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ENERGY ReCOVERY BY WATER INJECTION 

PoA. Witherspoon, G O S O  BOdVarSSOnr KO PfUeSS ,  and C.F. Tsang 

Lawrence Berkeley Laboratory, University of California 

I .  

ABSTRACT 

It is w e l l  established t h a t  reinjection of spent f lu ids  can greatly 
enhance t h e  recoverable energy from geothermal systems. There is, however, 
concern among field developers that the cold water may cause premature 
thermal breakthrough a t  production w e l l s  and consequently reduce t h e  enthalpy 
of the produced fluids.  
but these have generally considered porous media type reservoirs, although 
most geothermal reservoirs are extensively fractured. 
analyt ical  and numerical studies that address injection and thermal break- 
through i n  f r a c t u r d  geothermal reservoirs w i l l  be described. The resul ts  
show tha t  excellent thermal sweeps can be achieved i n  fractured reservoirs, 
and that premature cold w a t e r  breakthrough can be avoided i f  the inject lon 
w e l l s  are appropriate] y 

A number of studies have addressed this problem, 

In this paper several 

INTFLODUCTION 

Reinjection of geothermal wastewater Is gradually becoming a preferred 
means of waste disposal. 
The Geysers, California; Ahuachapan, E l  Salvador; Mak Ban, Philippines; 
and f i v e  Japanese geothermal f i e l d s  lotake, Onma, OnIkOber Hatchobaru, 
and Xakkonda) . 
of geothermal f ie lds ,  e.g., Baca, New Mexico; E a s t  Mesa, California; 
Larderello, I ta ly;  Cerro Prleto, Mexico; Broadlands, New Zealand; and 
Tongonan, Phllippines. 
resu l t s  from growing environmental concerns regarding toxic  minerals (e.g., 
boron, arsenic) present i n  geothermal wastewater. 

A t  present, continuous reinjection is practiced a t  

Small-scale reinjection tests have been reported a t  a number 

The increasing in te res t  i n  reinjection undoubtedly 

A problem which may arise i n  reinjection is premature breakthrough of 
colder water in the production region, which can drast ical ly  reduce the 
enthalpy of the produced fluids.  
f ront )  I n  porous m e d i a  type reservoirs is f a i r l y  w e l l  known from theoret ical  
studies by various investigators (lCitsameyer; 1976; ‘Schroeder et a le ,  1980). 
HOWeVerr f l u id  movement i n  most geothermal reservoirs (except those i n  the 
Imperial Valley) is controlled by fractures,  which is a more complicated 
situation. 
through the fractures and b 

The movement of the cold w a t e r  (thermal 

It appears possible t h a t  t he  cold water w i l l  advance very rapidly 
k through pranaturely a t  the production 

w e l l s .  
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In  t h e  present paper w e  use analyt ical  and numerical methods t o  study 
i n j  ection in to  fractured geothermal reservoirs . In  t h e  analytical  approach 
w e  investigate how the cold w a t e r  f ront  advances i n  f rac ture  systems of 
equally spaced horizontal fractures,  and i n  naturally fractured reservoirs. 
Mathematical expressions are derived which can be used to  design proper 
spacings between production and inject ion w e l l s .  
new pract ical  method fo r  numerical modeling of mass and heat t ransfer  i n  
naturally fractured reservoirs. 
studies is i l l u s t r a t ed  by considering different  w e l l  configurations such 
as a doublet and a five-spot pattern. 

Subsequently w e  describe a 

The application of the m e t h o d  t o  inject ion 

ANALYTICAL STUDIES 

Analytical methods are anployed i n  studies of the cold w a t e r  f ron t  
movement during injection in to  fractured reservoirs. 
considered, namely, a reservoir containing equally spaced horizontal 
fractures and a naturally fractured reservoir (io@. both horizontal and 
ver t ica l  fractures are present). 
t h e  horizontal f racture  case is given i n  detail and some important resu l t s  
a r e  presented fo r  the naturally fractured reservoir case. Comparison between 
results of the two  cases is also included. D e t a i l e d  analysis of the two 
cases are given by Bodvarsson and Tsang (1982) and Bodvarsson and L a i  (1982). 

