id ,  and the concentration-time response 
measured a t  the o u t l e t  t o  a pulse in jected a t  the 
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i n l e t  i s :  
z 

Dispersion Mechanisms 

The dispersion i n  the o u t l e t  t race r  respqIse from 
a f rac tu red  geothermal rese rvo i r  r e s u l t s  from a 
combination o f  three fac to rs :  (1) large-scale 
f low heterogenei t i e s  caused by the  superposit ion 
o f  f lows from f rac tu res  o f  d i f f e r e n t  s i ze  and f low 
impedance, (2 )  C r O S S f l O w  between d i f f e r e n t  
f r a c t u r e s ,  and ( 3 )  d i s p e r s i o n  w i t h i n  a s i n g l e  
f rac tu re .  

The ex ten t  o f  d ispersion i n  a s ing le - f rac tu re  f low 
can be important. Four s ing le - f rac tu re  d i  spersion 
sources have been i d e n t i f i e d :  roughness o f  the 
f rac tu re  surface, holdup o f  t race r  i n  dead-end 
pores o r  f rac tu res  branching o f f  the one i n  which 
the f l ow  i s  occur r ing  (matr ix d i f f us ion ) ,  
d i f f e r e n t  a r r i v a l  times o f  the f l u i d  caused by 
mult idimensional flow, and crossf low o f  a t racer  
between d i f f e r e n t  f l ow  streams. The l a s t  two can 
be t rea ted  separately o r  can be combined as Taylor 
dispersion. Horne and Rodriguez (1983) and 
Robinson and Tester (1984) have evaluated var ious 
s ing le - f rac tu re  dispersion mechanisms f o r  
condi t ions l i k e l y  i n  f rac tu red  geothermal 
reservo i rs .  Table 1 summarizes the r e s u l t s  o f  
these studies, using the a x i a l  d ispersion Pec le t  
number (Pe = uL/D) as the  parameter charac ter iz ing  
dispersion. A la rge  Pec le t  numb3er ind ica tes  t h a t  
the mechanism produces very l i t t l e  o f  the observed 
o u t l e t  d i s p e r s i o n .  The t a b l e  shows t h a t  t h e  
amount o f  d i s p e r s i o n  produced w i t h i n  a s i n g l e  
f rac tu re  i s  small compared w i t h  the  o v e r a l l  l eve l  
o f  d ispersion measured i n  HDR rese rvo i r s  using 
tracers. 

A number o f  models have been used t o  co r re la te  
the observed RTO t o  so lu t ions  o f  the 
convective-disperson equation. In these cases one 
o r  more adjustable parameters a re  used t o  f i t  the 
data. These parameters inc lude f l u i d  d i s p e r s i v i t y  
(D), and i n d i v i d u a l  f r a c t u r e  f low and volume 
f rac t i ons  (Tester e t  a1 (1982)). Although these 
models usua l ly  can be adjusted t o  represent the 
data we l l  mathematically, because o f  geometric and 
f low ve loc i t y  unce r ta in t i es  w i t h i n  the reservoir ,  
t h e i r  use i n  p red ic t i on  o f  RTD's i s  l im i ted .  

The observed leve ls  o f  d ispersion I n  the Fenton 
H i l l  and Rosemanowes systems studied t o  date are 
dominated by m u l t i - f r a c t u r e  flow. Th ig fonc lus ion  
was corroborated i n  some rad ioac t ive  B r  t race r  
experiments a t  Fenton H i l l  using gamma logging i n  
the production wellbore. As shown i n  Figure 1, 
d i s t i n c t  concentrat ion-t ime curves were i d e n t i  f l e d  
f o r  three e x i t  regions i n  the product ion wel lbore 
(RDbinson and Tester (1984)). Thus a t  l e a s t  three 
d i f f e r e n t  f rac tu res  were con t r i bu t i ng  t o  the 
observed t o t a l  d i s p e r s i o n .  No t  o n l y  were t h e  
three f rac tu re  zones I d e n t i f i e d ,  b u t  the 
dispersion from each i n d i v i d u a l  f rac tu re  zone was 
too g rea t  t o  r e s u l t  from any combination o f  
s ing le - f rac tu re  dispersion mechanisms. Crossflow 
among the d i f f e r e n t  f rac tu res  was occurring, 
perhaps i n  a h i g h l y - f r a c t u r e d  r e g i o n  near  t h e  
i n l e t  t o  the  rese rvo i r  as depicted i n  Figure 2. 

where m i s  the  mass o f  t race r  in jected, and Q i s  
the vo16metric f low r a t e  o f  f l u i d .  The residence 
time d i s t r i b u t i o n  (RTD) curve can be a lso  
expressed as E(v), where E(v)dv I s  the f r a c t i o n  o f  
the produced f l u i d  which entered a t  t = 0 t h a t  
emerges between v and v + dv. Thus, E ( v )  = 
E ( t ) / Q .  T h i s  conven t ion  a l l o w s  us t o  compare 
f rac tu re  volumes measured i n  t race r  experiments a t  
d i f f e r e n t  f l ow  rates. 

2. Modal Volume, i :  the  volume corresponding t o  
t h e  peak o f  t h e  RTD cu rve  i n  0 most l i k e l y  
represents the volume o f  low Impedance connections 
which fo l l ow  a d i r e c t  rou te  from i n l e t  t o  ou t l e t .  

3. I n teg ra l  Mean Volume <V>: 

<V> = vE(v)dv (2) 

I n  f rac tu red  porous media, <V> i s  the  vo id  volume 
o f  a l l  f r ac tu res  which accept flow, regardless o f  
t b e i r  impedance. The ca lcu la ted  i n t e g r a l  mean 
volume shou ld  be cons ide red  as an approx imate  
estimate o f  the e n t i r e  f rac tu re  system volume, 
since measurement o f  the t a l l  o f  a d i s t r i b u t i o n  i s  
inaccurate and the curve must be extended 
a r b i t r a r i l y  t o  i n f i  n i  t e  volume. 

dW 

4. Width a t  1/2 Height, w l  : the  w id th  between 
t h e  two p o i n t s  on e i t h e r  /?de o f  t h e  peak f o r  
which the  t race r  response i s  one-half I t s  peak 
value. This parametrer, def ined a r b i t a r i l y ,  i s  a 
measure o f  t h e  o u t l e t  d i s p e r s i o n  o f  t h e  main 
f rac tu re  f low paths. This approach circumvents 
the problem o f  de f i n ing  the response curve's tai l  
which decreases the usefulness o f  the variance as 
a measure o f  dispersion. 

5. E f f e c t i v e  Heat Transfer Surface Area, A: a 
s i  nule-Darameter est imate o f  the  heat t rans fe r  
capacity o f  a f rac tu red  reservo i r .  Assuming p lug  
f low up a s ing le  v e r t i c a l ,  rectangular f rac tu re  of 
surface area A ( (on  one face o f  the f rac tu re) ,  the 
f l u i d  temperature w i t h i n  the  f rac tu re  dur ing 
long-term operat ion i s  given by a minor v a r i a t i o n  
o f  a formula suggested by Murphy e t  a l . :  (1981) 

T-Ti  = e r f  ArA(z/l.) - Tr-Ti [ p C p Q F ]  (3)  

i n  which T, T , and T are  the  temperatures o f  the 
f l u i d  a t  p o i n t  2, a t  the  i n l e t ,  and throughout the 
rock i n i t i a l l y .  The parameters A, and a are  the  
thermal conduct iv i  t y  and thermal d i f f u s i v i  t y  o f  
the rock, P and c the average densi ty and heat 
capaci ty o f  the  Pfluld, and t the t ime of 
o p e r a t i o n  o f  t h e  r e s e r v o i r .  f?fe o u t l e t  f l u i d  
temwrature  i s  obtained by s e t t i n g  z/L = 1. 
Although s imp l i s t i c ,  t h i s  model conveniently 
describes the long-term behavior o f  a f rac tu red  
rese rvo i r  w i t h  a s ing le  adjustable parameter. 
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. 
Mechanism 

Fracture Roughness 

Matr ix Di f fus ion 

Taylor D i  spersion 

Point Source- 
Point  Sink 
Potent ia l  Flow 

Actual Measured 
Dlsperslon i n  
Fractured Geothermal 
Reservoirs 

Empi ri ca 1 Correlations 

Table 1. Magnitudes o f  D i  f f e ren t  Single-Fracture 
Dispersion Mechanisms 

Sources: Horne and Rodriguez (19831, 
Robinson and Tester (1984). 

Dis erslonal  
h r  

very large 

very large 

150 - 3 lo4 

55 

0.5-5 

Despite the existence o f  deta i led f low InfOrmatiOn 
from tracers, f low impedance measurements, and 
downhole logging, no adequate predic t ive reservo i r  
model has been constructed f o r  the l a t e s t  Fenton 
H i l l  reservo i r  (Zyvoloskl e t  a1 (1981)). A t  t h e i r  
present leve l  o f  sophistication, t racer techniques 
are useful for  measuring f racture volume and flow 
fractions, but  cannot be used eas l l y  t o  determine 
the d i s t r i b u t i o n  and o r ien ta t i on  o f  f ractures I n  
space. However, i n  analyzing past t racer 
experiments i n  the Fenton H i  11 and Rosemanowes 
systemsI we have found an empir ical  approach to be 
very useful. The resu l t i ng  corre la t ions have led  
t o  general conclusions about the nature of flow 
and heat transfer I n  f ractured geothermal 
reservoi rs. 

The large scale heterogeneities such as the 
superposl t l o n  o f  f lows from mu1 t i p l e  f ractures 
undoubtedly exe r t  greater inf luence on heat 
t ransfer  behavior, since the pos i t ion ing o'P l o w  
impedance condul t s  e f f e c t i v e l y  defines the 
accessible volume o f  rock. Indeed, the onset and 
subsequent r a t e  o f  thermal drawdown i s  probably 
contro l led by the surface area o f  the smallest l o  
impedance connectfon. The modal volume 
corresponds t o  the low impedance f racture 
connections, which should contr ibute most t o  the 
long term produced f l u i d  temperature decline. 

'ti 

These ideas are confirmed by Figure 3, whey 
shown t h a t  8 correlates w i th  the reservo i r  
transfer capaclty. The e f f e c t i v e  heat tr 
surface area A was calculated by applyln! 
(31, or s im i la r  numerical modeling r e s u l l  

Eqn. 
t o  

Commen t s  

scale o f  dispersion ( f racture 
aperture) i s  very small compared 
to overa l l  length scale (wel l -  
bore separation d i  stance) 

large apertures and rap id  flow 
ve loc i t i es  minimize matr ix d i f -  
fusion e f f e c t  

molecul a r  d i  f fusion coeff  1 c i e n t  
var ies strongly w i th  temperature, 
causing wide range i n  Pe 

calculated assuming dispersion i s  
caused so le ly  by f low streamlines 
of d l f f e r e n t  length and ve loc i ty  

observed dispersion i s  much 
greater than can be explained by 
flow i n  a s ingle f racture 

actual produced f l u i d  thermal drawdown data f o r  
each reservoir .  With Figure 3. a single i n e r t  
t racer  experiment can provide a crude estimate o f  
t he  hea t  e x t r a c t i o n  c a p a b i l i t y  o f  a f r a c t u r e d  
reservoi r. 

The Rosemanowes Phase I1  po in t  i n  Figure 3 i s  not  
r e a l l y  a data point, as extensive energy 
ext ract ion has not  y e t  been carr ied ou t  i n  t h i s  
r e s e r v o i r ,  so drawdown has n o t  been observed. 
Only t h e  modal volume has been p l o t t e d .  We 
include it. however, to show t h a t  f o r  t h i s  new 
reservoir  and f o r  commerically-sized systems, i n  
general. use o f  the modal volume t o  estimate A i s  
probably u n j u s t i f i e d  because o f  the large 
extrapolat ion required from smaller- sized systems. 
A more leg i t imate approach f o r  large systems w i t h  
mu l t i p le  entrance and e x i t  regions perhaps would 

I be t o  s ize ind iv idual  f racture zones using 
preferent ia l  1 n jec t l on  o f  a rad ioact l  ve t racer  and 
production wel l  gamma logging (Tester, e t  a1 
(1982)). These zones o r  subsystems are l i k e l y  t o  
be small enough t o  warrant the use o f  Figure 3. 
For example, t h e  p o i n t  on F lgu re  3 a f t e r  t he  
stress unlocking experiment (SUE) a lso i s  an 
estimate because the heat t ransfer  area was not  
obtained by f i t t f n g  f t  t o  drawdown data, but  i t  f s  
f e l t  t h a t  t h i s  po in t  represents a reasonable 
extrapolat ion f r o m  the o r i g i n a l  reservo i r  
condi t i ons. 
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Figure 1 Ind iv idua l  f rac tu re  zone oncentrat ion- 
t ime curves obtained by 8’Br pulse 
i n j e c t i o n  fo l lowed by gamma logging i n  
the production we l l  bore. 
217-A5, December 12, 1980. 

(a) Experiment 

This simple ana lys is  ignores the f l u i d  t h a t  does 
n o t  f low through the low Impedance fractures.  Run 
Segment 5 t race r  experiments a t  Fenton H i l l  
(5/9/80 t o  12/12/80) showed t h a t  i n  t h i s  rese rvo i r  
roughly 30% o f  the  i n j e c t e d  f l u i d  t rave led  through 
h i g h  impedance secondary j o i n t s .  T h i s  r e s u l t  
appears t o  be q u i t e  common i n  the HDR rese rvo i r s  
tes ted  t o  date: f low through several low 
impedance j o i n t s  accounts f o r  the e a r l y  t race r  
resoponse, wh i le  a subs tan t ia l  secondary f low 
t rave ls  through a la rge  volume o f  rock, probably 
a t  the per iphery o f  the reservo i r .  

100 

z 
.c 

EE-I . 
INJECTION 

WELL 

2613 rn 

ORIGINAL RES 
INJECTION ZD 

INJECTION ZONE 

Figure 2 Conceptual schematic o f  the  EE-l/GT-2 
f rac tu re  system (adapted from Tester 
e t  a l .  (1982). Schematic o f  the 
fracture-we1 1 bore geometry. 

A comparison o f  the volumes o f  the low impedance 
primary f l ow  paths and the high impedance 
secondary paths can be made. The modal volume 
represents the low impedance volume and the 
i n t e g r a l  mean volume <Eqn. ( 2 ) >  i s  t h e  t o t a l  
f rac tu re  volume (main f rac tu res  p lus  secondary 
f low paths). As seen n Table 2, the  i n t e g r a l  
mean volumes f o r  the 82Br t race r  experiments o f  
Run Segment 5 a re  much la rge r  than the 
corresponding modal volumes. The enormous 
po ten t i a l  capaci ty o f  t h i s  rese rvo i r  appears . to 
have gone l a r g e l y  unused due t o  the tendency o f  
the f l u i d  t o  s h o r t - c i r c u i t  through low impedance 
j o i n t s .  T o t a l  r e s e r v o i r  s i z e  e s t i m a t e s  u s i n g  
microseismic mapping and geochemical in fo rmat ion  
substant iate t h i s  conclusf on. 

I n  add i t i on  t o  the absolute s izes o f  the 
low-impedance f rac tu res  and the  t o t a l  reservoir ,  
rese rvo i r  growtho dur ing energy ex t rac t i on  may be 
monitored using V and <V> from a ser ies  of t racer  
t e s t s .  F r a c t u r e  volume growth  may be caused 
e i t h e r  by thermal cont rac t ion  and s t ress  cracking 
o f  rock dur ing  cooldown, o r  through opening new 
f rac tu res  by water permeation i n t o  p re-ex is i  tng  
j o i n t s  i n  the rock ma t r i x  (hydrau l i c  f rac tu r i ng ) .  
For example, the increase i n  modal and i n t e g r a l  
mean volumes dur ing  the Run Segment 5 are p l o t t e d  
aga ins t  t o t a l  energy ex t rac ted  i n  Figure 4. The 
maximum amount o f  new f rac tu re  volume possible v i a  
thermal cont rac t ion  o f  rock i s  denoted by the f ree  
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Table 2. 

Fenton H i l l  Experiments 

Summary o f  Tracer -Field Experiments 

Date 
m 7 8  
3/1 I78  
3/23/78 
4/7/78 
5/9/80 
9/3/80 
12/2/80 
12/12/80 

v (m3) 
11.7 

17.0 
22.7 
26.5 

161 
178 
187 
266 

wlI2 Im3) - 
18.1 
40.3 
62.5 
70.8 

227 
323 
303 
479 

Rosemanowes Tracer Experiments (1982-1983) 

Rh 6A 1.42 
RHl2 12.3 
F1 uor- 2390 
escein 83 

thermal expansion l i n e .  The la rge  increase i n  
i n t e g r a l  mean volume suggest t h a t  hydraul ic 
f r a c t u r i n g  must have been occurr ing along w i t h  
thermal contract ion.  However, much o f  t h i s  new 
volume was poor ly  u t i l i z e d ,  as Shown by the modest 
increase i n  modal volume. 

For rese rvo i r s  operated w i t h  steady flow 
condit ions, the  need f o r  low impedance f rac tu re  
connect ions  may be a t  odds w i t h  t h e  goa l  o f  
achieving an e f f i c i e n t  volumetr ic sweep of f l u i d  
through a l a rge  number o f  f ractures.  D i f f e ren t  
operat ing s t ra teg ies  i n  fu tu re  HDR reservo i rs  may 
a l low us t o  u t i l i z e  more e f f i c i e n t l y  the la rge  
f rac tu re  volumes which apparently possess on ly  a 
r e l a t i v e l y  weak hydrau l i c  connect iv i t y  w i t h  the 
main f ractures.  For example, i n  the SUE a t  Fenton 
H i  11, r a p i d  p ressur iza t ion  and depressur izat ion o f  
the rese rvo i r  from both i n j e c t i o n  and production 
we l ls  a f t e r  the  system had been p a r t i a l l y  cooled 
r e s u l t e d  I n  a more even f l o w  th rough  a l a r g e r  
number o f  f rac tu res .  This i s  seen i n  the dramatic 
increase i n  modal volume caused by rap id  
p ressur iza t ion  i n  the  SUE on 12/8/80 (Figure 4). 
A ser ies  o f  these high pressure experiments o r  
possibly c y c l i c a l  pressure t ransients,  may b r i n g  
more o f  the unused f a r - f i e l d  f rac tu re  volume i n t o  
the a c t i v e  heat exchange region o f  a f rac tu red  

operation-- in j e c t i o n  i n t o  a shut- in reservoir ,  
fo l lowed by product ion from the Sam well--might 
provide greater access t o  a l a rge r  volume o f  ho t  
rock. Because t race r  experiments measure f racture 
volumes, the  bene f i c ia l  r e s u l t s  o f  the SUE were 
i d e n t i f i e d  by t race r  experiments, and they w i l l  be 
equal ly p r o f i t a b l e  when eva lua t ing  the  success o f  
f u tu re  rese rvo i r  mod i f i ca t ion  techniques. 

reservo i r .  A1 t e r n a t i  vely , hu f f -pu f f  

RESERVOIR ANALYSIS USING REACTING TRACERS 

Thermal drawdown ana lys is  o f  small, prototype 
rese rvo i r s  has been made manageable by the a b i l i t y  
t o  achieve produced f l u i d  temperature dec l ine  
a f t e r  on l y  a few months o f  operation. However. 
f o r  l a rge r  systems, rese rvo i r  s imulators w i  11 have 
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t o  be used i n  a p red ic t i ve  way, since years cou ld  
pass before produced f l u i d  temperature 
measurements y i e l d  useful modeling information. 
More Important, commercialfzatlon o f  the HDR 
concept requ i res  t h a t  a method e x i s t  f o r  
p red ic t i ng  a p r i o r i  the l i f e t i m e  o f  a reservo i r .  
The normal ba t te ry  o f  d iagnost ic experiments 
(pressure t ransient,  w e l l  logging, tracer, 
m i  crosei  smi c, and f 1 u i  d geochemi c a l l  probably does 
n o t  provide the  in fo rmat ion  necessary t o  cons t ruc t  
de ta i l ed  rese rvo i r  models w i t h  p r e d i c t i v e  
capab i l i t y .  Chemically reac t i ve  t racers,  which 
are sens i t i ve  t o  i n t e r n a l  changes t o  the  
rese rvo i r ' s  tempera ture  f i e l d ,  may solve t h i s  
problem i n  fu tu re  HDR systems. 

The k i n e t i c s  of most chemical reac t ions  are 
extremely temperature-sensi t i ve .  For f i r s t  order 
reac t ions  ca r r i ed  ou t  i n  batch reactors, the 
fo l low ing  r a t e  equation i s  o f ten  appl icable:  

dC/dt = -kC (4) 

where C Is t h e  c o n c e n t r a t i o n  o f  t h e  r e a c t i n g  
species and t i s  time. The r a t e  constant k i s  the 
parameter which contains the temperature 
s e n s l t l v i t y .  I t  normally can be described by the 
equation 

k = Arexp(-Ea/RT) ( 5 )  

i n  which A i s  the pre-exponential factor,  E the 
a c t i v a t i o n  snergy  o f  the react ion,  R the un iversa l  
gas constant, and T the  absolute temperature. For 
t y p l c a l  r e a c t i o n s  i n  s o l u t i o n ,  k w i l l  va ry  by 
s e v e r a l  o r d e r s  o f  magnitude f o r  t h e  range o f  
temperatures encountered i n  an HDR rese rvo i r  
undergoing extensive energy ex t rac t ion .  

Suppose a t race r  i s  inJected i n t o  an i n i t i a l l y  ho t  
reservo i r ,  and the  reac t i on  proceeds about h a l f  
way t o  completion dur ing i t s  stay i n  the  system. 
Then, a f t e r  some cooldown has been achieved. a 
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* second experlqent should show less Chemical 
react ion because o f  the shorter t i m e  the f l u i d  
spends fi hot  zone o f  rock. A ser ies o f  react ive 
t racer  experiments w i l l ,  i n  theory, map the r a t e  
o f  progress o f  the cooled region as i t  approaches 
the e x i t  well, g iv ing an ea r l y  warning o f  thermal 
drawdown. 

The t rans ient  response o f  t h i s  react ing t racer  
experiment w i l l  be governed by both the 
temperature f i e l p  and the dispersive nature o f  the 
f l u i d  flow w i th in  the reservoir. For prellmlnary 
estimates, we assumed t h a t  the t racer behavior 
could be modeled using the one-dimensional ax ia l  
dispersion equation w l  t h  a f i r s t -o rde r  chemical 
react ion 1 ncluded: 

A1 though objections have been raised against the 
a p p l i c a b i l i t y  o f  Eqn. (6) f o r  complex f ractured 
porous media, we use i t  here t o  demonstrate the 
concept o f  react ive t racers and t o  perform 
parameter sensi t i v i  t y  studies. Since chemical 
react ion rates f o r  f i r s t -o rde r  ract ions depend on 
the time-temperature h i s to ry  o f  the f l u i d  ra ther  
than on the Speci f ic  dispersion mechanism. Eqn. 
(6) should be adequate f o r  these preliminary 
calculations. 

The other component o f  t h i s  reservoir  model i s  the 
ax ia l  (z-direct ion) temperature f i e ld .  The 
single-fracture temperature so lut ion cEqn. (3)> 
was used i n  these c a l c u l a t i o n s .  Th is  unt form 
temperature f i e l d  assumption i s  perhaps 
questionable given the explanation o f  t racer 
dispersion as f low through d i f f e r e n t  sized 
fractures. These fractures are each l i k e l y  t o  
have unique temperature Characteristics, e.g. the 
small ones (corresponding t o  short  residence 
times) cool ing down more rap id l y  than the large 
ones. Nonetheless, the model as formulated should 
be s u f f i c i e n t  f o r  parameter studies. Analysis o f  
actual f i e l d  experiments w i l l  have t o  address t h i s  
question. 

Our model system had the fol lowif ig 
cgaracter lst ics:  

' m /s (200 gpm), and T = 250 'C. The in te rna l  
temperature f i e l d  i n  ???teservoir a t  various times 
i s  shown i n  Figure 5. To achieve 1O'C o f  produced 
f l u i d  thermal drawdown (a p rac t i ca l  minimum f o r  
estimating reservo i r  size), f i v e  
continuous operation are required. 

The most important feature o f  the react ive t racer  
concept i s  i t s  a b i l i t y  t o  i d e n t i f y  thermal 
drawdown much more quick ly  than produced-fluid 
temperature measurements. For example, the 
react ive t racer  response t o  a step change I n  i n l e t  
concentration I s  shown I n  Figure 6. Just 1 t o  2 

years of operation are required t o  obtain a 
sensj t fve estimate o f  heat exchange capacity. 

A = 300000 m , Q = 1.262~10 

Parameter studies using the ax ia l  dispersion model 
also support the fo l lowing conclusions: 

1) For thermal behavlor such as t h a t  I n  Figure 3, 
reactions w i  t h  higher ac t i va t i on  energies are more 
sensi t ive t o  small leve ls  o f  thermal drawdown. 

21 Tracer dispersion a f fec ts  the shape o f  the 
response curves, but  no t  the s e n s i t i v i t y  o f  the 
measurement. However, i f  dynamic s h i f t s  i n  
reservoir  s ize occur, i n e r t  t racers should a lso be 
used i n  con junct ion w i th  react1 ve tracers. 

3) The react ive t racer  response i s  Sensitive t o  
the extent  o f  thermal drawdown, but  no t  t o  the 
speci f ic  shape o f  t h e .  temperature f i e l d .  
Reactions which are moderately f a s t  a t  the highest 
reservoir  temperature are extremely slow a t  
temperatures 1OO'C below th is .  Thus, the exact 
shape o f  t he  temperature f i e l d  i n  the  cooled 
r e g i o n  o f  t he  r e s e r v o i r  I s  unimportant.  The 
conversion of a react ing t racer  i s  essent ia l ly  a 
measure o f  the amount o f  hot  rock remaining 
between the two wellbores. 

REACTIVE TRACER SCREENING STUDIES 

A s i g n i f i c a n t  por t ion o f  our research e f f o r t s  have 
been and are current ly  directed toward Iden t i f y i ng  
appropriate react ive t racers f o r  use I n  HDR 
systems w i th  a range o f  mean residence times and 
rock temperatures. The deslred k i n e t i c  parameter 
(Ar and E 1 should be such t h a t  the react lon t i m e  
( l / k  for'a 1 s t  o rde r  r e a c t i o n )  a t  t he  average 
reservo i r  temperature i s  approximately o f  the same 
order as the mean residence time. I n  addition, 
each react ive t racer must have the same 
character is t ics  required o f  an i n e r t  t racer  I n  
t h a t  i t  must be non-adsorbing and eas i ly  

I n  our ea r l y  work, the k ine t i cs  o f  a l ka l l ne  
h y d r o l y s i s  of  a number of o rgan ic  e s t e r s  and 
amides were determined i n  aqueous solut ions f o r  
temperatures varying from 100 t o  300 'C (Robinson 
(1984) and Robinson, Tester, and Brown (1984)). 
For t h i s  system a pseudo-first order react ion waz 
created by conducting the hydrolysis i n  excess OH 
or i n  a buffered solution. The resu l t s  o f  these 
ea r l y  studies are given i n  Table 3. Ethyl  

' detectable i n  low concentrations. 

acetate, e thy l  propionate and Iso-pentyl acetate 
would be su i tab le f o r  HDR systems a t  70 t o  125'C 
having mean residence times ranging from 10 t o  200 
hr. Ethyl  p lva la te and acetamide would work wel l  
f o r  reservoirs between 150 t o  200'C over the same 
residence time range. We are presently involved 
wi th  i d e n t i f y i n g  react ive t racers f o r  hot ter  
reservoirs a t  200 t o  300'C. A number o f  
f luor inated low molecular weight hydrocarbons, 
peroxides, and organic dyes are current ly  under 
laboratory study w i th  f i e l d  tests  planned f o r  the 
near future. 
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Figure 5 Internal temperature profiles during long-term energy 
extraction. 

Time (hr) 

Figure 6 Reactive tracer behavior during long-term energy 
extraction. 
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Table 3. Results o f  K inet ic  Experiments 

A, = (1.0457 x 10 -6 110 ph ArS2 

+ 45.8 Ea = Ea,2 

A E 
-r.2 -a,' Compound 

Ethyl Acetate 4. 79x106 42.7 

43.8 Ethyl Propionate 4.774~10 

Iso-Pentyl Acetate 5 .969~10~  52.6 

Ethyl Pivalate 1.473~10" 98.3 

6 

Acetamide 1 . 5 1 9 ~ 1 0 ~  73.5 

CONCLUSIONS 

1. Levels o f  t racer  dispersion from f i e l d  
experiments i n  HDR reservoirs ind icate t h a t  about 
70% o f  f low i s  through a number of low impedance 
fractures. The remaining 30% o f  the flow t ravels  

through high impedance secondary flow paths o f  
large volume. 

2. Reservoir heat t ransfer  capacity measured by 
e f fec t i ve  heat t ransfer  urface area A correlates 
wi th  t racer  modal volume B . 
3. The volume o f  secondary f l o w  paths grows 
substant ia l ly  during long term energy extraction. 
More uniform flow and hence be t te r  u t i l i z a t i o n  o f  
high impedance j o i n t s  was achieved by rap id  
pressur izat ion o f  the Fenton H i l l  reservo i r  during 
the stress unlocking experiment. 

4. Preliminary modeling suggests t h a t  the 
i n j e c t i o n  o f  chemically react ive t racers should be 
a sensi t ive reservo i r  t e s t  for measurlng thermal 
drawdown f a r  i n  advance o f  actual produced f l u i d  
temperature decline. 

5. Laboratory k i n e t i c  studies have i d e n t i f i e d  
. several chemically react ing t racers f o r  use f n  
geothermal reservoirs having temperatures ranging 
from 80 t o  200'C). 
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3 OPEN HOLE PACKER AND RUNNING PROCEDURE FOR HOT DRY ROCK RESERVOIR TESTING 
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Donald S. Dreesen and James R. M i l l e r  

Los Alamos, New Mexico 
Los Alamos Na ti ona 1 La bora to ry  

ABSTRACT 

An acute need f o r  open hole packers f o r  high 
pressure, high temperature operations a t  the 
Fenton H i l l ,  Hot Dry Rock (HDR) Geothermal S i te  
has existed since 1981. Cemented-in-liners were 
used instead o f  packers while packer technology 
was brought up t o  HDR requirements. A reservo i r  
development and evaluation program has j u s t  been 
completed w i t h  5 successfu l  open ho le  packer 
runs. These 5 successful runs were the r e s u l t  
of :  (1) R & D leading t o  improved packer 
mater ia ls and design, (2) an improved 
understanding o f  the in teract ions between the 
packer assembly and i t s  h o s t i l e  down hole 
environment, and (3). a ca re fu l l y  planned 
logging, sampling and cor ing program t o  locate 
packer se t t i ng  depths (packer seats). 

INTRODUCTION 

Af ter  successfully ext ract ing thermal energy 
f rom a smal l  f r a c t u r e  system i n  the  phase I 
system, a phase I 1  system consisting o f  mul t ip le  
f racture systems was proposed. A f te r  d r i l - l i ng  
and casing two wel ls  (EE-2 and EE-3 on Figure l)* 
reservo i r  development was begun. Both f rac tu r ing  
pressure and bottom-hole-temperature were much 
higher than projected. This combined w i th  h igh ly  
worn casing i n  EE-2 and a low f ractur ing pressure 
"leak o f f "  zone a t  the EE-3 casing shoe severely 
l i m i t e d  the back up pressure that  could be 
applied t o  minimize the d i f f e r e n t i a l  pressure on 
an open hole packer. Two open hole i n f l a t a b l e  
packers were run a f t e r  coolfng the 575'F EE-2 
wellbore wi th  c i r cu la t i ng  water. One packer was 
set  and 2000 p s i  d i f f e r e n t i a l  pressure appl ied 
before packer f a i l u r e  occurred. The second 
packer, a f t e r  substant ia l ly  more wellbore 
cooling, f a t l e d  a t  a lower d i f f e r e n t i a l  pressure. 
Subsequent review o f  these packer runs f a i l e d  t o  
i dent i  fy the f a i  1 ure mode. Oversi zed we1 1 bore 
and i n s u f f i c i e n t  s e l f  anchoring o f  the packer 
element probably contributed t o  the f a i l u r e s  
(Ref. 1). 

Subsequently large f racture systems were 
created i n  EE-2 and EE-3 below a 4 1/2" 
cemented-in-liner and below the 9 518" casing 
shoes. Fractur ing deep i n  the EE-3 open hole was 
proposed t o  attempt to in te rsec t  the upper 
f racture system i n  EE-2. An improved packer was 
run i n  and set  i n  a 450'F region i n  EE-3 but  i t  
a l so  f a i l e d  before f rac tu r ing  pressure was 
reached. The packer element had ruptured. It 

*References, Tables and Figures a t  end o f  text .  

was apparent t ha t  i t  was set  i n  an enlarged hole. 
A second cemented-in-liner was used t o  f racture 
deep i n  EE-3. 

A connection t o  the EE-2 f racture system was 
not obtained. Massive hydraulic f ractur ing (MHF) 
i n  both EE-2 and EE-3 also f a i l e d  t o  connect the 
wells. (Ref. 2 and 3.) Redr i l l i ng  EE-3 i n t o  the 
EE-2 MHF zone, located using microseismic 
techniques, was t o  be the next approach used t o  
t ry  t o  connect the wells. 

The blow down f o l l o w i n g  the  EE-2 MHF had 
l e f t  EE-2 damaged t o  the extent t h a t  i t  could not  
be used as an i n j e c t i o n  well. Budget constraints 
were expected t o  prevent a complete repai r  o f  
EE-2 u n t i l  much l a t e r  and so EE-2 would be 
l i m i t e d  t o  low pressure service. Therefore 
EE-3A, the r e d r i l l e d  open hole bore i n  EE-3, was 
t o  be the i n j e c t i o n  well. I t  was expected t h a t  
EE-3A would penetrate the low f racture pressure 
"leak o f f "  zone before i t  encountered the EE-2 
MHF reservoir. Zone i so la t j on  would be needed t o  
by-pass the "leak o f f  zone" and t o  se lect ive ly  
i n j e c t  i n t o  the  EE-3A open h o l e  a t  phase I 1  
reservo i r  f rac tu r i ng  pressure. Cemented-in- 
l i n e r s  could be used f o r  zone i s o l a t i o n  bu t  were 

.opera ti onal l  y unsui table f o r  reservoir  tes ti ng 
because o f  t h e i r  high i n s t a l l a t i o n  cost and even 
higher removal cost. The p o s s i b i l i t y  o f  damaging 
the reservoir  w i th  cement was also a concern. 

A h i g h  p r i o r i t y  was p laced on developing 
equipment and procedures t o  achieve zone 
i s o l a t i o n  w i th  a re t r i evab le  open hole packer 
system. The i n i t i a l  performance speci f icat ion 
ca l led f o r  service i n  an 8 112" t o  9" diameter 
hole a t  500' F wi th  a 400'F cool down a t  5000 p s i  
d i f f e r e n t i a l  pressure. 

PACKER DEVELOPMENT 

A f te r  the performance speci f icat ion was 
determined, a l i s t  o f  p o t e n t i a l  problems and 
possible solut ions was prepared and discussed 
wl-th s ta f f ,  consultants and several packer 
manufacturers. A revised l i s t  o f  problems and 
solut ions was then prepared and i s  shown on Table 
I. The l i s t  was systematically approached. 
Engineering stress calculations, system analysis 
and simple hydraul ic modeling were used, 
where appropriate, t o  determine which possible 
s o l u t i o n s  cou ld  be r u l e d  o u t  on a t e c h n i c a l  
basis. Discussions w i th  packer designers and 
f i e l d  specia l is ts  were used t o  i d e n t i f y  r e a l i s t i c  
potent ia l  solut ions and time and budget 
constraints eliminated some approaches. A 
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f l e x i b l e  equipment development p lan  evolved 

1. 

2. 

3. 

4. 

5. 

6.  

I n f l a t a b l e  packers would receive primary 
e f f o r t  and resources. 

Autoclave tes ts  would be used t o  assure t h a t  
an i n f l a t a b l e  element would meet the 
performance spec i f i ca t i on  as a seal element 
b u t  anchoring tes ts  would be deferred u n t i l  a 
down hole t e s t  could be conducted. 

The tandem packer conf igura t ion  o r  a s ing le  
combination element (see Figure 2) would 
receive the main emphasis. An op t ion  to use 
the s t radd le  conf igura t ion  would be 
maintained i f  the anchor o r  combination 
element was no t  successful. 

C o n t r a c t i o n  o f  f l u i d  volume i n  t h e  packer  
element d u r i n g  cooldown would have t o  be 
counteracted (Ref. 4). A f l u i d  volume 
compensator was de termined t o  be t h e  most 
desirable method o f  maintaining proper packer 
element i n f l a t i o n .  A t a i l  p i p e  choke was 
less  desirable. 

The packer element would be protected w i t h  
wear r i ngs  on the end pieces o f  the element. 

A h i g h  s t r e n g t h  down h o l e  expans ion  j o i n t  
would be designed compatible w i t h  the d r i l l  
s t r i n g  and open hole packer. 

Four a u t o c l a v e  t e s t s  o f  i n f l a t a b l e  packer  
elements were conducted. Two tes ts  were used t o  
se lec t  the best element based on the performance 
spec i f i ca t i on  and two add i t i ona l  t es ts  were run  
a t  Baker Production Technology, fo rmal ly  Lynes 
Inc ,  t o  e l i m i n a t e  a des ign  d e f i c i e n c y  i n  t h e  
packer t e s t  mandrel which was detected i n  the 
f i r s t  t es t .  I n  the f i n a l  t e s t  the packer element 
was heated t o  500°F, i n f l a t e d  t o  4500 p s i  i n  an 
8-1/2" i ns ide  diameter casing and i n t e r m i t t e n t l y  
subjected t o  5000 p s i  d i f f e r e n t i a l  pressure 
th rough  a 400°F coo l  down and h e a t  up. The 
element was subjected t o  5500 ps i  d i f f e r e n t i a l  
pressure a t  500°F a f t e r  heat up was achieved. 
Packer element d e f l a t i o n  dur ing  cool down and 
'pressure b u i l d  up dur ing heat up were observed. 

The autoclave tes ts  demonstrated t h a t  a shor t  
combination element could serve as the seal ing 
element, b u t  anchoring performance could no t  be 
demonstrated i n  any o f  the ava i l ab le  autoclaves. 
With the need f o r  an operat ional  rese rvo i r  
t e s t i n g  packer less  than two months away a 
wellbore anchoring t e s t  o f  the combination packer 
element and t e s t  mandrel j u s t  below the leak o f f  
zone i n  o f  EE-3A was proposed. 

PACKER RUNNING PROCEDURE 

While the autoclave tes ts  were being planned 
and performed, a simultaneous e f f o r t  t o  prepare 
f o r  running the packers was underway. As the 
d r i l l i n g  plan f o r  EE-3A was prepared i t s  impact 

on packer operations was considered. Where 
changes from pas t  d r i l l i n g  p rac t i ce  were made, 
they bene f i t t ed  both d r i l l i n g  and *packer 
operations. The major exception was the proposal 
t o  d r i l l  w i t h  a s e p f o l i t e  g e l  d r i l l i n g  f l u i d  
i n s t e a d  o f  water.  The f l u i d  was expec ted  t o  
improve ove ra l l  d r i l l i n g  r a t e  due t o  improved 
hole c leaning and reduced torque, drag, wear and 
corrosion o f  bottom hole assemblies and d r i l l  
pipe. By l i f t i n g  much la rge r  d r i l l  cu t t i ngs  than 
would be obtained 'w i th  water s e p i o l i t e  gel  was 
expected t o  s i g n i f i c a n t l y  improve the  r e s u l t s  
from geological  logging. Release and r e t r i e v a l  
o f  the packer i n  a f l u i d  w i t h  h igh  gel s t rength  
was a g r e a t  concern. E a r l y  a t t e m p t s  t o  r u n  
w i r e l i n e  logs i n  the h igh  gel s t rength  f l u i d  were 
no t  successful. Th is  d i c ta ted  t h a t  the d r i l l i n g  
f l u i d  be displaced w i t h  water p r i o r  t o  w i r e l i n e  
logging t o  s e l e c t  a packer seat. Packer 
operations were then completed before the water 
was replaced with sep io l i t e .  

A conceptua l  model o f  t h e  packer  w e l l b o r e  
system was a l s o  developed (See Figure 3) .  The 
key elements i n  the model included heterogeneous 
rock, an out-of-gage wel lbore and a packer 
assembly that i n te rac ted  both thermal ly and 
hyd rau l i ca l l y  w i t h  the i n j e c t i o n  f l u i d  and d r i l l  
s t r i ng .  From t h i s  model the packer assembly, 
logging p lan  and running procedures evolved. 

The basic packer running proce'dure i s  l i s t e d  
i n  Table 11. Very high s t ress  would be imposed 
on the rock i n  contact  w i t h  the packer element 
(Ref. 5). D r i l l i n g  paraneters and geological  
logs  were i n te rp re ted  and a i n i t i a l  packer depth 
selected i n  order t o  avoid weaker rock. 
Temperature and c a l i p e r  logs were run t o  se lec t  
the exact packer s e t t i n g  depth (See Figure 4). 
The packer (Figure 2) was run  w i t h  a 
shear-out-plug i n  the bottom o f  the packer 
mandrel.  The p l u g  was used t o  i n f l a t e  t h e  
element through a p o r t  and check valve i n  the top  
sub i n  the packer. The d r i l l  p ipe was f i l l e d  
w i t h  water using a f i l l  up schedule dur ing run  
i n .  An e x i s t i n g  small f l u i d  volume compensator 
was located below the bottom o f  the packer 
element. It was la rge  enough t o  maintain packer 
element volume as the d i f f e r e n t i a l  pressure was 
a p p l i e d  b u t  was n o t  l a r g e  enough t o  m a i n t a i n  
volume dur ing the cool down o f  the packer t h a t  
would occur a t  i n j e c t i o n  ra tes  exceeding 1.5 BPM. 

RESULTS 

Seven EE-3A packer runs are l i s t e d  on Table 
111. The f i r s t  t e s t  was t h e  anchor ing  and 
equipment shakedown tes t .  A very short,  
apparently unfractured i n j e c t i o n  i n t e r v a l  was 
i s o l a t e d  t o  expose the packer t o  a h igh  
d i f f e r e n t i a l  pressure. The packer performed 
almost per fec t l y ,  b u t  a design e r r o r  prevented 
release o f  the expansion j o i n t .  This was 
corrected f o r  the remaining packer runs. 

