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RESERVOIR MODELING OF THE PHASE I1 
HOT DRY ROCK SYSTEM 

6eorge Zyvoloski 

Earth and Space Sciences Dlvis ion 
10s Alamos National Laboratory 

10s Alamos, New Mexico 87545 

ABSTRACT 

The Phase 11 system has been created wi th  a 
series o f  hydraulic f ractur ing experiments a t  the 
Fenton H i l l  Hot Dry Rock site. Experlment 2032, 
the largest o f  the f ractur ing operations, involved 
i n j e c t i n g  5.6 m i l l i o n  gallons (21,200 m s )  o f  water 
i n t o  wellbore EE-2 over the period Dec. 6-9, 1983. 
The experiment has been modeled using geothermal 
slmulator FEHM developed a t  10s Alamos Wational 
Laboratory. The Mde l i ng  e f f o r t  has produced 
s t rong  evidence o f  a l a r g e  h i g h l y  f r a c t u r e d  
reservolr. Two long term heat extract ion schemes 
f o r  the reservoir  are studied wl th  the model. 

INTRODUCTION 

The creatlon o f  a geothermal reservoir  by 
h y d r a u l i c  f r a c t u r i n g  i s  a major component i n  
energy e x t r a c t i o n  by t h e  Hot Dry Rock (HDR) 
method. The primary purpose o f  experiment 2032 o f  
t h i s  operation was t o  make an hydraulic connection 
t o  wellbore EE-3 360 meters above EE-2. Uhlle 
t h f s  purpose was no t  r e a l i z e d  an enormous 
reservoir  was created. It i s  t h i s  reservoir  which 
i s  modeled. 

THE MODEL 

The governlng equations and numerical pro- 
cedures used i n  the code FEHM have been described 
by Zyvoloskl (1983) and w i l l  not be discussed i n  
d e t a l l  here. B r i e f l y  t h e  code solves t h e  
equations which describe the flow o f  heat and mass 
i n  fractured or porous media by the f i n i t e  element 
method. To model the system the reservoir  was 
dlvided i n t o  a number o f  fractures wi th  the t o t a l  
f low divided equally between them. Figure 1 shows 
t h i s  ideal lzat fon o f  the reservoir. Figure 2 
shows the f l n l t e  element mesh used t o  simulate the 
f low i n  each fracture. Not shown i n  the f lgure 
are nodes orthogonal t o  the f racture - 1200 nodes 
I n  a l l  were used. 

The data avai lable from the experiment. whlch 
i s  t o  be simul&ted by the node i s  of four types: 
pressure. f low rate,  r e t u r n  temperature and 
seismlc data. The downhole pressure data i s  
perhaps most Important and i s  shown i n  Figure 3. 
The return f l o w  a f t e r  the stopping o f  pumping 
amounted t o  54% of the In jected volume. The 

r e t u r n  temperature was est imated from geo- 
chemistry, which i n d i c a t e d  a r a p i d  r e t u r n  t o  
i n i t i a l  thermal conditions (216OC). The seismfc 
resul ts  placed constraints on the di f fusion o f  the 
pressure pulse through the reservoir. 

To model the e f fec t  o f  the pressure opening 
o f  rock j o in t s ,  a pressure dependent f racture 
aperture law was used: 

vf = O O O ~ ( P ~ / J ~ ) ~  

where Yf i s  a f racture aperture (m) and Pf (MPa) 
i s  the pressure i n  a fracture. A t  the i n i t i a l  
f racture pressure o f  32.7 MPa (hydrostatic) the 
aperture width i s  6.1 m; but a t  75 MPa, the 
aperture width i s  3 m. Fracture permeabil it ies 
were calculated from the formula: 

k f  = (Vf)2/12 

The physical properties used i n  the computer 
runs are given i n  Table 1. The resul ts  of the 
FEHM simulation using the quart ic pressure law are 
given i n  Figure 4. It i s  c lear from the f i gu re  
that the aperture law cannot r e a l i s t i c a l l y  model 
the sudden opening o f  the 2 rock jo in ts .  
Numerical experlments w i th  aperture laws using 
higher exponents on pressure produced bet ter  f l t s  
a t  substant ia l ly  higher computer costs. It was 
also observed tha t  the higher exponent aperture 
laws requlred more fractures t o  model the pressure 
response. The quar t ic  law was used as a com- 
promise between computing cost and r e a l i t y  while 
observing tha t  the resul ts  w i l l  be conservative 
w i th  respect t o  the number o f  fractures. The 
fracture openlng a t  maximum pressure (3mn) was 
adjusted t o  a value in fer red from tracer: analysls 
studies on e a r l i e r  reservoirs. Figure 5 shows the 
f low rates durlng the pump. It can be seen tha t  
the return f l o w  o f  50% was achleved w l th  the 
computer model . 

