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on o f  geothermal energy w i l l  r e q u i r e  means f o r  
enhanced energy e x t r a c t i o n  f rom geothermal r e s e r v o i r s  s i n c e  t h e  h i g h e r  qual  i t y  
hydrothermal resources adequate for  commercial e l e c t r i c i t y  g e n e r a t i o n  represent  
o n l y  a smal l  f r a c t i o n  o f  t h e  es t imated  resource base. 
developed f o r  a r t i f i c i a l  f r a c t u r i n g  o f  hydrothermal and d r y  h o t  rock  
geothermal resources t o  o b t a i n  adequate p e r m e a b i l i t y  f o r  water  c i r c u l a t i o n  
and t o  expose new rock  s u r f a c e  area. Non-isothermal processes such as i n -  
p l a c e  b o i l i n g  o r  a r t i f i c i a l  c i r c u l a t i o n  o f  c o o l e r  f l u i d s  can be used t o  
e x t r a c t  t h e  energy f rom t h e  f r a c t u r e d  fo rmat ion .  
heat  t r a n s f e r  processes, p h y s i c a l  model s t u d i e s  were conducted i n  t h e  Stan ford  
Geothermal Program f r a c t u r e d - r o c k  r e s e r v o i r  model capable o f  o p e r a t i n g  a t  a 
maximum pressure  o f  800 p s i g  a t  500°F. The 1 7 - f t 3  p h y s i c a l  model has been 
descr ibed p r e v i o u s l y  [Hunsbedt, Kruger, and London (1975), Hunsbedt (1975), 
and Hunsbedt, Kruger and London (1976)].  A summary o f  t h e  c h a r a c t e r i s t i c s  
o f  t h e  r e l a t i v e l y  l a r g e  f r a c t u r e - p e r m e a b i l i t y  rock  systems t e s t e d  i n  t h e  model 
a r e  summarized i n  Tab le  1 .  The p o r o s i t y  and p e r m e a b i l i t y  c h a r a c t e r i s t i c s  o f  
these systems resembled those o f  f r a c t u r e - s t i m u l a t e d  c rea ted  by high-energy 
exp 1 os i ves . 

Technologies a r e  being 

To e v a l u a t e  non- isothermal  

TABLE 1 

Summary o f  Rock System C h a r a c t e r i s t i c s  

Rock Svstem 

Rock type  
-3- -1. 

1 2 3 
Gabbro G r a n i t e  Gran i t e " "  

Mean rock  e q u i v a l e n t  d iameter ,  inches 0.99 2.65 1.62 

Drainage p o r o s i t y ,  percent  44 35  43 

A d e s c r i p t i o n  o f  t h e  i n - p l a c e  b o i l i n g  exper iments ( f l a s h i n g  by pressure 
r e d u c t i o n )  conducted w i t h  the  f i r s t  two rock  systems were g i v e n  by Hunsbedt 
(1976) and by Hunsbedt, Kruger and London (1976). The r e s u l t s  showed t h a t  
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Obtained f rom t h e  underground " P i  l e d r i v e r ' '  rock  chimney. 
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the  f r a c t i o n  o f  rock energy ex t rac ted  by in -p lace  boi1ing"was i n  excess o f  
75 percent o f  maximum f o r  a broad range o f  p roduc t ion  cond i t ions .  Heat 
t r a n s f e r  from the  rock resu l ted  i n  an increase i n  the t o t a l  energy e x t r a c t i o n  
from the  hydrothermal ( l i q u i d  and rock) system ranging from 1.25  t o  2.57 
times the  energy obta ined by f l ash ing  the  f l u i d  alone. Grav i t y  segregat ion 
resu l ted  i n  the  product ion o f  s l i g h t l y  superheated steam from the  producing 
zone located a t  the top  o f  the r e s e r v o i r  model. F l u i d  p roduc t ion  and rock 
heat t r a n s f e r  analyses were developed which c l o s e l y  p r e d i c t  the  behavior 
o f  the  phys ica l  model as long as the  a x i a l  l i q u i d  temperature grad ien ts  a r e  
smal l .  App l i ca t i on  o f  the rock heat t r a n s f e r  ana lys i s  t o  la rge-sca le  systems 
w i t h  a 30-year p roduc t ion  t ime showed t h a t  a maximum rock s i z e  o f  about 
200 f e e t  would g i v e  energy e x t r a c t i o n  f r a c t i o n s  o f  the  same order  as those 
obta ined exper imenta l l y .  