On the second run the packer was exposed t o  
s u f t i c i e n t  pressure and cool down t o  f u l l y  stroke 
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' the volume compensator. The packer anchor 
released 2 112 hours l a t e r  and the packer moved 
up hole r a p i d l y  slamning closed the expansion 
j o i n t .  The element resealed and i n j e c t i o n  was 
continued f o r  6 hours before leakage around the 
packer increased s i g n i f i c a n t l y .  On subsequent 
packer  runs  a choke was r u n  i n  t h e  t a i l  p i p e  
below the packer. I n j e c t i o n  caused a pressure 
drop across the choke. A f t e r  the compensator 
stroked o u t  the element was charged through the 
i n f l a t i o n  p o r t  and check valve above the choke. 
Using t h i s  system packer anchoring was maintained 
through cool downs exceeding 300" F. 

Wel l  f l o w  caused by  an i n f l u x  o f  carbon 
dioxide gas caused the packer element t o  
p a r t i a l l y  i n f l a t e  dur ing  the 3 rd  run. The 
element was damaged as i t  traversed the 2000 f t  
o f  the open hole and ruptured as i t  was i n f l a t e d  
a t  the packer s e t  depth. On the remaining packer 
runs a delayed d r i l l  p ipe f i l l  up schedule was 
used. The f l u i d  l e v e l  i n  the d r i l l  p ipe had been 
kept above 2000 ft. It was subsequently 
ma in ta ined  between 3000 t o  5000 f t  u n t i l  t h e  
packer was a t  s e t t i n g  depth. There was no 
evidence o f  p a r t i a l  i n f l a t i o n  on subsequent 
packer runs. 

On the 4 th  packer run a rese rvo i r  connection 
between EE-3A and EE-2 was demonstrated wh i le  
pumping 420,000 gal lons o f  water i n t o  m u l t i p l e  
f ractures between 11,538 and 12,203 ft. 

On the 5 th  packer run the element ruptured 
dur ing i n f l a t i o n .  A f t e r  removing the packer a 
repeat ca l i pe r  l o g  showed a 9 3/4" diameter wash 
o u t  on one side o f  the hole. The 6 th  packer was 
successful ly s e t  30 f t  shal lower and a 1,400,000 
ga l l on  MHF i n j e c t i o n  was completed w i t h  no 
ev idence o f  any l e a k  around the  packer.  The 
packer continued t o  perform f o r  another 32 hours 
a f t e r  shut-in. The packer element f i n a l l y  
ruptured due t o  stroke o u t  o f  the compensator and 
continued heat ing o f  trapped f l u i d  i n  the 
e l  emen t . 

The 7 t h  packer was used to i n j e c t  1,500,000 
gal lons o f  water through m u l t i p l e  f rac tu res  
between 11,977 and 12,550 f t  depth i n  EE-3A. A 
second connection t o  EE-2 was demonstrated and 
evaluated dur ing the tes t .  

FUTURE PLANS 

Two add i t i ona l  packer runs are planned t h i s  
f a l l  t o  complete the  pre l im inary  rese rvo i r  
evaluat ion O f  EE-3A. Packer runs have a l so  been 
proposed i f  r e d r i l l i n g  t o  r e p a i r  EE-2 i s  
necessary and i s  funded. 

The Hot Dry Rock Program i s  p resent ly  
c o n s i d e r i n g  t h e  use o f  a m o d i f i e d  open h o l e  
packer t o  temporar i ly  complete EE-SA. Commingled 
i n j e c t i o n  i n t o  a l l  o f  connecting f rac tu res  below 
a "permanent" open hole packer would e l im ina te  
the need t o  cement-in a l i n e r  t h i s  f a l l  and then 

have t o  washover and remove t h e  l i n e r  i n  t h e  
future.  

The use o f  m u l t i p l e  external  casing packers 
i n  a " f i n a l  comp le t i on "  i s  a l s o  i n  an e a r l y  
planning stage. 

CONCLUSION 

With the cooperative e f f o r t s  o f  Los Alamos 
and Baker P roduc t i on  Technology a packer  and 
bottom hole assembly were designed and 
constructed. The equipment was able t o  meet and 
exceed the o r i g i n a l  object ives.  Technical i n p u t  
and support from other packer manufacturers and 
consul tants was inva luab le  dur ing a l l  phases o f  
the e f f o r t .  

Just as important as the equipment, were the 
c a r e f u l l y  planned EE-3A d r i l l i n g  and logging 
programs; and the packer running procedures. 
Discuss'lon w i t h  Baker Production Technology 
personnel provided i n p u t  f o r  the planning o f  each 
packer run. This planning achieved f i v e  
successful packer runs o u t  o f  seven attempts. I n  
some respects even the two packer misruns were 
successes, because each f a i l u r e  mode was qu ick l y  
i d e n t i f i e d  and subsequently avoided by equipment 
and procedure changes. The c r i t i c a l  components 
f o r  a successful reservo i r  t e s t i n g  program using 
open hole packers included: 

1. Packer seat se lec t ion  based upon c a l i p e r  
logs, geological  logs  and temperature logs. 

2. Accurate p ro jec t i on  o f  bottom hole pressures 
and temperatures t h a t  would occur dur ing the 
packer runs. 

3. A understanding o f  how the packer equipment 
would func t ion  dur ing  the pressure and 
temperature changes. 

4. A systematic approach t o  demonstrate and 
evaluate packer performance by increasing the 
operat ional  goals gradual ly over a ser ies  o f  
several packer runs. 

Hopeful ly t h i s  successful demonstration o f  
open hole packers i n  high temperature h igh  
pressure service w i l l  lead toward f u r t h e r  
developments i nc lud ing  : 

1. Geothermal open hole b r idge plugs, both 

2. A commercial h igh  pressure, open hole 
i n j e c t i o n  packer f o r  h igh  temperature 
service. 

3. External  casing packers f o r  h igh  temperature 
service. 

4. High r e l i a b i l i t y  d r i l l  stem t e s t i n g  too l s  f o r  
deep wel l ,  h igh  pressureftemperature 
environments. 

I 

r e t r i e v a b l e  and d r i l l a b l e .  
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To f u r t h e r  improve the re1 i a b i  1 i ty and 
performance o f  open hole packers the fo l l ow ing  
technology development i s  needed: 

1. Addit ional  h igh temperature elastomer t e s t i n g  
and development f o r  both longer exposure and 
higher temperature appl icat ions.  

2. Commercial gama ray, temperature and ca l i pe r  
logg ing  sondes coupled t o  a high temperature 
da ta transmission system designed 
s p e c i f i c a l l y  t o  support openhole packer 
operations. 

I n f l a t a b l e  element modeling and simulat ion t o  
improve our understanding o f  the sea l ing  and 
anchoring mechanism. 

3. 
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E TABLE 1- 

Potential problems and possible solutions to meet the open hole packer performance specification 
.. 

5 Potential Problem 

1. Adequately anchoring the 
packer to the bore a t  high 
d i  fferential  pressures. 

2. Fluid contraction inside inflatable 
packer element, caused by cooling 
due t o  water injection. If 
excessive, packer inflation volume 
could d imin i sh ,  and packer. could 
be forced up we1 1. 

3. Oversized and e l l i p t i ca l  wellbore. 

4. Excessive elastomer elongation i n  

5. 

high temperature service. 

Wear of packer elements i n  abrasive 
open hole wellbore. 

6. Selecting a suitable packer sea t  by 
avoiding: 
a 1. 
b) .  Fractures 
c).  Weak rock 

Oversized we1 1 bore 

7. Frac s t r ing  contraction 

8. Potential high compressive loads 

during cool down. 

i n  d r i l l  pipe. 

Possible Solution 

Balance forces w i t h  straddle packer configuration 
*Tandem packer w i t h  upper element modified t o  be 

Hydraulic hold down modified from casing to open hole 

Compression type packer e l  emen t. 
*fluid volume compensator (pressure multiplier). 
*Choke below packer inflation port. 
Downhole pressure accumulator. 

a n  anchoring element. 

service. 

*Inflatable packer element. 

Upgrade Y267 elastomer for higher elongation. 
*Larger run- in  diameter packer elements. 

Drill s tab i l izers  above and below packer elements. 
*Hear gage rings on leading and tail ing ends of packer 

*Open hole wireline logging 
a ) .  Multiple arm caliper, 
b). Temperature 
c). Gamma ray correlation 
d) .  Televiewer. 

*Mud Logging 
a ) .  Drilling parameters 
b). Drill cuttings-geological log 
c ) .  Drill f lu ids  chemistry and temperature 

Compensate by lowering frac string w i t h  rig. 
*Downhole expansion joint. 

*Large diameter heavy wall d r i l l  pipe. 
*Hevi-Mate d r i l l  pipe or d r i l l  collars just above packer. 

elements. 

* Possible solutions that were included i n  packer operations. 

TABLE I1 

Basic Packer Running Procedure 

1. Displace wellbore w i t h  water. 

2. Yireline logging Operations 
a).  Temperature log 
b). 3 arm caliper log 
c ) .  Other logs a s  required. 

3. Packer assembly run- in  
a ) .  Make up packer assembly (see Figure 2 ) .  
b). Run and f i l l  drill pipe w i t h  water per fi l l-up schedule. 
c). Space out packer, in f la te  element and shear out in f la te  plug. 
d).  Release- J l a t h  and open expansion joint. 

a ) .  Maintain backside a t  maximum practical pressure. 
b). 

Shut down Injection and wait for  pressure to  decay. 

Close expansion jo in t  and reconnect J latch,  

Deflate packer element and retrieve packer. 

4. Pumping ( injection) operations 

Inject  down d r i l l  pipe to achieve objectives of reservoir test. 

5. 

6. 

7. 
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TOP MIDDLE 
6 

BOTTOM 9 

i 

Drill Pipe 
Tool Joint 

Connecting Joint 
" J-Type" 

Seal Unit 

36ft Expansion Joint 

Results o f  Open Hole Packer Runs i n  EE-3 

PACKER MANDREL 

Inflate and Release Sub 

Hard Band Wear Ring 

Packer Element 

Compensator 

Shear-Out-Plug 
Receptacle 

Tubing Pup Joint LVJ 
Tool Joint 

Figure 2. Packer Assembly. 

TABLE I 1 1  

Depths ( f t )  

Run - Date Packer I n j e c t i o n  - 

Choke Sub 1 
Tubing Pup Joint 

Instrument Sub i Centralizer Ring 

l- 
Perforated Tubing I 

Maximum I n j e c t i o n  Parameters 

I n j e c t e d  
Packer Tem D i f f  Pressure Rate Voiume + ( p s i )  rn) (l7mQKls) 

1 4/19/85 10829 10830-10875 405" -360" 

2 5/02/85 10841 10842-11615 405"-178" 

3 5/15/85 11537 11538-12203 460"-120" 

4 5/27/e5 11537 11528-12203 460"-120" 

5 6120185 12565 12586-33180 468"-407" 

6 6/29/85 12555 12556-13180 462"-135" 

7 7/16/85 11976 11977-12550 406"-154" 

4700 6.0 6 

4530 8.6 140 

Packer damaged during run-in-hole 

4325 10.0 420 

Packer element s e t  i n  oversized 
borehole and ruptured. 

5050 10.5 1386 

4800 12.0 1512 
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Figure 4. Technique Used To Select A Packer 

Correlate logs t o  common 
reference depth. 
Shade undesirable depths on each 

Seat. 
(a )  

( b )  
log. 

(c )  Find depth with no shading. 
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INTRODUCTION 

During this past year a very intense ef for t  
was concentrated on making a suitable reservoir 
connected to  the injection and production we1 1 s a t  
the Hot Dry Rock Fenton Hill Complex. This  work 
included pressurization tests i n  both the EE-2 and 
EE-3 wellbores. The results o f  these experiments 
resulted i n  the sidetracking of EE-3 and d r i l l i n g  
EE-3A into the previously mapped microseismic 
features. Numerous diagnostic logs and 
pressurization tests were performed dur ing  this 
redri l l  ing  phase. The successfully developed open 
hole packers were used t o  i so la te  zones of known 
hydraulic fractures culminating i n  successful 
reservoir communications. These experiments 
required the fu l l  blown array of surface 
instrumentation, surface seismic monitors, and 
deployment of the t r iax ia l  geophone detectors i n  
the available adjacent wellbores. A. to ta l  of 11 
pressurization and hydraulic fracturing experiments 
were completed. In addition t o  the "standard" pre 
and post pressur iza t ion  suite of logs f o r  each 
experiment, 39 diagnostic and we1 1 bore survey logs 
were run  i n  the Fenton Hill wells. These logs used 
the high-temperature 3-arm cal iper  sonde, 
temperature w i t h  col lar  locator probe, gama 
detector, f lu id  sampler, and string shot tool. 

Several instrument development tests were 
performed using our logging equipment t o  run new 
tools  i n  the geothermal wells i n  order t o  checkout 
their integri ty  and performance. Several tests 
were conducted on a new FM multiplex system 
instal led i n  a downhole geophone package. Field 
tests were also run on a combination 
temperature/spinner/pressure sonde w i t h  a col la r  
locator. Field tests were also conducted using the 
acoustic subassembly from the borehole acoustic 
televiewer t o  provide preliminary operational data. 

HIGH-TEMPERATURE WELLBORE INSTRUMENT DEVELOPMENT . 

Several new downhole tool developments were 
pursued t h i s  past year. A combination 
temperature/spinner/pressure sonde includin a 
co l la r  locator was designed and fabricated [Fig. 
1). The addition of the pressure sensors was the 
significant achievement for  incorporation i n  this 
tool. Downhole pressure measurements are desirable 

FIGURE 1 
Temperature/Spinner/Pressure Tool 
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Denn i s 
f o r  several types o f  t es ts  inc lud ing  pressur iza t ion  
and hydrau l i c  f r a c t u r i n g  diagnost ics and we1 1 - to-  
we1 1 in te r fe rence tes t ing .  There are very 
s t r i ngen t  spec i f i ca t ions  f o r  t he  pressure 
transducers t o  meet the  measurement requirements 
and a r e  d i f f i c u l t  t o  ach ieve  i n  t h e  geothermal 
environment. One major problem w i t h  the  s t r a i n  
gage-type transducers i s  the  extraneous e f f e c t s  of 
temperature on the  pressure measurement. A 
combination o f  special temperature compensation and 
c a l i b r a t i o n  techniques can e l im ina te  d r i f t  , provide 
accurate data and s t i l l  maintain i n f i n i t e  
resolut ion.  The desired detect ion o f  1 ps i  
d i f f e r e n t i a l  w i t h  5000 ps i  head pressure i s  
c e r t a i n l y  possi b l  e. 

The s l i m l i n e  detonator t o o l  used t o  c a l i b r a t e  
the  deployed geophone array was redesigned t o  a l low 
detonation o f  up t o  200 g o f  PBX (a 
high-temperature explosive) i n  a s t r i n g  shot 
conf igura t ion  (Fig. 2). This much la rge r  charge 
produces acoustic signatures t h a t  now can be used 
t o  c a l i b r a t e  the  geophones deployed i n  o u t l y i n g  
Precambrian boreholes and the  surface seismic net 
as we l l .  F r a c t u r e  mapping can now be v e r i f i e d  
using both the  hodogram technique and 
t r iangu la t ion .  This t o o l  i s  imnediately adaptable 
as a d r i l l  s t r i n g  backoff too l .  

Another s i g n i f i c a n t  improvement i n  downhole 
instrument technology was the  implementation o f  an 
FM mu l t i p lex  system i n s t a l l e d  i n  the  t r i a x i a l  
geophone sonde. Use o f  t h i s  wideband FM mu l t i p lex  
system was made possible p r i m a r i l y  because of 
advances made i n  downhole thermal p ro tec t i on  
equipment t o  p ro tec t  the  e lec t ron i cs  and enhanced 
frequency response i n  t h e  TFE Tef lon- insulated 
armored logging cable. Careful se lec t ion  o f  
appropr iate conductors w i l l  a l low c a r r i e r  
frequencies o f  a t  l eas t  150 KHz t o  be t ransmi t ted  
over 20,000 ft o f  t he  7-conductor TFE cable w i t h  
on ly  20 db at tenuat ion (Fig. 3). The improvement 
o f  t he  high-frequency response from the  geophone 
e x c i t a t i o n  i s  shown i n  Fig. 4. 

CABLE TEST : TFE 7- Conductor 

FREQUENCY ( K  H r )  

FIGURE 3 
Frequency Response TFE Tef lon Cable 

The top  t race  i s  a geophone signal  normally 
processed through a downhole a m p l i f i e r  with t h e  
h i  gh-frequency components attenuated by the  cable. 
The second t r a c e  i s  t h e  o u t p u t  o f  an a d j a c e n t  
geophone condit ioned by the  VCO (96 KHz +8 KHz) and 
discr iminated a t  t h e  surface showing a much 
improved frequency response. The t h i r d  t race  i s  
t h e  o u t p u t  o f  an acce le rometer  used t o  compare 
response w i th  the  geophone and i s  also condi t ioned 
by the  FM mult ip lex.  

Our most intense e f f o r t  t h i s  year has been the  
design and f a b r i c a t i o n  of a borehole acoust ic 
te leviewer f o r  use i n  the  Hot Dry Rock Program. 
This work has been a co l l abo ra t i ve  e f f o r t  w i t h  t h e  
Westfal ische Berggewerkschaftskasse (WBK) i n  West 
Germany. Los Alamos has primary r e s p o n s i b i l i t y  f o r  
t h e  a c o u s t i c  assembly (F ig .  5 )  and t h e  thermal  
p ro tec t i on  systems f o r  e lec t ron i c  c i r c u i t s  used i n  

STRING SHOT / DETONATOR EXPLOSIVE TOOL 

TEMPERATURE OC 2 Is' xx)' 
PnEssunE i5mopsI ma. 
DIAMETER 3560 
LENGTH 8 0 
WEIGHT 145lbr 

/ -  - 
- .  - _ -  r - -  ROD CAGE FOR 

EXPLOSIVE SVSTEM 

DETONATING CORD 
HOUSING 

- c  
~ _ _  -- / -- 

e - -  - /  - 
# 

MAIN EXPLOSIVE CHARGE 
-d FORWARDOF SHOCK ATTENUATORS 

SHOCK ATTENUATOR 
BULKHEAD 

MINERAL INSULATION CAVITV 
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FIGURE 2 
S t r i n g  ShotIDetonator Explosive Tool 
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confirmed operat ional  i n t e g r i t y  and r e l i a b i l i t y  o f  
t h i s  design a t  e levated temperatures. 

The Los A1 amos h i  gh-temperature downhol e water 
sampler has been modif ied t o  accept a 2-r sample 
bo t t l e .  Two new f l u i d  samplers are p resent ly  being 
fabr ica ted  f o r  t h e  Salton Sea D r i l l i n g  Project. 
The new samplers can be r u n  f rom a 7-conductor  
cable o r  w i t h  a s l i c k l i n e  using t h e  
high-temperature power supply and t imer  developed 
by Sandia Nat ional  Laboratories. 

MICROSEISMIC MONITOR 

E€-1 VERT Channel 1 

~~ 

GT-2ACC Channel 3 
v) *I 
3 
P o  

-1 
GND Channel 4 4, 

0 - - - -  - - -  - _ - _ _  - - - -  

51.2 TIME IMsl 

FIGURE 4 
Comparison o f  Geophone Output Using FM Mu l t i p lex  

the  downhole instrument. WBK has r e s p o n s i b i l i t y  
f o r  t he  downhole microprocessor and surface 
cont ro l ,  data acqu is i t ion ,  and on- l ine  display. 
Unique features incorporated i n  the  microprocessor 
and associated surface hardware a l l ow  a A t  
measurement o f  t ransmi t ted  r e f l e c t e d  pulse which 
can be used t o  i n t e r p r e t  depths o f  wel lbore 
roughness. Unique features i n  t h e  acoust ic 
assembly inc lude a " f l oa t i ng "  window seal, 
p i  ston-type pressure balance system, no i  se - f re t  
ceramic s l i p  r i n g  assembly, and a " f r o n t  end 
a c o u s t i c  window. The f l o a t i n g  window sea l  and 
p i s ton  balance system was developed a t  Los Alamos 
and used i n  t h e  acoust ic t ransce iver  sondes (both 
t ransmi t te r  and receiver). It has proven t o  be 
very successful i n  t h e  f i e l d  dur ing  numerous 
crosswell  measurements. The f i r s t  f i e l d  t e s t  t o  
checkout t h e  borehole te lev iewer  acoust ic 
subassembly recen t l y  conducted a t  Fenton Hi1 1 

FUTURE PLANS 

Several areas o f  research and development are 
continuing. The work being done a t  Los Alamos w i t h  
thermal p ro tec t i on  equipment- has gained wide-spread 
i n t e r e s t  f o r  use i n  high-temperature instrumeht- 
at ion.  There have been s i g n i f i c a n t  improvements 
made i n  t h e  development o f  downhole thermal systems 
but much more can be achieved t o  extend operat ing 
l i f e t i m e  i n  the  geothermal environment. 

The n e x t  s t e p  f o r  comp le t i ng  t h e  bo reho le  
te lev iewer  i s  t h e  i n t e r f a c i n g  o f  t h e  acoust ic 
assembly t o  the  downhole microprocessor and f i e l d  
t e s t i n g  t h e  complete un i t .  This work i s  scheduled 
f o r  e a r l y  October. I f  a l l  goes w e l l  we w i l l  
i n te r roga te  t h e  open-hol e regions o f  EE-3A t o  
evaluate the  wel l  bore condi t ions and provide useful  
in fo rmat ion  f o r  t h e  we l l  completion operations. We 
are looking forward t o  enhanced signal  processing 
and software development t h a t  w i  11 enabl e ca l  i per 
information. 

The e x i s t i n g  3-arm c a l i p e r  t o o l  would y i e l d  
considerably more in fo rmat ion  i f  i t  were extended 
t o  6-arms and incorporated t o o l  o r ien ta t ion .  A 
conceptua l  des ign  has been s t a r t e d  t h a t  uses a 
h i  gh-temperature prox imi ty  gage made by Kaman 
Nuclear. The add i t i on  o f  th ree  more c a l i p e r  arms 
and o r ien ta t i on  sensors would requ i re  a mu l t i p lex  
scheme i n  the  downhole sonde. 

Now i s  also the  t ime t o  i nves t i ga te  the  use of 
t h e  high-temperature thermionic in tegra ted  c i r c u i t s  

Borehole Acoustic Televiewer (BAT) 

Pressure Equalization System 

Teflon Acoustic Window 
Los Alamos National Laboratory 
~ ~ I I c n ~ r I n r n n t ~  

FIGURE 5 
Borehole Acoustic Televiewer Downhole Acoustic Subassembly 
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fo r  e lec t ron i c  c i r c u i t r y  i n  the  wel l - logging too ls .  
The c i r c u i t s  have been s u c c e s s f u l l y  t e s t e d  f o r  
continuous operation a t  500OC. Some c i r c u i t s  are 
ready f o r  incorpora t ion  i n  downhole instrument 
packages t o  be tested over the  20,000 ft o f  TFE 
Tef lon armored cable. 
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SANDIA GEOTHERMAL TECHNOLOGY PROGRAM: 
INTERACTIONS WITE OTHER DOE RESEARCH AND CSDP* 

R. K. Traeger 

Exploratory Energy Systems 
Department 6240 

Sandia National Laboratories 
Albuquerque, New Mexico 87185 

ABSTRACT 

When the energy programs were initiated in the 
mid 70'6, Sandia management made a conscious 
decision to apply existing Engineering expertise 
and capabilities in support of industry, govern- 
ment and university needs. A decision was made 
not to expend resources independently developing 
a panacea for the U.S. energy ills. Consequent- 
ly, exchange of information and technology with 
others occurred from the start prior to the 
"Tech Transfer" buzz words of the 1980's. 

The purpose of this paper is to briefly outline 
the Geothermal Technology Development (GTD)-sup- 
ported Sandia programs; details will be given in 
subsequent papers by J. Kelsey and J. Dunn. 
Then, I will show how these programs interact 
with other energy programs at Sandia. Finally, 
I will discuss the overall Continental Scienti- 
fic Drilling Program, its status (except for 
details on the GTD-run Salton Sea Experiment 
which is discussed elsewhere), and Sandia GTD 
interactions with CSDP. 

GTD PROGRAMS AT SANDIA 

The major programs run for GTD by Sandia are 
shown in Table I, along with some major accom- 
plishments last year. As is evident from the 
listing, the work is oriented toward providing 
hardware to solve field problems with mathemati- 
cal and laboratory modeling used to direct the 
R6D effort. 

Past RiiD has led to successful commercialization 
of. PDC cutters on drill bits, high temperature 
drilling muds, hybridization of logging tool 
electronics, development of high temperature 
electronics, significant changes in the commer- 
cially available borehole televiewer, etc. We 
expect to see continued transfer of the current 
RbD into industry. 

INTERACTIONS WITH OTHER DOE PROGRAMS 

Sandia has major DOE Engineering responsibili- 
ties in both energy and weapon programs. Some 
of these are listed in Table I1 with notes of 
significant interaction with the GTD programs. 
The extensive use of weapons-developed codes 
(heat ii mass transport, vibration, structural, ...) and facilities is not detailed in this sum- 
mary. 

Needless to say, the interactions are strong, to 

the point of at times being indistinguishable. 
For example, the Nevada Test Site contains a 
number of drifts bored into the mountains for 
nuclear testing. One of the tunnels, G-Tunnel, 
is used for insitu testing by a large number of 
nonweapon programs. The Fossil Energy-supported 
stimulation research includes tests in that tun- 
nel wherein hydraulic fracturing is done at 
depth next to the tunnel, diagnostics for future 
field use are evaluated during the fracturing 
experiment and finally the actual fractured zone 
is mined out to verify the fracturing models and 
instruments. In the Geothermal Permeability 
Enhancement Program the G-Tunnel facilities were 
used; several boreholes were water filled and 
experiments performed in simulated geothermal 
environments. These later tests verified some 
theories and identified other problems; but most 
important, they provided a direct picture of 
insitu stimulation effects - the first ever ob- 
tained. 

CONTINENTAL SCIENTIFIC DRILLING PROGRAM (CSDP) 

The CSDP is a science-driven program to do fund- 
amental research on the structures and processes 
in the continental crusts. The use of the 
drill to provide unique, high resolution infor- 
mation at depth can be traced in history back to 
the ill fated MOHO Project, followed by the im- 
mensely successful international Deep Sea Drill- 
ing Project (now the Ocean Drilling Program), 
the Ocean Margin Drilling Program (wbich never 
got started) on to the continent and the CSDP. 
This type of research has international interest 
as is shorn in Table 111. 

The U.S. CSDP program has been discussed since 
initiated by the NAS/NRC Geodynamics Committee 
in 1973. A series of symposia, workshops and 
discussions resulted in a general program split 
as shown in Table IV with lead agencies identi- 
fied. In any program all agencies have, and are 
expected to have significant scientific involve- 
ment. This interaction is defined in an ap- 
proved Interagency Accord on CSDP. The majority 
of the CSDP general plans have been formulated 
by the Continental Scientific Drilling Committee 
of the National Research Council. The first 
active program with real drilling and research 
was initiated by George Kolstad of DOE/BES. 
Kolstad was also instrumental in developing the 
Interagency Accord and in fact, in catalyzing 
the entire U.S.  CSDP program. 
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The U.S. program is currently sorting out its 
priorities and mode of operation. Congress has 
passed a resolution endorsing the activity and 
has a bill pending on specific actions. My ver- 
sion of the current structure is shown in Table 
V. Table VI summarizes past and planned U.S. 
research drilling. Many proposals to DOE and 
NSF are being considered for research drilling 
in areas as the Cascades, Alaska, Illinois, 
Kansas, Appalachia, Texas, New Mexico, etc. 
Sandia involvement in these activities is sum- 
marized in Table VII. 

Since the DOE CSDP responsibilities are in Ther- 
mal Regimes, the DOE/GTD activities are obvious- 
ly directly related. In fact, major portions of 
the Sandia-managed Magma Energy Program are in- 
distinguishable from the CSDDP program since: 
(1) the CSDP understanding is a necessary base 
for evaluation of magma as an energy source; and 
(2) the GTD technology is needed for CSDP. 

However,'the end goals of the BES and GTD Pro- 
grams are completely different - science for the 
sake of fundamental understanding versus geo- 
thermal heat as an energy resource. Mechanisms 
for attaining these goals extensively overlap 
and strong interaction of these programs is im- 
portant. 

The programs in CSDP and GTD at Sandia do over- 
lap. Case in point is the recent work at Long 
Valley where in EOS (v. 66, no. 18, p. 194-200, 
Apr. 30, 1985) Rundle et a1 note: "Major funding 
for the experiment was provided by the Geother- 
mal Research Program of the U.S. ;  Geological 
Survey (USGS) and by the Magma Energy Program of 
the U.S. Department of Energy (DOE), .... Addi- 
tional funding came from DOE'S office of Basic 
Energy Sciences and the National Science Founda- 
tion (NSF). The project m s  conducted partly 
under the auspices of the Continental Scientific 
Drilling Program." Authors on this publication 
included one each from Sandia, the USGS, LBL and 
four different universities. Specific interac- 

tions of the Sandia GTD and the CSDP 'programs 
are shown in Table VIII. 

SUMMARY 

The Sandia programs-supported GTD continue to 
develop technology and transfer that technology 
to industry for the purpose of reducing well 
costs and risks. An evaluation of the engineer- 
ing feasibility of extracting high quality en- 
ergy from molten magma bodies is looking to the 
future with the ultimate geothermal source. 

Major accomplishments in the last year include: 

a Establishment of the DOE-industry 
Geothermal Drilling Organization and 
initiation of the first cost-shared 
project . 

0 Commercialization of a lost circula- 
tion control system and a drilling 
mud viscometer. 

Identification of shallow ( c 5  km) 
magma bodies in Long Valley and Cos0 
Hot Springs areas. Joint with sclen- 
tific and financial support from the 
U.S.G.S. and DOE/BES.) 

The GTD-funded research is closely tied to the 
Continental Scientific Drilling Programs. 
Instrumentation and drilling technologies devel- 
oped for hydrothermal systems are directly sup- 
porting the CSDP/Thermal Regimes. The extensive 
industrial interface developed in the GTD Sandia 
programs is being effectively used in the CSDP 
studies and field activities. 

*This work was supported by the U. S. Department 
of Energy at Sandia National Laboratories under 
Contract DE-AC04-76DP00789. 

- 
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TABLE I: GTD PROGRAMS AT SANDIA FY85 ACCOMPLISHMENTS 

Rock Penetration Mechanics 

Drill String Dynamics - Industry cost shared development completed Phase I1 
modeling; planning a verification field test 

High Temperature Mud Viscoaeter in use at Texas Tech and several 
industries; marketed by Baroid/Fann 

Borehole Mechanics 

Lost Circulation Test Facility in operation 

- - 
- 

Completed Tests of Conoco h Sandia Lost Circulation Materials 
Comparison with Slot Tester Complete 
Insitu Foam Tool Successfully Tested 

Diagnostics 

0 Radar Fracture Mapping - - Feasibility Verified by Field Test 
Lab Prototype 60% complete (Southwest Research) 

0 Dewared Power h Controls for SSSDP Sampler - First Prototype Designed & Successfully Tested 

High Temperature Cement Bond Log - Design Complete & Prototype 80% Complete 

Geothermal Drilling Organization 

0 Organization (DOE plus 18 companies) official 
Initial BHTV Project Underway 

Magma Energy 

0 Long Valley & Cos0 Rot Spring Areas Identified as prime targets 

0 Geophysical Series Completed at Long Valley 

Vibraseis Profile Complete Over Shallow Magma Intrusion 

Seismic Data from Indian Wells Indicates Shallow Magma Intrusion 

Joint U.S. Navy-DOE workshop at China Lake 

Permeability Enhancement 

Propellent Stimulation with Multi Fracs Verified in Water-Filled Wellbores 

Initial Sensitivity Analysis of Production Potential vs Frac Dimensions 
Complete 
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i TABLE 11: SANDIA PROGRAMS - GTD INTERACTIONS 
GTD Interaction 

Program Technology Limited Nominal Extensive 

Fossil Energy 
Tight Gas Stimulation 

Instrumentation 
Field Test 

Shale B Coal Insitu Instrumentation x 
Fragmentation X 

Self Contained Pover Sea Bed Stability 
B Instrumentation 

Strategic Wellbore Diagnostics 
Petroleum Reserve 

Drilling Past RBD, No Current 
Active Program 

X 
X 

X 

X 

X 

X 

Subsidence X 

BES/Geosciences Geochemistry X 
Geophysics X 
Geomechanics X 

Intelligent Decision Making X 

Solar Energy High Temperature X 

Machines 

Materials 

Weapons 
Testing 

Components 

Materials 

Analyses 

Nuclear Waste 

Containment 
Verification 
Field Test 

Radiation Hard Devices 

Foams, Corrosion 

Heat Transfer 
Mechanics 
Fluid Dynamics 

Geophysics 
Insitu Tests 

X 
X 
X 

X 

X 

X 
X 
X 

X 
X 
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TABLE 111: CONTINENTAL SCIENTIFIC DRILLING PROGRAMS 

c1 

Country 

U.S.S.R. 

West Germany 

Cyprus 

Iceland 

Canada 

Czechoslovakia 

Australia 

Sweden 

U.S.A. 

Status 

Kola Bole at 13 km 
Two others started 

Money legislated for first hole 
Extensive shallow drilling 

2 holes drilled, 2300 & 770 m 
International program 

run by Dalhousie U/Canada 

Shallow holes drilled; 
international 

Considering 

5 boreholes over 6000 m 

-- 
-- 
DOE/BES - At Valles and 

Inyo Domes 

DOE/GTD - Salton Sea 

USGS - Planning Creede 
NSF - Screening Proposals 

through DOSECC; Appalachian 
site survey 

Future 

Kola to 15 km 
50 deep holes planned 

Selecting final site for 14 km hole 

Need financing to continue 

No plans 

Hope to tie to extensive 
lithosphere study 

5 planned for Bohemian Massif 

Several 1000 m 

5000 m, granite 

Salton Sea Off Shore - 
20-30 heat flow holes 

Mammouth Lake - Fluid 
sampling 

Long Valley - Crustal 
Observation Fluid 

Valles Grande - 
Fracture & fluid 
circulation systems 

J0,OOO ft. drilling to 
start 

Preliminary drilling in 
FY86 

Undefined 

TABLE IV: U.S. CONTIErENTkL SCIENTIFIC DRILLING PROGRAM 

Provide access to the third dimension into the earth's crust to 
understand structures and processes in: 

Basement Structures NSF 

Thermal Regimes DOE 

Mineral Resources 

Active Faults 

USGS 

USGS 



TABLE V: CSDP RESPONSIBILITY LINES 

* 1 COORDINATION FUNDING OPERATIONS RESEARCH 
I 

NRC/CSDC 
& 

INTERAGENCY 
ACCORD 

USGS 

Mineral Resources 

Active Faults 

NSF 

qasement Structures 

DOE 

Thermal Regimes 

BES 

GTD 

(DOSECC) 

DOSECC 

DATA BASE, LLNL 
CORE CURATION, LANL 
DRILLING & LOGISTICS, SANDIA 
SCIENCE PLANNING 

TECHNOLOGY 
SAN. SSSDP 

\ 
DOD 
Department of Navy 

TABLE VI: CSDP FIELD ACTIVITIES IN THE U.S. 

ALL AGENCIES 
PARTICIPATE 

Sponsoring Agency* Completed FY 86 Future Possibilities 

DOE Inyo Domes - Conduit Mammoth Lakes Long Valley/Inyo Chain 

- 
BES-Science Inyo Domes - Dike Off Shore Salton Katmai , Alaska 
GTD-Technology Valles - Conduit Long Valley Observatory Valles Grande 

& Logistics Valle Grande 
Salton Sea Scientific 
Drilling Program 

Creede USGS -- 

NSF I Being defined 

U.S. Navy -- Being discussed 

Tonopah, Red Mountain 
San Andreas 

*Agency supporting the drilling 
support research in the areas. 

and field activities. All agencies have and are expected to 
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a TABLE VII: RESEARCH DRILLING ACTIVITIES - SANDIA PARTICIPATION 

5 

National Research Council 

Board of Earth Scientists 

Continental Scientific 
Drilling Committee 

NSF/DOSECC 

Scientific Advisory Committee 

DOE / BE s 

Geoscience Research Drilling 
Off ice 

Inyo Research 

Long Valley Research 

DOE /GTD 

Salton Sea Instrumentation 

Coring Study 

Ocean Drilling Program 

Downhole Measurements Panel 

Logging Scientist on Leg 104 

German Program 

Measurements & Drilling 
Interactions with Ralph Eaenel 

Bill Luth 

Dick Traeger 
(Chmn. Panel on Drilling 

& Instrumentation) 

James Kelsey 
Bill Luth 

Dick Traeger 

John Echelberger 

John Rundle 

James Kelsey 

Pete Lysne 

Dick Traeger 

Pete Lysne 

Dick Traeger 
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TABLE VIII: SANDIA GTD - CSDP PROGRAM INTERACl'IONS 

GTD Direct Support GTD Indirect Support CSDP Activity 

Deep Salton 

FY85 Long Valley 

FY85 INYO 

DOSECC 

NRC/CSDC 

DOE /BE S 

Instrumentation Build 
USGS Logging Support 
Wellbore Cooling 

Analyses 
Consultants 

Magma Funding 
Wellbore Preparation 
Industry Sharing 

Instrumentation Test 
Industry Approval 

Kelsey ' 8  Time 

Drilling Costs 
Thermal Regimes 

Analysis 
Industry Info 

Coring for Salton Sea 
Consultants 

Development of Logging 
Op ti ons 

Field Experience 

Drilling Experience 
Cable Testing 

Industry Contacts 

Traeger 
Instrumentat ion 

Workshop 

Contacts for Geoscience 
Research Drilling 
Office 

i 
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Introduction 

The Geothermal Technology Division of the 
U.S. Department of Energy is sponsoring two 
programs related to drilling technology. The 
first is a research and development program 
aimed at development of long term high-risk 
technology that will lead to reduced costs of 
drilling, completion, and logging of geothermal 
wells. The reduced well cost will in turn 
expand the geothermal resource base due to the 
improved economics. This program has the 
official title "Hard Rock Penetration 
Mechanics". The second program is intended to 
share with private industry the cost of develop- - 
ment of technology that will result in solutions 
to the near term geothermal well problems. This 
program is referred to as the "Geothermal 
Drilling Organization" or "GDO". The Hard Rock 
Penetration Hechanics Program was funded at 
$2.65H in M*85 and the GDO was funded at $l.OM 
in FY '85. The Hard Rock Penetration Program 
supported 15 FTE's at Sandia this year; no 
internal support was extracted from the GDO 
funds. This paper will detail the past year's 
activities and accomplishments and project the 
plans for FY86 for these two programs. 

Pard Rock Penetration Mechanics 

The Hard Rock Penetration Program consists of a 
number of distinct but related projects. Each 
project will be discussed separately. 

Development of Improved Cavijet Uozzles 

Project Objective: The objective of this 
project is to develop design procedures for 
cavitating jet nozzles that effectively cut rock 
at lower pressures than those required with con- 
ventional waterjet nozzles. 

FY85 Activities: Analytic models were developed 
to better understand the dynamics of cavitating 
jets as the jet interacts with the rock. This 
model was used to design optimum nozzles for 
operating pressures of 2,000 and i.000 psi. 
Rock cutting tests were performed at 7,000 psi 
and shown to be very effective in cutting both 
sandstone as well as granite. 

Planned Activities: Cavijet designs for 2000 
psi are to be built and tested by the con- 
tractor. If these nozzles are effective at this 
pressure, then we plan to pursue modeling and 
testing of nozzles in close proximity of a PDC 
cutter. This research rill then support our 
advanced hybrid bit development. 

DRILLIHG TEC€iNOLOGY/GDO 
James R. Kelsey 

Sandia National Laboratories 
Albuquerque, M 

Development of High-Temperature, High-pressure 
Seals 

Project Objective: The objective of this 
project is to design and test high-temperature, 
high-pressure piston plunger seals and check 
valves for application in a downhole pressure 
intensifier for use in geothermal waterjet 
drilling. 

M85 Activities: A zero clearance Ferratic 
CS-40 plunger seal was built and tested with a 
SIC rod. The first tests of this design were 
unsuccessful and modifications using a new 
electron beam welding scheme are in progress. 
The check valve design was built and success- 
fully tested (at 15,000 psi with water as a 
working fluid. The addition of grit to the 
water (to simulate drill cuttings) led to a 
failure of the seal after 4 hours. 

Planned Activities: A detailed analysis of the 
failure mechanisms will be conducted. If a 
thorough understanding of these failures and in 
turn ideas for solutions are forthcoming, then 
this work may continue. If this is not the 
case, then this effort will be terminated. 

Rock Uechanics for Polycrystalline Diamond 
Compact Cutters 

Project Objective: The project objective is to 
understand the rock/cutter interaction well 
enough to predict and optimize the performance 
of PDC bits. The approach to this goal has been 
to conduct analytical and experimental investi- 
gations of a single drag cutter in virgin rock. 

FY85 Activities: Tests at ambient pressure con- 
ditions of a single PDC cutter in rock have been 
conducted. Thin sections of the rock revealed 
that fractures are propagated downward in the 
rock as well as forward. These vertical frac- 
tures could be exploited with waterjets if they 
are indeed real. 

Planned Activities: In order to evaluate the 
effects of ambient pressures on the generation 
of fractures, tests at Tulsa University of PDC 
cutters and rocks at -confining pressures are 
planned. These tests will reveal the validity 
(or not) of testing at ambient conditions. 

Improved Cutter Haterials 

Project Objective: The objective of this 
project is to develop a new cemented carbide 
suitable for application in geothermal drilling. 
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FY85 Activities: Samples of niobium carbide 
(KbC) were fabricated and tested for toughness 
and hardness. ,These samples were not as good as 
similar samples of tungsten carbide (WC), and 
examination of the W C  indicated that the fabri- 
cation process might be a major factor in their 
poor performance. 

Planned Activities: A contract with Stanford 
Research Institute will be negotiated to further 
investigate cold-pressing and sintering tech- 
niques for producing KbC inserts. These samples 
will then be tested to determine their potential 
for increased hardness and toughness. 

