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u 
. INTRODUCTION / 

1.1. Justification for . ,  

Researchers revi ature i n  order t 
tion of research. I t  h that  approximate 
the research and develo ed i n  the United 
been applied t o  areas ication of effort. Kertesz" 
has' attributed this to inadequate l i terature  review. 

o f  published material makes i t  virtually impossible t o  review a l l  
relevant publications i n  a given field. To keep abreast of research 
w i t h i n  .a particular area and .to obtain a specific answer to a problem, , 

new retrieval methods have been developed. These techniques include 
abstracting and indexing of journal ar t ic les ,  developing computer-based 
storage and retrieval systems, developing methods for reviewing ar t ic les ,  
and establishing techn 

ass i s t  i n  avoiding duplication of geothermal reservoir engineering 
research and serve 
status of the s u b j  
Russian, and Japanese 

1.2. 

Despite efforts of scientious researchers , the current volume 

mation' data cent 

An up-to-date a d bibliography has prepared which w i  11 

r d  of the progress and current 

ent effor t  i n  alternative 
energy forms i n  recent years has resulted i n  considerable progress i n  
many aspects of geothermal exploratfon and development, including the 
development of engineering methodology focusing 'on 
reservoirs under 
work is based on 
the o i l  and gas i 
i n p u t  from physic 
geothermal condi 
the unique and v 
resources are found i n  a wid 
environments , ea 
characteris t ics .  
specific charact 
will have t o  f u l  

ty  of geological and hydrological 
g its own thermal and chemical 

zation must be designed t o  f i t  the 
iven resource, and the reservoir engineer 

Kertesz, F., The Information Center Concept, Oak Ridge, Oak Ridge 
National Laboratory ORNL-TM-2281 (1 968), p. 12. 

* bJ 
i 
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Li 
of a particular system under study, the engineer must understand the 
general physical processes associated w i t h  geothermal systems. Then he 
must assess the physical properties of the rock and fluid and determine 
the structural features of the reservoir. A mathematical or  physical 
model is then developed using the defined physical properties along w i t h  
the identified in i t ia l  and boundary conditions. T h i s  model is used t o  
assess in i t ia l  production strategies. 
under production is then used t o  update and refine the model, allowing 
extrapolations of performance t o  be made w i t h  greater confidence. 

outline the following four broad categories under which the subject 
matter for  the bibliography was col lected. 

The actual reservoir response 

T h i s  general chronological sequence of events has been used t o  

, 0 Formation Evaluation 

The performance of a mathematical o r  physical reservoir model 
will match the real case only i f  accurate estimates of the i n  &tu 
formation parameters such as porosity, permeability, thermal conductivity, 
etc., are available. Therefore the well testing, well logging, and 
laboratory rock property evaluation techniques commonly used are an 
integral part of the reservoir engineering program. 

To maintain the emphasis of the bibliography on reservoir 
performance interpretation, 1 i terature discussing measurement techniques 
is not  included. 
operation or  calibration of a downhole logging tool is  not included; 
however, one discussing the estimates of a physical reservoir 
characteristic obtained by using this technique is included. 
the rationale for subject retrieval is  based on documentation of field 
t e s t  results rather than the data gathering techniques used t o  generate 
these results. 

For example, a citation w i t h  emphasis on the 

In essence, 

Reservoir Model i ng 

Analytical, numerical , and physical (scale) models have been 
developed t o  simulate the mass, heat, and species transport characteristics 
o f  geothermal systems i n  the natural s ta te  and to  evaluate the behavior 
of these systems under various production strategies. 
a real is t ic  reservoir model is a major goal of the geothermal reservoir 
engi neeri ng program. 

The development of 

0 Exploitation Strategies 

Literature retrieval w i t h i n  this classification is focused on 
reservoir management and production enhancement. T h i s  includes topics 
such as stimulation, production-injection strategies, and we1 1 spacing. 
Those topics related t o  production engineering, such as p ip ing  network 
design and power s ta t ion  s i t i n g  and design, are n o t  included i n  the 
bibliography. LJ 
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@ I n te rp re ta t  roduction Trends 

Valuable information can be obtained on the nature of a geothermal 
reservoir  by monitoring changes i n  reservoir  character ist ics during ' 
production. For -example, per iodic g rav i t y  surveys can give an i nd i ca t i on  
o f  the f l u i d  deplet ion and recharge rates. Localized i s t i v i t y  changes 
can indicate areas of b o i l i n g  due t o  pressure drawdown In jec t i on  o f  
tracers and subsequent monitoring o f  produced f l u i d s  can ind jcate patterns 
o f  f l u i d  movement; and changes i n  f l u i d  chemistry can indicate changes i n  
reservoir  enthalpy and the o r i g i n  o f  produced f l u ids .  These, together 
w i t h  analyses o f  trends i n  pressure drawdown and hea nd mass fluxes, 
reveal the long-term reservoir  del iverabi  l i t y  characterist ics. Reservoir 
models can be ref ined by adjust ing the model t o  f i t  past production 
trends and, as a resul t ,  extrapolat ion i n t o  the fu ture can be made w i t h  
more confidence. 

hasires the in terpretat ion o f  trends i n  
reservoir  character ist ics during production i s  included i n  the bibliography. 
Discussions o f  the eological, geophysical, and geochemical techniques 
used i n  explorat ia  

Some subjectivene ecessary i n  evaluating the applica- 
b i l i t y ' o f  material f o r  t iography. The reservoir  i s  the focus o f  
any geothermal devel.opme Geothermal Reservoir Engineering must n o t  
be defined so broadly t h  nc l  udes a1 1 technical aspects o f  geothermal 
development. I n  determi e bibliography scope as out l ined above, 
reservoi r engineering wa as the general top ic  connecting 
explorat ion science and production engineering. Exploration science 
deals wi th  surface geophysical, geolog,ical and geochemical techni ues 

engineering deals w i t h  t h  dware o f  f l u i d  col lect ion,  transmiss'ion, 
and processing. This gen l a s s i f i c a t i o n  was kept. i n  mind when 
screening ind iv idual  c i t a  

14 

Only 1 i terature which 

used t o  f i n d  and assess regional aspects o f  .the reservoir, and pro a uct ion 

f o r  the bibliography. 

1.3. H is to r i ca l  Devel ermal Reserv 

thermal resources 
the tu rn  o f  the century, i t  was 

not  u n t i l  the l a t e  1940' 1950's t h a t  the s 
became interested i n  the ve aspects o f  hea 

has some basic s i m i l a r i t i e s  w i th  
quifers. The p r inc ipa l  un i fy ing 
rt o f  f l u i d s  through parent rock 
i e d  methodology and terminology 
has or ig ins within the f i e l d s  

ngineering. For example, most 
bd 
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geothermal systems (a1 1 hydrothermal systems) are connected i n  some way 
t o  the regional groundwater. Consequently, forced convection i n  moderate 
t o  low tenperature systems i s  of ten t reated on the basis o f  simple hydro- 
l o g i c  models. 

f o r  production management o f  o i l  and gas reservoirs. i n  the l a t e  1940's 
and ea r l y  1950's. Methodology has been developed f a r  i n te rp re t i ng  
ind iv idual  o i l  wel l  performance i n  terms o f  physical and s t ructura l  
propert ies o f  the reservoir, f o r  matching the performance h i s to ry  o f  a 
reservoir  and f o r  developing simulators from which predict ions o f  the 
fu ture performance can be made and the r e l a t i v e  meri ts o f  d i f f e r e n t  
explo i ta t ion strategies assessed. These methods continue t o  be ref ined 
t o  develop sophisticated production strategies ensuring maximum recovery 
i n  speci f ic  cases. The appl icat ion o f  t h i s  methodology t o  hydrothermal 
systems has helped t o  explain the p rac t i ca l  aspects o f  reservoir  
performance. 

Although not directed s p e c i f i c a l l y  a t  geothermal systems, the 
studies by Lapwood [1948] and Horton and Rogers [1945] on the onset o f  
thermal convection i n  a porous layer  heated from below were the f i r s t  
quant i ta t ive analyses o f  the physical processes important t o  natural 
hydrothermal systems. These studies were based on the c lass ica l  work 
o f  Rayleigh whose analysis o f  natural convection i n  a viscous l i q u i d  
resul ted i n  the d e f i n i t i o n  o f  the convection-determining dimensionless 
group now appropriately c a l l  ed the Ray1 e i  gh number. Woodi ng 11 9571 
reported the f i r s t  appl icat ion o f  theory t o  a rea l  hydrothermal process. 
He compared mathematically-generated temperature p r o f i l e s  w i t h  measured 
data taken from the Wairakei geothermal f i e l d  i n  New Zealand. 

Quant i tat ive 'applied reservoir  engineering methods were developed 

' 

The i n i t i a l  analy t ica l  work was supplemented by combined experi- 
mental and mathematical investigations o f  natural  thermal convection. 
Hele-Shaw c e l l s  were p a r t i c u l a r l y  useful f o r  studying steady-state f ree  
and combined free-forced convection motions. For example, Elder [ 19601 
and Wooding L19571 visual ized natural convection under a va r ie t y  o f  
conditions and used the resul ts  t o  v e r i f y  accompanying mathematical 
approaches . 

The ear ly  work defined the basic physical processes governing 
natural thermal convection i n  a porous media and quant i f ied the magnitude 
o f  convection and heat t ransfer  t h a t  would be generated under a given set  
o f  determining physical conditions. However, ideal ized cases wi th  
s imp l i f i ed  physical propert ies and mathematically t ractab le boundary 
conditions were generally considered. The resul ts  o f  such analyses f o r  
steady s tate conditions could not  be read i l y  appl ied t o  analyses o f  the 
long-term consequences o f  heat and mass extract ion from a thermodynamic 
system wi th  nonisotropic s t ructura l  properties and f i n i t e  reservoir  size. 

For the purposes o f  geothermal development which seeks t o  optimize 
energy extract ion over a 25 t o  30-year useful p lan t  l i f e ,  the natural 
geologic h i s to ry  o f  the system i s  not  o f  immediate importance and, i n  
many cases, the reservoir  can be considered as a contained body o f  hot 
f l u i d  which i s  produced by forced convection. 

LJ 

i 
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Whiting [1969] applied lumped-parameter material and energy 
balances commonly used i n  o i l  and gas reservoir analysis t o  demonstrate 
probable production histories for various hydrothermal systems. James 
[1965] also used the lumped-parameter model approach to  show that drawing 
steam from a shallow b o i l i n g  zone was a more effective production 
strategy t h a n  drawing from a 
hot water sys tem. 

mpressed water zone of a Wairakei-type 

e zero-order app hes could not  account f spatial varia- 
ions i n  reservoir conditions as a result of withdrawal from localized 
i n k s  (wells) i n  the reservoir. 
istri buted-parameter modeling of geothermal reservoirs began i n  the 

One-, two-, and three-dimensional 

early 1970's. 
i n  forced convection (produ on) situations. Line and p o i n t  sinks 
(production we1 1 s ) and sour 
resulting nonisothermal flow are considered and reservoir histories 
determined as a function of withdrawal rates. 
highly nonlinear equations ical solution techniques have been 
extensively used. 

The use of these te s i n  site-specfic studies has increased 
steadily and models descri b i  ng the behavior of Wai ra kei and Broad1 ands , 
New Zealand; Larderello, Italy; East Mesa, California; Cerro Prieto, 
Mexico; Matsukawa, Japan; and other natural geothermal systems have been 
developed. For long-term useful 
peculiar to  combined natural and ced convective heat transfer. Topics 

These models are aimed a t  simulating reservoir performance 

(injection wells) and bo i l ing  w i t h  

Because of the . r e s u l t i n g  

a l l  of the models deal w i t h  phenomena 

1 situations are nonisothermal boiling, 
ock heat transfer, and chemical species 
nd theoretical research programs are 

a1 properties and evaluate their 
1977), Atkinson (1976), Arihara 

ti ons , i ndi v i  
-to-day field operations. Well 

valuation techniques the geotherma industry re1 i ed 
mainly on wellhead l i tat ive i n p u t  ran downhole 
measurements of te under s t a t i c  and reversed-pumping 
situations. The pressure-transient testing were 
recently introduc industry and some applications 

of these techniques is limited by the 

n geothermal wells. In addition, 
there is a poss ib i l i t  cedures may not be applicable where 
nonisothermal flow is ation thickness and boundaries are 
not  well defined d flow through fractures is the 
dominant transpo i n g  techniques are now being 
developed which include the effects of bo i l ing ,  nonisothermal f l u i d  flow, 
and steam/water relative permeabi 1 i ty. 

systems where natural c i rc  

o the severe downhole environment t o  

Present geothe ation i s  limited t o  hydrothermal 
n of water provides a means for extracting 
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reservoir heat. 
is very low and natural convection cannot be relied upon t o  transport 
heat. Future geothermal developments will be aimed a t  extracting the 
heat from such systems. Enhanced recovery methods widely used i n  the 
o i l  industry, such as hydrofracturing, acidizing, explosive stimulation, 
etc. , are being considered for these applications. An extensive f ie ld  
program is currently under way t o  determine the feasibil i ty of creating 
downhole heat exchange surfaces i n  hot dry rock. 

reservoir engineering techniques relates directly t o  the experience t h a t  
can be gained from current and future research. Most researchers feel 
t h a t  i t  is necessary t o  monitor the response of a perturbed f ie ld  before 
a real is t ic  simulator can be evolved. The Larderello, Geysers, and 
Wairakei developments have provided a data base from which general 
management procedures , interpretive techniques , and conceptual models 
for  producin geothermal systems have been derived [James (1968); 
White (1957)q. As more geothermal areas are p u t  i n to  production, their  
general similarities as well as their  unique features will become more 
apparent. 

In some cases, however, the porosity and permeability 

The f ina l  key t o  continued development and refinement of geothermal 

1.4. Data Acquisition Techniques 

Literature used i n  the bibliography compilation was retrieved 
by means of computerized data bases , pub1 ished bibliographies , and 
abstract services. The material was collected from various sources 
including major colleges and universities, U.S. and foreign government 
agencies , industry, conferences , and special interest groups. 

In i t i a l ly ,  2,000 items were retrieved, evaluated, and selected 
for subject relevance. 
items were finally included i n  the annotated bibliography. 

Fewer t h a n  twenty-five percent of the retrieved 

The scope of the l i terature covered included materials from 1949 
t o  1978, though most sources were published from 1960 t o  1978 due t o  
increased interest and research efforts i n  the geothermal field.  The 
coverage was international and foreign-language 1 i terature was retrieved 
though a l l  annotated ar t ic les  are i n  English. 



I .  

-7- 

c-, 
SUBJECT AREAS 

Formati on Eva1 uati on 

, 

Estimates hysical characteristics of the reservoir rock 
f l u i d  are necessary in i t ia l ly  t o  define the structural controls of 

the system, t o  identify the important thermomechanical processes, and 
subsequently, as i n p u t  for 
performance. An analysis o the global associations of geottiermal areas 
is given by Facca [1964). 
structural associations of geothermal systems and postulates on a number 
of possible mechanisms eat  transfer. 

on the results o f  surface exploratiotl surveys. A well is the only means, 
however, of obtaining direct i n f  rmation on the reservoir, and the s i t i n g  
of t e s t  holes for maximum effect i s  of paramount importance. Banwell 
11964) stresses the importance of synthesizing a l l  available surface 
geological, geophysical, and geochemical information before choosing a 
t e s t  hole location. The largely qualitative concepts are then  correlated 
w i t h  d r i l l i n g  results where recorded lithology and geophysical logs can 
further delineate the stratigraphy of the system. Kunze .[1975], Schroeder 
119763, and Black [ 
physi ca 1 exploration res u 
the Raft River, Salton Se 
[1970] outlines a 
production zones and thei 

reservoi r d i  agnos t 
used by the geothe 

thematical models of anticipated reservoir 

out1 i nes the gross tectonic and vol-canic 

The preliminary eptual model of a reservoir is 

Well flow and trans 

- ~- ~~ _ _  . - -- 
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possible. Gulati [1975] supports this  view and outlines some areas where 
the standard analysis can lead t o  errors under geothermal conditions. 
Rice [1976], Garg [1978], and Horne [1978] have investigated the 
relationship between two-phase formation flow and we1 1 response and have 
used mass momentum and energy conservation equations t o  define steam- 
water relative permeabilities for  boiling flow i n  porous media. Moench 
[1978] considers the effects of vapor pressure lowering on well t e s t  
results i n  vapor-dominated systems. 
curves are virtually unchanged from standard curves whereas the bui  1 dup 
curve differs significantly. Techniques which include the effects of 
boiling two-phase flow, fracture conductivity, and heat transfer will 
be essential t o  the general usefulness of well testing techniques i n  
geothermal conditions. 

The results show that drawdown 

1 

Standard well-test techniques have been used i n  cases where the 
assum tion of isothermal flow through a porous matrix is  va l id .  Morse 
[19785, Schroeder [1976], and Mi therspoon [1976] have provided rea l i s t ic  
values of local and general reservoir properties such as diffusivity, 
transmissivity, and capacity for the Salton Sea, East Mesa, and Raft 
River reservoirs, using standard techniques. Bernard [1975] has applied . 
the techniques t o  geothermal geopressured aquifers and stresses the 
effects o f  significant reservoir drive mechanisms such as rock compress- 
i b i l i t y  and water i n f l u x  from lower permeability shales. 

In some cases, where the accuracy of absolute values is suspect, 
the pressure-transient techniques have been useful i n  del ineating 
variations w i t h i n  the reservoir [Celati, 1957). Even where fracture 
permeability is very evident, the porous media assumption can 
produce useful results. McNabb [1975] agrees that permeability i n  the 
Wairakei geothermal field is fracture-dominated; however, he submits 
that Darcy-type permeability can be defined on a macroscopic scale. 
He proposed a number of methods f o r  estimating permeability based on 
observed effects of heat and mass transfer locally w i t h i n  wells and on 
the larger reservoir scale. 

Many important reservoir parameters have been successfully measured 
Permeabilities and porosities have been estimated from i n  the laboratory. 

laboratory core measurements, b u t  the investigators are careful t o  
correlate the experimental results w i t h  other reservoir data. 
[1974] defines the various constituent properties of rock and f l u i d  
which are necessary i n p u t s  for mathematical representations of reservoirs 
and outlines a number of laboratory techniques for estimating parameters 
such as thermal conductivity, diffusivity, porosity, wetability, relative 
permeability, and the thermodynamic properties of formation f l u i d s .  

Ramey 

Other investigators have studied the combined effects of tempera- 
ture and pressure on rock properties [Somerton, 1976; Sanyal, 1974; 
Roegiers, 19741. 
could change significantly as formation temperatures and pressures are 
altered by production. Bodvarsson [1975] uses an elast ic  model f o r  rock 
t o  show that changes i n  ground surface can be used t o  monitor subsurface 
temperature changes. 

I t  appears from these studies that  reservoir properties 
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Many reservoi,r pa eters necessary for  quantitative modeling of 
oi l  and gas systems are heuristically determined, a t  least  ini t ia l ly ,  on 
the basis of past experience and data generated i n  similar reservoir 
situations. The same approach w i  11 eventually be possible i n  geothermal 
situations as more fields are eveloped and the subsequent data bank 
is increased. 

Atkinson, P. and others. "Well-Testing i n  Travale-Radiocondoli Field." 
Proceedings of the Lardmetlo Workshop on Geothermal Resources 
Assessment and Reserooir Engineering (1977): 1-12. 
The general objective 

discussed. Comon procedure 
ground water hydrology are o 

I t  appears that standard techniques are useful i n  some cases; however, 
i n  general, the different nature of geothermal resources w i  
tethniques be developed to handle boiling and nonisothermal 
fracture dominated formation conductivity. I t  is pointed o 

of the data. The 
environments is a 

Averiev, V. V. "T 

' 

f well testing and well t e s t  analysis are 
mployed i n  the o i l  and gas industry and 
ined' and problem areas discussed. - 

Application of these techniques t o  geothermal conditions is described. 

of the U.N. Conferem 
hermal wells are discussed. The range 

flowing condition 
down hol e format i o 
dynamics of s team-wa t e r  hermal wells and the hydrologi 

Data from d r i l l i n g  

1 

fl  u i  d ci rcul a ti on. For 

LJ 



-10- 

Balagna, John. "Geothermal Chemistry A c t i v i t i e s  a t  LASL, January - December 
1975." Los Alamos S c i e n t i f i c  Laboratory Report LA-6443-PR (1976). 
The support geothermal chemistry work a t  LASL i s  described. The 

spec i f i c  areas covered include: g ran i te  permeabi l i ty  studies, grani te-  
water studies, and t race element work. 

Permeabil ity measurements, using a newly developed technique t o  
a l low measurements a t  elevated temperature and pressure (up t o  200°C anc 
0.4 Kb conf in ing pressure), show gran i te  has a minimum i n  situ permeabi l i ty  
o f  a few tenths o f  a microdarcy. 
rocks were more react ive than c r y s t a l l i z e d  mafic rocks but  less reac t ive  
than glassy mafic rocks. 
f o r  d isso lu t ion  o f  minerals. 

I n  the granite-water studies f e l s i c  

Trace elements were examined as possible t racers 

Banwell, C. J .  "Geothermal Dr i l lho les :  Physical Investigations." 
Proceedings of the U.N. Conference on New Sources of mergy 2 
(1964) : 60-71. 
This paper deals w i th  the s i t i n g  o f  inves t iga t ion  bores i n  a 

thermal area. 
power production, f o r  the s i t i n g  o f  production bores, and f o r  the  subse- 
quent monitoring o f  the behavior o f  the hydrothermal system dur ing 
exp lo i ta t ion  i s  also discussed. 
are based on experience gained i n  explorat ion i n  the thermal area i n  the 
North Is land o f  New Zealand, w i th  p a r t i c u l a r  reference t o  the Wairakei 
area, where 1 arge-scal e development i s  now we1 1 advanced. 

Use o f  data i n  assessing the po ten t ia l  of the  area f o r  

The s i t i n g  procedures and in te rpre ta t ions  

The s i t i n g  o f  invest igat ion bores using geophysical and geochemical 
surveys i s  discussed. The informat ion t h a t  can be obtained from these 
bores i s  ou t l ined  and the subsequent s i t i ng ,  t es t i ng  and monitoring o f  
production wel ls  i s  discussed. 

Ba re l l i ,  Antonio and others. "Build-up and Back-Pressure Tests on 
I t a l i a n  Geothermal Wells." U.N. Symposiwn on the Devebpment 
and UtiZization of  CeothermaZ Resources. San Frmu?isco, 
20-29 May, 1975: 1537-1546. 
Build-up curves o f  some I t a l i a n  geothermal f i e l d s  (Larderello, 

Transmissivity (Kh) values ranging between 1 and 200 Darcy-meters. 
I Transmissivity values obtained w i t h  d i f f e r e n t  methods are 

consistent w i t h  one another. 
Generally negative sk in  e f f e c t  coe f f i c ien ts .  

0 Well-bore storage coef f i c ien ts  which are usual ly  higher than 
those calculated on the basis o f  wel l  volume and f l u i d  properties. 

For most o f  the high p roduc t i v i t y  wells, back-pressure curves 

Travale, M t .  Amiata) analyzed w i t h  o i  1 -we1 1 t e s t  methods reveal : 

LJ reveal the existence o f  a non-Darcy f low i n  the reservoir .  The Kh values 
thus obtained are compatible w i th  the resu l t s  o f  build-up tests.  
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ci 
Barelli , A. and others. ner Method Applied t o  Buildup Tests on 

kshop on GeothermaZ Reservoir Gngineering. Travale 22 Well." 
Stanford. (Sta niversity Press, 1975): 101-112. 
Production 'and bui ldup  data from a well i n  the Travale geothermal 

field i n  Italy is  analyzed using the Horner method. 
the superposition principle was necessary due t o  the considerable fluctu- 
ations i n  production history. 
based on the results. 
located i n  a structural h i g h  which is surrounded by a lower permeability 
zone. Al though  not  treated here the contribution t o  pressure bui ldup 
from a bo i l ing  zone a t  

Extensive use of 

Some qualitative observations were made 
I t  appears the region of h i g h  permeability is 

ould not  be excluded. 

. and others. 'I rence Test i n  Alfina G thermal F ie ld  
kshop on Geothermal Reserv0i.r 
ord University Press, 1975). 
t a  from wells i n  the Alfina geothermal 
tructure is described i n  terms of a reservoir are presented 

free carbon dioxide b neath a cap rock. A water-saturated 
zone is present benea e. Standard pressure transient 
analysis is not appropriate since two separate phases are,present and 
although water is produced the reservoir pressure is controlled by the 
gas cap. In addition the reservoir exhibits fracture conductivity rather 

ressure transient analysis was useful 
ries and obtaining preliminary 

1 
I 

1 the Mesa Ceotherma 
I 

Mqsa anomaly i n  Impe 
i s t ics  and histories 

of five geothermal wells i n  the area. Also included are geophysical, 
geochemical and hydrolo 

W 

" _  ____ . ___ -. . 
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The coincidental resist ivity,  thermal , and gravity anomalies are 
connected w i t h  the presence of hot, saline water canvecting i n  a hydro- 
thermally a1 tered fractured system. The system is apparently associated 
w i t h  the intersection of several near-vertical faults. Hot water rising 
from depth i n  the faul t  zone region spreads laterally below the 2500 f t  
level merging w i t h  the regional northwestern ground water flow pattern. 

Bodvarpon , Gunnar . "Thermoel as ti c Phenomena i n Geothermal Sys tems . 
Second U.N. Symposhun on the Devebpent and Use of Geothermal 
Resources. San &&sco, Catifom&, 20-29 May 1975: 903-907. 
Thermoelastic effects of temperature changes i n  homogeneous rock 

and fracture systems w i t h  assumed Hookean elast ic i ty  behavior are studied. 
I t  is shown that the interpretation of surface deformation i n  terms of 
thermally induced subsurface volume strain is analogous to  the interpre- 
tation of gravitational field data. 
ground surface can be used t o  monitor subsurface temperature changes 
and the progress of geothermal energy extraction. Moreover, changes 
i n  the temperature of flowing water result i n  fracture contractions or 
expansions which affect fracture f l u i d  conductivity. 
could be very significant i n  a narrow fracture system. 

I t  is suggested t h a t  response of 

These effects 

Celati, Romano and others. "Analysis of Mater Levels and Reservoir 
Pressure Measurements i n  Geothermal Wells." Second U.N. Symposium 
on the DmeZopent and Use of Geothemuzl Resowces. San Franc<sco, 
CaZifom&, 20-29 May 1975: 1583-1590. 
Downhole pressure and water level information i s  used t o  predict 

unknown formation pressures of the Larderello Geothermal Field. Newly 
d r i l l e d  areas are compared geologically and hydrologically w i t h  Larderel lo 
i n  order to  estimate likely formation conditions. Transition regions 
between water- and vapor-dominated systems are noted on the periphery 
of the heavily produced zone near outcrops of aquifer type rock. 

Celati, R. and others. "An Attempt t o  Correlate Kh Distribution w i t h  
Geological Structure of Larderello Geothermal Field.  'I Workshop 
on Geothemal Resewoh Engineering. Stanford. (Stanford University 
Press, 1975 ) : 37-41. 
Transmissivity values obtained for 50 wells i n  the Larderello 

Geothermal Field are correlated w i t h  structural features established from 
geological and geophysical surveys. High transmissivity zones correlate 
w i t h  structural highs where compressive stresses have created tension 
cracks, fissures and cavities a t  the crest of anticlines. Permeability 
i n  these zones is thought  t o  be mainly due t o  these fractures. I t  is 
concluded t h a t  tectonic action dur ing  the l a s t  phases of orogenesis has 
played a major role i n  determining the secondary (fracture) permeability 
of the Larderello system especially i n  formation contact zones. 
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b+ 

Chen, B i  11. GeothemZ Reservoir and WetZ Test AnaZysis: A Litemturk 
Report prepared f o r  the National Science Foundation Survey. 

Applied t o  National Ne s by the Univers i ty  o f  Hawai i ,  H i l o  
College (1974). 
This survey deals w i th  the various w e l l  t es t i ng  techniques which 

can be used t o  estimate the formation character is t ics  o f  reservoirs. 
Techniques developed f o r  the o i l  and gas industry are presented and shown 
t o  be appl icable i n  many geothermal s i tua t ions  where the assumption o f  
isothermal f low through iso t rop ic  mater ia l  i s  val id.  The basic f l u i d  
f low equatians f o r  rad ia l  isothermal f low through a porous formation are 
establ ished and solut ions o f  these equations f o r  d i f f e r e n t  boundary 
condit ions are descri  bed. Speci f i c topics whi ch are discussed i n  some 
d e t a i l  include interference test ing,  pressure drawdown and buildup, sk in  
e f f e c t  and wellbore storage, gas- l iqu id  flows and f ractured wells. In  
addit ion, a zero order lumped parameter mater ia l  energy balance i s  
presented which can be used t o  describe the thermodynamic performance 
o f  a geothermal reservo i r  e r  production. Twenty-two 
c i t e d  . 
Chen, B i l l  H. and others. es t  Results Trom HGP-A." Geothermat 

Resources Council 0118 2 (Part 1, 1978): 99-102. 
Results o f  f low an e bui ldup tes ts  are reported f o r  the 

HGP-A geothermal wel l  i n  Hawaii. I t  i s  concluded tha t  the we l l  i s  capable 
o f  producing two-phase f l u i d  over a range of wellhead pressures from 50 
t o  237 ps ig  where the  steam q u a l i t y  varies from 64% t o  52%. Moreover, 

ears t o  be t i g h t  w i t h  possible severe 

I 

hen, H. K. "Experi t e r  Relat ive Permeabil ity Curves." 
!&amactions 2 (Part 1, 1978): 103-104.( 
e a b i l i t i e s  have been determined a t  

using bench-scale mod 

e resu l ts  sugges 
both l i q u i d  water satura 
water saturat ion appears 
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Delisle, George. Deteminut<on of Permeability of G r a n i t k  Rocks in 
GT-2 from Hydmnclic FractUring Datu .  
Laboratory Report LA-6169-MS (1975). 
This repor t  presents a mathematical model which calculates the 

Los Alamos Sc ien t i f i c  

average permeabil i ty of rock next t o  a fracture. 
f u l l y  appl ied t o  data obtained from the creat ion o f  hydraul ic f ractures 
i n  the g ran i t i c  section o f  two exploratory holes d r i l l e d  by the Los Alamos 
Sc ien t i f i c  Laboratory a t  the Fenton H i l l  Hot Dry Rock Site. 

