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INTRODUCTION 

The T h i r d  Workshop on Geothermal Reservoir Engineering convened 
a t  Stanford University on December 14 ,  1977, w i t h  104 attendees from 
six nations. In keeping w i t h  the recommendations expressed by the 
participants a t  the Second Workshop, the format of the Workshop was 
retained, with three days of technical sessions devoted t o  reservoir 
physics, well and reservoir testing, f ie ld  development, and mathematical 
modeling of geothermal reservoirs. The program presented 33 technical 
papers, summaries of which are included i n  these Proceedings. 

Although the format of the Workshop has remained constant, i t  i s  
clear from a perusal of the Table of Contents that  considerable advances 
have occurred i n  a l l  phases of geothermal reservoir engineering over the 
past three years. Greater understanding of reservoir physics and mathe- 
matical representations of vapor-dominated and liquid-dominated reser- 
voirs are  evident; new techniques for their  analysis are being developed, 
and significant f ie ld  d a t a  from a number of newer reservoirs are analyzed. 

The objectives of these workshops have been t o  b r i n g  together 
researchers active i n  the various physical and mathematical disciplines 
comprising the f ie ld  of  geothermal reservoir engineering, t o  give the 
participants a forum for  review of progress and exchange of new ideas 
i n  this rapidly developing f i e ld ,  and t o  summarize the effective s t a t e  
o f  the a r t  of geothermal reservoir engineering i n  a form readily useful 
to the many government and private agencies involved i n  the development 
of geothermal energy. To these objectives, the Third Workshop and 
these Proceedings have been successfully directed. 

Second Workshop i n  December 1976. The f i r s t  among these was the incor- 
poration of the Energy Research and Development Administration ( E R D A )  
into the newly formed Department of  Energy ( D O E )  which continues as the 
leading Federal agency i n  geothermal reservoir engineering research. The 
T h i r d  Workshop under the Stanford Geothermal Program was supported by a 
g r a n t  from DOE through a subcon t rac t  w i t h  t h e  Lawrence Berkeley Laboratory 
o f  the University of California. A second significant event was the 
f i r s t  conference under the ERDA ( D O E ) - E N E L  cooperative program where 
many of the results of well testing i n  both nations were discussed. 
Proceedings of that  conference should be an important contribution to  
the 1 i terature.  

important  contribution to  the l i t e ra ture  on geothermal reservoir engineer- 
i n g .  
f i rs t  time, and ful l  technical papers on these subjects will appear i n  
the professional journals. 
markedly i n  developing the research programs to  be supported by the 
Federal agencies, and i n  reducing the costs of research for  individual 
developers and u t i l i t i e s .  I t  i s  expected t h a t  future workshops of the 
Stanford Geothermal Program will be as successful as this t h i r d  one. 

Several important events i n  this f i e ld  have occurred since the 

The 

These Proceedings of the T h i r d  Workshop should also make an 

Much of the data presented a t  the Workshop were given for  the 

The results of these studies wi l l  a s s i s t  
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Planning and execution of the Workshop was carried o u t  w i t h  
the assistance of a great many individuals. The Program Committee 
consisted of Robert Christiansen (USGS-Menlo Park)  , George Frye (Aminoil 
USA) , Roland Horne (Stanford Geothermal Program) , John Howard (Lawrence 
Berkeley Laboratory), Paul Kruger (Stanford Geothermal Program) , L1 oyd 
Mann (Chevron O i  1 Company), Stephen Lipman (Union O i  1 Company) , Henry 
J .  Ramey , J r .  (Stanford Geothermal Program) , and Werner Schwarz (Lawrence 
Berkeley Laboratory). 

Third Workshop, both of which were included i n  the program. 
was the three overviews given a t  the Workshop by George Pinder (Princeton) 
on the Academic aspect, James Bresee ( D O E - D G E )  on the Government aspect, 
and Charles Morris (Phill ips Petroleum) on the Industry aspect. 
s t i tuted the invited s l a t e  of presentations from the several sectors of 
the geothermal community. The Program Committee acknowledges the i r  
contributions with gratitude. 

The Program Committee recommended two novel sessions for  the 
The f i r s t  

These con- 

Recognition of the importance of reservoir assurance i n  opting 
for  geothermal resources as an alternate energy source for  e lec t r ic  
energy generation resulted i n  a Panel Session on Various Definitions of 
Geothermal Reservoirs. Special acknowledgments are  offered t o  Jack 
Howard and Werner Schwarz (LBL) and t o  Jack Howard as  moderator; t o  
the panelists: 
(Union Oil) , Mark Mathisen ( P G & E ) ,  Patrick Muffler (USGS-MP) , and Mark 
S i  1 verman (DOE-SAN) ; and to the rapporteurs : 
Vase1 Roberts (Electrical Power Research Ins t i tu te )  , and Alexander Graf 
( L B L )  , whose Val uabl e summaries are i ncl uded in the Proceedings . 

James Leigh (Lloyd's Bank of California),  Stephen Lipman 

George Frye ( A m i  noi 1 ) , 

Special thanks are  also due Roland Horne, Visiting Professor 
from New Zealand and Program Manager of the Stanford Geothermal Program, 
for his effor ts  w i t h  the Program graduate students in conducting the 
Workshop. Further thanks  go t o  Marion Wachtel, who in sp i te  of tremendous 
personal h a r d s h i p ,  administered the Workshop and prepared the Proceedings 
i n  a timely and professional manner. Professor Ramey and I also express 
our appreciation t o  the Department of Energy, whose financial s u p p o r t  of 
the Workshop made possible the program and these Proceedings. 

Paul Kruger 
Stanford University 
December 31, 1977 
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1978 USGS GEOTHERMAL RESOURCE ASSESSMENT 

L.  J. P a t r i c k  Muff le r  
MS 18, U. S .  Geologica l  Survey 

Menlo Park CA 94025 

Geothermal r e source  assessment  can be  def ined  as t h e  broadly  
based e s t i m a t i o n  of s u p p l i e s  of geothermal energy t h a t  might become 
a v a i l a b l e  f o r  u se ,  given reasonable  assumptions about  technology,  
economics, governmental p o l i c y ,  and environmental  c o n s t r a i n t s  
(Muff ler  and C h r i s t i a n s e n ,  1978) .  This  assessment  imp l i e s  n o t  
merely t h e  de t e rmina t ion  of how geothermal energy is  d i s t r i b u t e d  
i n  t h e  upper p a r t  of t h e  e a r t h ' s  c r u s t  b u t  a l s o  t h e  eva' .uation of 
how much of  t h i s  energy could b e  e x t r a c t e d  f o r  man's use.  
energy i n  p l a c e  i n  t h e  e a r t h ' s  c r u s t  ( r e l a t i v e  t o  a r e f e r e n c e  
tempera ture)  i s  t h e  geothermal r e source  base .  The a c c e s s i b l e  
r e s o u r c e  base  i s  t h e  thermal  energy a t  depths  shal low enough t o  b e  
tapped by d r i l l i n g  i n  t h e  f o r e s e e a b l e  f u t u r e  (Muff ler  and C a t a l d i ,  
1978) .  That f r a c t i o n  of t h e  a c c e s s i b l e  r e source  base  t h a t  could 
be  e x t r a c t e d  economically and l e g a l l y  a t  some reasonable  f u t u r e  
t i m e  i s  t h e  geothermal r e source  (Muff le r ,  1973; White and W i l l i a m s ,  
1975; Muff le r  and C a t a l d i ,  1978) .  This  geothermal resource  con ta ins  
bo th  i d e n t i f i e d  and undiscovered components. F i n a l l y ,  t h e  geothermal 
r e s e r v e  is  i d e n t i f i e d  geothermal energy t h a t  can b e  e x t r a c t e d  l e g a l l y  
today a t  a c o s t  compe t i t i ve  w i t h  o t h e r  energy sources .  The r e l a t i o n -  
s h i p s  between t h e s e  terms can b e  i l l u s t r a t e d  on a McKelvey diagram f o r  
geothermal r e sources  ( f i g u r e  1). 

Thermal 

I n  t h e  United S t a t e s ,  t h e  U. S. Geological  Survey (USGS) is  t h e  
government agency r e s p o n s i b l e  f o r  a s s e s s i n g  minera l  and energy 
r e s o u r c e s ,  i n c l u d i n g  geothermal energy. The goa l  of t h e  Survey 's  
geothermal assessment  i s  t o  provide  a knowledge of  t h e  Na t ion ' s  
geothermal r e source  i n  s u f f i c i e n t  b read th  and d e t a i l  t o  a l low 
optimum energy p lanning ,  t o  encourage sys t ema t i c  e x p l o r a t i o n ,  and t o  
suppor t  a p p r o p r i a t e  development of geothermal r e sources  by p r i v a t e  
i n d u s t r y .  

The f i r s t  sys t ema t i c  effort t o  estimate the geothermal r e sources  
of t h e  e n t i r e  United States  w a s  c a r r i e d  ou t  by t h e  USGS i n  1975 and 
pub l i shed  as USGS C i r c u l a r  726 (White and W i l l i a m s ,  1975) .  This 
s tudy  eva lua ted  the  geothermal r e source  base  t o  s p e c i f i e d  depths  i n  
s e v e r a l  c a t e g o r i e s :  (a )  r e g i o n a l  conduct ive  environments,  (b) igneous- 
r e l a t e d  geothermal systems,  (c )  hydrothermal convect ion systems,  and 
(d) geopressured systems.  For each ca t egory ,  t h e  USGS s tudy  then  
eva lua ted  t h e  p a r t  of t h e  r e source  base  t h a t  might be  recovered under 
r easonab le  t echno log ica l  and economic assumptions.  
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*-IDENTIFIED -~-UNDISCOVERED--- 

Dashed boundaries VTA RESERVE RESOURCE must be specified 

Figure  1.-McKelvey diagram f o r  geothermal  energy showing 
d e r i v a t i o n  of t h e  terms r e s o u r c e  and reserve (from Muff le r  and 
C a t a l d i ,  1978, f i g .  3 ) .  S c a l e s  are  a r b i t r a r y ,  and t h u s  t h e  
re la t ive s i z e s  of t h e  r e c t a n g l e s  have no necessa ry  r e l a t i o n  
t o  t h e  re la t ive  magnitudes of t h e  c a t e g o r i e s .  
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Any resource assessment should be periodically updated in 
response to changingconditions. For geothermal energy, among these 
conditions are (a) increased data, resulting from expanded explor- 
ation and drilling activity, (b) development of improved and new 
technologies for exploration, evaluation, extraction, and utiliza- 
tion, (c) rapid evolution of geothermal knowledge, and (d) the 
increased role of geothermal energy in response to changing 
economic, social, political, and environmental conditions (in 
particular, an increasing awareness of the limits to petroleum 
and natural gas resources, both domestic and international). 

Accordingly, the USGS plans to carry out an updated and expanded 
geothermal resource assessment of the United States by the end of 
1978. Aspects to be given increased emphasis include the following: 

a. 

b .  

C. 

d. 

e. 

f. 

g* 

Refinement of areas, thicknesses, and temperatures of high- 
temperature (>15OoC) and intermediate-temperature (90-150°C) 
hydrothermal convection systems, in part using data acquired 
and compiled in the course of systematic evaluation of 
Known Geothermal Resource Areas (Mabey and Isherwood, 1978). 

Improvement of methodology for estimating the fraction of 
energy in hydrothermal convection systems or geopressured 
systems that might be recoverable at the surface. 

Interpretation of available data on low-temperature (<90°C) 
geothermal systems, in cooperation with the State Cooperative 
Direct-Heat Geothermal Program of the Division of Geothermal 
Energy of the Department of Energy. 

Utilization of GEOTHERM, the new USGS system of computer- 
based storage and retrieval of geothermal data (Swanson, 
1977). 

Assessment of geopressured resources not inventoried in 
1975 (offshore Tertiary deposits and onshore Mesozoic 
deposits of the Gulf Coast, and geopressured resources of 
other sedimentary basins). 

Refinement of the size and age of young igneous systems and 
more thorough evaluation of the effects of hydrothermal con- 
vection on the cooling of plutons. 

Evaluation and possible use of the techniques of subjective 
probability and Monte Carlo aggregation used in recent oil 
and gas resource assessments of the United States (Miller, 
et al., 1975). 

-5- 



h. P r e s e n t a t i o n  of d a t a  and conclus ions  on a r e g i o n a l  as w e l l  
as a n a t i o n a l  b a s i s .  

This  p a s t  yea r ,  t h e  USGS has  cooperated wi th  t h e  Nat iona l  
Electric Agency of I t a l y  (ENEL) i n  e v a l u a t i n g  techniques  f o r  geo- 
thermal  r e source  assessment ,  under t h e  sponsorsh ip  of  t h e  U.  S .  
Energy Research and Development Adminis t ra t ion  (ERDA), r e c e n t l y  
absorbed i n t o  t h e  new Department o f  Energy. Recommendations f o r  
uniform terminology and methodology were p resen ted  a t  t h e  ENEL- 
ERDA L a r d e r e l l o  Workshop on Geothermal Resource Assessment and 
Reservoi r  Engineer ing (Muffler  and C a t a l d i ,  1978) a long  w i t h  a test  
a p p l i c a t i o n  t o  c e n t r a l  and sou the rn  Tuscany ( C a t a l d i  e t  a l . ,  1978) .  

These j o i n t  s t u d i e s  i d e n t i f i e d  a number of  problems i n  
geothermal resource  assessment ,  one o f  which b e a r s  d i r e c t l y  on t h e  
r e s e r v o i r  engineer ing  community. This  i s  t h e  ques t ion  of recover-  
a b i l i t y .  I n  t h e  petroleum and mining i n d u s t r i e s ,  one makes a care- 
f u l  d i s t i n c t i o n  between t h e  t o t a l  amount of a g iven  d e p o s i t  
underground p r i o r  t o  e x t r a c t i o n ,  and t h a t  p a r t  of t h e  d e p o s i t  t h a t  
might be  e x t r a c t e d  under f o r e s e e a b l e  economics and technology.  
Commonly, t h e  r ecove rab le  p a r t  i s  expressed  as t h e  t o t a l  d e p o s i t  
m u l t i p l i e d  by a recovery  f a c t o r .  

Extension of t h e  term "recovery f a c t o r ' '  t o  geothermal r e s o u r c e s  
l e a d s  one t o  d e f i n e  geothermal recovery  f a c t o r  as t h e  r a t i o  of 
e x t r a c t e d  thermal  energy (measured a t  t h e  wel lhead)  t o  t h e  t o t a l  
thermal  energy conta ined  i n  a g iven  subsu r face  volume of  rock  and 
w a t e r  (Muff ler  and C a t a l d i ,  1978) .  I m p l i c i t  i n  t h i s  d e f i n i t i o n  is  
t h e  n e c e s s i t y  t h a t  recovery t a k e  p l a c e  i n  an i n d u s t r i a l  t i m e  frame 
(10 t o  100 yea r s )  r a t h e r  t han  i n  a geo log ic  t i m e  frame ( > l o 3  y e a r s ) .  

Recovery f a c t o r s  f o r  hydrothermal  convec t ion  systems w e r e  
d i scussed  i n  d e t a i l  by Muff le r  and C a t a l d i  (1978),  and t h e  test  o f  
geothermal  assessment  methodology i n  c e n t r a l  and sou the rn  Tuscany 
( C a t a l d i  e t  a l . ,  1978) used t h e  fo l lowing  formula t ions :  (1) f o r  
systems producing by i n t e r g r a n u l a r  v a p o r i z a t i o n ,  t h e  formula t ions  of 
Bodvarsson (1974) and of  Nathenson (1975) were modif ied f o r  a 2.5 b a r  
f i n a l  p r e s s u r e  l i m i t a t i o n  ( f i g u r e  2),  and ( 2 )  f o r  systems producing 
by i n t e r g r a n u l a r  f low,  t h e  a n a l y s i s  of  Nathenson (1975) w a s  extended 
t o  g ive  a geothermal recovery  f a c t o r  s c a l e d  l i n e a r l y  from 50% a t  an  
e f f e c t i v e  p o r o s i t y  of 20% t o  0% a t  an  e f f e c t i v e  p o r o s i t y  of 0 
( f i g u r e  3 ) .  

The f i r s t  formula t ion  is  f a i r l y  r i g o r o u s ,  w i t h  t h e  major assump- 
t i o n  be ing  whether t h e  r e s e r v o i r  i n i t i a l l y  i s  f i l l e d  w i t h  water o r  i s  
vapor-dominated (White e t  a l . ,  1971) .  The second formula t ion ,  however, 
is  l i t t l e  more than  a guess .  A b e t t e r  b a s i s  f o r  e s t i m a t i n g  t h e  geo- 
thermal  recovery  f a c t o r  i s  needed f o r  geothermal  r e s o u r c e  assessment ,  
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Figure  2.--Graph showing geothermal r e s o u r c e  recovery  f a c t o r  (Rg) 
as a f u n c t i o n  of r e s e r v o i r  tempera ture  and e f f e c t i v e  p o r o s i t y  
(b ) f o r  r e s e r v o i r s  produced by i n t e r g r a n u l a r  v a p o r i z a t i o n .  From 
MufIfler and C a t a l d i  (1978, f i g .  7 ) ,  adapted from Nathenson (1975, 
f i g .  4 ) .  

1 0  20% 

F igure  3,-Graph showing p o s s i b l e  v a r i a t i o n  of geothermal r e s o u r c e  
recovery  f a c t o r  (Rg) as a f u n c t i o n  of e f f e c t i v e  p o r o s i t y  ( b  ) f o r  
r e s e r v o i r s  produced by i n t e r g r a n u l a r  flow. Rg i s  t aken  t o  &e 50% 
f o r  an i d e a l l y  permeable r e s e r v o i r  i n  which t o t a l  p o r o s i t y  = 
e f f e c t i v e  p o r o s i t y  = 20%. From C a t a l d i  e t  a l .  (1978, f i g .  9 ) .  
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and I solicit the help of the reservoir engineering community in 
developing improved ways of estimating geothermal resources from 
hydrothermal convection systems produced by means of intergranular 
flow. 
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RESERVOIR ENGINEERING MANAGEMENT PROGRAM 

J. H. Howard and W. J.  Schwarz 
Lawrence Berkeley Laboratory 

Berkeley, CA 94720 

The Reservoir Engineering Management Program being conducted 
a t  Lawrence Berkeley Laboratory includes two major tasks: 
continuation of support to geothermal reservoir engineering related 
work, started under the NSF-RANN program and transferred to  ERDA a t  
the time of i t s  formation; 
tion of a broad plan for  support of research in tovics related t o  the 
exploitation of geothermal reservoirs. This p l a n  i s  now known as the 
GREMP plan. 

1 )  the 

2 )  the development and subsequent implementa- 

The continuation of support of research to NSF-RANN contract 
recipients has been reasonably straightforward. All  these groups were 
conducting research t h a t  could be related to  an improved capability t o  
expl o i  t geothermal resources and , accordingly , a1 1 contracts were con- 
tinued and are i n  force a t  th i s  time. Included here are the contracts 
a t  inst i tut ions shown i n  Figure 1 ,  which a l s o  indicates briefly the 
scope o f  work being done. 

In FY '77 ,  $515 K was spent i n  support of these programs. I t  
is  estimated tha t  $400 K will be spent on these contracts i n  FY '78.  

The "GREMP" Plan 

The acronym GREMP stands for  "Geothermal Reservoir Engineering 
Management Plan" and is  a misnomer. The plan addresses more t h a n  reser- 
v o i r  engineering and, i n  fac t ,  touches on almost a l l  technical areas 
involved i n  the exploitation of geothermal resources. The plan was 
deliberately made as broad as possible for several reasons: 1 )  in order 
t o  provide  some w r i t t e n  plan i n  a r e a s  f o r  which no p lan  e x i s t e d ;  2 )  in 
order t o  perceive the interrelationship that  exists among these technical 
areas, for instance physical properties of rocks and interpretive bore- 
hole geophysics; and 3) therefore, and i n  view of the total  program and 
the interrelationships o f  the technical areas, to provide i n s i g h t  into 
how to  implement the plan, e.g., what pr ior i t ies  should be assigned t o  
the various tasks and what m i g h t  the t o t a l  cost of  the program be. 

Elements o f  GREMP 

As conceived, there are 13 elements or technical areas t o  GREMP. 
These are shown i n  Figure 2. 
super groups i f  one would want t o  simplify the program: 1 )  work related 
t o  measurement methods of use i n  the exploitation of geothermal resources; 
2 )  studies o f  properties of materials of interest  i n  the exploitation of 
geothermal resources; 

The elements can be grouped i n t o  seven 

3)  work related to  the definit ion,  in the sense of 
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TITLE CONTRACTOR 

I 
Data Compilation and Analysis 
From I ta l ian  Geothermal Field Stanford- I t a l  i an 

Model i n g ,  Tracer, and Analytical 
Studies of Geothermal Resources Stanford Ramey-Kruger 

Wai rakai Geothermal Reservoir 
Model 

Mass and Heat Transport - 
Fractured Systems i n  Geothermal Princeton 
Reservoirs 

Uni versi ty  o f  Col orado Modeling of East Mesa Geothermal 

Cerro Prieto Geothermal Model i ng UC/Ri versi de 

Figure 1 .  Current NSF/RANN Legacies Contracts 

-1 0- 



l l - A  
FUN3AULNTAL 
Sl"2 'cS  O i  T r C  R E u A ' v ~ 3 R  

H E L L  

SITE SnfClFlC 
STunirs 0' ExFui'Lnar 

E- B 
HOW LARGE 15 THE RESOURCE 

G E O T H E R U A L  R E S O U R C t S  

8 PROHiEUS 
PERKEfi .BILlY.  SALINITY.  E T C  

NUUiRlCAL 
MODELING 

* r------- 

U L T t R I bL 5 

WHAT ARE THE ESTIMATES 
OF F U l U Q E  PFRFORMANCE OF T H E  

RESOURCE UNDEH PROPOSED 
EXPLOITATION P L A N S  ' 

*The el enient "M~~asurerncnt M ~ t h o r l s "  i s  hci ng handlccl o u t s i d e  GREMP at t h i o  time. 

F i g u r e  2 .  Overview of t h e  Geothermal Rese rvo i r  Engineering Prograin. 
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describing, of reservoir characterist ics;  4 )  studies of specific,  
general ized, and hypotherical geothermal resources; 5) model i n g  the 
behavior of geothermal systems; 6 )  exploitation s t ra tegies;  and 
7 )  economics. 
found i n  the report ent i t led "Geothermal Reservoir Engineering Manage- 
ment Program Plan (GREMP Plan)," issued by the Lawrence Berkeley Labora- 
tory (LBL-7000, UC-66a, TID-4500-R66, Oct. 1977) .  Detai 1 i ng any el ement 
of the program i s  a d i f f i cu l t  task, and,  i f  described i n  excessive de ta i l ,  
one m i g h t  a s  well have done the research. However, there i s  a need for 
some level of detail i n  explaining what sor ts  of t h i n g s  should be done 
w i t h i n  each element. To i l l u s t r a t e  the detail sought  for  the GREMP 
document the element "Well Testing" will be used as an example. As 
shown i n  Figure 3 ,  we were able to  break out research projects as a 
subset of the elements and research tasks as a subset of the projects. 
Note, for  example, the recognition of the need for new operational pro- 
cedures to define mass flow and energy flow ( i  .e . ,  power) characterist ics 
of a reservoir and also the desire to support work in crude estimating 
of the capability of a well. 

Details of what each of these elements involves can be 

Another p o i n t  i s  i l lus t ra ted  by Figure 2 ,  namely that  LBL and 
i n  f ac t  DOE/DGE does n o t  ex is t  alone. The well testing work involving 
instruments w i l l  be coordinated w i t h  the programs a t  Sandia because of 
the i r  ongoing program i n  instrument development and because o f  the 
innate strength of the i r  s ta f f  i n  instrument development. 

Interrelationship of the Elements of GREMP 

Figure 2 also shows the interrelationships of the elements of 
GREMP and i l lus t ra tes  the questions t h a t  these capabili t ies seek t o  help 
answer. The purpose of the entir.e GREMP program is  t o  establish a higher 
level of technical capabi 1 i t y  t o  exploit geothermal resources t h a n  now 
exis t .  The "bottom line" is  t o  produce better plans than are now possible 
for  technically feasible,  practically possible, and financially a t t rac t ive  
exploitation programs. 

Of fundamental importance are the questions: How large i s  the 
resource? and, What i s  the spatial  distribution of temperature porosity, 
permeability, and sal ini ty? W i t h  answers to these questions one should 
be i n  a position to determine i f  the resource contains enough energy to 
support a power plant of given s ize ,  i f  the energy can be moved o u t  to 
the surface of the earth where i t  can be converted t o  e lec t r ic i ty ,  and 
if there are any special problems to  anticipate.  
dissolved s i l i c a  and trace elements present i n  such amounts that  scaling 
of surface equipment will be a problem? The elements borehole geophysics, 
well tes t ing,  s i t e  specific studies (as a guide t o  completing a picture),  
a l l  contribute to  the answer to  these questions. 

For instance, are 

Once the "s ta t ic"  si tuation regarding a geothermal reservoir i s  
known, emphasis changes to  the question of how the reservoir will perform 
when produced. Various forms of modeling can be used to predict future 
performance. However, the exploiter of a geothermal reservoir s t i l l  does 
not have the plan he needs inasmuch as he must also consider the economics 
of the exploitation venture and the various strategies for  i t s  development. 
Accordingly the GREMP plan ca l l s  for some support i n  these areas of work. 
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"Well Testing" - Categories, Projects and Tasks 

PISEIIZCH U T E G O R Y  RESEARCH PRQ;ECT* RESEARCH TASK 

'An11 fczttvg 1. Assess  condltlons :n gcothemal 
r c s c r v o l n  t b z t  affect tool and 
acalysis reqsJt r e x n t s .  

2. 1n;rproved d a t a  gathcrlng systens.  

I 

W 
I 

A 

3.  

4. 

5. 

Develcp new te:tlng techniques 
3nd proceduies. 

k v c l o w n t  of i n k r p r e t a t l o n  and 
analysis rethods f o r  hydrculic 
well t e s t ing  and for  tcnnporary 
cccnplz t: on tes t ing  . 

Devclopxnt of mthods o f  analysis 
,of data l r n  passtve reservoir 
re5pcnsc. 

3. 

b. 

C. 

d .  

e. 

f. 

9. 

(1. 

b.  

3. 

b. 

3. 

b.  
C.  

Develop imoroved prcssur? tool capc51e o f  
6 5 3 ' i .  0-5003 p:f prc:sur?. 0.9. cccwacy. 
one s c c m l  rAniaum readout 1n:crval. 

Develop i ~ p r o v c d  tc?perature tool ca7i51c of 
659"i. accuracy o f  1°F. co2tinuws cpcrating 
up t o  90 days. 

Dcvcia:, r c l l a5 lc  dwnhole f l u <  m t e r  fo r  
geothcmal opplicatinqs.  

Ccvclop autcmted multi-will data gethertng 
sys t:m. 

Dcvclop icproved c a l o r l E t r y  systczs, 

Dcvclop triproved mzss flmt rat.? o?a;uring 
sy:ten;. par t icu lar ly  f o r  two-phase f?m. 

kvelo:, packing and iso1z;lon EppEra t ' J s  
f o r  do.chclc aFp l l ca t ims  such as dr!!l 
stcnr t e s t i n g .  

Technlqx: for  stmlterlcous onalysls of 
m;s: and heat novcyn t .  

New techniques fo r  c d e  es t tna tcs  o f  well 
cape5111 ty ( c f .  Ja-e; ;<?:hod). 

Inprove a d  extend thc analytlcal  capebi l l ty  
fcr  presst:rc End tc-:eraturc ana!ysls fo r  
un!nvcst:gat,?d in i t ! a l ,  Dzurda-y. and Internal 
co-,dltlons o f  the reservofr.  

Perfect the us? OF nc l l  head values Instecd 
of sand face valves I n  analyses. 

AinlysIs o f  e t r t h  t l d e s .  
Analysis o f  re:pw;c t o  nlcroselsns. 
Declin? c-jrve ana iys is .  

*All p r o j x t s  and tesks i n v o l v l n g  t o o l ,  hardware End v a t c r i a l  dcvelopxcnt w f l l  be cocrdlnzted 
x i t h  the Ecothcrrral L o g g i n g  3 c v c l o p x n t  P r o s r m  a t  Sandla Labora tor ies ,  Albuy:erque, 1; : ; .  
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Use of GREMP 

The GREMP program was reviewed twice by members of a so-called 
Review Task Force consisting of members of industry, government and the 
academic community. This group assigned pr ior i t ies  to the elements of 
the program. Highest priority 
was assigned to  well tes t ing,  then t o  interpretive borehole geophysics, 
then t o  geochemical techniques and problems, and so on. 
i t y  to  develop a plan for  geothermal l o g  interpretation has been trans- 
ferred to  Los Alamos Scientific Laboratory. The balance of the program 
is  currently being implemented by L B L ;  however, various considerations may 
possibly lead t o  parts of the program being revised and implemented 
elsewhere. 

These pr ior i t ies  are shown i n  Figure 4. 

The responsibil- 

In any event, implementation of the program ca l l s  for  the pro- 
cedure outlined i n  Figure 5. 1 )  w r i t i n g  of 
a request for  proposal t o  conduct research i n  the subject area, and 
2 )  receipt and review of proposals and award of contracts in such a way 
as t o  achieve greater technical capability for the geothermal community 
i n  a particular technical area. 

The key developments are: 

A t  the present time elements 1 ,  3 ,  and 4 ,  namely well tes t ing,  
geochemical techniques and problems, and properties o f  materials, have 
been announced i n  the Commerce Business Daily. 
each category have been received t o  date. 
testing i s  being mailed to  requestors this week. 

Over 80 requests for  
The RFP package for well 

Anticipated Expenditures for  GREMP i n  FY '78 

The total  currently authorized budget for  s u p p o r t i n g  both the 
continuation of the NSF-RANN research and the ini t ia t ion o f  new projects 
as a consequence of GREMP i s  $1 M. O f  th i s  amount, an estimated $400 K 
w i l l  be spent on the former NSF-RANN contractors. The balance of $600 K 
will be spent on new projects. A t  one time in development of the GREMP 
plan we estimated i f  a l l  t h i n g s  we t h o u g h t  should be done were done, the 
cost would r u n  over $2 M annually, n o t  including the NSF-RANN contractees. 
Based on our  experience t o  date w i t h  groups such as the NSF-RANN contrac- 
tors ,  i n  view of expressions of  interest  t o  date, and i n  view of what i n  
principle we would l ike t o  achieve, we anticipate t h a t  we can effectively 
spend $1.5 M i n  FY '78.  T h i s  support would go t o  continuation of support 
to NSF-RANN contractors and t o  s u p p o r t  work i n  well tes t ing,  geochemical 
techniques and problems, properties of materials , numerical modeling , 
analytical modeling, s i t e  specific studies, and socalled fundamental 
studies. Probably we will not be able t o  i n i t i a t e  any work from the 
GREMP program i n  physical modeling exploitation strategy and economics 
this fiscal  year. 

Looking a t  the O u t p u t  of the GREMP Program 

A question t h a t  can be f a i r ly  asked of those responsible for a 
research program i s  "What good have you done?" 
of the results of a research program, one must have an objective toward 

In order to have a measure 
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TABLE OF PRIORITICS 

RESI~lZVOJR EIZSTNCT.RING PIANACCt~lENT ?ROC;RA!*l 

P r i o r i t y  
Number E l c m c n t / C a t c g o r p  

1 1 I . C .  kic11 t e s t i n g  3 . 9  

2 11. B. Interpretive borehole g e o p h y s i c s  8.6 

3 1 I . D .  G e o c h e m i c a l  t e c h n i q u e s  and problems 7 . 6  

3 I. P r o p e r t i e s  of m a t c x i a l s  7 . 6  

4 1V.B.  Numerical m o d e l i n q  7.4 

5 1 I I . B .  S i t e  specj.fic s t u d i c s  6 . 3  

6 I1.A. Fundanental  s t u d i e s  5 . 9  

7 1 V . A .  A n a l y t i c a l  m o c i e l i n g  5.4 

8 I1 .A. S u r f a c e  cjeophysics 

9 1V.C.  P h y s i c a l  model ing 

10 V I .  E c o n o m i c s  

3 . 9  

3 . 4  

1.6 

11 V. E x p l o i t a t i o n  s t r a t e g y  1 . 5  

* On a scale of 0 - 10. 

Figure 4. 
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which the research contributes. DOE/DGE has such an objective. The 
primary objective i s  to  accelerate the commercial development of the 
nation ' s accessible geothermal resources. 

~ 

Accordingly, research projects undertaking to  solve or success- 
fu l ly  solving or contributing to the s o l u t i o n  of technical problems i n  
acceleration of near-term commercialization of geothermal reservoirs 
should be favored. For example, work t o  solve the problem of successful 
reinjection o f  spent brine a t  a specific s i t e  should be favored through 
such a policy. 
carried out w i t h i n  the geothermal program; many do not meet the clearcut 
c r i t e r i a  of solving a technical impediment tomorrow. However, i t  i s  not 
valid to  conclude that  therefore th i s  work i s  of no use. Research t h a t  
i s  potentially applicable and clearly relating to  the successful exploita- 
tion of geothermal resources needs to  be supported, even i f  i t  i s  n o t  
directed a t  today's c r i s i s .  There are  several reasons for  this view. 
First, research done i n  conjunction w i t h  persons i n  training (usually 
students) broadens the education of these persons i n  respect t o  existing 
knowledge. In this way they are better trained to  work i n  the geothermal 
industry. Second, support of basic or fundamental research invariably 
leads t o  the strengthening of the sc ien t i f ic  basis from which technology 
ar ises .  The establishment of such a sc ien t i f ic  basis does n o t  guarantee 
the development of  an applicable technology b u t ,  i n  the hands of a 
practice-oriented person, can lead to the solutions needed for accelera- 
tion of commercial development. Persons w i t h  such expertise therefore 
turn o u t  t o  be c r i t i ca l .  T h i r d ,  support for basic research usually 
a t t r ac t s  people who can generate an atmosphere of v i  t a l i  ty  and enthusiasm 
tha t  is  a healthy positive force for  attack on bo th  technological and 
sc ien t i f ic  problems. The entropy they create i s  valuable and again, 
the use of the i r  associated energy i s  focused by these a l e r t ,  practice- 
oriented persons. Such people are c r i t i ca l  to  the success of a geo- 
thermal industry . 

On the other hand, many kinds of "research" are being 

Conclusion and Summary 

Both the NSF-RANN legacies and GREMP are  i n  d i rect  support of the 
DOE/DGE mission i n  general and the goals of the Resource and Technology/ 
Resource Exploitation and Assessment Branch i n  particular.  

These goals are to  determine the magnitude and distribution of 
geothermal resources and reduce risk i n  their-  exploitation through 
improved understanding of generically different reservoir types. 
goals are to  be accomplished by: 1 )  the creation of a ' large data base 
about geothermal reservoirs, 2 )  improved tools and methods for  gathering 
data on geothermal reservoirs, and 3 )  modeling of reservoirs and 
u t i 1  ization options. 

These 

The NSF legacies are more research and training oriented, and 
the GREMP i s  geared primarily to  the practical development of the 
geothermal reservoirs. 
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GEOTHERMAL RESERVOIR INTERPRETATION FROM CHANGE IN GRAVITY 
William Isherwood 

U.S. Geological Survey 
Menlo Park, California 94025 

Precision gravity methods provide new information regarding 
geothermal reservoir mechanisms and depletion. This paper discusses t h e  
principles of present interpretations and early conclusions from two 
producing geothermal fields, Wairakei, in New Zealand, and The Geysers, 
Calif o r  nia. 

The acceleration of gravity at any point on t h e  earth's surface is  a 
function of numerous factors  including t h e  mass distribution beneath t h e  
point and i t s  absolute elevation. A change in  t h e  observed gravity at a fixed 
location in a geothermal field therefore c a n  be interpreted in te rms  of 
change in elevation and fluid movement in nearby reservoir rocks, other  
factors being either corrected for o r  held constant. Modern gravity meters  
have sensitivities sufficient to reliably m e  ure  differences in  gravitational 
acceleration of between 5 and 10 ugal (IO m/sec/sec), although changes in  
gravity measured to date,  because they a r e  dependent on baselines 
established with older equipment, a r e  probably accura te  to only about 30 
Ilgal. A 5-10 ugal change c a n  be caused either by several  centimeters of 
elevation change or by t h e  draining of liquid water from a layer about 1 
meter  thick from a n  infinite aquifer with 20 percent porosity. Careful 
repeat measurements of gravity provide t h e  potential for detecting mass 
loss (depletion) from geothermal reservoirs, which c a n  be used for 
determining t h e  percentage recharge occurring, for detecting areas of 
drainage, and to test various reservoir models, provided tha t  elevation 
change is measured independently and corrected for  and production d a t a  a r e  
available. In pract ice  th i s  requires coordination with a first-order leveling 
program. 

-Y 

Despite theoretical  expectations, i t  must be  demonstrated t h a t  
changes in gravity observed a r e  in fact related to removal of geothermal 
fluid--especially when so many other  effects could contribute to any one 
measurement. Trevor Hunt of New Zealand established t h e  first  practical  
test of precision gravimetry in geothermal studies at t h e  Wairakei field 
(Hunt, 1970, 1977). After  correcting for elevation changes and showing t h a t  
other  effects such as changes in  local topography and differential changes in  
ground-water level could be neglected, Hunt's demonstration of t h e  method 
c a m e  largely from t h e  observations of gravity decreases correlating 
spatially with t h e  l imits of t h e  exploited field. The resultant pa t t e rn  was 
one  of maximum gravity decrease centered o n  t h e  main production borefield 
and tapering smoothly toward zero changes at several kilometers distance. 
This s ame  par t  of t h e  field showed moderate subsidence, a further 
suggestion of net loss of fluid from t h e  system. 
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A program patterned o n  t h e  New Zealand study was set up at The 
Geysers, California (Isherwood, 1977). But t h e  situation is, for various 
reasons, much more complicated. Landsliding and act ive tectonics could be 
producing vertical  ground motions unrelated to fluid withdrawal. As  a n  
underpressured, "vapor-dominated" sys tem,  The Geysers may have only 
slight subsidence potential because internal pore pressure i s  apparently not 
contributing much support to t h e  rock matrix. Also, if t h e  reservoir 
contained only vapor in  t h e  pore space (including, of course, fractures), then  
t h e  mass loss conceivably is distributed over a large volume or i s  occurring 
at some distance from t h e  well bores. Finally, California's present severe 
drought could change local ground-water levels. Despite these 
complications, areas of gravity decreases (with respect to a reference 
s t a t ion  outside t h e  field) closely match areas of production (fig. I). Thirty- 
six of t h e  gravity s ta t ions coincide with remeasured elevation points. Figure 
2 shows t h e  correlation between subsidence and gravity decrease. The 
resultant correlation of +0.72 is  particularly significant, inasmuch as 
changes of gravity caused by landslides or block tectonic  elevation changes 
would produce a correlation coefficient of -1. 

Both Wairakei and The Geysers clearly show a net mass loss in  t h e  
reservoir region. Determining t h e  actual  mechanism of loss i s  prerequisite 
to understanding t h e  reservoir dynamics. For both reservoirs, t h e  most 
likelyo mechanis? is t h e  replacement of hot liquid water  &wate r  
@24O3C=O.8 g/cm ) in  t h e  pore space by water  vapor (psteam @240 C=0.02 
g/cm ) and removal of excess fluid. Where th i s  flashing takes place c a n  be  
fur ther  constrained (as will be  explained later). Al ternate  mechanisms of 
mass loss seem unlikely or inadequate to expl3in observed changes. For 
example, evacuating s t e a m  of density 0.02 g/cm f r o 9 t h e  pores of a vapor- 
dominated system could cause only about 0.001 g/cm bulk density change 
(using t h e  5 percent  porosity suggested for  vapor-dominated systems); to 
change gravity by t h e  amounts observed at The Geysers in  just 2 l / j  years 
would require depletion to a depth of at least  9 km for a 40 km field. 
Changes in  density of t h e  liquid or rock, though possible, would presumably 
be  toward g rea t e r  density, due to reservoir cooling. Similarly, any change in  
porosity (presumably due to subsidence) would tend to increase bulk density 
a n d  consequent ly  not con t r ibu te  to a gravi ty  decrease .  

If gravity I measurements a r e  made with sufficient coverage and 
precision to permit accurately contouring t h e  change in gravity over a n  
area,  then  Gauss' potential theorem can be used to determine t h e  to ta l  
change of mass (in this case t h e  net fluid loss) without assuming a shape or 
depth of t h e  source. Hunt used th i s  approach in studying mass loss from t h e  
Wairakei field over a 16-year period. Comparison of t h e  mass loss 
calculated from gravity with t h e  measured mass of produced fluid showed as 
much as 90 percent net loss during t h e  early years of exploitation but a n  
apparent increase in  natural recharge percentage with prolonged production. 
If a t r u e  steady-state situation is eventually attained, t h e  initial unfavorable 

-1 9- 



trends in  lowered pressure, flow rate,  etc., may be temporary, at least  for  
some hot water  systems. Continued monitoring will be  required to  confirm 
whether a n  equilibrium recharge r a t e  has indeed been reached at Wairakei. 

Preliminary calculations of t h e  mass balance at The Geysers by Gauss' 
theorem show t h e  mass loss to be essentially t h e  same as t h e  calculated 
mass of produced s team during t h e  same time. Because of t h e  limited areal  
coverage and duration of t h e  study, this es t imate  of 0 percent recharge 
could be in error by as much as 20percent .  This uncertainty should be 
reduced in  a few years as instrumentation is upgraded and t h e  net i s  
expanded to more gravity stations and more than  150 km additional first- 
order leveling lines. Still unresolved are (1) whether lack of recharge is 
related to t h e  drought, and (2) barring eventual recharge, how large a 
volume c a n  be  tapped by t h e  present wells. 

Interpretations regarding t h e  distribution of mass loss a r e  not unique, 
although t h e  "forward calculations" are. That  is, if we know t h e  net mass 
removed and its distribution (shape and depth) t h e  gravity effect at all 
surface points c a n  be  calculated. Through such calculations more 
substantial conclusions about The Geysers geothermal reservoir have been 
made. The work at The Geysers typifies t h e  additional information t h a t  c a n  
be  derived. Certain assumptions a r e  useful in simplifying computations. 
Recognizing tha t  t h e  distribution of mass loss may be complicated i n  detail,  
t h e  f i r s t  assumption is t h a t  we may treat t h e  loss as a body or small number 
of bodies with some uniform density change. Due to t h e  normally smooth 
character  of t h e  gravity field and distance from source to observation, this 
bulk characterization is considered reasonable. That  t h e  bulk density change 
is not exactly known scarcely a f f ec t s  t h e  results. Representative 
parameters a r e  established using reservoir properties considered reasonable 
o n  t h e  basis of geologic and reservoir engineering studies. 

For convenience of calculation, t h e  shape of t h e  mass loss i s  assumed 
to be  t h a t  of a cylinder with i t s  axis ve@cal (fig. 3). Using t h e  mass of t h e  
net produced fluid (estimated at 7.5 x 10 kg over 2 1/2 years) as a maximum 
loss, t h e  gravity effect at t h e  surface c a n  be calculated for various 
combinations of cylinder radius anqdepth.  Figure 4 shows such a matrix fo r  
a bulk density change of 0.04 g/cm . (This d e n s i y  change would result from 
t h e  f ashing of hot water  of density 0.82 g/cm to s team of density 0.02 
g/cm if t h e  liquid initially saturated a uniform 5 percent porosity or filled 
half t h e  pore volume at 10 percent porosity.) For instance, a cylinder of I 
km radius, which would have a thickness of about 600 m (density contrast  
and mass given), would have a gravity e f f ec t  directly above it of 129ugal if 
t h e  top were 1500 m deep and bottom about 2100 m deep and a n  effect of 
only 84vgal if t h e  top were 2000 m deep and bottom at about 2600 m. 
Because a change in  t h e  radius changes t h e  thickness, a n  optimum radius 
produces t h e  maximum effect--in all cases decreasing with depth. The 
shaded zone o n  figure 4 represents t h e  observations at The Geysers, where a 
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maximum observed change i s  about 120+30 g a l .  Within this shading, t h e  
observed changes could b e  accounted for-by th i s  set of parameters and zero 
recharge. If t h e  t r u e  parameters fall to t h e  le f t  (shallower) s ide of t h e  
shading where t h e  calculated e f f ec t  i s  too large, t h e  observed change could 
have been caused by less mass loss--indicating partial  recharge. To t h e  right 
of t h e  shaded zone t h e  calculated effect i s  less than  observed, showing ( 1 )  
t h a t  t he re  is additional mass loss by some unknown mechanism o r  (2) t h a t  
such a shape-depth combination would be  impossible. A change in t h e  
density contrast  by a f ac to r  of 2 changes t h e  depth to t h e  center  of t h e  
cylinder only a few percent at t h e  depth range of interest, although t h e  top 
and bottom will vary more to accommodate t h e  appropriate change in 
cylinder thickness. Similarly, t h e  maximum depth to t h e  mass loss c a n  not 
be  increased greatly by considerations of shape (e.g. sphere versus cylinder) 
and i t  actually decreases if t h e  regions around individual production sites a r e  
considered separately. Consequently, if we assume no additional mass loss 
beyond what has been produced, w e  can rule out t h e  possibility of s team 
boiling solely off a water  table  deeper than  about 2500 m. Some 
contribution from this depth i s  not precluded, but t h e  major loss must b e  
shallower, probably near t h e  1-2 km depth of most well completions. This 
supports t h e  model of Truesdell and White (1973) which proposes liquid water  
throughout t h e  reservoir, such water  flashing to steam as a direct  result of 
pressure decrease caused by exploitation. 

Regions of drainage may be  recognized by comparing a map of 
elevation-corrected changes in gravity to areas  of known production. 
Asymmetry to t h e  pa t t e rn  of gravity change at Wairakei (Hunt, 1977) 
suggests g rea t e s t  depletion to t h e  west of t h e  main production borefield. At 
The Geysers, some  of t h e  cri t ical  stations surrounding t h e  present field have 
not yet  been releveled to provide elevation correction. Consequently, 
although measurements from t h e  stations to t h e  southwest (around power 
plant 15, fig. 1) a r e  suspect because of their apparent large decreases in 
gravity, we  must await  t h e  leveling d a t a  for  interpretation. 

Projections of reservoir longevity at The Geysers and elsewhere will b e  
reliable only when we have a longer period of observation and our 
interpretat ion techniques a r e  refined. Gravity changes reflect  what has 
happened between measurements, and, in  conjunction with other reservoir 
data,  c a n  eventually allow for projections which will lead to informed 
management of reservoirs. 
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Figure 3. CYLINDRICAL APPROXIMATION TO MASS LOSS 
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PERMEABILITY OF KAYENTA SANDSTONE TO HYPERSALINE BRINE AT 
10.3 MPa CONFINING PRESSURE AND TEMPERATURES TO 90°C* 

A. J. P i w i n s k i i  and R. Nether ton  

U n i v e r s i t y  of C a l i f o r n i a ,  Lawrence Livermore Labora tory  
Livermore,  C a l i f o r n i a  94550 

The a b i l i t y  t o  i n j e c t  "spent"  geothermal  b r i n e  may b e  a 
c r i t i c a l  and perhaps l i m i t e d  f a c t o r  i n  t h e  development of f l u i d -  
dominated geothermal  r e s o u r c e s .  I n  o r d e r  t o  unders tand  and 
e v a l u a t e  changes i n  format ion  p e r m e a b i l i t y  and p o r o s i t y  a t  d e p t h  
as a r e s u l t  of  i n j e c t i o n  of b r i n e  e f f l u e n t s ,  exper iments  w e r e  
c a r r i e d  o u t  (7Oo-90"C a t  10.3 MPa conf in ing  p r e s s u r e )  i n  conjunc- 
t i o n  w i t h  t h e  ongoing b r i n e  chemis t ry  and materials e v a l u a t i o n  
e f f o r t  a t  t h e  Lawrence Livermore Labora tory  F i e l d  T e s t  S t a t i o n  
l o c a t e d  i n  t h e  S a l t o n  Sea Geothermal F i e l d ,  I m p e r i a l  Va l l ey ,  
C a l i f o r n i a  . 

SAMPLES, APPARATUSy AND EXPERIMENTAL METHOD 

The sedimentary rock  i n v e s t i g a t e d  w a s  t h e  Kayenta sands tone  
(Chan, 1977; P i w i n s k i i  and Ne the r ton ,  1977) .  Core samples 
(10.2 cm l o n g ,  2.5 cm d iame te r )  w e r e  d r i e d  a t  approximate ly  80°C 
f o r  48 t o  7 2  hours  a t  a p r e s s u r e  of 1 0  kPa. A f t e r  c o o l i n g ,  
specimens were s a t u r a t e d  w i t h  1 M N a C l  s o l u t i o n  and s t o r e d  under 
t h i s  s o l u t i o n  i n  a d e s i c c a t o r .  Core s a m p l e s  w e r e  j a c k e t e d  w i t h  
tygon and p r e s s u r i z e d  t o  10 .3  MPa ( P i w i n s k i i  and Ne the r ton ,  1977) .  
When t h e  specimen a t t a i n e d  thermal  e q u i l i b r i u m ,  geothermal  b r i n e  
w a s  admi t t ed  t o  t h e  c o r e  and f low rates were measured a t  a series 
of d i f f e r e n t i a l  p r e s s u r e s  i n  o r d e r  t o  e s t a b l i s h  t h a t  d a t a  w e r e  
be ing  c o l l e c t e d  i n  a l amina r  f low rggime. 
eva lua ted  from k = qQL/A[P2 - P1](Wycoff e t  a l . ,  1934; Muskat, 
1937) .  
were measured v i a  Bourdon t u b e  gauges,  and Q,  f low r a t e ,  w a s  
determined by n o t i n g  t h e  t i m e  of  b r i n e  f low i n t o  a b u r e t t e  u s i n g  
a s t o p  watch. Length (L) and Area (A) of t h e  samples  were 
mea$ured and b r i n e  v i s c o s i t y  (q) w a s  determined u s i n g  a Brookf i e ld  
LV v iscometer  w i th  UL a d a p t e r  ( P i w i n s k i i  e t  a l . ,  1977; P i w i n s k i i  
and Ne the r ton ,  1977) .  

P e r m e a b i l i t y  w a s  

P2 and PI, upstream and downstream p r e s s u r e ,  r e s p e c t i v e l y ,  

*Work performed under t h e  a u s p i c e s  of t h e  U.S. Dept. of Energy 
under c o n t r a c t  No. W-7405-Eng-48. 
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EXPERIMENTAL RESULTS 

Magmamax No. 1 b r i n e ,  a c i d i f i e d  i n  some cases upstream of 
t h e  c o r e  sample,  w a s  t h e  f l u i d  used i n  t h e  i n v e s t i g a t i o n .  
exper iments  w e r e  conducted i n  t h r e e  b a s i c  modes: 

1) no f i l t e r s  o p e r a t i o n a l  upstream of t h e  c o r e ,  
2) one 1 0  pm c a r t r i d g e  f i l t e r  o p e r a t i o n a l  ups t ream of t h e  

c o r e  , 
3)  one 10 pm c a r t r i d g e  f i l t e r  and one 1 0  pm depth- type 

f i l t e r  o p e r a t i o n a l  upstream of t h e  c o r e .  

The 

When t h e  exper iments  w e r e  conducted w i t h  one f i l t e r  o r  no f i l t e r  
i n  o p e r a t i o n ,  t h e  p e r m e a b i l i t y  c a l c u l a t e d  i s  a composi te  of t h e  
rock  and a 2 t o  3 mm t h i c k  f i l t e r  cake composed of  amorphous 
s i l i c a  and i r o n  which i s  formed on t h e  top  f a c e  of t h e  c o r e  
sample. The t h i c k n e s s  of t h e  f i l t e r  cake i s  n o t  f i x e d  b u t  i s  a 
f u n c t i o n  of t i m e  of sample exposure to t h e  b r i n e .  A l l  s a m p l e s  
run  i n  modes 1 and 2 show t h i s  t y p e  of cake bu i ldup .  A s  a 
r e s u l t ,  i t  i s  ve ry  d i f f i c u l t  t o  assess t h e  i n t r i n s i c  p e r m e a b i l i t y  
of t h e  sands tone ,  o r  t h e  p e r m e a b i l i t y  of  t h e  s l u d g e  l a y e r  on t h e  
c o r e  f a c e .  