Drill String Dynamics 

Project Objective: The objective of this 
project is to develop a computer program for use 
in solving the drill string dynamics problem, 
including the interaction of the drill bit and 
the formation. The wellbore/drill string simu- 
lation is being developed in order to specify 
the dynamic environment near the bit 
sufficiently for design of advanced downhole 
equipment. 

FY85 Activities: Phase I1 of the code develop- 
ment was completed. This phase provides a model 
for the bithock interaction as well as a model 
for the downhole assembly (collars, stabilizers, 
etc.) Three additional industry members joined 
the funding consortium. The following companies 
each contributed $30,000/year toward the devel- 
opment costs: I?L Industries, Hobil, SOHIO, 
Conoco, and ARCO. 

Planned Activities: Phase I11 of the code will 
be developed in FY86. This phase will provide a 
complete drill string model including pipe to 
the surface and add enhanced user capabilities 
such as selective output and plotting 
functions. Four of the previous five sponsors 
are committed to continued support. 

Thermal-Spallation Drilling System 

Project Objective: The objective of this 
project is to assess the feasibility, economics , 
and technical problems of applying thermal 
spallation techniques to drilling deep holes in 
various types of rocks. 

-85 Activities: A systems analysis of a 
spallation drilling system was conducted. A 
conceptual rig was designed to allow comparison 
with conventional drilling and to identify com- 
ponents wttich would require further develop- 
ment. The major technical problems are: the 
umbilical, the winching mechanism, and the 
fishing tools. For shallow drilling in spal- 
lable rock, the system looks economically 
attractive, assuming that the aforesaid tech- 
nical problems could be solved. 

Planned Activities: Since spallation drilling 
is limited to shallow wells in spallable rock, 
it has no utility in hydrothermal wells for 
geothermal energy. No further work is planned 
on this project. 

L 

Thermal Studies of Polycrystailine Diamond ' 
Compact Drag Tools 

Project Objective: The objective of this 
project was to develop a numerical-analytical 
model to predict temperatures in PDC drag bits 
under downhole conditions and to determine the 
effects of these temperatures on bit life. 

FY85 Activities: Analytical and experimental 
models were developed to predict the thermal 
response of PDC cutters as a function of 
weight-on-bit, rotary speed, type of rock, and 
type of drilling fluid. These models indicate 
limited applicability of PDC bits in hard, 
abrasive rock at high rotary speeds. 

Planned Activities: The majority of the work on 
this project has been completed and the major 
effort in F!i*86 will be documentation of this 
information. The results of this study have led 
us to pursue the design and testing of a hybrid 
PDWwaterjet bit. 

Aqueous Foam Drilling Fluids for Geothermal 
Applications 

Project Objective: This project will identify 
or develop aqueous foams for use as drilling 
fluids in the underpressured f ormation charac- 
teristic of many geothermal areas. The foam 
will be capable of operating in elevated temper- 
ature environments and will exhibit chemical and 
foaming stability and anticorrosive and anti- 
oxidant properties. 

FY85 Activities: We previously identified 
several surfactants with the potential of sur- 
viving the temperature and chemical environment 
expected in most geothermal wells. This year*s 
activities concentrated on the evaluation of the 
fluid dynamics and heat transfer characteristics 
of aqueous foam. Preliminary test results indi- 
cate sufficient foam stability to function in a 
drilling operation. 

Planned Activities: The bit hydraulics test 
facility is being reconfigured to permit testing 
with foam. These experiments will determine the 
ability of foam to cool the bit in a drilling 
operation. Following these tests, we hope to 
mount a field test to evaluate the foam's per- 
formance in a drilling environment. 

Wellbore Thermal Code 

. 

Project Objective: The objective of this 
project was to correct, revise, and update the 
advanced Wellbore Thermal Code, GEoTEHp2. 

FY85 Activities: Correction and revision of 
GEOTKHp2 has been completed. Documentation of 
this effort is also complete. The code has been 
used this past year to predict the temperature 
environment of the Salton Sea Scientific 
Drilling Project well in the Imperial Valley. 

Planned Activities: The only modification of 
the code that remains undone is the incorpora- 
tion of the models €or aqueous foam. As the 
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~ necessary information to build these models 

become available, they will be added to 
GPOTEMP2, The code will be used to support the 
predicti'on of wellbore temperatures expected in 
the Hagma Program. This will involve adding 
several features such as insulated drill pipe as 
well as tables to determine water properties 
above the critical point. 

Drilling Fluid/Cement Studies 

Project Objective: The objective of this 
project was to study the formation of cement 
minerals in drilling fluids by observing the 
rheological changes in bentonite-based muds 
before cement formation. 

FY85 Activities: Texas Tech University was 
awarded a contract to study the high temperature 
properties of bentonitic and saponitic fluids. 
These studies also included investigations of 
K2CO3, KCL, and several polymers as 
additives to the muds. Rheological and chemical 
characteristics of these fluids as a function of 
temperature and chemical additives have been 
documented. 

Planned Activities: Plans to extend this work 
to include additional polymeric viscosifiers on 
the fluid properties are underway. We expect to 
again contract Texas Tech to do this work. 

Lost Circulation Test Facility 

Project Objective: The first objective of this 
project was to construct a facility having the 
capability to test lost circulation materials 
and techniques under simulated geothermal condi- 
tions. The subsequent objective is to use the 
facility to evaluate materials and techniques 
for use in solving problems associated with com- 
pletion and lost circulation in geothermal 
wells. The final objective is to recommend the 
proposed solutions that stand the best chance 
for success in the field; thus, the facility 
will serve as a final screening facility before 
field testing. 

FY85 Activities: The new test vessel designed 
for more rapid turnaround of LCH tests was 
finished and approximately 300 tests were con- 
ducted. Haterials evaluated included battery 
casings rock wool, and the "paper" used to 
separate cells in an automobile battery. The 
battery materials were found to be temperature 
stable and capable of plugging small fractures. 
These data were reported at the GRC annual 
meeting in August. 

Planned Activities: Further testing will 
continue next year. Specific tests will focus 
on finding a combination of particle, flake, and 
fiber that is temperature resistant and able to 
plug fractures on the order of an inch wide. 

Lost Circulation Plugging Hodel 

Project Objective: The objective of this 
program is to develop an increased understanding 

of wellbore fluid dynamics and to investigate 
particle orientation near fractures. 

FY85 Activities: A viscometric flow model was 
developed to predict the required fluid proper- 
ties to achieve a viscometric plug-i.e. due to 
the fluid viscosity alone. This mechanism is 
applicable to matrix permeable formations. A 
suspended particulate orientation model was also 
developed to predict the flow of particles into 
a fracture when suspended in the mud. This 
analysis is needed to design LCHs for large 
fracture plugging. 

Planned Activities: The suspended particulate 
model will be expanded to determine the effects 
of particle geometry, weight, concentration, 
etc., as well as the effects of fluid and flow 
properties on the plugging mechanism. Also 
planned is the development of an incipient 
plugging model which can be used when the dilute 
suspension assumptions of the particulate model 
become invalid. 

Lost Circulation Zone Happing Tool 

Project Objective: The objective of this 
project is to develop a wire-line tool capable 
of locating and defining features of fractures 
that intersect the borehole. 

FY85 Activities: The mechanical and electrical 
design of the LCZHT is complete. Hodifications 
include the addition of a downhole AGC circuit 
to alleviate operator dependence, a temperature 
probe to permit a temperature log while lowering 
the tool into the well, a variable rotation 
speed to permit logging speeds of 5, 10, and 15 
ft./min., and a low frequency (- 400KHz) 
transducer to determine the feasibility of using 
this tool for casing inspection. 

Planned Activities: Hechanical and electrical 
parts will be built and the tool will be 
assembled and bench tested. Following these 
tests, field tests will be run to verify the 
operational capability. The tool will be used 
to map geothermal loss zones, so that our ana- 
lytical and experimental models can be updated 
to better represent the insitu conditions. 

Acoustic Cement-Bond Diagnostics 

Project Objective: The objective of this 
project is to develop high-temperature tech- 
nologies for use in the design and fabrication 
of an acoustic cement-bond logging instrument 
for operation at temperatures up to 250.C 
(482.F). 

FY85 Activities: The CBL has been assembled and 
bench tested at conditions up to 200°C. These 
tests revealed the need for another amplifier 
stage in order to generate sufficient signal at 
the surface. This stage was built and tested 
and is now ready for final assembly. 

Planned Activities: A full system bench test 
will be conducted to determine the tool per- 
formance. Once we are convinced that the tool 
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operates properly we plan to test it in the API 
test wells at the University of Houston or Texas 
A&¶ University. A Geothermal well field test 
will follow these successful tests. 

1 

drill pipe protectors will be placed. Other I 

projects on the list shown in Table I1 will .be 
pursued as monies and industry interest tictate. 

Radar Fracture Mapping 

Project Objective: The objective of this 
project is to develop a high-frequency technique 
for the location of fractures in the vicinity of 
boreholes from downhole measurements in a single 
wellbore. 

Fy85 Activities: Feasibility tests of the radar 
concept were completed this year. Southwest 
Research Institute was contracted to fabricate a 
prototype tool for further lab testing at 
Sandia. Meanwhile we have been testing various 
rocks with various levels of water saturation to 
measure their dielectric constant. This will 
give us information to predict the depth of pen- 
etration of the KH signal. Software for data 
analysis is also being developed. 

Planned Activities: Once the prototype tool is 
delivered, we plan extensive testing in a 
shallow borehole with known (implanted) 
targets. This will allow us to confirm the tool 
is operational in a more realistic environment 
and also to test some of our signal processing 
algorithms. 

Geothermal Drilling Organization 

Objective: To foster the development of tech- 
nology aimed at reducing the cost of drilling 
and maintaining geothermal wells through 
cost-shared (50% from industry - 50% from DOE) 
projects. 

FY85 Activities: Fiscal year 1985 was the first 
year of this project. A non-profit group of 
industry representatives, the Geothermal 
Drilling Organization (GDO), was established to 
prioritize projects and provide the industry 
portion of the shared development costs. Table 
I lists the current membership of the GDO. A 
formal contract between GDO and the DOE has been 
negotiated and signed. A preliminary list of 
projects has been identified and is shown in 
Table 11. The first project, development of an 
acoustic borehole televiewer, has begun. Two 
GDO members, Union and GRI, have agreed to 
participate in the project and have provided 
funds for the contract which has been awarded 
(through competitive bid) to Squire-Whitehouse 
of San Diego, California. The contractor will 
build two complete systems and provide field 
service for at least one year. The total cost 
of this project is $950,000. The specifications 
for the development of rotating heads, BOP 
rubbers, and drill pipe protectors have been 
made and are being reviewed by the GDO members 
to determine interest in funding participation. 

Planned Activities: Of first priority will be 
the continuation of the televiewer project 
ensuring that the tools meet specifications and 
survive laboratory and field testing. Contracts 
to develop the rotating heads, BOP rams, and 

*This work was supported by the U.S. Department 
of Energy at Sandia National Laboratories under 
Contract DE-AC04-76DPOO789. 

Table I 

Geothermal Drilling Organization 
Hembership-August 1, 1985 

Operators 
Union Geothermal - Del Pyle 
Geothermal Resources International - Jim Combs 
Phillips Geothermal - Tom Turner 
Chevron Geothermal - Dale Santti 
California Energy Co. - Bob Pryde 
MCR Geothermal - Jack Walton 
Steam Reserve Cow. - Bill Dolan 
Hono Power Co. - Bernard Perry 
Andarko Production Co. - Steve Adam 

Service Companies 
Foamair Products - Dale Rannels 
Eastman Whipstock - Bob Coats 
M. Industries - John Olsen 
Dresser Industries - Ron Gardner 
H & H Tool Co. - Henry Rushing 
Dailey Directional - Alan Cassiano 
Smith International - Jack Knowlton 
Exlog-Smith - Bob Smith 

Other 
Sandia National Laboratories - James Kelsey 
Pajarito Enterprises - John Rowley 

Table I1 
GDO Project List 

. Acoustic Borehole Televiewer . High Temperature Rotating Head . High Temperature Rubbers for BOP (Ram type) . Aqueous Foam for Drilling 

. Explosives for Backoff and Perforating . Inert gas generator for "Air" Drilling . Casing Thermal Stress Analysis . Casing Liner Materials 

. Subsurface Descaling Equipment . Downhole Pumps . Hardfacing for Downhole Tools . Cavijets for Drill Bits . High Temperature HWD . Wireline RetrievableILarge Diameter Coring 
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THE MGMA m R G Y  AND GEOTHERMAL P ~ I L I T Y  
EWMNCEHEHT PROGIutls 

James C. Dum 

Sandia National Laboratories 
Albuquerque, Pew Hexico 

Introduction 

The Hagma Energy Extraction and Permeability 
Enhancement programs are both U.S. Department of 
Energy, Geothermal Technology Division, programs 
managed by Sandia Uational Laboratories. 
Project funding during FY85 was $1.4 H f o r  magma 
energy and $650 K for permeability enhancement. 
Accomplishments during FY85 and project plans 
for FY86 are described for both programs. 

Xaa~ma Energy 

Thermal energy contained in magmatic systems 
represents a huge resource. In the U.S., useful 
energy contained in molten and partially-molten 
magma within the upper 10 km of the crust has 
been estimated at 50,000 to 500,000 Quads. The 
GTD magma energy program is a long-range, 
high-risk, large-payoff program directed at 
determining the engineering feasibility of 
extracting energy directly from crustal magma 
bodies. This program has a strong engineering 
emphasis and follows a DOE/OBES - funded Hagma 
Energy Research Project that concluded 
scientific feasibility of the magma energy 
concept. A primary long range goal of the 
current program is to conduct an energy 
extraction experiment by drilling into a molten, 
crustal magma body. Critical to evaluating 
engineering feasibility are several key 
technology tasks: (1) geophysics - obtain 
detailed definition of potential magma targets, 
(2) geochemistry/materials - characterize the 
magma environment and select compatible 
engineering materials, (3) drilling - develop 
drilling and completion techniques for entry 
into a magma body, (4) energy extraction - 
develop heat extraction technology that will 
produce energy at high rates, and (5) system 
studies - develop first order analyses to 
evaluate the economic viability of magma 
energy. Project accomplishments and plans will 
be discussed in terms of these key tasks. 

Geophysics 

During -84, twenty-one potential magma 
sites were evaluated in terms of suitability for 
conducting a long term magma energy extraction 
experiment. Early in FY85, this resulted in the 
selection of two 'primary sites, Long Valley 
caldera and the Cos0 Hot Springs area, both 
located in California. Accordingly, during FY85 
our geophysical activities were concentrated in 
these two areas. Hajor accomplishments included 
completion of a coordinated suite of seismic 
experiments in Long Valley conducted by a 

Consortium of institutions. Heasureqents were 
centered around a 1 km deep temperature gradient 
well previously drilled by Santa Fe Geothermal 
near the northwestern end of the resurgent 
dome. Experiments included downhole passive 
seismics using a triaxial geophone package 
coupled to the formation at the bottom of the 
well, vertical seismic profiling, a 
normal-incidence P- and S-wave reflection 
profile, and a wide angle P-wave reflection 
profile. Xajor funding was provided by the 
Hagma Energy Program and the U.S. Geological 
Survey with -additional funding support from 
DOE'S Office of Basic Energy Sciences and the 
Eational Science Foundation. Geophysicists 
contributing to this cooperative effort are from 
Sandia Hational Laboratories, the U.S. 
Geological Survey, the University of 
California/Santa Barbara, Lawrence Berkeley 
Laboratory, the University of Wyoming, and the 
University of Southern California/Los Angeles. 
The data from this series of experiments *en 
combined with earlier seismic data (primarily 
the refraction experiments of Hill and the 
passive shear wave measurements of Sanders) 
resulted in a preliminary composite view of the 
magma chamber underlying Long Valley caldera. 
The inferred chamber is large with dimensions on 
the order of the caldera diameter (20 km) and 
has two cupolas that extend toward the surface. 
The top surface of the northern cupola is at a 
depth of approximately 7 Ian and the southern 
body is at 5 kn depth. During July 1985, the 
magma program organized and funded additional 
seismic profiling in the caldera in a region 
expected to h g e  the southern cupola. 
Experiments included a couunon depth point P-wave 
reflection profile combined with wide angle 
recording for relatively deep interrogation of 
the crust and a small-scale refraction profile, 
to obtain near-surface static corrections. The 
University of Wyoming fielded the CDP reflection 
experiment using four P-wave vibroseis trucks 
for energy sources. Wide angle recordings were 

.made by the University of California/Santa 
Barbara. Preliminary results of this profiling 
show three reflectors at depths below the 
surface of approximately 4 to 5, 6 and 12 km. 

In the Cos0 Hot Springs area, seismic 
tomography was used to invert P-wave travel 
times from local earthquakes €or 
three-dimensional velocity structure of the 
upper crust. An inversion of 2,328 arrival 
times resulted in two areas of well-resolved, 
suspiciously low compressional velocity which 
may be related to small magma bodies. Beneath 
the Indian Wells Valley, 20 to 30 tcm south of 
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Cos0 Hot Springs, a very shallow (<5 lan) 
low-velocity zone corresponds to an area of 
previously observed S-wave depletion. Low 
velocities under the hot springs area are 
deeper, from 5 to 10 km, in rough agreement with 
previous teleseismic data. The quality of the 
data is judged to be quite good since raypaths 
pass through the anomalies from almost all 
directions. Numerical experiments are underway 
to assess the variance and resolution of the 
inversion. Noise tests indicate that the Cos0 
data contain significant information, well above 
the ambient noise level for a one-dimensional 
structure with superimposed random errors. 

Thermopile heat flux gages were used to 
measure heat flow in the Devil's Kitchen area at 
Coso. A localized region of high heat flow, on 
the order of 42 w/m2, was found near the 
geothermal wells. Three separate measurements 
taken from October 1984 to July 1985 showed a 
decrease in heat flow with time. In the near 
future, a few gages will be installed 
permanently to record the temporal nature of 
this high heat flow anomaly. 

Geophysical studies during FY86 will 
concentrate on Long Valley caldera with a low 
level effort continuing at Cos0 in the Indian 
Wells Valley area. Early in FY86, the results 
of reflection profiling in Long Valley caldera 
near the expected southern cupola of magma will 
be reviewed by the Long Valley Geophysics 
Steering Group, geophysicists from several 
National Laboratories, the U.S. Geological 
Survey, and s evera 1 universities. 
Recommendations will be made for additional 
geophysical surveys to be implemented during 
FY86 in order to locate a geophysical borehole. 
The geophysical well will be drilled over the 
"best" magma location to acquire downhole data 
above and anomaly determined primarily by 
surface techniques. This is an essential step 
in the process of selecting a drill site to 
conduct the full scale magma energy extraction 
experiment. In addition, we will develop an 
experimental plan for the geophysical borehole 
and begin engineering investigations of problems 
associated with implementing the plan. In the 
Cos0 area, three-component seismic stations will 
be installed through a cooperative effort 
involving Sandia, Cal. Tech., and the Naval 
Weapons Center. Three component data should 
lead to improved definition of the nature of the 
Indian Wells anomaly. Uncertainties related to 
the influence of low velocity valley fill on the 
seismic results should be resolved. 

GeochemistrylHaterials 

Problem areas addressed during FY85 
include: characterization of magma at the 
primary sites, investigation of rhyolitic 
magmalmetal compatibility, characterization of 
rhyolite chillrind surrounding heat exchanger, 
and initial analysis of explosive volatile 
visiculat+on and venting. Compositions of the 
Long Valley and Cos0 magma chambers were 
estimated from analyses of rhyolite glass at the 
surface. Volatile concentrations were obtained 

by analyzing glass inclusions in r-pidly 
quenched tephra. The rhyolite compositions at, 
Long Valley and Cos0 are very similar with Cos0 
having a slightly higher silica content (77.5 
w t .  X vs. 73.1 w t .  X I .  Expected'in situ 
magmatic volatile concentrations are also 
similar with the Cos0 magma lower in water 
content but higher in sulfur, chlorine and 
fluorine. An experimental magma was developed 
for materials compatibility tests with 
composition and volatile content intermediate 
between the Cos0 and Long Valley rhyolites. The 
melt is prepared using ground rhyolite glass 
from Panum Crater (Mono Craters) to which the 
correct amount of H20, S, CP, and F are 
added. 

An experimental procedure for testing 
magmalmetal compatibilities was developed. The 
metal alloy test specimen is sealed with a 
volatile-bearing rhyolite glass in a gold tube. 
This tube is then subjected to the desired 
pressure and temperature conditions by using a 
heated pressure vessel for lower temperature, 
small quantity runs or by using the magma high 
temperaturelhigh pressure facility for severe 
conditions and large batch runs. The complete 
experimental matrix was defined by choosing 19 
test materials (including a carbon steel, 
stainless steels, alloys, and superalloys) and 
two magma temperatures (850 and 5OOOC). 

Preliminary experiments to test experimental 
procedures and analysis techniques were 
completed using 1095 carbon steel (a poor 
material) and 310 stainless steel (a relatively 
good material). The tests were conducted at 100 
HPa and lasted up to 22 days. Extensive 
reactions (mainly oxidation and sulfidation) 
were noted for magma/1095 steel, but magmal310 
stainless showed much more restricted reaction. 
The 1095 steel reacted with rhyolite to form a 
thin oxide layer at the contact surrounded by 
thicker successive rinds of fayalite and 
magnetite outward toward the magma. Reaction of 
310 stainless with rhyolite produced a thin 
chrome-iron oxide layer surrounded by a thicker 
fayalite rind. Degradation of the metals is 
controlled by grain boundary diffusion of oxygen 
and the formation of sulfides on grain 
boundaries. 

Recently, batch runs that include all 19 
metals were completed in the magma high 
temperaturelhigh pressure facility at conditions 
of 850°C and 100 m a .  Microprobe studies are in 
progress, but preliminary indications are that 
several of the conmrercially available materials 
appear promising for long-term heat exchanger 
use. 

Plans for FY86 include completion of the 
magmalmetal compatibility experiments. This 
will involve interpretation and modeling of the 
FY85 experiments, possible inclusion of a few 
new materials, and long term testing (10,000 
hours) of the most promising metals. During 
FY86, the nature of the quenched rind that will 
form adjacent to the heat exchanger will be 
investigated. It is not clear whether this 
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material will crystallize rapidly to a mineral 
assemblage or simply quench to a silicate 

.e glass. The differences between these two 
possibilities5 are significant with regard to 
release@ voletiles and metal compatibility. A 
major new effort in FY86 will be to set up 
experimental facilities and begin evaluations of 
chemical mass transport in open heat exchanger 
systemss Open heat exchangers utilize fluid 
flow in direct contact with quenched magma, and 
the nature of this interaction must be 
understood to properly design the fluid handling 
and energy extraction systems. Finally, the 
explosive hazards associated with drilling into 
a rhyolitic magma chamber will be addressed by 
investigating degassing, bubble growth, and 
vesiculation in volatile-rich rhyolites. 

Drilling 

Progress in drilling has centered around 
identification of major problem areas associated 
with drilling a deep hole into magma. 
Preliminary well completion programs were 
developed by Well Production Testing, Inc. (WPT) 
for magma wells in a typical Long Valley caldera 
location. Designs for both "open" and "closed" 
energy extraction systems were developed 
assuming magma would be encountered at a depth 
of 5.3 km. These designs call for 0.18 m (7 
in.) diameter boreholes in the magma zone with 
0.34 m (13 3/8 in) diameter casing throughout 
most of the region above magma. The computer 
code GEOTEMP was used at Sandia to estimate 
drilling fluid temperature profiles for the deep 
wells. Code input was based on the WPT hole 
design, an estimated Long Valley temperature 
profile obtained from measured heat flow and 
wellbore temperatures, and an assumed fluid flow 
rate of 350 gpm. Calculations show that bottom 
hole temperatures can be maintained near 100OC 
when a nominal insulation thickness (1 cm) is 
added to the drill pipe. Without insulation, 
bottom hole temperatures approach 65OOC. Both 
of these drilling options will be evaluated to 
determine the most cost effective approach. 

Several other problem areas.were identified 
that required solution before a-deep magma well 
can be drilled. These include a need to develop 
both a high temperature weighting material for 
the drilling fluid and a high temperature casing 
support material. Additionally, casing thermal 
stress problems must be addressed for possible 
transient behavior of the drilling and energy 
extraction operations. A need for further 
development work is imposed by the tremendous 
scientific interest in magma bodies. It is 
almost essential to obtain core in the magma 
zone, To accomplish this, a wireline retriev- 
able coring system that allows circulation 
during wirelining operations is needed. 

for M 8 6  include increased emphasis in 
the drilling task to address the identified 
problem areas. Experiments will be initiated to 
evaluate high temperature weighting materials 
and casing support materials. Detailed thermal 
stress analyses of expected casing conf igura- 
tions will also begin. Finally, a preliminary 

design for a wireline coring system will be 
developed. 

EnerKy Extraction 

Progress in energy extraction was made in 
several areas during M 8 5  including: (1) 
evaluation of the energy extraction and 
conversion processes with preliminary heat 
exchanger design, (2) investigation of the 
nature of thermal stress fracturing in quenched 
magma surrounding heat exchangers, and (3) 
studies of magma chamber convection effects that 
may influence heat extraction rates. Simplified 
mathematical models were developed to describe 
the extraction of thermal energy from a crustal 
magma body. A realistic configuration of 
concentric pipes (based on the WPT well design) 
that form a counterflow system extending from 
the surface into the magma body was analyzed in 
detail. Parametric studies were used to 
investigate the influence of the major variables 
on overall rate of energy extraction. Two 
distinct magma heat transfer coefficients were 
chosen to represent both a completely closed 
system and an open system where direct 
fluidhagma contact occurs. 

Analyses of heat exchanger flow paths 
demonstrated that significantly higher energy- 
extraction rates are obtained when flow is 
downward in the annulus rather than downward in 
the core. Upward flow of hot fluid in the 
annulus results in large energy loss to the 
formation. By assuming an ideal Carnot cycle 
for conversion of thermal to electric energy, it 
was found that there is a flow rate that 
maximizes electric power production. This 
emphasizes the importance of tailoring the flow 
rate to heat-transfer processes in the magma 
zone. 

Evaluation of insulation effects led to the 
conclusion that insulation is required around 
the core to insulate the hot fluid from the 
colder annular flow. An insulation thickness of 
1.27 cm is sufficient for closed heat exchangers 
while only 0.64 cm is needed for open heat 
exchangers. The results show that heat loss to 
the formation above a magma body is not a 
problem. In fact. a net heat gain is to be 
expected, when the core is properly insulated, 
due to the relatively high formation 
temperatures. Pressure-loss calculations 
indicated that pipe friction is not a limiting 
factor for the heat exchanger geometry and flow 
rates analyzed. Due to the large differences in 
hydrostatic pressure between the inner column 
of hot fluid and the annular column of cold 
fluid, the counterflow system may operate as a 
thermosiphon and flow naturally without pumping. 

The calculations show that electric power 
production of about 25 HW can be achieved with 
the open heat exchanger system in a single magma 
well. However, this rate of energy extraction 
should be considered as a preliminary estimate 
at this point. Further modeling and experi- 
mental work are needed to investigate the nature 
of thermal stress fracturing of solidified magma 
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and the detailed characteristics of fluid flow 
and heat transfer in this fractured material. 

The open heat exchanger concept relies on 
thermal fracturing of quenched magma surrounding 
a borehole drilled into the chamber and 
circulation of a fluid through this hot, 
fractured region. The nature of the fractured 
material is key to designing fluid flow systems 
and estimating heat transfer. Thermal stress 
analyses were completed which led to both a 
qualitative description of the fracturing 
process and specific features of the fractured 
region. On formation of an initial shell of 
solidified magma around the borehole, fracturing 
will occur no matter how thin the shell is. 
Thereafter, a thin shell of magma may solidify 
without fracturing but, as its thickness 
increases, additional fracturing will occur 
eventually. The fractured region will extend 
radially to near the outer surface of the 
solidified magma and will continue to grow as 
the solidified region grows. 

Analyses predict closely-spaced horizontal 
fractures which provide almost all the new 
fracture surface area, one radial fracture, and 
no cylindrical fractures. The spacing between 
horizontal fractures depends on a material 
property, the plain strain critical stress 
intensity factor, which can be determined from 
fracture mechanics experiments. Using a value 
for glass of 7.5 x 105 ttm -312 gives a 
predicted horizontal crack spacing of &bout 1 cm. 

A series of fracturing experiments were 
initiated to provide qualitative fracturing 
behavior, to provide thermal stress fracturing 
data for validation of theanalytical model and, 
eventually, to reproduce the conditions of 
cooling with phase change that will occur in the 
magma. Initially, cylindrical billets of a 
well-characterized glass were poured, annealed, 
and axially cored. Each billet was uniformly 
heated in a tube furnace and then centrally 
cooled with air. Patterns of vertical and 
horizontal fractures that grew with increased 
cooling time were observed. Current fracture 
experiments are using glass plates that are 
uniformly heated and then edge cooled. Very 
repeatable fracture patterns that vary with 
initial temperature have been obtained. These 
tests will be used for refinement of the 
mathematical fracture model. 

Hagma chamber convection induced by wall 
cooling or material injection can have an 
important effect on energy extraction rates. In 
a separate analytical study, estimates of the 
magnitude of the velocity field were made for a 
convecting magma chamber controlled by three 
different driving boundary conditions: (1) 
cooling from above and heating from below, (2) 
cooling from above only, and (3) cooling from 
the side. Results show that conditions (1) and 
(2) above produce comparable maximum velocities 
on the order of 1 cm/s while condition (3) 
yields velocities at least an order of magnitude 
lower. It was also found that these velocities 
are not particularly sensitive to the rate of 

heat loss from the body which is usually 'not 
well determined. 

To further understand thermal convection 
processes in a magma chamber and the inte*action 
of these processes with the energy extraction 
device, a laboratory-scale thermal convection 
experiment was designed. Overall heat transfer, 
as well as the temperature and flow fields, will 
be studied. Simulant high viscosity fluids 
(glucose syrup and silicone oil) will be used. 
The glucose solution will result in a viscosity 
variation of up to three orders of magnitude in 
the experiment, whereas the silicone oil will 
represent a highly viscous flow with relatively 
little viscosity variation. A preliminary 
experiment using glucose syrup was completed to 
evaluate techniques for flow visualization and 
measurement. 

t 

: 

Plans for Pi86 include development of a more 
complete model to describe the energy extraction 
process. Complexities such as phase change of 
the working fluid will be incorporated. The 
experimental and analytical work on thermal 
stress fracturing will continue with the goal of 
providing a quantitative description of the 
fractured medium expected for open heat 
exchangers. New experimental and analytical 
studies will begin to investigate fluid flow 
patterns and heat transfer rates in fractured 
media representative of open heat exchangers. 
The magma convection experiments using simulant 
fluids and described above will be carried out. 

System Studies 

Two major studies were completed during 
FY85. The first, a preliminary design of a 
magma power plant by Well Production Testing, 
Inc. (WPT). This study included well and casing 
design, energy extraction analysis, and surface 
plant design. A few major results from this 
investigation are: (1) a 6 Ian well drilled and 
completed into magma at Long Valley caldera was 
estimated to cost $16 H, (2) plant capital costs 
were estimated to be $1.45 H per HW of installed 
electrical capacity, and (3) energy extraction 
rates of 20 We were predicted for the base 
case open heat exchanger system. 

The second study was a combined Sandia/WPT 
evaluation of the ecbnomics of magma power 
generation. This preliminary analysis was 
conducted for two purposes. First, the study 
should determine if the anticipated costs of 
magma power are in a realistically competitive 
range with other alternative energy resources; 
and secondly, the analysis should identify the 
areas where technology improvements could have 
the greatest influence on the cost of magma 
power. Well costs were assumed to vary with 
depth by using the WPT estimates for magma wells 
at a few depths, and then extending those 
estimates based on cost/depth data for high 
technology oil, gas, and geothermal wells. Well 
maiptenance costs; plant capital, operating, and 
maintenance costs; and realistic plant lifetime 
and operating factor were included in the 
analysis. Energy extraction rate and well cost 
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(depth) were used as variable parameters. The 
immaturity of the magma energy extraction system 

+ requires this general parametric analysis of 
system economies. 

Eco&ndc calculations determined the price 
that would need to be charged for electricity in 
order to balance the costs of power generation 
and provide a real rate of return of 10% (before 
taxes but above inflation). Using best current 
estimates of the parameter values, based on the 
VPT magma power plant design and modeling of 
energy extraction, magma based electricty prices 
would be in the neighborhood of 80 to 110 mils 
per kilowatt hour. These prices are higher than 
current prices of 50 to 70 mils for fossil fuels 
and 60 to 85 mils for hydrothermal resources, 
but below current prices for new nuclear 
plants. Based on the uncertainties associated 
with well costs and energy extraction rates, the 
conclusion at this point is that magma appears 
to be in the same "economic ballpark" with other 
energy resources. In addition, the analysis 
identified well cost, well productivity and well 
lifetime as the parameters most critical to the 
economics of magma energy extraction. 

Next year plans are to begin a comprehensive 
system study of the energy extractionlconversion 
process. The Kechanical Engineering Department 
at the University of Utah, with extensive 
experience in thermal systems analysis, will 
review current energy extraction options and 
make recommendations. Since the current 
economic model includes parametric variation of 
the important (and uncertain) variables, further 
refinement of the model is not necessary during 
M86. 

Permeability Enhancement 

The objective of the Permeability 
Enhancement program is to develop the technology 
and methodology for increasing the production 
rates or injection rates of geothermal wells. 
Since drilling cost is a substantial fraction of 
the overall cost of a geothermal well, it may be 
more economical to attempt some stimulation 
action instead of abandoning the well and 
redrilling. In addition, increased production 
rates brought about by stimulating producing 
wells may more than offset the cost associated 
with permeability enhancement. Major progress 
during M 8 5  took place in two areas: (1) 
evaluation of a fracturing technique developed 
to create multiple fractures in natural gas 
wells and (2) development of a finite element 
porous flow computer model to determine the 
effects of fracture stimulation on geothermal 
well productivity. 

High energy gas fracturing (HEGF) is a 
propellant based technology initially developed 
for enhancing production in natural gas wells. 
The basic concept involved is that propellants 
can be chosen to produce burn rates which result 
in multiple, radial fractures emanating from the 
wellbore. For very fast propellants or high 
order explosives, a crushed zone is produced 
about the wellbore which can result in decreased 

conammication with the surrounding formation. 
For very slow pressurizations, only hydraulic 
type fracture occurs. For intermediate burn 
rates (in the range of 0.1 to 1 ~Srisetimes), 
four or eight major fractures emanate from the 
wellbore. While hydraulic fractures are usually 
parallel to existing fractures and do not 
connect additional fractures to the wellbore. 
The HEGF multiple fractures can serve as 
conduits *to the well from existing formation 
fractures. For this reason, HEGF is 
particularly applicable to stimulating naturally 
fractured reservoirs, Because permeability in 
geothermal reservoirs is typically fracture 
dominated rather than matrix dominated, HEGF 
appears to be a logical candidate technology for 
stimulation of these reservoirs. 

A total of four experiments were conducted 
in the G-tunnel complex at the Uevada Test Site 
(IJTS) in order to evaluate the potential role of 
HEGF for hot water geothermal application. 
Boreholes of 0.1 m diameter were drilled in the 
tunnel into ash fall tuff. The experiment 
assembly (propellant canister, pressure 
transducer, packer and cable tube) was emplaced 
and the hole backfilled with water. After 
propellant burn, nineback was ~ conducted to 
examine the fracture patterns. During the first 
experiment series, we found that the standard 
technique previously used to ignite small 
diameter canisters would not work in water 
filled boreholes. In addition, pressure 
rfsetime was about an order of magnitude shorter 
than observed in gas-filled boreholes and a 
factor of S shorter than predicted. These 
results prompted a series of propellant burn 
experiments at Sandia's explosive test facility 
to develop ignitors and propellant burn 
characteristics in water-filled holes. These 
experiments produced a small RIP ignitor that 
properly initiated propellant burn and test data 
with a different, slower propellant that 
produced the correct risetimes. 

The remaining experiments at BITS produced 
the three types of fracturing behavior in 
water-filled boreholes. A - single, 
hydraulic-type fracture was observed in one 
test. In the remaining two tests both crushing 
and multiple fracturing were observed in the 
same borehole. The experiments showed that 
multiple fractures could be created in 
water-filled wells, but the fracturing behavior 
was considerably more complex than previously 
observed in gas-filled wells. As an example, 
end effects were much more pronounced for 
water-filled boreholes with extensive hydraulic 
fractures extending up to 10 m beyond the test 
zone. Further, peak pressures observed in 
water-filled holes were lower by a factor of two 
or three than would be expected for gas-filled 
holes. \ 

While it appears that HEGF is a promising 
technique for producing multiple fractures in 
hot water geothermal reservoirs, more research 
is required to optimize the technique and 
maximize fracture length. The methodology 
developed for HEGF in gas-filled boreholes 
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should be directly applicable in dry steam 
geothermal reservoirs. However, additional 
hardware development is required to produce a 
proper high temperature propellant and method of 
isolating the stimulation zone. 

A two-dimensional, finite element porous 
flow model was constructed to analyze the 
effects of artificial fracture geometry on 
geothermal well production. Two types of 
artificial fracture systems were considered, 
planar and multiple. Fractures in both cases 
were modeled as discrete cracks having a higher 
permeability than the surrounding matrix. The 
planar fractures considered were assumed to 
extend 100 m in both directions from the 
wellbore in a vertical plane. The multiple 
fracture system was assumed to consist of 
vertical fractures in four planes (eight total 
fractures) spaced at 45* intervals around the 
wellbore and extending 7.6 m into the 
formation. Fracture width in both cases was 
assumed to be 0.64 cm. These planar and 
multiple fracture models represent simple 
approximations to the fracture systems that 
might be expected from hydraulic fracturing and 
HEGF treatments, respectively, under ideal 
conditions. By exercising these models under 
the same conditions as the pre-treatment case 
for each formation type, the effectiveness of 
both treatments in improving well productivity 
was determined for a variety of reservoir 
conditions. 

The following general conclusions can be 
derived from the modeling results: 

(1) In low-permeability matrix formations, 
hydraulic or planar fractures are superior to 
multiple fracture systems in improving well 
productivity. (2) In high-permeability matrix 
formations, multiple fracture systems can 
improve well productivity to a greater extent 
than planar fracture systems. (3) Closely- 
spaced natural fractures improve the benefits of 
multiple fracturing if the natural fractures run 
perpendicular to the current minimum principal 
in-situ stress. If in-situ stress conditions 
have changed since formation of the natural 
fractures so that the natural and planar 
fractures are not parallel, then the angle 
between these fracture systems will determine 
the relative ranking of the planar and multiple 
fracture treatments. (4) Hear-arellbore 
permeability damage due to drilling fines 
invasion or mineral precipitation can be 
overcome with either planar or multiple fracture 
treatments; however, multiple fractures are 
superior over a large range of fracture 
conductivity. (5) Very large increases in wall 
productivity are possible if the artificial 
fractures intersect large, highly conductive 
natural fracture systems. Because of typical 
in-situ stress conditions, multiple fractures 
may be far more successful than planar fractures 
in stimulating well production in reservoirs 
containing such natural fracture systems. 

During FY86, plans are to develop the 
hardware that would enable use of the HEGF 
technique in dry steam geothermal reservoirs. 

This will include high temperature propellant 
development and design of a system for 7 

stimulation zone isolation €n a hot, 
steam-filled wellbore. Additional refinements 
to the well productivity model are also 
planned. Wore realistic models of the geometry 
and permeability of fractures produced by HEGF 
are needed. The effects of natural production 
on well productivity will also be considered. 
Finally, site specific reservoir parameters will 
be included in the stimulation analysis. 

*This work was supported by the 'U.S. Department 
of Energy at Sandia National Laboratories under 
Contract DE-ACO4-76DP00789. 
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OVERVIEW ON 

CASCADES D R I L L I N G  STATUS 

Presented by 

S. M. Prestwich 

The Cascade volcanic region has long 
been suspected o f  containing consider- 
ab le geothermal potent ia l ,  as evidenced 
by recent volcanism and other  thermal 
expressions. There are few known 
surface manifestations o f  geo therma 1 
energy i n  s p i t e  o f  t he  obvious occur- 
rence o f  heat sources. -One possible 
explanation i s  t h a t  the downward per- 
co la t i on  o f  the extensive regional  
c o l d  ground-water system forms a so- 
ca l l ed  "rain cu r ta in "  t h a t  suppresses 
surface evidence o f  underlying hydro- 
thermal systems. This hypothesis can 
be tested on ly  by d r i l l i n g  below the 
r a i n  curtain.  Resource characteriza- 
t i o n  has been conducted by the U.S. 
Geological Survey (USGS) and by the 
s tates invo!ved- -Wa shing ton, Oregon, 
and Ca l i f o rn ia  and now more recent ly  
by industry. However, there have been 
few we l l s  d r i l l e d  i n  the  Cascades 
region t o  a s u f f i c i e n t  depth t o  pro- 
p e r l y  evaluate the temperature and 
hydrological  condi t ions beneath the 
c o l d  water zone. There i s  general 
agreement w i t h i n  the  geothermal scien- 
t i f i c  community t h a t  there i s  a great 
need f o r  character izat ion and fdent i -  
f i c a t i o n  o f  t he  deeper hydrothermal 
regime i n  order t o  f u r t h e r  def ine the 
geothermal po ten t i a l  o f  t he  Cascades 
volcanic environment. 

DOE I n i t i a t e d  the Cascades Deep Ther- 
mal Gradient D r i l l i n g  Program through 
s o l i c i t a t i o n s  issued i n  FY-85. The 
object ive of t he  program i s  t o  cost- 
share w i t h  indust ry  the d r i l l i n g  o f  
thermal gradient holes t o  gather data 
t o  character ize the  deep hydrothermal 
resource o f  the Cascades volcanic 
region and t o  t ransfer  t h i s  data t o  
the  pub l i c  i n  order t o  st imulate 
f u r t h e r  development o f  hydrothermal 
r e  sourc es . 
DOE budgeted approximately $1 m i  11 ion  
o f  FY-85 funds t o  issue a solicitation 
which would al low DOE t o  cost-share a t  
50% the  d r i l l i n g  o f  up t o  e igh t  ther-  
mal gradient holes. 