Facca, G. "Natural Steam Geology and Geochemistry." Proceedings of 
U . N .  Conference on N e w  Sources of Energy 2 (1964): 219-228. 
The fol lowing important aspects o f  economical steam production 

are discussed: 
(c) ways o f  accumulating the heat and supply o f  water. 
crust  only magmatic masses can be a source o f  heat having an adequate 
output. Three possible cases are defined: (1 ) shallow intrusion, 
(2) volcano-pluton, (3) volcanism i n  the s t r i c t  sense. The convection 
o f  exogenous hot water ra ther  than the f low o f  magmatic vo la t i l es  has 
been assumed t o  be the most probable mechanism o f  heat transfer. The 
presence o f  an impervious cap rock has been defined t o  be a necessary 
condi t ion f o r  the existence o f  a geothermal f i e l d .  
rock cap i s  capable o f  accumulating heat i n  the lower aqui fer  level .  

The model was success- 

(a) source o f  heat, (b) ways o f  t ransferr ing the heat, 
I n  the ear th 's  

, 

, 

This impervious 

Garg, S. K. "Pressure Transient Analysis f o r  Two-Phase Geothermal 
Reservoirs. 'I Geothermal Resources Council Transactions 2 
(Part 1, 1978): 203-206. 
Equations are presented f o r  the pressure t rans ient  analysis o f  

geothermal we1 1s producing from a two-phase steam-water reservoir.  
theory i s  tested by comparison w i t h  computer-generated simulations o f  
typ ica l  drawdown h is to ry  and i s  shown t o  produce r e a l i s t i c  resu l ts  f o r  
the kinematic mob i l i t y  o f  an i n i t i a l l y  two-phase system and f o r  the case 
of a b o i l i n g  f r o n t  propagating from the well .  The method could be used 
t o  provide addi t ional  information regarding r e l a t i v e  permeabil i t ies etc., 
i f  the enthalpy o f  the discharge i s  known. 

The 

Garg, S. K. "Two-Phase Flow i n  Geopressured Geothermal Wells." Energy 
Conversion 18 (1978): 45-51. 
The production character ist ics o f  two-phase ( f ree  methane and 

l i q u i d  water w i th  dissolved methane) geopressured geothermal wel ls are 
analyzed. 
( l i q u i d  water w i th  dissolved methane) unsteady rad ia l  Darcy flow; two-phase 
f low i s  assumed t o  occur only i n  the cased pa r t  o f  the production hole. 
The mathematical model allows f o r  d i f f e ren t  gas and l i q u i d  ve loc i t ies  i n  
the two-phase region. Sample calculat ions i l l u s t r a t e  the e f fec ts  on 
production o f  aqui fer  permeabi 1 i ty and compressi b i  1 i ty , the depth o f  
the geopressured aquifer, the reservo i r  temperature, and the dissolved 
methane content o f  the aqui fer  f lu ids.  

The f l u i d  f low i n  the aqui fer  i s  t reated as single-phase 



Gulati, M. S. "Pressure and rature Buildup i n  Geothermal IJells." 
Workshop on GeothmaZ 
(Stanford Uni versi ty  P 
The difficult ies encountered when applying pressure-transient 

analysis techniques to  hot  water geothermal wells. are outlined. Some 
drawdown data from-a h o t  water we1 1 are used t o  i 1 lustrate these. interpre- 
tive problems. Specific problems discussed include flashing i n  the 
reservoir w i t h  subsequent masking of the semi-log straight line, heat 
transfer toward the well bore which masks drainage boundary effects, 
fracture flow and three-dimensional effects due t o  steam-water separation. 
I t  is concluded that improved techni.ques need t o  be developed which deal 
w i t h  these phenomena. 

rvoir Engineering. Stanford. 
1975): 69-73. 

rvoir Monitoring and Evaluation 
hop' on GeothemZ Reservoir Engineering. 
s i ty  Press, 1975): 143-145. 
ssure tes  ti ng , f 1 owra te tes ti ng and 

njected f luids  i n  the Niland 
he program is designed to  provide 

w i t h  the startup and operation of 

ermeabilities from Production Data." 
actions 2 (Part 1, 1978): 291-293. 
i t y  curves which were derived 

by Grant (1977) using well enthalpy and discharge histories are improved 
by e l imina t ing  some of the original assumptions. Specifically, relative 
steam-water d i  scha d t o  the well-base, the effects 
of reservoir deple d downhole f l u i d  properties are ' 

C. Forced Os 
Los Alamos Scientific Labora- 

Equatjons of mot 
oratory's geothermal 

d for the Los A1 
ng of an elast ic  half-space 
e surface connected a t  depth 
is reservoir i s  

quently used t o  calculate the 
radius of the fracture. . . 
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James, R. "Factors Control 1 i n g  Borehole Performance." U.N. Symposium on 
the Development and Utilization of Geothermal Resources. Pisa, 
22 September-1 October 1970: 1502-1515. 
The discharge characteristics of geothermal boreholes are studied. 

Relationships are derived for the fa l l  i n  borehole discharge w i t h  a drop 
i n  reservoir pressure and temperature and the effect  of well diameter on 
discharge. For boreholes drawing from a source of pressurized water, 
the maximum wellhead pressure a t  which the well will maintain a discharge 
can be used t o  estimate the enthalpy of the formation f l u i d .  
borehole characteristic curve can be estimated from discharge tes ts  
where flow rates are conveniently measured us ing  a cr i t ical  discharge 
meter. 

From this the 

James, Russell. "Drawdown Test Results Differentiate Between Crgck Flow I 

and Porous Bed Permeability." U.N. Symposium on the DeveZopment 
and Use of Geothermal Resources. San FP&BCO, 20-29 MQY 1975: 

Drawdown data from geothermal wells i n  E l  Tatio, Chile, and Cerro 
1693-1696. 

Prieto, Mexico, are used t o  demonstrate t h a t  the gradient of the discharge 
versus pressure plot will indicate whether flow i n  the formation to  the 
wellbore is through a crack o r  porous matrix. Estimates of crack w i d t h  
are also made and the effects of underreaming discussed. 

I t  is proposed that pressure drawdown measurements can be used t o  
determine whether a particular borehole is producing primarily from 
fractures or from a porous matrix. 

Kunze, J .  F. "The Experience of Getting Water O u t  of the Raft River 
Geothermal We1 1s. I' 17th International Rock Mechanics Sympos~wn. 

The t e s t  d r i l l i n g  and reservoir evaluation program a t  the Raft 
Snowbird, Utah, 16-17 August 1976: 3B4-1 - 304-5. 

River geothermal s i t e  is discussed. Well logs and cores indicate that 
production is mainly from fractures. Transmissivities determined from 
transient pressure t e s t  techniques reveal overall low rock permeabilities. 
Since production is from fractures which extend over very short  horizons, 
the importance of dri l l ing w i t h  a l i g h t  fluid and the necessity of 
testing before casing the hole is stressed. 

Kunte, Jay F. "Raft River Geothermal Reservoir Engineering and Well 
Stimulation. 
Stanford. (Stanford University Press, 1975): 117-123. 
The geothermal development program a t  Raft River is summarized. 

The production we1 1s have been flow-tested t o  determine production 
horizons and thermal gradients have been measured a t  s h u t - i n  conditions. 
The laboratory determined permeabi 1 i t y  of core samples has been moderate. 
I t  is concluded that major reservoir permeability i s  due t o  fractures. 

Workshop on Geothermal Reservoir W n e e r i n g .  
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i j  
the decision to dril l  w i t h  water i n  the production 

zones has assisted the subsequent deliverabi l i t y  of the production wells. 

measurements has been correlated w i t h  the core, well log and d r i l l i n g  
i nformati on. 

McNabb, A . ,  Grant, M., and Robinson, 3. Pemeabitity Estimates. Dept. 

The inferred structure of the reservoir determined from geophysical 

of Scientific and Indust 1 Research Technical Publication No. 34 
(Wellington, New Zealand 
The flow characteristics o f  wells i n  the Wairakei geothermal 

m indicate that product n is locally through fractures rather than 
a permeable matrix. However i t  is  submi tted that  overall permeabi 1 i ties 
can be defined on a macroscopic scale. A variety of methods are 
described for estimating both horizontal and vertical permeabilities. 
These i ncl ude : (1 ) Pressure and temperature profiles measured prior 
to  appreciable roduction w i t h  an estimate of the natural energy output 
o f  the field. 2)  Vertical two-phase flow conditions which prevail i n  
the top  of the system i n  conjunction w i t h  the equations of mass and 
energy. (3) Tern u l t  of boiling and subsequent 
mobility of a s t  sure propagation between boreholes 
using estimates e las t ic  rock-water system. 
(5) Pressure dra 

I 

tes  o f  the area tota 

es along and normal 

Retrieved core 

~-~ 
~ 
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Meidav, Tsvi. "Utilization of Gravimetric Data for  Estimation of Hydro- 
thermal Reservoir Characteristics i n .  the East Mesa Field, Imperial 
Val 1 ey , Cal i forni a. Workshop on G w t h e m Z  Resehoir Ehg- inedng.  
Stanford. (Stanford University Press, 1975) : 52-61. 
Small gravity anomalies i n  the East Mesa Geothermal Field are used 

to  infer the general nature of convective heat, mass transfer and geo- 
chemical conditions of the field. I t  is submitted that  small positive 
gravity anomalies are the result of chemical deposition due to  cooling ~ 

o f  a rising convective plume. The mass of precipitates i s  estimated and 
used to determine the quantity of water which has circulated through the 
system. T h i s  i n  t u r n  is used t o  estimate the l i fe  of the system based 
on estimated permeabi 1 i ties and mass velocities. 
conductive heat transfer is also estimated on the basis of the temperature 
drop needed to  precipitate the chemicals and on the depth of ,the system. 

Moench, A. F. and Herkelrath, W. N. 

The convective and 

"The Effect of Vapor-Pressure 
Lowering Upon Pressure Drawdown and Buildup on Geothermal Steam 
Wells," GeothemZ Resources CowrCiZ I'rcmsactions 2 (Part 2, 

The equilibrium vapor pressure of l i q u i d  water i n  an unsaturated 
porous medium is less than the steam-table value. 
incorporated into a finite-difference model for  the production of steam 
i n  vapor-dominated geotheml reservoirs. In the model the steam is 
assumed to  be produced by boiling, immobile l i q u i d  water i n  the vapor- 
dominated zone. Assuming radial symmetry, plots of pressure bui ldup  and 
drawdown are obtained both w i t h  and w i t h o u t  vapor-pressure-lowering. 
The results show that whereas pressure drawdown is virtually unchanged, 
the pressure bui ldup curve is significantly different when the vapor- 
pressure lowering effect is included. The pressure plateau predicted 
by the model without vapor-pressure lowering is  eliminated and the 
response is  similar to that expected for  noncondensable gas. 

1978) : 465-468. 

T h i s  phenomenon is 

Morse, John G. and Thorson, Lewis D. "Reservoir Engineering Study of a 
Portion of the Salton Sea Geothermal Field." GeothemmZ Resmces 
Cowtcit l?mnsactions 2 (Part 2, 1978): 471-474. 
Results are presented of a well testing program conducted i n  the 

Salton Sea Geothermal Fie ld  i n  the vicinity of the Geothermal Loop Experi- 
mental Facility. 
horizontal and vertical permeability, injectivity and the location of 
structural boundaries. 
used t o  obtain the data from six wells, and a computer program using 
superposition of analytic solutions was developed t o  ass is t  i n  analyzing 
the data. Init ial  results indicated that the reservoir has horizontal 
permeabilities of 100 t o  500 md whl'le vertical permeabilities across 
the shale layers are from 0.1 t o  1.0 millidarcy. 

Flow parameters of interest  i n  the study were the 

Sensitive pressure measurement transducers were 



Narasimhan, T. N. and Witherspoon, P. A. "In i t ia l  Results of Reservoir 
inid 

Production Tests, Raft River Geothermal Project, Idaho." Workshop 
on Geothermal Reservoh Gngineering. Stanford. (Stanford University 
Press, 1975): 124- 
The results of the nce tes ts  conducted on 

the geothermal wells RRGE 1 and RRGE 2 i n  Raft River Valley, Idaho, are 
presented. Three tes ts  were conducted, two o f  them being s 
production tes ts  and one, a long-duration interference t e s t  
t o  providing estimates on the permeability and storage-para 
geothermal reservoir, the tests $lso indicated the possible existence o f  
barrier boundaries. The data collected also indicated t h a t  the reservoir 
pressure varies systematically i n  response. t o  earth t ide effects. The 
results of the tes t s  were analyzed using standard pressure transient 
analysis methodology and indicate t h a t  the geothermal reservoir is 
fair ly  extensive and sign e and merits further I 

exploration. 

P i w i n s k i ,  A. J. and Nethe enta Sandstone 
t o  Hypersaline Brine a t  10.3 MPa Confining Pressure and Temperature 
t o  90OC.l' !E%rd Stanford Geothermal Resmo3r &&teering Workshop. 
Stanford. (Stanfo rsity Press, 1977): 2 
Experiments were c u t  on the flow of b r i  d- 

stone core material a t  temperatures between 70°C and 90°C and confining 
pressures of 10.3 MPa t o  evaluate changes i n  formation 

othermal Field. 

tion of a t h i ck , f i l t e r  c 

Use of the s€andard 
low is cautioned. 

W 
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Ramey, Henry J. Jr. and others. !Z'?zemnodynamic and Hydrodynamic Properties 
of €l,zjdrothermaZ Systems. Stanford Geothermal Program TR-6 
(Stanford Uni versi ty  Press, 1974). 
T h i s  paper outlines the various reservoir f l u i d  and rock properties 

which are used t o  form the constitutive relations necessary t o  solve 
mathematical representations of reservoir models. Properties discussed 
include: thermal conductivity , thermal d i  ffusivi t y  , heat capacity , 
latent heat of phase change, permeability, wetability, relative permea- 
bi l i ty ,  porosity and thermodynamic equations of s ta te  for water, steam 
and brines. Methods for estimating these properties and various theoret- 
ical and empirical studies on the effects of pressure, temperature, and 
saturation are surveyed and briefly discussed. 

Ramey, Henry J. Jr. "Wellbore Heat Transmission." JowlnaZ of PetroZewn 
TechnoZogy 14 (1962): 127-135. 
T h i s  paper presents an approximate solution t o  wellbore heat- 

transmission. The solution permits estimation of the temperature of 
f l u i d s ,  t ub ing  and casing as a function of depth and time. The solution 
assumes that heat transfer i n  the wellbore is steady-state, while heat 
transfer t o  the earth will be unsteady radial conduction. Allowance is  
made for surface heat transfer coefficients for  the case of gas flow i n  
the wellbore. Comparisons of computed and field results are presented 
which establish the usefulness of the solution. 

Rice, Larry F. "Pressure Drawdown and Buildup Analysis i n  Geothermal 
Reservoi rs .I' nmenth  Intersociety Energy Conversion Gngineering 
Conference. StateZhe,  Nevada, 12-17 September 1976: 798-801. 
Transient pressure drawdown and b u i l d u p  t es t s  are used to  determine 

In the single-phase problems, very good agreement w i t h  the 
permeabi 1 i ty  for one- and two-dimensional computer-generated reservoir 
behavior. 
classical theory was demonstrated. However, i n  the multiphase problems, 
the classical interpretation led t o  large errors i n  the predicted 
permeability data. These errors emphasize the need t o  establish a 
detailed reservoir simulator which will handle the often encountered 
boiling phenomenon and multiphase change which occurs i n  geothermal .systems. 

Roegiers, J. C. "Rock Characterization a t  a Geothermal Site." 17th 
Internathat  S@posiwn on Rock Mechanics. Snowbird, Utah, 25-27 

Several geophysical logs were run  i n  a 3-kilometer borehole that  
w s t  1976: 5D5-1 - 5D5-6. 

had been dril led for the purpose of extracting heat from a hot-dry 
granitic formation. Rock characterization tes t s  were performed, both 
i n  the laboratory and field, to ass is t  i n  the design of the hydrofracturing 
experiment and i n  improving d r i l l i n g  technology. Most of the properties 
determined from interpretation of the i n  situ geophysical measurements 
showed reasonably good agreement w i t h  the ones obtained under similar 



T h i s  paper reviews current knowledge of the effect  of elevated 
temperature on pore volume, permeability, electrical res is t ivi ty  and 
capi 11 ary pressure b 
of the rock matrix o 
rock-fluid system a 
dictions i n  the pub 
elationships and i 
emperature sensi ti 
bserved temperature 
ver-emphasized i n  
e given t o  the chang 
ossible errors i n  we 

hich result fro 

The structural and t 
reservoir are outlined. The flow characteristics are given after analyses 
of drillstem tes t s  and extended well tests. The f ie ld  production, 

br 
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laboratory conditions. The minor discrepancies can be exp 
by the presence of small open cracks i n  the rock core or by differences 
i n  the moisture environment 
determining the porosity of the rock formation probably resulted from 
the unsuitability of empiri a1 formulas derived from experience gained 
i n .  testing soft porous rock masses. 

Greater discrepancies encountered i n  

R u m i  , 0. "Some Observations About the Thermo-F1 uid-Dynamic 
the Steam i n  the Wells of Larderello and About ' the  Best Exploita- 
tion Conditions." U . N .  Symposh on the Devebpment and U t i l i z a -  
tion of GeothmnaZ Resources. Pha, 22 Septem5ep-1 October 3970: 
698-703. 
The conditions of f n many wells have been investigated. 

Particular attention has been paid t o  the influence of the thermodynamic 
s ta te  of the vapor, of the friction factor of the casin 
flow-rate, and of the well geometrical characteristics. 
results obtained, the conditions of. best exploitation a 
discussed. I t  appears that  energy losses i n  many of the higher flow ra te  
wells would be significantly reduced if  the well diameter 
In some cases the wellbore 01 s the ,del iverabi 1 i ty. 

rger. 

Sanyal, S. K. "Effect e on Petrophysical Properties of 
Reservoir Rocks. 'I 

4898, DaZZas, (1974 
of Petroleum En&neers Paper No. 
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Ld 
reserves and depletion are estimated, and the effect of fractures on 
flow and depletion are discussed. 

The reservoir is believed t o  be separated i n t o  an "upper" and 
"lower" portion by a relatively thick and continuous shale layer. The 
upper reservoir is highly porous, w i t h  h igh  permeability and productivity. 
The lower reservoir is a t  least  twice as large as the upper b u t  has much 
lower storativity and permeability i n  the rock matrix. The lower 
reservoir may be h'ighly fractured, and its temperature and dissolved 
sol ids  are greater than those of the upper reservoir. The proven' 
reserves of heat i n .  the upper reservoir are about 1/4 GW*yr ( i n  the 
f l u i d )  and 1/3 GWOyr ( i n  the rock). 
reserves are 5-3/4 GWyr ( f l u i d )  and 17 GWOyr (rock). 

In the lower reservoir the proven 

Stoker, Alan K. "Radon i n  Geothermal Reservoirs.'' U . N .  Symposiwn on 
the Development and Use of GeothermaZ Resources. San ~ a m ~ s c o ,  

I t  is proposed that radon release from geothermal reservoirs may 
20-29 May 1975: 1797-1803. 

serve as a subsurface tracer for evaluating reservoir parameters such as 
porosity and fracture distribution. 
techniques were evaluated t o  provide representative values for  radon 
i n  hydrothermal systems. The effect of changing flow ra te  on radon 
concentration was theoretically predicted. 

From preliminary drawdown and tracer measurement tes t s  i t  was 
concluded that the use of radon appeared t o  be a promising reservoir 
engineering tool. 

Several sampling and measurement 

Tewhey, John D. and others. "Development of Injection Criteria for  
Geothermal Resources. 'I GeothennaZ Resources C o d Z  Tramactions 
2 (Part 2, 1978): 649-652. 
Experimental studies were conducted to  evaluate injection of 

"spent" geothermal brine a t  the Salton Sea Geothermal Field. The sub- 
surface medium was represented by membrane f i  1 ters w i t h  pore diameters 
ranging from 0.4 t o  10 microns and by sandstone core material. Changes 
i n  permeability w i t h  time were evaluated w i t h  respect to  the following 
variables: 
membrane f i l t e r ,  (2)  brine temperature ( 2 O O C  t o  l O O O C ) ,  (3) brine pH 
[Owen, 1977) and (4) confining pressure. 

No significant degradation i n  permeability was observed when 
si 1 ica saturated and moderately oversaturated solutions , prefi 1 tered 
t o  1 pm, were flowed through core samples. The core f l u s h i n g  results 
indicate that  half-life estimates for injection wells obtained from 
0.4 pm membrane filters may be too conservative. The results w i t h  cores 
suggest that  effluents w i t h  1-2 ppm suspended solids are injectable a t  
SSGF. 

(1) prefiltration o f  brine upstream from the core or 

cj; 
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Tolivia, Enrique M. Evaluation of the Geothermal Pobe 
Prieto, Baja California (Mexico).'' Second U.Y. Symposiwn on the 
Development and Use of Geothermal Resources. San @ d 8 c o ,  
20-29 May 1975: 279-281. 
Reservoir confirmatory studies carried out a t  Cerro Prieto, Mexico 

are described. Test wells were drilled outside the present zone of 
exploitation. Hydraul i c tes ts  on producing we1 1 s were conducted and 
indirect well log and direct laboratory measurement of rock porosity 
carried out. I The,potential of the f ie ld  was evaluated by assuming a 
thermally and hydraulically isolated reservoir, and also by considering 
the known thermal and hydraulic recharge. 

In the case of a model, isolated and limited by the presently 
exploited surface area, a minimal proven reserve of 33 years was calculated 
w i t h  150 Mil installed. 
hydraulically affecte the present exploitation is included. These 
estimates d i d  not include the effects o f  the known recharge and the 
estimates therefore are conservative. 

his is increased considerably if  the area 

r of Elastic Porous Media." 
ltrrmsactions 216 (39591: 179-187. 

A theoretical and experimental analysis o f  the change i n  volume 
of a porous medium due t o  changes i n  external and internal pressures i s  
presented. The uniqueness of t h i s  work is i ts  capability t o  deduce the 
effect  of large increments i n  t tresses directly as opposed t o  small 
increments i n  a l l  previous work Results from the study can f i n d  a 

ns and i n  problems of 
t i c  constants -on the 

Three different methods of bore o u t p u t  measurements are described: t, 
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bB (a) measurement of separated steam and water flow; 
mass and heat flows; (c) measurement of cr i t ical  pressure and water flow 
rate a t  atmospheric pressure. The relative merits of these three methods 
are presented. 

( b )  measurement of 

Yuen, P. "Preliminary Well Test Results from HGP-A." Geothermal 
Resources CamciZ ! 2 M m c z c ~  1 (1977): 309-310. 
Preliminary results from pressure transient analysis of the HGP-A 

geothermal well i n  Puna, Hawaii, indicates the presence o f  a large two- 
production layer reservoir o f  hot  water i n  a t i g h t  basaltic formation. 
Well flow tests indicate that  the well will support  electric generation 
of 4 megawatts. 

Yuhara, K. "Estimation of Hydrothermal Systems by Means of Wellhead 
Observations." 
of Geothermal R e m c s s .  =sa, 22 September-1 October 1970: 

A model fo r  two-phase b o i l i n g  flow i n  a wellbore is presented. 

Some applications of the method a t  

U.N. symPos&un on the Development and UtiZ&zatha 

1458-1 462. 

The model is used t o  predict b o i l i n g  levels and downhole conditions from 
wellhead data. Reservoir drawdown is considered i n  deriving an equation 
for  f l u i d  f l u x  i n t o  the borehole. 
the Otake and Beppu geothermal fields i n  Japan are given. 

2.2 Reservoir Model ing  
b 

The mathematical basis for modeling of geothermal systems evolved 
i n  connection w i t h  analytical exercises associated w i t h  the physics o f  
flow i n  porous media under adverse temperature gradients. 
and Horton and Rogers [1945] studied the onset of convection i n  porous 
media using perturbation techniques t o  linearize the equations a t  the 
p o i n t  o f  instability. The convection determining cr i t ical  Rayleigh number 
was established for the ideal case of a constant property Boussinesq f l u i d .  
Many investigators have since shown that due t o  temperature sensitive 
variable viscosity and thermal expansivity, the c r i t i ca l  Rayleigh number 
is considerably lower than the theoretically predicted value of 4n2 
.[Sore , (1946) ; Combarnous, (1 975) ; Kassoy , (1 975) ; Straus , (1 974) ; Morrison, 

Lapwood C1948) 

(194971. 

Researchers were quick to realize that natural convection was a 
possible if  not necessary process by wfiich heat could move from deep i n  
the lithosphere t o  accessible shallow horizons. The additiQna1 heat 
f l u x  due to  convective motions over conduction-dominated situations 
[Donaldson, 19701, oscillatory convection a t  high Rayleigh numbers [Horne, 
19741, three-dimensional effects [Holst, 19721, and convection i n  sloping hji 
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layers [Bories, 19733 are some basic convection-associated hydrogeologic 
phenomena which have been studied i n  detail.  In a comprehensive review, 
Combarnous [1975] describes the basic theory of natural convection i n  
porous media and outlines a number of techniques for treating 
problem areas. 

descriptions of natural convection include: 
The fundamental assum i n  almost a l l  

F l u i d  and rock. systems behave as continuums and volume 

Thermal equil 
Overall therm 
The Reynolds 
Darcys' law for flow i 

. Mathematical jus t i f ica t  
i n  a number of studies 
and Kassoy, (1976)l. 

natural convection 
solved by -numerical 
popular since t h  

study o f  forced con 

leigh numbers generally must be 
mensional models have been the most 
ufficient information for reasonable 

' difference models 

techniques ha u 
describe geothermal phenomena and have been particularly useful for  
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incorporating structural d i  sconti n u i  ti es i nto quasi -three-dimensional 
models [Lasseter, 19751. Three-dimensional finite difference models 
have also been developed by Coats 119771 who includes the possibilities 
of wells, fracture permeability and two-phase flow, and Kent [1978] who 
calibrates his model w i t h  some one-dimensional data f o r  bo i l ing  flow i n  
a .core. The solution procedures (imp1 i c i t  by Coats and semi -imp1 ic i  t 
by Kent) were developed i n  connection w i t h  oil  and gas reservoir modeling. 
Both models concentrate on simulating the production history o f  a f in i t e  
body of ho t  f l u i d .  

and forced convection. 

t ha t  finite element techniques are most suitable i n  the single phase cases. 
Mercer C19731 combines f inite element and f in i t e  difference techniques 
i n  a two-dimensional areal simulator of a producing geothermal reservoir. 

Finite element methods have been used successfully t o  study natural 
Faust [1975] compares f in i t e  element w i t h  f i n i t e  

' difference techniques for single and two phase systems and concludes 

blathematical models have been used diagnostically t o  interpret 
field data. 
porosity and permeability a t  Wairakei on the basis of observed temperature 
and pressure gradients. Grant [1976] describes the severe drawdown a t  
Broadlands on the basis of degassing of an in i t ia l ly  high gas concentra- 
t ion system. 

For example, Donaldson [1970] proposes a method for estimating 

In recent years the emphasis has shifted from modeling of natural 
systems to  simulations of systems which have been perturbed by the 
influence of production. 
is not as dominant as that  of reservoir sinks and sources through which 
f l u i d  i s  being produced from o r  returned t o  the reservoir. Horne [1977] 
considered the effects of both natural convection and production i n  an 
axi-symmetric representation of Wairakei. 
and subsequent generation of a boiling surface was treated. Most of the 
forced convective models essentially trace the depletion of a f in i t e  
mass of hot  compressed f l u i d s  and are therefore eventually forced to  
consider the effects of boiling and nonisothermal flow. As a result, 
boiling and nonisothermal flow phenomena have been incorporated into many 
recent models [Mercer,(l975); Coats,(1977); Kent,(1978); Garg,(1978); 
Faust , (1976) ; Lasseter, (1975); Lipman, (1 977) ; etc. 3. The appl icabi 1 i ty 
of these models t o  real systems has been diff icul t  t o  t e s t  because of 
the general lack of data on the nature of two- hase steam-water flow i n  
porous media. In a rigorous study, Pritchett E 19761 matched production 
history a t  Wairakei and identified localized areas of b o i l i n g  w i t h i n  
the reservoir. In addition t o  bo i l ing  phenomena, the secondary effects 
of net mass withdrawal and reservoir pressure drawdawn such as subsidence 
[Brownel 1 , 19751 and induced cold water encroachment [Grant , 19761 have 
been recently studied. 