Non-isothermal product ion o f  the  rese rvo i r  model was a l s o  achieved by 
recharg ing cool  f l u i d s  a t  the bottom, a process o f t e n  r e f e r r e d  t o  as the  
sweep process. Experiments o f  t h i s  type were conducted w i t h  the  second rock 
system. The r e s u l t s  o f  one such experiment a re  g iven i n  F ig .  1 which show 
the  a x i a l  temperature p r o f i l e s  measured a t  var ious times du r ing  product ion.  
The zone o f  p roduc t ion  a t  the top  i s  seen t o  remain a t  nea r l y  constant  
temperature u n t i l  cool  f l u i d  recharged a t  the  bottom breaks through t o  the  
producing zone a f t e r  about 4 hours. A t  t h a t  t ime there  i s  a r a p i d  drop i n  
the temperature of the liquid being produced. It is also noted t h a t  
s i g n i f i c a n t  thermal energy s t i l l  remains i n  the  top  rock zone when l i q u i d  
p roduc t ion  was terminated. Th is  a l s o  tends t o  be t r u e  i n  la rge-sca le  
systems because the  power generat ing equipment requ i res  f l u i d s  a t  temperatures 
above a minimum l e v e l  t o  operate e f f i c i e n t l y .  I n  analogy t o  the  exper imental  
r e s u l t s ,  there  w i l l  be a tendency t o  achieve incomplete energy e x t r a c t i o n  
from the rock near the producing zone o f  a la rge-sca le  system as w e l l .  
The est imated mean rock temperatures a l s o  g iven i n  F ig .  1 a r e  seen t o  be 
on ly  s l i g h t l y  h igher  than the l i q u i d  temperature i n d i c a t i n g  e f f e c t i v e  heat 
t r a n s f e r  from the rock. The l i q u i d  temperature d i s t r i b u t i o n  and the  mean 
rock t o  l i q u i d  temperature d i f f e r e n c e  a t  the  end o f  product ion both determine 
the  magnitude o f  the rock energy e x t r a c t i o n  f r a c t i o n  de f ined i n  terms o f  the  
i n i t i a l  and recharge f l u i d  temperatures. The rock energy e x t r a c t i o n  f r a c t i o n  
f o r  t h i s  experiment was est imated t o  be 0.85. The rock heat t r a n s f e r  

s i z e  o f  a la rge-sca le  system. The r e s u l t s  show t h a t  a maximum rock s i z e  of  
about 150 f e e t  would g i v e  rock energy e x t r a c t i o n  f r a c t i o n s  o f  t h e  same order  
as those achieved i n  the model. Th is  assumes a 30-year p roduc t ion  t ime, 
mean rock t o  l i q u i d  temperature d i f f e r e n c e  o f  15OF, and s i m i l a r  pe rmeab i l i t y  
c h a r a c t e r i s t i c s  o f  the model and la rge-sca le  systems. 

. ana lys i s  developed f o r  the model system was used t o  est imate the  mean rock 

F l u i d  p roduc t ion  experiments were conducted w i t h  the  producing zone 
loca ted  a t  the  bottom o f  the model t o  i n v e s t i g a t e  the  poss ib le  development o f  
a x i a l  temperature grad ien ts  i n  the  steam zone observed t o  occur i n  the  i n -  
p lace b o i l i n g  experiments. The f l u i d  p roduc t ion  r e s e r v o i r  pressure behavior 
f o r  one such experiment i s  shown i n  Fig.  2. The r e s u l t s  show t h a t  a l l  l i q u i d  
was produced a t  nea r l y  constant  pressure (between p o i n t s  D and D ' )  fo l lowed 

.L 

"The rock  energy e x t r a c t i o n  f a c t o r  i s  def ined as the thermal energy ex t rac ted  
from the rock t o  the  thermal energy s tored i n  the  rock between i n i t i a l  and 
f i n a l  l i q u i d  temperatures. 
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by a sharp pressure d e c l i n e  when vapor product ion i s  i n i t i a t e d  ( a t  p o i n t  D ' ) .  
I t  i s  noted tha t  the  corresponding rese rvo i r  pressure c h a r a c t e r i s t i c  f o r  i n -  
p lace  b o i l i n g  w i t h  vapor p roduc t ion  from the  top, a l s o  shown i n  F ig .  2, 
dec l ines  more un i fo rm ly .  
were produced (as h igh  enthalpy superheated steam) i n  the  in -p lace  b o i l i n g  
experiment w h i l e  about 99 percent o f  the  f l u i d s  were produced (as low 
enthalpy l i q u i d )  i n  the  steam d r i v e  experiment. The rock temperature 
decreased o n l y  s l i g h t l y  du r ing  the  produc t ion  process i n d i c a t i n g  t h a t  t h i s  
i s  an i n e f f e c t i v e  rock energy e x t r a c t i o n  process. Examination o f  the  
temperature behavior i n  the  model rese rvo i r  showed t h a t  the  a x i a l  
temperature p r o f i l e s  were near l y  un i fo rm and t h a t  the l i q u i d  was s l i g h t l y  
subcooled, i n d i c a t i n g  the presence o f  a non-condensable gas (argon used fo r  
p r e s s u r i z a t i o n  du r ing  heatup) i n  a d d i t i o n  t o  water vapor i n  the  zone above 
the  l i q u i d .  Fur ther  eva lua t i on  o f  t h i s  steam/gas d r i v e  produc t ion  process 
appears warranted t o  determine the  major parameters and the  ex ten t  t o  which 
i t  may be important i n  la rge-sca le  systems. 

