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ABSTRACT 

Experimental r e s u l t s  and re -eva lua t ion  o f  t h e  Phase I 
Hot Dry Rock Geothermal Energy r e s e r v o i r s  a t  t h e  Fenton H i l l  
f i e l d  s i t e  are summarized. Thi  s r e p o r t  t races  reservo i  r 
growth as demonstrated d u r i n g  Run Segments 2 through 5 
(January 1978 t o  December 1980). Reservoir  growth was 
caused no t  o n l y  by p ressu r i za t i on  and h y d r a u l i c  f r a c t u r i n g ,  
b u t  a lso  by heat e x t r a c t i o n  and thermal c o n t r a c t i o n  e f f e c t s .  
Reservoir  hea t - t rans fe r  area grew from 8000 t o  50 000 m 2  and 
r e s e r v o i r  f r a c t u r e  volume grew from 11 t o  266 m'. Desp i te  
t h i s  r e s e r v o i r  growth, t he  water l o s s  r a t e  increased o n l y  
30%, under s i m i l a r  pressure environments. F o r  comparabl  e 
temperature and pressure cond i t ions ,  t h e  f l ow  impedance (a  
measure o f  t h e  res is tance t o  c i r c u l a t i o n  o f  water through 
the  reservo i  r) remained e s s e n t i a l l y  unchanged, and i f  repro- 
duced i n  t h e  Phase I 1  r e s e r v o i r  under development, cou ld  
r e s u l t  i n  " s e l f  pumping." Geochemical and seismic hazards 
have been nonexistent i n  t h e  Phase I reservo i r s .  The pro- 
duced water i s  r e l a t i v e l y  low i n  ' t o t a l  d isso lved s o l i d s  and 
shows l i t t l e  tendency f o r  co r ros ion  o r  scal ing.  The l a r g e s t  
microearthquake associated w i t h  heat e x t r a c t i o n  measures 
l e s s  than -1 on the  ex t rapo la ted  R i c h t e r  scale. 

I. I NTRODUCT I O N  

The basic idea i n  e x t r a c t i n g  energy from ho t  d r y  rock (HDR) i s .  t o  form a 

manmade geothermal r e s e r v o i r  by  d r i l l  i n g  i n t o  high-temperature, low-pemea- 
b i l  i t y  basement rock and h y d r a u l i c a l l y  f r a c t u r i n g  the  rock. A c i r c u l a t i o n  
loop i s  then formed by  d r i l l i n g  a second ho le  and f o r c i n g  water t o  sweep heat 
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from the rock surface i n  the  f r a c t u r e d  reg ion between t h e  wellbores. The hot  
water produced a t  t h e  sur face i s  used f o r  generat ing e l e c t r i c i t y  o r  space 
heat i ng . 

The HDR r e s e r v o i r s  a t  Fenton H i l l  are located i n  t h e  Jemez Mountains o f  

nor thern New Mexico as shown i n  Fig. 1. Although t h e  focus o f  t h i s  repor t  i s  

upon t h e  Phase I r e s e r v o i r  ( e s s e n t i a l l y  a research system t h a t  uses w e l l s  E E - 1  

and GT-2) occasional reference w i l l  be made t o  t h e  Phase I 1  o r  engineer ing 
reservo i r .  The two w e l l s  f o r  t h e  Phase I 1  reservo i r ,  EE-2 and EE-3, were com- 
p l e t e d  i n  August 1981. 

The f i r s t  deep borehole o f  t h e  Phase I r e s e r v o i r ,  Geothermal Test-2 
(GT-2) was d r i l l e d  i n  g r a n i t i c  rock t o  a depth o f  2.929 km (9610 f t)  where t h e  

temperature was 197OC (386°F) . A ser ies  o f  hydraul i c  f r a c t u r i n g  experiments 
was performed i n  GT-2. Energy E x t r a c t i o n - 1  (EE-1) borehole was d r i l l e d  toward 

t h e  l a r g e s t  o f  t h e  GT-2 f r a c t u r e s  i n  an e f f o r t  t o  complete t h e  heat -ex t rac t ion  

Fig. 1. 
Locat ion  o f  Fenton H i l l  Hot Dry Rock s i t e  i n  t h e  Jemez Mountains o f  nor thern 
New Mexico . 
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system. The i n t e n t  was t o  produce a l a r g e  v e r t i c a l  spacing between the  i n l e t  

and o u t l e t  l o c a t i o n s  i n  order t o  maximize t h e  e f f e c t i v e  heat - t rans fer  area 
wh i le  s t i l l  achieving reasonably low f l o w  impedance. Low f l o w  impedance i s  
requi red f o r  h igh  ra tes  o f  heat e x t r a c t i o n  as t h e  working pressure drop i s  
1 i m i t e d  by t e c t o n i c  s t ress  considerat ions;  excessive pressures normal ly  r e s u l t  

i n  g rea ter  downhole water losses. A f t e r  t r y i n g  several methods o f  improving 
t h e  communication between t h e  boreholes, an acceptable connection was achieved 
by s i d e t r a c k i n g  GT-2 a t  2.5 km and r e d r i l l i n g  i t  towards the  t o p  o f  a l a r g e  
f r a c t u r e  centered a t  about 2.75 km i n  EE-1. Several paths were d r i l l e d  and 

eventua l l y  one, which penetrated several major n a t u r a l  j o i n t s  or n a t u r a l  f r a c -  

tures,  but  probably d i d  not i n t e r s e c t  t h e  major f r a c t u r e ,  was obtained. Th is  

path had low enough f l o w  res is tance t o  proceed w i t h  a heat -ex t rac t ion  t e s t .  
The combination o f  t h e  o r i g i n a l  GT-2 we l lbore  and t h e  r e d r i l l e d  path i s  r e f e r -  

red t o  as t h e  GT-2B wellbore. I n  subseauent t e s t i n g  o f  t h e  reservo i r ,  EE-1  
was used as t h e  i n j e c t i o n  wel l  and GT-2B was used as t h e  product ion o r  
e x t r a c t i o n  wel l  . 

Reservoir  performance was f i r s t  evaluated by a 75-day per iod  o f  closed- 

loop operat ion from January 28 t o  A p r i l  13, 1978. The assessment of t h i s  
f i r s t  r e s e r v o i r  i n  EE-1 and GT-2B i s  r e f e r r e d  t o  as "Run Segment 2," o r  the  

"75-day tes t . "  (Run Segment 1 consis ted o f  a 4-day precursor experiment con- 

ducted i n  September 1977.) Hot water from GT-2B was d i r e c t e d  t o  a water- to-  

a i r  heat exchanger where t h e  water was cooled t o  25°C before r e i n j e c t i o n .  
Makeup water, requi red t o  replace downhole losses t o  the  rock surrounding the  

f r a c t u r e ,  was added t o  the  cooled water and pumped down E E - 1 ,  and then through 

t h e  f r a c t u r e  system. Heat was t r a n s f e r r e d  t o  t h e  c i r c u l a t i n g  water by thermal 

conduction through t h e  n e a r l y  impervious rock adjacent t o  t h e  f r a c t u r e  sur-  
faces. The average thermal power ex t rac ted  dur ing  Run Segment 2 was 3.1 MWt,  
evaluated a t  the  surface. The f l o w  impedance, a measure o f  the  pressure l o s s  

through the  r e s e r v o i r  per u n i t  f l o w  ra te ,  i n i t i a l l y  1.7 GPa s/m (16 psi/gpm), 
decreased by a f a c t o r  o f  f i v e  as thermal c o n t r a c t i o n  and cont inued pressur iza-  

t i o n  r e s u l t e d  i n  t h e  opening o f  na tura l  j o i n t s  t h a t  provided a d d i t i o n a l  cam- 

municat ion w i t h  t h e  producing wel l .  Water losses t o  t h e  rock surrounding t h e  

f r a c t u r e  s t e a d i l y  diminished, and e v e n t u a l l y  t h i s  l o s s  r a t e  was about 1% o f  

the  i n j e c t e d  rate.  The geochemistry o f  t h e  produced f l u i d  was benign, and t h e  
seismic e f f e c t s  associated w i t h  heat e x t r a c t i o n  were immeasurably small. How- 

ever, t h e  r e l a t i v e l y  r a p i d  thermal drawdown o f  t h e  produced water, from 175 t o  
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85°C (345 t o  185OF), i n d i c a t e d  t h a t  t h e  e f f e c t i v e  heat - t rans fer  area was 
small, about 8000 m (86 000 ft ), and e s s e n t i a l l y  conf ined i n  a f r a c t u r e d  2 2 

reg 
we 1 

run 
men 

on between the  main i n j e c t i o n  and product ion zones i n  t h e  EE-1  and GT-2B 

s (Refs. 1-3). 

Run Segment 3 (Expt. 186), t h e  High Back-Pressure Flow Experiment4 was 

d u r i n g  September and October 1978 f o r  28 days. The purpose o f  t h i s  exper i -  

was t o  eval uate r e s e r v o i r  f l o w  c h a r a c t e r i s t i c s  a t  h i g h  mean-pressure 

leve ls .  The h igh  back pressure was induced by t h r o t t l i n g  t h e  product ion wel l .  
As a consequence o f  these h igher  operat ing pressures, t h e  f l o w  impedance was 

reduced several f o l d ,  bu t  as discussed l a t e r ,  t h e  e f f e c t i v e  heat - t rans fer  area 
remained n e a r l y  t h e  same. 

It was discovered dur ing Run Segment 3 t h a t ,  as a r e s u l t  o f  d e t e r i o r a t e d  

casing cement, t h e  water i n j e c t e d  i n t o  EE-1  was f low ing  i n  t h e  annulus t o  
depths as shal low as 760 m (2500 f t ) .  Th is  posed a p o t e n t i a l  danger t o  t h e  
ground-water a q u i f e r s  and caused h igh water  1 osses. To a1 1 e v i a t e  these prob- 

lems, and a lso t o  i n v e s t i g a t e  the  f e a s i b i l i t y  o f  c r e a t i n g  a l a r g e r  f r a c t u r e  

from t h e  same wellbores, t h e  E E - 1  casing was recemented near i t s  casing bottom 

a t  2.93 km (9600 f t ) .  An enlarged r e s e r v o i r  was then formed by extending a 

hydrau l i c  f r a c t u r e  from an i n i t i a t i o n  depth o f  2.93 km (9620 f t )  i n  EE-1, 
about8200 m deeper than t h e  f i r s t  f r a c t u r e  i n  EE-1. The f r a c t u r i n g  was con- 

ducted i n  March 1979, w i t h  two f r a c t u r i n g  experiments. These experiments a r e  
r e f e r r e d  t o  as "massive" hydrau l i c  f r a c t u r i n g  (MHF) Expts. 203 (March 14) and 
195 (March 21). I n  each experiment, approximately 760 m3 (200 000 g a l )  o f  

p l a i n  water were i n j e c t e d  a t  a r a t e  o f  approximately 0.04 m /S (600 gpm). The 

downhole pressure was ra ised by about 20 MPa (3000 p s i ) .  The r e s u l t i n g  l a r g e  
f r a c t u r e  (Sec. 11) propagated upward t o  a t  l e a s t  2.6 km (8600 f t ) .  Thus, t h e  

new f r a c t u r e  appeared t o  have a minimum i n l e t - t o - o u t l e t  spacing o f  300 m (1050 

f t ) ,  more than th ree  t imes t h a t  o f  the  r e s e r v o i r  p r i o r  t o  r e f r a c t u r i n g ,  which 

suggested t h a t  the  e f f e c t i v e  heat - t rans fer  area might be s i g n i f i c a n t l y  g rea ter  
than i n  t h e  f i r s t  reservo i r .  Pre l im inary  eva lua t ion  o f  t h e  new r e s e r v o i r  was 

accompl ished d u r i n g  a 23-day heat -ex t rac t ion  and reservo i  r-assessment exper i -  
ment t h a t  began October 23, 1979. Th is  segment o f  operat ion w i t h  t h e  
EE-l /GT-ZB we l l  p a i r  was Run Segment 4, o r  Expt. 215 (Ref. 5). 

The long-term r e s e r v o i r  c h a r a c t e r i s i c s  were inves t iga ted  i n  Run Segment 

5, o r  Expt. 217, which began March 3, 1980. Because o f  t h e  l a r g e  s i z e  and 

r e s u l t i n g  slow thermal drawdown, a lengthy f l o w  t ime o f  286 days was necessary 
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t o  evaluate the  r e s e r v o i r .  This experiment, along w i t h  i t s  s t a r t u p  phase and 

t h e  2-day Stress Unlocking Experiment (SUE) t h a t  immediately fo l lowed Run Seg- 

ment 5 are descr ibed i n  Refs. 6-8. 

Because of t h e  low power l e v e l s  produced w i t h  these research s i z e  reser-  

vo i rs ,  no attempt was made d u r i n g  Run Segments 2 through 4 t o  use t h e  geo-heat 

f o r  generat ing e l e c t r i c a l  energy o r  f o r  some o ther  usefu l  purpose. Instead, 
t h e  heat was simply d i s s i p a t e d  i n t o  t h e  atmosphere by t h e  heat exchanger. How- 

ever, dur ing  Run Segment 5 an e l e c t r i c a l  generat ing u n i t  designed and assem- 
b led  by Barber-Nichols Engineering was incorporated i n  t h e  c i r c u l a t i o n  loop. 
Th is  generator e x t r a c t s  energy from t h e  water produced from the  r e s e r v o i r  and 

heats t h e  generator working f l u i d ,  R e f r i g e r a n t  114, which i s  then expanded 

through a s ing le-s tage tu rb ine .  Problems w i t h  leakage o f  t h e  working f l u i d  

f o r  the  generator prevented sustained opera t ion  o f  t h e  generator, bu t  i t  d i d  

produce a peak power o f  60 KWe. 

I n  t h e  3 years dur ing  which these r e s e r v o i r  t e s t s  were conducted, our 

understanding o f  r e s e r v o i r  behavior has s t e a d i l y  improved. I n  p a r t i c u l a r ,  nu- 
mer ica l  modeling evolved cont inuously,  so t h a t  simp1 i f i e d  model s t h a t  were 

developed f o r  Run Segment 2 were s i g n i f i c a n t l y  mod i f ied  by t h e  t ime of Run 
Segment 5. Consequently, t h e  purpose o f  t h e  present r e p o r t  i s  twofo ld :  

f i r s t ,  t o  present a convenient sumary  o f  a l l  r e s e r v o i r  t e s t  r e s u l t s  t o  date, 

and second, t o  analyze these r e s u l t s  i n  a cons is ten t  manner using our most 

r e c e n t l y  developed models. I n  con junc t ion  w i t h  these new analyses, recomen- 

da t ions  f o r  f u t u r e  exper imentat ion i n  t h e  Phase I r e s e r v o i r ,  which are r e l e -  

vant t o  t h e  f u t u r e  development o f  t h e  Phase I 1  reservo i r ,  w i l l  be presented. 

11. GEOLOGY AND GEOMETRY 

The subsurface geology a t  t h e  Fenton H i l l  HDR s i t e  i s  descr ibed i n  a 
number o f  papers. Laughl in and Eddy presented i n  d e t a i l  t h e  petrography and 
geochemistry o f  t h e  Precambrian rocks encountered by d r i l l  holes GT-2 and 

EE-1. Laughl in”  reviewed these data, r e l a t e d  t h e  geology o f  the  s i t e  t o  t h e  

reg ional  geology of the  Jemez Mountains, and discussed t h e  r e l a t i o n s  between 

t h e  HDR and h y d r o t h e r m a l  geothermal  systems a s s o c i a t e d  w i t h  t h e  V a l l e s  

Caldera. More recent ly ,  Laney e t  a l . l l  and Laughl in  e t  a1.12 i n t e g r a t e d  new 

data from EE-2 w i t h  t h e  e a r l i e r  GT-2 and E E - 1  data t o  charac ter ize  t h e  Phase 

I I r e s e r v o i r  now under development . 
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Our knowledge of the  Precambrian rocks, which comprise t h e  Phase I reser-  

v o i r ,  r e s u l t s  from a synthes is  o f  petrographic,  geochemical, and s t r u c t u r a l  

data c o l l e c t e d  on cores and c u t t i n g s  from GT-2 and EE-1  and t h e  r e s u l t s  o f  

geophysical logg ing  i n  t h e  two wellbores. From t h i s  synthesis,  i t  i s  ev ident  

t h a t  the  Precambrian rocks are both compos i t iona l l y  and s t r u c t u r a l l y  very d i -  

verse and complex. As discussed below, however, t h e  Phase I system was de- 
veloped i n  a s ing le,  large,  homogeneous rock u n i t  w i t h i n  t h i s  complex. 