Heat transfer from rock t o  f l u i d  circulating i n  a fracture has 
received recent attention due t o  the increased interest i n  ho t  dry rock 
geothermal systems. Finite element methods a re  used by Bazant [1975] 
to  describe f l u i d  flow i n  the fractures. Bodvarsson [1977] considers 

In these cases, the effect of natural convection 

The lowering of the water table 
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W 
laminated sheet-1 i ke conductors and postulates on the ranges of fracture 
separation for -optimal energy withdrawal 

t o  evaluate mass and heat transfer processes wtiich occur i n  geothermal 
systems. 
mathematical models, for t e  t i n  the validity o f  assumptions used i n  
developing mathematical models 9 e.g:, Darcy's law, relative permeability 
curves, etc. and for 'evaluating mathematically intractab 
anisotropic properties and complex geometries. The visua 
reported by Elder E19761 was an early attempt a t  physical 

generated i n  a two-dimensio 
d i  scharge-recharge strategi 
were noted. 
s ta te  free thermal convectio 

convection and bo i l ing  i n  porous media. The linear flow models of Cady 
[1977] and Arihara [1974] deljneated possible rock Yluid interactions 
and heat transfer phenomena for nonisothermal flow i n  porous media. 
These linear model studies have been particularly useful for  identifying 
the 'importance o f  capillari ty,  steam water relative permeability, deposi- 
tion, irreducible water s,aturation, etc., i n  two-phase systems. 

w i t h  physical models. Hunsbedt [1975] studied a laboratory model 

Experimental laboratory models or  physical models have been used 

These models have potential uses for the calibration of 

- the emphasis on geothermal applications. Free convection plumes were 
Hele-Shaw cell  and the effects of various 

on the temperature and velocity fields 
I n  another early study, Wooding [1957] simulated steady 

saturated permeable mater 

Physical models h useful i n  the study 

Factors affecting reservoir del iverabil i t y  have also been studied 

order t o  define the most efficient method 
C1976) deduced governing dimensianless 
terns and modeled a geothermal energy 

thermal well spacing and flow' 
problem wi th  physical modeling 

iques are available 
ms. The transfer f 

verify these techniques i n  the practical case. Unfortunately, few 
reservoirs a t  this 

that a wide variety o ve been used t o  study an equally 
ariety of obser phenomena. The foll  
tended t o  identi bjective of the work 

mathematical or physica chique used, and t o  
major conclusions. The reader is therefore directed t o  
for more definitive summaries i n  his particular area of interest. LJ 
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Arihara, Norio. A Study of Non-I8othemZ SingZe- and Itlo-Phase F Z m  
Through ConsoZidated Sandstones. 
(Stanford University, 1974). 
An investigation was made of nonisothermal single- and two-phase 

flow of a single component [water) i n  consolidated porous media. A 
physical model was b u i l t  to  simulate linear flow experiments through 
cylindrical consolidated cores. Both natural (Bereal and synthetic cement 
consolidated sand cores were used for hot f l u i d  and cold water injection 
experiments. The steady-state overall heat transfer coefficient was 
measured and found t o  depend s l ight ly  on mass flow rate. The thermal 
efficiency of hot  and cold water injection was found t o  depend on the 
heat injection rate. Results for  cold water injection t o  hot  porous 
medium indicated that  lower injection rate, o r  smaller temperature 
differences between the surroundings and injected water, is advantageous 
for heat scavenging from the surroundings by cold water injection into 
the geothermal reservoirs. Boiling flow'experiments showed that signifi- 
cant decreases i n  both temperaure and pressure occur w i t h i n  the two-phase 
region. I t  was further noted that  when heat transfer between the core 
and the surroundings was of a low level, then steady s ta te  two-phase 

.non-isothermal flow was assumed to  be isenthalpic. T h i s  study was the 
first nonisothermal boiling flow work i n  a consolidated sand pack, 
although previous work on thermal oi l  recovery by hot f l u i d  injection 
presented s i m i  1 a r i nforma t i on. 

Stanford Report SGP-TR-2 

Assens, Guy E. "Derivation, by Averaging, of the Equations of Heat, 
Mass and Momentum Transfer i n  a Geothermal Reservoir." Second 
Workshop on Geothermal Reservoir Gngineering. 
1-3 December 1976: 268-289. 
The equations of continuity, momentum, and heat transport are 

averaged from the level of the pore size t o  that  o f  a "representative 
elementary volume" of porous medium using classical averaging techniques. 
The resulting equations are shown t o  be suitable for numerical computation 
when some assumptions concerning the solid matrix, f l u i d  properties and 
the f lu id - so l id  interactions are introduced. 
balance equation, written i n  terms of enthalpy w i t h  the pressure work 
term neglected, is shown t o  be more suitable for computation than when 
expressed i n  terms of internal energy. 

Stanford University, 

In addition, the heat 

Atherton, Robert W. "The Use of General Sensitivity Theory t o  Analyze 
the Geothermal Reservoir Model I s Sensitivity to  the Permeabi 1 i ty 
Functions . I '  
Stanford. (Stanford University Press, 1975). 
T h i s  paper outlines the use of general sensitivity theory for the 

Workshop on GeothermQZ Resemoir Engineering. 

study of the effects of large parameter uncertainty on geothermal reservoir 
simulators. The method is i l lustrated by application t o  two problems: 
flow i n  anisotropic porous media and a nonlinear (convective diffusion) 
f 1 ow pro bl em. 
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Atkinson, Paul 6. Matha t i caz  Modeling of a Single-Phase Ron-Isothemnat 
Fluid F l o w  Thro h Porous Media Ph.D. dissertation, Stanford 
University (1976 7 

for single-phase non-isothermal f l u i d  flow 
aining porous media were modeled mathematically. 

Analytical solutions o f  the partial differential wave and parabolic 
equations derived us ing  different simplifying assumptions revealed that 
heat transport through the walls of the core is significant and should 
be considered when designing experiments. 
developed for determinfng the permeability of a porous medium based on 
the propagation of ,isotherms under non-isothermal flow conditions. 

A u s t i n ,  A r t h u r  L.' and others. 

In addition, a method was 

&LL &othermat Energy Program Status 
Report, Jrmum?j 1976 -January 1977. 
Report UCRL-50046-76 (National Technical Information Service, 
Springfield, 
The reservoi 

Lawrence Livermore Laboratory 

gram i n  support  of the Salton Sea 
Geothermal Development is discussed. The following general topics are 
outlined: (1) interpretation of heat and mass transport processes on 
the basis of borehole temperature gradients; 
compaction and storabili ty on the basis of borehole res is t ivi ty  logs; 
(3) heat and mass transport for various production-injection strategies 
and arbitrary well arrays; 
and pore permeability reservoirs; 
i n  relation t o  the injected f l u i d  flow field; 

(2 )  estimation of reservoir 

(4) thermal depletion of combined fracture 
( 5 )  thermal history of injected f l u i d s  

n wells and experimental studies 
(6) pressure transient 

o r t  on a'Mathematica1 Model of a 

Press, 1976): 242- 
he development o f  
eothermal reservo 

used to  predict 

on of a crack created by hydraulic 
circulation of water through the crack fracture i n  hot dry rock 

W 
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is modeled using f in i te  element techniques. The f ie ld  equations for  
f l u i d  flow are written i n  two dimensions w i t h  an assumed velocity 
profile across the crack. The Galerkin technique is used t o  obtain the 
f in i t e  element equations. The development of a two-dimensional f inite 
element program for the rock is outlined. Since the computer time 
requirement for the finite element solutions is large, some simple 
analytical results were obtained i n  order t o  better understand the 
physical processes occurring w i t h i n  the system. These include: crack 
extension, heat extension i n  steady-state f l u i d  flow, and the ini t ia t ion 
of secondary cracks. 

Bodvarsson , Gunnar. "Fracture Flow i n  Geothermal Reservoirs." Workshop 
on Geothermat Reservdr Bqineering. Stanford. (Stanford University 

Equations are derived describing the flow of water and steam through 
Press, 1975): 45-49. 

a fracture t o  the borehole. For formations which e x h i b i t  a h igh  density 
of fractures, the flowrate through each w i l l  be so small that  laminar 
flow conditions will prevail and Darcy's law can be used t o  estimate the 
bulk  permeability. Various reservoir engineering techniques are described 
which are used i n  Iceland t o  predict reservoir parameters and production 
behavior. 
the bottom hole pressure, injection, and fracturing. 

Stimulation of reservoirs is discussed i n  terms of reducing 

Bodvarsson, G. "Geothermal Resource Energetics. It Geothermics 3 (1974) : 
83-92. 
The theory of geothermal heat extraction is discussed on the basis 

of the following three simple idealized models: (1) single fracture 
flow; (2) intergranular flow; and (3) intergranular vaporization models. 
Theoretical expressions for  the total  recoverable specific resource 
energy per u n i t  area or  u n i t  volume are given. The fracture flow model 
assumes heat is extracted solely from the fracture walls by conduction. 
The intergranular flow model assumes heat is transported by convection 
only, and the vaporization model considers only the latent heat released 
by boi l ing .  The results are i l lustrated by a number of curves which  can 
be used t o  assess the potential of individual geothermal resources. 

Bodvarsson, Gunnar. "On the Temperature of Water Flowing Through Fractures." 
JoumaZ of GeophyskaZ Research 74 (1969): 1987-1992. 
Equations are given governing the transport o f  heat t o  a f l u i d  . 

flowing i n  a fracture i n  hot rocks. Two-dimensional analytical solutions 
are derived for the case of constant mass flow w i t h  f l u i d  entry temperatures 
being a sinusoidal function of time. The rock is assumed t o  be a homo- 
geneous and isotropic conductor. Approximate sol utfons are  derived for 
the case i n  which the temperature a t  the intake is an arbitrary function 
of time. The case involving weak oscillations i n  the mass flow is treated 
on the basis of a perturbation method. Finally, some of the solutions 
derived are extended t o  the case of a laminated solid where the f l u i d  
flows between the laminas and thermal interference occurs. 
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Bodvarsson, Gunnar. A Seco- Recovery Method for the Extraction of 
(Oregon, State University, Corvallis, 1977). 

w 
Geothermal Energy. - -  
Computer programs written t o  ca out numerical modeling 

of the heat extracti n by sheet-like conductors (e.g., cracks i n  rock) 
where the f l u i d  flow ion of time. 
were s tud ied  and the models o f  convective flows were developed. 
The fundamentals of the theory of fluid injection i n t o  cracks and the 
resulting crack propagation were derived and stream1 ined for application 
to  simple cases. New results on minimum contact areas and borehole flows 
were obtained. 

The-effects of flow channeling 

I t  i s  concluded that  the contact areas required for  economic 

the possibilities of present-day technology. 
of intangible factors such as the possibilities for severe flow channeling, 
f l u i d  losses, etc.,  i t  is suggested a series of field experiments on 

onductors be ca out. 

' operation of secondary recovery methods are not  excessive and are w i t h i n  
However, due to  a number 

Bories, S. A. "Natural t ion  i n  a Sloping Porous Layer." &artzat 
of Fluid Mechanic 
T h i s  paper descri 

1973) : 63-79. 
experimental and theoretical study of 

convection i n  a g porous layer. The saturated layer is 
bounded by two para1 le1 impermeable planes maintained a t  different 
temperatures. Results were obtained for Rayleigh numbers between 0-800 
and slopes from 0-90'. Several types of flows were observed: a unicellu- 
l a r  movement a t  low Rayleigh numbers and a juxtaposition .of longitudinal 

ons. To investigate 

being studied experimentally for a range of physical parameters including 
porosity, grain size and boundary conditions. A one-dimensional numerical 
model is  being developed for comparison w i t h  the experimental results. u 
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ulos, S. "Rates of Vertical Groundwater 
Movement Estimated from the Earth's Thermal Profile." water 
Resources Research 1 (1965): 325-328. 
An analytical solution is developed describing vertical steady 

flow of groundwater and heat through an isotropic, homogeneous, and fully 
saturated semicontaining layer. A type-curve method is presented for 
estimating groundwater velocities from temperature data. Application 
of the method t o  detection of very small groundwater velocities through 
low permeability aquitards is demonstrated. 

Brigham, William E. "Heat and F l u i d  Flow Experiments t o  Measure Geothermal 

(Stanford University Press , 1975). 
Reservoir Physical Parameters. 'I Works?iop on GeothermaZ Reservoir 
%Sneering. Stanford. 
Experimental model tes t s  designed t o  study the heat and mass 

transport processes and physical parameters relevant t o  geothermal systems 
are discussed. 
outlined. 
associated w i t h  non-isothermal boiling and two-phase flow i n  porous media. 
Particular topics have included a study o f  the dependence of absolute 
permeability on temperature and the establishment of steamiwater relative 
permeability curves. The model has also been used t o  provide one-dimen- 
sional data on reservoir drainage which has been useful for  calibrating 
mathematical models of geothermal systems. 

The design and operation of a linear core flow model is 
T h i s  model has been used t o  investigate the various phenomena 

Brownell, D. N. and Garg, S. K. "Computer Simulation of Geothermal 
Reservoirs." Society of PetroZewn -<neem Paper No. 5381, 
Dai? Zm, (1 975). 

General balance laws and constitutive relations are developed for 
convective hydrothermal reservoirs. Three levels of sophistication are 
treated. 
and the system of equations reduces t o  a description of f l u i d  convection 
and fluid-rock conduction. An order of magnitude analysis of the equations 
shows that inertia,  thermal d i f fus iv i ty ,  and pressure work terms can be 
neglected for hydrothermal systems. F l u i d  motion is  characterized by 
the dimensionless Rayleigh number. In the quasi-active model the rock 
thermal properties are assumed functions o f  temperature, position and 
local pore pressure. Using this model some fluid-rock interactions can 
be taken i n t o  account. The quasi-active model can be expanded t o  the 
fully interactive case by supplying the constitutive relations for the 
rock matrix. 
a1 lows the highly nonlinear and history-dependent constitution behavior 
of rocks to be taken into account. 

In the ''passive" system, the rock matrix is  assumed t o  be r i g i d  

Treatment of geologic stress-strain behavior of the material 
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, C. V . ,  Bilhartz, H. L., nd Ramey, H.. 3. Jr. 
Geothermal Steam Produ ion. 'I Water -2972 AIChE SympoSiwn Series. 
(American Institute of Chemical Engineers, New York, 1972): 
445-452. 
A physical model of 

"Model Studies of 
b 

hemal steam reservoi'r consisting of a 
3-inch cylinder packed with sand which exhibited a permeability of 4.5 
darcys and a porosity of 3.6% of b u l k  volume was operated over a range 
o f  conditions from a compressed l i q u i d  t o  b o i l i n g  l i q u i d  t o  single-phase 
steam reservoir. No significant lowering o f  vapor pressure was observed 
i n  the unconsolidated sand model. 
two-phase bo i l ing  zones were ohserved. 

Existence' of dry steam zones and 
Calculations using a material- 

balance equation agreed w i t h  the observed production. 

Celati, R. and others. 
Model." proceedhgs of the LurdereZto Workshop on Geotkrmat 
Resource Assessment and Resermo$r Eng3neer6q (1 977) : 308-326. 

"Study of Effect of Reinjection w i t h  a Mathematical 

report discusses the effects of condens 
i n  vapor-dominated geothermal reservoirs. Specifically, data are 
presented from injection and d r i l l i n g  f l u i d  loss i n  the Italian vapor- 
dominated reservoirs. A two-dimensional model which uses an integrated 
finite difference technique t o  solve the conservation equations is being 
used t o  study the effects of injection into the Castelnuovo and Serrazzano 
geothermal fields. The physical properties and boundary conditions are 
befng optimized by past production performance of the 
reservoir. 

w h i c h  two-phase bo i l ing  water 
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u 
new source terms, the final results are obtained by iterations of the 
procedure. Finite-element methods are proposed for modeling rea l i s t ic  
geothermal systems; the advantages of such methods are discussed. The 
developed methodology is then  applied to  a sample problem. Favorable 
agreements are obtained by comparisons t o  the previous study. 

Cheng, Ping and Lau, K. H. "The Effect of Steady Withdrawal of Flu id  
i n  Confined Geothermal Reservoirs." Second U.N. Symposium 071 
the DeveZopent atzd Use of GeotherPnat Resouroes. San ~ i s c o ,  

The problem of combined free and forced convection i n  geothermal 
20-29 Mc~y 1975: 1591-1598. 

reservoirs resulting from steady withdrawal of f l u i d  is investigated 
numerically. The aquifer is confined by caprock on the top, heated by 

. an impermeable surface a t  the bottom, and is recharged continuously from 
the ocean. The governing steady s ta te  quasi-1 inear partial differential 
equations i n  terms of pressure and temperature are approximated by 
f in i t e  difference equations which are solved numerically by iteration. 
Computations were carried out for  both cylindrical and rectangular 
reservoirs for a selected se t  of parameters. I t  i s  found that t h e  
withdrawal rates and the location of the withdrawal site have a signifi- 
cant effect on heat transfer and f l u i d  flow characteristics i n  a 
geot hermal reservoi r . 

Cheng, Ping. "Heat and Mass Transfer i n  Liquid Dominated Geothermal 
Reservoirs." Letters in Heat and Mass Transfer 3 (1976): 81-88. 
Studies of heat and mass transfer processes i n  water-dominated 

hydrothermal systems are reviewed. The studies have been directed toward 
the analysis of free convection and production-injection processes i n  
island hydrothermal systems. Themfluid mechanics peculiar t o  these 
systems, such as freshwater-seawater interaction, open convective 
circulation patterns, water table up1 i f t ,  and temperature reversals 
on aquifer margins, are explained w i t h  free convective models which use 
perturbation solution techniques near the cr i t ical  Rayleigh number and 
numerical techniques a t  high Rayleigh numbers. Studles of the boundary 
layer effects of various shaped near-surface volcanic intrusives i n  h i g h  
Rayleigh number flows are also reviewed. I t  is shown that  these systems 
can be modeled us ing  similarity theory. 

Cheng, Ping. "Numerical and Analytical Studies on Heat and Mass Transfer 
i n  Volcanic Island Geothermal Reservoirs." Workshop on GeothemaZ . 
Resem&r Gngineering. Stanford. (Stanford University Press, 
1975): 219-224. 
The progress made on the theoretical study of heat and mass transfer 

i n  a volcanic island geothermal reservoir is reviewed. 
an island aquifer, confined by caprock a t  the top  and heated by bedrock 
from below, was s tudied  us ing  a numerical model. The results show that 
a major seawater convective cell is formed. 

Free convection i n  

L J  In addition, smaller closed 



-35- 

cells can be formed i n  the center of the system if  the heating surface 
is sufficiently large. Various thermal gradient phenomena observed i n  
the Hawaiian geothermal system are explained by the model. 

Cheng, Ping. "Numerical Modeling of Hawaiian Geothermal Resources." 

Numerical modeling of island geothermal systems is discussed. 
Convection a t  low Rayleigh numbers was modeled where the governing 
nonlinear partial differential equations.were approximated using a linear 
perturbation method. The effects of the geothermal resource on the 
movement of seawater and upwel l ing  of the water table were studied 
using this method. For h i g h  Rayleigh number conditions, the governing 
equations are solved using f i n i t e  difference' approximations. 
of various boundary conditions and f l u i d  withdrawal on the isothermal 
contours is presented. 

Cheng, Ping. 

Geothemm'cs 2 (1973): 90-93. 

The effect  

"Numerical Solutions for  Steady Free Convection i n  Island 
Geothermal Systems. I' Future Energy Boduction Systems: H e a t  
and Mass Transfer 
Steady free conve 

a t  the top  and heated by an 
The governing nonlinear par 
by a set of f inite diffe  
by iteration. Factors which are analyzed include: the effects of 
thermal conditions a 
variation of Rayleig 
a magmatic intrusion on 
i n  island geothermal res 

I1 (1976): 429-448. 
n island aquifer, confined by caprock 
eable surface below, is considered. 
fferential equations are approximated 
tions, which are solved numerically 

geometry of the reservoir, the 
t h  of the heating surface and of 
d heat transfer characteristics 

of Hawaii, Honol 
he transient res 

heated by bedrock 
cal boundaries 

t ions are combined and reduced t o  two 
equations i n  terms of dimensionless 

a t  for an aquifer, 5000 f t  i n  
onvection/conduction rat io  of 
a t  approximately 7000 years 

i 1 latory convection begins 
nvection t o  conduction exceeds 4000, the 

period of oscillation decreasing as this ra t io  increases. The contraction 
of isotherms i n  the reservoir resulting from the withdrawal of f lu ids  
from po in t  s i n k  and l ine s i n k  are shown. 
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, 

Cheng, Ping and Lau, K. H. "Steady State Free Convection i n  an Unconfined 
Geothermal Reservoir. I' JoumuxZ of Geophys~caZ Research 79 (1 974) : 

The problem of steady s ta te  free convection i n  an unconfined 
4425-4431. 

aquifer bounded by ocean on the sides w i t h  geothermal heating from below 
is investigated. The governing nonlinear partial differential equations 
w i t h  nonlinear boundary conditions are approximated by a set of linear 
subproblems on the basis of perturbation method. The equations for the 
zero- and first-order approximations are of the e l l i p t i c  type and are 
solved numerically by the f in i t e  difference method. Numerical results, 
accurate t o  the f i  rst-order approximations, are obtained for temperature, 
pressure, and stream function as well as for the shape of the water table. 
The influence of the location and the size of the heat source on heat 
transfer and f l u i d  flow characteristics including the movement of sea- 
water, upwelling of the fresh water table, and temperature and pressure 
distributions i n  a rectangular geothermal aquifer are discussed. 

Chicoine, S. D., Strobel, C. J., and Ramey, H. 3.  Jr. "Vapor Pressure 
Lowering i n  Two-Phase Geothermal Systems. I' society of PetroZetun 
Ei@neers Paper No. 6767. DuZZas. (1977) 

T h i s  study concerns the construction and operation of a laboratory 
model of a non-recharged (pressure depletion) two-phase geothermal 
reservoir. The primary emphasis is directed toward the significance of 
vapor pressure lowering phenomena caused by interfacial tension i n  a 
consolidated porous medium. Preliminary runs were made which indicated 
vapor pressure lowering effects as large as 15 psia i n  a consolidated 
porous medium a t  geothermal system temperatures of 2 2 O O F  t o  290OF. 
Model construction and operating details are given. 

Coats, K. H. "Geothermal Reservoir Modeling." Society of PetrozaOn 
hzgirreers Paper No. 6892. DaZZas. (1977). 

T h i s  paper describes an implicit, three-dimensional numerical model 
of a geothermal reservoir. 
of the f in i te  difference formulation. 
method demonstrate the tolerance of the model i n  handling g r i d  rock 

.saturation changes of 80-100% and throughput ratios of lo*. Applications 
include single and two phase single-well behavior, fractured matrix 
reservoir behavior, well test interpretation, and extraction of energy 
from fractured hot  rock. 

Simulation of a single-phase flow pressure drawdown test i n  a 
t i g h t  formation containing horizontal fractures reveal an upward curvature 
trend of the drawdown versus log time plot. Simulation of fractured hot 
rock systems show that  significant increases i n  energy extraction could 
be effected w i t h  increased fracture surface areas. An analytical 
derivation of well deliverability reduction due t o  bo i l ing  near a 
we1 1 bore is a1 so presented. 

The implicit method assures time step s tab i l i ty  
Il lustrative applications of the 
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Coats, K. H. and others. "Three-Dimensional Simulation of Steamflooding." 
AIME fPrmrsact&was 257 (1974): 573-592. 
A three-dimensional model for  numerical simulation of steam injec- 

tion processes is presented. Three-phase flow of water, o i l  and steam, 
and heat flow i n  tfie reservoiy and overburden is described. Mass and. 
energy balances are simultaneously solved wbi ch el iminates the need for  
iterating on the mass transfer (condensation) term. 

model, an experimental model of the system was developed. 
data are reported for steamfloods of 5780-cp of1 i n  a 1/4 fine-spot 
sand pack exhibiting three-dimensional flow effects. 

A need t o  account for effects of temperature on relative perme- 
ab i l i ty  became evident upon comparison o f  model results. Model calcu- 
lations indicated that  steamflood pressure level strongly affects o i l  
recovery - calculated o i l  recovery increases w i t h  decreasing pressure 
level. 

Cody, Gilbert. Mode2 S of GeothermaZ FZ&I Production. Ph. D. 

In order to  check the accuracy and assumptions i n  the numerical 
Laboratory 

dissertation, Stanford University (1969). 
The work describes experiments conducted t o  study the behavior of 

geothermal f l u i d  systems. A model geothermal f l u i d  reservoir was 
.constructed of stainless steel tube packed w i t h  fine, unconsolidated 
sand. The sand pack was saturated w i t h  distilled water and maintained 
i n  a closed system a t  a te of 400°F and 315 psia pressure. 
Fluids (steam and water) ed from the system by vaporization 
and expansion u n t i l  the 

The s i gni  f i cance ssure lowering phenomena i n  a porous 
system was the principal ob f the investigation. The produced 
data show that  vapor pres ng can cause significant changes i n  
material-energy balance. n, vapor pressure lowering may be 
responsible for l i q u i d  remaining i n  the rock af te r  complete pressure 
depletion of the system. The measured mass produced i n  the experiments 

sure dropped t o  50 psia. 

as checked w i t h  a material-energy balance model developed elsewhere and 
as found i n  good a 
n these experiment 

ure lowering was no t  significant 
arge temperature differences 

systems, which may make the application 
re un p red i c t a b 1 e. 

PetroZewn Gngineers JownaZ 11 

convec- 
tion was determined. 
t ion  i n  a horizontal porous'layer bounded by isothermal planes w i t h  and 
w i t h o u t  a mean flow of the saturating, f l u i d  phase. A distinction was 
made between the natural or free convection occurring i n  a closed volume 

Experiments were performed t o  study thermal convec- 
cd 
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and the mixed o r  combined free and forced convection a r i s i n g  when there 
i s  mean f low o f  the f l u i d  phase. 

N R ~  > 47r2) was ver i f ied.  
regular pat tern o f  convective c e l l s  was observed which may have been 
motionless o r  moving f o r  low values o f  N R ~  (~260) .  
higher than 260, another convective s ta te  was found t h a t  was mainly 
uns t ab1 e. 

Theoretical c r i t e r i o n  f o r  the onset o f  convection (Rayleigh number 
Depending on the experimental conditions, a 

For NRa values 

To confirm the experimental resul ts  f o r  the heat transfer and 
s ize o f  convective ce l ls ,  a numerical model was developed. 

Combarnous, Michel A. and Bories, S. A. "Hydrothermal Convection i n  
Saturated Porous Media." Advances in Eydrosc<ence 10 (1975): 

Single phase hydrothermal convection i n  porous media i s  studied 
i n  deta i l .  
out l ined f o r  estimating the e f fec t i ve  thermal conduct iv i ty o f  the s o l i d  
f l u i d  medium. The basic f i e l d  equations are presented, and analy t ica l  
and numerical techniques o f  solv ing the equations are d i  
phenomena o f  c e l l u l a r  convection and i n s t a b i l i t y  are zussed* udied f o r  systems The 
o f  various geometry and or ientat ion.  
considered. The Hele-Shaw c e l l  i s  discussed i n  d e t a i l  and experimentally 
observed phenomena are interpreted theoret ica l ly .  
convection phenomena i s  shown t o  be useful f o r  establ ishing the e f fec ts  
of boundaries and c e l l  geometry on convective motions. 

Numerical techniques for solv ing more complicated convection 
problems are described and combined f ree  and forced convection problems 
are considered. 
considered including convection i n  anisotropic porous media, thermohal i ne  
convection (compressibi l i ty important) and convection i n  nonuniformly 
heated 7 ayers . 

231 -307. 