Note a l s o  t h a t  o n l y  60 percent o f  the f l u i d s  

~ 

~ 

I 

Experiments a r e  c u r r e n t l y  i n  progress w i t h  the t h i r d  rock system. The 
rock was obta ined from the rubble chimney formed by co l l apse  o f  the  over-  
burden format ion i n t o  the c a v i t y  created by the  61 k t  " P i l e d r i v e r "  nuc lear  
explos ion.  The P i l e d r i v e r  nuc lear  exp los ive  was detonated on June 2, 1966 
a t  a depth o f  1,500 f e e t  i n  a format ion o f  g ranod io r i t e .  The exp los ion  
produced a c a v i t y  rad ius  o f  131.5 f e e t  and a co l lapsed rubble chimney 890 
f e e t  h i g h  and 160 f e e t  i n  w id th  measured i n  the  reen t ry  tunnel  103 f e e t  
above the  explos ive.  The rubb le  chimney i s  est imated t o  con ta in  about 
67 m i l l i o n  f t 3  o f  f r a c t u r e d  rock w i t h  a zone o f  f r a c t u r e s  created by the  
immense shock wave out  t o  a d is tance o f  more than 1,000 f e e t .  The rubb le  
rock i s  expected t o  be mic ro f rac tu red ,  and thus may have thermal p roper t i es  
measurably d i f f e r e n t  from n a t u r a l l y  f rac tu red  g ran i tes .  

The cu r ren t  rock system i n  the phys ica l  model cons i s t s  o f  P i l e d r i v e r  
rock obta ined from the  reent ry  tunnel  a t  a d is tance o f  about 100 f e e t  from 
the  chimney ax i s .  
t o  Stanford from the  Nevada Test S i t e  was s t i l l  approximately l o g  normal. 
S i x  o f  the rocks o f  var ious  s izes  have thermocouples i n s t a l l e d  t o  o b t a i n  
center  rock temperature measurements. 

The s i z e  d i s t r i b u t i o n  a f t e r  conveyance i n  30-gal lon drums 

In -p lace  b o i l i n g  and cool  f l u i d  recharge energy e x t r a c t i o n  experiments 
s i m i l a r  t o  those performed p rev ious l y  w i t h  the  f i r s t  two rock systems w i l l  
be performed w i t h  the  cu r ren t  rock system under s i m i l a r  t e s t  cond i t i ons  t o  
p rov ide  comparative rock thermal t r a n s i e n t  data.  Furthermore, the steam 
produc t ion  ra tes  w i l l  be as h igh  as p r a c t i c a l  t o  o b t a i n  l a rge  rock/steam 
temperature d i f f e rences  and consequently lower measurement u n c e r t a i n t i e s .  
An anal 'ysis o f  the  conduct ion e r r o r  i n  the  rock center  temperature measure- 
ments w i l l  be performed and co r rec t i ons  w i l l  be app l i ed  t o  bo th  prev ious 
exper imental  data and the P i l e d r i v e r  rock system data.  An improved ana lys i s  
f o r  p r e d i c t i n g  the  rock/steam temperature d i f f e rences  f o r  non-constant 
c o o l i n g  r a t e  w i l l  be developed us ing  the  shape f a c t o r  c o r r e l a t i o n  proposed 
by Kuo (1976). 
the heat t r a n s f e r  behavior o f  i r regu la r ly -shaped rocks can be c o r r e l a t e d  
t o  equ iva len t  spher ica l  rocks o f  equal mass, t o  a s p h e r i c i t y  shape parameter 
and t o  the rock sur face area t o  volume r a t i o .  

