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PREFACE 

The Seventh Workshop on Geothermal Reservoir 
Engineering convened a t  Stanford University on 
December 15, 1981. Attendance a t  t h i s  work- 
shop remained constant a t  104. 
growth of foreign participation was evident 
with 16 v i s i to r s  from 5 countries. 

The continued 

The Seventh Workshop was noteworthy i n  both 
looking backward with the f i r s t  session on 
Overviews of the Developments i n  Geothermal 
Reservoir Engineering over the past  s i x  work- 
shops and i n  looking forward wlth the theme of 
the panel session on Future Directions of Geo- 
thermal Reservoir Engineering Development. 

The excellent results of the workshop clearly 
confirm the major objectives of the Stanford 
Geothermal Reservoir Engineering Workshop i n  
bringing together the active researchers and 
engineers i n  the development of geothermal 
energy as a viable electrical energy source 
and i n  providing a f o r m  €or prompt reporting 
of progress and exchange of ideas. 
is  especially important i n  this era of govern- 
ment retrenchment and continuous pressure t o  
find alternate energy sources fo r  the antici-  
pated declines i n  f o s s i l  fue l  resources. 

The overviews on past developments outlined 
the e f fo r t s  of many sectors of the geothermal 
community: academic, national laboratory, 
government agency, resource developers, and 
u t i l i t i e s .  The growing ro l e  of cooperative 
research with many foreign countries w a s  
clearly vis ible  as an important "resource" for  
future geothermal development i n  the United 
States. 

This latter 

The expanding list of geothermal f i e l d s  was 
noted i n  the growth of the program sessions 
dedicated t o  Field Development. 
sessions included reviews of Cerro Prieto and 
Los Azufres i n  Mexico; Reykjanes and Krafla i n  

The two 

Iceland, and technical developments a t  Baca, 
New Mexico and Larderello, i n  Italy.  

Other noteworthy areas were the reports on 
tracer studies i n  fractured reservoirs and the 
developments i n  the role of geochemistry i n  
geothermal reservoir engineering. The session 
on Modeling showed the continued advances being 
made t o  understand the physical and chemical 
processes occurring i n  geothermal reservoirs. 

I n  summary, the year 1981 showed a continuous 
record of advances i n  geothermal~reservoir 
engineering and the prospects for  future 
development appear bright. 

One of the main reasons that the Seventh Work- 
shop was w e l l  organized and ran smoothly and 
successfully w a s  the careful planning of our 
Program Hanagers and SGP s t a f f .  This year i n  
particular,  Professors Ramey, Home, Brigham, 
Miller and I are extremely grateful for  the 
great organizational effor ts  of Dr. Ian G. 
Donaldson, who unfortunately (for us) returned 
to  New Zealand before the workshop and of 
Dr. Jon S. Gudmundsson who fortunately (for us) 
is vis i t ing from Iceland. 
ful t o  our competent s t a f f  Jean Cook, Joanne 
Hartford, and Marilyn King for  running the 
Workshop so eff ic ient ly ,  and t o  Terri Rarney 
and Amy Osugi for  helping prepare the Proceed- 
ings. 

We express our appreciation t o  the Department 
of Energy for supporting the workshop, and 
we are underway i n  planning Workshop Eight fo r  
December 14-16, 1982, 

We a l so  are grate- 

Paul Kruger 
Stanford University 
March 15, 1982 
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Proceedings Seventh Yorksbop Geothermal Reservoir bgineering 
Stanford, Decenber 1981. SGP-IR-55. 

STANFORD GEOTHERMAL WORKSHOPS: TEE FIRST SIX YEARS 

Ian G. Donaldson* and Paul  Kruger 

Stanford Geothermal Program 
Stanford University 
Stanford, CA 94305 

Introduction The F i r s t  Stanford Geothermal 
Reservoir Engineering Workshop was convened 
in December, 1975. Its success in compiling 
the scattered information on geothermal res- 
ervoir engineering resulted in its establish- 
ment as an annual event of the Stanford 
Geothermal Program. 
it is appropriate t o  look back over the ef- 
f o r t s  of the past  six years and t o  evaluate 
the overall results. Three questions may be 
raised: (1) Are the Workshops achieving the 
same aims and objectives of the i n i t i a l  meet- 
ing?; (2) What progress in geothermal reser- 
voir engineering has been achieved over these 
six years?; and (3) Have the Workshops devel- 
oped any special values of the i r  own t ha t  
distinguish them from other geothermal 
mee tings? . 
The development of the Stanford Geothermal 
Engineering Workshops is  w e l l  recorded in its 
Proceedings. 
papers were presented over a three-day period. 
These papers$ including two overviews, covered 
the following general areas of geothermal 
engineering: 

In  t h i s  seventh Workshdp, 

A t  the first Workshop, some 50 

(1) Reservoir Physics - studies t o  evaluate 
the physical processes occurring i n  
geothermal reservoirs 

(2) W e l l  Testing - techniques us 
f i c  and generic f i e l d s  t o  determine 
volumetric and extractive characteris- 
t ics of a reservoir 

commercialization of producing f i e l d s  

proving energy and f lu id  recovery from 
geothermal resources 

(5) Modeling - mathematical meth 
geothermal reservoirs. 

During the ensuing f ive  Workshops, 
ing given t o  these general areas have changed; 
different areas were introduced a t  various 
times, f o r  example the area of w e l l  testing 
was expanded t o  include reservoir tes t ing 
and formation evaluation; and apecial ses- 
sions were added f o r  topics such as pro- 
duction engineering, geopressured systems, 
and r i s k  analysis. 
the Workshop has been retained; and in 1977, 
a major change in program content occurred 

* current address: DSIR, New Zealand 

(3) Field Development - meth 

(4) Well Stimulation - techniques f o r  im- 

The three-day format of 

bi 

v i th  the introduction of a panel session. 
The panel session is now an integral  par t  of 
the workshop program; the specific theme 
for  each workshop is chosen t o  r e f l ec t  a 
topic most appropriate t o  the state of 
geothermal reservoir engineering a t  tha t  
time. The topics discussed a t  the four 
prior annual workshops are l i s t e d  i n  Table I. 

The development of geothermal reservoir 
engineering is a l so  reflected i n  the changes 
in sponsorship of the Stanford Geothermal 
Program. indicating the general change I n  
government support of geothermal energy 
research an4 development aver t h i s  time 
period. 
program is  l i s t e d  in Table 11. 

A i m s  and Objectives During the past  six years 
of the Workshop, the aims and objectives have 
been kept rather constant. 
duction t o  the Proceedings of the F i r s t  
Workshop, they were clearly defined: 

here a t  Stanford t h i s  December, 1975. is 
two-fold. F i r s t .  the Workshop w a s  designed 
t o  bring together researchers active in the 
various physical and mathematical branches 
of t h i s  newly-emerging fieXd so tha t  the 
participants could learn about the very 
many studies underway and share experiences 
through an exchange of research results. 
second purpose was t o  prepare these Proceed- 
ings of the Workshop so tha t  the integrated 
Information could be disseminated t o  the geo- 
thermal community responsible for  the develop- 
ment, ut i l izat ion,  and regulation aspects of 
the industry.” 

These purposes may be contrasted t o  the objec- 
t ives  as stated in the Introduction t o  the 
Proceedings of the Sixth Workshop in 1980: 

‘“The objectives of the Workshop, the 
bringing together of researchers, engineers, 
and managers involved i n  geothermal reservoir 
study and development and the provision of a 
forum fo r  the prompt and open reporting of 
progress and fo r  the exchange of ideas, con- 
tinue t o  be met.“ 

I n  retrospect, the stated objectives of the 
Workshop have been constant, but have they 
indeed been met? This can best  be answered 
by looking a t  three aspects of the Workshop: 

The sponsorship of the workshop 

In  the Intro- 

“The purpose of the Workshop convened 

The 

-1- 



Workshop 

Third 

Fourth 
Fif th  

Sixth 

Workshop 

P i r s t  

Second 

Third 

Fourth 
Fifth 
Sixth 

Table I 

SGP Workshop Panel Discussion Topics 

Year Topic Theme 

1977 Def Init ions of Geothermal R e s e r v e s  

1978 Geochemistry 
1979 Reservoir Models-Simulation vs. Reality 
1980 Numerical Model Intercomparison Study 

- 

Table IX 

Sponsors of the SGP Geothermal Workshops 

Year Sponsor 

1975 National Science Foundation: RANN Program 
{National Science Foundation: RANN Program 

Div. Geoth. En. 
1976 

1977 Dept. of Energy: Div. Geoth. En. (thru LBL) 
1978 Dept. of Energy: Div. Geoth. En. (thru LBL) 
1979 Dept. of Energy: Div. Geoth. En. (thru LBL) 
1980 Dept. of Energy: Div. Geoth. En. (thru SFOO) 

- 

Energy Res.  and Dev. Adm.: 

(1) the people who participate by presenting 
papers and attending the sessions, (2) the 
coverage of the papers offered, and (3) the 
s ta tus  of the Proceedings. 

Throughout the six years, Workshop par t ic i -  
pants have come from a wide spectrum of 
research and development groups--from govern- 
ment agencies (such as the Department of 
Energy and the U.S. Geological Survey)r from 
the universit ies,  from the National Laborato- 
ries, and from the many sectors of the indus- 
t ry  (developers, u t i l i t i e s ,  and consultants). 
In  addition, there has been considerable input 
and participation from abroad. For example, 
21 attendees from 11 foreign countries 
participated in the 1979 Workshop; 18 atten- 
dees from 6 nations participated i n  the 1980 
Workshop. This 20% attendance from abroad 
indicates a strong international nature of the 
Workshop. A significant feature is tha t  these 
participants keep coming back. 

Progress i n  Geothermal Reservoir Engineerin& 
During the six annual Workshops, the dis- 
tr ibution of general topics cwered has become 
discernable. Table If1 shows the number of 
papers by the headings that have been used in 
the Proceedings' programs for  the six Uork- 
shops. 
clude panel discussion papers. 
indicate a program of 2 overview papers, 9 
reservoir science papers, 10 f i e l d  evaluation 
papers, 9 f i e ld  development papers, 3 stimula- 
t ion papers, and 11 modeling papers. 
decision, a feature of the Workshops is a 
balance between theoretical and practical  

The t o t a l s  for  the last three also in- 
The averages 

By 

papers; one tha t  has been maintained through 
the six years. 

One last ing feature of the Workshops has 
been the set of Proceedings tha t  have be- 
come an important par t  of the l i t e r a tu re  on 
geothermal reservoir engineering. From the 
start, copies have been i n  demand t o  such an 
extent tha t  reprintings have been requited 
for  some and increased f i r s t  printings are 
now essential .  
are regularly c i ted i n  the professional 
l i t e r a tu re  as w e l l  as i n  review articles 
and in books. The Proceedings are often 
the only public source of information re- 
la t ing t o  some research and t o  some aspects 
of f i e ld  development. 

Papers i n  the Proceedings 

In  reviewing the Proceedings, a major 
observation becomes readlly apparent. In 
each of the topic areas, the context of the 
papers shows a marked t ransi t ion from re- 
ports on "research intent" t o  reports of 
"significant achievements." This is espe- 
c i a l ly  true i n  the topics of f i e l d  evalua- 
t ion and f i e ld  development, where successes 
(and problems) in bringing new f i e lds  on 
l i n e  have been shared among the partici-  
pants. 
a rapid acceleration from '%ow to" papers 
t o  analysis of complex f ie lds .  A special 
par t  of the 1980 Workshop Proceedings 
(SGP-TR-42) was issued separately on the 
code intercomparison study eponsored by the 
Department of Energy in which it was noted 
tha t  six independently constructed simulators 
could arr ive a t  reasonable agreement of 
results given the same input iafotmation. 

The sessions on modeling also show 

-2- 



Table I11 

Distribution of Papers by Topics in the SGP Annual 
Workshop Proceedings 

Workshop 
F i r s t  Second Third Fourth Fif th  'Sixth Total Average ------- Top IC 

Overviews 2 3 

Reservoir Physics < 9  8 

Well Testing 10 5 

Reservoir Chemistry 

Well & Reservoir Test- 
Well Tes t  & Formation Eval. 
Pressure Transient Analysis 

Field Development 9 9 
Geopressured Systems 
Production Engineering 

Well Stimulation 6 6 

Modeling 14 1 3  

Risk Analysis 

Totals 50 44 

The Special Values of the Worksh6ps 
contrast t o  the many overall  meetings on 
geothermal research and development. the 
SGP Workshops might be classi f ied as rela- 
t ively small and specialized. The result 
has been a set of Workshops i n  which a l l  
participants are able  t o  be involved over 
the whole meeting. With an average of 
about 100 attendees. the meetings are 
informal. with much cross-discussions of 
issues raised during the presentations. 
Over the three-day period, the partici-  
pants can get t o  know o r  renew acquaintance 
with a large proportion of the attendees. 
A large amount of Information transfer and 
exchange of ideas occurs through t h i s  open 
structure. 

Although centered about the engineering as- 
pects of the geothermal reservoir, the Work- 
shop is still broad enough t o  attract papers 
from a vide spectrum of disciplines: social. 
economic, environmental. The balance between 
theoretical  and practical  aspects of geother- 
mal reservoir developments allows a wide de- 
gree of perspective t o  each participant. 

A second special value feature of the Work- 
shops is the panel discussion. To date the 
panels have had excellent support from both 
the audience and the panelists. 
there has been l i t t€e diff icul ty  so f a r  in 
finding topics appropriate t o  the research and 
development climate existing a t  the time of 
each Workshop. 
picture st i l l  not i n  sharp focus, t h i s  situ- 
tion is l ikely to remain yet for some time. 

In  

. 

Fortunately, 

With the nation's energy 

&i 

2 4 1 1 13 2.2 

8 7 4 12 48 8.7 
4 4 

3 18 

15 15 
15 15 

12 10.0 12 

4 7 9 38 

6 6 12 

6 18 3.0 

9 66 11.0 

2 2 0.3 

4 4 9.0 

11 9 10 

33 45 * .  43  50 265 44.2 

The third special value feature of the Work- 
shops are the meeting preprints and the Work- 
shop Proceedings. 
cellent means of circulating recent research 
findings and f i e l d  development Information 
quickly t o  the many scient is ts .  engineers. and 
managers responsible f o r  the development of 
geothermal energy. 
the "camera-ready" copy fo r  preprints and 
Proceedings should result in even f a s t e r  
communication of results t o  the geothermdl 
community. 

A basic principle of the SGP Workshops is tha t  
a l l  papers accepted fo r  the Workshop be pub- 
lished i n  the Proceedings. ?his is now espe- 
c l a l ly  Important today i n  tha t  not a l l  papers 
offered can be presented oral ly  a t  the ses- 
sions. Although t h i s  principle could lead t o  
publication of ideas tha t  might not be accept- 
ed fo r  publication i n  archival journals with 
f u l l  reviewing process, the publication in the 
Workshop Proceedings puts them on record. 
L i k e  the Workshop i t s e l f .  the Proceedings are 
a forum f o r  discussion and hence new o r  alter- 
native viewpoints should continue t o  be 
acceptable. 

These have proved an ex- 

This year. the advent of 

Achievements of the Workshops The Stanford 
Geothermal Reservoir Workshops have made 
"signif icant achievements" in the i r  short life- 
time. 
those interested i n  geothermal reservoir 
research and development and provided the 
participants with a forum fo r  expression and 
exchange of ideas and results. 
Proceedings. these ideas and results are 
maintained fo r  later reference. 

They certainly have brought together 

Through the 
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Another significant. achievement results from 
the informality and openness of the meeting. 
The Workshop has become accepted as the 
medium f o r  reporting new research ideas and 
development information--well in advance of 
more formal publication, i f  any. Several 
research themes have continued through 
several workshops. indicating a feedback 
mechanism from exposure and discussion of 
ideas t o  development into research programs 
and results. A major case in point was the 
panel discussion of the Fifth Workshop in 
1979, "Geothermal Reservoir Models-- 
Simulation vs. Reality," which in effect  
set the stage fo r  the Department of Energy 
sponsored numerical modeling intercomparison 
study carried out Over the next year and 
reviewed in the panel discussion of the 
Sixth Workshop in 1980. 

Sumarx The Stanford Geothermal Reservoir 
Workshops are now firmly established as an 
international forum for  those interested in 
the geothermal reservoir. i ts study, and its 
development. 
infancy with respect t o  its future potential  
in meeting the nation's energy requirements. 
Thus, the problems of geothermal reservoir 
engineering need t o  be krvestigated fo r  some 
t i m e  yet. New appropriate topics for  future 
vorkshops w i l l  not be in short supply. The 
Proceedings of the Workshops have become an 
important par t  of the baseline of current 
knowledge of geothermal reservoirs. How- 
ever, the distribution t o  date has been 
rather limited. With wider references t o  
them appearing in the general l i terature ,  

The industry is yet i n  its 

the i r  avai labi l i ty  should be expanded. 
avenues for  wider circulation t o  technical 
l i b ra r i e s  and other geothermal reference 
systems are being examined. 

The Stanford Geothermal Reservoir Engineer- 
ing Workshops have played a significant 
ro le  in  the current development of geother- 
m a l  energy. The momentum is forward, and 
maintaining a perspective of the growth of 
geothermal exploitation w i l l  be an inter- 
esting par t  of future Stanford Geothermal 
Workshops. 
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VIERVIEW - IlNIVERSIlY FESEARQI I N  GEOTHERMAL RESERVOIR ENGINEERING 

Roland I?. Borne 

Stanford University 

University research in to  resemir 
engineering aspects of geothermal u t i l i sa t ion  
has undergone a long development since work 
f i r s t  gathered speed i n  the early 1970's. 
University research, appropriately enough, 
has remained 60111ewhat academic thraughout 
tha t  time although with a constant watch Over 
the philosophically troubling problems 
associated with industrial  u t i l i sa t ion  of the 
resource. Research in the university 
environment is charged w i t h  finding the 
answer "why?" as much as "haw?". 

The Past One of the earlier popular areas of 
university research was the behaviour of 

' convection i n  porous media--a region of 
interest  stimulated by fundamental questions 
of how geothermal reservoirs form and what 
mechanisms are important i n  the i r  
behaviour. Work in this area was &ne a t  the 
University of Hawaii by Prof. Ping Cheng, a t  
University of Colorado by Prof. David Mssoy, 
at Stanford University by Profs. George Hamsy 
ana Roland Borne, and a t  WCLA by Prof. George 
Schubert and Dr. Joe Straus. Physical 
si tuations in which non-isothermal f lu id  flow 
through porous media is important also appear 
i n  other engineering f ie lds  and have been 
studied in other universit ies w i t h  frequent 
cross references to geothermal energy. Much 
productive work w a s  generated in the area of 
convection, however most act ivi ty  d r e w  to a 
close w i t h  a &le change of emphasis 
towards more pract ical  problems, perhaps 
originating with ERDA's 1975 catch-phrase of 
"megawatts on-line". 

Methods for  reservoir modelling have been 
investigated continuously from the beginning 
and still  are of current interest .  The f ie ld  
can be s p l i t  oomewhat untidily in to  the 
regions of analytical  modelling, physical 
modelling and numerical modelling. Full  
scale numerical modelling has been undertaken 
a t  the university levels by Prof. George 
Pinder a t  Princeton University and Prof. Paul 
Witherspoon a t  U. C. Berkeley who have made 
major contributions in philosophical insiglrts 
into aspects of the field.  Nuts-and-bolts 
code development has remained principally 
outside the academic environment and has 
been tackled by wmmercial companies and the 
national laboratories. 

somewhat Analytical modelling is 
inappropriately named since most examples use 
numerical methods, however the term has wme 
t o  be used w i t h  reference to  lumped 
parameter, Unearised or otherwise simplified 
models. Some of these models such as  
University of Colorado's fault-charged model 
(Itassoy and Goyal, 1979) grew out of ear l ie r  
convection work, while others a t  Stanford 
University originated from petroleum 
engineering material balance techniques 
(Brigham and N e r i ,  1980, and Westwood and 
Castanice-this conference). Prof. Gunnar 
Bodvarsson of Oregon State  University has 
a lso contributed a wide range of conceptual 
models from his  geophysical background. The 
arguments concerning the appropriateness of 
this type of model compared t o  f u l l  scale 
distributed parameter models have yet to be 
resolved, and it is l ikely that  work in both 
areas w i l l  continue in research, as it does 
in industry. 

Physical modelling of f u l l  scale systems has 
never been undertaken in university research 
(despite suggestions of sand box models a t  
Colorado State university - Fort Collins), 
but latoratory studies of large scale heat 
t ransfer  has been undertaken in  the chimney 
model a t  Stanford. 

With the change i n  the l a t e r  1970's towards 
more fmmediate pract ical  problems, greater 
attention was placed upon well tes t ing and 
w e l l  test analysis. Research in  this area 
had been in progress a t  Stanford under the 
direction of Prof. Ftamey since considerably 
before tha t  time, however Stanford was joined 
by the University of Hawaii and other non- 
university establishments in the renewed 
interest .  Well tes t ing is an area on which 
a l l  sectors of the geothermal reservoir 
engineering area depend, including numerical 
simulation, economics, reservoir modelling, 
s ta t ion design, pipeline design and even 
environmental impact investigation. 

Interest  in fundamental rock and f lu id  
properties has been maintained because of 
the continued importance that  physical and 
chemical behaviour have in exploration, w e l l  
t e s t  analysis and simulation. Work in f lu id  
flow has been followed a t  Stanford University 
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i n  the bench scale experiments investigating 
absolute permeability, s t e w w a t e r  re la t ive 
permeability and adsorption. The impact of 
the adsorption experiments has been f a r  
reaching i n  the engineering of vapor 
dominated systems, but the determinatim of 
steadwater re la t ive permeability (which is 
of major importance in reservoir simulation) 
continues to  be elusive. The diff icul ty  i n  
measuring relat ive permeabilities may w e l l  
a r i se  philosophically in  the i r  definition, 
making the i r  study an ideal candidate for  
academic research. 

The chemical behaviour of geothermal f luid 
flow has also been investigated in  university 
research, with the mineralogical and stable 
isotope studies performed a t  UO C. Riverside 
and the non condensable gas studies a t  
Stanford. 

The Present and Future The principal 
. philosophical problem suffered by geothermal 

reservoir engineering i$ the application of 
techniques developed for  porous media t o  
systems which have substantial  fracture 
permeability. A great deal of e f for t  i n  
university research is now being applied in  
t h i s  direction. Tracer tes t ing has been 
perceived as one of the clearest  means t o  
define fracture systems and the design and 
interpretation of a major tracer f i e l d  test 
has been undertaken by Stanford i n  
cooperation with the Institute de 
Investigaciones Electricas i n  Mexico. W e l l  
test analysisr and non cendensable gas 
monitoring techniques are being developed for  
t h i s  use alsor  and the heat transfer 

behaviour of fractured systems is a lso  i n  
progress. 

In  September 1980, LBL drafted an updated plan 
(Howard, Goldstein and G r a f ,  1980) for  the 
support of geothermal reservoir engineering 
research by the U.S. Department of Energy. 
Twenty top pr ior i ty  research needs were identi- 
f ied and presently 8 of these research topics 
are  under investigation (either formally or 
informally) a t  universities. 
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THE RQE OF THE NATIONAL LABORATORIES I N  GEOTXERMAL RESERVOIR ENGINEERING 

P.A. Witherspoon and C.P. Tsang 

Earth Sciences Division 
Lawrence Berkeley Laboratory 
Berkeley, California 94720 

INTRODUCTION The national laboratories, since 
the beginning of the national geothermal energy 
development program, have played an important 
research role f o r  the U. S. Department of Energy 
(DOE) and its predecessor agencies. These lab- 
oratories,  specifically,  Lawrence 3erkeley Lab- 
oratory (LBL), Lawrence Livermore National Lab- 
oratory (LLNL), IDS Alamos National Laboratory 
(LANL) , Sandia National Laboratory (SEIL) , &rook- 
haven National Laboratory (ENL) , Argonne National 
Laboratory (-1, and the Idaho National Eng. 
Laboratory (INEL), have large, multidisciplined 
sc ien t i f ic  , engineering and technical eupport 
s t a f f ,  and excellent research f ac i l i t i e s ,  en- 
abling the laboratories to conduct and manage 
research projects beyond the a b i l i t i e s  of uni- 
versi ty  departments and many geothermal develop- 
ers. 
cated adjacent to the Berkeley campus of the 
University of California. As a result, faculty, 
graduate students and s ta f f  augment the Labora- 
tory s ta f f  and make significant contributions. 

LBL has the unique feature of being lo- 

In general, the  boundary relationship 
between the national laboratories and industry 
is defined by the laboratories' focus on long- 
term, high-risk generic research and the i r  
f a c i l i t i e s  and special capabilities, many of 
which a re  lacking in industr ia l  laboratories 
and are nonexistent within the organizations of 
many private geothermal energy developers. A t  
the  same time, the national laboratories main- 
t a i n  close contact with industry, thus ensuring 
relevancy of the research and the t ransfer  of 
technology. 

Because we are most familiar w i t h  LEL and 
the research performed there,  and because LBL 
has been the lead laboratory in geothermal 
reservoir engineering research, t h i s  paper w i l l  
deal largely with LBL's role. 
t ive ,  however, we see the following basic 
strengths within most of the 
tot ies :  

1. 
computer technology and advanced engineering 
f a c i l i t i e s ,  the laboratories a re  able to design, 
build, and test new o r  improved tools together 
with supporting methodologies and numerical 

From our perspec 

Starting with initial 6trengths i n  

2. w i t h  their multidisciplinary s ta f fs ,  
the  national laboratories have the proper mix 
of scienti6ts.  engineers, technicians and man- 
agers needed t o  conduct longer-term research, 
and to respond more quickly t o  the emergency 
needs of DOE and other government agencies. 

3. Because public service and high- 
qual i ty  research are central  to the functioning 
of national laboratories, they are capable of 
providing independent and unbiased assessments 
and solutions t o  problems brought t o  them. 
They are cammitted to the t ransfer  of technol- 
ogy to the private sector. 

RECENT ACCOMPLISHMENTS OF THE NATIONAL 
LABORATORIES The current work performed by the 
national laboratories addresses various aspects 
of geothermal energy developnent in nearly a l l  
important areas. 
ponding involvement of the various laboratories 
a re  reviewed below, with emphasis being placed 
on the laboratories most involved w i t h  the  res- 
pective research area. 

Reservoir Engineering The primary work in geo- 
thermal reservoir engineering is being done by 
Lawrence Berkeley Laboratory (LBL) . 
a lso  carrying out studies that correlate  geo- 
physics with reservoir engineering. 
LBL's role in reservoir engineering follow i n  
the  next section. 

Geochemistry Lawrence Livermore National tab- 
oratory (LLNL) has carried out a comprehensive 
R&D program a t  the Salton Sea geothermal f i e ld  
i n  the Imperial Valley, California. 
gram included reservoir evaluation, scale 
control, corrosion, H2S abatement, and brine 
injection studies. More recently LGNL assessed 
the  in jec tab i l i ty  of brines and methane c x t r a c  
t ion  frcxn geopressured resources of the Gulf 
Coast. 

These areas and the corres- 

LBL is 

Details on 

The pro- 

Tech- - 
nolow and Tools The developnent of d r i l l i ng  
completion and w e l l  tes t ing technology has been 
considerably advanced by the work of the 
national laboratories. New d r i l l i ng  hardware 
and f lu ids  have been developed by Sandia 

1 
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National Laboratory (SNL) . They have made 
advances i n  completion technology that  include 
downhole perforation, cementing, and w e l l -  
cleaning. 

A s  the  lead laboratory for  high-temperature 
component developent, has been instru- 
mental i n  providing, through both in-house 
projects and subcontractors, cmponents needed 
fo r  logging high-temperature geothermal wells. 
They have advanced hybrid c i r cu i t  technology, 
and developed prototype logging tools (27Ei4C) 
and a metal sheath cable. Sandia has a lso  
worked w i t h  the  General Electric campany to 
produce a 275.C multiplexer and with the  
Harris Semiconductor Company to develop high- 
temperature (275.C) electronic components. 

Materials Brookhaven National Laboratory (BNL) 
has developed and tested several high-tempera- 
tu re  polymer concrete systems fo r  cementing 
geothermal wells. BNL has a l so  investigated 
nonmetallic materials such as plast ics ,  ceramics, 
and refracting cements for  handling hot brines 
and steam. 

Direct-Use Idaho National Eng. Laboratory 
(INEL) has developed several direct-use demo- 
s t ra t ion  projects a t  Raft River, Idaho. The 
laboratory has a l so  provided technical assis- 
tance for  the direct-use geothermal projects. 

Hot Dry Rock Sponsored by DOE/DGE, the  Hot Dry 
Rock (HDR) Geothermal Energy Development Pro- 
gram is managed through a f i e l d  of f ice  at-the 
Los Azamos National Laboratory (LANL). The HDR 
Program was established t o  investigate-and, i f  
possible, t o  demonstrate--the usefulness of 
natural  heat in  the earth 's  crust a s  a comer- 
cia1 source of energy. 

Fenton H i l l ,  located in  a geothermal area 
approximately 30 km west of Ias Alamos, is the 
site of LANL's pioneering HDR heat-extraction 
experiments. In May 1980, HDR technology was 
used to produce e l ec t r i c i ty  in  an injection 
demonstration experiment a t  Fenton H i l l .  A 
60-kVA, binary-cycle e lec t r ica l  generator was 
instal led in the Phase I surface system and 
heat from about 3 kg/s of geothermal f lu id  a t  
132.C w a s  used to boil  Reon R-114. %e 
produced vapor was used to drive a turbo- 
alternator.  

A Phase I1 system tha t  should approach com- 
mercial requirements, consisting of a pair of 
3-km deep wells in to  granite a t  275*C, is  now 
being construpted a t  Fenton H i l l .  Other work 
a t  Fenton H i l l  includes environmental monitor- 
ing, development of equipment, instruments and 
materials for  technical support, developnent 
of several kinds of mathematical models, and 
analysis of data collection from extensive 
resource investigations which was then assem- 
bled into a geothermal gradient map of the U.S. 

National Energy Software Center (NESC) Argonne 
National Laboratory (ANL) operates the National 
Energy Software Center (NESC) which makes com- 

puter programs available to interested users i n  
a l l  areas of energy research. aESC maintains a 
software l ibrary with f u l l  documentation. 
ware codes can be requested by a l l  types of 
organizations worldwide, and NHSC's services 
are provided a t  very nominal cost  w i t h  no roy- 
a l t y  charges for  the programs. AS an example, 
NESC has evaluated and adapted for  distribution 
f ive  computer programs developed a t  LBL f o r  
geothermal reservoir engineering applications 
(reservoir simulation, wellbore flow, w e l l  test 
analysis) .  
grams have shown t ha t  NESC can be effective in 
transferring new methodology into engineering 
practice. 

soft-  

Numerous requests for  these pro- 

LBL'S ROLE AND ACCOMPLISHMENTS I N  M E  FIELD OF 
GEOTHERMAL RESERVOIR ENGINEERING Since the 
emphasis of t h i s  conference is on reservoir 
engineering, this section w i l l  be limited t o  a 
sununary of LBL's past and present work i n  this 

t area. This work is classif ied into several 
sections and discussed below. 

Cerro Prieto Cooperative Project LBL i s  COOP 
dinating the U.S. technical ac t iv i t i e s  being 
carried out a t  Cerro Prieto under an agreement 
between DOE and Comisiok Federal de Electrici-  
dad of Mexico. This multidisciplinary program 
includes geological, geophysical, geochemical, 
subsidence, and reservoir engineering studies 
w i t h  the  purpose of developing a hydrogeo- 
logical model of the geothermal system and to 
analyze its response to l a rgesca le  f lu id  
production. 

Some of the more Important results obtained by 
the various American (e.g., U.S.G.S., U.C. 
Riverside and LBL) and Mexican groups involved 
i n  the program are as follows: 

(1) The l a t e ra l  boundaries and the temperature 
distribution within the geothermal anomaly have 
been generally established. 

( 2 )  
marine l i thofacies  in the f i e l d  has been deter- 
mined and is continuously revised as  new w e l l  
data become available. 

The general dis t r ibut ion of del ta ic  and 

(3) 
flow pattern in  the system has been developed. 
The hot f lu ids  are  recharged from the east  and 
northeast and are moving l a t e ra l ly  towards the 
w e s t  along the base of shale units. 
move upward through gaps in these shale uni t s  
u n t i l  they f ina l ly  leak t o  the surface. M t e r  
large-scale production began in 1973, colder 
waters began moving in to  the geothermal r e s e r  
voir  from shallower aquifers and from the edges 
of the f ie ld .  
being presently developed. 

(4 )  Repeated surface geophysical surveys 
( dipole-dipole res i s t iv i ty)  have monitored 
changes in  the reservoir caused by its exploi- 
tat ion. Apparent r e s i s t i v i ty  increases have 

A general picture of the heat and mass 

The f lu ids  

A more detailed flow regime is 
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been detected Over the older (westem) part of 
the  f i e l d  a t  depths of 1 km o r  greater. 
other hand, large tones of decreased apparent 
r e s i s t i v i t i e s  have been observed west and east 
of that area. Modeling studies are being made 
t o  establish whether changes in sal ini ty ,  
temperature, and/or steam saturations of the 
reservoir f lu ids  can explain the observed 
changes. 

(5 )  Based on chemical and reservoir engineer- 
ing data it w a s  concluded tha t  mixture with 
cooler waters rather than boiling is  the domi- 
nant cooling process in  the natural state, and 
tha t  production causes displacement of hot 
water by cooler water, and not by vhpor. 
boiling occurs near m o s t  w e l l s  in response to 
pressure decreases, but no general vapor zone 
has formed. 

It i s  f e l t  that the success of a multidiscipli- 
nary project l i ke  the Cerro Prieto study w i l l  
strongly depend on the technical and managerial 
capabi l i t ies  of the organization coordinating 
the  e f fo r t  and flow of information between the 
participating groups, a s  w e l l  a s  t h i s  organiza- 
t i on*s  ab i l i t y  to be actively involved in the 
research phase. A national laboratory w i t h  its 
resources in manpower, laboratories, and shops 
is w e l l  suited for  such technical and managerial 
roles. 

QI the  

U c a l  

LaurTemwrature Research In 1981, DOE asked 
LBL and I N E L  t o  develop and Implement jo in t ly  
a new program in reservoir engineering method-  
ology and reservoir assessment techniques 
specific to low- and moderate-temperature hydro- 
thermal systems. u h t i l  that time, l i t t l e  e f fo r t  
had been devoted to the understanding of these 
reservoirs. Accomplishments to data Include 
development of a computational m o d e l  fo r  thin, 
fault-charged hydrothermal reservoirs, develop 
ment of well tes t ing instrumentation, compila- 
t ion  and publication of case studies of low to 
moderate-temperature reservoirs and preparation 
of a handbook with reservoir engineering guide- 
l i nes  for  potential  developers. 

High-temperature Research Since 1976, LBL has 
conducted a sizeable research e f fo r t  i n  high- 
temperature geothermal reservoir engineering. 
Some of the highlights are as follows: 

(1)  
nmber of international cooperative projects 
( I ta ly ,  Iceland, Mexico, New Zealand), it has 
been possible to obtain access t o  geothermal 
operating experience and f i e l d  performance data. 
This has fac i l i t a ted  recognition of technolog- 
i c a l  problems and has made possible the develop 
m a t  of novel methods for geothermal reservoir 
engineering. Much valuable information has 
been made available to the geothermal cclmmunity 
in  the United States. 

(2)  GREMP - LBL developed the Geothermal -8- 
ervoir Engineering Management Plan (GREMP) f o r  U M E  a s  a guidance fo r  policy in  geothermal 
reservoir engineering. A comprehensive extra- 

International cooperation - Through a 
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mural research program was implemented, and LBL 
administered and technically monitored research 
contracts and disseminated the resu l t s  to the 
geothermal industry. 

(3) 
search e f for t s  have integrated ta len t  from 
various disciplines (geology, hydrology, geo- 
physics, reservoir engineering, physics, mathe- 
matics) to develop quantitative methods for 
geothermal reservoir evaluation and performance 
analysis. 
velopnent of sophisticated yet easyto-use can- 
puter programs such a s  SHAFT79 and PT (or CCC), 
which would be viable tools for  engineering 
applications. 
s t ra ted  through generic studies, a s  well as 
through applications t o  f i e ld  data. 
was held to instruct  engineers from the geo- 
thermal industry in the use of these computer 
programs. 
ested individuals and organizations i n  the 
application of advanced geothemal reservoir 
engineering methods. 

W e  believe that our reservoir modeling work has 
already had a significant impact on geothermal 
development planning in the United States, and 
w i l l  continue to fac i l i t a t e  design and optimi- 
zation of exploitation strategies.  

Reservoir Modeling - LBL*s in-house re- 

Emphasis has been placed on the de- 

Novel methods have been demon- 

A workshop 

IBL s ta f f  continues to advise inter- 

Energy Util ization - The Util ization lkchnology 
Group a t  LBL has had as its focus the binary- 
cycle energy conversion process. The binary- 
cycle is the leading candidate fo r  u t i l i za t ion  
of moderate- and lortemperature resources fo r  
e l ec t r i c i ty  generation. Optimization of the 
working f luid and cycle s t a t e  point as f u n c  
t ions  of resource temperature and economic con- 
di t ions has &en studied using the powerful code 
"GEOTIIM" developed a t  LBL. Cycles using s u p e r  
c r i t i c a l  mixtures of l igh t  hydrocarbons have 
been shown to be optimal a t  present cost  levels. 

Heat exchangers consti tute a major portion of 
the  binary-cycle paver plant cost ,  and the p e r  
formances of both novel and conventional heat 
exchangers have been studied under f i e ld  condi- 
t ions.  
performed to  establish heat t ransfer  coeffi- 
c ients  for  butane/ieopentane mfxtures. 
direct-contact heat exchanger p i lo t  plant has 
been designed, bu i l t ,  and tested a t  East Mesa. 
LBL is presently supporting the e b e r  Binary 
Demonstration Power Plant by participating in 
design reviews and i n  the design of the  data 
acquisit ion system for  the plant. 

Field Testinq - A t  the onset of government 
programs ta stimulate the developnent of geo- 
thermal resources i n  the United States, there  
was a need to develop improved methodology fo r  
testing geothermal w e l l s  and geothermal reser- 
V O i r 6 .  
and rel iable  technique for  providing data on 
the in s i t u  reservoir parameters, it is essen- 
t i a l  to  have a well-developed test methodology. 
As part of the LBL Geothermal Reservoir Engi- 
neering Program, well tes t ing methods, procedure, 

Laboratory measurements have a l so  been 

A 500-kW 

Because w e l l  tes t ing is the most common 



insitrrrmentation, and interpretation have been 
investigated. 

Well tes t ing methods developed for  geothermal 
w e l l  tes t ing have followed the lead of the 
petroleum industry. Three types of tests-- 
production tes t s ,  injection tests, and inter- 
ference tests--assimilated from the petroleum 
industry were determined to be the most suit- 
able to geothermal reservoirs. 'Jb make these 
techniques applicable to geothermal reservoirs, 
the theory has been modified to include the 
e f fec ts  of. tw-phase (steam-water) nonisother 
m a l  flow in the reservoir, two-phase and non- 
isothermal wellbore flow w i t h  variable rate, 
and fracture flow. For highly sal ine or gas- 
eous reservoirs, an accurate equation of state 
must be developed and included in the calcula- 
tions. To date very l i t t l e  data ex is t  on the 
properties of saline and gaseous brines a t  
elevated temperatures and pressures. This is 
a major area of on-going research intended to 
fac i l i t a t e  the developent of geothermal 
reservoirs. 

In the past, a major obstacle t o  the bplementa- 
t ion  of well tes t ing techniques has been the 
lack of instrumentation and measurement devices 
for  high-temperature and high-pressure appli- 
cation. Temperature, pressure, and flow must be 
measurable both downhole and a t  the surface, a t  
suff ic ient  accuracy t o  obtain re l iab le  estiknates 
of the reservoir parameters. In 1976, there 
were only two systems available for  obtaining 
dawnhole pressure: 
fo r  the o i l  and gas industry, and an electronic 
device rated to 150.12. 
pressure, temperature, and flow data a t  tempee 
atures  greater than lStl°C was limited by lack 
of high temperature electronics, transducers, 
seals,  cable heads, and cable. Now, as the 
result of the developnent of high temperature 
electronics a t  Sandia, the potential  ex is t s  t o  
develop instruments suitable for  use a t  temper- 
a tures  of up t o  275.12. Concurrent to the Sandia 
program, the reservoir engineering group a t  LBL 
has concentrated on developing tools that use 
only surface electronics. 
osophy, a downhole pressure/temperature/flow 
too l  rated t o  225.C has been developed. 
corporates a B e l l  and Howell CEC 1000-4 ser ies  
pressure transducer, an RTD, and a modified 
master spinner. A spinner (dawnhole flaw meter) 
and a temperature tool, both rated to 3OO0C, 
have also been developed and fabricated. 

a mechanical device designed 

Obtaining downhole 

Using this phil- 

It in- 

FUTURE POSSIBLE RESEARCH AREAS 
of important work remains t o  be done by the 
national laboratories i n  geothermal reservoir 
engineering. ,Future challenging areas of 
research are: 

A great deal 

(1) Injection studies - Many geothermal f ie lds  
require injection in the very near future, and 
many important problems in  this area have t o  be 
addressed as soon as  possible. 

( 2 )  Fractured porous media studies - Because L; 
most geothermal reservoirs are highly fractured, 
it is  important that  pioneering work on f r a c  
tured porous media done a t  LEL be continued. 

(3) 
the monitoring of reservoir changes by geophys- 
i c a l  means. 

Geophysics - There is continued need'for 

(4)  Geochemical studies - There is great poten- 
t i a l  for  future developent and application of 
geochemical methods in reservoir engineerfng. 

( 5 )  Gas chemistry e f fec ts  - Gas chemistry 
e f fec ts  on reservoir analysis must be more tho- 
oughly studied. 
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GEOTHERMAL RESERVOIR WGINEERING: THE ROLE 
OF THE U.S. GEOLOGICAL SURVEY 

Wendell A. Ouffield 

U.S. Geological Survey 
345 Middlefield Rd. 
Menlo.Park, CA 94025 

Introduction The U.S. Geological Survey 
has a legislated mandate t o  assess and 
inventory the Nation's geothermal 
resources. Accordingly, princi a1 
objectives of the Survey's Geodermal 
Research Program are: (1) t o  determine the 
geologic, geochemical , geophysical , and 
hydrologic characteristics of a l l  types of 
geothermal systems; (21 t o  improve and 
develop techniques of exploration for and 
assessment of geothermal resources; (3)  t o  
characterize the seismicity, ground 
deformation, and hydrologic changes that may 
be induced by-the production of geothermal 
fluids and their subsequent injection back 
into the subsurface; and (4 )  t o  determine 
the amount of geothermal energy that exists 
as a national resource and periodically to  
update t h i s  assessment as  new information 
becomes available. Research that addresses 
objectives 1, 2, and 3 i s  designed to  
provide information that permits an 
increasingly accurate assessment of the 
Wation's geothermal resources. 

Reservoir-Related Research Since its formal 
estabilsnment i n  IYII, me Survey's 
Geothermal Research Program has supported 
field, laboratory, and theoretical studies 
i n  geology, geophysics, geochemistry, and 
hydrology. Duffleld and Guffantl (1981a,b) 
have recently smarized the history o f  the 
program fran 1971 through- 1980. The 
program's broad-based, mu1 tidisciplinary 
character reflects .the fact that  any 
comprehensive understanding of geothermal 
systems requires studies of rocks, fluids,  
and a host of canplex interactions between 
the two. If reservoir engineering, the 
subject of this workshop, i s  defined i n  a 
broad sense to  include a l l  studies that 
either directly or indirectly help to  
characterize a geothermal reservoir, m o s t  of 
the research of the Survey's Geothermal 
Research Program addresses some aspect o f  

Some of the Geological Survey's geothermal 
research is quite directly related to  
reservoir engineering. Laboratory 
experiments, development of theory, and 
canpu ter- assi s ted numeric a1 model i ng have 
attempted to  describe the characteristic 

todqy's topic. 

behavior of a vapor-dominated hydrothermal 
system; computer-assisted numerical modeling 
has also been ap lied to  hot-water and 
two-phase hydro tR e m 1  systems. Precise 
measurement of ground deformation a t  The 
Geysers, California, has suggested a 
correlation between steam production and 
subsidence. Similarly, precise measurements 
of gravity a t  The Geysers have suggested a 
correl at1 on between steam production and 
changes i n  the strength of the gravity 
field. Research i n  well-logging equipment 
has resulted i n  development of an acoustic 
televiewer that can map the size, 
orientation, and position of fractures i n  
high-temperature geothermal boreholes. 
Laboratory measurements of the electrical 
and magnetic properties of rocks under 
simulated geothermal conditions he1 p 
constrain a l l  modeling of geothermal 
reservoirs. 

Geologic studies of the Survey's Geothermal 
Research Program have provided information 
on the nature of the heat source, the 
lithology of reservoir rocks, and the 
inferred nature of permeability for several 
geothermal systems. Several geoelectric 
techniques have been used t o  map the 
electrical conductivity of the crust and 
upper mantle; relatively deep problng 
techniques have rovided information on heat 

have helped to  outline the size and position 
of geothermal reservoirs themselves , 
Research using active and passive seismic 
techniques has identified crustal zones of 
low seismic velocity that may reflect  the 
presence of magma , has out1 i ned structures 
important to  delineating geothermal 
reservoirs, and has discovered apparent 
anomalies i n  the elast ic  properties of rocks 
that may constitute geothermal reservoirs. 
Monitoring of seismicity a t  The Geysers has 
shown a correlation between areas of steam 
production and small-magni tude earthquakes. 
Measurements of temperature gradient and 
thermal conductivity i n  crustal rocks have 
delineated several broad regions of 
churacteristlc and differing heat f l o w  and 
have provided considerable information on 
the thermal budget of specific hydrothermal 
convection systems. Hydrologic studies have 

sources, and sha P lower probing techniques 
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defined the water budget of some geothermal' 
areas and, coupled w i t h  chemical analyses of 
waters, have provided a powerful tool for 
defining the origin and tracing the general 
path of f lu ids  i n  hydrothermal systems. 

Geochemical stuQ of f luids  probably has 
been the most fruitful single area of 
research for characterizing hydrothermal 
systems; many widely used geochemical 
techniques have been pioneered by the 
Geological Survey. The chemistry of surface 
f l u i d  samples has been used to  discriminate 
between vapor-dani nated and hot-water 
systems, to estimate subsurface 
temperatures, t o  constrain the possible 
origins of f lu ids  and their recharge areas, 
and to  estimate the residence time of f l u i d s  
i n  many hydrothermal systems. In 
recognition of thei r cost-effective 
exploration potential, a variety of chemical 
geothermometers are used i n  the early stages 
of geothermal evaluation worldwide. 
Techniques have also been developed to  
adjust geothermometer temperatures for 
d i lu t ion  of thermal water w i t h  cool shallaw 
ground water during convective flaw to  the 
surface. Analyses for deuterium, oxygen-l8, 
and tritium camnonly are used t o  estimate 
the origin and residence time of 
hydrothermal fluids.  Current research holds 
sbme promise for developing additional means 
of estimating residence time, through 
analysis of various radionuclides i n  
hydrothermal fluids.  Moreover, geochemical 
monitoring of f luids  fran areas under 
production--for example, a t  larderello, 
Italy, and Cerro Prieto, Mexico--has 
provided considerable i n s i g h t  i n  t o  the 
functioning of geothermal reservoirs; 
time-dependent changes In the canposition of 
produced f lu ids ,  especially when considered 
together w i t h  such more traditional 
production data as temperature and pressure, 
provide information cr i t ical  t o  successful 
long-term exploitation strategies of such 
reservoirs. Duffield and Guffanti (1981a,bI 
have summarized the findings of other 
Geological Survey research that addresses 
various aspects of geothermal reservoirs. 

Research Trends Field-oriented studies of 
geothermal reservoirs may conveniently be 
grouped i n t o  surface (including shallow 
heat-flaw d r i l l i n g )  and subsurface 
categories. Yith rare exception, the 

Geological Survey's geothermal research has 
been of the surface variety. Recent 
research d r i l l i n g ,  however, reflects program 
policy to  seek opportunities t o  make 
measurements i n  and study samples from 
boreholes. Geological Survey research 
dril l ing funded by the U.S. Department of 
Energy demonstrated i n  July 1981 a potential 
geothermal resource for nonelectrical use i n  
the vicinity of Mount Hood, Oregon; a 
pumping test produced 380 L/min from an 80% 
aquifer a t  about 1,200-m depth. A t  Newberry 
caldera, Oregon, research dr i l l ing  funded 
and carried out by the Geological Survey i n  
1981 discovered a 265% permeable zone i n  
the bottom few meters of a 932-m-deep 
borehole; a 20-hour flow test from this zone 
produced a sample of geothermal f l u i d  whose 
chemical analysis should provide 
considerable information on the composition 
and thermodynamic s ta te  of the reservoir 
f l u i d .  The recovery of nearly continuous 
core fran the Newberry hole provides 
abundant opportunities for studies of the 
reservoir and overlying rocks. 

Such sampling of reservoir f lu ids  and rocks 
is the most d i r ec t  way to  test inferences 
made from surface studies. The Survey's 
Geothermal Research Program is 
philosophically comnitted to  seeking 
opportunities for research drilling that 
make this  type of d i r ec t  sampling possible. 
The Survey plays an active role i n  promoting 
the goals of the Continental Scientific 
Drilling Cmittee of the U.S. National 
Acadenly of Sciences, specifically the 
proposal of t h i s  organization's Thermal 
Regimes Panel t o  d r i l l  i n t o  the roots of a 
hydrothermal system a t  roughly 500% and 
6- to  7-km depth. Research d r i l l i n g  into 
increasingly hotter and deeper parts of 
geothermal reservoirs may be the tool needed 
for major advances i n  our understanding of 
hydrothermal systems. 

References 

Ouffield, W. A., and Guffanti, flarianne 
(1981a), The Geothermal Research Program of 
the Geological Survey: U.S. Geological 
Survey Open-File Report 81-564, 108 p. 

------ (1981 b )  , The Geothermal Research 
Program of the Geological Survey: U.S. 
Geological Survey Circular, i n  press. 

-12- 



Proceeding. Seventh vOrlul!op G e o t h e r m a l  Reservoir kngineering b, Stanforb, Decrmber 1981. SGP-TU-55. 

GEOTHERMAL RESERVOIR IZNGINEERING DEVELOPMENT 
THROUGH INTERNATIONAL COOPERATION 

F. G. Miller 
H, J. Ramey, Jr. 

Stanford University 
Stanford. CA USA 

Introduction About twenty years ago when the 
Geyseri Geothermal Steam Field in California 
f i r s t  started producing steam in significant 
quantit ies for  the generation of e lec t r ic i ty  
there were probably no =re than f ive or six 
people i n  the U.SeAo who could qualify as  
geothermal reservoir engineers. Then as now, 
the Geysers f i e l d  w a s  the only f i e l d  b the 
U.S.A. producing oteam in significant quanti- 
ties on a commercial basis. We are ncw 
entering a nera era, however, and can expect 
steam production i n  this country t o  . r i s e  
markedly in the next few years. 

In 1960 there w e r e  a t  least  a few thousand 
persons in the U.S.A. who were practicing 
reservoir engineering in the petrolcum indus- 
t r y  and in  groundwater management organiea- 
tions. Thus the U.S*A. had a t  its disposal a 
great deal of t a len t  and expertise but w r y  
l i t t l e  experience in ei ther  the operatian of 
natural underground steam reservoirs or  i n  
the development of needed geothermal reser- 
voir engineering technology. I n  contrast, 
various other countries had been producing 
natural underground steam reservoirs for many 
years and had developed from pract ical  
experience a considerable fund of knowledge 
about reservoir behavior. Hwever, these 
countries had no reservoir engineers in the 
sense we ncw conceive this profession, and 
there was no axmaon 
new technology. 

What we conceive as 
of importance in the preparation and under- 
standing of international coope'rative agree- 
ments in geothermal energy. Reservoir engi- 
neering is e l a t e d  to other branches of engi- 
neering involved in the development and oper- 
ation of geothermal-fluid reservoirs. As 
examples, it is related to dri l l ing,  produc- 
t ion,  and process engineering. It is also 
related to aanagement functions pertaining t o  
development and production. 

The conventional concept limits its scope 
mainly to: (1) Analyses of well logs, (2) 
Analyses of reservoir pressure, temperature, 
production and well-effluent composition his- 
tor ies ,  (3) The design implementation, and 
analysis of f i e l d  tests, (4) theoretical  
studies of reservoir behavior, reservoir 

modeling, and studies of physical mdels in 
the laboratory. A 1 1  t h i s  is for  the purpose 
of developing and applying techniques to 
forecast well and reservoir del iverabi l i t ies  
and ultimate economic recoveries under dif- 
ferent operating conditions. 

In  some instances the concept of reservoir 
engineering is much broader, encontpassing 
additional functions which may include land 
management, dr i l l ing,  engineering, production 
geology, production engineering, pipeline 
transportation of products to local storage 
f a c i l i t i e s  or power plants, and managerial 
decision-making regarding such things as re- 
drills, selection of sites for new w e l l s ,  
processing f a c i l i t i e s ,  or power plants. This 
broad concept places the reservoir engineer 
in the role of reservoir manager and in this 
capacity he would also i n i t i a t e  feas ib i l i ty  
studies and arrange for research along l ines  
tha t  appear best to him. 

In  the geothermal community the conventional 
concept of reservoir engineering has been 
adopted generally although it has been sub- 
ject  t o  change, and often to additions as 
more is learned about new factors affecting 
reservoir behavior. 

Binational cooperative geothermal research 
programs were developed as a logical means t o  
benefit  both the U.B.A. and the countries 
participating w i t h  it. Some binational pro- 
grams covered a number of areas of research 
on geothermal energy, but from the outset, 
reservoir engineering became widely recog- 
nized as an important subject of general con- 
cern. 

Efforts were made early in binational S t U b i 8 S  
to develop new geothermal reservoir engineer- 
ing technology through applications and msdi- 
f ications of existing petroleum and ground- 
water technology. These studies led t o  a 
bet ter  understanding of the physical nature 
of geothermal reservoirs, a deeper apprecia- 
t ion  of the physical differences between 
rteam, petroleum, and groundwater reservoirst 
and they helped researchers avoid duplication 
of effort .  

e 
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Laboratory studies of physical mdels were 
made, computer models w e r e  developed, and 
reservoir engineering f i e l d  studies w e r e  
made. Generally accepted methods of approach 
w e r e  followed in making f i e l d  studies. Field 
performance data were used to formulate hypo- 
theses regarding the nature of reservoirs. 
These hypotheses w e r e  then tested using phys- 
i c a l  or mathematical mdels,  or both. The 
physical laws involved in the performance of 
the reservoirs could then be recognized so 
that  pertinent engineering equations could be 
derived and solved. I f  resul ts  from such 
equations appear valid based on comparisons 
t o  f i e l d  performance data, then it is pos- 
s ib le  t o  study various methods of f i e l d  
development and production, and to forecast 
performance. 

Bilateral  programs active during recent years 
have been the source of a substantial fund of 
knowledge, useful n e w  technology, and trans- 
fe rs  of technology to the U.S.A. 

These technical gains for participating wun- 
t r i e s  would not be possible without well 
understood written agreements carefully pre- 
pared i n  advance of joint  research activi-  
ties. Same comments on these agreements fol- 
low. 

Comments on The Execution of International 
Cooperative Agreements International cooper- 
ative research has been government-sponsored, 
an outgrowth of private consulting, or a 
necessity for  industrial  development. 
Regardless of how they cmme about or how they 
w e r e  implemented, binational programs i n  
which the U.S.A. has been a participant have 
been of benefit t o  this countrydt is 
important that  participants sign i n t e r -  
national agreements w i t h  a s p i r i t  of good 
w i l l .  Both sides should be w e l l  aware of the 
non-technical problems which can confront 
them. There are many such problems. Joint 
determination of the specific research to be 
undertaken is one of them. Another is the 
manner i n  which joint  research proposals are  
to be submitted to government sponsors. Ano- 
ther is naming in the proposals the research- 
ers from the participating countries and 
delineating the distribution of work among 
them. Less significant but also important 
are the plans that  must be made for  working 
together in  each others home offices and lab- 
oratories. This  involves the need for t ravel  
plans. It has become clear that  binational 
cooperative research, i f  it is to be 
successful, demands tha t  participants work 
together a t  f a i r l y  frequent intervals and 
write their reports together. Doing so is 
unmistakable evidence of cooperation. I f  
each side works mainly alone and a mere 
exchange of reports takes place a t  the end of 
a contract period, the research cannot be 
judged as t ruly cooperative. 

Researchers and research managers on both 
sides should be tolerant regarding language 

problems which might arise. They shou1U rec- 
ognize tha t  social, cultural ,  and economic 
differences are ever present but w i l l  not 
cause d i f f icu l t ies  i f  both sides act  in good 
fa i th  and display good w i l l .  The ways of 
doing business i n  one country are not the 
same as in another. Researchers and research 
managers should accept this fact  and consider 
their pursuit of joint  objectives as a wn- 
test to be won through patience and the best 
use of their  a b i l i t i e s  and resources. 

International Cooperative Studies In the 
ensuing paragraphs we discuss some of the 
international cooperative work that has been 
done in geothermal energy in  recent years. 
By necessity cur treatment of this subject is 
sketchy because there have been so many 
cooperative arrangements, formal and 
informal. Published information on many of 
these apparently is ei ther  scarce or  non- 
existent. Moreover, we recognize tha t  
compiling available data for a more 
comprehensive treatment could become a virtu- 
a l l y  impossible task, but would not alter our 
views if the cooperative arrangement8 covered 
i n  cur discussion are representative of the 
whole. Lastly, we admit that  making our se- 
lection was naturally influenced by projects 
we are most familiar with and those are the 
ones which have involved Stanford ei ther  di- 
rectly or indirectly. W e  do not mean to im- 
ply in any way that  Stanford's role in  the 
development of geothermal reservoir engineer- 
ing has been any more important than those of 
many other organizations concerned with geo- 
thermal energy problems. 

Our purpose is t o  disclose benefits t o  
participating countries, t o  indicate the 
pract ical i ty  of these benefits, technically 
and economically, and t o  show that  i n t e r -  
national cooperative work can accelerate the 
development of the geothermal industry and 
thereby ease energy shortage problems. 

Costa Rica - In 1980 Professor E.J. Ramey, 
Jr., of Stanford University consulted for  the 
government of Costa Rica on the Miravalles 
geothermal field.  H e  made pressure transient 
analyses, designed w e l l  tests, and made engi- 
neering assessments. H e  presented a ta lk  on 
the Wravalles f i e l d  in the f a l l  of 1980 in  
one of the weekly seminars af the Stanford 
Geothermal Program. 

One of the geothermal engineers a t  
Wravalles, Eduardo Granados, an employee of 
the Costa Rican government u t i l i t y ,  I-, was 
invited to come t o  Stanford during the winter 
of 1980-81 aa a v is i t ing  scholar. After com- 
pleting his  v i s i t  W .  Granados applied for  
admission t o  the graduate geothermal study 
program a t  Stanford and w a s  admitted. This 
kind of interaction with practicing engineers 
throughout the world yields worthwhile bene- 
f i t s  not only to graduate students and fac- 
ul ty  a t  Stanford, but also to the U.S.A. as a 
whole6 It provides an important indirect  aid 
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&I t o  our national geothe-1 &velopment pro- 
gram. 

E l  Salvador - In 1975 Professor W.E* Brigham 
of Stanford University did some consulting 
work for El Salvador on tha t  country's AhUa- 
chapan geothermal field.  This work concerned 
the possibil i ty of increasing the s ize  of the 
p e r  plant, the longevity of the f ie ld ,  lo- 
cations for new wells, and possible reinjec- 
t ion of produced water. The questions which 
arose characterized the type of development 
planning tha t  uses reservoir evaluations as a 
basis f o r  decision-making. The Ahuachapan 
f i e l d  is the f i r s t  hot water f i e l d  i n  the 
western hemisphere tha t  produced from vol- 
canic sediments. Since 1975 a number of 
other similar f ie lds  have been found, how- 
ever, in Central America and the US8.A. 

Consulting assignments of the kind taken by 
Professor Brigham in E l  Salvador expand the 
experience background of reservoir engineers, 
augment t h e i r  understanding of geothermal 
reservoir behavior and improve the s k i l l s  
they need to forecast reservoir 
performance. 
primary value to the U.S.A. as an aid i n  the 
development of the American geothermal indus- 
t ry-  

The new technology gained is of . 

Iceland - Several years ago there was a for- 
ma l  agreement i n  effect  between the Atomic 
Energy Canmission i n  the U.S.A. and the Ice- 
land Energy Authority. This agreement called 
for  cooperation between the two countries in 
the f i e l d  of geothermal energy. It w a s  broad 
in scope and dealt  more >with conventional 
engineering matters a t  the ground nurface 
than with geosciences. Apparently it was in 
force for  a period of about f ive years but 
used i n  only a few instances. Experience 
disclosed tha t  formal procedures w e r e  not 
necessary for these. 
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By means of the agreement the UeSeAo was 
seeking access t o  the extensive background 
knowledge Iceland had accumulated on non- 
e lec t r ica l  applicatfons such as direct  heat- 
ing with geothermal water. The.U.S*A. used 

.no particular method to gain its 
objectives. Generally the ac t iv i t ies  of the 
U.S.A. were limited to v i s i t s  to plants and 
t o  other installations.  These v i s i t s  also 
could have been arranged informally* 

Reservoir engineering was not mentioned i n  
the agreement, probably because t h i s  branch 
of engineering was relatively unknown in the 
geothermal community a t  the time and it had 
been applied t o  few geothermal systems-At 
about the end of the 1970's decade the 
agreement was due for  renewal, but neither of 
the two countries took the In i t ia t ive  to see 
that this was accomplished. Their passive 
at t i tude may have been due to the agreement's 
shortcomings. It was quite general, c r u t l i -  
ning no specific programs which should be 
undertaken or any specific problems which 

ahould be attacked. Moreover, no special 
funding for the work was provided for. Thus, 
interest  waned. 

Stme benefits to both aiuntries did accrue, 
however, as a result  of informal cooperative 
arrangements. Lawrence Berkeley Laboratory 
(LBL) in the ?&.A. and various inst i tut ions 
in Iceland worked together on the Krafla 
high-temperature area of northeast Iceland. 
Iceland was interested in having work &ne a t  
LBL on the troublesome Krafla reservoir. It 
was the f i r s t  high-temperature reservoir in 
the country t o  produce less than what was 
expected originally. 

Iceland has not yet developed the experience 
to deal w i t h  ccnnplex reservoirs except for  
low-temperature reservoirs where classical  
groundwater hydrology can be applied. Ice- 
landers working i n  geothermal energy have 
broad experience, but only a limited par t  is 
specifically in reservoir engineering. 

Although the problems a t  Krafla have not yet 
been solved the m p e r a t i v e  e f for t  with LBL 
has provided some insight into the processes 
underlying these problems. The U.S.A. gains 
technologically from its involvement w i t h  
these problems. 

I t a l y  - In the early part  of the 1970'8, Pro- 
tessor H.J. Ramey, Jr. of Stanford University 
discussed possible cooperative research be- 
tween the U.S.A. and En te  Nazionale per 
1'Energia Elet t r ica  (ENEL) in Italy. H e  de- 
livered lectures in  I ta ly  on reservoir engi- 
neering and geothermal reservoir behavior. 
In  the spring of 1975 Dr. Graziano Manetti 
and Engineer Antonio Barelli,  both with ENEL 
came t o  the Petroleum Engineering Department 
of Stanford University as visi t ing scholars, 
for  a period of about two months. Coopera- 
t ive  work between the U.S.A., through Stan- 
ford, and ENEL w a s  discussed a t  length. Ten- 
ta t ive plans were made af te r  many discussions 
and seminars. 

Later the proposed program was reviewed and 
discussed on a more formal basis w i t h  Dr. 
Raffael Cataldi of ENEL and some of h i s  
associates. Dr. Cataldi had already 
discussed with Professor Ramey in I ta ly  the 
prospective Stanford-ENEL cooperative effor t ,  
before the visit of Dr. Manetti and Engineer 
Barelli.  During the period of Dr* Cataldi 's 
v i s i t  joint  meetings were held. Those pre- 
sent included Professors F.G. Uiller and H.J. 
Ramey, Jr. from Stanford, Professor P.A. 
Witherspoon and Drs .  R. Schroeder and JoH 
Howard from L%L, Dr. L.J.P. Muffler from the 
USGS, and Dr. Cataldi and his  associates from 
ENEL. 

These ac t iv i t ies  led to a five-year agreement 
on cooperative research in geothermal energy 
which was signed in  1975 by both countries 
and extended i n  1980 for  a second f ive  
years. The agreement was between Ente Nazio- 



nale per 1'Energia E l e t t r i c a  (ENEL), I ta ly ,  
and the Energy Research and Development 
Administration (ERDA), now the U.S. Dept. of 
Energy (DOE), U.S.A. Six major areas for  
joint  research were involved. One of these, 
Project 3, was on "reservoir physics and 
engineering and resource assessment", and is 
the one of in te res t  here. 

Through t h i s  agreement and resultant W E  con- 
t racts ,  Stanford and LBL with ENEL, have used 
the Larderello region of geothermal steam 
f ie lds  in I t a ly  as an experimental laboratory 
t o  develop new reservoir engineering technol- 
ogy. Field data are available back t o  
1945. Under the aooperative research program 
f i e ld  tests have been designed and implemen- 
ted and the resul ts  analyzed. Important re- 
su l t s  have been published, attention being 
invited par t icular ly  to Project 3 papers pre- 
sented a t  two E N E t W E  Workshops for  Coopera- 
tive Research in Geothermal Energy. The 
f i r s t  w a s  held a t  ENEL f a c i l i t i e s  i n  Larder- 
e l lo ,  I ta ly ,  Sept. 12-16, 1977. The papers 
presented w e r e  published in the Workshop Pro- 
ceedings and later in a special issue of = 
thennics. 

The second Workshop was held a t  Lawrence Ber- 
keley Laboratory, Berkeley, California, Octo- 
ber 20-23, 1900. Presented papers are 
published i n  the Workshop Proceedings. 

An example of an important t ransfer  of tech- 
nology t o  the U.S.A. is a successful new me- 
thod developed t o  forecast steam 
production. It was developed from studies 
made in the Gabbro f i e ld  in I ta ly ,  and can be 
applied t o  similar f ie lds  in the U.S.A. The 
resu l t s  a re  published i n  the 1980 Work- 
shop Proceedings. 

Another example of a t ransfer  of technology 
t o  the U.S.A. is a method of engineering 
analysis developed t o  estimate flow patterns 
and fracture trends i n  cer ta in  geothermal 
steam reservoirs in  which a principal produc- 
ing w e l l  penetrates a ver t ical  fracture ex- 
tending part way to the bottom of a reser- 
voir, hypothesized as a boiling water inter-  
face. The method was developed from w e l l  
interference studies made on the Travale 
steam f i e ld  i n  Italy. Results are pb l i shed  
in the foregoing special issue of 
Geothermics. 

Japan - Contacts between Stanford University 
and the Japanese geothermal industry w e r e  
i n i t i a t ed  as a resu l t  of participation i n  
tha t  industry by postgraduates. A n  informal 
cooperation has been in effect  for  the last 
two years. Professor Roland N. Horne of 
Stanford has spent two mnths in Japan during 
tha t  t i m e .  H i s  a c t iv i t i e s  included consult- 
ing arrangements for  reservoir evaluations 
and the teaching of a geothermal reservoir 
engineering short course with 63 attendees, 
done in  cooperation with the Japan Geothermal 
Energy Center which is now a part of the New 

Energy Development Organization (NEDO) . This 
organization in Japan is approximately 
equivalent to the Department of Energy in the 
U.S.A. Professor Horne also delivered vari- 
ous lectures and made a number of site vis- 
its. This interaction proved invaluable from 
the U.S.A. geothermal standpoint because a 
wide range of Japanese geothermal experience 
hi ther to  buried in Japanese language pb l i ca -  
t ions came to light. The subsequent 
presentation of the impact of reinjection 
experience in Japan has evoked controversy i n  
U.S.A. geodhermal reservoir engineering cir- 
cles and has stimulated new research as the 
apparent implications are confirmed or dis- 
proved. 

Contact between Stanford University and Japa- 
nese geothermal agencies is now extensive. 
These agencies include NEW, New Energy Foun- 
dation, University of Tokyo, Kyushu Univer- 
s i t y  Geological Survey of Japan, Electric 
Power Development Company, Kyushu Electric 
Power Company, Japan Metals and Chemical Com- 
pany, Mitsubishi Metals corporation, Mitsu- 
bishi  Heavy Industries, Toshiba 
International, Nippon Steel  Corporation, Ja- 
pan O i l  Engineering Caapany and W e s t  Geother- 
m a l  Energy Company. In  January 1982 Stanford 
University w i l l  welcome its f i r s t  Japanese 
geothermal exchange vis i tor .  H e  is f raa  the 
Electric Power Development Company and w i l l  
join two Japanese students currently i n  resi- 
dence. 

Cooperation between the geothermal cornmi- 
ties of the U.S.A. and Japan is formalized 
a l so  through Japanese financial and technical 
participation i n  the Los Alamos H o t  Dry Rock 
Program. The enthusiasm and technical exper- 
tise which Japan is appLying t o  geothermal 
u t i l i za t ion  is cer tain to be of benefit to 
the U.S.A. i f  jo in t  re la t ions continue a t  
their present or an increased level. 