Basic physical pr inc ip les are discussed and methods are 

Experimental methods are also 

Visual izat ion o f  

F ina l ly ,  more complicated convection problems are 

Donaldson, I .  G. and Grant, M. A. "An Estimate o f  the Resource Potent ia l  
o f  New Zealand Geothermal Fields f o r  Power Generation." Proceedings 
of the Lardere220 Workshop on GeothemZ Resource Assessment and 
Reservoir Eng-ineerhg (1977): 413-427. 
The basic s i m i l a r i t y  between most o f  the New Zealand geothermal 

f i e l d s  suggests tha t  the exploi ted f i e l d s  o f  Wairakei and Broadlands can 
be used as indicators o f  the potent ia l  o f  other f ie lds .  Assuming adequate 
permeabil i ty w i l l  be obtained i n  f i e l d s  y e t  t o  be tested, the two 
parameters con t ro l l i ng  t h i s  potent ia l  are areal extent (as defined by 
r e s i s t i v i t y  survey) and temperature a t  depth. As most f i e l d  temperatures 
are bracketed by Wairakei (27OOC maximum) and Broadlands ( 3 O O O C  maximum), 
f i 'eld potent ia l  per u n i t  area should also be bracketed by the f i e l d  
potent ia ls per u n i t  area o f  these two f i e lds ,  L e . ,  Wairakei a t  10-11 
MWe/km2 and Broadlands a t  13-14 MWe/km2. Totals f o r  a l l  f i e l d s  o f  500 
MWe proven, 900 MWe inferred, and 1100 PlWe speculative suggest t h a t  
New Zealand has some 1400-2500 MWe avai lable from i t s  geothermal resources. 
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Donaldson, I.G. "The Estimation of Subsurface Flows and Permeabilities 
from Temperature and Pressure Data." U . N .  Symposium on the DeveZ- 
oprnent and UtiZisation of GeothemZ Resources. 
22 September - 1 October 1870: 677-683. 
Pressures and temperature profiles measured i n  d r i l l  holes prior 

Pisa, Itazy, 

t o  discharge are analyzed t o  give some estimate of the pressure and 
temperature d i s t r i b u t i o n  i n  the upper region of an undisturbed geothermal 
field. Subst i tut i 'on of this information 'into the difference form of 
the primitive equations of motion of the f l u i d  and heat system then 
leads t o  a s e t  of equations w i t h  the vertical and horizontal'permeabilities 
and the three components of mass flow as unknowns. These equations may 
be solved under suitable boundary conditions, and flow and permeability 
patterns can be estimated. 
suitable for water systems; it cannot be applied if  steam or gas is  
present. 

Donaldson, Ian G. "The Fl Steam Water Mixtures Through Permeable 
Beds: A Simple Simulation of a Natural Undisturbed Hydrothermal 
Region." Nev ZeaZand J o m t  of Science 11 (1968): 3-23. 
The one-dimensional steady-state flow of a bo i l ing  l i q u i d  upwards 

through permeable material is studied, and the relationship between the 
temperature and flow characteristics of the system w i t h  respect t o  depth 
is established for flow through porous media over a range of pemabilities. 
The b o i l i n g  systems appear t o  be controlled almost entirely by the ratio 
of the mass flow rate t o  the permeability. 
of this ratio,  that  the depth-over which bo i l ing  will occur may be as 
great as 550 meters but that  this decreases as this ra t io  increases. 
The level a t  which boiling commences is marked by an imediate change 
to  a 10% (by volume) steam content. Other sudden changes of this type 
w i l l  occur i n  vertical f interface a t  which the 
permeabi 1 i ty changes. 

In i ts  present form the approach is only 

I t  is found, for  low values 

Convective Model. 
zation of Geothem 

A convective hydr conceptual i t  
permeable channels intercon the bottom. One of the 
acts as the system f l u i d  he other i s  the he 

eds the hot sprin hat define the geothermal 
The dimensions o e l ,  i ts  permeability, the 

ture a t  depth (or d the resistance of the 
connecting s t ra ta  are found t o  be significant factors i n  determining 
the form of the geothermal field. Some typical fields are briefly 
discussed w i t h  the aid of the model. 

on the DeveZopPnent and U t i l i -  
Ea, 22 September - 1 

u 
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2j 
Donaldson, I. G. "Temperature Gradients i n  the Upper Layers of the 

Earth's Crust Due to  Convective Water Flows." Jow~laZ of Geu- 
physiCaZ Research 67 (1962) : 3449-3459. 
The temerature and flow patterns that  would be s e t  up i n  a single, 

permeable layer bounded above and below by impervious conducting sheets 
and i n  a two-layer system consisting of an upper saturated permeable 
layer and an underlying layer of impermeable basement rock are determined 
approximately for planar water flows of convective type. . Conservation 
equations for single phase flow i n  an isotropic porous media are written 
i n  terms of the stream function and solved numerically us ing  a f inite 
difference approximation. For the single-layer system only simple 
circulatory flows are considered, bu t  for the two-layer system two types 
of flow are treated: purely circulatory flows, and flows incorporating 
a closed circulation of underground water combined w i t h  a circulation 
i n  which water enters the ground surface a t  some places and rises t o  be 
lost  as surface runoff i n  other places. Simple circulatory flows can 
cause the surface heat f l u x  t o  differ  by a factor of 9 between regions 
of upward and downward flow. T h i s  surface heat f l u x  difference is more 
extreme when discharge and recharge are included. 

Dudarev, A. N. "Endoclave, a New Device for the Study of Heat and Mass 
Transfer by Simulation of Geologic Bodies and Processes Under 
Dynamic Conditions." U . 1 .  Symposium on the DeveZopment and 
U t i Z i z a t i o n  of GeothemZ Resources. Pisa, 22 September-1 October 

An experimental device is described which can be used t o  simulate 
the dynamic heat and mass transfer processes which occur i n  geothermal 
systems. General design and operational pr i  nci pl es are out1 ined and 
results of t es t s  on some typical reservoir rgck are described. 

2970: 1275-1279. 

Elder, J. kl. "Numerical Experiments w i t h  Free Convection i n  a Vertical 
Slot." JotrmzaZ of Ftuid.Mechmrics 24 (1960): 823-843. 
Numerical solutions of the equations of steady free convection i n  

a vertical s lo t  have been obtained by a procedure which relies solely on 
an interactive solut ion of Poisson's equation. With  a mesh spacing of 
1/40 the solutions are stable up t o  a Rayleigh number of order 10'. 
The numerical experiments are comparable to  results from laboratory 
experiments. 
temperature gradient are well described. 
that  certain unstable motions found pr ior  to  the divergence of the numer- 
ical solution are comparable to  the secondary flows found i n  experimental 
models. 

The growth of boundary layers and the uniform vertical 
I t  is tentatively suggested 

t 



Elder, J .  Id. "Steady ection i n  a Porous Medium H 

experimental and numerical 
Jotmud of Pzuz 
T h i s  paper des 

ic8 27 (1967): 29-48. 

free convection i n  a porous medium. The steady-state two-dimensional 
equations of heat and mass transport are solved us ing  a finite difference 
approximation and compared w i t h  experimental results obtained frOm a 
Hele-Shaw cell .  The effects o f  boundaries on the distribution and s ize  
of convection cel ls  are investigated and disturbances t o  the cel ls  as a 
result of mass discharge are noted. 

across the layer is foun 
temperature difference a 
conductivity of the medi 

he onset of f 
s Benard-Rayleig f lu ids .  The heat transferred 

ous media is compared w i t h  

he square of the 
independent of the thermal 

Elder, J .  W. "Transi orous Medium." 
FZu2 Mec 
Experimental mod 

numerical simulation of 
medium. Specificall a blob of hot f l u i d  released from 
the base of a PO evelopment of flow when a portion 
of the base of a sl re investigated. The numerical 
scheme was verffied a1 observations. In addition, 
the previously reported i terative development of the solutions of the 
steady-state equations were found t o  have some simi1.arity when compared 
wfth the time dependent numerical scheme. 
time required to 

I t  i s  concluded that  the 

Paper No. 5742. 

, 

derivatives are approximated by fini  te-difference exwessions. Several 
example problems ,- based on analytical solutions and pub1 ished experimental 
data, are used t o  evaluate the relative merits of the finite-difference 
and finite-element appro esul ts suggest that the finite-element 

LlJ 
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method is more suitable for hot-water reservoirs because of less numerical 
diffusion and better approximations of boundary and internal geometries 
( w i t h  fewer node points). For vapor dominated systems, the f ini te-  
difference model appears superior because i t  reduces mass and energy 
balance errors and exhibits less numerical oscillation. 

Faust, Charles R. and Mercer, James W. "Mathematical Modeling of 
Geothermal Systems." Second U . N .  Symposium on the DeveZopment 
and Use of Geothennaz Resources. 

The continuity equations for mass, momentum, and energy i n  porous 
media are reduced t o  two nonlinear, partial differential equations i n  
which the dependent 'variables are f l u i d  pressure and enthalpy. These 
equations include the effects of phase change and are applicable to both 
hot-water and vapor-dominated geothermal systems. The equations are 
solved by a numerical method that  combin'es a Galerkin finite element 
approximation i n  space and finite-difference approximation i n  time. 
This  method yields results which compare favorably w i t h  an analytical 
solution fo r  the one-dimensional steady vertical flow of hot  water i n  
a porous medium. 
reservoir i n  one and two dimensions indicates the model w i l l  adequately 
t rea t  the b o i l i n g  phenomenon, the propagation o f  a two-phase zone around 
a production s i t e ,  and subsequent change t o  a superheated steam state.  

San Francisco, 20-29 May 1975: 
1635-1 641 . 

Simulation of horizontal flow i n  a hypothetical 

Faust, Charles R. NwnericaZ SimuZation of Fluid FZow and Energy Transport 
i n  L iqu id -  and Vqor-Dominated Hydrothem2 Systems. 
dissertation, Pennsylvania State University (1976). 
A mathematical model for simulating the pressure, temperature and 

phase-saturation behavior of geothermal reservoirs is rigorously derived 
on the basis of the balance equations for mass, momentum, and energy i n  
porous media. With appropriate assumptions these equations are reduced 
t o  two nonlinear partial-differential equations i n  which the dependent 
variables are f l u i d  pressure and enthalpy. 

Two alternative numerical models (Galerkin, finite-element and 
finite-difference) are developed for so lv ing  the combined pressure-enthalpy 
equations. Specifically, these models describe the two-dimensional (areal) 
unsteady-state flow of mass and energy w i t h i n  a heterogeneous , anisotropic, 
porous medium containing a single component, single or  two-phase f l u i d  
(water). Several example problems are presented t o  i l lus t ra te  various 
types of reservoir behavior and to  demonstrate the accuracy of the two 
a1 ternative numerical models. 

Ph.D. 

The results of these examples suggest that  the pressure-enthalpy 
models can be used for geothermal reservoir simulation, that  productive 
geothermal reservoirs require high porosity and permeability, that the 
Galerkin, finite-element model is better suited for single-phase 
applications, and that the fini te-difference model is better suited 
for two-phase appl i cations. bd 
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Faust, Charles R. ummary of Our Research 'in Geothermal Reservoir 
Simulation." Workshop on Geotltrermat Reservoir Eng.ineering. 
Stanford. ( S t  'rd University Press, 1975): 198. 
The reservoir model ing  fort a t  the U.S. Geological Survey is 

eld during the in i t i a l  single-phase period 

approach. The model has been compared 

reviewed. The in i t ia l  single-phase finite-element model was successfully 
sed t o  model the Wair 
f production. A two- 

f i n i  te-el emen t f i n i  te- 
w i t h  analytical solution 
applied t o  an extended simulation o f  the Wairakei system. 

has since been developed by a combined 

experimental results, and is now being 

Garg, S. K. and others. of E%u&I-Rook I n t e r n  in a 
~eothermuZ B a s h  
74-2431, La Jolla 
General balance 1 

(Systems , Science and Software Report SSS-R- 
* 

d constitutive relations are developed for 
convective hydrothermal geothermal reservoirs, A fully interacting 
rock-fluid system is conside ; typi ca 1 roc k-f 1 u i  d t n terac t i ons i nvol ve 
momentum and energy transfer d the dependence of rock porosity and 
permeability upon the f l u i d  and rock stresses. The mathematical model 
also includes multiphase (water/steam) Jeffects. A simple analytical 
model based on concentric rock f l u i d  cylinders i s  emp 
transfer into or from a f l u i d  moving i n  a porous medi 
show that  for f l u i d  velocities typical of geothernl 

t o  study heat 
Numerical results 
ms (Reynolds 

e solid may be assumed t o  be i n  local 
cal averaging t e  
n t inuum species 
hod allows the c 

cd management such as production well design, spacing and injectfon well 
' s i t i n g  and pumping performance, 
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Grant, M. A. A8ymptoi&! SoZutwn for the One-Phase FieM ModeZ and 
(Department of Scientific and Industrial Li fe the  Estimate. 

Research, Applied Mathematics Division, Technical Report No. 47, 
Wellington, New Zealand, 1976). 
A single phase geothermal reservoir is modeled by conceptualizing 

a cylindrical zone of .hot water surrounded by cold water. The hot f l u i d  
is produced and this generates a drawdown of the surface. Hot f l u i d  flow 
from the bottom and cold from margins of the hot zone are induced under 
the pressure gradient. Single-phase one-dimensional conservation equations 
are written for the hot and cold zones and coupled by maintaining pressure 
and mass continuity a t  the hot-cold boundary. 
between h o t  and cold water are included and shown t o  have a significant 
effect  on f l u i d  motion. The model is based on observations a t  Wairakei, 
and the resulting predtctions closely match the measured performance. 
A similar approach a t  Broadlands, however, does not  adequately match 
the observed response. 

Viscosity contrasts 

Grant, M. A. BroadZands - A Gas-bmhzted CeotherPnaZ Field (Department 
of Scientific and Industrial Research, Applied Mathematics 
Division, Technical Report No. 46, Wellington, New Zealand, 1976). 
The Broadlands geothermal field i n  New Zealand is a hot-water 

system containing a few percent of non-condensable gas (carbon dioxide). 
T h i s  gas has a marked effect  on the f ie ld  response t o  production. 
gas pressures cause boiling a t  depths of about 2 km, so that  bores exploit 
only the two-phase zone. The in i t i a l  pressure response t o  exploitation 
is dominated by changes i n  gas pressures, so that conventional resource 
assessments are misleading. The fact  that  bores exploit the two-phase 
region means that they exploit only a confined area near a bore and so 
are very sensitive to  local variations i n  permeability. T h i s  paper 
presents a model of the response of this field t o  exploitation and i ts  
recovery. 

The 

Grant, M. A. Discharge of a Porous Block (Department of Scientific and 
Industrial Research, Applied Mathematics Division, Technical 
Report No. 21, Wellington, New Zealand). 
Conservation equations are presented and analytically solved for 

the discharge of a porous block in i t ia l ly  containing water a t  b o i l i n g  
p o i n t .  The rate of extraction is assumed t o  be small enough that no 
spatial variation i n  properties occurs w i t h i n  one block. The temperature 
change i n  the block is plotted against saturation. Diffusivities are 
calculated as a function of separation and shown t o  be greater for steam 
bearing rock than water bearing rock. 
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u' 
Grant, M ,  A. ~ t o i  f a Wted m-Phase Reservoir (Department 

of Scientific and Industrial Research, Applied Mathematics Division; 
Technical Report No. 41 Wellington, New Zealand, 1976). 
The pressure, temperature and enthalpy of discharge from a porous 

block i n  which boiling occurs are calculated and plotted. The presence 
of 'significant gas content is shown to  greatly influence the in i t ia l  
pressure response of the field. Comparisons are drawn w i t h  the Broad- 
lands geothermal field i n  New Zealand. The observed large pressure 
drawdown is attributed t o  the effects of h i g h  gas concentration and the 
appreciable pressure 
into the field. 

Gringarten, A. C. "Extracti of Heat from Multiple-Fractured Dry Hot 

overy a t  shutdown is due t o  significant recharge 

Rock." Geothemdes 2 973): 119-122. 
A brief summary is p nted .of theoretical sol u t i  

extraction of heat from multiple-fractured dry ho t  rock. The analysis 
i s  based on an infinite series of parallel uniformly spaced vertical 
fractures separated by bloc s of homogeneous and isotropic hpermeable 
rock. 
is given i n  terms of dimens onless water temperature a t  the exit. An 
example i l lustrates  how a multiple-fractured system provides a more 
ef f i ci en t mechani sm n t h a n  a single fracture i n  dry 
hot  rock. 

Cold water enters a t  the bottom of the fractures and the solut ion 

Gringarten, A. C. an . "The Effect of Reinjection on the 
rvoir Used for Urban Heating." 
eZopent rmd Use of GeothemaZ 

1 model is  derived for determining the simplified math 
n arbitrary number o f  production wells i n  
i trary boundary condi ti ons when the 
temperature which s different from the 

two-dimensional conserva ti on equa ti ons 
n t  thickness an 
and lower confini 

nduct i  vi t y  i n  
addition, the aquifer have infinite 

perti es i ndepe 

tian - injection 

cal direction. 

e simplifications allow analytical 
me-dependent thermal characteristics 

onf i gurati ons . 
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Gringarten, A. C. and Sauty, 3 .  P. "A Theoretical Study o f  Heat Extrac- 
t i o n  from Aquifers w i th  Uniform Regional Flow." Journal o f  
Geophysical Research 80 (1 975) : 4956-4962. 
A mathematical model i s  presented for invest igat ion o f  non-steady 

s tate temperature behavior o f  a pumped aqui fer  during re in jec t i on  o f  a 
f l u i d  a t  a temperature d i f f e r e n t  from t h a t  o f  the nat ive water. 
two-dimensional heat equation i s  solved ana ly t i ca l l y  w i th  the assumptions 
t h a t  the flow f i e l d  i s  steady, the aquifer i s  isotropic,  convection 
dominates i n  the aqui fer  zone, and f l u i d  propert ies are independent o f  
temperature. 
f o r  time and temperature and should be helpfu l  i n  the design o f  geothermal 
space-heating projects. Applications t o  p rac t i ca l  cases are also included. 

The 

Results are presented i n  terms o f  dimensionless parameters 

Hardee, Harry C. Heat !lYansfer i n  Mzgma Bodies. (National Techniaal 
Information Services Report SAND 76-001 1, Springfield, 1976). 
Analyt ical heat t ransfer  techniques are used t o  r e l a t e  geological 

surface evidence and observations t o  conditions t h a t  are l i k e l y  t o  e x i s t  
i n  magma chambers. 
magma system i s  approximately equidimensi onal and t h a t  in jected magmas 
w i th  very high ve r t i ca l  length/width r a t i o s  are l i k e l y  formed by a forced 
in t rus ion process which involves l i t t l e  i f  any melt ing o r  natural 
convection. Calculations and surface heat f low measurements ind icate 
tha t  the steady-state heat ext ract ion rates f o r  shallow magma chambers 
wi th  low superheat w i l l  probably be o f  the order o f  10 kW/m2 o r  less. 

The calculat ions indicate t h a t  an upward melt ing 

Holst, P. H. "Theoretical and Experimental Study o f  Natural Convection 
i n  a Confined Porous Medium." Canudian Journal of ChdcaZ 
Engineering 50 (1972): 232-241. 
Natural convection i n  a porous medium was modeled by w r i t i n g  force, 

mass, and energy balances on a d i f f e r e n t i a l  element o f  porous medium. 
The resul tant  set  o f  p a r t i a l  d i f f e r e n t i a l  equations, which accounts f o r  
temperature-dependent physical propert ies , was solved numerically a f t e r  
the introduct ion o f  a pseudo-stream function. Good agreement was 
obtained between theoret ical  and experimental results. Theoretical 
calculat ions show tha t  under cer ta in  conditions va r ia t i on  o f  f l u i d  
propert ies w i th  temperature has a s ign i f i can t  e f f e c t  on convective 
motions. I n  addition, the or ientat ion o f  the c e l l  has a s i g n i f i c a n t  
e f f e c t  on the f low and temperature patterns. 

Holst, P. H. "Transient Three-Dimensional Natural Convection i n  Confined 
Porous Media.'' IntemuxtbuzZ JournaZ of Heat and Mass Bansfer 

This paper deals wi th  resul ts  obtained from the f i n i t e  di f ference 
15 (1972): 73-90. 

so lut ion o f  the equations describing t rans ient  natural convection i n  
porous media. A homogeneous, i so t rop i c  medium i s  assumed where f l u i d  
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property variations are considered negl lgible except where density 
changes create buoyancy and a combination of constant temperature and 
insulated boundary conditions are used. The equations a re  made more 
amenable t Q  a numerical solution by introducing a vector potential, which 
may be regarded as the three-dimensional counterpart of the stream 
function. The equations are in i t ia l ly  solved using the linear perturbation 
approximation, and the cr i t ical  Rayleigh number is established for the 
onset of convection. 

he nonlinear equations indicate that  under 
certain conditions three-dimensional- motion would result Tn significantly 
higher heat transfer rates across the porous medium than two-dimensional 
motion a t  the same Rayleigh umber. The convection pattern of the ' 

three-dimensional motion is llustrated by isometric projections of 
isothermal' surfaces and two imensional projections of streak1 fries which 
trace the path of a f l u i d  particle. 

Numerical solutions o 

Horne, Roland N. and O'Sullivan, Michael J. "Numerical Modeling of the 
Wairakei Geothermal Reservoir.'' Society of FetroZewn Eng4neers 
paper No. 6636. DQtZas 
A hypothetical geothermal aquifer that  depletes the f l u i d  saturating 

i ts  upper regions during production is considered. T h i s  production process 
is modeled af ter  the #air 
consequent pressure drawd 
f l u i d  extraction. The co n equations are presented i n  two- 
dimensional axisymmetric 
boiling surface moving a t  
and recharge (both natura injection). The equations are solved 
numerically us ing  a f i n i t  nce technique. Two exploitation 
strategies were considere l i n g  production over a long period of 
time where recharge is fr  1 seepage from the surface and sustained 
production over a qhorte 
maintain reservoir pressu found t o  be fair ly  similar i n  

he total  energy recov ver, dwindling production d 
advantage that f l u i d  from deeper levels i s  stimulated. 
model can be used i n  conjunction w i t h  physical parameters of a . 

hemal aquifer, where water table and 
been observed i n  the regions of maximum 

r a single-phase reservoir w i t h  a free 
determined by the rates o f  production 

where cold water injection is  

particular aquifer t o  predict the time taken t o  reach pressure equilibrium 
rent production strategies. 

Medium Heated from 
c8 66 (Part 2, 1 

onvective flow i n  a porous medium heated 
both uniformly and non-uniformly from below +s studied i n  order t o  deter- 
mine the possibility of oscillatory and other unsteady flows, and to  
explore the conditions under which they may occur. The results of the 
numerical work are directly comparable w i t h  experiments using a Hele-Shaw 
cell  and also, i n  the uniformly-heated case, w i t h  the results of .other 
investigations. I t  is shown that for  the uniformly heated case there 
exist two distinct possible modes of flow, one of which is fluctuating, 
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the other being steady. However, i n  the non-uniformly heated case, 
the boundary conditions force the solution into a unique mode of flow 
which is regularly oscillatory when there is considerable non-uniformi t y  
i n  the heat i n p u t  a t  the lower boundary, provided that  the Rayleigh 
number is sufficiently high. 

Horton, C. W. and Rogers, F. T., Jr. "Convection Currents i n  a Porous 
Medium." 
Convection of f l u i d  through a permeable medium as a result of a 

Joumurl of Applied Physics 16 (1945): 367-370. 

vertical temperature gradient where the aquifer is bounded above and below 
by a perfectly conducting medi urn is considered. The conservation equations 
are solved for the onset of convection by approximating the temperature 
field w i t h  a small linear deviation from equilibrium. The minimum 
temperature gradient required for the onset of convection is compared 
w i t h  the value for convection i n  a viscous f l u i d .  Application of the 
theory t o  a practical case does not appear t o  be consistent w i t h  
observed phenomenon. 

Hunsbedt, Anstein and others. "Energy Extraction Experiments i n  the 
SGP Reservoi r Model. 'I Third Stanford Geothermal Reservoir 
EngineerYing Workshop. Stunford. fitanford University Press, 
1977) : 299-301. 
Heat and f l u i d  extraction experiments were conducted i n  a labora- 

tory model containing rock systems w i t h  permeabil i t i e s  of approximately 
1 darcy and porosities of 21%. 
energy-extraction process defined as in-place b o i l i n g ,  where f l u i d  i s  
drawn from the top of the reservoir, was compared w i t h  previously 
reported similar experiments (which also included sweep and steam 
drive recovery strategies) i n  fractured rock of h i g h  porosity and 
permeability. A significant improvement i n  energy extraction efficiency 
was noted, and i t  was concluded that  natural convection and heat transfer 
i n  the rock is not impeded by the lower permeability formation. Further 
investigations will reveal t o  what p o i n t  the permeability can be lowered 
w i t h o u t  significantly deteriorating the energy extraction effectiveness 
of the in-place boiling process. 

The nonisothermal fluid-production 

Hunsbedt, Anstein. "Energy Extraction Experiments i n  the SGP Reservoir 
Model. 'I Geothernaal Resources Councit Transactions 2 (Part 1, 

Experiments were conducted i n  a laboratory geothermal reservoir 
1978) : 299-301. 

model utilizing rock systems w i t h  several characteristics resembling 
high permeability, fracture-stimulated systems. Three non-isothermal 
energy extraction and production processes, referred t o  as in-place 
bo i l ing ,  sweep, and steam-drive, were considered dur ing  the early phases 
of the study. The results indicate that  the sweep process, where cold 
water is injected into the formation, i s  the most efficient extraction 
process. The in-place bo i l ing  process (pressure reduction induces 
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b o i l i n g  i n  the formation) is slightly less e icient w i t h  the steam 
drive process being considerably inferior t o  the others. 
w i l l  concentrate on modeling of systems w i t h  representative porosities 
and permeabi 1 i t ies.  

b+* 
Future work 

Huns bedt , Ans te i  n. Lubomttory Studies of SthZated  Geothemat Reservoirs. 
Ph.D. dissertation, Stanford University (1976). 
Improved recovery of geothermal energy from ar t i f ic ia l ly  stimulated 

systems by in-place flashing was studied experimentally. The laboratory 
model used produced steam a t  in i t ia l  pressures and temperatures up t o  
800 ps ig  and 500°F, either w i t h  or without simulated geofluid recharge. 
Analytic models based on mass and energy balances assuming uniform axial 
temperature d i s t r i b u t i o n  were developed t o  describe the experimental 
pressure and temperature transients. Results show that  thermal energy 
stored i n  fractured rock can be extracted effectively by reducing system 
pressure t o  allow in-place flashing. Recovery of energy from the 
laboratory model systems studied ranged from 1.25 t o  2.57 times the 
energy extractable by flashing the f l u i d  alone. The recovery factors 
depend on the in i t ia l  pressure, the rock porosity, the rock energy 
extraction fraction, the external heat transfer parameters ,' and the 
enthalpy of the recharge f l u i d .  A1 though improved geothermal energy 
recovery from stimulated reservoirs by in-place flashing appeared 
promising, the feasibi l i ty  of this extraction scheme is. yet t o  be 
demonstrated i n  field applications. 

Hunsbedt, A.,  Kruger, P ondon, A. L, 
$$on porn Fractured GeothmaZ Reservo~rs. 

anical Engineers, New York, 1977). 
re identified as the means of enhanced 

Lafioratory Studies. on Non- 
Isotherma 2 Flu 

. Two methods of enhanced 
1 circulation of water and a 
curs from a location below the 

hese two processes was 
atory model of a r t i f ica l ly  

i n  the fractured rock media could be 
drive process, howe 

tural or  recharge 
sed by noncondens 
were used t o  b u i l d  an analytical 

uccessful ly extrac 

model which was successfully applied t o  large-scale hypothetical systems. 
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r LJ 
Hunsbedt, Anstein. "Recovery of Energy from Fractured Geothermal 

Reservoirs." Society of ~etrolarm ,?fng+neers Paper HO. 5875. 
Dallas (192'61. 

T h i s  paper presents investigations designed t o  explore (1) condi- 
t ions for optimum energy extraction, 
t i c s ,  (3) moving flash fronts, (4) f l u i d  withdrawal reservoir pressure 
behavior, (5)  effects of cool and hot f l u i d  recharge, and (6) cyclic 
production/recharge operation of fracture stimulated geothermal systems 
The experiments were carried out i n  a large-scale laboratory model 
simulating the highly fractured region of an originally low permeability 
hydrothermal reservoir. The paper clearly shows that the thermal energy 
stored i n  fractured rock can be extracted effectively by lowering the 
system pressure by steam production such that boiling is init iated 
w i t h i n  the rock matrix. The experimental rock energy extraction 
fractions ranged between 0.75 and 1.18 w i t h  an estimated uncertainty 
interval o f  +3.5%. 

(2)  rock heat transfer characteris- 

Hunsbedt, A., Kruger, P. and London, A. L. "Recovery of Energy from 
Fracture-Stimulated Geothermal Reservoi rs . 'I JoumaZ of Petroleum 
TechnoZogy 29 (1 977) : 940-946. 
Geothermal energy recovery by in-place b o i l i n g  was studied i n  a 

laboratory simulated model of a fracture-stimulated geothermal reservoir 
heated t o  50OOF and a t  a pressure of 800 psig.  
transfer processes i n  fractured rock systems, as opposed t o  porous 
media, are the principle interest  of the paper. The study was designed 
t o  explore (1) conditions for optimum energy extraction, (2 )  rock heat- 
transfer characteristics, (3) moving flash fronts, (4) fluid-withdrawal 
reservoir pressure behavior, ( 5 )  effects of cool and hot f l u i d  recharge, 
and (6) cyclic production recharge operation. 

An analytical model t o  evaluate rock energy extraction was 
developed, and agreement between predicted and experimental results 
was satisfactory. 

