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THERMAL DEPLETION OF A GEOTHERMAL RESERVOIR W I T H  BOTH 

Q 

1 
FRACTURE AND PORE PERMEABILITY 

P. W. Kasameyer and R. C.  Schroeder" 

Lawrence Livermore Laboratory, University of Cal i forn ia  
Livermore, Cal i forn ia  94550 

ABSTRACT 

The use fu l  l i f e t i m e  of a geothermal resource i s  o f t en  ca lcu la ted  from 

The l i f e t i m e  may ac tua l ly  be longer i f  t h e  volume of ava i l ab le  hot water. 

r e in j ec t ed  f l u i d  i s  heated by t h e  rock matr ix  and produced again.  

r e se rvo i r s  containing only porous material and f o r  r e se rvo i r s  cons is t ing  

For 

e n t i r e l y  of f rac tured  impermeable rock, t h a t  extended l i f e t i m e  has been 

estimated. We present  here  a method f o r  es t imat ing the  use fu l  l i f e t i m e  of a 

r e se rvo i r  i n  porous rock where t h e  in j ec t ion  and production w e l l s  i n t e r s e c t  

a f r a c t u r e  system. 

f l u i d  temperatures averaged over l a r g e  regions of t he  geothermal f i e l d .  

Equations are derived f o r  t h e  pore-fluid and f rac ture-  

Problems such as incomplete areal sweep and in t e r f inge r ing  of cool  and hot  

f l u i d s  are ignored. W e  develop approximate equations r e l a t i n g  average 

temperatures t o  t h e  hea t  flowing from rock t o  f l u i d ,  and we j u s t i f y  t h e i r  

use by comparing our r e s u l t s  with so lu t ions  of t h e  exact equations.  Our 

equations f o r  t h e  temperature dec l ine  can be solved quickly.  

In  our model, f r a c t u r e s  are character ized by th ree  parameters: 
% ape r tu re  w, permeabili ty kfr ,  and spacings between f r ac tu res  D. 

values of these parameters, cool  r e in j ec t ed  f l u i d  i n  f r ac tu res  may reach 

t h e  production w e l l s  long before  a l l  t h e  warm pore f l u i d  has been tapped, 

For c e r t a i n  
n 
4s 

5, 

li 
1 

shortening t h e  use fu l  l i f e t i m e  of t h e  f i e l d .  We ignore the  t r a d i t i o n a l  

* 
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(and important) problems of reservoi r  engineering, flow rate determination, 

drawdown, sweep pa t t e rns ,  etc. Thus, our r e s u l t s  are most usefu l  i n  

providing a cor rec t ion  f ac to r  which can be appl ied t o  l i f e t i m e  estimates 

obtained from a de ta i l ed  simulation of a f i e l d  assuming porous rock. 

cor rec t ion  f a c t o r  is  p lo t t ed  f o r  c lean f r ac tu res  (kfr = w /12) as a funct ion 

of w and D f o r  s eve ra l  l i f e t ime  ranges. 

That 

2 

Small-scale f r ac tu res  seen i n  cores  from the  Sal ton Sea Geothermal Field 

are too c lose ly  spaced t o  reduce l i f e t i m e  estimates. 

f a u l t  systems e x i s t  within t h a t  f i e l d ,  and they are a t t r a c t i v e  d r i l l i n g  

However, large-scale  

t a r g e t s  because they produce l a r g e  flow rates. 

municate between i n j e c t i o n  and production w e l l s ,  they may reduce t h e  usefu l  

I f  l a r g e  scale f a u l t s  com- 

l i f e t i m e  of those w e l l s .  
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INTRODUCTION 

Various means have been developed in the gas and oil industry for 

modeling reservoir depletion. Mathews and Russell [1967] discuss well- 

testing models used to extrapolate production data to abandonment conditions, 

and Ramey (personal communication, 1973) describes superimposed transient 

well-flow solutions to extrapolate for the approximate lifetime of a field. 

But these are isothermal methods and cannot be used for geothermal depletion 

estimates. Whiting and Ramey [1969] use least-squares fitting techniques in 

conjunction with a material- and heat-balance model to obtain estimates for 

\ 

production parameters from which the subsequent behavior of a geothermal 

field can be extrapolated. Their method was used to model the Wairakei 

geothermal area, but, unfortunately, it is not applicable before a resource 

has been developed and produced. Another alternative is to use a large 

digital computer to simulate the differential equations which model in 

detail the coupled heat- and mass-transfer phenomena within a reservoir 

[Brownell et al., 1975; Lasseter et al., 1975; Mercer, 19731. Simulation 

requires a large effort, and it is costly. 

only to homogeneous porous media and not to formations with distributed 

Also, all available models apply 

fractures. Gringarten, Witherspoon, and Ohnishi [1975] have computed the 

amount of heat extracted from hot, impermeable fractured rock as a function 

of time. Bodvarsson [1974] treats the limiting cases of rock made up entirely 

of small pores, or entirely of impermeable fractured rock. 

In this paper, we outline a model for estimating the thermal depletion 

of a liquid-dominated reservoir in porous, permeable rock with distributed 

fractures. 

computer time than the simulations mentioned above, because of two 

Numerical solution of the equations for this model requires less 
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approximations. 

regions of the reservoir, and the total heat transfer between rock and fluid 

Equations are written for the average temperature over large 

in each region is expressed in terms of those average temperatures. 

Simplifying assumptions are chosen so that an exact solution would give the 

maximum possible lifetime for the reservoir, accounting for the heat flow 

from the rock. 

maximum is discussed'when results are presented. 

The extent that our approximate solutions underestimate that 

DEFINITION OF THE PROBLEM 

A finite, liquid-dominated geothermal system in porous, permeable rock 

with distributed fractures, has an initial temperature To. 

from the reservoir through production wells and replenished at temperature 

Tref 
rocks. 