BASIC MODEL - HOFUZOHTAL FRACTURES 

TWO basic cases are 

I n  the following discussion the theory of 

The physical model consists of an inject ion w e l l  t h a t  fu l ly  penetrates a 
reservoir w i t h  n equal ly  spaced horizontal fractures (Fig. 1). The fractures 
are a l l  identical ,  having a constant aperture b, and extending t o  inf ini ty .  
T h e  injection rate, q t ,  is assumed t o  be constant, and t h e  same fluid nass 
flow rate, 9 8  enters each fracture (qt * n.q). 
and, because of symmetry, only t h e  basic section specified in Figure 1 
need be considered. The rock matrix is assumed t o  be impermeable, hence only 
t h e  effects of thermal conductions are present. 
(below), m o s t  of the assumptions anployed i n  the analyt ical  work are relaxed, 
and cases i n  which t h e  rock matrix is permeable are consider&. 

Gravity effects  are neglected, 

In  t h e  numerical studies 

Figure 2 is a scheaatic diagram of the basic model Considered i n  t h e  
analyt ical  study. Besides the general assumptions discussed above, the 
following approximations are made: 

1. The flow in the f rac ture  is steady and purely radial, w i t h  the w e l l  
located,at  r = 0. “he fracture  aperture b is a t  an  elevation of z = 0 w i t h  
the rock matrix.extending ver t ical ly  t o  z * 2 D. 

2. Thermal equilibrium between the f lu id  and the so l ids  i n  the fracture 
is instantaneous. Furthermore, horizontal heat conduction i n  t h e  fracture  is 
neglected, and temperature i n  t h e  ver t ica l  direction is assumed uniform 
(infinite ver t ica l  thermal conductivity]. 

3. The rock matrix above and below t h e  fracture  is impermeable. 
Horizontal conduction is neglected, and t h e  ver t ica l  thermal conductivity 
is f in i t e .  Heat flow boundaries a t  z = 2 D a r e  assumed t o  be ”no flow”. 
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The d i f fe ren t ia l  equation governing the f lu id  temperature i n  t h e  
f rac ture  can be derived by perfonning an energy balance on a control volume 
i n  the fracture. 
(1955), Bodvarsson (1969) 8 and Gringarten et a l p  ( 1975) 8 and w i l l  not be 
discussed here. 

The derivation is similar to  those reported by huwerier  

RESULTS 

A solution for the temperature f i e l d  can be obtained i n  t he  Laplace 
Invetsion from t h e  Laplace domain to  real space can not be done domain. 

analytically,  but requires a numerical inverter. 
developed by Stehfest (19701, and f o r  this problem it gave resu l t s  accurate 
within 0.7%. 

The inverter used here was 

Figures 3 and 4 show the thermal diffusion from the  f rac ture  t o  the rock 
matrix for b loo2 and b 100, respectively. The dimensionless parameter 
t) represents t h e  r a t i o  of the energy content of t h e  fracture  t o  tha t  of the 
rock. &w values of b indicate  negligible energy content i n  t h e  fracture,  and 
la rge  values correspond t o  negligible energy content i n  t h e  rock. 
problan a t  hand, b w i l l  most l ike ly  be less than 
purposes . 

For the 
f o r  a l l  practical 

In Figures 3 and 4, each plot ted l i n e  indicates the location of the 
thermal f ront  a t  the  specified dimensionless time. 
is defined as the locus of points w i t h  temperatures intermediate between 
injection temperature and original reservoir temperature. The figures show 
that during cold water inject ion in to  the fractured rock, the thexmal f ront  
w i l l  advance very rapidly along the fractuse a t  early times, as only a small 
amount of heat is obtained from the rock. Later on, however, as the available 
surface area for heat t ransfer  f ran  the  rock t o  the fracture increases, the 
rate of advancanent of the  thermal f ront  along t h e  fracture  decreases, and 
t h e  cold f ront  starts t o  penetrate t h e  rock matrix. 
f ront  i n  the rock matrix catches up with t h e  thermal f ront  i n  t h e  f rac ture  a t  
a time corresponding to T = 1.0, and after thqt a uniform ener eeping 
mechanism w i l l  prevail. 