DOE-Idaho issued the  f i r s t  s o l i c i t a -  
t i o n  w i t h  proposals due i n  December 
1984. No acceptable roposals were 
received. A second s o y i c i t a t i o n  was 

issued i n  mid-March, 1985, w i th  pro- 
posals due the  end o f  Apr i l .  To 
q u a l i f y  f o r  consideration under the 
s o l i c i t a t i o n ,  the proposals were 
required t o  meet the fo l lowing qual i -  
f i c a t i o n  c r i t e r i a :  

A. The proposed s i t e  must be located 
w i t h i n  the Cascades volcanic 
r e  ion o f  t he  United States as 
defineated by Figure 1 (Page 2). 

B. The proposal must include a cost- 
share plan i n  which DOE'S share 
s h a l l  no t  exceed 50 percent. 

The proposed hole must be a m in i -  
mum o f  3,000 f e e t  deep. 

C. 

D. The proposer must agree t o  com- 
p l e t e  the hole and al low DOE access 
t o  the hole f o r  data acquis i t ion.  

Four proposals were selected f o r  nego- 
t i a t i on .  

The fo l lowing work w i l l  be performed 
by each Par t ic ipant  under the  negoti- 
ated cooperative agreement: 

The Par t ic ipant  w i l l  d r i l l  a deep 
thermal gradient ho le a t  a l oca t i on  
w i t h i n  the Cascades region defined by 
Figure 1 (Page 2). The hole t o  be 
d r i l l e d  w i l l  be a minimum o f  3,000 f e e t  
i n  depth. The Par t ic ipant  w i l l  per- 
form data c o l l e c t i o n  inc lud ing w e l l  
logs, rock samples, and, i f  app-opri- 
ate, f l u i d  samples. The Par t ic ipant  
w i l l  be responsible f o r  any required ~ 

permits, leases, environmental evalua- 
t ions,  or  approvals required by 
governmental agencies f o r  performance 
o f  the project .  The Par t ic ipant  w i l l  
complete and maintain the ho le  and 
a l low DOE access t o  the  hole t o  co l -  
l e c t  data. During the DOE access 
period, t he  Par t ic ipant  may perform 
addi t ional  data c o l l e c t i o n  and t e s t s  
a t  i t s  own expense on a non- interfer-  
ence basis. The Par t ic ipant  w i l l  be 
responsible fo r  plugging and abandon- 
i n g  the hole. The Par t ic ipant  w i l l  be 
requi red t o  submit t o  DOE several 
p ro jec t  plans and status repor ts  dur- 
i n g  performance. The Par t ic ipant  w i l l  
provide the  data co l lected under the 
p ro jec t  t o  DOE. Data and informat ion 
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gathered under t h i s  p r o j e c t  w i l l  be 
made p u b l i c  by DOE. 

O f  t he  f o u r  proposals selected, t h ree  
f i rms are involved. GEO Operator 
Corporation, Menlo Park, Ca l i fo rn ia ,  a 
subsidary o f  Geothermal Resources 
In te rna t iona l ,  Inc. (GRI )  had two 
s i t e s  selected- +ne 1 ocated on t h e  
n o r t h  f lank o f  t h e  Newberry Caldera and 

a second loca ted  on t h e  south f l a n k  o f  
t h e  Newberry Caldera. Thermal Power, 
Santa Rosa, Ca l i fo rn ia ,  a subsidary o f  
Diamond Shamrock, proposed a ho le  
which was selected, loca ted  i n  t h e  
Clackamas Geothermal Block o f  t h e  
M t .  Hood Nat ional  Forest  i n  Marion 
County, Oregon. The f o u r t h  ho le  se- 
l ec ted  i s  loca ted  a t  t h e  Blue Lake 
Crater i n  t h e  Santiam Pass area o f  t h e  
Oregon Cascades. 

The Newberry holes were selected be- 
cause o f  t h e  in fo rmat ion  t h a t  may be 
provided t o  b e t t e r  understand the  
nature ana ex ten t  o f  both the  hydro- 
l o g i c  and geologic imp l i ca t i ons  o f  t h e  
Newberry geothermal system. The New- 
berry-North 3,000 f o o t  ho le  i s  planned 
t o  be d r i l l e d  dur ing  t h e  summer o f  
1986. 

GEO has begun d r i l l i n g  o f  t h e  4,000' 
f o o t  ho le  south o f  Newberry, Crater. 
Surface casing has been s e t  a t  470 
f e e t  and c o r i n g  has begun. 

Thermal Power's proposed 5,000 f o o t  
Clackamas ho le  was selected for t h e  
in fo rmat ion  i t  may prov ide  i n  b e t t e r  
understanding the  Western Cascades 
High Cascades t r a n s i t i o n  area. It i s  
hoped t h a t  t h i s  ho le  w i l l  penetrate 
t h e  hydrothermal system which may be 
l i n k e d  t o  Brutenbush Hot Springs. The 
ho le  i s  planned t o  be d r i l l e d  i n  t h e  
sumner o f  1986. 

The Blue Lake Crater ho le  a t  Santeam 
Pass has been proposed t o  a depth o f  
4,000 fee t .  The proposer, Blue Lake 
Geothermal Company, an t i c ipa tes  t o  
s t a r t  d r i l l i n g  t h e  spr ing  o f  1986. 
This hole, loca ted  i n  t h e  High Cas- 
cades graben, was selected because i t  
may provide deep f l u i d  samples f o r  
chemical data i n  t h e  High Cascades 
where thermal spr ings are genera l l y  
lacking. The ho le  w i l l  a l so  prov ide  
heat f low measurements needed t o  de- 
f i n e  t h e  heat f l o w  below t h e  c o l d  
ground-water system. 

F 

Research i s  an i n t e g r a l  p a r t  o f  t he  
o v e r a l l  program w i t h  t h e  i n t e n t  t o  
f u r t h e r  de f i ne  the  geothermal poten- 
t i a l  and charac ter ize  t h i s  ac t i ve  
vo lcan ic  region. m e  aspect i s  t h e  
data t o  be gathered f rom t h e  thermal 
gradient holes. Data such as w e l l  
logs, rock samples, and f l u i d  samples 
gathered from the  holes w i l l  be ana- 
l yzed and in te rp re ted  i n  t h e  form o f  
case s tud ies  t o  be t rans fe r red  t o  t h e  
pub1 i c .  Heat f 1 ow measurements f rom 
the  holes are planned. 

Add i t iona l  research i nvo l v ing  1 i tho-  
l o g i c a l  studies, geological,  geophys i- 
tal, and geochemical research and 
analysis,  along w i t h  aqu i fe r  charac- 
t e r i z a t i o n  w i l l  round-out t h e  research 
program. 

The o v e r a l l  program i s  planned t o  
d r i l l  deep thermal gradient holes and 
gather data, conduct support ing re -  
search w i t h  da ta  i n t e g r a t i o n  and i n -  
te rpre ta t ion ,  and t r a n s f e r  t h i s  i n f o r -  
mat ion t o  the  p u b l i c  t o  encourage 
f u r t h e r  exp lo ra t i on  and development o f  
the  Cascades hydrothermal resources. 
Th is  w i l l  be accomplished by support- 
i n g  an in tegra ted  research e f f o r t  o f  
independent researchers, USGS, and 
s t a t e  geologic groups. 

The FY-86 Geothermal Program budget 
proposes an add i t i ona l  $1 m i l l i o n  t o  
support research and add i t i ona l  ther -  
mal gradient d r i l l i n g .  

Figure 1. Defined Proposal Area ( s t i ppJed  area) 
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E DEVELOPMENT AND APPLICATION OF TRACERS: EXAMPLES OF 
FIELD AND EXPERIMENTAL STUDIES 

Michael C. Adams and Joseph N. Moore 

Earth Science Laboratory 
Un ivers i ty  o f  Utah Research I n s t i t u t e  

391 Chipeta Way, Su i te  C 
Sa l t  Lake City, Utah 84108 

INTRODUCTION 

Geothermal f l u i d  must be i n j e c t e d  a f t e r  i t  
has been used t o  power a turbine. The f u l l  e f f e c t  
o f  i n j e c t i n g  cool, supersaturated f l u i d  i n t o  the  
geothermal f i e l d  cannot be modeled by j u s t  mea- 
sur ing  the  var iab les  o f  temperature and pressu-re, 
which i s  the  normal procedure f o r  reservo i r  model- 
ing. The add i t iona l  data required t o  model i n j e c -  
t i o n  requires t h a t  s p e c i f i c  packets o f  f l u i d  be 
t raced underground, and the  temperature, pressure, 

monitored. 

t im ing ,  and sa tu ra t i on  ind ices  (RT l o g  4 K) be 

Tracers can be used t o  monitor t he  movement 
o f  groundwaters and geothermal f l u i d s  and they can 
be used as a reference t o  quan t i f y  changes i n  
f l u i d  chemistry as a r e s u l t  o f  i n jec t i on .  Despite 
t h e i r  po ten t i a l  importance t o  t h e  geothermal 
operator, very few t race rs  are present ly ava i l ab le  
and o f  those tha t  are, l i t t l e  i s  known about t h e i r  
s tab i  1 i t y  or  behavior a t  t he  elevated temperatures 
t h a t  t y p i f y  resources capable o f  e l e c t r i c  power 
generation. During t h e  past two years t h e  Uni- 
v e r s i t y  o f  Utah Research I n s t i t u t e  has been in- 
volved i n  t r a c e r  research and tes t i ng ,  l a r g e l y  
through t h e  DOE I n j e c t i o n  Research Program. The 
purpose o f  t h i s  paper i s  t o  summarize t h e  r e s u l t s  
o f  these labora tory  and f i e l d  invest igat ions.  

Our approach involves: 

1. Determining t h e  s t a b i l i t y  o f  t race rs  i n  
cur ren t  use by labora tory  measurements. 

2. Developing and t e s t i n g  new t race r  species. 
3. Performing f i e l d  t e s t s  t o  determine t r a c e r  

s t a b i l i t i e s  under actual rese rvo i r  
condit ions. 

Our research s t a f f  consists o f  the  fo l l ow ing  
personnel: P h i l l i p  M. Wright, Pro jec t  Manager, 
t h e  geochemical and chemical s t a f f  a t  UURI, Jong- 
Hong Ahn (post-doctoral student i n  hydrometal - 
lu rgy ) ,  M i l t o n  Wadsworth (Professor o f  Metal lurgy 
and Dean o f  Mines, Un ivers i ty  o f  Utah), and Harold 
Rentley (Adjunct Professor, Un ive rs i t y  o f  Arizona, 
D i rec to r  o f  Hydrogeochem, Inc.). 

TRACER DEVELOPMENT 

The idea l  t r a c e r  should be 
small quant i t ies ,  inexpensive, environmental ly 
safe, and be absent from natura l  geothermal f l u i d s  
and groundwaters. The t racers currently i n  use i n  
high-temperature environments f a l l  i n t o  th ree  

major categories: a) isotopes; b) s a l t s  o f  
iodide, bromide o r  chlor ide;  and c )  organic 
dyes. Each o f  these classes o f  t race rs  has 
s i  gni f i c a n t  1 im i ta t ions .  Isotope tracers,  
although i n e r t ,  are d i f f i c u l t  t o  handle, expensive 
t o  analyze, p o t e n t i a l l y  environmental ly hazardous, 
and once used, contaminate the  reservo i r  f o r  long  
per iods o f  time. The sa l t s ,  wh i l e  r e l a t i v e l y  
s tab le  and inexpensive, nonetheless may be ad- 
sorbed by the  rese rvo i r  rocks. I n  add i t ion ,  
because o f  t h e  abundance o f  ch lo r i de  i n  most 
geothermal waters, 1 arge quant i  t i e s  o f  ch lo r i de  
t race rs  are necessary. Re la t i ve l y  l i t t l e  i s  known 
about the  organic dyes. F1 uorescein and rhodamine 
are t h e  most comnonly used. However, f luoresce in  
i s  l i g h t  sens i t i ve  and these dyes, l i k e - & e  sa l t s ,  
may be adsorbed. The i r  s t a b i l i t y  a t  geothermal 
temperatures i s  var iable.  For instance, i n  a re- 
cent 2-well  i n j e c t i o n  t e s t  a t  Svartsengi, Iceland, 
on ly  4% o f  t he  dye rhodamine WT and 30% o f  t h e  I' 
was recovered a f t e r  5 months (Gudmundsson, e t  al., 
1984). Since the  t race rs  were i n jec ted  together,  
these re la t ionsh ips  suggest t h a t  t he  dye probably 
decomposed underground. The data i nd i ca tes  zero 
order decay o f  t he  dye. I n  add i t i on  t o  these l i m -  
i t a t i o n s ,  t he  r e l a t i v e l y  small number o f  t race rs  
ava i lab le  r e s t r i c t s  the  number o f  we l l s  t h a t  can 
be i n d i v i d u a l l y  monitored i n  a producing f i e l d  a t  
any one time. Thus, i n  geothermal f i e l d s  where 
many i n j e c t i o n  we l l s  are i n  use, i t  i s  no t  y e t  
poss ib le  t o  independently t r a c e  t h e  movement o f  
f l u i d s  i n jec ted  i n t o  each o f  them. 

The f l uo r ina ted  and sul fonated hydrocarbons 
are a r e l a t i v e l y  new class o f  t race rs  t h a t  do not 
appear t o  s u f f e r  from many o f  these disadvantages. 
These compounds have been used as t race rs  i n  
groundwater studies i n  low temperature environ- 
ments bu t  have no t  y e t  been f i e l d  tes ted  a t  h igh  
temperatures. Some o f  them are, however, expected 
t o  be s tab le  a t  h igh  temperatures. 

r i na ted  hydrocarbons are produced by 
s u b s t i t u t i n g  f l u o r i n e  f o r  hydrogen i n  organic 
molecules. Thus, a l a rge  number o f  d i f f e r e n t  
f l uo r ina ted  hydrocarbons, which vary regu la r l y  i n  
t h e i r  chemical and physical  p roper t ies  (i.e. .a 
homologous ser ies),  can be produced. Because t h e  
proper t ies  o f  t he  i nd i v idua l  compounds are s imi-  
l a r ,  t h e  geothermal f l u i d s  can be analyzed f o r  a l l  
o f  t he  components i n  the  ser ies  simultaneously by 
chromatography. These compounds have t h e  addi- 
t i o n a l  advantage o f  being detectable i n  extremely 
small quant i t ies .  Uslng present ly  ava i l ab le  tech- 
nology, t h e  f l uo r ina ted  hydrocarbons can be de- 
tec ted  i n  concentrat ions i n  t h e  pa r t s  per b i l l i o n  
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range, and i t  appears l i k e l y  tha t  de tec t ion  l i m i t s  
o f  several tens t o  hundreds o f  pa r t s  per t r i l l i o n  
i s  feasible.  Although d i l u t i o n  fac to rs  between 
we l l s  w i l l  probably vary g rea t l y  from place t o  
place, i t  can be assumed t h a t  only minute amounts 
o f  t r a c e r  w i l l  be present dur ing  t h e  i n i t i a l  
breakthrough o f  the  in 'ec ted  brine. For example, 
d i l u t i o n  fac to rs  o f  10 have been measured i n  the  
Wai rakei  geothermal f i e l d .  Current de tec t ion  
l i m i t s  o f  t he  f l uo r ina ted  hydrocarbons are compat- 
i b l e  with d i l u t i o n  fac to rs  o f  t h i s  magnitude. 
Furthermore, f l uo r ina ted  hydrocarbons are absent 
from natura l  waters and they can be designed t o  
p a r t i t i o n  i n  e i t h e r  the  gas o r  the l i q u i d  phase o f  
a geothermal f l u i d ,  a l lowing the  p o s s i b i l i t y  o f  
i nves t i ga t i ng  both components o f  a two-phase sys- 
tem separately. I n  add i t i on  t o  the  f l uo r ina ted  
hydrocarbons, several sul  fonated hydrocarbons w i  11 
be tes ted  because they perform wel l  as groundwater 
t racers.  

8 

EXPERIMENTAL PROCEDURES 

Four experimental reac t ion  vessels were pu t  
i n t o  operat ion dur ing  1985 t o  determine the  sta- 
b i l i t i e s  o f  t he  organic dyes, f luoresce in  and rho- 
damine, and selected ' hydrocarbons. These vessels 
are housed a t  t h e  Un ive rs i t y  o f  Utah's Department 
o f  Metal lurgy and are dedicated s o l e l y  t o  t h e  t r a -  
cer  s t a b f l i t y  inves t iga t ions .  A f i f t h  vessel cap- 
ab le  sus ta in ing  temperatures o f  up t o  35OOC i s  
c u r r e n t l y  being fabr ica ted  and we expect t o  be 
able t o  i n s t a l l  t h i s  u n i t  p r i o r  t o  the  end o f  FY 
1985. The use o f  m u l t i p l e  react ion vessels make i t  
poss ib le  t o  perform experiments o f  r e l a t i v e l y  long 
dura t ion  (days t o  weeks) on several d i f f e r e n t  t r a -  
cers o r  under d i f f e r e n t  condi t ions simultaneously. 

A t  t h e  beginning o f  each experiment, a l i quo ts  
o f  t h e  so lu t ions  containing the  t r a c e r  are encap- 
sulated i n  sealed quartz tubes (Fig. 1). The am- 
pules are f i l l e d  w i t h  approximately 30 m l  o f  solu- 
t i o n  and sealed i n  an oxygen-methane flame. A t  
l e a s t  two m l  o f  t he  ampule are occupied by a gas 
phase dur ing  each experimental run. The gas 
phases used f o r  these experiments are pure n i t r o -  
gen o r  an atmospheric mix tu re  o f  oxygen and n i t r o -  
gen which i s  approximately 20% oxygen by volume. 
These gas phases were chosen as end-members t o  
bracket t he  va r iab le  ox ida t ion  po ten t i a l s  produced 
by d i f f e r e n t  surface treatments dur ing i n jec t i on .  

The so lu t ions  o f  t h e  experimental runs t h a t  
used a n i t rogen gas phase were purged with n i t r o -  
gen gas i n  the  ampule f o r  up t o  2 hours. The neck 
o f  the  ampule (see Fig. 1) was aspirated t o  pre- 
vent oxygen contamination from the  oxymethane 
flame dur ing sealing. 

Three ampules can be tes ted  w i t h i n  each reac- 
t i o n  vessel. Under normal experimental cond i t ions  
t h e  reac t ion  vessels are heated t o  t h e  desired 
temperature w i t h i n  th ree  hours. During long ex- 
perimental runs, t h e  reac t ion  vessel can be 
brought back t o  ambient temperature t o  remove i n -  
d i v idua l  ampules and then reheated. Cycl ing the  
temperatures i n  t h i s  way can be done rap id ly ,  i n  
l ess  than s i x  hours. By keeping the  dura t ion  o f  
t h e  experimental run a t  l e a s t  t e n  t imes the  dura- 
t i o n  o f  t h e  heat ing and coo l ing  cycles, adverse 
chemical e f f e c t s  are minimized. Chemical analyses 

o f .  t h e  so lu t ions  are performed both before and 
a f t e r  each experiment t o  evaluate the  reac t ions  ~ 

and condi t ions dur ing  t h e  test ;  

L 

30ml VOLUME 

FIGURE 1 
I l l u s t r a t i o n  o f  quartz tube used f o r  hydrothermal 
experiments. 

EXPERIMENTAL RESULTS 

The experimental runs were designed t o  
evaluate t h e  e f f e c t s  o f  f ou r  d i f f e r e n t  para- 
meters: temperature, time, so lu t i on  chemistry, 
and the  p a r t i a l  pressure o f  oxygen. To date, our 
i nves t i ga t i ons  have centered on the  s t a b i l i t y  o f  
f luorescein,  t h ree  f l u o r i n a t e d  hydrocarbons, and 
two sul fonated hydrocarbons. These experiments 
have been conducted a t  temperatures ranging from 
looo t o  200OC. 

The hydrocarbons tes ted  were: 

a-, a-, a- t r i f l u o r o - m - t o l u i c  acid; 
p - f luorobenzoic acid; 
pen ta f l  uorobenzoi c ac id  ; 
p - to luenesu l fon ic  acid; and 
benzenesulfonic acid. 

The fac to rs  inves t iga ted  w i t h  f luoresce in  can 
be d iv ided i n t o  d e s t a b i l i z i n g  and s t a b i l i z i n g  fac- 
to rs .  Increasing oxygen pressure and temperature 
have a d e s t a b i l i z i n g  e f fec t .  These e f f e c t s  are 
shown i n  Figures 2 and 3. Inspect ion o f  these 
f igures  shows t h a t  t he  presence o f  oxygen i n  t h e  
gas phase i s  t he  major d e s t a b i l i z i n g  e f fec t .  The 
i n i t i a l  concentrat ion o f  5 ppm was reduced t o  l e s s  
than .05 i n  20 hours with oxygen (Fig. 2), wh i l e  
the  n i t rogen runs show l i t t l e  degradation even a t  
90 hours (Fig. 3). The e f f e c t  o f  temperature i s  
so small between 150' and 2OOOC t h a t  i t  i s  w i t h i n  
t h e  experimental error.  

The s t a b i l i z i n g  fac to rs  found t o  date are 
boron and boron + pH. The e f f e c t s  o f  boron are 
i l l u s t r a t e d  i n  Figure 4 where a s o l u t i o n  with an 
i n i t i a l  concentrat ion o f  5 ppm f luoresce in  was run 
f o r  118 hours a t  150OC. The composition o f  t he  
gas phase du r ing  t h i s  experiment may have con- 
ta ined some oxygen, as ind ica ted  by the  low con- 
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FIGURE 2 
The e f f e c t  o f  atmospheric oxygen i n  the  gas phase 
on f luoresce in  s t a b i l i t y  a t  15OOC and 200°C. The 
i n i t i a l  f l u i d  phase contained 825 pprn NaCl and 5 
ppm f luorescein.  
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FIGURE 3 
The e f f e c t  o f  purging t h e  gas phase w i t h  n i t rogen 
on f luoresce in  s t a b i l i t y .  

cen t ra t ions  o f  f luoresce in  i n  t h e  O'to 8 ppm boron 
runs. However, t h e  t rend  o f  increasing s tab i  1 i t y  
w i t h  increasing boron i s  clear. The e f f e c t  o f  
increasing pH on f luoresce in  s t a b i l i t y  i s  shown i n  
Figure 5. During t h i s  experiment the  pH was buf- 
fe red  w i t h  b o r i c  ac id  and sodium borate. Thus t h e  
dramatic increase i n  s t a b i l i t y  between pH 7 and 8 
could be due t o  pH-dependent changes i n v o l v i n g  
e i t h e r  boron o r  f luorescein.  Since borates change 
species a t  a pH o f  approximately 9, phenol groups 

I a t  6 t o  7.5, and carboxyl groups a t  4 t o  6, t h e  
pe r t l nen t  d isassoc ia t ion  i s  probably t h e  phenol 
group on the  f luoresce in  molecule. 

This conclusion is  supported by an exper i -  
mental , run  a t  h igh pH without b o r i c  acid/sodium 
borate bu f fe r ing .  I n  t h i s  run, t h e  so lu t i on  was 

FIGURE 4 
The e f f e c t  o f  aqueous boron on t h e  s t a b i l i t y  of 
f luorescein. The run temperature was 150OC. The 
i n i t i a l  f l u i d  phase contained boron, 825 ppm NaCl, 
and 5 ppm f luorescein.  The pH was bu f fe red  t o  - 6.5. 
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FIGURE 5 
The e f f e c t  o f .  b u f f e r i n g  f l uo resce in  s o l u t i o n  pH 
with b o r i c  ac id  and sodium borate. The run 
temperature was 150°C. The i n i t i a l  s o l u t i o n  
contained 825 ppm NaCl and 5 ppm f luorescein.  

geothermal b r i ne  (boron = 1.0 ppm, pH = 8.7). The 
f l u rosce in  was on ly  reduced t o  4.8 from an i n i t i a l  
value o f  5.0 a f t e r  being heated t o  2OOOC f o r  92 
hours. 

Our plans f o r  f u t u r e  higher temperature 
experiments using f luoresce in  are t o  use var ious 
geothermal b r ines  as solvents as we l l  as d i s t i l l e d  
water, ~ r a the r  than parameterizing t h e  e f f e c t  o f  
each so lu t i on  component. This approach w i l l  be 
taken because: (1) t h e  separate composit ional 
dependence o f  f luoresce in  on each element i n  a . 
geothermal b r i n e  i s  beyond t h e  scope o f  t h i s  pro- 
j e c t ,  and (2) geothermal b r i n e  compositions are 
l i m i t e d  t o  a r e l a t i v e l y  narrow range o f  elemental 
r a t  i os. 
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There may be other compositional f ac to rs  i n  
add i t i on  t o  those tes ted  t o  date. I f  t h i s  i s  t he  
case, then t h e  runs using geothermal b r i ne  as a 
solvent w i l l  produce s i g n i f i c a n t l y  d i f f e r e n t  
resu l ts .  I n  t h i s  case t h e  approach w i l l  be 
modified. 

The i n i t i a l  s t a b i l i t y  t es ts  on f l uo r ina ted  
and sul fonated hydrocarbons were very enourag- 
ing. Solut ions containing a l l  5 o f  t he  hydro- 
carbons a t  an i n i t i a l  concentrat ion o f  10 ppm each 
were run f o r  up t o  174 hours a t  temperatures o f  
125' and 15OOC i n  oxygen and i n  nitrogen. The 
on ly  compound t o  detectably decay was penta f l  uoro- 
benzoic ac id  (Fig. 6). The decay o f  pentaf luoro- 
benzoic ac id  was complete and occurred a t  a l l  tem- 
peratures, times, and i n  a l l  gas phases. These 
experiments w i l l  be repeated i n  geothermal b r ines  
and a t  h igher temperatures. 
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FIGURE 7 
Recovery curves cont ras t ing  the  behavior o f  Ca i n  
Wells 56-19 and 56-30. Dashed l i n e s  are pred ic ted  
concentrat ions and t h e  s o l i d  l i n e s  are measured 
concentrat ions. VI = t h e  volumes o f  i n j e c t a t e  
recovered. 
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FIGURE 6 
The s tab i  1 i ty  o f  f l uo r ina ted  hydrocarbons and phe- 
nyl-sul fonates a t  125' and 150'C i n  the  presence 
o f  an oxygen o r  n i t rogen gas phase. Compounds A 
t o  E are p-f luorobenzoic acid (A), a-, a-, a - t r i -  
f luoro-m- to lu ic  ac id  (B), p- to luenesul fonic ac id  
(C), benzenesulfonic acid (D), and pentafluoro- 
benzoic ac id  (E). 

FIELD APPLICATIONS 

Tracers were used by UURI t o  monitor t h e  
sca l ing  behavior o f  s i l i c a  and calcium dur ing  
i n j e c t i o n  t e s t s  a t  the  East Mesa geothermal f i e l d  
(Adams, 1985). The major and minor cat ions and 
anions i n  t h e  f l u i d s  were a l so  monitored dur ing  
these tests.  

and 
t i o n  
ume 

Figures 7 and 8 show the  concentrat ions of Ca 
S i0  i n  the  f l u i d  being withdrawn a f t e r  i n jec -  . $he hor izon ta l  ax i s  i s  i n  u n i t s  o f  t he  vol-  
o f  i n j e c t e d  f l u i d .  The dashed l i n e  i n  these 

f igures,  o r  recovery curves, represents the  con- 
cen t ra t i on  t h a t  would occur i n  the  f l u i d  i f  no 
water-rock reac t ion  had occurred. The s o l i d  l i n e  
represents t h e  actual  concentrat ion measured i n  
t h e  f l u i d .  

Two we l ls  were tes ted  a t  East Mesa, Wells 56- 
30 and 56-19. The t e s t s  are re fe r red  t o  below by 

7 

FIGURE 8 
Recovery curves cont ras t ing  the  behavior o f  S i0  
i n  Wells 56-19 and 56-30. See Figure 7 and texz  
f o r  explanation. 

t h e i r  t e s t  number w i th  t h e  t e s t  wel l  i n  paren- 
theses. 
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Ca an# SiO, Behavior 

During t h p  injection-backflow tes ts  at  East 
Mesa bokh Ca and Si0 were l o s t  dur ing i n jec -  
t ion.  Inspection o f  the recovery curves i n  Fig- 
ures 7 and 8 shows that,  i n  most cases, minerals 
t h a t  prec ip i ta ted during i n j e c t i o n  were then dis-  
solved a f t e r  the unmixed body o f  i n jec ta te  had 
been recovered. The only case where t h i s  d id  not 
occur was dur ing Test 3(-30) (Fig. 7). During 
t h i s  t e s t  aqueous Ca concentrations were reduced 
t o  as low as 30% o f  the in jected concentration. 
I n  addition, reservoir  Ca concentrations d id  not 
re turn t o  the background values o f  6.0 ppm u n t i l  
6.5 i n j e c t i o n  volumes had been recovered. The 
prolonged p rec ip i t a t i on  o f  Ca from the reservoir  
f l u i d  i n  Well 56-30 may have been due t o  the 
attainment o f  c r i t i c a l  nucleation s ize or may 
simply be re la ted t o  the degree o f  supersaturation 
i n  the f l u i d .  

The maximum amount o f  Ca p rec ip i t a t i on  i n  
Wel l  56-30 (Fig. 7) occurred at  l eas t  0.6 i n jec -  
t i o n  volumes away from the  wellbore (Michels, 
1983). However, the maximum Ca p rec ip i t a t i on  
dur ing Wel l  56-19 tes ts  occurred adjacent t o  the 
wellbore. Thus it appears that ,  un l i ke  the 
behavior of  Ca i n  Well 56-30, the scale i n h i b i t o r  
f a i l e d  t o  prevent near-well borehole p rec ip i t a t i on  
i n  Wel l  56-19. 

Although up t o  50% o f  the in jected Si02 was 
l o s t  dur ing i n j e c t i o n  i n  both wells, recovery o f  
t h i s  species d i f f e r e d  between the two wells. 
Recovery o f  the s i l i c a  p rec ip i t a te  i n  Well 56-30 
was rapid and complete, i.e. no s i l i c a  from the 
in jected f l u i d  was l e f t  i n  the well. Recovery of 
t he  s i l i c a  p rec ip i t a te  i n  Well 56-19, however, 
occurred somewhat l a t e r  than i n  Well 56-30 and was 
incomplete. Up t o  20% o f  the in jected s i l i c a  was 
l e f t  i n  Well 56-19. 

It has been suggested by Fournier (1981) t h a t  
chalcedony should be considered as the equi l ibr ium 
SiOp polymorph f o r  geothermal systems wi th  temper- 
atures below 180OC. Despite t h i s  generalization, 
t he  predicted quartz geothermometer temperatures 
f o r  the East Mesa t e s t  wel ls are i n  close agree- 
ment wi th  t h e i r  measured temperatures o f  174OC and 
126'C. The recovery curves f o r  Well 56-19, how- 
ever, d isplay f l a t  minimums where concentrations 
are i n  agreement w i th  chalcedony equil ibrium; t h i s  
occurs despi te the  abundant quartz i n  the  East 
Mesa reservo i r  rock. 

Na/K 

Temperature-induced s h i f t s  i n  the  Na/K and 
Na/Ca r a t i o s  o f  a f l u i d  co-existing w i th  a l k a l i -  
bearing alumino-sil icates have been predicted by 
theory and empirical data (e.g., Fournier and 
Truesdell, 1973). As shown i n  Figure 9, these 
s h i f t s  occurred i n  the  f l u i d ,  in jected i n t o  Well 
56-19. The Na-K-Ca (-Mg) geothermometer tempera- 
tures (Fournier and Truesdell , 1973; Fournier and 
Potter, 1979) were calculated from chemical 
analyses o f  the recovered f l u i d .  Although these 
predicted temperatures are not v a l i d  due t o  the 
p rec ip i t a t i on  o f  c a l c i t e  dur ing the  tes ts  (Four- 
n i  e r  and Truesdell , 1973) , the s i m i l a r i t y  between 
the predicted and measured temperatures demon- 

- * 

- 

strates tha t  the i on  r a t i o  s h i f t s  were of the 
proper magnitude and d i rec t i on  f o r  decreasing 
f 1 u i d  temperatures. 

ted if no ion exchonge 
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FIGURE 9 
Recovery curve contrast ing the behavfor o f  Na and 
K i n  Well 56-19. See Figure 7 and t e x t  f o r  expla- 
nation. 

SUMMARY 

The chemical behavior and movement o f  i n -  
jected f l u i d s  are a v i t a l  concern t o  geothermal 
operators. This behavior cannot be determined by 
equi l ibr ium analysis, as shown by the  metastable 
p rec ip i t a t i on  tha t  occurred dur ing the East Mesa 
i n j e c t i o n  tests.  The only method o f  t rack ing the  
f l u i d s  and measuring subsurface prec ip i ta t ion,  
d issolut ion,  and ion  exchange i s  b y  referencing 
f l u i d  concentrations t o  a chemical tracer. The 
chemical t racers cu r ren t l y  i n  use by the geother- 
mal indust ry  are l a rge ly  inadequate. They are 

Our current program a t  UURI i s  designed t o  
develop and t e s t  new tracers. The f luor inated and 
sulfonated hydrocarbons appear t o  be superb 
candidates. To date we have found 4 compounds 
more stable than the  organic dyes current ly  used 
by the geothermal industry. I n  addition, we have 
i d e n t i f i e d  and quant i f ied the  s t a b i l i z i n g  and 
des tab i l i z i ng  e f fec ts  o f  the geothermal environ- 
ment on the organic dye fluorescein. 

Much more laboratory t e s t i n g  i s  required t o  
determine the s t a b i l i t i e s  and assess the high-tem- 
perature properties o f  the f luor inated and su l fo-  
nated hydrocarbons. As the  character is t ics  o f  
these hydrocarbons become be t te r  understood, 1 t 
w i l l  then become possible t o  design and t e s t  new 
species f o r  spec i f ic  applications. Bench tes ts  

~ e i t he r  unstable, inaccurate, o r  clumsy t o  use. 
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however can only approximate the  actual condi t ions 
occur r ing  i n  the  geothermal reservoir .  Once the  
basic data i s  obtained, f i e l d  t e s t s  o f  these 
t race rs  w i l l  be required t o  conf i rm t h e i r  
behavior. 
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ABSTRACT 

Borehole e l e c t r i c a l  geophysical methods have 
considerable potent ia l  f o r  helping t o  def ine hot 
and permeable zones i n  geothermal systems. Bore- 
hole geophysics d i f f e rs  from geophysical wel l  
logging and has a much greater area o f  search 
around a borehole. Very l i t t l e  developmental work 
has taken place i n  borehole e lec t r i ca l  methpds t o  
date. A t  UURI, we have been developing computer 
methods t o  model various e l e c t r i c a l  arrays for  
borehole configurations. We plan t o  compare the  
several possible survey methods and then design a 
f i e l d  syfiem based on the method tha t  appears from 
the  computer studies t o  be optimum. 

From our studies t o  date we ten ta t i ve l y  
conclude t h a t  the cross-borehole method produces 
l a rge r  anomalies than does the single-borehole 
method; cross-borehole anomalies using a pole-pole 
array are smaller than those f o r  a dipole-dipole 
array; the cross-borehole mise-8-1 a-masse method 
produces l a rge r  anomalies than does other cross- 
borehole methods: and, the anomalies due t o  a t h i n  
structure are generally much smaller than those 
for  a sphere, as i s  t o  be expected. 

INTRODUCTION 

The key problem worldwide i n  development o f  
hydrothermal resources appears t o  be more i n  
l oca t i ng  permeable zones than i n  locat ing high 
temperatures. Grindly and Browne (1976) note tha t  
o f  11 hydrothermal f i e l d s  investigated i n  New Zea- 
land, a l l  o f  which have high temperatures (23OOC 
t o  300OC) , f i v e  are non-productive c h i e f l y  because 
o f  low permeability. Three o f  the eleven f i e l d s  
are i n  production (Wairakei, Kawerau and Broad- 
lands) and i n  each o f  these f i e l d s  permeabil ity 
l i m i t s  production more than temperature does. Hot 
but unproductive holes have been d r i  11 ed a t  many 
o f  the major geothermal areas i n  the world, 
i ncl  udi ng The Geysers, Roosevel t Hot Springs , 
Coso, and Meager Creek, t o  name a few. 

Permeabilfty can be primary or  secondary. 
P r imary  permeabil ity i n  c l a s t i c  rocks ,or ig inates 
from intergranular porosi ty and i t  generally 
decreases wi th  depth due t o  compaction and cemen- 
tat ion.  I n  volcanic sequences, primary intergran- 
u l a r  porosi ty and peneab i l  i t y  ex is t ,  but greater 
permeabil ity ex is ts  i n  open spaces a t  f low con- 
tac ts  and w i th in  the flows themselves. Primary 
permeabil ity i n  c r y s t a l l i n e  igneous rocks i s  
generally very low. Secondary permeabil ity occurs 
i n  a l l  rock types i n  open f a u l t  zones, f ractures 

and f racture intersect ions,  along dikes and i n  
breccia zones (Brace, 1968; Moore e t  al., 1985). 
Changes i n  permeabil ity come about through mineral 
deposition i n  open spaces o r  by leaching by the 
thermal f luids. 

Although none o f  the geophysical methods maps 
Permeability d i rec t l y ,  any geological , geochemi- 
ca l  , o r  hydrological understanding o f  the factors  
t h a t  control  the permeabil ity i n  a geothermal re- 
servo i r  can be used t o  he1 p determine geophysical 
methods po ten t i a l l y  useful f o r  detect ing the  
boundaries and more permeable parts o f  a hydro- 
thermal system. A t  UURI, we have been developing 
e l e c t r i c a l  borehole techniques t o  detect and map 
permeable zones i n  the subsurface, especia l ly  
f ractures . 

BACKGROUND--BOREHOLE GEOPHYSICS 

It i s  important t o  understand the di f ferences 
between geophysical w e l l  logging and borehole geo- 
physics. I n  geophysi cal we1 1 1 oggi ng , the i nst  ru- 
ments are deployed i n  a s ing le w e l l  i n  a t o o l  o r  
sonde, and the depth o f  invest igat ion i s  usual ly  
l i m i t e d  t o  the f i r s t  few meters from the  wel l -  
bore. We1 1-logging technlques have been devel oped 
by the petroleum industry over a period of h a l f  a 
century and have been applied wi th  var iab le suc- 
cess by the geothermal industry. The major adap- 
ta t i ons  t o  the geothermal environment are t h e  
requirements o f  h igh temperature t o o l s  and the  
d i f f e r e n t  i n te rp re ta t i on  required- f o r  hard rock 
(volcanic, igneous) l i tho log ies.  Other d i f f e -  
rences include a strong emphasis i n  geothermal 
explorat ion on f rac tu re  i d e n t i f i c a t i o n  and the  
e f fec ts  o f  hydrothermal a1 t e r a t i o n  upon ce r ta in  
l o g  responses. Much research remains t o  be done 
i n  order t o  understand f u l l y  the responses of 
various wel l  logs i n  geothermal reservoirs and 
t h e i r  t y p i c a l l y  fractured, altered, commonly 
igneous and metamorphic host rocks. I n  s p i t e  of 
the r e l a t i v e  lack of knowledge o f  wel l - log 
response i n  geothermal reservoirs, several logs o r  
l o g  combinations have been used successfully t o  
invest igate such properties as l i tho logy,  a1 tera- 
t ion,  f ractur ing,  density, porosity, f l u i d  f low 
and s u l f i d e  content, a l l  o f  which may be c r i t i c a l  
In deciding how and i n  what i n te rva l s  t o  complete, 
case, cement o r  st imulate a well (Glenn and Hulen, 
1979; Keys and Sull ivan, 1979; Sanyal e t  al., 
1980; Glenn and Ross, 1982; Halfman e t  a1 ., 1982). 

By contrast, borehole ,geophysics re fe rs  t o  
those geophysical techniques where energy sources 
and sensors are deployed (1) a t  wide spacing i n  a 
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s ing le  borehole, (2) p a r t l y  i n  one borehole and 
p a r t l y  on the  surface, or  (3)  p a r t l y  i n  one bore- 
ho le  and p a r t l y  i n  a second borehole. Thus, we 
speak o f  borehol e-to-surface, surface-to-borehole 
and borehole-to-borehole surveys. The depth o f  
i nves t i ga t i on  i s  general ly much greater i n  bore- 
hole geophysical surveys than i t  i s  i n  geophysical 
we1 1 1 oggi ng. 

Only one o f  the  several borehole geophysical 
techniques, namely v e r t i c a l  seismic p r o f i l i n g  
(VSP), has been developed t o  any extent. The 
petroleum indus t r y  has funded r e l a t i v e l y  rap id  
development o f  VSP over the  past several years. 

VSP - 
Vert i ca l  seismic p r o f i l i n g  (VSP) can be done 

using both P- and S-wave surface sources (usua l l y  
mechanical v ib ra to rs )  arranged c i rcumferent ia l  l y  
around a well .  D i rec t  and re f l ec ted  seismic waves 
are  detected by s t r i n g s  o f  down-hole geophones 
clamped t o  t h e  wa l l  o f  t h e  wel l  o r  by hydro- 
phones. VSP has been used mainly t o  t race  seismic 
events observed a t  t he  surface t o  t h e i r  po in t  of 
o r i g i n  i n  the  ear th  and t o  obtain b e t t e r  estimates 
f o r  t h e  acoust ic p roper t ies  o f  a s t r a t i g r a p h i c  
sequence, O r i s t a g l i o  (1985) presents a guide t o  
t h e  cur ren t  uses o f  VSP. 

Borehole E l  e c t r i c a l  Techniques 

Borehol e-to-borehol e and borehol e-to-surface 
e l e c t r i c a l  methods appear t o  have considerable 
po ten t i a l  f o r  app l i ca t i on  t o  geothermal explora- 
t ion .  I n  a benchmark in t roduc tory  paper, Daniels 
(1983) i l l u s t r a t e d  the  u t i 1  i t y  o f  hole-to-surface 
r e s i s t i v i t y  measurements w i th  a de ta i l ed  study o f  
an area o f  volcanic t u f f  near Yucca Mountain, 
Nevada. He obtained t o t a l - f i e l d  r e s i s t i v i t y  data 
f o r  a g r i d  o f  po in ts  on the  surface w i th  current 
sources i n  th ree  d r i l l  holes, completed a layered- 
ea r th  reduct ion o f  t he  data, and in te rp re ted  the  
res idua l  r e s i s t i v i t y  anomalies w i th  a 3D e l l i p -  
soidal  modeling technique. 

The borehole e l e c t r i c a l  techniques, however, 
are i n  general poor ly developed. One reason f o r  
t h i s  i s  t h a t  there  are a l a rge  number o f  ways t h a t  
borehole e l e c t r i c a l  surveys can be performed and 
i t  has been unclear which methods are best. A t  
t he  same time, computer algori thms t o  model t he  
several methods have not ex is ted  so t h a t  it has 
not been possible t o  se lec t  among methods p r i o r  t o  
committ ing t o  t h e  expense o f  b u i l d i n g  a f i e l d  
system and obtaining t e s t  data. 

