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INTRODUCTION 

For more than a decade, geothermal heat has been considered as a most 

promising source of energy, and yet relatively little utilization has 

occurred since the demonstration of its conversion to electric power at 

Lardarello, Italy, in 1904. Although the upper 10 km of the earth's crust 

may contain more than 3 x loz6 cal of heat, the energy is too diffuse to 
be exploitable as a world-wide energy resource. 

of geothermal heat are concentrated at attainable depths, in adequate 

volumes, and at temperatures sufficient for commercial exploitation. The 

characteristics of commercial resources as described by White (1973) are 

reservoirs with fluid temperature in excess of 180°C, depth of less than 

However, many deposits 

3 km, volume in excess of 5 km', and with sufficient productivity t o  sustain 

adequate flow rates over the field amortization period. 

The world's major commercial geothermal reservoirs used for electric 

power generation are high-quality hydrothermal convection systems producing 

high-enthalpy geofluids. 

found at only a few places on earth. 

occur in a variety of geological systems and in a variety of thermal and 

chemical qualities. The development of these abundant but lower quality 

geothermal resources may depend on the attainment of stimulation technology 

in the forms of increased energy extraction, increased conversion efficiency, 

and increased resource uti1 ization. 

Unfortunately, these characteristics have been 

Other geothermal energy resources 

The need for stimulation technologies is apparent from a comparison of 

the world's developed capacity for electric power production and the 

estimated potential. Table 1 shows the electric power generating capacity 
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from geothermal energy by nation in 1973. 

results from vapor-dominated hydrothermal systems which produce dry or 

super-heated steam directly usable in low-efficiency steam turbines. The 

remaining capacity results from high-quality water-dominated hydrothermal 

systems in which the geofluids are flashed on production and only the 

separated steam is used for electric power generation. 

is either wasted or injected into the ground. 

desirable because only a fraction of the hot water flashes to steam, 

thermal efficiencies are low, and plant operational problems are more 

severe. Unfortunately, liquid-dominated hydrothermal systems are believed 

(e.g., Barnea, 1972) to be many times more abundant than vapor-dominated 

systems. 

magmatic deposits, and impermeable hot rock massives, may be many times 

more abundant than hydrothermal resources (Muffler and White, 1972). 

More than 75% of this capacity 

The liquid fraction 

These systems are less 

Other forms of geothermal resources, such as geopressured basins, 

Many estimates have been published of the potential of geothermal 

energy resources for electric power production. 

for the United States is given in Table 2. 

expressed in equivalent numbers of 1000 MWe nuclear reactors and in the 

equivalent consumption o f  oil in millions of barrels per day. The pessimistic 

estimates are from many sources; the optimistic forecast of Hickel (1972) 

represents some 13% of the forecast U.S. capacity in 1985. The national 

goal of achieving some 20,000 to 30,000 MWe of geothermal electric power 

i s  clearly a compromise between what is worth a national effort and what 

can be real istically achieved. 

of some 25 nuclear power reactors or the conservation of some million 

barrels of oil per day is clearly an incentive to accelerate the developm 

A range of forecasts 

The potential capacity is 

The potential for replacing the equivalent 
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n the United States. Table 1 notes that the 

entire world-wide electric power generating capacity from geothermal energy 

is equivalent to just one modern 1000 MWe nuclear power plant. 

the stimulation of geothermal energy resource development could add important 

energy supplies to many nations of the world. 

Clearly 

Stimulation of geothermal energy resources in the industrial sense 

requires the development of three complementary components: 

resource, (2) the technology for its economic utilization, and ( 3 )  the 

institutional means for widespread acceptance. 

industry would suggest simultaneous efforts to develop these three components 

at an accelerated rate. 

geothermal energy industry has focused on the high quality types of geothermal 

resources, and these were developed only with slow acceptance of the 

resource extent, existing low-efficiency conversion technology, and burden- 

some institutional problems. For development of lower quality resources, 

many problems remain to be solved. 

The variability o f  geothermal resources is perhaps the key parameter in 

the geothermal energy cycle from exploration to utilization. The problems 

of extraction and conversion o f  dry-steam reservoirs, although not fully 

resolved, have been developed sufficiently to be commercially attractive. 

These problems for hot water reservoirs are more difficult, and for hot 

brines, geopressured basins, and hot dry rock formations, they are not yet 

developed for commercial utilization. These latter types of potential 

geothermal energy resources have great promise if stimulation methods 

can be developed to exploit the energy in these formations. 

(1 ) an adequate 

Stimulation of a geothermal 

It has been noted that the present commercial 

Some o f  these are summarized in Table 3 .  
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I OF GEOTHERMAL ENERGY PRODUCTION 

There are several ways to stimulate the production of geothermal 

energy; they involve the increase of efficiency through (1) modes of 

uti1 ization, (2) technology for energy conversion, 

extraction. 

Increased Uti1 ization Efficiency 

The general modes of utilization o f  geotherma 

Planning for the development of geoth in Table 4. 

Q 

3nd ( 3 )  methods of 

resources are summarized 

mal fields generally 

considers the characteristics of the geofluids, the gathering and steam- 

water separation facilities, the turbine and generator equipment, the 

cooling cycle, the well productivity, spacing, and schedules, environmental 

impacts, and condensate disposal methods. 

electric power generation is the sole purpose of the field development. 

It may turn out, however, that very significant savings of fossil and 

nuclear fuels may result from the total utilization of the geothermal 

resource. 

electric power production might be useful for water and mineral sources 

and for industrial, agricultural, and municipal heating. For such utiliza- 

tion, it is interesting to note in Table 5 the engineering criteria for 

thermal water utilization suggested by Makarenko and Kononov (1970) in 

which geothermal fluids at temperatures of 25°C are considered to be of 

commercial value. However, since major interest in geothermal energy 

lies in the production of electric power, the combined or total utilization 

may help make geothermal resources that are submarginal in power production 

become economically feasible. 

geothermal resource utilization in all forms appears to be well warranted. 

Such planning assumes that 

Hydrothermal fluids with low temperature or enthalpy for economic 

Thus, research for methods of stimulating 
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Increased Conversion E f f i c i e n c y  

The general methods f o r  producing e l e c t r j c i t y  from geothermal f l u i d s  

a r e  summarized i n  Table 6. 

g e n e r a l l y  dependent on t h e  thermodynamic and chemical p r o p e r t i e s  o f  t h e  

produced f l u i d s .  Present commercial p l a n t s  u t i l i z e  l o w - s a l i n i t y  hydrothermal 

systems w i t h  steam o r  water a t  temperatures above about 200OC. 

general l y  accepted t h a t  hydrothermal systems w i t h  f l u i d  temperatures 

below 200OC w i l l  be more abundant. 

l o w e r - q u a l i t y  geothermal f l u i d s  f o r  e l e c t r i c  power p roduc t i on  i s  u r g e n t l y  

needed. 