Mexico - Two cooperative agreements have been 
i n  e f fec t  in  recent years. One of these, 
signed i n  1977, was between the U.S. Energy 
Research and Development Administration (new 
DOE), represented by Lawrence Berkeley Labor- 
atory, and the Comision Federal de Electrici- 
dad (CFE), Mexico. The other agreement, signed 
in  1980, and supported by the DOE, is between 
the Petroleum Engineering Department of Stan- 
ford University and the Ins t i tu to  de Investiga- 
ciones Electricas, Mexico. Together these 
agreements involve f i e l d  tests, reservoir 
modeling and laboratory research. 

- 

The cooperative research of LBL and Cl?E is 
based on a formal bi-national agreement. 
ford-IIE cooperative research is based on a 
memorandum of understanding, akin to a letter 
of intent  or gentlemen's agreement. For the 
jo in t  purposes of Stanford and I I E  this more 
informal arrangement, which was recommended by 
M;E, seems more pract ical .  

Stan- 
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Objectives of the Stanford-IIE proposed pro- 
gram were discussed with the U.S. Division of 
Geothermal Energy in early 1980 by Professors 
W l l e r  and Ramey, of Stanford University, and 
Dr. Pablo &alas del Pozo of I I E .  In  the ear- 
l y  par t  of 1980 three engineers frtun I I E ,  Dr. 
Francisco Cordoba, Ing. Vicor Arellano, and 
Alberto Yaner, epent about three months a t  
Stanford as  v is i t ing  scholars participating 
in many seminars re la t ing to the prospective 
cooperative research effort .  This led to the 
DOE-Stanford Contract for  joint research w i t h  
11% Prior t o  this, however, Stanford 
professors FIG. U i l l e r  and H e b e r  Cinco-Ley, 
i n  1979, performed consulting services for 
the United Nation8, ass is t ing I I E  w i t h  its 
plans for research f a c i l i t i e s  and a nsearch 
program. 

Long term reservoir performance data needed 
by the U.S.A. to develop new technology are  
being made available from the Cerro Prieto 
Geothermal Steam Field and from other Mexican 
f ie lds  . 
During f i s c a l  year 1981, Stanford-IIE work 
included investigations of: (a)  the use of 
pressure gradients and profiles in  w e l l  
analysis, (b) Tracer analysis for fractured 
systems, (c) Interference tests in flashing 
reservoirs, and, (d) Lumped parameter model- 
ing of the Cerro Prieto reservoir. 

N e w  Zealand - Most of the sc ien t i f ic  inter-  
change between the U.S.A. and New Zealand is 
probably a t  the personal level. New Zealand 
government laboratories frequently provide 
office space for  short term appointments of 
the fellowship type t o  sc ien t i s t s  of the 
U.S.A. wishing to work closely w i t h  New Zea- 
land colleagues. Similarly, the U.S. Geolog- 
i c a l  Survey (USGS) and U.S. universit ies fre- 
quently provide opportunities for New Zealand 
scient is ts  to spend t i n e  in the U.S.A. pursu- 
ing the i r  research and exchanging ideas w i t h  
American colleagues. 

A mjor contribution of New Zealand to the 
U.S.A. geothermal program is an open supply 
of data from developed geothermal f ie lds  in 
New Zealand. Data from Uairakei, for exam- 
ple, are available i n  the U.S.A. through an 
exchange arrangement in which the USGS is the 
U.S. coordinator. 

Professor Michael O'Sullivan of the Theoret- 
i c a l  and Applied Mechanics Department of the 
University of Auckland spent a year recently 
a t  the Lawrence Berkeley Laboratory doing 
research on reservoir simulations. Ea r l i e r  
he did similar work on New Zealand's Uairakei 
and Broadlands fields.  Conversely, Dr. 
Michael Sorey who is an W r i c a n  sc ien t i s t  
with the USGS recently spent two years with 
the Department of Scient i f ic  and Industrial  
Research (DSIR) in New Zealand. Dr. Sorey 
had ear l ie r  gained experience w i t h  reservoir 
simulation work on the Long Valley geothermal 
area of California. w h i l e  he was in New Zea- 

u 

land he did eimflar work on the Wairakei 
f ield.  

What is believed t o  be the f i r s t  reservoir 
engineering study of a New Zealand geothermal 
reservoir was made by Professors R.E. Whiting 
and H.J. Ramey, Jr., i n  the early 1960's. 
Both men were faculty members of Texas A&M at 
the time. A report on the i r  work, published 
by the Society of Petroleum Engineers of 
AIME, dealt  w i t h  the development of material- 
and-energy balance equations for the Wairakei 
f ield. 

Two recent managere of the Stanford Geother- 
mal Program came from New Zealand, Professor 
Roland N. Horns who is now a faculty member 
of the Stanford Petroleum Engineering Depart- 
ment, and Dr. Ian G. Donaldson, who is a 
sc ien t i s t  with the DSIR in New Zealand. Both 
men have made important contributions to the 
development of geothermal reservoir engineer- 
ing technology applicable in  the U.S.A. 

Nicaragua - In  1977 8. Dykstra and R.H. 
Adam, both formerly with the Standard O i l  
Company of California were engaged by the 
Nicaraguan government to make a reservoir 
engineering 6tudy and conduct f i e l d  tests i n  
the Mmotambo geothermal reservoir. Both of 
these men are experienced and highly quali- 
fied. 

Dykstra reported the principal resul ts  of 
their studies a t  Stanford's Third Workshop on 
Geothermal Reservoir Engineering held in De- 
cember 1977. Plow tests and pressure 
measurements were made on a group of f ive 
w e l l s  i n  the Momotombo reservoir. The pur- 
pose was to evaluate this hot water reser- 
voir, to determine w e l l  interference effects,  
t o  determine reservoir boundary conditions 
and to obtain mass f l a s  rates and enthalpy. 

Bottom hole pressures were measured in four 
w e l l s ,  s t a t i c  pressures in three of these and 
both flowing and shut-in buildup pressure in 
the fourth. Plow t e s t s  were made on a l l  f ive 
wells 

Although Dykstra and Adams could not accomp- 
l i s h  a l l  the i r  objectives through analysis of 
t h e i r  carefully planned and executed tests, 
they were able to shed l ight  on the perfor- 
mance behavior of the Molnotombo reservoir and 
to explain in logical fashion why the reser- 
voir behaves as it does. 

Most important they brought back t o  the 
U.S.A. some valuable experience on a hot 
water reservoir i n  a volcanic environment 
which adds to  our meager fund of knowledge on 
the subject. 

- Taiwan - Professor H.J. Ramey, Jr. of Stan- 
ford University vis i ted Taiwan on a consult- 
h g  assignment h 1979. H e  made studies on 
the Chingshui geothermal steam field,  near 
the northeastern coast of Taiwan. Thbs f i e l d  
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produces hot w a t e r  w i t h  eome carbon dioxide 
fram six w e l l s .  

C a r l  Chang of -the Chinese Petroleum Corpora- 
t ion and Professor YRamey performed pressure 
t ransient  - tests joint ly  and analyzed .the re- 
sul ts .  Their work .led to four publications 
a t  the F i f th  Workshop on.Geotherma1 Reservoir 
Engineering at  Stanford .in December 1979. 
These pblirrations .a l l  related to the Ching- 
shui field. 'They dea l t  - w i t h  a preliminary 
study of the Chingshui geothermal area, a 
w e l l  interference test, pressure buildup 
tests, and an .application of the H o m e r  me- 
thod t o  the estimation of static reservoir 
temperature during d r i l l i ng  operations. 
These publications ,present pressure and tem- 
perature t ransient  data from f ie ld  testing, 
and data interpretation. Field information 
of this kind is valuable t o  engineers and 
sc ien t i s t s  i n  this area of sesearch. 

Following the 1979 ;Workshop, Carl Chang spent 
a quarter i n  residence at Stanford a s  a 
v i s i t ing  scholar. 

Concludinq Remarks It is clear ly  evident 
from this brief review of .international co- 
operation i n  geothermal energy development 
tha t  the countries involved have made impor- 
t an t  additions to the i r  fund of knowledge on 
geothermal energy. Effort6 made are -easing 
energy shortages, revealing this source as a 
viable a l ternat ive to  o i l  -and gas throughout 
many parts of the world. 

Technically, much has been gained from new 
engineering methods and scientific techniques 
which shed l igh t  on the physical andAchemica1 
nature of geothermal-f luid reservoirs These 
m e t h o d s  and techniques belp explain why 
reservoirs behave as  they do and %hey thereby 
f a c i l i t a t e  forecasts of performance- Geother- 
mal energy development appears to be on the 
threshhold of a new expansion. Much has been 
learned and there is still much to be 
learned. 

field b s t ~  can be interpreted more eas i ly  
and ( w i t h  more confidence? Haw can we .extract 
heat -economically from reservoir rocks after 
rates  of fluid productbn-have become unew- 
nomic? W e  have, of course, developed partial 
,answers but.more cromplete answers are  needed. 

International cooperation generally offers  
mxnomic incentives ,which ehould not be mini- 
.mized. :At Least as an approximation, the 
work f a c e  .on a binational researeh investi- 
.gation As twice what it awould be for  'either 
of the two ,par t ic ipat ing +countries considered 
alone. .Easy access to  each other's experi- 
ence background promotes rapid growth of new 
,kdeasiThe growth that we can ant ic ipate  can 
be similar t o  the explosion i n  technology 
which occurred fn the 1930% snd 1940's in 
the ,petroleum industry. We can foresee t h a t  
the prospects for  continuing an expanded geo- 
thermal energy development should remain very 
good if enough encouragement and support are 
forthcoming from the governments and private 
companies involved. International coopera- 
t ion  can be an important fac tor  i n  this 
growth. 

b. 

Looking ahead, we must consider problems *now 
surfacing. A few questions which a r i se  are 
how can we make better use of geochemical 
data t o  explain past reservoir behavior and 
explain future  behavior? To what extent m n  
these da ta  be best applied to determine 
underground flow patterns? How can we best 
aavance reservoir analysis by applying t o  
steam zones the knowledge we now have on VCL- 

por pressure lowering and liquid 
adsorption? Haw can we best design tracer 
studies SO tha t  they w i l l  yield needed infor- 
-mation on reservoir s ize  and configuration 
and on fracture  size, mientat ion,  and 
distribution? What compaction and fracture 
effects can be expected frm the reinjection 
of cool water? Can land subsidence become a 
major problem in residential, industr ia l  or 
farm a r e a s ?  what are the economic implica- 
tions? What should be done t o  further devel- 
op w e l l  t es t ing  theory so khat  the resu l t s  of 
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bB 
RESOURCE DEVELOPMENT 

C. L. Ri tz  

Republic Geothermal, Inc. 
11823 E. Slauson Avenue 

Santa Fe Springs, CA 90670' 

RESOURCE DEVELOPMENT* 

The resource assessment techniques u t i l i z e d  i n  
geothermal reservo i r  engineering are a combi- 
nat ion derived from the d isc ip l ines  o f  ground- 
water hydrology and petroleum engineering. As 
the geothermal industry has developed, these 
techniques have been modified t o  take i n t o  
account phenomena normally ignored i n  aquifer 
management and o i l f i e l d  practice. Deta i ls  o f  
multiphase flow and heat transfer need t o  be 
incorporated i n t o  the geothermal reservo i r  

, engineer's repertoire. The purpose o f  t h i s  
presentation i s  t o  (1) comnent on how several 
established groundwater and petroleum reser- 
v o i r  engineering techniques (reservoir model- 
ing and wellbore f low simulation) are current- 
l y  u t i l i z e d  i n  the geothermal industry t o  
speed the  development o f  large and small 
prospects, and (2) suggest areas where fu tu re  
government-f unded research might be directed 
i n  order t o  ass is t  the geothermal industry i n  
the development o f  geothermal resources. 

Mathematical models o f  wellbore f low have been 
used t o  extend our understanding and make 
predict ions on we l l  productivi ty, heat loss, 
and the  re la t ionsh ip  o f  temperature t o  pres- 
sure i n  a f lowing and f lash ing  well, Examples 
o f  sa t is fac to ry  f i t s  o f  theory t o  experiment 
i n  a we l l  w i t h  very high s a l i n i t y  (200,000 ppm 
TDS) and high concentration o f  C02 w i l l  be 
presented. Suggestions for  improvements t o  
cur ren t ly  avai lable wellbore f low models w i l l  
be made. 

Sophisticated numerical simulators have been 
used t o  p red ic t  reservo i r  performance and 
compare resource output as a funct ion o f  we l l  
placement and development scenarios. Unfortu- 
nately, such studies have not  increased the 
u t i l i t i e s  o r  investors confidence i n  a reser- 
vo i r ' s  a b i l i t y  t o  de l i ver  I t s  estimated re- - serves. This has resul ted i n  a reassessment 
o f  f l e l d  development p lan  and a subsequent 

emphasis on stepwise, modular development 
ra ther  than a large scale, all-at-once exploi- 
t a t i o n  o f  a geothermal resource. As an exam- 
ple, various development scenarios o f  the East' 
Mesa f i e l d  w i l l  be presented along w i th  advan- 
tages and disadvantages o f  each approach. 
Recomendations f o r  fu tu re  studies o f  resource 
development w i l l  also be given. 

I n  comparison t o  the development o f  a large 
geothermal resource such as East Mesa, the 
smal ler, low temperature geothermal resources 
capable o f  on ly  d i r e c t  heat u t i l i z a t i o n  rather  
than e l e c t r i c  power generation present an 
in te res t ing  challenge. The reason f o r  the 
in te res t  i s  tha t  the nature o f  the f low o f  the 
hot water i s  incompletely understood and must 
be in fe r red  from a combination o f  subsurface 
geology and we l l  t e s t  data. This, i n  turn, 
leads t o  questions o f  d e l i c a t e l y  balancing 
resource recharge w i th  production and re in jec-  
t ion. An example o f  a small resource, along 
w i th  the reservo i r  parameters needed f o r  
we1 7-test design and resource assessment, w i  11 
be given. Recornendations f o r  future studies 
regarding the exp lo i ta t ion  o f  small geothermal 
resources w i l l  also be presented. 

Concluding remarks w i l l  deal w i th  the present 
versus fu tu re  r o l e  o f  the  geothermal reservo i r  
engineer i n  evaluating and predic t ing reser- 
v o i r  performance. Emphasis w i l l  be on recom- 
mendations tha t  can pu t  the c r e d i b i l i t y  o f  the 
geothermal reservo i r  engineer on a leve l  equal 
t o  tha t  given t o  reservo i r  engineers i n  the 
petroleum industry. The useful r o l e  tha t  
government funding can p lay  i s  r a i s i n g  the 
c r e d i b i l i t y  o f  the  geothermal reservo i r  
engineer. The po in t  w i l l  be ra ised tha t  
funding e f f o r t s  need t o  be increased i n  the 
areas o f  f i e l d  studies and case h is tor ies,  
development o f  high temperature we l l  logging 
instrumentation, and evaluation o f  materials 
capable o f  withstanding geothermal conditions. 

* This I s  only a sumnary o f  the  actual presentation. 
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GEoTIcEE(MAL - E M I R  ENGINEEmNG - ~ILITY INDUSTRY PERSPECTIVE 

Vase1 W. mberts  

Electric Power Research Inst i tute  
P. 0.  Box 10412 

Palo Alto, CA 94303 

The perspective of the u t i l i t y  industry, con- 
cerning geothermal energy, has not changed 
dramatically during the past  year. There have 
been minor changes, but mst were positive and 
a l l  were small increments. This is somewhat 
surprising given the dramatic down turn in the 
federal research and develogmentprogram and 
delays encountered by three of the key pacing 
geothermal power plant projects. 
an unexpected strength i n  the industry. 

Some of the key issues and changes in u t i l i t y  
industry perspective are discussed herein, re- 
cognizing that' (L consensus of opinion is some- 
times slow to form and that most measures of 
perspective are indirect  and not very accurate. 

Strong Interest  mntinues Uti l i ty  interest  i n  
geothermal energy has never been greater. 
Evidence of this interest I s  manifest in 
modest increases i n  the u t i l i t i e s  estimates 
of  future generating capacity, roughly 10 per- 
cent l a s t  year. 
finding an adequate steam supply for  the 50 MWe 
power plant  a t  Baca, t he  necessity to shut down 
the East Mesa binary plant for nvdification, 
and the negative report by the California 

' Public U t i l i t i e s  Commission on the Heber f lash 
plant were disappointing of course but appar- 
ently have not diminished interest .  These 
events simply tend to confirm the view of some 
tha t  not a l l  issues have been resolved and 
suggest t h a t  strong continuing commitments w i l l  
be necessary for the commercialization of geo- 
thermal resources. 
u t i l i t i e s  are  wUling to consider such commit- 
ments. 

Value vs Price 
the cost of geothermal power. 
of geothermal heat is usually calculated by 
accountants and economists and the price es- 
tablished by negotiation, both a re  based on 
reservoir performance data developed by the 
reservoir engineer. 
have suff ic ient  information o r  knowledge about 
the reservoir to calculate the cost  of  produc- 
ing geothermal energy and must prepare for  
price bargaining based on its value to the 
company. 
different  caapanies. 

It indicates 

The problems associated with 

M o s t  of the geothermal 

One of the key issues is still 
While the cost  

Most u t i l i t i e s  do not 

The value may not be the same for  

Mfferent geothermal f luids  may have different  
temperatures and enthalpies, and do not al l  
have the same in t r ins ic  value. A f i r s t  order 
estimate of the value of a particular geother- 
mal heat source from the u t i l i t y  perspective 
can be established by comparing conversion 
efficiencies. 
verted to e lec t r ic i ty  a t  temperatures s ignif i -  
cantly lower than for  foss i l  and nuclear fuels, 
therefore, the conversion efficiency is lower, . 
the  heat ra te  higher. 
binary plant is expected to have an overall  
thermal efficiency of about 1 2  percent while a 
conventional foss i l  plant would be around 
36 percent, o r  possibly higher. Therefore, a 
Heber BTU is worth only one-third that of a 
foss i l  BTU i n  that  area for  power generation. 
This concept can be further refined by includ- 
ing second order factors for  such things as  
differences in inherent avai labi l i ty  factors 
for  different  power plant types, capi ta l  Cost# 
operations and maintenance costs, etc. The 
alternate energy source might range from 
"avoided cost," to dominant energy source o r  
a mix of all energy sources, depending on the 
needs of the u t i l i t y ,  to establish an equiva- 
l e n t  value for  geothermal energy. 
thus established can then be used as  the basis 
for  negotiating price. 

Geothermal energy must be con- 

For example, the Heber 

The value 

Reliabil i ty of Energy Supply Perhaps the most 
frequently cited concern relates  t o  the relia- 
b i l i t y  and longevity of n e w  reservoirs. 
has been a persistent issue and ef for t s  to re- 
solve it have been slow. 
of Stanford has been trying t o  par t ia l ly  over- 
come t h i s  problem by developing a u t i l i t y  
oriented reservoir assessment manual. 
is to make the u t i l i t i e s  more comfortable with 
the subject matter and increase the i r  capabil- 
i t y  i n  t h i s  area. 
existing literature is t h a t  it is not tu tor ia l  
and is not geared t o  u t i l i t y  needs. 

This 

EPRI with the help 

The idea 

The problem with most of the 

The u t i l i t y  has a v i t a l  interest  in the i tera-  
t i v e  path that  combines the various technical 
disciplines and diagnostic a c t i v i t i e s  designed 
to assess the value of specific geothermal 
energy deposits. In  a logical sequence of de- 
cisions, the u t i l i t y  contemplating a geothermal 
project must be able to assess the probability 
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of success of the project. 
termine whether the project is a sound business 
venture and allocate sane level  of importance 
t o  the  project within the company. accam- 
pl ish these effor ts ,  close interaction between 
the u t i l i t y  counterpart and the reservoir 
engineering ac t iv i ty  is essential .  Physical 
and thermal models of t he  reservoir together 
with reservoir capacity and sustainable pro- 
duction rates  a re  key sets of information need- 
ed to convey confidence that a project can be 
successful. 
energy supply a re  d i f f i c u l t  t o  develop but may 
be inferred i n  a crude way from reservoir data 
on producing potential. 

P l an t  Type and Size a c e  a reservoir has been 
shown t o  be interesting enough for a power 
plant project, feas ib i l i ty  studies w i l l  follow. 
During t h i s  phase, the quality of the energy 
is the next most important s e t  of information. 
Infomation about temperature, enthalpy, pre- 
sure and w e l l  production rates  are necessary 
to allow the u t i l i t y  to determine the type and 
s ize  of plant t o  be buil t .  
not a question of selecting a power plant type, 
but matching the type with the thermodynamic 
characterist ics of the geothermal f luid for  
optimum busbar cost  and resource ut i l izat ion.  

The u t i l i t y  perspective on power plant s ize  
has changed somewhat  during the past year. 
While most u t i l i t i e s  st i l l  prefer 50 MWe plants, 
or larger,  for  commercial use, some have an 
in te res t  in  smal l  plants down t o  one Me and 
mst are  now interested in  smaller plants from 
one MWe to 20 We as the f i r s t  uni t  on each 
new f ie ld .  
units has a lso  emerged, as a nreans of achiev- 
ing early involvement in f i e l d  developmnt, 
assessing reservoir potential ,  and developing 
design c r i t e r i a  for  larger plants to follow. - 
Wellhead units can a l so  be useful i n  assessing 

It must also de- 

E s t i m a t e s  a f  the r e l i a b i l i t y  of 

Generally it is 

A strong in te res t  i n  wellhead 

the economics of distributed systems compared 
t o  central  plants. Interest  i n  t h i s  concept 
stems from speculation that the economics of 
quantity might outweigh economics of scale for  
some geothermal systems. Also small units are  
more easi ly  recycled in the event of reservoir 
o r  w e l l  failure.  
where the producing potential  of the reservoir 
has not yet been proven. 

Accurate and complete geothermal f luid chemis- 
try is  essential  for  developing requirements 
for  scale and corrosion control, and also re- 
requirements for  environmental control systems 
and design criteria for  these systems. 

Other Issues The concern for  the r e l i a b i l i t y  
of long t e r m  energy supply is one of the main 
issues, a s  noted, and busbar energy cost runs 
a close second. 
with the u t i l i t i e s  include capi ta l  availabil-  
i ty ,  land use, and future potential of the 
resource. While licensing can be a d i f f i c u l t  
issue, environmental protection is thought to 
be practical  since the threat  to the environ- 
ment is low and present environmental contml  
technology appears t o  be capable of meeting 
mst existing standards. Issues tha t  a r i se  
l a t e r  i n  the project include plant type, plant 
size,  cooling water avai labi l i ty  and scaling 
and corrosisn. EPRI's Geothermal Program i s  
attempting t~ address a nrnnber of  these issues, 
as a pa r t  of its current research and develop- 
ment plan. 

This aspect may be at t ract ive 

O t h e r  issues of high p r io r i ty  

Conclusion While the capability of the u t i l i -  
t i e s  is still  deficient i n  the area of geo- 
thermal reservoir assessment, in te res t  i n  geo- 
thermal power i s  high. Fi l l ing t h i s  gap by 
cooperative exchange, consultation end in- 
creasing in-house capabili ty can only accel- 
erate  geothermal development. 
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APPLICATION OF A LUMPED PARAMETER MODEL TO THE CERRO PRIETO GEOTHWMAL FIELD 

* 
J. D. Westwood and L. M. Castanier 

Petroleum Engineering Dept. 
Stanford University 

Stanford, California 94305 

Abstract I n  this paper, a lumped parameter 
mathematical model fo r  hot water geothermal 
reservoirs is developed and applied t o  the 
Cerro Prieto geothermal f i e l d  inMexico. 

The production and pressure his tor ies  of Cerro 
Prieto were assembled from f i e l d  data. A com- 
puter program w a s  then used t o  perform sensi- 
t i v i t y  studies on reservoir size,  porosity, 
aquifer recharge, and temperature of recharge 
fluid.  Two types of depletion schemes were  in- 
vestigated; in the first, the reservoir remains 
essentially one-phase liquid, and in the sec- 
ond, the reservoir becomes two-phase at a point 
early i n  its history. 
the history of the f i e l d  has been obtained. 
This paper shows the usefulness of a lumped 
parameter model in clarifying the basic behav- 
io r  of a hot water geothermal system and in 
giving focus t o  more complex two- and three- 
dimensional modeling efforts.  The resul ts  ob- 
tained specifically f o r  the Cerro Prieto f i e ld  
w i l l  a lso be of value t o  the sc i en t i s t s  and 
engineers studying t h i s  reservoir. 

Introduction Typically, a geothermal power 
plant must have a lifetime of th i r ty  years t o  
be economic. Because of the large increments 
of investment necessary at  each successive 
stage of development, i t  is especially impor- 
tant t o  be able t o  forecast the future perform- 
ance of a f i e l d  from existing knowledge. Geo- 
thermal reservoir models attempt t o  serve t h i s  
predictive functi0.n. I n  the beginning of the 
l i f e  of a f ie ld ,  when relat ively l i t t l e  is 
known, the simplest models, which require the 
least amount of information, are appropriate. 
Later, as more information is accumulated about 
the geologic, geochemical. hydrodynamic, and 
thermodynamic characterist ics of the  f ie ld ,  
these models may be refined and a bet ter  under- 
standing of the resource achieved. 
simplest types of mathematical models is the 
so-called "lumped parameter" model. 
pose of t h i s  bind of simulator is t o  match 
average reservoir behavior. 
treated as a homogeneous body, whose character- 
istics change as quantit ies of mass and energy 
enter and exit. 
parameter throughout the model reservoir is the 
average value of tha t  parameter in the  real 
sys tern. 

A satisfactory match of 

One of the 

The pur- 

The reservoir is 

The value of a particular 
. 

* 
Now with Marathon O i l .  

b2 

I n  t h i s  paper, a lumped parameter approach t o  
geothermal modeling is investigated. The 
amount of data required is minimal compared t o  
finite-difference models. The Cerro Prieto 
geothermal f i e l d  i n  Mexico was the subject of 
the modeling study; the lumped paramter model 
is most appropriate here since the f i e l d  is 
still lly~ung,ll having entered its eighth year 
of commercial production. 

Some examples of lumped parameter models can be 
found i n  the l i t e ra ture . '  Whiting and Ramey (8) 
f i r s t  used t h i s  concept in 1969 t o  model the 
Wairakei reservoir in New Zealand. Brigham and 
Morrow (2) in 1974 developed three modeks ap- 
pr ia te  fo r  closed, vapor-dominated reservoirs. 
In 1979 Brigham and Neri (3) modeled the Gabbro 
zone of the Larderello f ie ld .  Castanier, 
Sanyal, and Brigham (4) included heat transfer 
i n  the recharge region to simulate t h e  Gehavfor 
of the East Mesa reservoir. 

To date, there have been no lumped parameter 
studies of the Cerro Prieto f i e l d  similar t o  
those reviewed above. However, a few prelim- 
inary simulation e f fo r t s  have been made. I n  
1978, Lippmann, Bodvarsson, et  al. ( 6 ) ,  fonnu- 
la ted a simplified three-dimensional, f ini te-  
difference model of the reservoir. In 1979, 
Lippmann and Goyal presented the resul ts  of two 
three-dimensional, finite-difference, hydro- 
geologic models of Cerro Prieto (7). Ligubri (5) 
i n  1979 used a simplified finite-difference 
reservoir model coupled t o  a wellbore model. 

The Cerro Prieto Field The Cerro Prieto f i e l d  
is located about 30 km south of Mexicali, 
Mexico. This study is concerned with modeling 
the area of  the f i e l d  shown in Fig. 1, which 
supplies U n i t e  1 and 2 and which has been in 
production since 1973. 
forated interval  of 100-200 ip a t  an average 
depth of 1200-1300 m. 
complex interbedding, it is not obvious w h a t  
the thickness of the reservoir is io t h i s  area. 
Porosity ranges from .15 t o  .35 in sand o r  
sandstone, but is lower i n  shales. 
estimates of the permeabilities range from 40 
t o  100 md. 
the U n i t  1 and 2 area is about 30OoC. 
condensable gases, predominantly C02 and HzS, 
are present in suff ic ient  quantity t o  a f f ec t  
both the compressibility and the phase 
behavior. 

The w e l l s  have a per- 

However, because of the 

Various 

The temperature of most w e l l s  in 
Non- 
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Fig. 1: The Units 1 and 2 Production Area 

In the lumped parameter model, reservoir and 
fluid properties are considered to be uniform 
throughout. During a time step, quantities of 
mass and heat enter and exit, changing the res- 
ervoir from its initial state to its final 
state. The model in this paper neglects con- 
ductive heat transfer and convective mwement 
of mass and heat across reservoir boundaries. 
For a complete description of the model, please 
see references 4 and 8. 

Data Analysis Modeling requires two general 
types of data: 
tory. Some field properties such as reservoir 
area, rock matrix compressibility, density and 
heat capacity are known well. Others, such as 
thickness, porosity, and fluid compressibility 
of the production zone as well as geometry, 
permeability, and temperature of the recharge 
aquifer are not known accurately. 

The history of reservoir behavior is deduced 
from logging, geochemical, and well production 
data. 
flmate, specific enthalpy of produced fluid, 
average reservoir pressure, and average reser- 
voir temperature. 

The history of average pressure in the produc- 
tion zone was developed from a set of isobaric 
maps which were presented by Bermejo, et al. (1) 
Using the four maps in their paper, the average 
pressure was determined in the production zone 
during 1973, 1975, 1977, and 1979. These four 
points are the basis for the curve of observed 
pressure history which is drawn for reference 
in Fig. 2. 

field properties and field his- 

The model requires the history of mass 

LE 
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90 
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Fig. 2: 

The initial temperature in the production zone 
is calculated from the enthalpies of the pro- 
ducing wells in 1973. 
respond to that of liquid water because the 
steep decline in pressure during this period 
indicates that the reservoir fluid was essen- 
tially one-phase liquid. After neglecting the 
cold wells M-9, M-34, and M-39, and H-29 
because &ey were producing from a cold shallow 
eone during this time, the average liquid en- 
thalpy was calculated to be 316 kcalfkg. This 
enthalpy corresponds to an inttial temperature 
of 296OC. 
temperature has declined steadily at a rate of 
1-3OC per year to about 285% in 1979. 

If the reservoir is uniformly two-phase, then 
the pressure and temperature must follow the 
saturation line. Unfortunately, the vapor 
pressure curve is not certain because of the 
effects of water salinity, non-condensable 
gases, and capillarity in the pore space. 
this in mind, it is more appropriate to deter- 
mine the position of the saturation curve 
empirically. 

After examining the enthalpy and pressure his- 
tories, it was decided that if the reservoir 
flashed at all (in the sense of a lumped param- 
eter model), it flashed sometime around the 
beginning of 1974. It is at this time that the 
initial steep decline in pressure due to liquid 
decompression perhaps levels out somewhat be- 
cause of the growth of two-phase conditions. 
The fluid enthalpy also rises above the average 
enthalpy of liquid water at the initial temper- 
ature. The specification of two-phase condi- 
tions starting at the beginning of 1974 deter- 
miaes the initial point on the "pseudo" vapor 
pressure curve as 104.7 kg/cm3 aad 296OC. The 
rest of the curve is constructed according to 

History of Average Field Pressure 

The enthalpy should cor- 

It is generally believed that the 

With 
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the shape of the actual vapor pressure line for  
water. The rate of teraperature decrease, which 
is dictated by the rate of average pressure 
decline, matches the observed rate (Fig. 3).  

determined 
for Cerro Prieto 

For pure water / 

275 280 285 290 295 300 

TEMPERRTURE (DE6 C l  

Fig. 3: Vapor Pressure Curves 

History Matching 
phase scenario fo r  the reservoir, the behavior 
outlined above was  assumed. A s  an alternative 
fo r  comparison purposes, the reservoir was also 
modeled as a one-phase system with a large com- 
pres s i b  ili ty  . 
Various sensi t ivi ty  studies were performed UP 
der each depletion scheme i n  order t o  investi- 
gate the effect  of varying reservoir parameters. 

Several factors w e r e  considered i n  obtaining a 
satisfactory match of the history a t  Cerro 
Prieto. On the basis of the sensi t ivi ty  stud- 
ies, it was f e l t  that a two-phase scheme would 
offer the best  chance of matching the pressure 
behavior. 

Figure 4 shows the results of history matching, 
The match is quite good wer the en t i r e  7.5 
year period, 
t h i s  match are realistic except f o r  aquifer 
size. 
380 m; the porosity is 22%; and the recharge 
temperature is 26OoC. 
sectional area of the a q d f e r  i s  18 x lo6 m2, 
which is about 3.5 times the t o t a l  surface area 
of the production zone. The strength of the  
recharge indicates t ha t  a radial  o r  spherical 
influx may be closer t o  actual conditions. 
any case, the resul ts  in t h i s  report  with a 
l inear  recharge system indicate tha t  strong 
recharge is occurring a t  Cerro Prieto. 
di t ional  possibi l i ty  is bottom water influx 
into the reservoir. This would explain the 
behavior shown by the pressure and enthalpy 

I n  the simulation of a two- 

The parameters used i n  ob ta idng  

The thickness of the production zone is 

However, the cross- 

In 
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Fig. 4: History Match 

observations. As shown by the resul ts  of the 
sensi t ivi ty  studies presented later, a satis- 
factory match of the reservoir by a one-phase 
scheme is  impossible. 
sents a sharp decline i n  pressure u n t i l  the  
reservoir reaches the pseudo-vapor pressure 
curve. It then flashes and the pressure de- 
c l ine rate decreases while the enthalpy i n  the 
reservoir rises. In order t o  match both the 
pressure and the produced-enthalpy curves, it 
i s  necessary t o  assume a large aquifer recharge. 
A t  the same time, t h i s  would slow the pressure 
decline rate a t  the beginning of production and 
then lower the enthalpy a t  the end by reducing 
the steam quality in to  the reservoir. 

A sensi t ivi ty  study on the temperature of re- 
charge water showed that raising the tempera- 
t u re  of f lu id  Influx would cause the pressure 
decline t o  be more gradual. 
reservoir thickness would counteract t h i s  ef- 
fec t ,  and would cause the enthalpy rise t o  be 
slower. 
enthalpy history, a large aquifer would be 
necessary t o  provide a cool mass of recharge 
water. As the volume of the production zone 
became smaller relat ive t o  the cold aquifer, 
the decline in pressure along the saturation 
line would increase. P i p r e  5 shows an example 
of a sensi t ivi ty  study in which the temperature 
of the recharge water is varied, assuming a 
two-phase depletion scenario. 
the s i z e  of the aquifer w a s  too small t o  match 
ei ther  the pressure or  the enthalpy observed., 

A two-phase scheme pre- 

Decreasing the 

In order t o  obtain agreement with the 

In t h i s  case, 
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Fig. 5: Sensit ivity Study of Temperature of 
Recharge Fluid (Two-Phase) 

Figure 6 shows the effect  of a change in aqui- 
f e r  size. 

An additional point t o  address in t h i s  work is 
the sensi t ivi ty  of the model t o  the location of 
the arbitrary zones; particularly,  the inter- 
mediate zone extent may effect  the val idi ty  of 
the results.  

Figure 7 shows the  drop in pressure and the 
rate of rise of produced enthalpy when the 
length of the intermediate zone increases. 
Geological data and temperature surveys must be 
used carefully in order t o  input t h i s  parameter 
properly. 

Due t o  the complex faulting and d i f f i cu l t  geol- 
ogy of Cerro Prieto, the thickness of the pro- 
ducing interval  is d i f f i cu l t  t o  estimate. 
Fig. 8, we varied t h i s  parameter from 250 t o  
750 m. 
a thickness of 380 m. 
from .15 t o  .25. 
is not very sensit ive t o  t h i s  parameter, be- 
cause the t o t a l  heat content in the reservoir 
is not very dependent on the porosity. 

The history match obtained here is not unique. 
Other matches, which were not as good, were 
possible for  a smaller reservoir and a warmer 
and stronger recharge. A temperature of 26OoC 
is the m i n i m u m  fo r  which It  is possible t o  get 
good enthalpy and pressure matches. 
temperature, a smaller aquifer must be 

In 

The best history match was obtained f o r  
The porosity was  changed 

As can be expected, the model 

Below t h i s  
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specified t o  reproduce the pressure trend, but 
the enthalpy becomes too high because the 
reservoir mass is depleted too rapidly. Abwe 
t h i s  temperature, it is possible t o  obtain 
simultaneous pressure and enthalpy matches, but 
the discrepancy between aquifer s i z e  and reser- 
voir volume becomes larger. 

The history match has been extrapolated out t o  
a 30-year lifetime. 
is assumed, and the  produced enthalpy is approx- 
b t e l y  equal t o  the enthalpy of the reservoir 
f luid.  
effect  of production in other areas of the 
field.  
declined t o  61 kg/cm2, the temperature t o  256'C, 
and the reservoir f lu id  is 5% quality steam 
with an enthalpy of 286 kcallkg. 

Conclusions Although the information that was 
required fo r  the lumped parameter model of 
Cerro Prieto Units 1 and 2 is minimal compared 
t o  distributed parameter models, considerable 
judgment was still necessary t o  formulate a 
consistent set of data from the diverse and 
sometimes conflicting sources tha t  are avail- 
able. However, the simple nature of the lumped 
parameter approach allows rapid insight in to  
relationships between physical reservoir char- 
acteristics and production behavior. The fol-  
loving conclusions may be drawn: 

1) A depletion scheme in which the production 
zone becomes two-phase early i n  its history 
best f i t s  observed behavior a t  Cerro Prieto. 

A flowrate of 2000 tonslhr 

No attempt is made t o  account fo r  the 

After t h i r ty  years, the pressure has 

2) 
enthalpy of the f lu id  in the reservoir from 
r is ing in response t o  high rates of production 
from a relatively s m a l l  volume. 
of the recharge system is probably radial  o r  
spherical, rather than linear. 

3) 
about 260OC. If the temperature is below 260% 
in the model, then ei ther  the pressure decline 
is too steep o r  the enthalpy in the reservoir 
increases. I f  t he  temperature is above 260OC, 
the history matches are not as good, and the 
reservoir description becomes less physically 
realistic. 
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WELL LOG ANALYSIS APPLIED TO CERRO PRIETO GEOTHERMAL FIELD 
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Introduction: 
?he Cerro Prieto Geothermal Field is a liquid- 
dominated geothermal system located SO km 
southeast of Mexicali Baja, California, Mexico, in 
the Meldcali Valley. Although some -wells were 
drilled and completed in the late 601s, it was 
April, 1973, when the geothermal power plant 
began operating with a capacity of 75 MW of 
electric power. Presently, the power plant 
installed capacity is 150 MW but this amount is 
expected to increase as further field development 
is planned to take place in the corning years. ' A 
number of questions are being presently asked as 
this field development continues. What will the 
deliverability of this geothermal field be in 
relation to planned installations? Will reinjection 
be required to supplement aquifer recharge? What 
will be the reservoir life and ultimate recovery? 

This concern has resulted in a joint project, where 
Comision Federal De Electricidad, Instituto De 
Investigaciones Electricas and INTERCOMP 
Resource Development and Engineering, Inc., of 
Houston, Texas are presently involved in 
performing reservoir simulation studies on the 

An integral part of this project is the analysis of 
geophysical well logs to determine basic reservoir 
parameters. There are three primary sources of 

trophysical properties of a reservoir: 
~~o~~ well tests and well logs. Core 
analysis data are limited because of the expenses 
involved in obtaining the core samples and 
performing the analysis. W e l l  test analysis provide 
reservoir properties averaged over a large volume 
and therefore is not detailed, Well log analysis 
then, is the prime means of obtaining detailed data 
from the reservoir. A distribution of material 
parameters can be obtained from this analysis and 
the reservoir can be better defined for simulation 
R"P0Ses. 

DataGatheri + E CFE ooperative Agreement, The Lawrence 
Berkeley Laboratory (LBL) of the University of 
California began a systematic digitization of 
selected geophysical logs in order to permit 
computer analysis of the Cerro Prieto well logs. 
Selected wells throughout the field were chosen for 
this study. Before any computer techniques were 
applied, the digitized well logs were visually 
compared with the original blue prints to make 

J 

4' Cerro Prieto Field. 

In late 1976, as a r 

e 
sure that only reliable data could be used in making 
any interpretation. Special care WBS taken for any 
pcesible depth shift on logs run in each well and 
when such depth shift was present, a correction 
was made for this effect. 

Selecting the Reservoir Interval of Study. 
structural geology of the Cerro Prieto Field has 

The 

been presented I n  several proceedings related to 
this field and it is well known. The formation is of 
sedimentary type with alternating shale and sand- 
stone layers resting on a highly fractured granitic 
basement. There are some structural 
intefpretations of this field based on temperature 
and electrical logs in the literature. For this 
study, basically the lith 1 'c column presented by 
Abril and Noble in 19731ywas selected. Figure 1 
presents a typical field cross-section resulting 
from that work and Figure 2 shows its location on 
the field. From this lithologic column, intervals L2 
and Reservoir A were of special interest for the 
following reasons: a) for simulation studies, these 
zones will be of interest because most of the 
existing wells are completed here and 
consequently, all reservoir data (production data, 
well tests) come from these zones, and b) although 
the formation temperature begins to increase 
rapidly in Zone N, this zone presents a high content 
of carbonate ions in solution resulting in many well 
completion and scaling problems. 

ulations was 
INTERCOMP's Log Analysis Program. This 
program permits the use of petrophysical 
relationships whether they be standard industry 

ations or derived empirical 
This program is full explained in 

For a clean sandstone lithology, the density log is 
usually the most reliable porosity device. When 
shale is present, a correction has to be applied to 
density log readings for determintng effective 

ty. From the density log: 
prna-p 

p, ' P i  

p = DensityLogReading 

= MatrixDensity pma 
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Pf = Formation Fluid Density 

and: 

'e = 'D - 'sh Dsh 
where: 

8, = EffectivePorosity 

0, = Porosity from Density Log 

vsh = Shalevolume 

Omh = Shale Porosity 8 

The shale volume can be obtained from gamma ray 
or Sp logs. 

From the gamma ray log: 

In order to obtain maximum and minimum log 
values, the gamma ray and Sp log responses were 
histogrammed in each interval. Figure 3 presents a 
typical histogram for well M27. it is well known 
that both logs tend to over estimate shale volume. 
In our case, shale volume was evaluated from both 
logs and the minimum value was used for the 
effective porosity determinations. The exception 
to this was the case where the baseline drifts in 
the self potential log were apparent and this log 
was not used or when just one of these logs was run 
in a particular well. 

An average effective porosity was obtained by 
arithmetically averaging the incremental 
determined porosity in each zone. Porosity values 
greater than 40% were disgarded on the averaging 
procedure. Figure 4 presents the obtained effective 
pxosity values for both intervals. A t  this time, no 
consistent core data was available to verify the 
reliability of the obtained porosity data. Core 
samples from selected wells are being presently 
analyzed at IIE Petrophysical Laboratory. As this 
is done, reservoir permeability, another basic 
reservoir parameter, will be determined by means 
of some sort of porosity-permeability transform. 

Evaluation of Water Salinity. The methods used to 
determine water salinity from well logs are 
reported and discussed elsewhere in the 
literature(399) and will not be reviewed here. 
Three of those methods that can be applied to the 
Cerro Prieto Field were selected for this purpose. 
They are different in the way the formation water 
resistivity (R is determined. A brief description 
is as follows: 

Method I - Requires only the spontaneous potential 
log. So at any depth: 

where: 

K = 01 + 0.133T , T i n  % 
R,,,f = Mud Filtrate Resistivity (from log 

SSP = Static Spontaneous Potential 

Method II - Evaluates R, using an electrical log 
and a porosity log. A t  any depth: 

headings and temperature log) 

Value 

m = CementationFactor 

a = Constant in Archie's Formula 
F = a0"" 

Rt = True Formation Resistivity 

Method III - Uses a Simandeoux water saturation 
equation (total shale equation)(l4). In this case, 
water saturstion is assumed to be 100% and the 
only remaining unknown is the formation water 
resistivity, Rw. That is: 

- 0: 
Vsh 

Rw - 
a(l-Vsh) (k - m) 

where: 

0,, m, a, Vsh, Rt are defined before in this 
paper. 

Rsh = ShaleResistivity. 

After Rw is obtained from any of the three 
methods described above, totd disalved solids 
(water salinity) can be found from a cow tion for 
Na C1 solutions reported in the literature 8 . 

Na C1 eq = 10' 
3.562 - Log - 0.0123) 

0.955 x =  

and: 
. T + 6.77 , T in% 

Rw?5= RwT (q5 + 6.7,) 

Some facts have been taken into account in 
evaluating the resistivity terms. 'It i s  a well 
known effect that  both the Invasion o f  drilling 
mud into  the fonnation and temperature measure- 
ments o r  calculations of t rue formation resist i -  
vity (R ) and some authors(5)have proposed 
varioustmethods to overcome this problem. I n  our 
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ei case, when possible, Rt was corrected for mud 
invasion effects according to the method presented 
by Bateman et al. (1978). Regarding temperature 
effects, this is not a serious problem as long as 
enough data is available to determine true or 
initial formation temperature. If the temperature 
profile deviates radically from a linear 
relationship, this profiie must be considered. 
Although some methods for determining static 
reservoir temperature during drilli operations, 
have presented in the literf~turt%~,~~), they 
could not be used because there was not enough 
required drilling data for this purpose. Instead, the 
stabilized shut-in well temperature profile 
obtained during the observation period was 
selected,- an approximation to true formation 
temperature. For some fractured geothermal 
fields this temperature profile is not 
representative of reservoir temperature becaus o 

but Cerro Prieto is of se entary type field and i t  
W a s  that this phenomenon 
was unusual in this field. 

The water salinities determined from these t e 
methods were compared with laboratory data 
and the results are shown in Figure 5. As we can 
observe, water salinities evaluated from the self 
potential log (Method I) and those evaluated using 
the Simandeocur's Equation (Method III) were lower 
than the laboratory reported data. Water salinities 
calculated from resistivity logs and density logs 
(Method II) were closer to the actual water salinity 
values. This has been found to be the case in other 
geothermal fields(5). 

Final Remarks 

The obtained information will be of great help for 
the planned reservoir simulation studies of this 
geothermal field. As more wells are being 
analyzed, more data regarding reservoir 
parameters will be known. A t  the present time, 
some wells are being drilled and completed into the 
deeper reservoir B interval. That portion of the 
reservoir will also be analyzed and included in the 
simulation study. 
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FIGURE 1 - TYPICAL FIELD CROSS-SECTION (FROM ABRIL AND NOBLE, 1978) 

L 

FIGURE 2 - LOCATION OF THE FIELD 
CROSWECTIONS @SOM ABRIL AND NOBLE, 1978) 
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. FIGURE 3 - GAMMA LOG RESPONSE 
HISTOGRAM FOR WELL M27 
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FIGURE 4 - AVERAGE POROSITY VALUES FOR INTERVALS L2 AND A 

WELL - ZONE INTERVAL (ft) POROSITY (%) 
7 

2 M19A 

4 
4 
4 
2 ,  
4 
2 
2 
4 
2 

M25 

M27 

M29 L 

M43 

M45 

M46 

M50 

M101 

M102 

MlO7 

2 

2900 - 3750 
3800 - 4270 
2900 - 3800 
3850 - 4580 
3100 - 4000 
4050 - 4210 
3450 - 3700 
3750 - 4180 
2930 - 3730 
3800 - 4090 
3100 - 3860 
3900 - 4570 
3000 - 3800 
3850 - 4650 
3050 - 3900 
3950 - 4120 
3590 - 4350 

3900 - 5350 
5500 - 6300 
4500 - 6060 

- 

- 

19 .I 
16 .O 
20.2 
12 .o 
19.7 
13.2 
15.7 
13.3 
19 .o 
15.4 
16.4 
14.5 
15.9 
11.5 
16 e5 
17 e 0  

16.5 

19.1 
12.9 
17.1 
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FIGURE 5 - AVERAGE WATER SALINITY DATA AS 

PPM NaCL equiv CALCULATED FROM THREE 

DIFFERENT METHODS 
0 

*WATER SALINITY (PPM) 
INTERVAL METHOD METHOD METHOD LABORATORY 

WELL (ft) I 11 lII DATA - 
Ml9A 3600 - 4240 
M25 3580 - 4590 
M27 3600 - 4240 
M29 3608 -4250 
M43 3772 - 4100 
M45 3900 - 4120 
M46 3930 - 4640 
M50 3750 - 4120 
M53 6050 - 6550 

1650 
4266 
1958 
1151 
3127 
730 

1278 
1348 - 

*.Salinity at reservoir conditions 

20465 
13499 
9306 

17037 
146 17 
'10806 
10885 
9329 

15225 

6013 
6504 
4840 
9664 
8512 
4477 
5650 
3002 
8793 

13812 
15054 
11794 
13044 
13076 

10113 
13278 
14446 

-11060 
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Abrtract 

The r e r u l t s  of t h e  1980 and 1981 well  
d r i l l i ng  ac t iv i t i e s  at the Cerro Prieto geo- 
thermal f i e l d  are s u p ~ a r i r e d .  De ta i l s  are 

. given on the new series of deeper wellr com- 
pleted in the western ("older") p u t  of the 
f i e ld  (Cerro Prieto I), and on the development 
and rtep-out wells dr i l led in the eastern par t  
of the f i e ld  (Cerro Prieto I1 and 111). Pro- 
duc thn  characterist ics of on-line and stand- 
by wells are dkcusred. Recent changes in  well 
complet ion procedures are a l s o  described. 

Introduction 

Dur ing t h e  l a s t  two years  a i gn i f  icant  
advances have been made in the development of 
the Cerro Prieto field.  The purpose of this 
paper is t o  update the information presented 
during the Fif th  Geothermal Rerervoir Engineer- 
ing Workrhop (Alonso e t  a1. , 1979). 

The inr ta l led  e l ec t r i ca l  paver capacity at 
the f ie ld  continues t o  be 150 IN (four 37.5-MW 

high-pressure turbogeneratorr). A 30-MW laver- 
pressure uni t  haa been undergoing test ing 8 ince 
mid-1981. Before going into f u l l  operation, 
rome installatiour of the flashing plant for  
t h i s  uni t  w i l l  have t o  be m'dified t o  improve 
i t a  performance. A t  t h i s  plant, warer a t  about 
169Oc &eparated from the high-presrure stem 
is flashed a t  4.36 and 2.11 k g / c d  abs. The 
construction of two 220-kft? power plants, each 
with two ll0-MW turbogeneratorr , har begun. 
There plantr are scheduled t o  go in to  operation 
during 1983 and 1984, respectively. 

D r  11 1 h g  program 

In November 1981 there were f ive  d r i l l i ng  
rigr and two work-over r ig s  active in the area; 
about 96 deep we l l r  have been completed. 
Between December 1979 and November 1981 27 
vellr were dril led.  There wel l .  are shorn in 
Figure 1, with the  exception of w e l l  G-1 ,  
located about 6 km ENE of well NL-1. The to t a l  
d e ~ t h s  and maximum temperature8 measured in 
t h k  wells are given in'Table 1. 

* 
TABLE 1 

CEBBO PRIETO 
WEUS DRILLED BETWESN DECEMBER 1979 AND NOVEMEER 1981 

TOTAL DEPRIS AND MXIMJM IIEASURED TEWERATUBtS 

Well Total Depth M a x ,  Temp. Well Total Depth X u .  Temp. 
(m 1 (OC 1 (m 1 (OC 1 

E-1 1996 338 H-115 under conrtruct ion 
E-2 1945 328 H-117 2495 360 
E-3 1814 . 333 H-118 2664 299 
. E-4 1767 333 H-122 under c a r  true t ion 
E-5 1966 322 H-125 2315 354 
E-7 under construct ion H-132 3268 204 
c-1 3000 <too* H-133 2356 310 
E-2 3535 288 H-137 2506 >233 
H-47 1730 *219 H-139 under conrtruct ion ' 

M-73 1885 3 24 H-147 1908 353 
H-79 1813 245 H-157 2545 331 
n-109 2396 355 H-172 3287 282 

H-189 3495 267 

T l l  f i l l e d  v i th<dr i l l i ng  mud T-364 2926 320 
m: T-328 2695 349 
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CEWlO PRlEJO GEOTHERMAL FIELD 

NOVEMBER 1981 

XBL8110-12136A 

Figure 1. location of wells at Cerro Prieto. 
circles were drilled between December 1979 and Xovember 1981. 

Wells indicated uith concentric 
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In  &e eurtern part of the f ie ld  the pur- 
pose of the d r i l l *  ac t iv i ty  hur been t o  in- 
crease the number of production vel18 for the 
power plant8 under construction, and t o  explore 
for  the boundaries of tbe geothermal syrtem. 
The temperature profiles obtained in the most 
recently dr i l led  vellr confhed the tempera- 
ture dbt r ibu t ions  developed ea r l i e r  t h i s  year 
by Cest i l lo  et  a1. (1981) (See Figures 2 and 
3). The vells dr i l led  during 1980 .ad 1981 
have e r r e n t i a l l y  d e l  h e a t e d  the  northern, 
ea s t e rn  and routheas te rn  boundaries of  the  
thermal anomaly. Outride of t h h  r egbn ,  the 
1977 P r i m  v e l l  (3496 m depth) d the recent 
G-1 v e l l  (3000 m depth) have shown very low 
temperature6 . 

b, 

In the vestern par t  of the f ie ld ,  new pro- 
duction and r t d - b y  wells were dr i l led  for  the 
exir t iag power plant. In  that  region the ve l l r  
of the deeper "E-aerier" (average total  depth: 
1900 m) have confirmed the presence of a hot te r  
aqui fe r  (about ,335OC) below the r e re rvo i r  
vhich has been under a p l o i t a t i o n  r h c e  1973, 
and whore average temperature and depth are 
about 28OoC and 1250 m, respectively. 

Well presrurei and production rake. 

Shut-in vellhead prerrures in the north- 
veatern part of the f ie ld  (CP I lor te) .  ex- 
c ludhg  the E-uells, have reached up t o  about 
800 psi; in the routhwestern part (CP I Sur) 
about 900 psi; in the routheartern part (CP 11) 
about 1300 psi; d t he  northeastern region 
(a I f f )  about 1200 p8i. 

I n  CP I l o r t e  ( e x c l u d i n g  t h e  d e e p e r  
E-vellr) the  m u b u m  8te.m production ever  
measured in a vell was 125 t/h. In  CP I Sur ,  
some vells reached 140 t /h  of stem. In CP 11, 
vhere the reservoir i8 a t  2700-3000 m dcpth, 
i tem productions of up to  300 t /h  have been 
aaearured. In  CP 111, the r e r e r v o i r  is a t  
2000-2500 m depth, and lome wells have produced 
abwe 100 t /h  of stem. 
1981). 

(Domkguer and Shchez, 

The product ion charac te r  ist  ics of  the  
vellr rupplping rtem to the power plant ax of 
Augurt 1981 a r e  given in  Table 2. A t  t h a t  
t h e ,  the average e lec t r ica l  power generation 

TABLE 2 

CERRO PBIETO WEUS ON LINE 
PRODUCTION CEARACTERISTICS 

(AUGUST 1981) 

Well Orifice Pressure (in prig) Production (metric tourhi) Enthalpy 
d im.  (in) Wellhead Separator S tem B r  h e  (cal lg)  

u - 5  7 718 110 ' 98 25.7 69.4 306 
u - 11 4 119 104 13.5 47.9 281 
U - 14 3 718 168 107 20.5 70.5 284 
U - 19A 7 718 110 100 56.3 135.7 * 315 
U - 25 4 240 112 38.5 73.1 344 
U - 29 7 718 120 113 15.6 60.5 277 
U - 30 7 718 110 100 41.4 106.1 309 
U - 31 5 106 97 16.7 38.8 318 
u - 35 7 718 122 105 53.8 130.1 I 316 
U - 42 8 190 104 43.7 146.5 285 
u - 43 8 108 107 18.7 54.0 300 
U - 48 8 130 106 46.1 72.3 364 
u - so 8 125 108 75.4 167.8 326 
U - 51 8 122 110 , 78.2 133.1 355 
u - 53 8 124 103 17.3 25.2 370 
U - 84 8 . 100 . 95 41.4 22.3 489 
u - 90 8 108 106 41.4 129.0 292 
u - 91 8 112 109.5 67.4 133.1 339 
M - 101 8 104 102 17.6 27.9 361 
u - 102 5 100 96 22.0 8.2 528 
U - 103 4 185 104 48.5 48.3 418 
U - 104 6 132 103 63.4 25.6 522 
U - 105 8 130 115 56.1 81.6 375 
U - 114 8 105 104 41.6 136.8 287 
1 - 130 8 115 107 53.3 131.8 315 
E - 1  4 112 410 130 103.6 172.4 363 
E - 2  3 1/8 8 72 131 64.4 108.7 361 
E - 3  3 112 580 98 41.1 121.8 295 

TOTALS: 1223.4 2478.5 
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b k  
ISOTHERMS ILS 2000~1 depth - 

Figure 2. 

Cerro Prieto; isotherms at 
2000 m depth. (modified 
from Castillo et al., 1981) 

ioothem at 
(modified 

et al . ,  1981) 

0 lh - 
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WM 112.5 llW (only three of the four turhogen- 
erators  were on l i ne  because of r epaks  to  one 
o f  the  cool ing towers). Table 3 shows the  
production c h a r a c t e r i s t i c s  of t he  stand-by 
wells . 

Jd 

Well completion 

A number of modifications have been made 
in the way the w e l l s  are completed a t  Cerro 
Pricto, partly because deeper production and 
exploration wells are being dr i l led ,  md partly 
t o  reduce mechanical and corrosion problems 
the casings (Table 4). 

The casing completion described by Alonso 
e t  el. (1979, Table 2) u r h g  production casings 
with API N-80 tubing w a s  not very successful. 
The lifetime of these casings k about 6 months 
(Domhguez et al., 1981). Corros ion, collapses 
and fractures have been detected. 

Up-to-date ‘ r e su l t s  have shown t h a t  t h e  
wells completed during 1977-78 using API K-55 
production casings have performed well. These 
heavier, sof t  steel casings have shown greater 
res irtance t o  mechanical s t re r res  and corrosion. 
The damages observed in some of the 1977-78 
wells are bel ieved t o  be r e l a t e d  t o  f a u l t y  
cementing of the casings caused by circulation 
losses and/or fa i lure  of casing accessories 
during the cementing operat ions. 

P r e s e n t l y  A P I  C-75 g rade  p r o d u c t i o n  
casing8 are being installed at Cerro Prieto 
(Table 4). Because of the recent instal la-  
t i on ,  it has as y e t  not  been poss ib le  t o  
evaluate the i r  performance. 

To reduce circulation losses while cement- 
ing long s t r ings of casings (up t o  2000 P long), 
l o rdens  i ty  cement s lu r r  ies have been used. 
Recently, good resu l t s  have been obtained by 
adding small diameter ceramic spherules t o  the 
slurry, reducing its specific gravity t o  about 
1.3 (10.8 lb/gal). 

In  some wells, mainly because of circula- 
ti? losses, none of the cement slurry returns 
t o  the surface. Recently, the aonremented 
annular space behind casings has been f i l l ed  by 
pouring f ine s i l i c a  sand. It not only reduces 
the open space behind the par t ia l ly  cemented 
casing, but a lso gives it mechanical support. 
Up to  now the w e l l s  where th i s  procedure was 
used have not shown problems. 

P b a l  remarkt 

The d r i l l i ng  of production and exploration 
w e l l s  w i l l  continue a t  Cerro Prieto. The h e -  
d h t e  goal i r  t o  d r i l l  enough wells to  s a t k f y  
the lag-term s t e m  requirements of the powr 
p l an t s .  It i s  estimated t h a t  t he  e x i s t i n g  
plant w i l l  need 30 wells (6 mJ/well), while 
each of the two power plants under construction 
w i l l  r equ i r e  the  steam from about 25 w e l l s  
(8.8 M?/well)  t o  reach a t o t a l  generat ing 
capacity of 620 mJ, by 1984. 

In  order t o  establish the areal extent and 
the energy potential of the routhern par ts  of 
the  f i e l d  (CP I Sur and CP X I )  a number of 
wells are  planned t o  be dr i l led  soon in the 
a rea  between wells H-101, 93, 189 and 92. 

TABLE 3 

CERRO PRIETO STAND-BY WELLS . 
PRODUCTION CBABACTERISTICS 

Well Date Orifice Wellhead Production (metric tonsfh) Enthalpy 
dim. ( in)  Pressure S tem Water (c.l/n) 

__ ~~ 

w - 7  
n - 73 
w - 93 
n - 94 
H - 110 
n - 120 
Bi- 129 
n - 147 
W - 149 
H - 169 
)I- 172 
T - 366 
T - 386 
T - 388 
Q - 157 

~ 

7/25/79 
7/29/81 
6/22/79 
9/03/80 

11/18/79 
4/21/80 
21 12/80 
2/05/60 
3/02/80 
3/28/85 
9/09/6l 
1/29/79 

10/07/81 
5/22/80 

12/05/19 

~ 

5 
8 
8 
4 

10 
10 
5 
6 
8 
9 
6 
8 

LO 
7 
3 

~ 

100 15.0 
182 100.1 
170 80.7 
100 6.5 
220 185.3 
129 121.7 
700 216.0 
670 297.1 
104 66.4 
183 123.3 
101 23.3 
291 223.5 
110 86 .O 
324 169.8 
101 5.8 

101.5 
165.0 
186.0 
76.9 

335.7 
148.7 
301.2 
249.6 
124.8 
204.9 
117.3 
269.5 
159.5 
278.5 
51.4 

235 
357 
320 
210 
346 
392 
37 6 
438 
342 
356 
25 3 
383 
343 
357 
222 
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TABLE 4 

&RRO PRIETO 
PRESEHT CASING CONPLETIONS 

Size API Weight Joint Approximate 
Car ing O.D. (in) Grade (lb1ft)  Threads Depth (1) - 

PRODUCTION WELLS 

Conductor 
Surf ace 
Intermed Lite 
Product ion 
L her  

30 B 98.9 
20 5-55 106.5 
13 3/8 K-55 68.0 
9 518 c-75 47.0 
7 C-75 29.0 

Welded 0 - 50 
RT.8T.SC. 0 - 300 

0 - 1200 
SEU.HT. 0 - 2500 
SEU.HT, 2450 - 3000 

BT . 

EXPLORATION WELLS 

Conductor 20 E-40 94.0 RT.8T.SC. * 0 - 100 
Surf ace 13 318 K-55 54.5 BT. 0 - 500 
In t  ermed f a t  e 9 5/8 c-75 47.0 SEU .KT. 0 - 1600 
Product ian 7 c-75 29.0 SEU.HT. 1550 - 3300 
L iner 4 1/2 c- 75 13.5 CS.HT. 3250 - 3800 

Motes 
BT . Buttress thread 
RT.8T.SC. = Round thread, 8 threads/in, short j o in t  
SEU.HT. 
CS.ET. C.S. Hydrill thread 

- 
* Super E.U. Eydril l  thread 
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IilsImm 

A t r a c e r  test will be candracted at the Ins 
Azufres geothermal field to detect possible 
high PMneability flawpaths interconnecting 
dnjec t ion  and pYmdwtim wells, in order to 
asses reinjection feasibility in the lkjamani- 
les area. lh is  test will be the f i rs t  of its 
Mndtobecosductedinthisgeothermal 
field. Tracers will be injeCtea in wells A-7 
and A-8; A-2 will constitute the main obsenm- 
tion well. 
wells, including prabably A-16, A-1, A-22 and 
A-18, W d  also,be d t o d .  h t i n u w ~  
p r o d u c t i o n / r e i n j a  will provide the d r i p  
ing force for intenel l  flow. To spxd up 
results, simplify logistics, and reduce costs, 
slugs of d i f f m t  tracers, each identi- 
fying a particular well, will be sinultaneous- 
ly inj-. We chose anicrms as tracers be- 
cause they propagate throufpl reserwir f m -  
tions with negligible absorption, and consid- 
ering the availability of equiprent for their 
analysis. several lXmi.de, iodide and t2lic.P 
cyanate salts %€?.re considered as prospective 
tracersaurces. Therplknownba~iodide 
doncentratim in the reservoir were detexnin- 
ed by us. We estimated the amnmts of the 
pmspx t ive  salts to be injected by mans of 
hnda and Zuber's n&hcd, and Caplted the 
c o ~ c o s t s .  Qnsideriragthese 
amnmt-uxt calculations and that bmnide and 
iodide have been extensively tested in g-- 
thermal errvirarpllents, we chose these anions 
as the main tracers for the test. As a 
caplmt, we prppose to conduct a field 
experhent to evaluate Wocynate as a geo- 
thexnal tracer. 

ItmxmmIm 

The IDS Azufres geothermal field is located 
19O49'N, 1OO03Y ' W o n  the Transmxlcdn Neo- 
Vblcanic Axis. The field consists of Nghly 
fractured neo-quaternary volcanic deposits. 
pmduction horizons are mostly andesites, but 
in sare cases include &cite. &cause of the 
tightness of these igneous rocks the main 
production is believed to proceed through 
fractures. 

The reservoir is liquid-daninated, ht there 

This study suggests that other 

is a Steam cap located near wells A-6 and 

Ccmisidn Ekderal de Electricidad 
OklahaM 1185, 6' Pis0 

S x i c o  18, D.F., N&ico 

A-17, in the lkjarnaniles region. 
waters are of d u m  salinity: TcLj * 5000-8000 

These brines contain silica (900-1300 ppn), 
boron (150-250 ppn), arsenic (15-30 ppn), and 
traces of mercury (%b'fplos y Gmzfaa,1981). Such 
Bmxlllts of ecologically nocive substances are 
not suitable for untreated surface disposdl. 
Thus, reinjection of the spent brims is con- 
sidered as one alternative for dipsal. 

Reinjection of relatively cold spent brines, 
apart fmn solving the disposal pmblen, may 
be beneficial to maintain res€33air pressure 
(e.g. Cellar e t  al, 1978; Horne, 1981). But 
themal interf- may also result fnm Ye- 
injection (e.g. Einarsson et al, 1978; Home, 
19811, with potentially serious eamanic con- 
sequences due to enthalpy draw&wn. 'Ib amid 
the detrinmtal effects of them& interfer- 
ence, fm reinjection strategies m y  be a@- 
ted: (a) to reinject into formations m a u -  
lically isolated f m  the prcducing reservoir; 
or (b) to reinject a t  a distance fran the 
producing wells Such that the reinjected water 
has tdlw to reheat before being produced. m s  
"safe distance" depends sensitively on the 
details of the local penreability. For exam- 
ple, in Ahuachapan a tracer arrived at a w e l l  
400 m distant fran the reinjection well in fm 
days, ht the corresponj+ng arrival for 
fm other wells located 450 m and 1000 m f r a n  
the injecbr were severdl weeks (Einarsson et  
al, 1978). Thus, identification of high per- 
meability paths inl32rco- planned re- 
injection-and pmduction-wells shaitd preceed 
the actual inplen?ntation of a reinjection 
schene. Tracer tests constitute an unsurpassed 
resesvoir engineering tool to detect such short 
circuiting flowpaths. 

This paper reports on the design of a tracer 
test that will be m in the Los Azufres geo- 
thermal field. 
and A-8 as reinjectors, and well A-2 as the 
producer. The main godls are (a) to detect 
possible high pexmabllity flawpaths linking 
the planned reinjector wells with A-2; and (b) 
to interpret the dah, either in terms of frac- 
ture condudivity or of mtrk permeability. 

In the following sections we describe the test 

Pmdua~I 

for separated brines(Iknp1os y m , l 9 8 1 )  

The test wil l  involve wells A-7 

area, and discuss the design of this f i r s t  
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~ t e s t i n I o s A z u f r e s .  

TESTAIEa 

The test area lies in theTejamaniles region 
(or m e ,  as they have keen -1, in the 
southern portion of the field (Fig. 1) .  

- FAULT 
FRACTURE OR INFERRED FAULT --c 

Fig. 1, Map of the Tejaraaniles and Agua 
Fria ncdules. 

Planned reinjecuOn -11s A-7 and A-8 lie on 
the western edge of the field, as intdicated 
by geologic and resistivity data (Garfias, 
1981). Ttreir aepths, open intervals, and dis- 
t anes  to other wells located in the Tejamni- 
les and Agua Fria mdules are given i n  Tablel. 

rature is dam?-like, with its rnaxinnm war 

aepths of the wells drilled in the Tejirmaniles 
module. 

East f m  A-7/A-8 the d i s k i h t i o n  

wel l s  A-6 and A-17. 

of tenpe- 

This is reflected in the 

Production wel l  A-2 is located several hundred 
meters East frcnn the planned reinjectors. The 
completions and lithological columns of wells 
A-2, A-7 and A-8 are shown in Figure 
2. The prcducticn and reinjection intervals 
intersect rmStly microlitic andesites, with 
sane interspersed dacite and porphyritic ande- 
site in w e l l  A-7. In  these tight ingnems 
rocks the flaw is thought to m mainly 
thmugh fractures. N o t e  that the reinjection 
intervals lie deepr than the productianinter- 
val of A-2, except for the upper slotted in- 

a desirable feature for a reinjection sctnzne 
because the negative buyancy of the alder 
and denser reinjected water tends to delay 
thennal interference; but my add some diffi- 
culty to the recovery of tracers. IioheKr, 
there is indication of hydraulic c3mmctl 'on 
of wells Pr7 and A-8 with A-2, f m  an edp 

terval O f  wel l  A-7 which overlaps it. This is 

lier i n t e r f m  test (Hiriart, 1980). 

Other neighboring e l l s ,  i n  addititxi to A-2, 
viere included in Table 1 for ampleteness. 
Of these, A-16 is the m d  closest to the 
reinjection area. Well A-16 was f i r s t  drilled 
vertically to a depth of 2500 m. High t9lper- 

atures but l a w  permeabilities wsre found. €+ 
cently the well was reeIl&?rea and directional 
d?dlling kegan fl.rm a depth of e 500 m. A t  
the time of this writing the dimctional W3l.l 
had sracce~fully in te rsdzd  the !kjamaniles 
fault. The depth and distances to wll A-7 
and A-8 given in Table 1 wsxe estimated by us. 
A t  the time of this writing the productivity 
testhadnotstarted.   iti is not known 
whether dry steam or a hu+lase mixkrre will 
beproduced. Iftheproducedfluidturnsout 

be kept bleeding through a small  dbmter line 
throughout the duration of the tracer test. 
In  that case, the separatedvmter will be 
mnitored for t r m s .  