F igure 2 presents a schematic o f  l i t h o l o g y  and v i r g i n  rock temperatures 
as a f u n c t i o n  of depth. A f t e r  d r i l l i n g  through approximately 730 m (2400 f t )  

o f  younger vo lcanic  and sedimentary rocks, w i t h i n  which t h e  geothermal g rad i -  

en t  i s  about 100°C/km, c r y s t a l l i n e  basement rocks o f  Precambrian age were 
encountered. The grad ien t  i n  t h e  c r y s t a l l i n e  rocks i s  about 55"C/km. About 

75% of t h e  c r y s t a l l i n e  rocks from 0.75 t o  3 km i s  made up o f  very heterogen- 

eous metamorphic rocks (gneisses and r e l a t i v e l y  minor b i o t i t e  s c h i s t ) .  The 
gneisses a r e  composed o f  vary ing proport ions o f  q u a r t z ,  p l a g i o c l a s e  and a l k a l i  

fe ldspars,  and b i o t i t e .  Abundances o f  these minera ls  may change a b r u p t l y  over 

d is tances of o n l y  a few centimeters. Because o f  t h e  well-developed f o l i a t i o n ,  

t h e  gneisses are t e x t u r a l l y  an iso t rop ic .  On a l a r g e r  scale, t h e  anisot ropy i s  
enhanced by r e l a t i v e l y  t h i n  zones o f  b i o t i t e  s c h i s t  t h a t  are i n t e r l a y e r e d  w i t h  
t h e  gneisses. These s c h i s t s  are much f i n e r  grained than t h e  gneisses and con- 

t a i n  much more b i o t i t e .  The n o r t h e a s t - s t r i  k i n g  f o l i a t i o n  i n  these metamorphic 

rocks probably i s  t h e  cause f o r  t h e  northwest d r i f t  o f  t h e  GT-2 and E E - 1  w e l l -  

bores observed d u r i  ng t h e i  r d r i  1 1 i ng . 
Several g r a n i t i c  igneous rock bodies are i n t r u s i v e  i n t o  t h e  metamorphic 

complex. O f  r e l a t i v e l y  minor importance are small d ikes o f  monzograni t ic  com- 

pos i t ion .  One. o f  these, sampled by a core from GT-2, occurs a t  a depth o f  

approximately 1305 m and i s  about 15 m t h i c k .  Geophysical logg ing  i n d i c a t e s  

t h a t  two other  such d ikes were penetrated by GT-2 and EE-1. Analys is  o f  cut -  
t i n g s  and cores from EE-2 and EE-3 i n d i c a t e s  t h a t  compos i t iona l l y  s i m i l a r  mon- 
z o g r a n i t i c  d ikes are more common a t  depths greater  than 3 km. More s i g n i f i -  
cant t o  t h e  HDR program i s  a b i o t i t e  g r a n o d i o r i t e  body t h a t  extends from a 
depth o f  2.59 km t o  about 3 km. The Phase I system was developed w i t h i n  t h i s  

rock. This  b i o t i t e  g r a n o d i o r i t e  i s  a very homogeneous g r a n i t i c  rock composed 

p r i n c i p a l l y  of quartz, p lag ioc lase  and a1 k a l i  fe ldspars,  and b i o t i t e  (Table 

I ) .  Several per cent o f  the  t i tan ium-bear ing mineral ,  sphene, serve t o  d i s -  
t i n g u i s h  t h i s  r o c k  f rom o t h e r  r o c k  u n i t s  encountered  i n  t h e  s e c t i o n .  
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Fig. 2. 
V a r i a t i o n  o f  temperature and l i t h o l o g y  w i t h  depth. The Bandel ier  T u f f ,  P a l i z a  
Canyon Formation, and Abiquiu T u f f  a re  vo lcan ic  rocks o f  Cenozoic age associ-  
ated w i t h  t h e  format ion o f  t h e  Jemez vo lcan ic  p i l e  and caldera. The Abo Forma- 
t i o n  cons is ts  main ly  o f  Permian sandstones and shales; t h e  Magdelena group i s  
composed o f  t h e  Madera Formation ( l imestones) and t h e  Sandia Formation (sand- 
stones and 1 imestones) o f  Pennsylvanian age. The Precambrian rocks cons is t  o f  
g r a n i t i c  gneiss, maf ic  sch is t ,  and b i o t i t e  granodior i te .  
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TABLE I 

MINERALOGICAL AND CHEMICAL COMPOSITION OF THE FENTON HILL BIOTITE GRANODIORITE 

Weight 
Per cent  

Modal 
Minera l  Per centa  Oxide 

Potassium f e l d s p a r  19 

P l a g i o c l a s e  f e l d s p a r  36 

Q u a r t z  26 

B i o t i t e  12 

Sphene 2 

Other t r a c e  m i n e r a l s  5 

S i  O2 

T i  O2 

2'3 

Fe203 

FeO 

MgO 

CaO 

Hn 0 

Na20 

K20 

H20- 

H20+ 

'2'5 

64.27 

0.95 

14.48 

2.96 

2.92 

1.39 

3.11 

0.09 

3.32 

4.23 

0.07 

0.98 

0.57 

a bAverage o f  t h r e e  samples. 
Average o f  s i x  samples. 

T e x t u r a l l y  t h e  b i o t i t e  g r a n o d i o r i t e  i s  equigranular  and nonfo l ia ted .  Geochron- 

o l o g i c a l  i n v e s t i g a t i o n s  repor ted by Brookins e t  a1 .,13 and t e x t u r a l  evidence 

i n d i c a t e  t h a t  t h e  b i o t i t e  g r a n o d i o r i t e  i s  younger than t h e  metamorphic complex 
and i n t r u s i v e  i n t o  it. Resul ts  o f  chemical analyses o f  s i x  samples o f  the  

b i o t i t e  g r a n o d i o r i t e  a l s o  i n d i c a t e  t h a t  it i s  very homogeneous and t h a t  i t  can 
be d is t ingu ished on the  bas is  o f  h igh  TiOz and Pz05 contents. 

The b i o t i t e  g ranod ior i te ,  l i k e  t h e  o ther  Precambrian rocks a t  Fenton 

H i l l ,  contains many j o i n t s  o r  na tura l  f rac tu res ,  which are seen a t  0.01- t o  

' 

0.1-m i n t e r v a l s  i n  cores and are recognized on c e r t a i n  geophysical logs. 

These j o i n t s  are almost i n v a r i a b l y  sealed by a v a r i e t y  o f  minera ls  i n c l u d i n g  

c a l c i t e ,  a1 k a l i  fe ldspar ,  epidote,  and quartz.  The sea l ing  processes have 
been so e f f e c t i v e  t h a t  i n t r i n s i c  permeab i l i t y  and water losses dur ing  f l o w  

t e s t s  have been extremely low. Apparent ly seismic a c t i v i t y ,  which commonly 
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keeps j o i n t s  open i n  na tu ra l  hydrothermal systems, has been t o o  low i n  the  

Fenton H i l l  area t o  reopen t h e  sealed f rac tu res .  

As mentioned i n  the  i n t roduc t i on ,  r e s e r v o i r s  were created i n  t h e  b i o t i t e  

g r a n o d i o r i t e  a t  a depth i n t e r v a l  o f  2.6 t o  3.0 km by  h y d r a u l i c a l l y  f r a c t u r i n g  

w e l l  EE-1  and s ide t rack ing  ( d e v i a t i n g )  w e l l  GT-2 t o  pass through t h e  f r a c t u r e d  

region. I n  our e a r l y  concept it was be l i eved  t h a t  t h e  dev ia ted  path o f  GT-2, 
c a l l e d  GT-ZB, f a i l e d  t o  i n t e r s e c t  t h e  hyd rau l i c  f r a c t u r e  d i r e c t l y ,  bu t  d i d  a t  

l e a s t  i n t e r s e c t  several j o i n t s  i n c l i n e d  from t h e  v e r t i c a l ,  which provided f low 
communication from the  hydraul i c  f r a c t u r e s  i n i t i a t e d  from EE-1. 

Reservoir  geometry can be i n f e r r e d  from several d i f f e r e n t  experiments and 

a v a r i e t y  o f  data. The most common data used are  those obtained from t r a c e r ,  

spinner, and temperature logs, and hea t -ex t rac t i on  experiments. These exper i -  

ments, together  w i t h  the  expected f i n d i n g  t h a t  t h e  minimum e a r t h  s t ress  a t  

r e s e r v o i r  depth i s  i n  t h e  h o r i z o n t a l  d i r e c t i o n  so t h a t  t h e  induced f r a c t u r e s  
a re  v e r t i c a l ,  have l e d  t o  the  i n f e r r e d  f r a c t u r e  geometry shown i n  Figs. 3 and 

4. 
F igu re  3 i s  an e a r l y  conceptual model o f  t he  system showing t h e  small 

f r a c t u r e  e x p l o i t e d  f o r  Run Segments 2 and 3 and t h e  enlarged f r a c t u r e  system 
of Run Segments 4 and 5. Also shown are the  connecting, nonver t i ca l  na tu ra l  
j o i n t s  w i t h  a d i p  o f  about 60" from the  ho r i zon ta l .  Note t h a t  t h e  h y d r a u l i c  

f rac tu res  are shown t o  be c i r c u l a r  i n  Fig. 3. Th is  i s  admi t ted l y  speculat ive.  

However, u n l i k e  o i l  and gas r e s e r v o i r s  where d i s t i n c t  changes i n  the  l i t h o l o g y  

(such as upper and lower con f in ing  shale l aye rs )  r e s u l t  i n  rough ly  rec tangu lar  

f rac tu res ,  i t  i s  thought t h a t  t h e  f r a c t u r e s  i n  t h i s  HDR system are  rough ly  
c i r c u l a r  because o f  t he  gross homogeneity o f  t h e  b i o t i t e  g ranod ior i te .  Almost 

a l l  t h e  hea t - t rans fe r  area i n  t h i s  model o f  t h e  system i s  associated w i t h  t h e  
hydraul i c  f rac tu res .  The hea t - t rans fe r  area o f  t h e  i n c l i n e d  j o i n t s ,  expected 
t o  be small ,  i s  lumped f o r  computational convenience w i t h  t h e  main h y d r a u l i c  

f ractures.  The independent- f ractures model (discussed i n  Sec. 111) i s  based 

on t h i s  representa t ion  o f  t h e  reservo i r .  Using t h i s  analysis,  t h e  area of t h e  
f i r s t  f r a c t u r e  was i n i t i a l l y  ca l cu la ted  a t  8000 m , which gives an equ iva len t  

diameter o f  100 m. S i m i l a r l y ,  i n i t i a l  est imates i n d i c a t e  t h a t  t he  l a r g e r  f r a c -  

t u r e  i s  35 000 m , o r  has an equ iva len t  diameter o f  about 200 m. 

F igu re  4 i s  a more recent v iew o f  t h e  system. Th is  model i s  charac ter -  

i z e d  by a m u l t i t u d e  o f  v e r t i c a l l y  o r i en ted  f rac tu res .  Th is  view o f  t h e  reser-  

v o i r  evolved a f t e r  a d e t a i l e d  ana lys i s  o f  temperature drawdown and recovery 

2 

2 
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Fig. 3. 
I n f e r r e d  r e s e r v o i r  geometry (ear  
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model gave a t o t a l  heat - t rans fer  

Y 
Fig. 4. 

I n f e r r e d  r e s e r v o i r  geometry (present  
concept ion) .  

d e t a i l s  are a l s o  given i n  Sec. 111). Th is  

area f o r  t h e  r e s e r v o i r  o f  45 000 m 2 

111. HEAT PRODUCTION AND HEAT-TRANSFER MODELING 

During Run Segments 2 through 5, t h e  temperature o f  t h e  water e x i t i n g  t h e  
r e s e r v o i r s  was measured w i t h  a t h e r m i s t o r  surveying t o o l  pos i t ioned i n  GT-EB. 

Th is  t o o l  has a r e s o l u t i o n  of 0.05'C. Combined w i t h  t h e  thermis to r  i s  a f l o w  

r a t e  sensor, t h a t  i s ,  a "spinner," so t h a t  both temperature and f low ra tes  o f  
t h e  water e x i t i n g  t h e  r e s e r v o i r  and en ter ing  GT-PB v i a  var ious na tura l  frac- 

t u r e s  o r  j o i n t s  could be monitored. Cumulative thermal energy ex t rac ted  from 
t h e  Phase I r e s e r v o i r  dur ing Run Segments 2 through 5 i s  i l l u s t r a t e d  i n  Fig. 

10 



- TOTAL ENERGY EXTRACTED lREsERvotR AN0 WEUBORES) 

+-3 RESERVOIR ENERGY ONLY 

1 I 
I ism 1979 1980 

CALENDAR YEAR 

Fig. 5. 
Cumulative thermal energy ex t rac ted  from t h e  Phase I reservo i  rs ,  Run Segments 
2 through 5. 

5. The upper curve dep ic ts  t o t a l  energy produced a t  t h e  surface. Measured 

GT-2 product ion temperatures were used and a constant 25OC r e i n j e c t i o n  tempera- 

t u r e  was assumed f o r  EE-1. The lower curve represents energy ex t rac ted  from 

f l o w  across t h e  r e s e r v o i r  and excludes c o n t r i b u t i o n s  from t h e  wel ls.  Based 
upon we1 l b o r e  heat- t ransmission c a l c u l a t i o n s ,  an i n l e t  r e s e r v o i r  temperature 

i n  EE-1  o f  about 65OC was used when measured downhole temperatures were un- 
a v a i l  able. The o u t l e t  r e s e r v o i r  temperature was taken from GT-2 temperature 

logs  measured a t  2590 m (8500 ft). Average thermal energy ex t rac ted  a t  t h e  
sur face was 3.1 MWt  f o r  Run Segment 2, 2.1 MWt f o r  Run Segment 3, 2.8 MWt f o r  

Run Segment 4, and 2.3 MWt d u r i n g  Run Segment 5. 

Although Run Segment 2 produced thermal energy a t  t h e  grea tes t  ra te,  t h e r -  

mal  drawdown was q u i t e  severe. A f t e r  75 days o f  opera t ion  t h e  GT-2 r e s e r v o i r  
temperature had dropped from 175 t o  85OC. Temperatures dur ing  Run Segment 3 

ranged from 135 t o  98.5OC, wh i le  temperatures d u r i n g  Run Segment 4 remained 
almost constant a t  153OC. F i n a l l y  dur ing  Run Segment 5, t h e  i n i t i a l  r e s e r v o i r  
temperature o f  156OC climbed t o  about 158OC a f t e r  60 days then dropped t o  

about 149OC by t h e  exper iment 's end (286 days). 
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The r a t e  o f  dec l ine,  o r  drawdown, o f  these temperatures, when analyzed 

w i t h  the  hea t - t rans fe r  models b r i e f l y  descr ibed below, permi ts  est imates o f  

the  e f f e c t i v e  hea t - t rans fe r  areas o f  the  reservo i rs .  We say e f f e c t i v e  because 
some pa r t s  o f  t h e  t o t a l  area are e i t h e r  inaccess ib le  t o ,  o r  i n e f f i c i e n t l y  

bathed by, t he  water f l ow  because o f  f l u i d  dynamic and geometr ical  considera- 
t i o n s .  

Heat - t rans fer  modeling of t he  rese rvo i r s  has been performed w i t h  two nu- 

mer ica l  models. These models. have been descr ibed i n  d e t a i l  p rev ious l y ,  
bu t  a summary i s  provided here f o r  convenience. Both models use two- 

dimensional s imu la to rs  i n  which heat i s  t ranspor ted  by conduct ion w i t h i n  t h e  

rock t o  the  f rac tu res .  The most r e c e n t l y  developed model, which we c a l l  the  

m u l t i p l e - f r a c t u r e  model, i s  based upon the  geometry o f  Fig. 4 and assumes t h a t  

t h e  f rac tu res  are p a r a l l e l  rectangles and t h a t  f l o w  i s  d i s t r i b u t e d  un i fo rm ly  

along the  bottom o f  each f r a c t u r e  and un i fo rm ly  withdrawn from the  t o p  o f  each 
f rac tu re .  The f l o w  i s  thus one-dimensional, and the  s t reaml ines are s t r a i g h t  

v e r t i c a l  1 ines. Consequently f l u i d  dynamic considerat ions do no t  d i r e c t l y  
en te r  i n t o  the  heat -ex t rac t ion  process -- the  sweep e f f i c i e n c y  i s  imp1 i c i t l y  

assumed t o  be 100%. However, a r igorous  two-dimensional heat-conduct ion sol  u- 
t i o n  i s  incorporated f o r  the rock between the  f rac tu res ,  and t h i s  permi ts  va l -  

i d  cons idera t ion  o f  t he rma l - i n te rac t i on  e f f e c t s  between the  f rac tu res .  I n  

con t ras t ,  the  o lde r  model ( the  independent- f ractures model ), based upon Fig. 

3, assumes t h a t  t he  f r a c t u r e s  are c i r c u l a r  (but  o ther  assumptions are permis- 

s i b l e )  and a l lows proper l o c a l  p o s i t i o n i n g  o f  t he  i n l e t  and o u t l e t s ,  i.e., t he  

p o i n t - l i k e  i n t e r s e c t i o n  o f  t he  i n j e c t i o n  we l l  w i t h  the  f r a c t u r e  can be 
modeled, as can the  i n t e r s e c t i o n  o f  the  main hyd rau l i c  f rac tu res  and the  s lan t -  
i n g  j o i n t s  t h a t  p rov ide  the  connections t o  GT-EB. However, as was caut ioned 

e a r l i e r ,  w h i l e  the f l u i d  dynamic e f fec ts  o f  the  j o i n t s / o u t l e t s  can be f a i t h -  

f u l l y  modeled, t he  hea t - t rans fe r  e f f e c t  o f  the  j o i n t s  cannot; t he  area o f  t h e  

j o i n t s  must be lumped w i t h  the main f ractures.  I n  view o f  t h i s  more f a i t h f u l  

representa t ion  o f  i n l e t  and o u t l e t s ,  and t h e  f a c t  t h a t  a complete two- 

dimensional s o l u t i o n  t o  the  Navier-Stokes f l u i d  dynamic equat ions i s  incorpor-  

ated, t h e  independent- f ractures model r e s u l t s  i n  a more r e a l i s t i c  assessment 

o f  t he  e f f e c t  o f  f l u i d  dynamics and sweep e f f i c i e n c i e s  upon heat ex t rac t i on .  

The penal ty ,  however, i s  t h a t  i n  the  present two-dimensional vers ion  o f  t h e  
code, thermal i n t e r a c t i o n  as the  temperature waves i n  t h e  rock between 

14 
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f r ac tu res  over lap cannot be r e a l i s t i c a l l y  represented, as i t  i s  w i t h  t h e  
m u l t i p l e - f r a c t u r e  model. 

I n  the  most r e c e n t l y  conducted experiment, Run Segment 5, i t  was con- 

c luded t h a t  wh i l e  both models are now on ly  two-dimensional, both models pre- 

d i c t e d  reasonably we1 1 the  o v e r a l l  thermal drawdown. Th is  agreement gives 

pause t o  t h e  development o f  more compl icated and expensive three-dimensional  

model s, bu t  nevertheless we are c u r r e n t l y  developing such model s f o r  f u t u r e  

reservo i rs .  I n  the  meantime, we present below our  reana lys is  o f  Run Segments 
2 through 5 w i t h  the  most up-to-date, two-dimensional versions o f  both models. 

Th is  reana lys is  shows t h a t  growth o f  t h e  heat-exchange area occurs no t  o n l y  
from p ressu r i za t i on  and hyd rau l i c  f r a c t u r i n g ,  as might be expected, bu t  a lso  

as a consequence o f  thermal coo l i ng  and thermal s t ress  cracking. Reservoi r  
growth due t o  thermal c rack ing  dur ing  heat e x t r a c t i o n  was pred ic ted  as e a r l y  
as 1972 by Harlow and Pracht,15 bu t  t h i s  i s  t h e  f i r s t  t ime we have been ab le  

t o  de tec t  such growth i n  the  actual  drawdown behavior. 
A. Independent-Fractures Model ing 

The f i r s t  a p p l i c a t i o n  o f  t h i s  model was t o  the  f i r s t  rese rvo i r ,  when o n l y  
the  smal ler  hyd rau l i c  f rac tu re  shown t o  t h e  r i g h t  i n  Fig. 3 ex is ted.  Th is  

r e s e r v o i r  was tes ted  ex tens i ve l y  dur ing  Run Segment 2, a l so  r e f e r r e d  t o  as the  

75-day t e s t  (Ref. 2). Based upon spinner and temperature surveys i n  the  pro- 
duc t ion  we l l ,  t he  depths o f  the  i n t e r s e c t i o n s  o f  t he  product ion we l l  w i t h  the  
s l a n t i n g  j o i n t s  were est imated as we l l  as the  f l ow  ra tes  communicated by each 

j o i n t .  I n  the  ca l cu la t i ons ,  t he  actual  temporal v a r i a t i o n s  o f  product ion and 
i n j e c t i o n  f l ow  ra tes  were u t i l i z e d .  The f r a c t u r e  i n l e t  temperature was e s t i -  

mated w i t h  a separate wel lbore heat- t ransmiss ion c a l c u l a t i o n .  l7 With t h i s  

in fo rmdt ion ,  est imates o f  t he  thermal drawdown were ca l cu la ted  w i t h  the  model 

f o r  var ious t r i a l  values o f  f r a c t u r e  r a d i i  and v e r t i c a l  p o s i t i o n  o f  the  f rac -  

t u r e  i n l e t .  It could no t  be assumed t h a t  t he  i n l e t  was loca ted  a t  t he  center  
o f  the f rac tu re  because the  ea r th  s t resses increase w i t h  depth, so t h a t  dur ing  

i t s  c r e a t i o n  the  f r a c t u r e  probably grew p r e f e r e n t i a l l y  i n  the  upward d i r e c -  
t i o n .  A f r a c t u r e  rad ius o f  60 m w i t h  an i n l e t  loca ted  25 m above the  f r a c t u r e  
bottom resu l ted  i n  a good f i t  t o  t h e  measurements, and, as shown i n  Fig.  6, 

t he  computed thermal behavior was i n  good agreement w i t h  the  measured tempera- 

tu re .  The temperature shown i s  the  mixed mean reservo i  r - o u t l e t  temperature. 