The choice o f  optimum conversion c y c l e  i s  

I t  i s  

Thus improved technology t o  u t i l i z e  

I n v e s t i g a t i o n s  a r e  underway t o  develop a1 t e r n a t e  conversion systems; 

among them a r e  s i n g l e  and m u l t i p l e  f l a s h  low-pressure steam tu rb ines ,  

s i n g l e  and mu1 t i p l e  stage b i n a r y  c y c l e  systems, and h y b r i d  systems combin- 

i n g  these two. 

shown i n  F igu re  1, which uses a downhole pump t o  prevent  f l a s h i n g  and an 

isobutane secondary f l u i d  i n  a c losed c y c l e  (Anderson, 1973). 

pumps and heat exchanger systems a r e  key components of such systems. For 

example, development o f  several  types of downhole pump i s  underway, w i t h  

design concepts which use (1) i n - s i t u  geothermal heat t o  operate a c losed 

steam-generator-turbine t o  d r i v e  t h e  pump, (2) a high-speed, high-temperature, 

h i g h  length-to-diameter e lec t r i c -mo to r  d r i v e n  pump, and (3) a h y d r a u l i c a l l y  

d r i v e n  u n i t  w i t h  h y d r a u l i c  power from t h e  surface. Heat exchanger concepts 

i n c l u d e  f l u i d i z e d  sand beds t o  enhance heat t r a n s f e r  r a t e  and ma in ta in  

c lean  surface, and l i q u i d - l i q u i d  systems w i t h  (a) d i r e c t  con tac t  o f  immisc ib le  

f l u i d s ,  (b) t ray- tower  contactors ,  (c)  s u b c r i t i c a l  power cyc les,  o r  (d) 

s u p e r c r i t i c a l  power cycles.  

An example o f  t he  b i n a r y  system i s  t h e  Magmamax power cyc le ,  

Downhole 
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A novel system f o r  b i n a r y  f l u i d  energy conversion was descr ibed by 

Moskvicheva and Popov (1970) i n  which an experimental 750 kWe p l a n t  was 

used both t o  t e s t  Freon as a secondary f l u i d  and t o  u t i l i z e  mixed g e o f l u i d s  

and c o o l i n g  water f o r  a g r i c u l t u r a l  heat ing.  

drawing o f  t h i s  combined u t i l i z a t i o n .  

F igure 2 shows a schematic 

F lash and b i n a r y  systems a r e  use fu l  i n  l a r g e  power p l a n t s  w i t h  c a p a c i t y  

They r e q u i r e  complexes o f  m u l t i p l e - w e l l  f i e l d  develop- i n  excess o f  50 MWe. 

ment and extens ive networks of ga the r ing  l i n e s .  

systems a r e  a l s o  being considered i n  which small  power p lan ts ,  i n  s i zes  

from 1 t o  15 MWe, a r e  i n s t a l l e d  a t  i n d i v i d u a l  wel ls .  These systems may 

i n v o l v e  a t o t a l  f l o w  concept i n  which bo th  the  thermal and k i n e t i c  energy 

o f  t h e  g e o f l u i d s  a r e  used f o r  p roduc t i on  o f  e l e c t r i c i t y .  One o f  these 

i s  t h e  impulse t u r b i n e  (Aust in  e t  a l ,  1973) i n  which t h e  thermal energy 

i s  converted t o  k i n e t i c  energy through a converg ing-d iverg ing nozzle.  

The h i g h - v e l o c i t y  ou tpu t  d r i v e s  a h y d r a u l i c  impulse t u r b i n e  operated a t  

low backpressure. 

h o t  b r i n e  resources o f  t h e  Imper ia l  Val ley,  C a l i f o r n i a ,  i s  i l l u s t r a t e d  i n  

F igu re  3. Cost est imates f o r  a 220 MWe p l a n t  us ing Sa l ton  Sea geothermal 

b r i n e s  o f  225°C temperature, 360 p s i a  pressure a t  a p roduc t i on  f l u x  of 

I nnova t i ve  conversion 

A schematic design f o r  t h i s  concept t o  u t i l i z e  the 

6 2 2 
8.8 x 10 kg/hr/m producing a power ou tpu t  o f  474 MWe/m a re  about $180/kWe. 

Research i s  c u r r e n t l y  underway a t  t he  Lawrence Livermore Laboratory  on 

the  design o f  t h e  approp r ia te  nozzles and rugged, corros ion-eros ion r e s i s -  

t a n t  m a t e r i a l s  f o r  t h e  impact t u rb ines .  

Another concept i s  t h e  h e l i c a l  r o t a r y  screw expander (McKay and 

Sprankle, 1975) based on t h e  Lysholm gas compressor machinery developed 

i n  t h e  1930's. The h e l i c a l  screw expander, shown i n  F igu re  4, can expand 
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cont inuously  t h e  vapor from h o t  sa tu ra ted  l i q u i d s  du r ing  pressure r e d u c t i o n  

i n  t h e  machine, c r e a t i n g  i n  essence an i n f i n i t e  s e r i e s  o f  f l a s h i n g  stages. 

A small  model o f  a 62.5 kV p ro to type  p l a n t  has been tes ted  successfu l ly  w i t h  

moderate s a l i n i t y  g e o f l u i d s  w i th  i n d i c a t i o n s  t h a t  i t  can accept the  t o t a l  

f l o w  o f  un t rea ted  m ine ra l i zed  geo f lu ids .  Development o f  a p ro to type  of a 

1250 kWe system i s  underway. 

Another concept being i n v e s t i g a t e d  i s  t he  b ladeless tu rb ine ,  i n  which 

a s e r i e s  o f  c l o s e l y  spaced c i r c u l a r  d i s k s  a r e  placed on a s h a f t  w i t h  

nozzle i n t r o d u c t i o n  of geo f lu ids ,  housed t o  p rov ide  narrow channels between 

t h e  d i sks .  The r o t a r y  f o r c e  r e s u l t s  from viscous drag between t h e  adjacent  

d i sks .  

br ines,  t he  o v e r a l l  e f f i c i e n c y  may be smal l .  

