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COMPARISON OF TWO HOT DRY ROCK GEOTHERMAL RESERVOIRS 
r, 

H. D. Murphy, J. W. Tester, and R. M. Potter, 
University of California, Los Alamos Scientific 

Laboratory, Los Alamos, New Mexico 87545 

Two hot dry rock (HDR) geothermal energy reservoirs were created 
by hydraulic fracturing of granite a t  2.7 t o  3.0 km (9000 t o  10 000 
f t )  a t  the Fenton Hill s i te ,  near the Valles Caldera i n  northern New 
Mexico. Both reservoirs are research reservoirs, i n  the sense t h a t  
both are fa i r ly  small, generally yielding 5 M W t  or  less, and are 
intended t o  serve as the basic bu i ld ing  blocks of commercial-sized 
reservoirs, consisting of 10 t o  15 similar fractures t h a t  would yield 
approximately 35 M W t  over a 10 t o  20 y r  period. Both research reser- 
voirs were created i n  the same well-pair, w i t h  energy extraction well 
number 1 (EE-1) serving as the injection well, and geothermal tes t  
we1 1 -number 2 -{GT-2-) serv4ng-as-the extraction-,--or productdon;. we1 1.. 
The first reservoir was created i n  the low permeability host rock by 
fracturing EE-1 a t  a depth of 2.75 km (9020 f t )  where the indigenous 
temperature was 185°C (364°F) . -Reservoir performance was evaluated by 
a 75-day long period o f  closed-loop operatjon-from January28 to Apr i l  
13, 1978.: Hot water from the production well was directed t o  a 
water-to-air heat exchanger where the water was cooled t o  25°C before 
reinjection. The relatively low power produced d id  not economically 
justify the conversion of the geoheat t o  beneficial usage, so i t  was 
simply dissipated t o  the atmosphere by this heat exchanger. The 
cooled water, i n  addi t ion  t o  the makeup water t h a t  was required t o  
replace downhole losses to  the rock surrounding- the fracture, was then 
pumped4own the -injection- we1 l-and -$Aen -thrwgh4he-.fracture system. - 

Heat was -transferred t o  the water .by-means =of conduction w i t h i n  the - 

nearly impervious rock contiguous t o  the fracture surfaces and the 
heated water was withdrawn by means of the production well, Results 
of the -75-day assessment .of - the  fiirst-1-eserxmjrxwere presented by - 

Murphy e t  a1 . (1978), Tester and Albr ight  (1979), and Murphy and 
Tester (1979) but  are summarized for comparison w i t h  the second 
reservoir bel ow. 

A second, larger reservoir was formed by extending a small ,  
existing fracture a t  2.93 km (9620 f t )  i n  the injection well about 100 
m deeper and 10°C hotter t h a n  the first reservoir. The resulting 
large fracture propagated upward t o  about 2.6 km (8600 f t )  and ap- 
peared t o  have an inlet-to-outlet spacing of 300 m (1000 f t ) ,  more 
than  three times t h a t  of the first fracture. Comparisons are made 
w i t h  the first reservoir i n  Table 1. Evaluation of the new reservoir 
was accomplished i n  two steps: (1) wi th  a 23-day heat extraction 
experiment t h a t  began October 23, 1979, the results of which are 
described by Murphy (1980), and (2) aisecond, longer-term heat ex- 
traction experiment still i n  progress, which a s  of November 25, 1980 
has been i n  effect fo r  260.days. The results of this current experi- 
ment are compared w i t h  earlfer experiments below. 
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TABLE 1. 

CHARACTERISTICS OF RESERVOIR SYSTEMS STUDIED 
WITH FIRST PAIR OF WELLS 

First Reservoir Second Reservoir 
Characteristic May 1977 - Jan. 1979 Jan. ’1979 - ’Present 

EE-1 injection hole Before recementi ng After recementi ng 
condition 

Main injection zone 
location i n  EE-1 

2.75 km (9020 f t )  2.93 km (9620 f t )  

Main production zone 

Average we1 1 bore 
separation- between . . 

EE-1 and GT-2 i n  
the product i on 
interval - 

2.6 - 2.7 km 

100 m (300 f t )  

2.6 - 2.7 km 

300 in (900 f t )  

locations i n  GT-2 (8600 - 8850 f t )  (8600 - 8850 f t )  

RESERYO1R-GEOMEtRIES “AND +LOW ‘PATHS . 

Figure 1 shows the inferred geometry of both fractures, The 
f i r s t  fracture, whose or igin was a t  2.75 kin i n  EE-1, is shown as the 
small vertical fracture and the new fracture is shown t o  the l e f t  as 

I !  the larger one. Both fractures are shown as  nearly 
the planes of hydraul ic fractures are orthogonal t o  

vertical because 
t h e  minimum (least  

Fig. 

.. 