--East fran the reinjection area lie 

to be twa-phase, it is that A-16 will 

d s - A - 6  and A-17. These relatively shallow 
wells produce dry steam. The chgoicdl tracers 
we are planning to use in this f i r s t  test 
partition negligibly intQ the gas phase. 
Therefore these wells will not be monitolzd 
during the tracer test. 

N e x t  i n  increasirsg distance f r a n  the reinjec- 
tion area is well  A-1, located to the NE of 
A-7/A-8 in the Agua Fria rmdule (Fig. 1). 
This w e l l  is curre.ntly pmducing 30 tomb 
w i t h  a waterhteam ratio of 2:l. It is ex- 
pected that this flumate will be kept cons- 
tant th rought  the duration of the t r e  
test. 
water will be monitored for tracers. 

If  that is the case, the separated 

WELL A-2 WELL A-7 WELL A 4  

Fig. 2. ILtholcgical calm and -le- 
ti- of -11s A-2, A-7 and A-8. 

Finally, wells A-22 and A-18, in the Agua Fria 
and Tejarraniles modules mspectively, are the 
farthest fran the reinjection area. These 
wells are expect& to be kept bleeding through 
Qnall diameter lines throughmt the duration 
of the tracer test. I)ue to their negigible 
productions and mt distances f m  the in- 
jection points, there is little hope of actu- 
ally detecting tracers in these wells. Never- 
theless they will be d t o r e d  on a law prio~? 
ity basis throughwt the test. 
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The test w i l l  be cadwted in nailtitracer, 
cantinunls w - j e c t i o n  d, as 
follaws. sinniL- Ixn3udAd-j- 
will begin Sam2 tim2 before actual tracer in- 
jection to allow as llulch stabilization of the 
flaw in the resexvoir as practically possible. 
Separated water being pmduced fran A-2 will 
be ~~ncani tant ly  EinjeCtea in wells A-7 and 
A-8. After a mwnient stabilizatkm ~&IEI 

tracers, each identifying a particular well, 
w i l l  be inserted in the lines feedcng A-7 and 
A-8. s8.rp?llng of well A-2 will begin imrrdi- 
ately aftemaxds. 
hours sanples w i l l  be extracted every half 
bur; subsequently, the rate of simpling will 
decrease mmotonically. The rationale for 
this saqllng strategy is to record possible 
early rapid buildup of tracer cmcentratfon 
in A-2 due to high W U t y  pth(S) eX- 
tending from one or both reinjection wells; 
as arrival times increase so do a+spersians, 
and tracer amcentration W l d p  becare 

safely decl.eased. 

has elapsed, short injedions of two different 

During the f i r s t  sevxal  

Slowsr, therefare sawling frequency 7 be 

Tracers used in hydrogeology ard in the oil 
and geot3leIml industries include raaioactive 
substances and chemicals. use of radioactive 
tracers involves lengthy proceedings to abtaln 
licenses equiprent currently unavailable 
to us= For ~Wficity chsnid tracers w~?re 
adoptea. 

'Ihe main advantage of the approach d e s c r w  
i n  the preecedihg paragraphs is that the nail- 
titracer configuration insurrs a SignifiCanUy 
shorter test. Qnse4uently, logistics can be 
made simpler, costs (e.g. associated with per- 

results will be available earlier. 
~ l a n d e q u l ~ ) c a n b e ~ , a n d  

Tracers 
The ppular chemical tracers mSntion€d in the 
literature can be broadly divided in fluores- 
cent dyes and salts with detectable catloris 
or anions. Fluorescent dyes tend to be re- 
tained in the reservoir rocks (Wagner, 1977) 
and were not considered for this test. Dpe- 
rience has indicated that cations do not pro- 
pagate through reservoir fomtions as easily 
as anions. Thus, d y  anions were wnsidesed 
as tracers. After screening, the f o l l w  
candidate salts w2re selected: !sodium bnmide 
(NaBr), sodim icdide man, potassim iodide 
(Kz), ammim thiocyanate RJH4soJ) , and 
sodim thiocyaMte (NascN). These salts have 
suitable anlon to mlecule mlecular weight 
ratios and high solubilities (Table 2). High 
solubilities are desirable became they deter- 
mine the - cancentration attainable at 
the point of injection, which generally should 
be as high as possible in slug injection tests 
to detectability over long distances. 

t, 

Qlanicals with high traceranionJsalt mass 
ratios are amvwient to keep armmts of salts 
inject& and costs dawn. Iodide and branide 
have been succesfullyused as tracers ingeo- 
therml envlmmmts (e.g. Mccabe et al, 1980, 
1981; Tester et al, 1979); t h i o c y ~ t e  (al- 
fairly axnmn in the oi l  industry) has not, to 
our kmwledge. 

mc9cgmma ~mtions 

The natural (backgrormd) seservoir canoentra- 
tions of the chemicals used as tracers are 
important for tracer test design because they 
are related to the mounts of tracers to be 
injected, as shcrwn later in this paper. In  
the following paragraphs the backgromd concen- 
trations of iodide, brunide, and thiocyaMte 
in the test area aredisCUSSed. 

Brunide amcentratdons are routinely det;ermined 
by cFE's* ~ s t q  group in Los Azufres. 
Average values for separated waters fran wells 
A-2, A-7 and A-8 are 0.29 f 0.28 pFn, 0.35 f 
0.10 ppn, and 0.2 f 0.2 ppn respectively 
(Iapez and Tenplos, 1980). 

Iodide amcentrations am not routinely deter- 
mined in IDS Azufres. Sanpling and analysis 
was conducted by an 1E-t team in October 1981; 
cFE personnel aollahrated taking downhole 
eanples fran w e l l  A-7. Iodide comt ra t ion  
resulted as follaws: for separated water fran 
A-2, 0.35 f 0.01 ppn; for tw downhole sanples 

and 1420 m, 0.18 f 0.01 ppn and 0.17 f 0.01 
ppn respectively; for water fran the disposal 
pond of ~ 1 1  A-18 (eanples taken 
charge tube), 0.23 f 0.01 p ~ n .  

Allwing for dilution of the srmp?les fran sep 

hole values, we oonservatively acaaptea reser 
voir "- concentrations" of 0.40 ppn 
and 0.25 ppn for branide and iodide respedive- 
ly. ThiocyaMte is generally absent fran geo- 
thermdl waters. Its amcentrathn in the re- 
servoir brine was a s h  not to exceed 0.01 
ppn. 

fran A-7, amsponding to aepths of 1075 m 

the dis- 

arated water, and considering the lawrwn down- 

Amxlnts and costs 

The amxlnt of tracers to be injected were 
esthated following a method devised by knda 
and Zuber (1970). Nozmalized laeakthrovgh 
curves for line injection between tm inpenne 
able layers axpted these authors were 
used. This method assxanes that the flaw takes 
place i n  a kmgenexs porous 
trix penreability. These assmptlons might not 
apply to the ignems formations characteristic 
of the test area. Nonetheless, they pxnri.de a 
conservative, %rst case" approach to the tra- 
cer flaw: generally, in a tw w e l l  injection 

with ma- 

* canisi6n Federal de Electricidad 
t Institute de mstfgaciones Electricas 
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Table 1. wells directly involved in test, and W=US in nearby mS 

TejamanueS rbdule AgllaFriam3Ul.e 

A-8 A-7 A-2 A-16' A-6 

2775 2750 2750 2825 2800 
2301 1706 1130 1285" 900 

1991-2299 1049-1098 1039-1130 1072-1285* 648-881 
1296-1580 
1665-1690 

500 - 700 740" 1280 - 500 750 960* 1480 

A-17 A-18 A-1 A-22 

+ well directiondlly dri l led  * Estimate by the authors 

c: 

2810 2950 2875 2875 
627 1328 2173 1560 ' 

561-622 1013-1324 1725-2160 1007-1550 

1460 2670 1950 2180 
1550 2760 1800 2l30 

Table 2, chanical properties of prospeo 
ti- tracers" 

Ratio of sOlubility(g/100 C.C.) 
rrplecular 

(anion/ Incold Inhcrt 
mlecule) water water 

Nasr 0.768 116 121 
Nfi4scrJ 0.763 i 2 8  wry soluble 

Tracer weights 

N&XN 0.716 139 225 
KI 0.764 128 208 
NdI 0.846 184 302 

*Fran the H m d b o k  of chemistry and 
Physics, 60th Edition, CFC Press. 

N e  1.00 0.60 1 .000  1.148 1.000 1 .148  
NHqm 1.37 0.10 Om168 0 .192  0 .230  0 .263  
IWm 1.42 0 .10  0 .179  0 .205  0 .254  0 .291  
la 14.51 0 .35  0 .586  0 .673  8 . 5 0 3  9 .765  
w 18.23 0.35 0 .530  0.608 9 .662  11.084 

* Frcm the chemical IWketing R e p r t e r  (October 1981) 

c 



We have adapkd~endaand mr's  nmtbd, Wch in 
its origindl form aFplies to radioactive tracers, 
for we with ionic tram &rived fnm highly 
dissociating salts. Briefly, the mdified nEtbd 
e s t i m a t e s t h e m a s s o f s a l t t o b e ~ , r n , f r o m  

'Mhere c is the minimal cancentration of the mion 
at the -of the breakthrou@ curve W& 
assuzes a pro~er rearding of the vhle curve, 
CID the dimasionless peak amcentration in the 
dinwsionless breakt3um#i curve, x the in&mct?ll 
&&mef 4theporosityandhtheheWtoffhe 
Confined aquifer, and & and the -ion 

of flow Esqx3cKay. Ihe dimasionless rath 
(4e/vxJr wfierevisthexr3anwlodtyofflawin 
the x dize&bnf paraemzes the breakthrough 

whithin the range of paraneters anrsi- 

(WW. Iherefore, --a (1) greater 

03effiCients parallel and no L 3 . I  to the dize&bn 

cu3ves. 
&red CD decreases with increasing valu?s of 

values of m comspond to higher values of 
(4Jv, for a given distance. Valws of (Dxv) 
ran- fran a few oen t ine t~~-~  for fine sands to 
about 100 m for fissured mdcs (mda and Zuber, 
1970). Ihus, w acbpbd (Wv) = 100 m in order 
to obtain m m t i w  estimates of the mass of 
tracer to be injected. 

~n extra safety factor is pmvided by the ratio 

tbeo 
lie betkeen 1 and 20 for Bodenstein n w  
( = effective grain -ter x man flcrw =locity/ 
cnefficient of mlecular diffusion) ranging from 
4x10-1 (slow laminar flaw) to 105 (fast turbulent 

effectiwly enhancing the safety q 
estimates. 

We c = w + ~ O E ,  where w is the 
backgxomd amcentration of the anion in the 
resermir fluid and E is the rees01utiOn of the 

'q) appearing in equation (1). mr lisuias, 
t i c a l  andexp&xEntdL values of this ratio 

flow) (mda and Zuber, 1970 and e f m -  there- 
in). In our calculations we set ( %' = 1, 

of ~u1:  

corresponding lmhod of analysis. standard 

of i n e e s t  here have typical re sol^ of 
0.02 ppn, 0.01 ppn, and 0.01 p ~ p n  for hrosaide, 
iodide, and thiocyaMte respectively. 
of c thus armpnted m shxm in Table 3. 

Taking 4h = Im, a typical value for the test area, 
we aaaputed the esthmtes &own i n  Table 3. For 
mnvenknce these results are --sed in terns 
of the mass of NaBr to be injected in  wel l  A-7. 
Ple ~preater  distanoe of well A-8 tD w e l l  A-2 
xesults in a practically negligible - 15% inuease 
of the ~~liiss of tracer to be injected omr the 
valtles ~ ~ S p x d i n g  to A-7. 
concentrations of the tramrs have a mre pmnom- 
ced effect in this particular case. Ihe d l  
mmts of thiocyaMtes estimated indicate the 

of analysis adequate for the COnCentratiOSls 

Ihe valws 

Ihe badcground 

aaMntag3 of using as tracers slhstances that 

sensitive analysis tzxwq=s exist. 
naturally absent in the brines, and 6or W ~ I  

Table 3 also s b w s  the relatiw oxts of the mss 
to be injected for ead~ salt ami-. EJot  

tively low badcgxomd crxlaentration of iodide 
compensates for its hi- price per mit -6. 

AlW- thbcyamtes look very attractiw fmm 

mt been extensively testred in seoulernal 
envirt)NIMt. Bromide and iodide better 
k v J w n a s p ~ t r a c e r s , a n d t h e i r o x t s ~  
-le for the p l d  test (LE $1009 for 
NaBr in A-7). Iherefore, we amcl& that 
hnmatde and iodide axe the indicated for 
the first test in Ios 2m&E?s. 

surprisingly, the almllest costs, by far, corres- 
pmdtothiojanate. mtealsothatfhe*- 

thepintofviewoftheirlawaosts, theyh= 

Findlly, a usefull extension of this wodc is 
suggested by ow results. We propose to conduct 
a field exprjmnt to evaluate thiocyanaee as a 
pthexnal  traoer. Ihe -t wuld oonsist 
ofinjecllngthisanioninparallelwiththe 
main tracers in wells A-7 or A-8. of 
the caxe+pnd.ing breakthmu& curves would 
pmvide valuable Wnuat ion about the characte- 
ristics of thiocyaMte as a geothenml tracer. - 
We thank Ing. c. Miranda fran CE'E for taking chn- 
b l e  fluid sanples, and Dr. D. N i e v a  fnm IIE for 
conducting the iodide analysis and for use+ 
diSCUSSiollS. 
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Q3 ANALYSIS OF FLOW DATA FROM SEVERAL BACA WELLS 

1. 0. Riney and S. K. Garg 

Systems, Science and Software (S3) 
P. 0. Box 1620 

La Jol la, Cal i forn ia  92038 

Abstract Analyses are presented o f  the 
TGGEE pressure buildup data f o r  wel ls  
located i n  the Redondo Creek area o f  the 
Baca Geothermal Field. The downhole d r i l l -  
ing  information and pressure/ temperature 
surveys are f i r s t  interpreted t o  locate 
zones a t  which f l u i d  enters the wellbore 
from the f ractured formation and t o  estimate 
the i n i t i a l  reservo i r  temperature and pres- 
sure i n  these zones. In terpretat ion o f  the  
buildup data f o r  each we l l  considers well-  
bore effects, the C02 content o f  the f l u i d  
and d i f fe ren t ia tes  between the single-phase 
and two-phase port ions o f  the data. D i f fe r -  
ent straight-1 ine approximations t o  the two 
port ions o f  the data on the Horner p l o t  fo r  
a f low t e s t  y i e l d  corresponding estimates 
f o r  the s ing le and two-phase mobi l i t ies .  
Estimates f o r  the formation kh are made f o r  
the wells. 

SINGLE-PHASE GAS 

Temperature, *C 

In t roduct ion The Baca Geothermal F i e l d  i s  Figure 1. Phase diagram f o r  water with 
located i n  the Valles Caldera i n  nor th  cen- CO2 mass f r a c t i o n  a=O.Ol. 
t r a l  New Mexico, 60 miles north o f  Saturation curve f o r  pure water 
Albuquerque, and about 35 miles northwest .of 
Santa Fe. Analysis o f  the downhole data 
from wel ls  d r i l l e d  i n  the Redondo Creek area f lashing i n  the  formation upon production 
o f  the f i e l d  indicates t h a t  the bulk o f  the are very sensi t ive t o  the C02 content o f  
formation permeabil l ty i s  i n  a f racture net- the f l u i d .  
work, Consequently, the performance o f  a 
we l l  depends la rge ly  upon whether i t  in te r -  The S3 reservo i r  simulator CHARGR was re- 
sects one o r  more fractures, how large each cent ly  employed i n  a series o f  r a d i a l  f low 
intersected f rac tu re  i s  and the  degree t o  ca lcu lat ions t o  invest igate the response o f  
which i t  i s  connected t o  the r e s t  o f  the i n i t i a l l y  single-phase and i n i t i a l l y  two- 

, network. The reservo i r  pressures i d e n t i f  led  phase reservoirs undergoing production o r  
from the downhole analysis define a v e r t i c a l  i n j e c t i o n  from a single wel l  (Garg and 
gradient o f  0.348 p s i l f t .  P r i t c h e t t  [1980]). FIgure 2 shows the 

Horner p l o t  f o r  the simulated buildup his- 
Chemical analyse f the discharge f l u i d s  t o r y  o f  an i n i t i a l l y  single-phase reservo i r  
from Baca wel ls  ind icate t h a t  the reservo i r  t h a t  undergoes f lash ing upon production. 
f l u i d  i s  o f  low s a l i n i t y  (5 8,000 ppm) w i th  The i n i t i a l  buildup behavior (wellbore stor- 
an incondenslble gas content ( p r i n c i p a l l y  age e f fec ts  were not  simulated) i s  governed 
C02) of about 0.4 t o  1.5 percent by mass ' by the tWO-phaSe region o f  the reservoir; 
(a - 0.004 t o  0.015). The e f f e c t  o f  the in-  the slope on the Horner p l o t  o f  the curve 
condensible gas content on the f l u i d  s ta te y i e l d s  a value f o r  the t o t a l  kinematic vis- 
may be examined using an equation o f  s ta te cos i ty  v t  which i s  character is t ic  o f  the 
f o r  a mixture o f  pure water and carbon d i -  two-phase region created during drawdown. 
oxide (Pr i tchet t ,  e t  al. [1901]). Figure 1 The deta i led calculat ions show tha t  the 
i l l u s t r a t e s  the e f E c n n  p-T space f o r  a = pressure buildup i s  accompanied by the  pro- 
0.01. The probable extent o f  the i n i t i a l  pagation o f  a condensation front, origina- 
two-phase region i n  the Baca reservo i r  and t i n g  a t  the well, i n t o  the formation; the 
the extent t o  which the  wells w i l l  induce condensation f r o n t  eventually engulfs the 

(a=O) i s  dashed. 
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gure 2. Pressure and temperature buildup 
data f o r  Case 6-1 simulated we l l  
t e s t  (Garg and Pr i tche t t  C19801). 

e n t i r e  two-phase region a f te r  which the 
buildup behavior i s  essent ia l ly  tha t  o f  a 
single-phase f l u i d .  The two-phase buildup 
extends over a f u l l  log  cycle; the slope of 
t h i s  s t ra ight  l i n e  implies a kinematic vis- 
cos i ty  which i s  i n  f a i r  agreement w i th  the 
actual two-phase value. The single-phase 
buildup i n  t h i s  case extends over less than 
one-half cycle; the slope o f  t h i s  s t ra igh t  
l i n e  implies a kinematic v iscos i ty  which i s  
about 40 percent larger  than the actual 
single-phase value. This example, and other 
cases treated, i l l u s t r a t e  the importance o f  
select ing the correct s t ra igh t  l ine.  

We have used the resu l ts  o f  the numerical 
simulations t o  provide guidance i n  our 
in te rpre ta t ion  o f  the f low data from several 
Baca wells. The in te rpre ta t ion  considers 
the e f fec ts  o f  the C02 content and frac- 
tu re  permeabil i ty o f  the reservoir. The 
analysis also accounts for  the f a c t  t h a t  the 
downhole pressureltemperature gages are 
usually located several hundred f e e t  from 
the primary production zone. I n  the fol low- 
ing we w i l l  present representative buildup 
analyses o f  data from two Baca wells. 

Well Baca No. 4 Figures 3 and 4 present 
selected temperature and pressure pro f i les  
recorded i n  wel l  6-4. Survey S8 was taken 
p r i o r  t o  any production testing, but the 
wel l  had been deepened from 5048 f t  (4301 
ASL) t o  6370 ft (2987 ASL) f i v e  weeks 
ear l ie r .  Temperature survey S11 was made 17 
days a f t e r  a 9-day production t e s t  and i s  i n  
close agreement w i th  S8 f o r  depths less than 
5000 ft. For very long shutin times the 
measured temperatures (p ro f i les  S24 and S40) 
are much higher than f o r  the shorter shutin 
times ( p r o f i l e s  S8 and S l l )  except f o r  close 
agreement a t  the bottom o f  the hole. This 
i s  a t t r ibu ted  t o  the i n f l u x  o f  hot f l u i d  
from a minor ent ry  near the bottom o f  the 
well. Survey S16 was recorded two days 
a f t e r  shutin fo l lowing a 64-day drawdown 
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Figure 3. 6-4 temperature surveys before, 
during and a f t e r  Flow Test No. 2. 
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Figure 4. 6-4 pressure surveys before, 

period. The primary production i s  appar- 
e n t l y  located a t  - 4800 f t  (4546 ASL); the 
reservo i r  rock i s  cooled by the f lash ing of 
the f l u i d  w i th in  the production zone. The 
corresponding pressure pro f  i l e  (S16 i n  
Figure 4) shows t h a t  the f l u i d  i n  the well-  
bore two days a f t e r  shut in  i s  l i q u i d  below 
2100 ft. The long-term stable p r o f i l e s  S24 
and S32) cross the  ear ly  time p r o f i l e  IS81 
a t  - 4500-5000 ft. Pressure equi l ibr ium 
between the wellbore and reservo i r  f l u i d  i s  
maintained a t  the zone o f  primary permeabil- 
i t y  - 4800 ft. 

In  summary, the zone o f  primary permeabil i ty 
i n  6-4 i s  located a t  - 4800 f t  (4546 ASL) 
w i th  minor en t r ies  located near the  well- 
bottom and a t  shallower depths noted during 
d r i l l i n g .  The i n i t i a l  temperature and pres- 
sure a t  4800 f t  are estimated t o  be 1170 

p(a) = 81.4 bars)* and - 500'F 

Although 6-4 has been f low tested three 
times, downhole measurements are avai lable 
only f o r  the buildup period fo l lowing Flow 
Test No. 2 (9/10/73-11/13/73). During the 
64-day drawdown por t ion  o f  t h i s  t e s t  the 
f l u i d  flowed t o  a separator vessel and the 

during and a f t e r  Flow Test No. 2. 
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steam and water phases were measured in- 
d iv idual ly .  After 50 days, the f low r a t e  
s tab i l i zed  w i th  a wellhead pressure o f  120 
psig and a separator pressure o f  113 ps ig  
(Hartz [1976]). A t  separator conditions the 
steam f r a c t i o n  and t o t a l  f l u i d  enthalpy were 
reported t o  be 27.5 percent and h t  = 556.1 
BTUllbm. The mass f low r a t e  and the 
duration o f  Flow Test No. 2 are taken as 

h = 172,500 lbmlhr - 21.73 kgls  
t = 1538 hours. 

Figure 5 shows a semi-log p l o t  o f  the 
buildup data recorded by Union a t  a depth o f  - 6350 f t  (3000 ASL). Since the measurements 

' OAcA M 4 PRESSURE EvllDUp 
AFTER Row TEST Ua 2 
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Figure 5. 6-4 pressure and temperature 
buildup fo l lowing Plow Test No. 2. 

were made so f a r  below the primary produc- 
t i o n  zone a t  4800 ft (4546 ASL), we must ac- 
count f o r  the pressure dif ference i n  the 
data i nterpretat  ion. 

During drawdown the  wellbore i s  f i l l e d  w i th  
two-phase f l u i d  which enters from the p r i -  
mary production zone. The reservo i r  rock i s  
cooled by the f lash ing o f  the f l u i d  within 
the production zone. A f te r  shutin the temp- 
erature w i th in  t h i s  zone recovers along with - pressure u n t i l  condensation occurs; i t  
subsequently recovers slowly, p r imar i l y  by 
conduction. From the temperature survey 
made on 11/15/73 (5-16) we estimate the 
temperature i n  the wellbore a t  4800 f t  (4546 
ASL) af ter  condensation i s  I n i t i a t e d  t o  be - 
464 F (240.C). 

The C02 content o f  the discharge f l u i d  
from 8-4 has been measured t o  be 0.85-1.1 
percent (a = 0.0085-0.011). Although the 
i w s i t u  value may be d i f f e r e n t  (Pri tchett,  
e t  al. [1981]), we assume f o r  the moment 
m a t T =  0.01. Then according t o  Figure 1, 

* Here and i n  the  sequel we add 10 p s i  
(0.7 bars) t o  the gage pressure t o  
correct  f o r  tne atmospheric pressure 
a t 4 0 0 0  ASL. 

the pressure required t o  ensure tha t  the 
464'F (240'C) wellbore f l u i d  be single-phase 
l i q u i d  i s  Pmax = 812 psia (56 bars). Cor- 
respondingly, the recorded shutin pressure 
a t  - 6350 ft (3000 ASL) must s a t i s f y  the 
inequal i ty  p > 812 + 0.35 (4546-3000) = 
1353 ps ia  I 1353 ps ig  

This value i s  attained a t  - 43 minutes a f t e r  
shutin; hereafter there i s  a constant hydro- 
s t a t i c  head o f  541 p s i  between the gage 
pressure and the corresponding pressures i n  
the production zone. Only the single-phase 
por t ion  o f  the Horner p l o t  (Figure 5) may be 
used i n  t h i s  case (a I 0.01) i n  evaluating 
formation propert ies o f  the production zone. 

Further, i f  the C02 content were 1 percent 
(a I 0.01). then from Figure 1 we see t h a t  
the i n i t i a l  reservo i r  condit ions (81.4 bars, - 260'C) would correspond t o  single-phase 
l iqu id .  During drawdown the formation f l u i d  
flashes i n  the v i c i n i t y  o f  the wellbore and 
the f l a s h  f r o n t  propagates l a t e r a l l y  i n t o  
the producing zone. A f te r  shutin, condensa- 
t i o n  commences but a two-phase region cre- 
ated during drawdown would not re tu rn  t o  
single-phase l i q u i d  u n t i l  the pressure 
bu i lds  up t o  the value o f  Pm associated 
w i th  - 260'C, i.e., P = 8 bars (972 
psia). The correspondyng pressure a t  the 
recording depth o f  6350 ft (3000 ASL) i s  

iven by p = 972 + 0.35 (4546-3000) = 
1513 ps ia  = 1\03 ps ig  . This value i s  close 
t o  tne t r a n s i t i o n  pressure (- 1575 psig) 
between the two-phase and single-phase .be- 
havior shown i n  Figure 5. 

We note i n  passing t h a t  i f  we had ignored 
the presence o f  CO and assumed the f l u i d  
t o  be pure water 6, = 0), we would com- 
pute tha t  the producing zone a t  4800 f t  
would recover from two-phase t o  single-phase 
water when the pressure bui lds up t o  pw = 
1212 psig. This value i s  considerably be\ow 
the observed t r a n s i t i o n  pressure (- 1575 

Because o f  the uncertainty i n  the  values o f  
a and the i n i t i a l  temperature i n  the 
production zone, i t  i s  o f  in te res t  t o  
determine the values o f  these parameters 
which correspond t o  the two-phase t o  
sing 1 e-phase t r a n s i t i o n  pressure i nd i cated 
by the Horner p lo t .  The equation-of-state 
for  COplwater mixtures (Pritchett,  e t  al. 
[1981]) has been used t o  determine-hz 
points  (ao, To) which correspond t o  a 
pressure i n  the production zone o f  Pmax = 
1575 - 541 = 1034 psig = 1044 psia (72 
bars). The estimated i n i t i a l  temperature 
(To - 500'F) corresponds t o  the higher 
measured value o f  C02 i n  the discharge 
f l u i d  (ao - 0.011) whereas the lower 
measured value (a0 - 0.0085) corresponds 
t o  an i n t i a l  temperature o f  To - 512 F (- 
267'C). These values are w i t h i n  the 
uncertaint ies o f  the measurements. 

P S W  
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The slope m2 o 5 0 ' p s i l c y c l e  I 3.44 x lo5 
Palcycle i n  the single-phase por t ion o f  the 
Horner p l o t  r e f l e c t s  the buildup behavior i n  
the production zone and extends over two 
f u l l  log  cycles. It can, therefore, be used 
t o  estimate the kinematic mobil ity-thickness 
product from the r e l a t i o n  

- kh e 1.15 1.15 (21.73; I 1.16 10-5 ms 
Vt 2nm = 2~(3.44 x 10 ) 

To estimate the formation kh product we need 
an approximate value f o r  the t o t a l  kinematic 
v iscos i ty  o f  the reservo i r  f l u i d  during the  
single-phase por t ion o f  the buildup re- 
sponse. We use the v iscos i ty  o f  l i q u i d  
water a t  the i n i t i a l  conditions o f  the 
producing zone (8 .4 bars, 260'C). v t  P 

vp = 1.315 x mj ls  and compute 

k h  = 1.52 x 10-12 I$ P 5050 md-ft. 

Well Baca No. 20 The temperature surveys, 
i n  Figure 6 especial ly S5 and SlO, ind icate 
tha t  r e l a t i v e l y  low temperature f l u i d  enters 
the wellbore a t  approximately 4000 f t  (5165 
ASL). This implies tha t  the primary 
production zone is located a t  4000 f t  and 
the f l u i d  entering the wellbore a t  t h i s  

.depth during bui ldup subsequent t o  Flow Test 
No. 4 has been cooled by f lash ing within the 
formation. Below 5000 ft (4237 ASL) there 
appears t o  be conductfve heating o f  the 
wellbore f l u i d  (see S5 and S10). 

-. 
I 
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Figure 6. 8-20 temperature surveys fo l lowing 
Flow Test No. 4. 

The i n i t i a l  pressure a t  4000 f t  i s  estimated 
from S2 (not shown) and S12 (F i  ure 7) t o  be 
* 975 ps ig  (p(a) = 67.9 bars!. Since no 
stable temperature p r o f i l e  i s  available, we 
extrapolate S12 from 3500 ft t o  estimate the 
i n i t i a l  temperature a t  4000 ft t o  be - 
485-515'F (252-268'C). From 53 the tempera- 
t u r e  i n  the primary production zone a t  4000 
ft (5165 ASL) i s  estimated t o  be reduced t o  - 432'F by the in-formation flashing. 

Pressure (psig) 

Figure 7. 8-20 pressure surveys fo l lowing 

Four f low tes ts  have been performed on 6-20 
but on ly  Flow Test No. 4 (9/24/80-1/6/81) 
was o f  s u f f i c i e n t  duration (104 days) and 
w i th  s u f f i c i e n t  pressure t rans ient  measure- 
ments t o  warrant analysis. During the f low 
t e s t  the wel l  was flowed through a v e r t i c a l  
separator. The wellhead pressure and t o t a l  
f low rates varied over the t e s t  period but  
s tab i l i zed  over the l a s t  two months. For 
the purposes o f  analysis we use 

Flow Test No. 4. 

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

t E 2,653 hours (equivalent production time) 

Time t i s  calculated by d iv id ing  the cumula- 
t i v e  f l u i d  mass produced during the 104-day 
Flow Test No. 4 (148,830,000 lbm) by the 
t o t a l  mass f low r a t e  averaged over the l a s t  
ten days o f  the production. 

Figure 8 presents a semi-log p l o t  o f  the 
pressure buildup a t  a depth o f  4500 ft (4700 
ASL) where most o f  t h e  downhole recordings 
were made. Since the primary production i s  

----__ . 

Figure 8. 8-20 pressure and temperature 
bui ldup fo l lowing Flow Test No. 4. 

a t  4000 f t  and the bulk o f  the pressure data 
were recorded a t  4500 ft, i t  i s  necessary t o  
account f o r  the  pressure dif ference i n  in- 
terpret ing the data. The pressure p r o f i l e s  
i n  Figure 7 show t h a t  the  wellbore f l u i d  i s  
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two-phase during the buildup period. The 
f l u i d  below 4500 f t  i s  two-phase a t  three 
hours (S3) and two days (S5) a f te r  shutin. 
Af ter  seven days (S7) the f l u i d  below 4500 
f t  i s  single-phase l iqu id ,  the f l u i d  above 
4000 ft i s  single-phase gas and there ap- 
pears t o  be a two-phase section a t  4000-4500 
ft. Af ter  one month there i s  l i q u i d  below 
3000 f t  w i th  a gas cap above t h i s  depth. 

Since the wellbore pressure a t  the gage 
depth must be corrected by d i f f e r e n t  amounts 
a t  d i f f e r e n t  buildup times, we have 
rep lot ted the Horner p l o t  i n  Figure 9. The 
data points  a t  4000 f t  (5165 ASL) recorded 
during p r o f i l e  surveys are indicated as are 
the estimates made from surveys I n  which re- 
cordings were only  made a t  4500 ft (4700 
ASL). I n  t h i s  case the estimates f o r  t he  
primary production depth (4000 ft). contain 
corrections which account f o r  changes i n  the 
wellbore s tate w i th  changes i n  -bui ldup 
time. From the corrected p l o t  (Figure 9) we 
see tha t  the t r a n s i t i o n  from slope m i  t o  
m2 i s  actua l ly  completed a t  pws > - 900 
ps ig ra ther  than the much larger apparent 
value i n fe r red  from Figure 8. 

/ 

~ N a o o p R E s s u R E  WlLWp 
AFTER Row TEST Ira 4 

Figure 9. Corrected 8-20 pressure buildup 
following Flow Tes t  No. 4. 

A C02 mass f r a c t i o n  o f  1.47 percent has 
been measured i n  the discharge f l u i d  from 
wel l  6-20. This i s  higher than tha t  measur- 
ed i n  a l l  but one other wel l  and may be 
higher or lower than the In -s i t u  value 
(Pr i tchett ,  e t  al; [1981]). If we assume 
tha t  the cb2 content i n  the primary 
production zone i s  i n  f a c t  the same as 
measured i n  the discharge f l u i d ,  then the 
zone a t  4000 f t  would be i n i t i a l l y  two-phase 
f o r  any temperature w i th in  our range of 
uncer ta in i ty  (- 252-268'C). According t o  
the equation-of-state f o r  CO /water 
mixtures, a t  252'C the i n i t i a l  i n  s k u  gas 
saturat ion would be S = 0.077 whereas the 
temperature of 268'61 would imply S = 
0.409. I n  t h i s  case, the t r a n s i t i o n  %om 
slope m i  t o  slope m2 i n  Figure 9 would 
merely r e f l e c t  the recovery o f  the 
production zone t o  i t s  i n i t i a l  conditions. 

On the other hand, i f  we assume the change 
i n  slope corresponds t o  a t rans i t i on  from 
two-phase t o  single-phase behavior during 
buildup, then the equation-of-state f o r  
C02Iwater mixtures may be used t o  de- 
termine the set  o f  permissible points (T , 
ao) f o r  which Pma, - 62.8 bars (910 ps?a 
= 900 psig). A value o f  To P 252'C would 
impjy a. = 0.01 whereas a value o f  To = 
268 C would imply a0 - 0.003. 

Because o f  the uncertainty i n  a. and To 
we cannot establ ish i f  the primary pro- 
duction zone i s  i n i t i a l l y  single-phase 
l i q y i d  (e+, P = 67.9 bars, To = 
252 C,  a. = O.Ol() or  i n i t i a l l y  two-phase 
(e.g., P = 67.9 bars, T, = 252% a. 
= 0.0147f. I n  e i t he r  case, however, the 
slope m i  i n  Figure 9 approximates the 
two-phase por t ion o f  the pressure build-up 
f o r  a f u l l  log cycle and t h i s  por t ion o f  the 
data can be used t o  i n f e r  formation 
properties. 

From he value o f ' m l  265 ps i l cyc le  (18.3 
x lo5 Palcycle) we can calculate the 
corresponding value o f  the two-phase kine- 
matic mobil ity-thickness product 

I 7.06 10-7 ms 

To estimate the formation kh product we 
f i r s t  note tha t  during the l a s t  ten days o f  
Flow Test No. 4 the wellhead pressure and 
e f fec t i ve  ( t o t a l )  enthalpy o f  the produced 
f l u i d  were essent ia l ly  constant: WHP = 116 
psig; h t  = 794.3 BTUIlbm. We have used 
these values, and an isenthalpic model f o r  
two-phase f low i n  the we1 lbore that assumes 
no slippage between the l i q u i d  and gas 
components, t o  estimate the downhole f lowing 
conditions during the f i n a l  ten days o f  
drawdown. The calculated pressure a t  4000 
ft (5165 ASL) i s  pwf - 180 ps ig  (p(a) P 

13.1 bars) and the corresponding downhole 
f lowing kinematic v i scos i t i es  o f  the l i q u i d  
and gas components and the mass r a t i o  o f  the 
mixture entering the wellbore are as follows: 

vi = 1.59 x 10 -7 2 m Is 

mg/mp = 1.12 

The l inear ized equations i n  the Appendix can 
now be used t o  estimate ut. From Eq. 
(A-5) we compute 

p k = 1.12 T-Jg 22.9 - 16.2 
r P  

I f  we assume tha t  the f low w i th in  the for -  
mation i s  p r imar i l y  through a f racture 
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network then from Eq. (A-6) we can ca lcu late 
the i n d l v i  dual r e l a t i v e  permeabi 15 t i e s  k r  
I 0.942 and k r l l  0.058. From Eq. (A-2) W 8  
estimate the t o t a l  kinematic v iscos i ty  
durlng the l a s t  ten days o f  drawdown. 

0.058 + 0.942 )-' 
E (1.59 x lo-' 2.29 x loa 

- 6 2  = 1.29 x 10 m I s  

We assume tha t  the kinematic v iscos i ty  
during the two-phase por t ion o f  the buildup 
i s  approximated by th i s  value. An estimate 
o f  the formation kh product from the 
two-phase por t ion  o f  the buildup data can 
now be made. 

kh E (1.29 x IOd) (7.06 X IOJ) 

= 90.8 x m3 t 3030 md-ft 

Discussion The object ive o f  t h i s  paper was 
t o  i l l u s t r a t e  an analysis procedure which i s  
based on the synthesis o f  f i e l d  measurements 
and theoret ica l  resu l ts  i n  in te rpre t ing  
geothermal we l l  f low data. The interpreta- . t i o n  given here f o r  we l l  6-4 i s  based on the 
single-phase por t ion  o f  the buildup data and 
y ie lds  a value o f  kh which i s  i n  reasonable 
agreement w i th  the value o f  4207 md-ft 
estimated by Hartz 119763 from a conven- 
t i o n a l  Horner p l o t  analysis. The in te r -  
pretat ion given f o r  wel l  6-20, however, i s  
based on the two-phase por t ion  o f  the bui ld- 
up data and a correct ion o f  the Horner p l o t  
t o  account f o r  the f a c t  tha t  gage i s  located 
several hundred f e e t  from the primary pro- 
duction tone, A conventional Horner analy- 
s i s  would not be applicable. 
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Pprti; Several authors (e.g., Garg and 
r i  c e t [1980]) have obtained approximate 

analy t ica l  solut ions f o r  a geothermal 
reservo i r  undergoing two-phase production a t  
a constant rate. I n  these studies the 
balance equations f o r  r a d i a l  two-phase f low 
i n  porous media are l inear ized by assuming 
tha t  the t o t a l  and the component kinematic 
mob i l i t ies  are re la ted as follows: 

k krg k k 

9 
k =-+fS 

, VQ U 

(A22) 

Given the f lowing enthalpy h t  o f  the 
two-phase mixture, i t  i s  also possible t o  
obtain the separate kinematic mobi 15 t ies .  

(A-3) 
The expression 

ht = m h + ( l - m  ) he (A-4) 9 9  9 
r e l a t i n g  the t o t a l  and f l u i d  component 
enthalpies may be used with Eqs (A-3) t o  
w r i t e  

(A-5) 

Here mg and l - m g  are the gas and l i q u i d  
components o f  the f l u i d  flow. 

I f  we assume t h a t  the f low w i th in  the 
formation i s  p r imar i l y  through a f rac tu re  
network, then 

(A-6) 
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Abstract 

~e DOE-sponsored Geothermal Reservoir We1 1 
Stimulation Program group performed hydraul ic 
f racture treatments on two wells located i n  
Union's Baca Pro ject  Area in. north-central New 
Mexico. The, treatment i n  Baca 23 was conducted 
on March 22, 1981, u t i l i z i n g  a cool ing water 
pre-pad followed by  a high v iscos i ty  f rac  
f l u i d  carrying a mixture o f  sintered bauxite 
and resin-coated sand as the proppant. A non- 
productive 231-fOOt in te rva l  from 3,300 ' f e e t  
t o  3,531 f e e t  was iso la ted f o r  the treatment. 
Post-stimulation surveys and production tes ts  
indicated a f racture had been successfully 

.created; however, the production rates de- 
c l ined  t o  noncommercial leve ls  because o f  the 
low formation temperature i n  the open in te rva l  
and reduced r e l a t i v e  permeabil i ty caused by 
two-phase f low e f fec ts  i n  the formation. 

The second treatment was conducted i n  Baca 20 
on October 5, 1981, again u t i l i z i n g  a cool ing 
water pre-pad followed by  a high v iscos i ty  
f r a c  f l u i d  carrying on ly  sintered bauxite as 
the proppant. A 240-foot in te rva l  from 4,880 
f e e t  t o  5,120 feet, which was indicated t o  
have produced on ly  a small por t ion o f  the 
wel l 's  56,000 lb /hr  t o t a l  mass flow, was iso- 
la ted  f o r  the job. The temperature I n  t h l s  
i n t e r v a l  (540°F) gave Baca 20 the d i s t i n c t i o n  
o f  being the ho t tes t  we l l  t o  be fractured i n  
the United States t o  date. Post-stimulation 
tes ts  and analyses ind icate a f racture was 
created wi th  a v e r t i c a l  height o f  on ly  about 
100 f e e t  a t  the bottom o f  the open In terva l .  
The produc t iv i t y  o f  the we l l  i s  poor, probably 
because o f  the low permeabil i ty formation sur- 
rounding the a r t i f i c i a l l y  created fracture. An 
acid cleanout operation i s  planned t o  remove 
possible damage t o  the f rac tu re  conduct iv i ty  
caused by the  calcium carbonate f lu id - loss  
addi t ive . 

Int roduct ion 

The U.S. Department o f  Energy-sponsored 
Geothermal Reservoir We1 1 Stimulat ion Program 
(GRWSP) was i n i t i a t e d  i n  February 1979 t o  pur- 
sue industry in te res t  i n  geothermal we l l  stim- 
u l a t i o n  work and t o  develop technical expert ise 
i n  areas d i r e c t l y  re la ted t o  geothermal we l l  
s t imu 1 a t  i on act i v i  t ies  . Re pub 1 i c  Geothermal, 

Inc. (RGI)  and i t s  p r inc ipa l  subcontractors 
(Maurer Engineering, Inc. and Vetter Research) 
have completed seven f i e l d  experiments. Two 
experiments have been performed i n  the low 
temperature reservo i r  a t  Raft River, Idaho 
(Morris, e t  al., 1980); two experiments i n  the 
moderate temperature reservo i r  a t  East Mesa, 
Cali fornia; one experiment i n  the high tem- 
perature, vapor-dominated reservoir a t  The 
Geysers; and two experiments, reported herein, 
i n  the.high temperature reservo i r  a t  Baca, New 
Mexico. 

The Baca reservo i r  l i e s  w i th in  the Jemez 
Crater, Valles Caldera, and i s  defined by more 
than twenty wells completed t o  date i n  the 
Redondo Creek area by Union Geothermal Company 
o f  New Mexico (Union). The main reservoir, 
4,000 t o  6,000 f e e t  i n  thickness, i s  composed 
o f  volcanic t u f f s  w i th  low permeabil ity and a 
primary f low system o f  open f racture channels. 
I n  the Redondo Creek area, wells have encoun- 
tered a high temperature (500°F+) l i q u i d -  
dominated reservoir, bu t  several wel ls  have 
not been o f  comnercial capacity, p r imar i l y  
because of the absence o f  productive natura l  
fractures a t  the wellbore. 

It i s  believed tha t  hydraul ic f racture t rea t -  
ments can create the fractures required t o  make 
these wel ls  commercial and tha t  such a .  wel l  
s t imulat ion may be an a t t r a c t i v e  a l te rna t ive  
t o  r e d r i l l i n g .  The r e l a t i v e l y  large amount o f  
reservo i r  data avai lable and the high reservo i r  
temperature made t h i s  f i e l d  a good candidate 
f o r  f i e l d  experiments i n  the evaluation of 
geothermal s t imulat ion techniques, f rac tu re  
f lu ids,  proppants, and mechanical equipment. 

A f te r  considering several candidate wells, R G I  
and Union agreed tha t  Baca 23 and subsequently 
Baca 20 were the best s i t e s  f o r  the f rac tu re  
treatments. These wells, shown i n  Figures 1 
and 5, were selected because: (1) they were 
noncommercial o r  a poor producer; (2) the 
f rac tu re  system i s  present i n  the area as 
proven by the surrounding wells; (3) the wel ls  
could be recompleted t o  i so la te  the st imulat ion 
interval; (4) observatlon wells were avai lable 
w i t h i n  1,500 feet; (5)  the w e l l s i t e  was large 
enough f o r  the f rac  equipment; and (6) i n  the 
case o f  Baca 23 the r i g  was already on loca- 
t ion. 
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FIGURE 1 6ACA 23 COMPLETION DETAILS. 

The experiments were cost-shared by Union and 
the GRWSP. Union paid the cost o f  r i g  mobi l i -  
zat ion and demobilization plus the cost of 
recompleting the wel ls f o r  the treatments. 
The GRWSP paid f o r  the st imulat ion treatment 
and other d i r e c t l y  re la ted costs t o t a l i n g  
about $450,000 f o r  Baca 23 and about $581,000 
f o r  Baca 20. 

Baca 23 

Well. Recompletion - Baca 23 was o r i g i n a l l y  
completed as shown i n  Figure 1A w i th  a 9-518" 
l i n e r  cemented a t  3,057 fee t  and 8-3/4" open 
hole t o  5,700 feet. The we l l  was f low tested 
and a t  t ha t  ti? would not sustain f low.  An 
in te rva l  from 3,300 fee t  t o  3,500+- fee t  i n  the 
wel l  was selected f o r  f racture stimulation. 
Good production had previously been encountered 
near t h i s  depth approximately 200 fee t  away i n  
Baca 10. The in te rva l  i s  now cemented o f f  be- 
hind casing i n  Baca 10. Fracturing a more 
shallow interval ,  imnediately below the shoe 
o f  the 9-518" casing, was considered t o  have a 
substantial r i s k  o f  comnunication w i th  lower 
temperature formatjons above. The temperature 
Sn the zone selected was approximately 450OF. 

Since the top o f  the selected in te rva l  was 
deeper than the ex l s t i ng  9-5/8" l iner ,  a 7' 
l i n e r  was cemented t o  a depth o f  3,300 fee t  t o  
exclude the i n te rva l  above. The lower por t ion 
o f  the hole was sanded back t o  3,800 fee t  and 
plugged w i th  cement t o  3,531 fee t  t o  contain 
the treatment i n  the desired interval .  This 
recompletion is shown i n  Figure 1B. The 
treatment in te rva l  was t o t a l l y  nonproductive 
a f t e r  being iso la ted f o r  the st imulat ion 
treatment. 

Treatment S m a r y  - A hydraul ic f racture 
treatment was performed on the w e l l  consist ing 
o f  7,641 b b l  o f  f l u i d  and 180,000 l b  o f  
20/40-mesh proppant pumped i n  e ight  stages. 
The stages are deta i led i n  Table 1 and the 
pressurelrate h i s t o r y  i s  shown i n  Figure 2. 

TABLE 1 

BACA 23 TREATING SCHEDULE 
?UNNED ACTUAL 

UZE SIZE ?ROPPANT 
tTAGEW0. bbl) bbl) (LEIGAL) WZE) - FLUID ----- 

I 4,000 0582 8 - PRODUCEDWATERWW 
FLUID LOSS ADDITIVE 
(FLA) 

2 eo 602 0 - MLYHER6ELlYlTHFU 
1 600 502 2 10OIESH MLYHER 6ELWTH F U  
4 600 $26 0 - CDLYMER6ELWlTHFU 
I so0 SO5 1 ?OLVMER6EL 
6 1,800 1,000 2 MLYHERGEL 
7 800 662 3 &kt MLYMER6EL 
8 58 62 0 - CRODUCEDWATER - -  

8,058 7,641 

FIGURE 2 BACA 23 FRACTURE STIMULATION PRESSURE 
PRESSURElRAfE HISTORY. 

The treatment was pumped through a 4-112" 
tubing f rac  s t r i n g  w i th  a packer set near the 
top o f  the 7" l i n e r  as shown i n  Figure 16. 
The f rac s t r i n g  was necessary t o  i so la te  l i n e r  
laps i n  the wel1,from the t rea t i ng  pressure. I 

Although the job was bas i ca l l y  a conventional 
hydraulic f racture treatment, the high forma- 
t i o n  temperature (450OF) d ic ta ted special 
design and mater ia ls select ion requirements. 
Therefore, 50 percent o f  the f rac  f l u i d  was 
dedicated t o  wellbore and f racture pre-cool ing 
w i th  the f i n a l  50 percent o f  the f l u i d  used t o  
place the proppant. While f rac  f l u i d  proper- 
t i e s  are known t o  degrade r a p i d l y  a t  h igh 
temperature, these e f fec ts  were minimized by 
pre-cooling, by pumping a t  h igh rates {up t o  
75 BPM), and by l i m i t i n g  the f rac  i n te rva l  t o  
231 feet. Proppants were selected f o r  t h e i r  
i n s e n s i t i v i t y  t o  the high temperature 
(Sinclair ,  e t  al., 1980). Both resin-coated 
sand and sintered bauxi te were used. Chemical 
work included compat ib i l i ty  studies o f  the 
f rac  materials wi th the formation f l u i d s  and 
the use o f  chemical tracers t o  monitor f l u i d  
returns. 

The job was separated i n t o  e ight  stages. I n  
Table 1 the e ight  stages are shown w i th  the 
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planned and actual' stage sizes, The f l u i d  
used for pre-cooling the formation (Stage 1) 
was produced geothermal water stored i n  a p i t  
near the location. The job ran short by 418 
bb l  of pre-pad water because the, usable volume 
o f  t h e  p i t  was underestimated. No harmful 
e f fec ts  resul ted from t h i s  short f a l l ,  however. 
Otherwise, the schedule was followed closely. 
The f l u i d  f o r  Stages 2-7 was a 60 lb/1,000 gal 
hydroxypropyl guar polymer gel pre-mixed using 
fresh water. The gel was crossl inked as i t  
was pumped. 

F ine ly  ground calcium carbonate was selected 
as a f lu id - loss  addi t ive (FLA) f o r  Stages 1-4. 
About 5,700 l b  o f  f i n e  f lu id - loss  addi t ive 
were used during the job. A larger  f lu id - loss  
addi t ive consist ing o f  42,000 l b  o f  100-mesh 
sand was pumped i n  Stage 3 t o  slow leaks i n t o  
the natura l  f ractures o f  the formation. 

Total proppant placed i n  the formation during 
the job  was 180,000 lb. The o r i g i n a l  plan was 
t o  use a 50/50 mixture o f  sintered bauxite and 
resin-coated sand, both 20/40-mesh. The actual 
proport ion o f  the proppants was 54 percent 
sintered bauxite and 46 percent resin-coated 
sand by weight. 

Actual horsepower required f o r  the job was 
6,400 hhp versus the 5,880 hhp estimated by 
assuming an 80 BPM pump r a t e  and 3,000 p s i  
wellhead pressure. Higher than expected f r a c  
gradients were responsible f o r  the increase, 
Frac gradients measured a t  the beginning, 
middle, and end o f  the job were 0.83, 0.92, 
and 1.175 p s i / f t  respectively. The bui ldup i n  
f rac  gradient i s  d i f f i c u l t  t o  in te rpre t  here, 
but  nonetheless should be noted f o r  consider- 

a t ion  i n  plannlng and evaluating- fu tu re  frac- 
tu re  treatments. 

Test Results. .and .Analyses - During the frac- 
l u r e  treatment, 10s Alamos National Laboratory 
performed a f rac tu re  mapping experiment using 
Baca 6 as an observation well. A t r i a x i a l  
geophone system was placed i n  the well; and 
using techniques developed f o r  the  Hot Dry 
Rock Project, microseismic a c t i v i t y  caused by 
the f racture job was mapped. The 14 d iscrete 
seismic events ind icate northeast trending 
a c t i v i t y  i n  a, zone roughly 2,300 f e e t  long, 
650 f e e t  wide, and. 1,300 f e e t  high. The rock 
fa i lu re ,  therefore, occurred i n  a broad zone 
and suggests the s t imulat ion d i d  n o t  r e s u l t  i n  
the creation of a singular monoli thic fracture. 
These microseismic events would be expected t o  
proceed i n  advance o f  any s i g n i f i c a n t l y  
widened, a r t i f i c i a l l y  created f rac tu re  and 
would not  necessarily define a f i n a l  propped 
f l ow  path t o  the wellbore a t  Baca 23. Calcu- 
la t ions  o f  the theoret ica l  f racture length 
were made assuming a 300-foot high fracture. 
The resu l ts  suggest a f rac tu re  wing o f  430 t o  
580 f e e t  i n  length may have been created, 
depending on the assumptions u t i l i z e d  f o r  the 
f r a c  f lu id ,  f l u i d  ef f ic iency,  and f rac tu re  
width. 

As discussed above, the 231-foot in te rva l  iso- 
la ted  f o r  st imulat ion was nonproductive p r i o r  
t o  the treatment. This indicated t h a t  no sig- 
n i f  i can t  natura l  fractures intersected the 
wellbore. Twelve hours a f t e r  the f rac  job, a 
s t a t i c  temperature survey (shown i n  Figure 3 
w i th  a pre-frac survey) was obtained by Denver 
Research Ins t i tu te .  This survey showed a zone 
cooled by the f rac  f l u i d s  estimated t o  be more 
than 300 f e e t  i n  height a t  the wellbore. 

TEhlPERATURE.OF 

FIGURE 3 BACA 23 TEMPERATURE SURVEVS. 
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After  the post-frac 'temperature survey was ob- 
tained, the f rac  s t r i n g  was pul led and the wel l  
was c i rcu la ted with aerated water and allowed 
t o  f low t o  be sure tha t  production o f  proppant 
i n t o  the wellbore, would not  in te r fe re  w i th  
subsequent testing. No s ign i f i can t  amount o f  
proppant was. produced i n t o  the wellbore a f t e r  
the f rac  job. A t  t h i s  t i m e  i t  was determined 
t h a t  the we l l  was worthy o f  f i n a l  completion 
and fu r ther  test ing. A 5-1/2" pre-perforated 
l i n e r  was i n s t a l l e d  i,n the treatment in te rva l  
as shown i n  Figure 1C. 

On March 26, 1981, a six-hour production t e s t  
through d r i l l p i p e  was performed i n  which 
transient, downhole pressure and temperature 
measurements were obtained. A unique tes t ing  
method was u t i l i z e d  t o  overcome the data 
gathering problems usually associated w i th  
f low tes t ing  a geothermal well. The procedure 
was a cornbination o f  conventional d r i l l s t e m  
t e s t  (DST) methods ( t o  el iminate large well-  
bore storage e f fec ts )  and gas l i f t  t o  maintain 
steady, single-phase f low t o  the wellbore. 
The gas l i f t  was provided by i n j e c t i n g  n i t r o -  
gen as a t  depth through c o i l  tubing ins ide 
the & i l lp ipe .  As a r e s u l t  o f  t h i s  procedure, 
the we l l  flowed a t  a low, steady r a t e  (about 
21,000 lb /hr )  and the t rans ient  pressure data 
obtained downhole provided an ind icat ion o f  
wellbore storage effects, f racture f low 
effects, and reservo i r  transmissivity. 

A conventional Horner analysis (Figure 4) o f  
the pressure bui ldup data yielded an average 
reservo i r  permeabil i ty-thickness o f  2,500 
md-ft. This compares c losely  with resu l ts  

from other noncommercial wel ls  i n  the area and 
w i th  the 6,000 md-ft average reservo i r  value 
obtained by Union from interference we1 1 tes ts  
(Hartz, 1976). Although the l inear  f low ind i -  
cators were weak, the length o f  the f racture 
was calculated t o  be about 300 f e e t  from the 
pressure versus square roo t  o f  t ime analysis. 
A sk in  fac to r  o f  -3.9 was a lso calculated. 
The maximum recorded temperature was 342OF 
which indicated tha t  the near wellbore area 
had not recovered from the i n j e c t i o n  o f  co ld  
f lu ids.  

Following the modified DST, a 49-hour f low 
t e s t  was performed t o  determine the we l l ' s  
productive capacity. The resu l ts  showed t h a t  
the we l l  could produce approximately 120,000 
lb /hr  to ta l ,  mass f low a t  a wellhead pressure 
o f  45 psig, although the  r a t e  was continuing 
t o  decline. The chemical t racer  data showed 
tha t  %he f rac  f l u i d  stages were thoroughly 
mixed together i n  the re tu rn  f l u i d s  and the 
f rac  polymer, had thermally degraded by the end 
o f  t h i s  test. 

Union performed a long-term f low t e s t  on the 
wel l  during April-May 1981. A s t a t i c  tempera- 
tu re  p r o f i l e  o f  the we l l  p r i o r  t o  t h i s  t e s t  
showed t h a t  the bottom-hole temperature s t i l l  
remained low (401OF). Temperature and pressure 
surveys run on A p r i l  21 (Figure 3) recorded a 
maximum temperature o f  344OF and a maximum 
pressure o f  120 ps ig a t  3,500 feet. Therefore, 
two-phase f low was occurring i n  the formation, 
w i th  the steam f r a c t i o n  estimated a t  more than 
50 percent. Th is  two-phase f low condition. has 
been observed i n  other wel ls  i n  the f i e l d .  

720 
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FIGURE 4 BACA 23 PRESSURE BUILDUP DATA-MARCH 26,1981 

-56- 



The formation cool ing seen i n  the A p r i l  13 
temperature survey i s  apparently a r e s u l t  of 
the temperature drop associated w i th  f lashing 
i n  the formation. 

kiii 

O f  greater concern i s  the 1.0w p roduc t iv i t y  
observed during t h i s  last ,  test. The mass f low 
'rate had dro ped t o  73,000 lb /hr  (about 50 
percent steam! with a wellhead pressure o f  37 
ps ig  i n  May 1981. Since the we l l  recovers 
p roduc t iv i t y  fo l lowing each shut-in period and 
then exh ib i ts  the same decl ine again, the cause 
o f  the r a t e  decl ine i s  probably not due t o  
scal ing i n  the formation. P a r t i a l  c los ing o f  
the f rac tu re  i s  possible, b u t  the produc t iv i t y  
loss i s  probably the r e s u l t  o f  r e l a t i v e  perme- 
ab1 1 i t y  reduction associated w i th  two-phase 
f low e f fec ts  i n  the formation. The r e l a t i v e l y  
low formation temperature i n  the completion 
in te rva l  also contr ibutes t o  the wel l 's  poor 
product i v i  ty . 

Baca 20 . 

Well Recompletion - Baca 20 was o r i g i n a l l y  
completed as showe i n  Figure 5A.with a 9-518" 
l i n e r  cemented at '  2,505 f e e t  and a 7" s l o t t e d  
l i n e r  hung a t  2,390 f e e t  w i th  the shoe a t  
5,812 feet. The 7" s l o t t e d  l i n e r  was pulled, 
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FIGURE 6 BACA 20 COMPLETION DETAILS. 

l o s t  c i r c u l a t i o n  zones cured using cement 
plugs, and then a 7" blank l i n e r  was cemented 
i n  place a t  4,880 f e e t  i n  order t o  i s o l a t e  the 
desired treatment in terva l .  Since the f rac  
in te rva l  was t o  be from 4,880 f e e t  , to  5,120 
feet, a sand plug was placed from 5,827 f e e t  
t o t a l  depth t o  5,400 f e e t  and then capped w i th  
cement t o  5,120 feet. The recompletion i s  
shown i n  Figure 50. This par t i cu la r  240-foot 
in te rva l  was chosen pr imar i l y  because the best 

production i n  the area has been found near the 
bottom o f  the Bandelier Tuf f  and because o f  
i t s  high reservo i r  temperature (54OOF). 

Treatment. .Sumnary - The hydraul ic f rac tu re  
treatment was accomplished i n  the eleven stages 
defined i n  Table 2. The high formation tem- 
perature (54OOF) once again d ic ta ted special 
design and materials selection. 

TABLE 2 
BACA 20 TREATING SCHEDULE 

1. 

2 

3 

4. 

6. 

6. 

7. 

L a  

b 

0. 

10. 

11. 

600 639 0.39 

s o 0 3 5 0  

1m low) 

600 666 1.33 

6 o o b w )  

1160 1168 0.46 

(182 1.85 

3x1 zn 

300 4w 2.11 

760 451 4.21 

Fluid 

FRESH WATER WITH 
FLUID LOSS ADDITIVE 
(FLA) 

100-MESH FRESH WATER WITH 
cdxl FLA 
Clod0 LB) 

- Sim - 

FRESH WATER WITH 
FLA 

POLYMER GEL WITH 
FLA 

lOQMESH POLYMER GEL WISH 
FLA 

POLYMER GEL WITH 
FLA 

E% LB) 

lW20MESH POLYMER GEL 
BAUXITE 

16/2O-MESH POLYMER GEL 
BAUXITE 
lW2O-MESH POLYMER GEL 
BAUXITE 

12/2O-MESH POLYMER GEL 
BAUXITE 

lZ/ZO-MESH POLYMER GEL 
BAUXITE 

FRESH WATER 

The treatment was pumped through a 4-1/2" 
tubing s t r i n g  w i th  a packer set a t  2,412 feet, 
j u s t  below the 7" l i n e r  hanger. A 3,000 b b l  
f resh water pre-pad was used t o  cool the well-  
bore and fracture. The proppant selected was 
119,700 l b  o f  , 16/20-mesh sintered bauxite, 
followed by  119,700 l b  o f  12/20-mesh sintered 
bauxite. The proppant was car r ied  by a 60 
lb/1,000 gal hydroxypropyl guar polymer gel 
mixed i n  f resh water. This f l u i d  was a new 
high-pH cross1 inked HP guar system having 
be t te r  s t a b i l i t y  a t  high temperature. The gel  
was crossl inked as it was being pumped. 
Chemical t racers were added t o  the in jec ted  
f l u i d  t o  monitor f l u i d  returns. 

Approximately 4,200 l b  of 200-mesh calcium 
carbonate was added i n  Stages 1-6 t o  act as a 
f lu id - loss  addit ive. I n  an e f f o r t  t o  stop 
leakage i n t o  the small natura l  fractures, 
42,000 l b  o f  100-mesh calcium carbonate was 
pumped i n  Stages 2 and 5 i n  concentrations of 
0.39 ppg and 1.33 ppg, respectively. The 
100-mesh mater ia l  was in jected i n  "slugs" t o  
enhance i t s  chances o f  br idg ing on the f rac-  
tures. 
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The major i ty  o f  the treatment f l u i d  was pumped 
a t  approximately 80.8PM. The r a t e  was slowed 
t o  40 BPM i n  Stage 10 when the proppant con- 
centrat ion was increased t o  4.2 lb/gal. I n  
ant ic ipat ion o f  f r a c  gradients o f  0.9 p s V f t  
and higher, as seen i n  Baca 23. a t o t a l  capac- 
i t y  o f  11,000 hhp was made avai lable and 
connected i n  the system. However, the actual 
peak hydraul ic horsepower used was only 7,450 
hhp because o f  lower f rac  gradients. An 
instantaneous shut-in pressure was measured 
soon after the treatment was i n i t i a t e d  1'000 
psig) and again near the end o f  the job [l:300 
psig), g iv ing  f rac  gradients o f  0.63 p s i / f t  
and 0.69 ps i / f t ,  respectively. The pressure/ 
r a t e  h i s t o r y  i s  shown i n  Figure 6; 

Minor var ia t ions i n  the planned pumping sched- 
u l e  occurred during the treatment (Table 2). 
but  a l l  f l u i d s  and proppants were in jected i n t o  
the formation and the desired goal of ending 
the treatment a t  a r e l a t i v e l y  high proppant 
concentration was achieved. The var ia t ions 
occurred: (1) i n  Stage 7 when on ly  1/2 lb/gal 
o f  proppant was inadvertently added instead o f  
the planned 1 lb/gal; (2 )  i n  Stage 8 when a 
higher proppant concentration was used t o  make 
up f o r  the smaller amount used i n  Stage 7; and 
(3 )  i n  Stage 9 where the proppant concentra- 
t i o n  was increased t o  3 lb/gal o f  the larger  
proppant instead o f  the planned 2 lb/gal. I n  
Stage 10 the r a t e  was slowed and the proppant 
concentration increased t o  4.2 lb /ga l  t o  
achieve a more widely propped fracture. The 
wellhead pressure and f rac  gradient were lower 
than expected, o f f e r i n g  reasonable assurance 
tha t  the proppant would not  screen out a t  the 
lower r a t e  and higher concentration. 

8 a 
a a 
Y 

u) 

Test. Results .and -Analysis - During the f rac-  
t u r e  treatment Los Alamos National Laboratory 
again performed a f rac tu re  mapping experiment 
using Baca 22 as an observation well .  A tri- 
ax ia l  geophone system was placed in  the we l l  
a t  a depth o f  approximately 3,000 f e e t  and the 
microseismic a c t i v i t y  caused by the f rac tu r ing  
job was mapped. A large number o f  d iscrete 
events (45) were recorded during the job, 
however, the or ien ta t ion  measurement o f  the 
t o o l  was los t .  Again the a c t i v i t y  occurred i n  
a broad zone which was roughly 2,000 f e e t  
long, 1,600 f e e t  wide, and 1,700 fee t  high. 
Theoretical ca lcu lat ions o f  the a r t i f i c i a l l y  
created f rac tu re  length would be 340-800 f e e t  
i n  a homogeneous matr ix  material, depending on 
the assumptions u t i l i z e d  f o r  the f rac  f l u i d ,  
f l u i d  efffciency, and f rac tu re  height. These 
calculat ions were based pr imar i l y  on the in- 
jected f l u i d  and proppant volumes i n  a single, 
v e r t i c a l  fracture. 

As discussed above, the 240-foot in te rva l  was 
nonproductive p r i o r  t o  the treatment, although 
there was a small r a t e  o f  f l u i d  loss during 
the we l l  completion operations. This i n d i -  
cated tha t  a t  leas t  one l o s t  c i r c u l a t i o n  zone 
existed i n  the wellbore. Approximately 12 
hours a f t e r  the f rac  job the f i r s t  o f  several 
temperature surveys, as shown i n  Figure 7, was 
obtained i n  the well. These temperature sur- 
veys showed a zone cooled by  the f rac  f lu ids ,  
estimated t o  be less than 100 fee t  i n  height, 
near the bottom o f  the open in terva l .  I n  
addition, the zone located, behind the 7' l i n e r  
casing a t  approximately 4,720 f e e t  also i n d i -  
cated some cooling. This zone was apparently 
cooled by the workover f l u i d s  and possibly by 
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FIGURE 6 BACA ZO FRACTURE STIMULATION PRESSURE/RATE HISTORY. 
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Bd 
the f rac tu r ing  f lu ids;  however, the communi- 
cat ion between t h i s  z.one and the open in te rva l  
( i f  i t  ex is ts)  appears . to  be a t  some distance 
away from the wellbore. E l e c t r i c  l o g  surveys 
were run i n  the open in te rvb l  fo l lowing the 
f rac  job. No s i g n i f i c a n t  new f racture zones 
(or  high porosity) were observed, although 
several zones , d i d  show increased neutron 
poros i ty  values. 

A t  t h i s  t ime i t  was determined tha t  the we l l  
was worthy o f  f i n a l  completion and fu r ther  
test ing. A 5-1/2" pre-perforated l i n e r  was 
ins ta l led  i n  the treatment in te rva l  as shown 
i n  Figure 5C. On October 10-11, 1981, a 
6-hour productlon t e s t  through d r i l l p i p e  was 
performed i n  the same manner as the d r i l l s t e m  
t e s t  a t  Baca 23. A steady r a t e  o f  about 
21,000 lb /hr  single-phase f low was maintained 
ta  the wellbore. Transient pressure and tem- 
perature data were obtained downhole during 
the DST. A conventional Horner analyis o f  the 
pressure bui ldup data (Figure 8) y ie lded an 
average reservo i r  permeability-thickness o f  
1,000 md-ft. Evaluation o f  these data also 
indicated smal 1 we1 lbore storage e f fec ts  and 
f racture ( l inear )  f low near the wellbore. 
Although the ind icators  o f  l inear  f low were 
weak, the length o f  the f rac tu re  was calcu- 
la ted t o  be about 280 f e e t  from the pressure 
data (pressure vs square r o o t  o f  time). A 

3000 

6000 

sk in fac to r  o f  -4.9 was also calculated. 
Numerical simulation o f  a high conduct iv i ty  
f racture i n  a low permeabil i ty formation 
supports t h i s  interpretat ion, although the 
so lut ion i s  no t  unique. The maximum recorded 
temperature during the t e s t  was 32OOF and 
indicated tha t  the near wellbore area had not  
recovered from the i n j e c t i o n  o f  co ld  f lu ids .  
Addit ional temperature surveys were run i n  {he 
we l l  fo l low in  the DST; as shown i n  Figure 7, 
which again Tndicated the f l u i d  was entering 
(leaving) the wellbore i n  the lower par t  of 
the open in terva l .  

Following the modified DST, a 14-day f low t e s t  
was performed. t o  determine the wel l 's  produc- 
t i v e  capacity. The we1 1 produced approximately 
120,000 lb /hr  t o t a l  mass f low i n i t i a l l y ,  bu t  
declined r a p i d l y  t o  a f i n a l  s tab i l i zed  r a t e  o f  
approximately 50,000 lb /hr  (we1 1 head pressure 
o f  25 psig) under two-phase f low conditions i n  
the formation. 

