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ABSTRACT 

On May 28, 1977, as t he  p roduc t ion  w e l l  GT-2 a t  Fenton H i l l  was be ing  
r e d r i l l e d  a long  a planned t r a j e c t o r y ,  i t  i n t e r s e c t e d  a low-impedance h y d r a u l i c  
f r a c t u r e  i n  d i r e c t  communication w i t h  t he  i n j e c t i o n  w e l l ,  EE-1. Thus, a nec- 
essary p r e r e q u i s i t e  f o r  a f u l l - s c a l e  t e s t  o f  the  LASL Hot Dry Rock Concept, 
t h a t  o f  e s t a b l i s h i n g  a h i g h  f l o w  r a t e  between w e l l s  a t  low wel lhead d i f f e r -  
e n t i a l  pressures, was s a t i s f i e d .  Prev ious ly ,  communication w i t h  EE-1 had been 
through and between high-impedance f r a c t u r e s ,  and f l o w  was i n s u f f i c i e n t  t o  
eva lua te  the  hea t - ex t rac t i on  concept. 

I n  September a p r e l i m i n a r y  t e s t  o f  the  e n t i r e  system-surface p l a n t  and 
Dur ing 96 h o f  c losed- loop c i r c u l a t i o n ,  downhole f l o w  paths was conducted. 

f l u i d  t o t a l  d i sso l ved  s o l i d s  remained low ( ~ 4 0 0  ppm), water  losses c o n t i n u a l l y  
decreased, and no induced se ismic a c t i v i t y  occurred. The ope ra t i ng  power l e v e l  
was 3.2 MW ( t he rma l )  and f l u i d  temperature reached 130°C a t  the  sur face.  Th i s  
t e s t  demonstrated f o r  t h e  f i r s t  t ime t h a t  heat  cou ld  be e x t r a c t e d  a t  a u s e f u l l y  
h i gh  r a t e  f rom h o t  d r y  rock  a t  depth and t ranspor ted  t o  the  sur face  by a man- 
made system. 

F u l l - s c a l e  opera t ion  o f  the  loop  occurred f o r  75 days from January 27 t o  
A p r i l  12, 1978. 
designed t o  examine the  thermal drawdown, f l o w  c h a r a c t e r i s t i c s ,  water losses,  
and f l u i d  geochemistry o f  the  system i n  d e t a i l .  Resul ts  o f  these s tud ies  a r e  
the major  t o p i c  o f  t h i s  paper which i s  d i v i d e d  i n t o  t h ree  separate p a r t s  cover-  
i n g  f i r s t  t he  heat  e x t r a c t i o n  performance, second the  f l o w  c h a r a c t e r i s t i c s  
and geochemistry and t h i r d  the  use o f  acous t i c  techniques t o  descr ibe  the  
geometry o f  the f r a c t u r e  system. I n  t he  t h i r d  sec t ion ,  dua l - we l l  
acous t i c  measurements used t o  d e t e c t  f r a c t u r e s  a r e  descr ibed. These measure- 
ments were made us ing  mod i f i ed  Dresser A t l a s  l o g g i n g  t o o l s .  S igna ls  i n t e r -  
s e c t i n g  h y d r a u l i c  f r a c t u r e s  i n  t he  r e s e r v o i r  under bo th  h y d r o s t a t i c  and 
p ressur ized  cond i t i ons  were s imu l taneous ly  de tec ted  i n  bo th  we1 1s. 
a t t e n u a t i o n  and c h a r a c t e r i s t i c  waveforms can be used t o  descr ibe  t he  e x t e n t  
of f r ac tu red  rock  i n  the r e s e r v o i r .  A d e t a i l e d  account o f  the  f i e l d  t e s t  
can be found i n  r e f .  [ l ] .  