Data provided i n  F i g u r e  1 i n d i c a t e  t h a t  t h e  p e r m e a b i l i t y  
of K-4 when conducted i n  mode 1 (no f i l t e r s  o p e r a t i o n a l )  dec reased  
from 50 md t o  1 md a f t e r  5.2 hours  of f low of a c i d i f i e d  b r i n e  ( s e e  
Table  1 f o r  i n l e t  pH). Sample K-10 w a s  run  i n i t i a l l y  w i t h  two 
f i l t e r s  o p e r a t i o n a l  (mode 3 ) .  A f t e r  approximate ly  1 . 6  hour s  of 
f low,  t h e  p e r m e a b i l i t y  dec reased  t o  60 md. A f t e r  removal of t h e  
d i s c  f i l t e r ,  t h e  p e r m e a b i l i t y  of sample K-10 dec reased  s h a r p l y  
from 60 md t o  1 5  md a f t e r  two hour s  f low of u n t r e a t e d  b r i n e  (mode 
2 ) .  When b o t h  1 0  pm f i l t e r s  were i n s e r t e d  ups t ream of t h e  c o r e  
(mode 3 ) ,  t h e  p e r m e a b i l i t y  of sample K-A decreased  from 700 md t o  
65 md a f t e r  1 .5  hours  of f low o f . b r i n e  which had been a c i d i f i e d  
t o  pH = 3.58 (see Table  1). It i s  i n t e r e s t i n g  to n o t e  t h a t  a f t e r  
approximate ly  1 . 5  hours f l o w  of f i l t e r e d  b r i n e  (see samples  K-10 
and K-A i n  F igu re  l ) ,  1360 po re  volumes of pH = 3.58 b r i n e  flowed 
through K-A w h i l e  on ly  421 po re  volumes of pH = 5.8 ( u n t r e a t e d )  
b r i n e  permeated sample K-10. 

DISCUSSION 

Unmodified Magmamax b r i n e  conta ined  about  140  ppm suspended 
s i l i c a  s o l i d s .  I n  a c i d i f i e d  b r i n e ,  however, s i l i c a  suspended 
s o l i d s  c o n c e n t r a t i o n s  were 115 ppm. Depending on pH, a c i d i f i e d  
b r i n e  e f f l u e n t s  have long-term (20-200 hours )  s t a b i l i t y  w i t h  
r e s p e c t  t o  s i l i c a  p r e c i p i t a t i o n .  I n  unmodified b r i n e ,  suspended 
s o l i d s  levels  r each  300-400 ppm w i t h i n  two hours  a t  90°C. Rapid 
p e r m e a b i l i t y  d e c l i n e  occurred  when untreated and unfiZtered b r i n e  
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permeated sample K-4, and when acidified and filtered b r i n e  passed 
through samples K-10 and K-A ( s e e  F igu re  1). The p e r m e a b i l i t y  
l o s s  e x h i b i t e d  by K-A d e s e r v e s  f u r t h e r  comment. Data g iven  i n  
Tab le  1 reveal t h a t  t h e  pH of b r i n e  l e a v i n g  K-A is much h i g h e r  
t h a n  t h e  incoming b r i n e  pH. 
m a t r i x  ca lc i te  cement is  be ing  d i s s o l v e d  by t h e  h o t ,  permeat ing 
a c i d  b r i n e ,  t he reby  y i e l d i n g  a carbonated  ex i t  b r i n e  of  h igh  pH. 
Furthermore,  t h e  Si02 con ten t  of b r i n e  e x i t i n g  t h e  c o r e  sample is  
much lower than  t h a t  of  t h e  e n t e r i n g  b r i n e  ( s e e  Table  1 ) .  This  
s u g g e s t s  t h a t  p r e c i p i t a t i o n  of  amorphous s i l i ca  occur red  i n  t h e  
sands tone ,  presumably d e c r e a s i n g  t h e  s i z e  of p o r e  t h r o a t s  and 
caus ing  p e r m e a b i l i t y  l o s s .  

T h i s  s u g g e s t s  t h a t  t h e  r o c k ' s  

Some evidence  exists t h a t  s m a l l  c a l c i t e  p a r t i c l e s  r e s u l t i n g  
from t h e  d i s s o l u t i o n  of  t h e  m a t r i x  cement and /o r  c o l l o i d a l  s i l i ca  
d e p o s i t s  are plugging po re  t h r o a t s .  Grens (1977) measured t h e  
p a r t i c l e  s i z e  d i s t r i b u t i o n  i n  t h e  Magmamax No. 1 b r i n e  as i t  
e x i t e d  Kayenta s a m p l e  K-4 by means of a laser l i g h t - s c a t t e r i n g  
p a r t i c l e  a n a l y z e r .  H e  found t h a t  t h e r e  w a s  a tremendous i n c r e a s e  
i n  p a r t i c l e s  i n  t h e  2 t o  5 pm s i z e  range  i n  b r i n e  which had flowed 
through Kayenta sands tone  a f t e r  0.83 hours .  T h i s  s u g g e s t s  that  
s m a l l  c a l c i t e  p a r t i c l e s  w e r e  be ing  genera ted  i n  l a r g e  q u a n t i t i e s  
and /o r  c o l l o i d a l  s i l i c a  p a r t i c l e s  w e r e  p r e c i p i t a t i n g  from t h e  
permeat ing  b r i n e .  The combined e f f e c t  on p e r m e a b i l i t y  i s  c l e a r l y  
observed i n  F igu re  1. 

I n  summary, t h e  d a t a  po r t r ayed  i n  F igu re  1 i n d i c a t e  t h a t  
l a r g e  p e r m e a b i l i t y  l o s s e s  occur red  i n  Kayenta sands tone  ( p o r o s i t y ,  
20.7 k 1.66%) when unfiztered, untreated Magmamax b r i n e  and 
filtered, acidified Magmamax b r i n e  were t h e  permeat ing  f l u i d s .  
I n  t h e  former case, p e r m e a b i l i t y  d e c l i n e  w a s  due  t o  t h e  accumula- 
t i o n  of  a t h i c k  f i l t e r  cake  on t h e  t o p  f a c e  of t h e  c o r e  sample 
which w a s  composed of amorphous s i l i ca  and i r o n .  I n  t h e  l a t te r  
s i t u a t i o n ,  l o s s  of p e r m e a b i l i t y  w a s  caused by t h e  p r e c i p i t a t i o n  
of amorphous s i l i c a  and g e n e r a t i o n  of  l a r g e  q u a n t i t i e s  of ca l c i t e  
p a r t i c l e s  from t h e  d i s s o l u t i o n  of  t h e  m a t r i x  cement. The expe r i -  
menta l  r e s u l t s  t h u s  show t h a t  i f  t h e  S a l t o n  Sea Geothermal F i e l d  
w e r e  composed of porous sed imentary  fo rma t ions  s i m i l a r  t o  Kayenta 
sands tone ,  long-term i n j e c t i o n  of  unmodified Magmamax b r i n e  i s  n o t  
f e a s i b l e .  I n  t h e  case  of a c i d i f i e d  b r i n e ,  most of t h e  perme- 
a b i l i t y  d e c l i n e  may r e s u l t  from t h e  m o b i l i z a t i o n  of  ca lc i te .  
A d d i t i o n a l  experiments  w i l l  be  c a r r i e d  ou t  i n  t h e  f u t u r e  a t  lower 
f low rates t o  test  t h e  p o s s i b i l i t y  of long-term i n j e c t i o n  of 
f i l t e r e d ,  a c i d i f i e d  geothermal  b r i n e .  
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. . .  

I 
Mean i n l e t  pH 
Mean o u t l e t  pH 

I n l e t  S i02  composi t ion of 
b r i n e  (ppm) 

O u t l e t  Si02 composi t ion of  
b r i n e  a f t e r  0.38 h r  f low (ppm) 

O u t l e t  Si02 composi t ion of  
b r i n e  a f t e r  0.90 h r  f low (ppm) 

O u t l e t  Si02 composi t ion of 
b r i n e  a f t e r  3.55 h r  f low (ppm) 

O u t l e t  S i02  composi t ion of 
b r i n e  a f t e r  5.33 h r  f low (ppm) 

O u t l e t  S i02  composi t ion of  
b r i n e  a f t e r  15.75 h r  f low (ppm) 
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Table  1. Data on pH and Si02 Composition of  Br ine  

Kayenta Sandstone 

K-4 K-10 K-A 1 
5.00k0.20 5.80k0.08 3.58k0.6 
5.95k0.35 5.65k0.09 4.78k0.2 

445 425 47 7 

2 67 --- --- 

4 00 --- --- 

--- 17 2 --- 

353 --- --- 

--- --- 181 
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F igure  1. P e r m e a b i l i t y  of  Kayenta s a n d s t o n e s ,  K-4 and K-10, 
p a r a l l e l  t o  t h e  bedding,  and K-A, p e r p e n d i c u l a r  t o  t h e  
bedding,  as a f u n c t i o n  of  t h e  t o t a l  t i m e  of f l ow of 
b r i n e  through t h e  co re .  
of po re  volumes (PV) of b r i n e  which passed through t h e  
c o r e  samples a t  t h e  t i m e  i n d i c a t e d .  Data on t h e  mean 
pH and Si02 c o n t e n t  of b r i n e  e n t e r i n g  and l e a v i n g  each  
c o r e  are g iven  i n  Table  1. 

Also p l o t t e d  are t h e  number 
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THE REAL GAS PSEUDO 

PRESSURE FOR GEOTHERMAL STEAM -- SUMMARY REPORT 

L. S. Mannon 
Atlantic Richfield Co. 
1 8 6 0  Lincoln Suite 5 0 1  
Denver, Colorado 8 0 2 9 5  

and 
P. G. Atkinson 
Union Oil Co. 
P. 0. Box 6 8 5 4  

2099  Range Ave . 
Santa Rosa, California 9 5 4 0 6  

INTRODUCTION 

The producing characteristics of vapor-dominated geothermal 
steam reservoirs bear some strong resemblances to those observed 
in hydrocarbon natural gas reservoirs. Consequently, many geo- 
thermal steam well tests are commonly analyzed using flow theory 
developed for the isothermal flow of hydrocarbon natural gases. 
Such analysis is most often made using the idealization of per- 
fect gas fluid flow behavior in the reservoir. 

This study investigated the real gas flow characteristics of 
geothermal steam over the ranges of pressure, temperature, and 
noncondensable gas content commonly found in vapor dominated 
geothermal systems. Details of this study are available else- 
where (Mannon, 1977). 

THEORY 

The transient flow of a real gas in an incompressible porous 
medium is described by a highly nonlinear partial differential 
equation. For the case of an ideal gas, this equation, while 
still nonlinear is similar in form to the classical diffusivity 
equation which describes transient liquid flow in porous media. 
Aronofsky and Jenkins ( 1 9 5 3 )  provided numerical solutions to this 
equation which demonstrated that transient ideal gas flow could 
be analyzed using some of the techniques developed for transient 
liquid flow. 
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Al-Hussainy -- et al. (1966) proposed an integral transformation 
which converts the form of the nonlinear flow equation for a 
real gas into one, which, while still nonlinear, is also similar 
in form to the diffusivity equation. Thus, there exists the 
possibility that real gas transient fluid flow can be analyzed 
in terms of the transformed pressure variable using techniques 
developed for transient liquid flow. This possibility was veri- 
fied for hydrocarbon natural gases in radial flow systems by 
Al-Hussainy and Ramey (1966) and Wattenbarger and Ramey (1968). 

RESULTS 

The integral transformation proposed by Al-Hussainy et al. has 
been called the "real gas pseudo pressure" and is: 

where; m = real gas pseudo pressure 
p = pressure 
po = arbitrary base pressure 

= viscosity of the gas 
z = compressibility factor for the gas 

In this study, the real gas pseudo-pressure, m(p), was evaluated 
for geothermal steams over the range 20 to 1000 psia (2-75 bars), 
temperature range 300 to 600°F (150-325OC) and various nonconden- 
sable gas contents. Other physical properties relevant to single- 
phase isothermal gas flow in porous media were also evaluated and 
compiled. 

The m(p) 
(up to approximately 150 psia or 10 bars). This is depicted in 
Fig. 1. This behavior is described by a relationship of the 
form: 

function was found to be linear in p2 for low pressures 

c 

(1) L m(p) = alp + bl 

At higher pressures a graph of log m(p) vs. log p produced 
straight lines of the form: 

m(p) = a2p b2 (2) 

where b2 varied between 2.045 and 2.099 (Fig. 2). High accuracy 
curve fits of Figs. 1 and 2 are presented in Tables 1 (Engineer- 
ing Units) and 2 (International Units). Varying the mole frac- 
tion of carbon dioxide in the gas up to a mole fraction of 60% 
did not change the basic shape of the curves in Figs. 1 and 2, 
and tended to increase the value of m(p) by a factor of less 
than 2. 
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! DISCUSSION 

These results will allow the reservoir engineer to more 
accurately analyze transient flow of superheated geothermal 
steams. Geothermal steam wells have traditionally been analyzed 
using the ideal gas flow model, described by Eq. 1, without quan- 
titative justification. The results of this study will allow 
for quantitative justification of the ideal gas flow assumption, 
where possible. Alternatively, they will facilitate use of the 
more correct pseudo-pressure function when analyzing geothermal 
steam wells. 
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Tenperature 

300°F 

TABLE 1 

ANALYTICAL EQUATIONS FOR APPROXIMATING 

THE REAL GAS PSEUDO-PRESSURE 

(Engineer ing Uni t s )  

350°F 

400°F 

450°F 

500°F 

L i m i t s  Curve F i t  Equat ion 
A 

p 5 60 p s i a  

p 5 70 psis* 

p 2 70 p s i a  

p 5 80 p s i a  

p 2 80 p s i a  

~ 5 1 0 0  p s i a  

~ 2 . 1 0 0  p s i a  

~ 5 1 4 0  p s i a  

~ 2 1 4 0  p s i a  

m(p) = 36.88~' - 8396 

m(p) = 3 3 . 9 3 ~  - 7819 

m(p) = 2 1 . 6 0 ~  2.095 

m(p) = 29.25~'  - 6769 

m(p) = 1 9 . 9 4 ~  2.078 

m(p) = 27.36~'  - 6336 
m(p) = 1 8 . 6 5 ~  2.075 

pz.160 p s i a  

p 3 6 0  p s i a  m(p) = 1 8 . 0 2 ~  

m( PI = 25,71p2 - 5946 
2.068 

* A t  t he  meeting p o i n t ,  t h e  upper and lower equat ions  agree  
t o  3 or more s i g n i f i c a n t  f i g u r e s .  

-32- 



Temperature 

150°C 

TABLE 2 

ANALYTICAL EQUATIONS FOR APPROXIMATING 

THE REAL GAS PSEUDO -PRESSURE 

( I n t e r n a t i o n a l  Un i t s )  

175OC 

20oOc 

2 2 5 O C  

25OoC 

275OC 

300°C 

L i m i t s  Curve F i t  Equation 

p 5 4 bars m (  PI = 3 6 . 8 0 ~ ~  -40.65 

9 
p 5 5 bars m(p) = 3 4 . 2 0 ~ ~  - 38.60 

p Ir 5 bars d p )  = 2 7 . 8 9 ~  2.099 

p 5  6 bars m(p> = 3 1 . 9 3 ~  - 35.74 
2.081 p z  6 bars m(p) = 2 6 . 7 8 ~  

- 34.94 p 5  7 b a r s  m(p> = 2 9 . 9 3 ~  

p L  7 b a r s  

2 

m(p) = 2 4 . 9 6 ~  2 079 

m(p) = 2 8 . 3 1 ~  2 - 37.04 p' 10 bars 

p p  10 bars m(p> = 23.35~ 2.076 

p 5  10 b a r s  

p 3 1 0  bars 

m(p> = 2 6 . 6 2 ~ ~  - 33.09 
m ( p )  = 2 2 . 2 5 ~  2.069 

p 5  1 2  b a r s  

p's 1 2  bars 

m(p) = 2 5 . 2 3 ~ ~  - 32.74 
m ( p )  = 2 1 . 6 6 ~  2.056 

p 5 13 bars 

p? 13 bars m ( p )  = 2 1 . 1 1 ~  

m(p) = 2 3 . 9 3 ~ ~  - 30.66 
2,045 

* A t  t h e  meeting p o i n t ,  t h e  upper and l o w e r  equat ions  agree 
t o  3 o r  more s i g n i f i c a n t  f i g u r e s .  
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HYDRAULIC FRACTURE INITIATION SITES IN OPEN BOREHOLES 
IDENTIFIED BY GEOPHYSICAL LOGS 

Robert M. Potter 
University of California 

Los Alamos Scient i f ic  Laboratory 
P. 0. Box 1663 

Los Alamos, NM 87545 

Smith e t  a1 (1975) have proposed the creation of man-made geo- 
thermal energy reservoirs by d r i l l i n g  i n t o  re la t ively impermeable rock 
t o  a depth where the temperature i s  h i g h  enough t o  be useful; creating 
a reservoir by hydraulic fracturing; and then completing the circula- 
tion loop by d r i l l i ng  a second hole t o  intersect  the hydraulically 
fractured region. 

The in i t i a t ion  of hydraulically created f luid reservoirs i n  highly 
impermeable hot dry rock m u s t  by definit ion take place i n  a wellbore. 
The nature of these i n i t i a t i o n  s i t e s  will provide the i n i t i a l  resistance 
t o  flow i n t o  the reservoir and therefore w i l l  s t rongly influence the ra te  
of energy withdrawal .  The nature of  the interception s i t e  i n  a second 
wellbore which has been directed t o  intersect  the reservoir will have 
a similar e f fec t .  

The program t o  create and study such a r t i f i c i a l  geothermal reservoirs 
i n  hot  dry rock i s  being pursued by the Los Alamos Sc ien t i f ic  Laboratory 
and has been presented t o  these workshops by Murphy (1975) and Murphy e t  a1 
(1976). 
p le te  su i tes  of wellbore geophysical logs were r u n  followed by fur ther  
diagnostic logging bo th  d u r i n g  and a f t e r  fracturing operations. T h i s  
paper discusses some aspects of what has been learned about  the entrances 
and ex i t s  of some of the hydraulic fractures created i n  bo th  the GT-2 
and EE-1 wellbores. Table 1 gives the location of the more important 
f ractures  and the types of  logs used t o  b o t h  identify the location of 
these fractures  and t o  measure some of the i r  properties. 

In parallel  w i t h  the d r i l l i ng  o f  the two boreholes rather com- 

The Caliper Log 

T h i s  important and quite dependable logging technique has proved t o  
be the most useful method for  detecting both potential s i t e s  for frac- 
t u r i n g  and the actual f ractures .  Pressure-volume records taken dur jng  
the fracturing process show tha t  the great majority o f  fracture in i t i a t ions  
show no breakdown; th i s  observation is  consistent w i t h  the opening of 
incompletely cemented natural fractures occurring a l o n g  the open borehole. 
Also the cemented zone i n  these natural fractures appears t o  have w i d t h s  
great enough a f t e r  erosion by the d r i l l i ng  process for  the cal iper  arm 
t o  regis ter .  Figure 1 i s  a 4-arm cal iper  log taken i n  EE-1 a t  the end 
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' o f  the d r i l l i n g  and p r i o r  t o  f rac tu r i ng .  The s t rong response o f  one s e t  
o f  arms i s  cons is ten t  w i t h  a se t  o f  h i g h l y  v e r t i c a l  s lo t s .  
was subsequently determined by means o f  temperature and t r a c e r  logs t o  
be the  entrance t o  the  main EE-1 f rac tu re .  This  f r a c t u r e  has a very low 
impedance and e x h i b i t s  t h e  des i rab le proper ty  o f  self-propping. 
c a l i p e r  l o g  has revealed other  regions i n  the  two boreholes w i t h  s i m i l a r  
c a l i p e r  s ignatures t h a t  may be other  cemented f rac tu res  w i t h  des i rab le  
features.  
prov ide the nucleus of a three-dimensional geothermal rese rvo i r .  

This reg ion  
~ 

~ 

The 

A s e r i e s  o f  such f rac tu res  when h y d r a u l i c a l l y  s t imulated may 

The Spinner Log 

The measurement o f  the f l ow  o f  f l u i d  i n t o  a f r a c t u r e  opening provides 
the  most conc lus ive  p roo f  o f  f r a c t u r e  l oca t i on .  
response o f  the spinner t o o l  dur ing a flow o f  %170 gpm i n t o  two open hole 
f r a c t u r e s .  By averaging the  r e s u l t s  from 8 spinner runs a d e t a i l e d  anal-  
y s i s  o f  t he  l o c a t i o n s  o f  t he  two f r a c t u r e s  was made. 
l a t e r  confirmed by te lev iewer  p i c tu res .  
t he  f l o w  d i s t r i b u t i o n  i n t o  each f r a c t u r e  can be der ived from t h i s  log.  
This  l o g  would have been used more o f t e n  but  i t s  temperature c a p a b i l i t y  t o  
da te  has l i m i t e d  i t s  use t o  upper regions o f  t he  boreholes. 

Figure 2 shows the  

This  ana lys i s  was 
The r e l a t i v e  f l o w  f r a c t i o n  and 

The Borehole Televiewer 

The cond i t i ons  e x i s t i n g  i n  the  two boreholes are i d e a l  f o r  the use 
of t h i s  l ogg ing  technique except f o r  h igh temperature. 
Uni ted States Geologic Survey i n  cooperation w i t h  G. C. Summers* has 
r e c e n t l y  developed a h igh  temperature te lev iewer  which has been used suc- 
c e s s f u l l y  i n  EE-1 a t  a depth o f  10,000 ft and a temperature o f  205°C. 
F igure 3 
i n  Figure 2. 
a s t r i k e  o f  N4"E i s  i d e n t i f i e d  between 6526 and 6540 ft. The v e r t i c a l  
range o f  t he  f r a c t u r e  i s  i d e n t i c a l  w i t h  t h a t  der ived f r o m  the spinner 
surveys. 

Sco t t  Keyes o f  the 

i s  a te lev iewer  composite of the reg ion  i n  GT-2 t h a t  was shown 
A f r a c t u r e  w i t h  a d i p  of 87" r e l a t i v e  t o  t he  borehole and 

The Spontaneous P o t e n t i a l  Log 

S i g n i f i c a n t  changes i n  the p o t e n t i a l  f i e l d  measured i n  an open w e l l -  
bore a re  caused by hyd rau l i c  f r a c t u r i n g  and the  subsequent f l o w  o f  f l u i d  
i n t o  the  f r a c t u r e .  F igure 4 shows both the r e v e r s i b l e  and i r r e v e r s i b l e  
changes accompanying such f r a c t u r i n g .  A background l o g  from casing t o  TD 
i n  the  open borehole i s  fo l lowed by a second l o g  taken a f t e r  f r a c t u r i n g .  
Two permanent l a r g e  anomalies mark accuratel ly t he  p o s i t i o n  o f  two f r a c -  
tures.  L a t e r  SP l ogs  taken both du r ing  pumping and vent ing show t h a t  t he  
w ides t  anomaly accepts most o f  the ' f low and i 's t he re fo re  designated the 
main f r a c t u r e .  
a r e  prov ing t o  be extremely valuable i n  understandyng the t o t a l  f r a c t u r e  

SP logs taken under both s t a t i c  and dynamic cond i t i ons  

process i n  open boreholes. . -  

* Simplec Manufactur ing Co. , Inc. , Dallas, TX. 
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The Impression Packer 

orientation of fractures created from open wellbores. 
a tracing of the outer surface of an impression packer taken i n  GT-2 
over the region covered both by the spinner log  and the televiewer. 
Table 2 gives the parameters of the two fractures obtained from the 
various logs. As w i t h  some of  the other logging techniques, higher 
temperatures have prevented i t s  fur ther  use. 

The impression packer has been used t o  record the nature and 
Figure 5 shows 

Oriented Cores 

Numerous oriented cores have been obtained d u r i n g  the d r i l l i ng  of 

Figure 6 shows 
both GT-2 and EE-1  and the geologic information t h a t  they contain has 
aided greatly i n  the understanding of the total  system. 
a map of a core taken under rather unique circumstances. 
i n g  of  the GT-2 wellbore was directed towards the interception of the 
main EE-1  f racture  (origin a t  ~ 9 0 6 0  f t )  which was kept pressurized. The 
d r i l l i n g  of  GT-2 was halted a t  the time when a major d rop  i n  pressure i n  
EE-1  was noticed. The core taken a t  th i s  point shows the bottom p o r t i o n  
(marked A i n  the Figure) of the intercepted pressurized fracture.  
i n i t i a l  success o f  th i s  operation suggests t h a t  fur ther  attempts may 
produce cores t h a t  w i l l  contain extremely valuable samples o f  actual 
fracture surfaces. 

Recent r ed r i l l -  

The 

The Tracer Log 

This type of l o g  can yield important  information concerning the flow 
of f luid t h r o u g h  the borehole system and i t s  subsequent movement in to  any 
accompanying fracture  o r  porosity.  
leased I I 3 *  sample as i t  was pumped down the EE-1  casing and then returned 
up behind the casing t h r o u g h  an uncemented annulus t o  a hydraulically 
created fracture  centered a t  9060 f t .  
appears t o  be fo l lowing  th i s  flow p a t h .  
been d i f f i c u l t  t o  detect and accurately locate w i t h  any other logging  
technique. 

complex flow systems t h a t  will a r i s e  from multiple fracturing from open 
we1 1 bores. 

Figure 7 shows the history of a re- 

Almost 80% of  the injected flow 
This f racture  opening would have 

T h i s  powerful method will be used extensively i n  the analysis of 

The Temperature Log 

locating b o t h  f racture  o r i g i n s  and zones of porous rock. Temperature logs 
have been taken d u r i n g  the pumping of f luid i n t o  the fracture  system, sub- 
sequent venting and the following temperature recovery phase. 
shows the temperature history measured i n  the EE-1  wellbore. The numbered 
positions have generally been related t o  various features noted i n  other 
wellbore logg ing  surveys. T h i s  logging technique will have great value i n  
understanding the heat removal process especially i f  they can be r u n  
throughout  the long-term heat extraction experiments. 

This standard wellbore logging technique has proved invaluable i n  

Figure 8 
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TABLE 1 

Logginq Techniques Used t o  Define Fracture Posit ions 

Fracture (Borehole, Approx. Depth (ft)) 
GT-2 GT-2B s EE-1 E t -1  

6530; 6560 8740; 6420; 9060; 

Cal iper  (4-arm) X 

Spinner X 

Televiewer X 

Spontaneous 
Po ten t  i a 1 - 

Impression Packer x 
Oriented Core - 
Tracer - 
Temperature - 

TABLE 2 

Fracture Measurements i n  GT-2 a t  6525-6570 ft. 

EE-1 
9670 

X - 
X 

Lower Fracture 
Orientati-Range (ft) Or ien ta t ion  Ver t i ca l  Range (ft) 

Spinner -- -- 6554-6568 6526-40 

Televiewer N3'E 6526-40 N12'E 6555-6569 

Impression 
Packer N25'E 
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THE "HEAT-PI PE" EFFECT I N  VAPOR-DOMINATED 
GEOTHERMAL SYSTEMS 

W. N. Herke l ra th 
U.S. Geological Survey 

Water Resources D i v i s i o n  
Menlo Park, CA 94025 

I n t r o d u c t i o n  

White, M u f f l e r ,  and Truesdell  (1971) and Truesdel l  and White 
(1 973) devel oped a conceptual model o f  t ranspor t  i n  vapor-dominated 
geothermal zones. The main theme o f  t he  model i s  t h a t  coex i s t i ng  
l i q u i d  and vapor phases form a counterf lowing convection system 
s i m i l a r  t o  t h a t  observed i n  a heat p ipe  (Dunn and Reay, 1976). 
hypothesized t h a t  water evaporates from a deep water tab le,  passes 
upward through t h e  formation, and condenses a t  an impermeable cap rock, 
e f f e c t i v e l y  t r a n s f e r r i n g  the  l a t e n t  heat o f  b o i l i n g  through the  forma- 
t i o n .  The l i q u i d  water then percolates downward, completing t h e  cycle.  
The physics invo lved i n  the  f l o w  system i s  i l l u s t r a t e d  i n  t h e  f o l l o w i n g  
ana lys i s  o f  an i dea l  i zed  one-dimensional , homogeneous, 2 km deep vapor- 
dominated zone which i s  bounded below by a water t a b l e  which has a 
temperature o f  236OC. 

Darcy's law f o r  unsaturated porous ma te r ia l s :  

It i s  

Flow o f  water and steam i n  t h e  system i s  assumed t o  be described by 

- paKKll 
(water) q, = - 

k 

The l i q u i d  water p o t e n t i a l ,  $a, def ined as t h e  Gibb's f r e e  energy 
pe r  u n i t  volume o f  water, i s  used i n  p lace o f  t h e  l i q u i d  pressure i n  
equation (1) because f low i n  a h i g h l y  unsaturated medium i s  t o  be con- 
sidered. 

S t a t i c  steam zone 

which the  r e s e r v o i r  f l u i d s  have e q u i l i b r a t e d  w i t h  the  deep water tab le .  
C a p i l l a r y  and adsorpt ion forces are balanced against  g r a v i t y  , so t h a t  
t he  l i q u i d  water p o t e n t i a l  decreases l i n e a r l y  w i t h  he igh t  above the  
water tab le :  

Consider f i r s t  a s t a t i c ,  isothermal system (zero heat f l ow)  i n  

- zo) ( 3 )  
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L i q u i d  c o n t i n u i t y  i s  no t  requ i red  fo r  equation (3 )  t o  apply because e q u i l i -  
b r a t i o n  can occur through condensation o f  steam. 

This  equat ion impl ies t h a t  two k i lometers above the  water t a b l e  the  
l i q u i d  water po ten t i a l  i s  -160 bars. 
p o t e n t i a l  t he  l e v e l  o f  l i q u i d  sa tu ra t i on  var ies  g r e a t l y  from one type o f  
porous medium t o  another. Water r e t e n t i o n  i n  the  f rac tu red  porous mater ia ls  
which form vapor-dominated systems has not  been measured. However, i n  order 
t o  i l l u s t r a t e  the  phys ica l  p r i n c i p l e s  involved i n  the  f l o w  system, an e s t i -  
mate of t he  drainage c h a r a c t e r i s t i c  has been made. 
assumed t h a t  +E i s  un iquely  r e l a t e d  t o  S and T through the  empir ica l  
re1 a t i o n  

As i s  shown i n  f i g u r e  1, a t  t h i s  low 

For s i m p l i c i t y  i t  i s  

$2 = J1, (SmA-l)  (B-CT) , ( 4 )  

i n  which I),, A, B and C are constants. 

Pressure i n  the  steam phase increases w i t h  depth according t o  

( Z  - Z O )  Mg 
(5)  

Equation (5) i l l u s t r a t e s  t h a t  l i q u i d  i n  a s t a t i c  vapor-dominated zone has 
a vapor pressure l e s s  than the  saturated value. 
d i s t r i b u t i o n  o f  l i q u i d  water p o t e n t i a l ,  vapor pressure, and 1 i q u i d  satura- 
t i o n  i n  a system composed o f  t h e  hypothe t ica l  ma te r ia l  described by 
equat ion ( 4 ) .  

Figure 2 i nd i ca tes  the  

Isothermal, steady-state f l ow  

the  case o f  steady i n f i l t r a t i o n  a t  t he  top  o f  t he  steam zone. Assuming 
t h a t  t he  system i s  isothermal and t h a t  t he  water t a b l e  i s  s ta t ionary ,  one 
can show (Childs, 1969) t h a t  t he  sa tu ra t i on  decreases r a p i d l y  above the  
water tab le ,  bu t  eventua l l y  assumes a constant va lue a t  which 

A s o l u t i o n  t o  equat ion (1) which i s  re levan t  t o  t h i s  d iscuss ion i s  

Simply s tated,  constant i n f i l t r a t i o n  i n t o  the  t o p  o f  t he  steam zone i n -  
creases the  l i q u i d  sa tu ra t i on  u n t i l  the  l i q u i d  permeab i l i t y  r i s e s  enough 
f o r  t h e  water t o  d r a i n  away a t  t he  same r a t e .  Assuming an i n f i l t r a t i o n  
r a t e  of 2.35 x 10-*g/cm2 sec, f i g u r e  3 i l l u s t r a t e s  the  dependence of 
J la ,  PvS and S upon depth f o r  t he  hypothe t ica l  f r a c t u r e d  mater ia l ,  which 
i s  assumed t o  have r e l a t i v e  pe rmeab i l i t i es  given by 

= (1 - s )  0 
KV 
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Nonisothermal steady-state flow 

When variations i n  temperature are considered, the equations 
describing the flow can be written as 

Assuming the system is closed and neglecting heat conduction 

L 

equation (9)  , ( l o )  , and (11 ) may be solved t o  yield dT/dZ and dS/dZ 
as functions of temperature, saturation, the heat flow, and the proper- 
t ies of the medium. The distribution o f  T ,  s,  q,, and Pv i n  the system 
can be obtained by numerical integration. 

For the small gradients i n  temperature usually found i n  steam zones 
(Hite and  Fehlberg, 1976) the extra terms i n  equations (9)  and (10)  are  
small and the saturation distribution i s  not  much different from t h a t  
obtained i n  isothermal infiltration. L iqu id  water condenses a t  the cap 
rock and  increases the liquid saturation until the permeability becomes 

Assuming a heat flow rate of 4.187 x 
illustrates the d e p t h  distribution of $a,  P,, and S .  This heat flow 
results in the same condensation rate as was used i n  the isothermal 
infiltration example of figure 3. 

j/cm2 sec (lOHFU), figure 4 

Concl usi on 

in a two-phase convection system can be much higher t h a n  t h a t  predicted 
from a static pressure analysis. 
effect expected in a static system disappears. 
t o p  of figure 4 i s  caused by temperature decrease; the relative vapor 
pressure in the dynamic system is  above 99%. 

Comparison of figures 2 and 4 illustrates t h a t  the liquid saturation 

As a result, the "vapor pressure lowering" 
T h e  decrease i n  Pv a t  the  
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However, t he  permeab i l i t y  used i n  t h i s  example i s  very low, A t  h igher  
permeab i l i t ies  the  condensing steam dra ins ou t  of t he  system much fas te r ,  
and the sa tu ra t i on  approaches the  s t a t i c  p r o f i l e .  

Symbols 

2 - subscr ip t  i n d i c a t i n g  l i q u i d  qH - heat f l o w  r a t e  
V - subscr ip t  i n d i c a t i n g  vapor R - i d e a l  gas constant 
g - acce le ra t ion  o f  g r a v i t y  S - volume r e l a t i v e  sa tu ra t i on  
K - permeab i l i t y  T - absolute temperature 

- r e l a t i v e  permeab i l i t y  Z - depth below caprock Kt 

P V  

M - molecular weight o f  water Zo - depth t o  water t a b l e  
- vapor pressure p - dens i ty  

Pvo - sa tu ra t i on  vapor pressure v. - v i s c o s i t y  

q - mass f l o w  r a t e  $, - l i q u i d  water p o t e n t i a l  
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FIGURE 3 .  D i s t r i b u t i o n  o f  l i q u i d  s a t u r a t i o n ,  
l i q u i d  water  p o t e n t i a l  and steam 
pressure  w i t h  steady isothermal  
i n f i l t r a t i o n  o f  l i q u i d  a t  t h e  t o p  
o f  a vapor-dominated zone. 
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FIGURE 4 .  D i s t r i b u t i o n  o f  l i q u i d  s a t u r a t i o n ,  
1 i q u i d  water  p o t e n t i a l ,  and steam 
pressure  when steam condenses a t  a 
steady r a t e  a t  t h e  t o p  of a non- 
isothermal  vapor-dominated zone. 
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ENERGY EXTRACTION EXPERIMENTS IN THE SGP RESERVOIR MODEL 

A. Hunsbedt, A. L. London, R. Iregui, P. Kruger, and H. J. Ramey, Jr. 
Stanford University, Stanford, CA 94305 

Much of the immense quantity of geothermal energy stored in the 
earth's crust is widely dispersed and occurs as hot igneous rock with 
permeabilities that are too low for adequate fluid circulation. Frac- 
ture-stimulation of such systems is needed to improve fluid circulation 
and expose new heat transfer surface in the hot rock. 
resources which may need fracture stimulation are those with inadequate 
fluid content for heat removal flow rates or those in which the transit 
time of reinjected fluids is too rapid for adequate reheating. Fracture- 
stimulation techniques proposed to enhance the energy recovery include 
hydraulic or explosive fracturing and thermal stress cracking. Experi- 
mental methods needed to evaluate the thermal extraction effectiveness 
of such stimulation practices and of hydrothermal reservoirs in general 
are a part of the Stanford Geothermal Program (SGP). 

Hydrothermal 

Experiments are being conducted in the SGP large geothermal reser- 
voir model utilizing rock systems with several characteristics resem- 
bling high permeability, fracture-stimulated systems. The broad objec- 
tive of these experiments is to evaluate nonisothermal fluid production 
and heat transfer processes and to analytically model these for such 
rock systems. 
processes, referred to here as in-place boiling, sweep, and steam-drive, 
were considered during the early phases of this study. The general pro- 
duction, injection, and reservoir conditions maintained during the three 
different experiments are listed in Table 1. 

Three nonisothermal energy extraction and production 

Table 1. Types of Energy Extraction Experiments 

Experiment 
Type Description 

Pressure reduction and boiling in formation. Production 
In-P lace of steam from a top producing zone with or without fluid 
Boiling recharge at the bottom. 

Injection of cold water at bottom. Hot water produced 
Sweep from a top producing zone. Compressed liquid reservoir. 

Production of hot water from the bottom and no recharge. 
Steam and noncondensable gases above liquid/steam inter- 
face providing "steam-drive." Slightly subcooled reser- 

Steam-Drive voir conditions. 
... 

This work has been reported in previous reports and papers [References 1 
through 31. . The results showed that a.11 three processes are feasible in 
the experimental systems considered. 
processes, as illustrated in Table 2, varied widely. 

However, the effectiveness of the 
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Table 2. Results of Energy Extraction Experiments 

Specific Energy 
Experiment Extraction 

Type (B t u/ lbm) 

Energy Extraction 
Fraction 

(dimensionless) 

In-Place 
Boiling > 36 > 0.75 

Sweep > 62 > 0.80* 

Steam-Drive > 9  > 0.22 

*Based on the steady-state water injection temperature as the 
lower reference. The others are based on the saturation temperature 
corresponding to the end pressure. 

The specific energy extraction (energy extracted per pound of rock) 
was greatest for the sweep process and smallest for the steam-drive pro- 
cess. The fraction of thermal energy stored in the rock between the 
initial temperature and reference lower temperature that was actually 
extracted is also seen to vary widely. The question of which of these 
energy extraction processes is practical in large-scale field develop- 
ment will depend on the particular conditions that prevail at the site. 

The simple analytic models developed for the model reservoir and 
for the heat transfer from the rock successfully predicted the experi- 
mental results as long as the assumptions inherent in the models were 
not seriously violated. However, it was recognized that more detailed 
experimental and analytic studies of the heat transfer aspects were re- 
quired, and such studies have since been performed by Iregui [Reference 
41.  The final report of these results is in preparation and the high- 
lights are given below. 

Rock Heat Transfer Studies 

Prediction of heat transfer from a collection of irregularly 
shaped rocks is complicated because the rocks vary in size and shape. 
The effect of rock shape was investigated by Kuo [Reference 51. The 
results showed that a rock with an irregular shape can be treated ana- 
lytically as a sphere with equivalent radii used in the Fourier and 
Biot numbers determined by a single parameter referred to as the spheri- 
city of the rock. The sphericizy is defined as the ratio of the sur- 
face area of the equivalent spherical rock having the same volume to the 
actual surface area of the rock. Additional work was performed utiliz- 
ing this concept to predict the.therma1 behavior of a collection of 
rocks with given size distribution and shape for arbitrary boundary or 
cooldown conditions. 

The basis for the rock temperature transient prediction for a 
single rock was the one lump, spherical solution presented in Reference 1 
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for constant cooldown conditions. This solution was modified to variable 
cooldown conditions by superposing constant cooldown rate solutions, a 
procedure frequently used in heat transfer analyses. The validity of 
this model was verified by comparing the predicted rock temperature to 
the measured rock temperature. An illustration of such a comparison is 
given in Figure 1 where the predicted and measured temperatures for 
instrumented Rock No. 1, located at the bottom of the reservoir model, 
are shown as functions of time. Another illustration is given in Figure 
2 for Rock No. 2 located near the center. Two in-place boiling experi- 
ments and one sweep experiment were conducted to provide the data for 
the comparisons. The rock used in these experiments (third rock load- 
ing) consisted of granitic rock fragments with a mean equivalent dia- 
meter of 1.62 inches. It was obtained from the piledriver chimney pro- 
duced by a nuclear explosion at the Nevada Test Site. 

The results of the temperature transient comparisons, similar to 
those illustrated in Figures 1 and 2, showed that the one-lump thermal 
model utilizing the equivalent radii defined by Kuo predicts the rock 
temperature transients satisfactorily over a wide range of conditions 
and is preferred over exact solutions because of its relative simplicity. 
The transient model for a single rock was subsequently used to formulate 
an energy extraction model for a collection of rocks with a given size 
distribution. This model was applied to the laboratory system with 
known size distribution and average rock shape. 
extraction was compared to the measured energy extraction for one experi- 
ment. The results showed that the prediction was of the same order as 
the measured, but the model verification was not conclusive because of 
relatively large uncertainties in the measured energy extraction. Fur- 
ther work is needed to assess the uncertainties in the measurements. 

The predicted energy 

The energy extraction model was used to determine the sensitivity 
of parameters such as mean rock size, average sphericity, cooldown his- 
tory, rock size distribution, and the dispersion about the mean for hypo- 
thetical large-scale systems. These parameters will generally not be 
known precisely for such systems, and in many cases will have to be as- 
sumed. The effect of rock size distribution and the sphericity are 
given in Figures 3 and 4 ,  respectively, where the rock energy extraction 
fraction is plotted as a function of total time to deplete the reservoir. 
The energy extraction fraction is defined as the ratio of  thermal energy 
extracted to the theoretical maximum, i.e., the energy stored between 
the initial temperature and the instantaneous fluid temperature surround- 
ing the rock. These results show that the fraction of energy that can 
be extracted from the rock decreases when the reservoir is produced over 
a shorter time period. The energy extraction also decreases when the 
proportion of large rocks increases. This is the case when the disper- 
sion about their mean increases or the shape of distribution changes 
(e.g., from exponential to normal). Further details of these studies 
are presented in Reference 4 .  

Current and Future Experiments 

The experiments performed in the SGP reservoir model have utilized 
rock systems with porosities between 35 and 44 percent and essentially 

-51 - 



i n f i n i t e  h o r i z o n t a l  and ver t ical  p e r m e a b i l i t i e s .  Thus, t h e s e  systems 
are n o t  ve ry  r e p r e s e n t a t i v e  of n a t u r a l l y  o r  a r t i f i c i a l l y  f r a c t u r e d  geo: 
thermal  r e s e r v o i r s  where a t y p i c a l  p o r o s i t y  may b e  i n  t h e  range  of 4 t o  
20 pe rcen t  and t h e  p e r m e a b i l i t i e s  i n  t h e  range  of 5 t o  500 md. Experi- 
ments w i t h  a more r e p r e s e n t a t i v e  rock  system have, t h e r e f o r e ,  been 
i n i t i a t e d .  This  f o u r t h  rock  system c o n s i s t s  of t h e  g r a n i t i c  rock  u t i l i z e d  
i n  t h e  t h i r d  rock  system ( p i l e d r i v e r  r o c k ) ,  b u t  t h e  void  spaces  are f i l l e d  
wi th  80 t o  100 mesh sand. The p o r o s i t y  of t h i s  system has  been determined 
t o  b e  about  2 1  pe rcen t ,  and t h e  v e r t i c a l  pe rmeab i l i t y  is  be ing  measured. 
Several energy e x t r a c t i o n  experiments  of t h e  in-p lace  and sweep type  w i l l  
b e  conducted wi th  t h i s  rock  system i n  t h e  nea r  f u t u r e .  

I n  t h e  longer  term, experiments  t o  s tudy  t h e  c h a r a c t e r i s t i c s  of 
thermal  stress c rack ing  i n  g r a n i t e  are being eva lua ted .  E f f o r t s  t o  
assess t h e  u s e f u l n e s s  and f e a s i b i l i t y  of such experiments  have been i n i -  
t i a t e d .  The a b i l i t y  t o  d e t e c t  s m a l l  c r a c k s  c r e a t e d  by thermal ly  induced 
stresses i s  of p a r t i c u l a r  concern.  
experiments  w i l l  be conducted i n  a s m a l l  bench-scale model t o  determine 
major parameters  f o r  u s e  i n  a n a l y t i c  modeling of proposed experiments  
i n  t h e  SGP l a r g e  geothermal  r e s e r v o i r  model. 

It i s  a n t i c i p a t e d  t h a t  p re l imina ry  
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THE USE OF NOBLE GASES AND STABLE ISOTOPES TO INDICATE TEMPERATURES 
AND MECHANISMS OF SUBSURFACE BOILING AND (LESS CERTAINLY) RESERVOIR 

DEPLETION IN GEOTHERMAL SYSTEMS 

Robert W. Potter, 11, Alfred H. Truesdell, and Emanuel Mazor* 
U.S. Geological Survey 

Menlo Park, California 94025 

Salts are essentially insoluble in the low pressure steam 
produced from vapor-dominated systems. Hence, the normal chemical 
constituents used in studying hot-water geothermal systems prove 
ineffective in the study of subsurface conditions of vapor domin- 
ated systems. However, noble gases and stable isotopes of water 
may be used to fill this gap and may, in addition, provide a means 
of estimating the degree of reservoir depletion. 

Although steam alone is produced from wells and natural 
vents in vapor-dominated systems, it is generally accepted that 
liquid water exists at depth. 
in response to pressure decrease to produce steam which feeds the 
wells (Truesdell and White, 1973). As the liquid boils, gases and 
isotopes of hydrogen and oxygen fractionate between steam and re- 
maining liquid. Oxygen-18 is fractionated preferentially into the 
liquid phase at all temperatures below the critical point of water 
while deuterium is preferentially fractionated into liquid water 
below 221°C. Above 221°C deuterium is preferentially fractionated 
into the vapor with a maximum fractionation occurring at 280°C. 
There is no fractionation of deuterium at 221OC and fractionation 
of both oxygen-18 and deuterium is zero at the aritical point 
where the distinction between liquid and vapor disappears (Trues- 
dell, et al. , 1977). 

During exploitation this water boils 

Gases also exhibit temperature-sensitive fractionation be- 
tween liquid and vapor, and their contents may be used to inter- 
pret subsurface boiling processes. The contents of the major gases 
of geothermal systems (C02, H2S, H2, etc.) are, however, also af- 
fected by chemical reactions and cannot be simply interpreted in 
terms of subsurface boiling. This limitation does not apply to 
the atmospheric noble gases (Ne, Kr, Xe, and most Ar) which are 
not reactive and originate only from solution of air in recharge 
waters (Mazor, 1976). 

The solubilities of the noble gases, He, Ne, Ar, Kr, and 
Xe, have recently been determined up to the critical point of 
water (Potter and Clynne, 1977). The solubility in the liquid 
phase decreases steadily at temperatures greater than O°C, then 

* on leave from the Weizmann Institute, Rehovoth, Israel. 
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passes  through a minimum (He = 2SoC, Ne = 7OoC, A r  = 100°C, K r  and 
Xe = 125OC) and f i n a l l y  i n c r e a s e s  s t e a d i l y  up t o  t h e  c r i t i c a l  
p o i n t .  The s o l u b i l 5 t i e s  of t h e  noble  gases  and n i t r o g e n  (which 
is  a l s o  i n e r t  i n  most systems) a r e  shown i n  f i g u r e  1 as Henry's 
l a w  c o n s t a n t s  equal  t o  t h e  r a t i o  of  t h e  p a r t i a l  p r e s s u r e  of  t h e  
gas t o  i t s  mole f r a c t i o n  i n  t h e  l i q u i d .  
s t a n t s  i n d i c a t e  r e l a t i v e l y  l i q u i d - i n s o l u b l e  gases ,  sma l l e r  c o n s t a n t s  
r e l a t i v e l y  s o l u b l e  gases .  

Larger Henry's l a w  con- 

The i n i t i a l  noble  gas compositions of  t h e  recharge  water 
can be  es t imated  from t h e  mean tempera ture  of  t h e  recharge  a r e a ,  
t h e  noble  gas composition o f  a i r  and t h e  experimental  s o l u b i l i t i e s .  
S ince  t h e  i n t a k e  compositions can be es t imated ,  it i s  p o s s i b l e  t o  
c a l c u l a t e  t h e  tempera ture  of  b o i l i n g  from t h e  noble  gas con ten t s  
of t h e  steam. 
t h a t  (1) t h e  l i q u i d  water  a t  depth has  t h e  same noble  gas con ten t s  
as t h e  recharge  water, (2) t h a t  t h e  q u a n t i t y  of steam b o i l e d  o f f  
is  small compared t o  t h e  q u a n t i t y  of water  remaining, and (3) t h a t  
t h e  water  a t  depth i s  wel l  mixed. 

The assumptions involved i n  t h i s  c a l c u l a t i o n  a r e  

Ins t ead  of u s i n g  a b s o l u t e  concen t r a t ions  of  t h e  noble  gases ,  
it proves more r e l i a b l e  t o  use ra t ios  of t he  v a r i o u s  gases .  
He has  a major non-atmospheric source  we cannot u s e  it i n  e s t i -  
mating b o i l i n g  tempera tures .  
a l l  a tmospheric  and t h e i r  o r i g i n a l  concen t r a t ions  i n  t h e  l i q u i d  
phase can be e s t ima ted .  Neon i s  t h e  l e a s t  s o l u b l e  of t h e  noble  
gases  (F ig .  1)  and r a t i o s  of  neon wi th  o t h e r  gases  a r e  most u s e f u l  
i n  i n d i c a t i n g  b o i l i n g  p rocesses .  Unfor tuna te ly ,  t h e  Xe/Ne r a t i o  
changes l i t t l e  wi th  tempera tures  above 8OoC and t h e r e f o r e  l a r g e  
u n c e r t a i n t i e s  i n  t h e  c a l c u l a t e d  b o i l i n g  tempera ture  r e s u l t  from 
a n a l y t i c a l  e r r o r s .  The Ar/Ne ve r sus  T curve a l s o  has  d i f f i c u l t i e s  
i n  t h a t  it goes through a maximum a t  about 23OoC t o  25OoC and then  
dec reases .  The Kr/Ne curve is, however, a smoothly i n c r e a s i n g  
f u n c t i o n  of  tempera ture  wi th  a moderate s l o p e  and i s  s a t i s f a c t o r y  
fo r  b o i l i n g  tempera ture  e s t ima t ion .  I n  f i g u r e s  2 and 3 t h e s e  
r a t i o s  a r e  shown f o r  steam samples from a geochemical s e c t i o n  
a c r o s s  t h e  La rde re l lo  geothermal f i e l d  (Table 1 and Mazor, 1977) 
with b o i l i n g  tempera tures  c a l c u l a t e d  u s i n g  an es t imated  recharge  
tempera ture  of  10°C. 
s l i g h t l y  h ighe r  tempera tures  than  t h o s e  measured a t  t h e  wellhead 
du r ing  f low.  
occur  i n  t h e  wel l  due t o  a d i a b a t i c  expansion. 

S ince  

The o t h e r  noble  gases  a r e  e s s e n t i a l l y  

The noble  gas  r a t i o s  appear t o  i n d i c a t e  

This  i s  no t  unexpected a s  tempera ture  dec reases  

The d i f f e r e n c e s  may however r e s u l t  from d e p l e t i o n  of l i q u i d  
water  i n  t h e  r e s e r v o i r .  
duc t ion  of steam from a wel l  may be modelled a s  a Rayleigh d i s t i l -  
l a t i o n  p rocess .  
t o u r s  f o r  v a r i o u s  f r a c t i o n s  o f  water  removed from t h e  r e s e r v o i r  

I t  i s  reasonable  t o  assume t h a t  t h e  pro-  

F igure  4 i s  a Kr/Ne ve r sus  T p l o t  on which con- 
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by conversion to steam have been plotted. 
well did not plot near the established ratio curves in figures 
2 and 3; however, figure 4 suggests that this is due to a high 
degree of depletion of the recharge fluid. This observation is 
in agreement with Pineta's history as well as its lower produc- 
tion temperature. 
Columbaia lies on the zero depletion curve. This observation 
agrees with the observation that it is the only well of this 
group which contains tritium, hence indicating active recharge of 
the system. 