Nonisothermal heat- 

Is i ta ,  J. "Low Permeability of a Thick Geothermal Aquifer i n  a Highly 
Fractured Area as Necessary Requisite for  High Steam Production." 
V.R. S ~ o s ~ w n  on the DeveZopment and U~%z&za%ha of CeotherPnat 
Re80u~Ce8. %sa, 22 Septsn6er - 1 October 1970: 684-697. 
The factors affecting storage of heat i n  a geothermal aquifer are 

discussed. The combinations of h i g h  reservoir transmissabil i t y ,  low 
natural groundwater flow, and a h i g h  density of fractures are identified 
as being important for  satisfactory reservoir performance. Well drawdown 
interference, and long-term performance are discussed i n  terms of 
reservoir characteristics. Examples of we1 1 reservoir interaction i n  
the Cerro Prieto geothermal f ie ld  are given. 
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b, Isokrari , Ombo F. "Natural Gas Production from Geothermal Geopressured 
Aquifers . 'I S o d e w  of troZetan Engineers Papep no. 6037. 
DaZlas. (2976) 

A two-phase two-dimensional numerical simulator is used t o  model 
the production performance of isothermal and non-isothermal deformable 
reservoirs . The dynamic respo se o f  the rock is treated by approximate 

temperature. Three types o f  
water is undersaturated w i t h  natural gas, (2) reservoir water is fully 

. saturated, and (3) free g 
i n  the 'reservoir. 

and either areal or cross-sectional studies can be performed. Simulations 
were performed w i t h  and without i n f l u x  and the simulated production 
history plotted i n  terms of a bottom hole pressure t o  compressibility 
ratio. 
from geopressurited reservoirs. Reservoir l i f e  is prolonged i f  gas is 
produced from the water-saturated area i n  reservoirs having gas caps. 
Cumulative production and pressure decline curves are  diff icul t  t o  
interpret and f l u i d  expansion, formation compressibility, and compaction 
are the main production d r iv ing  forces. 

. constitutive relationships fo porosity as a function of ressure and 
servoi r are considered: (1 B reservoir 

ists w i t h  the water being nearly immobile 

ni'ques are employed t o  solve the equations Finite difference 

I t  is concluded that large volumes of natural gas can be produced 

Isokrari, Ombo F. Mrmericat S.imulation of United States GuZf Coast 
GeotbmZ Ceopresmed Resento3ps. 
University of Texas (19 
Multiphase f l u i d  flow e 

Ph D. dissertations 

s and constitutive relationships 
a re  derived t o  describe defo nisotropic, heterogeneous and noh- 
isothermal reservoirs such a f Coast geopressured geothermal 
aquifers. Reservoir d r i v  echanisms considered include f l u i d  and rock 
matrix compressibilities, on compaction, shale-water Snflux, 
f l u i d  expansion, and natu Tn solution, Gravity, capil lari ty , 
and pressure and temperature ndence of f l u i d  densities, viscosities, 

viation factors are also 
as tested by simulating the 
tvoir .  . Good a 

lated perfo 

: Geothermal Power Systems 
Compared. 'I New S c i k e  11 (1968): 708-719. 
A comparative s t  ploTtation for electric power 

of the superheated steam reservoir a t  Larderello, Italy, and the pressur- 
ized hot-water aquifer a t  Wairakei, New Zealand. I t  is concluded that 
these apparently dissimilar f ields are both based on a l iqu id  phase, the 
only significant difference be 
underlying water a t  Larderel lo  
reservoirs can only exist w i t h  
t o  the ground surface and a t  
T h i s  is due to  the nature o f  

the greater relative depth of the 
I t  i s  submitted tha t  dry-steam 
e i r  top levels comparatively close 
essure not  exceeding about 30 atmospheres. 
team-water-saturation curve i n  this u 
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Ld 
region. Production trends for both systems are predicted. The influence 
of dissolved chemicals i n  the water phase and noncondensable gases i n  
the steam phase is also considered. 

Kasameyer, P. W. and Schroeder, R. "Thermal Depletion of Liquid-Dominated 
Geothermal Reservoirs w i t h  Fracture and Pore Permeability. I' 

Workshop on GeothemZ Reservoir Engineering (1975) : 249-257. 
A geothermal reservoir is modeled as a combination of rock, 

f l u i d  i n  in te rs t i t i a l  pore space, and f l u i d  i n  fractures. Three coupled 
linear rate equations are solved for  the time dependence of the average 
temperature of the rock, pore f l u i d  and fracture f lu id .  By averaging 
temperature over the entire reservoir and assuming a l l  the f l u i d  is 
reinjected, effects such as drawdown are ignored, and an upper bound for  
the reservoir heat content and average we1 lbore temperature i s  determined 
as a function of time. Heat transfer from the rock t o  the f l u i d  by 
conduction, both i n  fractures and i n  pores and by the flow of f l u i d  
through the pores, is considered. The lifetime of a geothermal power 
p l a n t  is found t o  be strongly dependent on the fracture spacing and 
fracture permeabi 1 i ty of the geothermal reservoir. 

Kassoy, D. R. "Heat and Mass Transfer i n  Models of Undeveloped.Geotherma1 
Fields." Second U . N .  Symposium on the DeveZopment and Use of 
GeothemZ Resources. 
A brief sumnary is  given of the nondimensional equations and 

relevant parameters to  be used for describing convection processes i n  
the geothermal setting. Characteristic estimates of flow rates and 
pressure variation (beyond the hydrostatic value) are given. I t  is 
shown that  the complete equation system can be reduced i n  complexity by 
neglecting terms which describe physically insignificant effects. The 
resulting equations are used t o  consider the onset of convection i n  a 
horizontal saturated porous slab when a rea l i s t ic  model of viscosity 
variation is used. I t  is shown that the  classical constant viscosity 
prediction is i n  error both  quantitatively and qualitatively. A calcula- 
t i o n  is made for the rate of convective upflow i n  a model faul t  zone. 
I t  is shown that under appropriate conditions i t  is possible t o  transport 
as much as 2 t o  3 x lo6 kg/day up a faul t  system w i t h  a horizontal cross- 
sectional area of only 0.3 km2. 

San Fr&sco, 20-29 May 1975: 1707-1711. 

Kassoy, D. R. "Summary Description of Research Activities." Workshop 
on GeothermaZ Reservo<p Enghzezhg. Stanford. (Stanford University 

The geothermal reservoir engineering research program a t  the 
University of Colorado is described. Physical characterization studies 
of the Mesa anomaly i n  Imperial Valley, models of cyclic s t ress  variations 
induced by tidal forces, pore collapse due to reduction i n  pore pressure, 
and heat and mass transfer studies i n  reservoirs exhibiting some fault- 
controlled features are mentioned. 

Press, 1975): 23-25. 
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4 d  
Kassoy, D. R. Trmrsport of Mass snd Energy i n  Porous Media Due to 

Natural Convectwn: iphe GeothermaZ Bas.in ProbZem (National 
Technical Information Service Report PB-212917, Springfield, 1976). 
A research program is'outlined which deals w i t h  the modeling of 

physical processes occurring i n  liquid-dominated geothermal systems. 
General heat and mass transport equations are derived along w i t h  a model 
describing deformation due t o  periodic earth t ide loading and constitu- 
t ive relations for  the deformation and failure of rocks i n  saturated, 
h i g h  temperature and pressure environments. An analysis of the onset of 
convection and resulting motions and heat transfer i n  fault-dominated 
geothermal systems is presented. 

characterize the physical and structural nature of the system. I t  i s  
submitted that the East Mesa system Ts a faul t-dominated single-phase 
convection system and i s  treated accordingly. Temperature and flow 
fields are described for the development of steady s ta te  conditions i n  
a two-dimensional nuherical simulation of the system. I t  is concluded 
that flow and temperature configurations i n  faulted systems depend upon 
fault-zone geometry, Rayleigh.: number, and horizontal aquifer character- 
i s t ics .  

Kassoy, 0. R. and Zebfb, A 

Field data from the East Mesa anomaly i n  California are used t o  

iscosity Effects on the Onset of 
Convection i n  Porous Nedi S ~ C S  of FZU& 18 (1975): 1649-51. 
The two-dimensi on 1 conservation equations are solved for the 
f convection i n  a porous s lab us ing  a linearized s tab i l i ty  analysis 

technique. The cr i t ical  Rayleigh number for the onset of convection i s  
dramatically reduced from the constant viscosity value of 47r2 when a 
real istic viscosi ty-temperature re1 ionship is included. The result 

equired for instabil i ty i n  a given 
tant property theory; or,  for  
cal permeability and/or the 

and isotherm pa 

of Pe&oZeta Eng 

erence model for  
The model is designed t o  simulate 

ter i n  any of=i ts  vapor or l i q u i d  

PES) formulation. An implict 
treatment of production rates, capillary pressure, and transmissibilities 
is included as an option. Thus,  entire field, cross-sectional, or 
individual well studies can be performed. 

LJ 



i, 
The model was applied t o  four specific problems i n  one, two and 

three dimensions. The one-dimensional solut ion compared favorably w i t h  
experimental results obtained from flow i n  a.core in i t ia l ly  filled w i t h  
subcooled 1 iquid .  The two- and three-dimensional examples traced the 
production performance o f  a reservoir from subcooled l i q u i d  t h r o u g h  a 
two-phase condition t o  superheated steam. 

Knapp, R. M. and others. "An Analysis of Production from Geopressured 
Geothermal Aquifers." Society of PetroZewn h'ngineers Paper No. 
6825. LkzZZas. (19771 
A comprehensive theoretical formulation is presented for the 

important thermomechanical processes operative i n  a geopressured geothermal 
reservoir. The formulation includes the effects of four major drive 
mechanisms (pore f l u i d  compressibility, reservoir rock compaction, the 
evolution o f  dissolved natural gas, and the i n f l u x  of water from adjacent 
shale formations) expected to  be operative during the productive l i f e  of 
the reservoir. Finite difference techniques were used t o  solve the 
governing equations describing mass conservation, momentum and energy 
transport for two Plowing phases i n  a mu1 tidimensi onal heterogeneous 
reservoir. Constitutive equations were used t o  describe the changes of 
f l u i d  properties and reservoir parameters w i t h  changes i n  reservoir 
pressure and temperature. A series o f  t e s t  calculations were performed 
t o  assess the sensitivity of reservoir performance t o  the gas i n  solut ion,  
sediment compaction, and the reinjection of waste f l u i d s .  I t  is concluded 
that sediment compaction and water from interbedded shales can be 
significant depletion drive mechanisms i n  geopressured aquifers. The 
natural gas drive will probably not exceed the water expansion unless 
there is a significant in i t i a l  gas saturation. 
f l u i d s  i n t o  geopressured geothermal aquifers w i l l  be desirable to  
increase the recovery of both thermal energy and natural gas. 

Reinjection of produced 

Knapp, Roy M. "Aspects of Numerical Simulation o f  Future Performance 
of Geopressured Geothermal Reservoi rs . I' Second Geopressured 
GeothermaZ Ehersy Conference. Ihzivers<ty of Texas, Austin, 
23-25 Febmcary 1976: 102-161. 
Two-dimensional areal and cross-sectional numerical models are 

developed t o  simulate the performance of geothermal geopressured reservoirs. 
The effects of anisotropy, water i n f l u x ,  and compaction as a result of 
production are included. Constitutive equations relating pore pressure 
and rock compaction, and equations of s ta te  for the gas-water mixture 
are presented. The coupled conservation-consti tutive equation set is 
solved numerically using finite difference techniques t o  describe the 
behavior of water and gas phases i n  the reservoir f lu ids  and the behavior 
of the rock matrix. 
o f  the type located along the Gulf  Coast of the United States are 
capable of sustaining signiff cant f l u i d  production over a number of 

The results indicate that geopressured reservoirs 

years. LiJ 
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Kononenko, G. N. "Coola Filtration i n  Man-made Underground Circulation 
Sys terns. " Jour)2~zZ of F h i d  Meckzdcs 3 ( 1974) : 95-98. 
Based on potential +theory, an e lectr ic  analog of f i l t ra t ion  

LJ 

flow in .  porous media was performed. Recommendations are given on 
determining the pressures i n  boreholes as a function of their number 
for a given volume of pumped'coolant, and the pressure f ie ld  is 
presented for a system.consisting o f  two cavities. 

Kruger, Paul. "Physical Models of Stimulated Geothermal Reservoirs." 
Workshop on CeothemZ Reservoir Ehgineering. Stanford. (Stanford 
University Press, 1975): 169-173. 
Physical models have been developed a t  Stanford University t o  

evaluate optimum performance of fracture-stimulated geothermal reservoi rs. 
Three such efforts reported i n  this summary are: 
o f  an explosion-produced rubble chimney to obtain experimental data on 
the extractability of heat from hot 'rock by in-place boi l ing ;  heat and 
mass transfer transients w i t h  individual porous rock fragments t o  compare 
their relative importance i n  stimulated systems; and measurement of radon 
emanation from geothe 
studies . 

Kruger, Paul. "Stimu eservoir Engineering of Geothermal 

laboratory simulation 

as a tracer for  reservoir engineering 

Resources. " S hemat Pmgram, TR-I. (Stanford 
.University Pr 
The geotherma neering research program a t  Stanford 

Unfversity is reviewed. 
inc luding  investigatioh of rock-water interactions and energy extraction 

The laboratory experimental program i s  discussed, 

ress fracture init iation and capillary 
awed by the nonisothermal flow of 

riments were designed 
heat transfer rates and conducted t o  determine tiid 



- 56- 

i 

from wel l  defined a r t i f i c i a l  porous rocks t o  surrounding f l u i d  under 
contro l led t ransient conditions. The r a t e  o f  mass t ransfer  between 
t r i t ia ted-water  saturated rocks t o  surrounding f l u i d  was determined by 
rad ioac t i v i t y  measurement. The r a t e  o f  heat t ransfer  was determined 
by quartz thermometry. The measured thermal d i f f u s i v i t y  o f  the rock 
fragments was o f  the order o f  loo2 cm2/sec and the measured e f f e c t i v e  
mass d i f f u s i v i t y  o f  the micropore water was o f  the order o f  cm2/sec. 
The data were used t o  analyze energy t ransfer  f o r  a model invo lv ing both 
intrasphere and in ter face transport steps. 

Lapwood, E. R. "Convection o f  a F l u i d  i n  a Porous Medium." Proceedings 
of the Cambridge PhiZOsophicat Society 44 (1948): 508-521. 
The onset o f  f l u i d  convection i n  a two-dimensional porous layer  

heated from below was studied. With the assumption t h a t  Darcy's law 
applies and using the Boussinesq approximation, the equations f o r  heat 
and mass t ransfer  were formulated. These were solved using l i n e a r  
perturbation capproximations. Marginal s t a b i l i t y  and convective motion 
were studied f o r  a number o f  boundary conditions. It was found t h a t  
marginal s t a b i l i t y  was characterized by a Rayleigh number o f  4r2. 
Final ly,  heat f low i n  the presence o f  convection i s  analyzed and the 
influence on borehole temperature i s  discussed. 

Lasseter, T. 3. "Multiphase Multidimensional Simulation o f  Geothermal 
Reservoirs." Second U . N .  Symposiwn on the Developnent and Use 
of Geothermal Resources. S a  Elrancisco, 20-29 May 1975: 1715-1723. 
A mathematical method o f  modeling geothermal reservoirs has been 

This program solves numerically, using an integrated 
developed using a computer program ca l l ed  SHAFT (Simultaneous Heat and 
F l u i d  Transport). 
f i n i t e  di f ference technique, the coupled equations describing the 
simultaneous transport of mass and energy by a one- o r  two-phase f l u i d  
i n  porous media f o r  t rans ient  o r  steady-state systems i n  one, two, o r  
three dimensions. The governing equations are se t  up i n  terms o f  two 
expressions, one for flow and one f o r  i n te rna l  energy. Solutions are 
obtained by solv ing f o r  two unknowns, density and in te rna l  energy, as 
a function of t i m e  and pos i t i on  w i t h i n  the system. Detai ls o f  the devel- 
opment o f  f low and energy equations are presented. Two examples are 
given o f  the appl icat ion o f  SHAFT t o  a l i q u i d  and vapor dominated 
geothermal reservoir  which both operate i n  the two-phase region. 

Lasseter, T. J. The lPLaeriuu1 Shuta t ion  of Heat and Mass Dansfer i n  
Mutt i -Dimensht  ltw-Phase Geothermat Reservoirs. (75-NA/HT-71) 
(American Society o f  Mechanical Engineers, New York, 1975). 
This paper describes the development o f  a computer program t o  

solve numerically, using an integrated f i n i t e  di f ference technique, the 
coupled equations describing the simultaneous transport o f  mass and 
energy by a one- o r  two-phase f l u i d  i n  porous media f o r  t rans ient  
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or steady-state systems li The equations 
are solved for the two de 
by alternatively solving the decoupled equations for each variable a t  
each time step. The program will allow different fluids as long as they 
are confined t o  separate regions i n  the system. 
must be pure or of uniform composition In both phases. 
the flow field is essentially independent of the temperature distribution, 
the flow f ie ld  is only computed once a t  the beginning of the problem and 
subsequently only energy calculations are made. A two-dimensional mesh 
generator and graphics capabil Sties are also included. The accuracy of 
the program is shown by comparison w i t h  analytic and other numerical 
solutions for single-phase convective heat transfer i n  porous media 
systems. Detailed results for three different types of hypothetical 
geothermal systems a r  
and a liquid-vapor system. 

Leverett, M. C. DimensC es of Field Behattior. 

ne, two, or three 'dimensions. 
dent  parameters, density and internal energy, 

I n  general, the f l u i d s  
For systems where 

' 

-dominated, a vapor-dominated, 

(AIME Technical P 
Two dimensiona idealized o i l  fields are 

presented. .One simulates the well and sand under radial flow and the 
other simulates linear flow through layered sand. Construction and 

.operation of the models are described and typical data are  presented. 
Permeability-viscosity ra t io  is treated as a single variable. The models 
are designed t o  study the desirability of various methods of well comple- 
tion and the effects o 
The superiority of the 

Lowell, R. P. "Circul tures, Hot Springs , and Convective 

, New York, 1942). 

tors of o i l  recovery from layered sands. 
r unscaled models i s  PO 

. Heat Transport on Mid-Ocean Ridge Crests." GeophyskaZ ~ournat  
of the RoyaZ As 
Thermal sp r ings  
es. A steady-s one-dimensional free convective 

r t ica l  flow i n  f rac t  
n carry a substantia flow. The steady-state model was 

Society 40 (1975): 351-365.> 
scussed on-the basis of f l u i d  flow i n  

a t  a fracture a few millimeters wide 

perature losses and the depths of 
rn United S t  tes. Time- 
the e f f e c t 2  circulation 

hydros t a  ti cal ly  driven and 
othermal Circulation i n  mid- 

also used t o  estimate conduct 

ridges is interpret me-dependent model 

Technique." U.N.  sYmpos.iwn 
GeothemZ Resources. Hsa, 

ItaZy, 22 September 0 1 'October 1970: 669-676. 
A theory is required t o  relate the pressure a t  depth i n  the 

Wairakei geothermal f ie ld  t o  the history of ho t  water discharge. T h i s  
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U will enable prediction and control of the performance of the field.  
aim is to  discover the simplest theory which relates pressure t o  discharge, 
i n  the hope that some of the phenomena which are undoubtedly occurring 
may nevertheless be having a neglible effect. 

axisymmetrical column of h o t  water which remains as p u r e  l i q u i d  phase 
r i g h t  t o  the ground surface. This  model gives results consistent w i t h  
the hypothesis that convective buoyancy forces cause the upward flow of 
hot water. The results also show t h a t  drawdown of the l i q u i d  surface 
would occur, which again f i ts  the observed performance. 

The 

A simple model is assumed, incorporating a r i s ing ,  vertical, 

Marshall, D. C. "Preliminary Theory of the Wairakei Geothermal Field." 
iVm Z e a M  Journal of Science 9 (1966): 651-673. 
Hydrostatic theories cannot account for the 'pressure changes which 

have occurred i n  the Wairakei geothermal field.  The pressures a t  three 
representative dates can, however, be predicted on the theory that the 
hot  water flows according t o  Darcy's law under the influence o f  buoyancy 
forces resulting from the surrounding cold groundwater, allowance being 
made for the effect of the uncased parts of the bores i n  increasing the 
.vertical permeability of the hot region. A steady rate of drawoff from 
the bores will result af ter  a period on the order of one year, giving an 
almost steady pattern of pressure w i t h  depth, lower pressures corresponding 
to  greater drawoff. The ultimate source of most of the water withdrawn 
is the cold groundwater surrounding the hot  region, which is heated by 
the hot rock through which i t  flows and i n  so doing, cools the outer 
parts of the hot region. The contraction of the hot  region will cause 
a slow fa l l  i n  pressure i f  the ra te  of drawoff is  held constant. 

Martin, J. C. "Analysis of Internal Steam Drive i n  Geothermal Reservoirs." 
Journu.1 of Petrolewn Tecbwlogy 27 (1975): 1493-1499. 
Petroleum reservoir analysis methods are applied t o  simple closed 

geothermal reservoirs that  produce by internal steam drive. The funda- 
mental assumption is that  f l u i d  flow i n  a geothermal reservoir can be 
treated as flow through a porous medium, and Darcyls law and relative 
permeabilities are applicable. The relationship between pressure, 
temperature, and production as a function of f l u i d  mobility i s  derived. 
Pressure and temperature relationships versus cumulative production and 
saturation are calculated for  a range of in i t ia l  reservoir conditions 
from single-phase steam t o  pressurized water. The ho t  water reservoirs 
show complicated characteristics changing from hot  water t o  steam as 
they are produced. 
i n  the  upper portion of the reservoir indicates that  wells should be 
completed a t  fa i r ly  shallow horizons t o  maximize the energy recovery. 

Gravity segregation of the steam and water phases 
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Martin, 3. C. "Fluid Flow i n  Geothermal Reservoirs." workshop on 
GeothemraZ Resemroiri Enginczering. Stunford. (Stanford Uni vers 4 ty  
Press, 1975): 42-44. 
The pressure-temperature behavior of geothermal reservoirs produced 

from various in i t ia l  thermodynamic conditions is  discussed. Internal I 

steam drive i n  h o t  water systems and the essentially isothermal production 
from steam reservoirs i s  qualttatively described. 

Marconcini, R. and 0 t h  . "Modeling Vapor-Dominated Geothermal 
Reservoirs." Proceedingg of the LurdereZtO Workshop on Geothermat 
Resource Aasesmmt and Reservoir hzgineedng. .Pka, I t a l y ,  1977: 

The development of erica1 model of the Serrazzano geothermal 
ffeld i n  Italy is  described. The model uses an integrated finite differ- 
ence method t o  solve the three-dimensional conservation equations. The 
simulator g r ids  are constructed t o  approximate the geology of the f ie ld ,  
and boundary conditions are based on observed structural features. 
Production data are used t o  define the physical parameters and i n i t i a l  
conditions of the I t s  of the simulation are compared 
w i t h  available p r  r ify the applicability of the 
simulator. The model is re  
model the performance of a ominated reservoir. There is much 
speculation over the -role  o 
is felt  that  the 
place i n  such systems. 

256-298. 

. 

o be the first attempt t o  numerically 

i n  vapor-dominated systems, and i t  
the physical processes taking 

ent of Scientific and Industrial 
Wellington, New Zealand, 1975). 

ulated concerning the s ize  and dynamics of 
olcanic Zone. The transport  o f  
species) is discussed i n  terms 

of i ntrusi ve magmas. Various 
and hydrological measurements 

sport of heat from the deep ho t  
and the subsequent aquifer 
a layer of concentrated s a l t  

heat source is estimated on the 
ts i n  the aquifer. 
scussed and t contribution 

ddi tion t o  buoyancy-generated convec- 
convective field is consider- 

ess fracturing. 

I l__._____- _ _  . -  
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- 
Meng, C. Y. and Shaw, P. T. "Study of Heat Conduction Models of Geothermal bJ 

Energy Reservoirs." 
t ian of &othiermaZ Resources. 

Temperature anomalies i n  a rock formation are considered as direct  

U . N .  SyrnposCwn on the Development and UtiZ%za- 
Pisa, ItaZy, 22 September - 1 October 

2970: 1270-1274. 

evidence of the existence of geothermal reservoirs. Thermal conduction 
models of different presumed geothermal reservoir shapes are discussed. 
A geothermal reservoir is considered t o  be a constant ho t  body overlain by 
uniform rock formations. The temperature distribution and conduction 
heat flow i n  the overlying formation are expressed theoretically w i t h  
the Laplace equation. 

represented by the surfaces of constant temperature whose shapes are 
closely related t o  the shape of the hot body. The shape of temperature 
curves a t  equal depth i n  a vertical cross section also reflects the 
depth,  shape, and size of the geothermal energy reservoir. Groundwater 
flow will d i s t u r b  the shape of the isothermal surfaces away from the 
purely conductive solution. 

Temperature distribution i n  the overlying rock formation may be 

Mercer, James W. Jr. Finite-EZement Approach to the ModeXng of Hydro- 
thennat Systems. 
The equations o f  mass and energy transport are derived for  single- 

Ph.D. dissertation, University o f  I l l inois  (1973). 

phase flow i n  porous media. A numerical scheme is developed t o  solve 
the equations fo r  a two-dimensional areal model of a hydrothermal system 
which incorporates a Galerkin f i n i  te-element approximation f o r  spatial 
derivatives and finite difference approximation for temporal derivatives. 
The assumptions used i n  deriving the model are  discussed i n  detail.  The 
model is used t o  simulate both the steady-state and nonsteady-state 
production performance a t  the Wairakei f ie ld  i n  New Zealand. The steady- 
s ta te  simulation reveals that  an overlying aquitard i s  an important 
prerequisite for the formation of hydrothermal fields. 
performance for the first ten years of production a t  Wairakei was well 
correlated w i t h  the nonsteady-state model. 

Reservoir 

Mercer, James W. Jr., Pinder, George, and Donaldson, Ian G. "A Galerkin 
Finite Element Analysis of the Hydrothermal System a t  Wairakei , 
New Zealand." JownaZ of GeophysiCaZ Research 80 (1975): 2608- 
2621. 
A two-dimensional areal model was developed i n  which the heat and 

mass transport equations were solved us ing  f inite difference approxima- 
t ions for  the time derivatives and Galerkin finite element approximations 
for the space derivatives. A single-phase simulation was carried out of 
a structurally simp1 ified representation of the hot-water hydrothermal 
field a t  Wairakei , New Zealand. The two-dimensional areal analysis was 
performed for steady s ta te  and transient flow conditions, allowing 
vertical flow of heat and f l u i d  through an overlying aquitard. Calculated 
temperature and pressure patterns correlate we1 1 w i t h  observed patterns 
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for the first ten years of production when increasing quantities of 
steam i n  the production aquifer invalidated the ass'umption of single- 
phase flow. 

Mercer, .James W. Jr. "Galerkin Finite Element Simulation of a Geothermal 
Reservoi r. " Geothe&cs 2 (Numbers 3-4, 1973) : 81-89. 
The equations describing f l u i d  flow and energy transport i n  a 

porous medium were used to-formulate a model capable of simulating the 
transient response of a hot-water geothermal reservoir. The resulting 
equations were solved us ing  a numerical scheme which combined the f i n i t e  
element approach w i t h  the Galerkin method of approximation. Application 
of this numerical model t o  the Mairakei geothermal f ie ld  demonstrates 
t h a t  hot-water geothermal fields can be simulated using numerical 
techniques currently available and under development. 

blercer , James W. J r  . , s .R., and Pinder, George F. "Geothermal 
Reservoir Simul rence on Research for the Devehpent 
of Geothermal es, 23-25 September 1974: 256-267. 
The govehing ergy and mass transport i n  porous 

media are presented. ons used t o  obtain the equations are 
outlined and include: Darcy' i s  appl i cable, capi 11 ary pressure 
between the steam and ible,  compression work i s  negligible, 
the properties of stea described by the saturation curve 
i n  the two-phase zone, function of temperature, and thermal 
equilibrium exists locally between the -rock and f l u i d  allowing a general- 
ized thermal dtspersion tensor t o  be defined. The equations are written 
i n  terms of the two dependent vartables, pressure and enthalpy. Techniques 
for solving the resulting co 
are briefly discussed. 

nonl i near parti  a1 d i  fferenti a1 equations 

Eng$neers Paper No. 

team i n  a porous 

The two partial  di  
using a Galerkln f in i t e  element technique for the spatial terms and 
f in i t e  difference techniques for the temporal terms. 'The model i s  
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. IJ 
applied t o  example problems consisting o f  a hypothetical hot-water 
reservoir and a hypothetical two-phase reservoir. Model calculations 
are compared w i t h  calculations from other numerical work involving a 
finite-element model tha t  is restricted t o  the flow of compressed water, 
and a finite-difference model t h a t  is restricted t o  the two-phase region. 

Miller, F. G. and others. "Reservoir Engineering Aspects of F l u i d  
Recharge and Heat Transfer i n  Geothermal Reservoirs. 'I GeothermaZ 
Resources CoUrrOiZ Trcmsacths 2 (Part 2 , .  1978): 449-452. 
Natural recharge o f  fluid-fi l led geothermal reservoirs is stiown 

t o  be important i n  the ,developing of these reservoirs and i n  increasing 
geothermal energy reserves. ti tkrature is discussed deal i n g  w i t h  water 
i n f l u x  i n  o i l  and gas reservoirs which rely on pressure-time history. 
The heat transfer processes important t o  geothermal reservoi r production 
are discussed i n  terms of an analogy w i t h  the methods developed for 
water and steam injection stimulation processes i n  the o i l  industry. 
A problem w i t h  the application of these techniques t o  "ge6thermal systems 
concerns the definition of the reservoir boundary. 
definition of "cool" water mus t  be based on the lower temperature limit 
a t  which water can be economically used. An example i l lus t ra tes  .the 
ease w i t h  which the established o i l  .industry techniques can be adapted 
t o  the problem of cool water encroachment i n  geothermal reservoirs. 