Increased E x t r a c t  i o n  E f f i c i e n c y  

Al though t h e  concept seems simple and se l f - c leanab le  w i t h  h o t  

The p o t e n t i a l  f o r  increased e x t r a c t i o n  o f  heat from hydrothermal and 

h o t  d r y  rock  geothermal r e s e r v o i r s  can be evaluated from requirements of 

steam p roduc t i on  f o r  e l e c t r i c  power generat ion.  

hydrothermal systems have been est imated by Ramey e t  a1 (1973) f o r  steam 

t u r b i n e s  opera t i ng  a t  an i n l e t  steam pressure o f  100 ps ia.  

t he  a v a i l a b l e  energy content  o f  a r e s e r v o i r  w i t h  assumed c h a r a c t e r i s t i c s  

o f  5OO0F, 1000 B t u / l b  enthalpy,  25 percent  p o r o s i t y ,  produced by pressure 

r e d u c t i o n  f rom t h e  i n i t i a l  s a t u r a t i o n  pressure o f  681 p s i a  a t  500°F t o  

the  abandonment pressure o f  100 ps ia .  

energy content  f o r  both dry-steam and hot-water r e s e r v o i r s  o f  low s a l i n i t y  

and w i t h o u t  f l u i d  r e i n j e c t i o n .  Two general observat ions a re  noted. F i r s t ,  

a l though t h e  l a t e n t  heat o f  v a p o r i z a t i o n  f o r  steam i s  l a r g e  w i t h  respec t  

t o  the  sens ib le  heat i n  water a t  t he  same temperature, t he  hot-water 

The energy aspects o f  

Table 7 shows 

The t a b l e  summarizes the  a v a i l a b l e  
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reservoir contains considerably more heat than the steam-filled reservoir 

because of the much larger mass of water. 

of the rock formation is large compared to the mass of the fluid, and 

thus most of the heat available is stored in the rock formation. 

clear that extraction processes for recovery of the heat stored in the 

rock, as well as the heat in the fluid, would be of significant economic 

interest. 

by flashing the geothermal liquid to steam within the formation or by 

recycling colder fluids back into the formation. 

However, in both systems the mass 

It is 

Extraction of the heat in the rock formation may be achieved 

Table 8 shows the potential recovery of mass and energy for the 

steam and hot-water reservoirs. 

of fluid is about the same for both types of hydrothermal systems, the 

recovery of energy from the hot-water reservoir is much greater. 

It is apparent that although the recovery 

Two of the world’s most important geothermal fields are of the dry-steam 

type. 

reduction. 

by a process that reduces the temperature of the rock, increased extraction 

efficiency for dry-steam reservoirs can be achieved only with some form 

of 1 iquid-reinjection method. 

Production occurs essentially by the isothermal process of pressure 

Since energy can be recovered from the rock formation only 

For the hot-water reservoir, however, production by pressure reduction 

i s  not an isothermal process, since flashing of the water in the formation 

would be accompanied by a reduction in the temperature of the rock. 

steam produced by flashing in the reservoir could remove most of the total 

available energy. For the assumed reservoir conditions, the usable steam 

available for electric-power generation would be some 20 times greater 

The 
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han the total steam content in the steam reservoir. Thus, in-place 

boiling or colder-water injection become of major interest for increased 

extraction efficiency of hydrothermal systems. 

The extraction efficiency of energy from impermeable hot dry rock 

formations is extremely small. Yet hot dry rock deposits in the upper 

10 km of the earth's surface represent an important potential resource 

of geothermal energy. The volumetric energy extractable from hot dry 

rock may be estimated, by 

H = Lp(l-#VCAT 

where L = heat recovery factor 

p = rock density 

(9 = porosity 

V = fractured rock volume 

C = heat capacity 

AT = temperature 

For a rock massive with the assumed properties of p = 2.6 g/cm', Q = 0.31 

cal/g"C, extraction of heat for L = 0.1 with a temperature reduction of 

200°C would be 1015 cal/km or 1.2 x 10 kWh/km of fractured rock. The 

volumetric power extraction would be 1.4 MW/km for 1 century. The technical 

challenge is the ability to fracture such volumes of hot rock massives 

and achieve an extraction efficiency of the order of 10 percent. 

3 9 3 

3 

Stimulation methods may be used to increase permeability, to fracture 

deposits around we1 1 bores, or t o  increase well bore diameter. 

effects may be useful in many types of geothermal reservoirs. In vapor- 

dominated systems, stimulation may be useful to restore declining pressure 

or to connect dry holes in known steam fields to producing sections. 

Stimulation 
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In 1 iquid-dominated systems 

plant amortization, stimulation may be useful t o  provide a large wellbore 

diameter fo r  increased flowrate,  greater  surface area for  heat t ransfer ,  

or t o  f rac ture  deposits of s i l i c a ,  c a l c i t e ,  or other minerals decreasing 

formation porosity o r  permeabil i t y  near the we1 1 .  

stimulation i s  needed t o  provide large f rac ture  volumes for heat t ransfer  

t o  an a r t i f i c i a l  convective extraction system. Fracturing methods under 

study include hydraulic f ractur ing , thermal s t ress ing , and chemical and 

nuclear explosive fractur ing.  Hydraulic and explosive fractur ing methods 

have already been proven successful i n  the s t imu la t ion  o f  natural  gas 

lacking su f f i c i en t  productivity f o r  power 

In dry geothermal systems, 

reservoirs. 

FRACTURING OF GEOTHERMAL RESERVOIRS 

Hydraulic Fracturing 

Hydraulic f ractur ing,  which has become an established technology for 

stimulation of hydrocarbon production, i s  described i n  de t a i l  by Howard 

and Fast (1970). They report  t ha t  t h i s  method of well stimulation has 

been used more than half a million times. 

a s  the creat ion and preservation of f rac tures  i n  reservoir  rocks by the 

Hydraulic f r a c t u r i n g , i s  defined 

injectiorr of *a su i tab le  f lu id .  

is r e l a t ive ly  simple, t ransfer  of the hydraulic energy pumped a t  the well- 

head t o  a deep h o t  hard-rock formation may be d i f f i c u l t .  Losses i n  energy 

result from f r i c t iona l  pressure drop in the well , viscous pressure drop 

t h r o u g h  the fracture, and leakage from the f rac ture  i n t o  the formation. 

Although the process i n  the laboratory 

The mechanics of hydraulic f ractur ing a re  n o t  f u l l y  understood. 

concepts t h a t  require fundamental assumptions include the mechanics of 
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rock  f a i l u r e ,  e l a s t i c i t y  vs. p l a s t i c i t y ,  t h e  e f f e c t s  d f  f l u i d  penetrat ion,  

and homogeneity and i s o t o p y  vs. heterogenei ty .  Several t h e o r i e s  have been 

advanced concerning the  mechanics o f  f a i l u r e  t o  rock subjected t o  i n t e r n a l  

f l u i d  pressure. The general problem i s  the  need t o  understand two aspects 

of rock  f r a c t u r i n g ,  one i n v o l v i n g  theo r ies  o f  s t r e n g t h  and deformat ion and 

the  o t h e r  i n v o l v i n g  theo r ies  of f r a c t u r e  mechanisms. The s p a r s i t y  of sub- 

sur face data, such as the  type o f  f r a c t u r e  formed a t  t h e  w e l l  and i t s  

o r i e n t a t i o n  i n  the  format ion,  accentuates the  problem. 