Data from the Pineta 

In Figure 4 it can be noted that the ratio for 

If samples of both the liquid and steam phase are avail- 
able, the fractionation patterns of the stable isotopes will allow 
the temperature of boiling to be calculated. The isotopic data 
may also be used to set constraints on possible models of steam 
separation. 
steam separation in a geothermal system can be established. These 
models can be improved and more complete knowledge obtained of 
boiling mechanisms and of the volume and situation of liquid and 
vapor in steam-producing geothermal systems through long-term 
monitoring of stable isotopes and noble gases. 

Combined with noble gas data, models for subsurface 
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"C 

Figure 1. 
and of nitrogen from 0 to 374'C expressed as Henry's law constants 
equal to the partial pressure of the gas in atmospheres divided 
by its mole fraction in the solution. 

Solubilities of the noble gases He, Ne, Ar, Kr, and Xe 
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Figure  2 .  
w e l l s  compared wi th  c a l c u l a t e d  r a t i o s  f o r  t h e  f i r s t  steam separa-  
t e d  a t  v a r i o u s  tempera tures  from a l a r g e  wel l  mixed body of water  
o r i g i n a l l y  e q u i l i b r a t e d  wi th  a i r  a t  10°C. 

The r a t i o s  of Ar/Ne i n  steam samples from Larde re l lo  
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Figure  3 .  
with observed La rde re l lo  steam v a l u e s .  

The Kr/Ne r a t i o s  c a l c u l a t e d  as i n  f i g u r e  2 compared 
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Figure 4. 
and amounts of boiling (expressed as the fraction of steam boiled 
off)of a well mixed water body and the observed ratios of the 
Larderello steam samples. 

The ratios of Kr/Ne calculated for various temperatures 

Table 1. Characteristics of w e l l s  sampled. 

W e l l  Date Depth Production WHT* WHP; Gas/steam 
d r i l l e d  m. t . /hr .  O C kg/cm l./kg STP 

In  August 1975 

Co lumbai a 1 470 9.1 

La Pineta 1942 316 11.1 

Lard. 57 $1951 486 10.7 

Lard. 155 $1961 044 15.3 

Gabbro 6 1964 7 7 1  52.2 

Gabbro 1 1962 853 44 

* W e l l  head temperature and pressure during f l o w  

229 2.4 3.25 

200 4.3 17.5 

241 4.3 46.1 

222 4.9 33.9 

242 7.7 69.3 

240 7.4 54.2 
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A GEOPHYSICAL APPROACH TO RESERVOIR DELINEATION 
IN THE GEYSERS 

Iain M. Jamieson 
GeothermEx, Inc. 

901 Mendocino Avenue 
Berkeley, California 94707 

Recent syntheses of geophysical work at The Geysers 
(Chapman 1975, Ishemood 1975) have provided useful insights 
into regional structure in this complex and chaotic area. 
Regional studies of this type, however, are of limited value to 
reservoir investigations and it may be that the more 
detailed temperature gradient/heat flow studies (Frye 1976) 
can supply more useful information. 

The survey discussed here was carried out on the Rorabaugh 
lease in the southwest sector of The Geysers geothermal field 
in an area of known production, good drilling records and 
closely spaced data points. Initial drilling on this lease 
was carried out by Geothermal Resources International and the 
area was subsequently developed for a 55 mW power plant by 
Pacific Energy Corporation and their successor, Thermogenics, Inc. 
The study included data from several producing wells, three deep 
suspended wells and four shallow (250'-500') temperature 
gradient holes. 

The raw data were corrected for terrain (Jamieson 1976) 
and isotherms plotted from 25OC to 24OOC (Fig. 1). Gradients 
in Big Sulphur Creek Valley were as high as 7.2OC/100 ft. and 
required terrain corrections of minus 20 per cent. Gradients 
on the ridge above the creek were as low as 1.880C/lOO ft. 
and required terrain correction of almost 100 per cent. 

The 240OC isotherm plotted from these data lies j u s t  
above steam shows i n  the producing area. This suggests that 
the terrain corrections were of the correct order of magnitude, 
that the thermal conductivity of the formation is reasonably 
uniform and that there is good conductive coupling between 
the reservoir and the surface (Urban, et a1 1975). 

The rapid down turn of the 240OC isotherm outside the 
producing area suggests a sharp field boundary, a postulate 
supported by the absence of steam in Rorabaugh A8. 
suggests a very high angle field boundary, which is in accord 
with the high angle fractures encountered during drilling 
and with the high angle structural features which appear in 

It further 

-61 - 



geological mapping. The nature of the boundary is undefined, 
and it may correspond to faulting, changes in fracture intensity, 
changes in metamorphic grade or changes in silica content. The 
position of the boundary, however, is fairly precisely defined, 
and this should be of considerable interest when interpreting 
well test data from this field. 

The success of this survey in a comparatively simple 
situation suggests that it may be developed to handle more 
complex areas with shallow hot water zones, variable lithology 
and variable microclimates. If this can be done, it may provide 
a useful link between geothermal exploration and reservoir 
engineering. 
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TRANSIENT PRESSURE ANALYSIS I N  GEOTHERMAL STEAM 
RESERVOIRS WITH AN IMMOBILE V A P O R I Z I N G  

LIQUID PHASE -- SUMMARY REPORT 

A. F. Moench 
U.S. Geologica l  Survey 

Water Resources D i v i s i o n  
345 M idd le f  i e l d  Road 
Menlo Park, CA 94025 

and 

P. G. A tk inson 
Union O i l  Company 

P.O. Box 6854 
2099 Range Ave. 

Santa Rosa, CA 95406 

I n t roduc t  i o n  

The a p p l i c a t i o n  o f  t r a n s i e n t  pressure a n a l y s i s  methods t o  
vapor-dominated geothermal systems has g e n e r a l l y  been done using 
methods developed fo r  noncondensable gas r e s e r v o i r s .  These 
methods have been s a t i s f a c t o r y  i n  many cases; however, because 
they n e g l e c t  e f f e c t s  o f  v a p o r i z a t i o n  and condensation, t h e  r e s u l t s  
may be mis lead ing .  The s tudy presented here was mot iva ted  by a 
perce ived p o t e n t i a l  need t o  incorpora ted  phase changes in to  t h e  
a n a l y s i s  of pressure drawdown and recovery data.  I t  i s  hoped t h a t  
t h i s  w i l l  a l l o w  f o r  an increased understanding o f  t h e  processes 
o c c u r r i n g  i n  geothermal systems where steam and l i q u i d  water  a r e  
thought t o  coexis t :  

A f i n i t e - d i f f e r e n c e  model fo r  t h e  h o r i z o n t a l ,  r a d i a l  f l o w  of 
steam i n  t h e  presence o f  an immobile v a p o r i z i n g  o r  condensing 
l i q u i d  phase was adapted from t h e  model o f  Moench (1976). Resu l ts  
were generated f o r  r e a l  phys i ca l  parameters, and a re  presented i n  
terms o f  s tandard dimensionless pressure  ( a c t u a l l y  pressure-  
squared) and t ime groupings. The a n a l y s i s  assumes an i n i t i a l  
cons tan t  temperature and pressure  i n  t h e  a q u i f e r  and an i n i t i a l  
un i fo rm l i q u i d - w a t e r  d i s t r i b u t i o n  which p a r t i a l l y  f i l l s  t h e  v o i d  
space. I t  i s  a l s o  assumed t h a t  t h e  steam and l i q u i d  water  i n  t h e  
r e s e r v o i r  a r e  i n  l o c a l  thermal e q u i l i b r i u m  w i t h  the  r e s e r v o i r  
rocks and t h a t  temperature changes occur  o n l y  i n  response t o  phase 
changes. I n  t h e  examples which f o l l o w  p e r m e a b i l i t y ,  p o r o s i t y ,  and 
w e l l  d ischarge a r e  cons tan t .  
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Resu 1 t s  

The computed pressure drawdown p l o t t e d  i n  f i g u r e  1 ( P  vs.  
D l o g  t ) shows the  comparison o f  d r y  steam (S=O.O) w i t h  th ree  

exampyes hav ing d i f f e r e n t  q u a n t i t i e s  o f  i n i t i a l  1 i qu id -water  
s a t u r a t i o n  (S=0.05, S = O . l O ,  S=0.20). The l a t t e r  r e s u l t s  a re  
d isp laced,  as a group, f rom the  response f o r  d r y  steam by an 
amount which depends upon the  heat capac i t y  per  u n i t  volume o f  
t h e  r e s e r v o i r  rock. The s lope o f  t h e  s t r a i g h t  l i n e  ob ta ined f o r  
d r y  steam i s  t h a t  p r e d i c t e d  by the  l ine-source  s o l u t i o n  t o  t h e  
d i f f u s i v i t y  equat ion.  

D vs. l o g  t /r 2, compared w i t h  t h e  l ine-source  s o l u t i o n .  The 
s l i g h t  d isplacement o f  t he  r e s u l t s  f o r  dry-steam t o  t h e  l e f t  o f  
t he  l i ne -sou rce  s o l u t i o n  a t  e a r l y  t ime i s  due t o  t h e  s p a t i a l  
increments used i n  the  f i n i t e - d i f f e r e n c e  model. 

F igure  2 shows i n t e r f e r e n c e  pressure drawdown data  ( l o g  P 

D D  

F igu re  3 shows Horner bu i l dup  graphs (P vs. (to + A t ) / A t )  D f o r  t h ree  d i f f e r e n t  values o f  i n i t i a l  l i q u i d - w a t e r  s a t u r a t i o n .  
Produc t ion  t ime  i s  t he  same f o r  each case and i s  approx imate ly  9 
hours i n  d u r a t i o n .  I n i t i a l l y  ( s m a l l  A t )  t he  pressure r i s e s  
r a p i d l y  because t h e  steam i s  superheated i n  t h e  v i c i n i t y  o f  t h e  
p roduc t i on  w e l l .  Th i s  i s  f o l l owed  by a p e r i o d  du r ing  which t h e  
pressure i s  n e a r l y  constant  owing t o  the  onset o f  condensat ion.  
Continued r i s e  i n  pressure as t ime goes on [ l a rge  A t )  i s  due t o  
hea t ing  by condensat ion.  The l o c a t i o n  o f  t he  p la teau  i n  f i g u r e  
3 depends upon the  heat capac i t y  per  u n i t  volume o f  t h e  r e s e r v o i r  
rock  and upon t h e  amount o f  l i q u i d  which was a v a i l a b l e  f o r  
v a p o r i z a t i o n  per  u n i t  volume du r ing  t h e  p e r i o d  o f  p roduc t ion .  

Discuss ion 

Drawdown data  generated w i t h  the two-phase s i m u l a t i o n  model 
f o r  r a d i a l  f l o w  t o  a d i scha rg ing  w e l l  shows t h a t  t h e  ex i s tence  o f  
a v a p o r i z i n g  l i q u i d - w a t e r  phase i s  mani fested on p l o t s  o f  
d imension less t ime o n l y  by a s h i f t  i n  t h e  h o r i z o n t a l  d i r e c t i o n  
f rom t h e  d r y  steam case. T h i s  can be exp la ined as an apparent 
increase i n  c o m p r e s s i b i l i t y  o f  t h e  system. Assuming the  v a l i d i t y  
o f  the  assumptions o f  t h i s  a n a l y s i s ,  t h i s  r e s u l t  suggests t h a t  
t h e  presence o f  a vapor i z ing  l i q u i d  w i l l  n o t  compl ica te  e v a l u a t i o n  
o f  t h e  r e s e r v o i r  pe rmeab i l i t y - th i ckness  product  f r o m  drawdown data 
when t h e  usual methods o f  gas r e s e r v o i r  eng ineer ing  a r e  app l i ed .  
However, t h i s  a l s o  imp l i es  t h a t  such a t e s t  cannot d i s t i n g u i s h  
between the  presence o r  absence o f  l i q u i d  i n  t h e  pore space. 
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Simulated pressure buildup data, on the pther hand, show 
characteristics which are markedly different from that expected 
for noncondensable gas. Condensation holds the pressure at 
saturated-vapor pressure and is responsible for the zone of 
nearly constant pressure seen in the pressure buildup graphs. 
If phase change plays an important role in pressure transient 
well testing, it should be manifested in pressure buildup tests. 

Details of this analysis wil: become available in a forth- 
coming paper by the authors. Further studies are underway that 
will change some of the assumptions made herein. 

Notation and Definition of Dimensionless Groups 

PD dimensionless pressure tD dimensionless time 

squared kPit 
- _ -  PkhMw 

qlJZ i RT 0F.l rw 2 
- - (P; - P2) 

D r 

r 
r 
q 
P 

W 

p i  
k 
h 
M 
W 

dimensionless distance 
r 
r 

- - -  
W 

radial distance 
well radius 
product ion rate 
pressure 
initial pressure 
permeab i 1 i ty 
reservo i r th i ckness 
molecular weight water 

S 1 iquid-water saturation 
(percent o f  vo i d space) 

t time 
product ion time 

At time since shut-in 
1.1 steam viscosity 

R gas constant 
T temperature 
4 porosity 

initial compressibility factor z i  

Values o f  Parameters Used 

p i  
k 7 x cm2 
h 714 cm zi 0.9 

M 18 g/Mole 
1.1 1.8 x dyne-sec/cm2 
W 

30 x lo6 dynes/cm2 

4.16 io4 g/s R 8.3 x lo7 dyne-cm/(OC Mole) 
r 15 cm 
W 

4 0.10 
3.22 104 to T 507 " K  

Ref e rence 

Moench, A . F . ,  1976, Simulation of steam transport in vapor-dominated 
geothermal reservoirs, U. S. Geol . Survey Open-Fi le Report 76-607, 
43 p. 
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JAPANESE PRIMARY ENERGY SUPPLY AND GEOPHYSICAL WELL LOGGING 

S e i i c h i  Hirakawa 
The U n i v e r s i t y  of Tokyo 

Department of Minera l  Development Engineer ing 
F a c u l t y  of Engineer ing 

7-3-1 Hongo, Bunkyo-ku, Tokyo 113, Japan 

Japan i s  scarce i n  domest ic  n a t u r a l  r e s o u r c e s .  I n  f a c t ,  t h e  
degree  of dependence on imports  of b a s i c  r a w  materials i s  q u i t e  h igh .  
T h i s  paper  d e s c r i b e s  primary energy supply as a background t o  t h e  
s t a t u s  of geothermal energy developments,  and geophys ica l  w e l l  
logging i n  geothermal w e l l s .  

Primary Energy Supply of Japan  

Although Japan made a h igh  level  of economic growth from 1960 

A s  
u n t i l  t h e  o i l  crisis i n  1973, t h e  o i l  crisis h a s  had such a cons ider -  
a b l e  e f f e c t  on t h e  Japanese  economy as t o  shake i t s  foundat ion .  
t h e  base  of J a p a n ' s  energy p o l i c y ,  "The Long Range P r o s p e c t s  f o r  
Energy Supply and P o l i c i e s "  w a s  i s s u e d  i n  1975 by t h e  Energy Council .  
I n  Table  1, which is  i t s  long t e r m  energy supply program, the degree  of 
dependence on imported o i l  w i l l  d e c r e a s e  from 77 p e r c e n t  i n  1973 t o  
63 p e r c e n t  i n  1985. 
of reducing dependence on imported o i l ,  a c c e l e r a t i o n  of t h e  development 
of domest ic  energy and t h e  l a r g e - s c a l e  i n t r o d u c t i o n  of LNG w i l l  b e  
necessary .  

On t h e  o t h e r  hand, i n  o r d e r  t o  a t t a i n  t h e  t a r g e t  

The Japanese  government h a s  decided t o  make a new energy p l a n  
by next  y e a r ,  paying due r e g a r d  t o  t h e  growing s e n s e  of energy crisis.  
The new energy p o l i c y  w i l l  b e  founded on t h e  fo l lowing  p r i n c i p l e s :  
(1) t o  d e c r e a s e  dependence on c rude  o i l ,  (2)  t o  s e c u r e  t h e  s t a b l e  
supply of hydrocarbon energy,  (3) t o  r e a l i z e  t h a t  t h e  p r e s e n t  t a r g e t  
f o r  n u c l e a r  energy is  d o u b t f u l ,  ( 4 )  t o  develop v a r i o u s  s o r t s  of energy 
r e s o u r c e s  and t h e i r  t e c h n o l o g i e s ,  (5) t o  promote energy s a v i n g ,  (6) t o  
e s t a b l i s h  f r i e n d s h i p  t r a d e  w i t h  overseas  c o u n t r i e s  through i n t e r n a t i o n a l  
coopera t ion .  

The a d v i s o r y  committee of Energy Counci l  announced i t s  r e v i s e d  
p l a n  (Table  2)  i n  June  t h i s  y e a r ,  though i t  i s  n o t  y e t  f i n a l .  The 
former government p l a n  has  been v a r i o u s l y  c r i t i c i z e d  ever s i n c e  i t  w a s  
r e p o r t e d .  
f e a s i b i l i t y  of achiev ing  t h e  t a r g e t s  of t h e  p l a n ,  mainly: 
areas of n u c l e a r  energy and LNG, r e a l i z a t i o n  of t h e  p l a n ' s  t a r g e t  i s  
d o u b t f u l ;  ( 2 )  t h e  assurance  of a v a i l a b l e  funds should have been made 
c lear ,  i n  o r d e r  t o  c a r r y  through t h e  p l a n ;  (3) t h e  leve l  of o i l  impor ts  
would n o t  b e  so  easy t o  achieve.  Each of t h e s e  p o i n t s  w a s  a n  impor tan t  
i n d i c a t i o n  f o r  t h e  n e c e s s i t y  of r e v i s i n g  t h e  energy p l a n .  

I n  p a r t i c u l a r  t h e r e  w e r e  l i v e l y  arguments about  t h e  
(1) i n  t h e  
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Table 1. Actual Resu l t s  and Forecast  o f  Primary Energy Supply 

1 

Domestic 
SUPPlY 

Imported 
SU?PlY 

Sources 

Hydro-Power, 106k?.J 

Geothermal Energy, 106KW 

0. i l  S: Batura l  G a s ,  106KL 

Coal 10 ton 

Ejuclear Power, 106K\;I 

6 

6 

6 

LKG , 10 ton  

coa l  , 10 t o n  

Crude o i l  & LPG, ~ O ~ K L  

FY 1573 

21.20 

0.03 

3.70 

21.68 

2.30 

2.37 

58.00 

318.00 

383 - 

1 

FY 1975 

25.43 

0.05 

3.53 

18.60 

5.95 

5.06 

62 - 34 

285.27 

366. 

FY 1985 
~ 

28.30 

2.10 

14 .OO 

20.00 

49 -00 

42 -00 

102.40 

485.00 

710. 

2 

FY 1985 

27.00 

0.50 

8.20 

20.00 

27.00 

27.00 

(S) 88.60 
(L)  81.48 
( S )  499.46 
(L) 440- 63 

Sources of Inforna t ion  

Source 1) Energy Council (1-ug. 1975) 

Source 2)  The I n s t i t u t e  o f  Energy Economics(Dec. 1976) 

For I n s t i t u t e  of Energy Economics, 

(S) i n d i c a t e s  standard case 

(L) i nd ica t e s  l o w  grovth case 

Conversion r a t e s  of petroleum t o  hea t  

1 l i t e r  o f  petroleum 9,400 K C a l  
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Table 3. Geothermal Poxer Tlants in Operat ion 
and -=der ConstructLon in Zagan (1977, J d y )  

N m e  of 
C onpar-y 

fiia3.j of  
S t a t i o n  

Cjrushu E l e c t r i c  
P o w e r  Co. 

I 

E l e c t r i c  Pciier 
DevelcFment Co. 

Unma 

Onikobi 

K p s h u  Z l e c t r i c  
lower  C c .  I 

I 

Su3 - C e t 2-1 

o c a t  i. on 
? r e f .  ) 

I wat e 

- 
Oi ta 

Aki2a 

%yagi  

Giza 

22,030 

11,000 

10,000 
(7,503) 

25, COO 
(12,5CO! 

50, 000 
(23,200) 

n e ,  000 
(76,000)f 

50, COO 

53, coo 

1c3, coo S ub - t o t a1 

- 
S t a r t i r g  
07 era. t L c n 

1?67? Oct . 

1974, June 

- 

-q actual da+a) 

1977. Dec . 
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Geothermal Resources and Development i n  Japan  

A t  p r e s e n t ,  f i v e  geothermal power s t a t i o n s  are be ing  o p e r a t e d ,  
and ano the r  two s t a t i o n s  are under c o n s t r u c t i o n ,  as shown i n  Table  3 .  
An organized  b a s i c  i n v e s t i g a t i o n  f o r  geothermal r e s o u r c e s  w a s  s t a r t e d  
i n  t h e  f i s c a l  yea r  of 1973 by t h e  Geologica l  Survey of Japan. 

Japan  i s  set on p a r t s  of a v o l c a n i c  b e l t ;  t h a t  i s ,  t h e  v o l c a n i c  
r anges  of Chishima, Nasu, Chokai, F u j i ,  Norikura,  Hakusan, Ki r i sh ima 
and so  on. Hot s p r i n g s  occur r ing  i n  t h e  v i c i n i t y  of t h e s e  volcanoes  
have been used f o r  ba th ing .  According t o  a r e p o r t  (1975) by t h e  
Geologica l  Survey of Japan ,  t h e r e  are 111 s i tes  of steam fumaroles ,  
b o i l i n g  s p r i n g s  and h o t  s p r i n g s  having tempera tures  more than  90°C, 
a l though i n  t o t a l  t h e r e  are about 1,500 h o t  s p r i n g  r e s o r t s  i n  Japan. 
P r o s p e c t i v e  si tes f o r  geothermal energy development u s u a l l y  l i e  around 
t h e  h o t  s p r i n g  zones of vo lcanoes .  A s  p a r t  of t h e  long-term new 
energy r e s e a r c h  and development program named "Sunshine P r o j e c t " ,  
t h e  Geo log ica l  Survey of Japan  picked up t h e  t h i r t y  h igh  p o t e n t i a l i t y  
geothermal f i e l d s  (F ig .  1 )  c h a r a c t e r i z e d  by conspicuous geothermal 
anomal ies ,  p a r t i c u l a r l y  fumaroles and h o t  s p r i n g s  of tempera ture  
above 90°C. 

Geophysical Well Logging i n  Geothermal Wells 

The purpose of geothermal w e l l  logging  d i f f e r s  from t h a t  of 
o i l  o r  g a s  w e l l s  i n  some r e s p e c t s .  
d r i l l e d  i n  h o t t e r  and ha rde r  fo rma t ions ,  which o f t e n  are f r a c t u r e d .  
T h i s  combination of h igh  tempera tures  and hard format ions  ( igneous  o r  
metamorphic, n o t  sedimentary format ions)  causes  some prsblems i n  
geothermal w e l l  logging .  

Geothermal w e l l s  are u s u a l l y  

I n  Japanese  geothermal energy development companies such  as t h e  
Japan  Metals h Chemicals Co., L t d . ,  g e o l o g i s t s  and r e s e r v o i r  eng inee r s  
have mainly conducted r e s e a r c h  i n t o  t h e  e v a l u a t i o n  of f r a c t u r e s  and 
geothermal r e s e r v o i r s  by e l e c t r i c  logging  (S.P. ,  r e s i s t i v i t y ) ,  
t empera ture  and p res su re  logg ing ,  c a l i p e r  logging and so on. 

Our governmental suppor t  f o r  geothermal w e l l  logging  may be 
grouped i n t o  two k inds .  F i r s t ,  t h e  Japan  Geothermal Energy Development 
Center i s  now i n v e s t i g a t i n g  geothermal p o t e n t i a l  and t h e  f e a s i b i l i t y  of 
i ts  development us ing  s u r f a c e  surveys  and bo r ing  w e l l s  (about '1,000 
meters depth)  under i n s t r u c t i o n s  from t h e  Power g e n e r a t i o n  s e c t i o n  and 
t h e  Geothermal r e s o u r c e s  development i n v e s t i g a t i o n  committee, which 
belong t o  t h e  M i n i s t r y  of I n t e r n a t i o n a l  Trade and I n d u s t r y .  The 
fo l lowing  geophys ica l  measurements i n  t h e s e  w e l l s  are a v a i l a b l e :  
t empera ture  logging ,  e l e c t r i c  logging  (S.P. ,  r e s i s t i v i t y ) ,  c o r e  
a n a l y s i s  ( rock  d e n s i t y ,  magnetic s u s c e p t i b i l i t y ,  a c o u s t i c  v e l o c i t y ,  
thermal  c o n d u c t i v i t y )  and so on. 

A second kind is  t h e  Geothermal Energy Research and Development 
program of "Sunshine P r o j e c t , "  planned by t h e  I n d u s t r i a l  Technology 
Agency. Inc luded  are t h e  fo l lowing  f o u r  R & D groups: 
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Figure 1. Locations of the 30 geothermal fields to be investigated by the Geological Survey of Japan. 
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(1) exploration, drilling and production, (2)  geothermal power 
generation and plant, ( 3 )  recovery of volcanic energy, energy from 
dry hot rock etc., (4) environmental problems, multiple utilization 
of steam and hot water etc. One of them is the R & D on well logging 
probes and devices with a view of geothermal energy development. 
In 1975, the study was initiated by our Borehole Measurement 
(geothermal well logging) Committee which consists of members from 
the Geological Survey of Japan, University of Tokyo, Geothermal 
Energy Research and Development Co. (secretariate), Japan Metals 
& Chemicals Co., Teikoku Oil Co., Japan Petroleum Exploration Co. 
and so on. 

A feasibility study and selection of well logging tools 
2 were conducted in early stagesof this study. These tools are usually 

designed for operation in an environment of 25OoC and 200 - 300 Kg/cm . 
The following equipment will be constructed and operated by the 
coming March. 

(1) Testing Vessel 
(2)  Downhole Flowmeter for hot water (continuous recording 

( 3 )  Acoustic Velocity Logging device measuring the compressional 

(4) Bore Hole Television Camera 
(5) 

type) 

wave and shear wave simultaneously 

Temperature Logging and Pressure Logging devices. 

These hot spring zones have peculiar landscapes such as volcanic 
valleys and have often been designated as national parks or quasi- 
national parks. Geothermal development within the area of a national 
park needs prior permission of the Director of Environment Agency. 
The Governor's permission would not be easily obtained. 
in view of the very high dependence of Japan's energy supply on 
foreign resources, the development of the domestic geothermal 
energy resources should be promoted as a national policy. 

However, 

References 

1. Seiichi Hirakawa and Shigero Kusano, "Japan's Energy Policy 
and Role of LNG", 5th International Conference on LNG, 
Session 1, (1977). 

2. Junji Suyama et al., "Assessment of Geothermal Resources of 
Japan", Geological Survey of Japan (1975). 

3 .  Tsutomu Inoue, "Present Status and Future Prospects of the 
Geothermal Energy Development in Japan'', 9th WEC, Division 3 
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TABLE 4. 

boaparison of f i e l d  data w i t h  calculated r e su l t s .  

Total Predicted Pressure Drop Percent 

( t /h r )  
Flow Regiae q ,pgrkm2j A p, Difference Test Mass Rate 

T-205-1 

T -2 05 -2 

T-205-3 
T -205 -4 
c-1-1 
c -1-2 

c-1-3 
c-2-1 
c-2-2 
c-2-3 

32.5 
39.7 
47.3 
54.9 
78.1 

147 5 
198.6 
127.5 
209.9 
229.0 

F=Froth, BxBubble, 

39.2 
36.7 
33.0 
30.5 
62.82 
52 . 06 
44.52 
56-05 
50.65 
48.65 

38.8 
37.3 
30.8 
26.9 

52 . 81 

58.02 

59.13 

47 72 

53 02 
48.7a 

- 1.0 
1.6 - 6.7 

-n08 
- 3.9 
1.4 
7.1 
3.5 
4.8 
0.2 

(&Pc-APJ 
Percent Difference = x 100 

TABLE 5 .  

Well Data from Takinoue, Jap1(1975-6). 
Reference Cased Steam Water Wellhead Wellhead 

Test Well Depth Depth Rate Rate Pressure Quality 
(d (m) (t/hr) (t/hr) (kscd 

T-205-1 
T-205-2 
T-2053 
T-205-4 
c-1-1 
c-1-2 
C-1-3 
c-2-1 
c-2-2 
C-2-3 

700 
700 
706 
700 
950 
950 
950 
WO 
880 
860 

500 1.9 
500 3*3 
500 5.2 
500 7.7 
752 6.5 
752 14.8 
752 17.9 
829 6.9 
829 21.4 
829 26.8 

~~ 

30.6 

42.1 

71.6 

180.7 
120.6 
168.5 
202.2 

36.4 

47.2 

132.7 

12.7 
10.6 
.9 .a 
8.0 

10.9 
10.2 
9.3 

13 - 98 
1’11.98 
13 . 22 

0.058 

0.110 
0.140 
0.083 
0.100 
0.090 
0.054 
0,102 
0.117 

0.083 
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ANALYSIS OF GEOTHERMAL WELL LOGS* 

bY 
Sub i r  K. Sanyal  

S t an fo rd  U n i v e r s i t y  
S tan fo rd ,  CA 94305 

INTRODUCTION 

I n  t h e  pe t ro leum i n d u s t r y ,  w e l l  logging  is  a well-developed 
d i s c i p l i n e  t h a t  h a s  matured ove r  a f i f t y - y e a r  pe r iod ,  
t h i s ,  geothermal  w e l l  l ogg ing  i s  a v e r y  new f f e l d  of a c t i v i t y .  

Compared t o  

The c u r r e n t  p r a c t i c e  i s  t o  use t h e  same logging  equipment and t h e  
same l o g  i n t e r p r e t a t i o n  t echn iques  f o r  geothermal  w e l l s  as  had been used 
f o r  pe t ro leum w e l l s ,  However, t h i s  approach h a s  proven e i t h e r  inadequate  
o r  i n e f f e c t i v e  i n  most geothermal  areas, 
types :  
(2) t hose  connected w2th l o g  i n t e r p r e t a t i o n  t echn iques ,  Temperatures 
encountered i n  geothermal  w e l l s  are normal ly  h i g h e r  ( g r e a t e r  t han  175 'C 
o r  350'F) t h a n  t h o s e  i n  pe t ro leum w e l l s .  In many geothermal  wells, some 
of t h e  s t anda rd  w e l l  l o g s  cannot  be  run  due t o  t h e  w e l l  t empera tu res  
be ing  h i g h e r  t h a n  t h e  maximum tempera tu re  f o r  which t h o s e  logging  t o o l s  
are des igned .  Lack of f i n a n c i a l  i n c e n t l y e  h a s  so  f a r  d i scouraged  l a r g e  
inves tmen t s  by logg ing  service companies i n  deve loping  new logging  
i n s t r u m e n t a t i o n  o r  i n t e r p r e t a t i o n  t echn iques  f o r  geothermal  w e l l s ,  
Department of Energy ( former ly  U.S. ERDA) h a s  e s t a b l i s h e d  a new geothermal  
logging  hardware development program a t  t h e  Sandia  L a b o r a t o r l e s  i n  New 
Mexico. The U.S. Geo log ica l  Survey a l s o  h a s  a s i m i l a r  program of hardware 
development f o r  geothermal  logging .  These programs have progressed  w e l l  
and t h e r e  is  a s t r o n g  hope t h a t  most of t h e  hardware- re la ted  problems of 
l ogg ing  geothermal  w e l l s  w i l l  be r e s o l v e d  over  t h e  nex t  few yea r s .  
and Meidav (1977) have d i s c u s s e d  t h e  d i f f e r e n c e s  i n  t h e  o b j e c t i v e s  of 
w e l l  l ogg ing  in t h e  geothermal  r e s e r v o i r s  from t h o s e  i n  t h e  pe t ro leum 
reservoirs, and t h e i r  i m p l i c a t i o n s  on the  s t a t e -o f - the -a r t  of geothermal 
w e l l  logging .  These a u t h o r s  have a l s o  d i scussed  t h e  problems a s s o c i a t e d  
w i t h  t h e  logg ing  o p e r a t i o n ,  log q u a l l t y  problems and log i n t e r p r e t a t i o n  
problems i n  t h e  geothermal  i n d u s t r y .  
i n t e r p r e t a t i o n  a s p e c t s  on ly .  

The problems h e r e  are of two 
(1) t h o s e  a s s o c i a t e d  w i t h  logging  equipment and o p e r a t i o n ,  and 

U.S. 

Sanyal  

Th i s  paper  focuses  on t h e  l o g  

PROBLEMS I N  ANALYSIS OF GEOTHERMAL LOGS 

The e x i s t i n g  t echn iques  of i n t e r p r e t a t i o n  of w e l l  l o g s  i n  t h e  ge- 
othermal  i n d u s t r y  are inadequa te  o r  i n e f f e c t i v e  in many w e l l s ,  
of t h e  r easons  are as fo l lows :  

Some 

*Summary of t h e  paper  p re sen ted  a t  t h e  Thi rd  Annual S tanford  Geothermal 
Program Workshop on Geothermal Rese rvof r  Engineer ing ,  Dec. 14-16, 1977. 
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(1) For an  a c c u r a t e  formation e v a l u a t i o n ,  one needs a " su i t e "  
of w e l l  l ogs .  
equipment, a complete s u i t e  of l o g s  i s  no t  a v a i l a b l e  from many 
geothermal w e l l s .  

Because of t h e  tempera ture  l i m i t a t i o n  of logging 

(2) I n  many geothermal w e l l s ,  l o g s  are run  f a s t e r  than  u s u a l  t o  
avoid undue thermal  s t r a i n  on t h e  equipment. This  reduces 
t h e  q u a l i t y  of t h e  l o g ,  making i n t e r p r e t a t i o n  less accura t e .  
This  rush  sometimes causes  o p e r a t i o n a l  problems. 

(3 )  Many concepts  and formulas  used i n  w e l l  l og  i n t e r p r e t a t i o n  have 
been developed over  t h e  l as t  fou r  decades from l a b o r a t o r y  
s tudy  of rock and f l u i d  samples a t  ambient condi t ions .  
now known t h a t  many p e t r o p h y s i c a l  p r o p e r t i e s  of r e s e r v o i r  
rocks  are a l t e r e d ,  r e v e r s i b l y  o r  i r r e v e r s i b l y ,  a t  e l eva ted  
tempera tures  and p r e s s u r e s  ( f o r  example, r e f e r  t o  Sanyal,  
e t  a l . ,  1972; Sanyal,  e t  a l . ,  1 9 7 4 ) .  However, s u f f i c i e n t  
experimental  d a t a  are l ack ing .  Thus, t h e  usua l  approach t o  
geothermal w e l l  l og  i n t e r p r e t a t i o n  may be f r augh t  w i t h  inac-  
c u r a c i e s .  

It i s  

( 4 )  W e l l  logging  exper ience  i n  t h e  petroleum i n d u s t r y  has  been 
confined t o  sedimentary format ions ,  wh i l e  geothermal w e l l s  may 
encounter  any rock  type  kedimentary,  igneous,  o r  metamorphi4 
o f t e n  sub jec t ed  t o  hydrothermal  a l t e r a t i o n .  Also,  l i t h o l o g y  
i n  a geothermal r e s e r v o i r  can v a r y  d r a s t i c a l l y  from l a y e r  
t o  l a y e r  o r  from w e l l  t o  w e l l ,  t h u s  compl ica t ing  l o g  i n t e r -  
p r e t a t i o n .  The responses  of t h e  logging  t o o l s  t o  such un- 
f a m i l i a r  l i t h o l o g i e s  are n o t  w e l l  known; c a l i b r a t i o n  d a t a  f o r  
such cases are l ack ing .  Since logging  t o o l s  w e r e  o r i g i n a l l y  
designed f o r  sedimentary format ions ,  us ing  them i n  igneous 
and metamorphic rocks  tend t o  g ive  poorer  q u a l i t y  l o g s .  

( 5 )  The es t ima t ion  of t h e  l o c a t i o n ,  o r i e n t a t i o n ,  and a p e r t u r e  
of f r a c t u r e s  i s  v e r y  important  i n  planning product ion  from 
many geothermal w e l l s .  
are less common, hence t h e  technology of e s t i m a t i n g  f r a c t u r e  
l o c a t i o n ,  o r i e n t a t i o n ,  and a p e r t u r e  i s  n o t  w e l l  developed i n  
t h e  petroleum indus t ry .  Also,  u n l i k e  most petroleum r e s e r v o i r s ,  
l a r g e  scale n a t u r a l  f r a c t u r e s  o r  f a u l t s  may be the primary flow 
condu i t s  in geothermal r e s e r v o i r s .  Current  logging technology 
i s  inadequate  t o  d e l i n e a t e  such l a r g e  scale f r a c t u r e s .  

N a t u r a l l y  f r a c t u r e d  petroleum r e s e r v o i r s  

(6) Pe rmeab i l i t y  i s  a most important  p rope r ty  f o r  bo th  petroleum 
and geothermal r e s e r v o i r s .  No widely used w e l l  l o g  e x i s t s  
t h a t  can measure i n - s i t u  pe rmeab i l i t y  of a r e s e r v o i r .  I n  
t h e  petroleum i n d u s t r y ,  pe rmeab i l i t y  i s  e i t h e r  measured from 
c o r e  samples of rocks  taken  from t h e  w e l l  o r  e s t ima ted  from 
w e l l  test  d a t a .  For d e t a i l e d  formation e v a l u a t i o n ,  pe rmeab i l i t y  
i s  es t imated  from log-derived p o r o s i t y  v a l u e s  by us ing  a s u i t a -  
b le  empi r i ca l  c o r r e l a t i o n ,  which i s  developed f o r  each  petroleum 
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f i e l d  from c o r e  a n a l y s i s  d a t a .  S u f f i c i e n t  d a t a  a r e  n o t  y e t  
a v a i l a b l e  t o  develop such e m p i r i c a l  c o r r e l a t i o n s  f o r  most 
geothermal f i e l d s .  Moreover, p resence  of f r a c t u r e s  i n  a 
geothermal reservoir can d r a s t i c a l l y  i n c r e a s e  t h e  pe rmeab i l i t y  
around a w e l l  bore ,  whi le  s m a l l  c o r e  s a m p l e s  may n o t  r e f l e c t  
t h e  e x i s t e n c e  of such i n - s i t u  f r a c t u r e s .  I n  any case, c o r i n g  
of hard ,  igneous  and metamorphic format ions  is  more expensive 
than  c o r i n g  of sedimentary formations.  Hence, c o r e s  are 
u s u a l l y  no t  t aken  i n  geothermal w e l l s .  

( 7 )  Accurate  measurements of formation temperature  are no t  c r i t i c a l  
f o r  most petroleum w e l l s .  Hence, techniques  f o r  e s t ima t ing  
t h e  e q u i l i b r i u m  tempera ture  p r o f i l e  of t h e  formation from 
measured tempera ture  p r o f i l e s  are n o t  w e l l  known. 

(8) The composi t ion of t h e  formation w a t e r  i s  a c r i t i c a l  p a r a m e t e r  
in t h e  geothermal  i n d u s t r y ,  whi le  i n  t h e  petroleum i n d u s t r y  i t  
i s  u s u a l l y  no t .  Hence, t h e  techniques  f o r  p r e d i c t i o n  of forma- 
t i o n  water q u a l i t y  from w e l l  l o g s  are n o t  s o p h i s t i c a t e d .  

(9)  Perhaps t h e  most important  log-derived parameter i n  t h e  petroleum 
i n d u s t r y  i s  t h e  hydrocarbon s a t u r a t i o n  i n  t h e  r e s e r v o i r .  A major 
p a r t  of t h e  r e s e a r c h  and development i n  w e l l  l og  i n t e r p r e t a t i o n  
techniques  h a s  h i s t o r i c a l l y  been devoted t o  d e t e c t i n g  and esti-  
mating hydrocarbon s a t u r a t i o n .  I n  geothermal w e l l s  t h e r e  i s  
no hydrocarbon s a t u r a t i o n ,  hence,  many of t h e  c l a s s i c a l  develop- 
ments are n o t  u s e f u l  t o  t h e  geothermal log  a n a l y s t .  

(10) Only a l i m i t e d  number of geothermal f i e l d s  has  been developed 
t o  d a t e .  A l a r g e  enough d a t a  base ,  and consequent ly ,  u s e f u l  
empi r i ca l  c o r r e l a t i o n s  of rock and f l u i d  p r o p e r t i e s ,  do n o t  
e x i s t  i n  t h e  geothermal  indus t ry .  

(11) A geothermal r e s e r v o i r  i s  u s u a l l y  more complicated i n  geometry 
and f low behavior  t han  i t s  petroleum coun te rpa r t .  For t h i s  
reason ,  it i s  d e s i r a b l e  and o f t e n  impera t ive  to c o r r e l a t e  t h e  
w e l l  l o g  d a t a  w i t h  s u r f a c e  geophys ica l  and geochemical measure- 
ments. This  a s p e c t  has  n o t  been as important  i n  t h e  petroleum 
indus t ry .  

Besides t h e  above-mentioned problems, geothermal  w e l l  l ogs  d i s p l a y  
a myriad of l o g  q u a l i t y  problems, many of which are a l s o  found i n  t h e  
petroleum i n d u s t r y  and most can be r e c t i f i e d .  This  p r e s e n t a t i o n  inc ludes  
a number of examples of t h e s e  problems and t h e i r  s o l u t i o n s ,  where poss ib l e .  

CONCLUSIONS 

Analysis  of geothermal w e l l  l o g s  is  f r augh t  w i t h  problems. However, 

However, t h i s  is  n o t  assured .  
wi th  proper  care, exper ience  and a s y n e r g i s t i c  approach one may o b t a i n  
an e f f e c t i v e  a n a l y s i s  of geothermal l ogs .  
There i s  an urgent  need f o r  f u r t h e r  r e s e a r c h  t o  improve t h e  s t a t e -o f -  
t h e  a r t  of geothermal w e l l  l og  a n a l y s i s .  
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DECLINE CURVE ANALYSIS I N  
GEOTHERMAL RESERVOIRS 

E l l i o t  J .  Zais 
E l l i o t  Zais & Associa tes  

320 Quarry  Road 
Albany O R ,  97321 

Decline curves  a r e  among t h e  o l d e s t  and m o s t  
commonly used t o o l s  i n  ana lyz ing  petroleum prod- 
u c t i o n .  Arps 's  (1,2) a n a l y s i s  i s  t h e  b a s i s  f o r  
numerous methods c u r r e n t l y  i n  use  f r o m  hand c a l c u l -  
a t i o n s  t o  computer s t u d i e s .  The s u c c e s s f u l  adap- 
t a t i o n  t o  geothermal problems o f  p re s su re  t e s t i n g  
methods devel-oped i n  t h e  petroleum and ground wa te r  
f i e l d s  sugges t s  t h a t  d e c l i n e  curve a n a l y s i s  should 
be looked a t  more c l o s e l y .  Rivera  ( 1 2 )  presented 
a paper  a t  t h e  1977 GRC conference i n  which he 
analyzed 3 w e l l s  f r o m  Cerro P r i e t o  and found f i t s  
t o  Arps 's  hype rbo l i c ,  harmonic, and exponen t i a l  
models. A qu ick  check us ing  Gent ry ' s  ( 6 )  method 
confirms h i s  obse rva t ions .  A t e s t  of  some Wairak- 
e i  d a t a  i n d i c a t e s  exponen t i a l  d e c l i n e .  A d e t a i l e d  
comparison o f  a l l  t h e  a v a i l a b l e  methods w a s  s eve r -  
ely'hampered by a l a c k  of  good f i e l d  d a t a .  The 
methods have a l l  been thoroughly v e r i f i e d  on o i l  
and gas f i e l d s ,  bu t  l i t t l e  has y e t  been publ ished 
on t h e i r  use i n  geothermal r e s e r v o i r  eng inee r ing .  

Steam f i e l d s  can o f t e n  be t r e a t e d  as n a t u r a l  
gas f i e l d s  s o  n a t u r a l  gas methods can be a p p l i e d .  
Ramey ( 1 0 )  i n  h i s  Petroleum Engineer ing  269 video- 
t a p e  course a t  S tanford  and 3righam and Morrow (3 )  
d i s c u s s  t h e  use  of  P/z v s .  cumulative product ion  
p l o t s .  Ramey (10 )  publ ished such a p l o t  for The 
Geysers which shows a smooth l i n e a r  d e c l i n e .  

Most d e c l i n e  curve methods have been t e s t e d  
w i t h  o i l  w e l l s  and f i e l d s  bu t  R u s s e l l  e t  a1 (13) 
suggested t h a t  "under s t a b l i z e d  f l o w  c o n d i t i o n s ,  
t h e  product ion  r a t e  d e c l i n e  ( i n  gas f i e l d s )  is  
hype rbo l i c  du r ing  t h e  cons%ant p re s su re  per iod  . . .  
The l i m i t  o f  a p p l i c a t i o n  f o r  t h e  hype rbo l i c  r a t e  
d e c l i n e  is be l ieved  t o  be a f u n c t i o n  of t h e  var-  
i a t i o n  of  gas p r o p e r t i e s  wi th  p r e s s u r e . "  
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In 1.961 Guerrero (7,8) published some easy 
to follow "recipes" for analytic and graphical 
solutions to decline curve problems. The analytic 
method is simple enough to program on a good hand 
held calculator. The Wairakei data were checked 
with this method and found again to be exponential. 
Slider (15) developed a type curve approach to 
hyperbolic decline curve analysis and published it 
in 1968. In 1969 Ramsay and Guerrero (11) reported 
on Ramsay's MS work and concluded that "1. There 
is a more frequent occurrence of the hyperbolic and 
harmonic types of decline curves than has been 
previously indicated in the literature. 2. The 
ideal application of decline curves should employ 
the hyperbolic decline curve in the full range of 
Otbel and should include the linear exponential and 
reciprocal rate (harmonic) decline curves as spec- 
ial cases at the extremities of the range of b." 

The above methods work well with reasonably 
smooth data but might present a problem with scatt- 
ered data. Then some method such as Least Squares 
could be used to put a best curve through the 
data. Locke, Schrider, and Romeo (9), Schrider and 
Cerullo (14), and Cerullo and Romeo (4) have dev- 
eloped linear and non-linear Least Squares programs 
in FORTRAN and have warned against the careless 
analysis of decline curves. If Arps's hyperbolic 
equation is analyzed using linear Least Squares 
methods, the solution minimizes the squared 
residuals of the logarithms of the production rates 
rather than the squared residuals of the production 
rates. This can lead to large residuals in 
production rate and large errors in reserve calcul- 
ations. Scarborough's non-linear &east Squares 
method eliminates the problem by fitting the data 
directly. A good initial approximation is needed, 
but this can be gotten from the linear Least Squares 
method. 

In 1972 Gentry (6) published 2 figures for 
solving all kinds of decline curve problems. All 
of the equations used to describe decline are s o l -  
utions of the differential equation 

Given the initial production rate qi, rate at time 
t, q, and cumulative production Q at time t, the 
decline exponent n and the decline rate D can be 
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found quike easily. 
data were checked with this method. The Wairakei 
data still appear to be exponential and the Cerro 
Prieto data are as reported by Rivera. 

The Wairakei and Cerro Prieto 

Fetkovich (5) recently presented a method 
using log-log type curve analysis in an analogous 
way to pressure transient methods. I was able to 
match some data from the central part of the Larde- 
rello field fairly well with the small type curve 
in the paper. The data were hand digitized from a 
small ungridded graph so it would be imprudent to 
try making any calculations from this rough a match. 

Assessment of reserves is one of a reservoir 
engineer's main tasks, and the above methods should 
prove to be of great utility in the geothermal field. 
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PREDICTION OF FINAL TEMPERATURE 

Gary  W. Crosby 

P.O. Box 752 
D e l  Mar, CA 92014 

Phi l l ips  Petroleum Company 

The engineering necessity of achieving maximum cooling of the 
borehole during d r i l l i n g  and logging operations on geothermal wells 
prohibits the  determination of  equilibrium temperature i n  the sub 
surface before v i r t u a l  rebound from the d r i l l i ng  disturbance some 
months a f t e r  operations cease. Clearly, substantial  economic bene- 
f i ts  would accrue, i n  many cases, i f  a reasonable prediction of 
equilibrium temperature can be made while the r i g  is  s t i l l  over the 
borehole. 
tures  are  known t o  be present i n  the  reservoir. 
the  well is  t o  be completed depends on i ts  anticipated uses i n  the 
future. 
d r i l l i n g  of a confirmation well. 

Certain flow t e s t s  are desirable when commercial tempera- 
The manner in which 

Before the  r i g  i s  released a decision must be made as t o  the  

Several methods have been worked out t o  predict equilibrium 
temperatures; a l l  are based on (1) rebound following the  physical law 
of logarithmic decay, and (2) rebound being by conductive processes. 
Perha s the  most sophisticated method is one worked out by Albright 
(19'757; unfortunately, the  amount of data required t o  apply the  method 
is  not generated i n  the  course of normal dkill ing operations. 
temperature rebound fo l lows  the  same logarithmic decay law as does 
pressure buildup following a reservoir f low t e s t ,  a Homer plot is 
suggested as a graphical method of predicting equilibrium temperature, 
and the  Homer plot  is  a commonly used device. 
expression i n  several  forms i s  given as the  Lachenbruch-Brewer equa- 
t ions  (1959, p. '79) which are applied herein. 

Since 

Its mathematical 

The purpose of t h i s  br ief  report is t o  provide an abbreviated 
explanation of the  physical principles of temperature rebound and 
provide a convenient plot t ing method similar t o  the  Homer plot in 
order t o  standardize temperature prediction in Geothermal Operations. 
It has Lhe fur ther  purpose of outlining methods t o  determine an approxi- 
mate thermal conductivity value f o r  reservoir rocks and rebound times 
a f t e r  d r i l l i n g  from the  nature of the  rebound curve. 

W i n g  the  drilling of geothermal wells the drilling f lu ids  serve 
the  additional purpose of cooling the  rocks adjacent t o  the  bore i n  
order t o  prolong the  l i f e  of b i t s  and d r i l l  s t r ing,  and t o  control 
potentidl  blowouts. 
variations of t he  mud on the surface and with depth as the  wallrock 
temperature changes. 

The temperature of t he  f lu id  changes with cooling 
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Fluids moving i n  o r  out of the borehole v ia  fractures t ransfer  
heat by nonconductive processes; and, i f  such f l u i d  movements involve 
large volumes at  o r  near the  depth where equilibrium temperature i s  t o  
be predicted, the  conductive methods t rea ted  here are not applicable. 
If t h e  w e l l  tries t o  produce, however, a r e l a t i v e l y  s k o r t  f low test  makes 
possible an approximate deterrmnation of reservoir temperature. 

Line Source Solution 

The well bore closely approximates a l i n e  source heat sink during 
All subsequent temperature measurements are made d r i l l i n g  operations. 

on t h i s  l ine ,  usually during multiple log runs. 

Assuming the  rock intersected by the  bore i s  homogeneous, heat 
(cooling) of strength Q, applied instantaneously along the  axial l i n e  
a t  time t = to, produces rebound according to: 

I -'$ - 
Tf - Tn - 4wK tn- to trip to 

where Tf is  f i n a l  equilibrium temperature, Tn i s  temperature measured 
at  some time a f t e r  to, and K is  thermal conductivity. 
time since the  d r i l l  b i t  first reached the  depth in question. 

The quantity t is  

But cooling a t  a given depth is  applied not instantaneously but 
over a period of time, usually irregularly.  Rebound is  obtained by 

where q ( t )  i s  a continuous source i n  Units of heat per unit time per 
unit  depth and s i s  the  time elapsed since the  b i t  reached the  depth i n  
question t o  the  time d r i l l i n g  (circulation) ceased. Ordinarily s, like 
t, is  different  f o r  each depth. 