That i s ,  the  mean o u t l e t  temperature i s  taken as the  mean o f  t h e  j o i n t - o u t l e t  

temperatures measured i n  the  product ion we l l ,  averaged, o r  weighted, by t h e  
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Fig. 6. 
Computer model comparison w i t h  f i e l d  data f o r  a s i n g l e  f r a c t u r e  f o r  Run 
Segment 2. 

f l o w - r a t e  f r a c t i o n  i n  each j o i n t .  Th is  mean out le t - temperature measurement i s  

considered as t h e  best  measure o f  t h e  o v e r a l l  thermal performance o f  t h e  reser-  

v o i r  and i s  used, f o r  t h i s  model , t o  descr ibe not o n l y  t h e  o l d  reservo i r ,  bu t  

a l s o  below, t h e  enlarged, two- f rac tu re  reservo i r .  However, as w i l l  be i n d i -  

cated l a t e r ,  one o f  t h e  s t rengths o f  t h e  newer, m u l t i p l e - f r a c t u r e  model, i s  

t h a t  t h e  temperatures o f  t h e  i n d i v i d u a l  j o i n t s ,  as we l l  as t h e  mean tempera- 
tu re ,  are al'so modeled r e a l i s t i c a l l y .  A rad ius  o f  60 m, as i n d i c a t e d  by t h e  

f i t  t o  t h e  data i n  Fig. 6, imp l ies  a t o t a l  f r a c t u r e  area (on one s ide)  o f  11 
000 m ; however, because o f  hydrodynamic f l o w  sweep i n e f f i c i e n c i e s  t h e  net 
area e f f e c t i v e  i n  heat exchange was o n l y  8000 m dur ing  Run Segment 2. U n l i k e  

t h e  newer model, we were unable, w i t h  t h e  independent- f ractures model, t o  

o b t a i n  a c lear -cu t  i n d i c a t i o n  o f  thermal growth from t h e  drawdown data o f  Run 

Segment 2. The very low r a t e  of drawdown i n  t h e  l a t e r  per iod  o f  t h e  t e s t  

prevented r e s o l u t i o n  o f  any p o t e n t i a l  area increase. 

S ix  months a f t e r  the  conclusion o f  Run Segment 2, Run Segment 3 ( t h e  h igh  

back-pressure experiment) was conducted i n  October o f  1978. The purpose was 

t o  examine r e s e r v o i r  behavior under cond i t ions  o f  h igh  mean-fracture pressure. 

2 
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The t e s t  d u r a t i o n  was short ,  l e s s  than 1 month, b u t  t h e  thermal drawdown sug- 

gested t h a t ,  according t o  t h e  independent- f ractures model, t h e  e f f e c t i v e  heat 
area was n e a r l y  t h e  same. However, f l o w  r a t e  (sp inner )  surveys i n  GT-2 i n d i -  
cated t h a t  because o f  the  h igher  pressure l e v e l  most o f  t h e  f l o w  was e n t e r i n g  

GT-2B a t  p o s i t i o n s  t h a t  averaged 25 m deeper than d u r i n g  Run Segment 2. I n  

e f fec t  t h e  r e s e r v o i r  f low paths were shortened by 25 m, some 25%. A reduc t ion  

o f  a t  l e a s t  25% i n  heat - t rans fer  area would have been expected because t h i s  
v e r t i c a l  shortening would a1 so r e s u l t  i n  h o r i z o n t a l  c o n t r a c t i o n  o f  t h e  stream- 

l i n e s ,  and y e t  t h e  area est imated from ac tua l  drawdown was about t h e  same. It 

was concluded t h a t  wh i le  p r e s s u r i z a t i o n  d i d  indeed r e s u l t  i n  p a r t i a l  s h o r t  

c i r c u i t i n g  o f  t h e  streamlines, i t  a l s o  r e s u l t e d  i n  a notable decrease i n  i m -  
pedance, which af forded b e t t e r  f l u i d  sweep and bath ing o f  t h e  remaining area. 
This impedance change i s  descr ibed i n  more d e t a i l  i n  Sec. V. 

As described i n  Sec. I, t h e  r e s e r v o i r  was enlarged dur ing  t h e  f r a c t u r i n g  

operat ions o f  1979, t h e  MHF Expts. 195 and 203. Approximately 760 m (200 000 

g a l )  o f  water were i n j e c t e d  i n t o  t h e  r e s e r v o i r  dur ing  each experiment, and t h e  

pressure was ra ised by 20 MPa (3000 p s i ) .  For t h e  independent- f ractures model 

t h e  enlarged r e s e r v o i r  i s  por t rayed as two f rac tu res ,  t h e  o l d  one opera t ive  i n  

Run Segments 2 and 3, and a new and l a r g e r  one shown t o  t h e  l e f t  i n  Fig.  3. 

The enlarged r e s e r v o i r  was evaluated dur ing  Run Segment 4,5 and Run Segment 

5. To sumnarize t h e  Run Segment 4 studies,  i t  was found t h a t  t h e  o l d  
f r a c t u r e  had an e f f e c t i v e  heat- t ransfer  area o f  15 000 m and t h e  new f r a c t u r e  
had an e f f e c t i v e  area of a t  l e a s t  30 000 m . We say a t  l e a s t  because t h e  heat- 

e x t r a c t i o n  per iod  was o n l y  23 days, f a r  t o o  shor t  t o  r e s u l t  i n  s i g n i f i c a n t  
d e p l e t i o n  o f  t h e  new f rac tu re .  The area determined i n  Run Segment 4 f o r  t h e  

o l d  f r a c t u r e  was a t  l e a s t  tw ice  t h a t  determined i n  Run Segment 2. Th is  t r e n d  

o f  inc reas ing  area i s  now a t t r i b u t e d  t o  thermal s t ress  c rack ing  e f f e c t s .  

B e t t e r  est imates of t h e  t o t a l  e f f e c t i v e  heat - t rans fer  area o f  both f r a c -  

t u r e s  were obtained i n  Run Segment 5, d u r i n g  which t h e  thermal drawdown was 

o n l y  8OC. This drawdown, and t h e  model p r e i i c t i o n s  f o r  several values o f  t h e  

combined areas, are shown i n  Fig. 7. The data ranges shown should n o t  be 
i n t e r p r e t e d  as e r r o r  bars. Instead, t h e  ranges merely r e f l e c t  t h e  d i f f e r e n c e s  
t h a t  occur i f  t h e  thermal d e c l i n e  i s  measured w i t h  respect t o  t h e  i n i t i a l  mean 
reservo i  r - o u t l e t  temperature, or, instead, w i t h  respect t o  t h e  h ighest  mean 

o u t l e t  temperature observed. The mean o u t l e t  temperature a c t u a l l y  increased 
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Fig. 7. 
Computer model comparison o f  f i e l d  data w i t h  independent f r a c t u r e  model f o r  
Run Segment 5. 

s l i g h t l y  dur ing  t h e  e a r l y  p o r t i o n  o f  Run Segment 5. Th is  temporary increase 

i s  due t o  t r a n s p o r t  o f  deeper, h o t t e r  water t o  t h e  product ion we l l ,  as we l l  as 

t o  some i n t e r a c t i o n  of t h e  f ractures.  For s i m p l i c i t y  t h e  e f f e c t  was neglected 
i n  t h e  independent- f ractures model as it i s  f a i r l y  small ,  l e s s  than 2 O C .  As 
shown i n  Fig. 7, t h e  data are f i t  very we l l  by a model w i t h  a combined area o f  

50 000 m , some 5000 m grea ter  than the  area t e n t a t i v e l y  est imated from t h e  

very  small drawdown dur ing  Run Segment 4. 
A summary of t h e  heat-exchange areas determined w i t h  t h e  independent- 

f r a c t u r e s  model i s  presented i n  Fig. 8. As can be seen, a steady increase, 
from 8000 t o  50 000 m , i s  ind icated.  Th is  t rend i s  supported not  o n l y  by t h e  

newer model i n g  discussed next, bu t  a1 so by r e s e r v o i r  t r a c e r  experiments pre- 
sented i n  Sec. I V .  As i n d i c a t e d  by t h e  quest ion marks i n  Fig. 8, t h e  area 

increase due t o  t h e  MHF experiments (195 and 203) ,  i s  uncer ta in .  The 
heat - t rans fer  area was not measured u n t i l  t h e  l a t e r  stages o f  Run Segment 4. 

Unfor tunate ly ,  t h e  f i r s t  stages o f  Run Segment 4 were f r a c t u r i n g  operat ions i n  
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Fig. 8. 
Heat - t rans fer  area growth determined by the  independent f r a c t u r e s  model i n  t h e  
Phase I rese rvo i r s  dur ing  Run Segments 2 through 5. 

t h e i r  own r i g h t ,  about 3 MPa (500 p.si) lower i n  pressure, b u t  seven t imes t h e  

i n j e c t i o n  volume o f  MHF Expts. 203 and 195. Consequently, t h e  area increase 

measured i n  Run Segment 4 i s  due t o  t h e  combined e f f e c t s  o f  a l l  t h e  f r a c t u r i n g  

operat ions,  and cannot be i n d i v i d u a l l y  ascr ibed t o  t h e  separate operat ions.  

This  unce r ta in t y  w i l l  a l so  be apparent i n  the  m u l t i p l e - f r a c t u r e  modeling and 
the  reservo i  r - t r a c e r  experiment. 
B. Mu l t i p le -F rac tu re  Modeling 

The mean r e s e r v o i r - o u t l e t  temperature as measured a t  2620 m (8600 f t )  i n  

GT-2B du r ing  Run Segment 2, i s  r e p l o t t e d  i n  Fig. 9 along w i t h  model f i t s  t h a t  

invoke an inc reas ing  heat-exchange area. The f o l l o w i n g  procedure was used t o  

f i t  the  data. 

0 The measured GT-2B f l o w  r a t e  and est imated r e s e r v o i r  i n l e t  temperature 

0 The i n i t i a l  f r a c t u r e  area was adjusted t o  ob ta in  the  best f i t  a t  e a r l y  

were programed as func t i ons  o f  t ime. 

times. 
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Fig.  9. 
Computer model comparisons of f i e l d  data w i t h  programmed increases i n  heat- 
t r a n s f e r  area f o r  Run Segment 2. 

0 The f rac tu re  area was allowed t o  increase so as t o  p rov ide  a good f i t  

t o  the  remaining data. For computational s i m p l i c i t y ,  t h e  area i n -  
crease was assumed t o  occur i n  d i s c r e t e  steps ra the r  than i n  a smooth, 

. say piece-wise l i n e a r ,  fashion. 
The r e s u l t i n g  step increases i n  the  area necessary t o  f i t  t h e  data are 

a l so  shown i n  Fig. 9. 

For the  h igh  back-pressure experiment, Run Segment 3,  measured downhole 

i n l e t  temperatures are ava i lab le ,  as are measured GT-2B f low rates.  The same 

procedure was fo l lowed t o  fit the  drawdown and i n f e r  heat-exchange areas. The 
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Fig. 10. 
Computer model comparisons o f  f i e l d  data w i t h  programmed increases i n  heat- 
t r a n s f e r  area f o r  Run Segment 3. 

r e s u l t s  are presented i n  Fig. 10. The cases o f  constant o r  inc reas ing  area 

are compared. As i n d i c a t e d  e a r l i e r ,  t h e  independent- f ractures model was n o t  
ab le t o  de tec t  any increase i n  t h e  e f f e c t i v e  heat - t rans fer  area dur ing  actual  
drawdown. The present ana lys is  i n d i c a t e s  t h a t  t h e  heat - t rans fer  area could 
have increased by a f a c t o r  o f  two dur ing  e i t h e r  Run Segment 2 o r  3.  Further-  
more, t h i s  ana lys is  assumes t h a t  t h e  temperature o f  any new area i s  c lose t o  
t h a t  of the  e x i s t i n g  reservo i r .  I f  t h e  new area i s  being produced by thermal 

s t ress  e f f e c t s ,  i t  most l i k e l y  occurs i n  t h e  co ldest  p o r t i o n s  o f  t h e  reser-  

v o i r ,  and i t s  temperature would consequently be l e s s  than t h e  average reser-  

v o i r  temperature. The actual  area increases would even be l a r g e r  than e s t i -  

mated here. 

S i m i l a r  modeling was c a r r i e d  out f o r  Run Segments 4 and 5. F igure  11 

summarizes t h e  growth  o f  t h e  heat-exchange area,  a c c o r d i n g  t o  t h e  
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Fig. 11. 
Heat - t rans fer  area growth determined by  model f i t s  t o  drawdwon data and 
we l lbore  temperature l ogs  i n  the  Phase I r e s e r v o i r s  du r ing  Run Segments 2 
through 5. 

m u l t i p l e - f r a c t u r e s  model, throughout Phase I .  The general s i m i l a r i t y  w i t h  the  

sumnary of t h e  independent- f ractures model, Fig. 8, i s  noted, bu t  t he re  a re  
d i f fe rences  i n  d e t a i l .  The i n i t i a l  area o f  7500 m was es tab l i shed by many 
p ressu r i za t i ons  and some cool ing.  This area grew t o  15  000 m i n  Run Segment 

2. As i nd i ca ted  e a r l i e r  t he  h igh  back pressure o f  Run Segment 3 caused a r e d i s -  

t r i b u t i o n  of f l ow  r e s u l t i n g  i n  f l u i d  dynamic s h o r t - c i r c u i t i n g .  However, un- 

l i k e  the  independent- f ractures model, t he  new model i nd i ca tes  t h a t  t he  i n i t i a l  

heat-exchange area was a c t u a l l y  l ess  than t h a t  o f  Run Segment 2, s t a r t i n g  a t  
6000 m2; bu t  i t  then grew t o  12 000 m du r ing  the  28-day tes t .  The system was 

pressur ized t o  h igh  pressures several t imes du r ing  MHF Expts. 203 and 195 and 
Run Segment 4 bu t  no area o r  volume measurements were made u n t i l  Run Segment 
4. A f te r  Run Segment 4, t h e  E E - 1  temperature logs i nd i ca ted  t h a t  between 6000 
and 9000 m had been added t o  the  lower p a r t  o f  the  rese rvo i r  by t h e  recement- 

i n g  and p ressu r i za t i on  p r i o r  t o  and du r ing  Run Segment 4. This increased t h e  
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2 measured heat-exchange area t o  between 21 000 and 24 000 m . The area mea- 

surements d u r i n g  Run Segment 5 are somewhat uncertain.  The best est imates are  
2 t h a t  t h e  heat-exchange area was grea ter  than 45 000 m a t  t h e  end o f  t h e  exper- 

iment. The l a c k  o f  recovery o f  t h e  o u t l e t  temperature i n d i c a t e s  t h a t  t h e  ad- 

d i t i o n a l  area i s  i n  t h e  depleted upper h a l f  o f  t h e  r e s e r v o i r  o r  was p a r t l y  

added t o  t h e  lower h a l f  as Run Segment 5 proceeded. 
C. Comparison o f  E f f e c t i v e  Heat-Exchange Areas With Other Reservoi r  Areas 

Throughout t h e  development o f  t h e  r e s e r v o i r ,  t h e  heat-exchange area has 
remained small compared t o  areas obtained from other  methods. Table I 1  l i s t s  
some o f  these area estimates. The extremely l a r g e  i n f l a t i o n  areas based upon 
f r a c t u r e  p r e s s u r i z a t i o n  and i n f l a t i o n  are obtained from t o t a l  i n j e c t e d  volumes 

d i v i d e d  by t h e  e f f e c t i v e  opening, o r  aperture,  o f  t h e  f rac tu res .  These aper- 

t u r e s  are discussed below. The actual  area associated w i t h  t h e  i n f l a t i o n  vo l -  

ume could be la rger ,  as some o f  t h e  water must be i n  smal l -scale p o r o s i t y  w i t h  

smal ler  apertures. Most o f  t h i s  area cannot be expected t o  p a r t i c i p a t e  i n  

heat exchange. 

The d i f f u s i o n  area i s  obtained main ly  from water- loss data. The assump- 

t i o n s  used t o  ob ta in  t h i s  area are discussed i n  Ref. 19. The seismic area i s  
t h e  v e r t i c a l  p r o j e c t i o n  o f  t h e  locus o f  s e i s m i c i t y  (see Sec. V I I I )  m u l t i p l i e d  
by N, t h e  number o f  f r a c t u r e s  i n  t h e  microseismic volume. For N = 3, a s  

TABLE I 1  

COMPARISON OF RESERVOIR FRACTURE AREAS 
Area (m2) 

Segment I n f l a t i o n a  

2 5 x lo6 
1 

3 5 x lo6 

4 
5 20 x lo6 

Seismic D i f f u s i o n  Yz!mmr 
~1250 000 

75 000 x N 
90 000 x N ~1350 000 

b Vent 

40 000 

>250 000 

Heat Transfer  

7 500 

15 000 
6 000 
12 000 

>21 000 
37 000 

45 000 

a l-mn aper ture 
b4-mm aper ture 
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suggested by t h e  mul t  
fus ion  area. 

Yet another area 

p le - f rac tu res  model, t h e  areas are very c lose  t o  t h e  d i f -  

can be obtained from t h e  volume o f  water vented a t  h i g h  

f low ra tes  a f t e r  t h e  system has been pressur ized f o r  a long time. The h igher  

vent ra tes  are assumed t o  come from a l a r g e  low-impedance system before the  

decreasing i n t e r n a l  pressure c loses t h e  f rac tu res .  The vent areas i n  t h e  
t a b l e  are f o r  a f r a c t u r e  system w i t h  an aperture,  discussed below, obtained 

from t h e  heat-exchange areas and modal t r a c e r  volumes. 
The heat-exchange areas, as determined w i t h  t h e  mu1 t i p l e - f r a c t u r e s  model 

discussed prev ious ly ,  are i n  t h e  f i n a l  columns o f  t h e  t a b l e  and are seen t o  be 
small compared t o  t h e  other  area estimates. Th is  i n d i c a t e s  t h a t  o n l y  a small 

p o r t i o n  o f  t h e  pressur ized f r a c t u r e  system i s  being u t i l i z e d  as heat-exchange 

area. 