Hydrau l i c  f r a c t u r i n g  f o r  t h e  recovery o f  n a t u r a l  gas i n  deep low- 

p e r m e a b i l i t y  r e s e r v o i r s  was suggested by H o l d i t c h  and Morse (1973) as an 

a l t e r n a t e  t o  t h e  use o f  nuc lear  explosives.  

product ion by h y d r a u l i c  f r a c t u r i n g  i s  achieved by a1 t e r i n g  t h e  f low geometry; 

f l u i d s  surrounding a f r a c t u r e  f l o w  normal t o  i t , a l l o w i n g  r a p i d  d e p l e t i o n  

o f  t he  fo rma t ion  adjacent  t o  the  f r a c t u r e  and f l u i d s  beyond the  f r a c t u r e  

f low r a d i a l l y  t o  the  f r a c t u r e  ends. 

a means o f  r e s e r v o i r  s t i m u l a t i o n  f o r  geothermal energy, several  technology 

advances are  needed; among them a r e  the  demonstrat ions t h a t  app rop r ia te  

f r a c t u r e s  and t r a n s m i s s i v i t y  can be achieved i n  a r e s e r v o i r  and t h a t  the 

f r a c t u r i n g  process does n o t  unduly a l t e r  t h e  r e s e r v o i r  formation. 

S t i m u l a t i o n  o f  n a t u r a l  gas 

To develop h y d r a u l i c  f r a c t u r i n g  as 

A method i n v o l v i n g  both h y d r a u l i c  and thermal s t r e s s  f r a c t u r i n g  f o r  

recovery o f  geothermal energy from h o t  d r y  rock  format ions has been proposed 

by Smith e t  a1 (1973). 

S c i e n t i f i c  Laboratory i n  New Mexico w i th  the  proposed experimental system 

The method i s  being t e s t e d  by t h e  Los Alamos 

i l l u s t r a t e d  i n  F igu re  5. 

created a t  t he  bottom o f  a bore ho le  i n  t h e  geothermal format ion.  

I n  t h i s  concept a v e r t i c a l  crack i s  h y d r a u l i c a l l y  

A second 
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hole i s  d r i l l e d  paral le l  t o  the original hole t o  in te rsec t  the upper par t  

of the hydraulically fractured zone. 

i n  which cold water i s  forced in to  the f rac ture  zone t h r o u g h  the deeper 

well. 

achieved. Robinson e t  a1 (1971) calculated tha t  a crack of  915 m radius 

formed in rock a t  a temperature of 300'C would yield an average power of 

89 MW (thermal) f o r  20 years. However, Smi th  e t  a1 (1973) noted t h a t  

thermal s t ress ing of the fractured rock would occur on the entry of cold 

water and tha t  the large tensile voids created by the thermal s t ress ing  

would c rea te  additional f r ac tu r ing  i n  the formation, thereby grea t ly  extend- 

i n g  the l i f e  of the reservoir .  Calculations a re  given f o r  a 100 MWe 

e l e c t r i c  power generating plant u s i n g  two pairs  of 5000 m holes in a 

geothermal deposit a t  about 3OOOC temperature. 

A pump completes the i n i t i a l  cycle 

Pumping i s  discontinued when natural convection in  the cycle i s  

The f e a s i b i l i t y  study a t  the Los Alamos Sc ien t i f i c  Laboratory (Rowley, 

1972) is  based on the theory of stresses i n  deep rock a s  i l l u s t r a t e d  i n  

Figure 6. 

mass of the overburden, w i t h  the ver t ica l  component of the stress, g iven  

bY 

The compressive stress a t  d e p t h  i n  rock is  proportional t o  the 

a; = -7h 
where 5 is the average densi ty  of the overburden and h i s  the depth.  The 

horizontal components, rx and Q f o r  an e l a s t i c  medium a re  given a s  
Y 

r H - ' %  ajl 
v - - -  - - 

1 4 5  
- 

wherev is  Poisson's r a t i o  f o r  the rock. 

ver t ica l  borehole o f  radius a f i l l e d  w i t h  f l u id  t o  produce pressure P 
0 

a t  d e p t h  is  shown i n  Figure 6. The radial  stress around the hole (Figure 

The e l a s t i c  stress s t a t e  i n  a 

1 



-1 3- 

s given by 

- 2  

and the tangential stress (Figure 6c) is given by 
7 

The tangential stress in the wall created by the internal pressure 

is tensile opposite in sign to the compressive stress represented byr H' 
Thus, if the internal pressure Po is increased by high-pressure pumping 

at the surface, so that Po> 2 5 ,  the net tangential stress in the wall will 

be tensile. 

stress at r = a will be 

For granitic rocks o f  Poisson's ratio,Y = 0.2, the tangential 

Thus a sufficient increase in internal pressure by hydraulic pumping would 

be expected to cause vertical cracks in the formation, as shown in Figure 6d. 

Since tensile strengths of rocks are generally low, ralPig"ng from 40 to 100 

bar, the pressure required in a deep hole to form vertical cracks is less 

than the overburden pressure. The results of hydraulic fracturing in oil 

fields at depths to 3.6 km in sedimentary rocks indicate a fracture pressure 

o f  about 0.44 to to 0.75 times the overburden pressure (Harrison et al, 1966). 

The important aspects of initiating the crack and inserting porous 

material to hold it open has been well studied (Howard and Fast, 1970). 

The important aspects for hydraulic fracturing of geothermal reservoirs 

are the maximum radius that can be propagated, the crack width, and the 

crack volume; these determine the extent to which heat transfer can be 

obtained with convective heat exchange. For a liquid-filled crack, the crs 
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volume V ,  w i d t h  B ,  and heat t r ans fe r  surface area A can be estimated by 

16 (1-Y') 3 
v = -  3 E  LC 

B = n ~  (1-Y') A P  Lc 

2 A = 2 7 t L c  

where hP = Po - -Yh is  the net pressure i n  excess of the horizontal 

l i t h o s t a t i c  compression, 6,. 

V -  
1 -v 

6 2 For a g ran i t i c  material w i t h  an e l a s t i c  modulus E = 10 kg/cm and 

Poisson's r a t i o  p =  0.2,  a crack radius Lc = 1000 m, crack w i d t h ,  B = 2.0 cm, 
5 3  and crack volume, V = 4.2 x 10 m could be produced w i t h  a heat t ransfer  

a rea ,  A = 6.3 x 10 m , and w i t h  a net crack extension pressure, A P  = 80 kg/cm . 
These data indicate  t h a t  r e l a t ive ly  small crack-propagation pressures can 

poten t ia l ly  form long t h i n  cracks w i t h  la rge  heat t r ans fe r  areas.  