I t  appears the 

Moench, A1 1 en F. SimuZation of St& .!&aport i n  Vapor-Dominuted 
GeothemZ ReservOirs (U.S. Geological Survey Open File Report 
76-607, Wenlo Park, California, 1976). 
A vapor-dominated geothermal reservoir i s  conceptualized as a 

one-dimensional column of porous or  highly fractured rock in i t i a l ly  
f i l l ed  w i t h  a mixture of saturated steam and l i q u i d  water under h i g h  
pressure. A simple finite-difference technique is used t o  solve the 
flow and energy equations simultaneously for tempera'ture and pressure. 
Analysis involves evaluation o f  pressure, temperature, and liquid-water 
saturation distributions when steam is produced a t  ei ther constant 
discharge or  constant pressure. - 

Comparisons of computed saturation profiles' w i t h  previously 
.published results lead t o  the conclusion t h a t  movement i n  the l i q u i d  
phase can be neglected a t  low moisture content. 
changes when steam is produced a t  constant o r  variable 'discharge, 
temperature- and discharge-versus-time variations when steam i s  produced 
a t  constant pressure, and the existence of superheated steam is investi- 
gated. Results also demonstrate t h a t  temperature changes due t o  f l u i d  
expansion o r  compression may be significant when dealing w i t h  super- 
heated steam. 

Temperature and pressure 

-:, Ld  
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Morrison, H. L. "Convection Currents i n  Porous Media. 11. Observation 
of Conditions a t  Onset of Convection." J o m Z  of AppZied Physios 

Small-scale experiments were carr ied out f o r  determining the 
minimum v e r t i c a l  thermal gradient which i s  required t o  cause convection 
i n  l i q u i d s  entrapped i n  porous media. Observations r e l a t i v e  t o  the 
onset o f  convective flow i n  unconsolidated sands ind icate t h a t  theories 
which assume constant f l u i d  v iscos i ty  and thermal expansib i l i ty  p red ic t  
minimum gradients which are excessive by considerable amounts. 
of theoret ical  t o  observed gradients i s  derived on the basis o f  f l u i d  
and porous media properties. 

20 (1949): 1027-1029, 

The r a t i o  

Mundry, E. "Mathematical Estimation Concerning the Cooling o f  a 
Magmatic Intrusion." U.N.  Symposiwn on the DeveZopmt rmd 
UtiZisation of GeotfiemZ Resourose. =sa, I t a t y ,  22 September - 
The cool ing o f  intrudedmagmatic bodies has been calculated f o r  a 

number of simple models according t o  the heat conduction theory. The 
ef fect  of l a t e n t  heat being released during the s o l i d i f i c a t i o n  o f  the 
magma can be determined by means o f  numerical models. Assuming spec i f i c  
values for the l a t e n t  heat, the temperature d i s t r i b u t i o n  i s  graphical ly 
presented as a funct ion of t ime f o r  spherical, c y l i n d r i c a l  and plate- 
shaped models. Calculations i n d  have been carr ied out f o r  
spec i f i c  basa l t i c  fntrusions 
t o  explain the c o a l i f i c a t i o n  

I O~tobtzr 1970:. 662.668. 

stern p a r t  o f  Germany i n  order 

Nathenson, Manuel "Reservo s Determining the Fract ion o f  
Stored Energy Recoverable from Hydrothermal Convection Systems. 'I 

Workshop m CeotherPnat Resemdr E@needng. Stanford. (Stanford 
Universi ty Press, 1975): 50-51. 
Two possible me 

volume o f  porous and p are analyzed. F i r s t ,  a porous, 
permeable volume v i r t u  
b o i l i n g  t o  steam using the rock. The second method assumes 
t h a t  natural  and a r t i f  

c t i n g  energy from a l i q u i d - f i l l e d  

inflow o f  water i s  produced by 

o f  co ld water i s  used t o  recover 
the heat from the res a sweep process. 

n the process o f  b o i l i n g  

determined by the porosi ty and the 

The f r a c t i o n  o f  s t o  
n a porous volume nds on the amount and pressure o f  

he f r a c t i o n  o f  stored energy 
s a function o f  the movement o f  the 

the produced steam, wh 
i n i t i a l  temperature o f  
recovered f o r  the sweep p 

mperature f ront.  
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Nogucki, T. and others. "Some Theoretical Considerations on Hydrothermal 

P k a ,  Italy,  22 September - Systems Due t o  Cracks." U.N. Synposiwn on the Devebpent and 
Utilization of Geothmal Resources. 
1 October 1970: 655-661. 
Porous Miocene sediments appear t o  form the major production 

reservoir a t  the Otake geothermal field. T h i s  is  overlain bay volcanic 
cap rock which is highly altered a t  shallow depths. The perheability 
of this formation is mainly due t o  cracks and fractures. The above 
system was studied by assuming a horizontal hot water reservoir of infini-e 
extent w i t h  associated cracks and production wells i n  various combinations. 
The velocity distribution, equipotential surface and stream function for 
each case are calculated and presented graphically. 

Norton, D. and Knight,  J. "A Preliminary Analysis of the Cos0 Geothermal 
System." EjcpZoroation criteria for LOW Peme&ZCty GeothemZ 
Resources, Progress Report, June 1975 -March 1977, tJniversity 
of Arizona, Tuoson, (1977): 27-53. 
An analysis of the Cos0 geothermal system is presented. A hypothet- 

ical geological cross section which includes a thermal energy source is 
outlined on the basis of synthesized geological, geophysical and geochem- 
ical data. Ini t ia l  and boundary conditions are defined and the problem 
solved using a two-dimensional f i n i t e  difference approximation. The 
analysis suggests the Cos0 system may contain regions of sufficient 
permeability and energy content t o  permit direct production and some 
other h i g h  energy content zones which may require i n  situ fracturing 
prior t o  production. Other observations are reported concerning convective 
and conductive heat f l u x  and surface energy distribution. 
exploration data from the Long Valley thermal system is synthesized, and 
a geological cross section suitable for defining numerical model parameters 
is outlined. 

In addition, 

Pinder, George F. "The Princeton Geothermal Energy Research Program. " 
Workshop on GeothennaZ Resewoh Engineering. Stanford. (Stanford 
University Press, 1975): 199-200. 
The geothermal research program a t  Princeton University is outlined. 

Topics under study include: 
0 An extension of the single-phase two-dimensional Galerkin 

f in i t e  element model of the Wairakei reservoir t o  three 
dimensions . 

0 Development of a model for two-phase steam-water systems. 
Development of a model t o  describe subsidence based on visco- 
e las t ic  properties o f  rocks. 
Verification of the conservation equations by applying volume 
averaging techniques t o  the continuum equations. 
Simulation of the thermal properties of combined fracture- 
pore systems into which cold water is  being injected. 
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Prats, M. "Effect of Horizontal F l u i d  Flow on Thermally Induced Convec- bid 
t i on  Currents f n  Porous Mediums. I' Jot4?2dZ of Geophyskaz 'Reaeqch 

Free convection i n  a porous medium due- t o  a positive temperature 
w i t h  depth gradient was studied us ing  a linear pqrturbation analysis i n  
the reg ion  of the onset of instability. The cr i t ical  Rayleigh number 
characterizing the onset of i abi 1 i ty  is independent of the magnitude 
of a horizontal f l u i d  current However, the presence of a horizontal 
f l u i d  current will c m e  temperature and velocity fluctuations w i t h  time. 
Recognition of these fluctuations is important t o  the correct interpre- 

simulator t o  a two-dimensional vertical model of 'the Wairakei geothermal 

over time interval 1953 t o  1967. The ground surface subsidence history 
of the f ie ld  is examined i n  terms of the calculated two-phase f l u i d  flow 
and the local geology. 

f 1  (1966) : 4835-4838. 

1 

I 

I tation of geothermal heat flow data. Application of the reservoir 

system has successfully reproduced the total  f l u i d  production history I 

I 
t .  

Pritchett, 3. W. "Numeric ulation of Multiphase F l u i d  and Heat 
Flow i n  Hydrothermal R vo~rs." Workshop on GeothernrxZ Reservoir 
hzgineesng. Stanford 
Described here is a mu 

anford University Press, 1975): 201-205. 
imensional multiphase f in i t e  difference 

simulator of heat and mass transfer i n  hydrothermal systems. The flexi- 
b i l i ty  of the code i n  dealing w i t h  one, two, or  three dimensional problems 
for f l u i d  flow i n  anisotropic porous media w i t h  a variety of boundary 
conditions is discussed. simulator has been tested using simplified 
analytical techniques and 
through a porous core. Conservation of mass is  assured by using density 
and jnternal energy ,as the 

erimental results for  one-dimensional flow 

endent variables. 

tt, J. W.,  Garg, ney, T. D. "Numerical Simulation 
of the Effects o 
press ured Geothermal rvoir. GeothemnaZ R ~ S O  

Results are pres 

Upon the Performance of a Geo- 

e computer simulated performance of 

w i t h  i n i t i a l  unifo i x  properties and s e no-heat or  
mass-f low boundary 
production are mai 
a f te r  use. The produc and l i fe  of the reservoir is 
greatly increased and 
demonstrated . This mu i t h  the energy cost of pumping 
brine i n t o  the formati 
and details  of the sur 

f ! P O X 8 ~ C t i 0 ? 2 8  1 ,(I977 

pressured geothermal re under varibus explo tion strategies. 

oduced f l u i d  temperature and methane 
onger period if water is reinjected 

benefit of reinjection is clearly 

on the permeability of the system 

e reservoir is simpli ctangular section o n i  te thickness 

crrsr' 

~~- - ~~ . 
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Ramey, Henry J. Jr. and others. "Geothermal Reservoir Engineering LJ 
Research." Conference ma Pesem)ck for the Devebpment of 
Geothermal hzergy Resources. 23-25 Septernljer 1974: 268-280. 
The broad objectives of the geothermal reservoir engineering 

research a t  Stanford are: (1) the development of experimental and 
computational data to evaluate the optimum performance of fracture- 
stimulated geothermal reservoirs; 
reservoir model to  evaluate important thermophysical , hydrodynamic, and 
chemical parameters based on fluid-energy-volume balances as part of 
standard reservoir engineering practice; and (3) the construction of 
a laboratory model of an explosion-produced chimney t o  obtain experimental 
data on the processes of in-place boiling, moving flash fronts, and 
two-phase flow i n  porous and fractured hydrothermal reservoirs. 

The chimney model i s  briefly described and preliminary results on the 
heat transfer characteristics of the model are outlined. The linear 
bench-scale model is descri6ed and a test series including single-phase 
and two-phase nonisothermal flow is outlined. 
the use of naturally occurring radon as a diagnostic tool for describing 
the performance of geothermal reservoirs is out l ined .  Mathematical models 
are also being developed for comparison w i t h  the experimental results i n  
order to  identify the principal physical parameters relevant t o  geothermal 
reservoir performance. 

(2) the development o f  a geothermal 

Current research i n  support  of the above objectives is presented. 

In addition, a study on 

Ramey, Henry 3. Jr. and London, A. Louis. "Stimulation and Reservoir 
Engineering of Geothermal Resources. I' Stanford Geothermal Program, 
TR-8. (Stanford University Press, 1975). 
Experimental efforts were directed towards understanding highly 

fractured rock/water systems. The objective was the study of energy 
extraction from fractured rock. F lu id  recharge was limited so that  energy 
addition by f l u i d  recharge was less than energy extraction from the rock 
media. The design and construction of a laboratory model for a stimulated 
geothermal reservoir (the chimney model) was part o f  the work. 
were made to analytically model and predict the observed transient 
behavior. 

A total of 29 runs was made w i t h  the chimney model. 
t e s t  series had no recharge while most of the la te r  runs had recharge OF 
either cool or  hot  water, or hot water a t  nearly constant inlet temperature. 

Efforts 

Tests were r u n  w i t h  two different rocks - gabbro and granitic rock. 
Early runs of this 

Ribando, R. J .  "Natural Convection i n  a Porous Medium: Effects of 
Confinement, Variable Permeability and Thermal Boundary Conditions. I' 

Amemkm Society of MechmricaZ W n e e r s  Paper 80. 76-HT-Y. 
New Yodc (2976). 

b Two-dimensional calculations are reported for  s teady-state natural 
convection of a f l u i d  i n  a porous, horizontal layer heated from below. 
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LJ Finite difference techniques are used t o  solve the transport equations 
for stream function and temperature. 
are examined: r i g i d  (impermeable) and constant-pressure (permeable) upper 
boundaries; isothermal and uniform heat f l u x  a t  the lower boundary; and 
permeabilities which are constant, or which vary w i t h  depth to  simulate 
compaction of a porous medium o r  property variations of real f lu ids  w i t h i n  
the medium. Steady s ta te  results are presented for the heat f l u x  distri- 
bution on the upper surface, as  well as for flow and temperature fields 
i n  the interior. 

Effects of the following paramet rs 

Rinehetrt, John S .  AZteraS  of F l o w  chamote&sfios Within GeothemZ 
Areas by r i d a Z  Forue 
PB-247-190, Springfi  
Tidal forces produce 

(National Technical Information Pub1 ication 

n the s t a t e  of stress and strain 
w$thin theGearth. This  pape es the effect  of tidal forces on the 
flow characteristics of geot systems. Although the tidal stresses 
are small, the longer period uld produce significant dimensional 
changes i n  the separation of 
channels, and could appreci ence the distribution of pore 
pressure. 

surfaces and the size of flow 

Robinson, John. Modezing ve PZOWS. (Department of Scientific 
and Industrial Res 
Wellington, New Ze 
Modeling of natura 

.Contributions to the 1 i t e  ed and include examples of analyt- 

which determine the nature of a1 convection are outlined. The change 
On character o f  'the convec from steady two-dimensional roles . 
to oscillatory convection ng Rayleigh number is demonstrated, 
and the effects of cell ge undary conditions these motions 
are discussed. 

ed Mathematics Division Report No. 35, 

flows is  descriptively summarized. 

. ical ,  numerical and experimen poaches. The basic physical principles 

stant for  Wairake 

the f ie ld  should b 

Robinson , Ronal d. oir Parameters 
maZ Reservo3 

geothermal reservoirs. The effects of gravity, capillary pressure, phase 
change, heat conduction, and heat convection are considered i n  the model. 
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Continuity of species and energy across a boiling front  is handled by 
the use of a buffer cell. I t  was found that  the total amount of heat 
which can be produced f r o m  a geothermal reservoir is  limited and tha t  
extraction efficiency is enhanced if  the reservoir pressure is reduced 
to allow water to flash to  steam; also the recharge of heat t o  the 
reservoir by conduction or from water i n f l u x  resulted i n  l i t t l e  additional 
heat recovery. Reinjection of water into a l i q u i d  dominated geothermal 
reservoir is shown t o  have l i t t l e  effect  on the ultimate heat recovery 
except i n  the case of a h igh  porosity reservoir. 

Rogers, F. T. Jr. "Convection Currents i n  Porous Media. 111. Extended 
Theory of the Critical Gradient." JoumaZ of Applied Physics 21 

The theory of the cr i t ical  gradient for onset of thermal convection 
(1950) : 11 77-1 179. 

i n  a f l u i d  entrapped i n  a porous medium is extended t o  allow for the 
exponential dependence of viscosity upon temperature and for-nonlinear 
vertical temperature distributions which characterize transients i n  heat 
flow. A1 though there are approximations i n  the mathematical treatment, 
the extended theory agrees w i t h  experimental data. 
data are reported for the cr i t ical  gradient, obtained largely w i t h  
silicone fluids i n  unconsolidated sands. 

New experimental 

Rogers, F. T. Jr. and Schilberg, L. E. "Convection Currents i n  Porous 
Media. I V .  Remarks on the Theory." Joumzat of Apptied Physics 22 

The one-dimensional differential equations for cr i t ical  s tab i l i ty  
of a f l u i d  i n  a porous medium and heated from below are solved by using 
a potential function definition which allows for  density variations w i t h  
temperature. A single formula i s  obtained for the thermal environment 
a t  cr i t ical  s tab i l i ty  allowing for temperature dependence of viscosity 
and nonlinear temperature distributions. New experiments are reported i n  
which i n i t i a l  convection has been detected by visual, thermal, and radio- 
active-trace means. Experimental thermal gradients for cr i t i ca l  s tab i l i ty  
deviated from values predicted by theory by the following average amounts: 
visual , 150%, thermal, 132%, radioisotopic, 11%. 

(1951 ): 1476-1479. 

LJ 

Samnis, Charles G. "Numerical Modeling of Hydrothermal Reactions i n  
Geothermal Reservoirs . I '  

Stanford. (Stanford Uni versi ty  Press, 1975) : 240-241 
Water-rock chemistry can be ex ected t o  affect  the evolution of a 

Workshop on Geothermal Reservoir EZ.rgineerik. 

reservoir i n  a t  least  three ways: (a! the thermodynamic properties of 
water are affected by the dissolved solids, 
b i l i t y  change w i t h  time due t o  dissolvin , precipitation and volume 
changes associated w i t h  alteration, and 9 c)  the heat of reaction may 
contribute directly t o  the energy production. 

( b )  the porosity and permea- 

b 
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T h i s  paper summarizes the important hydrothermal reactions i n  a 
granitic source rock and discusses the evolution of chemical energy due 
to  the dissolving , precipitation, and alteration reactions conmon i n  
geothermal systems. I t  is proposed that changes i n  porosity and permea- 
b i l i t y  associated w i t h  both dissolving and alteration reactions can be 
easily incorporated in to  the standard finite difference schemes connnonly 
used i n  numerical reservoir modeling. 

L J  

Scherer, ,Charles R. "On mal Rate of Geothermal Energy Extraction." 
Workshop on Geot Gnsineering, Stanford. (Stanford 
University Press, 
The simple s ing1 

production-injection system developed by Gringarten and Sauty is used t o  
develop economic models fo  
investment Sn well, p ip ing  
are considered, and optima 
cases of steady and non-steady f l u i d  withdrawal rates. The quantitative 
economic models are derived, and it is shown that  i terative solutions can 
be obtained which maximize the discounted net revenues of the system. 

ow model o f  a hydrothermal 

he optimal ra te  of heat extraction. The 
onversion equipment , and operating costs 
xtraction policies are derived for the 

k, V. E. and Laird, A. D. "Physical Modeling of Combined Forced 
and Natural Convection i n  Wet Geothermal Formations." sournaZ of 

Some general consider for physical modeling are presented as 
well as the results obtained from a laboratory model having two wells t o  
simulate a geothermal energy extraction loop 
parameters are deduced from he macroscopic partial differential equations 
expressing conservation of mass, momentum and energy i n  a porous medium. 
The experiments were carried u t  using an insulated rectangular box 
heated from below, w i t h  temp ature histories being recorded for  a number 
o f  d i  f ferent production i n  j ec t i  on rates. S i  gni f i cant three-dimens i onal 

Heat .Transfer 98 (197 -220. 

The governing dimensionless 

c ts  were recorded making numerical comparison d i f f i  
luded that although the technique showed some promi 

Convection i n  

Experimental studies o menslonal free convection using a 

established between the Nusselt number and Rayleigh number, and the deep 
groundwater motion is visualized for a model based on physical character- 

h, 

.~~~ ~ 
~~ 

I 
... - 
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i s t i c s  typical of the Taupo volcanic zone i n  New Zealand. The results 
are consistent w i t h  the hypothesis of an in i t ia l  phase of volcanism 
generated convecting water system sti l l  present a f te r  1.5 mil l ion years. 

Sinnokrot , A1 i A. "Effect of Temperature Level Upon Capi 11 ary Pressure 
Curves." Sotdefy of PetroZewn hzgineers JoumaZ 11 (1971): 13-22. 
The paper concentrates on a systematic study of temperature effects 

upon capil lary pressure. 
pressure measurements a t  temperatures ranging from room temperature t o  
about 350°F. 
drainage and imbibition capillary pressure curves were measured a t  three 
or  four temperature levels from 70" t o  325OF. Flu ids  used were a f i l t e red  
white oil  and distilled water. The practical irreducible water saturation 
for the sandstone samples increased significantly as temperature was 
raised. However, the hysteresis between drainage and imbib i t ion  cycles 
decreased as temperature increased and was almost absent a t  300°F. All 
capi 1 lary pressure-saturation curves for 1 imestones for  various isotherms 
were found t o  l i e  w i t h i n  t h e  envelope o f  t h e  room-temperaure drainage and 
imbib i t i on  curves. 

Equipment was constructed to  permit capi 11 ary 

For! three consolidated sandstones and one limestone sample, 

Somerton, W. H. "Effects of Temperature and Stress on F l u i d  Flow and 
Storage Capacity of Porous Rocks. I' Si te  &%a~acterisatim: 
Proceedings 17th U.S. Symposiwn on Rock Mechunics. Snowbird, Utah, 

Measurements of sonic velocities, b u l k  and matrix compressi bi 1 i ties 
25-27 August 1976: 2A2-1 t o  2A2-8. 

and thermal conductivities were made on a group of outcrop sandstones and 
a group of si l tstone cores obtained from wells dril led i n  the Imperial 
Valley, California. The measurements were made a t  temperatures t o  200°C 
and pressure t o  16,000 ps i .  Sonic velocities decreased w i t h  increased 
temperature and increased w i t h  increased pressure and w i t h  l i q u i d  satura- 
tion. Both b u l k  and matrix compressibilities increased w i t h  increased 
temperature. Thermal conductivities were of the expected order of magnitude 
for sandstones and si 1 tstones of the type tested. Vaporization-condensation 
reactions caused a more than two-fold increase i n  apparent thermal conduc- 
t i v i ty  for the higher permeability sandstones bu t  had essentially no effect  
on the conductivities of the low permeability siltstones. The results 
are discussed relative t o  their application i n  h i g h  temperature under- 
ground reservoir studies. 

Sondergeld, Carl H. and Turcotte, D. L. "An Experimental Study of Two- 
Phase Convection i n  a Porous Medium w i t h  Applications t o  Geological 
Problems. 
Two-phase thermal convection i n  a porous medium was carried out  i n  

a sandbox. 
saturated porous layer from below and cooling from above. When the lower 
layer reached 100°C, a two-phase steam-water zone was developed. Study 

Jotrrm~Z of Geophgsicat Reseawh 82 (1 977) : 2045-2053. 

I The experimental study was init iated by heating the water- 
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LJ of the variable parameters, such as the thickness of the porous layer 
. and the heat f l u x ,  indicated that there could exist  a stable form of 
two-phase convection i n  porous media. The two-phase region was of 
variable geometry and hdd a clear non-horizontal steam-water interface 
with  the overlying water zone. Occurrences of the phase change init iated 
convective instabil i t ies.  A t  h igh heat fluxes a dry steam zone developed 
In which the temperature exceeded 110OC. Locdtion o f  the dry steam zone 
was close .to the base plate w i t h  the wet steam above. The -experimental 
data were analyzed w i t h  a one-dimensional heat and mass transfer model. 

Sorey, M. L. '"Numerical ing  of Geothermal Systems." Geobgicaz 

he equations describing the transport of 
ciety of America 

rical solution 
ct8 with prDBrams 6 (1974): 962. 

heat and water i n  porous media are being used t o  study 
conditions i n  areas o f  potential geothermal developmen 
data on temperature distributions, geochemistry, 'and 
mode?s for  the.natural.conditions i n  these systems can be tested and 

en developed to  t r ea t  problems i n  one, 
two o r  three dimensions involving simple o r  complex geometries. Model 
application i n  the Long Valley, California, area includes studies of 
heat transfer i n  an upflowing hot spring system and a recharging- 
discharging reservoir. Studies of natural (celluJar) convection i n  
porous media have also been made. 

data require an be evaluated. 
puter program 

Sorey, M. L. h%mericcrZ 
dissertation 
A mathematica for single-phase natural convection 

.are solved i n  two and three 

define the probabl 
further exploratory work w 

&i 



ti Sorey, M. 1 ,  "Research on Numerical Modeling of Liquid Geothermal 
Sys tern .'I VofWwp on Geothemat ~ e s e r v o i r  &q.tneering. Stanford. 
(Stanford Uni versi ty Press, 1975) : 225-231 . 
The conservation equations are solved numerically using an integrated 

finite difference technique t o  model s l ight ly  compressible f l u i d  flow and 
heat transfer i n  multidimensional porous media. Nusselt number/Rayleigh 
number plots for circulatory convection compare favorably w i t h  'numerical 
and experimental results from other authors. 

The model is used t o  study the onset of convection and reveals 
that  the cr i t ical  Rayleigh number is substantially reduced i f  variations 
i n  f l u i d  viscosity and expansivity w i t h  temperature are included. 

Heat and mass transfer associated w i t h  hot spring systems is  
analyzed t o  determine the amount of heat lost  by conduction and convection 
t o  the rocks surrounding the s p r i n g  conduit. Both cylindrical and plane 
conduit models surrounded by permeable and impermeable rock are considered. 
I t  is concluded that the surface temperature distribution around a hot 
spr-tng ,aR# cbuld- outline some of the structural features o f  the under- 
ground sgsfem qn#"aSsIst*in evaluating methods for further ex#loration. 
Ulthdt&l$ tfie';r?adel can be used t o  define an optimum reservoir 
exploitation strategy. 

Spencer, James ..W. Jr. "Effects of Pressure, Temperature, and Pore Water 
on Velocities i n  Westerly Granite." JownaZ of Geopltysicaz Research 

Sonic velocities were measured w i t h  the ultrasonic pulse transmission 
method i n  an iriternally heated pressure vessel. A t  a given temperature, 
confining pressure increase results i n  an increase i n  wave velocity of 
dry samples. A t  a given confining pressure, increased temperature 
results i n  a reduction i n  the shear wave velocity. Poisson's ratio of 
dry rock 'increases w i t h  the combined effects of temperature and pressure. 
A t  low pressures, w i t h  increasing temperature, saturated samples show a 
continuous decrease i n  the b u l k  modulus. Shear modulus is affected only 
by the temperature of the crystalline matrix. Thus,  the low compressional 
wave ve1octty"and nearly constant shear wave velocity cause a decrease 
i n  the Poisson'.s ratio. Under the same pressure and temperature 
conditions, 'samp?es w i t h  h i g h  pore f l u i d  pressure result i n  a decrease 
i n  shear wave velgcity, while compressional wave velocity is less 
affected. Poisson's ra t io  increased. Time-dependent compressional 
velocities were attained i n  the laboratory samples by a solution of 
quartz i n  supercritical pore water. 

81 (1976): 899-904. 

Straus, Joe M. "Large Amplitude Convection i n  Porous Media." JownaZ 
of FZua Mechadcs 64 (1974): 51-63. 
The properties o f  convection flow driven by an adverse temperature 

gradient i n  a .fluid-filled porous medium are investigated. The Galerkin 
technique is used t o  t rea t  the steady-state two-dimensional problem for L, 



-73- 

Rayleigh numbers as large as ten times the c r i t i ca l  value. The s tab i l i ty  
of the f in i t e  amplitude two-dimensional solutions is treated and the 
dependence of Nusselt number on Rayleigh number determined. A t  a given 
value of the Rayleigh number, stable two-dimensional flow is possible 
for a f in i te  band of horizontal wave numbers as long as the Rayleigh 
number is small enough. For Rayleigh numbers larger than about 380, 

experimental results is demonstrated. 

CrJ 

'-however, no two-dimensional solutions are stable. Good agreement w i t h  

Straus, Joe M. and Schub , G. ''Thermal Convection of Water i n  a Porous 
Medi um: Effects of Temperature- and Pressure-Dependent Thermodynamic 
and Transport Properties. I' Journal of Geophysical Researoh 82 

Natural convection o f  water i n  thick geothermal layers, across which 
(1977) : 325-333. 

there are temperature. differences as large as 345 K and pressure differ- 
ences as great as 1 kbar, is investigated. Complete'account is taken of 
the variable thermodynamic and transport properties of water as well as 
of non-Boussinesq 'effects. The increase of thermal expansivity w i t h  
temperature and the decrea of viscosity .are primarily responsible for 
the enhanced instabil l ty t onvection of a water-saturated porous layer 
compared w f t h  a porous layer saturated w j t h  a Boussfnesq f l u i d  having 
the constant properties of surface water. The c r i t i ca l  Rayleigh number, 
cr i t ical  wave number, and streamline and isotherm patterns are determined 
a t t h e  onset of convection for  a range o f  temperature gradients i n  layers 
as thick as 10 km. The cr i t ical  surface Rayleigh number is reduced by as 
much as a factor of 31 below the value of 4n2, appropriate for  a constant 
property Boussinesq f lu id .  The horizontal scale of convection 'is somewhat 
reduced,.and the flow is concentrated toward the bottom of the porous 
layer by effects of variable expansivfty and viscosity. 

kahaih!, Patrick K. and Ch i r  Engineering.'' 

rdal 0. "Mode 

. shaped stack of i n t  
reservoir is maintained a t  the level necessary t o  service a 250 MWe 

.power station. Brine is  injected a f te r  use a t  the boundary of the system hd 



-74- 

i 

a t  a temperature of ZOOOF and production i s  from the center of the system 
which is divided into radial sl ices.  
homogeneous two-phase mixture. 