Because o f  the poor performance o f  the well, 
it was decided t o  perform an acid cleanout o f  
the fracture. As indicated above, calcium 
carbonate was used as the f lu id - loss  addi t ive 
during the hydraul ic f racture treatment. This 
material was used with the expressed i n t e n t  o f  
performing an ac id cleanout should the f rac tu re  
conduct iv i ty  show damage. The p o s s i b i l i t y  o f  

i 
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FIGURE 7 BACA 20 TEMPERANRE PROFILES-OCTOBER 1981. h; 
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such damage with insoluble f lu id - loss  addit ives 
(e.g., 100-mesh sand] has been a concern i n  
p r i o r  st imulat ion experiments. Although the 
pressure data does not  ind icate tha t  the f rac-  
t u r e  conductivi ty has been damaged, i t  does 
not preclude the p o s s i b i l i t y  t h a t  the calcium 
carbonate has plugged the  natura l  f ractures 
and f low paths i n  the formation which in te r -  
sect the a r t i f i c i a l  fracture. 

Conchs ions 

1. Large hydraul ic f rac tu re  treatments were 
successfully performed on both Baca 23 and 
Baca 20. Production tes ts  indicated tha t  
high conductivi ty fractures were propped 
near the wellbore and communication w i th  
the reservo i r  system was established. 

2, The product iv i t ies  o f  Baca 23 and Baca 20 
have declined t o  noncomnercial leve ls  since 
the f racture treatments. The probable 
cause is r e l a t i v e  permeabil ity reduction 
associated with two-phase f low e f fec ts  i n  
the formation. 

3. The a b i l i t y  o f  Baca 23 t o  produce substan- 
t i a l  quant i t ies  o f  f l u i d  a t  a high wel l -  
head pressure i s  l i m i t e d  because o f  the 

low formation temperature i n  the shallow 
treatment in terva l .  The produc t iv i t y  o f .  
Baca 20 i s  severely r e s t r i c t e d  because o f  
the low permeabil ity formation surrounding 
the a r t i f i c i a l l y  created fracture. 

4. Although the  st imulat ion treatments d i d  
not r e s u l t  i n  commercial wel ls  a t  Baca, 
the hydraul ic f rac tu r ing  techniques show 
promise f o r  fu tu re  s t imulat ion operations 
and f o r  being a v a l i d  a l te rna t ive  t o  re-  
d r i l l i n g  i n  other reservoirs. 

References 

Hartz, J; D;, Geothermal Reservoir Evaluation 
o f  the Redondo Creek Area, Sandoval County, 
NM, Union O i l  Company Report, September 1976. 

Morris, C. W., Verity, R. V., and Sinclair,  A. 
R., "Raft River Well Stimulat ion Experiments," 
Geothermal Resources Counci 1, Transactions, 
Vol. 4, Septernber 1980. 

Sinclair,  A; R., Pit tard, F; J.; and Hanold,, 
R. J., "Geothermal Well, Stimulation," 
Geothermal Resources Council, Transactions, 
Vol. 4, September 1980. 

0 

0 

I I 
1 10 

t+Ot 
I t  

100 

FIGURE 8 BACA 20 DST NO. 2, P R E S S U R E a m - H O R N E R  PLOT+TOBER 11,1981. 

d m 

-60- 



Proceeding. Seventh Uorkahop Geothermal Rcrervoir angineering 
Stanford, December 1981. . SB-IT.-55. 
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EXPLORATION AND WELL DISCHARGE CHARACTERISTICS 
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Reykjavik 
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Introduction The exploration and development 
of the Reykjanes geothermal field dates back 
.to about 1956 when the first well was drilled. 
This well was 162 m deep and had a maximum 
temperature of 185OC. The chloride concentra- 
tion of the deep brine was about 25% higher 

. than that of ordinary seawater. The well pro- 
duced 3-4 kg/s of a steam-brine mixture for 

. over 10 years without a noticeable change in 
chemical composition (Bjornsson et al. 1971). 
The fact that the fluid produced was of brine 
origin but not rainwater affected greatly the 
course of exploration and development of the 
Reykjanes field. Most high-temperature geo- 
thermal fields in Iceland produce fluids of 
rainwater origin. 

The Reykjanes field was investigated exten- 
sively in the years 1968-1970 (Bjornsson et 
al. 1970, 1971, 1972). 
tion to plans to produce 250,000 tonneslyear 
of not only common salt but various other 
sea-chemicals for export (Linda1 1975). The 
investigation showed that the field would be 
suitable for development. However, the pro- 
Dosed sea-chemicals scheme did not materialize 
at that time and further geothermal work in 
Reykjanes was terminated. Four years ago a 
company was formed to consider again the pro- 
duction of common salt and other sea-chemicals 
in Reykjanes. Since that time it has con- 
ducted pilot plant and other studies to inves- 
tigate the feasibility of salt production, 
mainly for the Icelandic market, which is cur- 
rently about 60,000 tonneslyear. The building 
of a demonstration plant has now been decided. 
It is therefore anticipated that the Reykjanes 
field will come under development in the next 
few years. 

From the time geothermal work was terminated 
in Reykjanes 10 years ago, two other high- 
temrerature fields have been explored and 
developed in Iceland (Gudmundsson et al. 1981). 
These are the Krafla field (Stefansson 1981) 
in the northeast and the Svartsengi field 
(Thorhallsson 1979) in the southwest. These 
two fields are still being developed, While 
the Reykjanes field waited for development 
the one production well drilled was kept on 
discharge. The purpose of this test was to 
learn about the long-term discharge character- 
istics of the well/reservoir system. 

This was done in rela- 

In 1980 

extensive output measurements were done on 
this well, showing both flowrate and enthalpy 
at various wellhead conditions. 
pose of the present paper is to report on the 

output measurements. An important feature,of 
the salt-making in Reykjanes is that the geo- 
thermal brine itself will be the source of 
chemicals, so that the steam-brine mixture 
produced by the wells will supply both the 
energy and raw material to the process. 
long-term chemical characteristics of the 
production wells is therefore of great im- 
portance. The emphasis of this paper will 
therefore be on reporting the geochemical 
nature of the Reykjanes field and the one 
production well operated for nearly a decade. 
To provide some background information, the 
reported subsurface exploration work will 
be discussed. 
ation work of Bjornsson et al. (1970, 1971, 
1972) will, however, not be discussed. It 
is hoped that the present paper may contri- 
bute something to the near future drilling 
and development activities in the Reykjanes 
field. At the same time it may provide re- 
servoir engineering and other information 
for those not familiar with geothermal re- 
source developments in Iceland. 

Subsurface Exploration In 1968 and 1969 
seven boreholes were drilled in the Reyk- 
fanes geothermal area. Four of the wells 
(2, 3, 4 and 8) were deep (301m. 1165 m, 
1036 m and 1754 m, respectively) and encoun- 
tered both high temperatures and good aqui- 
fers, while three wells (5, 6 and 7) were re- 
latively shallow (112 m, 572 m and 73 m) and 
'did not penetrate the hot reservoir. The lo- 
cations of all the boreholes are shown on 
Figure 1, which is  the resistivity survey map 
of the area (Bjornsson et al. 1970, 1971, 19721 
The surface area of the Reykjanes field has 
been estimated to be 1-2 h2, which makes it 
one of the smallest in Iceland. 

Drilling in the Reykjanes field proved to be 
difficult. 
it could not be controlled during drilling 
once the casing had been run to bottom-hole. 
Borehole 3 collapsed during initial discharge 
while well 4 produced for a few weeks before 
doinq the same. 

The main pur- 

. long-term discharge test and the more recent 

The 

The extensive surface explor- 

Well 2 was never completed because 

This latter well was later 
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Figure 1: 
boreholes (Bjornsson et al. 1970, 1971, 1972). 

Resistivity survey map of the Reykjanes geothermal area, also showing the location of 

abandoned after unsuccessful attempts to drill 
out the collapse. 
with wells 3 and 4 it was decided to put a 
slotted liner to the bottom of well 8. It 
should be stated here that prior to 1968 it 
was not the practice in Iceland to put slotted 
liners in boreholes drilled in high-temperature 
areas. Until then open hole completion (with- 
out slotted liner) had been used with success 
in several fields. Well hole 8,turned out to 
be one of the best drilled in Iceland at that 
time. 
80 kg/s of a steam-brine mixture.with an en- 
thalpy of 1200 kJ/kg. 
much less or about 30 kg/s and 20 kg/s, re- 
spectively. 

The average concentrations of major elements 
in the deep brines feeding the geothermal wells 
in Reykjanes are shown in  Table 1 (Hauksson 
1981). The table shows that the brines are 
similar in total dissolved solids (TDS) to 
that of ordinary seawater. 
Table 1 are the well depths and estimated in- 

Because of the experiences 

On initial discharge it delivered about 

Wells 2 and 4 delivered 

Also shown in 

flow brine temperatures as derived from silica 
geothermometry. The chloride ion (Cl) concen- 
tration expresses salinity and is independent 
of water-rock thermal equilibria (Amorsson 
1978). It is clear from the table that salin- 
ity increases with decreasing well depth and 
therefore with decreasing brine temperature 
also. This increase is considered to be due 
to boiling of the geothermal brine as it rises 
toward the surface in the reservoir. It should 
be noted that while the total dissolved solids 
of the geothermal brines are similar to that 
of seawater, there are some differences in in- 
dividual components. These differences are 
mainly due to ion exchange equilibria between 
rock and water. 
deficient in magnesium (Mg) and sulphate (S04) 
but enriched in potassium (K) and calcium (Ca). 
The change in sodium (Na) is not as marked, be- 
ing less in well 8 than in seawater. The 
amount of silica (SiOp) in the geothermal 
brines is an order of magnitude higher than in - 
seawater, as would be expected from its in- 
creased solubility with temperature. 

The geothermal brines are 

b.i 
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Table 1: Average concentration (mg/kg) of chemical components in geothermal brine in 
Reykjanes and standard meawater. Also shown are well depth and estimated brine temperature. 

Component Geyser Well 1 Well 2 Well 4 Well 8 Seawater 

Subsurface stratigraphy of the Reykjanes field 
has been constructed by investigation of drill- 
cuttings and a few cores taken during the main 
exploration work from 1968-1970 (Tomasson and 
Kristmannsdottir 1972). 
loclastic tuffs and breccias and tuffaceous 
sedimends dominate in the uppermost 1000 m. At 
greater depths about half the rock is basalt 
and the rest tuffaceous rocks, mainly sediments. 
Although the hyaloclastite formation is highly 
porous, few good aquifers were encountered in 
the wells drilled. 
however, found in the interbeds of the deeper 
basalt formation. Contacts between lava flows 
and interbeds are expected to be porous and 
highly permeable. Faults and fissures seem 
also to form channels of substantial permea- 
bility. 

The examination of the drill-cuttings showed 
that calcite (CaC03) was found throughout the 
rock. Although the amount of calcite varied 
with depth and location it was found to be 
most abundant in the uppermost 500-700 m. 
cite tends to precipitate out due to boiling 
when geothermal fluids flow tow?rd the surface 
in boreholes and reservoirs. It seems likely 
that calcium rich rocks represent a region of 
initial boiling in the Reykjanes.field. 
further evidence for boiling in the upflow zone 
of the reservoir is the chloride concentration 
of the brine feeding the geyser and boreholes 
as shown in Table 1. The chloride concentra- 
tion shows an increase between wells 8, 4 and 
2 from 2% to 5% to 9% higher than that in sea- 
water, the wells being 1754 m, 1036 m and 301 m 
deep, respectively. The corresponding values 
for well 1 are 26% and 162 m. 

It was found that hya- 

Numerous aquifers were, 

Cal- 

A 

LP 

?ne Reykjanes Peninsula is rather flat. 
Reykjanes geothermal field is about 20 m above 
sea-level while the Svartsengi field 15 Ian to 
the northeast is about 40 m above sea-level. 
The hydrostatic pressure on the Peninsula 
should therefore be rather uniform although 
there must be some regional gradient away from 
the hills and mountains to the east or north- 
east. 
of the Reykjanes Peninsula are considered 
highly porous throughout. It is therefore not 
surprising to find that the ground is saturated 
with seawater even 30 km inland. Geohydrolog- 
ical studies have indicated that the bulk of 
the Peninsula is saturated with seawater which 
becomes more diluted as the hills and mountains 
are approached. On top of the seawater there 
is a freshwater lens which exhibits a classi- 
cal freshwater-seawater interface of coastal 
aquifers. 
water lens does not exist because of the upflow 
of hot water and steam. It has been found 
that the water table within the Reykjanes field 
is similar to that of the groundwater table sur- 
rounding the system. 
must be some boundary or separation that pre- 
.vents the cold water from invading the field. 
It has been argued that accompanying the cir- 
culation of cold seawater toward the field and 
down into the ground, there must occur substan- 
tial precipitation of secondary minerals (main- 
ly anhydrite) at the boundary of the thermal 
system, forming an impervious cap. This will 
lead to the separation of the hydrothermal sys- 
tem from the surrounding colder seawater. This 
separation is considered most advanced close 
to the surface and to decrease pr6greSSiVely 
downwards. 

The 

The volcanic rocks that make up the bulk 

In the geothermal fields the fresh- 

It follows that there 
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The amount of deuterium (D) in the deep brine 
in Reykjanes has been measured (Arnason 1976 
and Olafsson and Riley 1978). It was found 
that the brine in well 8 contained about 23 
0100 less (6b-23 0100) than standard seawatez 
Local rainwater contains about 48 of00 less 
deuterium than seawater. 
for the low deuterium concentration of the 
Reykjanes brine has been that the reservoir 
fluid was a mixture of seawater and rainwater. 
The two would mix in near equal proportions 
(48% and 52%) to result in the measured deu- 
terium value. But the chloride concentration 
of the geothermal brine is approximately the 
same as that of seawater as shown in Table 1. 
This "coincidence" has been attributed to con- 
tinuous boiling and evaporation of the sea- 
waterIrainwater mixture. In the Svartsengi 
high-temperature field about 15 km away from 
Reykjanes, the deuterium concentration in the 
deep brine has been measured (Arnason 1976). 
Its value is also 23 o/oo less than that of 
seawater. 
Svarfsengi field is about 12,600 mglkg 
(Thorhallsson 19791, which concentration has 
been explained as resulting from the mixture 
of 67% seawater and 33% rainwater (Kjaran et 
al. 1979). As in the Reykjanes field the 
6 D = -23 o/oo value has been explained by 
continuous boiling and evaporation in the re- 
servoir. However, the "coincidence" of both 
fields having 6 D = -23 0100 but different 
salinities may require an explanation that 
alio satisfies the "coincidence" previously 
mentioned. It is postulated here that the 
deuterium concentration in deep geothermal 
brines is mainly controlled by water-rockinter- 
actions. Deep brines are understood here to 
be geothermal fluids at depths greater than 
1 km and which have not experienced evapora- 
tion in the main upflow zone of a geothermal 
field. 
tope fractionation between OH-bearing minerals 
and water have been demonstrated in the labora- 
tory (O'Neil and Kharaka 1976, Suzuoki and 
Epstein 1976). 
fields are in similar geologic environments 
associated with interactions of seawater, ba- 
saltic rock and recent or active volcanism. 
The alteration minerals that form due to geo- 
thermal activity contain numerous hydroxyl 
(OH) groups that may take part in the proposed 
isotope interactions with circulating brine. 
This assumes that hydrothermal alteration pro- 
gresses continuously during the lifetime of 
geothermal fields and that seawater behaves 
differently than freshwater. Seawater has 
higher ionic concentrations than freshwater 
so that chemical interaction processes are 
enhanced. This means that for the above postu- 
1ate.to hold the fractionation of deuterium 
between hydrothermally eltered basaltic rock 
and geothermal bFine could be chemically con- 
trolled. This tentative postulate could per- 
haps be examined by comparing the deuterium 
content of alteration minerals in Reykjanes 
with that found in high-temperature fields 
having water of rainwater origin. 

The usual explanation 

Typical salinity (Cl) in the 

It should be noted that hydrogen iso- 

~ 

The Reykjanes and Svartsengi 

Production Well 
thermal projects depends heavily on the success 
of drilling. 
longevity of wells is therefore of major impor- 
tance. Well 8 in Reykjanes is the only bore- 
hole there that has discharged for any length 
of time. An examination of the experience 
gained from the 12 years of its operation 
should therefore be most relevant to the 
future development of the Reykjanes geother- 
mal field. Also to be considered is what 
information borehole measurements can contri- 
bute to our understanding of the reservoir/ 
well system. Because the geothermal brine in 
Reykjanes will be put to direct process use 
as well as for energy purposes, in the produc- 
tion of salt, its chemical as well as other 
characteristics are of concern. 

Well 8 was drilled to a depth of 1754 m. 
has a 13 318" anchor casing down to 89 m and a 
9 518" production casing to 297 m, both cemen- 
ted. 
depth of 1685. 
well about one year after drilling. 
is slotted at four intervals 984-1037 m (49 m), 
1122-1308 m (186 m), 1484-1535 m (50 m) and 
1624-1685 m (61 m). These intervals were se- 
lected because circulation losses had been 
encountered there during drilling. 

The drilling of well 8 was completed on Novem- 
ber 28, 1969. Its temperature was measured 
both during and after drilling. 
shows a few of these measurements. 
ture log from November 9, 1969, indicated aqui- 
fers at depths of about 360 m (300-450 m) and 
820 m (750-900 m). The well was first dis- 
charged about one year after drilling on Octo- 
ber 24, 1970. At that time the bottom-hole 
temperature was 250-26OoC and about 23OoC at 
750-850 m. 
kept on a 10" critical lip-pressure nozzle for 
about two months until January 1971 when it 
was shut-down. On February 3, 1971, its tem- 
perature was measured as shown on Figure 2. 
The bottom-hole temperature had clearly in- 
creased to 280-290°C. 

The feasibility of most geo- 

The cost, deliverability and 

It 

It has a 7 518" liner from 260 m to a 
This liner was placed in the 

The liner 

Figure 2 
The tempera- 

On initial dtscharge the well was 

The temperature log taken after the first 2 
months of production (February 3, 1971) is of 
particular interest as it may indicate where 
flashing starts in the well during discharge. 
If two straight lines are drawn through the 
temperature profile, they intersect at a depth 
of about 910 m. It must be remembered here 
that the first slots of the liner start at 984 
m such that the total flowrate of the well 
had been developed at that point. 
line below 910 m may represent the flow of 
liquid brine at about 29OoC from near bottom, 
being mixed with colder brine as it passes the 
liner slots. The point of flashing represents 
the saturation temperature of the brine mixture 
from the various aquifers. Figure 2 shows this 
temperature to be about 27OoC, the same as in- 
dicated in Table 1. Above 910 m the steam- 
brine mixture flashes continuously and cools 

The straight 
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Figure 2: 
in Reykjanes 

as it flows up the borehole. 
noted that the temperature log of February 3, 
1971, was not a flowing survey, but measured 
shortly after the well had been shut-in. Be- 
cause the well had produced for a long time 
and reached stable thermal conditions, the 
temperature of its immediate surroundings may 
have approached the temperature profile exist- 
ing in the well during discharge. It would be 
of great interest to compare the flashing point 
estimated above to theoretical borehole calcu- 
lations for pressure drop and other character- 
istics of steam-water flows in geothermal 
wells. 

The discharge history of well 8 has been pre- 
sented by Thorhallsson (1977). Figure 3 shows 
the well discharge in the first four years of 
production, from October 1970 to October 1974. 
When the well was shut-down.after the first 
two months the 10" nozzle was removed and re- 
placed by an 8" one to carry out a deliverabil- 
ity test as discussed below. 
was over, the well was again shft-down and 
fitted with a 4" nozzle. 
through this nozzle for long periods but was 
temporarily (few hours) shut-dowd and fitted 
with the 8" nozzle (critical lip-pressure) for 
all subsequent enstantaneous) flowrate measure- 
ments. 

The initial discharge of well 8 was about 85 
kg/s through the 10" nazzle to the atmosphere. 
When it was fitted with the 8" nozzle, two 
months later, its maximum flowrate was about 
70 kg/s (deliverability test January 1971) 
whereas by 1974 this had decreased just below 
60 kg/s, the well-head pressure being about 

Temperature measurements in well 8 

It should be 

When this test 

The well discharged 
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6 bar-a. Thorhallsson (1977) estimated that 
the long-term discharge of the well with the 
4" nozzle may have been 45-55 kg/s during the 
first four years shown in Figure 3. The well 
was shut-in for three years from October 1974 
to October 1977. 

1970 ' 1971 ' I972 I 1973 1974 ' 1975 
TIME (YEARS) 

Discharge history of well 8 in Figure 3: 
Reykjanes 

800 
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400 

0 0  

h" 

O I970 m n  m74 197s m a  me0 

WORlOE (CI) 

L * 
3 10000 
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Figure 4: 
with time in the deep brine of well 8 in 
Reyk j anes 

The discharge history curve of well 8 in Fig- 
ure 3 shows several features of interest. Be- 
fore considering these the corresponding 
changes in deep brine chemistry will be exam- 
ined. Figure 4 shows the silica (SiOz) and 
chloride (Cl) concentrations with time, not 
only the first four years, but also later mea- 
surements (Hauksson 1981). The silica concen- 
tration changed from about 470 mg/kg in Octo- 
ber 1970 to about 730 mg/kg in February 1971. 

Silica and chloride concentiation 



This corresponds to an apparent increase in 
deep brine temperature from about 25OoC to Over 
280°C according to silica geothermometry. Dur- 
ing the same period the chloride concentration 
increased from about 18,OOO-mg/kg to 20,000 
mg/kg. From the time of initial discharge the 
concentration of most major elements in the 
deep brine have however been found to remain 
fairly constant (Hauksson 1981). It is per- 
haps of interest to note that the same con- 
clusion had been arrived at from the monitor- 
ing of well 1 from 1956 to 1966. 

During the first two months of full discharge 
the flowrate of well 8 decreased from about 
85 kg/s to 70 kg/s. At the same time the sil- 
ica concentration of the deep brine increased, 
indicating a temperature increase from about 
25OoC to 28OoC. There appear to be two main 
explanations why the flowrate decreased and 
the indicated temperature increased during 
initial discharge. The first is that the well 
initially may have produced fluids that were 
influenced by cold water injected when the 
slotted liner was placed in the well. It must 
be remembered, however, that the slotted liner 
was run into the well about one year after the 
drilling finished. 
that the deeper feed zones (aquifers) of the 
well are more permeable than the upper feed 
zones. Therefore, when the well starts dis- 
charging at high flowrates (70-80 kg/s), 
there occurs greater drawdown in the upper 
feed zones compared to the deeper zones. The 
result of this would be that the contribution 
of the upper feed zones to the total well flow- 
rate would decrease more rapidly with time than 
that of the deeper and hotter feed zones. 

When well 8 was put on long-term discharge 
through the 4" nozzle to the atmosphere in 
January 1971, the total long-term steam-brine 
flowrate decreased from the 70-85 kg/s in the 
initial period to the estimated 45-55 kg/s, as 
mentioned above. When the well was measured 
in March 1971 the total (instantaneous) flow- 
rate through the 8" nozzle was 80 kg/s or about 
10 kg/s greater than that measured with the 
10" nozzle at the end of the initial two 
months' discharge period. The problem at hand 
is to explain why the flowrate increased. The 
silica concentration of the infJow brine 
seemed also to have decreased to a value at 
which it remained after that. 
planation is that at the lower long-term flow- 
rate of 45-55 kg/s, as compared to 70-85 kg/s, 
there is less drawdown in the aquifers feeding 
the well. Each 8" nozzle test lasted a day or 
two during which time further drawdown presum- 
ably did not develop to affect the discharge 
flowrate. An instantaneous measurement using 
the 8" nozzle should therefore result in a 
higher flowrate than at conditions of greater 
drawdown when discharging for two months 
through the 10" nozzle. 

The second explanation is 

A possible ex- 
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From 1971 to 1974 the 8" nozzle (instantaneous) 
,flowrate of well 8 decreased from over 80 kg/s 
to under 60 kg/s. The long-term flowrate (be- 
tween each measurement) was much lower or 45- 
55 kg/s. 
that the total flowrate declines in a fashion 
where drawdown is increasing. It should be 
noted that the total flowrate declines smoothly 
with time, also, that the rate of decline 
1971-1974 (flow 45-55 kgls) is much lower than 
1970 (flow 70-85 kg/s). 
evidence to support the above suggestion that 
drawdown in well 8 has increased with time. 
In 1970 the water level in the well was at 
about 40 m while in 1979 it was at 109 m 
(Bjornsson et al. 1971 and Gudrnundsson 1980). 
In both instances the well was in near thermal 
equilibrium with the reservoir, i.e., not 
filled with cold water after drilling. 

In the autumn of 1977 the wellhead of borehole 
8 was overhauled after three years of shut- 
down (Thorhallsson 1977). 
the well was measured as shown in Figure 2. 
It was found that the well was blocked at a 
depth of about 1370 m and that the temperature 
was very different from that measured before. 
The temperature profile had assumed an s-type 
curve with an inflection point at about 820 
in depth. 
measurements were made in the 7 5/8" slotted 
liner. It was found that in addition to a 
blockage at 1369 m, there appeared to be a 
minor restriction at 704 m and a major one at 
841-845 m. 
ber 3, 1977, through an 8" nozzle. After two 
days the total flowrate was measured (critical 
lip-pressure method) to be 43 kg/s and the 
wellhead pressure 4 bar-a. 
1977, the well was shut-down temporarily and 
fitted with a 4" nozzle to produce 37 kgls at 
a well-head pressure of 17 bar-a the follow- 
ing day. The discharge rate was therefore al- 
most independent of wellhead pressure, indi- 
cating some restriction (choking) in the 
wellbore. When the well was shut-in three 
years earlier the discharge through the 8" 
nozzle had been just under 60 kg/s so that 
the flowrate had decreased by about 113. 
seems that this loss of production could be 
attributed to the wellbore blockages. Sil- 
ica geothermometry of samples collected at the 
time of the above discharge measurements indi- 
cated deep brine temperatures just above 27OoC 
as before. 
well 8 in 1977, a difficulty arises with re- 
spect to the flowrate decline during 1971-1974 
shown in Figure 3. 
or some of the decline was due to gradual 
wellbore blockage rather than drawdown in the 
main feed zones of the well. For the time 
being, however, it will be assumed that the 
two are separate because the flowrate decline 
is gradual while casing/liner failures are 
likely to occur suddenly, for example, when 

An examination of Figure 3 shows 

There is some other 

The temperature in 

Several simple caliper (wire frame) 

The well was discharged on Octo- 

On October 5, 

It 

Because of the blockages found in 

It is possible that all 



wells are put on discharge after 
ing periods. 
July 1978 for further simple caliper measure- 
ments which confirmed earlier results. 
well was then kept on production until Novem- 
ber 1978 when it was shut-down for repair in 
the following December. This repair or work- 
over was done with a 6 3f8" drill-bit down 
to about 750 m and then a 6" drill-bit to 
bottomhole. The detailed results of this 
work-over are not yet well understood. 
the work-over the well may have no liner at 
depths of 630-725 m and where the two main 
blockages were found as indicated above. 

The deliverability of geothermal wells expres- 
ses their total flowrate against back pressure 
Two main deliverability measurements have been 
carried out on well 8, the first in 1971 and 
the second in 1980. The former was done using 
the critical lip-pressure method where the 
brine enthalpy was determined by silica geo- 
thermometry (Bjornsson et al. 1971). The lat- 
ter was similarly based on the critical lip- 
pressure method but involved also the deter- 
mination of the brine flowrate when the total 
mixture had flashed at atmospheric conditions. 
By this improved method the enthalpy of the 
steam-brine mixture could be determined inde- 
pendently (Gudmundsson 1980). The two deliv- 
erability tests are shown in Figure 5, 
measurements in 1971 were carried out in one 
day at the end of the initial discharge period 
(see above). The well was fitted with an 8" 
nozzle and the flowrate was adjusted by e 
valve, the readings being taken one or two 
hours later. The measurements in 198@ were 
taken over a period of four days, The well 
had been discharging almost continuously for 
one year with a wellhead pressure of 20-30 
bar. The conditions under which the two de- 
liverability tests were taken were therefore 
quite different. The 1980 test was carried 
out using 3", 5" and 7" nozzles. 
ing nozzles the flow was directed through a 
by-pass line to minimize all pressure and 
temperature transients in the reservoir-well 
system. Each nozzle was allowed at least one 
day to adjust to stable wellhead pressure and 
flowrate values. Two sets of measurements 
were taken for each nozzle, the first after 
one day of adjustment and the second about 2 
hours after decreasing the flo&ate by a valve. 
When using the 7" nozzle, however, two more 
sets of measurements were taken, also two hours 
after adjusting the flowrate. 

The enthalpy of the steam-brine mixture was 
measured in the 1980 deliverability test. 
chemical sample was also taken (January 8, 
1980) and the temperature o f  the deep brine 
estfrnated from silica geothermometry. All 
these measurements are shown in Figure 6. 
enthalpy of the steam-brine mixture was found 
to depend on the wellhead pressure and decreas- 
ing flowrate. This seems to indfcate that the 
upper aquifers feeding the borehole are not as 

stand- 
Well 8 was again shutdown in 

The 

After 

The 

When chang- 

A 

The 

permeable as the deeper aquifers. Two measure- 
ments were taken for each nozzle/valve setting. 
When the wellhead pressure was increased the 
first time, for all the nozzles, the enthalpy 
did not change. However, after the second and 
third wellhead pressure changes when using the 
7" nozzle, the enthalpy decreased. 
indicate that the pressure and thermal condi- 
tions in the reservoir-well system had not 
reached stable conditions. 
perature estimated from silica geothermometry 
i s  shown in Figure 6. It indicates basically 
the same enthalpy as obtained from the direct 
neasurements. The saturation curve for steam- 
water is shown in Figure 6 for reference. 

This may 

The deep brine tem- 

#NOZZLE 1/10/1971 
e S'NOZZLE .1/4/1980 
A 5'NOZZLE .1/6/1980 

WELLHEAD PRESSURE f bar -a  1 

Figure 5: Deliverability measurements of 
well 8 in Reykjanes 

Concluding Remarks 
passed since the first exploration was initi- 
ated in the Reykjanes field. The main explo- 
ration work was, however, carried out about 
10 years ago so that the early work (25 years 
ago) is mainly of historic interest. Never- 
theless an important issue must be how the 
example of Reykjanes reflects on the future 
development of geothermal energy. In addition 
t o  what has already been stated above, the fol- 
lowing aspects may be considered: (1) The're- 
sults of the first exploration work influenced 
the way in which the resource m y  be used; 
(2) The pioneering nature of the sea chemicals 
scheme, as proposed about 15 years ago, was an 
important reason for the lack of development 
of the Reykjanes field; (3) Although the main 

Twenty-five years have now 
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Figure 6: 
Reykj anes 

exploration phase (ten years ago) lasted only 
3 years the basic results are still considered 
valid. There have, however, been advances in 
several areas of geothermal exploration and 
evaluation that should be applied to the field 
now. 

Enthalpy measurements of well 8 in 

The problems experienced in the drilling and 
discharging of the Reykjanes wells were new in 
Iceland. They had not been met in other 
fields and indicated that perhaps each geo- 
thermal area should be treated as unique. 
This view was, however, not arrived at until 
much later when further experience from other 
fields showed that experience gained in one 
geothermal field was not necessarily applicable 
to others. 

Drilling in geothermal fields provides direct 
access to the energy resource in the ground. 
In exploration it should give information 
about the nature of the reservoir with respect 
to the translation of thermal energy into 
power. 
translation must be the natural circulation of 
fluids in the geothermal reservoir. 
istry, both that of the water and the rock, 
has the potential of providing such informatim. 
It is well established that the Reykjanes 
field produces a deep brine having salinity 
similar to that of seawater. The origin of 
the geothermal brine is, however, still a 
subject of discussion. The isotope chemistry 
of the brine has puzzled investigators and 
will probably continue to do so for some time 
yet. In this paper a hypothesis is set forth 
as to the origin of the deep brine. 
suggested that water-rock interactions influ- 
ence the deuterium content of the deep brine. 
This is very much a tentative suggestion but 
should nevertheless warrant consideration. 

An important consideration in this 

Geochem- 

It is 

The feasibility of geothermal projects depends 
greatly on the success of drilling. 
of importance in this success are the cost of 
drilling and also the deliverability and life- 
time of boreholes. Xhese two latter issues 
are explored in this paper by way of well 8 
in Reykjanes as an example. 
boreholes, as the term is used here, concerns 
their mechanical condition mainly. 
dent that geothermal wells will generally ex- 
perience difficult temperature and pressure 
transients. These may lead to failures result- 
ing in permanent damage. 
gained from well 8 in Reykjanes shows that 
great care is called for in the operation of 
high-temperature boreholes. The cementing of 
casings appears to be one of the most impor- 
tant factors in prolonging the lifetime of 
geothermal wells. Avoiding severe temperature 
transients in wells will aid in their success- 
ful operation In addition to casing and liner 
failures, problems may arise due to the depo- 
sition of calcite (CaCO3) and other materials 
in the wellbore. 
field specific, while their solution (clean- 
ing) usually involves drilling. 
over operations will inevitably put strain on 
boreholes and may lead to failures as already 
mentioned. 

Measurements of the deliverability of geother- 
mal wells (well characteristics) are used for 
three main purposes: 
transmission lines/equipment and power plants; 
To aid in the exploration for good production 
fields in geothermal areas, and; To monitor 
the performance of wells with time once under 
production. 
shut-down of wells and should therefore not 
introduce great temperature transients down- 
hole. Deliverability tests will continue to 
provide the reservoir engineer with first- 
hand measurements of some of the dynamic fluid 
and heat flow processes taking place under- 
ground. 

Factors 

The lifetime of 

It is evi- 

The experience 

Such problems tend to be 

Such work- 

To specify steam-water 

Such tests do not require the 
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Introduction 
between Lawrence Berkeley Laboratory (LBL) 
and four Icelandic In6titutions responsible 
for  the exploration and development of 
geothermal energy i n  Iceland, well data from 
the Krafla geothermal f i e l d  in Iceland have 
been analysed. 
t e s t  data and production data. 
test data w e r e  analyzed fo r  the reservoir 
transmissivity and s torat ivi ty .  Analysis of 
the production data t o  determine the relat ive 
permeability parameters fo r  the Krafla f i e l d  
is i n  progress. In t h i s  paper, the analysis 
of injection tests a t  the Wafla  f i e ld  w i l l  be 
described. 

The Krafla geothermal f i e l d  is located on the 
neovolcanic zone in north-eastern Iceland 
(Figure 1) .  The neovolcanic zone is charac- 
terized by finsure swarms and central  vol- 
canoes. 
located i n  a caldera ( 8  x 10 km), with a 
large central  volcano, a l so  named Krafla. 

As part of an informal agreement 

The data consist  of injection 
The injection 

The Krafla geothermal f i e ld  is 
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Figure 1 The location of the Krafla 
geothermal f i e l d  in Iceland. 

Surface geophysical exploration a t  Krafla w a s  
in i t ia ted  in  1970. In  1974, two exploration 
wells were dr i l led ,  and the  subsurface data 
indicated the presence of a high temperature 
(>300*C) geothermal f ie ld .  Presently, 18 
wells have been drilled a t  Krafla: the 
locations of the w e l l s  a re  shown i n  Figure 2. 

Stefansson (1981) has presented a detailed 
description of the reservoir system a t  Krafla; 
his model is summarized below. In  the old 
w e l l  f i e ld  (wells 1-13, 61 15) pressure and 
temperature data from the wells have indicated 
the presence of two reservoirs. The upper 
reservoir contains single phase l iquid water 
a t  a mean temperature of 205.C. This reser 
voir extends from a depth of 200 m t o  a depth 
of about 1100 m. 

. tvscrphase, with temperatures and pressures 
following the saturation curve with depth. 
This reservoir d i rec t ly  underlies a thin 
confining layer a t  a depth of 1100-1300 m 
and it extends t o  depths greater than 2200 m 
( the  depth of  the deepest w e l l ) .  The two 
reservoirs seem t o  be connected near the 
gully, Hveragil. 
of M t .  Krafla, wells 14, 16-18), the 
upper reservoir has not been identified,  
and only the two-phase l iquid dominated 
reservoir seems t o  be present. 

The deeper reservoir is 

In the new w e l l  f i e l d  (south 
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Figure 2 Well locations. 
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Well tes t ing  a t  Krafla A common procedure 
a t  Krafla is t o  perform an injection test 
soon a f t e r  the d r i l l i ng  is completed. This 
procedure has been applied t o  the last  13 
w e l l s  d r i l l ed  a t  Krafla ( w e l l s  6-18). The 
purpose of the injection tests is twofold: 
1) to  attempt t o  stimulate the w e l l ,  i.e., 
increase the water losses, and 2) to  obtain 
data that can be analyzed to  yield the 
transmissivity of the formation. 

Experience obtained from injection tes t ing  
of wells i n  Krafla, as w e l l  as i n  several 
other geothermal f i e lds  i n  Iceland, has shown 
that i n  many cases apparently dry w e l l s  (small 
water losses) have been suff ic ient ly  stimu- 
la ted t o  become reasonably good producers. 
The reasons fo r  t h i s  are not presently known, 
but several possible explanations are: 
1) cleaning of fractures, 2) opening up of 
f ractures  due t o  increases i n  pore f lu id  
pressure, or 3) thermal cracking close to  
the w e l l ,  due to  the temperature difference 
between the injected water and the hot 
reservoir water. 

Conventional type curve analysis of the 
injection test  data from Krafla has been 
reported by Sigurdsson and Stefansson (1977) 
and Sigurdsson (1978). In  the present study 
the  use of numerical simulators for  w e l l  test 
analysis is i l lust rated.  

Analysis of Injection T e s t  Data 
KG-13 (W13) a t  Krafla was dr i l led  in  June-July 
1980 (Figure 2) .  A simplified casing diagram 
for  the w e l l  is shown i n  Figure 3. The well 
is cased (9  5/8 i n  casing) t o  a depth of 1021 
m, b e l o w  t ha t  a 7 5/8 i n  s lo t ted  l i ne r  extends 
t o  the  w e l l  bottom. Thus the well i s  com- 
pleted only in  the lower, two-phase reservoir. 
The figure a l so  shows the location of a major 
fracture  feeding the w e l l  a t  a depth of 

The w e l l  

1600-1700 m. 

A few days a f te  
were performed 
respectively). 

d r i l l ing ,  two injection tests 
10th and 11th of July, 1980, 
During the tests a pressure 

ImLa2-2600 

Figure  3 Simplified casing diagram for w e l l  
KG-13. 

transducer w a s  located a t  a depth of approx- 
imately 220 m below ground surface, and 
continuous readings w e r e  obtained a t  the  
surface. 
w a t e r  w a s  approximately 20.12. 

The temperature of the  injected 

The injection r a t e s  a t  the  surface are 
shown in Figure 4 along with the water level  
data fo r  the second test. After the f i r s t  
injection test  w a s  completed ( Ju ly  loth) ,  
injection w a s  continued throughout the night 
a t  a s table  inject ion rate of approximately 
29 kg/s un t i l  i n i t i a t ion  of the  second test 
(see Figure 4 ) .  The second inject ion test 
consisted of an i n i t i a l  f a l lo f f ,  followed by 
three injection segments with increasing flow 
rates, and f ina l ly ,  a second fa l lof f .  During 
the test, a f r ee  surface water table w a s  
present i n  the w e l l ,  and since the  inject ion 
tests are short, s ignif icant  wellbore storage 
e f fec ts  were present. Furthermore, analysis 
of the injection test  was possibly complicated 
by thermal effects ,  as 2OoC temperature water 
w a s  injected in to  a two-phase reservoir of 

l i m e  (minutst) XILat-EIIII 

Figure 4. Flow rate and water-level data for  injection test of w e l l  KG-13. 
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much higher temperature. 
analysis, the fracture zone a t  1600-1700 m 
depth was assumed t o  be the primary aquifer) 
the thermodynamic conditions a t  this depth 
correspond t o  a temperature of approximately 

For the present 

Li 
320.C. 

The f i r s t  step in the analysis of this w e l l  
test was to  correct for  the wellbore storage 
effects.  They were easi ly  accounted for  by 
using variable flow ra te  analysis, rather than 
the constant step-rate surface flow rates  
shown i n  Figure 4. 
ra te  and the water level  in the well were 
known, the sandface flow ra te  could be cal- 

.culated on basis of simple mass balance as  
follows: 

Since the w e l l  head flow 

where As denotes the change i n  the water 
level. Equation (1) simply s ta tes  tha t  the 
water entering the w e l l  (s) must leave the 
w e l l  (qs) or be contained i n  the well, 
causing a change i n  the water level ( A s )  
Certainly a f t e r  some time a steady s t a t e  
condition w i l l  be reached where the flow 
ra tes -a t  the wellhead and a t  the sandface are  
identical  and consequently the water level  is 
stable (As - 0 ) .  tiowever, for  the Krafla 
wells (casing diameter 9 5/8 in)  , the wellbore 
storage effects  w i l l  l a s t  for  approximately 
one and one half hours, and therefore the 
variable flow ra te  approach must be employed 
i n  the t e s t  analysis. 

Because of the two-phase nature of the Krafla 
reservoir and the non-isothermal effects  
introduced by the cold water injection, 
attempts were made t o  model the injection t e s t  
data using the two-phase simulator SHAFT79 
(Pruess and Schroeder, 1980) and the non- 
isothermal simulator PT (Bodvarsson, 1981). 

However, these attempts were unsuccessful, as  
a reasonable match w i t h  the water level  data 
for  ent i re  test (the i n i t i a l  fa l lof f ,  the 
three injection steps, and the second fal loff)  
could not be obtained. 
simulate the injection test data were made 
using the variable flow ra te  Theis type model 
ANALYZE (UcEdwards and Benson, 1981) and the 
numerical simulator PT i n  its isothermal mode. 
The best match obtained is shown i n  Figure 5. 

Further attempts t o  

The match is very good a t  a l l  times, except 
for  the th i rd  injection step, where the 
calculated water level  values are s l ight ly  
higher than the observed values. 
shows the calculated sandface flow rates  used 
i n  the simulation, as  w e l l  a s  the well head 
flow rates. 

Figure 5 also 

The parameters obtained from the match were 
kH/lJ= 1.52~10'~m~/pa*sec and @ B ~ H =  8~lO'~mJpa. 

The transmissivity (kH) of the reservoir could 
not be determined, as  it was not obvious i f  
the viscosity (IO of the cold injection water 
or the hot reservoir water should be used in  
the analysis. Furthermore, the t o t a l  compres- 
s i b i l i t y  (et) could not be expl ic i t ly  
calculated, as  the porosity (4) and the 
effective reservoir thickness (H)  were not 
known. Further discussion of the reservoir 
parameters determined from the injection test 
is given l a t e r  i n  this section. 

Now let  us examine the apparent isothermal 
behavior observed in  the injection test data. 
Since the f luid viscosity changes by more than 
an order of magnitude for  the temperature 
range Z O O  t o  320mC, one would not expect 
isothermal pressure behavior in  the data 
especially when the data i s  taken during both 
injection and fal loff  periods. 
t h i s  is tha t  for  a Theis-type reservoir, 
the pressure changes during injection w i l l  
correspond t o  the cold water f lu id  properties, 

The reason for  

Figure 5. Canparison between obsemed and calculated water levels for 
injection test of w e l l  KG-13. 
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whereas during the fa l lof f  period, the pres- 
sure changes w i l l  correspond t o  the f lu id  
properties of the hot reservoir (Bodvarsson 
and Tsang, 1980) . 
In  an attempt to explain the isothermal 
behavior of the data from the  injection 
test, two poss ib i l i t i es  must be explored: 
1) that the undisturbed reservoir conditions 
(e.g., T - 320.C) control the pressure re- 
sponse a t  the w e l l ;  and 2) t ha t  the temper- 
a ture  of the injected water is the controlling 
factor. A s  cold water has been injected in to  
the w e l l  a t  a l l  times during d r i l l i ng  (approx- 
imately 45 days) and a l so  during the  few days 
a f t e r  dr i l l ing ,  there must be a cold water 
zone around the w e l l .  Consequently, the f i r s t  
possibi l i ty  seems unlikely. 
water zone around the  w e l l  is t o  explain the 
isothermal behavior i n  the  data, t h i s  zone 
must extend fur ther  from the w e l l  than the 
pressure disturbance during each injection 
step. 

If the cold 

In order to study the advancement of the 
cold-water f ront  along a fracture  intercepting 
the w e l l ,  the theory developed by Bodvarsson 
and Tsang (1981) was used. A single hori- 
zontal fracture, representing a permeable 
layer between lava beds, is assumed t o  absorb 
the t o t a l  injection rate. Heat conduction 
from the rocks above and below the fracture  
re tards  the advancement of the cold water 
front. 
of the cold water f ront  along the fracture  
away from the w e l l  is: 

The equation governing the advancement 

114 

where r is the rad ia l  distance of the cold 
water f ront  away from the  injection w e l l ,  q 
is the injection rate ,  A is the thermal 
conductivity, and pwc, and prcr a re  
the vollrmetric heat capacities of the injected 
water and the rock matrix respectively. 
Figure 6 shows the advancement of the cold 
water f ront  along the fracture  versus time. 
The parameters used i n  the calculations a re  
shown i n  Figure 61 they represent the average 
injection r a t e  pr ior  t o  the injection test, 
and average thermal properties for  basal t ic  
rocks. Figure 6 shows tha t ,  i f  one considers 
only the injection a f t e r  d r i l l i ng  (2-3 days) , 
the cold water f ront  w i l l  have advanced 
approximately 50 m away from the w e l l  when 
the second injection test  begins. 
in te res t  t o  note tha t  t h i s  estimate is 
independent of the fracture  aperature 
(Bodvarsson and Tsang, 1981). 

In  comparison, the radius of influence for  
the pressure disturbance due t o  a typical  
injection s tep  can be calculated direct ly  from 
the reservoir d i f fus iv i ty  a s  follows: 

It is of 

14kt 
r =  Jc 

Tim (days) 
BLDII-u( 

Figure 6 
with time along a horizontal fracture. 

Advancement of the cold water f ront  

Multiplying the numerator and the denominator 
by the effect ive thickness of the fracture  
zone H, the parameter groups determined from 
the  w e l l  test (see equations 2 and 3) can be 
used t o  determine the radius of influence. 
For an injection s tep las t ing  1 hour, a radius 
of influence of 16.5 m can be calculated. 
As t h i s  value (16.5 ID) is less than the 
calculated rad ia l  extent of the cold water 
zone (- 50 ID) , isothermal pressure behavior 
can be expected. 
the f lu id  parameters corresponding t o  the 
cold injection water should be used, and 
consequently t h i s  implies a transmissivity of 
kH = 15 Darcy-meters. 

The fracture zone (aquifer) feeding the Krafla 
w e l l  KG-13 is believed t o  be very thin, o r  on 
the order of 1 m (Stefansson, personal commun- 
ication, 1981). I f  one assumes a 
value fo r  the porosity (4) for  t h i s  zone, say 
4 = . 10 , a very high t o t a l  compressibility, 
8, = 8x10'6 pa-1 can be calculated using 
equation (3) .  This high t o t a l  compressibility 
can be explained by the  two-phase conditions 
i n  the reservoir, o r  by high fracture  com- 
pressibi l i ty .  Due to  the uncertainity in  
explaining the isothermal behavior of the 
test, both poss ib i l i t i es  w i l l  be explored. 

The compressibility of two-phase f lu ids  is two 
t o  four orders of magnitude larger  than those 
of single phase l iquid o r  steam water (Grant 
and Sorey, 1979). The two-phase compres- 
s i b i l i t y  depends on many parameters, such a s  
the temperature, saturation, porosity, and the  
re la t ive  permeability curves. Figure 7 shows 
the relationship between f lu id  compressibility 
and vapor saturation fo r  various values of 
porosity. In calculating the curves shown i n  
Figure 7 a reservoir temperature of 30OOC and 
the mrey  re la t ive  permeability curves are 
used. Comparison of the t o t a l  compressibility 
8 t  (previously determined B t  = 8 ~ 1 0 ' ~  pa-') 
t o  Figure 7 yields  a porosity value of 4 .05 
and vapor saturation of S, < .20. These 
values agree very w e l l  with values of porosity 

I f  this analysis is correct, 

L 
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Figure 7 
of vapor saturation fo r  various values of 
porosity. 

Fluid compressibility a s  a function 

and vapor saturation inferred from other f i e l d  
data (Stefansson, 1981). However, it is 
rather 'doubtful t ha t  t he  high compressibility 
determined from the injection t e s t s  is due t o  
the presence of two-phase f luids ,  because of 
the cold water zone surrounding the w e l l .  It 
is possible tha t  the high compressibility 
is due t o  deformable fractures. 
the increase in w e l l  losses during injection 
tests may be due t o  opening up of fractures 
caused by increased pore pressures. 

The second injection t e s t  tha t  was analyzed 
was performed on well KG-12 ( W l 2 ) .  The well is 
cased (9  5/8 in  casing) t o  a depth of 952 m, 
and below that t o  the bottom of the well 
(2222 m ) ,  a 7 i n  s lot ted l iner  is i n  place. 
This w e l l  is a lso  completed i n  the lower 
two-phase reservoir. The major fracture zone 
is located a t  a depth of 1600 m, but some 
contribution t o  the production from the w e l l  
may come from fractures located a t  a depth of 
1000 m. 

The injection test data, consisting of water 
level data and wellhead flow ra tes  a re  given 
i n  Figure 8 .  
Zays pr ior  t o  the test, cold water a t  a rate 
of 30 1/s was injected in to  the well. After 
an i n i t i a l  fa l loff  l as t ing  for  approximately 
one and one half hours, four in jec t iodfa l lof f  
segments with increasing injection ra tes  were 
used. On the average, each of the injection 
steps only las ted 40 minutes, so, that  wellbore 
storage e f fec ts  a re  qui te  important. 

Analysis of the injection test of w e l l  K6-12 
was carried out using the simulator PT i n  its 
isothermal mode. Figure 9 shows the best 
match obtained between the observed and the 
calculated water level  values. Figure 9 a lso  
shows the variable flow rate used i n  the 

In that case, 

As the  figure shows, for several 

hpl 
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Figure 8 Injection test data for  K G 1 2 .  

simulation (broken line) to  account for  the 
wellbore storage effects.  
shows, the calculated values compare very w e l l  
with the  observed data. However, the en t i re  
test could not be simulated using a constant 
value for  M/V. For the  i n i t i a l  fa l lof f  and 
the f i r s t  injection-falloff cycle the data 
w%re matched reasonably well using W/V =1.2fi0'8 
& ;however, approximately 200 minutes 
a f t e r  the injection test began, a decrease i n  
the water level  was observed, although the 
injection ra te  remained constant (Figure 9) . 
This implies a change in the transmissivity of 
the reservoir. 
numerical simulation, since i f  the M/p factor 
is kept constant a t  W/V = 1.2~10'8 over the 
e n t i r e  simulation, the calculated pressure 
changes w i l l  greatly exceed the observed ones. 
Therefore, in  the simulation the transmia- 
s iv i ty  had to be increased t o  8CC011nt for the 
apparent stimulation due t o  the cold water 

As the figure 

This is verif ied by the 

/ 

Figure 9 
level  data a t  K G 1 2 .  

Match of calculated and observed water- 



injection. In  the simulation shown i n  
Figure 9, the kHh w a s  increased by a factor  
of two, from an i n i t i a l  value of 1 . 2 ~ 1 0 4  m3 

ph;s to a f ina l  value of 2 . 4 ~ 1 0 - ~  m3 Injection 
test data from several other Krafla w e l l s  have 
shown similar increases in  in jec t iv i ty  during 
injection. 
indicated t h a t  cold water injection can stimu- 
late t i g h t  w e l l s  i n to  becoming f a i r  producers. 
Similarily, increases i n  productivity of flow- 
ing wells due to  thermal contraction have been 
reported by Stefansson and Steingrimsson (1980). 

ya;s' 

The experience a t  Krafla has 

In  the simulation shown i n  Figure 9 a constant 
s tora t iv i ty  value was used, 9 B t H  = 8x10'7 
m/pa. 
obtained from the  analysis of w e l l  KG-13. 
%is indicates e i ther  a ra ther  constant 
dis t r ibut ion of the  f lu id  reserves (cp  and S, 
ra ther  uniform), o r  a f a i r l y  uniform 
fracture compressibility. 

This value is ident ical  to  the value 

Conclusions Injection test data from the 
Krafla geothermal f i e l d  in  Iceland have been 
analyzed using numerical simulation tech- 
niques. The resu l t s  indicate tha t  although 
the injected w a t e r  is a f  a much lower temper- 
a ture  than the undisturbed reservoir water, 
there are no apparent nonisothermal e f fec ts  
observable i n  the  data. 
at ion is t ha t  a cold water zone ex i s t s  
around the w e l l  due t o  the cold d r i l l i ng  water 
and t h a t  the pressure disturbance during the 
injection tests does not extend beyond the 
cold water zone. Thus, the reservoir para- 
meters must be evaluated based on the f lu id  
properties corresponding t o  the injected 
fluid. 

One possible explan- 

Numerical modeling studies of injection tests 
from t w o  of the Krafla w e l l s  (KG-12 and KG-13) 
yielded the transmissivity and s tora t iv i ty  of 
the formation surrounding the  w e l l s .  
results indicate tha t  the injection test 
stimulated w e l l  KG-12, since an apparent 
increase in  the transmissivity w a s  observed 
during the test. Also, fo r  both of the w e l l s ,  
the  modeling resu l t s  indicated a high total  
compressibility. The high compressibility 
can e i ther  be due t o  the two-phase condition 
i n  the reservoir or a high fracture  compres- 
s ib i l i ty .  

The 
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Abstract Reinjection, which began at a1.,1977a; Baldi et a1.,1980). 
Larderello in 1974 as a means of dis- 
posing of excess steam condensate, is The success of the new wells is tied to 
now envisaged as a method for improving the possibility, still to be verified, 
heat recovery. of recovering fluids from zones outside 

The behavior of the geothermal field from deep horizons of the reservoir 
when subjected to production and injec- 

the present margins of the field and 

(more than 2 km depth). 
tion is difficult to predict because 
of the very heterogeneous fractured 
reservoir. More information is needed 
on circulation patterns and heat sweep- 
ing processes to estimate the long-term 
behavior of the reservoir and to avoid 
detrimental effects. A series of rein- 
jection experiments is now under way in 
different parts of the Larderello res- 
ervoir, aimed at improving knowledge 
of these points before starting a wide- 
scale injection program. 

This paper presents the results of a- 
bout one year of injection in an area 
that has been exploited intensely for 
over 20 years. 

During this test .the following were 
noted: 
- almost complete vaporization of the 

injected water; - significant production increases and 
no temperature decrease in the wells 
around the injector . 

Introduction Production from the Larde- 
rello field, under exploitation for 
more than 50 years, has been kept more 
or less constant during the last 30 
years by drilling new wells. 

This policy has proved to be less than 
satisfactory during the last few years 
because of the large decrease in pres- 
sure throughout the field (Fig.11, and 
in the more productive zones in parti- 
cular (Ferrara et a1.,1970; Celati et 

Figure 1 Pressure distribution at the 
top of the reservoir in the Larderello 
field, showing injection fell w0 and 
the study area. Pressure in bar. 

Another possible approach is to inject 
large quantities of water back into the 
reservoir. Theoretically a "secondary 
recovery" of heat from this greatly de- 
pleted reservoir is possible as the tem- 
perature in most of the explored volume 
is still within the 240'-260'C range; 
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temperature values of more than 300'C 
have also been recorded more or less 
everywhere at depths below 2 km. 

Mathematical models and a limited 
Tield experience (Celati et a1.,1977b; 
Celati and Ruffilli,l980; O'Sullivan 
and Pruess, 1980; Schroeder et al. ,1980) 
have shown that it is possible to in- 
crease both the recovery factors in 
the long term and the production rates 
in the short term, by exploiting res- 
ervoirs with pressures below satura- 
tion values. 

Favourable conditions for obtaining 
significant production increases can 
be found in the horizons most exploi- 
ted nowadays, over the wide zones of 
Larderello characterized by high per- 
meability and low pressures. 

In the present energy situation this 
seems to be a highly attractive possi- 
bility. At the moment, however, we 
have not a sufficient knowledge of the 
spatial distribution of the fractures, 
nor, consequently, of the path taken 
by the injected fluid in the reservoir 
and the sweep efficiency attainable. 
"Short-circuits" have frequently oc- 
curred between wells at the drilling 
stage, after a circulation loss, and 
productive wells. 

For these reasons, before defining a 
large-scale injection program for the 
Larderello field, the decision was ta- 
ken to run a series of tests in dif- 
ferent places and situations. The ob- 
jectives of these tests are to study 
field behavior,select the most suit- 
able sites for injection wells and de- 
velop some tracing methods capable of 
throwing light on the evolution of the 
phenomena. 

First injection test The zone chosen 
for the first reinjection test is that 
shown in Fig.1. The main reasons for 
choosing this zone were: 
- high permeability tied to a diffuse 

fracturing. The initial flow-rate in 
some of these wells exceeded 300 t/h; 

and, hence, possibility of studying 
the propagation of the effects of 
injection (Fig.2); 

- high density of productive wells 
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Figure 2 Location of the wells 
1)injection well; 2)productive 
wells; 3) shut-in wells. 

- marked decrease in production andres- 
revoir pressure with time ( F i g . 3 ) .  
with temperatures remaining around 
24O"-26O0C; - marked stability of the chemicalchar- 
acteristics of the fluids during the 
last few years, and more or less uni- 
form spatial distribution of the iso- 
topic composition around the injec- 
tion well. 

All the wells in the area vary in depth 
from 400 to 600.m, their steam entries 
lying within the carbonate-evaporitic 
formation. 

The first test was conducted from Janu- 
ary to August 1979, keeping the flow- 
rate of the injected water on quite low 
values (usually 30 and 50 m3/h, and a- 
bout 105 m3/h for a short period only). 
After a 3 month break injection began 
again with higher flow-rates. 

All the wells from wl to w14 in Fig.2 
were affected to varying degrees, in 
the form of production increases and 
changes in fluid composition. The most 
significant changes were those affect- 
ing the isotopic composition of the 
fluid (Nuti et a1.,1981). 

Figure 4 shows the flow-rate of the in- 
jected water, the total production in- 
crease of wells wl-w14, the wellhead 
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Figure 3 Decline in total flow-rate 
in wells wl to w14 and in shut-in pres- 
sure in well w15. 

pressures and temperatures of the seven 
most productive wells in the area and 
the average gas content of wells wl - 
w14. The steam flow-rate was strongly 
affected by the variations in wellhead 
pressure, which increased notably du- 
ring this period as a result of cer- 
tain operations in the power-plants. 
The increase in flow-rate was lower 
than the amount of water injected. 
Wellhead temperature in the productive 
wells varied very little, even in the 
wells nearest the injector. The aver- 
age gas content of the fluid decreased 
to 70% of its pre-injection value,. 
which, along with increased pressure, 
led to an increase in conversion effi- 
ciency. The variations in the gas/ 
steam ratio appear to be tied to the 
flow-rate of injected fluid. The latter 
has a negligible gas content so that 
the steam it produces merely dilutes 
the gas in the original dteam. 

The studies of the iaotopic composi- 
tion of the fluid have shown that it 
is possible to calculate the contri- 
bution of the injected water to the 

W 

production of the various wells (Nuti 
et a1,,1981).Systematic analyses of the 
isotopic composition of the fluid have 
been made on four wells only (wl,w2, 
w7 and wll). We can thus estimate how 
muchcof the steam produced by the in- 
jected water joins the fluid produced 
by these wells. Figure 5 shows that 
they produce about 602 of the injected 
water and that this contribution alone 
is higher than the increase in flow- 
rate observed throughout the area. 

Towards the end of the injectionperiod 
(204th day in Fig.5) an isotopic sur- 
vey was made of all the wells affected 
by reinjection. According to the re- 
sults of Nuti et al., more than 90% of 
the flow-rate of injected water was re- 
produced by the wells. The variations 
in the gas/steam ratio can also be 
used to evaluate, albeit approximate- . 
ly, the contribution of injected water 
to production in the area, assuming 
that)the fluid produced is a mixture 
of original steam with a constant gas 
content and injected water containing 
no gas. This calculation, however, is 
incorrect as the gas content in the 
original steam flowing to any given 
well is not constant because the flow 
pattern in the reservoir is altered by 
reinjection. The error made, in compu- 
ting gas dilution can be reduced by 
using the average gaslsteam ratio in 
the fluid produced from all the wells 
in the area, but it cannot be elimina- 
ted altogether. Nevertheless, the gas/ 
steam ratio is known for all the wells 
affected by reinjection and for the 
entire duration of the test; we can 
thus estimate approximatively the frac- 
tion of the water injected in thetotal 
fluid produced in the area. Figure 5 
shows that lthe contribution of injec- 
ted water to production, calculated in 
this way, i s  more or less the same as 
the inject4on rate. 

On the whole we may conclude that, in 
this first [test phase of small injec- 
tion rates, almost all the water in- 
jected is vaporized and joins the fluid 
produced. The total increase in flow- 
rate, however, is much smaller than 
this contribution, which means that 
the flow of original steam towards the 
wells decreased during injection. In 
this case, the phenomenon was mainly 
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4 Injection rate in well w0 and total production increase in wells wl 
to w14. Wellhead temperature and pressure in the seven most produc- 
tive wells of the area. Average gas content in wells wl to w14. 
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Figure 5 Injected water recovered through wells wl,w2,w7 and wll, from iso- 
topes.1); injected water recovered through wells wl to w14, 
gas content,2) and from isotopes.3). 

from 

caused by the back-pressure increases 
on the wells, deriving from operations 
in the power-plants. These back-pres- 
sure increases have a considerable ef- 
fect on the rise of steam from great 
depths and a much lesser effect on the 
steam coming from the shallower, very 
permeable formations. These observations 
are in agreement with the results Of 
the numerical simulation (Schroeder et 
a1.,1980), indicating that effects of 
this type can also have a certain im- 
portance when producing at constant 
wellhead pressure. 

Figure 6 shows the trend of fluid flow- 
rate and the contribution of injected 
water to production for wells w7 and 
w9. In w7, which is very near the in- 
jection well, this contribution is much 
higher than the increase in flow-rate, 
whereas in w9, relatively further away 
from the injection point, the increase 
in flow-rate is higher than in w7, but 
the contribution of injected water is 
very low. The flow of original steam 
thus decreases in w7, and increases in 
w9 as a consequence of an increase in 
reservoir pressure. 

Reinjection was always conducted with 

m 

injected 

0 
u . 0  1 

50 x)O 150 200 250 

60 100 150 200 250 
days 

Figure 6 
water recovered in wells w7 and w9. 
'From isotopes. 'From gas content. 

no back-pressure at the wellhead, and 

Fluid production and injected 
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the injectivity of the well showed no 
variations throughout the duration of 
the test; the pressure at the top of 
the permeable sector of the borehole 
never varied more than 0.5 ata from 
static pressure. 

Despite the fact that a total of 2.3 
x 105 m3 of water was injected into 
well w 0  during this first phase, at an 
average rate of 50 m3/h, the well had 
already reached its usual shut-in pres- 
sure at wellhead 10 minutes after in- 
jection ended, and no liquid phase was 
found in the borehole. The well was 
kept shut for twenty days, during which 
the pressure remained constant and the 
temperature in the bore was at satura- 
tion values. On opening the well the 
steam rapidly became superheated and 
the wellhead temperature quickly rose 
to 185OC after only 8 days (Figure 7 1 ,  
and 22O0C at wellbottom after 40 days 
production. 

220 

180 

140t 

I 20 30 
0 10 

time rdayt) 

Figure 7 Wellhead temperature in w0, 
producing at the end of the injection 
period. 

Conclusions No breakthrough phenomena 
were observed during this first phase 
of the experiment with low injection 
rates, even with such a reduced well 
spacing. On the contrary, the conditions 
appear to be favourable for a good pe- 
netration of the water into the frac- 
tured medium, and for a good rockfluid 
thermal exchange. 

A second injection phase is now under 
way to verify the earlier results when 
injecting at higher flow-rates. Other 
experiments are beginning in nearby 
areas with productive wells deeper than 
the injection wells. These tests hope- 
fully will also shed light on the pe- 
netrating capacity of the injected 
fluid at depth. 
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Ist i tuto InteInaziondLe per le Ricerdle Geote2midae, (W , 
via del Blxqusto 1, 
56100 Pisa, Italy 

Abstract 
pwex-plants of a geotbermdL field can cause 
serious, -ible damage to the field it- 
self,~~ that such operations nust be nmritored 

npinjectim of the dischaIge fran the 

m-ly. Tra- tehniques are particular 
ly useful for this plrpose. 

In saw reinjectloll studies tritiated water 
was used as a tracer, ht this mthoc? has cer- 
tain disaifvantages as w e l l  as advantages, one 
disadvantage being the destruction of the nat- 
ural tritium balarce in the reservoir. 

The ~ t ~ r a . l  akamhes  of tritium at Larderel- 
lo  were, and are still, used to study field 
rtxhxge f m  mteoric waters, SO that another 
tracing mthod had to be a@i& to avoid dis- 
ruptins these studies. Ihe discfiarge fluid 
fran the pW€Pstations is traced naturally by 

steam canpositicpl of the field. As these iso- 
tapes do not CKeate the Sam! dlffiailties as 
tritium we are checking their possible utili- 

'INS paper presents the I E s U l t s  abtained by 

tral area of the field which has been -loit- 
ed for h g  periods. sare l i m i t s  of this mth- 
od are also discussed. 

its 180 and D acrtlpositions w i t h  to the 

zation as tracers. 

a@ying this lnethod in the f i r s t  me of a 
reinjecticxl eqerimnt 113wunderway in a om- 

Introducticn &?CEiUSe Of the limited 
rechrge of the Larderello geotkmal field 
(ktracm and squarCi,1975), the idecisicpl was 
taken to study the possibility of recharging 
it artlficially by reinjecting the waste fran 
t h e g e o t h e n r o e l e c t r C ~ h t S b a c k ~  
grolad In sam suitable points of the field 

problem of getting rid of these effluents wbse 
ccnppsim i s  such that they cannot be dis- 
charged into the m f f  w a r n  or the shallm 
aquifers. 

~n a wpw4a&nM field such as &it of 

i tself ,  lhis &d also SO~W the 

w 

Larderello,with a heterogeneaus reserv~ir and 
fra-ived penreability, cme cannot pre- 
d ic tw i th  any certainty the effects induced by 
reinjection. For exanple, me a x l d  expect a 
&emease in steam mWpy and/or in the a- 
~tofs teamproduced . Inorder toavoid  
eventual irrwersible negative effects to the 
field scm~ -ts mt be made prior to 
lamchiq a full-scale reinjecticm pzqrame. 

These exprinmts w i l l  pruvi.de useful informa- 
ticn al the Canp1e.x phemmnology of Mpcur 

daninated systens ally i f  the tools used are 
adequate. 

~n this mqect  the tracei tests assm~ a role 
of armsiderable inportarace, as they can pro- 
vide Moxtlatim on the pIK)ct?sses OcCuITing in 
the reservoir and an eventual modificatians to 
theseproCeSses; theycanalsobeusedtocdl- 
CulatetheQnxrUntof injecteawabzrreaplpear- 
ing as steam in the fluids produced and indi- 
viduate any p f e m l t i a l  pa-ys of the fluids. 

The prcblen is to find a rautine work method 
that creates as little disturbarm as possible 

lrlaxhmof data. 

In the reinjection tests currently being con- 
ducted i n  a central area of the Larderello 
field, which has been exploited for the past 
XFaddyears,astudyisbeingmadeofthepo- 
tential of the stable isotopes 180 and D as 
tracers, 

The reasms for 
g r a m ~ ~  at Larderello, the problems mmected 

engheering viewpoint are described in a paper 
by Giovannmi et al. (1981). 

to the system, but which also pmdwes the 

a reinjecticm pro- 

w i t h  this gtraJrm and the results fran the 

Ehvirorprental isotapes a S M t U r d . t r m  In 
6 ~ n e  geothermal fields tritiated water has 
been used as a tracer in reinjectim studies, 
as in The Geysers (-ti et al.,1978) and at  
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Ahuacfiapan (Eharssm et 61. ,1975). As autlln- 
ed by Gulati et al., this n&kd has its -a- 
tive as wel l  as positive aspects. Amng the 
fanmer are the fact that the method requires 
e3pnsive and enric.hmnt aMly 
ses and that its application des- the 
natural t r i t i u m  bdlance in the reservoir. 

The natural t r i t i un  abundance a t  Larderello 
has been, and is still, used in studies of 
field recharge by mteoric wa- (Panichi et 
al. ,1974,1978). Another tracer method had thus 
to be aaaptea to m i d  mrpranising these stu- 
dies. 

-tal. tracers have, on the other hand, 
been used for sal?? th? naw in geolcgical stu- 
dies in N e r i t  of their being natural tracers. 

terium in the wa- have helm to solve many 
 logical proalens. F%Obl€ms mre close- 
ly tied to an exploited geothermal field have 
also been investigated by RWIS of the stable 
isotopes. During recent years especially, sans 
interesting mclusions have been reached on 
subjects such as deep tenperatures, physical 
state of the water and origin of sans calpn- 
en* of the geotbmd fluid (Noto et al., 
1979; Panid-d et 61.,1979; Nuti et al.,1980). 

The isotopic abundances of -18 and deu- 

In the reinjection experiment naw under way a t  
Larderello, in an area with high teqeratures 
and pressures of abut 5 ata, the steam fran 
the mnitored productive wells had a axpcsi- 
tim between -1.5 and -3 in 6180 and 
-37 to -42 in 6D. All the d values given in 
t h i s  paper refer to differences permil fran 
YmNA-m, the international isotape stand- 
ard for waters defined by the I n t e r n a t i d  
A t a n i c  Energy Agency of Vienna (Gmfiantini, 
1978). 