Th is  t e s t  i s  r e fe r red  t o  a s  Phase 1, Segment 2 and was 

S igna l  
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EVALUATION OF THE FENTON HILL HOT DRY ROCK 
GEOTHERMAL RESERVOIR 

PART 1. HEAT EXTRACTION PERFORMANCE AND MODELING 

H. D. Murphy 

Dur ing the 75-day l ong  heat  e x t r a c t i o n  t e s t ,  a LASL-developed tempera- 

t u r e  survey ing t o o l  w i t h  0.05OC r e s o l u t i o n  employing a t he rm is to r  was 

pos i t i oned  downhole i n  the GT-2B produc t ion  w e l l .  

surveys were taken d u r i n g  the  75-day run. 
s t a t i oned  a t  2.6 km (8500 ft), j u s t  above a l l  t he  known producing zones i n  
GT-2B. 

converging upon GT-2B was con t inuous ly  moni tored.  

t u r e  surveys i s  presented i n F i g .  1-1. Only the  downhole r e g i o n  where the  

produced f l u i d  en te rs  the  w e l l  i s  shown. 

on Feb. 4, 1978, seven days a f t e r  the  s t a r t  o f  power product ion,  w h i l e  the  
midd le  and lower  surveys were obta ined a f t e r  12 and 16 days, r e s p e c t i v e l y .  

Even a cu rso ry  l ook  a t  these surveys i n d i c a t e s  a complex r e s e r v o i r - t o -  

produc ing w e l l  c o n n e c t i v i t y .  The major temperature changes a t  the  depths 

i n d i c a t e d  w i t h  arrows a re  assoc ia ted w i t h  f l o w  connect ions i d e n t i f i e d  i n  

e a r l i e r  t e s t i n g . '  

survey, show the  development o f  new f l o w  connect ions between t h e  p r e v i o u s l y  

es tab l i shed  major connect ions 1 and 2, and i n  f a c t ,  the magnitude of the  

temperature change a t  2.68 km (8790 ft) suggest t h a t  a major connect ion 

has developed there.  Th i s  i n fo rma t i on  was l a t e r  co r robora ted  w i t h  f low ing  

sp inner  surveys and r a d i o a c t i v e  t r a c e r  logs  t o  cha rac te r i ze  the p roduc t ion  

and i n j e c t i o n  zones. 

t ime.  As s t a t e d  e a r l i e r  the  measurement i s  mtide downstream o f  a l l  the  f low 

connect ions so  t h a t  the  temperature represent:; the  mean temperature o f  the  

mixed f l u i d  i n  the p roduc t ion  we l lbore ,  and thus p rov ides  an 

the  o v e r a l l  thermal drawdown o f  the  r e s e r v o i r .  The " s c a l l o p "  i n  t he  data 

and t he  t h e o r e t i c a l  curve t h a t  appears a t  day 24 i s  the  r e s u l t  o f  a doubl-  

i n g  of the  i n j e c t i o n  r a t e ,  f rom 8 x t o  1 . 6  x lo- '  m3/sec (125 t o  240 

gpm). Th is  f l o w  increase became poss ib l e  because o f  the  l a r g e  f low 

A t o t a l  o f  58 l ogs  o r  

Between surveys the t o o l  was 

I n  t h i s  fash ion  the  mean temperature due t o  the  mixed f l u i d  f l ows  

A t y p i c a l  s e t  o f  tempera- 

The uppermost survey was ob ta ined  

The midd le  survey, and even more pronouncedly the  lower  

F igure  1-2 presents  the v a r i a t i o n  o f  temperature a t  2.6 km (8500 f t )  w i t h  

i n d i c a t i o n  of 
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impedance reductions t h a t  occurred during heat extraction. (These are dis-  
cussed in Part  11). Figure 1-3 presents the net thermal power produced using 
a constant 25°C reinjection temperature in the calculation. 
declining production temperatures, the increasing flow rate allowed the 
power t o  be kept roughly constant for  the l a s t  40 days. Peak power was 