The i n f l a t i o n  and vent areas were obtained from volume measurements. I n  
each case an upper l i m i t  t o  t h e  aper ture was used so t h a t  t h e  ca lcu la ted  areas 

would be lower l i m i t s .  Fo r  t h e  i n f l a t i o n  areas a nominal 1 mm was chosen 

because t h e  la rger ,  uncooled f r a c t u r e  system i n t o  which water i s  forced d u r i n g  

i n f l a t i o n  (no c i r c u l a t i o n  of water because the  product ion we1 1 was shut - in )  
should have a smal ler  aper ture than t h e  smal lest  est imates. Pressure- 
t r a n s i e n t  t e s t i n g ”  of t h e  f rac tu re  system e f f e c t i v e  i n  heat exchange gives an 

est imate o f  1 t o  2 mn f o r  t h e  aper ture o f  t h e  a c t i v e  heat - t rans fer  region, 

whereas Run Segment 2 t r a c e r  modal vo umes (Sec. I V )  and heat-exchange areas 

prov ide an aper ture est imate o f  ~11 t o  5 mn f o r  t h e  heat-exchange region. Con- 

sequently, a nominal 1 mn was chosen f o r  t h e  l a r g e r  and, e s s e n t i a l l y ,  s t i l l  

undeveloped reservo i r .  Turning now t o  t h e  area est imate based upon t h e  vent-  

i n g  volume, t h e  apertures associated w i t h  t h e  low-impedance vent volume should 

be t h e  same as o r  smal ler  than t h e  apertures o f f  the  i n t e r n a l l y  depleted, 

a c t i v e  heat- t ransfer  regions o f  t h e  reservo i rs .  The l a r g e s t  aper ture e s t i -  

mates f o r  t h e  depleted r e s e r v o i r  were obtained a t  t h e  end o f  Run Segment 5 
when t h e  modal volume and heat-exchange areas gave apertures o f  about 4 mm. 

I V .  TRACER STUDIES AND FRACTURE VOLUME GROWTH 
The main ob jec t ives  o f  r e s e r v o i r  t r a c e r  s tud ies are t o  assess t h e  volume 

changes associated w i t h  t h e  c r e a t i o n  o f  t h e  Phase I system and t o  determine 

dynamic behavior o f  t h e  system volume as t h e  system undergoes long-term heat 

ex t rac t ion .  Two t r a c e r s  were used i n  these studies.  The f i r s t  i s  a v i s i b l e  
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dye, sodium f luorescein,  which i s  monitored i n  t h e  produced f l u i d  w i t h  a UV 

spectrophotometer. The other  t racer ,  r a d i o a c t i v e  Br8' (ha1 f 1 i f e  equals 36 h )  
present as ammonium bromide (NH4Br ), i s  monitored i n  t h e  produced f l u i d  w i t h  

a f low-through gama counter s p e c i a l l y  f a b r i c a t e d  f o r  t h i s  use. The rad io -  
a c t i v e  t r a c e r  i s  not  temperature s e n s i t i v e  and t h e r e f o r e  does not  undergo ther -  

mal decomposition as does t h e  sodium f l u o r e s c e i n  i n  t h e  h igher  temperature per- 
t i o n s  of t h e  reservo i r .  Flow cond i t ions  and p r e l i m i n a r y  r e s u l t s  o f  t r a c e r  

t e s t s  from t h e  Phase I system are presented i n  Table 111. I n  t h i s  t a b l e ,  t h e  
d e f i n i t i o n s  o f  modal volume, i n t e g r a l  mean volume and var iance are the  same as 

those presented by Tester e t  a l .  2o The f r a c t u r e  modal volume i s  s imply  t h e  

volume o f  f l u i d  produced a t  GT-2B between t h e  t ime t h e  t r a c e r  pu lse was i n -  

j e c t e d  and t h e  t ime t h e  peak t r a c e r  concentrat ion appeared i n  t h e  produced 
f l u i d .  The wel lbore volumes are subtracted from the  t o t a l  volume produced t o  

g i v e  t h e  t r u e  f r a c t u r e  modal volumes. The i n t e g r a t e d  mean volume i s  obta ined 
by i n t e g r a t i n g  the  t r a c e r  concentrat ion- t ime curve a t  t h e  r e s e r v o i r  e x i t .  As 
descr ibed below, t h e  modal volume i s  considered t h e  most r e l i a b l e  i n d i c a t o r  of  
r e s e r v o i r  volume change. Large changes i n  t h e  modal volume are observed a f t e r  

t h e  h y d r a u l i c  f r a c t u r i n g  o f  t h e  system between Run Segments 3 and 4 and d u r i n g  

t h e  SUE, which fo l lowed Run Segment 5. SUE was conducted on December 9 and 

10, 1980, and t h e  volume change was evaluated w i t h  a t r a c e r  experiment on 
December 12, 1980. 

The i n t e g r a l  mean volumes show a r e g u l a r  increase dur ing  Segment 2; how- 

ever, t h e  i n t e g r a l  mean i s  s t r o n g l y  a f f e c t e d  by t h e  volume o f  f l u i d  produced 
dur ing  a given experiment. Dur ing Run Segments 2 and 4, t h e  length  o f  t i m e  a 

given experiment could be run was determined l a r g e l y  by t h e  l i m i t  o f  d e t e c t i o n  
of sodium f luorescein.  The h i g h l y  increased s e n s i t i v i t y  o f  t h e  method f o r  
analyzing Br8' over t h a t  f o r  sodium f l u o r e s c e i n  i s  responsib le  f o r  longer  
t a i l  s on the  Br - t racer  experiments. Dye-tracer experiments t y p i c a l l y  end when 

t h e  dye concentrat ions i n  t h e  produced f l u i d  can no longer  be measured ( t y p i -  
c a l  l y  <1400 m t o t a l  produced vol  ume a t  GT-2B). Bromine-tracer experiments, 

on t h e  other  hand, have cont inued t o  4140 m w i thout  completely reaching back- 

ground. I n t e g r a t i o n  o f  t h e  long t a i l s  o f  t h e  concentrat ion- t ime curves biases 

both t h e  i n t e g r a l  mean volume and t h e  var iance t o  h igher  values. To e l i m i n a t e  

t h e  ef fect  o f  t h i s  bias,  Tester e t  ,lo2' t r u n c a t e  t h e  i n t e g r a t i o n  when 90% o f  

t h e  t r a c e r  has been recovered. Variances o f  t h e  d i s t r i b u t i o n s  were c a l c u l a t e d  
f o r  the  f u l l y  i n t e g r a t e d  d i s t r i b u t i o n  and the  90% trimmed mean, and these 
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Iu 
P TABLE I11 

SUMMARY OF FLUORESCEIN DYE AND Br82  TRACER EXPERIMENTS I N  THE PHASE I EE-l /GT-2B FRACTURE SYSTEM 

u 

3 
U al In 

m 
n - Experiment 

ORIGIML RESERVOIR 

Phase 1-4 (4/7/78) 65 
Se n t  3 (28 day) 
7 h 5  9/28/78)1 10 
Phase 1-6 110/13/78)h 25 
Phase 1-7 (10/1C78)k 28 

ENLARGE0 RESERVOIR 

%%OE/%)  
215-2 i i0/29/79j 0 
215-3 (11/2/79) 2 
215-4 (11/12/79) 12 

Se n t  5 (282 day) * A 4/16/80) 38 
217-A2 (5/9/60-8r)j 61 
21 7-A3 (9/3/80-6r) 178 

PreSUE 21 7-A4 (12/2/80-6r) 268 
PostSUE 217-AS (12/12/80-6r) 278 

0 n 
f 
w ow a 

8.8 
8.5 
6.6 
5.9 

9.3 
9.3 
9.3 

17.2 
17.2 
9.3 
9.3 

9.8 
9.5 
8.8 
8.5 
8.4 

1.1 8.0 
1.1 26.1 
1.1 57.2 
1.1 75.7 

9.7 9.0 
9.7 26.3 
1.7 830.0 

1.1 1.3 
10.3 6.1 
1.1 9.5 
1.1 16.2 

1.3 13.1 
1.3 26.5 
1.3 74.0 
1.1 121.0 
1.3 126.0 

nu 
\ 

Y 2  
+ I  -0  
.u c 

7.25 
13.1 
13.9 
15.5 

7.7 
9.3 

15. 7 

6.4 
8.1 
6.6 
6.4 

6.2 
5.9 
5.7 
5.1 
8.1 

7.57 
7.57 
7.57 
7.57 

7.57 
11.36 
11.36 

11.36 
11.36 
45.42 
45.42 

45.42 
38.41aci 

1.30 69 
0.60 65 
0.75 71 
0.18 >65 

3.17 60 
3.17 74 
4.28 33e 

8.70 13(25)f 
14.00 18 
1.13 27 
1.27 25 

0.90 >57 
0.50 - 

383.Odi 0.38 - 
519.omEi 2.300 - 
377.onCi 0.900 - 

Q 

F C  

- 
a 

3 2 
m u  v 
m a  * 

t a g  2% 
PhY 9 

150 34.4 
110 37.5 
95 54.7 
90 56.2 

111 33.1 
98 56.5 - 49.6 

153 207. 
154 230. 
153 262. 
153 283. 

158 404.4 
158 1100. 
154 1311. 
149 581." 
149 1118." 

- 5 Y 

e m 4 

P "  
25.6 
28.9 
45.1 
48.4 

24.7 
46.5 
40.5 

192. 
211. 
216. 
236. 

341.1 
1072. 
1245. 
541. 
965. 

m 
E 

L- 
-> E- 
e =  
S %  
29.3 
30.9 
46.3 
49.2 

26.6 
48.1 
41.8 

184. 
209. 
243. 
263. 

500. 
941. 

1274. 
525. 

1009. 

Y 
0 
E m 
m*D L O  

g 

0.65 
0.62 
0.51 
0.47 

0.75 
0.45 
0.49 

0.26 
0.17 
0.38 
0.32 

0.45 
0.53 
0.56 
0.40 
0.46 

V- ss 
m m  

W - Y  

L Qhlco > o  

0.44 
0.43 
0.42 
0.39 

0.56 
0.36 
0.38 

0.22 
0.12 
0.34 
0.28 

0.44 
0.52 
0.54 
0.38 
0.42 

0.591 11.4+1.1 

0.942 0.944 22.7T2.3 17.N7.5 
1.120 26.5z2.7 

+5.7 
0.358 3.8-1.9 
0.306 11.4+1.5 
0.347 20.89.9 

0.195 136. t19 
0.360 144. Tl9 
0.281 121. 9 1  
0.310 129. 3 1  

0.760 155. +10 - 161. Y - 178. T4 - 187. 3 0  - 266. +r 

' 1  gal = 3.785 l i t e  s = 3.785 x 10-31~3 
1 m u  = 6.31 x 10-I  l l t e r s l s  = 6.31 x 10-5 03/S 

h volume correction added 7.344 3 (1940 gal) to eliminate negative volumes 
(early ar r iva ls)  

(early ar r iva ls)  
i G 1  
Pet-?= O/uL - inverse dispersional Peclet nwber fo r  single 1-0 

es di f fusional  loss and leaks 1 volume correctlon added 3.937 013 (1040 gal) to elfainate negative VO~WK 

j tracer used Br82 i n  place o f  Na-fluorescein 
k 10/26/78 test  actually during exp. 190 a t  L6P 
1 m i l l i c u r i e  (loci) strength o f  feed a t  in ject ion 
m corresponds to  f i r s t  a r r i va l  o f  tracer 
n exp. terminated before t a i l  o f  d is t r ibut ion 
0 includes annulus leak 

zone f i t  
e spectrophotometer error possibly explains low recovery 
f 25% recovered a f te r  switch to high backpressure i n  67-28 
g surface pressures not buoyancy corrected 

2.29 
7.16 10 

12.90 
16.40 

1.01 
3.36 2.5 
3.70 

460 - .. . 
619 - 120 
570 0.37 
662 2.24 

1440 5.9 
3030' 9.9 151 
4140" 27.1 
'310n 39.9 
2690n 41.2 



values are given i n  Table 111. The variances f o r  t h e  f u l l  and t h e  90% t r imned 
d i s t r i b u t i o n s  s t i l l  show t h e  e f f e c t s  o f  t h e  long t a i l s ;  however, t h e  f l o w  

d i s t r i b u t i o n  associated w i t h  low back-pressure opera t ion  does no t  change 
d r a s t i c a l l y  even a f t e r  the  h y d r a u l i c - f r a c t u r i n g  episodes. This  f a c t  i s  most 

c l e a r l y  shown i n  Fig. 1 2  where normalized t r a c e r  concentrat ions from Run 

Segment 5 a re  p l o t t e d  vs produced volume ( t h e  volume produced from the  t ime o f  

r e s e r v o i r  i n j e c t i o n ) .  Because of t h e  inconsis tency i n  t h e  c a l c u l a t e d  i n t e g r a l  

mean volumes, t h e  concentrat ion normal iza t ion  i s  performed r e l a t i v e  t o  t h e  
modal vol ume, V: 

0 

The r e a l l y  s i g n i f i c a n t  d i f f e r e n c e  among the  Segment 5 t r a c e r  experiments shown 

i n  Fig. 12 i s  t h e  d r a s t i c  increase i n  modal volume due t o  t h e  SUE experiment. 

However, t h e  mode a lso  increases r e g u l a r l y  w i t h  t ime due t o  heat-ext ract ion.  

Apparent ly t h e  volume o f  t h e  system increases s y s t e m a t i c a l l y  even though t h e  

0.X 

z 
0 4 0.15 

Q 0.10 

!l 
2 
K 
0 z 

0.N 

0.M 

VOLUME (gal) 

-4/16/80 FLUORESCEIN 

n - 6/9/00 h 82 

-9/3/00 Bra 

----1U2/80 Bra (pre-SUE) 

1 I 1 I 1 
1 ,000 2,000 3,000 4,000 

PRODUCTION VOLUME (mal 

Fig. 12. 
V a r i a t i o n  o f  normalized t r a c e r  concentrat ions w i t h  produced volume o f  f l u i d .  
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shape o f  the  d i s t r i b u t i o n  remains f a i r l y  unchanged even a f t e r  t h e  SUE (see 

Table 111). 
A complete review o f  the  t r a c e r - t e s t  data from Segments 2 through 5 has 

revealed p e r t i n e n t  in fo rmat ion  regarding t h e  growth o f  t h e  r e s e r v o i r  due t o  

heat e x t r a c t i o n  and p r e s s u r i z a t i o n  ef fects.  The r e s e r v o i r  growth due t o  heat 

e x t r a c t i o n  i s ,  t o  be precise,  r e a l l y  a thermal-contract ion e f f e c t  -- as t h e  
rock surrounding t h e  f r a c t u r e s  shr inks,  t h e  f rac tu res ,  and consequently, t h e  

measured volumes, expand. U1 t i m a t e l y ,  we would 1 i ke t o  c o r r e l a t e  measured 
t r a c e r  volumes w i t h  e f f e c t i v e  heat - t rans fer  surface. I n  add i t ion ,  t h e  i n t e r -  

p r e t a t i o n  o f  t r a c e r  volume changes could be used t o  develop improved methods 

of r e s e r v o i r  operatJon -- f o r  example, remedial p r e s s u r i z a t i o n  f o r  s t ress  

r e l i e f  such as SUE, o r  a h u f f - p u f f  operat ion mode i n  c o n t r a s t  t o  our normal 
(s t ress-const ra ined)  continuous mode o f  e x t r a c t i n g  heat (see Sec. X). 

F igure 13 i s  a l i n e a r  p l o t  o f  modal-volume increase ( A V )  as a f u n c t i o n  o f  

ne t  thermal energy* ex t rac ted  from t h e  r e s e r v o i r  (6) w h i l e  Fig. 14 shows t h e  
same data on a l o g a r i t h m i c  scale. E s s e n t i a l l y  i d e n t i c a l  l i n e a r  behavior i s  

observed f o r  t h e  low back-pressure experiment, Run Segment 2, o f  t h e  o r i g i n a l  

r e s e r v o i r  and t h e  low back-pressure experiment, Run Segment 5, o f  t h e  enlarged 

system. I n  s p i t e  of nonl inear  coupled e f f e c t s  o f  thermal cont rac t ion ,  pore 

and f r a c t u r e  i n f l a t i o n  due t o  sustained pressur iza t ion ,  and l o c a l  i r r e v e r s i -  
b i l  i t i e s  r e s u l t i n g  i n  f r a c t u r e  propagation, a simple c o r r e l a t i o n  between AV 

and AE ex is ts .  Furthermore, t h i s  simple r e l a t i o n s h i p  p e r s i s t s  even i n  t h e  
presence o f  t h e  c o n f i n i n g  stresses surrounding t h e  a c t i v e  reservo i r ,  which 

induce a const ra ined behavior. The slope o f  t h e  l i n e  f o r  low back pressure i s  

o n l y  about 10% o f  what would be expected f o r  f r e e  thermal expansion ( A V  = 

1000 J/kgK and p = 2700 kg/m were used t o  represent t h e  g r a n i t e  matr ix .  For 

p r a c t i c a l  purposes, t h e  reg ion between t h e  low-pressure data and t h e  f r e e  t h e r -  

mal  volume l i n e s  def ines an envelope o f  r e s e r v o i r  operat ing condi t ions.  As 

stresses are re l ieved,  f o r  example d u r i n g  SUE, o r  the  h igh  back-pressure t e s t  
o f  t h e  o r i g i n a l  r e s e r v o i r  (Run Segment 3), o r  t h e  high-pressure, hydrau l i c -  

f r a c t u r i n g  stage a t  t h e  beginning o f  Run Segment 4, one moves away from t h e  
normal ly  constrained c o n d i t i o n  toward the  f r e e  thermal expansion 1 ine. 

0 

[av/(pC)r]bE) i n  a s t r e s s - f r e e  environment. Values o f  av = 24 x 10- 6 K -1 , Cr - - 
3 

T x c l u d e s  energy c o n t r i b u t i o n s  from the wellbores. 
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A RUN SEG. 4 (LBP+MHF) 
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0 

A E (THERMAL ENERGY EXTRACTED, 10" J) 

Fig. 13. 
Increase i n  t r a c e r  modal volume as a f u n c t i o n  o f  thermal energy extracted. 

Perhaps t h e  most promising aspect o f  t h e  t r a c e r  t e s t s  i s  t h e i r  p o t e n t i a l  
f o r  es t imat ing  t h e  e f f e c t i v e  heat - t rans fer  sur face area o f  a reservo i r .  Th is  

becomes c l e a r  when t h e  modal volume ( p l o t t e d  vs t ime i n  Fig. 15)  i s  compared 

t o  the  corresponding heat - t rans fer  area ( p l o t t e d  vs t ime i n  Figs. 8 and 11); 

t h e  s i m i l a r i t i e s  o f  t h e  growth o f  area and volume are q u i t e  s t r i k i n g .  Th is  
can be q u a n t i f i e d  by consider ing t h e  r e l a t i o n s h i p s  between area, volume, and 

aper ture ( o r  e f f e c t i v e  f r a c t u r e  opening). The volume, V, i s  s imply t h e  prod- 
u c t  of t h e  area, A, and t h e  mean aperture,  w: 

V = A . w  . 
Dur ing heat e x t r a c t i o n  and/or p ressur iza t ion ,  t h e  area and aper ture can both 

vary; t h e r e f o r e  the  volume i s  a f u n c t i o n  o f  two var iab les  r a t h e r  than one. 