R&D PROGRAM AT UURI 

The ob 'ec t i ve  o f  our program i s  t o  develop 

techniques i n  geothermal explorat ion,  rese rvo i r  
de l i nea t ion  and reservo i r  exp lo i ta t ion .  Our 
approach i s :  

1. Develop computer techniques t o  model t h e  
poss ib le  borehole e l e c t r i c a l  survey systems; 

2. Design and construct  a f i e l d  data acqu is i t i on  
system based on the  resu l t s  o f  (1); 

3. Acquire f i e l d  data a t  s i t e s  where the  nature 
and extent o f  permeabi l i ty  are known; and, 

and demons +----a r a t e  t e use o f  borehole e l e c t r i c a l  
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4. Develop techniques t o  i n t e r p r e t  f i e l d  data. 

To t h e  present time, we have made considerable 
progress on i tem (1) above and we are now a t  such 
a po in t  t h a t  i t e m  (2) could be started. 

Our research s t a f f  has consisted o f  t h e  
fo l l ow ing  personnel: Stanley H. Ward, Pro jec t  
Manager; Lu i s  R i  j o ,  Professor o f  Geophysics, 
Universidade Federal Do Para, B raz i l  (on 2-year 
post-doctoral leave a t  U o f  U and UURI); F. W. 
Yang, Peoples Republic o f  China ( v i s i t i n g  
scholar); J.  X. Zhao, Peoples Republic o f  China 
( v i s i t i n g  scholar); Craig W. Beasley (doctoral  
candidate U o f  U, awarded MS degree); Richard C. 
West (MS candidate a t  UU). Addi t ional  techn ica l  
support has been provided by P h i l i p  E. Wannamaker, 
Howard P. Ross and P h i l l i p  M. Wright o f  UURI and 
by Gerald W. Hohmann o f  U o f  U. P ro jec t  costs fo r  
R i jo ,  Yang and Zhao have been minimal because 
these s c i e n t i s t s  have been supported by t h e i r  
governments. Thus, a great deal has been accom- 
p l i shed a t  minimal cost  wh i l e  support ing t h e  
education o f  several students, The remainder o f  
t h i s  paper w i l l  discuss the  s ign i f i cance  of our 
research t o  date. 

COMPUTER MODELING OF BOREHOLE ELECTRICAL METHODS 

Computer techniques f o r  modeling borehole 
e l e c t r i c a l  geophysics have l a r g e l y  been lacking, 
espec ia l l y  f o r  three-dimensional (3D) cases. Fig- 
ure 1 ind ica tes  conventional usage o f  the  terms 
10, 2D and 30 i n  geophysical i n te rp re ta t i on .  I n  
t h e  1D case, a lso  ca l l ed  the  " layered earth" case, 
t he  physical property o f  i n t e r e s t  ( r e s i s t i v i t y  f o r  
t h i s  study), var ies  on l y  i n  t h e  v e r t i c a l  d i rec-  
t ion .  I n  the  2D case, physical  property var ia -  
t i o n s  i n  the  v e r t i c a l  and one ho r i zon ta l  dimension 
are allowed, and t h e  anomalous body i l l u s t r a t e d  
has the  same shape i n  and out o f  t he  paper f o r  i n -  
f i n i t e  distance. I n  t h e  3D case, physical proper- 
t y  va r ia t i ons  are spec i f i ed  i n  a l l  th ree  space d i -  
mensions. Obviously, t he  rea l  ear th  i s  on ly  occa- 
s i o n a l l y  1D i n  nature i n  geothermal areas. The 
usual case i s  f o r  physical  p roper t ies  t o  vary i n  
a l l  th ree  dimensions i n  the  earth, t he  3D case. 
However, t he  mathematical formulat ions f o r  elec- 
t r i c a l  anomalies o f  bodies increase g r e a t l y  i n  
complexity from the  10 case t o  the  30 case. This 
accounts f o r  the  f a c t  t h a t  i n  order t o  begin our 
task o f  apply ing borehole e l e c t r i c a l  techniques t o  
de l i nea t ion  o f  permeabi l i ty ,  we were required t o  
develop o r i g i n a l  mathematical formulat ions o f  t h e  
problem. 

1D 2D 3D 

Ly 

P =  Psiistirltr 

FIGURE 1 
I l l u s t r a t i o n  o f  the  meaning of t h e  terms l D ,  20 
and 3D i n  geophysical modeling. 



Thick-Body Studies * r I I I 1 

P r i o r  t o  $982, only three published papers 
considered computer modeling o f  downhole elec- 
trodes $or three-dimensional bodies. Daniels 
(1977) studied s i x  buried electrode conf igurat ions 
and p lo t ted  normalized apparent r e s i s t i v i t y  o r  
apparent p o l a r i z a b i l i t y  against such conf igurat ion 
parameters as 1) source and receiver depth, 2) 
depth/bipole length, 3) receiver distance from 
body, 4) depth o f  body, and 5) distance o f  source 
and receiver from body center. Snyder and Merkel 
(1973), computed the I P  and apparent r e s i s t i v i t y  
responses resu l t i ng  from a buried current pole i n  
the presence o f  a buried sphere. Their p lo t s  are 
center- l ine p r o f i l e s  f o r  normalized apparent re- 
s i s t i v i t y  and normalized I P  response. Dobecki 
(1980) computed the  ef fects  o f  spheroidal bodies FIGURE 2a 
as measured i n  nearby s ingle boreholes using the Plan view o f  standard model. 
pole-pole electrode array. These three studies 
are obviously very l i m i t e d  i n  terms o f  the prob- 
lems o f  def in ing permeabil ity i n  geothermal 
systems. 

I n  1982, Newkirk (1982) from our group pub- 
l i shed  a study o f  downhole e l e c t r i c a l  r e s i s t i v i t y  
w i th  3D bodies. Using a numerical modeling tech- 
nique described by Hohmann (1975), theoret ica l  
anomal ies due t o  a three-dimensional body composed 
o f  simple prisms were computed. The resul ts  were 
presented i n  terms o f  1) the potent ia l ,  2) the ap- 
parent r e s i s t i v i t y  calculated from the t o t a l  ho r i -  
zontal e l e c t r i c  f i e l d  and 3) the apparent resis-  
t i v i t y  calculated from the potent ia l .  Two elec- 

s% 

C 

t rode conf igurat ions were considered f o r  each 
model. Each conf igurat ion consisted o f  a p a i r  o f  
electrodes, where one of the electrodes was remote 
and the second electrode was located e i the r  i n  the 
body, f o r  mise-b-la-masse or  applied potent ia l ,  o r  
outs ide the body, s imulat ing a near miss. New- 
k i r k '  s computer program was used * by Mackel prang 
(1985) o f  our group t o  compute a catalog o f  models 
due t o  bodies tha t  might be o f  i n te res t  i n  detec- 
t i o n  of t h i c k  f racture zones. 

Figures 2a and 2b show the conventions used 
by Newkirk (1982) and Mackelprang (1985) i n  calcu- 
l a t i o n s  o f  the e f fec ts  o f  3D bodies. The bodies 
are buried i n  a homogeneous earth and two of many 
options f o r  a downhole point  electrode are i l l u s -  
trated.. Figure 3a and 3b i l l u s t r a t e  anomalies on 
a surface r e s i s t i v i t y  survey produced by a narrow 
conductive body bur ied at  a depth o f  7 un i t s  wi th  
the electrode i n  the body (Fig. 3a) and o f f  the 
end o f  the body (Fig. 3b). The peanut shaped 
anomaly shown i n  Figure 3a i s  p a r t i c u l a r l y  charac- 
t e r i s t i c  on surface r e s i s t i v i t y  surveys wi th  the 
borehole electrode i n  the body. 

One basic shortcoming o f  Newki r k '  s (1982) 
algorithm i s  tha t  it does not apply when the anom- 
alous body becomes thin,  i.e. t o  the case of de- 
l i n e a t i o n  o f  f ractures o r  t h i n  f racture zones. To 
address t h i s  fmportant problem, the  thin-body 
studies described i n  the next section have been 
undertaken. 

Thin-Body Studies 

f racture zones which are t h i n  r e l a t i v e  t o  t h e i r  
These studies are aimed a t  targets simulating 

FIGURE 2b 
Cross-section view o f  standard model. 

I I 

FIGURE 3a 
Surface r e s i s t i v i t y  anomaly due t o  deep f rac tu re  
w i th  downhole electrode i n  body, 

other two dimensions. For the most part, we have 
standardized the aspect r a t i o s  o f  the ta rge t  d i -  
mensions a t  1O: lO: l .  While the e f f e c t  o f  varying 
the contrast i n  r e s i s t i v i t y  has been examined, 
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FIGURE 3b 
Surface r e s i s t i v i t y  anomaly due t o  deep f r a c t u r e  
w i t h  downhole electrode a t  s ide o f  body. 

most' o f  t he  r e s u l t s  are f o r  t he  case o f  a f r a c t u r e  
zone t e n  t imes more conductive than the  host 
rocks. 

R.smstor~lr Conlwn 

& ? - . O l O  P, 

Four numerical techniques have been u t i  1 i zed 
i n  the  studies; t h ree  have been appl ied w i t h  t h e  
D.C. r e s i s t i v i t y  method. The techniques appl ied 
t o  t h e  r e s i s t i v i t y  problem are (1) a 3D surface 
i n t e g r a l  equation (Yang and Ward, 1985a,b), (2 )  a 
3D volume i n t e g r a l  equation (Beasley and Ward, 
1986), and (3 )  a 2D f i n i t e  element method (Zhao e t  
al., 1985). A so lu t i on  f o r  t h e  t ime domain EM 
method has a lso  been obtained which uses a 30 
volume i n t e g r a l  equation formulat ion (West and 
Ward, 1985). E l  aborat ion on these four  approaches 
i s  given below. 

Yang and Ward (1985a,b) present t heo re t i ca l  
r e s u l t s  r e l a t i n g  t o  the  de tec t ion  o f  th in ob la te  
spheroids and e l l i p s o i d s  o f  a r b i t r a r y  a t t i t ude .  
The e f f e c t s  o f  t he  surface o f  t h e  ear th  are neg- 
l ec ted  and the  body i s  assumed t o  be enclosed 
w i t h i n  an i n f i n i t e  homogeneous mass. The surface 
of t he  body i s  d iv ided i n t o  a ser ies  o f  subsur- 
faces, and a numerical so lu t i on  o f  t h e  Fredholm 
i n t e g r a l  equation i s  applied. Once a so lu t i on  f o r  
t h e  surface charge d i s t r i b u t i o n  i s  determined, t h e  
po ten t i a l  can be spec i f ied  anywhere by means o f  
Coulomb's law. The theo re t i ca l  model r e s u l t s  
i nd i ca te  t h a t  cross-borehole r e s i s t i v i t y  measure- 
ments are a more e f f e c t i v e  technique than s ing le -  
borehole measurements f o r  del i nea t i ng  r e s i s t i v i t y  
anomalies i n  the  v i c i n i t y  o f  a borehole. 

Figure 4a shows cross-borehole r e s i s t i v i t y  
responses o f  a v e r t i c a l  conductive f rac tu re  zone 
between two boreholes. The e lec t rode configura- 
t i o n  i s  t he  pole-pole array with e lec t rode B f i x e d  
and e lec t rode M moving i n  t h e  second borehole. 
Several curves are p l o t t e d  depending on the  d i s -  
tance between t h e  f rac tu re  and t h e  second bore- 
hole. The l a r g e r  anomalles occur when t h e  second 

CROSS-BOREHOLE P d P ,  
V I 1.1 

FIGURE 4b 
Downhole cross-borehole r e s i s t i v i t y  anomalies f o r  
d ipp ing  f r a c t u r e  showing e f f e c t  of varying 
distance from f rac tu re  t o  second borehole. 

borehole i s  nearer t o  the  f r a c t u r e  zone. Figure 
4b shows anomalies fo r  t he  same s i t u a t i o n  as Fig- 
u re  4a except t h a t  now the  f r a c t u r e  d ips  toward 
the  f i r s t  borehole. Figure 4c shows the  e f f e c t  o f  
varying the  r e s i s t i v i t y  con t ras t  between a d ipp ing  
f rac tu re  and the  host medium. As expected, t h e  
l a r g e  cont ras t  cases produce t h e  l a rges t  anoma- 
l i e s .  Figure 4d shows the  change i n  anomaly shape 
f o r  t he  d ipp ing  f rac tu re  when fou r  electrodes are 
placed downhole instead o f  two (compare w i t h  Fig. 
4b, EMX = 2.5). By study o f  a l a rge  s u i t e  o f  such 
graphs as these, t he  comparative c a p a b i l i t i e s  o f  
t h e  var ious ' poss ib le  cross-borehol e arrays can be 
determined. 

The volume i n t e g r a l  equation approach o f  
Beasley and Ward (1986) incorporates a ha1 f-space 
formulat ion,  i.e. t h e  ea r th ' s  surface i s  not neg- 
lected. As w i t h  t h e  surface i n t e g r a l  equation 
technique o f  Yang and Ward (1985a,b), t h e  volume 
i n t e g r a l  equation method requires t h a t  on l y  
inhomogeneities be d isc re t i zed .  Any number of 
inhomogeneities o f  d i f f e r i n g  s izes and physical  
p roper t ies  can be accounted f o r  by t h i s  algo- 
rithm. Inhomogeneities are d i sc re t i zed  i n t o  
rectangular c e l l s  whose s i ze  may vary i n  each o f  
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FIGURE 4c 
Downhole cross-borehole r e s i s t i v i t y  anomalies f o r  
d ipp ing  f r a c t u r e  showing t h e  e f f e c t  o f  vary ing  
r e s i s t i v i t y  con t ras t  between f r a c t u r e  and host 
medi um. 
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FIGURE 4d 
Downhole cross-borehole r e s i s t i v i t y  anomal i e s  f o r  
d ipp ing  f r a c t u r e  showing t h e  e f f e c t  o f  d ipo le  
l eng th  f o r  downhole electrodes. 

t h e  th ree  d i rec t ions .  The f a c t  t h a t  t a rge ts  must 
be comprised o f  rectangular o r  cubic c e l l s  means 
t h a t  d ipp ing  bodies must be simulated by c e l l s  
arranged i n  a s ta i rcase fashion. Section and plan 
views o f  computed apparent r e s i s t i v i t i e s  are t h e  
end product o f  t h i s  algori thm. The a lgor i thm is 
f l e x i b l e  i n  t h a t  it permits a bur ied  e lec t rode t o  

%e placed e i t h e r  i n s i d e  (mise-k-la-masse) or out-  
s ide  (near-miss) t h e  body. The d i p  o f  the  body 
and the  l o c a t i o n  o f  t he  energiz ing electrode with- 
i n  i t  were both varied. The maximum depth a t  
which a body could be loca ted  and s t i l l  produce a 
detectable anomaly on surface surveys was found t o  
be dependent, as expected, upon t h e  p o s i t i o n  o f  
t he  bur ied e lec t rode and upon the  con t ras t  i n  re- 
s i s t i v i t y  between t h e  body and t h e  host. It was 
found t h a t  l o c a t i n g  the  bur ied  e lec t rode j u s t  out- 
s ide  t h e  body d i d  no t  s i g n i f i c a n t l y  a l t e r  t he  re- 
s u l t s  from those when t h e  e lec t rode i s  embedded i n  
t h e  inhomogeneity. 

Figures 5a, 5b and 5c show representat ive re- 
s u l t s  from Beasley and Ward (1986). Each f i g u r e  
i s  a v e r t i c a l  sec t ion  through t h e  ear th  with con- 
tou rs  o f  t he  r e s i s t i v i t y  anomaly. A borehole can 
be placed anywhere on t h i s  f i g u r e  and t h e  res is -  
t i v i t y  curve t h a t  would be observed i n  such a 
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FIGURE 5a 
Subsurface r e s i s t i v i t y  contours f o r  a v e r t i c a l  
permeable zone w i t h  an imbedded downhole cur ren t  
source. 
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SCALE : 1 WIT - 
FIGURE 5b 

Subsurface r e s i s t i v i t y  contours f o r  a d ipp ing  
permeable zone w i t h  an imbedded downhole cur ren t  
source. 

borehole w i t h  a s ing le  downhole po ten t i a l  elec- 
t rode would be given by t h e  i n te rsec t i on  of t h e  
borehole w i th  the  contours. The downhole cur ren t  
electrode source i s  shown by the  star.  
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FIGURE 5c 
Subsurface r e s i s t i v i t y  contours f o r  a hor izon ta l  
permeable zone w i th  an imbedded downhole cur ren t  
source. 
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FIGURE 6a 
Subsurface r e s i s t i v i t y  contours f o r  a v e r t i c a l  
permeable zone w i th  current source t o  the  side. 

Our most v e r s a t i l e  algor i thm f o r  t he  borehole 
r e s i s t i v i t y  method i s  t he  2-D f i n i t e  element algo- 
r i t hm used by Zhao e t  a l .  (1985). The v e r s a t i l i t y  
o f  t h i s  algor i thm ar ises  from the  f a c t  t h a t  t he  
e n t i r e  subsurface i s  d isc re t i zed .  Since t r iangu-  
l a r  elements are used f o r  d i sc re t i za t i on ,  d ipp ing  
bodIes are r e a d i l y  handled. The algor i thm a lso  
accomodates a 1 ayered-earth host environment. 
This a lgor i thm was used t o  evaluate s igna l - to -  
noise r a t i o  f o r  var ious types o f  noise. 

Figures 6a and 6b show t y p i c a l  r e s u l t s  from 

P,= loo0 

surface LI 

surlace 
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Ti = 1 unit 
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W = .25unit 

Sca le  1 Unit  w 

Pi = 1 0 O O n . m  
p2 = l 0 a . m  

= Source 

FIGURE 6b 
Subsurface res1 s t i v i t y  contours f o r  a v e r t i c a l  
permeable zone beneath geologic s t ruc tu re  w i t h  
varying pos i t i ons  o f  t he  downhole cur ren t  elec- 
trode. 

Zhao e t  a l .  (1985). Figure 6a shows subsurface 
r e s i s t i v i t y  contours i n  sec t ion  f o r  a v e r t i c a l  
f rac tu re  w i t h  a cur ren t  source outside t h e  body. 
This p l o t  i s  s i m i l a r  t o  those given by Beasley and 
Ward (1986) i n  Figures 5a, 5b and 5c. Figure 6b 
i l l u s t r a t e s  how subsurface topography due t o  geo- 
l o g i c  s t ruc tu re  a f f e c t s  resu l ts .  Note t h a t  t he  
ananaly due t o  the  f rac tu re  i s  obscured t o  a great 
extent by the  r e s i s t i v i t y  pa t te rn  created by the  
contact. This i s  due i n  p a r t  a lso  t o  the  re la -  
t i v e l y  l a r g e  distance o f  t h e  f r a c t u r e  from t h e  
downhole cur ren t  source, shown by t h e  star.  A 
current source i n  a borehole c loser  t o  the  frac- 
t u r e  would cause a much c lea re r  anomaly. 

A l l  computations by Yang and Ward (1985a,b) 
and Zhao e t  a1 . (1985) were performed on an HP9826 
desk t o p  computer w i t h  1.6 Mbytes o f  memory. The 
a lgor i thm used by Zhao e t  a l .  (1985) i s  c u r r e n t l y  
being extended t o  3-D. It i s  probable t h a t  t he  
HP9826 wi1.l accomodate the  3-D version. If so, 
these modeling programs could e a s i l y  be used i n  
t h e  f i e l d  w i t h  no need t o  re tu rn  t o  a l a r g e  
computing f a c i l i t y .  

From t h e  above studies we t e n t a t i v e l y  con- 
c lude the  fol lowing: t he  cross-borehole method 
produces l a r g e r  anomalies than does a single-bore- 
hole method; the  cross-borehole anomalies using a 
pole-pole a r ray  are smal ler  than those f o r  a 
cross-borehole , dipo le-d ipo le  array; t h e  cross- 
borehole mise-a-1 a-masse method produces 1 arger 
anomalies than f o r  t he  o ther  cross-borehole 
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methods; and, t he  anomalies due t o  a t h i n  sheet 
were+ general ly much smaller than those f o r  a 

* sphere, as i s  t o  be expected. 

Using a 3-0 i n t e g r a l  equation algor i thm 
developed by San F i l i p o  and Hohmann (1985), West 
and Ward (1985) performed a model study t o  evalu- 
a te  t h e  time-domain electromagnetic (TDEM) re- 
sponse o f  a hor izon ta l  conductive body ( f r a c t u r e  
zone) imbedded i n  a half-space. S imp l i f y ing  
assumptions i n  t h e  algor i thm a l low modeling on ly  
o f  bodies w i t h  two v e r t i c a l  symmetry planes w i t h  
sources d i r e c t l y  above o r  below. The source 
t ransmi t te r  i s  a l a r g e  square loop loca ted  on the  
surface o f  t h e  earth. Receivers are loca ted  i n  
boreholes a t  var ious l oca t i ons  i n  the  v i c i n i t y  of 
t he  body. Responses are computed a t  60 t ime steps 
a t  i n t e r v a l s  o f  0.4 ms f o r  a t o t a l  data window o f  
24 ms. EM f i e l d  decay curves and p l o t s  o f  decay 
versus depth are obtained f o r  a l l  th ree  components 
o f  t he  primary, secondary, and t o t a l  responses. 
The r e s u l t s  are expressed i n  terms o f  percent 
d i f f e rence  p lo t s ,  and are s t i l l  under study a t  
t h i s  time. 

-P 

' 

Surface-to-borehole EM i n  which a l a r g e  
t ransmi t te r  i s  coaxial  w i t h  t h e  wel l  and a down- 
hole detector i s  run i n  the  wel l  may provide use- 
f u l  in fo rmat ion  on t h e  l o c a t i o n  o f  conductive 
f rac tu res  i n te rsec t i ng  the  wellbore. Whether t h i s  
technique w i l l  work i n  cased we l ls  and whether a 
"crack" anomaly can be d is t ingu ished from a 
s t ra t i g raph ic  conductor are top i cs  under study. 

The above discussion ou t l i nes  our research t o  
date. Other cur ren t  research involves a model 
study using the  VLF (very  low-frequency) method as 
wel l  as developing a borehole invers ion  scheme 
using the  f in i te -e lement  technique. Invers ion  o f  
t h e  30 i n t e g r a l  equation i s  a lso  being i n v e s t i -  
gated. An invers ion  scheme which can incorporate 
mu l t i - a r ray  data i s  an u l t ima te  goal. In te rpre ta-  
t i o n  o f  complex borehole f i e l d  data from geo- 
thermal s i t e s  may then become a r e a l i t y .  

DISCUSSION 

The problem o f  se lec t i ng  an appropr iate 
borehole e l e c t r i c a l  system i s  q u i t e  complex. 
Vari ab1 es i n c l  ude where t o  place the  electrodes , 
i.e. how many on the  surface and how many down 
each borehole, and whether t o  use d i rec t - cu r ren t  
galvanic r e s i s t i v i t y ,  which each o f  t he  above 
f i gu res  i l l u s t r a t e ,  o r  some a l t e r n a t i n g  current,  
electromagnetic scheme. It i s  c lea r  t h a t  t h e  
computer based study of these questions i s  cos t  
e f f e c t i v e  i n  he lp ing  se lec t  and design an optimum 
f i e l d  system. 

Our cur ren t  opinion i s  t h a t  t he  more data one 
can c o l l e c t  t he  b e t t e r  one should be able t o  char- 
ac te r i ze  the  subsurface. We have the re fo re  been 
making a p re l im inary  inves t iga ton  o f  t he  design o f  
a system f o r  ob ta in ing  both borehole-to-borehole 
and borehol e-to-surface data simultaneously. Such 
a scheme i s  conceptual ly i l l u s t r a t e d  i n  Figure 7. 
We be l i eve  we are nearing t h e  stage when a f i e l d  
system can be designed with the  very rea l  hope of 
y i e l d i n g  much more subsurface in fo rmat ion  than can 
be rea l i zed  by present ly  ava i l ab le  systems. 
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FIGURE 7 
Conceptual i l l u s t r a t i o n  o f  a mu l t i -a r ray  borehole 
r e s i s t i v i t y  system. 
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ABSTRACT 

The pr imary ob jec t i ve  o f  the  INEL I n j e c t i o n  
Research Program i s  t o  develop a b e t t e r  
understanding o f  i n jec ted  f l u i d  migra t ion  i n  
f rac tu red  geothermal reservoirs.  The INEL 
program combines labora tory  experimentation, 
computer s imu la t ion  and f i e l d  t e s t i n g  i n  the  
study o f  f l u i d  migration, A sound theo re t i ca l  
understanding o f  t he  fundamental processes t h a t  
con t ro l  mass, heat and sol Ute t ranspor t  through 
f rac tu red  rocks i s  necessary t o  understand how 
in jec ted  f l u i d s  w i l l  i n t e r a c t  w i t h  geothermal 
reservoirs.  A t ranspor t  a lgor i thm f o r  f rac tu res  
was developed and a simple s ing le  f r a c t u r e  code 
wr i t ten .  The algor i thm was v e r i f i e d  against  
ana ly t i ca l  so lu t ions  and va l ida ted  against  
labora tory  data. The FRACSL rese rvo i r  code 
c u r r e n t l y  uses t h i s  approach t o  t race r  
transport.  The f l ow  and t ranspor t  components o f  
FRACSL have been va l ida ted  using a 
two-dimensional labora tory  f r a c t u r e  network. A 
good match between the  labora tory  data and the  
FRACSL simulat ions was obtained using no 
empi r i ca l  parameters. 

The labora tory  and simulat ions studies 
conducted t o  date have d e a l t  with d i sc re te  
f rac tu res  i n  impermeable ma t r i x  materials. A 
laboratory model has been developed t o  a l low 
studies o f  dual-permeabil i ty f r a c t u r e  systems 
dur ing FY-86. 

INTRODUCTION 

The pr imary ob jec t i ve  o f  t he  INEL I n j e c t i o n  
Research Program i s  t o  develop a b e t t e r  
understanding o f  f l u i d  migra t ion  i n  f rac tu red  
geothermal systems dur ing  i n jec t i on .  This 
Understanding w i l l  be used t o  improve f i e l d  
t e s t i n g  and data i n t e r p r e t a t i o n  procedures and 
w i l l  provide -a basis f o r  op t im iz ing  geothermal 
i n j e c t i o n  and w e l l f i e l d  management strategies.  

The INEL I n j e c t i o n  Program combines 
labora tory  experimentation, computer s imu la t ion  
and f i e l d  t r a c e r  t e s t i n g  i n  the  study o f  i n jec ted  
f l u i d  migration. By r e l a t i n g  observable 
phenomena (pressure response, f l u i d  enthalpy, 
f l u i d  chemistry, t r a c e r  breakthrough) t o  
reservo i  P charac ter is t i cs ,  methods o f  
i n t e r p r e t i n g  data are re f i ned  and p red ic t i ve  
techniques are developed. Parametric studies are 

performed using numerical s imulat ion codes t o  
determine the  s e n s i t i v i t y  o f  measurable 
parameters t o  changes i n  rese rvo i r  condit ions. 
Codes are no t  on l y  v e r i f i e d  against  ana ly t i ca l  
solut ions, bu t  are va l ida ted  using data co l l ec ted  
from labora tory  models under con t ro l l ed  
condit ions. The labora tory  v a l i d a t i o n  step 
provides assurance t h a t  t he  codes deal wi th  the  
important t ranspor t  processes properly, a l low ing  
the  separation o f  uncer ta in ty  i n  code parameters 
from uncer ta in ty  i n  rese rvo i r  conf igurat ion.  

F i e l d  data provide the  u l t ima te  t e s t  o f  t he  
u t i  1 i t y  o f  newly developed data i n t e r p r e t a t i o n  
procedures. F i e l d  t e s t i n g  a l so  provides an 
opportuni ty f o r  i n t e r a c t i o n  between research and 
indus t r y  personnel, a l low ing  researchers t o  ge t  a 
b e t t e r  f e e l  f o r  i ndus t r y  concerns wh i le  i ndus t r y  
i s  exposed t o  the  l a t e s t  t e s t i n g  and ana ly t i ca l  
methods. 

There are fou r  components t o  the  INEL 
I n j e c t i o n  Research Program. These are: 

1) Fundamental Transport Processes 
2) Data In te rp re ta t i on  Tools 
3 F i e l d  Data Acqu is i t ion  
4 1 Demonstration and Technology Transfer 

The FY-85 research e f f o r t s  concentrated p r i m a r i l y  
on the  f i r s t  two components. 

THE FRACSL CODE 

The ob jec t i ve  o f  t he  data i n t e r p r e t a t i o n  
research i s  t o  develop t o o l s  t h a t  can be used t o  
i n t e r p r e t  pressure, temperature o r  t r a c e r  data 
obtained from t e s t i n g  geothermal reservoirs.  
Data i n t e r p r e t a t i o n  t o o l s  are based on e i t h e r  
ana ly t i ca l  so lu t ions  t o  an idea l i zed  rese rvo i r  
conf igurat fon (type-curve matching) o r  on 
d i s t r i b u t e d  parameter s imulat ion techniques. 
Because o f  t he  complexity o f  fractured, 
dual-permeabi 1 i t y  geothermal reservoirs,  t he  INEL 
program emphasized the  l a t t e r  approach. By 
adding the  c a p a b i l i t y  t o  match t r a c e r  response 
curves t o  the  a b i l i t y  t o  match pressure and 
temperature data, add i t i ona l  informat ion on 
rese rvo i r  condi t ions can be obtained. 

Because o f  the  complexity o f  f rac tu red  
geothermal reservoirs,  i t  i s  no t  considered 
poss jb le  t o  simulate the  e n t i r e  rese rvo i r  
de te rm in i s t i ca l l y .  There are too  many f rac tu res  
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to incorporate all explicitly into the simulation 
and there is too little information on the 
individual fractures. Therefore, statistical 
descriptions of the fracture system are first 
generated, and an equivalent continuum used to 
describe these fractures. Only the major 
fractures are explicitly simulated in the model. 
The continuum portion of the reservoir, however, 
can have considerable flow, and therefore this 
type of system cannot necessarily be simulated 
using a dual-porosity approach. A code is needed 
that can deal with flow through both the 
explicitly simulated fractures, and the complex 
fracture network that makes up the bulk of the 
reservoir. 

Accomplishments in this area include 
development of the FRACSL code as a tool to aid 
in the investigation of flow and transport in 
porous media, discrete fractures and 
dual-permeabi 1 i ty systems. The code has been 
coupled with a three-dimensional fracture flow 
code to provide expanded capabilities. The finer 
fracture structure and the rock itself are 
modeled as rectangular matrix cells of unit 
thickness. The larger fractures are represented 
as discrete elements superimposed on the edges 
and diagonals of the matrix cells. A single head 
distribution drives otherwise independent flows 
in the matrix and in the fractures.. Static or 
transient flow conditions may be simulated. 
Solute transport is simulated by moving imaginary 
marker particles in the velocity field 
established by the flow model. Advective, 
dispersive and diffusive effects are included, 

The FRACSL code has been validated against 
analytical solutions for flow and transport in 
porous media. Correlation of tracer testing 
conducted at the East Mesa geothermal field 
demonstrated the utility of the code. Results 
from the analysis of data collected at East Mesa 
quantified the dispersion characteristics of the 
aquifer, natural flow rate through the reservoir, 
and the ratio of maximum to minimum hydraulic 
conductivities. Analytical solutions for 
transport in fractures have been derived for 
special flow conditions and used to analyze data 
from field testing at the Raft River geothermal 
field. 

This is the goal of the INEL program. 

PHYSICAL MODEL VALIDATION 

Physical models provide a means for studying 
the dispersion phenomenon in fractures under 
control led conditions, where observation can help 
increase the understanding of the transport 
processes. They also provide a means of 
validating computer codes that simulate flow and 
transport in fracture networks and allow 
evaluation of field test procedures under known 
reservoir conditions. While the conditions 
represented by the physical models are not 
necessarily realistic, demonstrating that a 
simulation code can successfully match lab data 
provides assurance that the code can be applied 
to actual reservoir data. 

The validation of FRACSL against laboratory 
models has been a useful and revealing exercise. . 
Because the laboratory models could be explicitly 
defined, no empirical parameters could be used in 
the validation study, Thus, it was poisible to 
determine whether sufficient understanding of the 
processes that control flow and solute transport 
through fracture systems is incorporated into 
FRACSL to a1 low predictive applications. The 
simulations of the laboratory model with FRACSL 
have demonstrated that the code is very useful 
and versatile. 

The physical models tested include single 
fractures, single fracture junctions and discrete 
fracture networks. All models have been built of 
Plexiglas, which allows visual observation of 
tracer movement. Piezometers are instal led in 
fractures to measure pressure distributions. 
Platinum electrodes are embedded in upper and 
lower fracture walls to measure fluid 
resistivity. This permits very precise 
measurement of tracer concentration changes 
within the fractures without disturbing the flow 
field. 

Much of the physical modeling effort this 
year was oriented towards validating the particle 
tracking algorithm used in FRACSL, and developing 
a better understanding of transport processes in 
fractures. The former activity has shown that 
particle tracking has many advantages over 
numerical methods for simulating solute 
transport. The latter activity has provided 
important insight into how to design future 
testing of fracture systems. 

Experiments in single fractures and single 
fracture junctions demonstrated that both 
infinite para1 le1 plates and rectangular channels 
can be simulated. The ability to handle 
rectangular channels is necessary for simulating 
laboratory models, which are rectangular channels 
with finite aspect ratios. Computer simulations 
were quite successful in matching the laboratory 
results with no manipulation of parameters. 

particle tracking algorithm was also used 
to simulate infinite parallel plates under 
conditions where analytical solutions to the 
transport equation could be derived. The first 
case is for zero diffusion in the fracture, and 
transport based on a parabolic velocity profile 
(Figures 1 and 2). The second case is for 
diffusion homogenizing the tracer solution across 
the fracture (Figures 3 and 4). The particle 
tracking algorithm matched this broad range of 
flow conditions well. 

Laboratory tests using the discrete fracture 
network model have demonstrated the significance 
of density effects. When a fluid of equal 
density to the reservoir fluid is injected, 
transport of the injected tracer through the 
fracture network is parallel to the hydraulic 
flow pattern (Figure 5). Only minor (less than 
0.1%) differences in fluid density can result in 

The 
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+ subs tan t i a l l y  d i f f e r e n t  t r a c e r  t ranspor t  pa t te rns  

(Figure 6). - f igure 7 shows a comparison o f  the  
FRACSL-sipulated concentrat ion and measured 
t r a c e r  concentrat ions a t  a s ing le  p o i n t  in the  
f rac tu re  network. 

While t ranspor t  o f  solutes through f rac tu res  
i s  important, most f r a c t u r e  systems occur i n  
formations where the  rock has some permeab i l i t y  
and porosi ty.  Thjs ma t r i x  p o r o s i t y  w i l l  g r e a t l y  
a f f e c t  t he  t ranspor t  o f  solutes and heat t rans fer  
i n  a geothermal reservoir .  The general approach 
t o  so lv ing  dual p o r o s i t y  systems i s  t o  ignore 
f l ow  i n  t h e  mat r ix  blocks, and t o  t r e a t  heat and 
mass transfer between blocks and mat r ix  as a 
one-dimensional d i f f u s i o n  process. This approach 
i s  based on the  assumption t h a t  pressure 

across ma t r i x  blocks i n  a dual-porosi ty 7 rac tu re  network are t r i v i a l  compared t o  pressure 
gradients between blocks and fractures.  

This assumption may be t r u e  f o r  continuous 
f r a c t u r e  systems i n  low permeab i l i t y  ma t r i x  
materials, bu t  no t  f o r  systems w i t h  dead end 
fractures o r  i n  rocks w i t h  h igh  ma t r i x  
permeabi l i ty .  D i f f u s i o n  i s  n o t  t he  on ly  process 
f o r  t r a n s f e r r i n g  ma te r ia l  from f rac tu res  t o  
mat r ix  and v i ce  versa: advection can p lay  an 
important ro le .  

Prel iminary s imulat ions o f  t he  dual 
permeabi 1 i t y  model have been made w i t h  FRACSL. 
Figure 8 shows the  pred ic ted  pressure 
d i s t r i b u t i o n  w i t h i n  t h e  model under steady-state 
condit ions. The slope i n  the  pressure grad ien t  
i s  no t  uniform from i n l e t  t o  ou t l e t ,  bu t  shows 
some very steep d i scon t inu i t i es .  The very steep 
pressure grad ien t  between po in ts  C and D d r i ves  
solutes i n t o  the  mat r ix  between two dead end 
fractures. Figure 9 i s  a map view o f  t he  
f rac tu re  network, somewhat d is to r ted ,  and shows 
p o s i t i o n  o f  t he  t r a c e r  solut ion,  i n jec ted  as a 
f i v e  minute slug, a f t e r  60 minutes o f  moving 
through the  f r a c t u r e  network. Tracer has moved 
i n t o  the  mat r ix  i n  a number o f  locations. A f t e r  
longer times, t r a c e r  w i l l  connect t o  o ther  
f ractures,  and move o u t  o f  t he  mat r ix  i n t o  new 
fractures, and then back i n t o  the  connected 
f rac tu re  system. This model design provides a 
number o f  very r igorous  t e s t s  t o  assess the  
c a p a b i l i t i e s  o f  t he  dual-permeabil i ty s imu la t ion  
code. 

rad ien ts  

FY-86 RESEARCH ACTIVITIES 

The proposed FY-86 INEL I n j e c t i o n  Program 
w i l l  cont inue development o f  techniques t o  
evaluate and p r e d i c t  the  impact o f  i n j e c t i o n  on 
geothermal reservoirs.  Primary emphasis w i l l  be 
placed on dual-permeabi l i t y  phys ica l  model tests,  
f i n a l  v a l i d a t l o n  o f  t he  FRACSL code and 
cooperative i n j e c t i o n  t e s t s  wi th  industry.  

Fundamental Processes - Laboratory 
experiments w i l l  be conducted w i t h  dual 
permeabi 1 i t y  f r a c t u r e  networks t o  ob ta in  a b e t t e r  
understanding o f  physical,  geochemical and heat 
t ranspor t  processes i n  these systems. Add i t iona l  
inves t iga t ions  using t h e  f r a c t u r e  j unc t i on  model 
w i l l  evaluate t race r  mixing across streamlines. 

I n  a cooperative e f f o r t  w i t h  UURI, water/rock 
i n te rac t i ons  w i l l  be studied. K ine t i c  reac t i on  
equations w i l l  be in tegra ted  so t h a t  t r a c e r  
decay, mineral p r e c i p i t a t i o n  and i o n  exchange 
react ions can be simulated. 

Data I n t e r p r e t a t i o n  Tools - Heat t rans fe r  
c a p a b i l i t i e s  w i l l  be va l ida ted  f o r  t h e  dual 
permeab i l i t y  FRACSL code. The a b i l i t y  t o  deal 
w i t h  turbulence i n  f rac tu res  near wellbores w i l l  
be added and the  f i n a l  2-0 form o f  the  code w i l l  
be documented and published. I n  a support ing 
task, cur ren t  e f f o r t s  i n  the  hydrogeology 
community t o  r e l a t e  f rac tu re  networks and 
continuous hydrologic parameters w i l l  be 
evaluated. . A methodology t o  r e l a t e  s t a t i s t i c a l  
descr ip t ions  o f  f rac tu re  networks t o  hydologic 
parameters w i  11 be developed. 

F i e l d  Data Acqu is i t i on  - A key task i n  the  
FY-86 program e f f o r t  i s  cooperative i n j e c t i o n  
t e s t s  w i t h  indus t ry  t o  evaluate the  usefulness o f  
innovat ive  t e s t i n g  and data analysis methods i n  
geothermal f i e lds .  I n  a cont inuat ion  o f  a 
cur ren t  e f f o r t ,  a s i t e  o r  s i t e s  w i l l  be selected 
fo r  j o i n t  f i e l d  t e s t s  i n  cooperation with 
indus t r y  partners. Emphasis i s  placed on s i t e s  
c u r r e n t l y  undergoing commercial development so 
t h a t  long-term monitor ing and conf i rmat ion o f  
p red ic t ions  can be accomplished. 

1985 PROGRAM REPORTS 

Clemo, T.M., FRACSL Code Development and 
Cor re la t ion  o f  East Mesa Results, Proceedings, 
Tenth Workshop on Geothermal Reservoir 
Engineering, Stanford Universi ty,  SGP-TR-84, 
January, 1985. 

Hul l ,  L.C., Laboratory Va l ida t ion  o f  a 
Dual-Permeabi l i t y  Reservoir Code, Proceedings, 
Tenth Workshop on Geothermal Reservoir 
Engineering, Stanford Universi ty,  SGP-TR-84, 
January, 1985. 

Hul l ,  L.C., Physical Model Studies o f  Dispersion 
i n  Fracture Systems, EGG-ELS-6845, Apr i l ,  1985. 

Freiburger, R.M., L.C. H u l l  and T.M. Clemo, 
Hydrothermal I n j e c t i o n  Program - R a f t  River 
(KGRA) Idaho 1982 Test Data Index, EGG-PBS-6818, 
Apr i l ,  1985. 

Clemo, T.M. and J.D. M i l l e r ,  Fractured 
Media-Advanced Continuous Simulat ion Language 
(FRACSL) User's Guide, Ap r i l ,  1985. 

M i  1 le r ,  J. D., The FRACSL Junct ion Function, May, 
1985. 

Clemo, T.M., FRACSL Va l i da t i on  and Status Review, 
SE-PB-85-28, June, 1985. 

Hul l ,  L.C., FRACSL-Physical Model Va l i da t i on  
Studies, July, 1985. 

--- , I n j e c t i o n  Technology Program FY-1985 Annual 
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Fiqure 1. Map o f  t r a c e r  concentrat ion 
i n  a f rac tu re  where dispersion i s  
con t ro l l ed  by the  parabol ic v e l o c i t y  
p r o f i l e  (Pe = 0.0). 