Thermal Stress Cracking 

An important form o f  reservoir  st imulation may r e s u l t  from the s t r e s ses  

caused by temperature changes. 

formation t h a t  i s  fractured na tura l ly  o r  by hydraulic o r  explosive methods 

will  produce a temperature gradient through the fractured rocks, and the 

tension s, tresses caused by thermal contraction may cause thermal s t r e s s  

cracking t o  form i n  the fractured Eock formation. 

poss ib i l i t y  i s  par t  of the hot dry rock experiment a t  the Los Alamos Sc ien t i f i  

Laboratory (Rowley, 1972). 

and the surface temperature d i f f e ren t i a l  i s  a function of the heat extract ion 

r a t e .  

2 6 2  

Injection of colder f lu ids  in to  a geothermal 

Examination of this 

Rowley notes t h a t  slope of the thermal gradient 
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Upon t h e  i n t r o d u c t i o n  of c o l d e r  water, a thermal s t ress ,  rth, r e s u l t s ,  

est imated as: 
63 

where 6? mean c o e f f i c i e n t  o f  thermal expansion, "C- 1 
2 E = e l a s t i c  modulus, kg/cm 

1 = Poisson's r a t i o  

To = temperature o f  undis turbed rock  mass 

Ts = temperature of r o c k  surface, " c  

est imated t h e  s t r e s s  f o r  g r a n i t e s  ha 

E = 10 kg/cm , and V = 0.2 as 6 2 
l ing  t h e  p r o p e r t i e s  

2 and noted f o r  gran t e  s t reng ths  i n  the  range o f  40 t o  100 kg/cm , a surface 

c o o l i n g  o f  o n l y  4 t o  10°C might  be s u f f i c i e n t  t o  i n i t i a t e  thermal s t r e s s  

cracks.  Al though the  s t r e s s  s t a t e  i n  deep d r y  h o t  rock  i s  complex, i t  i s  

expected t h a t  f o r  temperature changes i n  excess of 1OO"C, thermal s t r e s s  

c rack ing  cou ld  become an impor tant  process t o  increase t h e  e x t r a c t a b l e  

heat from a f r ac tu re -s t imu la ted  r e s e r v o i r .  

Another i n d i c a t i o n  of t h i s  p o t e n t i a l  i s  noted from an est imate of t h e  

r e l a t i v e  vo lumet r i c  c o n t r a c t i o n  caused by t h e  temperature change 

w h e r e p  i s  t he  vo lumetr ic  c o e f f i c i e n t  of thermal expansion. 

e x t r a c t  i o n  equat ion 

From the  heat 

A H  = ATpCV 

where p i s  t h e  d e n s i t y  and C i s  t he  s p e c i f i c  heat 
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Smith et a1 (1973) calculate for the production of 2400 MWh of heat 
3 , p = 2.69 g/cm , -50c-1 from a fractured granite with properties? = 2.48 x 10 

and C = 0.19 cal/g "C, the resulting volumetric contraction would be 
3 Q V  = 100 m . If this new void volume is formed as thin cracks over a large 

area of fractured rock, the new 

significantly increase the rate 

reservoir. A mathematical mode 

of cracks by water circulation, 

described by Harlow and Pracht 

Explos ive  Fracturing 

surface available for heat transfer could 

or duration of energy extraction from the 

for hydraulic fracturing and propagation 

heat transport, and rock fracture has been 

1972). 

Studies have indicated that explosive fracturing of geothermal reservoirs 

may be commercially feasible for stimulation of hydrothermal and hot dry 

rock reservoirs. 

covers a wide range of effects, and since the technology and environmental 

impact of these two types of explosives are very different, they are 

generally considered as separate methods. 

Explosive stirnulation with chemical and nuclear explosives 

The use of chemical explosives for stimulation of geothermal reservoirs 

was discussed by Austin and Leonard (1973). 

for wells with insufficient production, decrease in production due to loss 

of porosity or permeability by mechanical alteration of the rock or by 

mineral deposition, and the potential need to increase the fluid-acceptance 

rate in a reinjection well. 

explosives to "spring" a drill hole to create a larger-diameter hole at a 

selected horizon, to fracture a zone of rock adjacent to a natural fracture, 

to shatter brittle minerals sealing a producing zone, interconnect zones 

of tight fractures, and to increase permeability around a well by gun 

perforators using conical-shaped charges. 

They considered stimulation 

Figure 7 shows the application of chemical 
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Major problems in the use of chemical explosives for reservoir stimula- 

tion include the availability of explosives that can withstand the temperature 

and pressure environments at depth without boil-off, decomposition or 

premature detonation, the limited amounts of explosive that can be emplaced 

in the working horizon, and the control features required for safe handling 

in the field. 

Commercial firms are developing explosives for use in high-temperature 

geothermal wells. 

a1 (1974) as a highly energetic, hydrazine-based family o f  liquid explosives 

known as Astrolite. A safety feature of these explosives is that they are 

produced as two non-explosive pumpable components which can be emplaced 

independently and simultaneously and blended to form the explosive mixture 

down hole. Surface explosive hazards are thereby eliminated. A possible 

use for such a liquid explosive would be as the medium for hydraulic 

fracturing of a hot dry massive followed by detonation of the explosive to 

create additional fracturing. 

One specific candidate has been described by LaRocca et 

The volume o f  chemical explosives that can be emplaced in the working 

horizon of a geothermal reservoir determines the total explosive energy 
3 for stimulation. For an explosive of density 1.35 g/cm and heat of 

detonation o f  1000 cal/g, in 30 m of a 20-cm diameter well, the explosive 

mass of 1.27 metric tons would provide an energy of 1.27 x 10 cal. 

explosion effects of this energy would depend greatly on the mechanical 

properties of the reservoir materials and the amount of natural fracturing. 

9 The 

With a liquid explosive it would be possible to recharge the fractured 

volume of a prior detonation and increase the fracture volume by a second 

detonation. Chemical explosive stimulation appears to be a worthy subject 

for extensive research. 
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Nuclear explosives become more e f f i c i en t  in s i z e  and cost  f o r  explosi 

yields  above 3 x lo1’ cal (3  k t )  and a r e  being studied fo r  applications 

to  create  large volumes of f ractures  in underground formations. 

explosives are  being designed f o r  commercial use i n  deep-emplacement 

wells of the diameters usually employed by the o i l  and gas industry 

(Kruger, 1972). 

for the stimulation of natural gas production i n  deep, low-permeability 

gas f i e l d s  w i t h  nuclear explosives ranging in s i ze  from 29 t G  90 k t .  

the Soviet Union, nuclear f ractur ing has been successfully demonstrated 

f o r  the stimulation of o i l  production w i t h  nuclear explosives o f  2 .3  and 

8 k t  y ie ld .  The use of large-yield (200-1000 k t )  nuclear explosions has 

been suggested f o r  the stimulation of hot dry rock formations by several 

invest igators  (e.g. Burnham and Stewart, 1973) and of hydrothermal systems 

by low-yield (5-100 k t )  nuclear explosions by Raghaven e t  a1 (1971). 