After leaving the turbines the steam is con- 
densed, and the Cademedwater  passes to the 
 ling t m w s  where a considerable fraction 
is lost to the atmsphere in the foxn of va- 
par. Because of this process the residual wa- 
ter is greatly enriched in the hewy isotopes 
cor~gen-18 and deuterium. Througfiout the expe- 
rimnt the isotopic ccmposition of the inject- 
ed water was in fact mre or less constant 
Withrespect to 6% and 6D ,bothbeing 
near to a value of $5, and far fran the value 

water is traced naturally by its stable is- 
topic wnposition and m artificial or radio- 
active tracers need be added to the system, 
avoiding all the neqative effects this type of 

of the "ulY3isturbed" wells.* the discharge 

interf6xcence entails, including those to the 
-t. The d y  disturbanae is thus that 
mght m by reinjection itself. 

me Empling and analysis techniques can be 
carried aut as mtine field operations, which 
are easy to apply and cheaper than tritium R e a -  
surertlents. 

Mxeover,this method, as qpxeil to the pllse 
bchdques, pennits us to -tor the systgn 
systgMtically throraghaut the reinjection test, 
so that we can inwdiately obtain information 
on arrj variations tlndergone by processes OCCUT 
ring in the reservoir. lpleoreucally sans nega- 
tive aspects could exist i n  this method.There 
could be an isotopic exchaqe between the wa- 
ter and the rocks, but this phenamm, i f  it 
did take place, d d  affect the oxygen d y .  
~ain, ai isotopic re-equiwation cc~ld take 
place between the water and gas species, but 
this is a theoretical possibility only, as the 
latter represents cnly 2.8 mles percent of 
the gwthemd fluid at Larderello and oould, 
therefore, hpe little effect on tkE isotopic 
canposition of the water. Furthemre, 90% of 
the gas is CQ, SO that the hydrogen would, 
again, be unaffected. 

The last, and rrPst serious, negative aspect is 
the possibility of an isotopic fractionation 
of the water during @me change. 

Results of the tracing exper Mt 
tion mll chosen for the experimnt, W, lies 
in a cenW area of the field, where exploi- 
tation has been under way for mre than 20 
years but m a t u r e s  have raMined high 

The injec- 

orethan 24d)c inthe reservoir). 

The nrxlitored wells are distributed all d 
we11 m, a t  distances of 150 to mre than 700 
rr re t res  (Fig.1). The bO'kOpic canposition Of 
the steam produced by the we l l s  in w s  zone 
is nearly uniform, so that it would be only 
slightly affected by any change in the origi- 
nal  fluid flaw pattern ensuing fran reinjec 
tion. 

In  the f i r s t  phase of this experiment a total 
of 30-35 m3/h of water was injected for about 
3 mths, 105 m3/h for abcut 20- and 50 
m3/h for illzother 3 mths. 

A f t e r  injection man the isotopic carposition 
of the fluid in the nrnibred wlls shifted 
tuwards the positive values of the reinjected 
water, and began decreasing when reinjection 
was reduced to 50 m3h. 
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Figure 1 Iocation of the w l l s  in the area 
wst of Larderello affected by the reinjection 
test. l)reinjecticll-we11; 2)pxdwtbn wells; 
3) shut-in wel l s .  

Cnce the test ended the ~ i t i a l  z-&urnd 
to its earlier "undisturbed" values,while w e l l  
la started proaucing steam whose isotcpic CQR- 
positioll was slightly mre positive than that 
of the nearby wells (Fig.2). Ihe deuterim 
&wed the safne behaviaur as the oxygen-18. 
This alcne shms that at least part of the in- 
jected water vaporizes and that this stem 
joins the fluid produced by the €xlmmaw 

.wells. 

Figure 3 shms the trend of the isatopic aarpo- 
siticn of the fluids proauod i n w e l l s  w2 and 
w during this of reinjection, in a 6 ~ -  
61% diagram. The high linear aorrelatial co- 
efficients and the position of the poinb along 
straight lines j0W.g the " d S t u r W "  ccxn- 
pition of the w e l l s  to that of the reinjected 

taken place, w i t h  no disturbing #l=fnem re- 
water suggest that a sinple mixing process has 

lated to isotopic exchange or fractianaticn. 
TIE fact that no isotopic fracticmaticm has 
camred suggests that the vaporization pro- 
cess does not produce two phases but a steam 
@mse mly, Le., every portion of the injed- 

is a n p l e l y  Mporized. 
ed water Farticipatlng in the boiling process 

fn these aaditians the ammt of injected wa- 
ter returning in the fluid prnduced by the 
wells can be calculated by the follawirag bdL- 
ance equation: 

the f-rate, I, W and R a r e  subscripts rep 
resenting the fluid caning frun injected wa- 
ter, fluid produced by the wells and origlnal 
fluid reqectively. 

Figure 4 shms the the spatial distributicn of 
the flxlctbn of injectedwa~versus the to- 

m m  m 

WO (Injected water) 
0 w1 
0 w2 
0 w7 

U 

Figure 2 Injection f b r a t e  and 180 trend of the andensate fran wells W l ,  W2 and W7 during the 
e%Fermt, and f r a n  the injectian w e l l  after the test ended. 
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Figure 3 Variatkn in isatopic catposition, 
in a 50 -6% diagram, of the amdensate of 
ue fluid plmauc& by wells wz and w7 cbying 
the reinjectim test. 
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Figure 4 Ccntritution of injected water to 

centage ratio of injected water - as plmaxkb. 1),2) and 31 as in Ng.1; 4) per- 

steam to the totdL fluid produced by the wells. 

c.' tal fluid produced by the wells  abaut 20 days 
before the test ended. 

The fact that the wells Itpst affected by rein- 
jection lie almg a NW-SE Augment, the lack 
of aorrelation betwem the distance f r a n  the 
reinjection wel l  to the athers and the a m t r i -  
bution of reinjected water in their steam show 
that the injected water has fmnd preferential 
pathways in the rmderground. 

This cmsecpntly confinrs that the reservoir 
cannotbeanparedtoahau)genecusandiso- 
tropic porous IEdim. 

In ccnclusicn, artificial tracers are urmeces- 
sary in vapur-daninated fields with certain 
favrxlrable d t i m s ,  as the stable isotopic 
canposition of the reinjected water already 
acts as a natural tracer. By &toring the 
isotopic canpasition of the conaenmte of the 
pID3lldve w e l l s  in the area affected by rein- 
jection we were able to ascertain that the in- 
jected water Mporizes and contrihtes to pro- 
ductim, to calculate the ammt of injected 
water re-enterhg the surrounding w21ls and to 
individuate the p f m t i a l  FathWay.9 taken by 
t h i s  water in the undergrcxmd. 

In OUT cpinion these results prwe that tritium 
is not always the best tracer for reinj- 
studies in vapna-daninated system. 
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TBPORAL EyourrION OF THE CUvlK)SITIW OF THE FLUID FRaM SERRAZZANO ZONE (LARDERELID) 

Franc0 D'hre,Claudio Calore and Ranano Celati 

Istituto Internazionale per le Rice& Geotenniche (CNR) 
Via del wlangusto 1, 
56100 Pisa, Italy 

Abstract A temporal evolution in fluid capo- 
sition has been noted during exploitation of 
the Serrazzano geothermal area, on the north- 
western margin of the Larderello field. Strong 
variations have been recorded in the contents 
of NH3 ,H3Bo3 , E 1  and the uncondensable gas- 
es. The largest variations were recorded in 
the 1955-70 period, when new boreholes were 
being drilled. 

One possible explanation of these changes m y  
lie in the fact that the fluid discharged fnmn 
the wells comes frcm diverse sources and that 
exploitation has gradually modified the con- 
tribution from each of these sources. 

' 

Introduction 
has been an increase in interest in time and 
space variations of fluid composition in va- 
pour-dominated fields. The studies of fluid 
canposition at Larderello and The Geysers have 
already shown interesting possibilities of the 
application of geochemical methods in field 
developnent and reservoir engineering (Celati 
et a1.,1973; Panichi et a1.,1974; D'Amore et 
al., 1977; Truesdell et al. ,1977; Truesdell and 
Nehring, 1978; Mazor, 1978; D'hre and h e s -  
de11,1979; Calore et al.,1980). 

The long production histories of Larderello 
reveal different trends of fluid composition 
in different areas of the field, both as re- 
gards space distribution and time evolution. 
Space distribution appears to be controlled by 
two major phemnena: 1) mixing of original res- 
ervoir fluid with recharge waters and 2)grad- 
ual condensation of steam flowing fm vapor- 
ization zones towards the field boundaries. 

T h e  variations observed in some old wells of 
the central area of Larderello have been in- 
terpreted as the consequences of changes in 
the contribution of different steam sources to 
fluid production (D'hre and Truesdell,l979). 

hring the last few years there 

Serrazzano area, where space distribution ap- 
pears to be controlled by steam condensation 

(Calore et al. ,1980) has now been studied from 
the point of view of evolution of fluid ccnnpo- 
sition during about 40 years of production. 

This paper describes the first attempt at de- 
fining a conceptual model of Serrazzano reser- 
voir capable of explaining the observed fluid 
canposition history. We assume that, during ex- 
ploitation, different steam sources contribute, 
to varying degrees, to fluid production. 

Evolution of steam composition at Serrazzano 
We consider a limited zone, including the old 
densely drilled area and the productive wells 
north of it (Fig.1). The geological features 
are well known (Calore et al. ,1980). 

0 9  
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Figure 1 Producing wells in Serrazzano area 

Wells nos.1 to 6 were drilled in the period 
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Figure 2 

C J 

Gas/steam ratio in the steam of the producing wells of 
area (litres S.T.P./kg) 

Serrazzano 

Figure 3 H3B03 in the steam of the producing wells of Serrazzano area (ppm) 

Figure 4 NH3 in the steam of the producing wells of Serrazzano area (ppm) 
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1928-1941, with a very reduced spacing, close 
to surface manifestations. 

From 1941 to 1954 no new wells were drilled in 
the area; wells 7,8 and 9 started production 
between 1954 and 1957 and well 10 in 1966. 

The gas/steam ratio, boric acid and amnonia 
concentrations are generally available from 
1940 on, while other chemical and isotopic 
analyses are relatively recent in this area. 

Figures 2,3 and 4 show the changes with the 
of the gas/steam ratio and boron and ammonia 
in wells 2 to 9. Figure 5 shows the available 
Cl-data for the wells in which its concentra- 
tion was detectable. 

LJ 

10 PPm T'- 8 
6 -  

Figure 5 C1- (ppm) in the steam of the wells 
at Serrazzano.Wells not reported in the fig- 
ure have undetectable C1' concentrations. 

By smoothing the data sane definite trends ap- 
pear and in different wells show some correla- 
tion. Minor features are apparent in the gas/ 
steam ratio only, as no boric acid and anrmonia 
data are available for certain periods. 

Discussion The study of space variations in 
fluid conpsition throughout Serrazzano area 
.led to a conceptual model for this part of the 
field (Calore et al. ,1980) that has now been 
tested to explain the time changes. A sketch 
of this model is shown in Fig.6. 

A steam source is assumed to exist in a high 
temperature (about 27oOC) zone east of the 
small area of our present study. This steam in- 
itially flowed towards the north, north-west 
boundaries, condensing on its way. The conden- 
sation should have bet% very effective near 
the 'cold waa'ls' at the top of the reservoir 
and on the northern boundary, where there are 
low permeability formations, with the added 
probability of being cooled by a limited mete- 
oric water infiltration through the ophiolitic 6d 

Figure 6 Conceptual d e l  of Serrazzano res- 
ervoir. 

rocks outcropping north of the study area. 
Along the vertical we can distinguish three 
different portions of the reservoir: 
1) upper condensation zone, A, characterized 
by high fracture-derived permeability (Celati 
et d.,1975), high initial liquid saturation 
and a fluid very rich in boron and poor in am- 
monia and 0 2 ;  
2) intermediate two-phase zone, F, with a low- 
er permeability and low water saturation, ca- 
pable of producing a fluid rich in CO2 and NI$ 
and poor in H3BO3; 
3) lower liquid-saturated zone, C,whose exis- 
tence is documented by the wells in the north- 
ern area and is inferred elsewhere; the liquid- 
two-phase boundary descends towards the south, 
so that the continuous liquid phase is close 
to the bottom of the wells in the northern 
part, gradually moving away as we move south- 
wards. 

We assume this liquid is made up of a high sa- 
linity water, surmounted by a layer of conden- 
sate, thinning frm north to south; the effect 
of this condensate probably becomes negligible 
on the southern edge of the densely drilled 
zone. 

Both in A and F, MI3 and C02 gradually increase 
and H3BO3 decreases as we move towards the 
north. The deep liquid is assumed to be gene- 
rally very poor in 0 2 ,  boron and anunonia,but 
boron and annnonia increase towards the south 
where the brine contribution becomes signifi- 
cant. 

hior to 1954 mly wells 1 to 6 were producing. 
During the seccmd world war, from 1941 to 1946, 
when production probably decreased, some con- 
densation occurred in the reservoir and the 
gas/steam ratio continually increased in wells 
3 to 6. In 1946 production returned to normal 
and in a few years the fluid composition re- 
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hrmed more or less to pre-war values:* gas 
acampllation was depleted and the cundensate 
deposited vaporized. Boron and anm)onia data 
are scarce for this period; hawever, a de- 
crease in boron and a contemporaneous increase 
in ammonia are clear in a few wells. 

Froduction in *is period came mainly from the 
upper section A of the reservoir. &fore 1954 
the gas/steam ratio was increasing, probably 
due to an increase, in the contribution to 
fluid pmduction from section F and fram the 
north. This trend was halted by the start of 
production in new wells (no.7 in 1954, no.9 in 
1955, no.8 in 1957). Production from these 
wells was more than t o t a l  production from the 
wells prohcing previously in the area. There 
was a strong interference between the new and 
old wells as shown in Fig.7: reservoir pres- 
sure is not available for the period 1954-1957 
but the sharp decrease in total flay-rate of 
wells 2, 4, 5 and 6 clearly shows this inter- 
ference. 

The f low pattern in the reservoir was cunplete- 
ly altered; the new wells exhibited a large 
and rapid decrease in gas/steam ratio and am- 
monia as they drained fluid from the south and 
the pressure decrease induced liquid boiling. 
The interference frm the new wells brought on 

I 

l 

1 . I  

m r e  boiling in the old zone too, and interrup- 
ted the previous flow of fluid from the north, 
so that a fast decrease also took place in the 
gadsteam ratio. The effects of the new wells 
were felt first in the upper zone A, due to 
its high permeability. Unfortunately boron and 
auunonia data are missing €or this period. 

The flow pattern continued to vary in the res- 
ervoir: the contribution fmn the --phase 
intermediate zone F increased in all the wells, 
thus increasing the gaslsteam ratio. The be- 
haviour of the northern (nos.6,7,8 and 91 and 
southern (nos.1,2,3,4 and 5) wells differed in 
this period. 

For the northern wells the two-phase zone F 
has a limited thickness, the deep,continuous 
liquid phase is close to the bottom of the 
wells and becomes rapidly the main source of 
the fluid produced. The steam generated at the 
top of the deep liquid phase is very poor in 
gas, boron and monia, so that the concentra- 
tions of all these compunents decrease in time. 

For the central wells zone F eventually becomes 
the main source of fluid, with a minor contri- 
bution also from C. Thus, while boron decreas- 
es continuously in the period of decreasing A 
contribution, ammonia increases with the in- 

gas steam 

y e a r s  

Figure 7 Total steam flow-rate and average gas/steam ratio of wells nos.2, 4, 5 and 6. Reservoir 
pressure and the date of starting production in new wells are also reported. 
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crease in contribution frcxn F and C. , 

In the southernmost wells the contribution 
from the brine is responsible for the rela- 
tively high NH3 content and for the appearance 
or increase in C1-. 

These processes are accelerated by the entry 
into production of well 10 and its consequent 
interference to already producing wells. In 
Fig.7 this interference is apparent both in 
the trend of reservoir pressure (measured in 
a shut-in well) and in the production of the 
old wells: both start decreasing after a pe- 
riod of rough stabilization. The contribution 
of deep liquid continues to increase, with a 
decrease in the gas/steam ratio in the majori- 
ty of the wells and essentially a levelling- 
off of boron and ammonia. 

The three-sources model applied by D'Amore and 
Truesdell(1979) to sane wells of the central 
area of Larderello has been applied to the 
wells at Serrazzano. This model assumes that 
three sources, A, F and C, each delivering a 
fluid of constant canposition, contribute to 
the production of each well, The three sour- 
ces differ from one well to another. 

The chemical characteristics attributed to the 
fluid coming fran the different sources (Table 
1) and the variations in their relative contri- 
bution to well production were chosen so as to 
be consistent with the conceptual model just 
described and to give a good match o f  the geo- 

chemical history of Serrazzano. The space vari- 
ations of the F sources are consistent with a 
process of condensation of steam flowing from 
ESE to NNW (Fig.8). 

C 
co 
- 

Figure 8 Space distribution of the assumed 
concentration changes of H p 3 ,  NH3 and a)2 

in steam source F. 

Figures 9 and 10 show the variations in time of 
the contributions from the different sources, 
along with the experilental data (dots) and mod- 
.el results (circles) for two wells characteris- 
tic of northern and southern zones. 

These simple models roughly d i m  the hypo- 
theses outlined above. Obviously, these mod- 
els are not completely adequate to describe 
the well behaviour in this area.In fact, they 
totally i p r e  horizontal flow of fluid in 
the reservoir. Strictly speaking, only a dis- 
tributed parameter model would be capable of 
simulating this system adequately. 

Table 1 Concentrations in the steam delivered by the sources A, F and C. 

No.8 A 22.5 
F 75 .O 
C 0.0 

N0.7 A 17.5 
F 52.0 
C 0.0 

No.4 A 12 .o 
F 30 .O 
C 0.0 

N0.2 A 12.0 
F 22.5 
C 0.0 

375 125 0 
20 400 0 
55 40 0 

425 110 0 
40 300 0 
65 50 0 
500 65 0 
120 230 0 
85 100 5 
500 40 0 
170 200 0 
110 150 15 
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I ,  , , , ' ,  , , , , 

years 
Figure 9 Matching of experimental data of 
well no.2 with a three-source model, and con- 

tribution of the three sources. 

1935 4(, 45 50 56 60 65 7 0  75 
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SUMMARY OF HOT DRY ROCK GEOTHERMAL RESERVOIR 
TESTING 1978 TO 1980 

. 1. V. Dash and H. D. Murphy (Editors) 

Los Alamos National Laboratory 
Los Alamos, NM 87544 

Abstract Experimental resul ts  and re-eval ua- 
-the Phase I Hot Dry Rock Geothermal 
Energy reservoirs a t  the  Fenton H i l l  f i e l d  
s i t e  are summarized. This  r e p o r t  t races  
reservo i r  growth as demonstrated during Run 
Segments 2 through 5 (January 1978 t o  December 
1980). Reservoir growth was caused not only 
by pressurization and hydraul ic fracturing, 
but also by heat ext ract ion and thermal con- 
t r a c t i o n  effects. Reservoir heat-transfer 
area grew from 8000 t o  50 000 mz and reservo i r  
f racture volume grew from 11 t o  266'111 . Des- 
p i t e  t h i s  reservo i r  growth, the water loss 
ra te  increased only  3015, under s imi la r  pres- 
sure environments. For comparable temperature 
and pressure conditions, the f low impedance (a 
measure o f  the resistance t o  c i rcu la t ion  o f  
water through the reservoir) remained essen- 
t i a l l y  unchanged, and i f  reproduced i n  the 
Phase I1 reservo i r  under development, could 
r e s u l t  i n  " s e l f  pumping." Geochemical and 
seismic hazards have been nonexistent i n  the 
Phase I reservoirs. The produced water i s  
r e l a t i v e l y  low i n  t o t a l  dissolved so l ids and 
shows l i t t l e  tendency f o r  corrosion o r  scal- 
ing. The largest  microearthquake associated 
w i th  heat ext ract ion measures less than -1 on 
the extrapolated Richter scale. 

In t roduct ion The HDR reservolrs a t  Fenton 
H i l l  are located i n  the Jemet Mountains o f  
northern New Mexico. The reservoirs were 
formed between two wells, GT-2B and EE-1, 
d r i l l e d  i n t o  hot, low permeabil i ty rock and 
hydrau l i ca l l y  fractured. Reservoir perfor- 
mance was f i r s t  evaluated by a 75-day period 
o f  closed-loop o erat ion from January 28 t o  
A p r i l  13, 1978 [Tester and Albright, 1979). 
The assessment o f  t h i s  f i r s t  reservo i r  i n  EE-1 
and GT-2B i s  re fer red t o  as "Run Segment 2" 
o r  the "75-day test." (Run Segment 1 conslst- 
ed o f  a 4-day precursor experiment conducted 
i n  September 1977.) Hot water from Gf-2B was 
d i r e c t e d  t o  a w a t e r - t o - a i r  heat exchanger 
where the water was cooled t o  25OC before 
re in ject ion.  Makeup water, required t o  re- 
place downhole losses t o  the rock surrounding 
the fracture, was added t o  the cooled water 
and pumped down EE-1, and then through the 
f racture system. Heat was transferred t o  the  
c i r c u l a t i n g  water by  thermal conduct ion 
through the nearly impervious rock adjacent t o  
the f racture surfaces. 

W 

Run Segment 3 (Expt. 186); the High Back- 
Pressure Flow Experiment (Brown, i n  prepara- 
t ion)  was run during September and October 
1978 f o r  28 days. The purpose o f  t h i s  experi- 
ment was t o  evaluate reservo i r  f low character- 
i s t i c s  a t  high mean-pressure levels. The high 
back pressure was induced by t h r o t t l i n g  the 
production we1 1. Following Run Segment 3, the 
EE-1 casing was recemented near i t s  casing 
bottom t o  prevent leakage o f  f l u i d  i n t o  the 
annulus. An enlarged reservo i r  was then form- 
ed by extending a hydraul ic f rac tu re  from an 
i n i t i a t i o n  depth o f  2.93 km (9620 ft) i n  EE-1, 
about 200 m deeper than the f i r s t  f rac tu re  i n  
EE-1. The f rac tu r ing  was conducted i n  March 
1979, with two f rac tu r ing  experiments. These 
experiments are refer red t o  as "massive" hy- 
d rau l i c  f rac tu r ing  (MHF) Expts. 203 (March 14) 
and 195 (March 21). Preliminary evaluation of 
the  new reservo i r  was accomplished during a 
23-day h e a t - e x t r a c t i o n  and r e s e r v o i r -  
assessment experiment tha t  began October 23, 
1979 (Murphy, 1980). Th is  segment o f  
operation with the EE-l/Gf-ZB well  p a i r  was 
Run Segment 4, o r  Expt. 215. 

The long-term reservo i r  characterisics were 
investigated i n  Run Segment 5, o r  Expt. 217, 
which began March 3, 1980 (Zyvoloski, 1981). 
Because o f  the large s ize and resu l t ing  slow 
thermal drawdown, a lengthy f low time o f  286 
days was necessary t o  evaluate the  reservoir. 
Run Segment 5 ended with the 2-day Stress 
Unlocking Experiment (SUE) (Murphy, 1981) 

I n  the three years during which these reser- 
v o i r  tes ts  were conducted, our understanding 
o f  reservo i r  behavior has s tead i l y  improved. 
S impl i f ied models t h a t  were developed f o r  Run 
Segment 2 were s i g n i f i c a n t l y  modified by the  
time o f  Run Segment 5. Consequently, the  
previous t e s t s  were reanalysed i'n a consistent 
manner using the l a t e s t  models. Further, the  
growth o f  the reservo i r  w i t h  time was traced 
and periods o f  growth a t t r ibu ted  t o  thermal 
contraction and heat ext ract ion e f fec ts  were 
i d e n t i f i e d  as apposed t o  growth caused by 
pressurization and hydraul IC fracturing. 

Heat Produc t ion  and Heat - t rans fer  Modeling 
Heat-transfer modeling o f  the reservoirs has 
been performed w i t h - t w o  numerical models. 
Both models use two-dimensional simulators i n  
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which heat i s  transported by conduction w i t h i n  
the rock t o  the fractures. The most recently 
developed model (the mul t ip le- f racture model) 
assumes t h a t  the reservoir consists o f  three 
para l le l  fractures ideal ized as rectangles i n  
which the f low i s  d is t r ibu ted  uniformly along 
the bottom o f  each f racture and withdrawn 
uniformly across the top. The f low i s  thus 
one-dimensional, and t h e  s t reaml ines are  
s t ra igh t  ver t i ca l  l ines. Consequently f l u i d  
dynamic considerations do not d i r e c t l y  enter 
i n t o  the heat-extraction process, the sweep 
e f f i c iency  i s  i m p l i c i t l y  assumed t o  be 100%. 
However, a r igorous  two-dimensional heat- 
conduction solut ion i s  incorporated f o r  the 
rock between the fractures , and t h i s  permits 
Val i d  consideration o f  thermal-interaction 
e f fec ts  between the fractures. I n  contrast, 
the older model (the independent-fractures 
model), assumes tha t  the fractures (two i n  
number) are c i r c u l a r  and allows proper loca l  
pos i t ion ing o f  the i n l e t  and ou t le ts  , i .e. , 
the po in t - l i ke  in tersect ion o f  the i n j e c t i o n  
well  w i t h  the f racture can be modeled, as can 
the in tersect ion o f  the main hydraulic frac- 
tures and the s lant ing j o i n t s  tha t  provide the 
connections t o  GT-2B. However, as was cau- 
t ioned ear l ie r ,  whi le the f l u i d  dynamic ef -  
fects  o f  the jo in ts /ou t le ts  can be f a i t h f u l l y  
modeled, t h e  h e a t - t r a n s f e r  e f f e c t  o f  t h e  
j o i n t s  cannot; the area o f  the j o i n t s  must be 
lumped w i th  the main fractures. I n  view o f  
t h i s  more f a i t h f u l  representation o f  i n l e t  and 
out le ts ,  and the fac t  tha t  a complete two- 
dimensional s o l u t i o n  t o  t h e  Navier-Stokes 
f l u i d  dynamic equations i s  incorporated , the 
independent-fractures model resul ts  i n  a more 
r e a l i s t i c  assessment o f  the e f f e c t  o f  f l u i d  
dynamics and sweep e f f i c ienc ies  upon heat ex- 
t ract ion.  The penalty, however, i s  t h a t  i n  
the present two-dimensional version o f  the 
code, thermal in te rac t ion  as the temperature 
waves i n  the rock between fractures overlap 
cannot be r e a l i s t i c a l l y  represented, as it i s  
w i th  the mul t ip le- f racture model. 

Independent-Fractures Modeling The f i r s t  ap- 
p l i c a t i o n  o f  t h i s  model was t o  the ear ly  
research reservoir, when only a small single 
hydraul ic f racture existed. This reservoir 
was tested extensively dur ing Run Segment 2. 
Based upon spinner and temperature surveys i n  
the production we l l  , the depths o f  the i n t e r -  
sec t ions  o f  t h e  produc t ion  w e l l  w i t h  t h e  
s lant ing j o i n t s  were estimated as well  as the 
f low rates communicated by each j o i n t .  I n  the 
calculations, the actual temporal var ia t ions 
o f  production and in jec t ion  f low rates were 
u t i l i zed .  With t h i s  information , estimates o f  
the thermal drawdown were calculated w i th  the 
model f o r  various t r i a l  values o f  f racture 
r a d i i  and v e r t i c a l  pos i t ion  o f  the f racture 
i n l e t .  A f racture radius o f  60 m wi th  an 
i n l e t  located 25 m above the f racture bottom 
resulted i n  a good fit t o  the measurements. A 
radius o f  60 m implies a t o t a l  f racture area 
(on one side) o f  11 000 mZ; however, because 
of hydrodynamic f low sweep ine f f i c ienc ies  the 

net area e f fec t i ve  i n  heat exchange was only 
8000 m2. 

cbj 

During Run Segment 3 ( the high back-pressure 
experiment) thermal drawdown suggested t h a t  
according t o  the independent-fractures model , 
the e f f e c t i v e  heat area was nearly the  same. 
However, f low ra te  (spinner) surveys i n  GT-2 
indicated tha t  because o f  t h e  higher pressure 
leve l  most o f  the f low was entering GT-2B a t  
posit ions tha t  averaged 25 m deeper than dur- 
ing  Run Segment 2. I n  e f f e c t  t h e  reservo i r  
f low paths were shortened about 25%. It was 
concluded tha t  while pressurization d i d  indeed 
resu l t  i n  p a r t i a l  short c i r c u i t i n g  o f  the  
streamlines, it also resulted i n  a notable 
decrease i n  impedance, which afforded be t te r  
f l u i d  sweep and bathing o f  the remaining area. 
The reservoir was enlarged during the frac- 
t u r i n g  operations o f  1979, the  MHF Expts. 195 
and 203. For the independent-fractures model 
the enlarged reservo i r  i s  portrayed as two 
fractures, the o l d  one operative i n  Run Seg- 
ments 2 and 3 ,  wi th  a new and larger  one. The 
enlarged reservo i r  was evaluated during Run 
Segment 4 and Run Segment 5. To summarize the 
Run Segment 4 studies, i t  was found t h a t  the  
o l d  f racture had an ef fect ive heat-transfer 
area o f  15 000 m2 and the new f racture had an 
e f f e c t i v e  area o f  a t  leas t  30 0002m . The 
area determined i n  Run Segment 4 f o r  the o l d  
f racture was a t  leas t  twice t h a t  determined i n  
Run Segment 2. This trend o f  increasing area 
i s  now a t t r ibu ted  t o  thermal stress cracking 
e f fec ts  (Murphy , 1979). 

Bet ter  estimates o f  the t o t a l  e f f e c t i v e  heat- 
t ransfer  area o f  both fractures were obtained 
i n  Run Segment 5, during which the  thermal 
drawdown was only 8°C. The mean o u t l e t  tem- 
perature ac tua l l y  increased s l i g h t l y  during 
the ear ly  por t ion o f  Run Segment 5. This 
temporary increase i s  due t o  transport o f  
deeper, ho t te r  water t o  the production well  , 
as well  as t o  some in te rac t ion  o f  the frac- 
tures. For s i m p l i c i t y  the  e f f e c t  was neglect- 
ed i n  the independent-fractures model as i t  i s  
fa i r ly  small, less than 2OC. The data are f i t 
very well  by a model w i th  a combined area o f  
50 000 n? , some 5000 m2 greater than the area 
t e n t a t i v e l y  estimated during Run Segment 4. 

A summary o f  the heat-exchange areas deter- 
mined w i th  the independent-fractures model i s  
!resented i n  Fig. 1. As can be yen,  a steady 
ncrease, from 8000 t o  50 000 m , i s  indica- 

ted. As indicated by the question marks i n  
Fig. 1, the area ‘Increase due t o  the MHF ex- 
periments (195 and 203), i s  uncertain. The 
heat-transfer area was not measured u n t i l  the  
l a t e r  stages o f  Run Segment 4. Consequently, 
the area increase measured i s  due t o  the com- 
bined e f fec ts  o f  a l l  t h e  f rac tu r ing  and Run 
Segment 4 operations, and cannot be ind iv id -  
u a l l y  ascribed t o  the  separate operations. 

u Mu1 t ip le-Fracture.  Modeling For the mu1 t i p l e -  
f racture model the fo l lowins Drocedure was - .  
used t o  fit the data. 
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Figure 1 Heat t ransfer  area growth deter- 
mined by the independent fractures model i n  
the Phase I reservoirs during Run Segments 2 
through 5 
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0 The measured GT-2B f low ra te  and e s t i -  
mated reservo i r  i n l e t  temperature were 
programmed as functions o f  time. 

a The i n i t i a l  f rac tu re  area was adjusted t o  
obtain the best f i t a t  ear ly  times. 

0 The f rac tu re  area was allowed t o  Increase 
so as t o  provide a good fit t o  the 
remaining data. For computational Slm- 
p l i c i t y ,  the  area increase was assumed t o  
occur i n  d iscrete steps rather than i n  a 
smooth, piece-wise l inear ,  fashion. 

As i n d i c a t e d  e a r l i e r ,  t h e  independent- 
fractures model was not able t o  detect any 
increase i n  the e f f e c t i v e  heat-transfer area 
during actual drawdown, but the mul t ip le  frac- 
t u r e  model indicates t h a t  the heat-transfer 
area increased by a fac to r  o f  two. 

S imi lar  modeling was carr ied out f o r  Run Seg- 
ments 3, 4 and 5. Figure 2 summarizes the 
growth o f  the heat-exchange area, according t o  
the mu1 t ip le - f rac tu res  model, throughout Phase 
I .  The general s i m i l a r i t y  w i th  the sumnary o f  
the independent-fractures model , Fig. 1, i s  
noted, but there are dif ferences i n  deta i l .  

* 
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Figure 2 Heat t rans fer  area growth deter- 
mined by model f i t s  t o  drawdown data and 
wellbore temperature logs i n  the Phase I 
reservoirs during Run Segments 2 through 5 

LJ 

The i n i t i a l  area o f  7500 in2 was established by 
many pressurizations and some cooling. This 
area grew t o  15 000 m2 i n  Run Segment 2. As 
indicated e a r l i e r  the  high back pressure of 
Run Segment 3 caused a red is t r ibu t ion  o f  f low 
resu l t ing  i n  f l u i d  dynamic shor t -c i rcu i t ing.  
However, u n l i k e  t h e  independent- f ractures 
model, the new model indicates t h a t  the i n i -  
t i a l  heat-exchange area was ac tua l l y  less  than 
tha t  of Run Segment 2, s t a r t i n g  a t  6000 m2; 
but i t  then grew t o  12 000 m 2  during the 28- 

* day test. The system was pressurized t o  high 
pressures several times during MHF Expts. 203 
and 195 and Run Segment 4 but no area o r  vol- 
ume measurements were made u n t i l  Run Segment 
4. A f te r  Run Segment 4, the  EE-1 temperature 
logs indicated t h a t  between 6000 and 9000 m2 
had been added t o  the lower par t  o f  the reser- 
v o i r  by the  recementing and pressurization 
p r i o r  t o  and during Run Segment 4. This i n -  
creased the measured heat-exchange area t o  
between 21 000 and 24 000 m2. The area meas- 
urements during Run Segment 5 are somewhat 
uncertain, The best estimates are t h a t  the  
heat-exchange area was greater than 45 000 m2 
a t  the  end o f  the  experiment. The lack o f  
recovery o f  the o u t l e t  temperature indicates 
tha t  the addit ional area i s  i n  the depleted 
upper h a l f  o f  the reservo i r  o r  was p a r t l y  
added t o  the  lower h a l f  as Run Segment 5 pro- 
ceeded. 

Tracer Studies and Fracture Volume Growth The 
main objectives o f  reservo i r  t racer  studies 
are t o  assess the volume changes associated 
wi th  the creat ion o f  the  Phase I svstem and t o  
determine dynamic behavior o f  the-system vol- 
ume as the system undergoes long-term heat ex- 
t ract ion.  The f racture modal volume i s  simply 
the volume o f  f l u i d  produced a t  GT-2B between 
the time the t racer  pulse was in jec ted  and the  
time the peak t racer  concentration appeared i n  
the produced f luid. The wellbore volumes are 
subtracted from the  t o t a l  volume produced t o  
give the t r u e  f racture modal volumes. The 
modal volume i s  considered the  most r e l i a b l e  
ind ica tor  o f  reservo i r  volume change, Large 
changes i n  the modal volume are observed a f t e r  
the hydraul ic f rac tu r ing  o f  the  system between 
Run Segments 3 and 4 and during the SUE, which 
fol 1 owed Run Segment 5. 
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A complete review o f  the t racer- test  data from 
Segments 2 through 5 has revealed per t inent  
information regarding the growth o f  the  reser- 
v o i r  due t o  heat ex t rac t ion  and pressurization 
effects. The reservo i r  growth due t o  heat ex- 
t r a c t i o n  i s ,  t o  be precise, r e a l l y  a thermal- 
contraction e f f e c t  -- as the rock surrounding 
the fractures shrinks, the fractures, and con- 
sequently, the measured vol umes, expand. I n  
sp l te  o f  nonlinear coupled e f fec ts  o f  thermal 
contraction, pore and f racture i n f l a t i o n  due 
t o  sustained pressurization, and loca l  i r r e -  
v e r s i b i l l t i e s  resu l t ing  i n  f racture propaga- 
t ion,  a simple cor re la t ion  between AV and A E  
exists. Furthermore, t h i s  simp1 e re1 at ionshi p 
pers is ts  even i n  the presence o f  the confining 
stresses surrounding the act ive reservoir, 



which induce a constrained behavior. For 
pract ica l  purposes, the  region between the  
low-pressure data and the f ree thermal volume 
l i n e s  defines an envelope o f  reservo i r  opera- 
t i n g  conditions. As stresses are relieved, 
f o r  example during SUE, o r  the high back- 
pressure t e s t  o f  the or ig ina l  reservo i r  (Run 
Segment 3) ,  or  the high-pressure, hydraulic- 
f r a c t u r f n g  stage a t  t h e  beginning o f  Run 
Segment 4, one moves away from the normally 
constrained condit ion toward the f ree thermal 
expansion 1 i ne. 

Perhaps the most promising aspect o f  the t rac-  
e r  tes ts  i s  t h e i r  potent ia l  f o r  estimating the 
e f f e c t i v e  h e a t - t r a n s f e r  sur face  area o f  a 
reservoir. This becomes c lear  when the modal 
volume (p lo t ted vs time i n  Fig. 3) i s  compared 
t o  the corresponding heat-transfer area (p lo t -  
ted  vs time i n  Figs. 1 and 2); the s i m i l a r i -  
t i e s  o f  the growth o f  area and volume are 
qu i te  s t r ik ing.  This can be quant i f ied by 
considering the relat ionships between area, 
volume, and aperture (or  e f fec t i ve  f racture 
opening). The volume, V, i s  simply the prod- 
uct  o f  the area, A, and the mean aperture, w: 
V = A w . During heat ext ract ion and/or 
pressurization, the area and aperture can both 
vary; therefore the  volume i s  a function o f  
two variables rather than one. For constant 
aper ture,  t h e  t r a c e r  volumes should sca le  
d i r e c t l y  w i th  heat-transfer area. Further 
development o f  t h i s  e m p i r i c a l  c o r r e l a t i o n  
could provide a d i r e c t  and independent method 
of determining reservoir heat-transfer area 
without requi r ing thermal drawdown, which i s  
t ime consuming and expensive t o  obtain, par- 
t i c u l a r l y  so f o r  the larger  Phase I1  reservoir 
under development . 
Impedance Characterist ics The impedance o f  a 
c i  rcu l  a t i  ng geothermal reservoir i s  usually 
defined as the pressure drop between the i n l e t  
and o u t l e t  of the f racture caused by f low i n  
the fracture, divided by the e x i t  volumetric 
flow rate. I t s  un i ts  are pressure-s/volume, 
and i n  t h i s  report we t y p i c a l l y  use Giga 
Pascals per cubic meter per second (GPa s/m3) 

o r  i n  English customary units, pounds per 
square inch per ga l lon per minute (psi/gpm). 
Because pressures are usual ly  measured a t  the 
surface, a "buoyancy" correct ion should be 
made f o r  the d i f ference i n  hydrostat ic pres- 
sures i n  the hot production well  and the co ld  
i n j e c t i o n  well. The depth a t  which t h i s  cor- 
rect ion i s  calculated corresponds t o  the bot- 
tom o f  the i n j e c t i o n  well, tha t  i s ,  buoyancy 
ins ide the f racture i s  included i n  the hot 
leg. Impedances o f  about 1 GPa s/m3 are con- 
sidered desirable. For example, i n  the deeper 
and ho t te r  Phase I 1  reservo i r  being completed 
now, such a low value o f  impedance could actu- 
a l l y  r e s u l t  i n  "self-pumping" o f  the reservo i r  
because o f  buoyancy effects. 

Figure 4 summarizes the impedance h is to ry  over 
Segments 2 through 5 and the SUE experiment. 
Impedance i s  dependent on f rac tu re  aperture, 
w, Theoretically, i t  decreases as l / w 3  i n  both 
laminar and turbulent  flow. Aperture may be 
increased i n  several ways: (1) by pressuri- 
zation o f  the fracture, (2) cool ing o f  the 
surrounding rock, (3)  dissolut ion o f  minerals 
l i n i n g  the crack by chemical treatment o f  the  
f l u i d ,  and (4) by geometric changes resu l t ing  
from r e l a t i v e  displacement o f  one f rac tu re  
.face w i th  respect t o  the other. Run Segments.2 
and 3 were especia l ly  useful i n  demonstrating 
the corre la t ion between impedance and pressure 
and temperature. The impedance changes 
observed a f t e r  SUE were probably due t o  addi- 
t i o n a l  " s e l  f -p ropp ing '  caused by s l ippage 
along the f racture faces near the e x i t  o r  by 
other pressure-induced geometric changes. 

The concentration o f  impedance near the  e x i t ,  
shown i n  a l l  the low back-pressure f low exper- 
iments, may be desirable when the  system i m -  
pedance i s  reduced by mul t ip le  fractures. I n  
t h i s  mode o f  reservo i r  development, the pos- 
s i b i l i t y  o f  unstable "runaway" (one f racture 
cool ing and tak ing much o f  the  f low) exists, 
and t h e  e x i t  impedance c o n c e n t r a t i o n  w i l l  
prevent t h i s  u n t i l  reservo i r  cool ing has been 
extensive. Eventually, the  problem o f  f low 
contro l  i n  the ind iv idual  fractures may arise, 
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Figure 3 Growth o f  t racer  modal volume, i n  
the Phase I reservoirs during Run Segments 2 
through 5 

ULENOAAYEAR 
Figure 4 Flow impedance behavior i n  the 
Phase I reservoirs during Run Segments 2 
through 5 i i  
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and methods o f  f low control near the f racture 
entrance may be required. 

During normal, low back-pressure conditions 
f racture impedance appears t o  be concentrated 
near the e x i t  well, a t  least  a f t e r  a short 
period o f  operation, and t o t a l  impedance does 
not depend strongly on wellbore separation. 
Impedances are s u f f i c i e n t l y  low t o  allow oper- 
a t i o n  o f  e f f i c i e n t  HDR geothermal energy- 
ext ract ion systems. The impedance i n  a laroe . 
system does no t  change rapidly, and the prog- 
nosis f o r  operation o f  the mult iple-fracture, 
Phase I 1  system seems favorable. 

Water losses The water loss o f  an UDR system 
i s  very important because t h i s  water must be 
provided from some outside source. This i n -  
formation can be v i t a l  f o r  environmental as 
well  as economic reasons. The water-loss 
rate, tha t  i s ,  the ra te  a t  which water perme- 
ates the rock formation surrounding the  frac- 
t u r e  system, i s  the d i f ference between the 
i n j e c t i o n  ra te  and the produced, o r  recovered, 
ra te  a t  GT-2B. This loss rate i s  a strong 
function o f  system pressures and f low ra te  and 
would also be expected t o  be a function o f  
reservo i r  size. 

The water-loss flow-rate data o f  each experi- 
ment contain many t rans ients  due t o  operation 
shutdowns, pump l i m i t a t i o n s ,  and var ious  
leaks. Consequently, the accumulative volume 
o f  water loss i s  best suited f o r  comparisons 
since many o f  the  t rans ients  are smoothed 

. out, and t h i s  comparison i s  presented i n  
Figure 5, f o r  Run Segments 2, 3, and 5. Run 
Segment 4, on ly  23 days long, was excluded 
from t h i s  comparison because o f  the disparate 
conditions under which i t  was conducted. 

Comparisons between Run Segments 2 and 5, both 
conducted under normal, l ow  back-pressure con- 
dit jons, can be made as follows. D i rec t  com- 
parisons ind icate tha t  the water loss f o r  Run 
Segment 5 i s  approximately 40% higher than 
t h a t  o f  Run Segment 2 a t  comparable times 
a f t e r  t h e  beginning o f  heat e x t r a c t i o n .  
However, because the operating pressure was 
10% higher during Run Segment 5, the water 
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FIgure 5 Cumulative water losses vs time 
f o r  Run Segments 2, 3, and 5 
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loss f o r  Run Segment 2 should be scaled up by 
10% as i n  curve 2 o f  the figure, i n  order t o  
be d i r e c t l y  comparable t o  Run Segment 5. Then 
i t  i s  seen t h a t  the  Run Segment 5 water loss 
I s  on ly  30% higher than Run Segment 2, despite 
a several-fold increase i n  heat-transfer area 
and volume. An obvious conclusion i s  t h a t  the 
heat-exchange system u t i l i z e s  only  a small 
por t ion o f  a much la rger  f racture system that 
controls water loss. This large, potent ia l  
f rac tu re  system was not a l tered t o  any large 

. extent b y - t h e  MHF experiments o f  Segment 4. 
Furthermore, i n  camparison t o  t h e  heat- 
t ransfer  areas, these other areas d i d  not grow 
s i g n i f i c a n t l y  from Run Segments 2 through 5. 

F l u i d  Geochemistry Analysis o f  the  f l u i d -  
chemistry data from the Phase I reservoirs 
shows several in te res t ing  features tha t  are 
p e r t i n e n t  t o  t h e  s i z e  o f  t h e  r e s e r v o i r s .  
Strong evidence from each o f  the Phase I heat- 
ext ract ion experiments indicates the existence 
o f  essent ia l ly  two p a r a l l e l  f low paths: (1) a 
fracture-dominated f low path (perhaps consis- 
t i n g  o f  mu l t ip le  fractures) t h a t  includes the 
h e a t - t r a n s f e r  sur faces,  and (2) a h igh-  
impedance f low path consist ing o f  the connec- 
ted  microfractures and pores i n  the rock sur- 
,rounding the heat-extraction por t ion o f  the  
reservoir. Displacement o f  the indigenous 
pore f l u i d  Contained i n  t h i s  high-impedance 
f low path i s  the s ing le most important geo- 
chemical e f f e c t  observed i n  the  heat-extrac- 
t i o n  experiments t o  date. This i s  discussed 
fu r ther  by Grigsby e t  a l .  (1981). 

I n  summary, severa l  conc lus ions should be 
drawn from geochemistry r e s u l t s  t o  date. 
F i r s t  o f  a l l ,  the overa l l  c i r c u l a t i n g  f l u i d  
q u a l i t y , i n  a HDR system i s  la rge ly  f i xed  by 
the pore- f lu id  concentration and displacement 
rate. Under the very worst condit ions ( tha t  
i s ,  100% o f  the produced f l u i d  i s  pore f l u i d )  
the maximum concentration o f  dissolved so l ids  
would be around 5000 mg/g f o r  t h i s  reservo i r  -- wi th in  the Environmental Protection Agency 
(EPA) water q u a l i t y  standard f o r  continuous 
i r r i g a t i o n  of sa l t - to le ran t  plants. However, 
the steady-state concentration o f  t o t a l  d is -  
solved so l ids i s  t y p i c a l l y  2500 mg/a -- simi- 
lar .  t o  water used f o r  human consumption i n  
many par ts  o f  the country. The pH of the 
water i s  6.5 f 0.5, nearly neutral, and prob- 
lems with corrosion or deposit ion upon surface 
equipment such as p i  ping, heat exchangers, and 
pumps have been minimal. 

A second conc lus ion  from t h e  f l u i d -  
geochemistry studies 'concerns the very large 
volume o f  pore f l u i d  t h a t  has been displaced 
from the rock sur rhnd ing  the f racture system 
i n t o  the f racture system. Because t h i s  frac- 
ture system i s  everywhere pressurized above 
hydrostat ic pressure, c i r c u l a t i n g  f l u i d  should 
be continuously l o s t  t o  the surrounding ma- 
t r i x ,  which i s  subhydrostatic. Poref lu id  from 
t h i s  subhydrostatic pressure f i e l d  would have 
t o  f low against a pressure gradient i n  order 
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t o  enter the f lowing system. However, second- 
ary f low paths w i th  impedance intermediate t o  
tha t  o f  the main f racture system and tha t  o f  
the unfractured reservoir rock provide a means 
f o r  the pressure leve l  i n  the main fracture(s) 
t o  displace the pore f l u i d  i n t o  the f low sys- 
tem. F ina l ly ,  the f low from these secondary 
paths appears t o  be p a r t i a l l y  sensit ive t o  the 
pressure d i f f e r e n c e  between t h e  i n l e t  and 
o u t l e t  and probably, t o  the overa l l  leve l  o f  
pressurization o f  the reservoi r. 

Sei smici t Seismic monitoring was conducted + f o r  a 1 the run segments wi th  a surface seis- 
mic array and during portions o f  Run Segments 
4 and 5, and SUE, w i th  downhole geophone pack- 
ages positioned i n  the reservoir v i c i n i t y .  
The objective o f  t h i s  monitoring was t o  evalu- 
ate potent ia l  seismic r i sks  associated w i th  
HDR geothermal energy extraction. The largest  
event detected i n  Run Segment 4 wi th  the down- 
hole package had a magnitude o f  -1.5. The en- 
ergy release o f  a -1.5 magnitude microseismic 
event i s  roughly equivalent t o  tha t  o f  a 10 kg 
mass dropped 3 m. Furthermore, t h i s  event 
occurred during the high back-pressure stage. 
During the low back-pressure stage, more t y p i -  
ca l  o f  ordinary heat-extraction conditions, 
the largest event was -3. During the 286-day 
Run Seqment 5, 13 microearthquakes ranging 
between -1.5 and 0.5 were recorded by the 
surface seismic array. These events were 
located about 200 m north o f  EE-2 a t  a depth 
o f  about 1 km. The events are not re la ted t o  
Run Segment 5 a c t i v i t i e s ,  but rather t o  the 
d r i l l i n g  o f  EE-2 and EE-3. 

* 

Conclusions The reservoirs o f  the Phase I HDR 
j geothermal energy system have exhibited growth 
1 th rough a l l  segments o f  operat ion.  Th is  

rowth resulted from pressurization, cooling 

placement or movement. During the ear ly  time 

drawdown was s ign i f i can t  due t o  the small s ize 
o f  the reservo i r  involved (90°C f o r  Segment 2 
and 37OC for Segment 3). I n  the l a t e r  experi- 
ments, drawdown was much less s ign i f i can t  due 
t o  the larger  reservoir.  No drawdown was 
observed during Segment 4, and during Segment 
5 operations, the reservoir sustained only an 
8OC thermal drawdown a f t e r  286 days. Modeling 
o f  the Phase I reservoirs led t o  an estimated 
heat-transfer area o f  8000 m2 f o r  Run Segment 
2, whi le by the end o f  Run Segment 5 the heat- 
t ransfer  area was estimated t o  be 45 000 t o  
50 000 m2, about s i x  times larger. Measured 
t racer  volumes suggested a f racture area o f  
80 000 m 2  by the end o f  Segment 5. Modal 
volume o f  the reservoir has grown from 11 t o  
266 m 3  through the course o f  Phase I experi- 
ments. 

Water losses were very encouraging because, 
for comparable operating pressure conditions, 
only a 30% increase o f  water loss was observed 
for a s ix fo ld  increase i n  heat-transfer area. 
The impedance remained constant throughout Run 
Segment 5 a t  about 1.6 GPa s/m3. This i s  i n  

I 

I 9 thermal contraction), and fracture-face d is-  

1 experiments (Run Segments 2 and 3) thermal 
I 

i 

contrast w i th  the  Run Segment 2 reservo i r  t h a t  
exhibited a sharp decl ine i n  the impedance, 
presumably due t o  the  large thermal drawdown 
t h a t  t h e  system experienced. Geochemical 
monitoring o f  the system provided valuable 
ins igh t  concerning pore- f lu id  displacement and 
f low connections i n  the reservoir. The con- 
c e n t r a t i o n s  of d isso lved chemicals i n  t h e  
produced water were r e l a t i v e l y  low and the pH 
was near neutral,  so the  produced water was o f  
good q u a l i t y  and problems w i th  corrosion o r  
scal ing o f  surface equipment have been mini- 
mal. Seismic a c t i v i t y  i n  the Phase I reser- 
vo i rs  has been ins ign i f icant .  Events associ- 
ated with heat ext ract ion have measured less 
than minus one on the extrapolated Richter 
scale. 
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Abstract Recent f i e l d  experiments in Japan 
have emphasized the importance of performing 
t racer  tests in any geothermal u t i l i za t ion  in 
which reinjection is i n  use or is planned. 
This fs because rapid short-circuiting 
between reinjection and production w e l l s  may 
occur due to  the  fractured nature of the 
system. In  cases where fracturing is such 
tha t  preferred pathways ex is t  i n  the 
reservoir, the result may be a rapid thermal 
drawdown of the f i e l d  production. Tracer 
tes t ing  provides a method of evaluating the 
magnitude of such problems. Previous methods 
used t o  analyze the Onuma, Hatchobaru, and 
Otake t racer  tests have used ear ly  and long 
t i m e  data, t h i s  paper discusses the use of 
the f i e l d  concentration/time prof i le  i n  
fractured systems, and the l ikely forms of 
dispersion l ike ly  to dominate i n  the process. 

Introduction Reinjection of waste hot water 
is practiced in many liquid-dominated 
geothermal f ie lds  (namely Ahuachapan, Otake, 
Onuma, Kakkonda, Onikobe, Hatchobaru, Mak- 
Ban, East Mesa, Brawley, and Raft River). 
The fundamental purpose of reinjection is to 
dispose of the unused hot water, although it 
has often been suggested tha t  the reservoir 
productivity may be increased concurrently. 
In  fac t  there has been only scant evidence to 
show support of reservoir performance by 
reinjection (see Borne 1981), and in  fac t  in  
some cases it has been seen to be detrimental 
t o  production due to ear ly  invasion af the 
cooler injected water through high 
permeability paths i n  the reservoir. 
Furthermore, observations on the effects  of 
reinjection have emphasized the need to pay 
close at tent ion t o  the fractured nature of 
geothermal resermirs. 

The benevolence or nalevolence of reinjection 
in geothermal reservoirs has been se'en to be 
closely related to the degree of 
fracturing. The degree of fracturing has 
been most successfully determined by using 
t racer  tests. l o r  example, tracer tests 
summarized in Home (1981) indicated a high 
degree of fractur ing in Wairakei, Kakkonda, 
and Hatchobaru, a moderate or mixed degree i n  
Onuma and Ahuachapan, and a .low degree i n  
Otake~ In view of the subsequent experience 
in reinjection it was concluded tha t  

understanding the fracture system through the 
use of t racers  should be the f i r s t  s tep  i n  
designing a reinjection program 
Unfortunately however, the methods of 
analysis appropriate t o  t racer  flow in 
fractured systems are  not yet  fu l ly  
developed, most surveys to date having used 
only the early t i m e  (or in one instance the 
l a t e  t i m e )  data. A method of analyzing the 
f u l l  tracer return prof i le  is demonstrated i n  
this work, and a discussion offered on the 
form of the appropriate t ransfer  function. 

Existing Tracer Analysis Methods The c lass ic  
petroleum reservoir methods for  analysis o€ 
t racer  tests have commonly been based on 
uniform "sweep' flow through a porous medium 
in a given configuration (usually a 5-spot) - 
see fo r  example Brigham and Smith (19651, 
Baldwin (1966) and Wagner (1977). In  these 
analyses the system is modelled as a 'stack' 
of non-connecting layers of porous media 
which a re  uniform but which nevertheless have 
differ ing properties. The t racer  "breaks 
through" different layers a t  different  times, 
giving rise t o  the character is t ic  multiple 
hump return i l lus t ra ted  i n  Figure 1. 
Geothermal systems however show very 
different  returns because of the limitation 
of flow to fractures and commonly show a 
single hump return as  in Figure 2. The 
absence of mre than one strong t racer  return 
itself emphasizes the highly fractured nature 
of geothermal reservoirs. It is clear ly  
inappropriate to use the uniform sweep model 
of the petroleum industry i n  such instances. 

, . , . , . , , ~ , ~  
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Figure 1 : Multiple breakthrough t racer  
return - from Brigham & Smith (1965) 
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Figure 2: Onuma geothermal t racer  test - 
from Ito, Kubota  br Kurosawa (1978) 

Without resorting to a flow mdel there are 
two important items of informatin which can 
be derived f r o m  a tracer test. The f i r s t  is 
simply the speed of f i r s t  return between an 
injector and permeability connection between 
the two. A "connectivity" map of the 
reservoir can be drawn from such results. 
The second i t e m  is the long term dilution of 
t racer  in a test in which the produced tracer 
is recycled (as  is often the case in an 
operational system). This long term dilution 
has been used by I to ,  Kubta, and Kurosawa 
(1978) t o  estimate the volume of f lu id  
circulat ing through the system a t  Onuma 
field. 

These two calculations involve the use of 
only the ear ly  and l a t e  measurements i n  the 
test. In  the petroleum l i te ra ture ,  Brigham 
and S m i t h  (1965) demonstrated a method of 
"matching" the intermediate time tracer  
return concentration, essentially by a t r i a l  
and error  apaproach. Their analysis w a s  
based on a model of the reservoir as a series 
of non-connecting layers with different 
permeabilities which gave rise to separate 
"peaks" in tracer  return. Ywn, 
Brigham, and Cinco (1979) l a t e r  extended the 
method of analysis to calculate the 
permeabilities of various layers by matching 
the concentrations at the various peaks with 
the analyt ical  solution. Both  of these 
studies considered a 5-spot configuration, 
however the methodology would be applicable 
t o  other configurations . Despite the 
considerable extra information tha t  this 
"intermediate t i m e "  analysis can provide, it 
still essent ia l ly  uses only data at the peaks 
of the response curve. Also, the analysis is 
based on a layer model tha t  may hold fo r  
hydrocarbon reservoirs, but which would be 
inappropriate for  most geothermal systems. 

Features of Geothermal Tracer Tests 
Geothermal reservoirs are usually very highly 
fractured. As a resul t ,  and as an indication 
of t h i s  fact ,  the t racer  response almost 
always shows jus t  a single peak. Thus, 
although the early and late t i m e  analyses are 
still  possible, the analysis of the single 
peak concentration would provide l i t t le  extra 
information, and does in any case require the 
formulation of a flow mdel. Thus, there 

exists a need t o  formulate a means of 
analyzing the 
t racer  response with specif ic  reference t o  
flow in fractures. hn attempt to iso la te  the 
features of t racer  transport in fractures is 
reported here. 

Tracer Transport in Frsctures Methods of 
signal analysis a re  readily applicable to the 
interpretation of tracer return concentration 
his tor ies ,  reducing the observed prof i le  to 
the sum of its component signals. For 
example, the tracer concentration i n  a 
producing w e l l  t ha t  receives flow from an 
injection w e l l  through two intervening 
fractures w i l l  demonstrate the superposed 
t ransfer  function corresponding to t racer  
flow through those two fractures. The 
d i f f icu l ty  i n  decoupling the response in to  
its component par ts  depends on defining the 
features of those component parts. For 
example, tester, Bivins, and Potter (1979) 
describe a method t o  represent the tracer 
concentration C a t  a production point in 
terms of U independent components, thus: 

of the single humped 

w 

where 5 j is the fraction of flow i n  "path"# 
and non-dimensional distance and t i m e  a re  
defined b y r  

(3) 

where xj, Lj, qj and V are the position 
within, length of, f l J  r a t e  through and 
volume of the j - t h  "path" through the 
system. Pej represents the Peclet number of 
flow through the j-th path, defined as: 

(4) 

where n is the diffusivi ty  (or dispersion 
coefficient) of t racer  during transport. 

Tester, Bivins, and Potter (1979) proposed 
the analysis of N measured values of ex i t  
t racer  concentration Ci by minimizing the 
objective function F, where: 

N 

P - c (C - c y  (5) 

i- 1 

and C is given by equation (1 ) -  Decision 
variables w i l l  be Pej, qj, and Vj. 
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T h i s  method can rtraightf orwardly provide 
estimates of the Peclet numbers associated 
with the various flow paths, and the i r  
re la t ive (but not absolute) rates of flow and 
relat ive (but not absolute) values. It does 
however depend strongly upon the transfer 
function C (Xj,  j, Pe 1 assumed in  equation 
(1) for  th2 transport 0% the tracer. Brigham 
and Smi th  (1965) based the i r  determination of 
the transfer function on flow through a 
porous medium between wells i n  a f ive spot 
formation. Tester, Bivins, and Potter (1979) 
determined transfer function for  one- and 
two-dimensional flaw thqouqh porous media. 

Convective Dispersion in  Fracture Flow These 
two studies do not, however, correctly 
represent the flow through a fracture in that  
a t racer  front is modelled as  propagating 
perpendicularly to the direction of flow. Xn 
a fracture, however, i n  e i ther  laminar or  
turbulent flow, the f lu id  w i l l  be transported 
fas te r  in the center of the fracture than on 
the walls (in fact ,  due t o  boundary layer 
effects,  it w i l l  not be transported along the 
walls a t  a l l ) .  This is fllUStrated in  Figure 
3. 

f Y  
b 

X 

-b 

Figure 3: Fracture flow configuration 

The prof i le  across the span of the fracture 
for laminar flow is given by: 

where U is the average velocity and b is 
the half-width of the crack. Equation ( 6 )  is 
the w e l l  known parabolic Velocity 
distribution and gives r i s e  t o  a maximum 
velocity a t  the center of the crack (a t  y o )  
of 3/2 0. 

Now, if a continuous slug of tracer were to 
be injected a t  time t = O ,  the distance x 
moved by the t racer  front, assuming no 
dispersion, w i l l  be given byr 

(7) 

and thus the t racer  w i l l  have "arrived" a t  x 
over a range of y given by the equation: 

(8) 

the solution of which is: 

( 9 )  

The mean concentration a t  point x is then 
given by t 

e - f  (10) 

where t *  is the f i r s t  arr ival  t i m e  of tracer 
and is given by: 

t ' -Q ; 
I n  a practical  case, of course, the t racer  
would not be injected continuously nor would 
it be injected a t  a concentration of 100%. 
Equation (11) may however ' be used t o  
superpose the behavior of the leading edge 
and t r a i l i n g  edge of a tracer slug of i n i t i a l  
concentration Co, a f te r  ihich: 

(13) 
c - c [s(t - t') G- M ( t  - A t  - t') 

where H(x) is the Heaviside step function: 
1 .>O 

(14)  a(.) - [. . t o  
and t is the length of time the t racer  is 
injected. 

Figure 4 shows the normalized trauer return 
concentration C/Co as a function of 
normalized time t/t* for various values of 
injection time t/t*. The similari ty between 
Figures 4 and 2 should be noted. 

Figure 4 1  t / t *  0.1 to  1.0, increments of 
0.1 

The end resul t  of th i s  non-uniform 
"convective" displacement of the t racer  
Slug's leading and t r a i l i n g  edges is a 
dispersion of the tracer slug over the en t i re  
distance between the injection point and the 
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observation point. This smearing of the slug 
may be termed the "convective dispersion" of 
the t racer# although it must be remembered 
tha t  the effect  is l i t e r a l l y  to disperse the 
t racer  and not to diffuse it. The 
"dispersivity" of t h i s  process may not be 
determined in the common sense of the term, 
however a quali tative impression of its order 
of magnitude may be estimated. Comparing 
Equation (13) w i t h  the solution for a purely 
dispersive transport: 

it is seen that,  since the error function is 
roughly l inear over its early range, there is 
a rough correspondence between the reciprocal 
square root of time terms i n  the two 
equations. Thus it may be observed that  4 
/L2 behaves l i k e  l/t* which is itself 
1.5U/L. The effective dispersivity of the 
convection process is therefore l ike:  

and the effective Peclet number is always of 
order 8/3. 

Taylor Dispersion in  Fracture Flow Even 
though molecular diffusion in  the axial  
direction is several orders of magnitude 
smaller than a l l  other effects  ( typically the 
Peclet number for molecular diffusion may be 
la" compared to the value 8/3 determined for  
convective dispersion), the 
convective smearing of the tracer gives rise 
t o  large concentration gradients across the 
aarrow w i d t h  of the fracture. With this 
large concentration gradient molecular 
diffusion tends t o  rapidly equalise the 
t racer  concentration across 
the fracture, thus counteracting the effect 
of convective dispersion. Figure 5 shows the 
molecular diffusion of a tracer slug across 
the w i d t h  of a cavity. 

Figure 5 :  Concentration difference between 
wall and centerline as a functian of t i m e  and 
i n i t i a l  tracer penetration across the 
fracture 

For i n i t i a l  slug w i d t h s  ranging from 0.01 to 
0.5 of the t o t a l  cavity width, the difference 
between the centerline and wall 
concentrations of t racer  reduces effectively 
t o  zero within a aSmensionless time % of 0.5 
i n  every case. The molecular diffusivity 
D may be of order 10-5 na'/sec and the 
fracture half-width b may be of order 0.5 
m, suggesting that  the transverse diffusion 
w i l l  equalise any concentration differences 
within 125 seconds (during which time the 
tracer slug could be considered to move no 
further than 40 cm). Clearly this transverse 
diffusion w i l l  rapidly overcome the 
convective dispersion in a f ie ld  case. 

This combination of transverse diffusion and 
convective dispersion is known as  "Taylor 
Dispersion" and was described for  pipe flow 
by Taylor (1953). The net result  of Taylor 
dispersion is that  the tracer 
front propogates w i t h  the E speed of the 
f lm i n  spi te  of the fac t  tha t  the fas tes t  
mving f luid in  the center  of the channel 
moves a t  twice the speed i n  the case of pipe 
flow, or 3/2 times the speed in the case of 
fracture flow. The ne t  
longitudinal dispersion was determined by 
Taylor for  pipe f l o w ,  and w a s  derived during 
this investigation for fracture flow t o  be: 

2 2 2  9-105 + 
It should be noted that  the Taylor 
dispersivity is inversely proportional to the 
molecular diffusivity,  hence net dispersion 
is greater when mlecular  diffusion is 
smaller. This analysis cannot be 
extrapolated t o  zero molecular diffusivi ty  
because of assumptions made in the 
derivation, however the maximum dispersivity 
i n  that  case would be that  determined i n  
Equation (16). 

With a mean flow speed of 3 cm/sec and a 
fracture w i d t h  of 1 m, a typical value of 
the dispersivity would be 40 cm2/sec. For a 
100 m long fracture t h i s  would give rise t o  a 
Peclet number of order 1000. 

Turbulence Turbulence would tend to increase 
the rate  of t racer  diffusion across t h e  
fracture and would thus decrease the t o t a l  
effective dispersivity and increase the 
Peclet number. 

Discussion Various dispersion mechanisms 
have been discussed. Comparing their 
individual relevance to the f i e l d  problem of 
f low through fractures it is seen that: 
( 1) Iangitudinal molecular diffusion is 
insignificant, ( 2 )  Taylor dispersion w i l l  
dominate over Convective dispersion, (3) 
Turbulence w i l l  reinforce the effects  of 
Taylor dispersion, ( 4 )  The Peclet number for 
one-dimensional flow w i l l  therefore typically 
be greater than 1000. 
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I n  actual  fact ,  f i e ld  studies on the fracture 
system a t  Los Alamos (Tester, Bivins and 
Potter, 1979) indicated values of the 
calculated Peclet numbers of order 2. The 
fur ther  reduction i n  total t ransfer  Peclet 
number is due t o  the f ac t  t ha t  the tracer 
spreads in two or three dimensions away from 
the inject ion point and converges again 
towards the production point, thus being 
further dispersed. The single  f i e l d  resu l t  
from Los Alamos suggests that this 
multi-dimensional dispersion e f fec t  is i n  
f a c t  a t  least 3 orders of magnitude greater 
than the simple one-dimensional dispersion 
mechanisms. This conclusion is being tes ted 
i n  this continuing study by calculation of 
typical  flow configurations. However the 
principal and somewhat unsatisfying 
conclusion of this work so f a r  is that the 
tracer return is dominantly determined by the  
large scale flow wnfiguration. 
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. LOW-TEMPERATURE GEOTHERMAL RESOURCE ASSESSMENT OF THE UNITED STATES 

Michael L. Sorey and Marshall J .  Reed 

U. S. Geological Survey 
Menlo Park, CA 94025 

Introduct ion 
Geothermal resource assessment i s  the estima- 
t i o n  o f  the amount o f  thermal energy t h a t  might 
be extracted f r o m  the ear th  and used a t  costs 
competitive w i t h  other forms o f  energy a t  a 
foreseeable time under reasonable assumptions 
o f  technological improvement. A regional o r  
nat ional  resource assessment provides a frame- 
work f o r  long-term energy po l i cy  and strategy 
decisions by government and industry. A re-  
source assessment i s  not intended t o  establ ish 
speci f ic  reserve f igures f o r  short-term inuest- 
ment and marketing decisions, but  instead to 
give an overa l l  perspective a t  a pa r t i cu la r  
time, using uniform methodology and data. 

The f i r s t  systematic e f f o r t  t o  estimate the 
geothermal resources o f  the United States was 
published i n  1975 as U.S. Geological Survey 
Ci rcu lar  726 (White and Williams, eds., 1975). 
This assessment and a followup assessment pub- 

' l i shed  i n  1979 as Ci rcu lar  790 (Muffler, ed., 
1979) focused on the quant i t ies  o f  geothermal . 
energy avai lable i n  regional conductive envi- 
ronments, igneous-related geothermal systems, 
hydrothermal convection systems, and geopres- 
sured-geothermal systems. Estimates were given 
o f  the thermal energy recoverable from hydro- 
thermal convection systems a t  temperatures 
above 9O'C and geopressured systems. I n  addi- 
t ion,  the 1979 assessment included a compfla- 
t i o n  o f  data an the occurrence o f  low-tempera- 
ture geothermal water l ess  than 90% (Samnel, 
19791, bu t  no attempt was made t o  estimate the 
quant i t ies  o f  thermal energy associated w i th  
such occurrences. 

