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In t roduc t ion  Most high- temperature 
geothermal r e s e r v o i r s  a r e  h ighly  f r a c t u r e d  
systems. The f r a c t u r e s  provide  condui ts  
through which f l u i d  (and heat)  can flow 
a t  s u f f i c i e n t l y  l a r g e  r a t e s  t o  a t t r a c t  
commercial i n t e r e s t .  The rock matr ix  has a 
low flow capac i ty ,  bu t  it s t o r e s  most of t h e  
hea t  and f l u i d  reserves .  The f r a c t u r e s  
r ep resen t  a very small  f r a c t i o n  of t h e  
void  volume, and probably conta in  less than 
1% of t o t a l  f l u i d  and h e a t  r e se rves  i n  
real is t ic  cases. Sustained production from a 
f r a c t u r e d  r e s e r v o i r  i s  only  poss ib l e  i f  t h e  
dep le t ion  of t h e  f r a c t u r e s  can be replenished 
by leakage from t h e  matrix.  The rate a t  
which h e a t  and f l u i d  can be t r a n s f e r r e d  from 
t h e  matrix t o  t h e  f r a c t u r e s  i s  t h e r e f o r e  of 
c r u c i a l  importance f o r  an assessment of 
r e s e r v o i r  longevi ty  and energy recovery. Y e t  
most work i n  t h e  a r e a  of geothermal r e s e r v o i r  
evaluat ion  and a n a l y s i s  has  employed a 
"porous medium"-approximation, which amounts 
t o  assuming ins tantaneous  ( the rma l  and 
hydrologic) e q u i l i b r a t i o n  between f r a c t u r e s  
and matrix.  E f f e c t s  of ma t r ix / f r ac tu re  
i n t e r a c t i o n  have been inves t iga t ed  by 
Bodvarsson and Tsang ( 1981) f o r  single- phase 
r e s e r v o i r s ,  and by Moench and coworkers 
(1978, 1980) f o r  b o i l i n g  r e s e r v o i r s .  
Moench's work addresses  t h e  ques t ion  of 
p re s su re  t r a n s i e n t s  dur ing drawdown and 
build-up tests i n  f r a c t u r e d  r e se rvo i r s .  The 
p resen t  paper focuses  on a complementary 
a spec t ,  namely, enthalpy t r a n s i e n t s .  W e  use 
simple a n a l y t i c a l  express ions  t o  analyze 
f l u i d  and h e a t  t r a n s f e r  between rock matr ix  
and f r a c t u r e s .  It is  shown t h a t  h e a t  con- 
duct ion i n  a matr ix  with low permeabi l i ty  can 
s u b s t a n t i a l l y  inc rease  flowing enthalpy i n  
t h e  f r a c t u r e s .  
and has  important consequences f o r  energy 
recovery and r e s e r v o i r  longevi ty .  W e  p r e sen t  
r e s u l t s  of numerical s imula t ions  which i l l u s -  
t r a t e  these  e f f e c t s  and show t h e i r  dependence 
upon matrix permeabi l i ty  and f r a c t u r e  spacing. 

Conductive Enhancement of Flowing Enthalpy 
Production from t h e  f r a c t u r e s  causes  pres-  
s u r e s  t o  dec l ine ,  and i n i t i a t e s  f l u i d  flow 
from t h e  matrix i n t o  t h e  f r a c t u r e s .  As-  
suming Darcy's  law t o  hold i n  t h e  matr ix ,  
and neglec t ing  g r a v i t y  e f f e c t s  f o r  t h e  
moment, t h e  mass f l u x  being discharged i n t o  
t h e  f r a c t u r e  system can be wr i t t en :  

This a f f e c t s  f l u i d  mobi l i ty ,  

vapor 

Here (Vp), i s  t h e  normal component of 
p re s su re  g rad ien t  a t  t h e  ma t r ix / f r ac tu re  
i n t e r f a c e .  In  a b o i l i n g  r e s e r v o i r ,  p re s su re  
g rad ien t s  a r e  accompanied by temperature 
gradients .  I d e a l i z i n g  t h e  reservoir f l u i d  
as pure water substance ,  t h e  temperature 
g rad ien t  i s  given by t h e  Clapeyron equation: 

( V v  - vQ) ( T  + 273.15) 

Therefore,  t h e r e  is  a one-to-one correspon- 
dence between mass f l u x  and t h e  conductive 
h e a t  f l u x  which i s  given by 

9 = - KVT ( 3 )  