F o r  c o n s t a n t  a p e r t u r e ,  t h e  t r a c e r  volumes s h o u l d  s c a l e  d i r e c t l y  w i t h  

27 



THERMAL ENERGY, MW (1) - DAYS 
1 100 lW0 

I , 1 1 1 ,  / '  ' ' " " 1  

POSTSUE 
BEGS 

r / im - 

NORMAL OPERATING 
ENVELOPE 

NORMALLY CONSTRAINED 

e RUN SEG. s LBP 
0 RUN SEG. 2 LBP 
A RUN SEG. 4 IMHF+UJP) 
B RUN SEG. 3 (HBPI 

10 100 
A E mERMAL ENERGY EXIRACTED, lou J 1 

F i g .  14.  
Increase i n  t r ace r  modal volume as a functlon o f  thermal energy extracted.  

Fig .  1 5 ,  
Growth of t r ace r  modal volume i n  the Phase I reservoirs  d u r i n g  Run Segments 2 
through 5.  
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heat - t rans fer  area. A suggestion o f  t h i s  behavior i s  seen i n  t h e  data from 

Run Segment 2, shown i n  Fig. 16, where the  area vs modal-volume curve has an 

i n t e r c e p t  t h a t  corresponds t o  a constant  1.7-mn aperture.  Subsequent p ressu r i -  

za t i on  has apparent ly  increased the  aperture.  Because o n l y  minimum est imates 

o f  t he  hea t - t rans fe r  area are  a v a i l a b l e  fo r  two o f  t h e  measured volumes i n  Run 
Segments 4 and 5, not  a l l  o f  t he  t r a c e r  data can be used i n  t h i s  f i gu re .  It 
i s  l i k e l y  t h a t  t h e  data from Run Segment 5 would a l so  f a l l  upon a l i n e  o f  con- 

s t a n t  aper ture,  i n  which case, t he  mean f r a c t u r e  aper tu re  would be rough ly  4 
mn. There i s  i n s u f f i c i e n t  i n fo rma t ion  a v a i l a b l e  t o  prov ide upper bounds f o r  

t h e  hea t - t rans fe r  area from Run Segment 5, so t h e  c o r r e l a t i o n  between heat- 

t r a n s f e r  area and modal volume i s  i n f e r r e d  by analogy w i t h  Run Segment 2. 
Fur ther  development o f  t h i s  empi r i ca l  c o r r e l a t i o n  cou ld  p rov ide  a d i r e c t  and 

PHASE I RESERVOIR 

/ 
CONSTANT 4.0 mm 0 

APERTURE 
(RUN SEGMENTS 4 ANDP/P 

RESULTS OF MASSNE 
HYDRAULIC FRACTURING\," 

7 

CONSTANT 1.7 mrn 

(RUN SEGMENT 2) 
APERTURE 

NON-CONSTANT. INCREASING 
APERTURE DUE TO HIGH 

BACK PRESSURE 
(RUN SEGMENT 31 

/e f, 
1 

/ 

- 

- 
- - 
- 

fii RUN SEGMENT 2. 
RUN SEGMENT 3 

A RUN SEGMENT 4 
0 RUN SEGMENT 5. 

1 
i 

1 I 1 I I l l l l  a I 1  1 1  I l l  

50o00 1OOOOO 
I 

1 5ooo 1 m  

EFFECTIVE HEAT TRANSFER SURFACE (m2) 

Fig. 16. 
P re l im ina ry  c o r r e l a t i o n  o f  increases i n  e f f e c t i v e  hea t - t rans fe r  sur face area 
w i t h  modal volume increase i n  the  Phase I rese rvo i r .  

29  



independent method o f  determining r e s e r v o i r  heat - t rans fer  area wi thout  requi  r- 
i n g  thermal drawdown, which i s  t ime consuming and expensive t o  obtain,  p a r t i c u -  

l a r l y  so f o r  t h e  l a r g e r  Phase I 1  r e s e r v o i r  under development. 

V. IMPEDANCE CHARACTERISTICS 

The impedance of a c i r c u l a t i n g  geothermal r e s e r v o i r  i s  u s u a l l y  def ined as 

t h e  pressure drop between t h e  i n l e t  and o u t l e t  o f  t h e  f r a c t u r e  caused by f l o w  
i n  t h e  f rac tu re ,  d i v i d e d  by t h e  e x i t  vo lumetr ic  f l o w  rate.  I t s  u n i t s  are 
pressure-s/volume, and i n  t h i s  r e p o r t  we t y p i c a l l y  use Giga Pascals per cubic  
meter per second (GPa s/m ) o r  i n  Eng l ish  customary u n i t s ,  pounds per square 

inch  per g a l l o n  per minute (psi/gpm). 

Because pressures are u s u a l l y  measured a t  t h e  surface, a "buoyancy1' cor-  

r e c t i o n  should be made f o r  t h e  d i f ference i n  h y d r o s t a t i c  pressures i n  t h e  h o t  

product ion wel l  and t h e  c o l d  i n j e c t i o n  wel l .  The depth a t  which t h i s  correc- 

t i o n  i s  ca lcu la ted  corresponds t o  t h e  bottom o f  t h e  i n j e c t i o n  wel l ,  t h a t  i s ,  

buoyancy i n s i d e  t h e  f r a c t u r e  i s  inc luded i n  t h e  hot leg. Accurate buoyancy 

c a l c u l a t i o n s  from measured o r  ca lcu la ted  wellbore-temperature p r o f i l e s  were 
used i n  t h e  actual  c a l c u l a t i o n  o f  impedances given below. I n  reviewing t h e  
impedances presented i n  the  r e s t  of t h i s  sec t ion  i t  may be usefu l  t o  bear i n  
mind t h a t  f r a c t u r e  impedances o f  about 1 GPa s/m3 are  considered des i rab le.  

For example, i n  t h e  deeper and h o t t e r  Phase I 1  r e s e r v o i r  being completed now, 
such a low value o f  impedance could a c t u a l l y  r e s u l t  i n  "self-pumping" o f  t h e  

r e s e r v o i r  because o f  buoyancy e f f e c t s .  
A. Run Segment 2 

Entrance f lows from EE-1 and e x i t  flows i n t o  GT-2B dur ing  t h i s  run seg- 

ment were d i s t r i b u t e d  as shown i n  Tables I V  and V. Since impedance i s  de f ined 

i n  terms of t h e  e x i t  flow, it i s  poss ib le  t o  assign f l o w  impedances t o  each o f  

t h e  e x i t  regions, as shown i n  Table V I .  Although numerous small ,  sudden 
3 f l o w  changes ( t h e  l a r g e s t  was 0.00126 m /s  o r  20 gpm) were observed dur ing  t h e  

t e s t ,  t h e  o v e r a l l  impedance decreased s t e a d i l y  from 1.7 GPa s/m (16 psi/gpm) 
t o  0.326 GPa s/m (2.98 psi/gpm) dur ing  t h e  75-day f l o w  t e s t ,  as shown i n  Fig.  

17. This l a r g e  change i s  probably due t o  t h e  extensive c o o l i n g  o f  t h e  e n t i r e  

f r a c t u r e  system, w i t h  consequent-decrease of t h e  f racture-c losure s t ress  and 

p a r t i a l  opening o f  t h e  f ractures.  

3 

3 
3 
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TABLE I V  

P O S I T I O N  AND MAGNITUDE OF RELATIVE EE-1 INJECTION FLOWS, RUN SEGMENT 2 

Cable Depth 
I n t e  r v a  1 

(m) 

2073-21 79 
2271-2377 

2484-2530 
2606-2652 

2652-2896 

2896-2957 

Cable Depth 
I n  t e  rva 1 

( f t )  

6800-71 50 
7450-7800 

8150-8300 

8550- 8700 

8700- 9500 

9500-9700 

F1 ow 
F rac t i on  

0.05 

0.06 
0.01 

0.01 

0.81 

0.05 

Tota l  1.00 

TABLE V 

POSITION AND MAGNITUDE OF GT-2B E X I T  FLOWS, RUN SEGMENT 2 

GT-2 Laboratory Cab1 e Depth 
(m) ( f t)  . F rac t i on  (gpm) (m’ /s)  

2660-2661 8726-8729 0.38 92 0.0058 

2671-2672 8764-8765 0.05 12 0.00075 

F1 ow Absol Ute F1 ow 

2686-2688 8812 -8820 0.20 48 0.00303 

2705-2706 8876-8879 0.12 29 0.00183 

2719 8920 0.25 61 0.00385 
Tota l  1.00 242 0.0153 
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Frac ture  Depth 
GT-2B 

Iml 0 
2640 8660 

2660 8728 

2670 8760 

2677 8784 
2688 882 0 

2 703 8867 
2707 8882 

2719 8920 
2 720 892 5 

Fracture se t  
E n t i  r e  System 

TABLE V I  

IMPEDANCES, RUN SEGMENT 2 

Flow Impedance GPa s/m3 (psi/gpm) 
Jan. 30, 1978 A p r i l  12, 19/8 

Main Second a ry Main Secondary 

12.6 (115) 
0.82 (7.5) 

6.6 (60) 

54.1 (495) 

2.2 (20) 1.67 (15.3) 

108.2 (990) 

2.78 (25.4) 

29.5 (270) 
8.7 (80) 1.36 (12.4) 

1.7 (16) 0.34 (3.12) 7.1 (65) 
1.7 (16) 0.326 (2.98) 

- 

B. Run Segment 3 (High Back-Pressure Experiment1 

The rese rvo i r  con f i gu ra t i on  dur ing  t h i s  t e s t  was t h e  same as i n  Run Seg- 

ment 2. However, t h e  GT-2B pressure was ra i sed  by va lve t h r o t t l i n g  t o  9.65 
MPa (1400 p s i )  i n  order t o  observe the  e f f e c t  of t h e  increased back pressure 

on heat e x t r a c t i o n  and f l ow  impedance. As expected, a marked decrease i n  f l o w  
impedance was observed, as seen i n  Fig. 18, and the  impedance decreased dur ing  

t h e  run as t h e  f r a c t u r e  was f u r t h e r  cooled and pressurized. The pressur iza-  
t i o n  o f  GT-2B changed the  impedance from 0.82 GPa s/m (7.5 psi/gpm) t o  0.22 

GPa s/m (2  psi/gpm), based on a low back-pressure measurement made j u s t  be- 

fo re  the  h igh  back-pressure tes t .  A f u r t h e r  decrease by a f a c t o r  o f  4 dur ing  

t h e  h igh  back-pressure run may be a t t r i b u t e d  t o  increased p ressu r i za t i on  and 

cool i n g  . 
C. Run Segment 4 ( A f t e r  Recementing and Reservoi r  Enlargement) 

This  run segment was made w i t h  a l a r g e r  heat -ex t rac t ion  system, a f t e r  t h e  
leaky  annulus behind the  EE-1  casing had been recemented. The major entrance 

p o i n t  i n  EE-1  was moved from 2760-111 (9050- f t )  t o  2940-111 (9650- f t )  depth, about 
100 m below the  e x i t  reg ion i n  GT-2B. 
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F ig .  17. 
Flow impedance behavior for Run Segments 2 and 3 .  
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Fig.  18. 
Flow impedance behavior f o r  Run Segment 3. 
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Flow impedance dur ing  t h e  run i s  shown i n  Fig. 19. Stages 1, l A ,  and 2, 

as shown on t h e  f i g u r e ,  represent t r a n s i e n t  cond i t ions  n t h e  reservo i r .  The 

impedance a t  t h e  end o f  stage two, dur ing  which low back pressure prevai led,  

approached a steady-state value near 2 GPa s/m Note t h a t  t h i s  

value i s  near ly  i d e n t i c a l  t o  t h e  i n i t i a l  value (before prolonged thermal con- 

t r a c t i o n )  observed i n  Run Segment 2, which was a l s o  conducted a t  low back pres- 
sure. Thus i t  can be concluded t h a t  t h e  r e s e r v o i r  enlargement d i d  not s i g n i f i -  
c a n t l y  increase impedance. 

A shor t  h igh  back-pressure run was conducted as stage three. The impe- 

dance dropped by a f a c t o r  greater  than 2 when t h e  GT-2B pressure was raised, 
t o  ~10.80 GPa s/m (7.3 psi/gpm), and subsequently recovered t o  a steady-state 

value o f  1.85 GPa s/m (17 psi/gpm) a f t e r  t h e  back pressure was reduced. This  

impedance remained remarkably constant dur ing  the  r e s t  o f  Run Segment 4. Th is  

may be a t t r i b u t e d  t o  t h e  r e l a t i v e l y  small amount o f  c o o l i n g  over t h e  f r a c t u r e  
face dur ing  t h i s  t e s t ,  together  w i t h  t h e  constant pressure condi t ions.  

3 
(18 psi/gpm). 

3 

3 

I I I 1 I 
0 4 8 12 I6 20 24 

0 

TIME (dayr) 

Fig. 19. 
Flow impedance behavior f o r  Run Segment 4. 
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D. Run Segment 5 (286-day f l o w  t e s t )  

A f t e r  an i n i t i a l  t r a n s i e n t  dec l ine,  t h e  impedance du r ing  t h i s  run segment 
remained e s s e n t i a l l y  constant a t  1.69 GPa s/m (15.5 psi/gpm), as shown i n  
Fig. 20. Despi te  t h e  evidence f o r  area and volume growth c i t e d  e a r l i e r ,  no 

evidence o f  impedance change due t o  coo l i ng  o f  t he  rock was observed. I n  an 
extens ion of t he  Muskat technique f o r  eva lua t ion  o f  shu t - i n ' s ,  a method was 

developed f o r  determin ing the  entrance, e x i t ,  and f r a c t u r e  impedances from 
shu t - i n  data alone, w i thout  t h e  necess i ty  f o r  buoyancy ca l cu la t i ons .  The 

mean impedance values f o r  seven shut- ins,  ca l cu la ted  by t h i s  method, were as 

3 

f o l  1 ows : 
(a) Entrance impedance 0.13 - + 0.03 GPa s/m (1.2 psi lgpm) 

( b )  Main f r a c t u r e  impedance 0.29 - + 0.03 GPa s/m (2.7 psi/gpm) 

( c )  E x i t  impedance (10.4 psi/gpm) 
( d )  Tota l  impedance 1.56 - + 0.05 GPa s/m3 (14.3 psi/gpm) 

1.14 - + 0.05 GPa s/m3 

r I 

CALENDAR YEAR 

Fig.  20. 
Flow -impedance behavior i n  t h e  Phase I rese rvo i r s  du r ing  run Segment 
through 5. 

2 
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E. S t ress  Unlock ing Experiment (SUE) 
A t  t h e  end of Run Segment 5, GT-2 was shut - in  and t h e  e n t i r e  system pres- 

sur ized t o  approximately 15 MPa i n  order  t o  f a c i l i t a t e  readjustment o f  t h e  
r e s e r v o i r  rocks t o  t h e  new system o f  stresses, which had been generated by 

c o o l i n g  t h e  reservo i r .  Numerous microseismic s igna ls  were observed,8 i n d i c a t -  

i n g  t h a t  such readjustment was t a k i n g  place, and changes i n  f r a c t u r e  impedance 

were seen i n  subsequent f l o w  and shut - in  experiments as fo l lows:  

(0.55 psi/gPm) (a) Entrance impedance 0.06 GPa s/m 

(b)  Main f r a c t u r e  impedance 0.34 GPa s/m3 (3.1 psi/gpm) 

(4.6 psi/gpm) ( c )  E x i t  impedance 0.50 GPa s/m 

The changes i n  entrance and e x i t  impedance are s t a t i s t i c a l l y  s i g n i f i c a n t ,  
and t h e  main e f f e c t  o f  SUE i s  seen t o  be a reduc t ion  o f  t h e  e x i t  impedance b y  
a f a c t o r  o f  two. The system was no t  operated a f t e r  SUE f o r  a t ime long enough 

t o  show t h a t  t h i s  reduct ion was permanent. 
F. Ana lys is  

F igure  20 summarized t h e  impedance h i s t o r y  over Segments 2 through 5 and 

t h e  SUE experiment. Impedance i s  dependent on f r a c t u r e  aperture,  w. Theoret ic-  

a l l y ,  it decreases as l / w 3  i n  both laminar and t u r b u l e n t  flow. Aperture may 

be increased i n  several ways: (1) by p r e s s u r i z a t i o n  o f  t h e  f r a c t u r e ,  (2) 
c o o l i n g  o f  t h e  surrounding rock, ( 3 )  d i s s o l u t i o n  o f  minera ls  l i n i n g  the  crack 

by chemical t reatment o f  t h e  f l u i d ,  and (4) by geometric changes r e s u l t i n g  
from r e l a t i v e  displacement of one f r a c t u r e  face w i t h  respect t o  the  other. Run 

Segments 2 and 3 were e s p e c i a l l y  usefu l  i n  demonstrat ing t h e  c o r r e l a t i o n  
between impedance and pressure and temperature, as may be seen i n  Figs. 21 and 

22. The impedance changes observed a f t e r  SUE were probably due t o  a d d i t i o n a l  

"se l f -propping"  caused by s l ippage along t h e  f r a c t u r e  faces near t h e  e x i t  o r  

by other  pressure-induced geometric changes. 

The concentrat ion of impedance near the  e x i t ,  shown i n  a l l  t h e  low back- 

pressure f l o w  experiments, may be d e s i r a b l e  when t h e  system impedance i s  r e -  
duced by m u l t i p l e  f rac tu res .  I n  t h i s  mode of r e s e r v o i r  development, t h e  pos- 

s i b i l i t y  o f  unstable "runaway" (one f r a c t u r e  c o o l i n g  and t a k i n g  much o f  t h e  
f l o w )  e x i s t s ,  and t h e  e x i t  impedance concentrat ion w i l l  ppevent t h i s  u n t i l  

r e s e r v o i r  c o o l i n g  has been extensive. Eventual ly ,  t h e  problem o f  f l o w  c o n t r o l  
i n  t h e  i n d i v i d u a l  f r a c t u r e s  may ar ise ,  and methods o f  f l o w  c o n t r o l  near t h e  

f r a c t u r e  entrance may be required. 

3 

3 

( d )  Tota l  impedance 0.90 GPa s/m3 (8.2 psi/gpm) 
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IMPEDANCE (psi / gpm) 

0 RUN SEGMENT 2 DATA 

so I I I I I I 1 I I 
0 0.4 0.8 1 1  1.6 

IMPEDANCE (G Pas / ma) 

Fig .  21. 
Fracture system spec i f ic  flow impedance vs reservoir  o u t l e t  temperature, Run Seg- 
ment 2.  
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During normal, low back-pressure condi t ions*  f r a c t u r e  impedance appears 

t o  be concentrated near t h e  e x i t  wel l ,  a t  l e a s t  a f t e r  a s h o r t  per iod  o f  opera- 
t i o n ,  and t o t a l  impedance does no t  depend s t r o n g l y  on wel lbore separation. 

Impedances are s u f f i c i e n t l y  low t o  a l low opera t ion  o f  e f f i c i e n t  HDR geothermal 

energy-ext ract ion systems. The impedance i n  a l a r g e  system does not  change 

r a p i d l y ,  and t h e  prognosis f o r  opera t ion  o f  t h e  m u l t i p l e - f r a c t u r e ,  Phase I 1  
system seems favorable.  