Fluid i s  removed 

through reinjection wells or by recharge of cool fluid from adjacent 

A distribution of wells is  assumed to exist which sweeps out the 

field completely, and which can produce and maintain a specified mass flow 

rate q. The particular well pattern need not be specified since there is 

no unique pattern which will produce perfect sweep. 

processes for the reservoir are indicated in Figure 1. 

The heat depletion 

We want to determine the temperature in the production wells as a 

function of time. Conceptually, the reservoir is divided into M regions of 

- equal volume, whose boundaries coincide with flow fronts of the reinjected 

fluid. 

wells, or areas near the boundaries of the reservoir where recharge occurs. 

Region M consists of several unconnected cylinders about the production 

wells. Within the reservoir, the fluid flows sequentially through the 

regions, as indicated in Figure 2. 

Region 1 consists of unconnected cylinders around the injection 

5 

Knowledge of the particular well 
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l oca t ions  is not necessary f o r  so lu t ion  of t h e  problem, and t h e  boundaries 

need not  be spec i f ied .  

Three s t eps  are followed t o  determine t h e  temperature i n  t h e  production 

w e l l  as a funct ion of t i m e :  

(1) Dimensionless heat-balance equations are wr i t t en  f o r  each region, 

r e l a t i n g  t h e  average temperature of t h e  f r a c t u r e  f l u i d  and sa tura ted  

rock within t h e  region. 

(2) A rock model t h a t  allows a simple expression r e l a t i n g  t h e  rock/f luid 

hea t  t r a n s f e r  t o  the  average component temperatures i s  chosen. 

The r e s u l t i n g  coupled d i f f e r e n t i a l  equations are solved numerically by 

holding t h e  coe f f i c i en t s  constant  and using the  a n a l y t i c a l  so lu t ion  

(3) 

during appropriately sho r t  t i m e  i n t e rva l s .  

The production w e l l  temperature is ca lcu la ted  from t h e  f rac ture-  and pore- 

f l u i d  temperatures i n  the  Mth region. 

SOUPLED RATE EQUATIONS FOR HEAT DEPLETION I N  EACH REGION 

W e  wr i t e  t h e  heat  balance equations f o r  t h e  average f rac ture- f lu id  

temperature Tfr and t h e  average sa tu ra t ed  rock temperature Ts i n  a region 

under t h e  following assumptions: 

(1) The two f l u i d  components, f r a c t u r e  and pore f l u i d ,  do not mix within 

t h e  region. 

(2) The m a s s  of each f l u i d  component within t h e  region is constant .  

(3) The rates qfr  and q a t  which t h e  two f l u i d  components flow through t h e  
P 

region are determined from t h e  t o t a l  mass flow rate a t  t h e  w e l l s  and 

from the  rock model. 

(4) The f l u i d s  en te r  each region a t  a temperature determined by t h e  previous 
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region, and they leave with the  average temperature T o r  T of t h a t  

region. 

f r  S 

(5) The pore f l u i d  and rock matrix are assumed t o  come t o  t h e  same tempera 

rap id ly  compared t o  the  rate a t  which f l u i d  moves i n  the  pores. 
c 

( 6 )  Conduction of hea t  from t h e  region is ignored. 

(7) The sa tura ted  rock and f r a c t u r e  f l u i d  have constant  heat  c a p a c i t i e s  

over t h e  temperature range considered. The thermal masses of t h e  two 

r e se rvo i r  components ( sa tura ted  porous rock and f r a c t u r e  f l u i d )  are 

given by 

Ps = Ps(1’Ofr)V cs 

’ f r  = PfOf rV Cf 

where 

9 = poros i ty  

p = dens i ty  

V = volume of each region 

C = s p e c i f i c  heat  capaci ty  

SubScripts f r ,  s, and f r e f e r  t o  f r a c t u r e ,  s a tu ra t ed  rock, and 

ire 

f l u i d  components, respec t ive ly .  The hea t  content  of each component 

is  given by the  product of t h e  thermal mass and t h e  d i f f e rence  

r e f  between t h e  given component temperature and T 

( 8 )  Pressure  terms i n  t h e  hea t  balance equation are neglected.  

Given these  assumptions, the  heat  balance equations r e l a t i n g  t h e  

average temperatures of t h e  f r a c t u r e  f l u i d  and sa tu ra t ed  rock i n  a region 

are wr i t t en  as 
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rate of change of - - rate a t  which heat  is rate of exchange of 
heat removed from region by + heat  from rock t o  

f l u i d  flow f l u i d  

' i  

i 

The model d e f i n i t i o n  allows t h e  input temperatures of a region (TfrO,TsO) 

t o  be e i t h e r  t h e  appropriate  component temperature from t h e  adjacent  region 

o r  a mixture of t h e  two components from t h e  adjacent  region. The heat  

t r a n s f e r  term H depends on t h e  rock model chosen. 

To express equations (2) i n  dimensionless form, we normalize t h e  

temperature, t i m e ,  and heat  t r a n s f e r  rate: 

where a is  t h e  rate constant f o r  t h e  d i f fus ion  of hea t  i n t o  t h e  f r ac tu res .  

That rate constant  is defined below f o r  our p a r t i c u l a r  rock model. 

dimensionless groupings t h a t  have physical  s ign i f icance  appear i n  the  

modified equations,  

Three 

* 
The constant  0 is t h e  r a t i o  of t he  heat  contained i n  

a t  which hea t  is removed by f l u i d  flow. The flow and 

are determined by t h e  rock model. 

the  region t o  t h e  rate 

thermal mass r a t i o s  

The dimensionless form of (2) f o r  t h e  change i n  the  average temperatures 

i n  a region as a func t ion  of time i s  then given by: 
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THE ROCK AND HEAT-TRANSFER MODELS 

Within each region of t he  r e se rvo i r ,  t h e  medium is modeled as a sandwich 

of s l a b s  of porous rock separated by planar  f r a c t u r e s  perpendicular t o  t h e  

axes of t h e  w e l l s  (see Figure 3a) .  

a center-to-center spacing D. 