The t o t a l  h e a t  f l u x  discharged i n t o  t h e  
f r a c t u r e  system is  

( 4 )  

In  t h e  matr ix ,  h e a t  is  s t o r e d  i n  rocks  and 
f l u i d s .  In  t h e  f r a c t u r e s ,  h e a t  r e s i d e s  
s o l e l y  i n  t h e  f l u i d  f i l l i n g  t h e  void space. 
The h e a t  f l u x  given by ( 4 )  has t o  be c a r r i e d ,  
t h e r e f o r e ,  by t h e  m a s s  f l u x  given by ( 2 ) .  
Upon e n t e r i n g  t h e  f r a c t u r e  system, t h e  f l u i d  
h e a t  content  is enhanced by t h e  absorpt ion  of 
t h e  conductive h e a t  f lux .  
ob ta in  t h e  e f f e c t i v e  flowing enthalpy 
of t h e  f l u i d  e n t e r i n g  t h e  f r a c t u r e s :  

From G, = hF w e  

kt r k l i m  

-151- 



H e m  w e  have def ined a l i m i t i n g  e f f e c t i v e  Numerical Simulations of Fractured  Reservoir  
permeabi l i ty ,  dependent upon hea t  conduc- Behavior The above cons ide ra t ions  are borne 
t i v i t y  and temperature,  as :  ou t  by numerical s imula t ions .  W e  employ an 

i d e a l i z e d  model of a f r a c t u r e d  r e s e r v o i r ,  
with t h r e e  perpendicular  sets of i n f i n i t e ,  
plane,  p a r a l l e l  f r a c t u r e s  of equal  ape r tu re  6 
and spacing D (see Figure 3 ) .  Modeling of 
t r a n s i e n t  f l u i d  and h e a t  flow i s  accomplished 

!.I a a  v ( v  v - v a ) ( T  + 273.15) 

( 6 )  
9 (hv - ha) 2 

klhn(K,T) = V K 

with t h e  "mul t ip le  i n t e r a c t i n g  continua" 
method ( M I N C ) .  This  method is  conceptual ly  
s i m i l a r  t o ,  and is  a gene ra l i za t ion  o f ,  t h e  
well-known double- porosity approach (Baren- 
b l a t t  e t  a l . ,  1960; Warren and Root, 1963). 
A d e t a i l e d  d iscuss ion of t h e  MINC-method is  
given i n  Pruess  and Narasimhan (1982).  This  
method can be e a s i l y  implemented with any 
s imula tor  whose formulation i s  based on t h e  
" i n t e g r a l  f i n i t e  d i f f e rence"  method. The 
c a l c u l a t i o n s  presented  below were made with 
LBL's geothermal s imula to r s  SHAFT79 and 
MULKOM, with parameters given i n  Table 1. 

In  t h e  absence of g r a v i t y  e f f e c t s ,  w e  have 
V g  := 1. 
occiirs because t h e  conductive h e a t  f l u x  
vapor izes  p a r t  ( o r  a l l )  of t h e  l i q u i d  which 
is  Idischarged i n t o  t h e  f r a c t u r e s .  The e f f e c t  
depends upon t h e  r a t i o  of h e a t  conduct iv i ty  K 
t o  e f f e c t i v e  permeabi l i ty  f o r  t h e  l i q u i d  
phase, kmka. The smal ler  t h e  permeabi l i ty  of 
t h e  matr ix ,  t h e  smaller is t h e  mass f l u x  
which has  t o  absorb t h e  conductive h e a t  f l u x ,  
r e s u l t i n g  i n  a s t ronge r  enhancement of 
f lowing enthalpy.  From ( 5 )  it can be seen 
t h a t  f o r  kmki = k l i m  a l l  l i q u i d  is  vaporized,  

The enhancement of f lowing enthalpy 

giv ing rise t o  d ischarge  of s a t u r a t e d  steam 
from t h e  matrix ( h  = hv) . Larger permea- 
b i l i t y  (kmka > klim) r e s u l t s  i n  d ischarge  
of two-phase f l u i d ,  while f o r  kmki < k l i m  
superheated steam is produced even i f  a 
mobile l i q u i d  phase is p resen t  i n  t h e  matrix.  