Fiqure 3. Map o f  t r a c e r  concentrat ion 
i n  a f rac tu re  where transverse 
molecular d i f f u s i o n  dominates 
development o f  a parabol ic v e l o c i t y  
p r o f i l e  (Pe = 500). 
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Fiqure 2. Comparison o f  ana ly t i ca l  ( l i n e )  t o  numerical 
(po in ts )  so lu t ions  f o r  t r a c e r  breakthrough where 
dispersion i s  con t ro l l ed  by the  parabol ic v e l o c i t y  
p r o f i l e  (Pe = 0.0). 
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Fiqure 4. Comparison o f  a n a l y t i c a l  ( l i n e )  and numerical 
(po in ts )  so lu t ions  f o r  t r a c e r  breakthrough where 
transverse molecular d i f f u s i o n  dominates development 
o f  a parabol ic v e l o c i t y  p r o f i l e  (Pe = 500). 
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Fiqure 5. Simulated d i s t r i b u t i o n  o f  t racer  i n  the physical model 
a t  the end o f  ,the 94 minute i n j e c t i o n  peridd. Transfer o f  
t racer  through junct ions i s  based on stream tubes. 
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Fiqure 6. Simulated d i s t r i b u t i o n  o f  t racer  i n  the physical model 
a t  the end o f  the 94 minute i n j e c t i o n  period. Transfer o f  
t race r  through junct ions i s  based on d i f f u s i v e  mixing w i th  
a densi t yz indped  e f fec t i ve  d i f f us ion  c o e f f i c i e n t  o f  
4.5 x 10 cm /min. 
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Fi  ure 7 Comparison between FRACSL simulated concentration 
-*is) and laboratory model data ( l ine)  for  electrode 17. 

Fiaure 8. Steady-state pressure 
distribution in the dual- 
permeability laboratory model 
calculated us ing  the FRACSL code. 
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Fiqure 9. Positions of t racer  par t ic les ,  injected as a five- 
minute pulse, a f t e r  60 minutes of flow in the dual- 
permeability model. Predictions based on the FRACSL code. 
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ABSTRACT 
The program of the Lawrence Berkeley Laboratory in 

Brine Injection Technology is comprised of field and theoretical 
activities. Emphasis is given to the study of migration of 
injection fluids and compositional effects in the reservoir, and 
optimizing the heat extraction from geothermal systems. A 
joint injection test program with industry has also been ini- 
tiated. The results of the FY1985 effort and the proposed 
plans for FY1986 are described. 

INTRODUCTION 

The overall purpose of the Lawrence Berkeley Laboratory 
Brine Injection Project is to develop and demonstrate methods 
for predicting, monitoring and analyzing the short- and long- 
term response of geothermal reservoirs to fluid reinjection. 
The project addresses the main reservoir engineering issues in 
brine injection (Table l), which can be summarized by the fol- 
lowina three statements: (1) Dredict. control and monitor the 

Compositional Effects. We developed the capability of 
modeling heterogeneous reactions between solid phases and 
gaseous components under geothermal reservoir conditions 
which has been applied to study the origin of CO, in the Lar- 
derello field (Pruess e t  al., 1985). This effort complements our 
previous modeling work on H20/C02 mixtures for different 
phase compositions (O’Sullivan e t  al., 1985). 

The dissolution and precipitation of silica in nonisother- 
mal systems are being studied, including the corresponding 
changes in reservoir porosity and permeability (Lai et al., 
1985b; Verma and Pruess, 1985). Equilibrium as well as 
kinetic relationships for silica-water reactions have been 
developed and incorporated into existing LBL computer codes. 

Heat Eztraction Studies. This year we completed the 
modeling of Stanford’s heat extraction experiments using the 
method of “multiple interacting continua” (MINC; Pruess and 
Narasimhan, 1985). A chapter of a Lam et al. (1985) report, 
describing the LBL modeling code and involvement in the p r e  
ject, was contributed by K. Pruess- 

move;$ent of the injection’ ;lime, (2j maintain, and if possible 
increase, the injection capacity of the wells and (3) optimize 
the production-injection system to enhance the he& extraction 
from the reservoir and reduce thermal degradation of produc- To more accurately describe fractured geothermal reser- 
ing wells. voirs the MINC method was extended to include variations in 

fracture spacing. This will allow a more realistic modeling of 
SUMMARY OF MOST IMPORTANT F’Yl985 the heat transfer between irregularly shaped rock blocks and 
ACTIVITIES adjoining fractures. 

Modeling of sharp fronts. Numerical dispersion is seri- 
ous problem in modeling sharp (thermal or compositional) 
fronts associated with injection plumes. A second-order 
upwind/central difference method for convection-diffusion type 
of equations that greatly reduces numerical diffusion errors has 
been developed (Lai et  al., 1985). On Figure 1 a comparison 
between the sharpness of a modeled front using the conven- 
tional upwind-difference numerical scheme (graphs on the left) 
is compared, for different injected volumes, with that obtained 
with the new approach (graphs on the right). A much sharper 
front, that closely matches analytical results, is given by Lai et  
al.% method. 

Table 1. Main Issues In Brine Injection 

0 Prediction and monitoring of migration of injection 
fluids 

0 Maintaining well injectivities 

0 Analysis of heat extraction and compositiional effects 
in geothermal rese 

Development and improvement of mathematical tools 
to mcdel processes relevant to the migration of 
injected fluids in the reservoir 

0 

Analysis of Injection Test in Fractured Reservoirs. 
Models to analyze injection tests in geothermal systems have 
to consider nonisothermal effects and the fractured nature of 
the reservoir; otherwise wrong permeability-thickness products 
will be obtained. Cox and Bodvarsson (1985) studied pressure 
transients resulting from nonisothermal injection into horizon- 
tal and vertical fractures with variable rock matrix and frac- 
ture parameters (Figure 2). They show that the pressure is 
greatly controlled by the movement of the thermal front 
through the fractures, because of the temperaturedependent 
fluid properties. These effects are quite different than those 
derived for porous systems because of unlike thermal front 
advance rates. This s t u b  also describes differina Dressure 
data analysis procedures t h t  depend on the geomet;; (vertical 
versus horizontal) of the fractures and the properties of the 
injected and reservoir fluids. 

Evaluation of Composs’te Reservoir Systems. A new tech- 
nique was developed for evaluating well interference test data 
in radially symmetric composite reservoirs (Benson and Lai, 
1985). By analyzing variations in the apparent storage 
coefficient, both the mobility (k/p) and the size of the inner 
region can be calculated. The technique is particularly useful 
for evaluating heterogeneous systems where the intersection of 
several faults or  hydrothermal alteration has created a zone of 
high (or low) permeability region in the center of geothermal 
field. The method has been applied to characterize the 
Klamath Falls, Oregon, system (Figure 3). 
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Joint DOE-Zndustry Injection Tests. In collaboration 
with Magma Power Company and Dow Chemical USA, LBL 
began an injection monitoring program at the East Mesa 
KGRA. LBL is interpreting falloff test data being collected by 
the operators and is designing future joint injection and falloff 
tests. LBL is also evaluating wirelie log data to determine 
the stratigraphy and identify fracture zones that might inter- 
sect a deeper injection well (Well 847). 

PROPOSED PLANS FOR FY1986 
An outline of LBL’s FYl986 Brine Injection Program as 

proposed to DOE is given below. The final program will be 
determined based on discussions between DOE and LBL p r e  
gram managers. 

Subtask 1: Migration of Injection Fluids 

1A. Perform laboratory experiments to study dispersion 
of phase fronts. 

1B. Improve techniques for resolving chemical fronts. 

1C. Demonstrate a numerical method for explicitly 
tracking phase fronts. 

1D. Perform generic studies to find optimal injection 
well depths and locations. 

Subtask 2: Heat Extraction Efficiency 

2A. Continue development of the MINCmethod for 
reservoirs with arbitrary fracture distributions. 

2B. Develop methods for determining fracture porosities 

Subtssk 3: Compositional and Geomechanical Effects 

3A. Implement a more realistic description of brines into 
numerical codes (non-condensible gases, dissolved 
solids, chemical reactions). 

3B. Perform generic studies of compositional effects in 
injection (including rock-fluid interactions, mixing of 
waters of different composition). 

3C. Investigate and evaluate the occurrence of thermal 
stress cracking near injection wellbores. 

Subtask 4: Field Case Studies 

4A. Apply the h N C m e t h o d  to a “real” fractured 
porous media reservoir. 

4B. Design, implement and analyze injection tests in 
porous or fractured media reservoirs (subject to field 
access). 
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Figure 1. Comparison between results using the conventional first-order upwind 
difference scheme (left column graphs and the monotonized upwind/central 
difference scheme of Lai et al., 1985b 1 right column graphs). Fluid is injected 
in the lower left corner and extracted from the upper left corner of the sys- 
tem, lines represent isocons. 
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Figure 3. High-permeability region inferred in the Klamath Falls geothermal field based 
on the compositereservoir analysis of Benson and Lai (1985). 
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HEAT CYCLE RESEARCH EXPERIMENTAL PROGRAM, FY-1985 

Idaho National Engineering Laboratory 
EG&G Idaho, Inc. 

Idaho Falls, Idaho 83415 

ABSTRACT 

The Heat Cycle Research Program, which i s  
being conducted f o r  the Department o f  Energy, has 
as i t s  ob ject ive the development o f  the technology 
f o r  e f fec t i ng  improved u t i l i z a t i o n  o f  moderate 
temperature geothermal resources. Testing a t  the 
Heat Cycle Research F a c i l i t y  located a t  the DOE 
Geothermal Test Fac i l i t y ,  East Mesa, Ca l i f o rn ia  i s  
present ly being conducted t o  meet t h i s  objective. 
Current t es t i ng  involves a superc r i t i ca l  vaporiza- 
t i o n  and counterflow in-tube condensing system. 
The paper presents a b r i e f  descr ipt ion o f  the t e s t  
f a c i l i t y  and a discussion o f  the t e s t  program. 
Results o f  the experiments f o r  the supercr i t ica l  
heaters and the countercurrent, ver t ica l ,  in-tube 
condenser are given f o r  both pure and mixed- 
hydrocarbon working f lu ids.  The heater and 
condenser behavior predicted by the Heat Transfer 
Research I n s t i t u t e  computer codes used f o r  corre- 
l a t i o n  o f  the data was i n  excel lent  agreement wi th  
experimental results. Preliminary resu l t s  of 
t es ts  i n  which the turb ine expansion "passed 
through the two-phase region" d i d  not  ind icate 
ef f ic iency degradation assignable t o  
metastable expans ion  processes. 

INTRODUCTION 

The overa l l  object ive o f  the Heat Cycle 
Research Program, which i s  being conducted f o r  the 
Department o f  Energy, i s  t o  improve u t i l i z a t i o n  o f  
moderate temperature geothermal resources. Major 
concerns o f  t h i s  program are directed toward (1) 
advances $n binary cycle technology, (2) develop- 
ment o f  direct-contact heat exchanger technology 
for  use i n  appl icat ions w i th  resources having high 
corrosion or  scal ing potent ia l ,  and (3)  special 
studies including value analyses f o r  estimating 
economic advantages o f  p l a n t  improvement concepts 
and other energy conversion cycles. The t o t a l  
program i s  summarized i n  some d e t a i l  i n  Reference 
1. This paper updates resu l t s  o f  the task o f  
experimentally exploring the superc r i t i ca l  b inary 
cycle. The primary purpose o f  t h i s  task i s  t o  

the heating o f  pure and mixed- 
working f l u i d s  a t  superc r i t i ca l  

pressures, and the counterflow, in-tube, i n teg ra l  
condensing o f  those f l u i d s  i n  order t o  confirm the 
cycle performance gains predicted f o r  such 
systems. I n  addition, turb ine e f f i c i ency  i s  being 
determined f o r  both normal and supersaturated 
expansion processes. I n i t i a l  t e s t  resu l t s  were 
described i n  Reference 2, and presented a t  the 
t h i r d  DOE Geothermal Program Review i n  October, 
1985. 

This work i s  supported by the U. S. 
Department o f  Energy, Deputy Assistant Secretary 
f o r  Renewable Energ , Geothermal Division, under 
Contract No. DE-AC07-{6IDO1570. 

FACILITY DESCRIPTION I 

I 
1 The Heat Cycle Research F a c i l i t y  (HCRF) i s  

experimental b inary-cycle f a c i l i t y  used t o  
d i f f e r e n t  concepts andlor components 

e l e c t r i c a l  power from a geothermal 
resource. I n  the binary power cycle, the energy 
&om the geothermal f l u i d  i s  t ransferred t o  a 
decondary working f l u id ,  which i s  i n  t u r n  expanded 
Uhrough a turb ine d r i v i n g  an e l e c t r i c a l  generator. 
The f a c i l i t y ,  which was formerly located a t  the 
d a f t  River geothermal s i t e  i n  Idaho, i s  now 
located a t  the DOE Geothermal Test F a c i l i t y  (GTF) 
d t  East Mesa i n  the Imperial Valley o f  Southern 

A photograph o f  t h i s  i n s t a l l a t i o n  was 

The HCRF i n  i t s  current conf igurat ion i s  
hown schematically i n  Figure 1. I n  t h i s  con- 
i gu ra t i on  the f a c i l i t y  i s  operated as a super- 

c r i t i c a l  cycle: t h a t  is ,  the working f l u i d  vapor 
leaving the heaters i s  a t  a temperature and 
dressure higher than i t s  c r i t i c a l  point. As 
indicated i n  Figure 1, there are two superc r i t i ca l  
heat exchangers, a preheater and a vapor gener- 
ator. The energy from the geothermal f l u id ,  which 
4s flowing on the tube side o f  the units, i s  used 
$0 heat a hydrocarbon working f l u i d  f lowing on 
the she l l  side. (The geothermal f l u i d  i s  supplied 
f rom GTF Well 6-2, and enters the HCRF a t  a 
femperature between about 312 and 322OF.) The 
high-pressure working f l u i d  vapor leaving the 
superc r i t i ca l  heaters can e i the r  be expanded 
through a turb ine which dr ives an e l e c t r i c a l  

a l i f o rn ia .  
ncluded i n  Reference 1. 

I 

awwlmnal lluldout 
I o.Olh.rnl(luldln 

Y I1 a? 
Figure 1: Schematic o f  Heat Cycle Research Facility 
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generator (power loop operat ing mode) o r  be 
expanded through a tu rb ine  bypass valve (thermal 
loop operat ing mode). The low-pressure vapor 
leav ing  the  tu rb ine  o r  bypass valve i s  discharged 
t o  t h e  condenser where i t  i s  desuperheated and 
condensed. The l i q u i d  condensate i s  then pumped 
back t o  the  heaters, and t h e  cyc le  i s  repeated. 
I n  t h e  condenser, which i s  a counterf low in-tube 
condensing un i t ,  c u r r e n t l y  i n  a v e r t i c a l  or ien- 
ta t i on ,  t h e  heat re jec ted  i n  condensing the  
working f l u i d  vapor i s  t rans fer red  t o  coo l ing  
water on the  shel l -s ide o f  t he  unif;. The coo l ing  
water i s  suppl ied from t h e  GTF cool ing-water 
system which includes a conventional wet cross- 
f l ow  tower. 

A major emphasis o f  t h e  cur ren t  phase of 
t e s t i n g  i s  on t h e  performance o f  t he  s u p e r c r i t i c a l  
heaters and the  counterf low condenser with pure 
and mixed hydrocarbon working f l u ids .  The heaters 
are arranged i n  a h a i r p i n  conf igura t ion  with t h e  
preheater on the  bottom and va o r  generator on top  
( re fe r  t o  Figure 1). The geotFterma1 f l u i d  and the  
working f l u i d  have countercurrent f l ow  paths 
through the  heaters with the  working f l u i d  f l ow  on 
the  outside o f  the  tubes. The preheater tube 
length  i s  28.21 f e e t  (tubesheet face-to-face) w i t h  
an outside s h e l l  diameter o f  5.56 inches. It 
contains 27, 1/2-inch OD, 19 f ins/ inch, low-fin 
tubes made o f  admiral ty brass. The vapor gener- 
a t o r  contains 39 o f  t he  same type o f  tube w i t h  a 
29.21 ft length '(tubesheet face-to-face) and an 
outside s h e l l  diameter o f  6.63 inches. Both u n i t s  
were designed f o r  a temperature and pressure o f  
350OF and 800 psi .  

The condenser i n  i t s  present o r i e n t a t i o n  i s  a 
v e r t i c a l  u n i t  a lso  having countercurrent f l ow  
paths. The condensation occurs on the  i ns ide  o f  
1/2-inch OD, i n t e r n a l l y  f inned tubes made o f  90/10 

.cupro-nickel (Noranda fo rge  f i n  No. 6, w i t h  s i x  
s t r a i g h t  l ong i tud ina l  f i n s  i ns ide  each tube g i v i n g  
an i ns ide  t o  outside area r a t i o  o f  1.293). The 
vessel i s  18 inches i n  diameter and contains 419 
of the  tubes which have a length  o f  18.54 f t  
(tubesheet face-to-face). The design temperature 
fo r  t he  u n i t  i s  350OF w i t h  a tubeside design 
pressure o f  350 p s i  and s h e l l  s ide  design pressure 
of 175 psi.  The coo l ing  water enters the  s h e l l  
s ide  j u s t  above the  lower tubesheet and leaves the  
vessel j u s t  below the  upper tubesheet. The work- 
i n g  f l u i d  condensate c o l l e c t s  i n  the  lower po r t i on  
of t he  vessel (below the  lower tubesheet), which 
acts as a ho t  well .  

The s u p e r c r i t i c a l  heaters and the  condenser 
have intermediate s h e l l  s i de  temperature measure- 
ments, i n  add i t i on  t o  the  i n l e t  and o u t l e t  
measurements on the  s h e l l  and tube sides o f  each 
un i t ,  t o  provide a more de ta i l ed  u n i t  temperature 
p r o f i l e  f o r  comparing pred ic ted  and measured heat 
exchanger performance. The s h e l l  s ide o f  the  
s u p e r c r i t i c a l  heaters has f i v e  intermediate 
temperature sensors (two on the  preheater, two on 
the  vaporizer, and one between heaters). The 
s h e l l  s ide  (coo l ing  water) o f  the  condenser has 
n ine  intermediate temperature sensors i n  add i t i on  
t o  the  i n l e t  and o u t l e t  measurements. 

and b u i l t  by Barber-Nichols Engineering, and 
consists of an ax ia l - f low impulse tu rb ine  d r i v i n g  + 

an induc t ion  motor/generater thrortgh a 6.135: 1 
speed-reduct!on gearbox; t h e  working-f lu id boost 
pump i s  d r i ven  from. the  generator d r i v e  shaft. 
The generator 's ra ted  speed i s  3600 rpm, and t h e  
ra ted  power o f  t h e  assembly i s  about 75 KW. For 
the  present nozzle area and tu rb ine  i n l e t  s t a t e  
points, t he  tu rb ine  power produced i s  on the  order 
o f  40 KW. 

EXPERIMENTAL APPROACH 

The emphasis dur ing  the  cur ren t  phase o f  
t e s t i n g  has been t o  i nves t i ga te  the  performance o f  
t he  s u p e r c r i t i c a l  heaters and t h e  counterf low, 
in te rna l l y - f inned condenser, p a r t i c u l a r l y  when 
mixed-hydrocarbon working f l u i d s  are used. F i r s t ,  
basel ine performance data i s  establ ished w i t h  a 
s ing le  component working f l u i d .  Then mixtures are  
tes ted  i n  which the  pr imary component i s  t h e  f l u i d  
used i n  the  basel ine t e s t s  w i t h  increasing amounts 
o f  a secondary f l u i d .  Two fam i l i es  o f  working 
f l u i d s  were tested: t h e  isobutane/hexane fami ly 
and the  propane/isopentane fam i l y  ( the  r imary  
cons t i tuent  given f i r s t  f o r  each family!. The 
order o f  t e s t i n g  f o r  each fam i l y  i s  s i n g l e  
component (primary const i tuent) ,  95%/5%, and 
9O%/lO%. For each f l u i d ,  i.e., 95% isobutane/5% 
hexane, data were taken a t  f o u r  d i f f e r e n t  heater 
pressures, two o f  which are above the  c r i t i c a l  
pressure, one j u s t  below t h e  c r i t i c a l  pressure, 
and the  l a s t  enough below the  c r i t i c a l  pressure t o  
assure the  heater i s  ac t i ng  as a bo i l e r .  A t  each 
pressure, t he  f l ow  ra tes  o f  t he  working f l u i d ,  
geothermal f l u i d ,  and coo l ing  water were var ied  so 
t h a t  the  heat loads, superheat levels,  and temper- 
a tu re  d i f fe rences  across the  heat exchangers were 
varied. A t  each t e s t  condit ion, t he  composition 
o f  t he  working f l u i d  was v e r i f i e d  using a gas 
chromatograph analysis . 

I n  operat ing the  f a c i l i t y ,  genera l l y  t he  
heater o u t l e t  vapor condi t ions are s e t  along w i t h  
the  f l ow  r a t e  o f  t he  coo l ing  water and e i t h e r  the  
working f l u i d  o r  t h e  geothermal f l u i d .  The heater 
pressure i s  con t ro l l ed  whenever the  tu rb ine  i s  no t  
operating. The geothermal f l u i d  f l ow  r a t e  o r  t he  
working f l u i d  f l ow  r a t e  i s  var ied  t o  provide the  
desired heater o u t l e t  vapor temperature. I f  a 
p a r t i c u l a r  condenser i n l e t  vapor cond i t ion  i s  
desired, t he  heater o u t l e t  temperature i s  var ied  
u n t i l  the  desired cond i t i on  i s  obtained. In  
general, expansion through the  "dome" o r  two-phase 
region i s  no t  done e i t h e r  w i t h  the  t u r b i n e  
operat ing ( i s e n t r o p i c a l l y )  o r  i n  the  thermal loop 
mode ( i sen tha lp i ca l  l y )  unless necessary t o  provide 
s p e c i f i c  condenser i n l e t  condit ions. However, 
several special  t e s t s  were conducted i n  which the  
tu rb ine  i n l e t  s t a t e  was selected such t h a t  t he  
expansion process passes through the  two-phase 
region i n  order t o  i nves t i ga te  the  e f f e c t  o f  
supersaturated expansion processes on tu rb ine  
e f f i c i ency .  To date, because o f  mechanical 
problems w i t h  the  tu rb ine  assembly, i nc lud ing  
lube-oi l  pump f a i l u r e s  and gear-box d i s to r t i on ,  
on l y  a f r a c t i o n  o f  t he  planned tu rb ine  t e s t s  have 
been completed. 

The turbine-generator assembly was designed 
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METHOD OF ANALYSIS 

Heat Exchangers - The analysis o f  the heat 
exchanger data from these experiments had a two- 
f o l d  purpose. F i rs t ,  data was obtained and 
ver i f ied f o r  the phenomena o f  superc r i t i ca l  
heating i n  a f inned tube heat exchanger and the 
condensation o f  hydrocarbon mixtures ins ide finned 
tubes. Second, t h i s  data was used t o  determine 
how wel l  a heater o r  condenser s im i la r  t o  those 
tested could be designed using standard tech- 
niques. To achieve these purposes, i t  was decided 
t o  use the computer codes developed by the Heat 
Transfer Research I n s t i t u t e  (HTRI) t o  r a t e  the 
exchangers, because these codes are commonly used 
f o r  heat exchanger design, and a d i r e c t  comparison 
between experiment and ca lcu lat ion w i l l  g ive a 
measure of how wel l  the codes serve as design 
too l s  for  t h i s  application. 

Great accuracy i n  the thermodynamic and 
transport  propert ies i s  needed because the 
temperatures o f  working f l u i d  and geof lu id  
approach each other dur ing heating t o  w i th in  less 
t h a t  5OF and even closer i n  the condenser. 
Standard references such as S ta r l i ng  (Reference 3) 
f o r  thermodynamic propert ies o f  isobutane appeared 
t o  show some inaccuracy i n  data near t h e  c r i t i c a l  
point. 
a t  the U. S. National Bureau o f  Standards (NBSy 
(Reference 4) was used which calculates thermo- 
dynamic and transport  pro e r t i e s  f o r  pure f l u i d s  
and mixtures using an 'Extended Corresponding 
States Theory" (Computer Code EXCST). The resu l t s  
obtained using Ely 's  propert ies gave more consis- 
t e n t  energy balances than other codes avai lable t o  
us for  ca lcu lat ion o f  propert ies o f  mixtures. 

For the heaters the HTRI computer code ST-4 
MOD 5.4, the shell-and-tube code w i th  no phase 
change, was used. Previous invest igators have 
indicated t h a t  a single-phase heat-transfer 
co r re la t i on  i s  adequate t o  describe supercri t i c a l  
heating i f  var iab le f l u i d  propert ies are taken 
i n t o  account (Reference 5). Unfortunately, t h i s  
code uses average propert ies f o r  a given exchanger 
and 1 inear temperature prof i les.  A t  pressures 
s l i g h t l y  above the c r i t i c a l  pressure, the thermo- 
dynamic and transport  propert ies change qu i te  
r a p i d l y  w i th  temperature. Very non-1 inear 
temperature d i s t r i bu t i ons  r e s u l t  w i th in  each heat 
exchanger along w i th  large var ia t ions i n  the 
t ransport  properties. I n  order t o  account f o r  
these variations, the heater was div ided i n t o  s i x  
separate increments and the vaporizer i n t o  nine. 
The computer code assumes t h a t  each o f  these 
increments i s  an ind iv idual  exchanger and applies , 
end correct ions t o  each increment. These end cor- 
rect ions were removed i n  a separate calculation. 
The clean overa l l  heat t ransfer  coe f f i c i en ts  and 
temperature di f ferences ,were determined, and 
fou l i ng  values consistent w i th  the measured 
temperatures for  each increment (three i n  each 
exchanger) were calculated. 

' The condenser resu l t s  were analyzed using 
CST-1 MOD 2.0 ( the HTRI condenser code). The 

, thermodynamic propert ies (from the EXCST code) 
used i n  the analysis assumed completely mixed 
phases dur ing the condensation ( in tegra l  conden- 
sation). Because pressure measurements were not 

* 

A new computer code developed by J. F. E l  

accurate enough t o  p red ic t  the behavior f o r  the 
close approach temperatures encountered during the 
tes t i ng  phase', the working f l u i d  e x i t  temperature 
was used as a reference. The analyses assumed 
t h a t  the f l u i d  was saturated but  completely con- 
densed, and resu l t s  were correlated i n  terms of 
the predicted condensing temperature minus the 
actual o u t l e t  temperature. However, i t  i s  
recognized t h a t  i n  a c t u a l i t y  the bubble-point 
temperature was somewhat higher (1OF) than the 
measured o u t l e t  (hot we1 1) temperature because o f  
apparent subcooling, due i n  p a r t  t o  nonconden- 
s ib les i n  the hot .well i n  addi t ion t o  possible 
uncertaint ies i n  the thermodynamic properties. 

Turbine - Turbine isent rop ic  e f f i c i enc ies  
were T G K i n e d  i n  two ways. F i rs t ,  the actual 
enthalpy change o f  the working f l u i d  from the 
turb ine i n l e t  t o  discharge was evaluated f r o m  
i n l e t  and exhaust working-f7uid state-point 
measurements, using the NBS thermodynamic 
properties. The actual enthalpy change was then 
div ided by the isent rop ic  change i n  enthalpy o f  
the working f l u i d  expanding from the turb ine i n l e t  
s ta te  t o  the turb ine exhaust pressure. Again, NBS 
propert ies were used. The second approach was t o  
s t a r t  w i th  the wattmeter reading from the gener- 
a tor  output (corrected f o r  gearbox losses, gener- 
a to r  e f f ic iency and working f l u i d  boost pump power 
consumption as provided by the manufacturer) t o  
obtain turb ine shaft power. The actual working- 
f l u i d  enthalpy change was then calculated from the 
turbine shaf t  power div ided by the working f l u i d  
f low rate. The isent rop ic  enthalpy change and 
turbine e f f i c i ency  were then calculated as f o r  the 
f i r s t  approach. 

As discussed i n  some d e t a i l  i n  Reference 6, 
turb ine e f f i c i ency  calculated by the f i r s t  
approach resu l t s  i n  considerable scat ter  because 
o f  the high s e n s i t i v i t y  o f  anthalpy t o  small 
er rors  i n  temperature and pressure measurements 
and/or thermodynamic properties. t h i s  s e n s i t i v i t y  
i s  amplif ied i n  the present tests,particu!larly 
those i n  which the turbine expansions pass 
through the two-phase region," because o f  the 
close proximity o f  the turb ine i n l e t  s ta te  t o  the 
c - r i t i c a l  p o i n t  and the large magnitudes o f  
speci f ic  heat and uncertaint ies o f  propert ies i n  
t h a t  region. Trends shown by the e f f i c i enc ies  
based on wattmeter readings are considered t o  be 
more re l iab le.  Both approaches f o r  ca lcu lat ing 
e f f i c i ency  are being used i n  the presentation and 
in te rp re ta t i on  o f  experimental results. 

R ESU LIS 

The heater data was analyzed f o r  a t  l eas t  6 
runs f o r  each working f l u i d  and the condenser f o r  
a t  l eas t  L 10. The working f l u i d s  f o r  which data 
are analyzed a t  t h i s  time are: isobutane, 
propane, 95/52 propane-i sopentane mixture and 
90/10% propane-i sopentane. For the heaters, t es ts  
a t  the nominal pressure ( s l i g h t l y  superc r i t i ca l  
for  optimum thermodynamic performance) w i th  100. 
75 and 50X o f  nominal working f l u i d  f low were 
analyzed along w i th  one run a t  a higher pressure 
and one a t  a lower ( subc r i t i ca l )  pressure. The 
system operated wel l  a t  s l i g h t l y  subc r i t i ca l  
pressures, but there was an ind icat ion from energy 
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balances t h a t  a l l  o f  t he  l i q u i d  may no t  have been 
vaporized. Although the  computer code was no t  se t  
up t o  handle b o i l i n g  heat t rans fer ,  spec i f i ca l l y ,  
some b o i l i n g  t e s t s  were analyzed. These r e s u l t s  
are no t  presented i n  d e t a i l  because the  primary 
purpose o f  t h e  t e s t i n g  was t o  determine heater 
performance a t  s u p e r c r i t i c a l  pressure. The 
condenser t e s t s  analyzed a t  t h i s  t ime inc lude the  
nominal working f l u i d  flow, w i t h  coo l ing  water 
f lows o f  125, 100, and 75% o f  nominal and several 
t e s t s  which var ied  the  superheat en ter ing  the  
condenser from i t s  nominal value. 

Heaters - Agreement between the  ca lcu la ted  
temperature d i s t r i b u t i o n  i n  the  heater-vaporizer 
heat exchangers and measured was q u i t e  good. 
Figure 2 shows t h i s  comparison f o r  a working f l u i d  
containing 10% (by mass) isopentane and 90% 
propane. Flow and temperature condi t ions are 
c lose  t o  the  design values and the  pressure i s  
uniform i n  each heat exchanger. The agreement o f  
t h i s  curve w i t h  the  exper imental ly measured 
temperatures i s  . t y p i c a l  o f  the  s u p e r c r i t i c a l  and 
b o i l i n g  runs w i t h  each working f l u i d .  Measured 
temperatures are w i t h i n  a few degrees F o f  t he  
ca lcu la ted  values f o r  a l l  cases. 

I ‘ I  t I 320 

280 I- I / i 

I ‘  I t 1 
200 400 600 

Area measured from cold m d  (sq ft) 

Figure 2: Heating 90-10% Propane-Isopentane 
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Figure 3 shows the  ca lcu la ted  f o u l i n g  res is -  
tances referred t o  t h e  i ns ide  area (geothermal- 
side), where i t  i s  expected t h a t  the  major po r t i on  
o f  the  f o u l i n g  w i l l  occur. The r e s u l t s  are shown 
f o r  each heat exchanger separately, and p l o t t e d  
w i t h  t ime o f  operat ion o f  t h e  f a c i l i t y .  The t ime 
a t  which each f l u i d  was tes ted  i s  noted across the  
t o p  o f  t he  curve, progressing from isobutane t o  
propane and then t o  95/5% and 90/10% mixtures o f  
propane and isopentane. The b o i l i n g  t e s t s  
( s l i g h t l y  s u b c r i t i c a l  working f l u i d  pressures) 
and those po in ts  w i t h  energy balances i n  e r r o r  
g rea ter  than 7% were omit ted from the  p lo t .  The 
preheater i s  shown w i t h  squares and the  vapor 
generator w i t h  t r iang les .  The s o l i d  l i n e  i s  a 
least-squares fit o f  a quadrat ic curve f o r  a l l  o f  
t h e  data except f o r  t he  b o i l i n g  t e s t s  and those 
t e s t s  whose energy balance was ou t  by more than 
7%. An a l te rna te  i n t e r p r e t a t i o n  o f  t he  data i s  
shown w i t h  t h e  dashed l ine .  This i n t e r p r e t a t i o n  
assumes t h a t  t he  f o u l i n g  has leve led  o f f  and i s  
r e l a t i v e l y  constant f o r  a l l  o f  the  propane and 
propane mix tu re  tests. More data i s  needed t o  
es tab l i sh  which behavior i s  a c t u a l l y  being 

observed. 

The f a c t  t h a t  t he  ca lcu la ted  f o u l i n g  f a c t o r  
i s  negative a t  e a r l y  t imes i n  the  t e s t  ‘series i s  
an i n d i c a t i o n  t h a t  t h e  computer code was s l i g h t l y  
under-predict ing the  heat t r a n s f e r  c o e f f i c i e n t  i n  
the  c lean conf igurat ion.  The clean o v e r a l l  heat 
t r a n s f e r  c o e f f i c i e n t  f o r  these f l u i d s  a t  nominal 
condi t ions i s  between 100 and 140 Btu/hr ft20F. 
This means t h a t  t he  code i s  under-predict ing the  
heat t r a n s f e r  by 12 t o  18% a t  the  c lean cond i t ion  
if the s o l i d  curve i s  co r rec t  and 16 t o  24% i f  the  
dashed curve i s  correct .  This imp l ies  a conserva- 
t i sm w i t h  respect t o  design, i n  t h a t  i f  the  code 
i s  used f o r  design, t h e  ac tua l  area needed w i l l  be 
about 12 t o  24% less  than the  area ca lcu la ted  by 
the  code. 

I I I I 
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Figure 3: Fouling i n  G e o t h e m l  Heat Exchanger 

Condenser - The method o f  analysis was t o  
determi ne the  condensing temperature (bubble p o i n t  
temperature) necessary t o  g i ve  t h e  ac tua l  conden- 
ser area using the  computer code. Figure 4 shows 
the  d i f f e rence  between the  computer-calculated 
condensing temperature and the  measured condenser 
o u t l e t  temperature f o r  propane, t h e  propane-- 
isopentane mixtures and isobutane. The t ime scale 
on t h i s  f i g u r e  i s  t h e  same as f o r  t he  heater 
f o u l i n g  curve. Although the  temperature d i f f e r -  
ence i s  lowest f o r  t he  90/10% propane-isopentane 
tests,  there  i s  no r e a l  t rend  evident i n  t h i s  
data. The r e s u l t s  i n d i c a t e  t h a t  t he  d i f f e rence  
ranges between -0.2OF and l . loF  w i t h  one 
exception. No evidence o f  f o u l i n g  i s  shown o r  was 
expected t o  be apparent i n  t h e  condenser data. The 
ca l cu la t i ons  assumed a c lean heat exc anger. I f  
coo l ing  water f o u l i n g  o f  0.001 h r  f t  9 OF/Btu was 
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3 1.0 

0.5 
- 0  

- 0  n e  

t g  4.5 - na a 
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Figue 4: Correlat ion o f  Calculated Condensing Temperature 
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added,; the overall heat transfer coefficient would 
.) change approximately 2.5% well within the experi- 
mental scatter * of the data. These results would 
indicate+that if one designed a similar condenser 
using the HTRI code CST-1, the NBS thermophysical 
properties, and the assumption that the fluid left 
the condenser at the bubble point, the resulting 
condenser would produce a condensing temperature 
lower than the design value by 0.45 2 0.65OF. 
This is well within the uncertainty of the 
experimental measurements, and constitutes a 
slightly conservative design method. 

the shear-controlled region. from 124 to 103 in 
the transition region, and from 98 to 93 in the 
gravity-control led region. The average ove a1 1 
heat transfer coefficient is 92.8 Btulhr ft5OF. 
and the average mean temperature difference is 
7.4OF. Note that although the overall heat 
transfer coefficient is higher for the pure fluid 
by 14.32, the lower mean temperature difference 
more than compensated for it. 

160r I I I I 1 

1 50 c P J 
Figure 5 shows the temperature distribution Q 

in the condenser with a 90/10% propane-isopentane 140 - P 1 -  UJ 
mixture at the nominal conditions (the same test I 
as was shown for the heater). The circles 
indicate experimental measurements of the cooling 
water temperature. The curves are from the 
computer-code calculation. The largest difference 
between the measured and calculated values is 
approximately 2OF. The flow regimes predicted 

100- 
by the computer code are shown on the figure. In 
the desuperheating region the local vera11 heat ' 

In the 
shear-controlled region it varies from 90 to 87, - - 90 
while in the gravity-controlled regions, between 

80 87 and 81. The average overall heat transfer 

Worlringfluid . - transfer coefficient is 39 Btu/hr ft 9 OF. 

coefficient was 81.2 Btu/hr ft20F, and the ---Computer calculation \ - 
average mean temperature difference was 9.20$. A Experimental mrarunmeni 

150r 7 0 ~  i o  d o  140 Z;)O 250 I I I I \E I Dtstance from hot end (in.) ,- 
Figure 6: Condensing Pure Propane 

Figure 7 shows the effect of heat load on the 
approach of the condensing (bubble point) temper- 
ature to the inlet cooling water temperature. The 
curves. which are least-squares fits of the 
experimental data, show the three propane-family 
working fluids. Note that the more isopentane in 
the mixture, the closer the approach to the cool- 
ing water temperature. This is primarily because 
the temperature difference between fluids is much 
closer to a constant value throughout the heat 

Distance from hot end On.) 

Figure 5: Condensing 90-10% Propane-Isopentane 

,,,,, 

Figure 6 shows a similar curve for pure 
propane condensing. Note that the approach or 
pinch-point is much closer for the pure fluid than 

ixture. 1.5OF compared to 6OF, and 
uch lower mean temperature difference 
superheating and i ni t id1 condensing 

regions for the pure fluid. This gives rise to a 
much larger desuperheating region for the pure 
fluid as well as low heat fluxes in the shear- 
control led condensing region even though the local 
heat transfer coefficient is quite high in that 
region. The local overall eat transfer coeffi- 
cients are: 28 Btulhr ft90F in the de uper- 
heating region, from 188 to 128 Btulhr ftqoF in Figure 7: Condenser Approach Temperature 
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exchanger, and i n  the mean, larger  f o r  the 90/10% 
mixture. 

Turbine - A ser ies o f  s i x  turbine-expansion 
tes ts  w i th  isobutane working f l u i d  has been run 
w i th  a l l  t es ts  having essent ia l ly  the same turb ine 
i n l e t  and exhaust pressures. Two o f  the expan- 
sions remained i n  pure-vapor equi l ibr ium states 
throughout; during the other four  expansions the 
turbine i n l e t  entropy was reduced such t h a t  the 
isent rop ic  nozzle f low (outside o f  the boundary 
layer)  reached equi l ibr ium moisture conditions 
ranging from about 7 t o  22%. Figure 8 i s  a 
schematic temperature - entropy diagram, f o r  
isobutane showing the s i x  turb ine expansion 
processes. The v e r t i c a l  l i nes  through the s i x  
i n l e t  s ta te  points ( a t  560 psia) represent the 
nozzle expansions t o  the e x i t  pressure (60 psia). 
Since the turb ine i s  the impulse type, pressure i n  
the blading i s  approximately constant; the con- 
s tant  pressure l i n e s  connecting the lower end o f  
the v e r t i c a l  l i n e  and the lower end of the 
inc l ined l i n e  ( turbine exhaust state) f o r  each 
i n l e t  condition, represent the i r reve rs ib le  flows 
through the blading. 

140 i:l lo0 

0.11 em uo 0.84 0.88 
-mu*) 1- 

Figure 8: Supersaturated Expansion Conditions, Isobutane 

Turbine isent rop ic  e f f i c i ency  has been 
p lo t ted  as a funct ion o f  turb ine i n l e t  entropy i n  
Figure 9 f o r  these s i x  tests. Values o f  maximum 
equi l ibr ium moisture reached during each o f  the 
nozzle expansions can be estimated from the 
v e r t i c a l  l i n e s  shown as an aux i l i a ry  scale. 
Ef f ic iencies have been calculated, as described 
ear l ier ,  using the wattmeter reading (sol  id- fa i red 

Flgure 9 :  Turbine P e r f o m n c e  f o r  
Supersaturated Expansions, Isobutane 

tr iangles), and working-fluid s ta te- io in t  
measurements (dash-fai red c i rc les) .  . Uncertainties 
i n  calculated ef f ic iency,  and p a r t i c u l a r l y  i n  
trends o f  calculated ef f ic iency,  ark being 
estimated f o r  both ca lcu lat ional  approaches ( s o l i d  
and dashed curves) cohsidering both insrumentation 
accuracy and uncertainty i n  thermodynamic 
properties. Preliminary resu l t s  ind icate t h a t  
values of e f f i c i ency  predicted from state-point 
propert ies could show scat ter  as large as 2 5.6%; 
ef f ic ienc ies based on wattmeter readings should 
contain about 1/4 o f  t h a t  scat ter  (2 1.4%). 

Unknowns t h a t  can a f f e c t  the r e l a t i v e  l eve l s  
of the two e f f i c i ency  curves include the precise 
magnitudes o f  gear-box losses, pump power 
consumption, and generator e f f i c i ency  f o r  the 
sol id- fa i red curve. For the dash-faired curve, 
the f rac t i on  o f  turbine-bearing and windage losses 
t h a t  f i n d  t h e i r  way i n t o  the exhaust gas enthal y 
(as opposed t o  losses transferred t o  the lube oif. 
and from the turb ine housing t o  the atmosphere) 
are not prec ise ly  known. Because of these con- 
siderations, i n te rp re ta t i on  o f  the resu l t s  i s  
based on the trends shown by the two e f f i c i ency  
curves rather than t h e i r  r e l a t i v e  magnitudes. 
Another fac to r  which must be considered i n  the 
in terpretat ion o f  the dashed curve, i s  t h a t  the 
curve was calculated assuming no moisture i n  the 
turbine exhaust. Moisture present would reduce 
the calculated e f f i c i ency  below i t s  r e a l  value, 
and could r e s u l t  i n  a misleading trend on the 

I n  summary, it was found t h a t  turb ine 
isent rop ic  e f f i c i enc ies  under these t e s t  
conditions are very d i f f i c u l t  t o  evaluate from 
working-fluid state-point properties, and t h a t  
trends i n  e f f i c i ency  derived from the wattmeter 
readings const i tu te  the most r e l i a b l e  current 
measure of performance. Accordingly, i t  was 
concluded t h a t  the present resu l t s  do not  show 
turbine-efficiency degradation associated w i th  
expanding through the two phase region. Future 
two-dimensional nozzle tests, which are planned 
w i th  extensive wal l  pressure instrumentation and 
w i th  a LASER system t o  i l luminate condensate 
droplets formed, should provide a valuable 
supplement t o  these and other supersaturated- 
expansion turb ine tes ts  which w i l l  be conducted 
during the next several months. 

p lo t .  