Here the thermal f ront  

Eventually, t he  thermal 

The rate of cold w a t e r  advancan the fracture is of course one 
of the major concerns i n  the  present problem 
representing t h e  movgnent of the thermal f ront  i n  t h e  fracture  (n = 0 )  are 
given f o r  various values of b. A t  early times, the effects of heat conduction 
t o  caprock and bedrock are negligible8 consequently, a pistonlike displacement 
occurs i n  the fracture. In this case t h e  advancement of the thermal f ront  
along the  f rac ture  is controlled by t/$. 
w i l l  s tart  to conduct s ignif icant  amounts of heat to  t h e  fracture  and 
consequently s l o w  t h e  advancement of the cold w a t e r  f ront  along the  fracture. 
This is evident i n  Figure 5 by the convergence of each tt curve t o  the mother 
curve (b = 0 ) .  The slope of the  curve indicates tha t  time t is proportional 
to t he  radial  distance t o  the  fourth power. 
e f f ec t ivdy  retards the advancement of t h e  thermal front  along t h e  fracture. 

In  Figure 5, type curves 

A t  intermediate times, the rock 

-, 

This indicates how heat conduction 
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As is evident i n  Figure 5 ,  the 8 dependence no longer exis ts  a t  large 
dimensionless t imes ,  so t ha t  t h e  relat ion between the  dimensionless time 1 
and the dimensionless distance 5 becomes simply 

= 6 ,  (1) 

Equation (1 )  holds for both the  fracture  and the rock matrix. 

The t rans i t ion  from tho intenaediate-time solution to  the long-time 
solution occurs when the conductive heat flow fran t h e  rock matrix to  the 
fracture  becomes affected by t h e  no-heat-flow boundary condition a t  31 - 1 
(insulated a t  2 = D). The t rans i t ion  occurs a t  t h e  time and location given by 
t h e  following equation: 

(2  + w2 T r < =  
4 396 . 

Equation ( 2 )  can be written in terms of physical parameters t o  yield: 

and 

r =  
C 

where tc and rc denote t h e  time and 
w e l l ,  where uniform energy sweep is 

NATURALLY FRACTURED RCSERVOIRS 

( 4 )  

radial distance from t h e  injection 
achieved. 

Similar analysis w e r e  carried out fo r  the case of naturally fractured 
reservoirs . 

The model used, shown i n  Figure 6, consists of rectangular matrix 
blocks bounded by three sets of orthogonal fractures. 
flow is assumed in t h e  fractures,  but fu l ly  t ransient  conductive heat transfer 
between t h e  fmpermeable rock matrix and t h e  fractures is taken in to  account. 
Thus, t h e  cold w a t e r  w i l l  flow from t h e  injection w e l l  in to  t h e  f rac ture  
network, and as it moves away from t h e  w e l l ,  it w i l l  gradually be heated by 
heat transfer frm adjacent matrix blocks. 

Steady state f luid 



The eauation for conductive heat transfk between matrix bloc s an 
fractures is derived fo r  the basic elanent shown i n  Figure 7, represent- 
ing 1/6 of a s ingle  matrix block (cube). 
much smaller within the fracture network than i n  the rock matrix, heat f lux 
a t  each point i n  the matrix is approximated as occurring only in the direction 
of t he  nearest fracture. This yields a onedhens ionql  approximation t o  the 
hea t  conduction i n  t h e  matrix, the accuracy of which has been ver i f ied 
by comparison w i t h  the 3-dimensional Pourierseries eolution (ai, Bodvarsson, 
and PxtaesSI 1982). 
continua" method (MMC) for numerical modeling of heat and f lu id  flow i n  
fractured porous media (see below) . 

Rssuming that thermal gradients are 

This approach is qu i t e  similar to +e "multiple interacting 

The resu l t s  of our studies of injection ln to  naturally fractured reservoirs 
&re similar  t o  the ones obtained fo r  t h e  horizontal fracture Cdse. tfonever, 
t h e  time of unifom energy sweep conditions and its radial distance from the 
inject ion w e l l  is different.  
yields t 