Gravity e f f e c t s  diminish t h e  l i m i t i n g  
e f f e c t i v e  permeabi l i ty ,  hence t h e  conductive 
enhancement of f lowing enthalpy.  This  is 
e a s i l y  understood by no t ing  t h a t  gravi ty-  
dr iven flow does not  r e q u i r e  non-zero 
p res su re  g rad ien t s ,  and t h e r e f o r e  need not  be 
accompanied by conductive h e a t  t r a n s f e r .  
Pruoss and Narasimhan (1981) have shown t h a t  
i nc lus ion  of g r a v i t y  reduces t h e  l i m i t i n g  
e f f e c t i v e  permeabi l i ty  by a f a c t o r  

Gravi ty  e f f e c t s  w i l l  be small  i f  (i) v e r t i c a l  
p re s su re  g r a d i e n t s  are c l o s e  t o  h y d r o s t a t i c  
(ap/'az =: - Pag) , (ii) i f  v e r t i c a l  permeabi l i ty  
is s m a l l  (k ,  < <  k,) , or (iii) i f  p re s su re  
g rad ien t s  a t  t h e  ma t r ix / f r ac tu re  i n t e r f a c e  
a r e  s i g n i f i c a n t l y  l a r g e r  than hydros t a t i c .  

k l in l  i s  p l o t t e d  a s  a func t ion  of temperature 
i n  Figure 1 f o r  t h e  no- gravity case ( V 9  = 1) .  
Figure 2 shows t h e  e f f e c t i v e  flowing enthalpy 
of f l u i d  discharged i n t o  t h e  f r a c t u r e s  as a 
func t ion  of matr ix  pe rmeab i l i t y  ca l cu la t ed  
from ( 5 ) .  Curves a r e  given f o r  d i f f e r e n t  
va lues  of vapor s a t u r a t i o n ;  i n  t h e s e  calcu-  
l a t i o n s  t h e  r e l a t i v e  p e r m e a b i l i t i e s  were 
assruned t o  be given by Corey's  equat ion  with 
Sar = 0.3, S,, = 0.05. I t  is seen t h a t  
condiuctive enhancement of f lowing enthalpy 
becomes s i g n i f i c a n t  f o r  k < 10-15 m2, and 
becomes very  l a r g e  f o r  smal ler  permeabi l i ty .  

( i )  Radia l  Flow The r a d i a l  f low problem uses  
parameters app l i cab le  t o  a t y p i c a l  w e l l  a t  
The Geysers, and assumes a mobile l i q u i d  
phase (ka = .143 a t  Sa = . 7 0 ) .  The 
c a l c u l a t i o n s  show t h a t  f o r  kmka < k l i m ,  
t h e  produced enthalpy rises t o  above 2.8 
MJ/kg (superheated  steam) wi th in  minutes,  
whereas f o r  h k a  > k l i m ,  a two-phase 
steam/water mixture i s  produced (P ruess  and 
Narasimhan, 1981). 

(ii) Areal Depletion Problem W e  have 
s tud ied  t h e  dep le t ion  of an areal 7 km x 
3 km r e s e r v o i r ,  wi th  parameters s i m i l a r  t o  
those  used by Bodvarsson e t  a l .  (1980) i n  
t h e i r  assessment of t h e  geothermal r e s e r v o i r  
a t  Baca, N e w  Mexico. Resu l t s  f o r  en tha lp i e s  
and p res su res  are given i n  Figures  4 and 5. 
Two b a s i c  dep le t ion  p a t t e r n s  are observed,  
depending upon whether matr ix  permeabi l i ty  is  
( r e l a t i v e l y )  "high" or " l o w" .  For low km = 
10-17 m2, t h e  b o i l i n g  process  i s  l o c a l i z e d  i n  
t h e  v i c i n i t y  of t h e  f r a c t u r e s ,  with vapor 
s a t u r a t i o n s  i n  t h e  matr ix  decreas ing a s  a 
funct ion of d i s t ance  from t h e  f r a c t u r e s .  The 
opposi te  p a t t e r n  is  observed f o r  "high" km = 
9x10-17 m2, 
causes a b o i l i n g  f r o n t  t o  r ap id ly  move i n t o  t h e  
matr ix ,  g iv ing rise t o  l a r g e s t  vapor s a t u r a t i o n s  
i n  t h e  i n t e r i o r  of t h e  matr ix ,  away from t h e  
f r a c t u r e s .  