CONCLUSIONS 

The fo l lowing conclusions are made as a 
r e s u l t  o f  the work t o  date w i th  the HCRF 
supercr i t ica l  cycle experiments: 

1. The use o f  the HTRI computer code ST-4 w i th  
the NBS propert ies to design a superc r i t i ca l  
heater (wi th  an incremental analysis) should 
g ive excel l e n t  resul ts.  These experiments 
ind icate an area approximately 15 t o  25% on 
the conservative side. 

2. Fouling on the geothermal s ide o f  the heater 
increased t o  a therFal res i s ta  ce l eve l  o f  

approximately 240 days o f  operation. A t  t h i s  
time i t  i s  not c lea r  whether i t  has reached 

approximately 0.001 h r  ft i oF/Btu i n  

. 
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r 
f an asymptotic value. 

1, 

3. Thg use o f  the HTRI computer code CST-1 w i th  
the NBS thermophysical propert ies and the 
assumption o f  no subcooling gives a design 
which w i l l  produce a condensing temperature 
w i th in  -1.20F t o  t0.2OF o f  the design 
condensing -temperature (bubble point). 

4. Even though the average heat t ransfer 
coeff ic ient  on the condensing side was lower, 
condensing o f  mixtures gave a c loser approach 
t o  the cool ing water i n l e t  temperature than 
d i d  pure f lu ids.  This r e s u l t  was i n  p a r t  due 
t o  the higher mean temperature di f ference 
during desuperheating and condensing f o r  the 
mixture. 

5. Preliminary supersaturated turb ine expansion 
tes ts  have not  shown degradation i n  turb ine 
e f f i c i ency  associated w i th  expanding through 
the two-phase region. 
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ABSTRACT 

When natural  gas o r  o i l  wel ls  produce a 
large amount o f  brine/water along w i th  the 
hydrocarbon, p rec ip i t a t i on  o f  calcium carbonate 
(scale) may be a problem. This i s  especial ly 
t rue  i n  the Texas-Louisiana 6u l f  Coast area 
where production i s  f requent ly from deep, hot, 
high-pressure wells. The general mechanism o f  
scale formation i s  understood, and various 
techniques are avai lable t o  contro l  it, e.g., 
chemical i nh ib i t o rs .  The scale-forming tendency 
may be calculated mathematically i f  the i n i t i a l  
and f i n a l  conditions are adequately known. A 
saturat ion index (SI) has been developed t o  
quant i fy  the scal ing tendency o f  any calcium 
carbonate brine. A semiquantitative 
understanding o f  the processes o f  scale 
formation a t  various S I  leve ls  has been 
developed by the authors v i a  both laboratory and 
f i e l d  observations. 
uncertainty associated w i t h  calculated S I  
values, a AS1 scheme was developed. 

run a t  the DOE Gladys McCall No. 1 geopressured 
w e l l  near Grand Chenier, Louisiana. Scale 
formation has been successfully cont ro l led i n  
the surface equipment by threshold scale 
i nh ib i t o rs .  When the saturat ion index increased 
t o  above about 1.2 t o  1.4, scale formed i n  the 
production tubing. This severely l i m i t e d  the 
feas ib le  sustained production rate. Therefore, 
an i n h i b i t o r  squeeze was designed and tested i D  
the laboratory and i n  the f i e l d .  The i n h i b i t o r  
squeeze treatment has been successful, a l lowing 
production t o  increase by about 100% without 
scale formation i n  the tubing o r  surface 
equipment. 

I n  order t o  el iminate the 

A series o f  tests ,  20 t o  30 days each, were 

INTRODUCTION 

When natural  gas o r  o i l  1s produce large 
volumes o f  brine/water along w i t h  the hydro- 
carbon, p rec ip i t a t i on  o f  calcium carbonate 
(scale) may be a problem. This i s  especial ly 
t r u e  i n  the Texas-Louisiana Gulf Coast area 
where production i s  f requent ly from deep, hot, 
h igh pressure wells. I n  these reservoirs the 
water phase i s  usual ly  saturated. w i th  respect t o  
carbonate calcium and dissolved carbon dioxide. 
When br ine i s  produced, the pressure and 
temperature are lowered, carbon dioxide comes 
out o f  solut ion,  and the s h i f t  I n  conditions 
causes calcium carbonate t o  p rec ip i t a te  
on t h e  ins ide surfaces o f  tubulars and 
processing equipment. Since the scale d 
productlon performance, i t  must be prevented or 
control led.  

The general mechanism o f  scale f0rmat.m i s  
understood, and various techniques are avai lable 
t o  contro l  it, e.g., chemical i n h i b i t o r s  (Tomson, 
1983). 
scale formation has been studied extensively, 
both i n  the laboratory and i n  the f i e l d .  For a 
review o f  t h i s  data see Tomson e t  a l .  (1984) and 
Hatty e t  a l .  (1985). The scale-forming tendency 
may be calculated mathematically i f  the i n i t i a l  
and f i n a l  conditions are adequately known. A 
saturat ion index (SI) has been developed t o  
quant i fy  the scal ing tendency o f  any calcium 
carbonate br ine (Oddo and Tomson, 1982). The 
value o f  the S I  f o r  a given br ine can be 
calculated eas i l y  from the resul ts  o f  a few 
simple tes ts  which can be run i n  the f i e l d .  A 
series o f  nomographs have been developed which 
provide a simple graphical means o f  ca lcu lat ing 
the saturat ion index (Hatty e t  al., 1985). 

The use o f  i n h i b i t o r s  i n  preventing 

A s imp l i f i ed  br ine analysis k i t  f o r  use by 
weJl operators has been developed (Hatty e t  al., 
1985). This k i t  contains tests  f o r  a l k a l i n i t y ,  
calcium, and chlor ide and i s  precise enough t o  
a l low the detection o f  the ea r l y  onset o f  scale 
formation. The k i t  and the nomographs provide a 
simple and accurate means o f  measuring br ine 
chemistry, determining the scal ing potent ia l ,  
and monitoring br ine changes which may ind icate 
scaling. 

SATURATED INDEX AND SCALE FORMATION 

It i s  generally assumed t h a t  there i s  some 
corre la t ion between high S I  values and pre- 
c i p i t a t i o n  rate, but  there has been only l i m i t e d  
success i n  attempting t o  establ ish a quantita- 
t i v e  relat ionship.  A semiquantitative under- 
standing of  the processes of scale formation a t  
various S I  l eve l s  has been developed by the 
authors v i a  both laboratory and f i e l d  
observations (see Tomson & a., 1985). I n  
order t o  el iminate the uncertainty associated 
w i th  calculated SI values, a AS1 scheme was 
developed. An advantage o f  t h i s  approach i s  
t h a t  systematic errors, whether from measurement 
o r  theory i n  the absolute SI values, are l i k e l y  
eliminated i n  the f i n a l  AS1 value. I n  order 
t o  compare scale phenomena from one we l l  t o  
another, AS1 values should be calculated 
r e l a t i v e  t o  downhole shut-in conditions a t  the 
beginning o f  production. 
i t  can be assumed t h a t  the br ine i s  a t  e q u i l i -  
brium w i th  respect t o  CaCOa. 

Figure 1 represents a semiquantitative 
i n te rp re ta t i on  of the processes which take place 
a t  various AS1 values and has been developed 
from both laboratory and f i e l d  observations. 

- 
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FIGURE 1 

Depiction of AS1 values and corresponding 
scale-related phenomena for CaCOs scale- 
forming brines. 

The only point which can be calculated 
theoretically is the equilibrium point at zero 
saturation index. Negative AS1 values 
typically result from addition of acid to the 
brine or from a drop in temperature, either of 
which will lower the brine pH. Typical pHs are 
from 4.2 to 4.9 and a drop of ASI by one unit 
via acid addition or T drop would result in it 
drop of pH by about one unit to 3.2 to 3.9. 
Generally, brines of this pH range are very 
corrosive. The 0.9 AS1 value, indicating no 
scale with certainty, is taken from the shut-in 
surface values of wells and numerous laboratory 
experiments using f low-through apparatus si mi lar 
to that described in Oddo, Sloan and Tomson 
(1982). Probably the most critical range of 
AS1 values is from 1.1 to 1.4 ASI, which is 
the range over which a transition is made from 
probably non-scaling to probably scaling, in the 
absence of inhibitors. This delineates the 
minimum surface pressure at which downhole scale 
will be avoided, which in turn may limit the 
production rate. The upper limits at which 
inhibitors are no longer effective are the most 
difficult to establish. The range of 2.3 to 2.5 
is taken from measurements made on brine at the 
top of the disposal well, after passing through 
a separator. Formation of pseudoscale (calcium- 
inhibitor salt) generally limits the amount of 
inhibitor used. However, results of 
mixed-inhibitor tests indicate that a blend of 
several different inhibitors may provide 
protection against scaling at higher AS1 
values while avoiding the problem of pseudo- 
scale formation (see Matty & a., 1985). 

Table 1 presents the overall brine 
chemistry of the Technadril-Fenix h Scisson DOE 

Table 1. Brine Chemistry of 6ladys kCa11 No. 1 Well 

Parameter 

4 

t 

Va 1 ue 

Alkalinity (as HCOa-) 
calcium 
Chloride 
COI gas (volume 'I) 
Hardness (as CaCOa) 
Iron 
pH (calculated) surface 

Pressure surface 

Silica (as SiOa) 
Specific Conductance 
TDS 
Temperature 

bottom hole 

bottom hole 

541 RJ/1 
4.130 apn 
57.900 wn 
1 z . o ~ )  apn 

35 .gn 
7.6 I 

4.68 
4.13 
5,920 psia 
12.910 psia 

13s w n  
126.360 @os/ca 
96.340 RJ/l 

298.F (148.C) 

Gladys McCall No. 1 well near Grand Chenier, 
Louisiana. A series of tests, 20 to 30 days 
each, were run at this well in order to 
establish a better correlation between 
production rate and scale formation. 
appear in Table 2. Previous results had shown 
that when the flow rate was 15,000 b/d or less, 
no scale formed in the 5.25 in. production 
tubing. Therefore, tests were planned at 15, 
20, and 25,000 b/d. The flow rate was 
maintained at the desired level by adjusting the 
choke about once per week. When the choke was 
opened slightly, the surface pressure generally 
dropped by 50 to 90 psi; however, these pressure 
changes were not used in the calculations of 
average daily change in surface pressure (Table 
2, Column 5). The average daily decline in 
reservoir pressure was obtained by measuring the 
surface pressure within a few minutes of 
shut-in or the first and last day of each test 
period. The measured reservoir decline rates 
were within expected error of the calculated 
values (Durrett, 1984). The difference between 
Columns 5 and 6 was assumed to correspond to the 
increase in frictional resistance due to scale 
formation in the production tubing. Scale 
f o m t i o n  was confirmed by caliper logs, then 
the scale was removed by acid treatment with 
inhibited 15% HC1. The changes in SI (Table 2, 
Column 8) were determined using the pressures in 
Column 4 and the SI nomographs. 
periods produced results similar to those 
reported in Table 2. 
Column 8, it is concluded that, for this well, 
the range in which scale is likely to form is 
between AS1 of 1.10 and 1.30. 

Results 

Other test 

From the AS1 values in 

Thus, although scale had been successfully 
controlled in the surface equipment by injection 
of scale inhibitors, production of gas from the 
Galdys McCall well was limited by the formation 
of scale downhole. Uethods of downhole 
treatment were then investigated as a solution 
to the problem. 

INHIBITOR SQUEEZE AT GLADYS HCCALL 

Inhibitor squeeze techniques have been used 
in the past for the control of scale and 
corrosion in low flow rate oil wells, but 
modification of existing technology has been 
necessary for application to high water/brine 
production geopressured gas wells. The Gladys 
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. T a b c  2. Suufnary of Production Data and 6 1  Values During Long Term Tests a t  Gladys IlcCall Mo. 1 U e l l  Perforpled 
t o  Es$bllsh a Correlation Between Brine Production Rate and Scale Fomatlon 

l 7  2 3 4 5 6 7 8 

A?g. Chg. i n  
Aange of Avg. Meas. Chg. Avg. surf. pressure 

No. Days Avg. Surface i n  Surface Reservlor due t o  scale Range of 
Study I n  Study Prod. pressure Pressure Decltne Formation AS1 a t  
Period Period (BID) (PSIA) (APSI/D) ( rPSI/D) ( APSI/O) Surface 

1.30-1 -25 June. July 32 20.219 3549-2743 15.3 7.8( 7 .E)* 7.5 

July, Aug 34 15,411 12384124 4.4 S.B(S.8) 0 1.10-1.12 

1984 

1984 

Aug. Sept 19 24.574 2718-2200 31.9 8 .1( 9.6) 23.2 1.50-1 -30 
1984 

q h e  values I n  paranthesls,uere calculated using a reservoir sirpulatlon model (Durrett. 1984). 

HcCall well posed an additional challenge due to 
the absence of calcite in the producing 
formation. 
mixture is injected into the formation, with the 
expected result of a long-lasting, slow 
dissolution/desorption of inhibitor in 
sufficient concentration in the produced fluid 
to inhibit the precipitation of scale both 
downhole and In the surface equipment. 

In general, an inhibitor "pill" 

Experiments were run in the laboratory 
using core samples from Gladys HcCall, 
simulating various inhibitor squeeze regimes. 
It was found that a calcium chloride overflush, 
which reacted in the formation with the 
inhibitor to produce calcium-inhibitor salt, was 
necessary for the squeeze treatment to be 
effective. This result is illustrated in Figure 
2. 
the pill could not be mixed with the formation 
brine, or precipitation would occur before the 
fluids reached the formation, preventing 
injection into the formation. The prototype 
regime optimized in the laboratory was then used 
to design a pill for field testing. 

Laboratory and field tests also showed that 

The pill which was used is outlined in 
Table 3. The synthetjc brines used as spacers 
were prepared according to stringent specif i- 
cations. This was necessary to prevent 
premature precipitation of calcium-inhibitor 

. fable 3. Inhibitor Pill. Qladys RcCall No. 1. 
June, 1985 

Sol uti on Conposition Volune 
(brrelr) 

NaCl 15% 300 
Pill 6% Inhibitor 100 

I n  15% NaCl 
NaC1 15% 100 

nac1 1 5% 2w 
CaClr 10 PW 100 

"Only 20 barrels actually p w c d  into formation 

INHIBITOR SQUEEZE SIMULATION 
Gladys McCall No. 1 

1.4 

lnl.clmn-- Column Section 

FIGURE 2 

Results of laboratory squeeze simulation using 
core samples from the Galdys HcCall No. 1 well. 
This represents amount of inhibitor remaining in 
the rock following injection and a short 
flowback, as a function of depth in the column. 
The increased effectiveness of the proposed pill 
with a calcium chloride overflush is significant. 

salts and ferric hydroxides which thwarted 
previous inhibitor squeeze attempts. The pill 
was successfully injected, although only 20 
barrels of the final sodium chloride afterflush 
reached the formation due to pressure buildup. 

The treatment has been tonsidered 
successful. Following the initial 48-hour 
flowback period (at a rate of 2,400 b/d) the 
production rate was increased to 25,000 b/d. 
T h i s  rate was maintained for 25 days with no 
adverse effects. The flow rate was then 
increased to 31,000 b/d on July 24, 1985. This 
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production rate has been maintained since t h e n  
w i t h  no apparent scale formation, based on 
observations of surface coupons and the absence 
of f r ic t ional  pressure loss i n  the production 
t u b i n g .  

samples representing the first 4,800 barrels of 
f luid produced following the squeeze treatment. 
Representative results are shown i n  Figure 3. 
These data w i l l  be used i n  a numerical solution 
of f luid mixing i n  the formation, t o  refine the 
procedures used fo r  p i l l  injection. Inhibitor 
data ("4 and P values) indicate t h a t  about 
60% of t h e  i n h i b i t o r  was returned imnediately; 
this places a limit on the  potential l i f e  of the 
squeeze. 

Trace element analyses were performed on 75 

INHIFJITOR SOUEEZE TREATMENT 

TRACE ELEMENT ANALYSES 

4 PhpS 

; :; ;/ y\* 
10. : : ;& GLADYS McCALL NO. 1 . .  

J 

.-..O.ll...O.O..O...b..*.* :a..0..41 ..... [/...a - 

F I G U R E  3 

Trace element concentrations, inhibitor squeeze 
treatment, Gladys HcCall No. 1 well. N H 4  and 
P track i n h i b i t o r ;  > 60% returned by 1,000 
barrels out. Mg tracks percent of formation 
brine; dominates by 1,000 barrels out. Ca peak 
t races  CaClz overflush. K peak may indicate 
ion exchanbge fo r  Ca on clays i n  formation. 
traces NaCl spacers re la t ive t o  formation brine. 

Na 

The success of this inhibitor squeeze 
treatment i s  important because i t  i s  the f i r s t  
time i t  has been accomplished i n  a quartz sand 
formation containing no calci te .  
significant due t o  the very h igh  ra te  of water 
production. 

I t  i s  a lso 
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1 . OVERVIEW GEOPRESSURE PROGRAM ' 

T Hank Coffer and Jack Ramsthaler 

Idaho Ma t i ona l  Engineering Laboratory 
Idaho Fal ls ,  Idaho 

ABSTRACT 

The Department o f  Energy -has been studying 
geopressured-geothermal aqui fers t o  evaluate the 
s ize o f  the resource and the p o s s i b i l i t i e s  o f  
u t i l  i z i n g  the chemical, thermal, and hydraulic 
energies contained i n  the brine. The work t o  
date has shown t h a t  the potent ia l  resource i s  
l a rge  (hundreds t o  thousands o f  quads o f  energy) 
and t h a t  i t  can be produced a t  sustained rates 
o f  over 30,000 barre ls  per day. Reservoir 
behavior i s  no t  f u l l y  understood since the l a rge  
reservoirs appear t o  increase i n  s ize w i th  
increased production. 

, The next phase o f  the study w i l l  be long 
term tests  t h a t  should give a be t te r  
understanding o f  reservo i r  behavior. Future 
tests  w i l l  a lso include a j o i n t  experiment w i th  
EPRI  t o  combine the thermal energy o f  the hot  
br ine w i th  the chemical energy o f  the methane t o  
maximize the amount o f  e l e c t r i c i t y  which can be 
produced. 

INTRODUCTION 

Geopressured aqui fers are underground 
reservoirs o f  hot, pressurized waters t h a t  
contain methane i n  solution. Such 
geopressured-geothermal reservoirs are known t o  
occur along the Gulf o f  Mexico Coast, the 
Pac i f i c  west Coast, i n  Appalachia, and i n  deep 
sedimentary basins elsewhere i n  the United 
States. The Department o f  Energy has been 
studying the technical problems associated w i th  
finding, evaluating and using these energy 
resources since 1975. 

The i n i t i a l  t a rge t  f o r  t he  Department o f  
Energy's Geopressured-Geothermal Program has 
been the  methane i n  so lut ion from resource areas 
i n  the onshore coastal areas o f  Texas and 
Louisiana. 

These coastal areas were selected because 
o f  t he  high pressures and temperatures 
encountered i n  normal o i l  and gas d r i l l i n g  which 
indicated t h a t  s i m i l a r l y  1 ocated aqui fers would 
a1 so have high pressures and temperatures. 
Thus the methane content o f  the aqui fers should 
be higher ,and the w e l l s  should be r e l a t i v e l y  
easy t o  produce due to the excessive pressure. 

The geopressured-geothermal development 
wel l  s i t e s  were chosen because o f  the 
reservoirs '  l a rge  sizes and potent ia l  ease o f  
energy recovery r e l a t i v e  t o  the  contained 
thermal and hydraul ic energy, p lus the l a rge  
data base avai lable from o i l  and gas explorat ion 
i n  t h i s  area. Subsequent e f f o r t s  w i l l  be 

directed toward the technology needed t o  u t i l i z e  
the  thermal and hydraul ic energy i n  the 
geopressured resources._l 

The geopressured program has , operated 
successfully since i t s  incept ion under the  
d i rec t i on  o f  the Nevada Operations Of f ice o f  the 
Department o f  Energy. During t h i s  per iod the 
resource s ize has been evaluated and basic 
research has been conducted on the problems 
associated w i th  f lowing wel ls  and ext ract ing 
energy from the resource. The remaining work 
planned f o r  the program w i l l  be d i rected by the 
Idaho Operations Of f ice o f  the Department o f  
Energy. 

SUMMARY OF PREVIOUS WORK 

The Department o f  Energy has been studying 
geopressured aqui fers t o  evaluate the  technical 
problems associated wi th  finding, assessing, and 
u t i l i z i n g  these resources. Speci f ic  goals o f  t h e  
program have been t o  def ine the physical and 
chemical propert ies o f  t he  geopressured-geo- 
thermal resource, and t o  establ i s h  the technical 
f e a s i b i l i t y  o f  ext ract ing and u t i l  i z i n g  the  
chemical, thermal, and hydraulic energies 
contained i n  geopressured brines. The work t o  
date has provided the fol lowing resul ts:  

0 The geopressured-geothermal resource base 
contains tens o f  thousands o f  quads o f  
chemical and thermal energy- i n  place. 

O The geopressured-geothermal b r i ne  i n  
general i s  saturated w i th  methane 

0 The b r ine  can be produced a t  ra tes i n  
excess o f  30,000 barrelslday. 

It i s  feas ib le  t o  separate the dfssolved- 
gas from the b r ine  by standard g rav i t y  
separation. 

0 Spent b r i ne  may be i n jec ted  i n t o  
shallower sa l ine aqui fers a t  ra tes 
comparable t o  produc 

O Brine may be r e a d i l y  re ln jected i n t o  the 
producing aqui fer  w i th  only a small 
increase i n  pressure. 

0 Permeabil ity o f  t he  reservo i r  rocks. t o  
b r i n e  i s  t y p i c a l l y  three t o  f i v e  times 
greater than t expected f o r  gas 
bearing sandstones 

0 Extensive b r ine  ervo i rs  e x i s t  i n  
conjunction with the expected small sized 
reservoirs normally found on structures 
i n  the course o f  o i l  and gas d r i l l i n g .  
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0 Conventional reservoir engineering 
techniques are n o t  adequate to assess 
the size of brine reservoirs or to 
predict the decline i n  reservoir 
pressure that occurs from flowing a 
well. Long term flow data indicate the 
reservoirs could be from two to ten 
times larger than init ial  predictions 
would indicate. 

0 No adverse environmental effects have 
been detected. 

FUTURE PROGRAM SUMMARY 

A five year program has been planned by the 
Department of Energy to  help resolve the 
technical issues which remain i n  conjunction 
w i t h  geopressured-geothermal energy uti1 ization. 
Priority tasks are as follows: 

0 Increase our basic understanding of the 
geopressured-geothermal reservoirs. 

- role of oi l  and gas i n  reservoir 
depletion 

- significance of rock compression and 
creep i n  reservoir performance 

- effect of shale dewatering on 
reservoir production 

- effect of brine leakage across faults 

0 Improve our abil i ty to predict reservoir 
size and flow capabilities from geology, 
well logs, and well t e s t  data. 

0 Verify that geopressured-geothermal 
wells can be depended on as a long term 
reliable source of energy for electric 
power or d i r e c t  heat applications. 

- rework Pleasant Bayou well and use a 
portion of the brine production to 
carry out the EPRI electric power 
generation test 

0 Assure that there are no adverse 
environmental effects from the long term 
use of geopressured-geothermal energy. 

. . 

FY-85 ACCOMPLISHMENTS 

Program Management 

The geopressured-geothermal program was 
transferred from the Nevada Operations Office of 
the Department of Energy to the Idaho Operations 
Office smoothly and efficiently. A l l  programs 
were continued w i t h  no major interruptions. A 
new operating contractor was selected to carry 
out the FY-86 program. The transfer of the 
geopressured-geothermal program is a model 
example of a DOE f ield office cooperative effort. 

Well Operations 

The Gladys McCal1 well has operated a t  94.5 
percent oh l ine time during FY-85. On August 10 
the ten millionth barrel of fluid was produced 
and, i f  production can be maintained a t  the 
current rate, the well will have produced over 14 
million barrels of brine by the end of 1985. 

The Gladys McCall well had been restricted 
to a flow rate of 15,000 barrels of brine per day 
t o  prevent deposition o f  CaCO3 scale. However, 
the squeezing of a phosphonate pil l  i n t o  the 
reservoir allowed brine production to be 
increased to over 30,000 B/D w i t h  no evidence of 
scale formation. Since the pil l  application, 
over 1-1/2 million barrels of brine have been 
produced. 

Bottom hole pressure tes ts  and pressure 
bui ldup measurements were again taken i n  the 
61 adys McCal 1 we1 1. These measurements , along 
w i t h  production data, indicated a reservoir of 
over two bil l  ion barrels compared t o  earlier 
reservoir engineering estimates of 500 million 
barrels i n  the #8 sand section. Heavy o i l  was 
detected i n  the brine production during the year 
and an automatic system was installed to collect 
the o i l .  Analysis of the oil shows i t  to be  
highly aromatic. 

The Pleasant Bayou and H u l i n  wells were id l e  
during the year. Both wells were monitored for 
pressure buildup above the mud, and some buildups 
were noted. Studies were completed on re tubing  
both wells and based on these studies 7 inch 
tubing has been programmed for the Pleasant Bayou 
well. The 7 inch tubing  is  planned for Pleasant 
Bayou so that the well can be produced a t  
maximum flow rates. 

1 
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Research Results 

Reservoir analyses are being conducted a t  
the University of Texas a t  Aus t in ,  UTA, and a t  
S-Cubed i n  San Diego. Both groups have 
devel oped model s of geopressured-geothermal 
reservoirs and are studying which of the 
potential drive mechanisms, ( i  .e., shale 
dewatering, a gas cap, fault  leakage, or rock 
creep) best explains the unexpectedly slow 
decline i n  reservoir pressure that has been 
measured. Studies a t  UTA, LLL, USWL, and LBL 
are i n  progress to analyze and explain the oil 
found i n  al l  geopressured reservoirs tested to 
date. Work i s  also i n  progress a t  UTA to 
develop an automated system for monitoring and 
interpreting mud salinity. A data bank of well 
log data has been computerized and made 
available to the public by UTA, which also has 
established a major computerized bib1 iography of 
geopressured-geothermal technical 1 i terature, 
including abstracts. 

A t  LSU environmental monitoring around 
geopressured t e s t  wells has shown that, to .date, 
the production and disposal of geopressured 
f luids  has not resulted i n  any adverse 
environmental effects. 

Texas Southern University provided 
assistance to Rice University i n  obtaining data 
to plan the successful scale i n h i b i t o r  "pil l" 
t e s t  a t  Gladys McCal1. The USGS has continued 
to store geopressured data a t  their data center 
i n  Mississippi. 

FY-86 PRIORITIES 

The following s m a r i z e s  priority tasks for 

1. Maintain al l  wells i n  a safe 
condition, rework the Pleasant Bayou 
well for high flow rates. 

2. Continue environmental-monitoring to  
assure no adverse consequences result 
from the geopressured well testing. 

3. Continue research on the basic 
understanding of geopressured 
reservdirs. 

4. Init iate installation of the EPRI 
electric power generator system a t  
the Pleasant Bayou s i te .  

FY-86: 

5. Continue long term t e s t i n g  of t h e  
Gladys McCall well. If the scaling 
protection afforded by the phosphonate 
p i l l  ends, carry out another p i l l  
squeeze to insure h igh  production 
rates without carbonate precipitation. 

6. Conduct other pressure drawdown and 
buildup t e s t s  on Gladys McCal1. These 
together w i t h  the production data 
should continue to give us a better 
f ix on the actual volme of brine i n  
contact w i t h  the well bore. 

7. Init iate H u l i n  well design analysis. 
This well was given to the DOE by 
Superior O i l  Co. when they depleted 
the gas sand a t  21,500'. The well 
was drilled through a 500 foot 
geopressured-geothermal reservoir 
which should be a t  approximately 350 
OF, 18,000 ps i ,  and should contain 
somewhere between 40-50 cubic feet  of 
methane per barrel of brine. 

8. Init iate work on advanced concepts for 
generation of electric power from 
geopressured resources. 

Conclusions 

Technology developed i n  geopressured- 
geothermal brine production i s  crit ical  to 
continued production from existing water drive 
gas reservoirs as they begin to produce water. 
Abandonment i s  largely due to  fear of brine 
disposal costs and environmental red tape. In 
addition the precipitation of calcium carbonate 
often becomes a major problem i n  gas-water 
co-production. The successful application of the 
phosphonate p i l l  t o  i n h i b i t  deposition o f  CaC03 
a t  Gladys McCall shows that such scaling problems 
can be handled i n  sandstone reservoirs even when 
high brine production rates are encountered. 

Mater and hydrocarbon production techno1 ogy 
i s  an across-the-board problem for a l l  fluid 
energy, resources. Geopressured-geothermal 
represents the l imi t ing  case for Geothermal and 
Petroleum extraction technology. Gepressured- 
geothermal research wells are unique i n  that  they 
represent experiments where key production 
parameters can be held constant. This  is 
exemplified by the discovery of aromatic 
condensate. T h i s  effect would be masked i n  a 
hydrocarbon productive well. Corrections to 
electric logs for brine salinity calculations 
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and rock p l a s t i c i t y  models would no t  be as 
apparent i n  conventional hydrocarbon we1 1 s. I f  
an operational problem can be solved i n  a 
geopressured-geothermal we1 1, i t  can be solved 
f o r  any well. 

Geopressured-geothermal resources are 
current ly  not  exploi ted as primary explorat ion 
objectives. With $2.00 t o  $2.50/MCF gas i t ' s  
hard t o  show a p r o f i t  even on deep expensive gas 
reservoirs. However, i f  dry holes o r  depleted 
we1 1 s have penetrated extensive aquifers, t h e i r  
production may be p r o f i t a b l e  on an incremental 
investment basi s . We1 1 s 1 i ke the Hul i n  prospect 
may be the key t o  br ing ing geopressured- 
geothermal development i n t o  c m o n  usage. Only 
when t h i s  technology has been developed can 
sound business decisions be made on whether t o  
b r i ng  i n  the geopressured-geothermal reservoir  

i as an addi t ional  source o f  income. 

r 

. 

1 
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AN OVERVIEW OF GEOPRESSUREO-GEOTHERMAL RESEARCH 

Myron H. Dorfman 
The Un ive rs i t y  o f  Texas a t  Aust in 

During the  past year s i g n i f i c a n t  research 
developments have occurred a t  The Un ive rs i t y  o f  
Texas through the  Center f o r  Energy Studies (CES) 
and the  Bureau o f  Economic Geology (BEG). 
i n t e r e s t  inc lude l i q u i d  hydrocarbon migra t ion  and 
subsidence studies through the  'BEG; and we l l - logg ing  
research , geot he rmal s i  mu1 a t  i on, geot herma 1 
in fo rmat ion  systems, and rock mechanics research a t  
t he  Center f o r  Energy Studies. 

Hydrocarbon migrat ion,  r e s u l t i n g  i n  anomalous heavy 
hydrocarbon content i n  geothermal b r ines  a t  Pleasant 
Bayou, appears t o  r e s u l t  from movement o f  hot, 
extremely sa l i ne  br ines upwel l ing from the  Lower 
F r i o  along growth fau l ts .  These f l u i d s  r e s u l t  i n  
t h e  i n t roduc t i on  o f  l i q u i d  hydrocarbons a t  shal lower 
depths i n  t h e  Upper Fr io ,  as we l l  as causing a 
d i s t i n c t  thermal anomaly C l ] .  

Subsidence i n  coastal  Texas appears consistent with 
recent surface f a u l t i n g ,  e i t h e r  due t o  ground water 
withdrawal, o r  poss ib ly  due t o  petroleum rese rvo i r  
f l u i d  withdrawal. Such product ion may have 
reg iona l l y  depressured sediments i n  the  hydrothermal 
regime, r e s u l t i n g  i n  reac t i va t i on  o f  e x i s t i n g  f a u l t s  
over s t ruc tu ra l  highs. However, these resu l t s  are 
no t  conclusive a t  t h i s  t ime and f u r t h e r  attempts t o  
b e t t e r  understand the  r o l e  o f  f a u l t  reac t i va t i on  
continue 123. 

Areas o f  

Well- logging research has ind ica ted  extreme 
v a r i a t i o n  i n  mud r e s i s t i v i t y  during d r i l l i n g .  Log 
header data on Rm and Rmf o f ten  are a t  variance w i t h  
actual  Rm values wh i l e  d r i l l i n g  by as much as 400%, 
causing extreme e r ro rs  i n  ca l cu la t i ons  o f  water 
sa tu ra t i on  and s a l i n i t y .  Methods t o  improve 
measurements o f  mud and f i l t r a t e  r e s i s t i v i t y  wh i le  
d r i l l i n g  continue; these inc lude use o f  
ion-se lec t ive  electrodes, development o f  a mass 
balance equation f o r  d add i t i ves  wh i l e  d r i l l i n g ,  
and other techniques It has been determined t h a t  
t h e  Overton formula f o r  c a l c u l a t i n g  Rmf  from Rm i s  
v a l i d  f o r  l ignosu l fonate  muds. This mater ia l  i s  
described i n  greater d e t a i l  i n  a paper by Wi l l iams 

Two major data bases continue development i n  t h e  
Geothermal -Geopressured Informat ion System (GGIS). 
The f i r s t  concerns we l l  logs, w i t h  more than twenty- 

m i l l i o n  curve fee t  o f  logs d i g i t i z e d  a t  present. 
The data base contains l o g  header informat ion,  
geological  and paleontological  data, and d r i l l i n g  
data, as we l l  as l o g  programs t o  analyze these data. 
The second consists o f  a b ib l iography and thesaurus 
containing some th ree  volumes o f  abstracts o f  papers 
t o  date i n  the  f i e l d  o f  geopressured-geothermal 
energy. Add i t iona l  informat ion i s  found i n  
Appendix I. 

Rock mechanics research has concentrated on cores o f  
shales and sandstones from geopressured zones. 
High-pressure t e s t  vessels have been modif ied t o  
t e s t  t r i a x i a l  creep and both un iax ia l  and t r i a x i a l  
compaction under restored s ta te  condi t ions o f  poor ly  
consol idated shales as we l l  as sandstones. An 
e l a s t i c - p l a s t i c  compaction model has been developed 
f o r  sandstones, and a model descr ib ing creep 
behavior i s  nearing completion (Appendix I1 1. 

I n  t h e  area o f  reservo i r  simulat ion, recent work has 
focused on the  Gladys McCall we l l  i n  Louisiana, 
since i t  i s  the  only we l l  t h a t  has been on 
product ion t h i s  past year and i s  cu r ren t l y  f l ow ing  
a t  t h e  r a t e  o f  31,000 ba r re l s  o f  water per day. 
This we l l  has now produced more than 8 x 106 bb l  o f  
f l u i d ,  and the  r a t e  o f  deplet ion has decreased as 
the  reservo i r  pressure has dropped. On t h e  basis o f  
conventional rese rvo i r  analysis methods ( i nc lud ing  
h i s t o r y  matching simulat ion),  t he  rese rvo i r  volume 
a t  t he  end o f  t he  i n i t i a l  rese rvo i r  l i m i t s  t e s t  was 
estimated t o  be 4.2 x 108 bbl, w i t h  a t o t a l  
product ion o f  0.3 x 106 bbl .  As product ion 
continued, revised estimates were increased t o  3.0 x 
lo9 bbl i n  the  rese rvo i r  w i th  a t o t a l  product ion o f  
5.5 x 106 bbl. Current est imates are i n  t h e  process 
of f u r t h e r  rev is ion ,  since t h e  we l l  has already 
produced more than the  revised estimates. 
appears t h a t  shale recharge i s  t he  most l i k e l y  
source o f  increased reservoi  r 1 i m i  t s ,  and 
compress ib i l i t i es  appear t o  be a t  l e a s t  two orders 
o f  magnitude higher than those o r i g i n a l l y  postulated 
(5 x lOs/psi).  The produc t iv i t y ,  gas/water r a t i o ,  
and temperatures have remained steady throughout 
production, i n d i c a t i n g  t h a t  t he  po ten t i a l  for. 
increased gas and heat recovery from these 
reservo i rs  may be considerably greater than 
o r i g i n a l l y  ant ic ipated. 

It 
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APPENDIX I:  DATA BASES 
Robert R. Schneider and Kamy Sepehrnoori 

Development o f  a Re la t iona l  Data Base f o r  Well and 
Reservoir  Data 

The e f f o r t s  o f  t h i s  p ro jec t  have been focused on the  
development o f  a comprehensive re1 a t  i onal data base 
t h a t  i s  designed t o  s to re  data components which 
uniquely i d e n t i f y  we l l  and reservo i r  data. 
Add i t iona l l y ,  the, data model i s  designed w i t h  the  
f l e x i b i l i t y  t o  extend t h e  data base t o  even la rge r  
l o g i c a l  s t ruc tu res  such as f i e l d s  o r  basins. The 
data model i s  designed t o  be as comprehensive as 
poss ib le  t o  ensure t h a t  t he  data base may serve both 
as an archive f o r  h i s t o r i c a l  data and as a source o f  
data f o r  f u r t h e r  research such as use w i th  a 
rese rvo i r  simulator. 

E x i s t i n g  data bases a t  t h e  Center f o r  Energy Studies 
a t  The Un ive rs i t y  o f  Texas a t  Aust in have been o f  a 
h ie ra rch i ca l  nature and have a lso  been very spec i f i c  
i n  content. As an example, some twenty m i l l i o n  
curve fee t  o f  d i g i t i z e d  we l l  l o g  data are ava i l ab le  
t o  l oca l  researchers. To manage these data, a data 
base was constructed which contains c e r t a i n  basic 
we l l  in fo rmat ion  such as t h e  we l l  name and operator, 
a summary o f  t h e  d i g i t i z e d  we l l  l o g  information, and 
po in te rs  t o  where t h a t  in fo rmat ion  may be found on 
some permanent storage medium. Other in fo rmat ion  
one would expect t o  f i n d  w i t h  d i g i t i z e d  we l l  l o g  
information--such as d r i l l i n g  in fo rmat ion  o r  
s p e c i f i c  in fo rmat ion  on where t h e  we l l  was 
located--was kept i n  a separate data base t h a t  was 
used only f o r  those types o f  data components. 

There are many reasons f o r  t he  d i v e r s i t y  o f  data 
bases, t he  primary being t h a t  it was the  most 
economical method, both i n  monetary and machine 
costs, a t  t h e  t ime t h e  data bdses were constructed 
t o  s to re  t h e  data. As demands t o  access t o  the  data 
grew, however, it became increas ing ly  obvious t h a t  
another method o f  storage would have t o  be devised 
so t h a t  both l oca l  researchers and researchers 
outside The Un ivers i ty  o f  Texas campus could access 
these data. For these reasons and others work was 
begun on t h e  development o f  a comprehensive 
r e l a t i o n a l  data model t h a t  would u n i f y  a l l  of t he  
e x i s t i n g  data bases, provide data s t ruc tu res  fo r  
s t o r i n g  a l l  possible in fo rmat ion  t h a t  would be o f  
i n t e r e s t  t o  researchers i n  f i e l d s  re la ted  t o  
petroleum, and a lso  ensure a high l eve l  o f  access t o  
t h e  data themselves [SI. 

It i s  important t o  make t h e  d i s t i n c t i o n  between a 
r e l a t i o n a l  data model and the  r e l a t i o n a l  nature of 
t h e  data structures.  While t h e  two are 
interconnected by the  r e l a t i o n a l  s t ruc tu res  o f  the  
data model, as opposed t o  the  re la t i onsh ips  o f  t he  
l o g i c a l  data structures,  a f u l l  use o f  the  data 
model i s  possible on ly  by understanding t h e  
re la t i onsh ip  o f  t h e  data model t o  the  l o g i c a l  
s t ruc tu res  o f  t h e  data themselves. 

I n  a r e l a t i o n a l  data base, components are stored i n  
what i s  b a s i c a l l y  a two-dimensional ma t r i x  o f  data 

values c a l l e d  a table. I n  t h i s  t a b l e  i nd i v idua l  
data values are stored as rows, whi le data c 

components are def ined as columns, o t  domains, o f  
t h e  table.  Related sets o f  components are Stored  i n  
s i m i l a r  tables. As an example, values obtained 
dur ing  a run o f  d r i l l i n g  in fo rmat ion  may be stored 
i n  a s ing le  table.  To r e l a t e  each t a b l e  o f  
information, i t  i s  necessary t o  have a s ing le  or 
m u l t i p l e  keys t h a t  r e l a t e  each component o f  t he  
data. For each set o f  s i m i l a r  information, a t a b l e  
i s  then def ined t o  s to re  t h e  data, and a set  o f  keys 
i s  der ived t h a t  uniquely i d e n t i f y  t he  data 
components. 

By using the  d e f i n i t i o n s  o f  t he  data model, it i s  
then possible t o  impose t h e  re la t ionsh ips  o f  t he  
l o g i c a l  data s t ruc tu res  and the  re la t ionsh ips  among 
those l o g i c a l  data s t ruc tu res  and others. Cer ta in  
obvious groupings of data groups are e a s i l y  defined, 
such as tab les  f o r  d r i l l i n g  information, i nd i v idua l  
curve information, completions cards, scout t i cke ts ,  
we l l  loca t ion ,  core information, geophysical 
surveys, paleontological  information, product ion 
informat ion,  and other sets o f  in fo rmat ion  t h a t  are 
re la ted  t o  the  data components which uniquely de f i ne  
a well .  

These sets o f  in fo rmat ion  are then re la ted  by a se t  
o f  keys i n  t h e  data model so t h a t  t h e  sum o f  these 
sets def ines the  t o t a l  in fo rmat ion  known about an 
i nd i v idua l  wel l .  I n  t h e  present d e f i n i t i o n  o f  t h e  
data base, reservo i rs  are s i m i l a r l y  def ined by 
adding data sets t h a t  uniquely de f ine  a rese rvo i r  
and the  re la t i onsh ip  between those reservo i rs  and 
t h e  we l l  informat ion tab les  t h a t  were prev ious ly  
def ined 151. 
l e v e l  l o g i c a l  data s t ruc tu res  such as f i e l d s  and 
basi ns. 