Approximate comparison between t h e  two cases 

and 

4*0 X ( tc lW (6 )  

where the  subscripts H and flv refer t o  t h e  cases of horizontally fractured 
and naturally fractured reservoirs, respectively.. Equations 5 and 6 show 
tha t  conditions of uniform energy sweep occur a t  a time and radial distance 
that are considerably shorter i n  the  case of naturally fractured reservoirs. 
When both ver t ica l  and horizontal fractures are present, there is a much 
greater surface area for h a t  transfer between fractures and rock matrix than 
i n  t h e  c a s e  of horikontal f ractures  only. It is important to note that 
i n  both cases, the time and radial distance of the uniform energy sweep 
conditions are Lndependent of the fracture ap 

, 

EXAMPLE . 

je  naturally fractured reservoir 
using the parameters shown i n  Table 1. If the 

the  following expres 

where D is t h e  f rac ture  spacing. 
uniform energy sweep conditions w i l l  prevail  130 m away from the w e l l  after 
25 years of injection. 

Thus, for an average fracture  spacing of 50 m, 



NUMERICAL STUDIES-MULTIPLE INTERACTING CONTINUA 

W e  shall now discuss a numerical method for  modeling f l u i d  and heat f low 
i n  naturally fractured rock masses. The method of "multiple interacting 
continua" (MINC) t r e a t s  the flow i n  fractures,  rock matrix, and between 
fractures and rock matrix by numerical methods without invoking approxima- 
t ions often made i n  analytical and semi-analytical methods. 
qu i t e  general and applicable t o  complex systans such as multiphase f lu ids  
w i t h  large and variable compressibility, phase transitions w i t h  l a t en t  
heat effects,  as w e l l  as t ransient  f l u id  and heat flow i n  both rock matrix 
and fractures. Also, t h e  MINC-description is applicable t o  reservoirs with 
irregular and statistical fracture  distributions,  although the calculations 
reported below were made fo r  highly idealized fracture patterns. 
account of t h e  foundations of the MINC-method has been given by Pruess and 
Narasimhan I: 1982). 
methodology, followed by i l l u s t r a t i v e  applications fo r  geothennal inject ion 
problems . 

It is therefore 

A detailed 

In the present paper w e  sha l l  give a brief summary of the 

In order t o  numerically model flow processes i n  geothermal reservoirs 
(or, for t h a t  matter, i n  any subsurface flow systans),  it is necessary 
to par t i t ion  the system under study in to  a number of volume elenents Vn ( n  
= 1, 2,..., N). Then the appropriate conservation equations for mass# 
energy, and momentum can be written down fo r  each volrnne element. 
equations hold true i r respect ive of size,  shape, heterogeneities etc. 
Of the Volume elenents Vn. 
exploited within an integral  f i n i t e  difference formulation which is local ly  
onedimensional, avoiding any reference t o  a global coordinate system 
(Edwards, 1972). However, the conservation equations i n  integral  f i n i t e  
difference form are useful only i f  t h e  allowable par t i t ions  Vn ( n - l , . . . ,  
N )  are suitably restricted on the basis of geometric and thermodynamic 
considerations. Indeed, for pract ical  applications w e  need t o  be able t o  
relate f lu id  and heat flow between volume elements t o  the accumulation of 
f lu id  and heat within volume elements. Fluid and heat flow are driven by 
gradients of pressure and temperature, respectively, and these can be 
expressed i n  terms of average values of thennodynamic variables i f  (and only 
i f )  there  is approximate thermodynamic equilibrium within each dement. In 
porous media, this requirement w i l l  be sa t i s f i ed  fo r  any suitably "small" 
subregion, as thermodynamic conditions generally vary continuously and 
smoothly with position. 
m e d i a ,  where changes i n  thermodymic conditions as a consequence of cold 
w a t e r  injection may propagate rapidly i n  t h e  fracture  network, w h i l e  
migrating only slowly in to  the rock matrix. Thus, thermodynamic conditions 
may vary rapidly as a function of posit ion i n  the vicini ty  of the fractures. 
Based on t h e  different  response t i m e ,  t h e  MINC-method makes the approximation 
t h a t  thermodynamic conditions i n  t h e  matrix depend locally only upon the 
distance fran t h e  nearest fracture. 