1. Inferred reservoir geometry. 
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compressive) component of the tectonic earth stress. In tectonically 
relaxed geological settings th i s  stress i s  expected t o  be a horizontal 
one a t  depths greater t h a n  about 1 km and, i n  fact ,  i t  has been shown 
[Murphy e t  al.,  19771 t h a t  the minimum horizontal stress a t  the Fenton 
Hill s i t e  is  only one-half the vertical overburden stress a t  a depth 
of 2.7 km. The granitic rock i n  which these fractures were created is  
fa i r ly  homogeneous and unstratified, so i t  is  assumed t h a t - a l l  the 
fractures discussed here are approxiamtely circular i n  shape, rather 
t h a n  rectangular as is  usually assumed for o i l  and gas reservoirs i n  
sedimentary formations. A1 1 fracturing operations were performed w i t h  
water alone; no viscosity increasing agents, loss-of-fluid agents, or 
proppants were added . Subsequent pumping t es t s  suggested t h a t ,  upon 
depressurization, the induced fractures remained partially open due t o  
the "self-propping" of the misal igned rough surfaces produced d u r i n g  
fracturing. 
1360 ma (48 000 f t  
ba r s  (3000 psi) above the hydrostatic level. 

t ion  well, GT-2, i s  complex and was studied w i t h  temperature drawdown 
and recovery measurements, we1 1 bore flow rate measurements, visible 
dye and radioactive NH,Bre2 tracer measurements, and other logging  
methods. T h i s  connectivity apparently consists of a set  of nonver- 
tical natural fractures or joints w i t h  a d i p  of approximately 60" t h a t  
intersect both the vertical fractures and the GT-2 wellbore. These 
j o i n t s  appear t o  be extensions of the same ones t h a t  formed the con- 
nections between the first fracture and GT-2. The downhole tempera- 
tures and velocities of the water i n  the connecting jo in ts  were mea- 
sured a t  the joint/well intersections w i t h  a combined temperature 
(thermistor) probe and flow rate  (spinner) logging too l ,  which was , 

used t o  determine temperature and flow rate profiles i n  the open hole 
region of GT-2. Both profiles were used t o  infer the depth of the 
connecting jo in t s  and a1 so the relative flow rate contributions com- 
municated by each jo in t .  

The sJecond reservoir was created by injecting a t o t a l  of 
of water, ra is ing the downhole pressure by 200 

The manner i n  which the fractures are connected w i t h  the produc- 

THERMAL ORUWDOWN 

During heat extraction tes t s  of both reservoirs, the downhol e 
temperature and flow rate tool , when no t  actually logging the well , 
was positioned at  a depth of 2.6 km (8500 f t )  i n  the production well, 
just above a l l  the known producing j o i n t s  t h a t  intersect the produc- 
tion well. In this manner the mixed mean outlet temperature of the 
productlon flow rates converging upon GT-2 was nearly continuously 
measured. Figure 2 shows the temporal decline of this temperature. 
The abrup t  change i n  curvature for the first reservoir t h a t  occurs a t  
day 25 is  due to the doubl ing of the production flow rate a t  t h a t  time 
from 6 t o  13 a / s  (100 t o  220 gpm). Despite the thermal drawdown this 
increase i n  flow rate resulted i n  a roughly constant power level after 
the first 25 days. Peak power was 5.1 M W t  and the average power was 
about 4 M W t .  The thermal decline of the first reservoir was 100°C i n  
75 days. 

In comparison, as of November 25, 1980 the mean outlet tempera- 
ture of the second reservoir had drawdown only 5°C after 260 days of 
heat extraction a t  a flow rate of 6 a / s .  The ini t ia l  temperature of 
the second reservoir was 157"C, 17°C cooler t h a n  t h a t  of the first 
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Fig. 2. Comparison o f  thermal drawdowns, 1st  and 2nd reservoirs. 

reservoir.  This d i f ference i n  i n i t i a l  temperature i s  due t o  the 
thermal in teract ion between the c lose ly  spaced reservoirs (Figure 1). 
As a consequence o f  the drawdown and subsequent thermal recovery of 
the f i r s t  reservoir,  it i s  estimated that the temperature o f  the 
second reservo i r  was disturbed by 15 t o  20°C. These data, i n  concert 
wi th  the thermal drawdown anal s i s  models o f  Harlow and Pracht (1972) 
and McFarland and Murphy (1976 3 , r e s u l t  i n  estimates o f  8000 and 50 
000 m4 (86 000 and 540 000 ft2) respectively, f o r  the e f f e c t i v e  heat 
t ransfer  areas o f  the two reservoirs. 