Some gravity segregation of steam and water, which hastened the 
formation of a superheated region i n  the upper portion of the reservoir, 
is noted i n  the cross sectional simulations. T h i s  effect is countered 
by the generation of two-phase regions below a continuous water layer 
due t o  the presence of deep producing wells. I n  addition, i t  is noted 
that  superheated regions formed more quickly for reservoirs of low 
porosity and permeability. 

I t  is assumed the f l u i d  flows as a 

Tezcan, A. Kenan. IiDry Steam Possibilities i n  Saraykov-Kirildere 
Geothermal Field, Turkey." Second U.N. Symposiwn on the Devehpent 
and Use of Geothemal Resources. San E ' P ~ ~ c o ,  20-29 M a y  1875: 
1805-1813. 
A conceptual model of the Kitildere geothermal f ie ld ,  Turkey, is 

proposed. Topographic conditions, geothermal gradient surveys, and 
deep d r i l l i n g  results are used t o  formulate the model. 
reservoir could consist of a steam cap trapped beneath a low permeability 
confining layer. T h i s  cap is produced from a b o i l i n g  zone w i t h  the 
temperature of water below this zone roughly following the b o i l i n g  
point depth curve. 
produced from the dry steam zone. 

I t  appears the 

I t  is concluded that the f ie ld  could be successfully 

Toronyi, R. and Ali, S. M. Farouq. 
o f  a Geothermal Reservoir." SocCety of P e t r o Z m  Eng.ineer8 Paper 
No. 5521. DalZas (1977).  

Two-dimensional areal and vertical cross-sectional simulations were 

"Two-Phase, Two-Dimensional Simulation 

carried out on the heat and mass flow i n  a two-phase geothermal reservoir 
w i t h  isotropic permeability and no heat o r  mass flow boundary conditions. 
The conservation equations were solved numerically us ing  f inite difference 
approximations for the reservoir and wellbore system. Passage of steam 
through already dried rock produces superheating. After an in i t i a l  
vaporization of l i q u i d  water i n  the reservoir, the decrease i n  pressure 
produces increased b o i l i n g  below the deep water table. With heavy 
exploitation, b o i l i n g  extends deeper i n t o  hotter rock and the temperature 
of the steam increases. 

Truesdell, A. H. "Production of Superheated Steam from Vapor-Dominated 
Geothermal Reservoirs." Geothermics 2 (Number 3-4, 1973): 154-173. 
Conceptual models for vapor-dominated geothermal systems such as 

The Geysers, Larderello and Matsukawa are discussed. Production data 
and the thermodynamic properties of steam and water are used t o  examine. 
the heat and,mass transport phenomena which occur i n  these systems. LJ 

I t  is concluded that these systems in i t ia l ly  consist o f  a water and 
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steam filled reservoir, a water-saturated cap rock, and a water or brine- 
saturated deep reservoir below a water table. Most l i q u i d  water i n  a l l  
parts of ' the system is relatively immobilized i n  small pores and crevices; 
steam dominates the large fractures and voids of the reservoir and is 
the continuous, pressure-control1 i n g  phase. 

(L, 

Tsang, Chin  Fu, Lippman, M. J., and Witherspoon, P. A. "Production and 
Reinjection i n  Geothermal Reservoirs .Ii Ceothennat Resources 
Council rprrmSaotions 1 (1977): 301-303. 
Recent work a t  the Lawrence Berkeley Laboratory i n  the study of 

f l u i d  production and injection i n  liquid-dominated geothermal reservoirs 
fs reviewed. Two major approaches, a semi-analytical method and a 
three-dimensional numerical model are described. . Five examples are 
discussed: (1) a production-injection doublet ,  (2) a system w i t h  nine 
production and five injection wells., 
period of injection, 
(5) transient pressure responses dur ing  production-in jection-producti on 
procedures. 

(3) temperature recovery a f te r  a 
(4) consolidation dur ing  f l u i d  withdrawal, and 

nd Schroeder, Ron C. DoctrmentatZon for Pro am OGRE. 
(Lawrence Berkeley 
A listing and brie 

generate discrete gr ids  for  egrated finite difference computer programs 
i s  presented. The program i pecifically intended for  large scale two 
or three dimensional reservoir simulation. The operation of the program 
issdemonstrated on a, simple sample problem. A grid structure for the 
Larderello geothermal f ie ld  I ta ly  is also generated us ing  the program. 

Geotherma 1 Development. 'I 
ring. Stanford. (Stanfo 

boratory Report LBL-7060, 197832: 
escription of a computer program designed t o  

1 

r a broad data bank and how past 
t i n g  a view of how the future is 
of geothermal fields has been 

ield, New Zealand, w i t h  experience 
and. Some of the p i t fa l l s  encountered 

are  outlined. The importance of 
, hydrology, structural 
ategy and f u  
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Wooding, R. A. "An Experiment on Free Thermal Convection of Water i n  
Saturated Permeable Material .I' J o u m ~ t  of FZuid MecrUmias 3 (1957): 
582-600. 
A small scale experimental model was constructed t o  study the steady- 

s ta te  slow free convection of water i n  saturated sand. The convection 
field was confined between caaxial cylinders maintained a t  constant 
temperature differences (T -T ) of (1) 18.40°K, (2) 32.7OoK, and (3) 
46.68OK, where measuremen& o? the temperature distribution w i t h i n  the 
convection space were obtained. The least  square method was used t o  f i t  
the theoretical temperature values predicted from perturbation theory. 
A good agreement between theoretical and experimental results was 
obtalined. Separate determination o f  convection parameter or modified 
Rayleigh number, temperature coefficient of .thermal conductivity of the 
sand-water mixture ,  and coefficient of radiation loss a t  the upper 
insulated boundary by direct physical measurement were i n  agreement 
w i t h  the least  square estimates. 

Wooding, R. A. " F w  Convection o f  F l u i d  i n  a Vertical Tube Filled w i t h  
Porous Material." Joumu~Z of FZuid Mechmrics 13 (1962): 129-144. 
Study is directed to  the free convection o f  a f l u i d  i n  a vertical 

tube filled w i t h  porous material. 
overturning i n  t h e  vertical tube is  considered. I t  is shown that the 
f l u i d  can experience a pseudo-inertial effect, i n  which variations i n  
density across the tube exhibit properties analogous t o  variations o f  
momentum i n  an inertial  flow. Changes i n  the mean density of the f l u i d  
can be propagated as discontinuities, and for discontinuities of f i n i t e  
amplitude, two jump conditions are derived, one of which is identified 
to  involve an undetermined parameter. 

The problem of an unstable f l u i d  

Wooding, R. A. "Instability of a Viscous Liquid o f  Variable Density i n  
a Vertical Hele-Shaw Cell .Ii Jownat of FZuid Mechanics 7 (1960) : 

Approximation equations of motion, continuity, and mass transport 
are required t o  calculate approximate s tabi l i ty  c r i te r ia  for a viscous 
l i q u i d  of variable density moving very slowly between vertical and 
impermeable parallel planes. The results are applicable t o  the problem 
o f  the s tabi l i ty  of a viscous 1iqu.id of variable density t o  two-dimensional 
disturbance i n  a porous medium. The study also provides an exact 
s tabi l i ty  analysis for the l i q u i d  between parallel planes. An asymptotic 
expansion i s  derived for the c r i t i ca l  Rayleigh number a t  neutral s t a b i l i t y  
i n  a long vertical channel, or duct, w i t h  a t h i n  rectangular section. 
The crit ical  Rayleigh number for  a long vertical channel of rectangular 
cross-section is determined experimentally by comparing the density 
gradient of the l i q u i d  i n  the channel a t  neutral s tab i l i ty  w i t h  the 
corresponding density gradient i n  a vertical capillary tube. 

501 -51 5. 

hi 
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Wooding, R. A. "Rayleigh I n s t a b i l i t y  o Thermal Boundary Layer i n  
Flow Through a Porous Medium." Jo Z of Ftuid Mechrm5cs 9 . 

It i s  supposed t h a t  heated l i q u i d  i s  r i s i n g  by natural convection 

LJ 
(1960): 183-192. 

very s l  w l y  through a semi -infini t e  porous medium towards. the permeable 
hor izontal  surface, where i t  mixes w i th  a layer. o f  cool over ly ing f l u i d .  
I n  the steady state, a thermal boundary layer  o f  exponential form ex i s t s  
i n  the medium. 
number f o r  the system does not exceed a c r i t i c a l  pos i t i ve  value and t h a t  
the wave-number o f  the c r i t i c a l  neutral  disturbance i s  f i n i t e .  The 
s t a b i l i t y  propert ies of the layer  are explained q u a l i t a t i v e l y  from 
physical considerations. 

It i s  shown tha t  the layer i s  s tab le provided the Rayleigh 

a Ver t ica l  Tube 
at Society of 

was compared experimentally 
,gradient i n  a v e r t i c a l  

For a porous medium consist ing o f  randomly packed glass c a p i l l a r y  tube. 
36.5% porosi ty (6), i t  was 

providing the r a t i o  k/Dg = 
o l u t i o n  and D is the 
e porous medium i s  absent. 

o f  the porous material 

nder noni sothermal 
ns f o r  f low o f  

I 
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2.3 Exploitation Strategies 

Early geothermal development concentrated more on the immediate . 
problems of a new technology than on the consequences of long term 
exploitation of a f in i te  resource. An example of this is a t  Wairakei, 
New Zealand, where the high  pressure turbines i n  the power s ta t ion were 
designed to  accommodate steam a t  near maximum deliverable pressure of 
the reservoir. The reservoir, however, has drawn down considerably 
during production, and i t  has become increasingly diff icul t  t o  maintain 
generation i n  the h i g h  pressure sets. 

I t  is essential t o  match the energy conversion process t o  the 
reservoir and ensure the two will remain compatible over the l i f e  of the 
development. 
considered i n  assessing the power potential of a reservoir. In addition 
to  the obvious reservoir production related factors, he stresses the 
importance o f  considering the indirect effects of long term development 
such a$ subsidence, pollution, corrosion and deposition. Nathenson [1975] 
studied the various factors which affect  the fraction of stored heat that 
can be recovered by various strategies and concludes that  reservoir 
roduction can be optimized by correct choice of the process, James e 19651 compared the power l ife of a hydrothermal system f o r  the two 

strategies of induced boiling i n  the formation and subsequent steam 
draw-off, and canpressed water production. He concludes t h a t  more rock 
heat is extracted i n  the case of boi l ing.  Papadopulos [1975] uses hydro- 
logical techniques t o  define the optimum exploitation strategy for a 
given geothermal geopressured reservoir. 
i n f l u x  has a significant effect on reservoir deliverability i n  this case. 

Bolton [1973] outlines some of the factors which must be 

I t  appears that shale-water 

Recent studies show that i t  is feasible t o  maintain pressures and 
enhance the long term deliverability of a reservoir by injecting spent 
f l u i d  back into the formation. Chasteen C19741 reports that  steam 
condensate has been successfully injected a t  The Geysers and proposes 
that similar strategies would be appropriate for the hot water f ields 
i n  the Imperial Valley, California, and Valles Caldera, New Mexico. 
Einarsson [1975] reports the results of an extensive injection t e s t  a t  
the Ahauchapan geothermal field and submits that  s h c e  f l u i d  fronts move 
faster than thermal fronts i n  a porous medium, significant chemical change 
i n  production f lu ids  could be a precursor t o  thermal breakthrough of 
injected water. 

A single-phase steady-flow model is used by Tsang [1978] t o  study 
the effects of various exploitation strategies a t  Cerro Prieto. 
concluded that water could be injected safely w i t h o u t  causing premature 
quenching of the production formation. Kasameyer [1977] calculates flow 
and temperature fields for arbitrary production injection strategies a t  
the Salton Sea geothermal field. I t  is shown that anisotropic flow 
roperties can a l t e r  the predicted flow patterns considerably. Tsang 

!1975] uses a simplified reservoir model t o  show that a screening well 
placed between injection and production wells through which f l u i d  i s  

I t  is 
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erouted back into the injection well can significantly prolong the k d  
time before thermal breakthrough occurs. 

are produced by self-pumping w i t h  a 
boiling. steam-water mixture produced a t  the well head. To maximize the 
availability of fluid.reaching the well head, the borehole must be 
designed t o  pass these fluids w i t h  minimum energy loss. Gould [1974] 
developed a model for a two-phase flow i n  a wellbore Mhich compared 
favorably w i t h  experimental results. Ridgway [1977] uses -estab1 ished 
correlations t o  predict pressure drops i n  a flowing wellbore. The methods, 
however, produce. inconsistent results; one suggesting an increase i n  
diameter will improve performance, while the other indicates a decrease 
i n  diameter. 

a r t i f i c i a l  circulation of a working f l u i d  t o  extract heat is  being 
considered. A large research effort  i n  this direction i s  currently being 
conducted by the Los Alamos Scientific’Laboratory a t  a hot-dry rock 
resource on tfie flanks of the Valles Caldera. Tester [1976] describes 
the fundamentals of this program and outlines the individual areas of 
importance t o  research. I Sarda [1975] discusses the rock mechanics 
aspects of creating and maintaining a hydraulic tjracture i n  hot rock. 
Murphy [1975] calculates the heat transfer from rock t o  f l u i d  circulating 
i n  a hydraulic fractur hat rock-greater than 40 meters away 
from the fractured su ected even af ter  ten years of produc- 
ti on. McFarl and [ 197 tural buoyancy forces play a major 
role i n  the fluid-flow draulic fracture and submits t h a t  

t o  areas of stationary f l u i d ,  i n  the absence of short 
the rate a t  w h i c h  ener ced is limited only by the size 
of the fracture. Th t exchange surface 

cracks is s tudied  

ty has also been co 

abil i ty is determined by the 
iadkin [1976] 
ation and con 

Many hot water 

.For fields where nat l u i d  circulation is  small or absent, 

. 

contract i on- i 

Explosively enhanced 
[1975] submits  t h a t  the amount o f  energy t h a t  can be extracted from an 

conomi c si zes 19751 considers the 
stages. The first 

search is. bei 
reservoirs and increasing the 

roduction management strategies. 
ow being realized as more 
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Aamodt, R. Lee. A P t < f ? k k Z  Geotheml Reservoirs $n Hot V~Zcan<c Rock. 
(Los Alamos Scientific Laboratory Report LA-UR-73-1995, 1973). 
Various methods of extracting energy from hot  dry rock are discussed. 

The creation of a significant heat exchange surface is emphasized, and the 
rock mechanic principles involved i n  hydraulic fracturing are out1 ined. 
The advantages of multiple hydraulic fractures and thermal stress cracking 
to  increase the heat exchange area are also discussed. 

Aladiev, I. T. and others. "Heat and Mass Transfer Processes i n  Aquifer 
Systems w i t h  Artificially Increased Fracturing." Second U . N .  
S y n p o s h  on the Dezrebpment and Use of Geothemt Rssomes. 

A mathematical model of an aquifer system w i t h  a r t i f ic ia l ly  increased 
S m  ~ + ~ & B c o ,  20-29 May 1975: 1529-1535. 

permeability is constructed. The results of experiments on thermal 
disturbance propagation carried out i n  a groundwater aquifer w i t h  explo- 
sively enhanced permeability confirm the predictions given by .the mathe- 
matical model. E t  appears that the characteristics of natural convection 
i n  the zone of h i g h  permeability w i l l  determine the degree o f  heat 
transfer and exploitation potential of the system. 

Bodvarsson, Gunnar. "Evaluation of Geothermal Prospects and the Objec- 
tives of Geothermal Exploration. I' Wexptoration 8 (1970) : 7-1 7. 
The extraction of heat from a geothermal reservoir is discussed. 

The necessary volume, temperature, permeability and hydrological features 
of the reservoir are outlined on the basis of power cycle requirements. 
The accessibility of the reservoir is emphasized, and the practical 
importance of moderate chemical content of the recovered waters is 
stressed. 

Bolton, R. S. "Management of a Geothermal Field." UNESCO Emth Sckices 
12 (1973): 175-184. 
The important factors i n  managing a geothermal development are 

discussed. The methods for estimating the energy potential of a geothermal 
field are qualitatively outlined. Some significant factors i n  assessing 
this potential include: estimates of natural heat flow and stored heat, 
the anticipated method of exploitation, and the method of disposal. The 
primary effects of exploitation, such as we1 1 output characteristics, 
pressure and teplperature drawdown, and cumulative production history are 
identified and examples of these factors are given for Wairakei, New 
Zealand, Larderello, Italy, and Laugarnes Iceland. Important secondary 
effects of exploitation are also discussed. These include subsidence, 
chemical and thermal pol lu t ion ,  chemical deposition and corrosion. I t  
is noted that the relative importance o f  these factors will vary from 
field to  field. Finally the importance of recording field performance 
is stressed. T h i s  includes well head and downhole measurements and 
monitoring of immediate area topography and natural thermal features. 

klJ 
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Budd, Chester F. Jr.  
In GeothrmaZ Energy: ReGources, Production, Stimulation (Chapter 6). 
Edited by Paul Kruger and Care1 Otte. (Stanford University Press, 
1973). 
The reservoir performanc of The Geysers geothermal field \ i s  discussed. 

"Steam Production a t  The Geysers Geothermal Field." 
b 

3 

1 

I I 

i 

Techniques adapted from the a i l  and gas industry have been used t o  predict 
the characteristics o f  the reservoir and producing wells. The importance 
of determining these characteristics before choosing a specific power 
station design and of monitoring the changes i n  reservoir characteristics 
w i t h  production is stressed. 
and flow t e s t s  are carried out, interference between wells is assessed, 
and production is monitored continuously while the wells are i n  service. 

In view o f  this, pressure drawdown, bui ldup,  

t 

Calamai, A. and others. 
Geotherniz"cs 2 (Nu 
Injection tes ts  n the Larderello and M t .  Amiat eothermal areas 

were carried out. Cold water was injected a t  various rates by gravity 
flow. The chemistry of f mation fluids , hole pressure, temperature, 
and microseismicity ' i n  t h  imnediate area were monitored i n  order t o  
detect injection i n d  

"A Reinjection Experiment i n  Vico 1 Well." 
rs 3-4, 1973): 117-118. 

N O  increased seismic activity was 

Campbell, Thomas A. t hermal We1 1 Pumping . 'I &otherma2 
2 (Part  1 , 1978): 63-66. 
el l  pumping includes the evaluation 

Resource Co&Z 

Steam condensat 
servoir since 1968. 

c-, 
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u Chen, Che Jen, "Man-made Geothermal Energy Source. I' Nuclear Instruments 
and Methods 150 (1978): 365-366. 
The power available from an underground thermal nuclear fusion 

explosion is calculated. The system i s  conceptualized as  a spherical 
chamber of magma created by a fusion explosion surrounded by a heat 
exchange system which circulates heat t o  the surface. The dimensions 
of the chamber and l i f e  of the system are estimated for a number of working 
f l u i d  temperatures. 

Diadkin, Y. D. and Pariisky, Y. M. "Theoretical and Experimental Grounds 
for Utilization of Dry Rock Geothermal Resources i n  the Mining 
Industry." Second U.8. Symposium on the DeveZopment ami Use of 
Geotheml  Resources-. San FranCiscO, 20-29 May 1975: 1609-1618. 
Fractured zone sizes for the explosive stimulation of geothermal 

resources and their dependence on the physical properties o f  rock, depth, 
and weight of explosive charge is  based on laboratory test results and 
analysis o f  available data on underground nuclear explosions. A thermo- 
dynamic method bf  calculation of the number o f  fractures and rock permea- 
b i l i ty  is developed, taking into consideration experimental data on the 
energy consumed i n  forming new surfaces. A coupled problem on nonstationary 
heat exchange and nonisothermal water f i l t ra t ion  i n  an underground boiler 
I s  solved by means o f  the approximate finite-element method. Analysis 
o f  the circulation systems economic-mathematical model confirms their  
efficiency a t  a well depth of no more than 4 km. 

Einarsson, Sveinn S., Vides, Albert0 R. , and Cuellar, Gustavo. 
"Disposal of Geothermal Waste Water by Reinjection." Second U . N .  
Sympos&un an the Devehpment and Use of Geothermal Resources. 

Reinjection tests carried out a t  the Ahuachapan geothermal f ie ld  
are discussed. Deposition problems were alleviated by maintaining the 
temperature above the s i l i ca  saturation level. 
the vicinity of the well was monitored and shown t o  rapidly equilibrate 
w i t h  the injected water temperature. Chemical breakthrough of injected 
water into production wells is a precursor t o  thermal breakthrough and 
regular monitoring of production well f l u i d s  is recommended t o  identify 
major chemistry changes. 
feasible and potentially useful strategy for disposing of waste fluids 
and for increasing the long-term productivity of a geothermal field. 

S m  FrmrC$s~o, 20-29 1975: 1349-1362. 

The cooling effect  i n  

I t  is concluded that reinjection is a technically 

Gould, Thomas L. "Vertical Two-Phase Steam-Water Flow i n  Geothermal 
Wells." JownaZ of PetroZewn Technology 26 (1974) : 833-842. 
Equations for two-phase steam-water flow i n  a wellbore are presented. 

The interactions of heat transfer, f l u i d  flow, phase change, and flow 
regime are studied. Several correlations for vertical two-phase flow b 

~ 
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are compared w i t h  f ield data for wells discharging steam-water mixtures. 
A combination Griffith and Wallis/Hag$dorn and Brown/Turner Ros model is  
shown t o  give the most consistent results. I t  i s  concluded that  calcu- 
lations of the flowing pressure and temperature drop can have important 
applications i n  #ell design as well as for the assessment of well deliver- 
abil i ty.  ' 

(cj 

. ,  

Hanson, Jonathan M. "Predicting Production Temperature Using Tracer 
Methods." Ceothemat Resources Council Transactions 2 (Part 1 

The paper present$ 
1978) : 247-258. 

simple reservoir model i n  which heat transfer 
is due t o  convection only showing that the length of time required for 
an injected f l u i d  element t o  heat t o  a given temperature is independent 
of the streamline'path taken by the f l u i d  element. T h i s  suggests that  
a knowledge of the d is t r ibu t ton  of f l u i d  residence time between injection 
and productjon we1 1s is sufficient t o  estimate the production temperature 
h i  story for reservoi rs . for he model is applicable. 

The paper also propo use of superposition to evaluate the 
d i s t r ibu t ion  of f luid resident time i n  multiple well situations. A 
general expression for the production temperature is obtained based on 
this observation and the assumption that the porosity-thickness product 
is known or can be es 

, 

Hsu, Y. C. and others e thods for Predi c t i  ng Producti v i  ty  
eothermal Reservoir i n  the Presence 
Resowces Cotc)tcil Transactions 2 

ation a f  a hot-dry rock 

ductivity and longevity o 
the main ,hydraulic fracture that  can 

cracks, and (2) the development 

reservoir. 
rsion of mass, momentum, and energy; 

estimating the additional heat 
secondary t h e m 7  cracks i n  a 

reservoir assumes the form of a large 
fracture (crack). 

drothermal System. Austral- 
s and FZuid Meohan3 ): 2116- 

tation of a.sealed f in i t e  hot  water 
aquifer i s  used t o  show t h a t  steam withdrawal from a shallow b o i l i n g  
20ne is a more effective production strategy than w i t h  water production 
from below the b o i l i n g  level. Steam draw-off from the top  reduces the u 
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heat content o f  the formation as wel l  as t h a t  of the water t b  a marked 
extent whi le for hot water draw-off from the bottom o f  the aquifer, a 
very large amount o f  residual hegt i s  l e f t  i n  the formation uncovered 
by the f a l l i n g  water level .  The e f f e c t  o f  these modes o f  draw-off on 
the chlor ide ion  concentration i n  the water phase i s  also studied and 
compared w i th  the actual changes i n  the Wairakei aquifer. 

Juprasert, Sirisak, "A Numerical Simulator f o r  Flow i n  Geothermal 
we1 1 bores. I' Ceothemal Resomces Cowreit Wmactimrs 1 (1 977) : 

A compyter program has been developed t o  simulate the f low o f  hot 
159-1 61. 

water o r  steam-water mixture i n  geothermal we1 lbores. Given the downhole 
f l u i d  conditions and the geometry o f  the w e l l ,  the program calculates the 
ressure, temperature, enthalpy and q u a l i t y  o f  the discharge a t  the wel l -  

Read o r  any specified depth i n  the wellbore. Ex is t ing two-phase corre- 
l a t i ons  are used w i t h  a heat t ransfer  term determined by back-correlating 
a fit t o  obsenved data. The program has been tested successfully f o r  
two wells from the East Mesa geothermal f i e l d .  

Kasameyer, Paul and Thorson, Lewis. "Modeling Thermal and Flow Fronts 
f o r  Arb i t rary  Well Arrays.'' Geothsmt  Resowces C o d 2  Dam- 
actions 1 (1977): 163-165. 
Flow and temperature f i e l d s  are calculated f o r  a r b i t r a r y  production- 

i n j e c t i o n  strategies a t  the Salton Sea geothermal f i e l d .  A computer code 
has been developed which i s  based on an analy t ica l  so lu t ion f o r  pressure 
d i s t r i b u t i o n  t o  determine the temperature d i s t r i b u t i o n  and f low f ronts  
of in jected f l u i d  w i th in  a s ing le homogeneous, nonleaky, l i q u i d - f i l l e d  
aquifer o f  uniform thickness and i n f i n i t e  extent. It i s  shown t h a t  
anisotropic f l o w  propert ies can a l t e r  the predicted f low patterns 
considerably, 

Kubota, Katsundo. "Reinjection o f  Geochemical Hot Water a t  the Otake 
Geothermal Field." Second U.N. Sz~mposiwn on the Developent and 
Use of Geothermaz Resources. 

Since March 1972, geothermal waters have k e n  in jected a f t e r  use 
a t  the Otake geothermal f i e l d .  
method of disposing o f  the eff luent, i t  i s  hoped t h a t  the i n j e c t i o n  w i l l  
provide some recharge t o  the system and thereby increase the longevi ty 
o f  the f i e l d .  The locat ion of the i n j e c t i o n  wel ls i s  discussed, which 
i n  one case i s  only 150 meters from a producing w e l l .  Thus far,  i n j e c t i o n  
has not  influenced the ground water and surrounding hot springs, and 
there has been no ind icat ion o f  leakage t o  the surface, 
the suspected increase i n  earthquake a c t i v i t y  has not occurred. 

S m  h?ano<sco, 20-29 May 1075: 
1319-1 383. 

I n  addi t ion t o  providing a cdnvenient 

I n  addition, 

di 
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Kuwada, J. T. "Geothermal Reservoir Pressure Requirements for Production. " 
workshop on Geo*hemraZ 4needng. . Stanford. (Stanford 
Uni vers i ty Press , 1975 
he productton aspects ir engfneering are d i  

For example, we1 1 spacing and we1 1 bow design are reservoir-con troll ed 
parameters of specific interest  t o  field production management. Degrada- 
tion of the availabiltty of produced fluids between the reservoir and 
the rocess can be reduced by ar t i f ic ia l ly  l i f t i n g  f lu ids  to  suppress 
flas 1 ing. This has the added advantage of maintaining the chemical 
integrity of the fluids and reducing the possibility o f  scaling i n  
surface equipment. 

Laughlin, A. W. and others 
Extract Geothermal E from Hot Dry Rock." GeotOgy 4 (1977): 

Two deep holes GT-2 and EE-1) have been drilled a t  the Fenton Hill 

atus of the Los Alamos Experiment to  

23 7-240. 

site i n  northern New Mexico i n  support  of the Los Alamos Scientific 
Laboratory's hot dry rock geothermal development project. The f irst  
hole, GT-2, has a depth of 2,928 m and a bottom hole temperature of 1 9 7 O C .  
The second hole, 'EE-1 , has been 
where the temperature is  205.5OC 
i n  both holes and f l u i d  comunfcatfon between the holes was established 
i n  October -1975. Circulattg eri'ments are now being conducted between 
the two holes. 

orarily halted a t  a depth of 3,062 m 
draul I c fractures have been created 

are derived for 
e s impl i f ied  by 
es conduction i n  
dy heat transfer 

t i g h t  geothermal formations. 
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Lid where precipitation of solids near the producing well has significantly 
reduced the permeability around i t .  A theory is  outlined which considers 
the propagation o f  an explosion i n  two stages. The first  stage comprises 
a s t ress  wave which ini t ia tes  fractures i n  the reservoir rock which are 
then propagated by the pressure of expanding gas. The theory is found 
t o  correlate well w i t h  existing measurements of permeability enhancement. 

M i  1 ler, Richard J. "Enhanced Recovery Reservoir Engineering Aspects 
of Geothermal Development I' Geothem I Resouroes COuncil Transac- 
tions 2 (Part 2, 1978): 457-459. 
The exploitation of geothermal reservoirs is  discussed on the basis 

of the original thermodynamic nature of the system, the estimated reserves , 
and the efficiency of secondary recovery. The production of primary 
f l u i d s  may recover only a small fraction of the reserves, and reservoir 
engineering techniques should 6e used to  define and evaluate the potential 
of i n  Section for enhanced recovery of heat. 