These 

This geometric f l ex ib i l i t y  can be most fu l ly  

The s i tuat ion can be quite d i f fe ren t  i n  fractured 
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For the idealized fracture  dis t r ibut ion shown i n  Figure 6, the requirement 
of approximat 
m e s h  as shown 
volume elan 

ennodynamic equilibrium then gives rise t o  a computational 
igure 7. The matrix is parti t ioned in to  a series of nested 
d i n e d  according t o  the distance from the nearest .fracture. 

heat flow i n  such 
th in  an integral  f e difference formulation. The 

st- of interacting continua 

matrix-fracture interaction is described in purely geometrical terms, and the 
relevant geometric quantit ies,  i.e. elanent v o l \ ~ ~ ~ e s ,  interface arezk, and 
nodal distances, .can be easily obtained i n  cLosed form. The pertinent 
expressions are given by Pruess and Narasimhan (19821, who a lso  discuss a 
generalization of t h e  model t o  gr id  blocks'of arbi t rary s i z e  or  shape. A 
fur ther  generalization t o  s t a t i s t i c a l  f racture  dis t r ibut ion has been developed 
by Pruess and Ksrasaki (1982), who use Monte Carlo tech 
the *proximity" of the matrix rock to  the fractures. 

= t o  represent 

The calculations reported below use t h e  idealized f rac ture  dis t r ibut ion 

- previously considered-by Pruess and Narasimhan (1982). 
program has been writ ten which generates the geometric parameters of the 
computational mesh. 
with LBL's two-phase simulators SHAFT7 
representation of the thermophysical 
f u l l y  coupled, implicit,  direct solution technique fo r  f lu id  and heat flow 
(Pruess and Schroeder, 1980). 

A preprocessor 

The geothermal reservoir simulations w e r e  carried out 
ha -MI which feature  an accurate 
erties of w a t e r  substance, and a 

The accuracy of t he  MINC-method has been 
arison w i t h  analytical  solutions for a number of l imiting 
d Narasimhan, 1982; mi# Bodvarsson, and Pruess, 1982). In 

the next section w e  shal l  present results f o r  production-injection i n  a 
has e fractured tes ervoir . SubseqwntlyI 

geothermal f ie ld  
w i l l  be br ie f1  

The reservoir parameters as given i n  Table 2 correspond t o  the case of a 

Each grid 
l o w  permeability reservoir similar t o  the Baca geothermal f i e l d  in NW 
Mexico. ' The basic mesh (1/8 of a five-spot) is shown i n  Figure 9. 
block of this "primary" mesh is parti t ioned in to  a number of interacting 
continua using t h e  method of Pruess and Narasimhan (19821, assuming three 
sets of plane, p cul&r# 'infinit 

CONSTANT RATE . 

oduction rate was f i x e d  a t  30 
h corresponds t o  'the more productive wells i n  the BaCa reservoir. 
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Our results show t h a t  without injection, pressures w i l l  decline rapidly 
i n  a l l  cases. 
0.5 MPa are: 
reservoir with D = 150 m, 
]4n = 1x10-17 m2. 
( 9 ~ 1 0 ’ ~ ’  m2) has a greater longevity than a porous reservoir. 
f o r  this is t ha t  t h e  large matrix penneability provides good f lu id  supply t o  
the  fractures,  w h i l e  conductive heat supply is limited. Theref 
saturation i n  the  fractures remains relat ively l o w ,  giving goo 
a more rapid expansion of t he  drained volume. 

The Umes after which production-well pressure declin 
1.49 yrs  f o r  a porous m e d i u m ,  2.70 yrs  f o r  a fractured 

= 9 ~ 1 0 ’ ~ ~  m2# and 0.44 yrs  f o r  D = 50 m, 
Note tha t  t he  fractured reservoir w i t h  large k, 

The reason 

The results obtained with 100% i n j e c t i  demonstrate t h e  great importance 