The r e s u l t s  o f  t h e  extens ive seismic 
surveil lance during the pump were also used i n  
modeling. The observation tha t  there were no 
seismic events g rea te r  t han  1 tn from t h e  
i n jec t i on  point  meant that  a s ign i f i can t  pressure 
pulse could not have propagated that  far. Also, 
the minimum dimenslon, 200 m, o f  the seismic 
*c loud* observed was used as t h e  dimension 
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I orthogonal t o  the fractures ( to  be equally dlvlded 
u 

between the fractures resu l t ing  I n  30 m spacing.) 

So f a r  no use o f  temperature data was used i n  

i n j e c t i o n  point  Is given i n  Figure 6. Geochem- 
i s t r y  placed the return temperature very near the 
average temperature ef the In jec t ion  polnt  o f  
216%. As can be seen from Figure 6, the model 
f i t s  t h l s  data also. 

C the modeling process. The temperature near the 

SUMMARY OF MODELING RESULTS 

The model which best f i t s  the data contalns 

1. An a p e r t y e  law o f  t h e  form Vf - 
.003(Pf/75) 

2. A permeabll lty law o f  the form K - Vf2/12 
3. Seven fractures 
4. A f racture spacing o f  30 n 

the fol lowing elements: 

APPLICATION OF THE )IODELING RESULTS OF EXPERIMENT 
2032 TO LONG TERM HEAT EXTRACTION 

Two heat ext ract lon schemes were Investlgated 
based on the reservoir noaeled i n  Experlment 2032. 
The f i r s t  method i s  the flow-through system. I n  
t h i s  system the  f l u i d  i s  pumped down i n  the 
In jec t ion  wel l  and produced from the ext ract ion 
well. The well  spacing i s  shown In  Figure 2. The 
reservoir parameters are given I n  Table I wl th  the 
exceptlon o f  the f low rate whlch was 20 BPH (.05 
m'/s). The temperature drawdown Is glven I n  
Figure 7. O f  note i s  the steady but slow drawdown 
from 216'C t o  about 195OC I n  twenty years. Over 
t h i s  period the reservoir should produce about 35 
Hwt using an In jec t ion  temperature o f  20°C. 

The second method o f  energy extractlon I s  the 
huf f -puf f  technique. I n  t h i s  method water 1s 
pumped down a borehole f o r  some length o f  t ime 
( typ ica l l y  several days) and then allowed t o  vent 
back out the same well. Thls method has the 
obvious advantage o f  using only one w e l l ,  but 
suf fers  some thermodynamic I nef f ic lenc les . 

Figure 8 glves resul ts  o f  the slmulatlon of a 
three-day (3  days pumping, three days venting) 
huf f -puf f  cycle. The output given Is the average 
ou t le t  temperature. It should be noted tha t  not 
only does the temperature drawaown quicker i n  the  
huf f -puf f  system than i n  the flow-through system. 
but also produces power only one h a l f  the tlme. 
Thus a two w e l l  system would produce 25 W U t  from 
t h l s  reservolr. Varying the cyc le  time from I t o  
3 days produced essent la l l  the same results. The 
c a l c u l a t l o n s  presented [ere 60 n o t  t a k e  i n t o  
account thermal contraction effects. Thls may 
well  enlarge the capab l l l t les  o f  the huf f -puf f  
scheme. The pressure cyc l lng my also open new 
flow paths t o  enhance the heat t ransfer  between 
the rock and water. 

CONCLUSION 

(1) The Experiment 2032 (5.6 n l l l l i o n  
pump) can be descr ibed w i th  a mu 

_ _  .. . I ... -* .. .. - 
T .. : 

f r a c t u r e  pressure-dependent aperature l a w  
based computer code. 

Long term thermal drawdown c a l c u l a t i o n s  
reveal a reservoir capable o f  producing 35 
MWt f o r  20 years with the flow through heat 
ext ract ion scheme or 25 M U t  for 20 years w i th  
the  huf f-puf f method. 
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FIGURE 1 
Idealized reservoir created during the HHF. 
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FIGURE 2 
F i n i t e  element mesh used i n  simulat ion o f  
Experiment 2032, 
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FIGVRE 3 
Bottom hole pressures during Experiment 2032. 
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FIGURE 4 
Computer generated pressure response (7 fracture 
system). 
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FIGURE 5 
Flowrate during Experiment 2032. 

FIGURE 6 
Near wellbore temperature (7 fracture system). 
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FIGURE 7 
Thermal drawndown for  the flow through system. 

FIGURE 8 
Thermal drawndown for the huff-puff system. 
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