The f r a c t u r e s  have an aper ture  w and 

Thus, t h e  f r a c t u r e  poros i ty  is  $,, = w/D. 

The f l u i d  flows p a r a l l e l  t o  t he  f r a c t u r e s  wi th in  t h e  region, and leakage 

i n t o  the  f r a c t u r e s  wi th in  a region is ignored. Frac tures  perpendicular t o  

t h e  flow d i r e c t i o n  are modeled by allowing the  pore and f r a c t u r e  f l u i d s  t o  

mix a t  t h e  o u t l e t  of t h e  regions.  Heat conduction from t h e  porous rock t o  

t h e  f l u i d  is  ignored i n  f r a c t u r e s  perpendicular t o  t h e  flow. (That 

con t r ibu t ion  t o  t h e  heat  flow could be accounted f o r  by adding a " tor tuos i ty"  

f a c t o r  i n  t h e  equations.) From our rock model, w e  see t h a t  i n  t h e  r e se rvo i r ,  

where k and k are t h e  rock and f r a c t u r e  permeabi l i t i es .  The f r a c t u r e s  

are assumed t o  be perpendicular t o  t h e  w e l l s ,  so t h e  r a t i o  of t h e  flow i n t o  

t h e  w e l l  bore from t h e  f r a c t u r e s  and from t h e  pores w i l l  a l s o  be R . 
(Modification of the  r e s u l t s  f o r  f r a c t u r e s  a t  o the r  angles t o  the  w e l l  bore i s  

discussed i n  t h e  sec t ion  labeled Discussion.) 

below, w e  assume t h a t  t h e  permeabili ty of t h e  f r a c t u r e s  is  equal t o  w /12.  

P f r  

9 

For t h e  ca l cu la t ions  described 

2 
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That expression has been derived for a smooth, planar channel [Lamb 19321. -' 

I .* 

Different values of k 

fractures or rubble-filled fault zones. 

could be used to estimate the effect of "dirty" fr 

* 
The dimensionless heat transfer term H within a given region is 

calculated by dividing the rock slabs between fractures into smaller 

rectangular blocks with edge dimensions A, B and (D-w), as shown in Figure 3b. 

The heat transfer from the saturated rock to the fracture fluid will be summed 

over all the small blocks in all the slabs within a region. The size of the 

block is defined to be small enough so that the pore fluid and rock 

temperatures do not vary significantly in the flow direction within a block. 

No particular values are chosen for A and B because they cancel out of all 

expressions. Each region has a volume V and contains N blocks, where 

V N = -  ABD (7) 

h A 

The temperatures in the block are Tfr and Ts. 
* 

In general, the heat transfer term H depends on the integral of the 

entire history of the temperature, or equivalently, on the spatial 

distribution of temperature within the region. Rather than solve a complicated 

integral-differential equation, we use our model of the rock to approximate 

the heat transfer term by an expression depending only on the instantaneous 

average temperatures Tfr and Ts within the region. 
CI c) 

Different approximations 

are used for early and late times. 

For early times, we approximate the heat flow from each block using the 

solution for the temperature in a solid bounded by infinite parallel planes 

that have been held at constant temperature. 

the rock block (in the time interval from 0 t o  t ) is overestimated by using 

the amount which would have been transferred had the fracture fluid been at 

The total heat conducted from 
* 
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I .  

^* * * 
the temperature Tfr(t ) since t = 0. The actual heat transfer must be less, 

because the fluid temperature must have decreased monotonically from 1 at 
* A *  * 

t = 0 to Tfr(t ). 

For this approximation, the solution for the average temperature of the 
* 

rock block at time t is given by Carslaw and Jaeger [1959 (Sec. 3.3,  Eq. 1.111. 

The series solution that converges at early times is  used: 

where ierfc(x) is  the integrated complementary error function, and the 

parameter a is  now defined in terms of the physical constants by 

S 
4 h  * 

t = a t =  , t  
[ D-w] ' 

h = K /p C is  the thermal diffusivity of the saturated rock. 
S s s s  * 

For early times (t < 1~/16), the summation in (8) is  negligible; thus 

the dimensionless heat transfer rate for a single rock block is 

( 
where 

From the definition of pfr in (1) and from (7) and (lo), 

. "* 
"* 
Qearly NRp dt* 

1 dTs = - -- 
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L 

I 

7 

In a similar manner, we define the late dimensionless heat transfer 
* 

(for t > 1) by 
A 

where 

is the heat flow that would result from a constant temperature gradient in 

the rock. Here (2AB) is the block area through which heat is transferred. 

This gives 

= -  (it - iir) ^* 
Qlate *lJ 

* 
For the intermediate times (1~116 < t < l), interpolated values are used. We 

define an interpolation function F(t ) such that 
* 

F(t*) = 1 t* < rIl6 

f 
* 

r116 < t < 1 

= o  

* * 
Different interpolating functions (t , t*2, and 1-cos t ) change the 

output temperature by less than a few percent. 

because it produces the smoothest output temperature curve. 

dimensionless transfer from the saturated rock block to the fracture fluid is 

Equation (16) was chosen 

Then the 

approximated by 
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* 
The total dimensionless heat transfer H 

blocks in a region, i.e. 

is obtained by summing over all N 

The average dimensionless temperatures of the two components are obtained by 

summing the average temperatures in a block and dividing by the number of 

blocks in a region (N). That is, 

= -  * 

N *  
* CTfr 
Tfr N 

Le- 

The total dimensionless rate equations for the change in temperature in a 

given region as a function of time are 

L 

B3 = 2F(t*) /-? 