Nuclear 

I n  the U n i t e d  S ta tes ,  three experiments have been conducted 

In 

Early concepts of nuclear stimulation of geothermal reservoirs  were 

f i r s t  proposed by Carlson (1959) and Kennedy (1964) .  The production of 

steam in hot dry geothermal deposits fractured w i t h  a su i tab le  array of 

multiple large-yield nuclear explosives was evaluated by Burnham and 

Stewart (1970) and by a j o i n t  governmentlindustry study (American Oil Shale 

Corporation e t  a l ,  1971). 

t o  produce an optimum volume of fractured rock from which heat could be 

extracted with a closed-loop cycle of surface water t o  operate a 200 MWe 

power plant f o r  30 years a t  an 80 percent plant fac tor .  

review Burnham and Stewart (1973) noted t h a t  the explosive array required 

f o r  explosives of 200 t o  1000 k t  each was a function of the fractur ing 

An analysis was made of detonation configurations 

In a recent 
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efficiency of the array. 

function of the thermal efficiency, the explosive yield, and the drilling 

cost (which is dependent on the depth of the geothermal deposit and the 

explosive diameter). 

The cost of the recovered energy was also a 

Explosive stimulation of hydrothermal reservoirs, proposed by Raghaven 

et a1 (1971) ,  considers the use of a low-yield (5-100 kt) nuclear explosive 

to create a rubble-chimney wellbore in a geothermal reservoir. By appropriate 

control of the production rate and steam and quality in the explosion- 

produced wellbore, it may be possible to extract geothermal energy from 

the reservoir in excess of that contained in the hydrothermal fluids alone 

as noted in Tables 7 and 8. Flashing of the hydrothermal fluids may result 

in the extraction of a significant fraction of this energy. 

ARTIFICIAL CIRCULATION SYSTEMS 

The commercial feasibility o f  most geothermal reservoirs will depend 

on the extractability of sufficient energy to justify the required size of 

power plant or hot-water heating system. Many ways to extract h e a t  from 

underground deposits have been enumerated; they include heat pipes, downhole 

heat exchangers, materials for direct thermoelectric conversion, and 

circulation of heat extraction fluids. Heat pipes have been used in many 

places for local heating; they are not efficient for electric power production. 

Thermoelectric converters appear promising for future development, but 

currently the most feasible technique appears to be the installation of 

an artificial circulation system, in which water (or some other low-cost 

fluid with better heat-capacity properties) is used as the heat carrier. 
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The major components of a heat extraction system consis t  o f  i n l e t  and 

ou t l e t  boreholes transecting a zone of natural or a r t i f i c i a l l y  created 

f rac ture  permeability, and a surface complex of processing equipment, 

heat exchangers, and reinject ion pumps fo r  the circulat ing heat c a r r i e r .  

Several projects a r e  under study t o  es tab l i sh  an a r t i f i c i a l  c i rcu la t ion  

system fo r  heat extraction from deposits of h o t  rock. 

aimed a t  developing useful nunierical models t o  determine the f lu id  mechanics 

and heat t ransfer  properties in a r t i f i c i a l  c i rculat ion systems; fo r  example 

the LASL project  in New Mexico, the Leningrad project for  the Northeast 

p a r t  of the  USSR, and the laboratory project on stimulation a t  Stanford 

University. 

Other projects  a re  

The project a t  the Los Alamos Sc ien t i f i c  Laboratory (Smith e t  a l ,  1973), 

seeks t o  c rea te  a pressurized-water c i rcu la t ion  loop by d r i l l i n g  two holes 

in a h o t  rock massive and connecting them by a large crack created by 

hydraulic f ractur ing.  

Figure 5. 

surface waters a re  generally in short supply. 

steady s t a t e ,  f in i te -d i f fe rence  numerical model i s  being developed ( S m i t h  

and McFarland, 1974) t o  estimate the f l u i d  mechanics and heat exchange 

properties of the system. 

adequate heat extraction will be possible even a t  r e l a t ive ly  high flow 

r a t e  so le ly  through buoyant c i rcu la t ion  of pressurized water and t h a t  short 

c i rcu i t ing  across the hydraulic f rac ture  system will probably n o t  be a 

major problem. 

A schematic diagram of t h i s  concept was shown in 

The heat c a r r i e r  f o r  t h i s  project  i s  water in an area where 

A two-dimensional, quasi- 

Preliminary r e su l t s  of t h i s  model suggest t h a t  

The parameters t ha t  a re  being examined include the formation 
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temperature and fracture permeability, the cost of drilling, the availability 

of makeup water, and the requirements for the utilization of the extracted 

heat. 

The LASL project envisions that the reservoir can be developed with 

conventional drill ing and large-radius hydraulic fracturing with secondary 

surface area produced by thermal stress during production. 

problems to be evaluated during the project include the need for downhole 

pumps to maintain water pressure, the mechanical history of the fractures 

and stress fields, the need for mechanical pumping of the fluid, and the 

chemical properties of the produced fluid. 

Some of the 

Results to date (Tester, 1974) have been given for the experimental 

holes GT1 and GT2. Hydraulic fractures were created in GT1 at surface 

pressures o f  10.3 MPa (1500 psi), and the cracks were essentially vertical 

in the circulation of the regional tectonic stress field. Current efforts 

are focused on drilling o f  hole GT2 which has reached a depth of 2042 m, 

where the temperature was 146°C. Attempts to induce vertical fractures 

in GT2 are underway. 

The LASL model is derived by two-dimensional equations for the con- 

servation of fluid mass, momentum, and energy solved numerically by finite 

differences. The model is quasi-steady with neglect o f  transient terms in 

momentum and continuity. Heat transfer is determined by temperature, space, 

and time, with evaluation o f  viscosity and buoyancy. 

Fractured rock contains two types of void space: macropores, the 

void space between rock fragments, and micropores, the pore space inside 

individual fragments. Micropores may be either natural porosity or micro- 

fractures caused by hydraulic, thermal , or explosive stressing. The mass i 
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flow and heat t ransfer  area due t o  micropores may be an important factor  

i n  the success o f  a r t i f i c i a l  c i rculat ion systems. 