Low-temperature geothermal resources occur i n  
two types o f  geohydrologic environments. 
These include hydrothermal convection systems, 
comnonly invo lv ing upward f low o f  thermal water 
along f a u l t s  i n  areas o f  above-normal heat 
flow, and conduction-dominated areas such as 
sedimentary basins where aqui fers o f  large 
areal extent occur beneath a th i ck  i nsu la t i ng  
blanket o f  rocks having low thermal conductivi- 
ty. As discussed by Samnel (19791, low-temper- 
ature geothermal resources occur throughout the 
United States, w i th  some a t  r e l a t i v e l y  shallow 
depths, and appear t o  have the potent ia l  f o r  

' s i g n i f i c a n t  u t i l i z a t i o n  i n  space heating and 
agr icu l ture on a loca l  basis. 

To provide estimates of the quant i t ies  o f  ther-  
W 

mal energy stored i n  and recoverable from low- 
temperature reservoirs i n  the United States, 
the Geological Survey has made a new assess- 
ment based on an updated inventory o f  low-tem- 
perature geothermal occurrences and on the de- 
velopment o f  new methodology f o r  estimating re- 
coverable energy. We have been aided i n  t h i s  
task by the data gathered under programs o f  
many s tate agencies and several pr ivate con- 
t rac to rs  which are supported by the State 
Coupled Geothermal Program o f  the Department o f  
Energy's Div is ion o f  Geothermal Energy. The 
assessment i s  nearly complete; resu l t s  w i l l  be 
published as a USGS c i r c u l a r  i n  1982. We pre- 
sent here an ou t l i ne  o f  the methods used and 
general descriptions o f  the resu l t s  obtained. 

volves a two-step process o f  f i r s t  determining 
the location, extent, and geohydrologic charac- 
t e r i s t i c s  o f  each resource area and then e s t i -  
mating the amount o f  thermal ener stored i n  
each reservoir  ( the resource base By and the a- 
mount o f  ener which can be produced a t  the 
land surface K h e  resource). I d e n t i f i e d  re- 
source areas i d e a l l y  should meet the c r i t e r i a  
tha t  a reservoir  ex i s t s  w i th  s u f f i c i e n t  permea- 
b i l i t y  to supply long-term production and t h a t  
reservof r temperatures exceed some minisum tern- 
perature-depth re la t ion.  As depicted i n  f i gu re  
1, we have used a lower-temperature l i m i t  which 
i s  1O'C above the mean annual a i r  temperature 
a t  the surface and increases a t  a ra te  o f  
25'C/km w i t h  depth. This avoids consideration 
o f  the enormous quant i ty o f  cool, shallow 
groundwater whi le enabling us to include areas 
w i th  anomalous concentrations o f  heat associ- 
ated w i th  hydrothermal convection systems and 
deep sedimentary basins o r  coastal embayments 
where temperatures increase r e l a t i v e l y  rap id l y  
w i th  depth. 

The resource base f o r  each low-temperature area 
i d e n t i f i e d  i n  t h i s  assessment i s  calculated as: 

= p c * a * d * ( t - t  I 
qR ref (1) 

where: 
= resource base (stored thermal ener 1 

p = volumetric spec i f ic  heat o f  rock p By us q& 
water (2.6 J/cm3'C) 

a = reservo i r  area 
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d = reservoir  thickness 
t = reservoir  temperature 

tref = reference temperature (15'CI 

S t a t i s t i c a l  methods out l ined i n  Ci rcu lar  790 
were used t o  quantify the uncertainty i n  these 
calculat ions and t o  provide p robab i l i t y  d i s t r i -  
butions f o r  t o t a l  resource base, resource, and 
benef ic ia l  heat estimates. For each reservoir, 
estimates were made o f  the minimum, maximum, 
and most 1 i k e l y  character is t ic  values f o r  va r i -  
ous parameters; these values were then used to 
form t r iangular  p robab i l i t y  densi t ies from 
which the mean and standard deviat ion f o r  each 
parameter and f o r  the various energy quant i t ies 
were ea1 cu l  ated. 

The approach used i n  previous assessments t o  
estimate recoverable energy, o r  wellhead ther-  
mal energy, was to assume a recovery factor  o f  
25 percent o f  the stored thermal energy. This 
value i s  based on a process invo lv ing i n j e c t i o n  
o f  co ld  water i n t o  the reservoir  to replace ho t  
water withdrawn during production and t o  sweep 
ou t  the energy stored i n  the rock. I n  uniform- 
ly-permeable reservoirs, up t o  50 percent o f  
the stored energy can be recovered before cold- 
water breakthrough occurs (Nathenson, 1975); 25 
percent recovery was assumed to account f o r  
comnonly-encountered non-uni form permeabil ity 
conditions. 

I n  the present assessment, wellhead thermal en- 
ergy calculat ions were made both f o r  a recovery 
factor  o f  25 percent f o r  small systems and f o r  
a development plan invo lv ing production wel ls 
discharging f o r  30 years i n  the absence o f  
cold-water i n j e c t i o n  f o r  large systems. I n  
t h i s  production model, we1 1 head thermal energy 
i s  given by: 

= (PC) *N*Q*(30 years ) * ( t - t  1 (2) 
'WH f ref 

where: 

(pc), = volumetri spec i f ic  heat o f  f l u i d  

qMH = energy recovered a t  the wellhead 
over 30 years 

(4.1 J / c m h  
N = number o f  production wel ls 
Q = average discharge ra te  o f  each wel l  

This approach i s  bel  ieved t o  y i e l d  more rea l  i s -  
t i c  estimates o f  recoverable energy f o r  most 
low-temperature areas, where lower energy con- 
t e n t  of the resource f l u i d  and r e l a t i v e l y  large 
reservo i r  areas make the economics o f  i n j e c t i o n  
much less  a t t r a c t i v e  than f o r  higher-tempera- 
ture geothermal areas. 

Limited hydrologic data precluded determination 
o f  optimum values f o r  N and Q i n  equation (2) 
f o r  most o f  our i d e n t i f i e d  low-temperature res- 
ervoirs. Instead, we selected a production 
plan invo l  v i  ng evenly-spaced we1 1 s discharging 
a t  0.0315 3 1 s  (500 gpm) f o r  30 years w i th  a 
maximum drawdown o f  152 m (500 ft). Then f o r  a 
range o f  r e a l i s t i c  values o f  reservo i r  trans- 
m iss i v i t y  and storage coe f f i c i en t  and o f  con- 

fining-bed properties, we developed correspond- 
i n g  curves r e l a t i n g  reservo i r  area t o  wel l  
area, defined as the square o f  the wel l  spac- 
ing. An example, calculated using the leaky- 
aqui fer  solut ions o f  Hantush (1960) wi th  con- 
fining-bed propert ies considered typ ica l  f o r  
sedimentary basins, i s  presented i n  f i gu re  2. 

-110- 

The curves i n  f i gu re  2 show several s ign i f i can t  
features o f  a production model which does no t  
involve in ject ion.  Most notable i s  the f a c t  
t ha t  as reservo i r  area increases the appropri- 
ate wel l  spacing increases because o f  drawdown 
interference between wells. Only f o r  very 
large-area reservoirs, such as the Madison 
limestone and Dakota sandstone i n  the northern 
Great Plains, does the wel l  spacing become con- 
s tant  w i t h  reservo i r  area thereby permi t t ing 
the number o f  wel ls t o  increase i n  proport ion 
t o  the s ize o f  the reservoir. For smaller res- 
e r v o i r  areas, the number o f  wel ls  a reservo i r  
can support does not  increase i n  proport ion t o  
the s ize o f  the reservoir. Consequently, under 
t h i s  producti n plan, the energy recoverable 

times t h a t  from a 10 km reservo i r  w i t h  the 
same b d r a u l i c  character ist ics.  Equivalent re- 
covery factors  w i t h  t h i s  production stratagy 
vary from about 0.1 percent f o r  the largest-  
area reservoirs i n  sedimentary basins t o  25 
percent f o r  the smal lest-area reservoirs asso- 
c ia ted  w i th  thermal springs. The 25 percent 
f i gu re  i s  approached f o r  small reservo i r  areas 
where breakthrough o f  cold, induced recharge 
f r o m  surrounding regions rather  than drawdown 
interference 1 i m i t s  energy recovery. 

h from a 100 km 8 reservoi  i s  only about 1.5 

Curves such as those i n  f i gu re  2 can be used to 
estimate minimum, maximum, and most l i k e l y  
values f o r  the wel l  area, aw, which define 
the corresponding t r i angu la r  p robab i l i t y  den- 
s i t y  and the mean value &. The assumption 
was made i n  developing these curves t h a t  each 
reservo i r  area was uniformly transmi ss i  ve . The 
uncertainty associated w i t h  t h i s  assumption i s  
t reated i n  a manner s im i la r  to t h a t  used w i th  
the recovery fac to r  approach by assigning a 
correct ion fac to r  k t o  the estimated number o f  
production wel ls w i t h  minimum, maximum, and 
most l i k e l y  values o f  0, 1, and 0.5, respec- 
t i ve l y .  The e f fec ts  o f  t h i s  correct ion fac to r  
are t o  decrease the estimate o f  N and t o  i n -  
crease the confidence l i m i t s  on estimates o f  ~7 and benef ic ia l  heat, The mean value f o r  
N i s  then given by (G/a,) and the mean 
we1 1 head thermal energy becomes: 

M - (0.0315 m3/s)*(30 years) 
= 3 x 107 m3 
= mean wellhead temperature (= mean 

reservo i r  temperature). 

For small-area reservoirs, our resource e s t i -  
mates based on equation (3) are close t o  those 
based on a recovery fac to r  o f  25 percent, but  



f o r  1 arge-area reservol r s  the we1 1 -spacing c a l -  
cu la t i on  y i e l d s  a much smaller value. D i f f e r -  
ences between these estimates r e f l e c t  the i m -  
portance o f  time-scale over which production 
continues and the choice o f  i n j e c t i o n  versus 
no- in ject ion developments. Maximum recovery 
f ract ions are obtained w i th  an e f f i c i e n t  in jec-  
t i o n  plan designed to give cold-water break- 
through a t  the end o f  the designed l i f e  o f  the 
development. If cold water i s  not  Injected, 
high recovery f ract ions can s t i l l  be at ta ined 
f o r  small-area reservoirs over a 30-year 
period, but  f o r  large-area reservoirs produc- 
t i o n  would have t o  continue f o r  much longer 
times to obtain high recovery fractions. De- 
sp i te  low recovery f ract ions,  t o t a l  energy re- 
covery f r o m  sedimentary basins could be large 
because the estimated reservo i r  areas are SO 
1 arge. 

The amount o f  each resource t h a t  can be d i rect -  
l y  applied to non-electric uses i s  termed bene- 
f i c i a l  heat, Q. Whereas wellhead thermal 
energy, QH. represents energy above a refer -  
ence state, benef ic ia l  heat represents energy 
t h a t  can be appl ied to speci f ic  processes such 
as heating a i r .  Estimates o f  benef ic ia l  heat 
f r o m  geothermal f l u i d  can be compared w i th  
thermal energy obtainable from other fuels. 
Selection o f  appropriate uses f o r  low-tempera- 
ture geothermal water depends p a r t l y  on the 
reservo i r  temperature, and d i f f e r e n t  uses i n -  
volve d i f f e r e n t  re jec t i on  temperatures f o r  the 
geothermal waste water. We have used the f o l -  
lowing equation t o  calculate the mean tempera- 
ture drop, A t ,  as a funct ion o f  mean wellhead 
temperature : 

42 

' 

A t  0.6*(t -25'C) (4) 
WH , 

From this,  mean values f o r  benef ic ia l  heat are 
calculated as: 

Note t h a t  f o r  values o f  tz < 25'C i n  equa- 
t i ons  4 and 5 the useful A t  Znd the benef ic ia l  
heat are zero. This l i m i t  i s  obtained both 
from def in ing low-temperature resources as 
being a t  l e a s t  10% above the mean annual a i r  
temperature, which averages 15'C across the 
United States, and from consideration o f  heat- 
pump appl icat ions for  which ground-water tem- 
peratures above 25'C s i g n i f i c a n t l y  Improve co- 
e f f i c i e n t s  o f  performace. 

W 

Estimates o f  Resource Base, Resource, and 
benef ic ia l  Heat 
Preltminary resu l t s  o f  our assessment o f  low- 
temperature resources i n  the United States In -  
d icate tha t  the t o t a l  recoverable thermal ener- 
gy a t  temperatures l ess  than 90% (based on our 
w e l l  -spacing calculat ions1 i s  o f  s im i l a r  magni- 
tude to corresponding estimates from previous 
assessments f o r  i d e n t i f i e d  intermedlate-temper- 
ature (90' to 150'C) and high-temperature 
(above 150'C) hydrothermal convection systems. 

l h  e t o t a l s  are each on the order o f  200 x 

The major por t ion o f  the i d e n t i f i e d  low-temper- 
ature resource occurs w i th in  the sedinentaly 
basins east of the Rocky Mountains. Among 
these are port ions o f  the Powder River and 
Wi l l i s ton  Basins i n  Wyoming, Montana, North 
Dakota, and South Dakota where regional agui- 
f e rs  w i th  resources a t  temperatures o f  40 to 
9O'C e x i s t  i n  Paleozoic rocks o f  the Madison 
Group (limestone) and Cretaceous rocks o f  the 
Dakota Group (sandstone). A1 though the reser- 
v o i r  areas involved i n  these basins are large, 
the methods used i n  t h i s  assessment t o  estimate 
recoverable thermal energy appear t o  y i e l d  re- 
a l i s t i c  resul ts.  For example, our preliminary 
estimate o f  recoverable energy f o r  the Madison 
limestone i n  the Powder Rive and Wi l l i s ton  

mate involves 1800 product1 n wel ls  spread over 
an area o f  about 180,000 kmj. An a l ternat ive 
calculation, i n v o l v l  ng smaller-scale develop- 
ments a t  each o f  about 60 population centers 
w i th in  t h i s  region, y i e l d s  the same resource 
t o t a l  f o r  Ind iv idual  w e l l  f i e l d s  w i th  30 we l l s  
per town. 

I n  terms o f  t o t a l  numbers o f  I d e n t i f i e d  low- 
temperature areas, most areas occur i n  the 
western United States and are associated w i t h  
hydrothermal convection systems o f  various 
kinds. We have I d e n t i f i e d  approximately 1,900 
ind iv idual  areas i n  the United Skates; roughly 
1,850 o f  these occur west o f  the Rocky 
Mountains. I n  most o f  these areas, evidence 
f o r  the existence o f  a geothermal reservo i r  
consists mainly o f  the presence o f  a s ingle 
thermal spring o r  spr ing group, comonly along 
one o r  more act ive normal fau l ts .  I n  such 
cases a most l i k e l y  reservo i r  volume o f  1 b 3  
and a thermal energy recovery factor  o f  25 per- 
cent were assigned. The resource estimate f o r  
such a system, t h  a reservo i r  temperature o f  
70'C, i s  4 x 10 J. 
There are, however, numerous areas invo lv ing 
hydrothermal convection systems where su f f i -  
c i e n t  information ex i s t s  t o  delineate a l a rge r  
reservo i r  size. Most notably, i n  port ions o f  
Idaho's Snake River Plain, thermal water moves 
upward along marginal f a u l t s  and leaks l a t e r -  
a l l y  through permeable s t r a t a  a t  r e l a t i v e l y  
shallow depths towards the center o f  the Plain. 
Our prel iminary estimate o f  the t o t a l  recover- 
able energy f o r  24 low-temperature aleas with- 
i n  he Snake River P la in  i s  approximately 2 x 

Low-temperature areas I d e n t i f i e d  w i  t h i n  the 
Eastern United States include the warm spr ing 
areas i n  the Appalachian Mountains o f  Virginia,  
West Virginia,  and North Carolina i n  the south 
and o f  New York and Massachusetts I n  the north. 
Other warm spr ing areas i n  Arkansas and Georgia 
were i den t i f ed  as containing resources, and 
port ions o f  the A t lan t i c  Coastal P la in  I n  
Delaware, Maryland, Virginla,  and North 
Carolina were also Included as low-temperature 

10 fti J (about 200 Quads). 

Basins i n  Montana i s  20 x 10 i: 8J. This e s t i -  

101 Q J .  
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.- 
areas. The western s ide o f  the Allegheny Bagin 
i n  Pennsylvania contains a th i ck  section o f  
Devonian shale having low thermal conductivity, 
but  it t s  not  known i f  aqui fers e x i s t  below t h e  
shale to form a geothermal reservoir. Outside 
these areas, however, the generally low crusta l  
heat f low and low thermal gradients appear t o  
r e s t r i c t  the occurrence o f  s ign i f i can t  low-tem- 
perature resources. 

Limited geohydrologic data requires us t o  t r e a t  
many areas which appear favorable f o r  the ex- 
istence of low-temperature reservoirs as con- 
ta in ing  undiscovered, ra ther  than i d e n t i f i e d  
resources. Undiscovered resources were as- 
sumed t o  be associated w i th  1) aqui fers i n  sed- 
Ifflentary basins and coastal embayments where 
ex i s t i ng  data could not support a quant i ta t ive 
assessment, 21 halos around i d e n t i f i e d  i n t e r -  
mediate and high-temperature systems, and 3) 
thermal energy i n  systems whose locat ions are 
as y e t  unknown. Estimates o f  the t o t a l  undis- 
covered resource base, resource, and benef ic ia l  
heat f o r  various geologic provinces w i l l  be i n -  
cluded i n  the f l n a l  repor t  along w i th  estimates 
f o r  i d e n t i f i e d  areas. 

3 '  

i a 
w n 

2 
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i n  t h i s  assessment) \ 

Figure 1. Diagram o f  temperature-depth c r i t e r i a  used t o  i d e n t i f y  low- 
temperature geothermal resources. MA = mean annual a i r  tem-  
perature. Harimum temperature l i m i t  = 9O'C. Minimum temper- 
ature l i m i t  given by l i n e  w i th  slope o f  25"C/km and in tercept  
o f  MA+lO"C. Heavy s o l i d  l i n e  shows minimum temperature l i m i t  
f o r  example case MA - 10°C. 
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RESERVOIR AREA, km2 

Figure 2. Curves o f  well area (well spaclng squared) versus reservolr 
area developed for  a production plan Involving evenly spaced 
wells dlscharglngdor 30 years a t  0.0315 m3/s (500 gpm) 
with a aaxlmura dr  wdown o f  152 n (500 ft). T - reservolr 

K - hydraulic conductivlty o f  confinin beds (m/s), and S' = 
specific storage o f  conflnlng beds (d?. 

tl;ansmissfvfty la, 8 /SI, S - reservoir storage coefflcfent, 
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GEOTBERMPL WELL LOWING AND ITS INTEF2REX'ATION 

Seiichi Birakawa and Shinj i  Tamaguchi 
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Faculty of Engineering 

ABSTRACT For Japanese geothermal developers 
of private companies, some conventional logs, 
such as temperature log, SP log and res i s t i -  
oity log, a re  avaAlab1e in geothermal fields.  
On the other hand, improvement is being made 
in well logging techniques on geothermal wells 
in the "National Sunshine Project." 
purpose of this paper is (1) t o  explain the 
high temperature well l o  ging developed on the 
sunshine Project, and (27 t o  present algorithm 
which can estimate porosity distributions and 
detect fractured sones ?rom conventional 
geothermal well logging. 

p G H  TEMPJEiATURE LOGGING TOOL High temperature 
logging tools must be developed f o r  geothermal 
reservoir potential  evaluation. The plan ?or 
developing logging tools f o r  geothermal wells 
s ta r ted  in 1974 as a par t  of the "National 
Suashine Project". Eight basic logging tools 
had been developed by 1979. They are  1 )  
Multi-Spacing Electr ical  Log 2) P-s Acoustic 
Log/Caliper Log 3 Mcro-Spherically Focused 
Log/Caliper Log 4 1 Temperature Log 5) 
Pressure Log 6) Flowmeter 7) Bottom Hole 
Sampler 6 )  Borehole Televiewer. Table 1 
shows the logging tools included in the 
project and the i r  endurance abi l i ty .  These 
logging tools were chosen a f t e r  wide resear- 
ches on the necessity of new tools. 
developing plan in the Sunshine Project is 
divided i n t o  two steps according t o  the marl- 
mum temperature which logging tools can endure. 
The &mum temperature limits of the logging 
tools were 275% in the first s tep (1976-1979). 
The logging tools developed were tested in 
geothermal reservoirs and good resu l t s  were 
obtained. 
In the second s tep ( l w o h ) ,  the goals of the 
maximum temperature were fixed a t  350%. 

INTERPRETATION TECHNIQUES Some conventional 
logs, such as temperature log, SP log and 
r e s i s t i v i t y  log, a re  available in Japanese 
geothermal fields.  Algorithm is shorn with 
which porosity dir t r ibut ions in a fractured 
geothermal reservoir can be estimated from 
conventional geothetmal well loggings. 

The 

The 

Now many data a r e  being gathered. 

. 

I n  the 

idealired model of a fractured geothermal 
reservoir considered in this study, i t  is 
sssumed that  the spacing between parallele- 
pipeds represents the fractures. T h i r  model 
considers both fractured porosity and matrix 
porosity. This algorithm consists of the 
basic equations in formation evaluation, empi- 
r i c a l  equations often wed i n  o i l  reservoir 
evaluation and equations derived from double- 
porosity model theory. 
of this algorithm, one example was chosen irom 
well loggings. 
.tions and the dietributiona of the fract ion of 
t o t a l  pore volume made up o? fractures t o  the 
t o t a l  pore volume of the system were obtained. 
The fractured sones estimated from these 
resu l t s  agreed approximately with the 
fractured sones estimated from d r i l l i n g  charts. 
This algorithm may be one of effective methods 
f o r  the estimation of porosity distributions 
in s fractured geothermal reservoir. 

To show the val idi ty  

The t o t a l  porosity distribu- 

Theory The idealized model considered in 
th is  study is presented in Figure 1. I n  this 
model i t  is assumed that the spacing between 
parallelepipeds represents the fractures.  It 
is rimilar t o  the one presented by Warren and 
Root t o  analyse pressure behavior in fractured 
reservoirs and t o  the one presented by Towle 
t o  study the relationship between formation 
resistivity factor  and porosity. It is a lso  
similar t o  the one presented by Aguilera t o  
andlyre naturally fractured o i l  reservoirs 
from well logs. 
Aguilcrags model and this model is that the 
former considers only fracture porosity and 
the l a t t e r  considers both fracture porosity 
and matrix porosity. For the basis of this 
study, the following basic relationships in 
formation evaluation a re  assumed t o  be appli- 
cable t o  both the system and the matrix. 

The difference between 

(1) 
R f t  R f t  

Ff R, R f o  
If%-"- 
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(3) 

where 
I, = res i s t iv i ty  index for  the system 
I 

Rft 5 true res i s t iv i ty  for  the system 
P res i s t iv i ty  f o r  the system at 100- 

Rfo percent formation water saturation 
Ff = formation factor  for  the system 

$ = to ta l  porosity, fraction 
m P double-porosity system exponent 
F = matrix formation factor ab = matrix porosity, fraction 

mb 5 matrix porosity exponent 
Rw = connate water res i s t iv i ty  

The following equations can be derived 
basis of the double-porosity model. 

$ = 1 - x3 + x36 

f r =  1-x 3 +x 3 6 

(4) 

(5) 
I - X ~  

on the 

J& + F(1-X+X&,)(X2-X+lL 
X -2.f 

(6) A JDb 

% -X+1 + F(l-X+X$))(l-X)(X +l] 
F f "  2 2 

X -2 A 
A 'b 

where 
X = length of the block, fraction 
f, = the fraction of t o t a l  pore volume 

made up of fractures t o  the pore 
volume of the system 

to  R, by: 

Eesp 

=c = 

*SSP 
Kc = 

where 

On the basis of the fractured reservoir model 
and equations 1-6, the algorithm shown i n  
Figure 2 has been developed. In step 4* is 
calculated by the following method. 
Spontaneous potential value, Essp, is related 

The s t a t i c  

(7) 

61 + 0.133(1.8T + 32) (8 )  

= static spontaneous potential, mV 
electrochemical SP coefficient 

= res i s t iv i ty  of the flushed cone 
a t  reservoir temperature, ohm-m 

R,, = connate water res i s t iv i ty  a t  
reservoir temperature, ohm-m 

T = reservoir temperature, 'C 

can be found from the log heading o r  

calculated by the following equation. 

1.07 (9) Bmf = %A%) 
where 

= res i s t iv i ty  of flushed sone at 
24%, oh-m 

I$, = res i s t iv i ty  of d r i l l i n g  muds a t  24OC, 
ohm-m 

I$,, P coefficient 

Bmf a t  any temperature can be calculated using 
Arpls equation. 

1.8T1 + 38.77 

where B.fi = r e s i s t i v i t y  of the flushed sone a t  
T2, ohm-m 

Qi = resistivity of the f lwhed cone at  
TI, ohm-m 

T 1  = temperature, 'C 
T2 = temperature, *C 

Temperature i n  above equations can be obtained 
.by a temperature log. 
R,, can be calculated as: 

In step 6, laboratory experimental data are  
required to  determine matrix properties. 
the case where laboratory experimental data 
cannot be obtained, conventional formula (0,s. 
Eumble*s formula) may be used. T o t a l  porosity 
distributions and fraction of t o t a l  pore 
volume made up of fractures t o  the t o t a l  pore 
volume of the system can be estimated with 

I n  

this algorithm. 

Example And Mscussion To show the 
val idi ty  of this algorithm, one example is  
presented here with the well data. A geo- 
thermal well was chosen among the wells, 
because it provided the best suite of logs. 
T h i s  example uses a temperature log, aponta- 
neous potential log and an e lec t r ica l  log. 
The e lec t r ica l  log contains 8 long normal 
electrode spacing = 100~11) and a short  normal 
electrode spacing = 25cm). The logs were run 

i n  1975. Four hundred meters were examined, 
beginning a t  a depth of J2OOm. From a tempe- 
rature log, the temperature around the depth 
of in te res t  i s  130'C. This temperature is 
lower than 175'C, which is the maximum tempe- 
rature limit of conventional logging tools 
used i n  o i l  f ie lds .  So, conventional logging 
w a s  possible i n  this well i n  1975. In step 4, 
R,, is calculated to  be 1.5 ohm-m. 
geological section of this well, the lithology 

From 
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b, is determined t o  be rhyolite tuff around the 
depth of interest .  
experiments with core samples are required t o  
determine matrix properties. I n  the case where 
laboratory experimental data conuot be obta- 
ined, conventional formula may be wed. 
this caae, Humble's formula is assumed. 
Xatrix formation factor  F is determined t o  be 
41 from e lec t r ica l  log and matrix porosity db 
is calculated to  be 0.14 using the Humble's 
formula. These values are  substituted f o r  F 
and & i n  equation 6 and the relation between 
Ff and X is obtained. Figure 3 shows the plot  
of Ff versus X derived from equation 6. If Ff 
is obtained from e lec t r ica l  log in each sone, 
X can be obtained from this relat ion and 
porosity can be calculated using equation 4 i n  
each sone. 
and the distributions of the fraction of to ta l  
pore volume made up of fractures to  the to ta l  
pore volume of the gatem, which were obtained 
with this algorithm are presented i n  Figure 4 
and i n  Figure 5 respectively. 
show that depths of 13oOm, 136Om and 144Om are 
highly fractured sones. 
f lu id  loss i s  observed around the depth of 
14OOm on the d r i l l i n g  ahart supports the above- 
mentioned results.  
of effective methods f o r  the estimation of 
porosity distributions i n  a fractured geother- 
m a l  reservoir. 

CONCLUDING REMARKS Various logging tools for  
Japanese geothermal f ie lds  are  being developed 
as a par t  of the " N S t i O n 8 1  Sunshine Pro$ectN. 
On the other hand, some conventional logs, 
such as temperature log, SP log and res i s t iv i -  
ty log, are  available for Japanese geothermal 
developers of private companies. Interpreta- 
t ion techniques of logging resul ts  obtained 
with these tools have not yet  been put in to  
practice in Japan. I n  this paper, one of the 
algorithms f o r  a geothermal f i e l d  i s  presented. 
Uith this algorithm porosity distributions in 
a fractured geothermal reservoir can be esti- 
mated. 
been shown with f i e l d  data. 
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Table 1 Logging tools  included i n  the "National Sunshine Project" 

Log Type 

Mu1 t i -Spacing 
E l e c t r i c a l  Log 

Ca l ipe r  Log 

Micro-Spherically 
Focused Log/ 
C a l i p e r  Log 

. P-S Acoust ic  Log/ 

Temperature Lag 
I 

\o 
: P r e s s u r e  Log1 

Plowme t e r  

Bottom Hole 
Sampler 

Bbrehole 
Televiewer 

Neutron Log/ 
Dens i ty  Log/ 
Ca l ipe r  Log/ 
P!atural G a m m a  Ray 

Logging Cable 

Tool 
Diameter 
cm ( in)  

7.3 ( 2  7/81 

10.2 (4  1 

10.2 (4  

4.3 (1 11/16 

4.3 (1 11/16 

4.3 t 1 11/16 
4.3 1 11/16 

10.2 (4 1 

13 mm # 
13 mm 8 

Min . 
Hole S i z e  
cm (in) 

7.6 (.3 ) 

9.4 (7 5/81 

5.1 t 2  2 1 
9.4 (7 5/81 

2.7 2.7 t' 5 I 
9.4 (7  5/81 

lax. 
L'emperaturc 

b 

275 

275 

275 

275 

275 

275 
275 

275 

200 

--- 
--- 
--- 

275 --- 

1 s t  S t ep  
(1 976-1 979) 
lax. 
'reamre 

kg/cm2 

750 

500 

500 

500 

500 

500 
500 . 

500 

300 

--- 
-_- 
--- 

500 --_ 

Yax. Time 

hours  

20 

4 

4 

20 

20 

20 
20 

4 

4 

-- 
-- 
-- 

20 -- 

tax. 
'emperature 

b 

350 

350 

350 

3 50 

350 

350 

350 

250 

275 

--- 
--- 
--- 

--- 
350 

2nd S tep  
(1980- I 
lax. 
' ressure  

kdcm2 

1000 

600 

600 

700 

700 

700 

700 

500 

500 

_-- 
--- 
_-- 

--- 
1000 

lax. Time 

hours 

20 

6 

6 

-- 
20 

Logging Truck weight 6tons,  capac i ty  3000 m, Cable 2000 m 
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MEASURING SALT WATER PERMEABILITIES 

BRIAN D, GORRAN 

ARC0 OIL AND GAS COMPANY 

Abstract 
saline solutions through sandpacks a t  
elevated temperatures and pressures in the 
laboratory. The purposes of t h i s  work are 
two-fold. F i r s t  the experimental apparatus 
necessary to  measure permeability with salt  
water flow at elevated temperatures must be 
designed and built.  Then, the effect  of 
temperature on absolute permeability to  
salt water w i l l  be compared to  the effect  
with d i s t i l l ed  water as the flowing fluid 
under similar conditions. 

Introduction The absolute permeability of 
a formation occurs as a variable i n  a l l  
f lu id  flow equations. Since permeability is 
measured in  the laboratory, experimenters 
have been trying for the last 40 years t o  
simulate reservoir conditions (or at least 
those conditions thought important) i n  the 
laboratory. 
direction w e r e  t o  subject cores t o  
confining pressures similar to  those in  the 
reservoir. This ranged f r w  hydrostatic 
(Fatt and Davis) t o  radial  (Wyble) t o  
t r i ax ia l  at a Poisson ra t io  of 0.33 (Gray, 
et al.). 
showed that absolute permeability w a s  a 
function of confining pressure while 
relative permeability (Fatt)  w a s  not. 

The next approximation to  reservoir con- 
dit ions was to  investigate the effect  of 
temperature on the measured values of 
absolute and relative permeabilities. The 
i n i t i a l  studies (Poston, e t  al., 
Weinbrandt) found a reduction i n  absolute 
permeability and a shift ing of the relat ive 
permeability curves when the temperature 
was increased. Further studies (Casse, 
AN-) were ini t ia ted with d i s t i l l ed  water 
flow through sandstones and sandpacks t o  
better define the effect  of temperature on 
absolute permeability. These researchers 
found a reduction i n  permeability with 
temperature increase when water (and only 
water, not mineral o i l ,  gas or 2-octanol) 
flowed through sandstone (consolidated 
sandstone or  unconsolidated sand but not 
limestone). This reduction was found to be 
reversible when th is  was investigated. 

This study investigates flow of 

The f i r s t  steps i n  th i s  

The results of these studies -- 

kid 

Once these results were obtained, explana- 
tions w e r e  sought from the l i terature.  

Chemical engineering l i t e ra ture  was a good 
source for explaining the observed permea- 
b i l i t y  reductions with temperature increase. 
During th i s  period (the early 1970's), 
chemical engineers a l l  over the world were 
investigating anomalous water (Derjaguin and 
Churaev). Anomalous water was water con- 
densed i n  very fine quartz capillaries 
having properties significantly different 

, (such as f i f teen  times the viscosity) from 
normal or bulk water. So, the idea of some 
unexplained boundary layer phenomenon 
between quartz and water was used to  explain 
the observed permeability reductions with 
water flowing through sand. 

Although l a t e r  investigations found no 
effect  of temperature on absolute permea- 
b i l i t y  with d i s t i l l ed  water flow (Gobran, 
Sageev), there were still  nagging questions 
about the quartzlwater interface. Perhaps 
the addition of salt to  the water would 
cause some interfacial  forces that would 
yield a reduction i n  permeability with 
temperature increase. To answer these 
questions and to further simulate actual 
reservoir conditions i n  the laboratory, salt  
water permeabilities were measured i n  t h i s  
study. 

A similar work presented a t  th i s  meeting 
last year (Potter, et al.) and the dis- 
cussion that followed w i l l  be used as a 
basis of comparison for these results. 

Experimental Apparatus and Procedure The 
experimental apparatus and procedure have 
been fully described elsewhere (Gobran), 
however, a brief description is appropriate 
here for the discussion that follows. A 
schematic diagram of the apparatus is shown 
i n  Figure 1. 
with a Rush constant rate pump (with two 
403 s ta in less  steel cylinders rated t o  4000 
psi). The tubing, core holder, different ia l  
pressure transducers and other components of 
the fluid flow system are =de of 316 
stainless steel .  

The fluid flow system begins 

c 

. .  
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The procedure for taking permeability 
measurements is the same as with d i s t i l l ed  
water (Gobran). A t  each temperature four 
different flow rates are used: three high 
(about one l i ter  per hour) and one low 
(about 200 mil l i l i t e r s  per hour). 
of permeability a t  each of the high flow 
rates is the average of the values a f t e r  
f ive  and then ten incremental pore volumes. 
These values are then averaged to  get the 
permeability at a given temperature. The 
low flow rate is maintained for only one 
pore volume and th is  value is used as a 
check to  be sure there is no flowrate 
effect  . 

The value 

This system w a s  designed for d i s t i l l ed  water 
flow. It was used to  measure the absolute 
permeability of sandpacks and consolidated 
sandstone cores as a function of temperature 
from 100 t o  300°F, confining pressure from 
2000 t o  10,000 ps i  and pore pressure from 
200 t o  4000 psi. During the studies with 
d i s t i l l ed  water, no effect  of contamination 
was found on the in l e t  face of the porous 
media. Also, except for a set t l ing or re- 
arrangement of grains, there w a s  no re- 
duction in  permeability caused exclusively 
by flow. 

Results As stated previously, one of the 
goals of th i s  study was t o  investigate the 
effect  of temperature on absolute 
permeability of unconsolidated sandpacks 
with a 1% NaCl solution as the flowing 
fluid. The sandpacks were ei ther  100-120 o r  
120-200 mesh Ottawa sand. The confining 
pressure and the pore pressure were 2000 and 
200 psi, respectively, for  a l l  experimeuts. 

During the d i s t i l l ed  water experiments and 
the i n i t i a l  salt water experiment, a 15 
micron f i l t e r  was used i n  the flow l i n e  
outside the air bath. During the f i r s t  salt 
water experiment th i s  f i l t e r  plugged badly 
and there was a 20% reduction i n  
permeability during the f i r s t  95 pore 
volumes of throughput ( th i s  is f a r  higher 
than would be expected merely due t o  
se t t l i ng  as will  be seen later). A t  t h i s  
point the core was  a t  150'F and the 
experiment was stopped. The 15 micron 
f i l t e r  outside the air bath w a s  replaced 
with a 2 micron f i l t e r  and a second 2 micron 
f i l t e r  was installed i n  the air bath 
immediately prior t o  the core holder. 

The results of the second experiment are 
shown i n  Figure 2. Here permeability is 
graphed versus temperature. There was  a 
loose wire to  one of the air bath heating 
elements and the maximum attainable tempera- 
ture was 284'F. These results show no 
significant reduction i n  absolute permea- 
b i l i t y  during the heating portion of the 

experiment. There was, however, a large 
loss i n  permeability during the cooling 
cycle. The experiment was stopped before 
the usual four flowrate measurements could 
be made a t  100'F. 

Figure 3 shows permeability graphed versus 
throughput for  t h i s  experiment. The results 
of th i s  experiment with salt water can be 
compared with the results for d i s t i l l ed  
water flow shown i n  Figures 4 and 5. 
4 shows permeability as a function of 
throughput a t  100'F. This shows the 
reduction i n  permeability tha t  can be 
expected merely due to  flow. Clearly, the 
reduction i n  permeability (20% i n  95 pore 
volumes) i n  the f i r s t  salt water experiment 
was  excessive as was the reduction during 
the cooling cycle of the second experiment. 

Figure 5 shows permeability as a function of 
temperature for  d i s t i l l ed  water flow. 
compares very w e l l  with the heating cycle i n  
the second s a l t  water experiment with both 
showing no temperature dependence. Examina- 
t ion of the core and the two f i l t e r s  a t  the 
conclusion of the second salt water experi- 

.merit showed that the f i l t e r s  were plugged 
with a brown particulate and that t h i s  same 
material coated the inlet face of the core. 

Figure 

This 

The results of t h i s  experiment indicated 
tha t  permeability was not dependent on 
temperature with salt water as the flowing 
fluid. It also showed that both the flow 
lines inside the air  bath and the pump 
i t s e l f  were corroding with the salt water 
flow. The progress of the corrosion- 
produced particulate cold be delayed by use 
of f i l t e r s  but there would s t i l l  be 
permanent damage to the pump and flow 
lines. 

A t  t h i s  point a solution (instead of a 
delaying approach) was sought. 
calls to  numerous major o i l  company research 
laboratories, it was determined that 100 
parts per million of sodium s u l f i t e  
(Na2SO3) would remove the dissolved 
oxygen fran the salt water. Alternate 
materials such as titanium and mnel  were 
considered as replacements for the 316 
stainless  s tee l  tubing, but, due to  time 
and cost limitations, w e r e  not used. 

A system of check valves and cylinders which 
allowed flow of mercury i n  the pump and 
water i n  the system w a s  implemented. This 
design is shown schematically i n  Figure 6. 
After several abortive experiments i n  which 
mercury leaked into the flow system, th i s  
design seemed to  work successfully. 

During the f ina l  experiment there was a 
continued decrease i n  permeability with 

After phone 
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throughput (although not of the magnitude 
that would be caused by mercury i n  the 
core). The low flowrate measurements 
yielded permeability values significantly 
lower than the high rate values. 
experiment w a s  stopped while heating t o  
250.F when the different ia l  pressure across 
the core kept increasing. This is 
indicative of flow of the confining o i l  into 
the core. 

Discussion In his work, Mr. Potter found 
corrosion of his system (316 and 304 
stainless steel) with d i s t i l l ed  water flow 
a t  elevated temperatures. This was due to  
oxidation which produced Fe+3 ions. 
When the system w a s  changed t o  titanium, no 
more corrosion problems were encountered. 
During the discussion following h i s  
presentation, it was suggested that the 304 
stainless steel components caused the 
problems and that the 316 stainless would 
have no problems. 
by two recent studies (Gobran, Sageev). 
However, systems constructed of 316 
s ta in less  s t ee l  cannot be used with salt 
water flow at elevated temperatures. 
on the results of th i s  work and other 
studies on stainless steel (Gordon), 
s ta inless  steel and salt water are not 
compatible above 170.F. Therefore materials 
such as inconel, titanium or mnel  are 
needed for  such systems. 

Conclusions Two conclusions can be made 
from th is  study: 1) Absolute permeability 
of sandpacks to  s a l t  water is not a function 
of temperature. 2) Materials other than 316 
stainless steel must be used for s a l t  water 
systems a t  elevated temperatures. 
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Figure 1. Schematic diagram of the experimental apparatus. 

Figure 2. Salt water permeability 
versus temperature. 

Figure 3. S a l t  water permeability 
versus throughput. t 
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Figure 4. Dist i l led water 
permeability versus throughput. 

Figure 5. D i s t i l l e d  water permeability 
versus temperature. 

Figure 6. Uercury flow modifications. 
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Si02 PRECIPITATION ACCOMPANYING .FLUID FLOW THROUGH GRANITE HELD IN A TEMPERATURE GRADIENT 

D. E. Moore, C. A. Morrow, and J.  D. Byerlee 

U.S. Geological Survey, Menlo Park, Ca l i f o rn ia  94025 

Abstract I n  experiments simulating the 
'-hydrothermal f l u i d s  from a solution. The d i s t i n c t i v e  behavior of 
geothermal reservoir, water was flowed a t  a 
low ra te  down a temperature gradient 
through f ractured and i n t a c t  cyl inders o f  
Barre and Westerly Granite. Temperatures 
ranged from 80 to 105'C a t  the outer edges 
o f  the cy l inders t o  250 to 3OO'C along a 
centra l  borehole which housed the heating 
c o i l .  As a r e s u l t  o f  mineral deposition, 
p a r t i c u l a r l y  Si0 , a t  low temperatures i n  
the grani te  sampfes, permeabi l i t ies were 
reduced 10- t o  100-fold i n  periods o f  1 to 
3 weeks. Chemical analyses were made o f  
the low-temperature f l u i d s  discharged from 
the cylinders. Early-sampled f l u i d s  were 
supersaturated w l t h  respect to several 
minerals a t  low temperatures i n  the 
granites. O f  the oversaturated species, 

time, and i n  an experiment w i t h  low I n i t i a l  
f l ow  rate, the so lut ion reached equl l lbr ium 
w i th  quartz a t  the low-temperature edge of 
the cy l inder  w i th in  about 6 days. 
Increasing the maximum temperature o f  the 
gradient a t  constant conf in ing pressure l e d  
t o  higher Si02 concentrations i n  the 
discharged f l u ids .  However, increasing 
conf in ing pressure along w i th  maximum 
temperature resul ted I n  lower dissolved 
Si02 contents because o f  enhanced 

accompanying the pressure Increase. The 
behavior o f  Si02 contrasted w i th  most 
other dissolved species, which were 
af fected by changes I n  temperature bu t  not 
f low ra te  i n  the time o f  the experiments. 

Introduct ion A ser ies o f  permeabil ity 
experiments was conducted t o  model the f l ow  
o f  f l u i d s  from high t o  low temperatures 
across g r a n i t i c  rocks. As a r e s u l t  o f  
several days o f  slow flow, the permeabili ty 
o f  each grani te  specimen was reduced t o  1 
to 10% o f  i t s  value p r i o r  t o  heating 
(Morrow and others, 1981). As an a i d  i n  
deteminlng the causes of the permeabil ity 
reductions, the f l u i d s  discharged from the 
grani  t e  specimens were co l lected f o r  
chemical analysis (Moore and others, I n  
press). An unexpected f i nd ing  o f  the f l u i d  

from those o f  the other species i n  

s i l i c a  and i t s  e f f e c t  on the permeabil ity 
o f  the grani tes form the subject o f  t h i s  
sumnary paper. 

Ex eriments The experimental design I s  
h g u r e  1 . Cyl indr ica l  samples o f  
grani te  3" i n  diameter and 3-1/2" long 
contained a 1/2"-diameter borehole i n  which 
a co i l ed  resistance heater produced a 
temperature gradient between the center and 
puter  edge. D i s t i l l e d  water was flowed 
r a d i a l l y  through the grani te  from high to 
low temperatures. Gold shims were placed 

THERMOCOUPLE WIRES PORE PRESSURE INLET 

# I p E  PRESSURE OUTLET Si02 showed the most rap id  decrease w i th  

react ion a t  the reduced f l ow  rates FUSED SILICA 

analyses was t h a t  the var ia t ions i n  
dissolved s i l i c a  concentrations w i  t h  
changing experimental conditions d i f f e r e d  

b.l" 
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Figure 1 Schematic sample assembly. 



b content was determined from measurements of 
t o t a l  inorganic carbon, made with a carbon 
analyzer. The anions C1, F, and s u l f a t e  
were determined using an i o n  chromatograph 
w i t h  in tegrator  attachment. 

Some o f  the f l u i d  compositions were 
analyzed w i th  the SOLMNEQ computer program 
o f  Kharaka and Barnes (19731, which 
determines the states o f  react ion (&)Of 
the solutions a t  a given temperature w i t h  
respect t o  up t o  158 mineral species. I n  
order t o  determine the di f ferences i n  
r e a c t i v i t y  o f  a given f l u i d  across the 
sample, most o f  the solut fon compositions 
analyzed by SOLMNEQ were run a t  both the 
high- and low-temperature extremes o f  the 
grani te  cylinders. 

Permeabil ity Changes The var ia t ion i n  
permeabi 11 ty  with t h e  was determi ned from 
measured changes i n  mass ‘flow r a t e  over the 
constant pore pressure d i f f e ren t i a l ,  using 
the rad ia l  f l ow  model o f  Darcy’s Law. As 
an example o f  the t rend o f  permeabil ity 
decrease, the normalized permeabil ity 
changes w i t h  time f o r  NWD22 and 24 are 
shown i n  Figure 2. The grani te  cyl inders 

. i n  each experiment showed a rap id i n i t i a l  
permeabil ity drop followed by lower rates 
o f  decrease. A t  constant conf in ing 
presures, an increase i n  borehole 
temperature resul ted i n  a more rap id  ra te  
o f  permeabil ity reduction. I n  addition, 
the l a rge r  the volume o f  f l u i d  flowed 
through the cylinders, the greater the 
permeabil ity drop. 

a t  the ends of the grani te  samples t o  seal 
them from the adjoining fused s i l i c a  
cy1 i nders t h a t  served as thermal 
insulators. Other exposed metal around the 
borehole was gold-plated t o  prevent 
contamination o f  the f l u ids .  The sample 
assembly was Be arated from the containing 
jacket  by a s t a h l e s s  steel  mesh that 
a1 lowed drainage o f  the discharged, 
low-temperature f l u i d s  away from the rock 
cy1 i nder. 

The experiments conducted are sumnarized i n  
Table 1, Cylinders o f  Barre and Westerly 
Granite, both b i o t i  te-muscovf t e  
granodiorites, were used i n  d i f f e r e n t  
experiments. Temperatures w i th in  the 
boreholes ranged from 250 t o  300’C, and 
those a t  the outer edges were 80 t o  105%. 
Confining pressures o f  300 bars were , 
coupled w i th  pore pressures o f  100 bars, 
corresponding to 1.2 km thickness o f  
overburden w i th  f l u i d  pressure resu l t i ng  
from the hydrostatic head. Conf in lng  
pressures o f  600 bars and pore pressures o f  
200 bars were also used. A 5 t o  10 bar 
pore pressure d i f f e r e n t i a l  produced a low 
ra te  o f  f l u i d  flow. D i s t i l l e d  water was 
the s ta r t i ng  f l u i d  i n  the experiments 
l i s t e d  i n  Table 1. An addi t ional  
experiment using a NaHC03-CaCl2 
so lut ion rather than d i s t i l l e d  water 
resul ted i n  s im i la r  permeabil ity reductions. 

Nine dissolved species were analyzed from 
1.5 m1 f l u i d  samples, co l lected as separate 
1.25 and 0.25 m l  samples. Deta i ls  o f  the 
analy t ica l  techniques and many f l u i d  
compositions are contained i n  Moore and 
others ( i n  press). The 0.25 m l  sample was 
analyzed f o r  Si02 using the 
molybdate-bl ue method o f  spectrophotometric 
analysis (ASTM, 1974; p. 401-402). From 
the larger  f l u i d  sample, the cat ions Gs. 
Na, K, and Mg were determined using atomic 
absorption techniques. The bicarbonate 

’ 

“ O B  

Textural Wdence o f  Reaction Thin-section 
and SEM examinations y ie lded siye evidence 
of mineral react ion and p rec ip i t a t i on  i n  the 
grani te  cy l inders during the experiments. 
Observations o f  high-temperature mineral 
react ion were confined t o  narrow concentric 
zones around the boreholes. There, c a l c i t e  
showed pronounced etching along cleavage 

300’C 
600 BARS CONF. PR. 

Figure 2 Normalized 
changes i n  penneabi 1 i ty 

w i th  time 

DAYS 
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Experiment Rock TernPo 
Type Gradf ent  

('C) 

MWDlO Barre 80-250 

NWD2O Barre 104-280 

NWD21 Westerly 84-250 

NWD22 Westerly 92-300 

NU023 

WD24 Barre 94-300 

a) 

Table 1. Experimental Conditions 

Confining Pore Pore Pres. Duration Vol. F l u i d  
Pressure Pressure D i f f e ren t i a l  o f  exp. Flow 

(bars) (bars) (bars) (days) (a) 

300 100 5 18.0 41.8 

300 100 5 12.9 32.3 

300 100 5 11.9 134.2 

600 200 10 12.9 34.0 

300 100 5 9.0 114.0 

600 200 10 19.9 23.7 

Petmeabi 1 i ty 
i n i t i a l  f i n a l  
k(da) k( dal 

7.9( 10-7) 1.6 ( 10-7) 

4.9 ( 10-8) 1.7( 10-8) 

7.4 (10-7) 4.7 ( 10-8) 

2.4(10-7) 9.3(10-9) I 

7.4( 10-8) 7.6(10-9) 

2.0 ( 10-6) 3 .O ( 10-8) 

b) 

E a a 

I i 

mo 

100 

0 

Figure 4 E f f e c t  o f  temperature on the CornPosition of f l u i d s  discharged f k  a given g ran i te  type a t  s im i l a r  times during 
an experiment: (a) Westerly Granite, f l u i d  samples co l lected a t  10.0 days; (b) Barre Granite, 6.0 days. 



and f racture traces and p h y l l o s i l i c a t e  
a l te ra t ion  minerals i n  plagioclase had 
changed co lor  from green t o  
yellowish-brown. A few ear ly  experiments 
were conducted using samples containing a 
through-going f rac tu re  (Morrow and others, 
1981). A f te r  the experiments, the f racture 
surfaces showed traces o f  mineral 
deposition near the low-temperature sides. 
Most o f  the deposits consisted o f  patchy 
masses and f ibers  o f  s i l i c a  which formed on 
exposed quartz grains (Fig. 3). 
addition, some Ca-rich f i b e r s  grew on 
plagioclase crystals. 

I n  

Chloride and Sulfate Neither C1 nor S are 
major consti tuents o f  any mineral i n  
Westerly o r  Barre; instead, they are 
concentrated i n  intergranular f l u i d s  and 

'adsorbed onto g ra in  surfaces ( E l l i s  and 
Mahon, 1964). Considerable amounts o f  both 
ions were removed by f 1 ushi ng co ld  water 
through the rock cyl inders f o r  3-5 days 
p r i o r  t o  heating. Nevertheless, the 
concentrations o f  both species i n  so lut ion 
rose again upon i n i t i a l  heating w i th  the 
higher-temperature water the more e f fec t i ve  
leaching agent (Fig. 4). Subsequently, 
both'ions dropped rap id ly  t o  low values. 

Na, Ca, K, Mg, F, and HC03 Unlike C1 and 
su l fa te the concentrations o f  these 6 
species are re la ted t o  mineral 
solubi 1 i ties, w i th  temperature the major 
cont ro l  on so lut ion concentrations. The 
higher Na contents an NaKa r a t i o s  i n  
f l u i d s  derived from Barre Granite (Fig. 4) 
are consistent w i th  the occurrence o f  a 
more Na-rich plagioclase and a separate 
a l b i t i c  a l te ra t ion  phase i n  Barre. I n  the 
same way, the s l i g h t l y  Mg-enriched 
solut ions from Westerly are re la ted t o  the 
higher Mg contents o f  minerals i n  t h a t  
granodiorite. 
i n  so lut ion doubled o r  t r i p l e d  w i th  a 50°C 
temperature increase (Fig. 4). The 

The amounts o f  Na, K, and Ca 

Figure 3 Low-temperature deposition o f  
s i l i c a  f i b e r s  on a quartz gra in  exposed along 
a f racture surface. SEM photomicrograph, 
30,000 x magnification. 

Table 2. 
contents and Na, K, and Ca concentrations 
f o r  selected f l u i d  samples would be 
equi 1 i b r i m  values. 

Temperatures a t  which the Si02 42  

Sample Quartz Na-K-Ca 

UD20 
20 170 198 

28 167 171 

NWD2l 
34 182 2 18 

53 172 208 

NMD22 
63 104 250 

69 99 263 
70 72 225 

WD23 
77 186 265 

83 171 229 
84 154 221 

NWD24 
33- 119 237 

99 142 217 
100 130 208 

bicarbonate concentration also doubled, 
which contrasts w i th  the negative 
temperature dependence o f  c a l c i t e  
s o l u b i l i t y  but  which can be explained by 
dif ferences i n  so lut ion pH. The Mg and F 
contents were contro l led by the s o l u b i l i t y  
of mafic minerals and o f  accessory 
f luor i te ,  respectively. The concentrations 
o f  these 2 ions d i d  n o t  increase w i t h  
temperature, because minerals such as 
c h l o r i t e  and f l u o r i t e  show s l i g h t l y  
negative s o l u b i l i t y  relat ionships i n  t h a t  
temperature range ( E l l i s ,  1971; Mahon, 
1964). I n  the same way, the s l i g h t l y  
Mg-enriched solut ions from Westerly are 
re la ted  t o  the higher Mg contents o f  
minerals i n  t h a t  granodiorite. 

Changes i n  the ion ic  concentrations with 
time may r e f l e c t  p a r t i a l  reaction o f  the 
solut ions a t  lower temperatures - i n  the 
granites. Equi 1 i b r i  um temperatures of 
selected f l u i d  compositions calculated 
using the Na-K-Ca geothennometer o f  
Fournier and Truesdell (1973) are l i s t e d  i n  
Table 2, along w i t h  quartz temperatures. 
Nearly a l l  o f  the i n i t i a l  Na-K-Ca 
temperatures were below the borehole 
temperatures and they a1 so decreased with 
time. The gradual decreases i n  temperature 
ind icate increasing reaction o f  the 
solut ions a t  low temperatures as f low rates 
decreased. 

the solut ions were undersaturated w i th  
respect t o  c a l c i t e  a t  the lowest 
temperatures i n  the cy1 inders, and 
bicarbonate concentrations increased with 

Throughout most o f  the 250°C experiments * _  

L' 
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t ine.  
oversaturated w i  h c a l c i t e  a t  the 
low-temperature edge f o r  most o f  the 300% 
experiments, and the bicarbonate 
concentrations decreased w i th  t i m e  i n  an 
apparent attempt to reach equi l ibr ium 
concentra tlons. 

Ca concentrations decreased steadi ly during 
the experiments, p a r t i c u l a r l y  those a t  
300'C. The r a t i o  Ca/HC03 also decreased 
w i th  time. The lowered Ca contents 
r e l a t i v e  t o  HC03 suggests t h a t  some 
l i m i t i n g  mineral s o l u b i l i t y  other than 
ca l c i t e ,  such as the p rec ip i t a t i on  o f  a 
Ca-zeolite o r  Ca-montmori 1 loni te,  may have 
caused Ca concentrations t o  decrease. 

S i l i c a  The presence o f  s i l i c a  i n  the 
fTuTas i s  contro l led most strongly by the 
d isso lut ion o f  quartz, which shows marked 
increases i n  s o l u b i l i t y  w i t h  increasing 
temperature ( f o r  example, Kennee, 1950) 
and i s  by f a r  the most react ive mineral i n  
granodior i te subjected t o  f l ow  o f  
hydrothermal f l u i d s  (Charles, 1978). For 
experiments run a t  the same conf in ing 

!3), a 30'C increase i n  temperature l e d  t o  
somewhat higher dissolved s i l i c a  
concentrations. However, increasing 
conf in ing pressure as wel l  as temperature 
resul ted I n  much lower s i l i c a  contents 
(Fig. 4) and correspondingly l'ower 
equi l ibr ium temperatures (Table 2). The 
lower concentrations a t  higher temperatures 
and conf in ing pressures contrast  markedly 
w i th  the behavior o f  the other dissolved 
specles t h a t  show pos i t i ve  t e  erature- 
dependent s o l u b i l i t i e s  (Fig. 7 4 . 
None o f  the discharged f l u i d s  was saturated 
w i t h  respect t o  quartz a t  the borehole 
temperatures o f  the granl  t e  cy1 lnders. 
However, s i l i c a  phases such' as quartz, 
chalcedony and a-cr i  stobal i t e  were 
oversaturated I n  a t  l eas t  some f l u i d s  a t  
the low-temperature side. The values o f  
AGR f o r  s i l i c a  species decreased w i t h  
t i m e  i n  an experiment, consistent u l t h  
s i l i c a  deposition from the low-temperature, 
oversaturated solutions. Quartz ra ther  
than some other s i l i c a  species may be the 
c r y s t a l l i z e d  phase, because the s i l i c a  
contents o f  the solut ions continued t o  
decrease to values below the s o l u b i l i t i e s  
of chalcedony and a-cr is tobal i te .  I n  
addition, the f i n a l  f l u i d  samples o f  the 
300% Westerly Granite experiment (NWD22) 
were i n  equi l ibr ium w i t h  quartz a t  the 

I n  contrast, the solut ions were u 

ressure w i th  the same rock type (NWD20 and 

low-temperature, outer edge o f  the cy l inder  
(Table 2). 

The reduced dissolved s i l i c a  concentrations 
i n  higher temperature and pressure 
experiments (Fig. 4) may be a funct ion o f  
the competing e f f e c t s  o f  temperature and 
f low r a t e  on s i l i c a  so lut ion and 
redeposition. Rimst idt  and Barnes (1980) 
have demonstrated the importance t o  quartz 

u 

prec ip i t a t i on  o f  the f l u i d  volume and the 
r e l a t i v e  i n t e r f a c i a l  area between s o l i d  and 
aqueous phases. With the very small 
channel size, large c rys ta l  surface areas, 
and low and progressively decl in ing f low 
rates, the condi t ions o f  these experiments 
were h igh ly  favorable f o r  quartz 
prec ip i ta t ion.  

Thus, although the higher-T f l u i d s  w i l l  
acquire greater amounts of dissolved s i  1 i c a  
near the borehole, the correspondingly 
decreased f low rates a t  the hlgher 
conf in ing pressures w i  1 1 enhance 
reprec ip i ta t ion o f  the s i l i c a  a t  low 
temperatures i n  the granites. 

Concluding Remarks As indicated by f l u i d  
chemistry and petrographic examination o f  
f racture surfaces, quartz p rec ip i t a t i on  
along gra in  boundaries and microfractures 
may have been the p r inc ipa l  source o f  the 
observed permeabil ity decreases i n  the 
granodiorites. The s i l i c a  content o f  the 
discharged f l u i d s  i s  p a r t i c u l a r l y  sensi t ive 
to reductions i n  f low rate, i n  contrast  to 
the other dissolved species. Other 
minerals, such as c a l c i t e  and probably some 
aluminosll icates were a1 so supersaturated 
' i n  some o f  the f l u ids .  These mater ia ls may 
have been deposited as well, but  a t  low 

The e f fec ts  o f  temperature and f l u i d  volume 
on the ra te  o f  permeabil ity decrease are 
expl icable I n  terms of the amount o f  
mater ia l  transported from high t o  low 
temperatures across the granites. 
Increasing temperature raised the 
concentrations o f  the solut ions around the 
boreholer thus increasing the amount o f  
mater ia l  t h a t  was transported and 
redeposited a t  low temperatures i n  the 
cylinders. However, decreasing f low r a t e  
reduced the amount o f  mass t ransfer  i n  a 
given time; and i f  the f l u i d  volume was 
s u f f i c i e n t l y  low, penneabl l l ty  decreases 
occurred a t  a lower r a t e  despite increasing 
temperature. 

rates compared to quartz. \ 
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STRESS INDUCED RELEASE OF Rn222 AND CHI, 
TO PERCOLATING WATER I N  GRANITIC ROCK 

C. G. Sammis, M. Banerdt; and D. E. Hammond 

Department o f  Geological Sciences 
Universi ty o f  Southern Cal i forn ia  

Los Angeles, Cal i forn ia  90007 

Abstract The radon, methane, and carbon di- 
m n c e n t r a t i o n s  have been measured i n  
water which has percolated through g r a n i t i c  
rock under t r i a x i a l  stresses ranging from 0.1 
t o  0.95 o f  the f racture stress. We simul- 
taneously measured the permeabil ity and por- 
o s i t y  (hence hydraul ic radius) o f  each sample. 
The f l rst ser ies o f  experiments were on seven- 
teen i n i t i a l l y  dry rock samples. The radon 
concentration i n  the f i rst 3 gm o f  water co l -  
lected var ied by a fac to r  o f  10, bu t  was not  
correlated w i t h  stress. A good corre la t ion 
was found between radon and permeability; 
rocks having high permeabi l i t ies tend t o  re- 
lease less radon. I n  a second series o f  
experiments, rock samples were saturated under 
stress, equi l ibrated f o r  one month, then 
restressed and measured. These samples pro- 
duced between 2 and 10 times more radon than. 
i n i t i a l l y  dry rocks having the same perme- 
a b i l i t y .  I n  a third ser ies o f  experiments, 
mu1 t i p l e  successive water f ract ions were samp- 
led. We found t h a t  most o f  the radon i s  re- 
moved w i t h  the first pore volume collected, 
whi le methane ext ract ion requires several pore 
volumes. An experiment I n  which the stress 
was changed during a run produced an increase 
i n  CHI, bu t  no increase i n  Rn222. These re- 
s u l t s  are in terpreted i n  terms o f  a numerical 
model f o r  f low and gas ext ract ion f r o m  a 
microcrack network. 

Introduct ion The physical propert ies o f  radon iFm=.T make I t  an ideal  natural  t race r  
f o r  detecting changes i n  the f racture networks 
which permeate natural  rock masses. As an 
intermediate daughter i n  the UZ3O decay 
series, Rn222 i s  constantly being generated i n  
uranium bear in rocks. Formed by alpha-decw 
o f  the radium 

nergy o f  about 100 Key; s u f f i c l -  
t rave l  hundreds o f  l a t t i c e  

spacings upon formation. While most o f  these 
atoms lodge w i t h i n  the i n t e r i o r  o f  a graln, 
some end up i n  the network o f  microcracks (and 
macrocracks) which permeate a rock mass, and 
may thereby enter  the groundwater. The amount 
o f  radon dissolved i n  groundwater i s  thus p r i -  
mar i ly  a funct ion o f  the concentration and 
spa t ia l  d i s t r i b u t i o n  o f  radium w i th in  the rock, 
and the poros i ty  and permeabil ity o f  the f rac- 
t u re  network. Changes i n  the f racture network 

parent, the radon atom 

66 

may change the ground water radon concentra- 
t ions observed a t  a sampling s i t e  i n  two ways; 
(1) d i rec t l y ,  by changing the number o f  radon 
atoms which enter the groundwater, and (2) 
i n d i r e c t l y  by changing the transport  o f  radon 
f r o m  the s i t e  a t  which i t  i s  created t o  the 
sampling s i te .  

The r e l a t i v e l y  short  h a l f - l i f e  o f  Rn222 

network morphology and the resul tant  va r ia t i on  
i n  groundwater radon. Because radon i s  an 
.inert gas, i t  does not  read i l y  enter i n t o  
chemical cambination and i t s  high s o l u b i l i t y  
i n  water (22.4 an3 per 100 an3 H20 a t  25'C and 
one atmosphere) means that,  i n  the presence o f  
groundwater, most radon w i l l  be dissolved 
rather  than adsorbed t o  the wal ls o f  the f rac- 
ture network. The physical mechanisms by 
which radon i s  generated and trandported are 
discussed i n  more de ta i l  by Tanner (1980). 

Two appl icat ions i n  which groundwater radon 
has been monitored are earthquake predic t ion 
and geothermal reservo i r  engineering. The 
build-up o f  tecton ic  stress preceding an 
earthquake might be expected t o  change the 
morphology o f  a f racture network by creat ing 
and opening cracks p a r a l l e l  t o  the maximum 
pr inc ipa l  stress while c los ing orthogonal 
cracks. In the laboratory, the crack opening 
process dominates when the d i f f e r e n t i a l  
stress, 0 1 - ~ 3  i s  greater than approximately 
one-half o f  the f racture stress and the rock 
actual ly  increases i n  volume. Laboratory 
studies o f  t h i s  "dilatancy" phenomenon are 
reviewed by Brace (1978) and Byerlee (1978). 
Fie1 d observations o f  groundwater radon var i  - 
ations associated w i t h  earthquakes are sum- 
marlred by Hauksson (1981) and Teng (1980)' 
The withdrawal o f  water and heat from a geo- 
thermal reservoir  might also be expected t o  
change the morphology o f  the f racture network 
through the combined e f fec ts  o f  thermal con- 
t r a c t i o n  and var iat ions i n  pore pressure. The 
associated change i n  radon concentration could 
serve as a useful  t o o l  f o r  monitoring reser- 
v o l r  development. Radon measurements i n  geo- 
thermal systems are discussed by  Stoker and 
Kruger (1975). 

- 3.825 dqys) assures a short  term causal 
re  '4 ationship between changes i n  the f racture- 
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In terpretat ion o f  f i e l d  anomalies requires 
three basic sets o f  information: 
ough understanding o f  the subsurface hydro- 
logy (reservoirs, penneabil it ies, and pres- 
sures), (2) a deta i led knowledge o f  the sub- 
surface geology (rock types and u r a n i m  con- 
centrations), and (3) empirical re lat ionships 
between changes i n  stress, the resul t ing 
changes i n  f racture penneabilfty, and the 
associated release of radon (and other gases) 
i n t o  the groundwater (as a function o f  rock- 
type). The laboratory measurements reported 
below were designed t o  explore relat ionships 
required i n  step (3) above. We have focused 
on the relat ionships between d i f f e r e n t i a l  
stress, peneab i l i t y ,  and the release o f  radon 
and methane t o  water percolat ing through the 
natural  f racture network i n  g r a n i t i c  rock. 

(1) a thor-  

Previous Laboratory Studies o f  Radon Emanation 
and Trans o r t  There have been several labor- --%- atory s tu  es o f  radon emanation f ran rock 
surfaces. Chiang et al.  (1978) demonstrated 
t h a t  radon emanation E proportional t o  sur- 
face area by measuring the radon emanated from 
a number o f  rock samples having the same 
volume bu t  d i f f e r e n t  surface areas. The re- 
l a t i o n  between stress and radon emanation has 
been studied by the Group o f  Hydrochemistry 
o f  the Peking Seismological Brigade (19771, 
Holub and Brady (1981), and Jiang and L i  
(1981). 
c i rcu la ted around the rock sample (or  throu h 
holes bored i n  the sample i n  the 1977 study! 
as un iax ia l  stress was applied. Radon levels  
i n  t h i s  c i r cu la t i ng  a i r  were continuously 
monitored. I n  the two Chinese experiments 
only small increases i n  radon were observed 
dur in the uniax ia l  loading. Holub and Brady 
(19817 observed a large (50%) temporary in- 
crease i n  radon a t  about h a l f  the breaking 
strength o f  the sample, presunably due t o  the 
opening o f  ax ia l  microfractures a t  the onset 
of dilatancy. I n  a l l  three experiments, the 
radon level  increased by a fac to r  between two 
and ten upon fa i l u re ,  probably r e f l e c t i n g  the 
large increase i n  surface area d i r e c t l y  acces- 
s i b l e  t o  the c i r cu la t i ng  gas. 

The fundamental d i f ference between these 
studies and our experimental work described 
below i s  t h a t  the above studies measured radon 
emanation f r o m  the surface o f  rock samples 
whi le we measured the radon released t o  water 
percolat ing through the microfracture system. 
We are thus able t o  look f o r  quant i tat ive 
correlat ions between radon release and stress, 
permeabil ity , porosity, hydraulic radius, and 
crack surface area. 

Experimental Apparatus The experimental ap- 
paratus i s  shown schematically i n  Figure 1 
below. The t r i a x i a l  pressure vessel i s  
standard except f o r  an o u t l e t  a t  the base t o  
al low sampling o f  the pore water. 

. 

I n  each o f  these experiments, a i r  was 

f ig.  I 

/ 

A cy l i nd r i ca l  grani te sample (two inches i n  
diameter by four inches long) i s  loaded i n  the 
t r i a x i a l  c e l l  which i s  placed between the an- 
v i l s  o f  a 160,000 pound hydraul ic press. This 
uniaxial  stress i s  s u f f i c i e n t  t o  cause f a i l u r e  

, of the samples under our nominal 200 bar con- 
f in ing pressure. 