-13- 

The i n i t i a l  condi t ions ( fo r  a l l  regions) are 

4 
* * 

The va r i ab le s  TfrO and TsO represent  t he  temperature of t he  f l u i d  flowing 

- * 
i n t o  a region. For t h e  f i r s t  region, which is where i n j e c t i o n  occurs,  TfrO - 
* 

= 0 f o r  a l l  t i m e .  I f  the  two f l u i d  components are allowed t o  mix i n  the  T s O  

f r a c t u r e  t h a t  separa tes  regions,  then 

I f  t h e  f l u i d s  are not  mixed between regions,  then the  input  vlaues f o r  a 

region are given by the  output values  f o r  t h e  adjacent  region. 

The so lu t ion  of t hese  dimensionless region equations depends on t h e  four  
* * 

and R . The independent va r i ab le  is  t , 
RIJ , q 

parameters: region number, 6 , 
and t h e  choice of mixing between regions,  o r  not mixing, provides t h e  f i n a l  

cons t ra in t .  The deple t ion  of t h e  r e se rvo i r  is  given by t h e  mixture tempera- 

t u r e  (equation 24) f o r  region M. 

THE SOLUTION OF THE COUPLED RATE EQUATIONS 

The p a i r  of coupled rate equations (20) f o r  each region would have 

simple so lu t ions  i f  t h e  input  temperature t o  t h e  region and t h e  B1 were 

constants .  The appendix contains  so lu t ions  of t hese  equations,  and t h e  

so lu t ions  cons is t  of p a i r s  of decaying exponentials.  

have time-dependent coe f f i c i en t s .  

The actual equations 

To so lve  them, we assume t h a t  t h e  

c o e f f i c i e n t s  are constant over sho r t  per iods of t i m e .  

end of t h e  s h o r t  i n t e r v a l  are used as t h e  i n i t i a l  cc&itions f o r  t he  next 

The so lu t ions  a t  the  

- 
t i m e  i n t e r v a l ,  when t h e  coe f f i c i en t s  have new constant values.  A step-function 

approximation f o r  t h e  output temperature of one volume is ca lcu la ted ,  and 
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c I t h a t  step-function is  used as t h e  input f o r  t h e  next region. 

Several  cri teria were used t o  choose t i m e  s t e p s  t h a t  produce an 

acceptable  approximation a t  r e l a t i v e l y  low computation cos t :  

(1) The dimensionless input  and output temperatures had t o  change by less 

than 0.01 during the  t i m e  s t e p .  

An output point  had t o  be generated f o r  every t i m e  i n t e r v a l  g rea t e r  

than MB / 5 0 .  

The heat  t r a n s f e r  c o e f f i c i e n t  had t o  change by less than 3% i n  any one 

(2) 
* 

(3) 

t i m e s  t ep . 
Applying these  criteria r e s u l t s  i n  smooth curves.  The only d i s t o r t i o n  

is  t h a t  due t o  the  changing heat  t r a n s f e r  term near dimensionless t i m e  

equal t o  1, and t h i s  d i s t o r t i o n  appears only i n  problems where flow i n  t h e  

f r a c t u r e s  dominates flow i n  t h e  pores. Di f fe ren t  i n t e rpo la t ion  methods 

could possibly be used t o  reduce t h i s  d i s t o r t i o n ,  but they would not improve 

the  accuracy of our model. 

Our so lu t ion  method is not  t h e  only method t h a t  could be appl ied,  but  

most o ther  methods s u f f e r  from an i n t r i n s i c  problem with two-component flow 

when one of t h e  component v e l o c i t i e s  g r e a t l y  exceeds t h e  o ther .  T h a t  is, 

when the  f r a c t u r e  flow rate is  much g rea t e r  than the  pore flow rate, t h e  

time s t e p  must be determined by t h e  highest  ve loc i ty .  

unacceptably s h o r t  t i m e  s t e p s  and l a r g e  numbers of c a l c u l a t i o n a l  s teps .  

method described here  avoids t h i s  problem. 

This r e s u l t s  i n  

The 

It is important t h a t  t he  piecewise constant  approximation of t h e  output 

temperature be chosen as t h e  average temperature wi th in  each t i m e  i n t e rva l .  

Using e i t h e r  t h e  maximum or minimum value  w i l l  cause heat  errors t o  

accumulate from region t o  region. 
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I -  
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I 

. -  
I 

COMPARISON OF OUR RESULTS TO PREVIOUS WORK 

Our model has been derived to be applicable to problems involving both 

fracture and pore permeability. To demonstrate the strengths and weaknesses 

of the model and our associated solution process, a comparison is made 

between our results and the calculations published for the limiting cases 

of no fractures on the one hand and impermeable fractured rock on the other. 

Bodvarsson [1974] showed that a hyperbolic equation results if there are 

no fractures and if conduction within the fluid is ignored. 

of the equation is simple, i.e., T = f(x + ut). 
The solution 

A given initial temperature 

distribution propagates with no distortion at a velocity u slower than the 

fluid velocity by a factor equal to the ratio of the thermal masses of the 

fluid and the saturated rock. For our problem, the initial temperature 

distribution is constant for x > 0, and it is zero for x < 0. The analytical 

solution of the exact equation allows such a steep front to propagate with no 

distortion. 

Homsy [1975] showed that any numerical solution must cause a diffusion 

of that steep temperature gradient, due to averaging o€ temperatures within 

the volumes used in the numerical solutions. The averaging causes the 

temperature jump to be smoothed out, and it allows cool fluid to reach the 

production wells too soon. 

reduced by taking smaller volumes, and numerical methods have been devised 

to further reduce the diffusion (upstream weighting, time-splitting, etc.). 

The diffusion of the thermal front can be 

Homsy shows that it is impractical to use a fine enough grid to eliminate 

the problem. 