I n  the L A S L  model, the heat t ransfer  calculation i s  based on assump- 

t ions of secondary crack s t ructure  by thermal s t resses .  Harlow a n d  

Pracht (1972)  considered the case of a large vertical  volume of fractured 

rock with negligible thermal resistance.  

secondary f rac tures ,  fo r  which a cooled layer of rock surface will form 

rapidly. The LASL model uses a one-dimensional, t ransient  solution fo r  

The opposite case i s  with no 

the case o f  no secondary cracks and an effect ive rock thermal conductivity 

t o  r e f l ec t  some secondary cracking. 

Extract ion systems fo r  producing thermal waters in areas of permafrost 

in the northeast p a r t  o f  the USSR have been described by Dyadkin e t  a1 (1973). 

Figure 8 shows some of the variants considered for  the shapes of reservoirs 

created by connecting zones of naturally and explosively created fractured 

hot  rock. 

multichannel wells with connected fracture  zones; p a r t  B and p a r t  r show these 

we1,ls with l inear  f racture  zones; and p a r t  

with a volumetric zone of a r t i f i c i a l  f ractures .  

project for a c i rculat ion system with elongated zones of f ractures;  the 

section t h r o u g h  A - A shows three channels of hydraulic connection between 

wells 1 and 4 obtained by oblique directional d r i l l i n g  and subsequent 

connection by explosive charges t o  produce the large fracture  volumes in 

zone 3. 

Par t  a shows a single-multichannel well and part  b dual- 

and p a r t  e show such wells 

Figure 9 shows a planned 

The l inear  zones of f rac ture ,  2 ,  a re  produced by torpedo (oi l -wel l )  

d r i l l i ng  in the water-impermeable rock in the geothermal formation. 

Vertical portions o f  the wells will be cased and cemented. The c i r cu la t  

pump, 5, in jects  cold water, and h o t  water i s  produced t h r o u g h  well 4 t o  

heat exchanger, 6. 

on 
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model f o r  t h e  heat  balance o f  t h i s  system was g i ven  by Dyadkin 

(1 73) as 

where tl, t2 = water temperature a t  t he  s t a r t  and 

sect ion,  1, " C  

) + K1 

end o f  t he  c a l c u l a t e d  

T2 = i n i t i a l  temperature of t h e  rock  massive a t  t h e  s t a r t  and T1 ' 
end o f  1, " C  

K = temperature g rad ien t  across 1, "C/m. 

The parameter A, c h a r a c t e r i z i n g  t h e  heat  exchange, i s  

where dw = diameter of t he  we l l ,  m 

W = product ion,  kg/hr 

C = s p e c i f i c  heat capac i t y  of t he  water, kca 

K-.. = t r a n s i e n t  heat exchange c o e f f i c i e n t ,  kca 

I n  t h e  f rac tu red  zone, t h e  equat ion f o r  t he  heat ing  

s u f f i c i e n t l y  long  t ime i s  mod i f i ed  as  

/kg"C 

/m2"C h r  

of t h e  water over  a 

where t2, t3 = water temperature a t  entrance and e x i t  from f r a c t u r e  zone " C  

T2 = n a t u r a l  temperature of r o c k  i n  r e s e r v o i r ,  " C  

lf = sum o f  t he  l i n e a r  zones o f  f rac tu re ,  m 

A f  = ? d f  K l f / W C  

df = diameter of t h e  f r a c t u r e  zone, m 

K I f  = t r a n s i e n t  heat exchange c o e f f i c i e n t  of t h e  f r a c t u r e d  zone, 

2 kcal/m " C  h r .  u 
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n i n g  the feas b i l i t y  of suf f ic ien t  heat extraction 

appear t o  be the extent of heat exchange of the water with the rock massive, 

the environments o f  the wells and  the f rac ture  zone. 

Dyadkin e t  a1 (1974) prepared an analytical  solution t o  the problem 

o f  t ransient  heat exchange in the f i l t r a t i o n  zone which includes the s izes  

o f  the rock pieces and the conductive heat flow from the surrounding heat 

mass. 

systems i s  the poss ib i l i ty  of extracting thermal energy almost anywhere, 

the cost  being a function of the required temperature of the extracted 

f lu id  and  thus the required depths of the boreholes. 

show t h a t  with current methods of d r i l l i n g  and f ractur ing,  a r t i f i c i a l  

c i rculat ion systems will be feas ib le  t o  depths of some 3 t o  4 km. 

c a r r i e r  a t  temperatures of 60-90°C can be extracted from such depths 

almost anywhere with prospective u t i l i za t ion  in mining industr ies ,  e.g. 

h o t  leaching of s a l t s ,  copper and other ores,  subsurface extraction o f  

su l fur ,  and heat treatment o f  petroleum deposits.  

They note t h a t  an important advantage of a r t i f i c i a l  c i rculat ion 

Their calculations 

A heat 

The con’cept of using geothermal energy with an a r t i f i c i a l  c i rculat ion 

system for  the production o f  petroleum from the Orinoco tar-sand deposit 

in Venezuela has been proposed by Paz-Castillo and  Kruger (1971) .  

t h i s  study, the economic f e a s i b i l i t y  i s  calculated for  using a 1000 k t  

explosion a t  a depth of 3340 m where the normal geothermal gradient would 

be suf f ic ien t  t o  produce steam t o  reduce the viscosity o f  the o i l  in the 

tar sands in the higher formations. 

a t  a n  estimated cost  o f  l e s s  t h a n  $0.50 per barrel o f  steam produced 

could r e s u l t  i n  the economic production of about 18 x 10 

In  

The extraction of more than 10” B t u  

6 bbl o i l .  
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Another study o f  t he  heat e x t r a c t i o n  p o t e n t i a l  by s t i m u l a t i o n  and 

r e s e r v o i r  engineer ing p r a c t i c e s  was repo r ted  by Kruger and Ramey (1974), 

i n  which experimental and computational models have been prepared t o  

eva lua te  t h e  optimum performance o f  f r a c t u r e - s t i m u l a t e d  geothermal r e s e r v o i r s .  

A l a b o r a t o r y  model o f  an exp los ion  produced chimney, shown i n  F igu re  10, 

i s  used t o  o b t a i n  da ta  on t h e  processes o f  i n -p lace  b o i l i n g ,  moving f l a s h  

f ron ts ,  and two-phase f l o w  i n  f r a c t u r e d  hydrothermal r e s e r v o i r s .  Studies 

a re  under way t o  determine t h e  c o n d i t i o n s  f o r  optimum energy e x t r a c t i o n ,  

methods f o r  c y c l i c  and continuous recharge, de terminat ion  of heat t r a n s f e r  

c h a r a c t e r i s t i c s  o f  f r a c t u r e d  rock, water q u a l i t y  aspects o f  t he  produced 

g e o f l u i d s ,  and experimental da ta  f o r  t h e  mathematical model t o  descr ibe  

the  b o i l i n g  f low of steam and water through hydrothermal r e s e r v o i r s .  