If q ( t )  i s  a constant, o r  is  averaged and applied during time s, 
tha t  is, q ( t )  = cs, then the  solution of the  in tegra l  is 

t ? S  
n 0 t 

-gs - 
Tf - Tn - 4nK tn- s 

Graphical solution 

The last equation forms the  basis f o r  the  graphical solution of 
final temperature (Fig. 1); it was solved repeatedly t o  produce the  
graph. In practice the  Tn's, Ti, Tg, T3**0*r are  plotted against the 
log term, t o  graphically solve f o r  t e f inal  temperature, Tf. 
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After the first maximum borehole temperature, T i  i s  obtained, from 
the  first logging run, a convenient temperature value is  chosen and 
labeled on the  bottom l ine.  This value, in general, i s  a multiple of 
t en  next below T i .  After t h i s  datum value is  chosen, the  ordinate i s  
labeled a t  the  same scale as the  upper par t  of the  graph. 
t u re  i s  plotted against In t d t n  - s as it becomes available with each 

Each tempera- 

logging run. 

The last too l  t o  go i n t o  the  hole is  ordinarily a continuous tem- 
This run provides an opportunity t o  determine the  depth perature log. 

of the maximum temperature, which is  not always a t  T.D. The same m a x i -  
mum reading thermometers, clamped i n  turn  onto the  Schlumberger logging 
l ine ,  should be placed onto the  wire l i n e  of the temperature sonde i n  
order t o  check the  correlation between the  two tools.  The maximum read- 
ing thermometers, usually two o r  three run simultaneously, should be 
clamped onto the  Agnew and Sweet wire l i n e  30 f t .  above the  bottom of  
the tool.  This is  the  approximate average height of the  thermometers 
above the base of the  Schlumberger sondes. 

After all the  temperatures are plotted, the  best f i t  s t ra ight  l i n e  
i s  passed through the  points. 
data obtained should be given more weight. 
term fluctualiions of temperature during d r i l l i n g  damp out ear ly  and the  
l a t e r  measurements be t t e r  follow the average heat sink temperatures 
assumed in construction of the  graph. 
plots,  and perhaps even some of the control points may plot i n t o  the  
upper par t  of the graph. 

When the f i t  i s  d i f f i cu l t ,  the  l a s t  few 
This is  because the  short 

The l i ne  projected through the  

This is  of no consequence. 

The intersect ion of the  line with the In t d t n -  s = 0 ordinate 
gives the  predicted final. temperature, Tf. 

t i n g  the  natural  logarithms, the  r a t i o  t/s, can be worked out by long- 
hand and plot ted using the  logarithmic scale across the  top of the  graph. 
Plot t ing with a logarithmic scale is a l i t t l e  l e s s  accurate, however. 

The graph i s  d e s i s e d  f o r  two fur ther  operations. 

I n  the  event tables  o r  a calculator are not available f o r  calcula- 

With a para l le l  
ru l e r  t he  best f i t  l i n e  is  moved i n t o  the  upper par t  of graph t o  the  
posit ion a t  which it passes through the  "origin" of the family of g u i d e  
l i nes ,  at  the l e f t  side of the graph. The interpolated value of the  
guideline tha t  coincides with the  plotted line is  then determined. This 
guideline value is  the  ra t io ,  @/K, in equation (3). If e i the r  value 
of the  quotient i s  known, the  other can be determined. This a lso  can 
be solved graphically with the  s m a l l  graph in  the  upper r ight  corner. 

No convenient method f o r  determining ?j.s 
Knowledge of the  term 5s is of no par t icular  i n t r in s i c  value, but 

thermal conductivity, K, is. 
can be outlined at  t h i s  t h e ;  however, t he  duration of the  disturbance, 
s, i s  known and it is  possible tha t  5 can be estimated empirically from 
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f l o w l i n e  temperatures o r  some other indicator, but fur ther  work t o  
demonstrate t h i s  is required. 
t i o n  will a id  in interpret ing other temperature data on the prospect 
and will make possible a calculation of rebound time. 

When K can be determined, the  infoma- 

Two dashed lines pass through the  larger  graph, one labeled 5' 
and the other 10. These l ines  indicate the  times when the  well has 
rebounded t o  within 5 O C  and l 0 C  respectively of the  final equilibrium 
temperature. These specif ic  rebound times can be determined by pick- 
ing the  In tlJtn- s value where the  plotted line intersects  the  5' o r  
10 line, whichever is of in te res t ,  say the  5 O  l ine .  With t h i s  In tn/ 
tn- s value, enter  t he  graph in the  lower r ight  corner through the  
bottom scale m d  move ve r t i ca l ly  up t o  intersect ion with the apprw 
pr ia te  s l ine ,  t he  duration of the temperature disturbance. Moving 
t o  the  l e f t  scale  gives the  rebound time, t - s, i n  hours, and moving 
t o  the  r ight  scale gives t - s in days. 

Knowledge of rebound time t o  temperatures within 5' and 1' of 
complete rebound is helprul i n  planning followup temperature surveys. 
Without t h i s  knowledge more surveys may be run than are  necessary, 
and each cost between $1000 and $2000. 

Example 

Roosevelt Hot Springs #9 - 1 data from Utah are  tabulated and 
plotted in figure 2 t o  i l l u s t r a t e  the  method. The d r i l l i ng  his tory 
indicates t ha t  the  duration of circulation, s, a t  a depth of 1518 m., 
p r ior  t o  taking temperature measurements, was 15 hours, dis t r ibuted 
in d r i l l i ng ,  coring and well conditioning. The s c a t t e r  about t he  
best f i t  s t ra ight  l ine is  not large,  and probably re f lec ts ,  i n  the  
main, s m a l l  inaccuracies in time and temperature measurements. 

The l i n e  projects t o  1 8 6 . 3 O C  at  In tdtn- s = 0. After t he  
logging runs t ha t  produced these temperature readings, Well #9 - 1 
was deepened t o  2096 m., reaching t h i s  T.D. on April 8, 1975. 
mately three months l a t e r ,  on July 14, 19'75, a continuous temperature 
log was  run t o  T.D. This log shows a temperature of 192.8OC a t  depth 
1518 m. 
below steady s t a t e  equilibrium temperature by a minimum of 6.5'~. 

Approxi- 

Thus, t h i s  prediction scheme predicted a f i n a l  temperature 

Moving the  best f i t  l i n e  in to  the upper par t  of the  diagram, 
using para l le l  rulers ,  t o  the  posit ion a t  which it passes through 
the  "originff of the  family of curves, the  interpolated value for  
Gs/K is  508. Making use of the diagram in the  upper r ight  corner, 
the  quantity qs is  508 when K = 1, 254 when K = 2, 169 when K = 3 ,  
and SO on. The units of are calories per u n i t  depth per second 
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3 times 3.6 X 10 . 
t h i s  depth averaged 50°C, but they are  unknown during circulation t o  
condition the  hole. 
of temperature measurements; namely, in the in te rva l  1524-1525.5m. 
Thermal conductivity measurements on recovered granodiorite produced 
a K value of 4.77. 
strained a t  107. 
may be possible t o  determine a reasonable value fo r  thermal conducti- 
v i t y  by estimating 

Flow l i n e  temperature during d r i l l i n g  and coring a t  

A core was obtained a few feet  below the point 

In t h i s  case, where K and s are known, 5 i s  r e  
When enough data of these ty-pes are available, it 

through flow l i n e  temperatures. 

It is important t o  know how far from complete rebound the well 
was on July 14, 97 days a f t e r  circulation ceased, when the  l a s t  tempera- 
tu res  were measured. 
t h i s  case because the  well was deepened a f t e r  the temperature measure- 
ments were made, and thus s changed. 
complete the  example, however, the  best f i t  l ine ,  with Ys/K = 508, 
intersects  the  5' ald 1' dashed l b e s  a t  In t./tQ- s = .13, and = .03, 
respectively. Ehtering the  graph i n  the lower r ight  corner with these 
values the  w e l l  was within 5 C of final temperature i n  about 5 days, 
and within 1' i n  about 22 days. Thus, the  temperature on the run of  
July 14 was probably l e s s  than l 0 C  from equilibrium. 

The best answer can only be an approximation i n  

Using the data available t o  
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1 1 .  Dykstr:i* and R .  1 1 .  AJ;ims** 

I STllODUCT I OS 

Flow tes ts  and p r e s s u r c  measurcmcnts were made on a grolip of  f i v e  w e l l s  
i n  t h e  Slomotombo gcothcrmal  r c s e r v o i r ,  S i c a r a g u a .  The pul-posc o f  thcsc t c s t s  
was t o  e v a l u a t e  the h o t  water r e s e n ’ o i r ,  t o  d e t e r m i n e  we l l  i n t e r f e r e n c e  e f f e c t s ,  
t o  d e t e r m i n e  r e s e r v o i r  boundary c o n d i t i o n s  and t o  o b t a i n  mass flow rates  and 
e n t h a l p y .  

S t a t i c  bottom h o l e  p r e s s u r e s  were measurcd on t h r e e  w e l l s  m J  bottom h o l e  
f lowing  p r e s s u r e s  rind s h u t - i n  
wells. A f lewlet t -Packard quart; :  c r y s t a l  p r e s s u r e  gauge was used i n  connect  ion  
w i t h  3 S p e r r y  Sun expandable  chamber hung on s teel  c r i p i l l a r y  tubi: ig t o  measurc 
downhole p r e s s u r e .  

b u i l d u p  p r e s s u r e s  kccrc measured on one o f  thc 

Flow t e s t s  were made on a l l  f i v e  wells. Four w e l l s  were flowed th rough  
a h o r i z o n t i 1  d i s c h a r g e  p i p e .  
p i p e .  

One well was f lowc3 th rough  ;i v e r t i c a l  d i s c h a r g e  

GEOLOGY . 

The dominant f e a t u r e  i n  t h e  area i s  t h e  dormant v o l c a n o ,  Klomotombo. I t  
i s  t h e  h e a t  s o u r c e  f o r  t h e  geothermal  sys t em.  The a q u i f e r  f o r  t h e  system i s  
unknown b u t  is  p r o b a b l y  deep  s e a t e d  and l a r g e .  

The d e e p e s t  p e n e t r a t i o n  i n  t h e  f i e l d  h a s  been t o  7 , 3 8 3  fee t .  A t  t o t a l  

The a r e s  
d e p t h ,  t h e  f o r m a t i o n s  c o n t i n u e d  t o  be o l d e r  p y r o c l a s t i c s .  A n d e s i t i c - b a s a l t i c  
p y r o c l a s t i c  d e p o s i t s  and lavas p redomina te  th roughou t  t h e  column. 
o f  geothermal  development i s  p a r t  of  a much o l d e r  v o l c a n i c  s t r u c t u r e .  
s o u t h  c r o s s  s e c t i o n  th rough  t h e  f i e l d  shows c o r r e l a t i v e  f o r m a t i o n s  which a r e  
r e l a t i v e l y  f l a t  w i t h  minor d i p p i n g  t h a t  i n c r e a s e s  w i t h  d e p t h  t o  t h e  n o r t h  
toward t h e  c e n t e r  o f  t h e  vo lcano .  

The o c c u r r e n c e  o f  geothermal  f l u i d s  i s  n o t  a s s o c i a t e d  w i t h  a s t r u c t u r e  
o f  c l o s u r e .  S e e  F i g u r e  1. The c o n d u i t s  c o n t a i n i n g  geothermal  f l u i d s  a re  a 
s e r i e s  o f  northwest/southeast-trending f a u l t s  which connec t  t h e  developed 3ren 
t o  t h e  a q u i f e r .  
o r  f a u l t e d  zone. The o c c u r r e n c e  o f  a f a u l t  c o n d u i t  i s  g e n e r a l l y  i n d i c a t e d  
d u r i n g  d r i l l i n g  by a p a r t i a l  o r  t o t a l  loss o f  d r i l l i n g  f l u i d .  
comple t ion  of  t h e  well, t h e s e  f a u l t e d  s e c t i o n s  can be  r ecogn ized  by 3narnalies 
of h i g h - t e m p e r a t u r e .  

.I\ n o r t h -  

These f a u l t s  a re  b e l i e v e d  t o  b e  numerous and t o  form a band, 

Subsequent  t o  

Fol lowing t h e  development o f  t h e  f i e l d ,  i n t e r f e r e n c e  t e s t s  here inad, whish 
s u g g e s t e d  some i n t e r f e r e n c e  between c e r t a i n  wel l s ,  l i t t l e  i n t e r f e r e n c e  betrieeri 

*Petroleum Eng inee r ing  C o n s u l t a n t ,  Concord, C a l i f o r n i a  94520 
* * C a l i f o r n i a  Energy Company S a n t a  Rosa, C a l i f o r n i a  95402 
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o t h e r  wel ls ,  and no i n t e r f e r e n c e  between o t h e r  w e l l s .  T h i s  s u g g e s t s  a se r ies  
of f a u l t  p l a n e s ,  o r  c o n d u i t s ,  wi th  p r e s s u r e  and f l u i d  connec t ion  i n  some 
i n s t a n c e s  and no c o n n e c t i o n  i n  o t h e r s .  I t  i s  b e l i e v e d  t h a t  a l l  f l u i d s  come 
from t h e  same a q u i f e r  bu t  t r a v e l  by d i f f e r c n t  p a t h s .  Bccausc o f  t h i s  common 
o r i g i n ,  t h e  r e s e r v o i r  a p p e a r s  t o  have a c o m o n  v a p o r - f l u i d  i n t e r f a c e ,  o r  f l a s h  
p o i n t ,  recognized  i n  MI'-3 and blT-12 a s  be ing  in  t h e  i n t e r v a l  twtriecn 748 fee t  
and 796 feet  subsea .  

The e f fec ts  o f  r a i n f a l l  on bot tom-hole  p r e s s u r e s  a r e  a l s o  p e r t i n e n t  t o  
t h e  geology o f  t h i s  area. T h i s  phenomenon was apparent  fo l lowing  r a i n f a l l  
from J u n e  1 through J u n e  3 ,  1977, and s u g g e s t s  an "open" r e s e r v o i r  wi thout  
s t r u c t u r a l  c l o s u r e .  The c l o s u r e  f o r  t h e  system becomes t h e  c o o l e d ,  h y d r o s t a t i c -  
f l u i d  column a t  d i s t a n c e  from t h e  h e a t  mass. 

STATIC PRESSURES 

S t a t i c  bot tom-hole  p r e s s u r e s  f o r  MT-2 and MT-3 a r e  shown i n  F i g u r e s  2 
and 3 r e s p e c t i v e l y .  As can  b e  seen  t h e  p r e s s u r e s  show Cons iderable  f l u c t u -  
a t i o n  w i t h i n  any 24 hour  p e r i o d  as well a s  from day t o  day w i t h  blT-2 showing 
c o n s i d e r a b l y  g r e a t e r  f l u c t u a t i o n  t h a n  KIT-3. 

The r e a s o n  f o r  t h e  d i f f e r e n c e  i n  behavior  i s  t h a t  t h e  w e l l b o r e  o f  bff-2 
i s  f i l l e d  w i t h  l i q u i d  t o  t h e  s u r f a c e  whereas t h e  w e l l b o r e  o f  MT-3 c o n t a i n s  
steam t o  a d e p t h  t h a t  i s  below t h e  p r e s s u r e  s e n s i n g  d e v i c e .  
c o n s i d e r e d  a "hard" well;  t h a t  i s ,  t h e  f l u i d  i n  t h e  w e l l b o r e  h a s  a low 
c o m p r e s s i b i l i t y  so t h a t  p r e s s u r e  p u l s e s  can be t r a n s m i t t e d  i n t o  t h e  wel lbore  
w i t h  a n e g l i g i b l e  q u a n t i t y  of  f l u i d  moving i n t o  t h e  w e l l b o r e .  
hand, MT-3 can b e  c o n s i d e r e d  a " s o f t "  well; t h a t  i s ,  t h e  f l u i d  i n  t h e  w e l l b o r e  
h a s  a h i g h  c o m p r e s s i b i l i t y  so  t h a t  a c o n s i d e r a b l e  amount o f  f l u i d  would have 
t o  move i n t o  t h e  w e l l b o r e  i n  o r d e r  t o  i n c r e a s e  t h e  p r e s s u r e .  I n  e f f ec t ,  t h e  
steam i n  t h e  w e l l b o r e  acts  t o  dampen r a p i d  p r e s s u r e  changes.  

Thus MT-2 can be 

On t h e  o t h e r  

I n  o r d e r  t o  g e t  a b e t t e r  p i c t u r e  o f  p r e s s u r e  v e r s u s  time, a d a i l y  average  
p r e s s u r e  and i t s  s t a n d a r d  d e v i a t i o n  were c a l c u l a t e d  f o r  48 v a l u e s  a t  o n e - h a l f  
hour  i n t e r v a l s .  A p l o t  o f  t h e  d a i l y  a v e r a g e  p r e s s u r e  f o r  MT-2, MT-3, and MT-9 
p r i o r  t o  t h e  t i m e  t h e y  were p u t  on p r o d u c t i o n  i s  shown i n  F i g u r e  1. The 
s t a n d a r d  d e v i a t i o n  range  i s  p l o t t e d  as a v e r t i c a l  l i n e .  Here t h e  v a r i a t i o n  i n  
s t a n d a r d  d e v i a t i o n  can  b e  r e a d i l y  s e e n .  

The d a t e s  t h a t  VI'-9, MT-12, and MT-17 were opened i s  a l s o  shown. The 
p r e s s u r e  t r e n d  on MT-3 does n o t  i n d i c a t e  a n  i n t e r f e r e n c e  e f f e c t .  
a t i o n s  i n  p r e s s u r e  on MT-2 are such  t h a t  an  i n t e r f e r e n c e  e-ffect cannot  b e  
de te rmined .  The d i s t a n c e  between MT-2 and i t s  ' n e a r e s t  p roducer ,  !4T-12, i s  
610 fee t .  The d i s t a n c e  between MT-3 and i t s  n e a r e s t  p roducer ,  blT-9, i s  1040 f e e t .  

The f l u c t u -  

-i _.. 
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WE I,L FLOW CI1ARACTER I ST I CS 

For the four wells that were flowed through horizontal discharge pipes, 
wellhead pressures, upstream and downstream orifice pressures, and lip 
pressures were measured. For the well that flowed through a vertical discharge 
pipe only, wellhead and lip pressures were measured. ‘The method of  James (1962, 
1965) was used to calculate flow rates. 

Flow characteristics of MT-2 are shown in Figure 5. The well required a 
little less than two weeks to stabilize after which wellhead pressure, mass 
flow rate, and enthalpy remained essentially constant within the accuracy of 
the data. The wellhead pressure stabilized at 142 psi and the mass flow rate 
at 520 kph. The enthalpy stabilized at an average of 545 Btu/lb. This enthalpy 
is greater than that of water at a maximum temperature in this well and indicates 
flow of steam from the steam cap into the wellbore. 

The flow tests on the five wells indicate that from one to four weeks are 
required for the wells to stabilize. The stabilized rate averaged about one- 
half of the maximum flow rate exhibited in the first few hours of production. 
For MT-2, for example, the stabilized rate was almost exactly one-half the rate 
calculated from the data obtained shortly after the well was opened. 

The time that MT-9 was shut i n  i s  also shown i n  F i g u r e  5 .  Here, no e f f e c t  
can be seen on the wellhead pressure, for example, again indicating no inter- 
ference between MT-2 and MT-9. 

DRAWDOWN AND BUILDUP ON blT-9 

The drawdown behavior of MT-9 is shown in Figure 6 .  For the first 3 days, 
or until MT-12 was placed on production, the pressure, except for the variations 
within a 24-hour period, decreased linearly with the logarithm of time. After 
MT-17 was placed on production, the pressure decreased linearly with time at a 
rate of one psi per day for the next 23 days, at which time the well was shut-in. 
This constant rate of pressure decrease seems to suggest that pseudo steady state 
behavior had been reached by this well and it is producing from a limited source. 
As will be shown later this conclusion is at variance with the conclusion based 
on other data that the blomotombo reservoir is a large resource. 

The pressure buildup on MT-9 is shown in Figure 7. The initial rise in 
pressure was very rapid, increasing from 423 psi to 480 psi in 30 minutes. 
Thereafter, the pressure rose much more slowly, showing an average daily increase 
of about one psi per day for five days. 
the pressure increased about two psi per day to an average of 498 psi on 28 July, 
the last full day of pressure measurements. Pressures measured the last day of 
the test program fell in the pressure range that existed prior to the start of  
production as shown in Figure 7 .  It appears highly likely that the average daily 
pressure would reach the 510 to 511 psi that existed prior to the start of the 
flow test on MT-9. 

After MT-2, blT-12 and 41T-17 were shut-in, 

This would then indicate essentially complete recharge. 

- 98- 



Wellhead p r e s s u r e s  were a l s o  measured on W-3 d u r i n g  16 d ~ y s  of  p r o d u c t i o n  
and d u r i n g  t h e  subsequen t  s h u t - i n .  A t  t h e  end of  the t e s t  period, the wel lhead 
p r e s s u r e  had b u i l t  up  t o  e s s e n t i a l l y  t h e  same v a l u e  t h a t  e x i s t e d  p r i o r  t o  t h e  
s t a r t  o f  p r o d u c t i o n ,  a g a i n  i n d i c a t i n g  e s s e n t i a l l y  complete  rechdr-ge. 

I n  t h e  d i s c u s s i o n  o f  t h e  drawdown o f  blT-9, i t  w a s  mentioned t h a t  t h e  l inccir  
d e c l i n e  i n  p r e s s u r e  seemed t o  i n d i c a t e  pseudo s t e a d y  s t a t e .  A more l i k e l y  
e x p l a n a t i o n  i n  t h e  l i g h t  o f  d a t a  showing almost  complcte  r e c h a r g e  is  t h a t  t h c  
p r o d u c t i o n  ra te  o f  MT-9 exceeded t h e  a b i l i t y  o f  t h e  system t o  s u p p l y  f l u i d  t o  
MT-9. I f  so ,  t h e n  a lower r a t e  o r  a l o n g e r  time should r e s u l t  i n  t h e  f lowing  
p r e s s u r e  of  SIT-9 l e v e l i n g  o f f  a t  a p r e s s u r e  c o n s i s t e n t  w i t h  t h e  a b i l i t y  of  t h e  
system t o  s u p p l y  f l u i d .  
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MODELING THE HEBER GEOTHERMAL RESERVOIR 

Erdal 0. Tansev 
Chevron Resources Company 

P.O. Box 6854 
San Francisco, CA 94119 

and 
Me1 L. Wasserman 

Chevron Oil Field Research Company 
P.O. Box 446 

La Habra, CA 90631 

Ahst ract 

In t h i s  paper we briefly describe the lithology, temperature, and 
pressure of the Heber Geothermal Reservoir. This we base on the exten- 
sive data gathered in the past few years through well drilling and 
testing. !de_ then describe our three-dimensional, heterogeneous, single 
phase water flow simulator, including the equations solved, and the 
assurptions made. \>!e present several applications of the numerical 
Simulator, in oredictinq the reservoir behavior wit+ time. Conclusions 
based on an analysis of  simulator results are finally presented. 

I nt roduct ion - 
The Peber ?eot+errnal homaly, locateci in the Imperial ?alley of  

California, could be the first comqercial hot water power generation 
project in the !!nited States. Chevron Sesources Company will operate 
the proposed UeSer '-'nit. Currently, ~ l a n s  are f o r  developing a nearly 
circular area of  7599 acres, with each plant increment representing a 
pie-shaoed segment. Droducers will be placed at the temperature high 
which is at the center. The processed fluid will be reinjected at the 
periphery of the reservoir. \Jells will be drilled from centrally 
located surface islands, most of them beina directionally drilled. 
Production rates at Heber will ultimately reach several millions of 
barrels per day. This requires large surface facilities and large well 
equipment. Revenues cannot be realized until a power plant is construc- 
ted. Due to large initial investment, an accurate reservoir 
performance prediction becomes an important factor. The predictions in 
this paper are limited by the accuracy of the data collected and 
analyzed, and by our modeling assumptions. 

Reservoir Description 

The Heber Geothermal Anomaly is a circular shaped, moderate temper- 
ature, low salinity, water dominant reservoir. It is characterized by 
high heat flow, low electrical resistivity and high gravity. It is part 
of the Colorado River deltaic environment, consisting of interbedded 
sandstones and shales. 
to 2000 feet. Sand layers become predominant below 2000 feet, where 
shale layers become thinner. 
inant with minor shale breaks. A few faults have been identified, others 
are probably present; however, any occurring in the predominantly sandy 
section would not be significant barrlers to fluid flow. 

Shales are thick and predominant from the surface 

At 8000 to 10,000 feet sands are predom- 

Reservoir 
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continuity o f  several sand layers have heen confirmed by interference 
tests. Pressure drawdown and buildup tests have indicated a radius 
o f  investigation greater than 20,300 feet. 

Porosity and horizontal permeability of the sand layers at Heber 
were determined by usinq available density logs and core analysis 
information. Good correlations were found between density log poros- 
ity and core porosity, also between core porosity and core permeability. 
Permeability of each sand was calculated from the latter correlation 
and the log derived porosity values. 
these permeabilities to permeatilities computed from flow test analysis. 
In qeneral, sandstone lavers demonstrated decreasing permeability and 
porosity with depth. 

It was possible t o  correlate 

The tleber Geothermal Anomaly has a mushroom-shaped temperature 
profile. The maximum temperature at the center of the field is around 
3 7 5 O r .  Conductive heat flow at shallow depths could be deduced from 
hiqh temperature gradients and the presence 0: tClick impermeable shales. 
Below this depth heat flow is naturally convective, as temperature 
gradients become small and sandstones dominate. To a reference temDer- 
ature of 20C°F, the heat in place under approximately 7537 acres, and 
5etweep 2030 t o  6930 feet is 5 . 4  quadrillion ( l o ’ * )  RTIJ’s. Yeber could 
be classified as a norVal pressured reservoir w i t h  measured static 
qradients of 0.42 psi/foot. 

Seservo i r h!ode 1 .------ 

To predict Heber’s performance under various development schemes, 
a three-dimensional, radial, heterogeneous, and single phase water flow 
simulator was used. The simulator basically solves the mass and the 
enercp balances: 
mass’, is: 

The equation of continuity, expressinq conservation of  

....... ( 1 )  I 

a d e n o t e s  liquid, Pg is liquid density (lbm/ft3), 4 is porosity, t is 
time (days), v t is divergence operator (l/ft), Q is mass production o r  
injection. 
tive value denotes production. 
fluid (ft/day) and expressed as: 

It is a function of position and time (lbm/day ft’), a posi- 
i s  the Darcy velocity vector o f  the 

.. 0 0 . .  . (2) 

where : 

k is permeahilitv (Darcy), p is viscosity (cp), P i s  pressure (psi), 
and g is gravitational vector. 
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The f o l l o w i n g  assumptions were made: 

0 P o r o s i t y  i s  n o t  a f u n c t i o n  of t ime;  i t  can, however, 
be a f u n c t i o n  of p o s i t i o n .  

0 V i s c o s i t y  i s  a f u n c t i o n  o f  temperature.  

L i q u i d  d e n s i t v  i s  a f u n c t i o n  of t e m w r a t u r e ,  h u t  i s  
independent of  pressure,  makinq t h e  model “ o a r t i a l l y  
compressihle”.  Zero f l u i d  c o m p r e s s i h i l i t y  i s  
s a t i s f a c t o r y  f o r  s i n g l e  phase water  systems. 

r lext we expand the d e n s i t y  d e r i v a t i v e s  i n  equat ion  ( 1 ) .  

..... .. (3) 

where T i s  temperature.  ‘::le a l s o  assume t h a t  the  r e s e r v o i r  f l u i d  
volumes a r e  l o c a l l y  i n  balance. Therefore:  

. . . .. . . (4) 
I J i t h o u t  t h i s  assumption we c o u l d  n o t  l e t  d e n s i t y  vary  w i t h  temper- 

a t u r e  w i t h o u t  u s i n g  a f u l l y  compressible two-phase model. The produced 
f l u i d  a t  Heber w i l l  be i n i t i a l l y  a t  = 36?OF,  the i n j e c t e d  water  w i l l  be 
a t  = 293OF. I n  o r d e r  t o  m a i n t a i n  a mass balance between p r o d u c t i o n  
and i n j e c t i o n ,  we assumed t h a t  t h e  r e q u i r e d  mass came across the  o u t e r  
r e s e r v o i r  boundary a t  a temperature under 2C)COF. 
s o l v i n g  - compl ica ted  and c o s t l y  - coupled mass and energy balances. 

Thus, we avoided 

The equat ion  for  conserva t ion  o f  energy’ i s :  

where ! 

S 

K 
a t  

denotes so 
i s  thermal 

:ure i f  Q<O 

1 i d ,  Cv i s  s p e c i f i c  heat  a t  cons tan t  volume (BTU/lbm°F), 

, i s  produced f l u i d  temperature if 0-79. 
c o n d u c t i v i t y  (PT l l / f t  dayoF), f N  i s  i n j e c t i o n  f l u i d  temper- 

I ’  

The l e f t  hand s i d e  o f  equat ion  (5) represents  heat  accumulat ion;  
t h e  terms on t h e  r i g h t  hand s i d e  a r e  r e s p e c t i v e l y ,  conduct ion,  convec t ion  
and i n j e c t i o n  and/or p roduc t ion .  
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In relation to equation (5) we have defined the following 
volumetric averages: 

PCV* = OP c + (1-4)  p c 
”2 vs 

And we made the following assumDtions: 

0 The solid and liquid are locally in thermal equilibriun. 

0 T!ie viscc;us dissipation energy losses are nealigitle. 

e SDecific heats are indenendent of pressure, temFerature, 
and position. 

0 Thermal conductivities are independent of pressure and 
terme ra t ure . 

0 Pock. densities are constsnt. 

Solution - We have independently solved equations (11) and ( 5 ) .  Fouation 
(!I) nave us a steady-state solution for Dressure, and Drovided the veloc- 
ity terms required by the enercy balance, eauation 1 5 ) .  ‘!e conservatively 
used two temoerature time steps Der pressure solution. The need for 
recorput ino pressures arose \when* (a) the tepperature dependent viscosi- 
ties material IY chancfed, ( b )  injection anl/gr production rates chanqed 
with declinino reservoir temperature in order to maintain constant enerqy. 
Time Patin? of Terms - In eauation ( 4 )  the latest temperatures were used 
to calculate licruid density and viscosity. In the finite difference form 
of equation ( i ; ) ,  temperature was used imp1 icitly in the conduction term, 
explicitly in the convection tern. Densities were evaluated at start of 
time steps. 
Overburden and Underburden - The first four and the last four layers of 
the model were used as overburden and underburden with zero fluid 
permeabilities. 
Numerical Dispersion - In an effort to reduce smearing of the temperature 
profiles, a two-point-upstream approximation*, for temperature, was used 
in the convection term. The illustration below shows two cell blocks. 

f 1 ow 
direction __I, 

In evaluatino the temperature T in the 
and T2 are linearly extrapolated to the cell face. A one-point-upstream 
approximation uses only T2 and results in excessive smearing of tempera- 
tures. Averaging upstream and downstream values gave temperature oscil- 
lations and was discarded. 
Flow Splitting - Flow rates for production wells were supplied and were 
split among the layers accotdina to the product of productivity index and 
pressure drawdown - difference between current cell and well bore pressure. 
Iniection wells used either fixed pressures or sumlied flow rates. 

p,fb term at the cell face, T1  
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Appl ica t ions  --- -- 
Rased on l i t h o l o q i c a l  c o r r e l a t i o n s  and product ion cons t ra in t s ,  we 

def ined two zones: zone 1 ,  2005 t o  4000 fee t :  zone 2, 4000 t o  6000 f e e t .  
We then subdiv ided zone 1 i n t o  1 5  and zone 2 i n t o  13 ho r i zon ta l  sand and 
shale layers  of  f i e ld -w ide  averaged thickness. F igure 1 shows the 
geometry we used. We f u r t h e r  d i v ided  Heber i n t o  8 areal  p ies ,  each 
p i e  having 15 rows. Therefore,  1300 c e l l s  i n  zone 1 ,  1560 c e l l s  i n  zone 2 
represented the rese rvo i r .  We a l s o  made the fo l l ow ing  assumptions: 

0 The sand and shale layers  themselves are  continuous, 
homogeneous and i s o t r o p i c .  

0 The i n i t i a l  temperatures are a func t i on  o f  r a d i a l  coord inate;  
they do not  vary w i t h  v e r t i c a l  coord inate i n  a g iven zone. 

0 The req iona l  n o r t h e r l y  qround water movement i s  smal l ,  hence 
n e q l i a i b l e .  

0 There i s  no heat rec+arge from the underburden. 

P ies i n i t i a l l v  were chosen such tha t  t h e i r  houndaries co inc ided w i t s  
stream l i n e s  a s  obta ined from the Drevious streamtube model runs. Most 
3-9 s imu la to r  runs were made assumino no cross flow between the Dies. 

F iqure 2 shows bottom ho le  teqperatures a t  the producers versus t ime 
fo r  100 mecawatts (M\YI  constant enerav produc t ion  from each zone. Equiva- 
l e n t  s t a r t i n g  ra tes  a re  1 .24  x l n 6  b a r r e l s  per day Der zone. 
on t 4 i s  f i a u r e  a r e  t 4 e  prev ious o red ic t i ons  usino the streamtube model. 
The d i f fe rence i n  p r e d i c t i o n s  can be expla ined as f o l l ows :  the 3-0 
s imu la to r  has the c a o a b i l i t y  o f  so l v ing  a r iqorous  heat conduct ion eaua- 
t i o n .  g iven the ac tua l  th icknesses o f  sand and shale layers .  The stream- 
tube model assumed v e r t i c a l  thermal e q u i l i b r i u m  hetween sand and shale i n  
eat+ r e s e r v o i r  layer .  I t  could handle t + e  shales as t h i n  layers  of  
i n f i n i t e  thermal conduc t i v i t y .  The i n j e c t e d  f l u i d ,  upon contac t ing  these 
sha les ,  absorbed a l l  t h e i r  h e a t .  I n  zone 1 ,  t h e  streamtube model 
pred ic ted  a g rea te r  temperature dec l i ne  and i n  zone 2 i t  pred ic ted  about 
the same temperature dec l i ne  as the 3 - @  s imu la to r .  
d i f f e r e n c e  i n  zone 2 i s  due t o  the use o f  s l i g h t l y  less  shale. The 
d i f f e r e n c e  i n  general was due t o  a b e t t e r  v e r t i c a l  l i t h o l o a i c a l  d e s c r i p t i o n  
and a more r igorous  heat conduct ion equat ion.  
dec l i ne  i n  t h i r t y  years f o r  both zones. 

P,lso shown 

We t h i n k  the small 

The 3-D model shows a 30°F 

F ipure 3 shows the bottom ho le  temperature a t  the producers versus the 
Th is  f ic lure i nd i ca tes  the la roe  volume o f  water cumulat ive water produced. 

requ i red  t o  Droduce 1 C Q  EV constant eneray from each zone. 

F igure  !J shows heat recovery from Yeber versus bottom ho le  temoera- 
t u r e  a t  the producers. 
Pera ture  i s  used as a lower bound i n  determininp the heat i n  place. Ve 
have t e n t a t i v e l y  decider! t o  p lace  the i n j e c t o r s  near the  265OF isotherm. 
I f  we use an economic temoerature o f  323OF f o r  the  power p l a n t ,  as a c u t -  
o f f  Do in t ,  F igure  4 shows a recovery o f  30% o f  the heat i n  place. 

Th is  p l o t  i s  f o r  two zones combined. The 2Qn°F W- 
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Figure 5 shows the predicted average pressure drops between 
injectors and producers versus time. 

The followinq case studies showed little or no difference in our 
pred i c t ions : 

0 Combining both zones - simultaneous injection and 
production in both zones. 

0 Introducing shale breaks - mak.ing 13% o f  the shale 
volume permeable to flow. 

0 Introducing a few "idle Dies" - by partitioning the 
bigger ones, with no injection and production, and 
a1 lowing crossflow hetween a1 1 pies. 

Conclusions __--- 
P.s a result of our nodelincl studies to date, we conclude the 

fol lowina: 

0 !-!eber has 5.4 quadrillion ( l o " )  PTU's in place to 
a temDerature of ? W 0 C .  T h i s  heat i s  under approximately 
7590 acres within the 2 6 5 O F  isotherm, and between 2200 to 
6OOQ feet. 

0 30,X of this heat in place is recoverable with respect to 
the plant economic temoerature of 320'F. 

0 Heber Reservoir between ZOO(' to 5000 feet alone can support 
a 253 MW development. 

0 At Heber,#development in general will be more restricted by 
pressure drops than by temperature decline. 

Economics will govern the power plant type and the development 
potential at Heber. 

0 
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GEOMETRY OF 3-0 RESERVOIR MODEL 
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HEAT RECOVERY VS. BOTTOM HOLE TEMPERATURE AT THE PRODUCERS 
(200 MW CONSTANT ENERGY FROM TWO ZONES COMBINED) 

,nouRE, 
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RECENT RESULTS FROM TESTS ON THE REPUBLIC GEOTHERMAL WELLS, 
EAST MESA, C A L I F O R N I A  

T.N. Narasimhan, R . C .  Schroeder, C . G .  Goranson, D . G .  McEdwards 
Lawrence Berkeley Laboratory,  University of California 

and 

D . A .  Campbell, J.H. Barkman 
Republic Geothermal Inc. ,  Santa Fe Springs, California 

Introduction 

The East Mesa KGRA (Known Geothermal Resource Area) i s  
located in the Imperial Valley of Southern California close 
to  the Mexican border. Republic Geothermal Inc. has leased 
lands i n  the northern p a r t  of the geothermal anomaly and has 
so f a r  dr i l led  s ix  wells, ranging in depth from 7,400 t o  
9,100 fee t .  Current plans of Republic include construction 
of a 50 MW power plant based on the resource. Crucial t o  the 
success of t h i s  venture i s  a proper understanding of the 
physical properties of the geothermal reservoir tapped by 
the wells. Towards the south, the geothermal anomaly i s  
being explored and assessed by the U.S. Bureau o f  Reclamation 
( 5  wells) and the Magma Power Co. ( 3  wells) .  

I n  order t o  achieve a proper understanding of the resource 
a t  East Mesa, Lawrence Berkeley Laboratory collaborated with 
Republic in conducting a ser ies  of three well t e s t s .  These 
included production, injection and interference t e s t s  with 
durations varying from a few days t o  several weeks and 
yielded valuable information on reservoir parameters as 
well a s  geometry. The purpose o f  this presentation i s  t o  
summarize the important findings from the t e s t s .  
l a r ,  a t tent ion will be res t r ic ted  to  the production-inter- 
ference t e s t s .  The resu l t s  of injection t e s t s  a re  outside 
the scope o f  this presentation. 

I n  particu- 

Geology 

The East Mesa resource occurs in a young ( t e r t i a r y )  and  
geologically active sedimentary basin f i l l e d  with over 20,000 f t .  
o f  sandstones, s i1  tsones and clays. Structural ly , the basin 
appears t o  be considerably faulted in the East Mesa area and 
a t  l ea s t  three f au l t s  varying in trend from NNW t o  W N W  have 
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been i d e n t i f i e d  (U.S. Bureau of Reclamation, 1974). 
t i  on 
trendi ng towards northeast  have a1 so been inferred ( J  . L. Smi t h  
personal communication). 

In addi- 
growth faul t s ,  peneconternporaneous w i  t h  deposit ion and 

24 1'9 20 

-One Mile - 
25 30 29 

16-30 56-30 16-29 
B e 

78-30 18-28 

31-1 38-30 

Description o f  Test We1 1 s 

In a l l ,  seven wells were involved i n  the well t e s t s ;  s ix  
of these belong t o  Republic and one t o  the U.S. Bureau of 
Reclamation. The locat ions o f  the wells a r e  given i n  F i g .  1 .  

REPUBLIC Geothermal Wells, East Mesa,  California. 

Production Well I # lnjec t ion Well 

F i g .  1 .  Republic Geothermal Well Tests:  
Location Map 

Two of these 38-30 and 16-29 were a l t e r n a t e l y  used as  production 
wel ls  and one, 18-28 was used f o r  disposal of the produced waters 
by re in jec t ion .  The r e s t  of the wells were used a s  non-producing 
observation wells.  A brief  descr ipt ion of the wells i s  given 
i n  Table 1.  
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Tab le  1: D e s c r i p t i o n  o f  Republ ic Geothermal Wel ls,  East Mesa, C a l i f o r n i a  

Net Sand 
f e e t  

T o t a l  ( i n  those 
Depth S l o t t r d  I n t e r v a l  i n t e r v a l s  open Date 

Renia r k s  - U e l l  __ ft.  Feet d u r i n g  r e s t )  Conip 1 e t e d  -- 

16-30 8,000 1.600 between 1,116 

56-30 7,520 2.225 between 1,841 

16-29 7,998 1.335 between 827 

18-28 8,001 1,840 between 231 

6,400 and E.000 f t .  

5,300 and 7,550 ft. 

6,430 and 7,998 ft. 

5.110 and 8,000 ft. 

78-30 7.442 1.520 between 1.257 
5,900 and 7,450 ft. 

6,300 and 8.900 ft. 

5,400 and 6,200 ft. 

38-30 9,090 2,265 between 499 

31 -1 6.175 760 between Not A v a i l a b l e  

J u l y ,  1977 

June, 1977 

Dec., 1975 

Jan., 1976 No water e n t r y  
between 6,400 
and 8,000 f t .  

Aug.,  1977 

Oct., 1975 F i l l e d  t o  7,022 ftt, 

June, 1974 Owned by U . S ,  Bureau 
of Reclamat ion 

The f i r s t  two of the three t e s t s  conducted were short  
duration (few days) production-interference t e s t s  while the 
l a s t  was a long-duration interference t e s t  which lasted fo r  
several weeks. T h e  de t a i l s  o f  t h e  t e s t s  a re  summarized i n  
Table 2.  All the t e s t s  involved varying flow rates .  The 
flow rates  were measured by f i r s t  separating steam and water 
and then passing each t h r o u g h  separate o r i f i ce  meters. 
Pressure d i f fe ren t ia l s  in the observation wells ( a l l  of  
which are  ar tes ian)  were measured with the he1 p of sensi - 
t ive  qua r t z  crystal  pressure transducers. The flow d a t a  as 
well as the pressure data were automatically recorded as 
printouts or  s t r i p  charts.  

Table 2: Republ ic Geother ra l  !le11 T s t s :  D e t a i l s  o f  Test; 

PRODUCTION WELL 

Flethod 
Tes t  o f  Flow Rate 
No. 

1 2 - 3 0  Valve' Step-w(se 

Produc t ion  (gpn) -- _- - 

c o n t r o l  v a r i a b l e  
500, 750. 

900. 500. 
225 
.- - _____-- - __ 

16-30 51-30 31-1 J u l y  26 t o  2 16-29 Valve' V a r i a b l e  Denver 
c o n t r o l  200 t o  700 Research J u l y  30. 1977 

I n s t i t u t e  Par0 S c i e n t i f i c  --+ 

and we l l -head t ransducer  
Sperry Sun 
down- h o l  e 
p res  sure 
m o n i t o r  

O b s o r v ~ t i o n  !Je l l s  and Instruments 
Pressure 

1 2 3 4 - - - _ _  Medsurenen t Date _ _  _- 
Spt:rry Sun J u l y  14 t o  56-30 16-29 31-1 
down-hole J u l y  18, 1977 
pressure Paro S c i e n t i f i c  - 
monitor  we l l -head t ransducer  

3 36-30 Downhole V a r i a b l e  None August 2 2  t o  16-30 56-30 70-30 31-1 
Pump 200 t o  Oct. 5 .  1977 

1,000 Par0 S c i e n t i f i c  ---+ 
w e l l  -head t ransducer  

- _- -- -- -. - 
Natura l .  w e l l - b o r e  f l a s h i n g  f l o w  
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Resul ts  and I n t e r p r e t a t i o n  

A l l  t he  t e s t s  conducted were cha rac te r i zed  by v a r i a b l e  
A t  t h e  o u t s e t  , the re fo re  , i t  became imposs ib le  d ischarges.  

t o  use the  convent ional  type-curve matching procedures of 
a n a l y s i s  which a re  g e n e r a l l y  based on f i x e d  f l o w  r a t e s .  
Instead, a computer a s s i s t e d  curve-matching procedure 
r e c e n t l y  developed a t  LBL (Tsang, e t  a1 ., 1977) formed t h e  
backbone of a l l  t h e  i n t e r p r e t a t i o n .  

The i n t e r f e r e n c e  data c o l l e c t e d  d u r i n g  the  f i r s t  t e s t  
f rom w e l l s  56-30 (kh=26,300 md-f t ;  ch=4.5x10-4 f t / p s i )  and 

poss ib le  presence of a b a r r i e r  boundary, t h a t  cou ld  be rep- 
resented by an equ iva len t  image o f  w e l l  o f  38-30 loca ted  
4,600 f e e t  f rom 56-30 and 2,700 f e e t  f rom 31-1. 
bo th  t e s t  2 and t e s t  3 brought t o  l i g h t  t h e  very  i n t e r e s t i n g  
f a c t  t h a t  w e l l  16-30 d i d  n o t  show any pressure response t o  the  
produc t ion  e i t h e r  f rom 16-29 o r  38-30. Th is  i s  a l l  t he  more 
remarkable because w e l l  56-30, whose d is tance from 38-30 i s  
t h e  same as t h a t  between the  l a t t e r  and 16-30, exper ienced a 
drawdown of as much as 21 p s i  du r ing  the  f i r s t  t e s t  and 
45 p s i  du r ing  the  t h i r d .  The th ree  p ieces o f  data,  namely, 
t h e  image w e l l  d is tances  from 56-30 and 31-1 and the  non- 
response o f  16-30 s t r o n g l y  suggest the  presence o f  a protni- 
nent ,  NNE t rend ing  b a r r i e r  boundary as shown i n  F ig .  2. 
Th i s  boundary apparent ly  does n o t  conform t o  any o f  the  
g e o l o g i c a l l y  mapped f a u l t s ,  a l though i t s  t r e n d  p a r a l l e l s  
those of i n f e r r e d  growth f a u l t s .  

31-1 (kh=35,400 md-ft; @ch=2.07~10-  s f t / p s i )  i n d i c a t e d  the  

I n  a d d i t i o n ,  

REPUBLIC Geo the rma l  We l l s ,  E a s t  Mesa, Ca l i f o rn ia .  

XBL 7711-10475 

Fig .  2 Republ ic Geothermal Well Tests :  
I n f e r r e d  presence o f  hyd ro log i c  b a r r i e r  
boundary 



The p r o d u c t i o n  w e l l  da ta  c o l l e c t e d  d u r i n g  t e s t  1 suggested 
a kh of approx imate ly  25,000 md-ft f o r  t h e  r e s e r v o i r  i n  t h e  
v i c i n i t y  o f  38-30. I n  a d d i t i o n ,  t h e  da ta  a l s o  i n d i c a t e d  a 
n e g a t i v e  s k i n  f o r  w e l l  38-30. 

I n t e r f e r e n c e  da ta  c o l l e c t e d  d u r i n g  t h e  t h i r d  t e s t  f rom 
31-1 y i e l d e d  kh, $ch and image w e l l  d i s t a n c e s  comparable w i t h  
those o b t a i n e d  d u r i n g  t e s t  1. However, da ta  f rom 56-30 i n d i -  
c a t e d  somewhat lower  kh and lower  image w e l l  d i s t a n c e  (see 
Table 3 )  than t h e  f i r s t  t e s t .  I t  may be no ted  here t h a t  a t  
t h e  s t a r t  o f  t e s t  3, t h e  r e s e r v o i r  was s t i l l  r e c o v e r i n g  from 
t h e  e f f e c t s  o f  38-30 a n d  16-29. The d isc repanc ies  mentioned 
may be a t t r i b u t a b l e  t o  t h e  b u i l d u p  e f f e c t s  o f  16-29 which 
were ignored d u r i n g  t h e  i n t e r p r e t a t i o n .  

I n t e r f e r e n c e  d a t a  c o l l e c t e d  f rom 78-30 d u r i n g  t e s t  3 
i n d i c a t e d  anomalously low kh va lues o f  10,400 m d - f t  f o r  
t h e  r e s e r v o i r  between 38-30 and 78-30. The maximum pressure  
drop observed i n  78-30 d u r i n g  t h e  t e s t  was about  3 p s i  w h i l e  
computat ions showed t h a t  one would have n o r m a l l y  expected 
drawdowns o f  t h e  o r d e r  o f  12 t o  15 p s i .  The reasons f o r  t h i s  
anomalous o b s e r v a t i o n  a r e  b e i n g  s tud ied .  From boreho le  logs 
and cores i t  appears t h a t  78-30 has sands of  q u a l i t y  and 
t h i c k n e s s  comparable t o  those i n  38-30. I t  i s  t h e r e f o r e  o f  
p a r t i c u l a r  i n t e r e s t  t o  adequate ly  e x p l a i n  t h e  low va lue  o f  
kh i n f e r r e d  between 38-30 and 78-30. 

The es t imates  f o r  t h e  r e s e r v o i r  parameters o b t a i n e d  
f r o m  t h e  t h r e e  t e s t s  a r e  summarized i n  Table 3. T h i s  t a b l e  
a l s o  c o n t a i n s  es t imates  o f  kh values o b t a i n e d  f rom boreho le  
l o g s .  As can be seen, a reasonable agreement e x i s t s  between 
t h e  c u r r e n t  and p r e v i o u s  es t imates .  I n  genera l ,  t h e  r e s e r v o i r  
below t h e  Republ ic  Geothermal l e a s e  has a kh o f  approx imate ly  

We1 1 

32-30 

-- 

56-30 

31 -1 

16-29 

78- 31) 

30,000 md-f t .  

Table 3: 

Test 1 
L3L-30 P r o d u c i n Q  

kh-24.800 md-ft 

+chr:=1.36 ft3/psi 

kh-26.200 md-ft 
ccli=4. j ~ l O - ~  ft/psi 
ri=4.600 ft 

kh=35,4GO iiid-f t 
Cch=2.37x19-3 f t/psi 
ri=2,660 it 

kh-21 ,800 nd-ft 

@ch=2,36~10'~ ft/psi 

-- 

S u m r y  o f  Test Results from Republic Geothermal Wells 

Test 2 Test 3 
116-29 ? r o d u c i n d  138-30 P r o d u c d  

kh=23,600 md-ft 
$ch=7.29x10-4 ft/psi 
r,=3,500 ft 

kh-31 ,700 ni ft 

r j=2 ,450  ft 

To be analyzed 

To be analyzed +ch=2.4xlO-f-ft/psi 

-- kha10,400 md-ft 
Och-6.63~10-3 ft/psi 
ri=3,300 ft 
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In conclusion, i t  should be pointed out t h a t  i n t e r p r e t a t i o n s  
a r e  s t i l l  continuing and the  r e s u l t s  presented here a r e  t e n t a t i v e  
and subject  t o  revis ion.  
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We1 1 

16-30 

56-30 
I 
-I 

N 
N 

I 16-29 

18-28 

73- 30 

38-30 

31 -1 

Table 1: D e s c r i p t i o n  o f  Republ ic Geothermal !Jel ls,  East Mesa, C a l i f o r n i a  

To ta l  
Depth 
ft. 

8,000 

7,520 

7,993 

8,001 

7,442 

9,090 

6,175 

S l o t t e d  I n t e r v a l  
Feet 

1,600 between 
6,400 and 8,000 f t .  

2,225 between 
5,300 and 7,550 ft. 

1,335 between 
6,400 and 7,993 ft. 

1,840 between 
5,110 and 8,000 ft. 

1,520 between 
5,900 and 7,450 ft. 

2,265 between 
6,300 and 8,900 ft. 

760 between 
5,400 and 6,230 ft. 

Net Sand 
f e e t  

( i n  those 
i n t e r v a l s  open 
du r ing  r e s t )  

1,116 

1,841 

82 7 

231 

1,257 

499 

Not Ava i l ab le  

Date 
Completed 

Ju l y ,  1977 

June, 1977 

Dec. , 1975 

Jan., 1976 

Aug., 1977 

Oct, , 1975 

June, 1974 

Remarks 

No water e n t r y  
between 6,400 
and 8,000 ft. 