The effect of diffusion can easily be seen by comparing our numerical 

results to the analytical solution. If there are no fractures, R = R = 0, 

and the solution depends only on t , 9 , and M. Solutions for two different 
v q  * *  
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values  of M are shown i n  Figure 4, where t i m e  is represented as a f r a c t i o n  of 

t he  t i m e  constant f o r  t he  e n t i r e  r e se rvo i r ,  T = Me . The a n a l y t i c a l  

so lu t ion  is a s t e p  function, but  t h e  numerical r e s u l t s  have a smooth t r a n s i t i o n  

from 1 t o  0. 

and the  temperature has f a l l e n  t o  0.8 a t  t 

temperature drop r e s u l t s  i f  100 regions are used i n  t h e  ca lcu la t ion ,  so t h a t  

T = 0.8 a t  t = 0.9~ . A l l  t h e  r e s u l t s  presented below are calculated f o r  

models with 10  regions,  and t h e  temperature decay starts ea r ly  by a s i m i l a r  

amount of t i m e .  Because our model is t o  be used mostly t o  compare relative 

decay t i m e s  f o r  d i f f e r e n t  f r a c t u r e  parameters, t he  ea r ly  temperature dec l ine  

caused by t h e  numerical method is not a se r ious  problem. 

* * 

* * 
With 10 regions,  t h e  temperature begins t o  drop a t  t = T /2, 

* * - 3~ /4. A more abrupt 

* * * 

Our r e s u l t s  are compared with ca lcu la t ions  f o r  porous flow f o r  another 

reason, i.e., t o  emphasize t h a t  w e  have ca lcu la ted  an  u n r e a l i s t i c a l l y  high 

upper bound f o r  t h e  t o t a l  heat  t h a t  may be removed from t h e  rock. 

example, our r e s u l t s  (neglect ing d i f fus ion)  suggest t h a t  t h e  heat  can 

be removed from t h e  rock by t h e  r e i n j e c t i o n  (or  recharge) process before  any 

temperature dec l ine  occurs a t  t h e  production w e l l .  

emphasize again t h a t  many f a c t o r s  not included i n  our model w i l l  reduce t h e  

For 

It is important t o  

percentage of heat  drawn from t h e  rocks. These f a c t o r s  include incomplete 

sweep, pressure  drawdown, and f inger ing  or  mixing of cool  and hot f l u i d .  

I f  t he re  is flow only i n  f r ac tu res ,  R -we and t h e  equations are spec i f ied  
Q * 

by Rp, 8 , and M. We have approximated t h e  heat  conduction terms using a 

s impl i f i ca t ion  f o r  t he  ea r ly  t i m e  t h a t  can be j u s t i f i e d  only i f  our equations 

produce r e s u l t s  which compare favorably t o  ca l cu la t ions  made using a more 

de t a i l ed  heat- t ransfer  model. Gringarten et  a l .  [1975] have calculated t h e  

heat  deple t ion  f o r  f r a c t u r e  flow i n  an  impermeable rock matrix assuming t h a t  

R goes t o  zero. They solved the  exact equation f o r  t h i s  problem using 
IJ 
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Laplace transforms, and then they evaluated t h e i r  so lu t ion  by a numerical 

inversion. 

Their general  r e s u l t s  are compared with ours i n  Figure 5. Our 

ca lcu la t ions  using t h e  s impl i f ied  hea t  t r ans fe r  term agree with t h e i r s  t o  about 

10% of t h e  t o t a l  temperature range. 

proper t ies :  

(1) A t  very ea r ly  times (t e ~ / 1 6 ) ,  we overestimate t h e  f r a c t u r e  f l u i d  

Our so lu t ions  have t h e  following 

* 

temperature, as w a s  intended. 
* 

(2) A t  very la te  t i m e s  ( t  g rea t e r  than 2) ,  t he  temperature f r o n t  i s  

d i f fused  by averaging, and it  is  not  as s teep  as t h e  a n a l y t i c a l  solut ion 

requires .  This e f f e c t  can be reduced by including more sub-volumes, 

but t h e  r e s u l t s  as given are considered acceptable.  

(3) Our r e s u l t s  have kinks i n  t h e  t i m e  per iods where t h e  heat  t r a n s f e r  

modeling method is changing, i.e., i n  t h e  in t e rpo la t ion  i n t e r v a l .  These 

kinks have been discussed above, and could possibly be eliminated by a 

more de t a i l ed  in t e rpo la t ion  method. 

THERMAL DEPLETION OF A RESERVOIR WITH COMBINED FRACTURE AND POROUS FLOW 

I n  a permeable medium, f r a c t u r e s  may al low a f a s t e r  breakthrough of cool  

r e i n j e c t i o n  f l u i d  than would be predicted using porous flow. An example of 

t h e  e f f e c t s  of d i f f e r e n t  f r a c t u r e  spacings on thermal deple t ion  i s  seen on 

our ca lcu la ted  curves shown i n  Figure 6. 

and constant  flow rate were chosen t o  represent  power production a t  t h e  

Sal ton Sea Geothermal Field (SSGF) a t  a rate which corresponds t o  one complete 

production-injection cycle  of t he  f l u i d  i n  the  f i e l d  i n  20 years  [Towse, 

The physical  parameters (Table 1 )  

19751. A constant  l a r g e  f r a c t u r e  aper ture  w has been choskn so  tha t  t he  

changes i n  deple t ion  curves due t o  f r a c t u r e  spacing D w i l l  be dramatic. 
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For s m a l l  f r a c t u r e  spacings,  our so lu t ion  f o r  output temperature aga ins t  

t i m e  is t h e  same as f o r  t o t a l l y  porous rock. 

D < 10 m, t h e  rock is divided i n t o  small enough segments by t h e  f r a c t u r e s  t o  

permit t he  heat  t o  be conducted out  of t h e  rock i n  the  length  of t i m e  

For t h i s  example, when 

required t o  remove a l l  t he  heat  from the  r e se rvo i r .  

t h e  rock behaves as i f  t h e  flow were i n  pores can be estimated from t h e  

d i f f u s i v 5 t y  of t he  sa tu ra t ed  rock. 