I t  is  apparent from Figure 4 t h a t  produced 
enthalpy depends much more s t rong ly  upon 
matr ix  permeabi l i ty  than upon f r a c t u r e  
spacing. Enthalpy inc reases  wi th  decreas ing 
matr ix  permeabi l i ty ,  i n  agreement wi th  t h e  
d iscuss ion given above. From Figure 5 it can 
be noted t h a t  p re s su re  dec l ine  is  more r ap id  
i n  case  of h igher  enthalpy,  due t o  t h e  f a c t  
t h a t  t h e  mob i l i t y  of two-phase f l u i d  gen- 
e r a l l y  decreases  with inc reas ing  enthalpy.  
The c r u c i a l  importance of matr ix  permeabi l i ty  
is  p a r t i c u l a r l y  ev iden t  i n  t h e  case of km = 
10-17 m2, where f r a c t u r e  spacings  of 5 m 
and 50 m, r e spec t ive ly ,  r e s u l t  i n  v i r t u a l l y  

m2, where t h e  dep le t ion  process  
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identical enthalpy and pressure response, 
even though the matrix/fracture contact areas 
differ by a factor of 10. It might appear 
from Figures 4 and 5 that porous-medium type 
reservoirs will have greater longevity than 
equivalent fractured reservoirs. This is not 
generally true, however, and is caused by 
discretization effects in this case. Below 
we present calculations with better spatial 
resolution, which show that fractured reser- 
voirs may in some cases have greater 
longevity than equivalent porous medium 
reservoirs. 

It should be pointed out that the reservoir 
longevities predicted from this study are 
probably too pessimistic, due to the use of 
Corey-type relative permeability functions. 
The well test analysis from which the (per- 
meability) x (thickness) product is derived 
uses Grant's relative permeabilities, which, 
for the sake of consistency, should also be 
employed in the analysis of reservoir deple- 
tion (Grant, 1977). Substantially greater 
.reservoir longevities would then be expected 
(Garg, 1981). 

(iii) Five Spot For a more realistic 
assessment of the depletion of a naturally 
fractured boiling reservoir, we investigated 
a five-spot production/injection strategy for 
the reservoir discussed in the previous 
example. The basic mesh as given in Figure 6 
takes advantage of flow symmetry. The 
production/injection rate was fixed at 30 
kg/s, which corresponds to the more pro- 
ductive wells in the Baca reservoir. 

Our results show that without injection, 
pressures will decline rapidly in all 
cases. The times after which production-well 
pressure declines below 0.5 MPa are: 1.49 yrs 
for a porous medium, 2.70 yrs for a fractured 
reservoir with D = 150 m, km = 9 ~ 1 0 - l ~  d ,  and 
0.44 yrs for D = 50 m, km = lx10-17 m2. Note 
that the fractured reservoir with large k, 
(9x10-l7 m2) has a greater longevity than 
a porous reservoir. The reason for this is 
that the large matrix permeability provides 
good fluid supply to the fractures, while 
conductive heat supply is limited. There- 
fore, vapor saturation in the fractures 
remains relatively low, giving good mobility 
and a more rapid expansion of the drained 
volume. 

The results obtained with 100% injection 
demonstrate the great importance of injection 
for pressure maintenance in fractured reser- 
voirs with low permeability. Simulation of 
90 years for the porous medium case, and 42 
and 103 years, respectively, for fractured 
reservoirs with D = 50 m and D = 250 m (km = 

depletion or pressure decline in either case. 
These times are significantly in excess of 
the 30.5 years needed to inject one pore 
volume of fluid. Figure 7 shows temperature 
and pressure profiles along the line con- 
necting production and injection wells for 

m2), showed no catastrophic thermal 

the three cases studied after 36.5 years of 
simulated time. The temperatures of the 
porous-medium case and the fractured reser- 
voir with D = 50 m agree remarkably well, 
indicating an excellent thermal sweep for the 
latter (see also Bodvarsson and Tsang, 1981). 
The temperature differences AT = Tm - Tf 
between matrix and fractures are very small: 
after 36.5 years, we have AT = .2 OC near 
the production well, .001 OC near the 
injection well, and less than 5 OC in 
between. In the D = 50 m case, produced 
enthalpy remains essentially constant at h = 
1.345 MJ/kg. It is interesting to note that 
this value is equal to the enthalpy of 
single-phase water at original reservoir 
temperature T = 300 OC. Thus, there is an 
approximately quasi-steady heat flow between 
the hydrodynamic front at T I 300 OC and the 
production well, with most of the produced 
heat being supplied by the thermally de- 
pleting zone around the injector. 