V I  . WATER LOSSES 

The water l o s s  of an HDR system i s  very impor tant  because t h i s  water must 
be provided from some outs ide  source. This in fo rmat ion  can be v i t a l  f o r  env i -  
ronmental as we l l  as economic reasons. The water- loss rate,  t h a t  i s ,  t h e  r a t e  

a t  which water permeates t h e  rock format ion surrounding t h e  f r a c t u r e  system, 

i s  the  d i f fe rence between t h e  i n j e c t i o n  r a t e  and the  produced, o r  recovered, 

r a t e  a t  GT-2B. This  l o s s  r a t e  i s  a s t rong f u n c t i o n  o f  system pressures and 
f low r a t e  and would a lso be expected t o  be a f u n c t i o n  o f  r e s e r v o i r  size. 

The water- loss f low- ra te  data o f  each experiment conta in  many t r a n s i e n t s  
due t o  operat ional  shutdowns, pump 1 i m i t a t i o n s ,  and var ious leaks. Consequent- 
ly, t h e  accumulative volume o f  water l o s s  i s  best s u i t e d  f o r  comparisons s ince 
many of t h e  t r a n s i e n t s  are smoothed out, and t h i s  comparison i s  presented i n  

Fig. 23, f o r  Run Segments 2, 3, and 5. Run Segment 4, o n l y  23 days long, was 
excluded from t h i s  comparison because o f  t h e  d ispara te  cond i t ions  under which 

it was conducted -- four  separate stages o f  wellhead pressure cond i t ions  were 

imposed. The f i r s t  stage a c t u a l l y  cons is ted o f  hydrau l i c  f r a c t u r i n g ,  so t h e  

water losses were expectedly high. The succeeding stages consis ted o f  a l t e r -  

n a t i n g  sequences of high, then low back pressure, so t h a t  comparison w i t h  t h e  

o ther  run segments, i n  which pressure cond i t ions  were f a r  l e s s  var iab le,  i s  
imprac t ica l  . 

Referr ing back t o  Fig.  23, comparisons between Run Segments 2 and 5, both 

conducted under normal, low back-pressure condi t ions,  can be made as fo l lows. 
D i r e c t  comparisons i n d i c a t e  t h a t  t h e  water l o s s  f o r  Run Segment 5 i s  approxi-  

mate ly  40% higher  than t h a t  o f  Run Segment 2 a t  comparable t imes a f t e r  t h e  

*For operat ional  purposes, f o r  example, design and operat ion o f  sur face 
piping, heat exchangers, etc., we normal ly  p r e f e r  t h e  low back-pressure mode 
o f  operat ion.  
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Fig. 23. 
Cumulative water losses vs t ime f o r  Run Segments 2, 3, and 5. 

beginning of heat ex t rac t ion .  However, because t h e  operat ing pressure was 10% 
higher  du r ing  Run Segment 5, the  water l o s s  for Run Segment 2 should be scaled 

up by 10% as i n  curve 2 o f  t h e  f i g u r e ,  i n  order  t o  be d i r e c t l y  comparable t o  

Run Segment 5. Then i t  i s  seen t h a t  t h e  Run Segment 5 water l o s s  i s  o n l y  30% 

h igher  than Run Segment 2, desp i te  a s e v e r a l - f o l d  increase i n  heat - t rans fer  

area and volume. An obvious conclus ion i s  t h a t  t h e  heat-exchange system 

u t i l i z e s  o n l y  a small p o r t i o n  o f  a much l a r g e r  f r a c t u r e  system t h a t  c o n t r o l s  

water loss.  This  large,  p o t e n t i a l  f r a c t u r e  system was no t  a l t e r e d  t o  any 
l a r g e  extent  by t h e  MHF experiments of Segment 4. I n  f a c t ,  t h i s  was seen near 
t h e  conclusion o f  t h e  heat - t rans fer  sect ion,  where it was noted t h a t  the  heat- 
t r a n s f e r  area was small compared w i t h  t h e  other  areas i n d i c a t e d  by seismic, 

i n f l a t i o n ,  o r  ven t ing  measurements. Furthermore, i n  comparison t o  t h e  heat- 

t r a n s f e r  areas, these other  areas d i d  not  grow s i g n i f i c a n t l y  from Run Segments 

2 through 5. 
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A t  t he  end o f  Run Segment 2 t h e  actual  water l oss  r a t e  was on ly  1 x 

m’/s, about 1% o f  t h e  t o t a l  f l ow  r a t e  c i r c u l a t e d  through t h e  reservo i r .  How- 
ever, t h i s  extremely low loss  r a t e  was due t o  the  gradual decrease i n  sur face 
pressure a f t e r  30 days. The loss  r a t e  ex t rapo la ted  t o  the  end o f  t he  exper i -  
ment and by model f i t s  t o  the  f i r s t  30 days i s  7 x lom4 m3/s (7%). A t  t he  end 
o f  Run Segment 5 the  l oss  r a t e  was 6 x l om4 m3/s, about 10% o f  the  c i r c u l a t e d  

f l o w  rate.  The Run Segment 3 losses are s l i g h t l y  l a r g e r  than those o f  Segment 
2, which i s  cons is ten t  w i t h  the  f a c t  t h a t  both E E - 1  and GT-2B were pressured 

i n  Run Segment 3. A t  t he  end o f  Run Segment 3 t h e  l oss  r a t e  was 1.3 x 

m / s ,  about 14% o f  the  c i r c u l a t i n g  rate.  3 

2,5920 con- The use o f  a pressure-dependent, water- loss d i f f u s i o n  model 

f i rms these comparisons. The t h e o r e t i c a l  f i t s  t o  the  data a re  most s e n s i t i v e  

t o  two parameters: (a )  a = Am, which i s  evaluated a t  s t a r t i n g  o r  hyd ros ta t i c  
pressure (where A i s  t he  d i f f u s i o n  area, k t h e  permeab i l i t y ,  and 8 t he  system 
compressibi l  i t y )  and (b) C, a constant t h a t  determines the  pressure dependence 

o f  a (see Ref. 20). Th is  parameter i s  best i n t e r p r e t e d  as the  rec ip roca l  o f  

t h e  sum o f  t h e  con f in ing  s t ress  and a f r a c t u r e  modulus. Values o f  a and C, ob- 

t a i n e d  from numerical modeling, a re  tabu la ted  i n  Table V I I .  
S i m i l a r  t o  the  water losses, the  a f o r  Run Segment 5 i s  *30% h igher  than 

t h a t  of Run Segment 2 and probably r e f l e c t s  the  a d d i t i o n  o f  the  lower h a l f  o f  
t h e  reservo i r .  The value o f  C was determined main ly  by one f l ow  t r a n s i e n t  i n  

Run Segment 5. The range o f  C-l i nd i ca ted  i n  t h e  t a b l e  r e f l e c t s  the  l ack  of  

s e n s i t i v i t y  t o  t h i s  parameter. Short- term t rans ien ts ,  even i n  the  water 
losses, measure some l o c a l  parameters. It i s  poss ib le  t h a t  the  response of  
t h e  lower h a l f  o f  t he  rese rvo i r  i s  determined by a l a r g e r  component o f  -- i n  s i t u  
s t  r e s .  

TABLE VI1 

WATER LOSS DIFFUSION PARAMETERS 

Run Segment a (m3MPa-li2) C - l  (MPa) 
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V I I .  FLUID GEOCHEMISTRY 

Analys is  of t h e  f l u i d - c h e m i s t r y  data from t h e  Phase I r e s e r v o i r s  shows 

several i n t e r e s t i n g  features t h a t  are p e r t i n e n t  t o  t h e  s i z e  o f  t h e  reservo i rs .  

Strong evidence from each o f  t h e  Phase I h e a t - e x t r a c t i o n  experiments i n d i c a t e s  

t h e  ex is tence of e s s e n t i a l l y  two p a r a l l e l  f l o w  paths: (1) a f r a c t u r e -  
dominated f l o w  path (perhaps c o n s i s t i n g  o f  mu1 t i p l e  f r a c t u r e s )  t h a t  i n c l  udes 
the  heat - t rans fer  surfaces, and (2) a high-impedance f l o w  path c o n s i s t i n g  of  
t h e  connected mic ro f rac tu res  and pores i n  t h e  rock surrounding t h e  heat- 

e x t r a c t i o n  p o r t i o n  o f  t h e  reservo i r .  Displacement o f  t h e  indigenous pore 
f l u i d  contained i n  t h i s  high-impedance f l o w  path i s  t h e  s i n g l e  most important 

geochemical e f f e c t  observed i n  t h e  heat -ex t rac t ion  experiments t o  date. 

The f low r a t e  a t  which t h e  pore f l u i d  i s  d isp laced i n t o  t h e  c i r c u l a t i n g  

system has been c a l c u l a t e d  f o r  Run Segments 4 and 5 by consider ing t h e  i n -  

crease i n  concentrat ion o f  d isso lved chemical species as t h e  f l u i d  passes 

through t h e  downhole system. S i m i l a r  c a l c u l a t i o n s  f o r  Run Segments 2 and 3 
are not conc lus ive as steady-state cond i t ions  were never achieved i n  t h e  f l u i d  

geochemistry o f  these experiments. The r e s u l t s  o f  t h e  c a l c u l a t i o n s  o f  pore- 
f l u i d  f low f r a c t i o n  are p l o t t e d  i n  Figs. 24 and 25 f o r  Run Segments 4 and 5, 
respect ive ly .  Three main assumptions were made: (1) t h e  p o r e - f l  u i d  concen- 
t r a t i o n  i s  constant i n  t ime and space, (2 )  t h e  residence t ime o f  t h e  pr imary- 

f r a c t u r e  f l o w  path i s  very s m a l l  so t h a t  t h e  pore f l u i d  i n i t i a l l y  i n  t h i s  por-  

t i o n  of t h e  system i s  q u i c k l y  displaced, and ( 3 )  no reac t ions  occur t h a t  

change t h e  f l u i d  composit ion as it passes through t h e  f r a c t u r e  f l o w  path. AS 

i s  ev ident  i n  Fig. 24, t h e  secondary-flow f r a c t i o n  i n  t h e  low back-pressure 

p o r t i o n  o f  Run Segment 4 i s  approximately 10% o f  t h e  product ion f l o w  r a t e  
w h i l e  i n  Run Segment 5 (a lso  a t  low back pressure) t h e  f r a c t i o n  i s  roughly  5% 
(Fig. 25). Th is  d i f f e r e n c e  i n  f l o w  f r a c t i o n s  probably r e s u l t s  from t h e  d i f -  
ference i n  pressure drop across t h e  r e s e r v o i r  i n  each o f  t h e  Run Segments -- 
8.5 MPa (1238 p s i )  i n  Run Segment 4 as opposed t o  7.0 MPa (1020 p s i )  i n  Run 

Segment 5. (See Table V I I I . )  On t h e  o ther  hand, d i l u t i o n  o f  t h e  pore f l u i d  

by f resh  water i n  some o f  t h e  secondary f l o w  paths could be responsib le  f o r  an 

apparent change i n  secondary f l o w  f r a c t i o n .  

By e i t h e r  mechanism, t h e  volume o f  u n d i l u t e d  pore f l u i d  d isp laced i n t o  

t h e  c i r c u l a t i n g  system i s  tremendous. Dur ing Run Segment 5, a p o r e - f l u i d  f l o w  
r a t e  of 3 x 10 m / s  (4.4 gpm) -- roughly 5% o f  the  product ion f l o w  r a t e  -- 
f o r  t h e  dura t ion  o f  t h e  experiment would c o n s t i t u t e  an u n d i l u t e d  cumulat ive 
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3 f l o w  f r a c t i o n  o f  pore f l u i d  from secondary f l o w  paths from Run Seg- 

3 6 
p o r e - f l u i d  volume o f  6700 m (1.8 x 10 ga l ) .  The p o r e - f l u i d  displacement 

r a t e  i s  approximately h a l f  o f  t h e  steady-state water l o s s  r a t e  d u r i n g  Run Seg- 
ment 5 ( a f t e r  c o r r e c t i n g  f o r  the  EE-1 annulus leak).  S i m i l a r l y ,  t h e  pore- 
f l u i d  displacement r a t e  i s  h a l f  o f  t h e  water l o s s  r a t e  d u r i n g  t h e  steady- 
s ta te ,  low back-pressure stage o f  Run Segment 4 (Table V I I I ) .  

I n  sumnary, several conclusions should be drawn from geochemistry r e s u l t s  

t o  date. F i r s t  o f  a l l ,  t h e  o v e r a l l  c i r c u l a t i n g  f l u i d  q u a l i t y  i n  a HDR system 
i s  l a r g e l y  f i x e d  by t h e  p o r e - f l u i d  concentrat ion and displacement rate.  Under 

t h e  very worst cond i t ions  ( t h a t  i s ,  100% o f  t h e  produced f l u i d  i s  pore f l u i d )  

the  maximum concentrat ion o f  d isso lved s o l i d s  would be around 5000 mg/L f o r  

t h i s  r e s e r v o i r  -- w i t h i n  the  Environmental P r o t e c t i o n  Agency (EPA) water 
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TABLE VI11 

SYSTEM OPERATING PARAMETERS DURING STEADY-STATE, LOW 
BACK-PRESSURE PORTIONS OF RUN SEGMENTS 4 AND 5. 

Run Segment 4 Run Segment 5 

EE-1 i n j e c t i o n  pressure 9.7 MPa 8.3 MPa 

GT-2 product ion 

EE-1  f l o w  r a t e  

GT-2 f l o w  r a t e  

Water-loss r a t e  

Pore- f l  u i d  d i s p  

qual i t y  standar 

pressure 1.1 MPa 1.2 MPa 

0.0076 m3/s 0.0057 m3/s 

0.0063 m3/s 0.0052 m3/s 

0.0013 m3/s 0.0006 m3/s 

acement r a t e  0.0006 m3/s 0.0003 m3/s 

I f o r  continuous i r r i g a t i o n  o f  sal  t - t o l e r a n t  plants.  However, 
t h e  steady-state concentration of t o t a l  dissolved sol i d s  i s  t y p i c a l l y  2500 

mg/a -- s i m i l a r  t o  water used f o r  human consumption i n  many p a r t s  o f  t h e  
country. The pH o f  t h e  water i s  6.5 f 0.5, n e a r l y  neut ra l ,  and problems w i t h  

cor ros ion  o r  depos i t ion  upon sur face equipment such as p ip ing,  heat ex- 
changers, and pumps have been minimal. 

A second conclusion from t h e  f l  uid-geochemistry s tud ies concerns t h e  very 

l a r g e  volume o f  pore f l u i d  t h a t  has been d isp laced from t h e  rock surrounding 

t h e  f r a c t u r e  system i n t o  t h e  f rac tu re  system. Because t h i s  f r a c t u r e  system i s  
everywhere pressur ized above h y d r o s t a t i c  pressure, c i r c u l a t i n g  f l  u i d  should be 

cont inuous ly  l o s t  t o  t h e  surrounding matr ix ,  which i s  subhydrostat ic.  Pore- 

f l u i d  from t h i s  subhydrostat ic  pressure f i e l d  would have t o  f l o w  against  a 
pressure grad ien t  i n  order  t o  enter  t h e  f lowing system. However, secondary 

f l o w  paths w i t h  impedance in termediate t o  t h a t  o f  t h e  main f r a c t u r e  system and 
t h a t  o f  t h e  un f rac tured  r e s e r v o i r  rock prov ide a means f o r  the  pressure l e v e l  

i n  t h e  main f r a c t u r e ( s )  t o  d isp lace  t h e  pore f l u i d  i n t o  t h e  f low system. 
Models o f  t h i s  behavior are c u r r e n t l y  being developed. 

F i n a l l y ,  t h e  f l o w  from these secondary paths appears t o  be p a r t i a l l y  sen- 
s i t i v e  t o  the  pressure d i f ference between t h e  i n l e t  and o u t l e t  and probably, 

t o  t h e  o v e r a l l  l e v e l  of p r e s s u r i z a t i o n  of the  reservo i r .  Massive pressur iza-  

t i o n  o f  t h e  r e s e r v o i r  (such as occurred dur ing  SUE) o r  a l t e r n a t i v e  methods of 
heat -ex t rac t ion  operat ion such as "huff-puff"  (see Sec. X ) ,  may unlock t h e  
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p o t e n t i a l  t h a t  e x i s t s  f o r  ga in ing access t o  these secondary f l o w  paths and fo r  

e x t r a c t i n g  t h e  heat from a much l a r g e r  volume o f  rock than i s  c u r r e n t l y  a v a i l -  
ab le i n  t h e  Phase I system w i t h  t h e  usual f low-through, c i r c u l a t i n g  mode o f  

heat t r a n s f e r .  

VI I I .  SE I S M  IC I T Y  
Seismic moni tor ing was conducted f o r  a l l  t h e  run segments. The objec- 

t i v e s  o f  t h i s  mon i to r ing  are: (1) eva lua t ion  o f  p o t e n t i a l  seismic r i s k s  as- 
soc iated w i t h  HDR geothermal energy e x t r a c t i o n ,  and (2 )  use o f  microseismic 

events t o  i n f e r  r e s e r v o i r  geometry. Continuous mon i to r ing  was conducted w i t h  
a sur face seismic array,  f o r  a l l  run segments, and dur ing  p o r t i o n s  o f  Run Seg- 

ments 4 and 5, and SUE, w i t h  downhole geophone packages pos i t ioned i n  t h e  
r e s e r v o i r  v i c i n i t y .  The sur face a r r a y  consis ted o f  s i x  s t a t i o n s  w i t h i n  750 m 

(1/2 m i l e )  o f  t h e  s i t e ,  f i v e  borehole s t a t i o n s  loca ted  w i t h i n  10 km of t h e  
s i t e ,  and t h e  Los Alamos Nat ional  Laboratory  reg ional  net  -- t h e  nearest o f  

which i s  loca ted  a t  10 km. The s e n s i t i v i t y  o f  t h i s  sur face ar ray  extended t o  
R i c h t e r  earthquake magnitudes o f  0 t o  -1.5 and i s  l i m i t e d  by t h e  n e a r l y  3 km 

o f  v e r t i c a l  separat ion and t h e  l a r g e  seismic a t tenuat ion  o f  t h e  near-surface 
sediments and volcanics.  Each downhole geophone package cons is ts  o f  12 geo- 

phones, 4 each i n  t h e  x-, y-, and z - d i r e c t i o n  axes. T y p i c a l l y  the  s e n s i t i v i t y  
of these downhole packages extends t o  l o c a l  magnitudes on t h e  ex t rapo la ted  

R i c h t e r  scale as low as -6. For both Run Segments 4 and 5 a s i n g l e  downhole 
package was pos i t ioned i n  EE-2, which was d r i l l e d  f o r  the  Phase I 1  r e s e r v o i r ,  

and used simply as an observat ion w e l l  i n  these experiments. Dur ing SUE an 
a d d i t i o n a l  geophone package was pos i t ioned i n  t h e  product ion w e l l  GT-2B. 