Confining pressure, a3, and f low pressure, pf, 
are generated by a i  r - d r i  ven hydraul ic pumps 
w i th  special stainless s tee l  valve i s o l a t i o n  
chambers t o  maintain water pur i ty .  Radon free 
d i s t i l l e d  water i s  flowed through the sample 
a t  constant flow pressure pf  o f  100 bars. A 
one m i l l ime te r  th i ck  layer  of 200 mesh Z r C  
powder spreads the water a t  pf  over the e n t i r e  
top surface area, A, o f  the sample. The lower 
surface o f  the sample i s  maintained a t  p-o 
since we are sampling i n t o  a vacuum. The 
base-plate has a pat tern o f  rad ia l  and circum- 
ferent ia l  grooves which channel the f l o w  water 
i n t o  the co l l ec t i on  o u t l e t  hole. By measuring 
the amount o f  water as a funct ion o f  t i m e ,  the 
f low rate, q(cm3/sec), i s  determined. Darcy's 
law may then be used t o  calculate the sample 
Permeability, k (cm2), according t o  

where 1 i s  the sample length i n  cm and II i s  
the water v iscos i ty  i n  dynes secfcn?. We have 
been working a t  l o w  values o f  the conf in ing 
pressure (a3 nominally 200 bars). The func- 
t ions o f  the conf in ing pressure are (1) t o  
seal the rubber sample jacket thus conf in ing 
the f racture f l u i d  w i t h i n  the sample, and (2) 
t o  maintain sample i n t e g r i t y  a t  high values 
o f  uniaxial  stress. 

Granite Samples Approximately twenty fee t  of 
grani te  core was supplied by the U.S.G.S. The 
core i s  from the depth range 425-445 feet  i n  
the Sierra Nevada bathol i th ,  i s  very fresh, 
and appears both compositionally and mechani- 
c a l l y  uniform over i t s  e n t i r e  length. Radio- 
genic analysis o f  s i x  samples (chosen as 
representing extremes i n  observed radon pro- 
duction as discussed below) showed U238 con- 
centrations between 2.50 and 3.10 ppm. Ura- 
nium concentration was uncorrelated w i t h  Rn222 
concentrations observed i n  the percolat ing 
water. 

t 
-134- 



F&222 Measurement Techniques Wakr samples 
were collected i n  evacuated pyrex test-tubes 
sketched below. Typical water samples were 
between 2 and 10 m l .  

fig. 2 

Radon was extracted from the water using re- 
circulating helium as a carrier (e.g. Key e t  
g., 1979). Radon was separated from the E 
carrier by two stages of l i  u i d  nitrogen cold- 

which was subsequently transferred to  a Bcin- 
t i l la t ion cell.  Radon gas levels were measur- 
ed by counting scintillations associated w i t h  
its a decay. The overall detection efficienc 
i s  about 80% as established by analyzing Ra22i 
standard solutions. The background level i s  
0.7 cpm (counts per minute)*; our experimental 
measurements are always a t  least a factor of 
four above this limit. Note that radon dpm 
(disintegrations per minu te )  reported below 
are less than the total observed c m since the 
two a1 ha emitting daughters of Rng22 (Po218 
and Poq1'+) are detected w i t h  the same eff ic i -  
ency as their parent. 

CHI, and Con Measurement Techniques Before 
radon was extracted from some water samples, 
small (* 1 cc) aliquots of the gas phase i n  
the sample container were drawn into glass 
syringes through a rubber septum. These sam- 
ples were injected into a gas chromatagraph 
equipped w i t h  flame ionization and thermal 
conductivity detectors. CHI, was isolated from 
other gases on a molecular sieve #5A column 
and COP was isolated on a s i l i ca  gel column. 
T h i s  sampling technique resulted i n  contami- 
nation of the sample w i t h  a i r ,  and typically 
50-70% of the CHI, and C02 peaks observed were 
due t o  t h i s  contamination. However, clearly 
detectable amounts of these two gases were 
released i n  most experiments. Analytical pre- 
cision for duplicate analyses was about 8%. 
Blanks were run on the water before i t  passed 
through the rock to  ensure that this was not a 
significant source of contamination. The 
total quantity of gas released from each sam- 
ple was calculated by assuming equilibrium 
exists between liquid and gas i n  the sample 
container, knowing the volume of the gas and 
liquid phases i n  the container, and correcting 
for  contamination from a i r  (which was est i -  
mated from the O2 content). 

was trapping. used to  A separate drying column C02 and (lCaSOI,+Ascarite H20 from Rn22 1 

Experimental Procedures and Results Two 
series of exoeriments were run: experiments 
on in i t i a l ly  dry rocks where a single water 
sample was collected, and experiments on dry 
and in i t ia l ly  saturated rocks where sequential 
water samples were collected. In this second 

series the concentration of CHI, and C02 were 
measured i n  addition to  Rn222, 

In the ini t ia l  series of experiments, a dry 
rock was jacketed and stressed axially to  u1, 
under a confining pressure of u3. An evacu- 
ated sample collection vessel was then attach- 
ed to  the collection port i n  the baseplate, 

*and a f lw pressure, pf ,  was established a t  
the upper end of the sample a t  time t=o. The 
time a t  which the f i r s t  drop of water appeared 
a t  the baseplate, tf, was recorded, as was 
the time, ts, when the sample bottle was 
sealed and removed. As discussed above, 
A t - t S - t f  and the total volume were used to  
f i n d  the sample permeability. We show below 
that t may be used to  f i n d  the sample porosity 
once d e  permeability i s  known. 

The sealed sample vessel was then attached 
directly to  the radon extraction apparatus and 
the radon concentration determined as discussed 
above. Following the radon extraction, u1 was 
increased slowly (40 bars/min) and the fracture 
stress, uf ,  was recorded. 

The results of this first series of experiments 
are plotted as open circles i n  Figures 3-5. 

, I  

I . /  f ig .  3 

Figure 3 shws sample peneability, k ,  as.a 
function o f  stress. Although the data scatter, 
they are consistent w i t h  a s l i g h t  decrease i n  
k w i t h  increasing u1 to  approximately u1=uf/2, 
followed by a more rapid increase i n  k as a1 
approaches u (as documented by Zoback and 
Byerlee (197s) a t  higher confining pressures). 
Our scatter is due to  the fact that each data 
point represents a different rock, whereas 
Zoback and Byerlee measured k as a function 
of u1 on one sample. 
centration i n  the first three grams of water 
collected as a function of the differential 
stress, UI-U~. Note that there is no obvious 
relation between stress and radon. If the 
radon concentration is  plotted as a function of 
the differential stress normalized to  the frac- 
t u r e  stress, (ul-uJ)/crf, there is still no 
obvious correlation. 

Figure 4 shows radon con- 

*1 Curie-2.2 x 1012 cpm 
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fig. 4 

f ig.  5 
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Figure 5 shows t h a t  radon concentration tends 
t o  decrease w i th  increasing permeability. 

The second set o f  experiments were designed t o  
see i f  saturated rocks y i e l d  more radon than 
those which are i n i t i a l l y  dry. Several rock 
samples were stressed and saturated as above 
u n t i l  the f i r s t  drop o f  water was observed. 
They were then removed f r o m  the apparatus and 
stored under water f o r  approximately one month 
t o  allow radon t o  establ ish an equi l ibr ium 
concentration. They were then restressed and 
several successive water samples were col-  
lected. Sequential sampling experiments were 
also performed on two i n i t i a l l y  dry rocks f o r  
comparison. 

The radon concentrations measured i n  the f i r s t  
three grams o f  water co l lected during these 
runs are p lo t ted  as open t r iangles i n  Figures 
3-5. I n  Figure 5 i t  i s  apparent that, a t  a 
given permeability, the presence o f  water i n  
the f racture network increases the radon re- 
lease by a factor between two and ten. 

.sa r- --- 
fig. 6 0 f f l lTuUI  Y l U L I S D  

0 I* ITuUV m* 
2s - 

--- ---A 
10 aa 30 40 Y) 

The resul ts  of the sequential sampllng experi- 
ments are given i n  Figures 6 and 7 f o r  radon 
and Figure 8 f o r  methane. 
I n  Figure 6, the t o t a l  radon i s  p lo t ted  as a 
funct ion o f  the t o t a l  water collected. The 
s o l i d  curves are calculated f r o m  a crack model 
discussed below. The dashed curves are 
sketched through data sets which could not  be 
fit t o  the model. 

L' 

?ig. 7 

Figure 7 shows the radon concentration which 
would be measured i f  the experiment were stop- 
ped a f t e r  the t o t a l  amount o f  water shown on 
the abscissa had been collected. 

Note tha t  four of these m u l t i  l e  sample runs 
were pn the same rock (435-3Dp. This rock 
was i n i t i a l l y  saturated, equi l ibrated, and 
then restressed t o  a d i f f e r e n t i a l  stress of 
141 MPa. Three successive water samples were 
collected. The stress was then increased t o  
193 MPa and a four th  sample was collected. 
This four th  point ,  the s o l i d  t r i ang le  i n  
Figures 6 and 7, i s  on trend w i th  the previous 
three points and shows no s ign i f i can t  increase 
i n  radon following the stress change. The 
rock was then removed f r o m  the apparatus, re- 
equi l ibrated under water, and restressed t o  
193 MPa. The four, sequential, water samples 
col lected a t  t h i s  stress contained s l i g h t 1  
more radon (much less than a f ac to r  o f  two! 
than the 141 MPa run. The rock was removed, 
re-equil ibrated, and then stressed to  244 MPa. 
Four samples were again taken, but t h i s  time 
an unusually l w  radon concentration was 
measured. The sample was observed t o  have 
devel oped a through-going , extensive f racture 
zone. Because the l o w  radon level  f o r  t h i s  
run i s  due almost e n t i r e l y  t o  the l o w  concen- 
t r a t i o n  i n  the f i r s t  sample collected, the 
rock was re-equi l ibrated and rerun a t  244 MPa 
as a check. Again, the radon concentration i n  
the f i r s t  sample was anomalously l o w  when 
compared wi th  the other mu l t i p le  sample runs. 

p lo t ted  as a funct ion o f  the t o t a l  water col- 
1 ected. 

I n  Figure 8, the t o t a l  methane released i s  - 

U 
TOTAL WTER CULECRD. am 

-136- 



. . . . 1 . . 
80 m .O 

umcawxco I m )  

Note tha t  the general shape o f  these curves i s  
s i m i l a r  t o  the radon curves i n  Figure 6, but  
there are s i g n i f i c a n t  differences. More t o t a l  
water f low was required t o  ext ract  a l l  the 
avai lable CHI,; i n  fact ,  some rocks released 
almost no methane t o  the f i r s t  few grams o f  
f low water. Also, the rock which was run d t  
three d i f f e r e n t  stresses (435-3D) released 
more methane a t  higher stresses. Even the 
stress change from 141 MPa t o  193 MPa during 
the f i r s t  run produced an increase i n  CHI, 
concentration, whi le the Rn222 concentration 
was unaffected. 

Carbon dioxide was more e r r a t i c  than methane 
o r  radon when p lo t ted  as a funct ion o f  t o t a l  
water collected. There was no ap arent cor- 
r e l a t i o n  between CHt,, COP, and RnE22 
in terpretat ion o f  these resul ts  i s  6 a t  each 
o f  these gases must occupy d i f f e r e n t  posl t ions 
i n  the rock. 

Sample Porosity and Hydraulic Radius The 
porosi ty o f  the sample under stress may be cal-  
culated f r o m  tf, the t i - t a k e s t o  f i l l  the 
i n t t i a l l y  d rock w i th  water. Follawing Brace 
e t  al. (1968 we approximate the f low law as 
r p n x 2  = 0. Hence dp/dx = f(t), i.e. the 
pressure gradient i s  approximated bya l i n e a r  

radient which changes w i th  t ime.  Brace e t  a l .  9 1968) have shown t h a t  t ransients due t o  E e -  
neglected terms are on the order o f  10-30 sec. 
Since i t  takes a t  l eas t  an hour f o r  our sam- 
ples t o  f i l l ,  the l i n e a r  gradient should be 
a good f i r s t  approximation. 

back-pressure, p , the water f r o n t  w i l l  advance 
i n  the ax ia l  z dfrect ion a t  a ra te  

Our 

rock a t  a constant 

where n i s  the porosity. Using Darcy's law 
(1) f o r  q gives 

dZ/dt 5 - kPf/pnZ ( 3) 

n = 2kpftf/p12 (4)  

which may be integrated t o  y i e l d  

Once the porosi ty and permeabil ity are known, 
the hydraul ic radius, m, may be found (m i s  
defined as the volume of the cracks d lv ided by 
t h e i r  surface area). 
(1978) gives 

For i n t a c t  rock, Brace 

k = m2n3/k0 (5 1 
where ko i s  a geometrical f ac to r  between 2 and 
3, whi le f o r  d i l a t a n t  microcracks i n  low poros- 
i t y  rock, permeabil ity i n  the d i rect ion o f  the 
microcracks has the form 

k = m2n/ke (6 1 
For our samples the above analysis y ie lded 
poros i t ies i n  the range 0.2% t o  10%. 
porosi ty as a function o f  permeabil ity y ie lds  
k proportfonal t o  n2, between the q3 depenrl- 
ence of (5) and the l i n e a r  dependence o f  (6). 
The impl icat ion i s  t ha t  the microcrack orien- 
tat ions are somewhere between randun and ver- 
t i c a l .  The observed radon release d i d  not  
corre la te w i th  pore volume, hydraul ic radius, 
or' crack surface area. 

Models for  Radon Release We consider two ex- 
treme-case models f o r  the radon ext ract ion 
process: (1) a well-mixed reservoir  model, and 
(2) a pipe-flow model. 

In the reservoir  model, we assume t h a t  

P l o t t i n g  

dnr/dt = - qnr/Vc ( 7) 

where n r  i s  the number of accessible radon 
atoms i n  the rock and Vc i s  the crack volume. 
Using q f dll/dt and n r  + nw = N e  where No i s  
the t o t a l  accessfble radon and nw i s  the num- 
ber o f  accessible radon atoms i n  the f low 
water, (2) may be rewr i t ten and solved t o  give 

n,,, - No[l-exp(-V/Vc)] (8) 

I n  terms o f  radon a c t i v i t y  a=xn (xp1.26 x lo-" 
min-l) 

aw = AeC1-exp(l-V/Vc)l ( 9 )  

Only our dry samples, 435-4D and 435-1Db could 
be fit t o  t h i s  model ( so l fd  l ines  I n  Figure 6). 
They both l i e  on the same curve which i s  de- 
f fned by the parameters A. = 4.6 dpm and V = 
9.0 an3. The t o t a l  radon a c t i v i t y  i n  thesg 
rocks should be 1.2 x l o 3  dpm (based on 3 ppm 
uranium). Hence we are removing about 0.4% of 
the avai lable radon. A crack volume o f  9 an3 
corresponds t o  poros i ty  (under stress) o f  about 
4.5%. which seems a b i t  high. 

None o f  the wet rocks could be fit t o  t h i s  
model because the t o t a l  radon curves i n  Figure 
6 have too sharp a "knee" f o r  the exponential 
form i n  (9). Such behavior i s  more typ ica l  o f  
a pipe model which assumes a l l  the radon i s  i n  
so lut ion and i s  simply pushed out by the ad- 
vancing f l o w  water w i th  no mixing. I n  t h i s  
case, Figures 6 and 7 should appear as sketched 
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The i n i t i a l l y  saturated samples i n  Figure 6 
look more l i k e  (a) above than the smooth curve 
predicted by (9). The t rue  s i t u a t i o n  probably 
l i e s  between these two extreme models, i.e. 
the water moves through as i n  a pipe m o K  
but  i s  cont inual ly  being fed by side channels 
i n  the crack network thus rounding the sharp 
corners i n  (a) and (b) above. 

Summary o f  Results We can b r i e f l y  s m a r i z e  
our interpre- o f  the resul ts  presented 
i n  the previous section. 

microfractures opened by the higher stresses 
do no t  connect w i th  the network o f  fractures 
which are carrying the water, and/or they do 
not  carry a s ign i f f can t  f rac t ion  o f  the water 
o r  (2) these new microfractures carry  a s ig-  
n i f i c a n t  f rac t ion  o f  the percolat ing water 
b u t  they do n o t  contain s i g n i f i c a n t  radon. 
They might no t  contain radon e i t h e r  because 
only pre-exist ing cracks have had t i m e  t o  
concentrate and t r a p  s ign i f i can t  radon, o r  
because radium i s  p re fe ren t ia l l y  located as 
secondary surface coatings on e x i s t i n g  cracks 
and t h i s  radium i s  responsible f o r  v i r t u a l l y  
a l l  o f  the observed Rn emanation (Tanner, 1980). 

Explanation (1) i s  consistent w i th  microscopic 
observations (Brace, 1977), b u t  not w i th  the 
resul ts  o f  the stress change experiment on 
sample 435-313. The observation t h a t  Rn d i d  no t  
change while methane increased i n  response t o  
a stress change during the  f i r s t  run on t h i s  
sample implies t h a t  the f low water "saw" the  
new microcracks and removed the methane, bu t  
t h a t  there was no radon t o  be removed. 

b. Sam l e s  which were saturated w i th  water 
r e l b o r e  r a d a a n  those w m  Were 
11'11 dr - " E s e s e r v a t i G r e n o t  sur- +=-w pr sing i n  ght o f  Tanner's (1980) discussion 
o f  the r o l e  o f  water as an absorber o f  the 
radon's r e c o i l  energy. Thus, the amount o f  
water and the d i s t r i b u t i o n  o f  t h i s  water i n  the 
rock are c r i t i c a l  factors cont ro l l ing  radon 
release. 

c. Permeabil it and radon release are inversely 
c o r d i G a y T i n t e r p r e t e i i i n  two 
ways. E i ther  water f lows through the rock so 
qu ick ly  t h a t  radon does not  have t i m e  t o  d i f -  
fuse from side channels, o r  most of the water 
f lows through a few, large, main channels 
( ra ther  than many small channels) and thus re- 
moves a smaller f r a c t i o n  o f  the accessible radon 
atoms produced i n  the rock. 

Lsl The hypothesis which i s  consistent w i t h  a l l  our 
observations i s  t h a t  most o f  the observed radon 
i s  derived from radium which has been deposited 
on the walls o f  o l d  microcracks. We are cur- 
r e n t l y  performing a series o f  experiments t o  
t e s t  t h i s  hypothesis. 
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INTERSTITIAL FLUID PRESSURE SIGNAL PROPAGATION ALONG FRACTURE LADDERS 
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Abstract Arrays o f  interconnected permeable 
fracture spaces tha t  form f racture ladders pro- 
pagate small amplitude f l u i d  pressure signals 
i n  much the same way as slabs o f  porous forma- 
tions. Data from geothermal f i e l d s  i n  Iceland 
ind icate t h a t  the f racture width there i s  o f  
the order o f  1 t o  2 mn and the signal d i f f u s i v -  
i t y  20 t o  100 m2/s. Wel l  interference tests 
are not  l i k e l y  t o  furn ish data t o  d is t inguish 
between f racture ladders and equivalent porous 
slabs. 

Introduct ion The major i ty  o f  medium t o  high- 
temperature geothermal systems are embedded i n  
formations o f  igneous o r i g i n  tha t  generally 
are characterized by a f racture dominated f l u -  
i d  conductivity. The fractures are o f  elasto- 
mechanical/tectonic and/or thermoelastic o r  
possibly chemoelastic or ig in.  The f racture 
conduct iv i ty i s  invar iab ly  h igh ly  heterogen- 
eous, anisotropic and i s  qu i te  of ten confined 
t o  f l a t  sheet-l ike structures such as f a u l t  
zones and volcanic dikes. Quant i ta t ive re la-  
t ions relevant t o  axisymnetric Darcy type f low 
i n  homogeneous/isotropic porous media general- 
l y  do not  apply t o  such s i tuat ions and an un- 
c r i t i c a l  standard type in terpretat ion o f  wel l  
t e s t  data from f r a c t u d d  reservoirs i s  there- 
fore l i k e l y  t o  lead t o  f a u l t y  conclusions. 
Unfortunately, since l i t t l e  i s  known about the 
dimensions and d i s t r i b u t i o n  o f  f ractures i n  
the various types o f  natural  settings, i t  i s  
d i f f l c u l t  o r  even impossible t o  derive re le-  
vant quant i ta t ive relat ions.  
less, o f  considerable i n t e r e s t  t o  obtain some 

. measure o f  the discrepancy t h a t  would r e s u l t  
f r o m  an appl icat ion o f  the standard in terpre-  
t a t i ona l  procedures. The purpose o f  t h i s  
shor t  note i s  t o  discuss a few very simple con- 
cepts and re la t ions tha t  are useful  i n  the pre- 
sent context. 

The Fracture Ladder For the present purpose, 
we w i l l  consider a spec i f i c  case o f  a compos- 
i t e  f racture conductor consist ing of a l i n e a r  
array of interconnected ind iv idual  f racture 
spaces o f  s im i l a r  dimensions as displayed i n  
Fig. 1. We w i l l  r e f e r  t o  t h i s  system as a 
f racture ladder. The ind iv idual  f ractures o r  
ladder-elements are assumed t o  have a quasi- 
rectangular shape w i th  a character is t ic  edge 

I t  is,  neverthe- 

length-L. The .bo surfaces are welded togeth- 
e r  a t  the edges. The width o f  the open frac- 
ture space may vary over the L x L element 

area, and there may even be some asper i t ies 
where the opposite surfaces meet, but  we as- 
sume tha t  they touch without a s o l i d  weld. 
From the elastomechanlcal po in t  o f  view, the 
f racture element acts as an open space o f  an 
edge length L. Moreover, we assume t h a t  w i th  
regard t o  f l u i d  flow, the f racture element 
has a wel l  defined average f low width h. No 
speci f ic  assumptions have t o  be made as t o  the 
type o f  Interconnection except t h a t  the f l u i d  
can f low f ree l y  between adjacent ladder ele- 
ments and tha t  the spec i f i c  f low conductance 
can be taken t o  be approximately uniform over 
'the length o f  the ladder. Obviously, i t  i s  
possible t o  generalize t h i s  model by envi- 
sioning a system o f  pa ra l l e l  ladders t h a t  are 
interconnected along t h e i r  e n t i r e  length and 
form a f racture sheet. 

The p r inc ipa l  physical parameters o f  the l i n -  
ear ladder consist ing o f  one strand o f  ele- 
ments are eas i l y  defined. A t  steady-state 
laminar f low conditions, the v e r t i c a l l y  i n te -  
grated f l u i d  conduct iv i ty o f  a f racture space 
o f  width h between two pa ra l l e l  planes t h a t  
would be refer red t o  as the t ransmissiv i ty 
CF i s  obtained on the basis o f  the wel l  known 
cubic law (Lamb, 1932) 

where v i s  the kinematic v iscos i ty  o f  the 
f l u i d .  A t  these conditions, the mass f low 
through a u n i t  length o f  the f racture i s  q = 
CFVP where vp i s  the pressure gradient, and 
hence the loca l  f low over the ladder i s  Q = 
LCFVP. 

cF = h3112~ (1 1 

Figure 1 The Fracture Ladder 
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To obtain the hydraulic capac i t i v i t y  o r  s tor -  
age coe f f i c i en t  o f  the ladder, we assume tha t  
the element wal ls are e l a s t i c  Hookean w i th  a 
r i g i d i t y  II. Moreover, l e t  the volume elas- 
tance o f  a f racture space o f  volume V be de- 
f ined by e = dV/dp where p i s  the in ternal  
pressure tha t  i s  assumed to be uniform. Since 
no analy t ica l  expression i s  avai lable f o r  the 
elastance o f  a rectangular f racture element, 
we w i l l  resor t  t o  approximating the element by 
a c i r c u l a r  or penny-shaped element o f  equal 
area such tha t  the diameter i s  1.12L. The 
elastance o f  the penny-shaped cav i ty  o f  diame- 
t e r  d has been obtained by Sneddon (1946) as 
e = d3/4p where Poisson's r e l a t i o n  o f  equal 
Lame parameters has been assumed. Based on 
t h i s  r e s u l t  the elastance o f  a f racture ele- 
ment would approximately be e = (1.12L)3/4~ o r  
about L3/3p. Hence, the elastance per u n i t  
area, t ha t  is ,  the capac i t i v i t y  i s  

where K i s  the compressibi l i ty  o f  the f lu id .  
We can usual ly take tha t  II i s  o f  the order o f  
l o l o  t o  2 x 1O1O Pa and assuming tha t  the 
f l u i d  i s  l i q u i d  water w i th  K = 5 x 10"O Pa", 
the product KII = 5 t o  10. The second term on 
the r i g h t  o f  (2) can then be neglected when 
L>>30h. I n  general, t h i s  condi t ion holds and 
we w i l l  therefore s imp l i f y  the expression f o r  
SF by neglecting the f l u i d  compressibi l i ty  
term. It i s  t o  be noted tha t  the above ex- 
pression f o r  SF neglects the possible presence 
o f  s a t e l l i t e  f racture tha t  may contr ibute to 
the capaci t i v i  ty. 

On the basis o f  (1) and the s imp l i f i ed  version 
o f  (2) fo l lows the laminar f low d i f f u s i v i t y  o f  
the ladder 

where n i s  the absolute v iscos i ty  o f  the f lu id .  
Moreover, there may be leakage from the frac- 
ture ladder i n t o  the adjacent formation. On a 
l i n e a r  laminar f l o w  model, the f l u i d  loss per 
u n i t  area o f  the ladder would be characterized 
by a coe f f i c i en t  b such t h a t  the leakage i s  bp 
where p i s  the f l u i d  pressure i n  the ladder. 
We have no way o f  a r r i v i n g  a t  any expressions 
for t h i s  coe f f i c i en t  t h a t  has t o  be treated as 
a purely experimental parameter. 

The Ladder and the Porous Slab It i s  interest-  
j n g  to compare the parameters o f  the f racture 
ladder t o  those o f  a homogeneous/isotropic 
porous slab w i th  Darcy type f low o f  the th ick-  
ness H, permeabil ity k and hydraulic capaci- 
t i v i t y  (storage coe f f i c i en t )  s. The thickness 
o f  the s lab o f  equal t ransmissiv i ty i s  ob- 
tained by 

such tha t  

Moreover, assuming equal transmissivi ty, the 
r a t i o  o f  the d i f f u s i v i  t i e s  i s  

SF = (L/3II) + hK (2) 

aF = cF/psF = h3v/4Ln (3) 

kH/v h3/12v (4) 

H = h3/12k (5) 

aS/aF = L/3psH (6) 
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F ina l l y  assuming equal d i f f u s i v i t i e s ,  .the ra- 
t i o  o f  the t ransmissiv i t ies i s  

cs/cF = asH/L (7) 

Borehole/Fracture Contacts It i s  qu i te  ev i -  
dent t ha t  because o f  the small cross sections 
available, the loca l  f low ve loc i t i es  f r o m  
f racture spaces i n t o  boreholes may be qu i te  
high and the f l o w  regime therefore h igh ly  tu r -  
bulent. The above r e l a t i o n  f o r  the laminar 
type transmissiv i ty i s  then i n v a l i d  and has t o  
be revised. The resu l t i ng  r e l a t i v e l y  large 
f racture/borehol e contact r e s i  s tance can be 
derived as follows. 

Consider a borehole o f  diameter D which cuts 
a hor izontal  f racture o f  width h as shown i n  
Fig. 2. Let  the f l u i d  be incompressible, o f  
density p and the mass f low out o f  the f rac-  
ture be M. Moreover, l e t  the f l u i d  pressure 
a t  a distance r from the center o f  the hole 
be p ( r )  and the f l u i d  ve loc i ty  there be v(r). 

Borehole 

Fr 

Figure 2 Borehole/Fracture Contact 

We have then 

The pressure loss over the distance d r  i s  due 
to the conversion o f  potent ia l  energy i n t o  
k i n e t i c  energy and f r i c t i o n  heat, viz. 

the wal l  f r i c t i o n  i s  represented by the second 
term on the r i g h t  o f  t h i s  equation t h a t  i s  de- 
r i ved  i n  the same manner as f o r  the case o f  
pipes and where f i s  the f r i c t i o n  coe f f i c i en t  
o f  the fracture. Assuming tha t  the formation 
pressure a t  a large distance from the bore- 
hole i s  po t h i s  equation i s  eas i l y  integrated 
f o r  p and we obtain 

p = po - (M2/8r2h2p)[(l/r2) + ( f / h r ) ]  (10) 
I f  the  pressure i n  the borehole i s  Pbr the 
fo l lowing expression i s  obtained f o r  the mass 
f low i n t o  the hole 

Abbreviating (Po-pb) = AP and (1/nR) = 0.23, 
we def ine the contact resistance o f  the bore- 
hole 
R = Ap/M = (0.23/hD)[@p/~)(l+(fD/2h))l~~~ (12) 

M = 2nrhpv o r  v = W2nrhp (8) 

dp = -pvdv + (fpv2dr/2h) (9) 

M = lrJZ hD [P(P,-Pb)/(l+(fD/2h))1'/2 (11) 



Clearly, these resul ts  hold only f o r  the tur -  
bulent region around the borehole. L i t t l e  
data i s  avai lable on the values o f  the f r i c -  
t i o n  coe f f i c i en t  f f o r  natural  fractures, but 
based on experimental data f o r  pipes w i th  
rough walls, we can expect t ha t  f e 0.05 t o  
0.10 (see, f o r  example Moody, 1947). It 
should be pointed out t ha t  because o f  the qua- 
d r a t i c  terms i n  (9), the mass f low M i s  not a 
l i n e a r  funct ion o f  dp and R therefore depends 
on AP. The p r inc ipa l  appl icat ion o f  equation 
(11) i s  f o r  the estimating o f  the f racture 
width h i n  f i e l d  cases where M and Ap are 
known. 

F i e l d  Data L i t t l e  Information i s  avai lable on 
the dimensions o f  f ractures i n  nature. Per- 
haps the most accessible extensive data i s  on 
some o f  the geothermal reservoirs i n  Iceland 
(Thorsteinsson, 1976, Bjornsson, 1979). I t  i s  
w e l l  known t h a t  the hydrological systems o f  
Iceland are embedded i n  f racture dominated 
flood-basalts o f  l a t e  Te r t i a ry  t o  Pleistocene 
age. This mater ia l  enables us t o  make a t -  
tempts a t  estimating f racture widths i n  some 
o f  the Iceland reservoirs. Very b r i e f l y ,  we 
can proceed as follows. 

(1) Borehole production data i n  various geo- 
thermal f i e l d s  i n  Iceland ind icate tha t  major 
f racture conductors can produce mass flows 
f r o m  a few up t o  a few tens o f  kg/s a t  pres- 
sure d i f f e r e n t i a l s  of a few 10s Pa. A f i gu re  
o f  M = 10 kg/s a t  AP = 4 x 165 Pa i s  qu i te  re- 
presentative o f  the performance o f  a produc- 
t i v e  ind iv idual  f racture i n  a borehole o f  
D = 0.22 m. Assuming t h a t  the conditions set 

. f o r t h  i n  the previous section hold, equation 
(11) w i th  f = 0.06 gives then an estimate o f  
h = 1.3 nun. 

(2) Well interference tes t i ng  i n  4 geotherma 
f i e l d s  i n  Southwestern Iceland have y ie lded 
t ransmiss iv i t ies  o f  cc = 2.6 x to 

/- 

25 x 10'4 ms. Reintekpreting these resu l t s  i n  
terms o f  s ing le f racture systems f lowing water 
a t  100°C w i th  
w i th  the help o f  equation (1) above the e s t i -  
mate o f  h - 1 t o  2 mm. Moreover, during the 
same tests, u n i t  area capac i t i v i t i es  (storage 
coef f ic ients)  o f  SF = 1 x 10-8 t o  4 x 10-8 
m/Pa were obtained. Equation (2) then y ie lds  
estimates o f  L = 400 to 1600 m and the resu l t -  
ing  d i f f u s i v i t i e s  are aF = 20 t o  100 m2/s, 

= 3 x 10-7 $/s, we obtain 

(3) It is o f  i n t e r e s t  t o  note tha t  f racture 
widths can also be estimated on the basis o f  
the overa l l  f low resistance i n  ind iv idual  geo- 
thermal systems. Knowing the distance o f  re- 
charge, the avai lab le pressure d i f f e r e n t i a l  
and other parameters, i t  i s  possible t o  a r r i v e  
a t  estimates o f  an average h. The present 
w r i t e r  has obtained along these l ines  resu l t s  
tha t  compare wel l  w i th  the above estimates. 
Unfortunately, space does not permit a discus- 
s ion o f  t h i s  method. 

Siqnal Propagation On the above premises, we 

now a r r i v e  a t  the basic equatfon f o r  the pro- 
pagation o f  pressure signals along a f racture 
ladder. Assuming a homogeneous/isotropic f l a t  
ladder and neglecting i n e r t i a  forces, the bas- 
i c  equation i s  the d i f f us ion  equation i n  two 
spat ia l  dimensions f o r  the f l u i d  pressure p, 
V i t . ,  

psFatp + bp + C+P = m (13) 

where P i s  the density o f  the f l u i d ,  B p  = -Vp 
i s  the Laplacian i n  two dimensions and m i s  a 
source density. The leakage term on the l e f t  
can be eliminated by a transformation p = u 
exp(-bt) where u i s  a new dependent variable. 
The pr inc ipa l  small amplitude propagation par- 
ameters, the penetration depth and the sk in  
depth (assuming b = 0) 
dp = ( a F t ) l i 2  and ds = (2a,/~)'/~ (14) 

where t i s  t i m e  and w the angular frequency, 
fo l low then i n  the usual way. 

The pressure signal d i f f u s i v i t i e s  indicated by 
the Iceland data are qu i te  high and signal  
propagation therefore rapid. For example, a t  
aF = 50 I$/S the penetration depth f o r  a per- 
i o d  o f  10% i s  about 700 m. It i s  i n te res t i ng  
t o  note tha t  the f racture structures simulate 
porous slabs o f  H = 20 t o  60 m and permeabili- 
t i e s  o f  the order o f  k = 10'" = 10 darcy. 
The global permeabi l i t ies o f  the host systems 
appear, nevertheless, to be orders o f  magni- 
tude smaller (Bodvarsson and Zais, 1978). 

Under the circumstances assumed here, an i n -  
terference t e s t  would not  provide data t o  d is-  
t inguish between the two models, the ladder 
and the slab, and an i n te rp re ta t i on  on the 
basis o f  slabs only can therefore lead to 
erroneous conclusions. 
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ABsrRAm: concentretions of chemicals such as 
c1 and Na i n  a geothemd water separated at 
a m s p h e r i c  pressure (at a si lencer) ,  or any 
other pressure, when re lated t o  the m u r e d  
enthalpy of the produced stdwater mixture 
are indicative of reservoir pmduction condi- 
tions. Achieving t h i s  re la t ion  by mans of a 
mathematically mankgfd graphical method, 
conditions i n  the  reservoir such as boiling, 
steam gain or loss, heating or cooling (by coz 
duction or mixing) can be inferred, and the 
fluids of different wells can be related. The 
method is i l l u s t r a t ed  with data obtained f rom 
IDS Azufres Geothermdl Field in Mexico. 

INTROIWMON: The re la t ion  between the  enthal- 
py of a g e o t h d  f lu id  and the  concentretiom 
of chemicals within the  separated water  has 
been lag recognised and made use of. As ear ly 
as 1967 W i l m a - a E X 1 )  used the  changes in 
chloride concentrations of waters fran W a i r a k e  
d s  t o  calculate the  underground changes i n  
enthalpy, and by Camparing t h e i r  figures with 
the actually m?asured values they could 
QxRnent on the pmduction conditions wit3151 th? 
reservoir. Later on Wilson (2) again deal t  
with the  idea and published a graphical method 
by w i c h  dilut ion of reservoir water or heat 
gain or loss  by t he  reservOir f lu id  by means 
of conduction could be inferred. 

The idea has been also applied by Tryesdell 
and Foun-~ier (3.4) and others ( 5 )  t o  Relating 
boiling sping waters  of an area and t o  calcu- 
l a t ion  of their tanpmtures at depth, by ma- 
king use of a graphical method, in wich enthal- 
py is plotted against chloride concentrations 
kI swing katers with ca r t e skn  rmordma tes. 
The enthalpy is considered as that of water at 
an u n d v u n d  tempeMture indicated by 
geothermaneters (silica or Na-K-Ca) . 
The methd presented here and applied t o  Ins 
Amfres wells has a similar graphical form t o  
that used by Truesdell and F~urnier, but with 
strall mxlifications that &e the form of the 
graph mathemtically meaningful, and the  en- 
thalpy used is that of the s t d w a t e r  mixture, 
as measured at the  surface. 

MEIIiOD : when a geothermal f lu id  with an enthal- 
S h o  and C 1  or N a  concentrations of Co is 
produced and separated at a m s p h e r i c  condi- 
t ions  (at s i lencer) ,  t he  concentretion of the  

w a t e r  f ract ion would be (SeeAbpendix for deri- 
vation and see laaraenclature at the  end): 

............... (1) 
This nrathmtiCdL expression can be represented 
kI graphicdl form as sham in Fig. 1. If the  
f lu id  is water at reservoir conditions, CO 
would be the  concentration i n  the  reservoir 
water. S t a r t i n g  f rom this initial condition 
defined as So in Fig. 1, we can examine what 
would happen t o  the  enthalpy concentration reg 
tionship i n  different  cases of reservoir beha- 
ViOUl?: 

CASE 1. Evapxation in R e s m i r  (Gain of heat 
fran reservoir rocks). This rMmnally happens 
when the  pressure in the  reservoir decreases 
sufficiently, due t o  ctrawdawn, f o r  the  water t o  
boil. Say the  enthalpy of the  produced f lu id  
increases t o  h . If all t he  f ract ion of the 
steam f m d  a i  a result of this is produced 
with the associated fract ion of water, the  
state of the  f lu id  would be represented by 
pint S inmrediately above So, as the c o n c m -  
t i on  of l the  f lu id  i n  the  reservoir (stdwater 
mixture) would stay the same. -very now, 
because of the increased enthalpy the  amcentra- 
t ion  in t he  water separated at a m s p h e r i c  con- 
ditions (hral) would be higher (Cwal> Cwa).Also 
due to  the decrease in pressure, the  tarrperatu- 
re would decrease (assuming boiling i n  the for- 
mtion), and the  w a t e r  f ract ion would have an 
enthalpy hwrl and a concentration -1 (where 
hwrl(h0 and ilwrl) co). 
HOWeVer, 

co=(l-&l) c!wrl=(l-xal) cwal , . . . .. . . . . . . (2)  

Therefore, evolution of a w e l l  with the p i r r t s  
plottedonadiagramlikeinFig.  2 , a n d m v i n g  
along line Sosl would be indicative of this p- 
ticular case. 

Hawever, because of the  r e l a t ive  permeability 
effects steam and water m y  not enter into the 
fLow i n  the  same fractions as they may exist in 
the  reservoir around t he  wellbottan. In  other 
~ I Y ~ S ,  almugh due t o  evapxation i n  the  res= 
v o i r  an average steam fract ion of X r l  can exist 
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around the wellbottan, corresponding to  the 
talpy hl ,  the f lu id  which enters the well may 
have a different  steam qual i te  (Xrl') "hen: 

&I1) &l, if there is steam gain <relative_ 
l y  mspe steam enters the f l a w )  

& l l l <  &I, i f  there is steam loss,  (relati- 
vely n-ore water  enters the flow, 
that is some stem is l o s t  to 
the formations above before it 
can enter  into the flaw). 

CASE 1.1. Steam Gain (Xrl' > Xrl) (See Fig.2) 
In this case the  entalpy of the pmduction 
would be hll , With the state being defined by 
the point Sl' .  Then, 

N1) hl) ho, and it. can be shown that (See 
Appendix) : 

Then cwal' = cwal . . . . . . . . . .(5) 

Therefore, it can be seen that SI' is approxing- 
t e ly  on the  hsa - Cwal line and m m t  of 
plotted points from S1 t o  S1' along t h i s  line 
would indicate steam gain. 

This condition is  shilar t o  the case where 
steam enters the production fm another level  
and yet no boiling m y  take place in the farma- 
tion, which is considered below as case 2. 

CASE 1.2. Steam Loss (&I l l<  -1) Similary it 
can be shown in  t h i s  case that the points would 
mve down the hsa - Cwal Line, l i ke  the point 
S1". The enthalpy hl" would be smller than hl. 

- CASE 2. steam Gain or Loss without Boiling in 
the Reservoir 
very similar t o  Case 1.1. I f  the mcduction en 

As pointed out above this is 

tha ipy- i s  h2 
(assurmng the  tempemture difference between 
the steam and water  flows is negligible): 

(h2 > ho) it can be'shown that - 

(5ee Appendix for derivation) 

h s a - h o  h s r 2 - h Z  
and ( hsa - h2)  ( hsr2 - ho) 1, ......... (8) 

Therefore, cwa2 N- cwa . . . . *. * * .(9) 

This would mean that, the new condition point 
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S2 is rmving from So uplJards along aprmrimate- 
l y  the  hsa - &a line (See Fig. 3). 

Therefore evolution of a w e l l  from the initial 
condition (So) along apoximately the init ial  
condition line hsa - Cwa would mean steam gain 
from a different level  With negligible or no 
additional steam forming i n  the  formation f m n  
which the main water  production comes. Hmever, 
steam gain h eva-tion i n  the farmation 
would result i n  a pth either l i k e  SoSlSI' or 
mre l ike ly  mve along SoS1' as the resul tant  
of two cmponenfpocesses. It is nevertheless 
obvious that it m y  be difficult t o  diferen- 
tiate between this case and t he  case 1.1, if 
the initial conditions of the wel l  are not 
hmnl. 

In the case of steam loss  the coridition points 
would mve dowmads along the hsa - Cwa line. 

CASE 3. conductive H e a t i n g  ur Cooling Eva- 
poration in the reservoir is m y  a special 
form of the c o d m t i v e  heating case. Hcwew, 
i f  the conditions do not pennit evaporation 
and i f  there is  conductive heating the condi- 
t ion  of the well would evolve along So S1, 
w i t h  an enthalpy hl ,  where: 

hl = h w r l > h o  

and C w r l  = Co = Cl, Cwal>Cwa 

As the re la t ive  permeability effects  are 
normUy p s e n t ,  a pure case of evaporation 
i n  the reservoir w i t h  condition points mving 
along So S1 would be unlikely. If, however, 
this behaviour exists it is mre l ike ly  t o  
point out t o  a conductive heating case without 
boiling taking place i n  the reservoir (However, 
this should also be checked by the enthalpy 
value). 
The mmnent  of the condition points in the  
opposite direction (with decreasing enthalpy) 
would indicate coduct ive cooling which m y  
happen i f  a f lu id  has t o  .travel across a 
cooler te r ra in  t o  get to  the w e l l ,  as a result 
of the evolution of the  f i e ld  conditions. (See 
point S3 i n  Fig. 4). 

CASE 4. Heating or Cooling by mix in^ Depen- 
ding on the enthalpy of the mixing fluids, 
heating or cooling may result. If the init ial  
conditions of the mixing (contaminating) , 
fluid are defined by a point M, the points de- 
fining the  condition of the mixture would mve 
along the l i ne  SoM, their exact positions de- 
pending on the  mixing  ra t io .  H e r e  again evolu- 
t ion  of the  condition points (enthalpy - c~n- 
c d o n  relationship) would be diagnostic of 
what is happming i n  the reservoir (See point 
S4 in Fig. 4). 
It is abvious that presence of other informa- 
t ion  would help t o  c o r m h t e  the deduction 
or inferences obtained by this method. Where 
possible t h i s  should be looked for in order t o  
have m r e  confidence in the  results. 

Also, it w i l l  be noted that when the  i n i t i a l  
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conditions of different wells are $lotted on 
the diagmn, the ConditioIlS of prcduction 
existing murid the battan of different wells 
can be ident i f ied with respect to the wells 
which seem t o  be prcducing the  or iginal ly  exig 
t i ng  hot water. 
In this way, wells within the same f ie ld ,  but 
producing with apparently different enthalpy - 
cmmentmtion relationships m y  be related. 

MAMpLfs: The figures 5 tf-nough 9 show data 
plotted, as explained above, of s e v d  wells 
of b s  Azufres G e o t h d  Field which is loca 
ted i n  t h e  state of Micbacan i n  C e n w  Wesr 
tern Mexico. The geothermal reservoir is for- 
m d  by volcanic rpcks (mainly andesites) and 
seems t o  have a steam cap which at  sane loca- 
t ions is thick and results i n  dry steam pro- 
duction. The IMximun temperature encountered 
is in the  order of 300OC. 

Figure 5 illustrates the  re la t ion  betwen the  
in i t ia l  production conditions at different 
wells. It appears that different  wells display 
different degrees of steam gain or loss. The 
wells 2, 3, 4 and 18 indicate condition near 
to that of the hot water. 
Ikwever, the wells 1, 8, 13  and 19 show defi- 
n i t e  steam gain and the  wells 7 and 15 indi- 
cate steam loss after boiling in the  farmation. 
Depending on the actual condition taken as 
representative of the  undiluted hot water, 
possible conductive heating (4,18,5) or cooling 
(2,3) can also be inferred, but the  data are 
not accumte enough t o  say anything def in i t ly  
at t h i s  stage. 
In figure 6 the khaviom of w e l l  3 can be s e a  
Itwill be noted that the  well produced a water 
which mst pobably was diluted with a water 
of similar tempemture, but of low chenical 
concentration, possibly condensed steam. Over 
a period of tm mnths the dilution gradmlly 
decreased and the well started pmducing the  
undiluted water with a SMLl gain of steam. 

Figure 7 shows the behaviom of w e l l  5. It can 
be Said that as the  prochtction rate increases 
the  kehaviom of this well is daminated by 
steam gain due t o  evaporation in the  farmation 
and probably also fmm a steam cap. This is 
d i m &  by the  produdion characteristics of 
the well p s e n t e d  in Fig. 10. 

The behaviour of well 13 p s e n t e d  in Fig. 8 
is similar, but states that the major part 
of the  steam gain is ccnning frnm a steam level. 
The relat ively high enthalpy also reflects 
this. Its production curves are shown in Fig. 
ll and confirm these observations. 
Finally, Fig. 9 shaJ the  k h a v i m  of well 1 5  
which or iginal ly  produced a f lu id  which had 
lost steam. It seems that as the  production 
t b e  increased the  well was pmducing a f lu id  
which was gradually nearing t o  original res- 
wir water oonditions (less steam loss). 

m c m 1 0 N s :  It has been shown that concentra- 
tkns of chdcalssuch as Cl or N a  in a geo thE  
rral water separated at a m s p h e r i c  conditions 

b, 

(at a silencer), or any other pressure, when 
related to the  measurd enthalpy of steamhater 
mixtures are indicative of reservoir d t h s  
Basis of this relationship at different  res- 
voir conditions, a m e w l o g y  for interpreta- 
t ion  and examples of it fmn a geothermal 
f i e l d  in C e n W  Mexico have also been psen- 
ted. 
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t r ic idad)  of Mexico for permitting the use of 
the data. 

The author also states that the  opinions 
expressed are his own and not necessarily tke 
of his company o r  of the  C.F.E. 
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h Enthalpy 
X Steam fract ion 

S u b s c r i p t s :  

s steam 
w Water 
ws EvapoMtion 
0 Initial 
a A t  atmspheric conditions 
r A t  reservoir conditions 
1, 2, 3, 4 cases considered 

5.- C U S I C A N ~ ,  Ha; W O N ,  W.A.J. and EXLISJ. 

Concentration (ppn) of a chen id  like C 1  
or Na. 
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AppEMlIx 

kiter fraction at amspheric oonditions: 1-Xa 
h o - h w a  xa= - . . . . . . . .  (A.1) 

As all the 
mss of f luid muld n w  be ooncerrtred within 
this water  fraction: 

concentration in t ia l ly  in  a unit 

(l-Xa) (?wa . Cb . . . . . . . .  (A.3) 
co hsa-hwa' 

(?wa = = )Cb - (A.4) 

CASE 1.1. 
bottcm within the reservoir is 1l0w C l ' ,  with 
the same I?Basaning: 

If the concentration mund the Wen 

cll=cwrl'( l-lsI-1 - hl' ) - &&'(d - hl' 
h s r l - h w r l  - hsa-hwa 

. . . . . .  (A.5) 

The ooncentmtion within the water fraction 
does not change. 

Thereforecwl' = cwrl. 
&&' = cwrl(hsrl- hsa-hwa -1) (hsa hsrl - - ":). hl .(A.6) 

mew if rn boiling or negligible boiling in 
the fonmtion, then 

cwr2 = co . . . . . . . .  (A.8) 

Then: 

h2 hsa-hwa k 2 - h o  
c1 = cwa2 (hsa - h2 ) = co (hsr2 - 
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Introduction M o s t  high-temperature 
geothermal reservoirs a re  highly fractured 
systems. The fractures provide conduits 
through which f lu id  (and heat) can flow 
a t  suff ic ient ly  large ra tes  t o  a t t r ac t  
commercial interest. The rock matrix has a 
low flow capacity, but it stores  most of the 
heat and f lu id  reserves. The fractures 
represent a very small f ract ion of the 
void volume, and probably contain less than 
1% of t o t a l  f lu id  and heat reserves i n  
r ea l i s t i c  cases. Sustained production from a 
fractured reservoir is only possible i f  the 
depletion of the fractures can be replenished 
by leakage from the matrix. 
which heat and f lu id  can be transferred from 
the matrix to the fractures  is therefore of 
crucial  importance for  an assessment of 
reservoir longevity and energy recovery. Y e t  
most work in the area of geothermal reservoir 
evaluation and analysis has employed a 
'porous medium'-approximation, which amounts 
to assuming instantaneous (thermal and 
hydrologic) equilibration between fractures  
and matrix. Effects of matrix/fracture 
interacti0.n have been investigated by 
Bodvarsson and Tsang (1981) for  single-phase 
reservoirs, and by Wench and coworkers 
(1978, 1980) fo r  boiling reservoirs. 
Moench's work addresses the question of 
pressure t ransients  during drawdown and 
build-up tests i n  fractured reservoirs. 
present paper focuses on a complementary 
(spect, namely, enthalpy transients. 
simple analytical expressions t o  analyze 
f lu id  and heat t ransfer  between rock matrix 
and fractures. It is shown t ha t  heat con- 
duction in a matrix with l o w  permeability can 
substantially increase flowing enthalpy in  
the fractures. 
and has important consequences for energy 
recovery and reservoir longevity. We present 
resu l t s  of numerical simulations which i l l u s -  
t r a t e  these ef fec ts  and show t he i r  dependence 
upon matrix permeability and fracture spacing. 

The r a t e  a t  

The 

W e  use 

This a f fec ts  f lu id  mobility, 

Conductive Enhancement of Flowing Enthalpy 
Production from the fractures  causes pres- 
sures t o  decline, and in i t i a t e s  f lu id  flow 
from the matrix in to  the  fractures. As- 
suming Darcy's law to hold i n  the matrix, 
and neglecting gravity e f fec ts  for  the 
moment, the mass f lux being discharged in to  
$he fracture system can be written: 

Proceedings Seventh Uorbhop Geothermal Rememoir Engineering 
Stanford. December 1981. SGP-TR-55. 

HEAT TRANSFER I N  PRAerURED GEWERMAL RESERVOIRS WITH BOILING 

Mrsten Pruess 

Earth Sciences Division 
Lawrence Berkeley Laboratory 
Berkeley, California 94720 

Here (Vp), is the  normal component of 
pressure gradient a t  the matrix/fracture 
interface. 
gradients are accompanied by temperature 
gradients. Idealizing the reservoir f lu id  
a s  pure water substance, the temperature 
gradient is given by the Clapeyron equation: 

In a boiling reservoir, pressure 

(vV - V t ) ( T  + 273.15) 

Therefore, there  is a one-to-one correspon- 
dence between mass flux and the conductive 
heat flux which is given by 

g - - KVT ( 3 )  

The t o t a l  heat flux discharged into the 
fracture  system is 

A. G 7 hs 4 - (4) 

In  the matrix, heat is stored in  rocks and 
fluids. In  the fractures, heat resides 
solely i n  the f lu id  f i l l i n g  the void $pace.- 
The heat f lux  given by (4 )  has to  be carried, 
therefore, by the mass f lux given by (2 ) .  
Upon entering the fracture  system, the f lu id  
heat content is enhanced by the absorption of 
the conductive heat flux. Fran = hF_ we 
obtain the effect ive flowing enthalpy 
of the f lu id  entering the fractures: 
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Numerical Simulations of Fractured Reservoir 
Behavior The above considerations a re  borne 
out by numerical simulations. 
idealized model of a fractured reservoir, 
with three perpendicular sets of in f in i te ,  
plane, para l le l  f ractures  of equal aperture 6 
and spacing D (see Figure 3). Modeling of 
t ransient  f l u id  and heat flow is accomplished 
with the "multiple interact ing continua" 
method (MINC). This method is conceptually 
similar to, and is a generalization of, the 
well-known double-porosity approach (Baren- 
b l a t t  et  al., 1960; Warren and Root, 1963). 
A detailed discussion of the MINC-method is 
given i n  Pruess and Narasimhan (1982). This 
method can be eas i ly  implemented with any 
simulator whose formulation is based on the 
"integral f i n i t e  difference" method. The 
calculations presented below were made with 
LBL's geothermal simulators SHAFT79 and 
MULKOM, with parameters given in Table 1. 

(i) Radial Flow The rad ia l  flow problem uses 
parameters applicable t o  a typical  w e l l  a t  
The Geysers, and assumes a m o b i l e  l iquid 
phase (kg = .143 a t  Sa - .70). 
calculations show that for  k,,,kg < k l b ,  
the produced enthalpy rises t o  above 2.8 
MJ/kg (superheated steam1 within minutes, 
whereas for  b k g  > k l i m ,  a two-phase 
s teadwater  mixture is produced (Pruess and 
Narasimhan, 1981). 

W e  employ an 

The 

H e r e  we have defined a limiting effect ive 
permeability, dependent upon heat conduc- 
t i v i t y  and temperature, as: 

Ir v ( V  - va)(T + 273.15) a 1  v 

In the absence of gravity effects ,  we have 
Ug = 1. 
occurs because the conductive heat f lux 
vaporizes par t  ( o r  al l)  of the l iquid which 
is discharged in to  the fractures. The effect  
depends upon the r a t i o  of heat conductivity K 
t o  effect ive permeability for  the l iguid 
phase, hkg .  The smaller the permeability of 
the matrix, the smaller is the mass flux 
which has to absorb the conductive heat flux, 
resulting i n  a stronger enhancement of 
flowing enthalpy. From (5 )  it can be seen 
tha t  for  kmka = klim a l l  liquid is vaporized, 
giving rise t o  discharge of saturated steam 
from the matrix (h  - b). Larger permea- 
b i l i t y  (k,,,kg > klim) resu l t s  i n  discharge 
of two-phase f luid,  while for  h k t  < klim 
superheated steam is produced even i f  a 
mobile l iquid phase is present in the matrix. 

Gravity effects diminish the limiting 
effect ive permeability, hence the conductive 
enhancement of flowing enthalpy. This is 
easi ly  understood by noting tha t  gravity- 
driven flow does not require non-zero 
pressure gradients, and therefore need not be 
accompanied by conductive heat transfer. 
Pruess and Narasimhan (1981) have shown tha t  
inclusion of gravity reduces the limiting 
effective permeability by a factor  

The enhancement of flawing enthalpy 

Gravity e f fec ts  w i l l  be small i f  (i) ver t ica l  
pressure gradients a re  close t o  hydrostatic 
(ap/az z - pag) , (ii) i f  ver t ica l  permeability 
is small fk, << k r )  , o r  (iii) i f  pressure 
gradients a t  the matriJfracture interface 
a re  s ignif icant ly  larger than hydrostatic. 

klim is plotted as a function of temperature 
i n  Figure 1 f o r  the no-gravity case (ug = 1). 
Figure 2 shows the effect ive flowing enthalpy 
of f lu id  discharged into the fractures  a s  a 
function of matrix permeability calculated 
from ( 5 ) .  
values of vapor saturation; i n  these calcu- 
la t ions  the re la t ive  permeabilities were 
assumed t o  be given by Corey's equation w i t h  
Sar = 0 . 3 ,  Ssr = 0.05. It is seen tha t  
conductive enhancement of flowing enthalpy 
becomes significant for  k < 10-15 d, and 
becomes very large fo r  smaller permeability. 

Curves a re  given fo r  different  

(ii) Areal Depletion Problem W e  have 
studied the depletion of an a rea l  7 km x 
3 km reservoir, with parameters similar t o  
those used by Bodvarsson et  al. (1980) in  
their assessment of the geothermal reservoir 
a t  Baca, New Mexico. Results for  enthalpies 
and pressures a re  given i n  Figures 4 and 5.  
Two basic depletion pat terns  are observed, 
depending upon whether matrix permeability is 
( re lat ively)  "high" o r  "low". For low k,,, = 
10-17 9, the boiling process is localized i n  
the vicini ty  of the fractures, with vapor 
saturations in the matrix decreasing as a 
function of distance from the fractures. The ;z::Px 
causes a boiling front  t o  rapidly move in to  the 
matrix, giving rise t o  largest  vapor saturations 
i n  the in te r ior  of the matrix, away from the 
fractures. 

It  is apparent from Figure 4 that produced 
enthalpy depends much more strongly upon 
matrix permeability than upon fracture  
spacing. Enthalpy increases with decreasing 
matrix permeability, i n  agreement with the 
discussion given above. From Figure 5 it can 
be noted tha t  pressure decline is more rapid 
i n  case of higher enthalpy, due t o  the f ac t  
t ha t  the mobility of two-phase f lu id  gen- 
e ra l ly  decreases with increasing enthalpy. 
The crucial importance of matrix permeability 
is part icular ly  evident i n  the case of k, = 
10'17 &, where fracture  spacings of 5 m 
and 50  m, respectively, result in v i r tua l ly  

t t e rn  is observed fo r  "high" k,,, = 
m2, where the depletion process 

c 

c: 
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identical enthalpy and pressure 
even though the matrix/fracture contact areas 
differ by a factor of 10. 
from Figures 4 and 5 that porous-medium type 
reservoirs will have greater longevity than 
equivalent fractured reservoirs. 
generally true, however, and is caused by 
discretization effects in this case. Below 
we present calculations with better spatial 
resolution, which show that fractured reser- 
voirs may in some cases have greater 
longevity than equivalent porous medim 
reservoirs. 

It should be pointed out that the reservoir 
longevities predicted from this study are 
probably too pessimistic, due to the use of 
Corey-type relative permeability functions. 
The well test analysis from which the (per 
meability) x (thickness) product is derived 
uses Grant’s relative permeabilities, which, 
for the sake of consistency, should also be 
employed in the analysis of reservoir deple- 
tion (Grant, 1977). Substantially greater 
reservoir longevities would then be expected 
(Garg, 1981). 

(iii) FLVe Spot For a more reali8tic 
aesessment of the depletion of a naturally 
fractured boiling reservoir, we investigated 
a five-spot production/injection strategy for 
the reservoir discussed in the previous 
example. The basic mesh as given in Figure 6 
takes advantage of flow symmetry. 
production/injection rate was fixed at 30 
kg/s, which corresponds to the more pro- 
ductive wells i n  the Baca reservoir. 

Our results show that without injection, 
pressures will decline rapidly in all 
cases. The times after which production-well 
pressure declines below 0.5 UPa area 1.49 yrs 
for a porous medium, 2.70 yrs for a fractured 
reservoir with D = 150 m, k, = 9 ~ 1 0 - 1 ~  &, and 
0.44 yrs for D = 50 m, k, = 1 ~ 1 0 ’ ~ ~  In2. Note 
that the fractured reservoir with large 
(9x10-1’ m2) has a greater longevity than 
a porous reseivoir. The reason for this is 
that the large matrix permeability provides 
good fluid supply to the fractures, while 
conductive heat supply is limited. There- 
fore, vapor saturation in the fractures 

and a more rapid expansion of the drained 
volme. 

The results obtained with 1000 injection 
demonstrate the great importance of injection 
for pressure maintenance in fractured reser- 
voirs with low permeability. Simulation of 
90 years for the porous medium case, and 42 
and 103 years, respectively, for fractured 
reservoirs with D = 50 tu and D = 250 m (k, - 
W 1 7  m2) , showed no catastrophic thermal 
depletion or pressure decline in either case. 
These times are significantly in excess of 
the 30.5 years needed to inject one pore 
volume of fluid. Figure 7 shows temperature 
and pressure profiles along the line con- 
necting production and injection wells for 

nse , 
It might appear 

This is not 

The 

I remains relatively low, giving good mobility 

the three cases studied after 36.5 years of 
simulated time. 
porous-medium case and the fractured reser- 
voir with D = 50 m agree remarkably well, 
indicating an excellent thermal sweep for the 
latter (see also Bodvarsson and Tsang, 1981). 
The temperature differences AT = Tm - Tf 
between matrix and fractures are very small: 
after 36.5 years, we have AT I. .2 OC near 
the production well, .001 OC near the 
injection well, and less than 5 “C in 
between. In the D = 50 m case, produced 
enthalpy remains essentially constant at h = 
1.345 MJ/kg. It is interesting to note that 
this value is equal to the enthalpy of 
single-phase water at original reservoir 
temperature T = 300 ‘%. 
approximately quasi-steady heat flow between 
the hydrodynamic front at T i! 300 OC and the 
production well, with most of the produced 
heat being supplied by the thermally de- 
pleting zone around the injector. 

The temperatures of the 

Thus, there is an 

At the larger fracture spacing of D = 250 m, 
the contact area between matrix and fractures 
is reduced, and portions of the matrix are at 
larger distance from the fractures. This 
slows thermal and hydrologic canmunication 
between matrix and fractures, causing the 
reservoir to respond quite differently to 
injection. 
is much less complete, with temperature 
differences between matrix and fractures 
amounting to 16 OCr 118 “C, and 60 Oc, 
respectively, near producer, near injector, 
and in between. For the particular pro- 
duction and injection rates employed in 
this study, thermal depletion is slow enough 
that even at a large fracture spacing of D = 
250 m, most of the heat reserves in the 

investigating energy recovery in the presence 
of a prominent short-circuiting fault or 
fracture between production and injection 
wells, under which conditions less favorable 
thermal sweeps are expected. 
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Fracture spacing (m) 
Mass flux (kg/m2*s) 
Gravitational acceleration (9.81 E@) 

H e a t  f lux (W/m2) 
Specific enthalpy (J/kg) 
Absolute permeability (m2)  
B e a t  conductivity (W/mOcl 
Limiting effective permeability (m2) 
Relative permeability f o r  phase 8, 
dimensionless 
Pressure (Pa) 
Conductive heat f lux (W/m2) 

Radial coordinate (m) 
Saturation (void fraction),  
dimensionless 
Irreducible l iquid saturation, 
dimensionless 
Irreducible vapor saturation, 
dimensionless 
Temperature (Oc)  
Specific volume ( m3/kg) 
Vertical coordinate (la) 

Gravity reduction factor fo r  k l h ,  
dimensionless 
Viscosity of phase 8 (Pa's) 
Density of phase 8 (kg/m3) 

Subscripts 

f :  Fracture 
8 :  Liquid 
m: Matrix 
n: Normal component 
vt vapor 
8: Phase ( 8  = liquid, vapor) 

1 5 0 2 0 0 e x , 3 a o ~  
Temperature PC) 

m.s-)Ob 

Figure 1: Limiting effective permeability. 
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Absolute permeability (mP 1 
IIma-yu) 

Figure 2: Effective flowing enthalpy. 

Matrix' \ Fract u res 
XBL 813-2725 

Figure 3: Idealized model of fractured 
resemoir. 

4 i ; i i i i i i i '  
-*.I 

ndwrr) 

Figure 4 %  Produced enthalpy for areal 
depletion problem. 

IOQ I 

Figure 5: Pressure decline for areal 
depletion problem. 

Production we11 

hjection we11 
a mo-u)11 

Figure 6: Five-spot computational mesh. 

Figure 7: Temperature and pressure profi les  
for five-spot after 36.5 years. 
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TABLE I: Parameters Used in Simulations 

Radial Flow Problem Depletion Problem 

Formation 

rock grain density . 
rock specific heat 
rock heat conductivity 
porosity 
permeability x thickness 
reservoir thickness 
matrix permeability 

Fractures 

three o r t h o g o ~ l  sets 
aperture 
spacing 

permeability per fracture  
equivalent continuum 
. permeability 
equivalent continuum 

porosity 

Relative Permeability 

Corey-curves 

I n i t i a l  Conditions 

temperature 
l iquid saturation 

production 

wellbore radius 
skin 
effect ive wellbore radius 
w e l l b o r e  storage volume 
production rate 

Injection . 

r a t e  
enthalpy 

PR - 2400 kg/m3 

I: = 4 W/m°C 

= .08 
kh = 13.4~10'12 3 
h - 500 m 
kl 3, 3, 10'17 3 

CR 960 J/k- 

6 - 2x10'4 m 
D = 5 0 m  
kf = S2/l2 - 3.3~10 '~  3 

k2 Z 2k,a/Ll = 26.8~10"5 m2 

e2 = 3 6 b  = 1.2~10'5 

T = 243 bC 
S& = 70% 

rw - .112 m 

r& = re-5 - 20.0 m 
Vw = 27.24 m3 
q = 20 kg/s 

s = -5.18 

'-' 

"' 

2600 kg/m3 
950 J/kg % 
2b22 w/m Oc 
.10 
1 . 8 3 ~ 1 0 ~ ~ 2  d 
305 m 
10-15 3, 9x10-17 3, 10-17 3 

(a) 

5 m, 50 m, 150 m 
( a) 

6x10'15 d _._ 

.10 

300 OC 

99% 

30 kg/e(' 
5x1 05 J/kg 

(a) fractures modeled as extended regions of high permeability, with a widty of I= .2 m 
(b) rectangular reservoir 
(c) five-spot 
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SIMULATION OF F L N  I N  FRACTURED POROUS MEDIA 

A. M. Shapiro*and G. F. Pinder 

, Department o f  C i v i l  Engineering 
Princeton Universi ty 

Princeton, New Jersey 08544 

Introduct ion While f low i n  f ractured porous 
media i s  a phenomenon o f ten  encountered i n  
reservoir  simulation. there ex is ts  no gener- 
a l l y  accepted simulat ion methodology. One can 
catalogue ex i s t i ng  approaches as e i the r  d is-  
crete f racture o r  c ntinuum As the name 
implies the discrez-e model considers 
each f rac tu re  as a geometrically well-defined 
.en t i t y  wherein the f l u i d  behavior i s  des- 
cr ibed using some var iant  o f  c lass ica l  f l u i d  
mechanics. The geometry o f  the porous blocks 
i s  also assumed known and the pore f l u i d  
behavior i s  determined v i a  the equations 
describing the  physics o f  f low through porous 
media. The two systems are coupled through 
conservation constraints along the fracture- 
porous block interface. Discrete f racture 
models have been popular f o r  some time. Ear ly 
work was conducted by Berman (1953) 
and Crawford and Col l ins  (1954); recent ly 
Grisak and Pickens (1980) used t h i s  approach 
t o  examine mass transport. 

The continuum model, sometimes refer red t o  as 
the double poros i ty  model. does not attempt 
t o  describe the behavior i n  each porous block 
o r  f racture e x p l i c i t l y .  Rather one abandons 
t h i s  deta i led leve l  o f  observation and a l t e r -  
nat ive ly  examines the physical phenomenon 
f r o m  a more d i s tan t  perspective. A t  t h i s  
higher leve l  o f  observation, one considers 
only the average properties o f  the pores and 
fractures. These properties are i n  t u r n  
represented by functions which are assumed to 
s a t i s f y  ce r ta in  smothness conditions con- 
s i s ten t  w i t h  the fundamental postulates of 
continuum mechanics.. This approach re1 ies  
more heavi ly on cons t i t u t i ve  theory t o  
establ ish meaningful experiments to determine 
these property functions. The concept of the 
continuum model, as appl ied to fractured 
reservoirs, i s  generally a t t r i bu ted  t o  
Barenblatt and Zhel tov (1 960). Only recent ly 
however have the mathematical-physical under- 
pinnings o f  t h i s  approach been carefu l ly  
examined. 
f i r s t  t o  recognize the necessity o f  adhering 
t o  continuum pr inc ip les i n  equation formulation 
A recent sumnary o f  work in t h i s  area can be 
found i n  Shapiro (1981). 

The Model Problem Although both modelling 
approaches have received considerable at ten- 
tion, l i t t l e  e f f o r t  has been expended i n  

Duguid and Lee (1977) were the 

studying the re la t ionship between them. The 
outstanding question i s  whether the continuum 
model can adequately represent the mathemati- 
cal-physical behavior o f  the d iscrete system. 
To address t h i s  problem, we have constructed 
a d iscrete f racture model and a corresponding 
continuum model. The discrete f racture model 
i s  shown i n  f i gu re  1. 
i n f i n i t e l y  long prisms w i th  square cross- 
sections. 

The equations describing f l u i d  f low i n  the 
f ractures are, f o r  the x coordinate d i rec t i on  

It consists o f  a se t  o f  

(mass conservation) 

and 
4 2- (DtCx + GxDxCx) + DxP - ( z p +  A)DXvx 

(momentum conservation) 

where p i s  f l u i d  density, 

P i s  f l u i d  pressure, 

Yx 4s the average f l u i d  veloci ty,  

p i s  the shear f l u i d  v iscosi ty,  

h i s  the bulk f l u i d  v iscosi ty,  

a i s  the f racture thickness, and 

Dt( e) and Dx( 0 )  are p a r t i a l  der ivat ives 

i n  time and the x coordinate 

d i rec t i on  respect ively . 
A s im i la r  set  o f  equations can be wr i t t en  for  
the y direct ion.  

*Now a t  Wenner Gren Center, Stockholm, Sweden. 
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The equation describing f l o w  i n  the porous 
blocks i s  

where cf i s  medium canpressibi l i ty ,  

6 i s  f l u i d  compressibil i ty, 

k i s  matr ix permeability, and 

4 i s  porosity. 

The continuum equations f o r  the porous medium 
and fractures are given by (Shapiro, 1981). 

(porous medi urn) 

f f  
(5) $f (Pf) - + V2Pf 

U 

( f ractured medium) 

where a' and A' are coef f ic ients  i n  
the mass exchange function. 
The terms on the r i g h t  hand side o f  (4) and 
(5) represent the i n te rac t i on  between the 
blocks and the fractures. 