F i l l e d  t o  7,022 ftt, 

Owned by U,SI Bureau 
of Reclamation 



Table 2 :  Republic S e o t h e r m l  !,!ell Tests: De ta i l s  of Tests 

PRODUCTION \JELL 

Me t. h o d 
Tes t  of F1 ow Rate Pressure 
No. Production ( g w )  Measurement Date 

ObsorvJtion !Jells and Instruments 
1 2 3 4 

1 38-30 Valve* Step-wi se Sperry Sun  J u l y  14 t o  56-30 16-29 31 -1 
cont ro l  va r i  ab1 e down-hol e Ju ly  18, 1977 

500, 750, pressure < Par0 S c i e n t i f i c  - 
900, 500, monitor well-head t ransducer  
225 

2 16-29 Valve* Variable  Denver Ju ly  26 t o  16-30 51 -30 31 -1 
I 200 t o  700 Research J u l y  33, 1977 
A control  
N I n s t i t u t e  t Par0 S c i e n t i f i c  - -+ 
I and well-head t ransducer  

W 

Sperry Sun  
down-hole 
pressure 
monitor 

3 38-30 Downhol e Vari ab1 e None Augus t  2 2  t o  16-30 56-30 78-30 31-1 
Pump 200 t o  Oct. 5 ,  1977 

1,000 4 Par0 S c i e n t i f i c  - 
well-head t ransducer  

* Natura l ,  well-bore f l a s h i n g  flow 
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UPDATE ON THE RAFT R I V E R  
GEOTHERMAL RESERVOIR 

3 .  F. Kunze - EG&G Idaho, Inc, 
R. C.  Stoker- EG&G Idaho, Inc. 
C. A. Allen - Allied Chemical Co. 

Idaho National Engineering Laboratory* 
Idaho Fal ls ,  Idaho 83401 

AB ST RACT 

Since the las t  conference, a fourth well has been dr i l led  to  an inter-  
mediate d e p t h  and tested as a production well, w i t h  plans t o  use this well 
in the long term for  injection of f luids  into the s t r a t a  above the pro- 
duction s t r a t a .  The t h i r d ,  t r i p l e  legged well has been fu l ly  pump tes ted,  
and the recovery of the second well from an injection well back to  production 
s ta tus  has revealed very interest ing data on the reservoir conditions around 
tha t  well. 

Both interference tes t ing and geochemistry analysis shows t h a t  the t h i r d  
well i s  producing from a d i f fe ren t  aquifer than t h a t  supplying the No. 2 
well. 
making pressure communication between these aquifers quite negligible. 
These resu l t s  have led to  s ignif icant ly  d i f fe ren t  models fo r  the aquifer 
system than those previously believed to  apply. 

There i s  an effect ive barr ier ,  ye t  unidentified as to  s t ructure ,  

THE 4-WELL SYSTEM 

The Raft River Geothermal Program now has 3 deep production wells,  w i t h  pro- 
ducing zones between 3750 and 6000 f t .  
recently d r i l l ed  for  injection tes t ing into the zone between 1850 and 2500 f t .  
Figure 1 shows the location of the wells w i t h  respect t o  the major f au l t s  
i n  the region. Figure 2 shows cross sections of each well. Additional de- 
t a i l s  on these wells may be found i n  Reference l ( l a s t  year ' s  conference). 

PRODUCTION TESTING 

An intermediate depth well was 

RRGE- 1 

T h i s  well has been used as a Froduction well fo r  the l a s t  18 months, w i t h  
greater than 95% capacity factor.  
variety of heat exchanger t e s t s ,  corrosion coupon t e s t s ,  and water fo r  
several d i rec t  heat u t i l i za t ion  experiments. Flow rates  were deliberately 
throt t led t o  supply only the f luids  essential  fo r  these t e s t s  (150 to  300 
gallons/minute (0 t o  20 l i t e r s / sec ) ,  a l l  u s i n g  the artesian head. 
of 100 p s i g  m i n i m u m  have been maintained i n  a l l  heat exchanger and coupon 
tes t ing to  prevent off-gasing and entry of a i r  i n to  these systems. 
* T h i s  work has been performed under contract  t o  the U.S. Department of 

I t  has been s u p p l y i n g  f l u i d s  fo r  a 

Pressures 

Energy, Division of Geothermal Energy, and Idaho Operations Office. 
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The w e l l  performance da ta  d u r i n g  t h e  1 8  months has shown no decrease i n  
p r o d u c t i v i t y  vs pressure,  i f  a n y t h i n g  a s l i g h t  inc rease.  The drawdown 
s i n c e  t h e  s t a r t  o f  t h e  l o n g  term o p e r a t i o n  i s  so f a r ,  on t h e  t ime 
l o g a r i t h m i c  sca le .  
have occur red  as demanded by t h e  v a r i e t y  o f  exper iments,  and a r e  t h e  pre-  
dominant v a r i a b l e  change. 

S h o r t  te rm f l u c t u a t i o n s  i n  f l o w  (and hence pressure)  

The apparent  p r o d u c t i v i t y  curve f o r  t h i s  w e l l  i s  as shown i n  F i g u r e  3. I t  
i s  t h e  most p r o d u c t i v e  w e l l  i n  the  r e s e r v o i r .  The chemis t ry  o f  t h e  f l u i d s  
has 
2-1/2 y e a r s  ago. 
shown no change d u r i n g  t h i s  p e r i o d ,  
13-3/8 i n .  cas ing,  t h e  temperature l o s s  i n  t h e  w e l l  bore i s  o n l y  approx i -  
mate ly  12°C (22°F) .  A t  t h e  nominal  des ign f l o w  r a t e  o f  1200 ga l /min  (80 
l i t e r s / s e c )  p lanned f o r  t h i s  w e l l  w i t h  a pump i n  p lace,  temperature l o s s  
shou ld  be reduced by n e a r l y  a f a c t o r  of 4. 
h e l d  a t  147°C (296°F). 

remained e s s e n t i a l l y  t h e  same as a f t e r  t h e  f i r s t  thorough f l o w  t e s t i n g ,  
Temperature has 

A t  these low f l o w  r a t e s ,  w i t h  t h e  l a r g e  
D isso lved s o l i d s  a re  1550 ppm ( m g / l i t e r ) .  

Produc t ion  zone temperatures have 

RRGE-2 

No s i g n i f i c a n t  f l o w  t e s t i n g  d u r i n g  t h e  l a s t  12 months, 

RRGE- 3 

A submers ib le  pump was i n s t a l l e d  i n  t h i s  w e l l  a t  t h e  800 f t  (244 m) l e v e l .  
Pump t e s t i n g  a t  500 t o  600 gal /min (90 l / s e c )  have been conducted f o r  
p e r i o d s  o f  severa l  weeks t o  a month i n  d u r a t i o n .  These have been a t  
c o n s t a n t  f l o w ,  u s i n g  the  Thies asympto t ic  s e m i l o g a r i t h m i c  approach t o  
o b t a i n  t r a n s m i s s i v i t y  and p e r m e a b i l i t y  th ickness  f a c t o r s .  Except f o r  
some p o s s i b l e  e a r l y  t ime e f f e c t s  b e f o r e  encounter ing  a nearby boundary, the  
Thies a n a l y s i s  shows e x c e l l e n t  l i n e a r l y  (semi log  p l o t )  , g i v i n g  a 
T = 850 f 100 gal /day f t  and kH - 8000 i 1000 m i l l i d a r c y - f t .  

Pressure comnunicat ion does n o t  appear t o  occur,  a t  l e a s t  unambiguously 
over  a two week p e r i o d ,  w i t h  RRGE-2, 7000 f t  away, as measured w i t h  a 
q u a r t z  t r ansduce r  w i  t h  fO. 01 p s i  sensi t i  v i  t y .  Somewhat 1 ess ambiguous 
i n d i c a t i o n  o f  pressure communication has been observed w i t h  t h e  i n t e r m e d i a t e  
depth RRGI-4, 5000 f t  away, The c h e m i s t r y  o f  t h e  RRGE-3 w e l l  has been 
g e n e r a l l y  c o n s i s t e n t  th roughout  1-1/2 years  o f  l i m i t e d  t e s t i n g  (because of 
d i f f i c u l t y  i n  d i s p o s i n g  o f  the  w a t e r )  a t  4150 ppm ( m g / l i t e r ) .  

RRGI-4 

T h i s  w e l l  was completed i n  May 1977, t o  be used f o r  i n j e c t i o n  t e s t i n g  o f  
the f e a s i b i l i t y  o f  d i s p o s i n g  o f  w a t e r  i n t o  the  i n t e r m e d i a t e  depth a q u i f e r .  
I t  has 13-3/8 i n .  cas ing  t o  1835 ft, and i s  b a r e f o o t  f r o m  t h e r e  t o  i t s  t o t a l  
p r e s e n t  depth o f  2840 ft. The r e l a t i v e l y  permeable s e c t i o n  appears t o  ex- 
tend f r o m  t h e  cas ing  bottom t o  about 2500 ft.* Though t h e  w e l l  accepted 
* When d r i l l i n g  o u t  the  shoe, t h e  l o w e r  two s e c t i o n s  o f  cas ing  (80 f t  t o t a l )  

dropped o f f  and a r e  wedged between 1895 and 1975 ft, e f f e c t i v e l y  b l o c k i n g  
o u t  t h e  f o r m a t i o n  i n  t h i s  reg ion .  

-127- 



gave a t r a n s m i s s i v i t y  o f  1600 -L 200 g a l / &  
day ft. Th is  value i s  n o t  much d i f f e r -  .E 
e n t  f rom RRGE-2. The w e l l  has about 
2300 ppm ( m g / l i t e r )  s o l i d s  coming from 
the producing reg ion .  I t  has s l i g h t  2 
pressure communication w i th  RRGE-3,' ._ 

qu i  t e  no t i ceab le  communi c a t i  on w i  t h  the ! 2 
USGS No. 3 w e l l  (1300 ft deep, 2200 E 200.- 

ft away), and no de tec tab le  comnunica- 
t i o n  t o  date w i t h  RRGE-1 o r  2. an V 

4 3 0 0 -  e 
e 

C a, 

GEOCHEMISTRY 

The chemist ry  o f  t he  waters produced 
f rom the th ree  deep w e l l s  and the  
Crank (400 f t  o r  122m) and BLM (500 f t  
o r  152m) w e l l s  has shown t h a t  the  
chemical species i n  these w e l l s  seem 
t o  be o r i g i n a t i n g  Prom two q u i t e  
d i f f e r e n t  systems, 
i s t r y  s i m i l a r  t o  RRGE-3 (4150 ppm) , 
t h e  o t h e r  s i m i l a r  t o  RRGE-2 (1250 ppm) 
RRGE-1 , the  BLM, and t h e  Crank we1 1s 
appear t o  be mix tu res  o f  these two 
systems, as shown i n  Table 1. I n  t h a t  
Table ,* X represents  the  f r a c t i o n a l  
c o n t r i  buv ion f rom the  system 
rep resen ta t i ve  o f  RRGE-2. 

The one has chem- 

m- 

- R R M f C I  ____-- HltGL // 2 _-- x 
RRGF*4 f i R G E t 1 3  ;'oo[L;y yl 

a, 
L 
3 

0 

a ' /  /I - l _ I _ J U  

500 1000 
Confinuous Flow Rate in 

golloris/rnm 

Figure  3 - We1 1 p r o d u c t i v i t y  vs , 
drawdown a f t e r  cons tan t  
f low f o r  10 y r  pe r iod .  
Note: Wells 1, 2, 3 have a 
p o s i t i v e  ( a r t e s i a n )  head o f  
150 p s i  g when a t  hot"equi  1 i - 
br ium."  The 4 t h . w e l l  has an 
a r t e s i a n  head o f  40 ps ig .  

It thus appears t h a t  t he  most chemical laden waters and those w i t h  the  h ighes t  
i n d i c a t e d  r e s e r v o i r  temperatures are  upwe l l i ng  i n  the reg ion  o f  RRGE-3 and 
the  Crank w e l l ,  and l e a k i n g  i n t o  the  area near  RRGE-1 and the  BLM w e l l .  
p u r e r  waters are apparent ly  f eed ing  RRGE-2 ( t o  the  no r theas t )  and l e a k i n g  
i n t o  the  BLM and RRGE-1 areas. RRGI-4, f o r  the l i t t l e  i t  has flowed, a l s o  
seems t o  be composed o f  bo th  waters.  

Muck 

CONCLUSI0i.IS 

The long  hypothes ized model of the  geothermal heat  source be ing  l o c a t e d  
away f rom the  immediate area, w i t h  the  h o t  waters be ing  f e d  i n t o  the  reg ion  of 
the  w e l l s  v i a  the "narrows" s t r u c t u r e  t o  the  southwest, i s  n o t  supported 
by the  geochemical ana lys is .  Instead,  i t  would seem t h a t  another  model 
would be t h a t  o f  a h o t  p l a t e  e f f e c t  under much o f  the v a l l e y ,  w i t h  a l o c a l i z e d  
somewhat h o t t e r ,  p o o r l y  convec t ive  reg ion  near RRGE-3. 
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I TABLE I 

TOTAL DISSOLVED SOLIDS AND MIXING FRACTIONS 
IN THE RAFT RIVER WELLS 

RRGE-2 RRGE- 1 B LM Crank RRGE-3 

TDS 1267 1560 1640 3720 41 30 

Apparent 
Reservoir 
Tempe r a t u  re  

si '2 

X m 1 .898 .870 ,143 0 

158°C 155°C -- -- 165°C 
Na/K/Ca 185°C 180°C -- -- 190°C 

I t  does appear t h a t  a b a r r i e r  of some type e x i s t s  between RRGE-3 and the other 
two deep wells , r e s t r i c t i n g  both pressure and flow communication, i so la t ing  the 
two systems w i t h  qu i te  d i s t i n c t l y  d i f f e r e n t  chemistry. 

Final ly ,  the longer term t e s t  has not shown any major boundary r e s t r i c t i o n s  o r  
w i t h  s i g n i f i c a n t  regions of highly channelled flow (none i s o t r o p i c ) .  Based 
on these t e n t a t i v e  conclusions and the information presented i n  Ref. 1 ,  one 
can conclude the following about the known reservoir ,  t h a t  w i t h i n  a mile 
of the e x i s t i n g  three wells. 

( 2 )  Minimum area of Known reservoi r  Q 5 sq m i .  
Geothermal Aquifer Capacity - 300,000 a c r e - f t  , with e f f e c t i v e  porosity of 

Near su r face  a q u i f e r  probably conta ins  

% 0.15. 

12 mill ion acre 
200,000 acre  f t  

only) = 160 MW-Centuries mt 20 MW-Centuries ne t  e l e c t r i c a l  
output w i t h  binary-isobutane conversion system. 

and sees annual prec ip i ta t ion  of fh 
Geothermal aquifer  heat content (known reservoir  only, heat above 250°F 
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THE BOISE, IDAHO GEOTHERMAL R E S E R V O I R  

R. C. Stoker - EG&G Idaho, Inc. 
J. F. Kunze - EG&G Idaho, Inc. 
L. B. Nelson - EG&G Idaho, Inc. 
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Idaho National Engineering Laboratory (INEL)" 
Idaho F a l l s ,  Idaho 83401 

ABS T Rk CT 

Geothermal d i s t r i c t  space heating has been pract iced i n  Boise over the l a s t  
85 years.  The system has used two wells d r i l l e d  approximately 50 f t  (15 m )  
apar t  i n  the ear ly  1890s. 
duction r a t e  of 1800 gpm (114 l / s e c )  a t  170°F (77°C) discharge a t  the well- 
head. The system has served as many as 400 homes and Natatorium; present ly  
i t  serves approximately 200 homes and a large s ta te  laboratory and o f f i c e  
bui  1 d i n g  . 
The h e a t i n g  d i s t r i c t  remained a t  the present capacity (two wel l s )  f o r  85 
years primarily because of the unknown nature o f  the reservoi r  and a v a i l a b i l -  
i t y  of o ther  energy sources. Not u n t i l  1974 was the question o f  f u r t h e r  
development given ser ious considerat ion,  Rising energy c o s t s  due t o  ex- 
p a n d i n g  energy demands and higher cos ts  f o r  foreign o i l  b r o u g h t  about a 
reevaluation of the resource. The INEL, Boise S t a t e  University,  and the 
Idaho Bureau of Mines and Geology began an invest igat ion i n t o  the nature 
of the resource and the economics of space heating several  l a rge  buildings 
and homes. Two deep, approximately 1250 f t  (381 m ) ,  exploratory wel ls  were 
d r i l l e d  and tes ted  by the INEL t o  determine the nature and s i z e  of the 
reservoir .  Dr i l l ing  and reservoi r  engineering t e s t  r e s u l t s  have confirined 
the presence o f  a large reservoi r  t h a t  can be developed f u r t h e r  without 
adversely e f fec t ing  the two production wells and heating system now i n  
operati  on. 

The wells have a combined maximum reported pro- 

EXISTING PENITENTIARY WELLS 

Hot water a t  170°F (77°C) was f i r s t  encountered i n  two wells d r i l l e d  i n  
e a r l y  1891 t o  a depth of only 394 f t  (120 m )  and 404 f t  (123 m ) .  
wells were only 50 f t  (15 m) a p a r t  and were d r i l l e d  i n  a swampy area formed 
by hot water seepage. Eventually the systeni evolved i n t o  two 1 6 - i n .  (41 cm) 
production wells about 425 f t  (130 m )  deep w i t h  centr i fugal  pumps s e t  t o  
160 f t  (49 m ) .  These wells wi l l  s t i l l  beconie a r t e s i a n  i f  pumping  i s  
stopped and the wells are  allowed t o  recover f o r  approximately 3 or  4 days. 
The or ig ina l  a r t e s i a n  head of 50 f t  (15 m )  i n  these wells i s  s t i l l  
a t t a i n a b l e  by s h u t t i n g  i n  f o r  a longer period. 

The 

* This work has been performed under cont rac t  t o  the U.S. Department of 
Energy ( D O E )  , Division of Geothermal Energy, and the DOE-Idaho Operations 
Office. 
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During the l as t  y e a r ,  these old production wells have been monitored f o r  
water level drawdown. Dur ing  l a t e  January, 1977, the drawdown reached a 
maximum of 143 f t  (44 m )  below ground level ( just  above the pump bowls). 
High flow r a t e s  ( u p  t o  1600 gpm from both wel l s )  caused by unusually cold 
weather and system leakage accounted f o r  th i s  extreme drawdown. 

TWO EXPLORATORY WELLS 

In the winter and e a r l y  spring of 1976,  the I N E L  d r i l l e d  two exploratory 
wells 1000 f t  (305 rn) apar t  and approximately 1-1/2 m i  (2.4 km) northwest 
of the peni tent iary ;.iells. Each of the exploratory wells were d r i l l e d  
w i t h i n  the immediate area of the main NW-SE trending Boise Front Fault and 
in te rsec t ing  l inears  trending from the NE out of the mountains. The well 
locations are  i d e n t i f i e d  on Figure 1 .  The B E H - 1  ( B L M )  well was d r i l l e d  t o  
a t o t a l  depth of 1222 f t  (372 m ) ,  has 7 - i n .  (18 cm) production casing se t  
t o  610 f t  (186 m )  and a s l o t t e d  3-1/2 i n .  (9 cin) l i n e r  h u n g  from the 
production casing t o  t o t a l  depth. See Figure 2 .  

The BHW-1 (Beard) well was d r i l l e d  t o  a t o t a l  depth of 1283 f t  (391 m ) ,  
has 8-in. (20 cn) production casing s e t  t o  202 f t  (62 m )  and a s l o t t e d  
4-1/2 i n .  (11 cm) l i n e r  w i t h  100 f t  (30 m) o f  screen h u n g  from the pro- 
duction casing t o  t o t a l  depth. See Figure 3. 

The BEH-1 ( B L M )  well was d r i l l e d  w i t h  water out of the production casing 
b u t  encountered clay lenses (Nontmori 1 loni t e )  d u r i n g  d r i  11 i n g  which 
necessi ta ted cl eanom of the p i t s  three d i f f e r e n t  t i n e s .  BHW-1 (Beard) 
well was d r i l l e d  witn l i g h t  mud i n  an attempt t o  s t a b i l i z e  the loosely- 
cemented sand beds encountered between 450 and 800 f t  (137 and 245 m ) .  

EXPLORATORY WELL TESTING 

Reservoir engineering t e s t i n g  of the two exploratory wells has been as 
fol1 ows : 

1.  

2.  

3 .  

Temperature prof i les  o f  the wells were taken d u r i n g  d r i l l i n g  and 
a f t e r  the well had s t a b i l i z e d .  See Figure 4 f o r  the temperature 
p r o f i l e  of BHW-1 (Beard). The p r o f i l e  on BEH-1 ( B L M )  i s  e s s e n t i a l l y  
i denti cal . 
Artesian wellhead pressure was monitored a l l  d u r i n g  the 1976-77 
heating season a t  BEH-1 (BLM) .  No cor re la tab le  pressure communica- 
t ion  was observed as a r e s u l t  of the pumping  conducted a t  the old 
peni tent iary wells.  A seasonal pressure decline of 2-1/2 psia was 
observed d u r i n g  the winter ,but  recovery began w i t h  the spring run o f f .  

Artesian and pumped flow t e s t s  on each o f  the exploratory wells 
was conducted. A s h a f t  driven pump s e t  a t  approximately 185 f t  
(56 m )  was employed f o r  the pumped flow tes ts ,  
the Boise tes t ing  completed t o  date.  

Table I summarizes 
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4. Interference tes t ing revealed a r a p i d  pressure communication between 
'the two wells;  0.1 psia change within two minutes of the s ta r t  o f  a t e s t .  

The BEH-1 well production (artesian flow) will  be used fo r  space heating 
of a BLM warehouse th i s  winter and the long term drawdown will be 
moni t o  red. 

CONCLUSIONS 

The 170" F geothermal reservoir boundaries have n o t  been detected a n d  
the reservoir appears t o  be capable of usage rates  f a r  exceeding the 
present ra te .  

The reservoir i s  proven t o  extend a t  l e a s t  1-1/2 miles along the Fault. 

Similar geologic conditions occur in several locations along the 
Boise Front  Fault t h a t  apparently control the geothermal resource 
as now defined by the exis t ing four wells. 

Test resul ts  indicate that  future production wells (properly located) 
will have high production rates i n  the order of 600 t o  1000 gpm fo r  
12  to  16 i n .  (30 t o  40 cm) wells a t  pump s e t t i ng  depths of 400 f e e t .  

The geothermal resource can be encountered a t  re la t ively shallow 
depths (<lo00 f t  or 305 m )  and  a t  temperatures (170°F or 77°C) 
adequate for  large scale space heating. The wells should be 
located close t o  the' intersection o f  NE trending l inears  with the 
Front Fault for the greatest  possible production rates and  highest 
temperatures close t o  the service areas.  

The authors wish t o  t h a n k  the geology students,  facul ty  and  especially 
Renald N. Guillemette of Boise State  University f o r  t h e i r  assistaiice and 
help d u r i n g  the Boise Project. 
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WELL LOCATIONS IN B O I S E  IDAHO 

Stat? Veteran s Home 
Ler, B Jordan Olflce 
Idaha S u p r e m e  Cotirt 
Idah,? Slalc Library 
New State Office 
School of Business 
Library 
Liberal Arts 
S t u d e n t  Unlon 
Julia Davis Palh 
Ann Morrison Parh 
Revetment Ared 

Old Gravel Pit 
Mor f1i ng s ide He 19 ht s S(r bd I VI s I 0 n 

Figure 1 
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BEH-I 
Elev 2740 

100' - 

200 - 

300 - 

400 - 

10 5 8" HGle-4 

500 - 

600 - 

700' - 

800' 
781' 
- 

Datum 

Sandstone very fine grain clear 
sub-angular unconsolidated iron 
stain trace Rose Ouartz 

.- 7 0 D Casing 
Set @ I  610 

Cla! blue gray sandy-silty 
Pyrl!e. Selenite. trace Obsedian 

Sandstone clear-smokey medium- 
course grain abundant Pyrite 
Rhyolite. Basalt-Scoria Gypsum 

BEH-t (ELM1 
Well and Lithology Cross Section 

Legend 

Basalt 
Sandstonc. Oiiartz. G:,art:jte 
Siltstor~e 
Clay 
Clay altered Basalt 
Pyrite 
Mica 
Gypsum Selenite 
Iron Stain 
Core 1007-12 --5' Received Nghly  
Fractured and Altere9 Conglomerate 
Contains Montmorillonite an2 Kaolinite 
(x-ray analysis) 
Slotted Casing 
Plain Casing 

+--Cemented 

Locatior: 

Packer (18 overlap1 
Basalt black-broun some mottled 
some porphyritic s3me altered 
soft Pyrite nuggets large loose 
grains. some Gypsum trace Quartz 
Grains 

,- - 

1054' Plain Casing (typ ) 

21' of slotted casing 

1222" 
TD 1222' 

Sec 1 1  T3h  R2E 

INEL-A-6042 

F igu re  2 
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SUMMARY OF RESULTS OF HGP-A WELL TESTING 

D.  Kihara, B. Chen, P .  Yuen, and P .  Takahashi 
University of Hawai i 

Honolulu, Hawaii 96822 

The experimental well ,  HGP-A, d r i l l e d  under the auspices of 
the Hawaii Geothermal Project ,  i s  located on the island of Hawaii 
near the eastern r i f t  of Kilauea volcano. Dri l l ing was completed 
t o  a depth of 6450 f e e t  i n  April 1976. The well i s  cased t o  2230 
f e e t  below the surface,  which i s  600 feet  above sea leve l ,  w i t h  a 
s l o t t e d  l i n e r  r u n n i n g  from the end of the casing t o  bottomhole. 
C u t t i n g s  and core samples obtained d u r i n g  d r i l l i n g  indicate  t h a t  
the region is  composed of volcanic basa l t  w i t h  a r o f i l e  t h a t  
contains a zone of open f rac tures  (3390-4500 f e e t  P and a zone of 
p a r t i a l l y  sealed f rac tures  (4500-6450 f e e t )  as shown i n  Figure 1.  

The well has undergone f i v e  f lash  discharge t e s t s  s ince an 
i n i t i a l  f lashing on July 2 ,  1976. The maximum bottomhole temper- 
ature during quiescent periods has been measured a t  358°C. 
water samples were taken a t  various times under varying flow 
conditions and analyzed. The median values f o r  the downhole 
samples a r e  shown i n  Table 1. 

Test 

TABLE 1 HGP-A Geochemical Summary 

PH 
Electr ical  conductivity 
S a l i n i t y  
Chl o r i  de 
S i l i c a  as  Si02 
Su 1 f i de 
Sodi um 
Potassi um 
Cal c i  um 
Magnes i um 
T r i t i u m  

Less than 5 
3100 p.mho/cm 

925 mg/l 
420 mg/l 
100 mg/l 
600 mg/l 
123 mg/l 
40 mg/l 

Less than 0.1 tritium u n i t  o r  

2 - 3"/00 

1 mg/l 

a t  l e a s t  12 years old 

I t  i s  seen t h a t  the HGP-A discharge i s  a s l i g h t l y  s a l i n e  water 
containing about 5% ocean water b u t  w i t h  f a i r l y  h i g h  s i l i c a  
content. 

Following i n s t a l l a t i o n  of the separator-s i lencer ,  flow tests 
were run i n  November, December, January, and March. In the l a s t  
three cases,  pressure buildup tests were conducted a f t e r  the well 
was shut i n .  
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Comparison of flow charac te r i s t ics  during the ear ly  stages of 
these four tests (Table 2 )  shows t h a t  w i t h  each subsequent tes t  
the flow rate has increased. 
improvement i n  well performance i s  tha t  skin damage due t o  the use 
of d r i l l i n g  mud is  being a l lev ia ted  as  each flow t e s t  p a r t i a l l y  
cleans out  embedded mud. 

A possible explanation f o r  this 

Table 2 

COMPARISON OF DISCHARGE TESTS AT 25 HOURS AFTER INITIATION OF FLOW 

We1 1 head Pressure (psig) 
We1 1 head Temperature ("C) 
L i p  Pressure ( p s i g )  
Weir Height (inches) 
Mass Flow Rate (Klb/hr) 
Water Flow Rate (Klb/hr) 
Steam Flow Rate (Klb/hr) 
Steam Qual i ty  (%) 
Enthalpy (BTU/lb) 
Thermal Power (Mw) 

Nov . Dec. 

47 53 
146 150 

7.9 10.1 
3-1/2 4 

87.9 103.4 
24 34 
63.8 70.0 
73 68 

888 833 
22.9 25.2 

Jan. 

59 
151 

12.5 

114.3 
36 
78.0 
68 

845 
28.3 

4-1/8 

Mar. 

59 
153 
13.9 

120.4 
38 
82.7 
69 

842' 
29.7 

4-3/16 

The January and March flow tests consisted o f  series of d i s -  
charges i n  w h i c h  the flow was th ro t t l ed  by placing o r i f i c e  plates  
of various s izes  i n  the discharge l ine .  The r e su l t s  a re  summarized 
i n  Table 3. There is a substant ia l  increase i n  wellhead pressure 
from 51 p s i g  t o  375 psig a s  the mass flow r a t e  i s  reduced from 100% 
or 101 Klb/hr t o  75% (76 Klb/hr) of wide open flow. 

Table 3 PRELIMINARY THROTTLED FLOW DATA 

Orifice 
Size 
(Inches) 

8 
6 
4 
3 
2-1/2 
2 
1 -3/4 

Total Mass Steam We1 1 head 
Flow Rate Flow Rate Quality Pressure Temp. 
(Klb/hr) (Klb/hrl (%) ( p s i g )  (OF) 

101 64 64 51 295 
99 65 66 54 300 
93 57 64 100 338 
89 54 60 165 372 
84 48 57 237 401 
81 43 53 293 41 9 
76 39 52 375 439 

Poss i bl  e 
Electrical 

Power Output 
'( MWe ) 

3.3 
3.4 
3.5 
3.5 
3.3 
3.1 
3.0 

The e l ec t r i ca l  power o u t p u t  possible from these flow condi- 
t ions was calculated assuming a turbine-generator eff ic iency of 75% 
as  the steam expands from wellhead pressure t o  a back pressure of 
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4 inches of mercury. There is a broad power output maximum of 3.3 
to 3.5 MWe over a range of wellhead pressures from 50 to 237 psig. 
This range will allow a wide latitude in the design of a wellhead 
generator system. 

Pressure and temperature profiles taken during the throttled 
flow tests in January are shown in Figures 2 and 3. These profiles 
indicate that the fluid in the wellbore is at saturation conditions 
with a mixture of liquid and vapor flowing up to the wellhead, that 
is, with flashing occurring in the reservoir. Also shown in Figure 
3 is the temperature profile 25 days after the well was shut in 
(zero flow rate). Examination of Figure 2 shows that the pressure 
profiles are essentially three constant slope lines meeting at the 
junction of the casing and slotted liner and at approximately 4300 
feet. 
major production zones are near bottomhole and in the vicinity of 
4300 feet. 

These constant pressure gradient lines indicate that the 

Some limited information about the reservoir can be obtained 
by utilizing the theory for oil and gas wells. These standard 
petroleum engineering techniques, however, assume single phase 
flow, while the flow in HGP-A is definitely two-phase, so that 
extreme caution is required in interpreting the results of these 
analyses. 
test was conducted, with bottomhole pressure being measured using 
two Kuster KPG pressure elements and recorders in tandem to ensure 
that pressure data were acquired in spite of equipment malfunction 
because of the high temperature. Figure 4 is a log-log type curve 
of the difference between bottomhole pressures during static (no 
flow) and flow conditions. It shows two distinct wellbore storage 
effects; the top of the second wellbore storage interval is 
indicated by the arrow A. 
radial flow period, roughly 70 hours after the well is shut in. 
From these curves, the product of permeability and production zone 
thickness (kh) is calculated to be approximately 880 mill idarcy- 
feet ,  with the pressure drop across the mud-damaged skin of the 
we1 1 being 560 psi. 

Foll owing the December discharge, a pressure bui 1 dup 

Arrow B indicates the onset of the 

Bottomhole pressure measurements made after HGP-A was shut in 
following the January test produced data and plots similar to those 
for the December test. 
shows that two consecutive straight-line approximations may be made 
to the Horner plot (Figure 5). Interpretation of this occurrence 
is that there are at least two different production layers in the 
wellbore with different kh values. The same effect is also present 
in the December data, but until it was reproduced in the January 
test, little credence was given to it. The results of these 
analyses are summarized in Table 4. 

However, close examination of the data 
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Table 4 COMPARISON OF PRESSURE DRAWDOWN AND BUILDUP TESTS 

Constant 

Drawdown One Layer Two Layer Two Layer 
Production December Bui ldup January Buildup 

Permeabi 1 i ty 
thickness, 
kh, md- f t  1356 880 1553 1089 

Apparent s k i n  
f a c t o r ,  s -0.86 4.3 14.8 4.3 

Pressure drop 
across skin, 
p s i  --- 561 1098 575 

Flow e f f i c i e n c y  1 0.65 0.38 0.60 

There i s  a subs tan t i a l  problem associated w i t h  the  depos i t ion  
o f  scale, p r i m a r i l y  from d isso lved s i l i c a .  As an example, t he  
m u f f l e r  t h a t  was i n s t a l l e d  uses an annular reg ion f i l l e d  w i t h  
c inders  as a sound-absorbing agent. 
o f  f low, the  scale deposited was s u f f i c i e n t  t o  cement the  c inders 
together  so t h a t  removal requ i red  extens ive ch ipp ing o f  the bound 
c inders  . 

However, a f t e r  on l y  16 days 

A summary o f  t he  r e s u l t s  o f  t e s t s  thus f a r  i s  presented i n  
Table 5. 

Table 5 SUMMARY OF PRELIMINARY TEST RESULTS AND ANALYSES 

Kapoho Geothermal Reservoir 
1. Liquid-dominated 
2. T i g h t  Formation: Permeab i l i t y  Thickness % 1000 md-f t  
3. 
4. 
5. S l i g h t l y  Brack ish Water 
6. P o t e n t i a l l y  Large Reservoir 
7. High S i l i c a  Content 

Very High Temperatures 'L 350°C 
High Formation Pressure 2, 2000 p s i  

HGP-A Geothermal Well 
1. During Flash Borehole Contains Steam and Water a t  

2 .  Flashing Occurs i n  Formation 
3. High Wellhead Pressures % 160 p s i  a t  50 K lb /h r  Steam 
4. Producing Regions Probably a t  Bottomhole and 4300 Feet 
5. Probably Has Severe Skin Damage 
6. Po ten t i a l  Power Output % 3.5 MWe 
7. Flows Have Increased w i t h  Each Test  

Satura t ion  
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WELL INTERFERENCE STUDY OF THE MULTI-LAYERED 
SALTON SEA GEOTHERMAL RESERVOIR 

J.  G. Morse 
University of Cal i fornia  

Lawrence Livermore Laboratory 
P. 0. Box 808 

L i  vermore, Cal i fornia  94550 

A well interference testing program of the Salton Sea Geothermal 
reservoir  is  be ing  conducted a s  p a r t  of a resource evaluation study by 
the Earth Sciences Geothermal Industr ia l  Support Program of the Lawrence 
Livermore Laboratory. S tud ie s  t o  da te  indicate  the reservoir  rock t o  be 
composed of 1 ayered sequences of shales  and sands. We1 1 s involved i n  the 
testing program a r e  be ing  used i n  support o f ,  o r  a r e  i n  the v i c i n i t y  o f ,  
the MAGMA-SDG&E Geothermal Loop Experimental F a c i l i t y  (GLEF)  , located i n  
the Salton Sea Geothermal F i e l d  (SSGF). 
has been cor re la ted  which appears t o  d i v i d e  the reservoi r  i n t o  an upper  
and lower portion. Other thick sand and shale  sequences may provide addi- 
t ional  s t r a t i f i c a t i o n .  T h i s  repor t  describes work i n  progress on a well 
testing program designed t o  determine the horizontal and ver t ica l  t rans-  
missivi ty  and storage parameters between wells i n  the v i c i n i t y  of the 
GLEF. These tests a r e  being conducted w i t h  the cooperation and support of 
Magma Power Company and San Diego Gas and E l e c t r i c  Company. 

Between these wells, a shale  layer  

The Salton Sea Geothermal Field 

of the Salton Sea which i s  w i t h i n  the physiographic province known a s  the 
Salton Basin. T h i s  basin which forms the northern p a r t  of the ColoradolRiver 
Delta i s  a sediment f i l l e d  s t ruc tura l  trough c a l l e d  the Sal ton Trough. The 
Salton Trough i s  p a r t  of a t r a n s i t i o n  from the oceanic spreading center  
associated w i t h  the East Pac i f ic  risf t o  a major continental  f a u l t  system 
t h a t  includes t h e  San Andreas F a u l t .  T h e  sequence o f  sedimentary rocks i n  
the Salton Trough has been determined t o  b e  approximately 6000 m th ick  and 
composed primarily of d e t r i t u s  from the Colorado River.3 A Geologic map of 
p a r t  o f  the Salton3Trough t h a t  includes the Salton Sea Geothermal F i e l d  i s  
shown i n  Figure 1 .  
shaded portion shows wells cur ren t ly  used i n  support of the GLEF. 

T h e  Sal ton Sea Geothermal F i e l d  i s  1 ocated a t  the southeastern end 

Figure 2 shows loca t ions  of wel ls  i n  the SSGF. The 

A recent study, by Tewhey (19771, of d r i l l  cuttings and core samples 
from wells i n  the v i c i n i t y  of the GLEF ind ica te  the sequence of sedimentary 
rocks i n  the SSGF "can be d iv ided  i n t o  three catagories:  ( 1 )  cap rock, ( 2 1 3  
una1 tered reservoi r rocks, and (3 )  hydrothermal l y  a1 tered reservoi r rock". 
The cap rock extends from the surface t o  approximately 350 m. The f i r s t  

Reference to a company or product 
name does not imply approval or 
recommendation of the product by 
the University of California or the 
U.S. Department of Energy to the 
exclusion of others that may be 
suitable. 
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200 m c o n s i s t  of unconsol idated s i l t ,  sand and grave l .  The rocks from 
200 t o  350 m a re  o f  low pe rmeab i l i t y  c o n s i s t i n g  o f  a carbonate-clay 
m a t r i x  which appears t o  have undergone se l  f -seal  i n g  through i n t e r a c t i o n  
w i t h  t h e  b r i n e . 3  The r e s e r v o i r  rocks c o n s i s t  o f  l aye red  sequences o f  
we l l - i ndu ra ted  shales, sandy-shales and sandstones. The t r a n s i t i o n  f rom 
una1 t e r e g  t o  hydro thermal ly  a1 t e r e d  rock i s  marked by t h e  appearance o f  
ep i  dote.  
and p o r o s i t y  o f  t h e  r e s e r v o i r  rock. Secondary p o r o s i t y  and permeabil i ty 
appears t o  be present  and renewable i n  the  r e s e r v o i r  due t o  f r a c t u r i n g  
associated w i t h  n a t u r a l  s e i s m i c i t y  and o r  hydraul  i c  f r a c t u r i n g .  

The hydrothermal a1 t e r a t i o n  appears t o  reduce the  permeabi 1 i ty 

Desc r ip t i on  o f  We1 1 s 

The w e l l s  i nvo l ved  i n  t h i s  study a r e  shown schemat ica l l y  i n  
F igu re  3. 
o f  hydrothermal a l t e r a t i o n  and c o n s t r u c t i o n  d e t a i l s  i n  each we l l  can be 
seen i n  F igu re  3. A sequence o f  a l t e r n a t i n g  sand and shale beds o v e r l y i n g  
a major  shale break i s  p resent  i n  a l l  the  w e l l s  i nvo l ved  i n  t h i s  study. 
Th is  ap a r e n t l y  cont inuous shale break was f i r s t  c o r r e l a t e d  by Towse and 
Palmer.' The approx imate ly  12 m t h i c k  shale d i v i d e s  t h e  main r e s e r v o i r  
rock sequence i n t o  an upper and lower  r e s e r v o i r .  There appear t o  be addi- 
t i o n a l  t h i c k  sand and shale sequences which m igh t  produce f u r t h e r  s t r a t i -  
f i c a t i o n  o f  t h e  r e s e r v o i r .  

The l o c a t i o n  o f  t h e  bottom o f  t h e  cap rock,  t op  o f  t h e  zone 

The we1 1 s i nvo l ved  i n  t h i  s study a r e  completed w i t h  p e r f o r a t i o n s  
e i t h e r  above o r  be l  ow t h i  s c o r r e l a t e d  shal e 1 ayer  ( shale break)  except 
Woolsey #1 which i s  p e r f o r a t e d  above and below, see F igu re  3. The w e l l  
t e s t i n g  program i s  designed t o  take advantage'of  t h e  w e l l s  be ing p e r f o r a t e d  
i n  d i f f e r e n t  l i t h o l o g i c  hor izons so as t o  measure the  h o r i z o n t a l  and v e r t i -  
c l e  f l o w  p r o p e r t i e s  between we1 1 s. 

The i n i t i a l  t e s t s ,  which a r e  i n  progress,  i n v o l v e  the  w e l l s  i n  the  
immediate v i c i n i t y  o f  t h e  MAGMA-SDG&D GLEF. These are  we l l s ,  Magmamax #1, 
3, and 4 (MM 1 , 3 and 4 )  and Wool sey #1 (WW 1 1. MM 1 and MM 4 are  completed 
above t h e  shale break and pe r fo ra ted  i n  same l i t h o l o g i c  hor izons. MM 3 i s  
p e r f o r a t e d  j u s t  below t h e  shale break and i s  w i t h i n  15 m o f  MM 4. WW 1 has 
a p o r t i o n  o f  i t s  p e r f o r a t e d  i n t e r v a l  i n  t h e  same hor izon  as MM 1. Produc- 
t i o n  w e l l s  f o r  t he  GLEF a r e  MM 1 and WW 1. They a r e  operated i n  e t h e r  a 
s i n g l e  o r  two w e l l  p roduc t ion  mode. MM 3 i s  used as t h e  i n j e c t i o n  w e l l  and 
MM 4 i s  designed as an observa t ion  we l l .  To date i n t e r f e r e n c e  t e s  s have 
been conducted between MM 1 and WW 1 , MM 3 and MM 4, and MM 4 and MM 1. 

The i n t e r f e r e n c e  t e s t  between MM 1 and WW 1 was conducted from 
June 16, 1977 t o  J u l y  10, 1977. The r e s e r v o i r h a d  been shut - in  f o r  two 
months p r i o r  t o  the  t e s t .  I n  t h i s  t e s t ,  WW 1 was t h e  produc t ion  we l l  and 
MM 1 was t h e  observat ion we l l .  MM 3 was t h e  i n j e c t i o n  w e l l  f o r ,  t h e  spent 
b r i n e  and i t s  i n t e r a c t i o n  w i t h  MM 4 w i l l  be discussed 1 a te r .  Pressure was 
moni tored i n  MM 1 f o r  two weeks p r i o r  t o  s t a r t i n g  i n t e r f e r e n c e  t e s t  t o  esta- 
b l i s h  a base l i ne  pressure. WW 1 was primed us ing  N, and commenced f l o w i n g  
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on J u l y  2, 1977. Well product ion was approximately 600-700 GPM. The 
we l l  was shut - in  on J u l y  5. A pressure drawdown was observed i n  MM 1. 

Pressure t r a n s i e n t  data was measured i n  MM 1 us ing a Sperry Sun 
pressure transmi ss ion system (0-1000 p s i  range). Because o f  c o r ros ion  
problems, the  pressure t r a n s i e n t  measurements were made a t  30 m below 
the  sur face o f  t he  s t a t i c  f l u i d  column r a t h e r  than a t  r e s e r v o i r  depth. 
Pressure data recorded f o r  two weeks p r i o r  t o  the t e s t  was somewhat no isy  
w i t h  an o v e r a l l  24-hour pressure v a r i a t i o n  o f  0.3 ps i .  Th is  ambient noise 
appears t o  have been r e l a t e d  t o  the  s e n s i t i v i t y  o f  t he  sur face pressure 
transducer t o  ambient temperature changes. An o v e r a l l  pressure drop o f  
1.0 p s i  was observed dur ing  the  t e s t  period. Analys is  o f  t h e  t e s t  data 
was done us ing  t h e  standard l i n e  source so lu t i on ,  log- log,  curve matching 
technique. 
duc t ion  r a t e  and p e r i o d i c  f l o w  reduc t ions  du r ing  the  t e s t  t o  pe rm i t  a 
"p igg ing"  opera t ion  t o  be conducted. It was n o t  poss ib le  t o  know e x a c t l y  
t he  percentage o f  product ion from WW 1 which was producing t h e  drawdown 
i n  MM 1. An estimated f l o w  r a t e  was used t o  so lve f o r  t r a n s m i s s i v i t y  and 
storage parameters. Resul ts  from t h i s  t e s t  showed t h e  two w e l l s  t o  be i n  
communication and prov ided an est imate o f  pe rmeab i l i t y  f o r  the  upper reser-  
v o i r  i n  t h e  500 md range. 
another t e s t  i s  planned w i t h  MM 1 as the  producer and WW 1 as the  observa- 
t i o n  we1 1 . 

I n t e r p r e t a t i o n  o f  t he  data was complicated by a vary ing  pro- 

To reso lve  ambigui t ies present  i n  t h i s  t e s t ,  

The t e s t  between MM 3 and MM 4 was conducted from June 16, 1977, 
t h r u  t h e  end o f  August. MM 3 was the  i n j e c t i o n  we l l  and MM 4 t h e  observa- 
t i o n  we1 1. The t e s t  was designed t o  measure the  response i n  MM 4 ( p e r f o r -  
a ted  above the  shale break) t o  i n j e c t i o n  in MM 3 (per fo ra ted  j u s t  below 
shale break). Pressure mon i to r ing  dur ing  the  t e s t  was done f i r s t  w i t h  
Sperry Sun type equipment and then w i t h  a quar tz  c r y s t a l  pressure gauge. 

I n j e c t i o n  pressures dur ing  the t e s t  averaged approximately 350 p s i  
over s t a t i c  r e s e r v o i r  pressure i n  MM 3. Dur ing t h e  e n t i r e  pe r iod  o f  t he  
t e s t  no pressure response was observed i n  MM 4 which cou ld  be r e l a t e d  t o  
i n j e c t i o n  a c t i v i t i e s  a t  MM 3. Flow r a t e  i n t o  t h e  i n j e c t i o n  we l l  was approx- 
imately 600 gpm. 

On both the  Sperry Sun and quar tz  c r y s t a l  pressure gauge, a d a i l y  
1.0 t o  3.0 p s i  pressure f l u c t u a t i o n  was observed. The d iu rna l  c y c l e  had a 
h igh  a t  03:OO am and a low a t  17:30 pm. The phenomena appears t o  be r e l a t e d  
t o  d a i l y  heat ing  an$ coo l i ng  o f  t h e  l u b r i c a t o r .  When opened, MM 4 produced 
a f a i r  amount o f  CO and seeped f l u i d  a t  a low ra te .  When shut- in, t he  
f l u i d  pressure i n  t h e  l u b r i c a t o r  rose w i t h i n  20 min t o  approximately 50 
ps i .  Overa l l  response o f  t he  we l l  seems t o  i n d i c a t e  i t  i s  p a r t i a l l y  blocked 
w i t h  s u f f i c i e n t  gas and f l u i d  e n t r y  t o  r e b u i l d  sur face pressure. I f  the re  
i s  v e r t i c a l  leakage across the  shale break due t o  i n j e c t i o n  i n t o  MM 3, i t  
i s  s u f f i c i e n t l y  small so as n o t  t o  produce an observable pressure response 
i n  p a r t i a l l y  blocked Magmamax #4 on ly  15 m away. 
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The t e s t  between MM 4 and MM 1 was conducted f o r  approximately 
three weeks i n  September. M M  1 was the production well and MM 4,was 
the observation well. As in the previous t e s t ,  no response was observed 
in MM 4. If a response was present, i t  was masked by the diurnal pressure 
noise in MM 4. An additional noise was present in this  t e s t  due t o  a leak 
which developed i n  the hydraulic l ine wiper on t o p  of the lubricator. 

Addi t i  onal Testi na P1 ans 

Plans are i n  motion t o  work over MM 4 so as t o  improve i t s  perfor- 
mance as an observation well. Recent effor ts  a t  the MAGMA-SDG&E G L E F  have 
been directed a t  install ing solids control  equipment so as t o  improve 
injectabi l i ty  of  the spent brine. As a resul t  of  these act ivi t ies ,  addi -  
tional tes ts  have n o t  been conducted t o  date. I n  the near future, inter- 
ference tes ts  between MM 1 , MM 4 ,  MM 3 ,  and W W  1 will be conducted. Fall- 
off surveys are also planned for MM 3 using the qua r t z  gauge a t  reservoir 
depth. Improved well conditions and equipment should enable these tes ts  
t o  provide 1 ess ambiguous resul t s .  

Early in 1978, a long term multi-well interference tes t  i s  planned. 
Magmamax #2 ( M M  21, Elmore #3  ( E M  3 )  and Sinclair # 3  (SN 3 )  will be used as 
observation wells. The wells will be instrumented with qua r t z  pressure 
gauges. During the t e s t ,  M M  1 w i l l  be the production we1 1 and MM 3 w i l l  be 
the injection we1 1 .  A1 1 three observation we1 1 s are perforated bel ow the 
shale break. EM 3 i s  perforated i n  same interval as MM 3 .  MM 2 and SN 3 
are b o t h  perforated a t  greater depth t h a n  MM 3 .  
pressure transients recorded in the observation wells should provide a 
measure of the horizontal and vertical flow characterist ics of the lower 
reservoir. 

I n  th is  configuration, 

Upon completion of  the well testing program, a formal report of 
the resul t s  wi 11 be i ssued by Lawrence Li vermore Laboratory. 
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I n t r o d u c t i o n :  Jack Howard and Werner Schwarz, LBL 

resources t o  those invo lved  w i t h  the  dec is ions on u t i l i z a t i o n ,  i t  was 
f e l t  t h a t  a panel d iscuss ion  t o  rev iew t h e  f a c t o r s  which a f f e c t  t he  
conf idence l e v e l  would be o f  general  i n t e r e s t .  With t h a t  o b j e c t i v e ,  
t h e  panel members l i s t e d  above were convened t o  discuss t h e  problems 
o f  conf idence l e v e l  o f  t h e  var ious  sec tors  o f  t h e  geothermal community. 
To a l l o w  f o r  freedom o f  expression o f  t he  panel members, formal prepared 
presenta t ions  were n o t  requ i red .  Ins tead th ree  rappor teurs  a l s o  repre-  
sen t ing  d i ve rse  sec tors  of  t he  community, i n d u s t r y ,  n o n - p r o f i t  i n s t i t u -  
t i o n s ,  and government agencies, were requested t o  prepare summary over-  
views o f  t h e  p a n e l i s t s '  remarks. The rappor teur  r e p o r t s  fo l l ow :  

To assess t h e  importance o f  t he  conf idence l e v e l  o f  geothermal 

George A. Frye 

Cons t i t u tes  Geothermal Reserves?" To answer t h i s  ques t ion  t h e  p a n e l i s t s  
presented almost a continuum o f  v iewpoints  f rom o p t i m i s t i c  l i b e r a l i s m  
t o  extreme conservatism. 

D r .  L. J. P a t r i c k  M u f f l e r  from the  U.S. Geological  Survey pre- 
sented t h e  Survey's methodology i n  reserve  c l a s s i f i c a t i o n .  
t h e  analogy w i t h  petroleum and minera l  c l a s s i f i c a t i o n  and presented 
Flawnls 1966 d e f i n i t i o n  o f  reserves as " t h a t  q u a n t i t y  o f  m inera ls  t h a t  
can be reasonably assumed t o  e x i s t  and which are  produc ib le  w i t h  e x i s t i n g  
techno1 ogy and under present  economic cond i t ions .  I' 

- .  