Addressing seismic hazards f i r s t ,  t h e r e  apparent ly  are none. The 1 argest  
event detected i n  Run Segment 4 w i t h  t h e  downhole package had a magnitude o f  

-1.5. The energy re lease o f  a -1.5 magnitude microseismic event i s  roughly  

equ iva len t  t o  t h a t  o f  a 10 kg mass dropped 3 m. Furthermore, t h i s  event occur- 

red d u r i n g  t h e  h igh  back-pressure stage. Dur ing t h e  low back-pressure stage, 
more t y p i c a l  o f  o r d i n a r y  heat -ex t rac t ion  condi t ions,  t h e  l a r g e s t  event was -3. 

Dur ing t h e  286-day Run Segment 5, 13 microearthquakes ranging between -1.5 and 

0.5 were recorded by t h e  sur face seismic array. These events were located 

about 200 m n o r t h  o f  EE-2 a t  a depth o f  about 1 km. The events are n o t  

r e l a t e d  t o  Run Segment 5 a c t i v i t i e s ,  but  r a t h e r  t o  t h e  d r i l l i n g  o f  EE-2 and 

EE-3. They began about 11 days a f t e r  EE-2 began l o s i n g  l a r g e  amounts [as much 
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as 2 x 10" m3/s (450 000 gal per day)] o f  d r i l l i n g  f l u i d s  a t  t h e  l i t h o l o g i c  

boundary separat ing t h e  sediments and vo lcanics from t h e  Precambrian c r y s t a l -  

l i n e  rocks below. This  f l u i d  loss was caused by a casing f a i l u r e  dur ing the  

d r i l l i n g  operat ion.  The r e l a t e d  seismic events subsided about 60 days a f t e r  

t h e  casing was repaired, but  before t h a t  about 3 x 10 m (8  000 000 g a l )  o f  

f l u i d  were pumped i n t o  t h e  unconformity. It i s  be l ieved t h i s  f l u i d  t r i g g e r e d  
t h e  release of t e c t o n i c  s t ress  i n  t h a t  p o r t i o n  o f  t h e  basement adjacent t o  t h e  

unconformity. The cumulat ive seismic-energy release o f  these events was about 
t h a t  of a magnitude 0.75 earthquake. We r e i t e r a t e  t h a t  even these small 
events are re1 ated t o  d r i  11 1 ng, no t  r e s e r v o i r  operat ions . 

We t u r n  now t o  t h e  other  task, which i s  t o  use microseismic event loca- 

t i o n s  t o  p r e d i c t  i n  a q u a n t i t a t i v e  fashion t h e  geometry o f  t h e  r e s u l t i n g  

3-dimensional temperature f i e l d  w i t h  t ime as heat i s  extracted. Discussions 

w i t h  e l e c t r i c  u t i 1  i t y  representat ives have made c l e a r  t h e  f a c t  t h a t  commercial 

use o f  f u t u r e  r e s e r v o i r s  requi res f i r m  est imates o f  expected usefu l  1 i fe t ime.  
Up t o  now our f i r m e s t  est imates are based upon modeling o f  thermal drawdown, 
which requi res long and expensive tes t ing .  Only through t h e  experience gained 
from numerous past  experiments can t h i s  t e s t i n g  per iod  be bypassed. Recourse 

t o  measured thermal drawdown i n  t h e  recovery we l l  o f  a l a r g e  r e s e r v o i r  w i t h  a 
c a l c u l a t e d  usefu l  l i f e t i m e  o f  10 o r  more years would add an overwhelming f inan-  

c i  a1 burden . 
An examination o f  t h e  var ious methods we have employed t o  measure and 

charac ter ize  these systems reveals o n l y  two a t  t h i s  t ime w i t h  the  p o t e n t i a l  of  

p r o v i d i n g  t h i s  needed informat ion.  The f i r s t  o f  these, discussed e a r l i e r ,  

i nvol  ves measurement o f  f r a c t u r e  vo l  umes w i t h  t r a c e r s  and c o r r e l  a t  i ng vol  umes 

w i t h  heat-exchange areas. The second method i s  microseismic mapping, which i s  
discussed i n  t h e  remainder o f  t h i s  sect ion.  

Past observat ions of t h e  microseismic response associated w i t h  t h e  crea- 

4 3  

t i o n  and opera t ion  o f  our  HDR r e s e r v o i r s  lead t o  t h e  f o l l o w i n g  conclusions: 
1. Microseismic a c t i v i t y  i s  always present dur ing  i n i t i a l  f r a c t u r i n g .  

2. There e x i s t s  a pressure th resho ld  f o r  microseismic a c t i v i t y ;  above 

t h i s  threshold pressure, r e l a t e d  t o  t h e  minimum ear th  s t ress,  s ig-  

n i f i c a n t  microseismic a c t i v i t y  can be generated. 

The events observed duri'ng t h e  i n i t i a l  stage o f  p r e s s u r i z a t i o n  are 

i n  g e n e r a l  c l u s t e r e d  about  a v e r t i c a l  p l a n e  whose s t r i k e  has 

3. 
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4. 

5. 

6. 

7. 

8. 

The 

remained remarkably constant. We w i l l  r e f e r  t o  t h i s  as the  p lanar-  

event reg i on. 
Continued p ressu r i za t i on  and water- loss d i f f u s i o n  r e s u l t s  i n  a gen- 

e r a l  displacement o f  microseismic events t o  considerable d is tances  
(>500 - m) away from both the  i n j e c t i o n  p o i n t  and the  p lanar  locus o f  

events. Th is  w i l l  be r e f e r r e d  t o  as the  nonplanar-event region. 
The l o c a t i o n  of t he  zone o f  heat removal occupies a p o r t i o n  o f  t h e  

p l  anar-event region. 

The surrounding volume o f  rock space def ined by the  nonplanar se is-  

mic events i s  no t  an impor tant  p a r t  o f  t he  a c t i v e  HDR system w i t h  
t h e  present we1 1 bore geometry. 

There i s  on l y  very low- level  seismic a c t i v i t y  associated w i t h  t h e  

a c t i v e  heat-exchange regions o f  t h e  Phase I reservo i r .  Apparent ly  
thermal deplet ion,  accompanied by rock shrinkage, has rendered these 

regions asei  smi c. 
P r e s s u r i z a t i o n  o f  t h e  p a r t i a l  l y  drawndown r e s e r v o i r  d u r i n g  SUE 

resu l ted  i n  s i g n i f i c a n t  seismic a c t i v i t y  s t a r t i n g  a t  pressures lower  

than those observed w i t h  p ressu r i za t i on  o f  uncooled systems. This  

thermal s t r e s s / p r e s s u r i z a t i o n  augmen ta t i on  o f  m i c r o s e i s m i c i t y  

appears t o  o r i g i n a t e  i n  regions j u s t  ou ts ide  and per iphera l  t o  the  

a c t i v e  heat-exchange regions. 
v e r t i c a l  dimension o f  t he  planar-event reg ion  t h a t  bounds t h e  aseis-  

mic zone and t h a t  extends from ~12820 t o  2950 m, co inc ides q u i t e  c l o s e l y  w i t h  
t h e  l o c a t i o n  o f  t he  reg ion o f  s i g n i f i c a n t  thermal drawdown determined from the 

l a t e s t  EE-1  thermal-recovery survey shown i n  Fig. 26. F igure  27 shows p lan  
and e leva t i on  maps of t he  hypocenters o f  t h e  SUE events d i s p l a y i n g  the  more 

l i k e l y  o f  two se ts  o f  so lu t ions .  Reference 8 provides ana lys i s  o f  t he  loca-  
t i o n  methods app l ied  t o  the  in format ion obtained from both geophone s t a t i o n s  

operated du r ing  t h e  experiment. O f  p a r t i c u l a r  i n t e r e s t  i s  t he  aseismic reg ion  

centered about the  EE-1  we1 l - t o - r e s e r v o i r  i n j e c t i o n  l oca t i on .  I t s  l o c a t i o n  

and general s i z e  (diameter ~1100 m) a re  suggest ive o f  an area t h a t  may be 

a t t r i b u t e d ,  fo r  Run Segment 5, t o  t h e  cooled reg ion  centered about the  co ld-  

water i n j e c t i o n  loca t ion .  Assume now t h a t  t h e  severe thermal con t rac t i on  

r e s u l t i n g  from heat -ex t rac t ion  s t ress  r e l i e v e s  the  rock t o  such an ex ten t  t h a t  
subsequent p ressu r i za t i on  produces no f u r t h e r  f a i l u r e .  The separat ion o f  t h e  
SUE microseismic-event sequence i n t o  l - h  i n t e r v a l s ,  as shown i n  Figs. 28 t o  
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F i g .  26. 
Recovery temperature survey i n EE-1 (7/10/81) 
showing correlation of the region o f  thermal draw- 
down w i t h  the planar-event and aseismic regions. 

F i g .  27. 
Elevation view ( l e f t )  and plan view ( r i g h t )  o f  
microseismic events located by the two-station 
method d u r i n g  SUE. 
EE-1 injection s i t e  i s  seen on the north-south 
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30, al lows f u r t h e r  examination o f  t h i s  hypothesis. The upper f i g u r e s  l abe led  

16:42-17:44 on Fig. 28 show the  events du r ing  the  f i r s t  hour o f  pressur iza-  

t i o n .  I n  the  p lan  view (Fig.  28 upper r i g h t )  t he  grouping o f  t h e  events 

occurs i n  a ra the r  narrow, l i n e a r  fashion. The t rend  o r  s t r i k e  o f  t h i s  group 

i n  a s l i g h t l y  west o f  no r th  d i r e c t i o n  i s  cons is ten t  w i t h  t h a t  obta ined from 
e a r l i e r  experiments. O f  s t i l l  g rea ter  i n t e r e s t  i s  t he  grouping o f  events i n  a 

narrow band j u s t  ou ts ide  o f  t he  boundary o f  t he  aseismic reg ion  as can be seen 
i n  the  e leva t i on  view (F ig.  28 upper l e f t ) .  These events, which occur over a 
cl50-m-depth i n t e r v a l ,  must l i e  i n  a nea r -ve r t i ca l  p lanar  zone whose extens ion 
passes q u i t e  c lose  t o  the  r e s e r v o i r  i n j e c t i o n  and recovery s i t es .  

The next t ime sequence (Fig. 28, 17:48-18:50) shows a growth i n  t h e  l a t e r -  
a l  extent  of t he  l i n e a r  event group. A l s o  apparent i s  t he  appearance o f  a 

c l u s t e r  o f  events separated from the  main group. The e l e v a t i o n  v iew ( lower  
l e f t )  again loca tes  those events t h a t  were i n  the  l i n e a r  group i n  t h e  same 

narrow band (p lan  view, lower r i g h t ) .  The c l u s t e r  o f  events i s  loca ted  ad- 

j acen t  t o  the  band but  ou ts ide  o f  t he  p lanar  feature.  One might assume t h a t  

t h i s  i s  a c t i v i t y  associated w i t h  t h e  expanding pressure f i e l d  moving ou t  away 
from the  hea t - t rans fe r  system. The next  t ime i n t e r v a l  (Fig.  29, 18:56-19:37) 
cont inues the  sequence. The o f f -p lane  group a c t i v i t y  has moved upwards as has 
some o f  t he  p lanar  a c t i v i t y .  The f o u r t h  sequence (Fig.  29, 19:59-21:OO) has 

the  p lanar  a c t i v i t y  dy ing  away, along w i t h  the  appearance o f  a new c l u s t e r  
group l y i n g  h igher  and f u r t h e r  away. The p lan  v i e w - ( l o w e r  r i g h t )  o f  these 

several  regions suggests t h e i r  p a r a l l e l  nature.  The f i f t h  sequence (Fig.  30, 
21:02-22:04) i s  more d i f f i c u l t  t o  e x p l a i n  i n  t h a t  a fewer number o f  events 

occurred and the  second c l u s t e r  i s  missing. The f i n a l  sequence (Fig.  30, 
22:09-23:lO) s t i l l  shows a c t i v i t y  i n  the  zone adjacent t o  the  aseismic zone 

and a lso  the  reappearance o f  t he  second c l u s t e r .  
It i s  i n t e r e s t i n g  t o  consider whether s t ress  r e l i e v i n g  o f  t he  aseismic 

zone due t o  extens ive coo l i ng  has increased the  s t resses i n  t h e  surrounding 
region. Such stresses could be released by a pressure wave moving outwards 
from the  i n j e c t i o n  po in t ,  through the  aseismic zone and then i n t o  the  s t ressed 
region. 

I f  t h i s  i n t e r p r e t a t i o n  o f  t h e  seismic h i s t o r y  o f  SUE i s  indeed co r rec t ,  

i t  holds great  promise as a means o f  f o l l o w i n g  both the  extent  and l o c a t i o n  of  

t he  p o r t i o n  of a HDR r e s e r v o i r  from which thermal energy i s  being ext racted.  

P e r i o d i c a l l y  t he  system would be shu t - i n  wh i l e  con t inu ing  f l ow  i n t o  t h e  
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UP 16:42 - 

N 

17:44 N 

. E 

F ig .  28.  
E l e v a t i o n  view ( l e f t )  and p l a n  view ( r i g h t )  maps o f  microseismic a c t i v i t y  dur ing 
t h e  f i r s t  and second l - h  i n t e r v a l s  of SUE (December 9 ,  1980) .  
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1856 - 19:37 

19:59-21:00 
UP 

Fig. 29. 
Elevation view ( l e f t )  and plan view (right) maps of microseismic act ivity during 
the third and fourth l-h intervals of SUE (December 9 ,  1980). 
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21:02-22:M 
UP N 

22:09 - 23: 1 0 
UP N 

F i g .  30. 
E l e v a t i o n  view ( l e f t )  and p l a n  v iew ( r i g h t )  maps o f  microseismic  a c t i v i t y  dur ing  
t h e  f i f t h  and s i x t h  l - h  i n t e r v a l s  o f  SUE (December 9,  1980).  
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system. If t h e  SUE experiment i s  repeatable, there  would be very e a r l y  map- 

pable seismic a c t i v i t y  border ing t h e  severe ly  drawndown region. I f  t h i s  com- 
p o s i t e  region, composed o f  t h e  aseismic zone and t h e  adjacent band o f  micro- 

seismic a c t i v i t y ,  w i t h  i t s  known geometry, cont inues t o  c o r r e l a t e  w i t h  t h e  
heat- t ransfer  area der ived from temperature recovery surveys i n  EE-1, then i t s  

i d e n t i f i c a t i o n  b y  microseismic mapping techniques may prov ide t h e  long sought 
p r e d i c t i v e  t o o l  needed i n  HDR r e s e r v o i r  engineering. 

I X. CONCLUSIONS 

The r e s e r v o i r s  o f  t h e  Phase I HDR geothermal energy system have e x h i b i t e d  

growth through a l l  segments o f  operat ion.  Th is  growth r e s u l t e d  from p r e s s u r i -  

za t ion ,  c o o l i n g  (thermal cont rac t ion) ,  and f r a c t u r e - f a c e  displacement o r  move- 

ment. Dur ing t h e  e a r l y  t ime experiments (Run Segments 2 and 3) thermal draw- 

down was s i g n i f i c a n t  due t o  t h e  small s ize  o f  t h e  r e s e r v o i r  invo lved (90°C f o r  

Segment 2 and 37°C f o r  Segment 3 ) .  I n  t h e  l a t e r  experiments, drawdown was 
much l e s s  s i g n i f i c a n t  due t o  t h e  l a r g e r  reservo i r .  No drawdown was observed 
d u r i n g  Segment 4, and d u r i n g  Segment 5 operat ions,  t h e  r e s e r v o i r  sustained 
o n l y  an 8 O C  thermal drawdown a f t e r  286 days. Modeling o f  t h e  Phase I reser-  
v o i r s  l e d  t o  an estimated heat - t rans fer  area of 8000 m for  Run Segment 2, 

w h i l e  by t h e  end o f  Run Segment 5 t h e  heat - t rans fer  area was estimated t o  be 
45 000 t o  50 000 m , about s i x  t imes la rger .  Measured t r a c e r  volumes sug- 

gested a f r a c t u r e  area o f  80 000 m by t h e  end o f  Segment 5. Modal volume o f  

t h e  r e s e r v o i r  has grown from 11 t o  266 m3 through t h e  course o f  Phase I 

experiments. 

Water losses were very encouraging because, f o r  comparable operat ing pres- 

sure condi t ions,  o n l y  a 30% increase o f  water l o s s  was observed f o r  a s i x f o l d  
increase i n  heat - t rans fer  area. The impedance remained constant throughout 

Run Segment 5 a t  about 1.6 GPa s/m . This i s  i n  cont ras t  w i t h  t h e  Run Segment 
2 r e s e r v o i r  t h a t  e x h i b i t e d  a sharp d e c l i n e  i n  t h e  impedance, presumably due t o  

t h e  l a r g e  thermal drawdown t h a t  t h e  system experienced. I f  an impedance s i m i -  
l a r  t o  t h a t  experienced dur ing  Run Segment 5 occurs i n  t h e  Phase I 1  r e s e r v o i r  

under development, the  system could e s s e n t i a l l y  be sel f-pumping. 

Geochemical moni tor ing o f  t h e  system provided va luable i n s i g h t  concerning 

p o r e - f l  u i d  displacement and f low connections i n  the  reservo i r .  The concentra- 

t i o n s  of d isso lved chemicals i n  the  produced water were r e l a t i v e l y  low and t h e  

pH was near neut ra l ,  so t h e  produced water was o f  good q u a l i t y  and problems 
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with cor ros ion  o r  s c a l i n g  o f  surface equipment have been minimal. Seismic 

a c t i v i t y  i n  t h e  Phase I r e s e r v o i r s  has been i n s i g n i f i c a n t .  Events associated 
w i t h  heat e x t r a c t i o n  have measured l e s s  than minus one on t h e  ext rapolated 

R ich ter  scale. 

X. RECOMMENDATIONS 
Based upon t h r e e  years '  experience w i t h  t h e  Phase I r e s e r v o i r ,  summarized 

above, we o f f e r  th ree  r e c m e n d a t i o n s :  the  f i r s t  o f  these, a r a t h e r  broad 
one, i s  f o r  f u t u r e  experiments i n v o l v i n g  new methods o f  e x t r a c t i n g  heat from 

t h e  reservo i r ;  a second recomnendation concerns improved microseismic mapping; 
and a t h i r d  recommendation i s  f o r  a new geochemistry experiment t o  b e t t e r  de- 

f i n e  t h e  r o l e  o f  the  secondary f low paths i n  t h e  reservo i r .  

A. Improved Methods o f  Heat E x t r a c t i o n  

The summary o f  heat e x t r a c t i o n  t e s t s  i n  Run Segments 2 through 5 presented 

i n  t h i s  repor t  i n d i c a t e s  t h a t  t h e  Phase I r e s e r v o i r s  created t o  date are o f  
modest size, represent ing about 50 000 m2 of e f f e c t i v e  heat - t rans fer  area. 