FLOW CHARACTERISTICS 

Residence Time Studies. Reservoir volumes and dispersion char- 
a c t e r i s t i c s  were measured by i n j e c t i n g  tracers, e i t h e r  the v i s i b l e  dye 
Na-fluorescein, o r  radioact ive NH,Br*Z, i n  the i n j e c t i o n  w e l l  and 
monitoring the concentration-time behavior a t  the production w e l l  
[Tester, Potter and Bivins, 19791. Four in jec t ions  were conducted i n  
each reservo i r  and the average modal volumes are presented i n  Table 2, 
accompanied by the e a r l i e r  estimate o f  heat t ransfer  areas, and the 
f racture aperture derived from the “ ra t io  o f  f racture volume and area. 
These f rac tu re  apertures are i n  accord with estimates based upon 
sel f-propping caused by misal igned f rac tu re  surface roughness. 
f i lometer measurements on core specimens taken a t  2.7 km i n  GT-2, t h a t  
were f ractured a f t e r  coring, showed that,  on a very f i n e  scale, rough- 
ness asper i t ies  of 0.2 mn, t y p i c a l  o f  the rock gra in  size, were spaced 
every 0.5 m along the face; but  on a la rger  scale the specimens had 
surface waves o f  the order o f  1 mn on a 10 m spacing. Agreement o f  
measured and estimated self-propped apertures during these tes ts  i s  
expected because f rac tu re  f l u i d  pressures were maintained a t  leve ls  
below the minimum ear th  stress. 

Flow Impedance. Flow impedance i s  defined as the pressure drop 
through the f racture system connecting the t w o  wells, d iv ided by the 
production f low rate. As shown i n  Fig. 3 the impedance o f  the f i r s t  
reservo i r  declined near ly continuously and a t  the end o f  the experi- 
ment was less than one- f i f th  i t s  i n i t i a l  value. Even impedances as 

Pro- 
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Fig. 3. Temporal va r ia t i on  o f  f l ow  impedance, -1st reservoir.  
. - _ _ _  

high as the  i n i t i a l  value, about 17 bars per f i l s  (16 psi/gpm) are 
s u f f i c i e n t l y  low f o r  ind iv idual  f ractures contained i n  la rger  
mu l t ip le - f rac tu re  systems o f  commercial size. The trend o f  impedance 
reduction i s  wel l  corre la ted w i th  the  thermal drawdown shown i n  Fig. 1 
and i s  probably associated w i th  the p a r t i a l  shrinkage o f  f rac tu re  
faces away from each other caused by cooling. This e f f e c t  i s  par t icu-  
l a r l y  important near the f rac tu re  out le ts ,  where previous f low t e s t i n g  
had i d e n t i f i e d  loca l i zed  impedances associated w i th  the j o i n t s  pro- 
v id ing  comnunication between GT-2 and the f i r s t  hydraul ic f racture.  
I n  fact, temperature surveys ind icated tha t  several closed o r  sealed 
j o i n t s  eventual ly opened t o  the  point  where they began t o  produce 
f l u i d .  

I n  contrast  the impedance o f  the second reservo i r  has remained 
essent ia l l y  constant a t  16 bar per t / s  dur ing both heat ex t rac t ion  
tests;  no reduction with t ime has been observed as occurred i n  the 
f i r s t  reservoir ,  presumably because the  thermal drawdown of the  second 
reservo i r  i s  negl i g ib le .  This rough equivalence of impedance f o r  the 
two reservo i rs  resu l t s  despi te the  fact  t h a t  the  f low paths i n  the new 
reservo i r  are several t imes longer; the  distance between the  i n l e t  and 
ou t l e t s  i s  3 times longer and the  heat t rans fe r  area and volume are 6 
and 10 t imes larger, respectively. 

75-day t e s t  o f  the f i r s t  reservoir,  1900 m8 permeated in to  the sur- 
rounding formation. I n i t i a l l y  the  r a t e  o f  loss was high but then it 
diminished, so t h a t  a t  the  end o f  t he  t e s t  the  r a t e  was only  0.13 t / s  
(2 gpn), o r  1% of the produced f l ow  rate. A t  the  end o f  the 23-day 
t e s t  of t he  second reservo%- the water loss r a t e  once again declined, 
t h i s  t ime t o  a value a f  1.3 &/s (20 -gpm) o r  20X:of the produced f low 
rate. For comparison purposes the loss r a t e  from the f i r s t  reservo i r  
a f t e r  23 days was 0.7 &/s (12 gpm) . Therefore, the water l oss  r a t e  

Water Losses. O f  the  68 000 in8 of water c i rcu la ted  dur ing the 

I 
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from the second reservoir was only twice that  of the first reservoir 
af ter  an equivalent period of time, despite a 6-fold increase i n  
reservoir area and a 10-fold increase i n  volume. Furthemre i t  i s  
emphasized that these are short-term water losses; sustained heat 
extraction operations over a period of years would result i n  addition- 
al decline of loss rates as  the porosity of the surrounding rock is  
satisfied,  [Fisher, 19771, and i n  fact  our current testing shows that  
the water loss rate for the second reservoir is only 0.4 k/s (6  gpm) 
a f te r  235 days. 

TABLE 2 

RESERVOIR SIZE ESTIMATES 

Effective Aver age 
Heat Transfer .Modal Average 

Area Vol m e  Aperture 

Test (S) (m31 (m) 

First reservoir 
(75-day test) 

Second reservoir 
(23-day test) 

8000 11.4 1.4 

50 000 111 2.0 
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