Thermal Drawdown Analysis. 
terms of effective heat transfer area i t  was assumed t h a t  the fracture system 
could be described as a single circular fracture.  This i s  indeed an approxi- 
mation -- the actual fracture need no t  be circular ,  and  furthermore the 
temperature surveys and other evidence accumulated t o  date suggests t h a t  
instead of a single fracture,  heat was extracted from one main hydraulic 
fracture which was connected t o  the producing well by a multitude of natural 
joints  o f  limited heat transfer area. 
plicated geometry however, i n i t i a l  attention was restricted t o  a model of  a 
single circular  fracture i n  order t o  provide an approximate estimate of  the 
effective heat transfer area. This model has been described i n  reference 1 
and  employs numerical techniques t o  solve the two-dimensional fluid motion 
and  energy equations as well as the one-dimensional, b u t  t ransient,  rock 
energy equation. Property variations with temperature, fracture aperture 
changes due t o  thermal contraction, and natural convection effects  are in- 
cluded. Because the hydraulic fracture i t s e l f  i s  much more permeable than  
the surrounding rock, i t  was assumed t h a t  f luid was confined t o  the fracture 
and t h a t  heat was transported from the rock t o  the f luid in the fracture solely 
by means of thermal conduction in the rock. The possible enhancement of 
heat transfer area because of thermal s t ress  cracking was n o t  considered in 
the model. 
i n g  rock, particularly a t  very early times as indicated by the formation 
water losses shown i n F i g .  1-4. To correct for this  e f fec t  the f l u i d  loss 
was assumed t o  occur uniformly over the fracture area so t h a t  on the average, 
heat was removed from the reservoir by a l l  of the produced water flow and 
half the difference between the injected and produced water flows. 

In  the calculations, the observed time variations of production and 
injection flow rates as well as the reservoir injection temperature were 

Despite the 

5 MW(t). 
To interpret the drawdown results of F i g .  1-2 i n  

Rather than modeling this more com- 

In  actual i ty ,  a small amount of f luid d i d  penetrate the surround- 
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used. I n i t i a l  e q u i l i b r i u m  rock  temperatures innd t h e i r  v a r i a t i o n  w i t h  depth 

was determined from prev ious borehole equi  1 i b r i u m  temperature surveys. The 
downhole temperature v a r i a t i o n  due t o  hea t ing  o f  t he  i n j e c t e d  f l u i d  w i t h i n  

the  w e l l  was c a l c u l a t e d  w i t h  a one-dimensional convect ion and r a d i a l  con- 

duc t i on  code. To s t a r t  wi th,a cons tan t  va lue  o f  0.1 mm was taken f o r  the 
f r a c t u r e  aper tu re .  Th is  va lue  r e s u l t e d  i n  an i n i t i a l  o v e r a l l  f l o w  impedance 

of 15 bars  per  l i t e r  per  second, i n  accordance w i t h  the e a r l y  observat ions.  

The r a d i u s  o f  the modeled f r a c t u r e  was then v a r i e d  u n t i l  t he  p r e d i c t e d  
thermal drawdown matched t he  measurements. The r e s u l t s  f o r  a 60-meter 

(200 f t )  r ad ius  f r a c t u r e  agreed q u i t e  w e l l  w i t h  t he  measurements, as p r e v i o u s l y  

shown i n F i g .  1-2.  Because o f  hydrodynamic f l o w  i n e f f i c i e n c i e s  o n l y  about 75% 

o f  the c i r c u l a r  area a c t i v e l y  t r ans fe r red  heat, so  the  e f f e c t i v e  heat t r a n s f e r  
area was o n l y  8000 m (one s i de  o f  the  f r a c t u r e ) .  

access ib le  t o  water. The e f f e c t i v e  heat  t r ans fe r  area i s  s t r o n g l y  in f luenced  

by the  v e r t i c a l  separa t ion  o f  t he  f r a c t u r e  water i n l e t  and o u t l e t  l o c a t i o n s .  

Unless buoyant f o r ces  s i g n i f i c a n t l y  a f f e c t  f l o w  (corresponding t o  f r a c t u r e  

impedances lower  than those measured) the  water o n l y  p a r t i a l l y  fans ou t  from 

the i n l e t  and then f lows  f a i r l y  d i r e c t l y  t o  t h e  o u t l e t ,  and thus the  e f f e c t i v e  

heat  t r a n s f e r  area swept by t h i s  f l o w  i s  a d i r e c t  f u n c t i o n  o f  t he  i n l e t , and  

o u t l e t  spacing. I n  t he  p resen t  case t he  spacing between the i n l e t ,  l oca ted  

a t  2.76 km (9050 f t )  i n  the  i n j e c t i o n  we11,and the p roduc t i on  w e l l  connect ion 

w i t h  the  h i ghes t  f l o w  capac i t y  i s  approx imate ly  100 meters. Roughly speak- 

ing,  then, the  e f f e c t i v e  area would be t h a t  o f  a c i r c l e  50 m i n  rad ius ,  namely 

2 

We emphasize t h a t  t h i s  i s  n o t  a measure o f  the t o t a l  f r a c t u r e  area 

7900 mz, ve ry  c lose  t o  t h a t  de r i ved  w i t h  t h e  s i m u l a t i o n  model. 