The spacings f o r  which 

I f  t h e  f r a c t u r e  separa t ion  is increased, t he re  are fewer f r a c t u r e s  i n  

a given volume, and t h e  f l u i d  ve loc i ty  i n  each f r a c t u r e  increases .  The heat  

cannot be conducted from t h e  rock rap id ly  enough, and the re  is  not enough 

flow from t h e  pores t o  heat t h e  f l u i d .  Thus, t h e  output temperature f a l l s  

more r ap id ly  than predicted by models of porous flow. 

f r a c t u r e  spacing ( f o r  t h i s  choice of parameters and power production) 

increases  beyond 300 m, t h e  l i f e t i m e  increases  because the  volume of f r a c t u r e  

However, i f  t h e  

f l u i d  is s m a l l  and t h e  flow a t  t h e  production w e l l  is  pr imari ly  pore f l u i d ,  

which cools  slowly. 

u se fu l  l i f e t i m e  of a f i e l d  by a f a c t o r  g rea t e r  than 50 below a design 

l i f e t i m e  based on porous flow ca lcu la t ions .  

From Figure 6,  w e  see t h a t  f r a c t u r e s  could reduce t h e  

Our thermal deple t ion  model can be used t o  estimate how t h e  use fu l  

l i f e t i m e  of a f i e l d  w i l l  be reduced i f  f r a c t u r e s  are present .  L e t  T be t h e  

t i m e  required t o  remove t h e  heat  from a p a r t i c u l a r  geothermal f i e l d ,  calcu- 

l a t e d  from a complicated s imulat ion based on porous flow. 

curves f o r  any f r a c t u r e  aper ture  and spacing could be ca lcu la ted  f o r  t h a t  

f i e l d  by choosing M, 8 , and a such t h a t  Me / a  = T. 

Thermal deple t ion  

* * 

The reduct ion i n  r e se rvo i r  l i f e t i m e  caused by d i f f e r e n t  combinations of 

ape r tu re  and spacing can be indicated on a s i n g l e  f i g u r e  by contouring t h e  

t i m e  t a t  which t h e  output temperature drops below t h e  use fu l  temperature L 



e 

, 

range. That temperature range would be determined by t h e  powe'r-generating 

equipment a t  any f i e l d .  as a funct ion of D and w f o r  

a f ixed T would be u s e f u l  f o r  a s i n g l e  set of r e se rvo i r  parameters such as 

those i n  Table 1. So t h a t  t h e  p l o t s  w e  present  can be used f o r  many 

d i f f e r e n t  appl ica t ions ,  we contour t /T as a funct ion of R 

contours apply t o  any set of parameters, i f  T is  sca led  so as not  t o  change 

A contour p l o t  of t L 

and R The 
L 9 1-I' 

* 2 f o r  any poin t  on t h e  contours. Recall t h a t  i f  kfr  = w /12, 2, Rq' and 

S 
4h * 

T = Q T =  .,T 
( D-W) 

3 
W - - 

Rq 12k (D-w) 
P 

* 
We can express T i n  terms of T, R and R . 

1.I' 9 
3 3 * 4R X T psCs 

P q  
T = 1 2 ~  (G) 'c = constant 

For example, a matrix permeabi l i ty  (k ) of m2 w a s  used t o  generate  
P 

t h e  f i g u r e s  below. 

be lom1' m2, then t h e  t i m e  constants  f o r  each f i g u r e  must be mul t ip l ied  by 100. 

New f i g u r e s  would have t o  be produced i f  t h e  f r a c t u r e  permeabi l i ty  is not 

assumed t o  be w /12. 

I f  t h e  matrix permeabi l i ty  of a r e se rvo i r  is assumed t o  

2 

I n  Figure 7 ,  t he  r a t i o  t L / T  has  been contoured f o r  t h r e e  values  of T. 

The use fu l  temperature range w a s  assumed t o  end when the  dimensionless 

temperature drops t o  0.8. 

ca l cu la t ing  R and R 

t h e  appropr ia te  T by the  f a c t o r  contoured i n  Figure 7. 

A realist ic l i f e t i m e  estimate i s  obtained by 

f o r  t he  given fracture-system parameters and multiplying 
q IJ 

For many f r a c t u r e  



-20- 

systems (small R o r  l a r g e  R ), the  l i f e t i m e  is t h e  same as t h a t  calculated 

f o r  porous flow. (Our co r rec t ion  f a c t o r  never exceeds 0.75, because of 

d i f f u s i o n  as discussed above.) For f r a c t u r e  d i s t r i b u t i o n s  represented by 

t h e  upper left-hand corner of Figure 7,  t h e  temperature a t  t h e  production 

q u 

w e l l  may dec l ine  much more r ap id ly  than predicted from porous-flow 

simulations.  

APPLICATION TO THE SALTON SEA GEOTHERMAL FIELD (SSGF) 

Cores obtained from t h e  S t a t e  f l  w e l l  i n  t h e  SSGF show t h a t  t he  rock is 

broken by small-aperture f r a c t u r e s  with spacings of less than 0.5 m. 

of constant w and D f o r  t h e  f i e l d  are shown i n  Figure 7d. 

Lines 

The values  of 

R and R with no reduction of t h e  l i f e t i m e  are i n  t h e  shaded area. We 

expect no s i g n i f i c a n t  reduct ion of l i f e t i m e  due t o  f r a c t u r e s  as c l o s e l y  

spaced as those observed i n  the  cores  examined. 