Murphy, H. 0. "Hydraul ic-Fracture Geothermal Reservoir Engineering. " 
Workshop on GeothmZ Reservoir Eng.ineering. Stanford. (Stanford 
University Press, 1975): 174-177. 
Simplified field equations are presented for the extraction of heat 

by circulating f l u i d  i n  a hydraulic fracture i n  ho t  rock. 
that  heat is conducted from the rock t o  a f l u i d  circulating a t  a constant 
rate i n  a vertically oriented circular crack w i t h  an el l ipt ical  w i d t h  
profile. The equations can be solved numerically for f l u i d  temperature 
and pressure w i t h  time for given crack radii and in i t ia l  rock temperature. 
For a crack radius o f  500 m i t  is shown t h a t  25 MW(+) can be extracted for  
ten years, a t  which time the in i t ia l  rock temperature has only diminished 
by 5% for distances 40 m away from the fracture surface. 

I t  is assumed 

Murphy, Hugh D. and others. PreZiminury Assessment of a Geothermal 
(LOS Alamos E3zez-W Resemto3r Fonned by HydrauZic Frachcring. 

Scientific Laboratory Report LA-UR-76-1672, Lo$ Alamos, New Mexico, 
1976 
Two 3-km-deep boreholes were drilled in to  hot granite i n  northern 

New Mexico t o  extract geothermal energy from hot  dry rock. Both boreholes 
were hydraulically fractured t o  establish a flow connection. Fracture- 
to-borehole intersection locations and i n  situ thermal conductivity were 
determined from flowing temperature logs. In s i t u  measurements of rock 
permeabil i ty  and compressi b i  1 i ty  showed a strong dependence on pore 
pressure. T h i s  was attributed to  a reduction i n  effective stress i n  the 
intermediate principal stress direction and consequent opening of micro- 
fractures. An estimate of the minimum horizontal earth stress was derived 
from fracture extension pressures and found t o  be one-half the overburden 
stress. 
achieve i n  the low-permeability granite and that these fractures appear 

I t  was found that  fracture growth was remarkably simple t o  L, 
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&I t o  be "self-propped." I t  is concluded that  redrilling to achieve direct 
fracture intersection will be required before a prototype heat exchange 
system can be established. 

Nathenson, Manuel. PhysicaZ Factors Detemrhing the FractCon of Stored 
Baergy Recoverable from 14gdrothermal Convect5on Systems and 
Conduction-Dominated Areas. (USGS Open. File Report 75-525, 
U.S.Geologica1 Survey, Menlo Park, CA, 1975). 
The effects of various physical reservoir properties and the thermo- 

dynamic performance of conversion equipment on the fraction of stored 
energy recoverable from hydrothermal convection systems and conduction- 
dominated (hot rock) areas are discussed. Natural recharge of heat by 
convection and conduction as mass recharge by cold water i n f l u x  is 
considered for water-do ominated, and conduction-dominated 
systems; I t  is conclud cases the natural recharge potential 
of reservoirs is ins ign  heat recovery process is Qne of 
extracting stored thermal ene m a body of rock and f l u i d s .  

Various factors which a he overall efficiency of recovery 
are s tud ied  using the f in i t e  energy concept. Boiling water or  
steam drive and cold wa ses are considered i n  relation t o  
water and steam domi na t systems; .forced flow through 

heat from conduction systems. 
cles as a function of the avail- 

abi 1 i ty  of the reservoi i ned. Cycles considered i ncl ude 
single and double flash and isobutane binary. Various 
design a1 ternatives whi 
stages, and heat exchanger approach temperature are discussed. 

. addition, the optimum tem 
heating are outlined. 

ion. pressure, number of flash 
In 

los, Stavros S. 1 o f  Geopressured Reservoirs: 

subsidence under this 18-well production scheme indicate t h a t  the average 
subsidence over the reservoir area would be about 1 meter ( J f e e t )  a t  
the end of the 20-year production period. The convertible energy 
delivered by the reservoir is also established. A sensitivity analysis 
reveals that reservoir transmissivity is the most important hydrogeolog- 
ical factor i n  the development of geopressured reservoirs. ksli 
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Lid 
Ridgway, Stuar t  L, "Energetics of Geothermal F1 u id  Delivery via Two-Phase 

Flow," Geothermat Resources Council Transacfions 1 (1977): 225. 
For geothermal well Mesa 6-1 the Hagedorn-Brown correlation and 

Wallis' d r i f t  f l u x  s lug flow model both predict pressure drops i n  reason- 
able agreement w i t h  experiments, b u t  the Hagedorn-Brown method suggests 
increasing the well bore diameter to  improve performance and Wallis' 
model suggests reducing it. 

Sarda, Jean-Paul. An&% of Crcaok &opaqa*ion for a YmticaZ Eydrautic 
~rac-s. 
Los Alamos, New Mexico, 1975). 
The work presented In t h i s  paper involves a model description and 

(Los Alamos Scientific Laboratory Report LA-6175-MS, 

numerical examples for calculating fracture angle and the cr i t ical  uniform 
borehole f l u i d  pressure required t o  in i t ia te  fracture a t  such an angle 
for the present LASL Dry Hot Rock Geothermal Energy Program. 

fracture angle +Bo (the in i t ia l  fracture angle of crack propagation) of 
a near vertical crack was predicted by using the opening and s l i d i n g  
node stress-intensi ty factors i n  the presence of the overburdened pressure, 
the l a s t  i n  situ horizontal principal stress,  and borehole f l u i d  pressure. 
The crack spread i n  the positive Bo direction (counterclockwise) i n  the 
plane for which S was m i n i m u m ,  Smin. I t  was verified that  Smi 2 Sc. 
The quantity Sc has been defined as the c r i t i ca l  value of S, ana rematns 
essentially constant. 

T k  strainyenergy-densi ty-factor (S)  theory was used. The positive 

Sato, KO. ''On the Structural Characters and Simulations of-.P_ock Fractur- 
ing  o f  Geothermal Areas i n  Northeastern Japan." Second U . N .  
Synposhm on the Development and Use of GeothemaZ Resources. 

Geothermal reservoir rocks are often hard and nonporous w i t h  the 
S Q ~  F%WYd8COS 20-29 May 1975: 575-581 

result that  wells produce from fractures rather than from a porous matrix. 
To obtain knowledge of the rock fracturing system i n  the geothermal areas, 
computer simulations have been attempted on the basis of the f in i t e  
element method. The rewlts of the study have shown t h a t  the formation 
of rock fracturing Ss related to  the condition of stress and rock 
properties i n  each area. To analyze simulations composed of two-dimen- 
sional factors, the Coulomb-Mohr criterion has been appl ied.  
concluded t h a t  the fractures tend to  develop near the upper parts of 
anticlinal structures, and near the lower and upper parts o f  synclinal 
structures i n  the case of folding, and a t  the roof and hood of the 
intrusive body during intrusion. 

I t  is 
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Sharma, Devrag and Maini, Tidu. "Geothermal Energy from a Borehole i n  
Hot Dry Rock - A Preliminary Study." Workshop on &otherma2 
Resemo$p En&nserhg. Stanford: (S t  

The heat transfer between circulated 
concentric annulus geothermal well is s t u d  
approach, the heat gained by the water is 
conditions and rock temperatures. The heat transferred when f l u i d  is 
pumped down the outside annulus and back up the central p ipe  is shown t o  

University Press, 1975): 

ck i n  a single 
258-266. 

In a simplified in i t ia l  
ated for  steady flow 

or to  the reverse process. 

d,  is also presented; and the coupled fluid-rock energy equations 
re sophisticated approach, 

are solved numerically using an integrated f in i t e  difference technique. 
I t  is concluded that more rock contact area must be provided through 
hydraulic fracturlng or ex 
.to be obtained. 

timulation for effective energy yields 

Tester, Jefferson W. Geothe from Dry Hot Rock Reservo~rs. 
(Los Alamos Scien 
Alamos, New Mexico, 19 
The concept and potent 
1 reservoirs discussed. Specific references 

Report LA-UR-75-2315) , Los 

eating a,nd utilizing man-made geo- 

are made t o  the curren 
ogram directed towar 
draul ical ly-fracture 
ateau of northern New 
servoir, including permeat 

extraction rates, thermal s t  
qualitatively discussed. 

Los .Alamos Scientific Laboratory's 

ineering aspects of the downhole 
irculation, geochemistry, heat 
g, and reservoir lifetime are 

offgeothermal heat from the 
granite %underlying the Jemer 
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&id Tsang, Chin  Fu and Witherspoon, P. A. "An Investigation of Screening 
Geothermal Production Wells from Effects of Reihjection." Workshop 
on Geothemrclt Rssszvdr Eng<nee&ng. Stanfqrd. (Stanford h i  VerSi ty  
Press, 1975 1 : 62-64. 
The steady-state reservoir model of Gringarten and Sauty, which is 

based on single-phase potential flow i n  an isotropic homogeneous reservoir, 
is used t o  study the effects of screening geothermal production wells from 
the effects of injection. I t  is shown that  a screening well placed 
between an injection and production well through which  f l u l d  is withdrawn 
and placed back in to  the injection well can significantly increase the 
time taken for cool injected water t o  break through in to  the production 
well. The breakthrough times are calculated for  a range of extraction 
rates and well position, and i t  is shown that breakthrough times can be 
doubled w i t h  proper selection of these parameters. 
thermal front propagation rate is studied w i t h  significant increases i n  
the energy extraction being obtained when screening wells are used. 

In addition, the 

Tsang, Chin  Fu and others. "A Study of Alternative Reinjection Schemes 
for  the Cerro Prieto Geothermal F ie ld ,  Baja, California, Mexico." 
GeothennaZ Resources C&Z IPransactions 2 (Part 2, 1978): 659-662. 
Injection of brine into the Cerro Prieto geothermal reservoir is  

studied. A number of different injection strategies are explored which 
are based on the existing production well array i n  the reservoir. The 
single-phase two-dimensional steady-state flow model o f  Gringarten and 
Sauty is used t o  predict the "breakthrough" time when cool water reaches 
the production wells. I t  is concluded that  the injection o f  cool brines 
could be safely performed w i t h o u t  premature reduction i n  temperature of 
the produced f 1 ut ds . 

Weertman, J .  and others. Heat Extraction from Hot Dry Rock Mzsses, 
A.ogress Report ,  A u g " t  1, 1875 to J a n u q  31, 1976. 
University Evans ton, I1 1 i noi s , 1976 ) . 
Progress on theoretical support for the Los Alamos Hot Dry Rock 

project is described. The growth rate of a penny-shaped crack during 
hydraulic fracturing has been investigated. 
fracturing f l u i d  cannot penetrate the ent i re  domain of a crack when the 
crack is moving. Model experiments have shown that  j o i n i n g  o f  two hydraulic 
fractures may easily lead to  unsatisfactory results because the connection 
between the two cracks tends t o  be very small i n  size. The moment the 
cracks join, f l y i d  flows into the larger crack making it grow, and further 
pressurization does n o t  increase the size of the connection. Based on the 
differential equations for the two-dimensional water flow i n  a crack, a 
variational prfnciple was applied i n  conjunction w i t h  quadrilateral four- 
node finite elements to  obtain matrix ordinary differential equations i n  
time for the nodal values of pressure, water f l u x  and temperature. The 
results indicate the possibility of formation of closed loop eddy currents. 
In addition, the formation of secondary cooling cracks which could greatly 
increase the rates of heat withdrawal was studied by finite elements. 

(Northwestern 

I t  i s  verified that the 

ci 
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2.4 Interpretation o f  Production Trends ' 

I 

As would be expected, data on observed trends i n  reservoir properties 
due t o  production has resulted from experience a t  The Geysers,' Larderello, 
and Wairakei areas. For example, Bolton [1970] describes the changes 
which have taken place i n  underground pressures and temperatures and i n  
the nature of the discharge due t o  extensive exploitation a t  Wairakei. 
Atkinson [1977] adapts oi 1 industry-developed reservoir decline curve 
tkchniques t o  production data from the Serrazzano reservoir. An energy 
balance equation is developed and used t o  match past production history 
and predict future trends. Brigham [1977] has also adapted oil  industry 

, techniques and applies standard pressure/compressi b i l  i t y  plots  t o  hydro- 
thermal systems to  demonstrate the effect of a b o i l i n g  phase on the 
behavior of these systems., A similar approach has been used by Rivera-R 
[1978] t o  describe production t s a t  Cerro Prieto. , 

Correlation of pressu 
has been useful i n  defining the hydrological characteristics of the 
reservoir and delineating area 
Cataldi C1970) attr ibutes wate 
Travale f ie ld  to recharge thro 
the field. 
nuovo, Italy, i n  terms o f  a reservoir w i t h  minimal recharge and a b o i l i n g  
surface which  is being progressively lowered due t o  production. Pressure 
transient analysis and production history are used by lipman [1977] t o  
assess the future potential a t  The Geysers. The data indicate a number 
of si 'nk areas w i t h i n  which wells have similar responses. 
permit pressure propagatio 

A number of indirect 
flow and heat trans 1 systems. Mahon [1970) and 
Ellis f.19641 outlin 
describing movement 
thermal areas. Gld 
ten-year production pe 

temperature trends w i t h  structural features 

f recharge t o  the system. For: example, 
eve1 and temperature changes i n  the 
aquifer type rock on the periphery of 

Ferrara [1970] describes the decline i n  pressures a t  Castel- 

Boundaries 

ques have been es tab1 ished for monitoring 

d interpretive methods for 

chment t o  the r 

Nathenson [19 
reservoir drawdown 
gradients i n  cold w 
evaluates temperatu 
five miles from the 
history of Wairakei 

sefvoir on the basis of production ' 

method. H u n t  propo i n  gravity can indicate the 
areas i n  which majo 

-.  _- __ ~- _ _  __. - - .. -. - - _ _  .. . 
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LJ 
Monitoring and interpretation of production trends will continue 

t o  be a valuable tool for  defining important reservoir mechanisms which 
cannot be assessed directly. When incorporated i n t o  reservoir models, 
these effects w i  11 improve the reliabi 1 i ty  of predicted performance. 
The data bank that will be accumulated as a result of field monitoring 
dur ing  production will provide the experience from which a more general 
understanding o f  geothermal phenomena w i  11 evolve. 

Atkinson, P. G. and others. "Analysis of Reservoir Pressure and Decline 
Curves i n  Serrazzano Zone-Larderello Geothermal Field. " Proceedings 
of the LurderetZo Workshop on CeothemZ Resomce Assessment and 
Reservoir Bn@zeer&g (1 977) : 209-232. 
This  paper presents the application of production decline curve 

analyses to  vapor-dominated geothermal f l u i d  reservoirs. The need for 
incorporation of an energy' balance equation t o  the well accepted oi l  
and gas reservoir pressure and decline curve analyses is presented. 
Use of the p/Z curves for the vapor dominated Serrazzano Zone-Larderello 
geothermal reservoir indicate the noticeable effect o f  a curved steam-water 
interface on p/Z behavior. Production decline curves for the same field 
are compared w i t h  "type curves" and future production trends are assessed. 
A compilation of geology, p/Z graph and flow rate decline is used t o  
define the exploitation history of the Serrazzano geothermal field.  

Bolton, R. S. "Behavior of the Wairakei Geothermal Field During 
Exploitation." U.N. Symposium on the Development and Use of 
Geothermat Resources. 
1426-1 439. 

%sa, I ta ty ,  22 September-1 October 1870: 

T h i s  paper describes the changes which have taken place i n  the 
underground pressures and temperatures and i n  the nature of the discharge 
from the Wairakei geothermal field dur ing  exploitation. The relationship 
between these factors is discussed, and i t  is concluded that  the Wairakei 
system consists basically of a highly permeable hot water aquifer contained 
w i t h i n  almost impermeable boundaries. Under exploitation, the dominant 
influence on the system is the saturation temperature-pressure relation- 
s h i p  for water, bu t  the withdrawal of steam from the upper levels and 
the existence of I hot inflow a t  the lower levels have also played an 
important part. 

Brigham, William E. "p/Z Behavior for Geothermal Steam Reservoirs." 
Society of Petrotem hzgineers Joumat 17 (December 1976): 407-412. 
A lumped parameter rode1 is developed to  predict the pressure and 

temperature versus production h i  story of vapor-dominated reservoirs . 
These predictions are compared w i t h  normal hydrocarbon gas reservoirs 
using the standard p/Z plots. The results show that the presence of a 
boiling water phase will have a considerable effect on the pressure 
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behavior of such systems. Further, the porosity of the system will have 
a marked effect. Extrapolati o f  early data will becoptiinistic if the 
porosity i s  low and pessimist i f  the porosity is high. 
the steam zone will remain a t  e original temperature, though the 
temperature of the b o i l i n g  wa draps as the pressure declines. 

h., . 
In a l l  cases, 

i 

Cataldi, R. "Contribution t o  the Knowledge of the Larderello Geothermal 

%sa, Italy, 
Region: Remarks on the Travale Field." U.N.  Symposiwn on the 
Devebpment and UtGJzagon of Geotheml Resources. 
22 Septemljer - 1 Oc 870: 587-602. 
Geological, hydrog a1 and physical data obtained from 

studies, prospects, and deep d r i l l i n g  carried out  i n  the l a s t  two decades 
a t  the Travale geothermal f ie ld ,  I taly,  are summarized. The existence of 
a large recharge area close t o  this f ie ld  has brought about a rapid change 
i n  geothermal phenomena due t o  the drainage of producing wells. T h i s  is 
evidenced by a change i n  the physical characteristics of the f l u i d  from 
superheated steam t o  saturated steam and/or hot water. 
of the evaluation can be determined on the basis of systematic measure- 
ment of hydrostatic ,levels and temperatures i n  wells. 

The time scale 

and surrounding aqui 
o f  waters which have 

made up of a mixture 
ion or hydrogeological 
i b i l  i ty  of u t i  1 iz ing  
ion and the effects 

a t  transport processes 

are used t o  derive 
am and water from about 

les can be sele  
Ratios of ions, such 
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Lid 
Ferrara, G; C. and Panichi, C. "Remarks on the Geothermal Phenomenon i n  

an Intensively Exploited Field.  Results of an Exberimental We1 1. I' 
U.N. Symposium on the DeveZopment and UtiZizat&m of GeothermaZ 
Resmcea. m a ,  I t a l y ,  22 September - 1 October 1970: 578-586. 
The decrease of pressure and flows i n  the steam areas of Castelnuovo 

and Larderello have been caused by the progressive lowering of the evapo- 
rating surface. This  phenomena occurs because of the ever-increasing 
drainage due t o  the continuous exploitation and because of the low water- 
feed from the deeper layers to  the steam producing layers. An attempt 
was made using a deep well, d r i l l e d  i n  the most heavily worked area, t o  
f i n d  out whether there was any possibil i ty of tapping steam a t  higher 
pressure from depths below the present productive layers. T h i s  well 
reached 1097 meters and went i n t o  production a t  three different depths. 
The f l u i d  obtained a t  each producing level was separately tested and 
different physical, chemical and isotopic characteristics were recorded. 

Glover, R. B. "Interpretation of Gas Composition from the Wairakei Field 
Over Ten Years." U.N. S-mosiwn on the Devebment and Ut i l i za tha  - -  
of GeothemnaZ Resources. Pisa, I t a l y ,  22 September - 1 October 1970: 
1 355- 1366. 
Data from surveys of the gas content of Wairakei drillhole discharges 

over a period of ten years were used to  calculate theoretical curves 
relating the percentage of steam separation from the original water t o  
the carbon dioxide content, hydrogen sulfide content, and the carbon 
dioxide/hydrogen sulfide rat io  i n  both the separated steam and the 
residual water. From a comparison of the actual gas concentrations of 
drillhole discharges w i t h  the theoretical curves, i t  was possible t o  
deduce the underground separation and missing processes taking place and 
t o  follow changes i n  downhole pressures and temperatures. 
and H,S concentrations were attributed to  two possible causes: nonequi- 
l i b r i u m  steam separation or multistage separation pr ior  to  discharge. 
In addition, the monitored change i n  CO, and H,S levels d u r i n g  a partial 
field shutdown was indicative of encroachment of cool water i n t o  the 
aquifer. 

Changes i n  CO, 

Hunt ,  T. M. "Net Loss from the Wairakei Geothermal F ie ld ,  New Zealand." 
U.N.  S~~rpos&un on the Darelopent and UtiZizatwn of GeothennaZ 
Resources. %sa, 22 September - 1 October 1970: 487-491. 
Using a gravimeter, a method of monitoring the net mass loss from a 

geothermal field under exploitation is described. Measurements of the 
value o f  gravity a t  50 benchmarks a t  the Wairakei geothermal field, New 
Zealand, show that  differences of up t o  0.5 mgal have occurred between 
1961 and 1967, and up t o  0.1 mgal between 1967 and 1968. These differences, 
corrected for known changes i n  elevation, reflect  the net mass of water 
lost  from the aquifer. The net loss between 1961 and 1967 is determined 
as being about 2.9x101"g and hence only about 20% of the water drawn off 
was replaced, b u t  between 1967 and 1968 there was l i t t l e  or  no net loss. 
The gravity method can also give an indication of the area from which 
the water has been drawn. 
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Isherwood, William F. ervoir Depletion a The Geysers, Cat ifornia. " 

red a t  The Geysers between June 1974 and 
Ceothennqt Resources Cow~?.iZ l Y ~ a o t i o m  1 (197x1 : 149. 
Decreases i n  gravity m 

6.1 

February 1977 indicate that  water vapor being withdrawn from the field 
is not being replenished significantly by natural recharge. Mass balance 
equations based on the estimated withdrawal and the observed gravity 
decrease provide constraints t o  the recharge rate and the depth a t  which 
l i q u i d  water flashes t o  steam. , 

Lipman, S. C., Strobel, C. J., and Gulati, M. "Reservoir Performance 

ent and Ressrvoir Ihginee2ping (1977): 
of The Geysers Field." Proceedings of the LadereZZo Workshop on 
GeothemZ Resource As 
234-255. 

\ The production performance of The Geysers geothermal reservoir is 
discussed. The pressure response of the reservoir i s  graphically presented 
and used to establish the major drainage areas. 
pressure analysis and monitoring of s t a t i c  water levels i n  s h u t - i n  wells 
t o  establish reservoir boundary properties, production horizons, permea- 
b i l i ty  and porosity is also outlined. 
consists of a number o f  sinks w j t h i n  which propagatfon of pressure 
fluctuations is rapid; ho 
prevent pressure communi en sinks. From the available 
production and explorati 
will be able t o  support f u  
addition t o  the already p l  

The use of transient 

I t  appears that  the reservoir 

e are separated by boundaries which 

is apparent that  The Geysers area 
nston of the generation capacity i n  

Mahon, W. A:J. "Chemistry i tation.of . 
Hydrothermal Sys tems * 'I 
UtiZiaation Pisa, 22 September - 1 October 
1970: 1310-1322. 

ormity of the de 
rmeability connecting the 
d. Minimum estimates of the 
e concentration o f  constituents 
d from the rat io  of sodium t o  

artjcularly calc 

bd 
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water supplying t h e  drillhol.es, the migration of f l u i d s  and the distri- L, 
but ion  of steam and water i n  the system, changes i n  temperatures and 
pressures i n  the aquifer during exploration, and the possibil i ty of 
minerals deposition. Examples are given of interpretations o f  this type 
from the New Zealand hydrothermal areas of Wairakei , Braadlands, 
Waiotapu, Orakei korako , and Ngawha. 

Martin, J. C. " F l u i d  Flow i n  Geothermal Reservoirs." Workshop on 
mothemat Reservoir Engineering. Stanford. 
Press , 1975) : 42-44. 
The pressure-temperature behavior of geothermal reservoirs produced 

(Stanford University 

from various in i t ia l  thermodynamic conditions is discussed. 
steam drive i n  hot water systems and the essentially isothermal production 
from steam reservoirs is qualitatively outlined. 

Internal 

Nathenson, Manuel. "The Effects of a Step Change i n  Water Flow on an 
Ini t ia l ly  Linear Profile o f  Temperature. 'I Seoond Workshop on 
CeothennaZ Reservoir Eng.ineering. Stanford. 

I t  is proposed that  estimates of the surface recharge into a hydro- 
thermal system which has drawdown under production can be made by monitoring 
changes i n  temperature distribution. The one-dimensional energy equation 
is written and solved analytically for  the cases of flow through a semi- 
confining layer w3th.a fixed upper surface temperature. I t  is shown that 
measurable transient temperature effects are produced for rea l i s t ic  seepage 
velocities and these can be used t o  estimate the level of local recharge. 

(Stanford Uni vers f t y  
PESS, 19761: 40-43. 

R-Ri vera, Jesus. "Appl i cati on of Type Curve Procedures for the Analys i s 
of Production Data from Geothermal We1 1s. " CeothemaZ Resources 
C o d 2  mansuctions 2 (Part 2, 1978): 575-578. 
Decline curve analysis was applied t o  production data from 18 wells 

i n  the Cerro Prieto geothermal field. Type curve matching o f  the data 
showed that future production of different wells could be forecast on the 
basis of one of the three comnon types of decline - exponential, hyperbolic, 
or harmonic. 

R-Rivera, Jesus. "Decline Curve Anglysis - A Useful Reservoir Engineering 
Tool for Predicting the Performance of Geothermal bfells." GeothermaZ 
Re8ources C o w l  !Ban8ac~mrs 1 (1977): 257-259. 
The theory of decltne curve analysis is used t o  evaluate the produc- 

tion histories of several wells i n  the Cerro Prieto geothermal field. 
Fracture flow, well damage and mineral deposition are identified. I t  
is concluded that  decline curve analysis provides a useful tool for  
interpreting productfon trends i n  hydrothermal systems. LJ 
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Seki, Arthur S., Chen, Bill H. and Takahashi, Patrick K. "Geothermal 
Reservoir Engineering: Performance Matching and'Predi cting." 
Amer&an Sociew os Civil Enghers ,  JournqZ of the Power Division 

A lumped parameter computer model for production from a hydrothermal 
system is developed. The model ' is applied t o  interpretation of production 
performance i n  order to  estimate in i t ia l  reservoir conditions. The 
unknown i n i t i a l  conditions are optimized using a leas$ square f i t  between 
predicted and measured data.. The model is tested for the cases of 
compressed l i q u i d ,  saturated l i q u i d  and dry steam reservoirs. A 
sensitivity analysis is  performed i n  order t o  establish upper and lower 
constraints on each parameter. The perfomance matching program was 
found t o  be most sensitive to  the in i t ia l  mass parameters. 

104 (1978): 169-181. 

Tolivia, Enrique M. "Eva1 ion of the Geothermal Potential of Cerro 
.Prieto, Baja, California, Mexico." Second U.N.  synrposiwn on the 
Devetopent and Use of Geothermal Resources. 

The geothermal potential of the Cerro Prieto geothermal f ie ld  is 
estimate on the basis of existing production data and the results o f  
d r i l l i n  !! on the periphery of the production area. Permeability and 
porosity estimates for the reservoir are based on the known stratigraphy 
and results from analysis and geophysical logging. The production 
required t o  sustain a 150 MWe power station is determined and the 
corresponding reservoir l i f e  i s  calculated for the case of drainage from 
the immediate already exploited area only, and from a larger hydraulically 
influenced area which  is calculated from well drawdown data. 
cases the estimated l i f e  is sufficient t o  sustain production, and i t  is 
concluded that these conservation estimates could be significantly 
increased by including the effect  of recharge. 

San h?ancisco, 
20-28 M a y  1975: 279-281. 

. 
In both 

Wilson, S. H. "Statistical pretation of Chemical Results from 
Drillholes as an Aid 
U.N. Symposiwn on the Devebpent mrd Utilization of Geothennal 
Resources. 

thermal Prospecting and Exploitation. I' 

Pisa, 22 S e p t d e r  - 1 Octder 1970: 1323-1339. 
Methods for monito trends i n  chemical da ta  from producing 

I t  is suggested that changes i n  
C02 content o f  production well 
average changes i n  downhole tempera- 

geothermal reservoirs are 
chloride, s i l i ca ,  Na/K ra 
discharges can be used t o  
ture and enthalpy. Graphical ta t i s t ica l  methods for  determining 
these trends are discussed. 
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Wooding, R. A. and Grant, M. A. ~ m p o  GeothemZ HydroZogY. (Department 
of Scientific and Industrial Research, Applied Mathematics 
Division, Report 22, Wellington, New Zealand, 1974). 
Measured pressure drops i n  deep bores d r i l l ed  i n  the Tauhara-Taupo 

area appear t o  be due t o  drawoff from the Wairakei geothermal field, 
(approximately 5 miles away) and suggest a model of pressure-wave 
propagation through a compressible aquifer composed of saturated volcanic 
ash. 
t o  be consistent w i t h  observed features. 

decreased flow and chloride levels,  imply changes i n  the steam supply 
heating groundwater. 
drop in  the discharge of steam from a porous block is considered as  a 
possible explanation f o r  the observed f i e ld  phenomena. 

The expected displacements i n  the aquifer a r e  calculated and shown 

Changes in  the temperature of warm springs a t  Taupo, together w i t h  

The increase i n  enthalpy associated w i t h  pressure 

i 
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The l i s t  of references i n  es a l l  items annotated i n  Part 11. 
Additional citations *re included. While these references were not  
relevant t o  the four subject areas, i t  was the opinion o f  the authors, 
t h a t  the literature d id  contain valuable material i n  geothermal 
reservoi r-re1 ated ar 
asterisk (*). 

s have been indicated by an 
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