Parameter Estimation and Analysis The 
imnediate ob ject ive i s  t o  determine the a b i l i t y  
o f  equations (4) and (5) t o  describe the 
physical response o f  the f ractured porous 
medi m system represented by equations (1 ) , 
(2) and (3). To examine t h i s  hypothesis, WE 
determine the unknown parameters UB and A 
using the so lut ion t o  (l), (2) and (3). I n  
other words we use the discrete f racture 
model and equations (l), (2) and (3) as our 
experimental observations and solve f o r  the 
unknown parameters. To establ ish the 
robustness o f  the continuum model we sub- 
sequently compare the solutions obtained 
using the two approaches. The parameters 
used i n  t h i s  mathematical experiment are 
l i s t e d  I n  tab le 1. The two solut ions are 
presented i n  f i gu re  2. 

It i s  apparent from f i gu re  2 tha t  the con- 
tinuum model generated a so lut ion qual i ta-  
t i v e l y  s im i la r  t o  tha t  generated by the d is-  
crete f racture model, Experiments conducted 
uslng REVS o f  d i f f e r e n t  sizes ind icate t h a t  
the continuum model so lut ion i s  r e l a t i v e l y  
unaffected by t h i s  parameter and tha t  the 
continuum parameters are temporally stable. 

Comparison w i t h  the e a r l i e r  continuum U 
representation o f  Barenblatt indicates tha t  
h i s  formulation generates a so lut ion somewhat 
d i f f e r e n t  than e i the r  the d iscrete f racture 
o r  continuum formulations presented herein. 
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Table 1 

Experimental Properties 

Property 

1) Porous medium properties 
Porosity 
Permea bi  1 i ty 
Matrix and Fluid Compressibi 

2) Fracture properties 
Th i c kness 
Fracture spacing 
F lu id  velocity a t  inlet 

Compressibility 
viscosity 
Reference density 
Reference pressure 

3) Flu id  properties 

X 

Symbol 

11 
L 
vO 

Value 

0.20 
1 .OE-O8cm2 
1 . OE-1 1 gmldyne-cm 

0.01 cm 
8.0 EOlcm 
1 .O cm/sec 

0.48E-1 Oun2/dyne 
1.3E-02 dyne/cm2-sec 

0.0 dyne/cm2 
1.0 gm/cm3 

Figure 
Li4 

: Diagrammatic representation of a discrete fracture system. 
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Figure 2: Pressure response calculated using discrete fracture and continuum 
models by Shapiro and Barenblatt. 
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RESERVOIR ENGINEERING OF SLIALUIW FAULT<HARGED WDROTnEFU4AL SYSTEMS 

S.M. Bgnson, G.S. Bodvarsson, and D.C. Clangold 

Earth Sciences Division 
Lawrence Berkeley Laboratory 
Berkeley, California 94720 

Introduction Many of the lourto-moderate 
temperature ( <  150.12) hydrothermal resources 
being developed i n  the United States  occur i n  
near-surface aquifers. These shallow thermal 
anomalies, typical  of the Basin and Range and 
Cascades are at t r ibuted t o  hydrothermal c i r  
culation. The aquifers are often associated 
with faul ts ,  fractures, and highly complex 
geological settings8 they are often very 
limited i n  s ize  and display anomalous temper- 
a ture  reversals with depth. -Because of the 
shallow depth and often very warm temperatures 
of these resources, they are a t t rac t ive  for  
development of direct-use hydrothermal energy 
projects. 
sources i s  hindered by the i r  complexity, the 
often limited manifestation of the resource, 
and lack of established reservoir engineering 
and assessment methodology. 

In  t h i s  paper a conceptual model of these 
systems is postulated, a computational model 
is developed, and reservoir engineering 
methods (including reservoir longevity, 
pressure t ransient  analysis, and w e l l  s i t ing)  
are reevaluated t o  include the reservoir 
dynamics necessary to explain such systems. 
Finally, the techniques are applied t o  the 
Gusanville, California hydrothermal anomally. 

Thermal Model Figure 1 shows a schematic of 
the  conceptual model developed to explaln the 
occurrence of near-surface hot water aquifers. 

However, development of the re- 

GROUND SURFACE Tb 1 
f 
D ROCK 1 

*Z 

-2 
b 

ROCK 2 iIi 
P2C2 A2 I ROCK 2 

XBL816-3178 

Figure 1 
a fault-charged hydrothermal system. 

Schematic of a conceptual model fo r  

Heated f lu ids  rise along a f au l t  un t i l  a 
highly permeable aquifer is intersected. 
Fluid then enters the aquifer and w i t h  time, 
replaces the existing f lu id  with hot water. 
As the water moves away from the f au l t  it is 
cooled by equilibration with surrounding rock 
and conductive heat tranefer t o  the overlying 
and underlying rock units. The model dis- 
cussed i n  t h i s  paper is most applicable to 
thin aquifers a s  ver t ica l  temperature 
variations i n  the aquifer a re  not considered. 

A semi-analytic model has been developed to  
calculate the temperature dis t r ibut ion 
of the system a s  a function of the flowrate 
in to  the aquifer, the temperature of the 
water entering the aquifer, i n i t i a l  l inear  
temperature prof i le ,  system geometry, rock 
properties, and time (Bodvarsson e t  al., 
1981). The primary assumptions a re  l i s t e d  
below: 

(1) The mass flow is steady i n  the aquifer, 
horizontal conduction is neglected, and tem- 
perature is uniform i n  the ver t ica l  direction 
( th in  aquifer). Thermal equilibrium between 
the f lu id  and the sol ids  is instantaneous. 

(2) The rock matrix above and below the 
aquifer is impermeable. Horizontal conduction 
in  the rock matrix is neglected. 

( 3 )  
between the aquifer and the rock matrix ie 
negligible ( in f in i t e  heat t ransfer  coefficient). 

(4 )  The thermal@properties of the formations 
o h v e  and below the aquifer may be different, 
but a l l  thermal parameters of the l iquid and 
the rocks are constant. 

The d i f fe ren t ia l  equation governing the 
temperature i n  the aquifer a t  any time (t) can 
be readily derived by performing an energy 
balance on a control volume in  the aquifer: 

The energy resistance a t  the contact 

* 
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The symbols are defined In the nomenclature. 
In the caprock and the bedrock the one- 
dimensional heat-conduction equation controls 
the temperature: 

The initial conditions are: 

Ta(X,O) Tl(X,Z,O) T 2 ( X t Z t O )  

= - a(z  - D) 

The burjtiary conditions are: 

(3)  

(4)  

a2  

a1 

- PZC2 

plcl 
Y E -  f w =  

(6a,b) 

Tbl aD 
t T -  ( 6g rh) 'D = Tf - Tbl Tf - 'bl 

(61) a a = H/D 

The solution of equations ( 1) -(3) can be 
eas i ly  obtained in the Laplace domain 
(Bodvarsson, 1981). 

T 6 +q + -. g 
- [ B p + z z G  tanhfq P 

In equations (7)-(9) , u, v, and w represent 
the temperature, i n  the Iaplace domain of the 
aquifer, the rock above the aquifer, and the 
rock below the aquifer, respectively. As 
equations (7)-(9) cannot eas i ly  be Inverted 
from the Laplace domain, a numerical inverter 
was used t o  evaluate the equations. 

Using t h i s  model, the evolution of these s y s  
tems can be studied. In Figure 3, the evolu- 
t ion  of a hypothetical system is shown. 
dimensionless coordinates used are defined in 
equations (6a-61). In simple terms, the graph 
can be envisioned a s  the evolution of a single 
temperature prof i le ,  a t  a given location ($1 
away from the faul t .  
hydrothermal circulation, the temperature pro- 
f i l e  is l inear  (normal geothermal gradient). 
When water begins t o  flow up the f au l t  and 
into the aquifer, the aquifer begins t o  heat 
up. 
losing heat by conduction t o  the caprock and 
basement. A dis t inct ive temperature reversal 
forms below the aquifer. With increasing 
t i m e ,  conductive heat losses t o  the caprock 
s tab i l ize  and a typical l inear  conductive 
gradient is established. A t  very large times, 
the temperature below the aquifer s tab i l izes  
and for the case considered, becomes nearly 
constant with depth. 

The 

Before the incidence of 

The f lu id  flaws l a t e ra l ly  in  the aquifer, 

1.0 

0.5 

0 
0 

I= -10 

-1.5 

-2 0 

0 J 2 3 L) 5 6 .7 B . S I X )  

'0' * 
Figure 2 
thermal systpn. This schematic represents the 
evolution of a single temperature prof i le  over 
time. 

Evolution of a fault-charged hydro- 
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Another application of this model is to' 
calculate the r a t e  of hot water recharge in to  
an aquifer, given suff ic ient  information about 
the areal  and ver t ica l  temperature d is t r i -  
bution in the aquifer. The model has been 
applied to the Susanville, California hy&e 
thermal resource, a loartemperature system 
located in the footh i l l s  of the Sierra Nevada. 
~ a t a  from more than twenty shallow exploration 
and production w e l l s  have outlined a thermal 
anomaly which is elongated around a north-west 
trending axis (Benson e t  al., 1980). T e m p e r  
a ture  contours a t  a depth of approximately 
125 m below the surface (elevation 1150 m) are 
shown in Figure 3. 
swera l  of the wells are shown i n  Figure 4. 
I n  each w e l l  temperatures increase l inear ly  
with depth un t i l  approximately 125 m below the 
surface. Thereafter the temperatures remain 
isotherm1 or have a reversal. m e  shape of 
the  thermal anomaly can be explained by a 
recharging faul t ,  which is s l igh t ly  to the 
east of Suzy 9 and aligned with the northwest 
trend of the anomaly. The match of calcu- 
.lated and observed temperatures shown in  
Figure 4 was obtained by assuming a hot water 
recharge ra te  (80%) of 9 x 10'6 m3/rec/m 
(obtained by t r i a l  and error) along the length 
of the faul t .  
t o  obtain t h i s  match are shown i n  Table 1. 
Temperature contours were also considered fo r  
the match of the calculated and observed 
temperature distribution. A match using 
the same recharge r a t e  (9 x 10'6 m3/sec/m) 
and recharge temperature (80%) is shown 
in Figure 5. 
calculated values is very good close t o  the 
recharging faul t .  However, further from 
the f au l t  the match is not very good. 
discrepancy could be due to any number of 
factorsr 
the north-west, complexity of the geologic 

Temperature prof i les  fran 

The remaining parameters used 

The match of observed and 

The 

the regional flow of cold water from 

04-0 

TEMPERATURE 
CONTOURS PC) 

at 1150111 elevation 
b 

0 sso mo 

U L  a07-7247 

Figure 3 Temperature contours a t  a depth of 

Table 1 Parameters used for  the Susanville 
model. 

- 

Parameter 
Aquifer thickness, b 35 m 

Aquifer porosity, 4 0.2 

Depth t o  aquifer, D 125 m 

Thermal conductivity 1.5 J/m-s**C 
of rock, A1 

Rock heat capacity, c1 1000 J/kg-*C 
Rock density, p1 2700 kg/m3 

set t ing,  downflow of hot f lu ids  a t  a distance 
from the faul t ,  or the  inaccuracy inherent i n  
modeling a three-dimensional phenomenon i n  two 
dimensions. 

The match shown in  Figures 4 and 5 was 
obtained using two different  s e t s  of boundary 
conditions: 1) i f  the lower constant temper 
ature boundary is placed very deep (H >> D), 
the  parameters obtained indicate that the 
hydrothermal system has been evolving fo r  
approximately 2,000 years and tha t  the f au l t  
charges the system a t  a rate of 9 x 10-6 
d/sec/m; 2) placing a constant temperature 
boundary (22%) at  a depth of about 400 m 
results in a very similar match. 
second case, steady-state temperature wn- 
di t ions are reached (consequently the 
evolution time can be determined only as 
exceeding 10,000 years) but the calculated 
recharge r a t e  is the same as  i n  the f i r s t  case 
(9 x 10'6 m3/sec/m). I f  one considers the 
age of the subsurface formations a t  Susan- 
v i l l e ,  the second case seems more likely.  

Hydrothermal Simulation 
the useful l ifetime of a fault-charged system 
it is necessary t o  determine the e f fec ts  of 
the hot water recharge on longevity, pressure 
transient behavior, and well s i t i ng  strategy. 
A simple cr i ter ion for  reservoir longevity was 

In the 

In order t o  predict  

SUZYP SUZY4 SUZYB SUZYS NAEF 

Temperature 1%) 
mu6-3m 

Figure 4 
the  Susanville w e l l s  demonstrating temperature 
reversals with depth. 
temperature prof i les  calculated using the 

Temperature prof i les  fo r  several of 

Also plotted are  the 

125 m below the surface a t  Susanville, California. semi-analytic model. 
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Figure 5 
temperature contours at Susanville. 

Match of calculated and observed 

used: maintenance of sufficiently high produc- 
tion temperature. 
highly non-isothermal, and transient thermal 
phenmena are Important, a numerical simulator 
was used to model the response of a fault- 
charged reservoir to pressure transient 
testing and sustained production from a well. 

The recently developed numerical simulator PT 
(Pressure-Temperature) was used. The sImu- 
lator solves the mass and energy transport 
equations for a liquid saturated heterogeneous 
porous and/or fractured media. 
includes the temperature dependence of fluid 
density, viscosity, and expansivity. It 
employs the integrated finite difference 
method for discretieing the medium and formu- 
lating the governing equations. 
linear equations arising at each timestep are 
solved by direct means, using an efficient 
sparse solver. A detailed description of the 
simulator is given by Bodvarsson (1981). 

To demonstrate the application of a numerical 
simulator to a fault-charged reservoir, the 
Susanville hydrothermal system was modeled. 
The geometry of the system was determined by 
correlation of well logs, drill cuttings and 
temperature profi€es. Whereas the system is 
highly complex, we used a simplified model of 
the system which accounts for the major hydro- 
thermal features. A cross section of the 
reservoir model and confining strata is shown 
in Figure 6. A 35 m-thick aquifer with a 
permeability of 2 Darcies is overlain by 
an impermeable caprock and underlain by a 
240 m-thick impermeable bedrock. The ground 
surface temperature is a constant lOOc, The 
temperature at the Mttom of the section (400 
m depth) is a constant 22OC. To determine the 
temperature everywhere else in the system, the 
analytic solution discussed in the previous 
section was used, incorporating a recharge 
rate of 9 x 10'6 m3/sec/m (at 800C). 
This temperature distribution is close to the 
measured temperature distribution. 

Because the system is 

The model 

The set of 

Figure 6 Cross section of the reservoir model 
used for numerical simulation of the Susan- 
ville hydrothermal system showing the four 
layers used in the mesh, the boundary con- 
ditions, and aquifer location. 

The initial temperature and pressure distri- 
bution in the aquifer as a function of dis- 
tance from the fault are shown in Figure 7. 
The pressure distribution in the aquifer was 
calculated so that the fault would sustain a 
rate of 9 x 10-6 m3/sec per linear meter. 
As shown in Figure 7, the pressure gradient 
close to the fault is mall compared to far 
from the fault, where it is approximately 17 
psi/km. This is as expected because the fluid 
viscosity close to the fault is less than half 
the viscosity gf the 2OoC fluid far from the 
fault. Gravity was neglected in all of the 
simulations. A constant potential boundary 
condition was imposed at the downstream end of 
the system. At the fault, two different 
boundary conditions were imposed: constant 
potential and constant flow. 
the efmulations is shown in Figure 8. Only 
one-half of the flow field is modeled, due to 
the symmetry in the problem. 

Reservoir Longevity The first objective 
of this simulation vas to determine the 
production temperature vs. time for a well 
located 600 m from the fault. The initial 
temperature at the production well was 6OoC. 

The mesh used in 

90mn ~qrilbmtm 

~ w ~ n n r a ~ e e o ~  

Figure 7 
distribution in the aquifer. 

Initial pressure and temperature 
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Figure 8 Plane view of the mesh used fo r  the 
numerical simulations. 

The w e l l  w a s  then produced a t  a rate of 31 
kg/sec (500 g p )  . 
the  production temperature over a 30-year 
l i fe t ime fo r  two cases: one with a constant 
'potential f au l t  and one i n  which the f au l t  
malntains a constant flow. As shown, the 
temperature in the  constant flow ra t e  case 
remained nearly constant during the 30-year 
lifetime. Only near the end of the period 
did the temperature begin to decline. 
the f au l t  was a t  a constant potential, the  
temperature gradually increased with time and 
after the 30-year period the production 
temperature increased from 60% t o  67.C. 
This is readily explained by the increased 
r a t e  of flow from the f au l t  resulting from the 
production-induced drawdown near the faul t .  
Figure 10 s h o w s  a p lo t  of recharge ra te  vs. 
distance from the l i ne  of symmetry. Near the 
production w e l l  the  recharge r a t e  was nearly 
three times as great as the steady value which 
created the i n i t i a l  thermal anomaly. 
a ture  contours a f t e r  30 years of production 
are compared t o  the i n i t i a l  contours i n  
Figure 11. As i l lus t ra ted ,  the more mobile 
hot  water moved quickly toward the production 
w e l l  causing the production temperature t o  
increase. The cold water a lso moved toward 
the production w e l l  but a t  a slower rate. 

eB, . . . . . . . . . . . . . . ,  

Figure 9 shows a p lo t  of 

Where 

T e m p e r  
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Figure 9 Production temperature vs. time for  
a w e l l  producing f r m  a fault-charged reser- 
voir for  two cases: (1) a constant potential 
f au l t  and (2) a constant flow faul t .  

I FLOWfUTE FROMFAUUAFERSOYEARS 
OF PRODUCTION (constant pantiol toultl I 
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Distance from line of symmetry (km) 

~ ~ a i i - a m  

Figure 10 
f au l t  near a w e l l  being produced a t  31 kg/s 
( a f t e r  30 years of production). 

Flowrate from a constant potential 

This simulation demonstrates t ha t  fo r  fault- 
charged hydrothermal systems, It is c r i t i c a l  
t o  include the recharge for  an accurate 
reservoir assessment. 
considered then a11 of the hot water i n i t i a l l y  
within the 60% contour w i l l  be removed within 
ten years [ a t  a r a t e  of 31 kg/s (500 gpn)]. 
poth of the other cases (constant potential 
and constant flow) demonstrate that the re- 
source w i l l  be adequate'for a minimum of 30 
years. The constant potent ia l  case suggests 
t ha t  the resource may be enhanced by exploi- 
tation. 
c lear ly  a key parameter t o  understanding and 
exploiting these systems. 

Pressure hans i en t  Analysis The same mesh and 
reservoir parameters were used t o  simulate a 
30-day production/interference test in  a f au l t  
charged reservoir. 
produced a t  a constant r a t e  of 31 kg/s and 
pressure changes were observed i n  the pro- 
duction w e l l  and two interference wells. 
Analysis of the production w e l l  data gave a 
transmissivity of 4.8 x 105 m d * f t / c p ,  the 
value used in the simulation (corresponding t o  

I f  no recharge is 

The nature of the recharging f au l t  is 

The production w e l l  was 

t M O m  -.I 
=Urn- 

Figure 11 Comparison of temperature contours 
between their i n i t i a l  value and a f t e r  30 years 
of production from a w e l l  bounded by a constant 
potential faul t .  
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the  f lu id  viscosity a t  60.C) .  Figure 12 shows 
a semi-log p lo t  of the pressure t ransient  data 
from the production w e l l .  As expected, the 
ear ly  time data f a l l s  on a s t ra ight  l i ne  and 
l a t e r  s tabi l izes ,  indicating a constant po- 
t en t i a l  boundary. 
of the w e l l  locations, and the drawdowns a t  
the observation w e l l s  f o r  the constant poten- 
t i a l  f au l t  case. A t  ear ly  times the drawdown 
a t  each w e l l  appears t o  follow the Theis 
curve, but l a t e r  the drawdown f a l l s  below the 
Theis curve, indicating tha t  the constant 
potential boundary is affecting the data. 
Type curve analyses were performed on both 
w e l l s  and transmissivities (kh/p) of 1.1 x 
l o 6  md*ft/cp and 1.76 x l o 6  md*ft/cp were 
obtained. Because f lu id  viscosity changes by 
a factor  of 2 1/2 i n  the temperature range 
considered, the highly non-isothermal temper 
ature distribution and proximity t o  the "hot" 
f au l t  obscure the normal pressure t ransient  
response. This e f fec t  of viscosity contrasts 
on non-isothermal w e l l  test analysis have been 
discussed previously (Mangold e t  al., 1981). 
This exercise seems t o  indicate tha t  i n t e r  
'ference data may not provide data tha t  can be 
accurately analyzed with standard methods. 
However, i f  suff ic ient ly  accurate early-time 
production data a re  available, a value for  the 
reservoir transmissivity may be obtained and 
the nasure of the f au l t  may be determined. 
This type of pressure t ransient  phenomena has 
been observed a t  the Susanville anomaly where 
analysis of production data gave a t r a n m i r  
s iv i ty  value of 7.3 x 105 md-ft/cp and 
several observation w e l l s  yielded transmis- 
s i v i t i e s  ranging from 2.3 x 106 ma*ft/cp 
t o  3.6 x 106 md*ft/cp. 

Production and Reinjection W e l l  S i t ing 
Location of the production w e l l  a s  close as 
possible t o  the f au l t  w i l l  allow production of 
the hot tes t  fluid; t h i s  w i l l  a lso optimize the 
stimulation of recharge from a fault. Proper 
reinjection w e l l  s i t i ng  is c r i t i c a l  in  fault- 
charged systems because an inappropriately 
placed reinjection w e l l  can create premature 
cooling of the production w e l l .  Reinjection 
w e l l  s i t ing  c r i t e r i a  are a s  follows: 

Figure 13 shows a schematic 

lo .  IO' 
Time (seconds) 

mlti-am 

Figure 12 
data from a production w e l l  i n  a reservoir 
bounded by a constant potent ia l  fault. 

Drawdown and semi-log analysis of 

Figure 13 
for the interference w e l l s  i n  an aquifer 
bounded by a constant potential fault. 

Drawdcwn and type curve analysis 

(1)  
production w e l l .  

One should reinject  downstream from the 

(2 )  If a constant potent ia l  f a u l t  is present, 
care should be taken t o  locate the reinjection 
w e l l  so t ha t  the pressure buildup due t o  
reinjection 
enhanced flow from the faul t .  I f  the aquifer 
is suff ic ient ly  permeablb (pressure support 
not needed), and the produced f lu ids  can be 
disposed of by some means other than rein- 
jection, it may be desirable not t o  re inject  
or t o  re inject  f a r  from both the production 
w e l l  and the faul t .  

does not negate the  production- 

(3)  
production and injection w e l l  should be 
minimized. With proper s i t ing ,  interflow 
between the wells may be negligible i n  an 
aquifer with regional flow (Dacosta and 
Bennett, 1960). 

The steady-state interflow between the 

Conclusion 
putational model for  fault-charged reservoirs 
and a nmerical  simulator (PT), the ef fec ts  of 
hot-water recharge in to  a nearsur face  hydro- 
thermal aquifer have been included i n  reser 
voir engineering calculations. Key system 
parameters have been identified, the  most 
important being the hydrologic character- 
ist ics of the f au l t  i t s e l f .  More simply, the 
ab i l i t y  of the f au l t  t o  continue to  provide 
hot water under production-induced reservoir 
conditions is c r i t i c a l  t o  the longevity of the 
system. Two different  boundary conditions for  
the  f au l t  have been iflvestigated: a constant 
potential and a constant flow boundary. The 
constant flow case can be considered a s  a 
conservative case and the constant potential 
case a s  optimistic. 

The methodology discussed in  this paper has 
been applied t o  the Susanville, California 
hydrothermal resource. Predictions have been 
made of how the temperature w i l l  change with 
time, given a simple exploitation strategy. 

BY using a newly developed com- 

~ 

tL 
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Nomenclature 

a -  
b =  
c -  
D =  
H =  
k -  
P =  
+ =  
q -  
Q =  
t -  
T =  

Tbl 
Tf - 
u -  

v =  

w -  

x =  
z =  
A =  

PC - 

Geothermal gradient ( .C/m) 
Aquifer thickness (m) 
Heat capacity (J/kg*.C) 
Thickness of caprock (m) 
Thickness of bedrock (m) 
Permeability (md,10-15 m2) 
Laplace parameter 
Porosity 
Fault recharge r a t e  (m3/s-m) 
W e l l  flow ra t e  (kg/s) 
Time (sec) 
Temperature (*C) 
Temperature a t  ground surface ( V I  
Temperatue of recharge water (.C) 
Temperature i n  aquifer i n  Laplace 
domain 
Temperature in rock matrix above 
aquifer i n  Laplace domain 
Temperature i n  rock matrix below ' 
aquifer i n  Laplace domain 
Lateral coordinate (m) 
Vertical coordinate (m) 
Thermal conductivity (J/moaooC) 
Volumetric heat capacity (J/m3..C) 

= Viscosity (cp, 10-3 Paas) 

Subscripts 

a - Aquifer 
1 - Rock matrix above aquifer 
2 = Rock matrix below aquifer 
w - Liqu%d water 
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EXPERIMENTAL AND FINITE ELEMENT ANALYSIS OF 
THE STANFORD HYDROTHERMAL RESERVOIR MOOEL 

L.W. Swenson, Jr. 
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I n i t i a l  resu l ts  are avai lab le from the f i r s t  
experiment t o  ca l ib ra te  the heat ext ract ion 
h is to ry  o f  a phys ica l ly  simulated fractured 
hydrothermal reservo i r  using a rock loading o f  
large, regular-shaped grani te  blocks. Thermo- 
couples embedded i n  a se t  o f  the rock blocks 
and i n  water a t  various locations i n  the 
model provide heat ext ract ion data. The data 
are also used t o  evaluate the e f fec ts  o f  
thermal stressing on heat t ransfer  properties. 

The resul ts  o f  the f i r s t  experiment show a 
surpr is ing ly  uniform cross-sectional water 
temperature throughout the physical model i n -  
d ica t ing  e f f e c t i v e  cross mixing between frac- 
ture channels. The temperature dif ference 
between rock centers and surrounding f l u l d  
reached lOOoF during the cool ing process , 
decreasing t o  smaller values by the end o f  the 
experiment, ind ica t ing  t h a t  the rock energy 
ext ract ion was r e l a t i v e l y  complete, w i th  a 
high, constant temperature o f  the produced 
water. 

For analysis o f  t h i s  and fu ture experiments, 
a f i n i t e  element method has been developed so 
tha t  ind iv idual  blocks can be represented as 
s ing le elements. This approach allows less 
res t ra in ts  on element shapes compared t o  
f l n i t e  dif ference models and provides possible 
appl icat ion t o  f u l l  s ize  reservoirs. 

In t roduct ion -A major facet o f  the Stanford 
Geothermal Program since i t s  inception i n  1972 
has been the r e a l i z a t i o n  t h a t  long-term com- 
mercial development o f  geothermal resources 
f o r  e l e c t r i c  power production w i l l  depend on 
optimum heat ext ract ion from hydrothermal 
reservoirs. Optimum ext ract ion i s  analogous 
t o  secondary and t e r t i a r y  recovery o f  o i l  from 
petroleum reservoirs; i n  the geothermal case, 
the resource may be e i t h e r  heat-transfer l i m -  
I t e d  o r  convecting-fluid l imi ted.  The e f f o r t  
i n  the Stanford Geothermal Program has been 
a comblnation of physlcal and mathematical 
modeling of heat ext ract ion from fractured 
geothermal reservoirs. Experiments have 
included several rock loadings i n  the SGP phys- 
i c a l  model o f  a rechargeable hydrothermal re- 
servoir, examination o f  thermal stressing on 
rock heat t ransfer  propertf  es, and development 
o f  mass t ransfer  t racer  methods f o r  comparative 

. 

' 

61 analysis. 
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Although the present model predicts the over- 
a l l  energy ext ract ion o f  the experimental 
reservo i r  qu i te  well ,  i t  has several short- 
comings w i th  respect t o  modeling large scale 
systems. One o f  these was the uncertainty o f  
ax ia l  heat conduction and heat t ransfer  from 
the physical model i t s e l f .  

This pap& f i p s t  discusses the resul ts  obtain- 
ed from the Stanford Geothermal Program (SGP) 
physical model o f  a fractured hydrothermal res- 
e rvo i r  using a rock matrix consist ing o f  
grani te  blocks w i th  regular geometry. Follow- 
i n g  examination of these experimental data, 
concepts are introduced t o  extend standard 
f i n i t e  element model Ing procedures f o r  regions 
experiencing steep temperature gradients and 
t o  provide a methodology f o r  deta i led inves t i -  
gations o f  extended thermal stressing on rock 
heat t ransfer  properties, 

Heat Extraction Experiments The SGP physical 
model has been described i n  several reports , 
e.g., Hunsbedt, Kruger and London (1977, 1978). 
The main comDorlmt i s  a 5 ft hiah bv 2 ft 
diameter insulated pressure vesiel." The rock 
matrix used i n  these experiments consists o f  
30 grani te  rock blocks o f  7.5" x 7.5" rectangu- 
l a r  cross section and 24 t r iangu lar  blocks as 
shown i n  Figure 1. The blocks are 10.4 
inches high. The average pososity o f  the 
matrix i s  17.5 percent. 

Ver t ica l  channels between blocks are spaced 
a t  0.25 inch and horizontal channels between 
layers are spaced a t  0.17 inch. S ign i f i can t  
v e r t i c a l  f low can also occur i n  the r e l a t i v e l y  
large edge channel between the outer rock blocks 
and the pressure vessel. 

Cold water i s  in jected a t  the bottom o f  the ves- 
sel by a high pressure pump through a f low d is-  
t r i b u t i o n  b a f f l e  a t  the i n l e t  t o  the rock matrix. 
System pressure i s  maintained above saturation 
by a f low contro l  valve downstream o f  the vessel 
ou t le t .  Most o f  the system pressure drop i s  i n  
t h i s  valve whfle the rock matr ix  has essent ia l ly  
i n f i n i t e  permeabil i ty. 

The water temperature i s  measured a t  the 
several locatfons shown i n  Figure 1: a t  the 
i n l e t  t o  the vessel, the I-plane j u s t  below 
the baf f le ,  the B-plane half-way up the f i r s t  
rock layer, the M-plane half-way up the t h i r d  
rock layer, the T-plane near the top o f  the 
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rock matrix, and a t  the vessel out le t .  Temp- 
eratures were also measured a t  the center o f  
four  rock blocks and a t  t w o  addit ional loca- 
t ions  i n  the bottom centra l  rock. 

The rock-water-vessel system was heated t o  
uniform i n i t i a l  temperature o f  463+2OF, by 
e l e c t r i c  strap heaters outside the vessel. 
The experiment was i n i t i a t e d  by s t a r t i n g  the 
i n j e c t i o n  pump and opening the f low contro l  
valve, 
the experiment. 

Experimental Run 5-1 has been completed w i th  
t h i s  rock matrix. Data for the experimental 
conditions and parameter values are summarized 
i n  Table 1. 

Experimental Data and Parameters f o r  Run 5-1 

The i n j e c t i o n  r a t e  was constant during 

Table 1 

Average Reservoir Pressure (psia) 
I n i t i a l  Reservoir Temperature (OF) 
Final Top Temperature (OF) 
Final Bottom Temperature (OF) 
.Inject ion Water Temperature (OF)  
I n i t i a l  Water Mass (lbm) 
In jected Water Mass (lbm) 
Water In jec t ion  Rate (lbm/hr) 
Production Time (hr)  

545 
463 
31 2 
67 
59 

148 
749 
150 

5 

The resu l ts  ind icate t h a t  water temperature a t  
the I-plane i s  i n i t i a l l y  s l i g h t l y  ho t te r  near 
the surface wall  due t o  heating by the steel.  
The in jec ted  water approached a uniform, 
constant temperature of 5PF, a f t e r  about one 
hour. The data also show t h a t  the cross-sec- 
t i o n a l  water temperatures were essent ia l ly  
uniform i n  each o f  the planes, w i th  a maximum 
deviat ion of $OF, well  w i th in  the estimated 
uncertainty o f  thermocouple temperature d i f -  
ference o f  +5OF. 

Also given i n  Figure 2 are several representa- 
t i v e  rock center temperature transients. Com- 
parison o f  these temperatures w i th  the corres- 
ponding surrounding water temperatures showed 
t h a t  the maximum rock center t o  water temp- 
erature dif ferences o f  about lOOOF, developed 
during the cool ing process decreaslng t o  smal- 
l e r  values toward the end of the experiment. 
These data ind icate tha t  the rock energy ex- 
t rac t ion  was r e l a t i v e l y  complete and the energy 
extracted from the rock resul ted i n  a high, 
constant e x i t  water temperature. 

Data f o r  the measured water and rock tempera- 
tures a t  the varfous thermocouple locations are 

F i n i t e  Element Modeling I n  analyzing the heat 
-ior experiments i n  SGP 
physical reservo i r  as a one-dimensional lumped- 

, parameter model, several problems have become 
evident: (1) the potent ia l  f o r  ax ia l  heat 
conduction adding the need f o r  a second- 
dimension i n  the analysis, (2) the large heat 
capacity o f  the physical model which d i s t o r t s  
the heat t ransfer  character is t ics  a t  the model 
boundaries, and (3) the need t o  accurately 
model thermal stressing ef fects .  I n  order t o  

I given i n  Figure 2. 

extend the use o f  t h e  1 umped-parameter model 
t o  f u l l - s i z e  geothermal reservoirs, i t  i s  
desirable t o  remove these uncertaint ies i n  the 
physical model. For t h i s  purpose, a f i n i t e  
element heat t ransfer  model o f  the present 
regular-shaped rock loading experiments has 
been developed. :In itbfs model, - ind iv idual  
blocks can be represented as s ing le  elements. 
This approach allows less r e s t r a i n t  on element 
shape compared t o  f i n i t e  dif ference models. 

The code as a general computational t o o l  can 
evaluate a class o f  problems described by 
conduction o r  conduction-convection p a r t i a l  
d i f fe ren t ia l  equations w i th  boundary conditions 
consist ing o f  spec l f i  ed temperature-time 
h is to r ies  and/or spec i f ied heat f lux-t ime 
h is to r ies  contro l led e i t h e r  by a d i r e c t  source 
o r  b.y convectton means. Specif icat ion o f  i n -  
ternal  heat production (or loss) sources can 
a1 so be i ncl uded . 
Some of the features o f  the finite-element code 
include: 
data; (2) automatic two- and three-dimensional 
block mesh generatlon; (3) automatic nodal re- 
numbering t o  minimize the e f f e c t i v e  bandwidth; 
(4)  l i n e  gra h ics presentation o f  the model 
mesh; and (5! p r i n t e r  and l i n e  graphics pres- 
!entation of -  the resul ts ,  

The model spat ia l  d isc re t i za t ion  can be per- 
formed i n  two- o r  three-dimensional Cartesian 
coordinates o r  i n  axisymmetric c y l i n d r i c a l  
coordinates. An a r b i t r a r y  number o f  general 
anisotropic material propert ies can be used t o  
describe the par t i cu la r  reservo i r  being modeled. 
Results generated by the f i n i t e  element code 
consist o f  temperature-time h i s t o r y  curves and 
heat f lux h is to ry  curves. The data can be d is-  
played i n  tables o r  graphical ly. 

The development o f  the f i n i t e  element d iscrete 
heat t ransfer  equations begin w i t h  the govern- 
i n g  p a r t i a l  d i f f e r e n t i a l  equations given by: 

(1) f r e e - f i e l d  input  o f  the model 

f m =  - ~ . , h . ~ r ,  ~ € 5  (2 

& = r  xe13 ( 3  

wherec,r, t, 4, Q,&,.,,G and Ts are the materia 
speci f ic  heat, temperature f i e l d ,  time, con- 
duct i  v i  t y  tensor, body heating source, spec- 
i f i e d  normal component o f  heat f lux,  surface 
outward normal and speci f ied surface tempera- 
ture, respectively. 
equi l ibr ium condit ion a t  each material po int  E 
i n  the domainR, while Equations (2) and (3) 
are the natural and essential boundary Conditions, 
respectively. 

Equation (1) i s  the thermal 

The time der ivat ive appearing i n  Equation (1) 
i s  the material time derivative, 
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where, y i s  the v e l o c i t y  o f  the material po int  
instantaneously positioned a t  the spatiaT 
point  and p i s  the "del" vector operator 
w i th  respect t o  spat ia l  coordinates, For a 
s o l i d  consti tuent y i s  taken t o  be zero 
while f o r  a f l u i d  domain N i s  general ly non- 
zero. We consider the veroc i ty  f i e l d  as given, 
being determined by previous analysis. 

'b 

The d iscrete o r  weak form o f  Equations (1) - 
(3) are developed using the method o f  weighted 
residual approach. Approximating the temp- 
erature f i e l d  i n  terms o f  a f i n i t e  s e t  o f  
functions as 

T z  = 5 & c h ) 2 , ( t )  (5 )  
a. a 

and l e t t i n g f l h b e  a generic element from a set  
o f  weighting o r  t e s t  functions, we use, 

+ J $ 4 ( & , + e e k * p i ) d $ = o  (6) 

'as the basis f o r  the d isc re t i za t ion  process. 
Note t h a t  a const ra in t  i s  placed on the approx- 
imation, Equation Y), and on the functions 

"Jrp such tha t  T(g,t): Tscz,Qand da(2r!)= o 
f o r  4 c  I+.. 

Making use o f  the Green-Gauss theorem (and 
assuming appropriate cont inu i ty  f o r  t h e 4  , 
the second term i n  the  domain integrand can be 
wr i t ten  as 

Final ly, a choice remain; t o  $ p e c i f i c a l l y  
i d e n t i f y  the weightlng functions Uk. We chose 
the Galerkin c r i t e r i o n  and l e t  thef lkbe 
i d e n t i f i e d  as those 81 basis functions i n  Equa- 
t i o n  (5)  such t h a t  35  ( S b o f o r  as&. Sub- 
s t i t u t i n g  the approximation 7 and invoking the 
Galerkin c r i te r ion ,  the d iscret ized se t  o f  heat 
t ransfer  equations become, 

lc]i+:)+ LK] lY )=  [ F I  (9.0) 
where the matr ix  elements are given by, 

Fa = L g ~ Q d n  -.$.a& j-drl. (9e3) 

The convective p a r t  o f  u i s  o f  course zero f o r  t cj 
sol i d  constituents. 
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The evaluatlon of the matr ix  components 
appearing above are great ly  s imp l l f ied  and 
r e a d i l y  computer automated by making use o f  
f i n i t e  element methodology. This approach 
takes the r e s t r i c t i o n s  of the basis function 

over sub-domain elements as r e l a t i v e l y  P imple polynomials expressed i n  terms o f  
loca l  coordinates. Following t h i s  approach, 

'the component terms, r e l a t i v e  t o  a generic 
element "e," can be wr i t ten  as 

(10.1) 

F,' = &e $&d.jle - .&3aB,d$(lo.J) C 

where 3: i s  the g e s t r i c t i o n  of $1, on the 
element domain R and element material boundary re. Global resu l ts  are obtained by sumning 
element contr ibutions . 
Refined Element Analysis When co ld water i s  
f i r s t  in jected durlng the experiment start-up 
steep ax ia l  temperature gradients e x i s t  i n  the 
lower h a l f  o f  the physical model, see Figure 
3. I n  addition, secondary heat ext ract ion by 
cool-water re in jec t ion  w i l l  induce t e n s i l e  
thermal stresses i n  reservo i r  regions j u s t  
below the f racture surfaces. Such stresses 
may r e s u l t  i n  important changes i n  reservo i r  
energy ext ract ion behavior, such as creation 
and growth of new cracks w i th  addit ional 
heat t ransfer  area and a l te ra t ions  i n  the 
mechanical and heat t ransfer  propert ies o f  the 
rock i t s e l f .  These conditions requi re t h a t  
e i t h e r  a re f ined mesh o f  low order elements o r  
a sparser mesh of high order elements be used 
t o  accurately represent the r a p i d l y  varying 
temperature f ie ld .  
approaches w i l l  increase the number o f  problem 
degrees-of-freedom (DOF'S) , Increase the 
analyst's modeling ef for t ,  produce longer 
computer runs, and lead t o  overa l l  increased 
expenses. I n  an e f f o r t  t o  achieve a balance 
between the requirement f o r  h l  gh-order temp- 
erature approximation and the desire t o  re-  
duce the overa l l  number o f  DOF's, a condensed 
super-el ement methodology was used. 

E i ther  of these modeling 

Consider a super-element, defined as an assem- 

schematfcal l y  below, 
, b l y  o f  many simpler elements, as shown 

{TI= {E:} (11) 

The temperature parameters % can be considered 
par t i t ioned i n t o  two sets, one containing the 
"exterior '  parameters$and the second contain- 
i n g  the " i n t e r i o r "  parameters %*. I n  l i k e  
manner the super-element thermal equi l ibr ium 
equations can be par t i t ioned and w r i t t e n  as 



Reduction o f  the t o t a l  number o f  DOF's i s  
effected in#two parts. Constraint conditions 
among the: s e t  can be wr i t ten  as 

where (6) i s  a matrix o f  constants r e l a t i n g  
the t o t a  ex ter io r  se t  <in terms o f  a subset 

analysf i .  

Secondly, const ra in t  conditions among the r_S 
set  i s  taken t o  be o f  the form 

o f  r, 2: i , which are t o  be retained i n  the 

z= = ( s ) q  (14) 

where (S)  i s  a matrix of numbers a n d q  i s  a 
vector o f  generalized time dependent coord- 
inates. While the analyst i s  a t  l i b e r t y  t o  
se lect  (S) i n  any manner deemed appropriate, 
a seemingly natural choice i s  t o  choose the 
columns o f  (S) as cer ta in  eigenvectors o f  the 
generalized eigenvalue problem 

Here,dh i s  the b'w, eigenvalue associated with 
the kk eigenvector & . Physically, 
i d e n t i f i e d  as an approximation t o  t%cha?+cpe 
thermal eigenfunctfon associated with the 
continuum i n t e r i o r  o f  the super-element domain 
while Wt i s  an approximation t o  the associated 
character is t ic  d i f f u s i v i t y .  

F i n a l l y  reduction o f  the super-element equa- 
tions, Equation (121, i s  performed using the 
transformation 

{E:] =(: :)j$ (16) 

and congruent transformations, leading t o  

rhere the condensed super-element submatrices 
i n  t h i s  equation are given by 

A 

f' G 7 f s  4 F A =  SrFN. (18.9- -1 0 )  
Y C N  r N U  

It should be noted tha t  w i th  proper sca l ing o f  
the  eigenvectors Sk, the submatrices Cnn and 
Knn are the  i d e n t i t y  matrix, I and the dia- 
gonal matrix o f  associated eigenvalues, 
respectively. 

DISCUSSION The resu l ts  o f  the f i r s t  experi- 
ment using the large, regular-shaped grani te  
blocks indicates tha t  the attempt t o  ca l ib ra te  
the spat ia l  time-temperature h i s t o r y  o f  the 
loading w i l l  be successful. Several addi- 
t i o n a l  experiments are planned with la rger  
i n j e c t i o n  flow rates t o  produce "heat t ransfer  
l imited' '  reservo i r  conditions, i n  which 
substantial rock-water temperature differences 
e x i s t  throughout the transient. Such con- 
d i t ions  should r e s u l t  i n  a much more rap id  
e x i t  water temperature decrease. 

I n  the completed experiment, the observed 
cross-sectional water temperatures were r e l -  
a t i v e l y  uniform even w i th  the  r e l a t i v e l y  
large f low area a t  the edge channels between 
the rock loading and the vessel. Possfble 
explanations o f  t h i s  apparent uniform cross- 
sectional water temperature, inter-block 
channel area, include: 
o f  the heat avai lab le a t  the various channels; 
(2)  r e l a t i v e  pressure drops i n  each channel; 
and (3) cross mixing between channels. 

Estimates o f  the heat t ransfer  from around the 
edge channels ( inc lud ing heat from the s tee l  
vessel) compared t o  the inter-block channels 
were about 1.65, not qu i te  as large as the f low 
area r a t i o  o f  2.07. Thus, the edge channels 
may be lower i n  temperature than the i n t e r -  
block channels. The perforated f low d is t r ibu-  
t i o n  b a f f l e  a t  the bottom o f  the vessel has been 
shown t o  be s u f f i c i e n t l y  e f f i c i e n t  i n  providing 
uniform f low entering the rock matr ix  below the 
lowest rock layer. Channel t o  channel pressure 
drop dif ferences are not  expected t o  be suf- 
f i c i e n t l y  large t o  a f f e c t  the average channel 
f low ve loc i t ies  a t  the mean f low r a t e  o f  only 
5 f t / h r .  The most l i k e l y  reason f o r  the 
observed uniform water temperatures appears t o  
be the energy exchange between channels due t o  
mass transfer. This aspect o f  the analysis 
warrants fur ther  observations i n  the future 
experiments and i n  the analysis. 

Examination o f  the experimental data c l e a r l y  
ind icate t h a t  steep a x i a l  temperature gradients 
e x i s t  i n  the lower h a l f  o f  the physical model. 
The maximum spat ia l  ax ia l  temperature gradient 
varies w i t h  time, being largest  a t  the s t a r t  o f  
the experiment and slowly decreasing as the 
experiment progresses. I n  addit ion, the phys- 
i c a l  loca t ion  o f  the peak ax ia l  temperature 
gradient s t a r t s  a t  the base o f  the rock p i l e  
and gradually moves upward. S ign i f i can t  
temperature var ia t ions were a lso measured w i th in  
the ind iv idual  grani te  blocks; temperature 
differences between the center o f  the  blocks 
and the surrounding f l u i d  measured as much as 
1OOoF. 

Observation o f  these temperature gradients i n  
the water and i n  the ind iv idual  blocks has 
motivated the development o f  a re f ined f i n i t e  
element methodology. The approach developed 
f o r  analysis of the physical chimney model uses 
a super-element technique w i t h  cer ta in  imposed 
constraints t o  reduce the overa l l  degrees-of- 
freedom. Super-element DOF reduction was 

(1) r e l a t i v e  magnitudes 
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generalized by separating the external con- 
s t r a i n t s  re la t ions  from the in te rna l  constraint 
re la t ions.  This separation o f  const ra in t  
equations permits the analyst considerable 
f l e x i b i l i t y  i n  approximating the super-element 
"surface" temperature f i e l d  and the "Internal" 
temperature f i e l d  t o  a degree t h a t  i s  deemed 
appropriate for each. I n i t i a l  experience has 
shown t h a t  refined super-elemcnts perform well  
i n  regions where steep f l u i d  and rock tempera- 
ture gradients e x i s t  and hold promise f o r  
e f f i c i e n t  hydro-thermal f i n i t e  element 
anal ys I s . 
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COLD WATER INJECTION INTO TWO-PHASE GEOTHERMAL RESERVOIRS 

S. K. Garg and J. U. Pritchett 

Systems, Science and Software (Sa) 
P. 0. Box 1620 

La Jolla, California 92038 

A geothermal reservoir simulator (CHARGR) i s  
employed i n  its one-dimensional radial mode 
t o  examine the response of geothermal reser- 
voirs to  cold water injection from a single 
well. The numerical solutions are analyzed 
t o  generate interpretation techniques for 
pressure transient data during injection and 
subsequent well s h u t i n .  It  is  shown that 
the pressure buildup (i.e., Injection) data 
may be analyzed i n  a straightforward manner 
t o  yield the absolute formation permeabil- 
ity; the pressure fall-off (i.e. s h u t i n )  
data, on t h e  other hand, appear t o  be of 
lesser ut i l i ty .  

Introduction Recently Garg [1980], Grant 
1978J, Moench and Atkinson [1977] and 

lorey, e t  ai. El9801 have examined the draw- 
down a n i  b m d u p  response of in1 t i a l  ly two- 
phase geothermal reservoirs. The plot of 
pressure drop versus logarithm of time (for 
drawdown test; for buildup ~p versus log 
t + A t l A t  should be plotted) asymptotes t o  a 
straight l ine after an ini t ia l  non-linear 
period; the slope m of the straight line can 
be used t o  infer t h e  kinematic mobility. 
For two-phase geothermal reservoirs, how- 
ever, it i s  not possible t o  obtain the 
absolute formation permeability from conven- 
tional drawdownlbuildup tests,  If absolute 
formation permeability is deslred, i t  -1s 
necessary t o  conduct an injection test. 

A t  the present time, theoretical analyses of 
pressure injectionlfall-off data are un- 
avallable i n  the published literature. In 
the present paper, we employ a numerical re- 
servoir simulator (CHARGR; Pri tchett  [l980]) 
t o  examine the response of two-phase geo- 
thermal reservoirs dur ing  cold water injec- 
tion. 

An examination of the numerical simulations 
shows that the pressure injection data may 
be analyzed i n  the conventional manner t o  
yield absolute formation permeability. The 
pressure fall-off response, on the other 
hand, is very complex and is seen t o  be of 
limited u t i l i t y  i n  evaluating formation 
properti e s. 

Numerical Examples To examine the response 
of a geothermal reservoir under cold water 
injection, the CHARGR reservoir simulator 

u 

was exercised i n  i ts  one-dimensional radial 
mode. The radially infinite reservoir was 
simulated usfng a BO-zone [h r l  P 0.11 m; 

~ r g  1.2 rrsg] radial grid. The outer 
radfus of the g r id  i s  25,825 m and i s  suf- 
ficiently large such that no signal reaches 
t h i s  boundary during the t e s t  period. The 
formation thickness i s  H I 250 m. The well 
I s  assumed t o  be coincident w i t h  Zone 1. 
(In the CHARGR code, a well can be repre- 
sented as an integral part of the gr id  by 
assigning t o  the well-block sufficiently 
high permeability and porosity.) The reser- 
voi r  rock- is assumed t o  be a typical sand- 
stone. The relevant rock properties are 
given i n  Table 1. The mixture (rock/ f luid) 
thermal conductivity is approximated by 
Budiansky's formula (Pritchett [l980]). In 
this paper, considerations of s k i n  effect 
and well storage have been ignored. These 
effects, while important i n  practical well 
testing, are not germane t o  the present dis- 
cussion. 

Table 1 
ROCK PROPERTIES EMPLOYED IN NUMERICAL 

SIMULATIONS 

rr2 I 1.2 Arl; Ar3 I 1.2 Ar2, ..., 

Porosity, 4 
Peneability, k(m2) 
Uniaxial Formation Co 
press i bi 1 i ty  , Cm( MP a - 5  
Rock Gr i n  Density, 

Grain Thermal- Conductivity, 

Heat Capacity, Cr(kJ/kg'C) 
Re1 ative Permeabi 11 ty, 
( k r p  krg) 
Residual Liquid Saturation, 
skr 
Residual Gas saturation, Sgr 

Pr(kglm 3 1 

Kr(W/*'C) 

2650 

5.25 

1 
corep  

0.3 

0.05 
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The in i t ia l  fluid s ta te  for  the two cases 
considered i n  the following is given i n  
Table 2. The cold water i s  injected a t  a 
cogstant rate of 35 kgls  for  t = 5.868 x 
10 s; the well is then s h u t  i n  for r t  = 
1.3932 x 106 s. 

Table 2 
INITIAL FLUID STATE FOR 

COLD WATER INJECTION INTO 
TUO-PHASE RESERVOIRS 

Case Pressure Temperature Steam 
No. MPa C Sat. 

1 8.5917 MPa 300 0.28 
2 8.5917 MPa 300 0.05 

Pressure Injection Data The pressure bui ld-  
up (injection) data (Figures  1 and 2) close- 
ly - f i t  straight lines w i t h  identical 
slopes. The slope implies a flowin kine- 
matic viscosity of 2.02 x 10-9 m2/s 
which is i n  good agreement w i t h  the kine- 
matic viscosity of the cold injected water 

TIME. s 

Figure 1 Pressure Injection Data for-Case 1. 

TIME, s 

Figure 2 Pressure Injection Data for  Case 2. 

(v - 1.96 x lo7 &Is). Figures 3 and 4 
show the radial d i s t r ibu t ion  of steam satur- 
ation and temperature a t  the end of the in- 
jection period (t - 5.868 x lo5 s). The 
condensation front (especially i n  the low 
steam saturation case 2) is seen t o  have 
advanced further into the formation than the 

Q30r i'320 

cff 
g 0. 

E a 
$ 0  
I 
U 

E 
RADIUS, r (m) 

Figure 3 Radial Distribution of Temperature 
and Steam Saturation a t  Selected 
Times for  Case 1. 

RADIUS, r (m) 

Figure 4 Radial Distribution of Temperature 
and Steam Saturation at  Selected 
Times for Case 2. 

edge of the thermal front. The la t ter  ef- 
fect  i s  due t o  the fact  that pressure 
changes are experienced over a much larger 
portion o f  tne reservoir than that which was 
cooled by the injected cold water. 

Pressure Fall-Off Response Horner p l o t s  of 
pressure fall-off data are aiven i n  Fiaures 
5 and 6. Tnree regions can i e  identifiid on 
these plots: 

8.70) 

(t+At)/At 

Figure 5 Pressure fall-0ff Data (Horner 
Plot) for  Case 1. 
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(t+At)/At 

Figure 6 Pressure Fa l l -Of f  Data (Horner 
P lo t )  f o r  Case 2. 

(i) f o r  large (t + A t ) / A t  (i.e., small 
shut in  times), pressure f a l l s  o f f  re- 
l a t i v e l y  r a p i d l y  

(11) f o r  moderate values o f  (t + A t ) / &  
pressure i s  essent ia l l y  constant 

(iii) f o r  small values o f  (t + r t ) / r t  (i.e., 
large bui ldup times), pressure again 
s t a r t s  t o  f a l l  ra ther  rap id ly .  

T h e ' f i r s t  region (i.e., (t + A t ) / A t  large) 
of the f a l l - o f f  curve i s  governed by the 
pressure response o f  the condensed f l u i d  re- 
gion. Due t o  the large contrast  i n  single- 
phase and two-phase compressibi l i t ies,  the 
two-phase region remains p r a c t i c a l l y  unaf- 
fected during t h i s  time per iod (see e.g., 
steam saturat ion p r o f i l e s  i n  Figures 3 and 
4). The condensed f l u i d  region behaves l i k e  
a reservo i r  with a constant pressure (- 
pressure a t  the edge o f  the condensation 
f r o n t )  boundary. These ear ly  pressure f a l l -  
o f f  data are rep lo t ted  i n  Figures 7 and 8; 
these f igures c l e a r l y  demonstrate t h a t  the 
e a r l y  f a l l - o f f  behavior i n  the present cases 
resembles t h a t  o f  a reservo i r  w i th  a con- 
s tant  pressure boundary. The condensation 
f ron t  radius, re, can, therefore, be ca l -  
culated from the formula (Earlougher 119771): 

(1) 

t + At /At 

Figure 7 Ear ly  Pressure F a l l a f  Oata f o r  
Case 1. 

bAt /At 

Figure 8 Early Pressure Fa l l -Of f  Data f o r  
Case 2. 

where 
k P formation permeabi l i ty  

A t S  P t ime t o  s tar tup o f  seni-steady 
reservo i r  behavior (t ime a t  
which pressure curve bends over) 

. Y = v iscos i ty  o f  in jected l i q u i d  
water 

CT = Total  formation compressibil- 
l t y  i n  the condensed region. 

The condensation f r o n t  r a d i i  in fe r red  f r o m  
Equation .(1) and the data o f  F i  ures 7 and 8 
are compared w i th  the actual  vafues i n  Table 
3. 

Table 3 
CONDENSATION FRONT RAD1 I 

( y  a- 1.8 x 10 -4 Pa-s; CT P 0.075 x lo4 Pa-') 

re 'e 
( in fer red)  (actua l )  

Case htS - 
No. - 
1 72 s 14.6 ~ 1 -  (15.5 2 1.5) m 
2 753 s 47.2 m (57.1 2 5.2) m 

Although the in fe r red  values for r are i n  
reasonable agreement with the actuaf  values, 
a note o f  caut ion i s  i n  order here. I n  
p r a c t i c a l  s i tuat ions,  the ear ly  f a l l - o f f  
data (such as t h a t  u t i l i z e d  i n  the above 
ca lcu la t ion  for r e )  are l i a b l e  t o  be dom- 
inated by wellbore storage, and i t  may we l l  
be impossible t o  i d e n t i f y  the time a t  which 
the we l l  s t a r t s  exh ib i t ing  *semi-steady* re- 
sponse. 

An examination o f  the numerical r e s u l t s  
snows t h a t  a t  the end o f  the f i r s t  p a r t  o f  
the f a l l - o f f  curve, the pressure gradient i n  
the single-phase (condensed) region i s  es- 
s e n t i a l l y  zero whereas the pressure a t  the 
edge o f  the condensation f r o n t  remains a t  
i t s  value a t  A t  E 0 ( s t a r t  o f  shut in  per i -  
od). Also, the edge of the condensation 
f r o n t  i s  s ta t ionary throughout t h i s  i n i t i a l  
per iod (Figures73 and 4 - See s t e p  satura- 
t i o n  p r o f i l e s  for t P 5.868 x 10 s t o  (t 

Figure 4)).  
+ At ) /A t  - (2610 i n  Figure 3, and 653 i n  

-177- 



4 

During the intermediate fall-off period, the 
condensation front s ta r t s  moving towards t h e  
wellbore. T h i s  part of the well response is 
characterized by an essentially constant 
pressure. A t  t h e  end of t h i s  period, the 
condensation front becomes coincident w i t h  
the edge of the thermal front (see e.g., 
steam saturation curve labeled (t + At) lb t  - 
3.43 i n  Figure 4). The condensation front 
once again becomes stationary a t  th is  point. 

For large fall-off times (i.e., for  the 
t h i r d  fall-off period), the well response i s  
governed by t h e  two-phase region. As can be 
seen from Figures 5 and 6, the pressure 
fall-off data do not, however, asymptote t o  
a straight line. I t  is convenient t o  plot 
the fall-off data i n  a somewhat different 
manner. Figures 9 and 10 are plots of log 
~p ( ~ p  = pw(At) - pf where pf is the 
las t  flowing pressure) versus log A t .  Re- 
ferring t o  Figure 10, i t  may be seen that 
the two-phase fall-off data l i e  on the u n i t  
slope line. A u n i t  slope line can also be 
identified on Figure 9. I t  is well known 
that the presence of a u n i t  slope line' in- 
dicates that the well response is controlled 
by storage type effects; this  part of the 
fall-off data i s  useless for  analysis pur- 
poses i n  the absence of data regarding the 
location of tne condensation front  (- ef- 
fective well-bore radius for  two-phase 
fall-off regime). For single-phase flow, a 
rough rule of thumb i s  that the semi-log 
straight line s ta r t s  a t  a time which i s  one 
and one-half log cycles removed from t h e  
time at  which the pressure data begin t o  
deviate from the u n i t  slope straight line. 
Utilizing the la t te r  criterion, i t  i s  seen 
from Figure 9 that only the las t  point or 
two may be expected t o  l i e  on the semi-log 
line. In view of the non-linear nature of 
two-phase flow i n  porous media, especially 
prior t o  the s ta r t  of semi-log straight 
line, it would very likely be fu t i le  t o  t r y  
t o  analyze the two-phase fall-off data of 
Figure 9 t o  derive kinematic mobility. 

5.68 b 

8 

5.64 

5.62 

560u 1 2 3 4 5 6  

LOG At (At in a) 

Figure 9 Plot of Log AP Versus Log A t  for 
Case 1. (AP = p,,,-pf ; p 
is the well pressure a t  A t  an1 
pf is the last flowing pres- 
sure.) Note tnat the Vertical and 
Horizontal Scales are Different. 

-1 78- 

5700 

2 5.696 

- 

c - 
a 5692 
9 
a 

3 - 5640 

a 568; 

- /  
5.600 -/ 

1 2 3 4 5 6 7  
LOG At (& in s) 

Figure 10 Plot  o f  Log AP versus Log' A t  fo r  
Case 2. (AP = p d f  ; p 
is the well pressure a t  A t  an1 
pf is  the las t  flowing pres- 
sure.) Note that (1) the Ver- 
t ical-  and Horizontal Scales are 
Different, and (2) the Vertical 
Scale i s  Discontinuous. 
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ANALYTICAL APPROACH TO THE SIMULATION 
OF LABORATORY STEAM-FLOM EXPERIMENTS 

Al len F. Hoench and Wil l iam N. Herkelrath 

U.S. Geological Survey 
345 Middlef ie ld  Road 
Henlo Park, CA 94025 

Abstract A p a r t i a l  d i f f e r e n t l a l  equation w i  t h  
pressure as the dependent var iab le i s  derived 
f o r  the f low o f  steam i n  porous materials 
under condit ions o f  low l iquid-water satura- 
t ion. The equation includes e f fec ts  o f  vapor- 
pressure lowering and l a t e n t  heat o f  adsorp- 
t ion. An apparent steam d i f f u s i v i t y  i s  
obtafned t h a t  Includes these effects. 

The equation i s  tested using pressure-transient 
experiments conducted I n  the laboratory a t  
100°C. The experiments , descri bed i n  ear l  i e r  
Workshop summaries, were run by bringing a 
cy l inder  o f  porous material t o  a uniform 
pressure and then making a step increase i n  
pressure a t  one end o f  the sample while 
monitoring the pressure response a t  the  other 
end. 

Because the  apparent steam d i f f u s i v i t y  was 
found t o  be near ly  constant over t h e  pressure 
range o f  the  experiments. It was possible t o  
use a simple analy t ica l  so lu t ion t o  simulate 
the experimental resul ts .  

In t roduct ion Laboratory steam-flow experiments 
conducted on a cy l inder  o f  porous material have 
been described i n  a series o f  reports b 
Herkelrath and Moench (1978, 1980, 1981f. I n  
these experiments the sample was brought t o  a 
uniform pressure and then subjected t o  a step 
increase i n  pressure a t  one end whi le  moni- 
t o r i n g  the pressure response a t  
The experiments were run a t  pressures less than 
saturated vapor pressure and a t  various temper- 
atures. Results showed t h a t  the pressure pulse 
proppgated through the material 10 t o  25 times 
slower than predicted by standard noncondens- 
able gas-flow theory. Numerical simulat ion 
supported the hypothesis tha t  the delay was due 
t o  adsorption o f  the  steam by the  porous 
mat r i  x . 
The purpose o f  t h i s  paper i s  t o  develop a 
l i n e a r  equation f o r  the simulat ion o f  experl- 
ments run a t  100°C w i t h  i n l t i a l  pressures o f  
0.483 and 0.684 bars and f i n a l  pressures o f  
0.951 and 0.963 bars,respectively. 

Theory The analy t lca l  approach used i n  t h l s  
repor t  requires a l inear ized  d i f f e r e n t i a l  
equation f o r  one-dimensional . planar steam f low 

' i n  a porous medium. The der ivat ion o f  t h l s  
equation makes use o f  equations given by 

Herkelrath and Moench (1981) , reproduced 
bel ow f o r  conveni ence. 

The governing equation f o r  steam f low was 

Symbols are defined I n  the nomenclature. A 
s im i la r  equation could be w r i t t e n  f o r  the f low 
o f  1 Iquid; however, because adsorbed water was 
assumed i m o b i l e  and incompressible, the 
equation reduced t o  

as 
q' = 4 P k V  

Temperature changes i n  the porous medium were 
assumed t o  occur on ly  as a r e s u l t  o f  phase 
changes. hence the fo l lowing s imp l i f ied  form 
o f  the energy equation was used: 

. (3) 

I n  addi t ion t o  the above. i t  was necessary t o  
consider steam pressure as a funct ion not on ly  
o f  temperature but a lso o f  the amount o f  
adsorbed water : 

P = P(T,S) R(S) Po(T) . (4) 

The functional relat ionship, R(S). was esta- 
b l  ished experimentally f o r  the  sample material.  
It was described by the fo l lowing empirical 
re1 at lonshi  p: 

Usin the chain r u l e  o f  p a r t i a l  d i f f e r e n t i a t i o n  
(4) 3s expanded as 

Combining (2) and (3), and subs t i tu t ing  the 
resu l ts  I n t o  (6) y ie lds.  
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Solving (7) f o r  as/at and subst i tu t ing i n  (1) 
y ie lds  

I n  the absence o f  vapor-pressure lowering (8) 
reduces t o  the equation derived by Moench and 
Atkinson (1978) f o r  steam f low through porous 
materials. For €he pprposes o f  t h i s  pa e r  the 
f i r s t  term on the right-hand side o f  (8f can be 
neglected. I t s  omission i n  t h i s  study can be 
shown t o  decrease the numerical value o f  the 
right-hand side o f  (8) by a t  most 3%. 

The left-hand side o f  (8 )  can be l inear ized by 
using pressure squared as the dependent 
variable. This y ie lds  an equation s imi la r  t o  
t h a t  which describes the f low o f  noncondensable 
gas through a porous medium 

where i n  t h i s  case the pressure-dependent 
d i f f u s i v i t y  i s  defined as: 

Permeabil ity was found by Herkelrath and Moench 
‘(1981) t o  be a function o f  pressure as defined 
by K1 inkenberg (1941) : 

K = K o ( l  t b/P) (11) 

The slope o f  the isothermal vapor-pressure 
lowering curve ( i l l u s t r a t e d  by Herkelrath and 
Moench, 1980, f ig .  2) obtained from (4) and 
(5) i s  

P l n  P/Po(T) (%)T = - 0.4343 B 

The change o f  pressure with temperature a t  
constant saturation obtained f r o m  (4) i s  

Preliminary data by Herkel r a t h  and Noench 
(1980, f i g .  2) show t h a t  the second te rmon the 
right-hand side o f  (13) i s  small compared w i t h  
the f i r s t  term. For purposes o f  t h i s  Teport It 
w i l l  be neglected. All parameters i n  (10) are 
obtained e i ther  by experhentat ion or  from the 
steam tables (Keenan and others, 1969). 

Evaluation o f  (10) shows t h a t  a i s  constant 
over a l i m i t e d  range o f  pressures. Thus a 
l i n e a r  system i s  app lkab le  and the  governing 
d i f f e r e n t i a l  equation can be w r i t t e n  as: 

a 2 p i  L’ 
’; at O S Z L  (14) 

where the i n l t i a l  condi t ion i s  

Po’ = 0 a t=Oa O < Z ~ L  (15) 

P o ’ = l  I z=L (16) 

- = o  . z=o (17) 

and the boundary conditions are 

aP; 
az 

The dimensionless pressure i s  defined as 

(18) 

The so lu t ion  t o  (14) subject t o  (15)-(17) 
evaluated a t  z=O can be w r i t t e n  down d i r e c t l y  
from the so lu t ion  given by Carslaw and Jaeger 
(1959, p. 309): 

Results The apparent pressure-dependent 
m v i t y  defined by (IO) was evaluated a t  
100°C f o r  the sample material described by 
Herkelrath and Moench (1981). Table 1 shows 
the values o f  the measured parameters needed i n  
the calculat ions. Values o f  the apparent 
d i f f u s i v i t y  evaluated over the pressure 
range o f  0.05 t o  0.95 bars are shown i n  f ig .  1. 
The apparent steam d i f f u s i v i t y  i s  near ly  
constant over the pressure range o f  0.5 t o  0.95 
bars. 

Steam-flow experiments s i m i l a r  t o  those 
described i n  d e t a i l  by Herkelrath and Moench 
(1980, 1981) were run on the same samgle o f  
unconsolidated porous material a t  100 C using 
d i f f e r e n t  s t a r t i n g  pressures. The experimental 
resu l ts  o f  two runs w i t h  s t a r t i n g  pressures o f  
0.483 and 0.684 bars and f i n a l  pressures o f  
0.951 and 0.963 bars, respectively, are 
presented i n  f i g .  2. 

A lso shown i n  f i g .  2 are the resu l ts  o f  compu- 
ta t ions us ing (19) and an average d i f f u s i v i t y  
o f  15 cm2/sec. The reasonably c lose agreement 
between the experimental and ana ly t i ca l  resu l ts  
tends t o  support the assumptions used i n  the 
development o f  the 1 inear i red governing 
d i f f e r e n t i a l  equation. 

Nomenclature 

A & B  f i t t i n g  fac to r  i n  r e l a t i v e  vapor- 
pressure function 

b Klinkenberg s l i p  fac to r  

Hc heat capacity o f  porous medium Li 
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E +  
Table 1. Values o f  #arameters* 

A 8.65 
B 2.30 x lo-* 
b 0.14 bars 

0.32 ca l  /cm3 O c 
HC 

K 

KO 

Krv 

LV 

po(T) 

pi 
pf 
pD 

L 

P 

q' 
R(S) 
S 
T 
t 
z 

permeabil ity 
i n t r i n s i c  permeabil ity 
r e l a t i v e  permeabflity t o  steam 
sample length 
l a t e n t  heat o f  vaporization 
steam pressure 
saturated vapor-pressure function 
i n i t i a l  steam pressure 
f i n a l  steam pressure 
dimensionless steam pressure 
r a t e  o f  steam adsorption 
r e l a t i v e  vapor-pressure function 
l i q u i d  saturation 
Temperature 
time 
distance along sample 

a apparent steam d i f f u s i v i t y  
y, v iscos i ty  o f  steam 
+ poros i ty  

pa density o f  l i q u i d  
density o f  steam 

pV 
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Krv 1 
KO 3.60 x la8 cm2 
L: 61 an 
T 100 OC 

0 0.42 
*remaining parameters are known propert ies o f  
water a t  the preva i l ing  temperature and 
pressure 
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Figure 1. Calculated values o f  apparent steam 
d i f f u s i v i t y  i n  the porous sample material 
versus pressure. 
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Figure 2. Analy t ica l  and experimental rteam- 
pressure bui ldup a t  the closed end o f  the 
porous cy l inder  as a function o f  t ime stnce a 
step increase i n  pressure was impdsed a t  the 
other end. 
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