9 u 

Fracture  systems a l s o  e x i s t  on a much l a r g e r  scale i n  t h e  SSGF, however, 

and these  systems may cause a rapid dec l ine  of the  production f l u i d  

temperature. Helgeson [1968] states t h a t  

... open f r a c t u r e s  have been in t e r sec t ed  by a number of 
t h e  w e l l s .  There is  l i t t l e  doubt t h a t  t hese  f r a c t u r e s  
se rve  as production zones f o r  t h e  w e l l s .  However, i t  
is equal ly  apparent (from selective production tests 
i n  t h e  w e l l s )  t h a t  t h e  geothermal b r ines  are derived 
by t h e  f r a c t u r e s  from t h e  pore spaces of t he  sand 
r e s e r v o i r  i n  the  immediate geothermal area. A t  least 
two sets of f r a c t u r e s  have been encountered t o  da t e ,  
ne i the r  of which has undergone s i g n i f i c a n t  displace- 
ment. One of t h e s e  is believed t o  con t r ibu te  b r i n e  
t o  f i v e  w e l l s .  

Randall [1974] and Towse and Palmer [1976] postulated seve ra l  f a u l t s  i n  the  

area t o  explain t h e  v a r i a t i o n  i n  electric logs  from adjacent w e l l s .  

- a l .  [1975] 

earthquake ep icen te r s  i nd ica t ing  t h a t  a t  least one of t h e  f a u l t s  may b e  

H i l l  e t  

and Tien-Chang Lee (personal communication, 1976) have mapped 
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a c t i v e  and may remain open i n  s p i t e  of chemical reac t ions  with the  br ine .  

Meidav e t  a l .  [1976] have used a f a u l t  system t o  explain r e s i s t i v i t y  observa- 

observations near t h e  f i e l d .  A l l  these  l i n e s  of evidence i n d i c a t e  t h a t  

permeable f r a c t u r e s  with spacings g rea t e r  than 100 m may e x i s t  i n  t he  SSGF. 

From Figures 7b and 7d, we see t h a t  such a f r a c t u r e  system communicating 

between production and i n j e c t i o n  w e l l s  could cause a l a r g e  decrease i n  the  

u s e f u l  l ifetime of t he  f i e l d  i f  t he  f r a c t u r e  aper tures  are g rea t e r  than a 

m i l l i m e t e r .  

p lanar  f r ac tu res .  Consequently, t h e  contours i n  Figure 7 are not d i r e c t l y  

Large-aperture systems are probably poorly modeled as c lean  

app l i cab le  f o r  es t imat ing t h e  poss ib le  deplet ion due t o  such a system. 

t h e  permeabi l i ty  of t h e  f r a c t u r e  zones can be estimated e i t h e r  from w e l l  

tests o r  from a t h e o r e t i c a l  charac te r iza t ion  of t h e  rubble i n  the  zone, then 

t h e  decrease of t h e  l i f t i m e  due t o  those f r a c t u r e s  can be ca lcu la ted .  

I f  

DISCUSSION 

A model is  an i d e a l i z a t i o n  of r e a l i t y ,  and one must be aware of t h e  

l i m i t a t i o n s  imposed by t h a t  i dea l i za t ion .  

system has two l imi t a t ions :  (1) the  flow has been assumed to occur i n  

Our descr ip t ion  of the  f r a c t u r e  

f r a c t u r e s  perpendicular t o  t h e  wellbore, and (2) a very simple f r a c t u r e  

system has been postulated.  

I 

The f i r s t  i d e a l i z a t i o n  does not  cause problems. Many f r a c t u r e  systems 

are near ly  v e r t i c a l  i n  o r i e n t a t i o n  and i n t e r s e c t  w e l l s  a t  a high angle.  The 

w e l l s  i n  our model were assumed t o  be perpendicular t o  the  f r ac tu res  so t h a t  

we could c a l c u l a t e  t h e  r a t i o  of f r a c t u r e  f l u i d  t o  pore f l u i d  flowing i n t o  a 

w e l l .  For high-angle f r a c t u r e s ,  there w i l l  be s l i g h t l y  more f r a c t u r e  f l u i d  

mixed i n t o  t h e  w e l l ,  and t h e  output temperatures w i l l  be cooler than the  

upper l i m i t s  ca lcu la ted  here.  The e f f e c t  would be very l a r g e  only i f  t h e  
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fracture intersects the well bore over a long distance, and this is very 

unlikely. 

It is difficult to assess the limitations imposed by the simplicity of 

our fracture model. A real rock might be described by a distribution 

function for pore space (and fracture) size, shape, and frequency. Our 

simple model assumes that the distribution functions are two delta functions, 

one for microscopic pores and one for macroscopic fractures. Distinct 

fractures are visible in porous rock cores from the Salton Sea Field. This 

suggests that the actual distributions may be bimodal. Future work might 

involve using a model with a broader distribution function for estimating 

the effect that a range of fracture parameters would have on the calculated 

results. 

From our calculations, we have learned that the distribution of flow 

within the rock matrix is important for predicting thermal depletion. This 

knowledge is useful only if the distribution of flow in the reservoir rocks 

can be measured. 

well testing must be supplemented by innovative techniques to estimate 

fracture system parameters. For example, de Swaan [1976] suggests that 

observations of the pressure drawdown in the first few hours of production 

Traditional procedures for measuring permeability from 

- .  

can be used to estimate two important expressions, kfrw and k D. 

from well tests can be used with permeability estimates and estimates of 

fracture spacirlg based on the examination of cores,and well logs, to 

Results 
P 

estimate the thermal depletion due to fractures. 

One additional application of our model is in the study of the hot-dry- 

rock concept. It has been suggested [Harlow and Pracht, 1972; Austin, 1973; 

Bodvarsson, 1969; Gringarten el al., 19751 that by injecting cold water into 

one (or more) artificially produced fractures in hot, impermeable rock, 
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thermal stress cracking might be produced which would provide s u f f i c i e n t  

add i t iona l  sur face  area t o  prevent rapid heat  deplet ion a t  production w e l l s .  