Kuo has shown from s e n s i t i v e  heat t r a n s f e r  experiments t h a t  

-215- 



A q u a l i t a t i v e  assessment of m i c r o f r a c t u r e s  on t h e  heat t r a n s f e r  and 
energy e x t r a c t i o n  processes w i l l  be made by comparing t h e  measured rock  
temperature t r a n s i e n t  w i t h  those ob ta ined f o r  t h e  second rock  load ing .  
The rock/steam temperature d i f f e r e n c e  measurements w i l l  be compared t o  
a n a l y t i c  p r e d i c t i o n s  for  i n d i v i d u a l  inst rumented rocks b e f o r e  a p p l y i n g  i t  
t o  t h e  model rock  system as a whole. The u l t i m a t e  goal  o f  t h i s  a n a l y s i s  
i s  t o  develop a genera l i zed  thermal model f o r  a c o l l e c t i o n  o f  rocks t h a t  
can be a p p l i e d  t o  l a r g e - s c a l e  f r a c t u r e - s t i m u l a t e d  geothermal systems w i t h  
known o r  assumed r o c k - s i z e  and shape- factor  d i s t r i b u t i o n s .  

Fu ture  exper imenta l  e f f o r t s  a r e  a n t i c i p a t e d  w i t h  two o t h e r  r o c k  systems. 
Experiments w i t h  a f o u r t h  rock  system w i l l  e x p l o r e  t h e  e f f e c t  o f  f i n i t e  
p e r m e a b i l i t y  and low p o r o s i t y  on t h e  energy recovery process f rom f r a c t u r e d  
geothermal systems. Experiments w i t h  a f i f t h  rock  system w i l l  e x p l o r e  t h e  
p o t e n t i a l  improvement i n  t h e  heat t r a n s f e r  by thermal c r a c k i n g  processes. 
Measurements o f  radon emanation from t h e  P i l e d r i v e r  g r a n i t e s  i n t o  
surrounding a i r  and water  a r e  underway i n  t h e  S t a n f o r d  Geothermal Program. 
Radon emanation c h a r a c t e r i s t i c s  appear p romis ing  as an i n d i c a t o r  o f  changes 
i n  rock  s u r f a c e  area. Thus, i t  i s  a n t i c i p a t e d  t h a t  changes i n  t h e  radon 
emanation r a t e  as w e l l  as i n  t h e  heat t r a n s f e r  r a t e  f rom t h e  rock  system 
w i l l  be impor tant  i n d i c a t o r s  t h a t  thermal c r a c k i n g  and exposure o f  new heat  
t r a n s f e r  s u r f a c e  area have occurred.  

References 

Hunsbedt, A., P .  Kruger, and A. L. London, "A l a b o r a t o r y  model o f  s t i m u l a t e d  
geothermal r e s e r v o i r s , "  SGP-TR-7, Report  t o  N a t i o n a l  Science Foundat ion,  
Grant No. GI-34925, February,  1975. 

Hunsbedt, A. ,  "Laboratory  s t u d i e s  of s t i m u l a t e d  geothermal r e s e r v o i r s , ' '  
SGP-TR-11,  Report  t o  N a t i o n a l  Science Foundat ion,  Grant No. NSF-03490, 
December, 1975. 

Hunsbedt, A., P .  Kruger,  and A. L. London, "Recovery o f  energy f rom 
f r a c t u r e d  geothermal r e s e r v o i r s , ' '  4 6 t h  Annual C a l i f o r n i a  Regional 
Meet ing o f  t h e  S o c i e t y  o f  Petroleum Engineers o f  A I M E ,  Long Beach, 
CA, A p r i l  8-9, 1976. 

Kuo, Ming-Ching T., "Shape f a c t o r  c o r r e l a t i o n s  f o r  t r a n s i e n t  heat  conduct ion  
f rom i r r e g u l a r  shaped rock  fragments t o  surrounding f l u i d , "  SGP-TR-16, 
Report  t o  N a t i o n a l  Science Foundat ion,  Grant No. NSF-03490, June, 1976. 

-216- 



0 

0.25 

Y 

0.50 

a, 0.75 
0 
c 
a 
cn c .- 
n 

I .c 
'Bottom 

---- Esiimated Mean Rock 

"Small"  Rock Center 
"Medium" Rock Center 

I "Large Rock" Center , I 

Averoge Pressure + Liquid - 520psia 

100 200 300 400 500 

Temperature (OF) 

Figure 1 Liquid and rock temperature distributions as functions 
of time with cool liquid recharge 

-2 17- 



C
 
0
 

c
 
0
 

0
 

.- 
u
 

-
 

0
 

0
 

0
 

0
 

0
 

0
 

4
 

0
 

0
 

0
 

0
 

00 
0
 

(4
 

0
 

9
 

0
 

cu 
0
 

0
 

-21 8- 