The p o s s i b i l i t i e s  o f  reduc ing  f l o w  impedances and enhancing heat  t r a n s f e r  

area by means o f  thermal c rack ing  as the  r e s e r v o i r  coo ls  and con t rac t s  have 

been discussed by M ~ r p h y . ~  Sub jec t  t o  the l a r g e  u n c e r t a i n t i e s  i n  our  know- 

ledge o f  the maximum h o r i z o n t a l  e a r t h  s t ress ,  i t  was es t imated  t h a t  the 

e f f e c t s  o f  thermal c o o l i n g  migh t  be apparent a f t e r  a c o o l i n g  o f  about 75°C 

o r  more. 

a t  48 days there  i s  a p e r i o d  o f  e i g h t  days i n  which t he  temperature was 

constant .  A d d i t i o n a l  cons tan t  temperature i n t e r v a l s  a re  noted s t a r t i n g  a t  

day 58, and then aga in  on day 68. 

A c l ose  s c r u t i n y  o f  the  temperatures of F ig .  1-2 shows t h a t  s t a r t i n g  

Each o f  these p la teaus  were te rmina ted  
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by stepwise decreases i n  temperature. 

f rom thermal s t r e s s  crack ing,  the  evidence i s  f a r  f rom conclusive; we hope 

t o  r eso l ve  t he  i ssue  i n  f u t u r e  experiments w i t h  h igher  capac i t y  pumps which 

w i l l  pe rm i t  f a s t e r  and l a r g e r  thermal drawdowns. 

Formation Water Loss Rates. -- 

l o s t  by nwinS of Perneat ion t o  the  format ion.  The r a t e  o f  loss. j ,e. the  
s lopeo f  F i g .  1-4 ,dec l ined  f rom an i n i t i a l  va lue o f  3 x m3/sec (50 gpm) 

t o  o n l y  1 x 

t o  the  nonlinear,pore-pressure-diffusion equat ion  f o r  a d i f f u s i o n  parameter 

( c o n s i s t i n g  o f  the p roduc t  o f  t he  f r a c t u r e  area and t he  square r o o t  o f  the  
rock  p e r m e a b i l i t y  and c o m p r e s s i b i l i t y )  of 2.3 x 10-7m3bar-1’2. 

the  rock  p e r m e a b i l i t y  and c o m p r e s s i b i l i t y  a re  very  pressure dependent and 

t h i s  dependency has been de r i ved  f rom prev ious  f l o w  and p r e s s u r i z a t i o n  

experiments. 

Whi le t h i s  behavior  may have r e s u l t e d  

F igure  1-4 presents  t he  accumulated water  volume 

m3/sec (2  gpm). The t h e o r e t i c a l  f i t  represents  t he  s o l u t i o n  

I n  t h i s  model 

More d e t a i l s  can be found i n  re ferences 1 and 4. 

1 FEB 4, 1978 I 

G I  I 

i ,  

120i . I FLOW CONNECTIONS IDENTlFlEO 
PREVIOUS TO PHASE: I 

L-I.l__ 
2.60 2.65 2.70 

TRUE VERTlCAL DEPTH (km) 

3 

F igu re  1-1- Three temperature surveys taken i n  the  bottom 
s e c t i o n  o f  GT-2B du r i ng  Phase 1. 
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F i gu re  1-2. Thermal drawdown o f  produced f l u i d  measured a t  a 2.6 km 
(8500 f t )  depth i n  GT-26. 
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Figure  1-3. Net thermal power ex t rac ted .  
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F igu re  1-4. To ta l  accumulated water  loss or storage by permeation 
i n t o  the fo rmat ion .  
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