The t i t l e  o f  t he  panel cou ld  have a l t e r n a t i v e l y  been "What 

He discussed 

To imp1 ement t h i s  
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d e f i n i t i o n  t h e  Survey f i r s t  i d e n t i f i e s  a resource base, q u a n t i f i e s  t h e  
resource w i t h i n  it, and f i n a l l y  app l i es  e x i s t i n g  technology and present  
economic c o n d i t i o n  c o n s t r a i n t s  t o  develop a reserve  number. 

h i g h l y  specu la t i ve  even f o r  a q u a n t i f i e d  resource. 
C i r c u l a r  726, Assessment o f  Geothermal Resources - 1975 i s  t h e r e f o r e  
e x p l i c i t l y  resources and " i n  l i e u  o f  an o b j e c t i v e  ana lys is ,  s u b j e c t i v e  
dec is ions  were made as t o  the  most l i k e l y  d i v i s i o n s ' '  ( reserves or  o the r  
ca tegor ies) .  
d r i l l  ho les f o r  reserve  ca l cu la t i ons . "  

The second p a n e l i s t ,  Stephen C. Lipman o f  Union O i l  Company of 
C a l i f o r n i a ,  concurred t h a t  Flawn's reserve  d e f i n i t i o n  was reasonable f o r  
C i r c u l a r  726 as a n a t i o n a l  energy p lann ing  guide. 
t h a t  we should n o t  be o v e r l y  o p t i m i s t i c  i n  making reserve  es t imat ions .  
For a resource i n d u s t r y  s tandpo in t  t h e  key phrases i n  t h i s  d e f i n i t i o n  
a re  e x i s t i n g  technology and present  economic cond i t i ons .  

The geothermal developers a re  spending l a r g e  sums o f  money t o  
e s t a b l i s h  the  s i z e  o f  t he  geothermal reserves, which are  orders of magni- 
tude l a r g e r  than t h e  i n i t i a l  p l a n t s  be ing planned. 
East Mesa , Brawl ey, Heber, Val 1 es Cal dera, and Roosevel t Springs vary  
between 10 and 50 megawatts. The c a p i t a l  requirements f o r  t h i s  i n i t i a l  
reserves de terminat ion  must come f rom t h e  corpora t ion ,  which w i l l  n o t  see 
any r e t u r n  on i t s  investment f o r  e i g h t  t o  ten  years.  I n  con t ras t ,  t h i s  
u t i l i t y  w i l l  begin generat ing income w i t h i n  th ree  years from i t s  i n i t i a l  
c a p i t a l  ou t lay .  
some o f  t h e  developer 's  r i s k  by i n s t a l l i n g  t h e  small i n i t i a l  p l a n t s  
du r ing  t h e  reserve  de terminat ion  phase o f  development. 

Union does n o t  l i s t  geothermal reserves i n  t h e i r  Annual Report  t o  
t h e  s tockholders u n t i l  a c o n t r a c t  has been consummated w i t h  a u t i l i t y  and 
t h e  r e q u i r e d  cons t ruc t i on  permi ts  have been ob ta ined (e.g. , P h i l i p p i n e s ,  
The Geysers). 

t i o n .  
perform an i n t e r f e r e n c e  t e s t .  Assuming t h a t  these w e l l s  were i n  hyd ro log i c  
communication w i t h  each o ther ,  t h i s  would p rov ide  data o f  r e s e r v o i r  produc- 
t i  b i  1 i ty , i n j e c t i  v i  ty, permeabi 1 i ty  , and po ros i  t y - t h i  ckness . 
and geophysical  s tud ies  cou ld  p rov ide  est imates on t h e  s i z e  and conf igura-  
t i o n  o f  t h e  resource. Th is  i s  t h e  stage o f  development when a smal l  power 
p l a n t  would be most b e n e f i c i a l  i n  determin ing the  optimum sur face  and 
subsurface engineer ing des ign f o r  t h e  u l t i m a t e  f i e l d  development. 

f o r  A r t h u r  L. Mar t inez,  Pub l i c  Serv ice  Company o f  New Mexico. Due t o  M r .  
Math isen 's  exper ience he conf ined h i s  comments t o  The Geysers and r e l a t e d  
PG&E's h i s t o r y .  
megawatt capac i t y  i n  1958. A l l  w e l l s  requ i red  f o r  t h i s  u n i t  were d r i l l e d  
and completed. A t  t h a t  t ime t h e  company viewed t h i s  e f f o r t  as a research 
and development p r o j e c t .  
a d d i t i o n a l  u n i t s  fo l l owed  and by 1965 the  company had adopted a develop- 
ment a t t i t u d e  toward geothermal resources a t  The Geysers. 

Under t h i s  methodology, t h e  concept o f  reserves i n  the  f u t u r e  is 
Geological  Survey 

As a f i n a l  comment D r .  M u f f l e r  s t a t e d  ''you must have 

He caut ioned, however, 

I n i t i a l  designs a t  

The r a t e  payer cou ld  b e n e f i t  by having the  u t i l i t y  share 

M r .  Lipman was quest ioned on Union 's  method o f  reserve  determina- 
He responded t h a t  i t  would take  a minimum o f  t h ree  deep w e l l s  t o  

Geological  

Mark R. Mathisen, P a c t f i c  Gas and E l e c t r i c  Company, s u b s t i t u t e d  

PG&E began c o n s t r u c t i o n  on t h e i r  f i r s t  u n i t  o f  twelve 

The u n i t  commenced commercial p roduc t ion  i n  1960; 
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Reflecting on th i s  history, Mr. Mathisen commented t h a t  a u t i l i t y  
is  closely regulated and reviewed for  undue risks; a u t i l i t y  does not 
normally fund research and development. 
acceptabili ty was favored by low entry costs. 
many private enterprises,  risk has a s ize  connotation. Risk acceptance 
is  increased by knowledge and a t  The Geysers PG&E has made commitments 
t o  build units of 110 megawatts on about 800 acres of proven area. The 
number of steam wells per u n i t  varies due t o  individual well flow capacit ies.  
Even a t  The Geysers reserves determinations contain uncertainty and pose 
the problem of reservolr guarantee. T h a t  i s ,  the company must be on the 
a l e r t  for  any reduction in geothermal generating capacity so i t  can f u l f i l l  
i t s  supply commi tments. 

James G. Leigh, Lloyd's Bank of California, spoke a s  a representa- 
t i ve  of the banking industry. A banker i s  n o t  trained t o  determine the 
reservoir,  b u t  t o  assess i t s  value. A banker u t i l i zes  the asse t  anology 
"Can i t  be sold?" If affirmative, "What i s  i t s  f a i r  market liquidation 
value?" 
discount ( a t  loan in te res t  r a t e )  future cash flows from a proven f i e ld .  
A proven f i e ld  must be r u n n i n g  a m i n i m u m  of s ix  months. 
commercial banks will only write loans with firms of established col la teral  
value, i .e . ,  loan i s  fu l ly  guaranteed against balance sheet o r  the federal 
government. 

As t o  r isk analysis,  banks assess more areful ly  than steam sup-  
p l ie rs  o r  u t i l i t i e s ,  generally one per cent and under. Rates of in te res t  
a re  contingent on r isk and federal guarantees command the best ra te .  
Finally, the contract geothermal steam price and terms are  crucial t o  the 
f a i r  market liquidation value, i . e . ,  take o r  pay, advance payments. 

DOE, discussed geothermal reserves from the federal government aspect. 
While the goal of the DOE i s  t o  encourage geothermal exploration, the 
1 oan guarantee program requi res reasonabl e assurance tha t  the 1 oan can 
be repaid. 
applicant. 
based solely on geothermal surface manifestations, i,e, tuffa mounds, 
i s  c lear ly  inadequate. The federal program's risk acceptabili ty appears 
t o  be more conservative t h a n  the geothermal resource s e l l e r ,  buyer, and 
federal s c i en t i s t ;  i t  certainly must be more l iberal  t h a n  a commercial 
bank i n  order t o  encourage geothermal development. In actual numbers, 
approved loan applications have been assessed a t  greater t h a n  60 per cent 
success. Mr. Silverman believed that  u t i l i t i e s  can and will do more, as 
knowledge i s  gained, t o  assume more of the risk caused by uncertainty 
of reserves tha t  i s  now assumed by the steam supplier. 

However, i n  this case risk 
T h u s  fo r  u t i l i t y ,  as with 

A banker's method fo r  t h i s  value (and implicitly reserves) i s  t o  

In addition, 

Mark N. Silverman, Director, Geothermal Loan Guarantee Program, 

Sufficient d a t a  must be available t o  substantiate claims of 
While the definit ion of suff ic ient  data varies,  an application 

Vase1 W. Roberts 
A t  a time when geothermal energy producers and users a re  on the 

threshold o f  commercial development of  water-dominated geothermal resources, 
the need fo r  a common basis of communicating ideas and concepts about a 
re la t ively complex cornmodi ty has never been greater. 
a re  to  be commended for  recognizing th i s  need and addressing the perplexing 
use of the term "geothermal reserve." Since a commonly accepted definit ion 
of geothermal reserve has not yet  emerged, i t  i s  d i f f i c u l t  t o  use the 
term with any degree of certainty.  

The Workshop organizers 
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The panel discussion revealed some of the reasons for this 
d i f f icu l ty ,  namely, the use of different  definit ions for  different  
purposes, none of which are  mutually exclusive, b u t  may yield signif-  
icantly different  interpretations of the quantity of energy on hand a t  
any given time. 
v o i r ,  resource and resource base, due i n  p a r t  t o  the possibi l i ty  of 
different  depth and temperature datum, coincidence of heat and f l u i d  
deposits, and purity and producibility. 

S imi la r  problems ex i s t  w i t h  other terms, such as reser- 

Dr. Muffler discussed a generic definit ion t h a t  has application 
to  mineral resources i n  general. His definit ion was as follows: 

--Quantities of minerals t h a t  can be reasonably assumed t o  
ex i s t  and tha t  are producible w i t h  existing technology 
under present economic conditions-- 

Dr. Muffler also discussed the McKelvey*diagram a s  a convenient method 
fo r  graphically describing the resource. T h i s  definit ion i s  excellent 
from a national and regional point of view, fo r  the purpose of e s t i -  
mating re la t ive  importance, developing policy, and placing e f fo r t  i n  
areas of greatest  potential .  On the other hand, the definit ion i s  n o t  
precise, since i t  r e l i e s  on "reasonable assumptions'' rather than hard 
d a t a  and marketability. I t  seems t o  have limited application a t  the 
point of  negotiation of energy sales  o r  purchase. 
Dr. Lipman approached the subject from an ent i re ly  different  point of 
view. 
f 01 1 ows : 

From the resource companies' p o i n t  of view the definit ion i s  as 

--A geothermal resource becomes a reserve when commitments 
are  made to  build power p l a n t s  t o  u t i l i z e  a portion of 
the resource-- 

T h i s  def ini t ion says t h a t  a resource is  not a reserve u n t i l  a sales  
contract exis ts .  
pective buyer of the energy usually would l i ke  assurance tha t  a reserve 
ex is t s  prior to  the commitment t o  b u i l d  power plants.  

Indeed, Mr. Mathisen's view was that :  
--A portion of the resource i s  considered a reserve only 

This poses some interesting problems i n  that  the pros- 

a f t e r  the necessary wells for  the power plant have been 
dr i l led  and flow tested for  a specified period of time-- 

The definit ions by Dr. Lipman and Mr. Mathisen tend to  be conser- 
vative, and underestimate reserves i n  comparison w i t h  Dr. Muffler's 
definit ion.  

Mr. Leigh's viewpoint as a banker was: 
--A resource becomes a reserve only a f t e r  i t s  market liquida- 

t i o n  value is  known with 99 per cent certainty-- 
Under t h i s  def ini t ion,  the market liquidation value of a l l  leases m i g h t  
be construed to  represent reserve, a lbe i t  small. Since the value of a 
lease may increase as exploration and development progresses, the amount 
of recognized reserve could s teadi ly  increase we1 1 into the production 
phase. 
resource, b u t  faces the r ea l i t y  of the need for  l iqu id i ty  by lending 
inst i tut ions.  

T h i s  definit ion i s  only loosely related t o  the magnitude of the 
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.. .. . . 

The f i f t h  definit ion was given by Mr. Silverman, Director of 
the Geothermal Loan Guarantee Program for  the Department of Energy. 
His definit ion uses probability of project success as the c r i t e r i a  
as follows: 

--A reserve is  considered to  ex is t  i f  a project proposed 
by an applicant for  a loan guarantee has a 60 per cent 
or higher probability o f  success-- 

I t  i s  interest ing,  b u t  perhaps not surprising, that  the f ive  
panelists,  representing the resource, u t i l i t y ,  and banking industries,  
and two federal agencies, expressed f ive  different  definit ions of 
geothermal reserve. Each serves a particularly useful purpose, yet  
none of them seem to qualify a s  a common denominator. Although these 
definit ions a re  valid under each s e t  of circumstances and can be very 
useful, there s t i l l  seems to  be a need fo r  an acceptable industry-wide 
definit ion tha t  a l l  can use i n  communicating w i t h  each other. 

Mr. Leigh suggested tha t  the resource be accounted i n  terms of 
BTU's t o  which a value could be associated. T h i s  i s  a fundamental 
approach tha t  i s  well understood, and i s  one tha t  most probably could 
be generally accepted; however, i t  i s  important t o  recognize t h a t  the 
value of a BTU will  be dependent on the temperature a t  which i t  is  
delivered and the purity of the f lu id  i n  w h i c h  i t  i s  contained. 
ture  a f fec ts  conversion efficiency, and both temperature and puri ty  can 
a f fec t  capital  costs and O&M. 

Dr. Lipman suggested that  u t i l i t i e s  shou ld  be w i l l i n g  to  share 
more of the i n i t i a l  risks of geothermal development w i t h  the resource 
companies. There are  indications i n  evolving projects t h a t  there may 
be a trend i n  this direction. Certainly, the r i sk  seems to  be higher 
on first-of-a-kind geothermal resources or power plants,  b u t  may be a 
t ransient  phase i n  the course of geothermal development. 
there is  l i t t l e  actuarial  geothermal data upon which to  base risk 
assessment; however, as more power plants are constructed, the level 
of confidence i n  the resource among u t i l i t i e s  should increase. 

Tempera- 

I n  any case, 

Alexander N .  Graf 
The purpose of this panel was t o  consider the definit ion of 

geothermal reserve. Each panelist  represented a different  viewpoint 
or en t i ty  concerned w i t h  the development of geothermal resources. I t  
i s  qui te  evident t h a t  s ignif icant  variations i n  the definit ion ex is t .  

Dr. Muffler's in te res t  was in defining reserves i n  terms of an 
available national energy resource. Dr. Lipman's concern centered on 
the importance of expediting the development of specif ic  projects,  and 
protecting the in te res t  of stockholders. Mr. Mathisen's position was 
tha t  of defending the conservative nature of public u t i l i t i e s  i n  the i r  
cautious development of new energy sources. Mr. Leigh's concern w i t h  
the definit ion of geothermal reserve was limited t o  the determination 
of col la teral  value o f  producing reserves, which m i g h t  be used to  
finance new or further development. Mr. Silverman's i n t e re s t  seemed 
t o  focus on expediting development by providing needed guarantees to  
worthy projects,  based on a definit ion of geothermal reserves u t i l i z ing  
probabil i ty  of success. 
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Dr. Muffler, USGS-Menlo Park, began the discussion w i t h  three 
commonly accepted definitions--Resource base, Resources, and Reserves. 
Reserves were defined a s  the quantit ies of minerals tha t  can be reason- 
ably assumed to  exist and which are  producible w i t h  existing technology 
under present economic conditions. Dr. Muffler reviewed the McKelvey 
Diagram, and a logic diagram which m i g h t  jo in t ly  be described as 
follows: The resource base is s p l i t  in to  accessible and inaccessible, 
the accessible resource base (defined by depth)  i s  d iv ided  into useful 
(Resource) and residual,  w i t h  useful s p l i t  fur ther  as identified and 
undiscovered. Reserves a re  defined as accessible, useful, ident i f ied,  
and economic. Dr. Muffler concluded tha t  a reserve is  something you 
real ly  know, and tha t  you can make hard, immediate investment decisions on. 

Dr. Lipman, Union Oil Company, f e l t  t ha t  Dr. Muffler's defini- 
t ions a re  useful for  defining national energy s t ra teg ies ,  b u t  t ha t  the 
key words i n  the definit ion of geothermal reserves should be economically 
recoverable, and u s i n g  current technology. From an industry standpoint 
the use made of reserve determinations are  twofold, to  convince a 
u t i l i t y  tha t  there a re  suf f ic ien t  reserves to  build a plant,  and f o r  
reservoir management planning. Industry's experience has been tha t  
they have been required t o  'over prove' by many orders of magnitude 
the reserves required to  safely in s t a l l  an e lec t r ica l  generating p l a n t ,  
result ing i n  delays and greater capital expenses. The development 
process m i g h t  be expedited i f  the u t i l i t i e s  would assume a share of the 
i n i t i a l  risk. The economics of geothermal energy are  different  t h a n  
those of o i l  and gas because of the extended development/return of 
investment time period. Dr. Lipman indicated tha t  Union Oil Company 
car r ies  economic identified resources on i t s  books as reserves only if  
there i s  a commitment from a u t i l i t y  t o  b u i l d  a plant. 
Union Oil Company reserves are  a t  The Geysers, and i n  the Philippines. 

Mr. Mathisen, Planning Department-PG&E, s ta ted t h a t  PG&E recog- 
nizes that  i t s  position w i t h  regard t o  geothermal resources development 
has been conservative. Among the reasons ci ted for  this approach are  
tha t  PG&E is  responsible to  the CPUC, concerned about maintaining i t s  
h i g h  bond rat ing,  and naturally wary about entering financial commit- 
ments t o  new energy sources. PG&E's  position i n  the past has been tha t  
only a f t e r  the wells necessary to  service a p l a n t  have been dr i l led  and 
s a t i s f ac to r i ly  flow tested by the developer, can the resource be 
elevated to  a reserve. PG&E's position has become more f lex ib le  due 
to  the posit ive experiences i t  has had a t  The Geysers. Mr. Mathisen 
believes tha t  faced w i t h  the opportunity t o  develop a new geothermal 
f i e l d  PG&E m i g h t  require less  proof of multiple reserves t h a n  they d i d  
from the developers of The Geysers. 

ders a geothermal reservoir an asse t .  
is i ts  f a i r  market liquidation value today (which i s  the sum of a l l  
discounted future net revenues from the f i e l d ,  assuming tha t  i t  has been 
operating a t  l ea s t  six months), as opposed to  definit ions involving 
economic recoverability or current technology. 
the o i l  and gas industry to  ra i se  capital  for  the development of a new 
f i e ld  by us ing  t he i r  producing f ie lds  as co l la te ra l .  
is  not i n  the business of providing f u n d s  fo r  a new geothermal f i e l d  

The only current 

Mr. Leigh, Energy Department-Lloyd's Bank of California, consi- 
A bank's definit ion of a reservoir 

I t  i s  the practice i n  

A commercial bank 
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development without additional co l la te ra l .  A commercial bank's risk 
ra t io  must be 1 per cent or l e s s ,  thus a bank's definit ion of geothermal 
reserve is  a resource sui table  for  use as  co l la te ra l ,  which i s  99 per 
cent known. Very few geothermal f i e lds  can qualify as co l la te ra l .  

considers each loan guarantee application to  determine i f  the data 
submitted i s  suf f ic ien t  t o  substantiate the applicant 's  claims. 
the claims are  confirmed then an economic analysis i s  conducted i n  
order t o  determine t h a t  the applicant will be able t o  repay the loan 
according to  the specified schedule. The definit ion of reserve will 
vary depending on the type of application, location, known data,  and 
claims made by the applicant. 
t o  exist if  the analysis of the applicant 's  proposal indicates that  the 
probability of success i s  i n  excess o f  60 per cent. 

essential  role i n  the development of geothermal prospects. A common 
defini t ion of reserves would be a useful tool for  communication among 
these groups. Developing a definit ion common t o  a l l  of them may be 
an unreal is t ic  goal; however, discussions of this type are  very 
stimulating, and play an important part i n  defining differences. 

Mr. Silverman, Geothermal Loan Guarantee Program-DOE/SAN, 

If  

As a general rule a reserve is considered 

Each of the e n t i t i e s  represented by the panelists plays an 
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Optimal Timing of Geothermal Energy Extraction 

Kamal Golabi 
Woodward-Clyde Consultants, San Francisco 

Charles R. Scherer 
University of California, Berkeley 

Introduction 

This paper is concerned with the optimal time to commence 
extraction of energy from a hot-water geothermal reservoir. 
economic models that we have presented in the past have the common 
characteristics that the extraction program starts immediately (see 
[l] and [2]). Based on this assumption, we determined optimal 
extraction strategies and planning horizons such that the present 
values of total profits were maximized. In this study we relax 
the requirement that extraction be undertaken immediately, seeking 
instead the delay in starting time that along with the other decision 
variables maximizes the present value of total profits over the economic 
life o f  the reservoir. O f  course, optimal starting time, economic 
life of the reservoir, optimal extraction rate, and optimal injection 
temperature are interrelated, and therefore, we analyze their effect 
on the overall planning strategy simultaneously. 

The 

Phvsical AssumDtions 

Our economic model is based on a production-reinjection well 
doublet (Gringarten-Sauty model [ 3 ] )  where the aquifer is assumed 
to be saturated and homogeneous and is bounded top and bottom by 
impermeable aquicludes. 
aquifer is T . After ‘I years from the start of pumping, the tem- 
perature decyines below To, and this temperature is denoted by Tk, 
showing the dependence of the temperature on time. 
model can easily accommodate other hydrothermal models. However, 
the Gringarten-Sauty model allows for expressing T k  as a function 
of energy extraction rate (see Trang et al. [ 4 ] ) ,  and this func- 
tional relationship simplifies our analysis of the economic model. 

The initial equilibrium temperature of the 

Our economic 

Hot water is pumped from the aquifer, run through a heat 
exchanger and reinjected to the aquifer. 
generated on the other side of the heat exchanger. We will assume 
that steam can be sold at the cost of the least expensive alterna- 
tive to produce this steam. 

Low-pressure steam is 
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The Economic Model 

We will assume that the real value of energy increases with 
time in an exponential manner. Extraction commences at time u and 
continues for L years at the rate of Q, and the brine is reinjected 
in the aquifer at the temperature of Ti. 
maximizing the total discounted profits. In other words, we like 
to: 

We are interested in 

+ (1-ll) ./ fL+ua PoertQc Pf ( Tk-Ti )e-itdt 
T+U 

-C(u, L, Q, Ti), 

subject to: 

TilTs 

T,-T~?~ t 

where 

= price (value) of energy at time zero, 

= rate of increase of real energy price, r 

n = royalty €or geothermal lease paid as a fraction of 

Q = extraction rate (m /hr) 
revenues , 

3 

= specific heat of the fluid (cal/gr°C), 

= fluid density (gr/cm ) ,  

cf 
3 

pf  

i = discount rate, 

U = starting time (years), 
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T = break th rough  t i m e  ( y e a r s ) ,  

L = e x t r a c t i o n  p e r i o d  ( y e a r s )  , 

= i n j e c t i o n  t e m p e r a t u r e  ( "C) ,  Ti 

TE = p r o d u c t i o n  t e m p e r a t u r e  as a f u n c t i o n  of  t i m e  ("C) 
f o r  g i v e n  e x t r a c t i o n  r a t e ,  

= steam t e m p e r a t u r e  ("C).  

= t o t a l  c o s t  as a f u n c t i o n  of  d e c i s i o n  v a r i a b l e s ,  

TS 

C( 

and a i s  a c o n v e r s i o n  f a c t o r  t o  y i e l d  r evenues  i n  d o l l a r s / y e a r .  

The c o s t  f u n c t i o n  i n c l u d e s  c a p i t a l  c o s t s  f o r  wel ls  and equip-  
ment,  o p e r a t i n g  and maintenance c o s t s ,  r e n t s  and s a l a r i e s ,  and 
t e r m i n a t i o n  c o s t s .  C i s ,  of  c o u r s e ,  a f u n c t i o n  of  ou r  f o u r  
d e c i s i o n  v a r i a b l e s .  

The c o n s t r a i n t s  s imply imply t h a t  t h e  i n j e c t i o n  t e m p e r a t u r e  
(which i s  t h e  same as t h e  h e a t  exchanger  o u t l e t  t e m p e r a t u r e )  shou ld  
remain above t h e  steam t e m p e r a t u r e ,  and t h a t  t h e  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  t e m p e r a t u r e s  of  t h e  h e a t  exchanger  shou ld  no t  
f a l l  below a c e r t a i n  l e v e l ,  6 (we are i g n o r i n g  h e a t  l o s s e s  i n  s u r -  
f a c e  p i p e s ) .  

O p t i m i z a t i o n  

Denot ing t h e  sum of  t h e  f i r s t  two e x p r e s s i o n s  i n  (1) as reve-  
nues  R(u ,  L ,  Q ,  T . ) ,  w e  show t h a t  i f  t o t a l  r evenues  a s s o c i a t e d  w i t h  
immediate e x t r a c t i o n  (R) c a n  be computed ( a s  done i n  [ 2 ] ) ,  t h e n  t h e  
ana logous  r evenue  when e x t r a c t i o n  d e l a y  i s  i n c o r p o r a t e d  i s  j u s t :  

z 

Likewise ,  f o r  c o s t s  w e  show t h a t  t o t a l  c o s t s  when d e l a y  i s  con- 
s i d e r e d  may be  w r i t t e n  as: 

c ( u ,  L ,  Q ,  T;) = cle-iu + C 2 e  ( r - i ) u  

where 
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Cl = total extraction costs less pumping energy costs 

C2 = pumping energy costs. 
and 

We also show that the optimal injection temperature Ti can be 
expressed as a function of Q and L. These results enable us to 
show that f o r  each Q and L, the optimal starting time is either 
equal to zero or is given by 

* (i-r )B u = - - 1 an[.-.] 
r iH 

( 4 )  

where 

B = R-C2 
and 

H = C -(annual pre-exploition rent/i). 1 

In other words, depending on the value of the parameters involved, 
the profit maximizing entrepreneur should either start extraction 
immediately or wait for a time of u* years (as given by equation 4 )  
before commencing extraction. 

ti 
L ,  

An interesting result which greatly facilitates the computa- 
.on of the optimal vector (Q*, L*, u*) is our result that for each 
either the optimal extraction rate is the Q that maximizes 

or Q o ,  the optimal extraction rate when extraction is immediate, 
depending on whether the ratio (i-r)B/iH falls between 0 and 1 or 
not. Using this result, we have developed an algorithm that finds 
the global maximum efficiently. 

B1/Hi-r, 

Results 

The optimization is conducted with a particular set of data 
which to our best judgment reflects the current value of pertinent 
costs. 
range of values associated with known hot-water geothermal resources. 

The geohydrological data have generally been chosen in mid- 

We note that the computer program developed for this study can 
be readily utilized for decision making under a different set of 
conditions. Geohydrological and economic data are inputs to the 
program, and the cost subroutine can be easily modified to accom- 
modate the particular costs involved in the exploitation of each 
individual field. 
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I n  ou r  computa t ions  w e  a l lowed i n t e r e s t  r a t e  i t o  v a r y  from 4% 
t o  15% and r ,  t h e  rea l  energy v a l u e  growth ra te ,  from 1% t o  3%. 

A s  e x p e c t e d ,  o p t i m a l  p r o f i t s  d e c r e a s e  as i i n c r e a s e s  and 
i n c r e a s e  as r i n c r e a s e s .  A l so ,  t h e  o p t i m a l  s t a r t i n g  t i m e  i n c r e a s e s  
w i t h  r and d e c r e a s e s  w i t h  i. I n  o t h e r  words,  when t h e  ra te  of 
i n c r e a s e  i n  v a l u e  o f  ene rgy  i s  h i g h ,  t h e  p r o f i t  maximizing e n t r e -  
p reneur  pos tpones  t h e  o n s e t  of e x t r a c t i o n ,  wh i l e  he  p r e f e r s  t o  
s t a r t  e x t r a c t i o n  immediately i f  t h e  v a l u e  of  energy i s  n o t  expec ted  
t o  r ise  as f a s t .  

The o p t i m a l  pumping r a t e  i n c r e a s e s  w i t h  i and d e c r e a s e s  w i t h  r .  
Thus,  as r i s  i n c r e a s e d ,  t h e  o p t i m a l  d e c i s i o n  i s  t o  e x t r a c t  h e a t  
more s lowly  and l e a v i n g  more h e a t  f o r  t h e  f u t u r e  when t h e  v a l u e  i s  
h i g h e r ,  An i n t e r e s t i n g  r e s u l t  i s  t h e  f a c t  t h a t  even when e x t r a c -  
t i o n  i s  postponed,  t h e  o p t i m a l  e x t r a c t i o n  ra te  i s  approx ima te ly  t h e  
same as t h e  o p t i m a l  r a t e  when e x t r a c t i o n  i s  immediate.  

The economic l i v e s  L* a re  n o n i n c r e a s i n g  i n  i and nondec reas ing  
i n  r ( w i t h  L* t a k i n g  p redominan t ly  t h e  v a l u e  of  t h e  assumed w e l l  
l i f e ) .  Thus, when f u t u r e  p r o f i t s  are d i s c o u n t e d  more h e a v i l y ,  t h e  
e n t r e p r e n e u r  t e n d s  t o  s ta r t  e x t r a c t i o n  soone r  and pumps t h e  e n e r g y  
fas te r  o v e r  a s h o r t e r  p e r i o d  of t i m e  compared t o  when t h e  d i s c o u n t  
r a t e  i s  n o t  as h i g h .  
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PREDICTING THE RATE BY WHICH SUSPENDED SOLIDS PLUG 
GFDTHERMAL INJECTION WELLS 

L. B. Owen, P. W. Kasameyer, R. Netherton, and L. Thorson 
University of California 

Lawrence Livermore Laboratory 
P. 0. Box 808 

Livermore, California 94550 

Standard membrane filtration tests have been used by the oil 

Published analytical models are also available for relating 
industry for more than 20 years to evaluate injection well perfor- 
mance. 
filtration data to injector lifetimes. 
techniques to evaluate injection at the Salton Sea Geothermal Field, 
Southern California. 
reservoir zones with primary porosity is not feasible unless 1 pm or 
larger particulates formed during or after the energy conversion 
process are removed. 

We have utilized these 

Results indicate that direct injection into 

Injection Rationale 

Commercialization of geothermal resources in the United States 
will require injection as the preferred means of waste effluent 
disposal. 
obvious rationale for waste injection. 
perature-maintenance and subsidence control may also, in many 
instances, mandate subsurface disposal. 
injection systems, advantage can be taken of the extensive experi- 
ence gained by the oil industry during the last 20 years in the 
design and operation of massive waterflood operations. 

Prevention of surface and groundwater pollution is an 
Reservoir pressure- and tem- 

When evaluating geothermal 

Potential injection problems can be grouped w i t h  respect to 
well completion techniques, casing corrosion and waste effluent chemis- 
try (Jordan et al., 1969). This paper deals with evaluation of injec- 
tion problems at the Salton Sea Geothermal Field (SSGF) caused by 
suspended solids formed during or after the energy conversion process. 

WRK PERFORMED UNDER THE AUSPICES OF THE U.S. DEPARTMENT OF ENERGY, 
CONTRACT NO. W7405-ENG48. 
REFERENCE To A COMPANY OR PRODUCT NAME DOES NOT IMPLY APPROVAL OR 
RECOMMENDATIOJSJ OF THE PRODUCT BY THE UNIVERSITY OF CALIFOEINIA OR THE 
U.S. DEPARTMENC OF ENERGY TO THE EXCLUSION OF OTHERS THAT MAY BE SUITABLE. 

Sta tes  Government. Ne i the r  t h e  Un i ted  States nor  the  Un i ted  States 
Department of Energy, nor  any o f  t h e i r  employees, no r  any of t h e j r  
con t rac to rs ,  o r  t h e i r  employees, makes any warranty ,  express O r  Imp l ied ,  
o r  assumes any l e g a l  l i a b i l i t y  o r  r e s p o n s i b i l i t y  f o r  t h e  accuracy, com- 
p le teness o r  usefu lness o f  any in fo rmat ion ,  apparatus, product  o r  process 
d isc losed,  o r  represents  t h a t  i t s  use would n o t  i n f r i n g e  pr ivate ly-owned 
r i g h t s  . I '  

"This  r e p o r t  was prepared as an account o f  work sponsored by the  Uni ted 
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The work wits carried out as part of the Lawrence Livermore Labora- 
tory Industrial Support Program which provides technological 
support for the joint Magma Power-San Diego Gas and Electric 
Company-DOE 10 mw Geothermal Loop Experimental Facility (GLEF) 
located in the SSGF (Austin et al., 1977; Quong et al., 1977). 

Analytical Method 

Barkman and Davidson (1972) developed quasi-steady-state 

The models require injection well geometry, 
analytical solutions for calculatlng the effect of suspended solids 
on a porous medium. 
formation characteristics, suspended solids concentration and filter 
cake permeability as input data. We used the open-hole solution for 
injector failure by filter cake build-up on the porous formation 
surface (no invasion) to arrive at a conservative estimate of injec- 
tor half-life: 

where : 
r 

h 
W 

r e 

kf 

(Pc/Pw) 
C 

k 

1 /2  

W 

3 i n j e c t i o n  rate (m /sec) 

w e l l b o r e  r a d i u s  (m) 

i n j e c t i o n  i n t e r v a l  (m) 

e f f e c t i v e  r a d i u s  (m) 

formation pe rmeab i l i t y  (mD) 

f i l t e r  cake permeabi l i ty  (mD) 

dens i ty  ratio:  f i l t e r  c a k e b r i n e  

h a l f - l i f e  of i n j e c t o r  (sec) 

suspended solids concent ra t ion  ( p p m )  

For a single well at the SSGF operating at an injection rate 
of 0.04 m3/sec (Figure l), the injection rate-permeability product 
(.@I) kf ranges between 4000 and 100,000 (B/D-FT) m ~ .  
injectivity with a half-life greater than one year, the water quality 
ratio w/kc must be <d. 
estimate is reduced by a factor proportional to the perforated area. 

To insure 

For a perforated completion, the half-life 
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Membrane f i l t ra t ion  tests were used to  measure the rat io  w k .  
A plot of cumulative f i l t e r  throughput as a function of time approaches 
a straight l i n e  provided a f i l t e r  cake forms. 

s= slope of linear portion of f i l t ra t ion curve 
A= area of f i l t e r  exposed to  brine (an2) 

v= brine viscosity (cp) 

(rn1/4En) 

Apt= pressure drop across f i l t e r  (Atm) 

"he intercept of the linear portion of the f i l t ra t ion curve, i f  
negative, indicates plugging without f i l t e r  invasion, or, i f  posi- 
tive, plugging w i t h  f i l t e r  invasion. Examples of both types of 
fi l tration curves for effluents from the SSGF are shown i n  Figure 1. 

Membrane Filtration Apparatus 

A schematic diagram of the f i l t ra t ion apparatus is shown i n  
Figure 2. 
i n  Nuclepore stainless s teel  in-line holders. Temperature drops i n  the 
system were minimized by insulating a l l  l i n e s  and bypassing most of the 
flow a t  the f i l t e r  holder. 
of 50 psig and temperatures of%8OoC. 
were measured i n  accordance w i t h  procedures outlined by Doscher and 
Weber (1957). 

47 mn Nuclepore polycarbonate membrane f i l t e r s  were mounted 

A l l  runs were made a t  a differential pressure 
Suspended solids concentrations 

A novel brine-tolerant flow metering system was employed. The 
volume measuring system consisted of a 23 kgm load cel l  and associated 
power supply, digi ta l  voltmeter and elapsed timer. 
produced accurate average flow rates and total volume throughputs. 
Linear calibration curves were obtained by transferring known volumes 
of brine to  the storage container and recording load cel l  output i n  
millivolts . 

This  system 

Resul ts  

Filtration tests were performed w i t h  three types of brine 
effluents:  
( M a w  No. 3)  and two experiments were run i n  conjunction w i t h  
the LLL tes t  u n i t  located adjacent t o  the producing w e l l  (Magmamax No. 1). 

One experiment was run adjacent to  the injector 
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The effect of process chemistry on f i l t ra t ion  characteristics is s m r -  
ized i n  Table 1. 
tion into a porous medium as indicated by relatively high values of 

Magmama x No. 3 Wellhead 

None of the effluents were suitable for direct injec- 

w/kc 

T e s t s  run a t  t h e  injection wellhead were carried out during a 
period when acidified condensate was remixed w i t h  brine effluents 
( a l l O ° C )  from the GLEF a t  a point upstream of t h e  i n j e c t i o n  pump. 
Dilution of brine by acidified condensate significantly reduced scaling 
i n  the injection line and improved long-term performance of t h e  injec- 
tion pump. Suspended solids (lead sulfide) concentrations were also 
reduced to  <50 ppm wi th  respect to  nominal solids levels of a150 ppm 
(mostly s i l i ca )  during injection without condensate recombination. 
Most of the PbS particles were between 5-10 w i n  diameter. 

LLL Test Unit 

Filtration characteristics of acidified and unmodified 
e f f l u e n t s  from the LCL four-stage flash system were also determined. 
The flash system is a model of the GLEF and is being used to  assess 
scale control, by chemical modification (primarily acidification), 
and corrosion. During acidification runs, hydrochloric acid was 
injected into the brine input l i n e  of the second-stage separator 
(190-210°C). Filtered solids were composed of iron-rich amorphous 
s i l ica .  The concentration of particulates i n  brine prior to f i l t ra -  
tion was 1 4  ppm for acidified effluent and 150 ppm for unmodified 
effluent. The order of magnitude decrease i n  suspended solids i n  
acidified brine demonstrates the effect of reduced pH on s i l ica  
precipitation kinetics. 
from collodial t o  about 10  pm. 
because dissolved s i l ica  effectively sealed interstices between 
deposited solids. 

The diameter of deposited solids varied 
Low permeability f i l t e r  cakes formed 

Discussion 

Data from membrane f i l t ra t ion tests indicated that s i l i ca  
solids, ranging i n  s i ze  fromdum to  10um, are present i n  SSGF 
effluents. These solids form low permeability f i l t e r  cakes (0.4 to 

of the Magmamax No. 3 injection w e l l .  Our measured values of water 
quality ra t io  lead to  a short predicted lifetime for injection into 
porous formations i n  Magmamax No. 3 (tl/2 < 0.01 years). However, 
brine has been successfully injected into Magmamax No. 3 on an inter- 
mit tent  basis from March of 1976, to  the present, far longer than 
expected for a porous medium. 
of a spinner survey reported by Nugent and V i c k  (1977) which indicated 
plugging of a l l  but four feet of the 458-foot slotted liner during 
the in i t i a l  eight months of intermittent injection. Subsequently, 
the w e l l  was worked over and injection resumed. 

ID). The analytical model was used to  compute the half-life 

This contridiction is resolved by results 

One week la ter ,  a l l  
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porous zones were plugged again as predicted by the model. 
four-foot interval, which is interpreted as a fracture zone, 
continues to accept fluid at rates up to 800 gal/min. 

data presented by Mathias (1975) for East Mesa well 5-1. The observed 
half-life of 0.0002 years is in good agreement with our calculated 
half-life of less than 0.002 years (assuming w = 92 ppm, kf = 69 mD, 
hL 5301 m, open hole completion, and k 

The 

The analytical model was also used to evaluate injection 

51 mD.) 
C 

Brine Treatment Requ irements for Injection 

Removal of solids from brine prior to injection may require 
some form of final filtration. 
of the formation is required for establishment of minimum filtration 
requirements. 
No. 3 were not available, absolute filtration requirements were esti- 
mated on the basis of filter tests and calculations of mean 
reservoir pore diameter. 

Knowledge of effective pore size 

Since core samples of reservoir rocks from Magmamax 

Formation pore size can be estimated to be less than 20 um 
since a 20pm filter does not plug, but the formation does. 
Carman-Kozeny equation can be used to estimate mean pore diameter 
for given values of porosity and permeability (Champlin et al., 1977). 
Using values of average porosity 20% (Tewhey, 1977) and average per- 
meability 500 mD (Morse, 1977) estimated mean pore diameter are about 
11pm. The largest particle that can pass through pores is conserva- 
tively estimated to be 10% of the average pore diameter (Barkman and 
Davidson, 1972) suggesting that absolute filtration to 1 pm or less 
will be required to insure injectivity in porous zones. 

The 

Formation damage may occur even after absolute filtration. 
Harrar et al. (1977) found that solids continue to precipitate from 
SSGF effluents held at 90°C at rates controlled by brine pH or degree 
of dilution with water prior to incubation. The effect of delayed 
precipitation away from the well is difficult to forecast, and 
successful injection may require hold-up time prior to filtration. 
Chemical reactions between formation rock and filtered effluents 
must be understood. To that end, cores flushing experiments with 
filtered brine will be continued at the SSGF. 

Conclusions 

Membrane filter tests are useful in evaluating injectivity of 
geothermal effluents. 
half-life utilizing filtration data. 
solids is not feasible in reservoir zones with primary porosity. 
However, long-term injection of brine and suspended solids can 
apparently be achieved in fracture zones. 

Techniques are available for estimating injector 
Injection of brine with suspended 

-167- 



Table 1. Filtration Characteristics of SSGF Effluents (80°C) 

Filter 
W/k, W 

Solids 
Process Pore Size 
Chemistry (urn) (Ppn/mD) (PPI 

0.4 1010 448 24 

Acidified 0.4 190 12,655 27 
Condensate 
Recombina- 1.0 210 10,360 32 5-10 pm Pbs 
tion 

Brine pH 5.0 169 15,996 46 
lL5.5 

10.0 95 50,621 10 

0.4 32 123,464 150 

Unodif ied 2.0 540 434 150 <1-10 urn 
Brine 
pH 5.8 5.0 147 5,851 150 S io2 

Amorphous 

10.0 44 65,303 150 

1.0 50 50,629 14 

Brine 5.0 12 878,972 14 Amorphous 
pH s4.6 Si02 

10.0 21 287,011 14 

Acidified <1-10 urn 
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M EM BRAN E F I LT RAT I ON APPARATUS 

0-100 psi 

Brine inlet Ball valve 

To baker tank 
Control 

valve 
(needle) valve 4 

Membrane 
filter 

*holder 

Pressure 
by-pass 
valve 

(needle) 

cell 
Load cell power 

supply 

Brice flow 
container U 

Fiqure 2. Membrane f i l t r a t i o n  apparatus. 

( I N J .  R A T E  / Y E T  f t  1 I F O R W A T I O N  P E R H . ,  E D - m D /  f f .  

Fiqure 3 .  
( a f t e r  Barkman and Davidson, 1972).  
range of values assumed f o r  Magmamax #3. (k =loo-300 m D ,  i0=0.04 m /sec. ,  
h=100-500 f ee t ,  and the measured water qualfty r a t i o s  are  
450-1 00,000 ppm/mD. ) 

Calculated inject ion half- l ives  for  porous formations 
The shaded area indicates the3 
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The Effect of Radially Varying Transmissivity 
on the Transient Pressure Phenomenon 

Leonard D. Mlodinow and Chin Fu Tsang 
Lawrence Berkeley Laboratory 
University of California 
Berkeley, California 94720 

1. Introduction 

During reinjection of cooled geothermal fluid into a reservoir, 
chemical precipitation and other processes may occur changing the permea- 
bility of the aquifer. 
both of time and space. This will, of course, affect the injection well. 
Some attempts? have been made to analytically predict the pressure res- 
ponse. The present paper describes our calculations which yield analytic 
expressions, in terms of a single integral, for a wide class of physically 
reasonable permeability functions. Results are presented for a few typi- 
cal examples. 

In general, the permeability becomes a function 

2. Governing Equations 

Consider an aquifer consisting of a horizontal slab of thickness, h, 
penetrated normally by a line source supplying a flow Q. 
medium is taken to be isotropic. In our simplified model we neglect gra- 
vity, 
fluid phase. The governing equation is then given by 

The aquifer 

consider the system to be isothermal, and consider only a single 

1 - if we assume that Byp pp << - a *  Kyp. Here Bo = compressibility, u Z 
viscosity. ($I porosity,are taten constant", and K F permeability, p Z 
pressure. 

Given a permeability function of space and time, (1) yields the 
pressure distribution that results. The present work solved equation (1) 
for a large class of physically reasonable permeability function. In 
particular, we look for a family of constant K surfaces in space-time 
which may be physically reasonable. Let ro be the distance from the 
line source to the fluid front. Since the volume of fluid pumped into 
aquifer equals the volume of aquifer occupied, we see that the fluid 
front propagates to 

ro(t) = Ct1'2 

where C is a constant. Thus if r is the distance of any point in the 

* The same analysis can bc easily adapted to the case where 1.1 is not 
a constant, but that K/p is in the form of the permeability functions 
described below. 

unpublished. 
i' For example, A .  Sklar, Lawrence Livermore Laboratory Annual Report (1977) 
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aquifer to the source, then points with r2/t < C2 will have permeability 
KO0 and if r2/t > C2 they will have permeability K,. 
value of the ratio r2/t will have the same permeability. We shall solve 
equation (1) first for permeabilities of the form, 

Points with the same 

K(r,t) = KO B(r2/t) (2) 

where r is the cylindrical radial coordinate, and 6 is an arbitrary func- 
tion. We shall then extend the class of solutions to those of the more 
general permeability function 

where a is an arbitrary positive function of t. 

3 .  Solution - 

To make equation (1) dimensionless, units are chosen so that Bo@ = 1, 
p = 1, and l i m i t  K(g,t) K, = 1 then dimensionless quantities are: 

r ->o 

Thus (1) becomes 

% = ,  at - . B V P  ( 4 )  

- If we look at the solutions where p is a function of r only, p(x,t) = 
p(r,t). Then 

r 
z E r2/t , and apply the separation of -> t w - t  

Next we change variables 
variables , 

-- 
p(r,t) = P(z,w) = @(w)x(z) 

On substitution, we find $(w) = 1 and x satisfies 

which is really a first order differentia1,equation for ax/az. 

It remains only to integrate the equation and impose the remaining 
boundary conditions, which are 
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p ( r , o )  = p0 p (m ' , t )  = Po 

aP l i m i t  2 n r h K ( r , t )  - - 
r ->o ar - -Q 

-Q limit 2 m h K ( r , t )  -- ap = 
ar - 

t + m  

I n  terms of  t h e  v a r i a b l e  z ,  t h e s e  boundary cond i t ions  correspond to  

Thus t h e  s o l u t i o n  of (6)  a f t e r  p u t t i n g  i n  u n i t s  is ,  

F i n a l l y ,  we o b t a i n  t h e  s o l u t i o n s  €or the  m o r e  general pe rmeab i l i t y  
( 3 )  from those  s o l u t i o n s  a l r e a d y  obta ined .  The method depends on a p rope r ty  
of t h e  d i f f e r e n t i a l  equat ion  

and does no t  depend on t h e  s p e c i f i c  form of  K o t h e r  than  i t s  being a 
func t ion  of r and t on ly  ( e .g . ,  t h e  same method could be used t o  gene ra t e  
new s o l u t i o n s  i f  [8] i s  i n i t i a l l y  solved f o r  o t h e r  forms of K ) .  

To g e t  t h e  new s o l u t i o n s  assume t h a t  ( 8 )  has  been so lved  f o r  f ,  
wi th  a given K. Then cons ide r  t h e  transformed func t ion  

f m ( r , t )  5 f r ,  ~ ( t ' )  dt ' ]  [ Lt 
where a i s  an a r b i t r a r y  p o s i t i v e  func t ion .  fa does n o t  s a t i s f y  ( 8 )  s i n c e  

Rather f a  s a t i s f i e s ,  

where K , ( r , t )  C ( t )  K k , / t m ( t i ) d t t ]  

Furthermore,  t h e  boundary cond i t ions  on f a  and f are t h e  same so t h a t  if 
p i s  t h e  p r e s s u r e  response due t o  K,  then  t o  f i n d  t h e  p re s su re  a t  t h e  

0 
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point (r,t) 'when the permeability is K,, we just evaluate p at the point 
(r,'I) where 

I4 

4 .  Results 

We have calculated the pressure distributions resulting from the 
following permeability functions 

- 

- 6  
K3 = exp [-p/(z+E)] , p = 10 E = 4P/3 

0.1 0.2 0 . 3  0 
R/K (rn/v'ZY) 

0 d c y  

I doy 

I 1 I I I I 1 I 

0.2 0.4 0.6 0.8 
A C i t e r d  

For comparison permeabilities K1 - K 3  
are graphed v s .  r / 6  in Figure l*. 

The constant permeability KO 
leads to the Theis Solution which 
is graphed in Figure 2. 
3-5 give graphs of K1 - K3 
the corresponding calculated pres- 
sure distributions. 

Figures 
and 

5. Summarv 

We have obtained an analytical 
solution for the pressure response 
in a reservoir with permeability of 
the form K = K(r2/t). It has been 
found that these solutions may be, 
used to generate additional solutions 
€or 

- 
* In this Figure, the para- 
meters in K3 are p = 1.85 x 
and E = (4/3)p. Hence, at Z=O 

all the permeability functions 
K1 to K4 have the value 0.25K0. 

I 
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S e v e r a l  f u n c t i o n  forms for  K ( r 2 / t )  
have been s t u d i e d  and t h e  r e s u l t i n g  
p r e s s u r e  d i s t r i b u t i o n s  c a l c u l a t e d .  

A g e n e r a l  method f o r  g e n e r a t i n g  
t h e  p r e s s u r e  r e s p o n s e  5 €or a permea- 
b i l i t y  

w a s  deve loped ,  once  t h e  s o l u t i o n  p ( r , t )  
is p r e v i o u s l y  found ( a n a l y t i c a l l y  o r  
n u m e r i c a l l y )  f o r  a p e r m e a b i l i t y  f u n c t i o n  
K ( r , t ) .  The s o l u t i o n  f o r  K ( r , t )  i s  

The o n l y  r e s t r i c t i o n  on a i s  t h a t  it be 
positive. 
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SALTON SEA GEOTHERMAL RESERVOIR SIMULATIONS* 

T. D. Riney, J. W. P r i t c h e t t  and S. IC. Garg 
Systems, Science and Software 

P. 0. Box 1620, La J o l l a ,  C a l i f o r n i a  92038 

The Sa l ton  Sea Geothermal F i e l d  (SSGF) i s  a h i g h - s a l i n i t y ,  high- 
temperature  resource .  The San Diego Gas & E l e c t r i c  Company has con- 
s t r u c t e d  a nominal 10  MWe Geothermal Loop Experimental  F a c i l i t y  (GLEF) 
which w i l l  u s e  b r i n e  produced from Magma Power Company's Woolsey No. 1 
(Wl) and Magmamax No. 1 (Ml) w e l l s ;  t h e  Magmamax No. 2 (M2) and No. 3 
(M3) w e l l s  w i l l '  be used f o r  r e i n j e c t i o n .  I n t e r m i t t a n t  b r i n e  product ion/  
i n j e c t i o n  has  been performed s i n c e  May 1976, bu t  no a s soc ia t ed  f l u i d  
f low d a t a  have been publ ished.  The Lawrence Livermore Laboratory (LLL), 
however, has  c o r r e l a t e d  t h e  d a t a  a v a i l a b l e  from s u r f a c e  measurements and 
l o g s  from v a r i o u s  w e l l s  i n  t h e  SSGF. W e  have used t h i s  l i m i t e d  d a t a  
base  and t h e  MUSHRM s imula tor  t o  syn thes i ze  a preproduct ion r e s e r v o i r  
model f o r  a p o r t i o n  of t h e  SSGF which con ta ins  t h e  GLEF s i te .  The simu- 
l a t o r  is  then  appl ied  t o  t h e  model t o  examine r e s e r v o i r  performance under 
d i f f e r e n t  assumptions t o  improve our  understanding of t h e  system and i t s  
p o t e n t i a l  f o r  e x p l o i t a t i o n .  