However, o ther  i n d i c a t i o n s  such as geochemical, microseismic, water losses, 
and vent ing volume measurements suggest t h a t  t h e  r e s e r v o i r  i s  p o t e n t i a l l y  much 

la rger .  I n  p a r t i c u l a r ,  t h e  microseismic data suggest t h a t  we have forced 
water, t h a t  i s ,  gained access t o  d is tances very f a r  from t h e  i n j e c t i o n  wel l .  

Roughly speaking, a c i r c l e  drawn around t h e  microseismic ep icenters  measured 

dur ing  Run Segment 4 has an area o f  about 500 000 m , about 10 t imes t h e  e f fec-  

t i v e  heat - t rans fer  area. For t h r e e  f rac tu res ,  per t h e  mu1 t i p l e - f r a c t u r e s  
model, Table I1 suggests a microseismic area o f  360 000 m . Furthermore, t h e  
microseismic data suggest t h a t  t h i s  1 arger  p o t e n t i  a1 reservo i  r i s  not  p l  anar , 
but  h i g h l y  j o i n t e d  and m u l t i p l y  f ractured, so t h a t  t h e  p o t e n t i a l  reservo i r ,  i f  

s u f f i c i e n t l y  explo i ted,  would represent a vol  umetr ic r a t h e r  than an area l  

source o f  heat. For t h e  same l e v e l  o f  power product ion a vo lumetr ic  source 

r e s u l t s  i n  l e s s  thermal d e c l i n e  than an areal  source, which i s  severe ly  l i m i t -  

ed by t h e  requirement t o  conduct heat i n  t h e  low-conduct iv i t y  rock f o r  l a r g e  

d is tances perpendicular t o  t h e  areal  plane. 

The explanat ion f o r  t h e  l a r g e  d i f fe rence i n  r e s e r v o i r  s izes provided by 

heat - t rans fer  r e s u l t s  and t h e  o ther  i n d i c a t i o n s ,  such as geochemistry and 
mic rose ismic i ty ,  etc. i s  provided by f l u i d  mechanics and f l o w  pat te rns  i n  res- 
e rvo i rs .  Even i f  a r e s e r v o i r  was p h y s i c a l l y  large,  should f lu id-dynamic s h o r t  
c i r c u i t i n g  occur, then the  e f f e c t i v e  heat - t rans fer  s ize  o f  t h e  r e s e r v o i r  would 
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be much sma l e r .  The most important c r i t e r i o n  i s  t h e  separat on between res- 

e r v o i r  i n l e t  and o u t l e t .  For continuous f l o w  c i r c u l a t i o n ,  i n  what we r e f e r  t o  

as t h e  low-buoyancy mode o f  heat e x t r a c t i o n ,  i t  can be shown t h a t ,  roughly  

speaking, t h e  e f f e c t i v e  heat - t rans fer  s i z e  i s  p ropor t iona l  t o  t h e  square o f  

the  i n l e t - t o - o u t l e t  spacing f o r  s i n g l y  f r a c t u r e d  r e s e r v o i r s  and p r o p o r t i o n a l  
t o  t h e  cube o f  t h e  separat ion f o r  volumetr ic,  m u l t i p l y  f r a c t u r e d  reservo i rs .  
As discussed below, these gu ide l ines  must be mod i f ied  when buoyancy o r  n a t u r a l  
convect ion e f f e c t s  are present, o r  f o r  t h e  c y c l i c  ( h u f f - p u f f )  mode o f  heat 
ex t rac t ion ,  a lso  discussed below. However, f o r  t h e  t y p i c a l  cond i t ions  pre- 
v a i l i n g  dur ing  Run Segments 2 through 5 these cond i t ions  d i d  not p r e v a i l ,  so 

t h e  general p r i n c i p l e  t h a t  separat ion d is tance c o n t r o l s  heat e x t r a c t i o n  was i n  

ef fect .  I n  t h e  f i r s t  reservo i  r, before  recementing and en1 argement, t h e  separ- 

a t i o n  was o f  t h e  order o f  100 m and it i s  not  s u r p r i s i n g  t h a t  t h e  heat-  
2 t r a n s f e r  area was i n i t i a l l y  o n l y  8000 m . I n  t h e  second r e s e r v o i r  t h e  separa- 

t i o n  i s  300 m and t h e  e f f e c t i v e  area i s  50 000 m when t h e  observed thermal 

d e c l i n e  i s  i n t e r p r e t e d  w i t h  t h e  independent- f ractures model. Using t h e  newer 
m u l t i p l e - f r a c t u r e  model, we est imate an area o f  about 45 000 m , i n  reasonable 
agreement w i t h  t h e  f i r s t  est imate. I n  e i t h e r  case t h e  f l u i d  dynamics domin- 

ated, so t h a t  the  heat product ion was l i m i t e d  by t h e  separat ion o f  i n l e t  and 
out1 et .  

I n  connection w i t h  t h i s  conclusion regarding f lu id-dynamic l i m i t a t i o n s  t o  

heat product ion,  i t  must be pointed ou t  t h a t  t h e  design o f  t h e  Phase I 1  reser-  

v o i r ,  c u r r e n t l y  under cons t ruc t ion  a t  Fenton H i l l ,  i s  based l a r g e l y  upon Phase 
I technology and experience. O f  p a r t i c u l a r  importance i s  t h e  f a c t  t h a t  t h e  

v e r t i c a l  spacing o f  t h e  Phase I 1  wel lbores i s  370 m, o n l y  20% l a r g e r  than t h a t  

o f  Phase I. Consequently, we b e l i e v e  t h a t  heat product ion i n  t h e  Phase I 1  
f r a c t u r e  w i l l  be subject  t o  t h e  same f lu id-dynamic l i m i t a t i o n s .  

2 

2 

There e x i s t  two general means o f  a t t a c k i n g  t h i s  problem: 
(1) Deviate ( s i d e t r a c k )  one o r  both of t h e  w e l l s  so t h a t  t h e  d is tance 

between the  r e s e r v o i r  i n l e t  and o u t l e t  can be increased. I n  t h i s  manner t h e  

new f l u i d  streaml ines  would sweep over those regions o f  t h e  r e s e r v o i r  inacces- 

s i b l e  w i t h  t h e  o l d  f l u i d  c i r c u l a t i o n  patterns.  This  i s  an expensive method, 

and we w i l l  not  consider i t  f u r t h e r  here i n  view o f  funding l i m i t a t i o n s .  

( 2 )  Improve t h e  f l u i d  streaml i n e  pat terns,  w i thout  r e d r i l l  ing,  by chang- 

i n g  t h e  mode of heat t r a n s f e r .  One means o f  doing so i s  t o  r e s o r t  t o  c y c l i c  

( h u f f - p u f f )  operat ion,  i n  which water i s  i n j e c t e d  wh i le  t h e  product ion we l l  i s  
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shut- in.  I f  t h e  pressure and f low- ra te  cond i t ions  are appropr iate,  water can 

be forced t o  t h e  r e s e r v o i r  ex t remi t ies ,  and i n  so doing w i l l  be heated. The 

heated water i s  then withdrawn by vent ing t h e  product ion we l l  i n  t h e  " p u f f "  

phase o f  t h e  cycle. A c o r o l l a r y  e f f e c t  o f  c y c l i c  opera t ion  i s  due t o  t h e  

h igher  pressures associated w i t h  c y c l i c  operat ion -- t h e r e  i s  t h e  p o s s i b i l i t y  

(see Fig. 13) t h a t  t h e  r e s e r v o i r  w i l l  grow cont inuously.  
A second means o f  improving t h e  f l o w  st reaml ine p a t t e r n  i s  t o  promote the  

e f f e c t s  o f  h igh  buoyancy.14 This  h igh  buoyancy e f f e c t  i s  depic ted i n  Figs. 31 

and 32. I n  these f i g u r e s  we are examining computed r e s u l t s  f o r  a v e r t i c a l l y  

or iented, c i r c u l a r  f r a c t u r e  i n  which t h e  i n l e t  and o u t l e t  l o c a t i o n s  are separ- 
ated by 400 m, n e a r l y  t h e  same value as t h e  Phase I 1  r e s e r v o i r  separation. 

The f r a c t u r e  i s  0.5 km i n  radius. I n  these f igures ,  because o f  symnetry, o n l y  

t h e  r ight -hand h a l f  o f  t h e  f r a c t u r e  i s  shown. I n  t h e  f i r s t  f i g u r e  t h e  f l o w  

impedance i s  so h igh t h a t  buoyant, o r  n a t u r a l  convection, e f f e c t s  are e n t i r e l y  
suppressed. The streamlines f l o w  d i r e c t l y  from i n l e t  t o  o u t l e t  and bypass 

X (m) 

F ig .  31. 

X (m) 

Fig. 32. 
Flow streamlines w i t h  n e g l i g i b l e  buoy- Flow streamlines w i t h  apprec ib le  buoy- 
ancy c o n t r i b u t i o n  . ancy cont r ibu t ion .  
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much of t h e  area p o t e n t i a l l y  ava i lab le .  I n  f a c t ,  o n l y  40% o f  t h e  t o t a l  area 

i s  used e f f e c t i v e l y  f o r  heat t r a n s f e r .  I n  t h e  second f i g u r e ,  t h e  impedance i s  
low enough t h a t  buoyancy i s  important.  The c o l d  en ter ing  f l u i d  f i r s t  f lows 

downward due t o  i t s  g rea ter  densi ty,  then e v e n t u a l l y  t u r n s  and f lows t o  t h e  
o u t l e t .  I n  so doing, almost 90% o f  t h e  t o t a l  f r a c t u r e  area, more than tw ice  

t h a t  o f  t h e  f i r s t  case, i s  e f f e c t i v e  i n  heat t rans fer .  

We propose t h e  t e s t i n g  o f  these new modes o f  heat e x t r a c t i o n  i n  t h e  old,  

Phase I reservo i r .  Since these new modes o f  heat t r a n s f e r  are u l t i m a t e l y  
aimed a t  devel oping techniques f o r  inc reas ing  heat product ion from t h e  Phase 

I 1  reservo i r ,  it might be argued t h a t  t h i s  t e s t i n g  should be delayed and con- 
ducted i n  t h e  Phase I 1  reservo i r .  However, a f t e r  examining schedules and the  

c u r r e n t l y  depleted s t a t e  o f  t h e  Phase I r e s e r v o i r ,  we b e l i e v e  t h a t  these new 
heat -ex t rac t ion  modes can most e f f i c i e n t l y  be demonstrated i n  t h e  Phase I Res- 
e r v o i r  because: 

o The Phase I 1  r e s e r v o i r  schedule i s  very  t i g h t  and precludes t e s t i n g  o f  

new heat - t rans fer  modes, even i n  t h e  i n t e r i m  system, u n t i l  1983 or 
1984 . 

o The Phase I 1  r e s e r v o i r ,  even t h e  i n t e r i m  system, i s  l i k e l y  t o  be q u i t e  

l a r g e  and ho t  -- eva lua t ion  o f  new h e a t - e x t r a c t i o n  modes by means o f  
thermal drawdown could take years. 

o I n  cont ras t ,  t h e  Phase I r e s e r v o i r  i s  smal ler  .and a l ready t h e r m a l l y  

depleted. B e n e f i c i a l  e f f e c t s  o f  augmented heat t r a n s f e r  could be ob- 
served i n  several months. 

o The Phase I r e s e r v o i r  i s  a v a i l a b l e  now, and depths and temperatures 

are much eas ie r  t o  work with. Use o f  t h e  Phase I r e s e r v o i r  would no t  
impact the  Phase I 1  schedule. 

F o r  these reasons we have designed new t e s t s  t o  be conducted i n  t h e  Phase I 

reservo i r .  These t e s t s  are designated as Run Segments 6 and 7, t o  evaluate 
t h e  c y c l i c  and high-buoyancy modes o f  heat product ion,  respec t ive ly .  Test 

procedures are descr ibed below. 
Run Segment 6 - Cycl ic-Heat Product ion.  Because o f  pumping and e l e c t r i -  

cal-power r e s t r i c t i o n s ,  c y c l i c - h e a t  product ion w i l l  be 1 i m i t e d  t o  an i n j e c t i o n  
f l o w  r a t e  o f  0.025 m3/s (400 gpm). Previous t e s t i n g ,  dur ing  SUE, was con- 

3 ducted a t  0.044 m / s  (700 gpm), and we are unsure o f  the  r e s u l t s  t o  be ex- 

pected a t  the  reduced f l o w  rate.  Consequently, a p r e l i m i n a r y  t e s t ,  j u s t  one 

cyc le,  i s  necessary s imply t o  check t h e  h y d r a u l i c  aspects a t  reduced f l o w  
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rate.  Should these prove s a t i s f a c t o r y ,  then a 6-month t e s t  c o n s i s t i n g  o f  60 

cyc les  would be employed t o  evaluate heat - t rans fer  c h a r a c t e r i s t i c s .  (Should 

t h e  hydrau l i c  aspects be unsat is factory ,  Run Segment 7, descr ibed next, would 

then be conducted.) Each c y c l e  would cons is t  o f  1 day o f  i n j e c t i o n  w i t h  t h e  
e x i s t i n g  pumps a t  t h e  Fenton H i l l  s i t e ,  fo l lowed by 2 days o f  venting. I n j e c -  
t i o n  would be i n t o  t h e  normal i n j e c t i o n  wel l ,  EE-1, and vent ing  would be from 
t h e  normal product ion we l l ,  GT-2B. The e x i s t i n g  data a c q u i s i t i o n  and cont ro l  
system would be used as w e l l  as t h e  e x i s t i n g  water - to -a i r  heat exchangers. 
We1 1 head pressures, f low rates,  temperatures, and heat product ion ra tes  would 

be cont inuously  measured. P r i o r  t o  Run Segment 6 a 10- t o  15-day pumping per-  

i o d  would be requi red t o  recharge the  r e s e r v o i r  w i t h  about 7500 m (2 000 000 

g a l )  o f  water. Th is  i n i t i a l  recharge would s a t i s f y  most o f  t h e  r e s e r v o i r  

water losses and thus would considerably s impl- i fy eva lua t ion  o f  t h e  new mode 

o f  heat e x t r a c t i o n  t h a t  fo l lows.  
Run Segment 7 - High-Buoyancy Heat Production. As discussed e a r l  i e r ,  

h igh  buoyancy requ i res  low f low impedance, l e s s  than o r  equal t o  about 0.3 GPa 
s/m (2.7 psi/gpm). To accomplish t h i s ,  the  impedance present ly  concentrated 
near the  r e s e r v o i r  o u t l e t  should f i r s t  be diminished by propping t h e  f r a c t u r e  

o u t l e t .  (5 psi/gpm) o f  t h e  

present value o f  1.1 GPa s/m (10 psi/gpm) could be e l im ina ted  by such means. 

The res idual  main- f racture impedance would then be decreased by operat ing a t  

h igh  back pressure, t h a t  i s ,  by opera t ing  a t  pressures h igh  enough t o  i n f l a t e  
t h e  f ractures.  A p re l im inary ,  3-day experiment would be requ i red  t o  determine 

if t h e  f i n a l  impedance d u r i n g  h igh  back-pressure cond i t ions  would be low 
enough t o  proceed w i t h  a long-term heat -ex t rac t ion  t e s t .  I f  t h i s  impedance 
was not  low enough, no f u r t h e r  t e s t i n g  would be conducted; bu t  i f  it was s a t i s -  
f a c t o r i l y  low, a 3-month product ion t e s t  would ensue. As descr ibed above f o r  
Run Segment 6, t h e  e x i s t i n g  data acqu is i t ion ,  c o n t r o l  and sur face equipment 

would be used. 

B . 

3 

3 

3 I f  completely successful,  as much as 0.55 GPa s/m 
3 

Improved M i  c rose i  smi c Mapping 

O f  paramount importance i n  t h e  SUE was t h e  use o f  t h e  two-s ta t ion  method 

o f  l o c a t i n g  events (see Figs. 33 and 34). It provided a more accurate map o f  

t h e  event l o c a t i o n s  than t h e  previous s i n g l e - s t a t i o n  method. However, i t  

s t i l l  requ i res  both the  determinat ion a t  one s t a t i o n  of the  absolute d i r e c t i o n  
o f  t h e  incoming s ignal  from an event and t h e  distance t o  t h e  event ( t h e  

hodogram-SP delay method). Each such l o c a t i o n  requi res a considerable e f f o r t  
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Fig .  33. 
Plan view of the Fenton Hill wellbores. 
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F i g .  34.  
Elevation view o f  the  Fenton Hill wellbores showing geophone package locat ions 
d u r i n g  SUE experiment and proposed locat ion for additional seismic too l .  
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and would no t  be e a s i l y  adapted t o  r e a l - t i m e  analys is .  The i n t r o d u c t i o n  o f  a 

t h i r d  s t a t i o n  (Fig. 34), however, would a l low t h e  use o f  the  standard P-wave 
onset method f o r  which soph is t i ca ted  microprocessor equipment has been devel- 

oped w i t h  t h e  c a p a b i l i t y  o f  such rea l - t ime analysis.  Such a method would 
a l l o w  h i g h l y  accurate mapping o f  e s s e n t i a l l y  a l l  o f  t h e  events generated (over 

10 000 i n  t h e  SUE experiment). Th is  degree o f  d e t a i l  might reveal  some o f  t h e  
f i n e r  s t r u c t u r e  such as groups o f  v e r t i c a l  j o i n t s  and associated nonver t i ca l  

connecting f rac tu res .  

C. E l u c i d a t i o n  o f  Secondary Flow Paths 
Geochemical evidence suggests t h a t  t h e  large,  hot, secondary f l o w  paths 

could perhaps be e x p l o i t e d  by inc reas ing  t h e  i n j e c t i o n  pressure and lower ing 

t h e  product ion pressure. Increas ing t h e  i n j e c t i o n  pressure i s  re1 a t i v e l y  easy 

t o  accomplish, and decreasing t h e  pressure i n  t h e  product ion we l l  could be 
accomplished by p l a c i n g  a downhole pump i n  GT-28. This  would prevent f l a s h i n g  

o f  t h e  f l u i d  wh i le  s imultaneously lower ing t h e  downhole pressure on t h e  reser-  
v o i r .  Such an experiment could be used t o  e s t a b l i s h  t h e  f l o w - r a t e  l i m i t a t i o n s  

i n  t h e  secondary f l o w  paths and could eventua l l y  prov ide a t ime constant f o r  

t h e  secondary f l o w  p o r t i o n  o f  t h e  reservo i r .  

Simultaneous p r e s s u r i z a t i o n  and heat e x t r a c t i o n  by methods such as h u f f -  

p u f f  may ho ld  t h e  key t o  opening t h e  secondary f l o w  paths t o  c i r c u l a t i o n  and 

heat ex t rac t ion .  Evidence from t h e  t r a c e r  s tud ies i n d i c a t e s  t h e  profound 
changes t h a t  occur a f t e r  p r e s s u r i z a t i o n  and t h e  regu la r  changes i n  r e s e r v o i r  
volume t h a t  accompany heat ex t rac t ion .  Pressure c y c l i n g  t h e  r e s e r v o i r  w h i l e  
e x t r a c t i n g  heat could d r a m a t i c a l l y  accelerate the  growth o f  t h e  r e s e r v o i r  sys- 

tem. 
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