Assuming t h a t  thermal stress cracking does occur, one could ass ign  t i m e -  

dependent values  t o  t h e  f r a c t u r e  permeabili ty and t h e  thermal mass i n  t h e  

rubble-f i l led f r a c t u r e  zone and do a deplet ion study f o r  assumed system 

conf igura t ions  using our model. 

SUMMARY 

Frac tures  are o f t en  an  attractive d r i l l i n g  t a r g e t  i n  geothermal areas 

because they al low a high flow rate per w e l l .  However, f r a c t u r e  systems 

l ink ing  t h e  i n j e c t i o n  and production w e l l s  may lead t o  a rap id  temperature 

dec l ine  a t  t h e  production w e l l .  We have presented a method f o r  es t imat ing 
' 

t h e  ex ten t  t o  which d i f f e r e n t  f r a c t u r e  systems may shorten the  use fu l  

l i f e t i m e  of a geothermal w e l l .  
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APPENDIX A. SOLUTION OF COUPLED LINEAR EQUATION 

COEFFICIENTS. 

FOR THE CASE OF CONSTANT 

Equations (27) can be expressed in the following form: 

- =  dx - a x + a y + a B  
dt 1 2 

3 = -b y + b2x + bg dt 2 

Differentiation and rearrangement gives 

2 d x  
dt2 
- -  - + (al+bl) + (blal-a2b2) = 0 

n L 
d y  = + (a +b ) 9 + (blal-a1-a2b2) = 0 
dt 2 1 1 dt 

The solution for x is 

Mlt M2t x(t) = Axe + Bxe 

where 
a-+b, . n 

(A3 

(A4 

(A5 

A and Bx are determined from the initial conditions on x and equation 
X 

x(0) = Ax+Bx 

The solution for y is determined in a similar fashion. 
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TABLE 1. The Salton Sea (SSGF) reservoir parameter 
values and initial conditions. 

* * 
Parameter Units Ref. Parameter Units Ref. 

pf = 1000 kg/m H To = 573 K H 3 

ps = 2200 kg/m3 ** Tref = 323 K ** 
Cf = 4.8 x lo3 J/kg*K K (I = 0.16 D, H 

T 

sc 

9t m3 Cs = 1.1 X lo3 J/kg*K 

Kf = 0.55 W/m*K K kp = 1. X 10 

S VR = 8.1 X 10 
-13 m2 

K = 3.3 W/m* K S q = 2.22 X lo3 kg/s ** 
6 

*D refers to Dutcher et al. [1972]; 
H refers to Helgeson [ 19681 ; 
K refers to Keenan et al. [1969]; 
Sc refers to Schroeder [ 1967 J ; 
S refers to Somerton [1958] and Somerton and Bauzer [1960]; 
T refers to Towse [1975]. 

**Estimated value. 

tV, = MV, which is the total volume of the reservoir. 
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FIGURE CAPTIONS 

Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig. 5 .  

Fig. 6. 

Fig. 7. 

A q u a l i t a t i v e  view of t h e  heat  budget f o r  geothermal reservoi r  
deple t ion  with rock/ f lu id  hea t  flow and constant  r e se rvo i r  mass. 

A q u a l i t a t i v e  v i e w  showing the  f l u i d  flow path a f t e r  separa t ion  of 
t he  r e se rvo i r  i n t o  M regions.  
of each of two components ( sa tura ted  rock and f r a c t u r e  f l u i d )  is 
computed. 
regions is optional .  

(a) Slab model of a region of rock with f r a c t u r e s  ind ica t ing  faces  
through which heat  conduction and f l u i d  flow are allowed. 
are vertical f o r  t h i s  example. 
blocks i n  which the  temperature va r i ab le s  are assumed not t o  change 
i n  t h e  d i r e c t i o n  of f l u i d  flow wi th in  t h e  block. 

I n  each region, t h e  average temperature 

Mixing of f r a c t u r e  f l u i d  and pore f l u i d  i n  space between 

The w e l l s  
(b) Subdivision of region i n t o  small 

Calculated deple t ion  curves f o r  r e se rvo i r s  with no f r ac tu res .  
s t e p  funct ion is t h e  a n a l y t i c a l  so lu t ion .  

The 

Comparison of our ca lcu la ted  curves (dashed) with those of 
Gringarten et al .  [1975] ( so l id) .  Their values  have been converted 
t o  our dimensionless format. - 

Thermal deple t ion  curves f o r  d i f f e r e n t  f r a c t u r e  spacings D ( i n  
meters). Table 1 gives  the  r e se rvo i r  parameters used i n  the  
ca lcu la t ions .  The flow rate and f r a c t u r e  aper ture  (w = 0.003 m) are 
t h e  same f o r  a l l  curves. 
(kp = 10-13 m2), u n r e a l i s t i c a l l y  laPge values  of D are necessary t o  
i l l u s t r a t e  t h e  increased l i f e t i m e  f o r  very l a r g e  f r a c t u r e  spacings.  

Because a high permeabili ty w a s  chosen 

Contour p l o t s  of t h e  cor rec t ion  f a c t o r  t o  be used i f  r e se rvo i r  
l i f e t i m e  (T)  based on flow in porous media is (a) 6.6 years ,  (b) 66  
years ,  and (c) 666 years .  Physical  p rope r t i e s  are given i n  Table 1. 
U s e  of t h i s  f i g u r e  f o r  systems with d i f f e r e n t  physical  p rope r t i e s  i s  
discussed i n  the text. (d) Location of l i n e s  of constant D and w 
(both i n  meters) on Rq-vs-Rp p l o t ,  f o r  physical  parameters of Sal ton 
Sea, assuming k f r  = w2/12. 
porous flow ca lcu la t ions  are e s s e n t i a l l y  cor rec t .  

Shaded area shows range of D and w where 
(tL/T 2 0.5.) 
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