At the larger fracture spacing of D = 250 m, 
the contact area between matrix and fractures 
is reduced, and portions of the matrix are at 
larger distance from the fractures. This 
slows thermal and hydrologic communication 
between matrix and fractures, causing the 
reservoir to respond quite differently to 
injection. After 36.5 years, thermal sweep 
is much less complete, with temperature 
differences between matrix and fractures 
amounting to 16 OC, 118 OC, and 60 OC, 
respectively, near producer, near injector, 
and in between. For the particular pro- 
duction and injection rates employed in 
this study, thermal depletion is slow enough 
that even at a large fracture spacing of D E 
250 m, most of the heat reserves in the 
matrix can be produced. We are presently 
investigating energy recovery in the presence 
of a prominent short-circuiting fault or 
fracture between production and injection 
wells, under which conditions less favorable 
thermal sweeps are expected. 
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Re la t ive  pe rmeab i l i t y  f o r  phase 6, 
dimensionless 
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V e r t i c a l  coordinate  (m) 
Gravi ty  reduct ion  f a c t o r  f o r  k l b ,  
dimensionless 
V i scos i ty  of phase 6 (Pa.6) 
Density of phase 6 (kg/m3) 

Subsc r ip t s  

f :  F rac tu re  
II: Liquid 
m: Matrix 
n: Normal component 
v: vapor 
0: Phase ( 6  = l i q u i d ,  vapor) 

150 200 250 X K )  3! 
Temperature ('C) 

Figure 1: Limiting e f f e c t i v e  permeabi l i ty .  
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K = 2 W l m ° C  
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Absolute permeobility ( m Z )  
XMU4-3UO 

Figure 2 :  Ef fec t ive  flowing enthalpy. 
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Figure 3: Ideal ized model of fractured 
reservoir .  

L j  
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Figure 4: Produced enthalpy for  areal  
deplet ion problem. 

Figure 5 :  Pressure decl ine  for  areal  
deplet ion problem. 
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Figure 6 :  Five-spot computational mesh. 
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Figure 7: Temperature and pressure p r o f i l e s  
for  f ive- spot  a f t e r  36.5 years. 
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TABLE I: Parameters U s e d  i n  Simulat ions  

Radial Flow Problem Deplet ion Problem 

Formation 

rock  g r a i n  d e n s i t y  
rock specific h e a t  
rock h e a t  conduc t iv i ty  
p o r o s i t y  
pe rmeab i l i ty  x t h i c k n e s s  
r e s e r v o i r  th ickness  
mat r ix  pe rmeab i l i ty  

F r a c t u r e s  

t h r e e  or thogonal  sets 
a p e r t u r e  
spacing 

pe rmeab i l i ty  per f r a c t u r e  
equ iva len t  continuum 
. permeab i l i ty  
equ iva len t  continuum 

p o r o s i t y  

R e l a t i v e  Permeab i l i ty  

Corey-curves 

I n i t i a l  Condi t ions  

temperature  
l i q u i d  s a t u r a t i o n  

Product ion 

we l lbore  r a d i u s  
s k i n  
e f f e c t i v e  w e l l b o r e  radius 
wel lbore  s t o r a g e  volume 
produc t ion  rate 

I n j e c t i o n  

rate 
enthalpy 

P R = 2400 kg/m3 2600 kg/m3 
CR = 960 J / k p C  950 J /kg OC 

K = 4 w/mOc 2.22 w/m OC 

kh = 1 3 . 4 ~ 1 0 - ~ ~  m3 
h = 500 m 305 m 
k l  = m2, m2, & 10-15 m2, 9x10'17 m2, 10-17 m2 

4 = .08 .10 
1 . 8 3 ~ 1 0 - l ~  m3 

6 = 2x10-4 m 
D = 5 0 m  
kf = 62/12 = 3.3~10-9 m2 

k2 Z 2kf6/D = 2 6 . 8 ~ l O - l ~  m2 

02 % 36/D = l.2X10-5 

S i r  = .30, Ssr = .05 

T = 243 OC 

S i  = 70% 

r, = .112 m 

r& = rwe'S = 20.0 m 
Vw = 27.24 m3 
q = 20 kg/s  

8 = -5.18 

( a) 
5 m, 50 m, 150 m 
( a) 

6x1 0-15 m2 

.10 

300 OC 

99 % 

30 kg/s(') 
5x105 J /kg 

(a) f r a c t u r e s  modeled as extended reg ions  of  h igh  pe rmeab i l i ty ,  wi th  a widty of  n .2 m 
(b)  r e c t a n g u l a r  r e s e r v o i r  
(c) f i v e s p o t  
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