DATA BASE AND MODELING APPROACH 

The main sequence r e s e r v o i r  rock i n  t h e  SSGF i s  bedded sandstone 
wi th  s h a l e  l e n s e s  and l a y e r s ,  o v e r l a i n  wi th  a r e l a t i v e l y  impermeable 
shale bed (caprock) ,  and i s  be l ieved  by t h e  LLL i n v e s t i g a t o r s  t o  be  
separa ted  i n t o  "upper" and "lower" r e s e r v o i r s  by a r e l a t i v e l y  t h i c k  and 
cont inuous s h a l e  l a y e r  [Towse, 1975; Schroeder,  19761. From s t u d i e s  of 
c o r e s ,  c u t t i n g s  and l o g s  from w e l l s  d r i l l e d  i n  t h e  SSGF, Towse [1975] 
determined t h e  approximate depths  t o  t h e  top  of  t h e  upper r e s e r v o i r  and 
t o  t h e  major s h a l e  break sepa ra t ing  t h e  upper and lower r e s e r v o i r s .  
Since t h e  geologic  l a y e r s  d i p  i n  a nor thwes ter ly  d i r e c t i o n  e s s e n t i a l l y  
p a r a l l e l  t o  t h e  Brawley F a u l t  Zone, we s e l e c t e d  t h e  r eg ion  covered by 
t h e  f i n i t e  d i f f e r e n c e  mesh i n  F igure  1 f o r  our study.  A cross-sec t ion  
i s  cons t ruc t ed  by p r o j e c t i n g  t h e  d a t a  onto  a vert ical  p lane  p a r a l l e l  t o  
t h e  s u r f a c e  trace of t h e  Brawley F a u l t  Zone (Figure 2) .  The i n t e r f a c e s  
between t h e  geologic  l a y e r s  are taken t o  be p l anes  d ipping  t o  t h e  north-  
w e s t  which approximate t h e  p o i n t s  depic ted .  The temperature-depth pro- 
f i l e s  measured i n  t h e  geothermal wells [Palmer, 19751 have been p ro jec t ed  
t o  c o n s t r u c t  t h e  approximate temperature  contours  shown i n  F igure  2. The 
GLEF product ion wells ( W l ,  M 1 )  are pe r fo ra t ed  almost e n t i r e l y  wi th in  t h e  
upper r e s e r v o i r  whereas t h e  i n j e c t i o n  w e l l s  (M2, M3) are pe r fo ra t ed  most ly  
w i t h i n  t h e  lower r e s e r v o i r .  

Whether o r  no t  t h e  i n t e r f a c i a l  s h a l e  b a r r i e r  p reven t s  s i g n i f i c a n t  
f l u i d  exchange between t h e  two r e s e r v o i r s  w i l l  have a profound e f f e c t  on 

* 
Work performed under NSF Grant No. AER75-14492 A01. 

-1 78- 



t h e i r  response t o  imposed p roduc t ion / in j ec t ion  condi t ions .  I n  t h e  ab- 
sence  of  v e r t i c a l  permeabi l i ty  d a t a ,  two l i m i t i n g  cases were analyzed. 
1. Product ion from upper r e s e r v o i r  without  i n j e c t i o n ,  i.e., s h a l e  bar-  

r i e r  prevents  f l u i d  i n j e c t e d  i n t o  lower r e s e r v o i r  from e n t e r i n g  
upper r e s e r v o i r .  

f r a c t u r e s  channel i n j e c t e d  f l u i d  i n t o  upper r e s e r v o i r .  
2. Product ion and i n j e c t i o n  occur  i n  upper r e s e r v o i r ,  l.e., v e r t i c a l  

Schroeder [1976] analyzed t h e  spa r se  d a t a  a v a i l a b l e  from d r i l l s t e m  tes t  
r eco rds  from M 1  and W1 and concluded t h a t  t h e  h o r i z o n t a l  pe rmeab i l i t y  
of t h e  r e s e r v o i r  sands i n  t h e  upper r e s e r v o i r  shale/sand sequence exceeds 
500 md. The sands comprise over 50 percent  of t h e  sequence and t h e i r  
p o r o s i t y  exceeds 0.3. For t h e  upper r e s e r v o i r  sequence we assume t h e  
fol lowing p r o p e r t i e s :  rock h o r i z o n t a l  permeabi l i ty  = 500 md; g r a i n  
d e n s i t y  of rock = 2.65 g/cm3; i n i t i a l  p o r o s i t y  of rock = 0.20; rock 
thermal  conduc t iv i ty  = 2.1 X l o 5  ergs/sec-cm-'C; rock s p e c i f i c  h e a t  = 
107 ergs/g-'C; b r i n e  s a l i n i t y ( s )  = 0.25; i r r e d u c i b l e  l i q u i d  s a t u r a t i o n  = 
0.3 and i r r e d u c i b l e  vapor s a t u r a t i o n  = 0.05. 
d e f i n e  t h e  re la t ive  p e r m e a b i l i t i e s ,  i n  t h e  case of two-phase flow, us ing  
t h e  Corey formula t ion .  

The la t te r  two parameters  

The 2D areal ve r s ion  of S3's MUS" r e s e r v o i r  s imula to r  i s  capable  
of t r e a t i n g  t h e  dipping and th ickening  upper r e s e r v o i r  i f  we cons ider  t h e  
component of g r a v i t y  a long t h e  d i r e c t i o n  of d i p  and vary  t h e  rock  proper- 
t i e s  t o  o f f s e t  v a r i a t i o n s  i n  th ickness .  The Brawley and Red H i l l  f a u l t s  
are  assumed t o  prevent  any f l u i d  flow ac ross  t h e  s i d e  boundaries  (F igure  
1). The f l u i d s  produced by w e l l s  on oppos i te  s i d e s  of t h e  Brawley f a u l t  
appear t o  have a d i f f e r e n t  o r i g i n ,  bu t  t h e r e  i s  no d e f i n i t e  evidence t h a t  
t h e  Red H i l l  f a u l t  i s  a s e a l i n g  f a u l t .  

PREPRODUCTION MODEL 

F igure  2 shows t h a t  t h e  temperature  a t  t h e  mid-plane of the upper 
r e s e r v o i r  is much less a t  t h e  sou theas t e rn  end ( l e f t ,  y = 0) than a t  t h e  
northwestern end ( r i g h t ,  y = L) .  
(s = 0.25) and t h e  temperature-depth p r o f i l e s  a t  t h e  two ends,  t h e  cor-  
responding mid-plane h y d r o s t a t i c  pressures  are computed t o  be P ( 0 )  = 38.02 
bars and P(L)  = 85.07 bars .  
d i p  ang le  a long  t h e  l eng th  of t h e  r e s e r v o i r  (Figure 2 ) ,  i t  is found t h a t  
i f  t h e r e  were no preproduct ion flow, t h e  va lue  of P(L) would need t o  be 
88.24 bar s .  
causes  a n  i n f l u x  of c\, 50'C groundwater from t h e  sou theas t  end (y 
would coo l  t h e  upper r e s e r v o i r  I f  h o t  b r i n e  i n f u s i o n  from t h e  lower reser- 
v o i r  were completely precluded by t h e  s h a l e  b a r r i e r .  
i t y  of 0.01 t o  0.1 md would s u f f i c e  f o r  s t eady  s t a t e  convect ive t r a n s p o r t  
a c r o s s  t h e  s h a l e  b a r r i e r  t o  swamp hea t  conduct ion,  a va lue  t o o  small t o  
a f f e c t  r e s e r v o i r  response performance. 

Using t h e  S3 b r i n e  equat ion-of-s ta te  

By cons ider ing  t h e  temperature  v a r i a t i o n  and 

The lengthwise p re s su re  d r i v e ,  hp = 3.17 b a r s ,  appa ren t ly  
0) which 

A v e r t i c a l  permeabil- 

These boundary cond i t ions  and r e s e r v o i r  p r o p e r t i e s  were incorpora ted  
i n t o  MUSHRM and a series of c a l c u l a t i o n s  performed u n t i l  a s a t i s f a c t o r y  
match wi th  t h e  mid-plane preproduct ion temperatures  i n  t h e  upper r e s e r v o i r  
was obtained.  A 1D v e r s i o n  was f i r s t  app l i ed  t o  t h e  d ipping  and th ickening  
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upper r e s e r v o i r  w i th  t h e  provis ion  t h a t  f o r  each zone t h e r e  i s  in fus ion  
of 2 7 5 O C  b r i n e  (s = 0.25) a t  t h e  rate requi red  t o  o b t a i n  t h e  correspond- 
i n g  p ro jec t ed  mid-plane preproduct ion temperature.  
5OoC groundwater (s = 0.25) i n f l u x  and convec t ive  b r i n e  in fus ion  are cal- 
cu la t ed  t o  be fio = 26.7 kg/sec and fiC 294.8 kg/sec,  r e spec t ive ly .  These 
t o t a l s  and t h e  lengthwise v a r i a t i o n  of t h e  i n f l u x  ra te  were maintained,  
bu t  t h e  temperature  of t h e  b r i n e  and t h e  l a t e r a l  d i s t r i b u t i o n  of t h e  in-  
f l u x  r a t e  were allowed t o  vary  i n  a subsequent series of  2 D  a r e a l  ca l cu la -  
t i o n s .  A symmetric d i s t r i b u t i o n  wi th  maximum a t  t h e  c e n t e r  was found t o  
b e s t  f i t  t h e  la teral  v a r i a t i o n  of t h e  mid-plane temperatures  measured i n  
t h e  wells. 
c u l a t i o n  w a s  then  r e run  wi th  t h e  temperature  of t h e  b r i n e  source  reduced 
t o  2 5 1 O C  i n  o rde r  t o  b e t t e r  match t h e  mid-plane temperatures .  The de- 
s i r e d  mid-plane temperatures  f o r  t h e  w e l l  l o c a t i o n s  are s a t i s f a c t o r i l y  
matched by t h e  s t eady- s t a t e  temperature  contours  c a l c u l a t e d  wi th  t h e  pre- 
product ion model (Figure 3). The v e l o c i t y  p l o t ,  F igure  4, shows t h a t  t h e  
i n f u s i o n  of ho t  b r i n e  from t h e  lower r e s e r v o i r  pushes a l a r g e  p a r t  of t h e  
incoming cold groundwater t o  t h e  edges of t h e  upper r e s e r v o i r ,  producing 
t h e  lower temperatures  t h e r e .  

The t o t a l  rates of 

Having s e l e c t e d  t h e  l a t e r a l  d i s t r i b u t i o n  i n f l u x  r a t e ,  t h e  ca l -  

RESERVOIR RESPONSE CALCULATIONS 

W e  make t h e  conserva t ive  assumption t h a t  t h e  in fus ion  of hot b r i n e  
from t h e  lower r e s e r v o i r  remains a t  i t s  preproduct ion value (fit = 294.8 
kg/sec)  during e x p l o i t a t i o n  of t h e  upper r e s e r v o i r .  The h y d r o s t a t i c  pres-  
s u r e  a t  t h e  downstream end of t h e  r e s e r v o i r  i s  maintained (P(L) = 85.07 
b a r s ) ;  t h e  p roduc t ion / in j ec t ion  rates are he ld  cons tan t  dur ing  t h e  course 
of  a given c a l c u l a t i o n .  When i n j e c t i o n  occurs ,  t h e  i n j e c t e d  b r i n e  i s  
taken t o  be 5OoC and t o  comprise 80 percent  of t h e  mass produced ( f i ~  = 
0.8 hP) .  

A product ion rate of kp = 100 kg/sec i s  assumed appropr i a t e  f o r  
a n e t  10  MWe a t  t h e  GLEF s i te .  For convenience,  t h i s  equivalence i s  used 
f o r  h igher  ra tes ,  e.g. ,  nominal 50 MWe means = 500 kg/sec.  Since t h e  
temperature  of t h e  produced b r i n e  d e c l i n e s  w i t  2 time, t h e s e  nominal v a l u e s  
of e lec t r ica l  power product ion become less meaningful.  

A series of  pre l iminary  c a l c u l a t i o n s  us ing  an approximate equation- 
o f - s t a t e  w a s  performed t o  examine t h e  s e n s i t i v i t y  of r e s u l t s  t o  t h e  bound- 
a r y  cond i t ion  assumed a t  t h e  upstream ( sou theas t )  end of t h e  r e s e r v o i r .  
Above nominal 50 MWe (product ion only)  t o  250 MWe (with i n j e c t i o n ) ,  t h e  
assumption of cons t an t  h y d r o s t a t i c  p re s su re  r e q u i r e s  inc reas ing  ground- 
water i n f l u x  above t h e  preproduct ion va lue .  
(fro - 26.7 kg/sec)  w a s  s e l e c t e d  as being a more r ea l i s t i c  boundary condi- 
t i o n  s i n c e  t h e  a v a i l a b l e  groundwater i s  l i m i t e d  p r imar i ly  t o  leakage from 
i r r i g a t i o n  cana l s  suppl ied  by t h e  Colorado River. 

Constant groundwater flow 

E s s e n t i a l l y  s t eady- s t a t e  p re s su re  and v e l o c i t y  f i e l d s  are soon 
e s t a b l i s h e d  wherein t h e  mass flow rate ou t  of  t h e  downstream end of t h e  
r e s e r v o i r  (&,) p l u s  t h e  excess  r a t e  of product ion over  i n j e c t i o n  must 
balance t h e  mass rate of f l u i d  e n t e r i n g  t h e  r e s e r v o i r  from t h e  upstream 
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Product ion Only 
Product ion Rates (&I = 0 )  

With I n j e c t i o n  
(AI = 0.8 fip) 

Nominal MWe $(kg/sec) ' 

Two nominal 50 MWe s imula t ions  t r e a t e d  the  four-zone product ion/  
i n j e c t i o n  p a t t e r n  shown i n  F igure  1. 
w i t h i n  t h e  two computat ional  zones conta in ing  W 1  and M 1 ,  and a l l  i n j e c -  
t i o n  w e l l s  are i n  t h e  zones conta in ing  M3 and M2. Figure  5 shows t h e  
time h i s t o r y  of t h e  bottomhole temperature  of t h e  b r i n e  produced from 
each of t h e  two product ion zones. Resu l t s  f o r  both assumptions regard ing  
t h e  e f f e c t i v e n e s s  of t h e  s h a l e  b a r r i e r  are presented .  The proximity of 
t h e  product ion zones t o  t h e  i n j e c t i o n  zones causes  a r ap id  d e c l i n e  of t h e  
temperature  of t h e  produced f l u i d  when t h e  i n j e c t e d  f l u i d  i s  assumed t o  
e n t e r  t h e  upper r e s e r v o i r .  Without i n j e c t i o n ,  t h e r e  is a reversal of t h e  
flow a t  t h e  downstream boundary as a n t i c i p a t e d  by t h e  t a b l e .  

A l l  product ion w e l l s  are loca ted  

I 

%(kg/sec) t r (yrs )  l$(kg/sec) t r ( y r s )  

From t h e  preproduct ion model i t  is apparent  t h a t  t h e  p r e f e r r e d  
product ion reg ion  of t h e  upper r e s e r v o i r  is n e a r  its center; the i n j e c -  
t i o n  zones should be e i t h e r  a long  t h e  two edges of t h e  r e s e r v o i r  or down- 
stream t o  minimize p o t e n t i a l  cool ing  of t h e  produced b r ine .  F igure  6 de- 
p i c t s  an improved (and symmetric) p roduc t ion / in j ec t ion  p a t t e r n  used f o r  
a nominal 50 MWe s imula t ion .  
times those  used above and t h e  i n t e n s i t y  of e x p l o i t a t i o n  ( w e l l  spacing)  
i s  more r ea l i s t i c .  F igure  7 shows t h e  t i m e  h i s t o r y  of t h e  bottomhole 
temperature  of t h e  produced b r i n e  averaged over  a l l  t h e  c a l c u l a t i o n a l  
zones i n  t h e  product ion area f o r  t h e  case where i t  i s  assumed t h a t  t h e  
i n j e c t e d  f l u i d  e n t e r s  t h e  upper r e s e r v o i r .  
temperature  d e c l i n e  of on ly  2OC over  t h e  30-40 year  per iod  i s  i n  sharp  
c o n t r a s t  t o  t h e  r e s u l t  ob ta ined  wi th  t h e  s imple four-zone p a t t e r n  wi th  
i n j e c t i o n .  
i n  agreement wi th  t h e  t a b l e ;  no assumption on t h e  a v a i l a b i l i t y  of ho t  
b r i n e  recharge  i s  requi red  (with i n j e c t i o n ) .  

Both product ion and i n j e c t i o n  areas are f i v e  

The maximum and minimum b r i n e  

Flow a t  t h e  downstream end of t h e  r e s e r v o i r  remains outward, 

250 2500 
325 3250 
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Two a d d i t i o n a l  s imula t ions  examined t h e  response of t h e  upper 
r e s e r v o i r  t o  nominal 250 MWe power product ion us ing  a p r e f e r r e d  produc- 
t i o d i n j e c t i o n  p a t t e r n  (Figure 6 ) .  Compared t o  the nominal 50 We simula- 
t i o n s ,  t h e  i n t e n s i t y  of e x p l o i t a t i o n  i s  one-third t h a t  employed when us ing  
t h e  s imple four-zone p a t t e r n  and f i v e - t h i r d s  t h a t  employed when us ing  t h e  
improved p a t t e r n .  F igure  8 shows t h e  t i m e  h i s t o r y  of t h e  maximum, minimum 
and averaged bottom ho le  temperature  of produced f l u i d  f o r  t h e  case  where 
a l l  of t h e  i n j e c t e d  f l u i d  i s  assumed t o  e n t e r  t h e  upper r e s e r v o i r .  A 2OoC 
d e c l i n e  of t h e  averaged temperature  i s  p red ic t ed  over a 30-40 year  per iod .  
There i s  a r e v e r s a l  of t h e  f low a t  t h e  downstream end requi red  f o r  t h i s  
l a r g e  s c a l e  e x p l o i t a t i o n  o f  t h e  upper r e s e r v o i r  even wi th  i n j e c t i o n .  The 
case where no i n j e c t e d  f l u i d  i s  assumed t o  e n t e r  t h e  upper r e s e r v o i r  re- 
s u l t s  i n  an average temperature  d e c l i n e  of on ly  3OC over a 30-40 year  
per iod .  Attainment of t h i s  r e s e r v o i r  response ,  however, r e q u i r e s  tremen- 
douw replenishment  of ho t  b r i n e  a t  t h e  northwest  end. 

CONCLUDING REMARKS 

Because of t h e  l i m i t e d  d a t a  base ,  t h e  s imula t ions  presented  
n e c e s s a r i l y  invoked a v a r i e t y  of hypotheses  concerning geology, tempera- 
t u r e  d i s t r i b u t i o n ,  groundwater f low,  convec t ive  flow, e t c .  and w i l l  
l i k e l y  r e q u i r e  r e v i s i o n  t o  inc lude  new informat ion  as t h e  SSGF re source  
moves from t h e  exp lo ra t ion  and assessment s t a g e  of development t o  t h e  
e x p l o i t a t i o n  and u t i l i z a t i o n  s t a g e .  Only t h e  upper r e s e r v o i r  of a 
p o r t i o n  of t h e  SSGF w a s  t r e a t e d .  Th i s  p o r t i o n  of t h e  r e source  appears  
capable  of supply ing  b r i n e  f o r  a n e t  50 MWe demonstrat ion p l a n t  w i th  
v e r y  l i t t l e  temperature  d e c l i n e  over  a 30 t o  40 year  des ign  l i f e .  Un- 
c e r t a i n t i e s  r ega rd ing  boundary c o n d i t i o n s  and t h e  e f f e c t i v e n e s s  of t h e  
s h a l e  b a r r i e r  between t h e  upper and lower r e s e r v o i r  prevent  an e v a l u a t i o n  
of t h e  a b i l i t y  of t h e  upper SSGF t o  s u s t a i n  a 250 MWe p l a n t .  The c a p a c i t y  
of  t h e  lower r e s e r v o i r  should a l s o  be considered i n  such an eva lua t ion .  
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F i g u r e  5 .  Wellbottom tempera ture  
of b r i n e  produced frsm upper reser- 
v o i r  (nominal 50 me, s imple  f o u r  
zone p a t t e r n ) .  

h . d  Y 

F i g u r e  7. Wellbottom tempera ture  
range  of b r i n e  produced from upper  
r e s e r v o i r  (nominal 50 me, improved 
p a t t e r n  v i t h  i n j e c t i o n ) .  
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F i g u r e  6. Improved p r o d u c t i o n l i n j e c t i o n  
p a t t e r n s  f o r  e x p l o i t a t i o n  of upper reser- 
v o i r :  nominal 50 W e  ( h e a v i l y  o u t l i n e d  
a r e a s )  and nominal 250 W e  ( t o t a l  areas 
shown). 
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F i g u r e  8. Wellbottom tempera tures  of 
b r i n e  produced from upper r e s e r v o i r  
(nominal 250 We, improved p a t t e r n  
w i t h  i n j e c t i o n ) .  
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PROGRESS REPORT ON MULTIPHASE GEOTHERMAL MODELING 

James W. Mercer and Char les  R.  Faus t  
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Reston, V a .  

Work over  t he  p a s t  yea r  has  concent ra ted  on t h r e e  areas: 1) t o  
implement a concept of v e r t i c a l  equ i l ib r ium i n  geothermal modeling, 2) t o  
improve t h e  ma t r ix  equat ion  s o l u t i o n  technique f o r  both two- and three-  
dimensional models, and 3) t o  apply a v e r t i c a l  equi l ibr ium,  areal model t o  
t h e  Wairakei,  New Zealand geothermal f i e l d .  

A t  t h e  l a s t  S tanford  meeting, a concept of v e r t i c a l  equ i l ib r ium as 
app l i ed  i n  t h e  petroleum i n d u s t r y  w a s  o u t l i n e d  ( f o r  example, Coats and 
o t h e r s ,  1967) .  That is ,  v e r t i c a l l y  averaged l i q u i d  s a t u r a t i o n s  are r e l a t e d  
t o  p r e s s u r e  a t  some re fe rence  l e v e l  by employing pseudo c a p i l l a r y  p r e s s u r e  
and pseudo re la t ive pe rmeab i l i t y  curves .  For t h e  geothermal problem, many 
thermodynamic p r o p e r t i e s  are s t r o n g l y  dependent func t ions  of p re s su re  and 
en tha lpy ,  and an analogous approach would r e q u i r e  many pseudo f u n c t i o n s .  
I n s t e a d ,  t he  concept of v e r t i c a l  equi l ibr ium is  used t o  v e r t i c a l l y  i n t e g r a t e  
t h e  thermodynamic p r o p e r t i e s  and re la te  them t o  v e r t i c a l l y  averaged p r e s s u r e  
and en tha lpy .  This  r e s u l t s  i n  a q u a s i  three-dimensional model t h a t  a l lows 
a f i n i t e - d i f f e r e n c e  block t o  become two-phase as soon as t h e  p re s su re  a t  t h e  
top  of t h e  b lock  drops below t h e  s a t u r a t i o n  p res su re .  The normal procedure 
f o r  determining thermodynamic p r o p e r t i e s  on t h e  b a s i s  of p re s su res  and 
e n t h a l p i e s  a t  s p e c i f i e d  r e f e r e n c e  l e v e l s  i n  t h e  g r i d  block ( u s u a l l y  t h e  
cen te r )  can l e a d  t o  s i g n i f i c a n t  e r r o r s  f o r  t h i c k  b locks .  The implementation 
of t h i s  v e r t i c a l l y  averaging approach has  been v e r i f i e d  by comparing a 
v e r t i c a l  equ i l ib r ium,  areal  model w i th  a three-dimensional model. 

To improve t h e  matrix equat ion  s o l u t i o n  technique i n  t h e  two- 
dimensional  ( v e r t i c a l  equi l ibr ium)  model a s e q u e n t i a l  s o l u t i o n  formula t ion  
o u t l i n e d  i n  Coats and o t h e r s  (1974) i s  used. Solving t h e  en tha lpy  equat ion  
f i rs t ,  t h e  Newton-Raphson i t e r a t i o n  i s  used on only  t h e  accumulation terms i n  
t w o  symmetric m a t r i x  equat ions  t h a t  are each N x N (N being t h e  number of 
nodes) .  By imbedding t h e  s e q u e n t i a l  s o l u t i o n  i n  t h e  l i n e a r i z e d  Newton- 
Raphson equa t ions ,  decomposition of t h e  two ma t r i ces  i s  requ i r ed  only  on t h e  
f i r s t  "sequent ia l"  i t e r a t i o n .  Subsequent s e q u e n t i a l  i t e r a t i o n s  r e q u i r e  on ly  
t h e  formula t ion  of a new r ighthand s i d e  and back s u b s t i t u t i o n .  
a d d i t i o n a l  Newton-Raphson i t e r a t i o n  r e q u i r e s  t h e  formula t ion  of an  updated 
l e f t h a n d  s i d e ,  one decomposition, and s e v e r a l  back s u b s t i t u t i o n s .  

Each 

The work involved i n  so lv ing  t h e  ma t r ix  equat ion  inc ludes  t h e  i n i t i a l  
decomposition p l u s  3-5 back s u b s t i t u t i o n s  depending on t h e  convergence 
c r i t e r i o n .  
than  t h e  computation t i m e  f o r  t h e  one decomposition. 
equat ions  are so lved  us ing  Gauss-Dooli t t le  decomposition t h a t  t akes  advantage 

Usual ly ,  t h e  computation t i m e  f o r  a l l  back s u b s t i t u t i o n s  is  less 
The symmetric ma t r ix  
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of D4 o r d e r i n g  ( P r i c e  and C o a t s ,  1974).  I n  t h i s  o r d e r i n g  t h e  f i n i t e -  
d i f f e r e n c e  b l o c k s  are numbered iu a l t e r n a t i n g  d i a g o n a l s .  
schemes r e s u l t s  i n  a m a t r i x  w i t h  t h e  upper  h a l f  a l r e a d y  i n  upper t r i a n g u l a r  
form, s o  t h a t  o n l y  t h e  lower h a l f  needs t o  b e  decomposed. 

This  numbering 

To summarize, t h e  c u r r e n t  model f o r  areal  problems i n c o r p o r a t e s  t h e  
concept  of v e r t i c a l  e q u i l i b r i u m ,  i n c l u d e s  g r a v i t y  terms, and t h e  e q u a t i o n s  
are s o l v e d  u s i n g  Newton-Raphson i t e r a t i o n  on t h e  accumulat ion t e r m s .  The 
r e s u l t i n g  m a t r i x  e q u a t i o n s  are s o l v e d  s e q u e n t i a l l y  u s i n g  D4 o r d e r i n g  and 
Gauss-Dool i t t l e  decomposi t ion.  

For  t h e  three-d imens iona l  problems s l i c e  s u c c e s s i v e  o v e r - r e l a x a t i o n  
(SSOR) i s  imbedded i n  t h e  Newton-Raphson i t e r a t i o n .  For  a d e s c r i p t i o n  of 
SSOR see Wattenbarger  and Thurnau (1976) o r  f o r  t h e  more g e n e r a l  case of 
b l o c k  s u c c e s s i v e  o v e r - r e l a x a t i o n  (BSOR) see Woo and Emanuel (1976) .  T h i s  
method i s  s imi la r  t o  l i n e  s u c c e s s i v e  o v e r - r e l a x a t i o n  (LSOR) i n  two 
dimensions f o r  coupled e q u a t i o n s ,  e x c e p t  t h a t  r a t h e r  t h a n  s o l v i n g  each row 
i m p l i c i t l y ,  each v e r t i c a l  c r o s s - s e c t i o n  of t h e  g r i d  i s  s o l v e d  i m p l i c i t l y .  
This  r e s u l t s  i n  a m a t r i x  e q u a t i o n  f o r  each s l i d e  i n  which t h e  m a t r i x  c o n t a i n s  
f i v e  non-zero d i a g o n a l s .  Thus,  of t h e  seven  non-zero d i a g o n a l s  i n  t h e  t o t a l  
th ree-d imens iona l  m a t r i x  e q u a t i o n ,  o n l y  two a r e  t r e a t e d  e x p l i c i t l y .  Each 
of t h e s e  m a t r i x  e q u a t i o n s  are s o l v e d  u s i n g  t h e  Gauss-Dool i t t l e  method w i t h  
normal o r d e r i n g .  S i n c e  SSOR i s  imbedded i n  t h e  Newton-Raphson i t e r a t i o n ,  
o n l y  l i n e a r i z e d  e q u a t i o n s  are s o l v e d .  T h e r e f o r e ,  t h e  m a t r i x  decomposi t ion 
f o r  each  s l i d e  is r e q u i r e d  o n l y  on t h e  f i r s t  SSOR i t e r a t i o n  of each Newton- 
Raphson i t e r a t i o n .  On subsequent  SSOR i t e r a t i o n s  o n l y  back s u b s t i t u t i o n  
i s  n e c e s s a r y .  I n  a d d i t i o n ,  s i n c e  t h e  SSOR i s  imbedded i n  t h e  Newton- 
Raphson i t e r a t i o n ,  t h e  convergence i s  o b t a i n e d  i n  o n l y  a few i t e r a t i o n s .  

The ve r t i ca l  e q u i l i b r i u m  ( a r e a l )  model w a s  a p p l i e d  t o  t h e  Wairake i ,  
New Zealand geothermal  f i e l d .  
f i e l d  w a s  completely s i n g l e  phase  (water )  p r i o r  t o  e x p l o i t a t i o n ;  however, 
our  r e c e n t  s t e a d y - s t a t e  modeling i n d i c a t e s  t h a t  l a r g e  r e g i o n s  i n  t h e  
r e s e r v o i r  probably  had a s m a l l  steam cap p r i o r  t o  e x p l o i t a t i o n .  
t r a n s i e n t  s i m u l a t i o n s  i n d i c a t e  t h a t  l e a k a g e  i n t o  t h e  r e s e r v o i r  i s  s i g n i f i c a n t ;  
t h a t  i s ,  t h e  Wairake i  r e s e r v o i r  i s  n o t  a c l o s e d  system. The most d i f f i c u l t  
p a r t  of h i s t o r y  matching a t  Wairake i  i s  a d j u s t i n g  p e r m e a b i l i t i e s  i n  o r d e r  
t o  remove enough m a s s  from s t o r a g e  ( a s  opposed t o  leakage)  and reproduce  
t h e  observed p r e s s u r e  d e c l i n e  t r e n d s .  

It  i s  commonly b e l i e v e d  t h a t  t h e  Wairake i  

Fur thermore ,  
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SIMULATION OF SATURATED-UNSATURATED DEFORMABLE POROUS MEDIA 

Nader M. S a f a i  and George F. Pinder 
Water Resources Program 

Department of C i v i l  Engineering 
Pr ince ton  University.  Pr ince ton ,  N .  J. 08540 

A multiphase consol ida t ion  theory is  presented 
which cons iders  a three-dimensional deformation 
f i e l d  coupled wi th  a three-dimensional hydrologic 
flow f i e l d .  The governing sys t en  of equat ions  de- 
s c r i b e s  the  components of displacement,  the  f l u i d  
pressures  and the  sa tu ra t ions .  The system of equa- 
t i o n s  governing sa tura ted-unsa tura ted  consol ida t ion  
is  obtained as a subse t  of t he  above equations.  A 
mired s t ress -d isp lacement  formula t ion  of the  govern- 
ing equat ions  is  introduced, and i t  f a c i l i t a t e s  han- 
d l ing  of load type boundary condi t ions  whi le  solu- 
t i o n s  i n  terms of displacements a r e  s t i l l  poss ib le .  
F i n i t e  element Galerk in  theory is  used f o r  s p a t i a l  
approximations,  and a weighted impl i c i t  f i n i t e  d i f -  
f erence time-stepping scheme is  employed to  approx- 
imate the  time d e r i v a t i v e  terms. Due t o  the  non- 
l i n e a r  na tu re  of the  problem, an  i t e r a t i v e  so lu t ion  
scheme is  necessary wi th in  each time s t ep .  

The model p r e d i c t s  the  commonly ignored hori-  
zon ta l  displacements i n  a var iab ly  sa tu ra t ed  sys- 
tem undergoing simultaneous desa tu ra t ion  and defor- 
mation, while us ing  a completely interconnected 
coupling of t h e  stress and pressure  f i e l d s  wi th in  
the  medium. The model is  appl ied  t o  ob ta in  v e r t i -  
cal and ho r i zon ta l  displacements,  p re s su re  (head) 
and s a t u r a t i o n  va lues  due t o  pumpage i n  a ph rea t i c  
aqu i f e r  . 
In t roduc t ion  

V e r t i c a l  and ho r i zon ta l  ground motions due t o  
changes i n  pore pressure  have been observed i n  sev- 
e r a l  areas around the  world (e.g.. a t  Wairakei. New 
Zealand, 4.5m v e r t i c a l  and 0.8m hor i zon ta l  and a t  
Long Beach, Cal i forn ia ,  8 .8m v e r t i c a l  and 3.6m hor i -  
zonta l ) .  I n  ana lyz ing  s o i l  consol ida t ion ,  research  
e f f o r t s  have t r a d i t i o n a l l y  focused on the sa tu ra t ed  
zone. However, unsa tura ted  flow p lays  an important 
r o l e  i n  a l a r g e  number of engineer ing  problems and 
is  the f i r s t  s t e p  i n  ana lyz ing  the  multiphase geo- 
thermal system. 

Narasimhan and Witherspoon. 1977[10], have 
considered the  problem. Their model uses  Terzaghi 's  
theory f o r  determining consol ida t ion .  Thus, i t  ig- 
nores  the l a t e r a l  s o i l  movement. 

In  the present  work, an  i t e r a t i v e  Galerkin 
type f i n i t e  element method i s  used t o  so lve  the  
equat ions  of t r a n s i e n t  flow i n  sa tura ted-unsa tura ted  
deformable porous media i n  reg ions  having complex 
geometry. Flow and deformation can take p lace  i n  
both the v e r t i c a l  and ho r i zon ta l  p lanes ,  o r  i n  a 
three-dimensional system d i sp lay ing  r a d i a l  symmetry. 

Governing Equations 

The system of nonl inear  p a r t i a l  d i f f e r e n t i a l  
equat ions  governing saturated-unsaturated flow i n  a 
deforming porous medium are[ lO] :  

To so lve  Equations (1) add i t iona l  information 
on the  r e l a t ionsh ip  between r e l a t i v e  hydraulic con- 
d u c t i v i t y  and pressure  head and degree of s a t u r a t i o n  
and pressure  head is requi red .  These func t ions  a r e  
usua l ly  determined experimentally f o r  each s o i l  type 
encountered. Two t y p i c a l  curves ,  one f o r  a coarse  
s o i l  and one f o r  a f i n e  s o i l ,  a r e  presented i n  
F igures  1 and 2. The following mathematical func- 
t i o n s  a r e  used to  cha rac t e r i ze  the hydraul ic  proper- 
t i e s  of the  two s o i l  ma te r i a l s .  

K r w  - (1 + (a t lhwl)b ' ] - r '  

where va lues  f o r  the  var ious  c o e f f i c i e n t s  en ter ing  
Equations (2 )  a r e  given i n  Table 1. 

The system of equat ions  (1) i n  terms of the 
s t r e s s  tensor  and displacement vec tor  becomes (12, 
chapters  5 and 71:  

This  system of equat ions  is employed i n  our ana lys i s .  
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Subsidence Due t o  Pumpage from a P h r e a t i c  Aqui fer  

The s a t u r a t e d - u n s a t u r a t e d  c o n s o l i d a t i o n  equa- 
t i o n s  have been a p p l i e d  t o  t h e  system whose r-z 
c r o s s  s e c t i o n  is shown i n  F i g u r e  3. The f i n i t e  e l e -  
ment s o l u t i o n  p r e d i c t s  t h e  v e r t i c a l  and h o r i z o n t a l  
d i sp lacements ,  e x c e s s  pore  p r e s s u r e  and change i n  
water s a t u r a t i o n  a r i s i n g  d u r i n g  t h e  pumping process .  
The bottom impervious l a y e r  is assumed f i x e d  and 
no v e r t i c a l  movement c a n  take  p l a c e .  The w a l l  of t h e  
w e l l  is a l s o  r e s t r a i n e d  from any l a t e r a l  movement, 
and t h e r e  is seepage i n t o  t h e  w e l l .  A t  s u f f i c i e n t l y  
l a r g e  d i s t a n c e  away from t h e  pumping a r e a ,  t h e  pres -  
s u r e  head is n o t  d i s t u r b e d .  Here and a t  t h e  top  
s u r f a c e  t h e  soil is f r e e  t o  move both  v e r t i c a l l y  and 
l a t e r a l l y .  
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FIGURE 1: RELATIVE HYDRAULIC CONDUCTIVITY VERSUS 
THE HWLD FOR TWO SOIL MATERIALS. AFTER 
VAN GENUQiTEN ET AL., 1976 [S I .  
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FIGURE 2: DEGREE OF FLUID SATURATION VERSUS THE 
PRESSURE HEAD FOR TWO SOIL MATERIALS. 
AFTER VAN GENUCHTEN ET AL.. 1976 [ a ] .  
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FIGURE 3: A FULLY PENETRATING SCREENED WELL I N  AN 
UNCONFINED AQUIFER. THE SECTION OF THE 
WELL WHERE SEEPAGE INTO THE WELL CAN 
TAKE PLACE I S  DESIGNATED BY W .  

I n  t h e  numer ica l  s o l u t i o n  t h e  s p a t i a l  domain 
is  d i v i d e d  i n t o  i s o p a r a m e t r i c  q u a d r i l a t e r a l  elements.  
The time domain i s  d i s c r e t i z e d  u s i n g  unequal time 
i n t e r v a l s  and a weighted i m p l i c i t  f i n i t e  d i f f e r e n c e  
i t e r a t i v e  scheme [12, c h a p t e r  41. The time s t e p  s i z e  
is c a l c u l a t e d  accord ing  EO: 

At(k) = K x 

and t h e  e l a p s e d  t ime is g i v e n  by: 
t(k) t ( k - l )  + ,,t(k) 

where K t a k e s  v a l u e s  of 0.8, 1.0 and 1.25 depending 
on t h e  number of i t e r a t i o n s  r e q u i r e d  f o r  convergence 
a t  t h e  preceding  t i m e  s t e p .  I f  t h e  r e q u i r e d  number 
of i t e r a t i o n s  i s  g r e a t e r  than  n i n e ,  k = -1 , and we 
r e s e t  our c a l c u l a t i o n s  a t  a n  e a r l i e r  t ime, 1.e.: 

t ( k )  t (k- l )  - At(k) 

and choose a s m a l l e r  s i z e  t i m e  s t e p .  

A f e u  of t h e  s e l e c t e d  r e s u l t s  a r e  presented  
in F i g u r e s  4 - 10. 
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FIGURE 5: HORIZONTAL VARIATIONS OF HORIZONTAL 
DISPLACEPIENT AT THE GIVEN TIME. 

DSTANQ . t ( m )  

HORIZONTAL Y A R U T I O N  OF SUBSIDENCE 
FOR DIFFERENT VERTICAL LOCATIONS. 

FIGURE 6: 

FIGURE 8: THE UM) SURFACE LOYERING AS VIEVED BY 
AN OBSERVER POSITIONED ON THE SURPACE 
(ZERO ELEVATION). 
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FIGURE 9: THE CONE OF DEPRESSION AS VIEWED PRIM 
ABOVE THE SURFACE FOR SELECTED DIFFERENT 
T m S .  

FIGURE 10: THE CONE OF DEPRESSION AS VIEWED BY AN 
OBSERVER LOCATED BELOW THE SUkFACE 
LEVEL AT DIFFERENT TIMES. 
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FIGURE 7: HORIZONTAL DISTRIBUTION OF SATURATION 
FOR T U  GIVEN TIMES. 
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Summary and Resul t s  

A mathematical  model w a s  developed and used 
t o  s imula t e  the  deformation f i e l d  i n  a desa tu ra t ing  
porous medium i n  vhich  the  a i r  phase is  assumed t o  
be continuous i n  the  unsa tura ted  zone and t o  remain 
a t  atmospheric pressure .  
is no t  app l i cab le  t o  l i q u i d  which conta ins  d isso lved  
gas  ( a i r  bubbles) a t  d i f f e r e n t  pressures .  When the  
soil is extremely d ry  and r e l a t i v e  hydraul ic  conduc- 
t i v i ty ,  as w e l l  as sa tu ra t ion ,  becomes highly non- 
l i n e a r  t h e  approximating equat ions  may become very 
d i f f i c u l t  t o  so lve .  Therefore,  the  model is  b e s t  
s u i t e d  t o  s o i l s  of moderate t o  high sa tu ra t ions .  

The mathematical  model 
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Nomencla cure 

displacement vec to r  

pressure  of water 

water s a t u r a t i o n  

r e l a t i v e  hydraul ic  conduct iv i ty  of water 

hydraul ic  conduct iv i ty  tensor  

compress ib i l i t y  of vater 
s p e c i f i c  weight of water 

dens i ty  of water 

-6 cons tan t  

Lami cons tan t  

Kronecker d e l t a  

coord ina te  v a r i a b l e s  

t i m e  v a r i a b l e  

po ros i ty  

body fo rce  

pressure  head 

r e s i d u a l  mois ture  conten t  

mois ture  conten t  a t  s a t u r a t i o n  

e f f e c t i v e  stress tensor  
v e r t i c a l  depth  
volumetr ic  rate of pumping 

r a d i u s  of t he  pumping w e l l  

$(r ,z,  t) piezometric head 

W z-coordinate of the  seepage zone 

R 
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BENCH-SCALE EXPERIMENTS I N  THE 
STANFORD GEOTHERMAL PROGRAM 

R. N. Horne, J. Counsi l ,  C.  H. Hsieh, H. J .  Ramey, J r . ,  and P. Kruger 
Stanford Geothermal Program 

Stanford U n i v e r s i t y  
Stanford,  Ca. 94305 

The emphasis o f  the  smal ler  sca le labora tory  o f  the  Stanford Geo- 
thermal Program i s  on improving the understanding o f  the physics o f  
f l ow  through porous ma te r ia l s  i n  a geothermal environment. Three 
major i nves t i ga t i ons  a re  i n  progress:  ( 1 )  examination o f  the phenomenon 
o f  vapor pressure lower ing i n  porous media, (2) determinat ion o f  the  
temperature dependence o f  absolute and r e l a t i v e  pe rmeab i l i t i es  o f  
steam and water i n  sandstones under h igh  c o n f i n i n g  pressures, and (3)  
observat ion o f  steady and unsteady, s ing le -  and two-phase f lows o f  
water o r  b r i n e  throJgh permeable cores.  I n  a d d i t i o n ,  development con- 
t inues  on the d i e l e c t r i c  constant  l i q u i d  content  detector- -a  device 
which would prove extremely usefu l  i n  these and subsequent experiments. 

Vapor Pressure Lowering 

Due t o  the  presence o f  s o l i d  boundaries, the sa tura ted  vapor 
pressure o f  water, i n  a consol idated sandstone core may be lowered by 
as much as 15 p s i a  a t  temperatures between 200°F and 290°F. 
1 ( f rom Chicoine, S t robe l ,  and Rameyl). 
a t  a h igher  temperature. I t  i s  a n t i c i p a t e d  t h a t  vapor pressure lower- 
ing  i s  due t o  c a p i l l a r i t y  and/or adsorpt ion-desorpt ion phenomena a t  
low water s a t u r a t i o n  (below the  i r r e d u c i b l e  water s a t u r a t i o n ) .  

See F ig .  
As a r e s u l t ,  the  water b o i l s  

I n i t i a l  t h e o r e t i c a l  ana lys i s  o f  the  exper imental  data o f  Calhoun, 
Lewis and Newman2 produces s t rong evidence t h a t  the  phenomenon i s  due 
t o  adsorpt ion/desorpt ion r a t h e r  than c a p i l l a r y  e f f e c t s .  Three fac ts  
a re  i n d i c a t i v e  o f  t h i s :  

0 

( 1 )  I f  the pore s i z e  imp l ies  a rad ius  o f  curva ture  10 A i n  the 
exper imental  porous medium, which i s  about the  minimum rad ius  f o r  which 
cap1 1 l a r i t y  may be considered ( f o r  water ) ,  then vapor pressure lower ing 
due t o  c a p i l l a r i t y  would r e s u l t  i n  a vapor pressure 0.61 times the 
" f l a t  surface" value. I n  f a c t ,  the  observed value i s  much lower 
(-0.03). 

The r e l a t i v e  orders o f  the e f f e c t s  o f  c a p i l l a r i t y  and adsorp t ion  
can be est imated from the  equat ion:  

3 ( f rom Levere t t  ) 

thermodynamics) 

2rV 1 

RT Rm (can be obta ined from 
Ln P= - -- Capi 1 l a r i  t y :  

PO 
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where p/po is the saturated vapor pressure relative to that on a flat 
surface, r is the surface tension, V is the molar volume, R is Boltz- 
man's constant, T temperature, and Rm the mean radius. 

c-1 P (the BET eq., Br nauer, 1 

m m 0 Emmett E Teller ) 2: 
p -  - - + + + +  

*- x c  x c  P Adsorption: 

for 0.05 < p P < 0.35 
0 

where x is the value of fluid adsorbed at pressure P and x is the vol- 
ume of f*luid required for monolayer adsorption. c is the ratio of acti- 
vation energy for rock/water and water/water interactions. 

m 

(2) It can be seen from these equations that the adsorption ef- 
fect is a function of surface area and not necessarily of permeability 
and porosity. Calhoun's2 data show this surface area dependence. 

In Calhoun's' experimental data there is no noticeable hys- 
teresis in the vapor pressure/saturation curve during a drainage/ 
imbibition cycle. Such hysteresis would be anticipated if capillarity 
were significant, as the water/vapor interface would have a different 
shape during filling and emptying a pore. 

( 3 )  

The objectives of the program are to reevaluate the results of 
Chicoine, et al. , using steady rather than time-varying experiments. 
This should represent the phenomenon of vapor pressure lowering better 
because it is not a transient effect. It is also intended that the 
range of temperatures for the experiment be increased. 

Permeability to Water and Brines--Effects of Temperature 

Experimental studies of fluid flow through porous media have 
shown that temperature and the confining pressure affect both relative 
and absolute permeabilities. Several workers in the past have demon- 
strated that relative perm ability is a temperature-dependent property 
of rocks (e.g., Weinbrandt ) ,  but results published on absolute permea- 
bilities show a lack of consistency. 

4 

,6 Under the sponsorship of the Stanford Geothermal Program, Casse 
sought to clarify these results by investigating the combined effects 
of mechanical and thermal stresses. In his work, water, nitrogen, and 
mineral oil were used to find absolute permeabilities of three consoli- 
dated sandstone samples for confining pressures ranging from 450 to 
4000 psia and temperatures ranging from room temperature to 325OF. 
Results from these experiments showed that the temperature effects on 
permeability depended on the nature o f  the saturating fluid., 
water-saturated cores, permeability reductions of up to 65% were ob- 
served over the temperature range studied. 

For 
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Because of  the  l ack  o f  absolute pe rmeab i l i t y  v a r i a t i o n  w i t h  
temperature f o r  both n i t r o g e n  and minera l  o i l ,  Cas& concluded t h a t  
the  temperature e f f e c t  i s  no t  caused by changes i n  phys ica l  proper-  
t i e s  o f  the  f l u i d s ,  such as v i s c o s i t y  o r  dens i ty ,  o r  by thermal ly -  
induced mechanical s t resses.  Instead, the  unique r e s u l t s  obta ined 
f o r  water suggest t h a t  a temperature-dependent r o c k - f l u i d  i n t e r a c t i o n  
was the  dominant f a c t o r  responsib le  f o r  pe rmeab i l i t y  reduct ions f o r  
water. 

I n  o rder  to  v e r i f y  the  r e s u l t s  o f  these and o ther  previous 
s tud ies ,  and t o  i n v e s t i g a t e  the  causes f o r  the  observed behavior,  
Aruna7, a l s o  under SGP sponsorship, extended the work o f  Cass6 t o  
c l a y - f r e e  systems, and t o  unconsol idated sands under the t h  o ry  t h a t  
the  main e f f e c t  was w a t e r - s i l i c a  development (Aruna, e t  a l . 8 ) .  F ig -  
u re  2 shows Aruna's r e s u l t s  f o r  pe rmeab i l i t y  v a r i a t i o n  w i t h  temperature 
f o r  water f l ow ing  through a consol idated sandstone core. Add i t i ona l  
t e s t s  us ing  oc tano l -sa tura ted  cores d i d  no t  show temperature e f f e c t  o f  
permeab i l i t y .  From these r e s u l t s ,  Aruna concluded t h a t  the pe rmeab i l i t y  
reduc t ion  f o r  water f l ow ing  through sandstone cores i s  due t o  a t t r a c -  
t i v e  fo rces  between s i l i c a  and water molecules a t  e leva ted  tempera- 
tu res .  Fur ther  evidence f o r  t h i s  conclus ion was der ived  from a se r ies  
o f  t e s t s  us ing  a water-saturated l imestone core which d i d  no t  show 
pe rmeab i l i t y  change w i t h  temperature, and t e s t s  w i t h  c lean, unconsol i -  
dated sands and water which - d i d  show a l a rge  e f f e c t .  

The work now cont inues w i t h  s i m i l a r  apparatus. The new objec-  
t i v e s  a r e  t o  eva lua te  the  r e l a t i v e  p e r m e a b i l i t i e s  o f  steam and water 
o r  b r i n e  a t  d i f f e r e n t  temperatures under h igh  c o n f i n i n g  pressure.  I t  
should a l s o  be poss ib le  t o  eva lua te  the immobile water s a t u r a t i o n  i n  an 
a l l - w a t e r  system, and the  i r r e d u c i b l e  water s a t u r a t i o n  i n  a two-phase 
system, by us ing  t raced water (e.g., b r i n e ) .  I t  w i l l  a l s o  be i n t e r e s t -  
ing  t o  determine whether steam absolute pe rmeab i l i t i es  a re  temperature 
dependent i n  sandstones, as o the r  gases tes ted  t o  date were - not.  

Two-Phase Flow o f  Water and Br ine  

A t h i r d  bench-scale apparatus has been developed t o  i nves t i ga te  
the  f l o w  o f  water and b r i n e  through porous ma te r ia l s .  

R e l a t i v e  pe rmeab i l i t y / sa tu ra t i on  r e l a t i o n s h i p s  a re  needed t o  fo re -  
cas t  the  mass and energy recovery f r o m  geothermal rese rvo i r s .  Steam 
and water r e l a t i v e  pe rmeab i l i t y / sa tu ra t i on  data have no t  been presented 
i n  the  l i t e r a t u r e .  Since b r i n e  geothermal f i e l d s  a re  common, answers 
t o  the  f o l l o w i n g  quest ions a r e  needed: (1) where does s a l t  depos i t  i n  
the r e s e r v o i r  when b o i l i n g  occurs? (2) does s a l t  depos i t i on  a f f e c t  the 
rock pe rmeab i l i t y?  

I n  an e a r l i e r  study, temperature p r o f i l e s  were measured by A r i -  
harag du r ing  steam i n j e c t i o n  i n t o  a c o l d  water saturated core.  I n jec -  
t i o n  ra tes  were low enough t h a t  a steam f r o n t  and ho t  wa te r ' reg ion  was 
ca l cu la ted  from the  exper imental  data and found t o  be o n l y  s l i g h t l y  
h igher  than t h a t  ca l cu la ted  f o r  ho t  water i n j e c t i o n .  I t  was be l ieved 
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t h a t  the  d i f f e r e n c e  might have resu l ted  from a small e r r o r  i n  e s t i -  
mating the p o s i t i o n  o f  the steam f r o n t .  I t was recommended t h a t  f u t u r e  
steam i n j e c t i o n  s tud ies  be designed t o  achieve s tagnat ion o f  the steam 
f r o n t ,  and steady s t a t e  i n  the  ho t  water zone. 

Re la t i ve  pe rmeab i l i t i es  o f  steam and water were determined by 
ChenlO (see Fig. 3 ) ;  however, r e s u l t s  ind ica ted  an i r r e d u c i b l e  water 
sa tu ra t i on  l a rge r  than 60%, a f i g u r e  which requ i res  f u r t h e r  inves t iga-  
t i o n .  This  work continues t o  p rov ide  q u a n t i t a t i v e  in fo rmat ion  t h a t  can 
be used t o  evaluate the performance o f  two-phase f l ow  computer simula- 
t i o n  programs, which i s  an important o b j e c t i v e  o f  the study. A t  pres- 
ent ,  emphasis i s  be ing placed upon: 

(1) s tudy ing the pressure, temperature, and s a l t  depos i t ion  
c h a r a c t e r i s t i c s  o f  h igh  temperature dep le t i on  and approximate steady 
f l ow  processes f o r  a v a r i e t y  of b r i n e  concentrat ions, and 

(2) improving the ma te r ia l s  and design features o f  h i g h  tempera- 
t u r e  f l ow  equipment i n  order  t o  ob ta in  d e t a i l e d  data on r e l a t i v e  permea- 
b i l i t i e s .  