P r e l i m i n a r y  r e s u l t s  o f  these i n v e s t i g a t i o n s  were repo r ted  by Ramey e t  a l ,  

1974. 

F igures  11 and 12 show t h e  opera t i ng  modes o f  t h e  chimney model 

(Hunsbedt e t  a l ,  1975): 

t h e  i n i t i a l  r e s e r v o i r  temperature and pressure cond i t i ons ;  t h e  l a t t e r  i s  

t h e  p roduc t i on  mode which s imu la tes  t h e  p roduc t i on  from a f r a c t u r e d  geo- 

therm21 r e s e r v o i r  by a des i red  process. 

s i zes  o f  about 2.5 cm diameter show p roduc t i on  by i n -p lace  b o i l i n g  through 

pressure reduc t i on  r e s u l t s  i n  heat e x t r a c t i o n  about 100% g rea te r  compared 

t o  ex te rna l  f l ash ing  o f  t h e  pressur ized  water. 

t h e  former i s  t h e  heat ing  mode which es tab l i shes  

I n i t i a l  experiments w i t h  rock  

Smal ler-scale models a re  a l s o  operated t o  study t h e  fundamental 

f ac to rs  of nonisothermal b o i l i n g  two-phase f l o w  through porous media. 
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These experiments complement the chimney model experiments in providing 

data for an entire reservoir consisting of large volume porosity produced 

through a fracture-stimulated wellbore. 

Several experiments are underway to examine the heat transfer properties 

in stimulate wellbores with fractured porous rocks containing macropore 

and micropore types of void space. Although heat transfer is likely to 

occur primarily between the circulating fluid in the macropores, the 

extent of mass and heat transfer in the micropores may affect the thermal 

extraction efficiency of specific artificial fracturing and circulation 

systems. Three experiments, being conducted simul taneously (Kruger and 

Ramey, 1974), are providing data on mass transfer in porous media with 

tritiated water (HTO) as a tracer, heat transfer in microfractured rocks 

with needleprobe thermal conductivity measurements, and surface emanation 

porosity with natural radon measurements (Stoker and Kruger, 1975) , which 

may indicate the change in emanating power or porosity resulting from 

stimulation processes. 
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TABLE 1 

N A T I O N  

406 
395 
17p 
75 
33 
5 ,7  
3 

10% 



Table 2 

Forecasts and National Goal for Development o f  U.S. Geothermal Resources 

Pessimistic National Goal Optimistic 
1985 Forecasts .Farecasts ----- --- 

El ectric Generating 
Capnci ty JMW) 2000 - 4000 20,000 - 30,000 182,900 - 400,000 

Equivalent i n  
Nuclear Reactors 
(No. 1000 MWe Units) 2 - 4  20 - 30 182 - 400 

Equivalent Consumption 
o f  Oil (106 bbl/day) 0.07 - 0.14 0.7 - 1 6 - 14 
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Table 3 

Problem Areas in the Development 
o f  the Geothermal Energy Cycle 

Variability o f  Geothermal Reservoirs 

Location o f  Subsurface Deposits 

Assessment o f  Geothermal Reservoirs 

Extraction Technology 

Conversion Technology 

Variability in Utilization 

Environmental Impact Control 



Table 4 

Ut i l iza t ion  o f  Geothermal Energy 

E lec t r i c  Power Production 

Direct use o f  dry steam 
Flashing o f  hot water t o  steam 

Binary and ,hybrid cycles 
Innovative single-well converters 

Surface flashing 
In-situ f lashing 

Direct Use o f  Thermal Waters 

Agricu’l t u re  
Aquicul ture  
Space heat i ng 
Industr  i a i  processing 
Medical therapy 

Byprodticts 

Mineral extract ion 
Water resources 

n 
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Table 6 

Types o f  Geothermal Power P lan ts  

Heat S o u , * ~  

Dry 

Hot 

Hot 

ti0 t 

Hot 

Hot 

Steam 

Water (T >. 1SOOC) 

Water (T < 150°C) 

Water 

Brine (Pressur ized)  

Brine (Flashed)  

(Moderate Sal in i  t y )  

Generation Mode 

Steam Turbine 

Steam Turbine 

Binary Cycle 

Hybrid Cycle 

Binary Cycle 

Impact Turbine 
He1 i c a l  Screw Expander 
Bladeiess  Turbine 

n 



Table 7 

ENERGY AVAILABLE FROM A HYDROTHERMAL$ RESERVOIR" 
(from Ramey e t  a1 1973). 

STEAM RESERVOIR HOT-WATER RESERVOIR 
MASS AVA I LABLE ENERGY MASS AVAILABLE ENERGY 

AQUIFER ROCK 5 41@ 233 94'0 5 I 410 233 63,8 

FLU I D  0,016 15 640 0.534 101 3 0 2  

TUTAL 5,426 248 100 5 I944 334 100 
i t  

BASED ON A 1 AC-FT RESERVOIR, 25% POROSITY, 500°F AQUIFER TEMPERATURE) 
DELIVERY AT 100 PSIA PRESSURE (327,8"F), 

I 
. .  
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Figure 1 .  Schematic o f  a binary-fluid cycle f o r  e l ec t r i c  power 
generation from geothermal f luids .  
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Ncncondensable gases mi 
c- 100°F water 

Wellhead product 
360 psia T=434 O F 

Modi f ied borometri c 

Radial inf low turbines 
6.5 f t  diam 3600 rpm 
6 nozzles/wheeI 
Power output = 44 M W / f t  2 

Brine to 
in ject ion 
wells 
120°F 

F igure 3. The r a d i a l  impact t u r b i n e  concept f o r  conversion o f  h o t  b r ines .  
( f rom Aust in ,  Higgins, and Howard, 1973) 
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PLAN SECTION VIEW 

SIDE SECTION VIEW 

Figure 4. Hel ical  ro t a ry  screw expander. (from McKay and Sprankle ,  1975) 
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EXPERIMENTAL CONFIGURATION AND OPERATING CONDITIONS 

F i g u r e  5. Schemat i c  diagram o f  the proposed Los Alamos expe r imen ta l  i system. ( f rom Brown, Smi th ,  and P o t t e r ,  LA-DC-72-1157, 1972)  
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Figure 6. ( a )  The stress situation around a pressurized deep hole 
i n  the earth's crust; ( b )  the radial  stress s ta te  i n  rock around 
the hole; (c)  the tangential stress state;  ( d )  vertical cracks 
formed by the internal pressure. (from Rowley, 1972) 
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F i g u r e  7. Methods o f  chemical e x p l o s i v e  s t i m u l a t i o n .  
( f rom Austin and Leonard, 1973) 





Figure 9. Circulation system w i t h  elongated fractures.  
(from Dyadkin e t a l . ,  1973) 
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