There are obvious extensions t o  higher 

The a t t r i b u t e s  def ined i n  each t a b l e  o f  t h e  data 
model are def ined r e l a t i v e  t o  the  type  o f  data 
stored i n  t h e  data base. 
values such as we l l  names, operator names, reservo i r  
names, s t a t e  names, etc., are type! as being 
character data. In teger  values such as A P I  numbers, 
run numbers, township-range locat ions,  etc., are 
typed as being integers. F loa t i ng  po in t  values such 
as mud r e s i s t i v i t y  values are typed as being 
f l oa t i ng .  
w i t h  de f i n ing  t h e  a t t r i b u t e s  t h a t  are t o  be stored 
i n  t h e  data base, many r e l a t i o n a l  data base 
management systems a1 low a l a rge  degree o f  con t ro l  
over such machine-dependent func t ions  as t h e  w id th  
o f  an i n tege r  value, a l low ing  it t o  be e i t h e r  an 
e igh t ,  sixteen, o r  t h i r t y  two b i t  value. 
opt ions may in f luence both the  number and s i ze  o f  
i nd i v idua l  a t t r i b u t e s  t h a t  may be stored i n  a 
table.  

As an example, character 

While t h e  data model i s  on ly  concerned 

These 

The l o g i c a l  s t ruc tu re  o f  t he  data model i s  def ined 
such t h a t  i nd i v idua l  t ab les  are created. These 
de f i ne  a t t  r i  butes necessary t o  descr i  be a s ing le  
grouping o f  data components which uniquely de f ine  
some a t t r i b u t e  o f  e i t h e r  a we l l  o r  rese rvo i r  E61. 
I nd i v idua l  t ab les  are created which match l o g i c a l  
groups o f  data a t t r i bu tes .  
groupi ngs are we1 1 informat ion,  d r i  11 i ng 

Examples o f  such 
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i n f o p a t i o n ,  curve information, wel l  location, core 
analysis, paleontology, scout t ickets ,  completion 
cards, reservoir  geologic descriptions, reservo i r  
production history,  and other groupings. Each o f  
these ta%les i s  re la ted t o  other tables by a set o f  
keys tha t  are used t o  define e i the r  wel ls  or 
reservoirs. Keys used t o  r e l a t e  wel l  information 
are such a t t r i bu tes  as the A P I  number o f  the wel l  or  
t he  run number f o r  d r i l l i n g  information. Reservoir 
information i s  re la ted by a key that  i s  the 
reservo i r  i d e n t i f i c a t i o n  key. Well information i s  
re la ted t o  reservo i r  information by a tab le  t h a t  
serves as a map between the wel l  information tables 
and the reservoir  information tables [7]. 

The data base developed by the Center f o r  Energy 
Studies a t  The Universi ty o f  Texas a t  Austin i s  
d i f f e r e n t  from ex i s t i ng  data bases i n  several ways. 
The primary way i n  which the data base d i f f e r s  from 
others on re la ted top ics i s  that  i t  attempts t o  
r e l a t e  many subtopics o f  information together which 
are covered by the other data bases i n t o  one large, 
and complete, data base. As an example, several 
commercial data bases are avai lable tha t  cover such 
top ics as wel l  production, chemical and 
petrochemical information f o r  wells; w e l l  locations, 
and other diverse topics. 
developed a t  the universi ty,  these top ics are simply 
some o f  many components tha t  may be found f o r  any 
given wel l  i n  t he  data base. To the best o f  our 
knowledge t h i s  i s  the most complete data base ye t  
developed f o r  wel l  information. 

I n  the data base 

Another manner i n  which the data base developed a t  
The Universi ty o f  Texas d i f f e r s  from ex i s t i ng  data 
bases i s  t ha t  i t  i s  re la t i ona l  both i n  structure and 
i n  information content. A commercial re la t i ona l  
data base management system i s  used t o  store and 
r e t r i e v e  the  information from the data base. 
Relat ional  data base management systems o f f e r  many 
advantages f o r  the s tor ing and r e t r i e v i n g  o f  data. 
It i s  possible t o  construct several "views" o f  the 
data t h a t  meet appl icat ion needs. 
data bases, it i s  also easy t o  t ransfer data from 
one data base management system t o  another, thereby 
increasing the p o r t a b i l i t y  o f  t he  data base. 

I n  re la t i ona l  

The most important manner i n  which the data base 
d i f f e r s  from ex i s t i ng  data bases i s  I t s  po r tab i l i t y .  
A primary goal i n  the  design o f  the data base was t o  
ensure the easy d i s t r i b u t i o n  o f  data from the data 
base. The re la t i ona l  structure of the data base 
adds t o  t h i s  since i t  i s  r e l a t i v e l y  simple t o  
t rans fe r  data from one re la t i ona l  data base 
management system t o  another and also since 
re la t i ona l  data base management systems are commonly 
found on machines tha t  are connected t o  networks. 

The data base i s  also re la t i ona l  i n  the  sense tha t  
i t  defines re la t ions among log i ca l  data structures 
such as wel ls  and reservoirs. Using t h i s  approach 
i t  i s  possible t o  obtain information about a 
reservo i r  simply by examining the  wel l  information 
f o r  wel ls which penetrate tha t  reservoir. The data 
base Is also designed i n  a way t h a t  i t  i s  eas i l y  
expandable t o  higher leve l  l og i ca l  structures such 
as f i e l d s  and basins. 
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I n  the event t ha t  i s  i s  not possible t o  access the  
data base through e i the r  o f  these methods, f i l e  
structures have been designed that  make it possible 
t o  d i s t r i b u t e  large, but l imi ted, amounts o f  
information from the data base over such common 
media as tapes or  f loppy disks. An example o f  these 
f i l e  structures would be d i g i t i z e d  wel l  l o g  
information f i l e s  tha t  contain wel l  l o g  header 
information wi th  them. 

Development o f  appl icat ion programs tha t  use the 
data base are already underway. An open-hole l o g  
analysis program has already been w r i t t e n  which 
takes d i g i t i z e d  l o g  data f i l e s  pointed t o  by the 
data base and allows the user t o  analyze data from 
those logs i n  several ways. Other appl icat ion 
programs are also planned f o r  development. These 
w i l l  range from simple programs t o  p l o t  and 
corre la te logs t o  more complex programs tha t  w i l l  
simulate reservoir  behavior. A l l  appl icat ion 
programs w i l l  be designed t o  run on as many computer 
systems as possible, w i th  the resources o f  the host 
computer system being the only l i m i t i n g  factor. 

Another task tha t  has been undertaken i n  regard t o  
t h e  data base i s  the addi t ion o f  several tables 
which describe wel l  blowout features C81. This work 
was made possible through the funding o f  the Texas 
Petroleum Research Council i n  conjunction w i th  the 
Texas Railroad Commission. These tables attempt t o  
f u l l y  archive wel l  conditions and h i s to ry  a t  the 
t ime o f  a wel l  blowout. 
t he  study o f  past wel l  blowouts it w i l l  be possible 
t o  predic t  under what conditions a wel l  may 
experience a blowout. 

It i s  hoped tha t  through 

Developmental work on the data base i s  continuing 
w i th  the goal o f  r e f i n i n g  the descr ipt ions o f  data 
components used i n  the data base. E f f o r t s  are also 
being made t o  make the  data base avai lable t o  
outside users as quick ly  as possible. Future work 
w i l l  concentrate on adding higher l eve l  l og i ca l  
structures t o  the data base as wel l  as increasing 
the  content o f  the data base. A l l  o f  these tasks 
are subject t o  funding tha t  would allow work on the 
tasks and the purchase o f  equipment as needed. 

Geopressured-Geothermal Bibliography 

The Geopressured-Geothermal Bibliography provides 
researchers w i th  data on more than 1,500 information 
sources concerned wi th  geopressured-geothermal 
energy resources C91. These information sources 
encompass reports, conference papers, journal  
a r t i c l es ,  books, patents, and maps. The subject 
scope of. the bibliography spans the following: 
1. Geopressured resource assessment--geographf c a l  

d i s t r i bu t i on ,  estimated reserves. 
2. Geology, hydrology, and geochemistry o f  

geopressured systems. 
3. Geopressured explorat ion and explorat ion 

technology--geophysical , geological, 
geochemical, and hydrological methods o f  
detect lng and evaluating geopressured resources. 
Geopressured reservo i r  engineering and d r i l l i n g  
technology--dr i l l ing,  development, and 

4. 



product ion o f  wells; corrosion; we i l  tes ts ;  and 
measurements. 

estimates, taxat ion,  and economic f e a s i b i l i t y  o f  
developing geopressured resources f o r  comnerci a1 
and/or res iden t ia l  use. 

6. Environmental aspects--effects o f  geopressured 
development on a i r ,  water, and land 
environments, subsidence, noise, land use, and 
po l  1 ut ion.  

7. Legal, i n s t i t u t i o n a l ,  and soc io log ica l  
aspects--effects o f  federal ,  state,  and l o c a l  
laws and regulat ions on geopressured 
development, land use, and soc ie ta l  
considerations. 

Other energy sources, espec ia l l y  co-production, 
methane, and other f o s s i l  f ue l  reserves, 
associated w i t h  geopressured reservoirs.  

5. Economic aspects--f inancial incentives, cost  

8. E l e c t r i c a l  and none lec t r i ca l  use. 
9. 

The information sources included i n  the  Bibl iography 
date from the  l a t e  1960s t o  t h e  present. 
ed i t i ons  w i l l  permit greater re t rospec t ive  
l i t e r a t u r e  searching. 

Future 

St ruc ture  of t he  Bibl iography 

The in t roduc t i on  explains the  organizat ion o f  the  
B i b l i o  r a  h and the  content o f  i nd i v idua l  entr ies.  + he main body o f  t he  b ib l iography  comprises the  
c i t a t i o n  extracts,  o r  i nd i v idua l  entr ies.  S i x  
indexes i n  t h e  back o f  Volume I1 provide access by 
author, conference t i t l e ,  descr ip to r ,  journa l  t i t l e ,  
repo r t  number, and sponsor. These indexes are 
arranged a1 phabetical l y  and are cross-referenced by 
page number. 

A l l  ava i l ab le  in fo rmat ion  i s  compiled t o  create an 
i n d i v i d u a l  entry. The f u l l e s t  c i t a t i o n  w i l l  contain 
any per t inent  components from: format (e.g., book, 
j ou rna l  a r t i c l e ,  etc.); publ isher; date o f  
pub1 i ca t i on ;  author (personal and/or corporate); 
pagination; ill u s t r a t i v e  features ( inc lud ing  
b ib l i og raph ica l  references); avai l a b i  1 i t y  ( the  
address t o  which i n q u i r i e s  o r  orders may be sent); 
descr ip to rs  (selected from the  Thesaurus, discussed 
below); and abstract. A c i t a t i o n  abs t rac t  may 
o r i g i n a t e  w i th  the  author o r  w i th  the  G G I S  ed i to r .  
Other in fo rmat ion  t h a t  appears i s  explained i n  the  
i n t roduc t i on  t o  the  Bibl iography. 
c i t a t i o n  ex t rac t  appears i n  Figure 1. 

A representat ive 

Geopressured Thesaurus 

The Geopressured Thesaurus provides the  researcher 
w i t h  a standardized vocabulary t o  f a c i l i t a t e  
subject  access t o  the  Geopressured-Geothermal 
Bibl iography [lo]. A standardized vocabulary 
u n i f i e s  the  var ied  "natural  language" o f  a document 
and al lows both general and spec i f i c  subject 
indexing. 
con t ro l l ed  vocabulary f i t  i n t o  a framework t h a t  i s  
both h ie ra rch i ca l  and co r re la t i ve .  Figure 2 
presents a sample page from the  Thesaurus. 

The "descr iptors" t h a t  compose t h i s  

1224. GGIS-100311/W / /M/ / / / / . 40 

Ti t le -  ' k m l - A n n u a l  Repor t  on the  PmjaEt to Design and 

Author(r)- . /  Barker  , L.M. / Green , Sidney / Maurer, , William / 
Publication date- January 1976 
Pagination- 74 Pages 
Repodpa ten t -  TlD--28704 
Available- NT lS 

(Paper Copy 1 

Experimentally Tes t  an Improved Geothermal Drill Bit 

IMicmfiche I 
Local 'Availability: CES 
Sponsor- / U.S. Energy Research and Development Administrat ion 

E(10-1)1546 / 
Corporate Author-  Te r ra  Tek. Inc. 

Te r ra  Tek, Inc. , Salt Lake City , Utah , USA 
Aux i l ia ry  expression(s)- 

I l lus. / Diagram 6 7 1 / Graph ( 13 1 / Map ( 4 1 / Photo 
( 1 1 1  
Table 
Ref. 

Oescr iptor(s)-  / Design / Dr i l l  b i t s  / Elastomers / Geothermal drilling 
/ High tcmperatrure / Laboratory test ing / Seals / Steels / 

Abst rac t  by Author  
Work was started on the  e f fo r t  t o  design and tes t  an impmved 
geothermal drill bit on May 19, 1975. Te r ra  Tek, Inc.. i s  t h e  
pr ime contractor. w i th  Maurer Engineering as a subcontractor 
and Reed Tool Company providing informal i ndus t  
participation. The major tasks o f  t he  Phase I e f fo r t  a re  (3 
fai lure mechanisms of exist ing bits, (2) new steels and new 
bear ing  design. and (3) new seals and lubricants. Considerable 
pmgress  has been made in understanding t h e  causes of 
premature drill-bit fai lure in the  geothermal well drilling 
environment. As a result, there  appears to be a hi h 
probab i l i t y  t ha t  v e r y  s igni f icant gains in drill-bit l i f e  can %e 
achieved by optimizing the  drill-bit materials and  t h e  design for 
operation a t  h igher  temperatures. Dr i l l -b i ts  of hi h-temperature 
steels are  be ing  fabricated, as well as a tes t  chamter  t o  simulate 
the  geothermal envirnomcnt. In addition, several  bas ic  
propert ies of the  candidate steels a n d  of t h e  convent ional  
drill-bit steels have been athered from the  l i terature,  and  
provis ions have been made f o r  completing the  material p r o p e r t y  
p i c tu re  th rou  h a materials test ing program a t  T e r r a  Tek. 
Considerable %ackground material has been ga thered on  t h e  
drill-bit seal problem and on  candidate seal materials. Some seal 
materials have been selected f o r  f u r the r  testing, and seal tes te r  
i s  being designed to prov ide  a v e r y  good simulation of t h e  
environment experienced by seals in geothermal wel l  d r i l l -b i t s .  

Figure 1. SAMPLE CITATION EXTRACT 

BT re fe rs  t o  a descr ip to r  "broader" than the  heading 
(descr ip to r  l i s t e d  a lphabe t i ca l l y  as a main entry) ;  
NT re fe rs  t o  a descr ip to r  m r e  "narrow." 
i n s t r u c t s  the  researcher t o  use a d i f f e r e n t  
descr iptor.  The o r i g i n a l  descr ip to r  ( labe led  here 
USE) may occur commonly i n  the  l i t e r a t u r e ;  however, 
f o r  reasons o f  un i fo rmi ty ,  t he  l a t t e r  descr ip to r  
must be chosen. RT, o r  " re la ted  term," guides the  
thesaurus user t o  other concepts tha t '  are c lose ly  
re la ted  other than h ie ra rch i ca l l y .  

USE 

SEE references requ i re  special  mention, as they 
serve th ree  purposes: 

(1) Cer ta in  terms, such as PRESSURE and 
TEMPERATURE, are considered too  broad f o r  useful  
indexing and searching i n  a thesaurus o f  geopressure 
terms. Both terms, however, encompass many narrower 
terms. 
has been hand1 ed by grouping the  narrower terms 
under the  broader term w i th  a SEE reference 
i n d i c a t i n g  t h a t  one o r  more o f  the  narrower terms 
should be subs t i tu ted  f o r  t he  broader term. For 
example: 

I n  t h e  Geopressured Thesaurus t h i s  problem 

PRESSURE 
SEE BOTTOM HOLE PRESSURE 

FLUID PRESSURE 
VAPOR PRESSURE 
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RT w e l l  t i s t i n g  

Formation thicknessr 
BT1  Thickness 

ET2 Dimensions 
R T  Isopa'ch 
R T  Overburden 
A T  St ra t ig raphy  

Use In te rs t i t ia l  water 
Formation water 

Formations 
See Disposal formations 
See Disposal wells 
See f rac tu red  reservoirs 
See Waste disposal 
See Well design 

Fossil f ue l  power plants 
BT1  Thermal power plants 

BT2 Power plants 

Fossil fuels 
BT1  Energy sources 
BT1  Fuels 
N T l  Coal 
NT1 Natural  gas 
NT1 Petroleum 
R T  Oi l  shale 

Foul ing 
R T  Ant i foulants 
R T  Corrosion 
R T  Demineralization 
RT  Deposition 
R T  Plu g ing  
RT Staging 
R T  Water pol lut ion 

See F f g  
See Fracture propert ies 
See Rock propert ies 

Frac ture  

Frac ture  f low 

Frac ture  propert ies 
ET1  Mechanical propert ies 
R T  Cracks 
R T  Failures 

. R T  Fractures 
R T  Rock propert ies 

Frac tured  formations 

Use f rac tu red  reservoirs 

Frac tured  reservoirs 

BT2 Rocks 
' ET1  Reservoir rocks 

F ra i tu res  
R T  Cracks 
R T  Deformation 
R T  Fissures 
R T  Frac ture  propert ies 

Frac tur ing  * 
N T l  Hydrau l i c  f rac tu r ing  
Also see Reservoir 

engineering 

Fragmental rocks 

Franciscan 

Use Clastic rocks 

See California 
See Cretaceous Period 

See Mesozoic Era 
'See Jurassic Period 

Franciscan Formation 
RT  California 
R T  Cretaceous Period 
R T  Jurassic Period 
R T  Mesozoic Era 

Francium 
BT1 Alkal i  metals 

ET2 Metals 

Frasch su l fu r  process 
ET1  Recovery pEocesses 
RT  Su l fu r  

Free g round  water 

Free water 

Use Ground water 

BT1  Subsurface waters 
R T  Artesian water 
R T  Capi l lary water 
RT  Ground water 
R T  Hygroscopic water 
RT  Permeabil ity 
R T  Vadose water 

Freezing 
See Freezing potential 
See Melt ing po in t  

Freezing po in t  

Figure 2. SAMPLE FROM THESAURUS 

(2)  SEE re fe rs  the  reader away from a verbal, 
fragment generated by the  computer when the  system 
encounters a compound term. The fragment i t s e l f  i s  
no t  a l e g i t i m a t e  descr iptor,  so the  accompanying SEE 
reference leads t o  the  appropr iate compound term( 5 ) .  
For example: 

I f  the  r e s u l t i n g  compound term i s  not i t s e l f  a 
l e g i t i m a t e  descr iptor,  the  verbal fragment w i l l  be 
re fe r red  d i r e c t l y  t o  the  cor rec t  term by 
SEE reference. For example: 

SEE A C I D I Z A T I O N  

USE ACIDIZATION 

SEE ACIDIZATION 

MECHANICAL 
SEE MECHANICAL PROPERTIES 

A C I D  

ACID TREATMENT 

TREATMENT 

( 3 )  A SEE reference under a verbal fragment a l so  
w i l l  i nd i ca te  re la ted  terms l i s t e d  under t h e  cor rec t  
compound term. For example: 

SEE THERMAL EFFLUENTS SEE GEOTHERMAL FLUIDS 
SEE WASTE HEAT SEE THERMAL EFFLUENTS 

EFFLUENTS THERMAL 

The ta rge ted  compound phrase. THERMAL EFFLUENTS, i s  
l i s t e d  as fo l lows: 

THERMAL EFFLUENTS 
RT GEOTHERMAL FLUIDS 
RT WASTE HEAT 

Use of t he  Bibl iography Access Points 

The s i x  appendices t o  Volume I1 o f  the  B i b l i o  r a  h , 
t h e  desired informat ion source(s). Subject access 
discussed above, a l low great f l e x i b i l i t y  + i n  ocat ing  

requires combined use o f  t he  Geopressured Thesaurus 
w i t h  the  Descr iptors index. I f  the  researcher 
already knows the  t i t l e  o f  a s p e c i f i c  item, he o r  
she may proceed d i r e c t l y  t o  the  main body o f  t he  
bibl iography, which i s  arranged a lphabe t i ca l l y  by 
c i t a t i o n  t i t l e .  Cer ta in  a1 phabet i z i n g  conventions 
should be noted: 
1. A nonalphabetic character has a "lower f i l i n g  

value" than an alphabet ic character. 
2. Character s t r i n g s  o f  a l l  c a p i t a l  l e t t e r s  f i l e  

f i r s t .  
3. Words beginning w i t h  a lower case l e t t e r  are 

''ignored" i n  f i l i n g .  

Compilation o f  t he  Bibl iography 

Candidate in fo rmat ion  sources are loca ted  by 
consu l t ing  a range o f  government and commercial data 
bases. 
f a m i l i a r i t y  with the  l i t e r a t u r e  and w i t h  cur ren t  
research. Once i d e n t i f i e d ,  a candidate i t em i s  
obtained and screened f u r t h e r  f o r  s u i t a b i l i t y .  
selected t o  appear i n  the  bibl iography, t h e  i tem i s  
read, indexed w i t h  the  thesaurus-control led 
vocabulary and, i f  necessary, abstracted by GGIS  
s t a f f .  The i t em then i s  catalogued and t h e  
pe r t i nen t  c i t a t i o n  components isolated. A l l  
i n fo rmat ion  i s  entered i n t o  t h e  on- l ine  version o f  
t h e  Bibl iography. Er ro rs  are con t ro l l ed  by the  
var ious au tho r i t y  f i l e s  f o r  author. t i t l e ,  journa l ,  
and conference. 

Maintenance o f  t he  Bib1 iography and Thesaurus 

Ne i ther  t h e  Bibl iography nor the  Thesaurus remains 
s t a t i c ;  both must be reviewed f o r  e r ro rs  and 
s t r u c t u r a l  weaknesses. With the  t h i r d  ed i t ion ,  t he  
Bibl iography has grown so la rge  as t o  requ i re  
c e r t a i n  revis ions.  Changes invo lv ing  t h e  on- l ine  
version are discussed i n  the  next section. Most o f  
t h e  o ther  changes r e l a t e  t o  assignat ion o f  GGIS 
i n t e r n a l  reference numbers and do no t  a f f e c t  t h e  
user. 

The Thesaurus is undergoing rev i s ion  w i t h  an eye t o  
another ed i t ion .  Numerous new descr ip to rs  have been 
proposed. These must be v e r i f i e d  f o r  content, 
spe l l ing ,  and appropriateness; they a lso  must be 
i n teg ra ted  i n t o  t h e  con t ro l l ed  vocabulary framework. 
E d i t i n g  both t h e  B i b l i o g r a p h ~  and Thesaurus f o r  
e r r o r s  remains an ongoing concern. 

Other sources are provided by s t a f f  

I f  

Change from Hierarch ica l  t o  Re la t iona l  Data Base 

The e f f o r t s  o f  t h i s  p ro jec t  dur ing t h e  year  i n  
regard t o  t h e  b ib l i og raph ic  and thesaurus data bases 
have been focused on making the  data bases more 
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accessible t o  users outside The Un ivers i ty  o f  Texas 
a t  Austin. As p a r t  o f  t h i s  e f f o r t ,  there  i s  a major 
rev i s ion  underway i n  the  s t ruc tu re  o f  t he  data 
bases. The revised s t ruc tu re  w i l l  f a c i l i t a t e  making 
t h e  data bases ava i lab le  t o  outside users by making 
t h e  moving o f  t he  data bases t o  other machines, 
which are attached t o  e x i s t i n g  computer networks, a 
s imp1 e r  task. 

A t  present both the  b ib l i og raph ic  and thesaurus data 
bases are def ined i n  a h ie ra rch i ca l  model. I n  t h i s  
model groups o f  data components are def ined t h a t  are 
common t o  other groups o f  data components. 
re la t i onsh ip  between these groups o f  data components 
may be best thought o f  as a tree. 
group o f  data components which has t h e  l a rges t  
number o f  branches i s  thought o f  as the  roo t  o f  t he  
t ree. Each o f  t he  groups o f  re la ted  data components 
may be thought o f  as a branch o f  t he  tree. As an 
example data components re la ted  t o  the  proceedings 
o f  a conference would be stored i n  the  roo t  group o f  
data components, wh i le  i nd i v idua l  papers presented 
a t  t he  conference, and presumably i n  the  proceedings 
o f  t he  conference, would be stored as a branch group 
o f  data-components. The primary reason both data 
bases were def ined i n  a h ie ra rch i ca l  model i s  t h a t  
h ie ra rch i ca l  models were the  most common i n  use a t  
t h e  t ime o f  development. 

The 

I n  the  t r e e  t h e  

The revised s t ruc tu re  o f  t he  data base model f o r  
both the  bibl iography and thesaurus data bases i s  a 
r e l a t i o n a l  data base model. I n  t h i s  data base model 
each group o f  data components i n  the  data base i s  a 
t a b l e  o f  data. A t a b l e  i s  simply a l a rge  two- 
dimensional mat r ix  i n  which data values are stored. 
Each t a b l e  o f  in fo rmat ion  i s  re la ted  t o  other tab les  
o f  in fo rmat ion  by a key, o r  a set  o f  keys, which 
de f ine  the  re la t ionsh ips  between tab les  which group 
together sets o f  data. An example o f  a t a b l e  might 
be a l l  t h e  t i t l e s  o f  papers i n  a journa l  and t h e i r  
associated keys t h a t  would r e l a t e  them t o  f u r t h e r  
in fo rmat ion  on the  paper. 

Re la t iona l  data models are cu r ren t l y  t he  most 
e f f e c t i v e  form o f  data base storage. Re la t iona l  
data models are bene f i c ia l  i n  many ways. A major 
advantage o f  a r e l a t i o n a l  data model i s  t h a t  it I s  
r e l a t i v e l y  simple t o  unload data from one r e l a t i o n a l  
data base management system and load i t  i n t o  
another. Moreover, several comnerci a1 data base 
management systems use r e l a t i o n a l  mdels.  Many o f  
these data base management systems are ava i lab le  on 
commonly used minicomputers. Some o f  the  r e l a t i o n a l  
data base management systems a1 so provide f a c i  1 i t i  es 
f o r  loading and unloading data t o  microcomputers 
from l a r g e r  data bases on minicomputers o r  even 
l a r g e r  computers. These kinds o f  features w i l l  
promote access t o  the  bib1 iographic and thesaurus 
data bases e i t h e r  through the  d i s t r i b u t i o n  o f  the  
data bases themselves o r  by making t h e  data bases 
ava i l ab le  on machines t h a t  are more e a s i l y  accessed. 

The current s ta tus  o f  t h i s  conversion process i s  
t h a t  t he  r e l a t i o n a l  data m d e l  f o r  t h e  b ib l i og raph ic  
data base has been essent i  a1 l y  completed except f o r  
minor refinements tha t  w i l l  increase the  e f f i c i e n c y  

o f  storage. 
comprehensive data en t ry  program t h a t  w i l l  load data 
d i r e c t l y  from the  data sheets generated by the  
research l i b r a r i a n  i n t o  the  data base i t s e l f .  
Planned work f o r  t he  next con t rac t  year includes t h e  
development o f  several programs f o r  in fo rmat ion  
r e t r i e v a l  from t h e  data base t h a t  w i l l  be designed 
t o  be menu-driven t o  ensure user f r iend l iness .  
thesaurus data base w i l l  then be converted t o  a 
r e l a t i o n a l  model, and s i m i l a r  programs w i l l  be 
w r i t t e n  f o r  use w i t h  t h e  thesaurus data base. 
process i s  expected t o  be r e l a t i v e l y  simple. 

Work i s  now being completed on a * 

The 

This 

Proposed Expansion o f  t he  Bibl iography 

As stated e a r l i e r ,  t h e  Bibl iography includes 
informat ion sources da t i ng  back t o  t h e  l a t e  1960s. 
G G I S  s t a f f  wish t o  increase t h e  bibl iography's 
usefulness by i nc lud ing  e a r l i e r  mater ia ls,  wh i le  a t  
t h e  same t ime keeping up w i t h  cur ren t  publ icat ions.  

The Bib1 iography p r i m a r i l y  presents English-language 
mater ia ls,  although c i t a t i o n s  appear f o r  a few 
German-, French-, and Russian-language items. These 
last-mentioned are a prime source o f  i n te res t ,  owing 
t o  the  quan t i t y  o f  re levant c i t a t i o n s  avai lable.  As 
an example, some 500 c i t a t i o n s  have already been 
co l l ec ted  and are await ing funding f o r  t r a n s l a t i o n  
and data en t r y  i n t o  the  bibl iography data base. I f  
enough i n t e r e s t  i s  perceived t o  warrant t h e  e f f o r t ,  
G G I S  has the  c a p a b i l i t i e s  o f  cataloguing these 
Russi an-language i tems. 

Sponsors and Funding 

The GGIS Bibl iography and Thesaurus began t e n  years 
ago w i t h  funding from the  United States Department 
o f  Energy. They have shared t h i s  support w i t h  the  
GGIS  wel l  logging and we l l  and rese rvo i r  data base 
programs. 
add i t i ona l  support i n  1984-85. 

The Gas Research I n s t i t u t e  provided 

APPENDIX 11: ROCK MECHANICS 
E r i c  P. Fahrenthold and Kenneth E. Gray 

Compaction and Creep o f  'Geopressured-Geothermal 
Reservoir Rock 

The Center f o r  Earth Sciences and Engineering i s  
engaged i n  a coordinated experimental and 
theo re t i ca l  i nves t i ga t i on  o f  compaction and creep 
behavior of sandstone and shale samples cored from 
t h e  Hitchcock geopressured-geothermal well .  This 
work addresses fundamental questions on t h e  
c o n s t i t u t i v e  behavior o f  porous media, and i s  
essent ia l  t o  understanding and modeling t h e  
performance o f  geopressured-geothermal reservoi  rs.  

Experimental Work 

Experimental study o f  geopressured-geothermal core 
has included both compaction and creep tests.  
Compaction t e s t s  measured t h e  e f f e c t  o f  overburden 
and pore pressure loads on t h e  bulk deformation o f  
t h e  reservo i r  rock, as we l l  as va r ia t i ons  i n  

c 
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per f ieab i l i t y ,  r e s i s t i v i t y ,  and o ther  mater ia l  
propert ies. The un iax ia l  t e s t s  simulated un iax ia l  
compaction o f  t he  reservo i r  which occurs as pore 
f l u i d s i a r e  depleted. The t r i a x i a l  t e s t s  employed 
t h e  standard procedures used t o  i nves t i ga te  t h e  
mechanical strength of rocks. The pore pressure 
drawdown t e s t s  were designed t o  evaluate t h e  
p r i n c i p l e  o f  e f f e c t i v e  s t ress  as appl ied t o  porous 
sandstone. 

0, ,= - 
t, P" 
g 
i: 

, 1% 

t8. 

B 

Creep t e s t s  determined t h e  presence and magnitude o f  
time-dependent deformatjon o f  t he  subject  rock under 
constant loading. Jacketed and unjacketed t e s t s  
were conducted t o  measure rock mat r ix  and bu lk  
volume creep e f fec ts ,  respect ively.  Dev ia to r i c  
creep t e s t s  again appl ied c lass i ca l  methods f o r  
i n v e s t i g a t i n g  var iab le  rock propert ies.  

I. 

I .  
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Sandstone and Shale Compaction 

Results o f  a t y p i c a l  t r i a x i a l  t e s t  on the  Hitchcock 
sandstone are shown i n  Figures 3 and 4. The f i gu res  
e x h i b i t  nonl inear loading and unloading behavior, 
hys teres is  loops, and res idua l  s t r a i n  present upon 
r e t u r n  t o  t h e  i n i t i a l  s t ress  state.  Since 
conventional rock models p red ic t  t h e  loading and 
unloading curves t o  be coincident and l i nea r ,  t he  
departure o f  geopressured-geothermal core from idea l  
behavior i s  dramatic and deserves care fu l  
considerat ion i n  the  development o f  rese rvo i r  
models. 

Results o f  a s i m i l a r  t r i a x i a l  t e s t  on the  Hitchcock 
shale are shown i n  Figures 5 and 6. Because o f  t he  
d i f f i c u l t i e s  inherent i n  ob ta in ing  and prepar ing 
shale samples f o r  such tes t ing ,  t he  shale property 
measurements are p a r t i c u l a r l y  important. 

Creep Tes t ing  

Tests on rock cored from t h e  Pleasant Bayou we l l s  
showed t h a t  geopressured-geothermal core may compact 
even under constant mechanical and pore pressure 
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Figure 4. RESIDUAL DEVIATORIC STRESS VERSUS 
DEVIATORIC STRAIN, SANDSTONE COMPACTION TEST 
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loading. Such behavior can have a s i g n i f i c a n t  
e f f e c t  on the  long-term performance o f  a reservoir .  
Unjacketed and jacketed t e s t s  conducted on the  
Hitchcock sandstone (Figures 7 and 8) i nd i ca te  t h a t  
t h i s  rock exh ib i t s  a time-dependent behavior and 
t h a t  t h e  predominant e f f e c t  i s  a change i n  poros i ty  
as opposed t o  a s o l i d  g ra in  compaction. 

Theoret ical  Work 

Development o f  t heo re t i ca l  models t h a t  describe the  
exper imental ly observed behavior o f  sandstone and 
shale g rea t l y  f a c i l i t a t e s  the  app l ica t ion  o f  t e s t  
r e s u l t s  t o  p rac t i ca l  problems such as reservo i r  
s imu la t ion  and subsidence. R e a l i s t i c  rock models 
must depart from c lass i ca l  work, much o f  which i s  
s t i l l  i n  use, t o  account f o r  nonl inear s t ress /s t ra in  
re1 at ions. 

The resu l t s  o f  the  compaction t e s t s  have been 
u t i l i z e d  i n  two ways. F i r s t ,  the  va r ia t i on  o f  
f a m i l i a r  i s o t r o p i c  and an iso t rop ic  moduli w i th  
s t ress  s ta te  has been ca lcu la ted  t o  a l low the  
i nc lus ion  o f  nonconstant rock s t i f f n e s s  and 
compress ib i l i t y  i n  e x i s t i n g  reservo i r  models. 
Second, a new compaction model has been formulated 
t h a t  re f l ec ts  the  fundamental loading and unloading 
behavior o f  porous rock. This model agrees c lose ly  
w i t h  the  experimental data under both un iax ia l  and 
t r i a x i a l  t e s t  condit ions, as shown i n  Figures 9, 10, 
and 11. The next step i s  t he  app l ica t ion  o f  t h i s  
work i n  the  reformulat ion o f  reservo i r  models, and 
t h e  so lu t i on  o f  important boundary value problems 
deal ing w i th  wel l  bore s t a b i l i t y  and subsidence. 

Creep Model i n s  

Although c lass i ca l  l i n e a r  rheological  models have 
been used t o  describe the  time-dependent compaction 
o f  some rock, such models have had l i m i t e d  success 
i n  t h e  study o f  geopressured-geothermal core. A 
d i f f e r e n t  modeling s t ruc tu re  i s  ca l l ed  f o r  i n  the  
study o f  t he  coupled nonl inear deformation o f  a 
porous medium. The method o f  "bond graphs" provides 
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Figure 7. UNJACKETED SANDSTONE CREEP TEST 

HITCHCOCK SFlNDSTONE: PC VS. TIf lE. CREEP TEST (d)  
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Figure 8. JACKETED SANDSTONE CREEP TEST 
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Figure 9. 
INCREMENTAL AXIAL STRAIN, TRIAXIAL TEST 

INCREMENTAL AXIAL STRESS VERSUS 
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Figure 10. 
INCREMENTAL RADIAL STRAIN, TRIAXIAL TEST 
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Figure 11 . 
INCREMENTAL AXIAL STRAIN, UNIAXIAL TEST 

INCREMENTAL AXIAL STRESS VERSUS 

a mechanism f o r  genera l i z ing  the  c lass i ca l  
rheo log ica l  models and accounting f o r  the  observed 
complex behavior o f  t he  s o l i d - f l u i d  mixture. Hence, 
creep modeling work has focused upon an innovat ive  
i n t roduc t i on  o f  t he  bond graph method t o  the  study 
o f  a s o l i d - f l u i d  continuum. Figure 12 shows 
c lass i ca l  rheological  models w i t h  t h e i r  bond graph 
equivalents. A new bond graph model o f  un iax ia l  and 
t r i a x i a l  rock t e s t s  has been formulated. Work i s  
now i n  progress t o  evaluate model parameters using 
experimental data. 

Graduate Student Support 

Graduate students i n  the  areas o f  petroleum, 
mechanical, and e l e c t r i c a l  engineering are 
p a r t i c i p a t i n g  i n  experimental and theo re t i ca l  
research on t h e  compaction and creep behavior o f  
,geopressured-geothermal reservoi  r sandstone and 
shale. 
wave propagation v e l o c i t i e s  w i t h  temperature and 
pressure, t he  c o n s t i t u t i v e  re la t i ons  t h a t  describe 
rock deformation, and the  problems associated w i t h  
microcomputer-based data acqu is i t i on  and modeling o f  
cornpaction and creep tests.  

Pub1 i c a t i o n s  

Dissemination o f  experimental and modeling work has 
been pursued, by way o f  t he  S ix th  US Gu l f  Coast 
Geopressured-Geothermal Energy Conference i n  
February 1984 and through o ther  journals.  A 
comprehensive compaction modeling paper has been 
submitted t o  t h e  Journal o f  Energy Resources 
Technology, ASME, and a creep modeling paper i s  i n  
preparation. 

Test i n g Equ i pment 

F i n a l l y ,  a major e f f o r t  has been made t o  modify 
e x i s t i n g  equipment and acquire add i t i ona l  equipment 
t o  improve essent ia l  rock- tes t ing  capab i l i t i es .  
Displacement transducers were i n s t a l l e d  on a high- 
pressure t e s t  vessel t o  improve deformation 

Students are i nves t i ga t i ng  t h e  v a r i a t i o n  o f  

2c 

f 
Kelviz-Voight Solid IuJnsll Solid 

Figure 12. 
BOND GRAPH EQUIVALENTS 

CLASSICAL RHEOLOGICAL MODELS AND THEIR 

measurement capabi 1 i t i e s  f o r  poor ly consol idated 
shale. Improved sample jacke t ing  methods are being 
introduced f o r  high-temperature creep tes ts ,  and 
add i t i ona l  pressure vessels are being o u t f i t t e d  f o r  
creep test ing.  

A mult ichannel data acqu is i t i on  system i s  on order 
t o  improve data-recording capab i l i t i es ,  and several 
equipment grants f o r  t he  use o f  microcomputers i n  
data acqu is i t i on  and modeling have been funded. 
These e f f o r t s  w i l l  make possible continued and 
improved e f f o r t s  a t  a coordinated experimental and 
theo re t i ca l  study o f  geopressured-geothermal 
sandstone and shale. 
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1 
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Chairperson: John Mock, Director,  Geothermal Technology Division, 

j 
9:30 Introductions - John Mock, Director 
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I 
1 
! 
I 10:45 
i 
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I 
I 
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1 1:30 
! 

i U.S. Department of Energy 
I 
1 1:50 Heber Binary Project Robert G. Lacy 

San Diego Gas & Electric Company 

Pac i f i c  Northwest Laboratory 

I 

2:20 Research on Geothermal Chemistry ' Robert J. Robertus 

2:30 Salton Sea S c i e n t i f i c  Dr i l l i ng  Program: Charles A. Harper 

2:45 

and Advanced Instrumentation 

Dr i l l i ng  Program Status  Bechtel Corporation 

Salton Sea S c i e n t i f i c  Al Duba 
Dr i l l i ng  Project Lawrence Livermore National I 

Laboratory 
3:OO COFFEE BREAK 

i 
1 

I 3:15 Geothermal Reservoir Technology Marcel0 J. Lippmann 
1 Lawrence Berkeley Laboratory 

I 
1 
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4 

Jon S. Gudmndsson 
Stanford University 

t 3:35 Geothermal Reservoir Engineering 
Research at Stanford 

Abraham Sageev 
Stanford University 

3:45 Pressure Distribution Around a Well 
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University of Utah Research 
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4:25 
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DOE/CFE 

George S. Budnq 
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5:05 
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U.S. Deparment of Energy 

5:30 

DOE/ENEL 

Cocktail Reception cotillion Foyer 
(Cash Bar) 

Thursday, September 12, 1985 

Chairperson: George Tennyson, Albuquerque Operations Office 
U.S. Department of Energy 

Hot Dry Rock Phase I1 Reservoir 
Engineering 

Inert and Reacting Tracers for 
Reservoir Sizing 

Hugh Murphy 
Los Alamos Nattonal Laboratory 

8:45 

9:20 Jefferson W. Tester 
Massachusetts Institute of 
Technology 

Donald S. Dreesen 
Los Alamos National Laboratory 

9:35 Open Hole Packer and Running Pro- 
cedure for Hot Dry Rock Reservoir 
Testing 

Earth Science Instrumentation 
Update Review F11985 

9:55 Bert R. Dennis 
Los Alamos National Laboratory 

10:15 COFFEE BREAK 

10:30 Sandia Geothermal Technology 
Program: Interactions with other 
DOE Research and CSDP 

Drilling Technology/GDO 

Richard K. Traeger 
Sandia National Laboratories 

11:oo James R. Kelsey 
Sandia National Laboratories 

James C. Dunn 
Sandia National Laboratories 

The Magma Energy and Geothermal 
Permeability Enhanceneat Programs 

11:30 - 
12:oo LUNCE (ON YOUR Om) 
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Experimental Studies 
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f o r  Defining Permeable Zones i n  
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In j ec t ion  Technology Research 
a t  Stanford 

INEL In j ec t ion  Research: Physical 
Model Studies 

Brine Inject ion Studies 

Heat Cycle Research Experimental 
Program, FY-1985 
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Scale Control i n  Geopressured 
Energy Production 

Overview Geopressure Program 

4:35 An Overview of Geopressured Geothermal 
Research 
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U.S. Department of Energy 

Joseph N. Moore 
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P h i l l i p  M. Wright 
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Stanford University 
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Rice University 
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