The Capacitance Probe 

This  device i s  being developed f u r t h e r  f o r  use i n  both the vapor- 
pressure lower ing and r e l a t i v e  permeab i l i t y /b r ine  experiments. The 
probe has been used p rev ious l y  i n  the Stanford Geothermal Program by 
ChenlO as a means of determining the water sa tu ra t i on .  The probe (see 
F ig.  4) i s  pos i t i oned  ins ide  a g lass tube cemented i n t o  the center  of 
a s y n t h e t i c  core, and i t s  capacitance may be c a l i b r a t e d  t o  g i ve  a mea- 
sure o f  the  f l u i d  sa tu ra t i on .  
be used t o  c a l i b r a t e  the probe s igna l  w i t h  l i q u i d  water s a t u r a t i o n  as a 
func t i on  o f  frequency. 
l i n e a r i z e  the c o r r e l a t i o n  between capacitance and water s a t u r a t i o n  as  
c l o s e l y  as poss ib le .  

The two-phase f l ow  apparatus w i l l  now 

An optimum frequency can then be se lected t o  
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MEASUREMENT OF STEAM-TJATER FLOWS FOR THE TOTAL FLOW TURBIlJE 

R u s s e l l  James 
Department of S c i e n t i f i c  and I n d u s t r i a l  Research 

Taupo-ldairakei, New Zealand 

Hot water geothermal  f i e l d s  d i s c h a r g e  steam-water m i x t u r e s ,  which have 
proved d i f f i c u l t  t o  measure compared w i t h  t h e  d r y  steam from f i e l d s  l i k e  The 
Geysers  and L a r d e r e l l o .  

With t h e  development of t h e  l i p  p r e s s u r e  method, however (James 1962) ,  
a n  a c c u r a t e  method w a s  d e r i v e d  which could  measure t h e  f low when a geothermal  
w e l l  d i s c h a r g e s  t o  t h e  atmosphere a t  s o n i c  v e l o c i t y .  F o r t u n a t e l y  most d i s c h a r g e s  
from w e l l s  do i n  f a c t  a t t a i n  such v e l o c i t i e s ,  and as long as t h e  e n t h a l p y  of t h e  
m i x t u r e  i s  known, t h e  f low can b e  de te rmined .  Where t h e  e n t h a l p y  i s  unknown 
some o t h e r  measurement h a s  a l s o  t o  b e  made i n  o r d e r  t o  s o l v e  t h e  two f a c t o r s  of 
f low and e n t h a l p y .  By d i s c h a r g i n g  t h e  whole m i x t u r e  i n t o  a s i l e n c e r ,  t h e  
water p o r t i o n  can b e  e s t i m a t e d  by means of a w e i r ,  and t h i s  p r o v i d e s  t h e  second 
measurement ( d e s c r i b e d  i n  James 1966) r e q u i r e d  t o  s o l v e  b o t h  unknowns. 

The r e l a t i o n s h i p  a t  t h e  l o c a t i o n  of s o n i c  f low h a s  been e m p i r i c a l l y  
determined as f o l l o w s :  

C 

2 
where G i s  t h e  mass-ve loc i ty  i n  l b / f t  s 

ho is  e n t h a l p y  i n  B t u / l b  
P i s  c r i t i c a l  d i s c h a r g e  p r e s s u r e  ( l i p  p r e s s u r e )  i n  p s i a .  

C 

To c o n v e r t  u n i t s  of G i n t o  u n i t s  of W l b / h  

where d ‘is t h e  i n s i d e  d i a m e t e r  of t h e  d i s c h a r g e  p i p e  i n  i n c h e s .  

The T o t a l  Flow Turbine  

T h i s  approach e n t a i l s  t h e  d i s c h a r g e  of t h e  whole unsepara ted  steam-water 
m i x t u r e  from t h e  geothermal  w e l l  through n o z z l e s  onto  t h e  wheel of a s p e c i a l l y  
des igned  impulse t u r b i n e  and thence  i n t o  a s e p a r a t i n g  condenser .  A development 
program t o  s o l v e  t h e  v a r i o u s  problems involved  i s  underway a t  t h e  Lawrence Livermo: 
L a b o r a t o r y ,  U n i v e r s i t y  of C a l i f o r n i a .  With t h e  more c o n v e n t i o n a l  approach of 
s e p a r a t i n g  t h e  steam from t h e  w a t e r  and p a s s i n g  i t  i n t o  a s team t u r b i n e ,  f lows can 
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b e  measured by means of o r f i c e  p l a t e  meters as d e s c r i b e d  by t h e  ASME (1959) ,  
a l t h o u g h  t h e r e  i s  some d i f f i c u l t y  w i t h  t h e  h o t  water  f low as t h i s  i s  e x a c t l y  a t  
t h e  b o i l i n g  p o i n t  and f l a s h  steam can appear  i n  t h e  l i n e  and f a l s i f y  t h e  f l o w  
estimate. Worse s t i l l ,  even a s m a l l  q u a n t i t y  of c a r r y o v e r  steam from t h e  
s e p a r a t o r  can w i l d l y  d i s t o r t  t h e  r e a d i n g s  and r e s u l t  i n  l a r g e  e r r o r s  (James 1975) .  
Such steam c a r r y o v e r  i s  by no means uncommon; i n  f a c t ,  t h e r e  i s  some i n d i c a t i o n  
t h a t  e f f e c t i v e  s e p a r a t i o n  depends t o  an  e x t e n t  on s m a l l  steam l o s s  i n t o  t h e  water 
phase  due t o  v o r t e x i n g  w i t h i n  t h e  vessel .  The measurement problem can be 
overcome by e x t e r n a l  c o o l i n g  of t h e  water l i n e  o r  i n c r e a s i n g  t h e  p r e s s u r e  head 
by r a i s i n g  t h e  l eve l  of t h e  water w i t h i n  t h e  s e p a r a t o r .  

How t h e n  can w e  measure t h e  f low of a steam-water m i x t u r e  t o  a t o t a l  
f low t u r b i n e ?  T h i s  can b e  accomplished by means of t h e  n o z z l e  which dischar-ges  
o n t o  t h e  wheel ,  so  long  as t h e  m i x t u r e  e n t h a l p y  is  known. A s  t h e  LLL program 
i s  s p e c i f i c a l l y  d i r e c t e d  t o  e x p l o i t i n g  t h e  l a r g e  geothermal  r e s o u r c e s  of t h e  
S a l t o n  Sea ,  t h e  e n t h a l p i e s  of t h e  w e l l s  t h e r e  ap  ear t o  b e  f a i r l y  s t a b l e  and 
draw on h o t  water w i t h  tempera tures  of about  300 C (A.L. A u s t i n  and o t h e r s  
1977) .  

g 

A canvergent -d ivergent  n o z z l e  i s  t h e  means by which t h e  h e a t  and p r e s s u r e  
energy of t h e  f l u i d  is  conver ted  t o  k i n e t i c  energy f o r  d i r e c t i n g  o n t o  t h e  t u r b i n e  
b l a d e s .  Study of such n o z z l e s  f o r  t h e  f low of superhea ted  and s a t u r a t e d  steam 
h a s  been w e l l  documented i n  t h e  l i t e r a t u r e  and i n  tex tbooks  on f l u i d  f l o w  and 
thermodynamics ( S t r e e t e r  1966) .  

Sonic  v e l o c i t y  i s  a t t a i n e d  a t  t h e  t h r o a t  of such n o z z l e s  and t h e  r a r i o  
between t h e  t h r o a t  p r e s s u r e  and t h e  up-stream manifold p r e s s u r e  h a s  been 
e x p e r i m e n t a l l y  determined f o r  steam. For superhea ted  steam, t h e  r a t i o  i s  about  
0.55 and f o r  s a t u r a t e d  (mois t )  steam i s  about  0.58 ( P o t t e r  1958).  Unpublished 
tests by t h e  a u t h o r  on steam-water f lows  through steam n o z z l e s  gave t h e  same r a t i o  
of 0.59 as f o r  s a t u r a t e d  steam. T h i s  i s  confirmed by t h e  tests under taken  by 
LLL i n  t h e i r  r e p o r t  on t h e  program s t a t u s  (1977).  

Hence, i t  i s  c l e a r  t h a t  so long as t h e  m i x t u r e  e n t h a l p y  i s  known, t o g e t h e r  
w i t h  t h e  n o z z l e  t h r o a t  p r e s s u r e ,  t h e n  t h e  formula f o r  t h e  l i p  p r e s s u r e  g i v e n  as 
e q u a t i o n  (1) may b e  employed t o  de te rmine  t h e  f low,  w i t h  P, t a k e n  as t h e  t h r o a t  
p r e s s u r e  and d be ing  t h e  t h r o a t  d i a m e t e r .  However, i t  would b e  unnecessary  
t o  a t t a c h  a p r e s s u r e  t a p p i n g  d i r e c t l y  t o  t h e  t h r o a t  of t h e  n o z z l e ,  as t h e  
mani fo ld  p r e s s u r e  j u s t  up-stream of t h e  t h r o a t  would b e  r a t h e r  p r e c i s e l y  
c o n t r o l l e d  by a t u r b i n e  governor valve and u s i n g  t h e  r a t i o  of 0.58, t h e  p r e s s u r e  
a t  t h e  t h r o a t  where c r i t i c a l  f low o c c u r s  ( s o n i c  v e l o c i t y )  can b e  e s t i m a t e d .  

L e t  s u f f i x  0 r e p r e s e n t  up-stream s t a g n a t i o n  c o n d i t i o n s  w i t h i n  t h e  mani fo ld  
and s u f f i x  t r e p r e s e n t  t h r o a t  c o n d i t i o n s  where s o n i c  f l o w  o c c u r s .  

From e q u a t i o n  ( l ) ,  
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A s  i t  is  more u s u a l  t o  g i v e  f low through n o z z l e s  i n  l b / s  

w l b / s  = 36.8 d t2  P 
0.96 

0 

1 .102  
hO 

(3)  

I l l u s t r a t i v e  Example 

Taking t h e  LLL r e p o r t  (1977) on a n o z z l e  t es t  from t h e i r  Table  3-2, w e  have 
Po = 367 p s i a ,  ho - 526 B t u / l b  

Nozzle  t h r o a t  d iameter  c a l c u l a t e d  from t h e  t h r o a t  area of 

6.87 ( l o r 4  f t 2  ’ g i v e n  on t h e i r  F i g u r e  3-16. d t  = 0.35 i n c h e s  d i a m e t e r .  

From e q u a t i o n  (3) above: 

= 36.8 (0.35)’ (367) 0.96 - = 1.31 l b / s  
5261 * 102 

T h i s  e q u a l s  t h e  f l o w - r a t e  g i v e n  f o r  t h e i r  tes t  c o n d i t i o n s ,  so agreement 
l o o k s  v e r y  good. 

S a t u r a t e d  Water Flow Through Nozzles - 

I n  observ ing  steam-water f low through n o z z l e s  w e  assume t h a t  t h e r e  i s  steam 
p r e s e n t  w i t h i n  t h e  up-stream mani fo ld  w i t h  a volume exceeding t h a t  of t h e  
a s s o c i a t e d  water. I n  t h e  example above, f o r  i n s t a n c e ,  t h e  LLL tes t  gave a 
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manifo ld  d r y n e s s  f r a c t i o n  of 14% q u a l i t y  and such  steam i s  n e c e s s a r y  t o  g i v e  a 
r a t i o  of 0.58 f o r  P t  and f o r  s o n i c  c o n d i t i o n s  t o  p r e v a i l  a t  t h e  t h r o a t .  - 

Where a n  all-water s t a t e  o c c u r s  i n  t h e  mani fo ld ,  even i f  i t  i s  e x a c t l y  
a t  t h e  b o i l i n g  p o i n t  f o r  t h e  l i q u i d  p r e s s u r e ,  t h e  t h r o a t  p r e s s u r e  h a s  been found 
from tests a t  Wairake i  t o  be g r e a t e r  t h a n  0.9 P . It a p p e a r s  t h a t  t h e  t i m e  

none i s  a v a i l a b l e  f o r  bubble  format ion .  Hence, on ly  a n  a l l - w a t e r  c o n d i t i o n  
e x i s t s  a t  t h e  t h r o a t .  T h i s  i n v a l i d a t e s  t h e  c o n d i t i o n s  f o r  s o n i c  f l o w  and t h u s  t h e  
r e l a t i o n s h i p  of e q u a t i o n  ( 3 )  does n o t  ho ld .  I t  i s  a l s o  d i f f i c u l t  t o  s u s t a i n  
s t a b l e  f l o w  as t h e  f l a s h  f r o n t  w i t h i n  t h e  n o z z l e  c o n s t a n t l y  "hunts" from t h e  
t h r o a t  t o  some d i s t a n c e  downstream w i t h i n  t h e  convergent  p a r t ,  l e a d i n g  t o  
p u l s a t i o n s  of p r e s s u r e  and presumably c y c l i c  f l o w  v a r i a t i o n .  T h i s  might  create 
problems when a p p l i e d  t o  a t u r b i n e  as resonance  e f f e c t s  might f o l l o w .  

I d u r a t i o n  i s  so  s h o r t  when t h e  f l u i d  p a s s e s  from ?he manifold t o  t h e  t h r o a t  t h a t  

T h e r e f o r e  i t  may b e  n e c e s s a r y  t o  e x e c u t e  some d e g r e e  of t h r o t t l i n g  
upstream of t h e  n o z z l e  manifold i n  o r d e r  t o  permi t  some steam t o  e x i s t  w i t h i n  
t h i s  chamber and t h e r e b y  s t a b i l i z e  t h e  f low; perhaps t h i s  w i l l  a l l o w  s o n i c  f low 
a t  t h e  n o z z l e  t h r o a t .  I f  t h i s  proves  c o r r e c t ,  measurement of t h e  d i s c h a r g e  may 
a g a i n  b e  p o s s i b l e  as f o r  genuine steam-water f low d e s c r i b e d  above. 

F i e l d  T e s t  Condi t ions  

T h i s  example w a s  based on v a l u e s  t a k e n  from a l a b o r a t o r y  t es t  u s i n g  c l e a n  
water and n e g l i g i b l e  non-condensible g a s .  F u t u r e  tests i n  t h e  S a l t o n  Sea 
geothermal  f i e l d  w i l l  i n v o l v e  steam-water m i x t u r e s  where t h e  water c o n t a i n s  up 
t o  30% w t  of d i s s o l v e d  s o l i d s ,  w h i l e  t h e  steam phase may c o n t a i n  s u b s t a n t i a l  
q u a n t i t i e s  of g a s ,  mainly carbon d i o x i d e  (perhaps  up t o  10% w t ) .  C o r r e c t i o n  
f a c t o r s  w i l l  have t o  b e  e s t i m a t e d  t o  a l l o w  f o r  t h e s e  s i g n i f i c a n t  d e p a r t u r e s  
from t h e  steam-.water employed i n  l a b o r a t o r y  experiments .  Grens (1975) h a s  
c a l c u l a t e d  t h e  e f f e c t  of i n t e n s e  b r i n e s  on d r y n e s s  f r a c t i o n  and e n t h a l p i e s  of 
such m i x t u r e s .  A l s o  t h e  q u a n t i t y  of g a s  can b e  used t o  compute t h e  p a r t i a l  
g a s  p r e s s u r e  a t  t h e  n o z z l e  t h r o a t  which, t o g e t h e r  w i t h  t h e  vapor  p r e s s u r e  of 
t h e  s t e a m ,  combines t o  g i v e  t h e  t o t a l  t h r o a t  p r e s s u r e .  

Obviously some f i e l d  tests w i l l  b e  r e q u i r e d  t o  a s c e r t a i n  t h e  e f f e c t i v e n e s s  
of t h e s e  ' ' cor rec t ions ' '  on t r u e  f low-rates .  

CONCLUSIONS 

With t h e  hoped-for commercial s u c c e s s  of t h e  t o t a l  energy t u r b i n e  i n  t h e  
n e a r  f u t u r e ,  i t  w i l l  b e  n e c e s s a r y  t o  have a means of measuring t h e  steam-water 
f low i n t o  t h e  machine.  A s  long  as t h e  e n t h a l p y  of t h e  f lowing  f l u i d  i s  known, 
t h e r e  should  b e  no i n t r i n s i c  d i f f i c u l t y  i n  o b t a i n i n g  t h i s ,  as t h e  n o z z l e s  
themselves  ac t  as m e t e r i n g  d e v i c e s  due t o  t h e  phenomena of s o n i c  v e l o c i t y  a t  
t h e  t h r o a t .  High g a s  c o n c e n t r a t i o n s  i n  t h e  steam phase ,  t o g e t h e r  w i t h  h i g h  
chemical  c o n t e n t  i n  t h e  water phase ,  r e q u i r e  t h e  u s e  of t ' c o r r e c t i o n s t t  which w i l l  
have t o  b e  determined from f i e l d  tests t o  conf i rm theory .  Clean steam-water 
m i x t u r e s  appear  t o  p r e s e n t  no d i f f i c u l t i e s .  
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INTERPRETATION OF BOREHOLD TIDES AND OTHER ELASTOMECHANICAL 
OSCILLATORY PHENOMENA IN GEOTHERMAL SYSTEMS 

Gunnar Bodvarsson 
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Introduction 

U1 tralow t o  low-frequency o s c i l l  atory phenomena of elastomechanical 
nature have been observed i n  a number of geothermal areas .  
pressure and water level o sc i l l a t ions  in the t i da l  frequency range 
lo-’+ Hz (White, 1968), flow osc i l l a t ions  a t  around 
Bjornsson, 1976) and ground noise i n  the range 10-l t o  10 Hz (Douze and 
Sorre l ,  1972). 
on the underlying geothermal systems which i s  of both theore t ica l  and prac- 
t i c a l  interest. 
aspects r e l a t ing  t o  the in te rpre ta t ion  of o sc i l l a to ry  f i e l d  data w i t h  the 
main emphasis on borehole t i des .  

These include 
t o  

Hz (Bodvarsson and 

The presence of such osc i l l a t ions  conveys ce r t a in  information 

In the following, we wil l  very b r i e f ly  discuss  a few 

Osci l la t ions of Tidal Origin 

Pressure osc i l l a t ions  i n  the t i da l  frequency range, which may be 
observed e i t h e r  d i r e c t l y  by pressure transducers ernplaced i n  closed subsur- 
face f l u i d  spaces, o r ,  as  water level o sc i l l a t ions  i n  boreholes, r e su? t  from 
the s t r a in ing  of the surrounding formations by forces of t i d a l  or igin.  The 
water level o sc i l l a t ions  represent a breathing of  the  formations through the 
borehole. The volume amplitude of the osc i l l a t ing  f lu id  must therefore give 
clues a s  t o  the local s t r a i n  amplitude and the formation volume i n  d i r e c t  
contact w i t h  the borehole. 
we have t o  consider the diffusion of low frequency pressure f i e l d s  in  natural  
formations. 

To obtain quant i ta t ive  cause-effect  re la t ions  , 

Concentrating on the case of f luid-saturated Darcy-type porous media, 
the s implif ied l inear pressure diffusion theory g i v e n  by Bodvarsson (1970) 
can b e  applied t o  obtain useful re la t ions .  The o sc i l l a to ry  pressure f i e l d  
is  then derived as a solut ion to  a standard l i n e a r  s ca l a r  diffusion equation. 
Applying the theory t o  the simple b u t  p rac t ica l ly  re levant  model shown in 
Figure 1 ,  we consider a spherical volume V o f  radius R o f  a homogeneous and 
i so t ropic  Darcy-type medium saturated by a f l u i d  of density p and w h i c h  i s  
embedded in  a formation of negl igible  permeability. 
storage coef f ic ien t  of  the wet medium i s  s and i t s  hydraulic conductivity 
c = k/v where k i s  the permeability o f  the medium and L, the  kinematic viscos- 
i t y  of the f l u i d .  
w i t h  an angular frequency w i s  then obtained by (Bodvarsson, 1970) 

The capac i t iv i ty  o r  

The skin depth d of a harmonic osc i l l a to ry  pressure f i e l d  

d = ( 2 ~ / p s w ) ~  
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A borehole of cross-section a has  been d r i l l e d  in to  the center  o f  the 
porous formation and f o r  convenience we assume tha t  i t  i s  connected with V 
t h rough  a small spherical  cavi ty  of radius r. The borehole i s  cased a l l  
the way to  the cavi ty  and there i s  a f r ee  water surface a t  an elevation h .  
Moreover, we assume t h a t  t i d a l  forces of angular frequency w produce a homo- 
geneous and i so t ropic  s t r a i n  of  amplitude b i n  V .  The formation matrix 
coef f ic ien t  E character izes  the re la t ion  between the imposed s t r a i n  and the 
porosity (Bodvarsson , 1970). 

O m i t t i n g  d e t a i l s  of der ivat ion,  we obtain by solving the pressure 
diffusion equation w i t h  appropriate boudary  conditions a t  the inner and 
outer  boundaries of the porous formation, the following re la t ion  f o r  the 
amplitude of the water level 

h = hsT(l + T)-’  

where hs i s  the  s t a t i c  amplitude (Bodvarsson, 1970) 

g i s  the accelerat ion of gravi ty  and T i s  the t i d a l  f ac to r  

w h i c h  i s  characterized by two quan t i t i e s ,  the skin volume 

and the complex dimensionless re f lec t ion  f ac to r  F which depends primarily 
on the r a t i o  R/d. 

The permeability o f  common Darcy-type reservoi r  formations i s  frequently 
of t he  order of t o  1 darcy and the skin depth a t  t i d a l  frequencies i s  
then 50 t o  500 meters (Bodvarsson, 1970). Moreover, reasonable values f o r  
the cavi ty  radius r a r e  of the order of one meter. Cases where r/d>>l and 
d/r>>l a re  therefore  of pa r t i cu la r  pract ical  i n t e r e s t .  An elementary 
der ivat ion shows t h a t  in t h i s  case the coupling between the borehole and 
the formation is  r e s i s t i v e  and the t i d a l  f ac to r  can then be approximated by 

T = - ipgsmd2/2a = -ignrc/wa (6) 
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This expression which can be assumed for a number of Darcy-type porous 
reservoirs furnishes the main clues as to  the problem of interpreting bore- 
hole t ides  i n  such cases. 

In a l l  practical cases, the density p and cross-section a a re  well 
known. The capaci t ivi ty  can generally be estimated w i t h  suffTcient accuracy 
on the basis of core samples. Moreover, although boreholes rarely open into 
spherical cav i t ies ,  most practical cases involving i r regular  cavi t ies  of 
small dimension compared with the skin depth d can be approximated by 
spherical cav i t ies  w i t h  an equivalent radius r which can be estimated w i t h i n  
reasonable l imits .  
the r i g h t  of equation (6 ) .  

The skin depth d i s  therefore the principal unknown on 

Moreover, the s t a t i c  amplitude h, given by equation ( 3 )  can i n  principle 

Provided tha t  such observation can be made, 

often be determined experimentally by closing the borehole w i t h  packers a t  
appropriate levels  and placing instrumentation t o  record the t ida l  Pressure 
amplitude i n  the enclosed space. 
we can conclude tha t  the skin depth i s  the principal unknown on the r i g h t  
of equation ( 2 ) .  Hence, observing the t idal  water level amplitude h ,  we 
can obtain data on the s k i n  depth d and thereby because of (6 )  information 
on the hydraulic conductivity c .  
fore  the principal targets  of most interpret ive e f fo r t s  involving borehole 
t ides .  

These two quant i t ies ,  d and c y  are there- 

Local Enhancement of the Tidal Dilatation 

Elementary considerations indicate tha t  the local t idal  d i la ta t ion  i s  
generally modified by variations i n  the subsurface e l a s t i c  parameters. 
e f f ec t  i s  most obvious a t  very abrupt inhomogeneities such as i n  the case of 
open subsurface spaces. Consider, for  example, an open very f l a t  penny- 
shaped cavity of radius r and w i d t h  w.  
so l id  rock a t  a depth which i s  substant ia l ly  greater t h a n  the diameter 2r 
and such tha t  i t s  a x i s  i s  parallel  t o  the direction of maximum principal 
t i da l  s t r a in .  A simple argument (Bodvarsson, 1977) indicates t h a t  the 
cavi ty  w i l l  breathe i n  response t o  the t i d a l  s t resses  and  t h a t  the d i l a t a t i o n  
amplitude of the open space i s  enhanced by a factor  of approximately r/w 
re l a t ive  to  the undisturbed d i la ta t ion  a t  a distance from the cavity. 
spec i f ic  cases, the local d i la ta t ion  amplification can thus a t t a in  very 
large values. Moreover, there i s  also a substantial enhancement of the t i d a l  
s t resses  along the edge of the cavity. This i s  a typical notch e f fec t .  

The 

The cavity i s  placed i n  homogeneous 

In 

Analog ef fec ts ,  b u t  generally of a more complex nature, a re  obtained 
i n  the cases of other types of inhomogeneities (Bodvarsson, 1977) .  
sions of porous fluid-saturated material i n  sol id  rock will a lso breathe i n  
response t o  the sol id  earth t ides ,  and there will be notch type s t ress  
concentrations i n  par t icular  locations. The theory o f  these phenomena i s  
somewhat complex, i n  par t icular ,  when the dimensions of the inclusions 
exceed the hydraulic s k i n  depth a t  t i d a l  frequencies of the porous material 

Inclu- 

The case of  f racture  zones w i t h  a permeable fluid-saturated gouge is  
of par t icu lar  i n t e re s t .  
the surface of the gouge. 

We assume t h a t  the f lu id  can breathe freely through 
Although very l i t t l e  i s  known a b o u t  the f l u i d  
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conductivity character is t ics  of gouge materials, we can on the basis of 
rather simple theoretical  modeling (Bodvarsson, 1977)  infer  t h a t  the t ida l  
f lu id  pressure amplitude within the gouge may in some cases, a t  l ea s t ,  
vary along the fracture  zone as indicated i n  Figure 2 .  There i s  an upper 
zone, the depth of which i s  of the order of the hydraulic skin depth i n  the 
gouge, where the breathing t h r o u g h  the open surface causes a reduction of 
the t idal  pressure amplitude. 
pressure amplitude. 
pressure amplitude in the surface zone. 
the e f fec t  of the open surface i s  negligible,  the pressure amplitude a t t a ins  
the local s t a t i c  value given by equation ( 3 ) .  

Further below i s  a zone of an enhanced 
This i s  a notch type e f f ec t  caused by the reduced 

Deeper in the fracture  zone, where 

The above considerations indicate t h a t  data on the local t idal  pressure 
amplitude, as measured in closed boreholes, can be of some value as an 
exploration tool.  Some character is t ics  of the local geological structure 
and material properties can be reflected in the observational d a t a .  

Hydroelastic Oscil lations 

Helmholtz type borehole-cavi ty  osci 1 la t ions.  Small amp1 i tude temperature 
osc i l la t ions  of frequency around Hz have been observed i n  a thermal 
borehole i n  Southwestern"Ice1and. The hole flows about  0.5 kg/s  a t  43°C. 
Bodvarsson and  Bjornsson (1 976) have d i  scussed th i s  phenomenon and have 
concluded tha t  i t  may be caused by weak flow osc i l la t ions  due to  a hydro- 
e l a s t i c  Helmholtz type borehole-cavi ty  resonance excited by pressure f l  uc- 
tuations of turbulent origin.  

Fracture osc i l la t ions  and geothermal ground noise. When properly 
excited. f l u id  f i l l e d  fracture  sDaces can Perform hvdroelastic osc i l la t ions  
and radiate  very low frequency seismic signals.  
of such osc i l la t ions  has been given by Bodvarsson (1978). 
f of the basic osc i l la t ion  mode of a very thin fracture  space of constant 
w i d t h  w ,  vertical  dimension L, and which i s  open to  the surface as shown i n  
Figure 3,  can be estimated by the following relat ion 

A iimple approximate theory 
The frequency 

f = (pw/pL3)4 ( 7 )  

where p i s  the shear modulus of the rock and p i s  the density of the f lu id .  

The above r e su l t  indicates t ha t  f racture  spaces of w i d t h  m and 
vertical  dimension of 10 to  100 m have basic frequencies in the range 0 .2  
t o  5.0 Hz. This i s  the frequency range of  seismic ground noise which has 
been observed in many geothermal areas (Douze and  Sorrels,  1972). The 
observed seismic signals may thus r e su l t  from hydroelastic osci l la t ions of 
t h i n  f racture  spaces. 
the excitation may again be provided by pressure fluctuations of turbulent 
nature in the convecting geothermal f lu id .  

As i n  the above case of Helmholtz type osc i l la t ions ,  

Provided the above interpretat ions are correct ,  the observPd frequencies 
give some clues as t o  the dimensions o f  the osc i l la t ing  spaces. 
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A FAULT-ZONE CONTROLLED MODEL 

t OF THE MESA ANOMALY 

K. P. Goyal and D. R. Kassoy 
Univers i ty  of Colorado 

Boulder, Colorado 80309 

* 

1. In t roduc t ion  

Recent s t u d i e s  of liquid-dominated systems l i k e  Wairakei 
(Grindley, 1965) ,  Broadlands (Grindley,  1970),  Cerro P r i e t o  (Mercado, 
1969),  Long Val ley (Rinehart  and ROSS, 1964, Bai ley ,  e t  a l .  1976),  
Ahuachapan (Ward and Jacob,  1971) suggest  t h a t  geothermal anomalies are 
i n t i m a t e l y  a s soc ia t ed  wi th  s p e c i f i c  p a t t e r n s  of f a u l t i n g .  

I n  t h e  Imper ia l  Val ley,  C a l i f o r n i a ,  t h e r e  are several geothermal 
anomalies which are c l o s e  t o  o r  i n t e r s e c t e d  by a c t i v e  f a u l t s  (Elders ,  
e t  a l .  (1972)).  The b a s i c  f i e l d  d a t a  f o r  t h e s e  systems are descr ibed  
by Babcock, Combs and B ieh le r  i n  Rex (1971), Helgeson (1968), Meidav 
and Furgerson (1972),  Goforth,  e t  a l .  (1972), Douze and S o r r e l l s  (1972), 
Combs and Swanberg (1977), Combs and Hadley (1975, 1977),  Loe l t z ,  
e t  a l .  (1975), Dutcher, e t  a l .  (1972), E lde r s ,  e t  a l .  (1972), Swanberg 
(1974, 1976),  E lde r s  and Bird (1974), Coplen, e t  a l .  (1975) and Coplen 
(1976). Some of t h e  information is  surveyed i n  Kruger and O t t e  (1973) 
and i n  a series of Bureau of Reclamation Reports (1974). Black (1975) 
and Bai ley  (1977) have summarized a l a r g e  spectrum of t h e  a v a i l a b l e  
geo log ica l ,  geophysical ,  geochemical, hydro logica l  and hea t  f l u x  d a t a  
f o r  t h e  purpose of syn thes i z ing  a composite conceptual  model of t h e  
Mesa system. I n  a d d i t i o n  they used primary bore  ho le  logging d a t a  t o  
provide a d d i t i o n a l  i npu t .  

One may i n f e r  from t h e s e  s t u d i e s  t h a t  t h e  East Mesa anomaly is  
i n t e r s e c t e d  by a s e i s m i c a l l y  active f a u l t  which acts  as a condui t  of 
heated w a t e r  from depth.  The f a u l t  appears t o  extend through t h e  
sediments and i n t o  t h e  basement rock beneath. It i s  almost c e r t a i n l y  
c losed  o f f  i n  t h e  f i r s t  0.6-0.7 km by sha ley  d e p o s i t s ,  and no s u r f a c e  
express ion  e x i s t s .  

The f a u l t  i t s e l f  i s  hypothesized t o  be  a v e r t i c a l l y  o r i en ted  
reg ion  of heav i ly  f r a c t u r e d  material of  f i n i t e  width. 
e x t e n t  of t h e  f a u l t ,  and t h e  second h o r i z o n t a l  dimension are l a r g e  
compared t o  t h e  width. 
ex tens ive  per iod  because t h e  reg ion  e x h i b i t s  t e c t o n i c  a c t i v i t y  
(Elders ,  e t  a l .  (1972)).  The con t inua l  microearthquake a c t i v i t y  (Combs 

The ver t ica l  

The f a u l t  has  probably been active f o r  an 
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and Hadley (1977)) sugges ts  t h a t  t h e r e  are mechanical processes  
a v a i l a b l e  f o r  f r a c t u r i n g  of t h e  rock. This  i s  necessary  t o  counterac t  
t h e  minera l  depos i t i on  a s soc ia t ed  wi th  a r i s i n g ,  cool ing  column of sal ine 
geothermal f l u i d  which tends  t o  c l o s e  up t h e  system by reducing t h e  
permeabi l i ty  ( E l l i s  (1975)).  

It is  surmised t h a t  water, der ived b a s i c a l l y  from t h e  Colorado 
River (Coplen, 1976),  p e r c o l a t e s  g radua l ly  i n t o  sediments and/or  
f r a c t u r e d  basement rock over  an area cons iderably  l a r g e r  than  t h e  
anomaly i t s e l f .  Heated a t  depth by an unknown source  t h e  l i q u i d  can 
rise i n  t h e  h igh  permeabi l i ty  f r a c t u r e d  f a u l t  zone convecting energy 
toward t h e  su r face .  The a r t e s i a n  over-pressure,  between 50 p s i  and 120 
p s i ,  a s soc ia t ed  wi th  t h e  convection process  l e a d s  t o  a q u i f e r  charging 
whenever t h e  f a u l t  i n t e r s e c t s  a h o r i z o n t a l  l a y e r  of r e l a t i v e l y  l a r g e  
permeabi l i ty .  Extensive f r a c t u r e  systems are presumed t o  provide t h e  
b a s i c  permeabi l i ty  i n  t h e  a q u i f e r s .  The depos i t i on  of c a l c i t e  and 
s i l i c a  over extended pe r iods  has  probably c losed  up t h e  i n t e r g r a n u l a r  
spaces  i n  t h e  sandy sediments.  

Heat f l u x  measured near  t h e  s u r f a c e  of t h e  c l a y  cap,  enhanced by 
t h e  upflow of hot  l i q u i d  water beneath,  i s  as much as 7.9 HFU compared 
t o  a background l e v e l  of 1 .5  HFU. 
have been measured i n  Mesa 6-1 and Combs (1977) has  suggested a sedirnent- 
basement i n t e r f a c e  temperature  between 325OC and 365OC a t  4.15km. 

Temperatures t o  2OO0C a t  2 . 4  km 

Semi-quant i ta t ive estimates of h e a t  and mass t r a n s f e r  can be 
obtained by cons ider ing  key parameters. The Rayleigh number (R) i s  a 
measure of convect ive e f f e c t s  i n  t h e  system. Here R i s  def ined  by 

gkaRRAT 

V 
2 Prm R =  

where g i s  t h e  g r a v i t y  cons t an t ,  k i s  a c h a r a c t e r i s t i c  permeabi l i ty ,  a 
i s  a c h a r a c t e r i s t i c  thermal expansion c o e f f i c i e n t  f o r  water, R i s  t h e  
r e s e r v o i r  depth ,  AT i s  t h e  c h a r a c t e r i s t i c  temperature  d i f f e r e n c e  
through t h e  r e s e r v o i r ,  v i s  t h e  c h a r a c t e r i s t i c  kinematic  v i s c o s i t y  of 
water and Prm i s  t h e  P r a n d t l  number f o r  w a t e r  based on t h e  thermal 
conduct iv i ty  of t h e  s a t u r a t e d  porous medium. 
a t u r e  thermodynamic va lues ,  a permeabi l i ty  k = 
r e s e r v o i r  va lues  R = 1.5 km and AT = 5OoC, then R 940. O f  course  
s e n s i t i v i t y  t o  t h e  va lue  of k ,  which i s  a b i t  specu la t ive ,  i s  noted. 
I f  Combs' (1977) p r e d i c t i o n  of depthoto t h e  basement i n t e r f a c e  is  
c o r r e c t ,  then  R = 3 km and AT = 200 C. This  g ives  R = 6000. Even i f  
t h e  va lue  of k is  reduced cons iderably  i t  i s  clear t h a t  Rayleigh 
numbers of 500 should be v i a b l e  (Kassoy and Zebib (1975)).  

R 

For t y p i c a l  h igh  temper- 
cm2 and minimal 

R 

B 

Na tu ra l  convect ion theory  (Kassoy and Zebib (1975)) can be  used t o  
show t h a t  t h e  ver t ica l  convect ion v e l o c i t y  i n  t h e  f a u l t  zone is  
cha rac t e r i zed  by 
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v = g kaATlv v 
For t h e  f i r s t  set of va lues  used above v -- 1 cm/day. Assuming an 
average temperature  of about 175OC i n  t h e  convect ion-act ive s e c t i o n  of 
t h e  f a u l t ,  one f i n d s  t h a t  1.75 x l o 7  cal /s  km2 i s  convected upward. 
This  is  about 3 orde r s  of magnitude l a r g e r  than  the*purely conductive 
f lux .  If 10% of t h i s  energy i s  l o s t  t o  t h e  claycap and conducted t o  
t h e  su r face  where Combs ( i n  Rex (1971)) measured 4.88 x lo6 ca l l s  
c ros s ing  about 110 km2, then  t h e  h o r i z o n t a l  area of t h e  f a u l t  zone i s  
about 2.9 km2. 
primary f a u l t  f o r  about 16 kms., a f a u l t  ( f racture-zone)  width h ~ 1 8 0 m  
i s  suggested.  One should recognize t h a t  t h i s  is  an o rde r  of magnitude 
estimate. Given t h e  v a r i a b l e  n a t u r e  of t h e  input  a range lOOm < h < 30Om 
might be appropr i a t e .  
zone area estimate would be f a r  l a r g e r ,  and thus  not  r e p r e s e n t a t i v e  of 
t h e  r e l a t i v e l y  l o c a l i z e d  anomalous p r o p e r t i e s  a t  t h e  Mesa f i e l d .  

v 

Since thermal  a c t i v i t y  of t h e  Mesa extends along t h e  

I f  k w e r e  f a r  smaller than 10-9 cm2 t h e  Tad';: 

Convection theory  (Kassoy and Zebib (1975)) can a l s o  be used t o  
show t h a t  t h e  a r t e s i a n  over-pressure magnitude i s  given by 

where p i s  t h e  c h a r a c t e r i s t i c  l i q u i d  dens i ty .  
10 b a r s  f o r  t h e  parameters  given above. Coplen (1976) has noted t h a t  
shut- in-pressures  f o r  Mesa 6-2 have ranged from 3.5 t o  8 .2  b a r s ,  which 
i n d i c a t e s  t h a t  t h e r e  i s  reasonable  agreement between f i e l d  d a t a  and 
t h e o r e t i c a l  assessment f o r  t h e  s e l e c t e d  parameter va lues .  

APA i s  of t h e  magnitude of 

2. Modelling 

The conceptual  model of t h e  system i s  based on a f r a c t u r e  zone 
( t h e  f a u l t )  of f i n i t e  width h '  which extends downward n e a r l y  v e r t i c a l l y  
through a c l ay - r i ch  reg ion  ( t h e  cap) of th ickness  Ret, through t h e  
interbedded sediments of t he  r e s e r v o i r  f o r  a d i s t a n c e  R ' and f i n a l l y  
i n t o  t h e  basement rock fo, a l eng th  R I .  

f a u l t  i s  charged a t  depth by l i q u i d  w k c h  has been heated i n  an 
ex tens ive  basement f r a c t u r e  system. The ra te  of charge cannot be 
specula ted  a p r i o r i  without  a g loba l  a n a l y s i s  of t h e  convection process .  
Liquid rises i n  t h e  r e s e r v o i r  s e c t i o n  of t h e  f a u l t .  
c l ays  i n  t h e  cap suppresses  v e r t i c a l  t r a n s p o r t  t he re .  
of t h e  f a u l t  by ar tes ian overpressure  i s  assumed t o  flow h o r i z o n t a l l y  
i n  t h e  r e s e r v o i r  aqu i f e r .  Vertical t r a n s p o r t  should be  less 
important in- the- large because of t h e  presence of sha ley- layers  
a s soc ia t ed  wi th  interbedding.  

It i s  pos tu la fed  t h a t  t h e  

The presence of 
Water pushed out  

For mathematical  purposes t h e  f r a c t u r e  zone is  i d e a l i z e d  as a 
ver t ica l  s l a b  of porous media. The ad jacen t  r e s e r v o i r  a q u i f e r  i s  

*The va lue  i s  based on t h e  temperature  d i f f e r e n c e  between well-bores 5-1 
and 6-2 i n  t h e  convect ive zone. 
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r ep resen ted  as a porous medium of la teral  ha l fwid th  y wi th  h o r i z o n t a l  
pe rmeab i l i t y  only.  
impermeable. 

R F i n a l l y  t h e  ove r ly ing  c l a y  cap i s  assumed t o  b e  

S p a t i a l l y  uniform temperature  boundary cond i t ions  are imposed on 
t h e  co ld  cap s u r f a c e  and a t  t h e  h o t  bottom boundary of t h e  r e s e r v o i r .  
On t h e  la teral  boundary f a r  from t h e  f a u l t  (y 
temperature  d i s t r i b u t i o n  i s  c o n t r o l l e d  by ve rP ica1  conduct ion,  t h e  pres-  
s u r e  d i s t r i b u t i o n  is  h y d r o s t a t i c  and m a s s  f l u x  is  permi t ted  t o  conserve 
matter. 

>> RR' >> h ' )  t h e  

A quas i - ana ly t i c  theory  is  developed f o r  h igh  Rayleigh number 
convect ion of a l i q u i d  i n  a r i g i d  porous medium. I n  t h i s  approximation 
l i q u i d  rises up t h e  f a u l t  and spreads  i n t o  t h e  near-region of t h e  
r e s e r v o i r  a d i a b a t i c a l l y .  The cool ing  e f f e c t  of t h e  cap i n  t h e  r e s e r v o i r  
i s  confined t o  a t h i n  l a y e r  ad jacen t  t o  t h e  i n t e r f a c e .  The l a y e r  grows 
w i t h  d i s t a n c e  from t h e  f a u l t .  I n  t h e  f a r  f i e l d  of t h e  a q u i f e r  t h e  f u l l  
depth  of t h e  r e s e r v o i r  i s  cooled by t h e  su r face .  P red ic t ed  temperature  
d i s t r i b u t i o n s  wi th  depth  i n  t h e  near  f i e l d  are q u i t e  l i k e  t h a t  f o r  Mesa 
borehole  8-1, and q u a l i t a t i v e l y  similar t o  those  i n  6-1 and 6-2. Far  
f i e l d  p r o f i l e s  can be  r e l a t e d  t o  those  i n  5-1 and 31-1. Although t h e  
f low f i e l d  i s  pure ly  h o r i z o n t a l  i n  t h e  a q u i f e r  one f i n d s  s t e e p  tempera- 
t u r e  g r a d i e n t s  i n  t h e  cap and reduced v a r i a t i o n s  a t  depth.  The heat 
f l u x  c a l c u l a t e d  a t  t h e  cap top  compares f avorab ly  wi th  Mesa f i e l d  d a t a .  
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A MODEL OF THE SERRAZZANO ZONE 

Oleh Weres 
Lawrence Berkeley Laboratory 
University of California 
Berkeley, California 

Litho logy 

For hydrogeological purposes, the rocks of the Lardarello Basin may be 
1 divided into three main complexes: 

i) A weakly metamorphic basement complex of quartzites, phyllites, and 
schists. Although deep exploratory drilling has found occasional fractures 
and isolated pockets of permeable rock, it is believed that the basement 
complex is largely impermeable and contributes little to steam production. 

ii) A so-called "evaporite" complex of anhydrite, limestones, dolostones, 
and radiolarites. These rocks are absent in some areas and up to a kilo- 
meter thick in others. The limestones and dolostones are known to be highly 
porous and permeable. The lower-lying anhydrite is believed to be highly 
porous and permeable where it has been tectonically sheared and brecciated. 
Because a major regional thrust fault passes through this complex, the tec- 
tonically sheared and brecciated zones are believed to be extensive. Over- 
all, this complex is believed to be the main reservoir of liquid water and 
source of steam in the geothermal system. 

iii) A largely sedimentary caprock sequence consisting of unmetamorphosed 
and weakly metamorphosed shales, marls, feldspathic sandstones, and ophio- 
litic rocks. Although there are significant volumes of permeable and porous 
limestones and sandstones in this complex, the preponderance of argillaceous 
rock types makes it effectively impermeable as a whole. It serves as a cap- 
rock for the geothermal system. 

Structure 

Most wells in the Lardarello Basin produce from an interval at or near 
the bottom margin of the caprock. Where the evaporites are absent, the 
producing interval is the thrust fault zone at the contact of basement and 
caprock. This fault zone is not the ultimate source of steam, but only a 
conduit which conducts it from permeable complex rocks elsewhere to the 
wellbores. 

The elevation of first commercial steam throughout the Basin is shown 
in Figure 1. It is apparent that the Castelnuovo-Lardarello, Serrazzano, 
Lago, and Lagoni Rossi productive areas are centered near distinct highs 
in the reservoir top. (They account for nine tenths of t h e  Basin's stcam 
production). At Castelnuovo-Lardarello and Serrazzano the permeable 
complex rocks are thin or absent and the highs are simply highs in the 
basement. 
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Reservoir Statics and Dynamics 

There is a clear analogy to the well-known structural trap reservoirs 
Of petroleum geology. 
like petroleum. 

Steam can be trapped under an anticlinal caprock 

There appears to be reasonably continuous permeability and flow at the 
reservoir top throughout the Basin. 
water from surrounding aquifers into the reservoir indicates hydraulic 
continuity with them as well. 
there must have been hydrostatic equilibrium between reservoir and aquifers. 
The (simplified) condition for such equilibrium is that 

Isotopically demonstrated flow of 

This suggests that prior to exploitation 

(Tres) h -  = lox [Psat aq hres - 11 

where h is the isopiestic level of the surrounding aquifers (in meters), 

h is the elevation of the steam-water interface under the trap, and res 

'sat 
Analysis of water level and temperature survey data from the few "wet" wells 
in the Serrazzano zone should provide a good test for this equation. 

aq 

(Tres) is the steam saturation pressure at reservoir temperature. 

A detailed analysis of various published data has led to an estimate 
of 275OC for the initial reservoir temperature. As ha9 averages about 
100 meters around the periphery of the Basin, an initial hres of about 
-500 meters is indicated. This is deep enough to allow for fair-sized 
initial steam zones in the major areas. 

4 

Early wells never reached 500 meters subsea and never encountered 
water. The fact that most modern deep wells have also not encountered water 
is probably due to a lowering of the water table by steam production. 

Hydrogen and oxygen isotope studies3 show clear evidence of massive 
incursions of recently meteoric groundwaters from the southeast at Castel- 
nuovo and Sasso. Smaller incursions are suggested from the southwest be- 
tween Lagoni R o s s i  and Lago, and from the west at Serrazzano. 

It is likely that the incursion of surrounding cooler groundwaters is 
due to the lowering of reservoir pressure caused by steam production. 
hydrological balance calculated for the entire basin su gests that the rate 
of recharge is about one-third that of steam production . 

A 

8 

Toward a Numerical Model of the Serrazzano Zone 

LBL's part in the U. S. DOE/ENEL cooperative program is to numerically 
model the reservoir dynamics of the Serrazzano and Castelnuovo zones. The 
author is presently well along in the development of a geologically accurate 
computer-generated mesh for use in modelling Serrazzano. 

Figure 2 shows a recent version of this mesh. The input data for the 
mesh generator is essentially a set of digitized geological cross-sections. 
The two cross-sections labeled in Figure 2 are shown as such in Figure 3 .  
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The three lithological layers distinguished in the cross-sections are the 
three complexes defined and discussed above. Where there is a significant 
thickness of "the evaporites," the mesh elements all lie completely within 
this complex. Where the basement and caprock are in direct contact, the 
mesh elements are taken to lie along the contact surface and to be about 
120 meters thick. 120 meters was chosen because it is about twice the root 
mean square distance for heat diffusion through rock-over 25 years. 
roughly corresponds to the history of full-scale steam production at Serraz- 
zano.) The underlying physical model is that of steam flowing through a thin 
fault zone and extracting heat from the surrounding impermeable rock by 
conduction. 

(This 

The points plotted within the evaporite stratum and at the caprock- 
basement contact correspond to the individual elements of the mesh. The 
points within the basement or caprock and not on the contact do not corres- 
pond to mesh elements. Their function is to define the bounding planes of 
the adjacent mesh elements. In all cases, the bounding and interface planes 
are the plane bisectors of the line segments between the corresponding pairs 
of points. This prescription for choosing interface planes is believed to 
be optimal for our purposes. The only input data required are the coordi- 
nates of the various points. The mesh shown has 227 elements and 448 bound- 
ing points, 
tween them. 

The calculation found 2404 boundary and interface planes be- 

Water Reserves and Boundarv Conditions 

The mesh in Figure 2 is geologically accurate in its depiction of the 
reservoir, and the volume and elevation of each element is known. This 
allows us to estimate initial heat and water reserves within the region 
modelled. 

Figure 4 shows just those elements whose content is about one-half or 
more "evaporitic" rock. 
Of this, about 3.1 km3 is below about-450 to-500 meters and was probably ini- 
tially water saturated. How much water this represents depends on the average 
porosity which is unknown. 
lo%, this is 0.31krn3, 
estimated initial mass of about 2.3 x 10' metric tons. 
would suffice to run the 32MW Serrazzano power plant for about one hundred 
years. 
tion of about 0 t 9 x 10' tonnes to date. 

The total volume of these elements is about 4.2 km3 

If we make a moderately optimistic estimate of 
Assuming an initial temperature of 275°C gives an 

This amount of steam 

The magnitude is completely consistent with cumulative steam produc- 

Cleqrly, the extent of mass flow in and out of the region studied will 
also effect the validity of such estimates. It appears that the Serrazzano 
zone is the most isolated subarea within the Basin in this regard. (This is 
one reason why Serrazzano was chosen for study, The other is that relative- 
ly complete historical production data is available.) However, as is evi- 
dent from the concentration of the "evaporites" at the very edges of the 
mesh, it cannot be perfectly isolated. 
the southeast corner of the mesh (also see Section C) is continuous with the 
diapiric evaporite outcrop between Monterotondo and Sosso. This is known to 
be a major recharge area.3 
have reached the Serrazzano zone yet, it is possible that it has already 
displaced significant volumes of "old" water toward Serrazzano. 
also be some influx of water and/or steam from west-southwest where the mesh 

The very thick evaporite stratum in 

Although the recharge water does not appear to 

There may 
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is truncated due to lack of stratigraphic data. The large volume of evapo- 
rites in the south-southwest octant is about midway between Serrazzano on 
one side and Lagoni Rossi and Lago on the other. It is very likely that 
some of the steam generated here flows south toward the latter two zones. 

Heat Reserves 

We will assume a volumetric heat capacity of 2460kJ/m3 OC for the re- 
servoir rock and an initial temperature of 275OC. 8 bar seems to be a 
reasonable estimate for ultimate abandonment pressure, and this corresponds 
to an abandonment temperature of 17OOC. We again take $I = 0.1 for the 
"evaporites"and @ z 0 for the other rock types. 

This leads us to estimate the total quantity of useful heat within 
1 Y  just the "evaporite" elements of the mesh to be about 9.8~10 kj. This 

quantity of heat is enough to convert 3.6 x lo8 metric tonnes of water ini- 
tially at 25OC to steam of.2800 kj/kg enthalpy. 
would require less heat. If we assume an initial "preheated" water supply 
of 2.3 x 10' tonnes , we find that an equal volume of cold recharge water is 
needed to cool the evaporites down to 170OC. 
be required to cool the nonevaporite portions of the mesh down to 17OoC, 
fer a grand total steam production of 6 . 6 ~  l o 8  tonnes. 
9,400 MW-years of electrical generation. 

Water initially at 275OC 

Another 2.0 x l o 8  tonnes would 

This is enough for 

It seems clear that water reserves will prove to be the limiting factor 
at Serrazzano. A long term program of water injection appears to be called 
for if anything like the above figure is to be reached. 
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Figure 1. Elevation of reservoir top throughout Lardarello Basin in meters. 
Shaded areas indicate "evaporite" outcrops. From Reference 2. 

2 3 
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I 

Figure 2. A computer-generated mesh for modelling the Serrazzano zone 
reservoir. 
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