Simulation of 90 years fo r  t h e  porous m e d i u m  case, and 
of injection fo r  pressure maintenance i n  fractured reservoirs with l o w  
penneability. 
42 and 103 years, res ectively, fo r  fractured reservoirs with D = 50 m and D 
= 250 m (k, = loo1’ m51,  showed no catastrophic thermal depletion or 
pressure decline i n  e i ther  case. These times are s ignif icant ly  i n  excess of 
t he  30.5 years needed t o  in j ec t  one pore volume of f luid.  Pigure 10 shows 
temperature and pressure prof i les  along the l i n e  connecting production and 
inject ion w e l l s  f o r  t h e  three cases studied a f t e r  36.5 years of simulated 
time. 
with D = 50 m agree remarkably w e l l ,  indicating an excellent thermal sweep 
f o r  t h e  l a t t e r  (see a l so  Bodvarsson and TsangO 1982). The temperature 
differences AT = Tm - Tf between matrix and fractures are very small: 
a f t e r  36.5 years, w e  have AT = .2OC near t h e  production w e l l ,  .OOl°C near the 
inject ion w e l l ,  and less than 5.C in between. In  t h e  D = 5Om case, produced 
enthalpy remains essentially constant a t  h * 1.345 MJ/kg. It i s  interest ing 
to note t h a t  t h i s  value is equal to  t h e  enthalpy of single-phase w a t e r  a t  
or iginal  reservoir temperature T = 300OC. Thus8 there  is an approximately 
quasi-steady heat flow between the hydrodynamic front  a t  T 2 3OOOC and the 
production w e l l ,  with most of the produced heat being supplied by t h e  
thermally depleting zone around the  injector.  

The temperature of t h e  porous-medium case and the fractured reservoir 

A t  t h e  larger  fracture spacing of D = 250 m, t h e  contact area between 
matrix and fractures is reduced, and portions of t he  matrix are a t  larger  
distance from the fractures. This slows thermal and hydrologic communicat 
between matrix and fractures,  causing t h e  reservoir to  respond quite different ly  
t o  injection. More of t h e  injected w a t e r  remains i n  t h e  f rac ture  system, so 
that  produced enthalpy and boiling rates are reduced. 
thennal sweep is much less complete, w i t h  temperature differences between 
matrix and fractures amounting to  16OC, l 1 8 0 C 8  and 60°C, respectively, near 
producer, near i n j  -or0 and i n  between. Temperatures increase monotonically 
away from t h e  injection w e l l  a t  D = 250 m, whereas fo r  D = 50 m there  is a 
region of l o w e r  temperature around the production w e l l  caused by heat loss  i n  
boiling. Two-phase conditions with intense boiling occur within 200 m of t he  
producer a f t e r  36.5 years fo r  D = 50 m f racture  spacing. In  contrast, the 
fracture  system becomes completely w a t e r  f i l l e d  a f t e r  30 years i n  the case 
with D = 250 m. 
in t h i s  study, thermal depletion is slow enough that even a t  a large f rac ture  

A f t e r  36.5 years, 

For the particular production and inject ion rates employed 

. 



spacing of D = 250 m0 most of t h e  heat reserves i n  the matrix can be produced. 

short-circuiting f a u l t  or f racture  between production and. inject ion wells, 
under which conditions less favorable thermal sweeps are expected. 

- 
L W e  are presently investigating energy recovery i n  the  presence of a prominent 

I 

WELL ON DELIVERABILITY 

The second set of calculations specifies production i n  a more realistic 
way w i t h  a productivity index and a constant downhole pressure of p = 2 MPa. 
Production rates decline with time a s  t h e  reservoir is being depleted. 
Injection was specified as a f ract ion of t h e  (timedependent) production 
rate. 

' 

The parameters used i n  the  simulations are given i n  Table 3. 

In the study w e  consider 3 cases: no injection, injection of 50% of the 
produced f luids ,  and 100% i n j  ection ( injection rate equals the production 
rate) . 
Figure 11. 
the  low permeability of the  fracture system. 
and its decline compares wel l ' to  t he  observed data from w e l l  Baa-13 (Harte, 
1976) . 
qu i t e  rapidly, but t h e  rate is considerably higher a t  a l l  times due t o  the 
pressure support fram t h e  injection. 
for the 100% inject ion case is f a i r l y  stable a t  60 kg/s. 
rate gives steady-state flow i n  the  reservoir, thereby keeping t h e  production 
w e l l  pressure constant. The enthalpy t ransients  for the three cases are 
shown i n  Figure 12. Boiling around the  production w e l l  causes the  enthalpy 
t o  increase steadi ly  i n  t h e  no injection case. In the  cases w i t h  in ject ion 
the  enthalpy is lower a t  a l l  t imes, and a c t h l l y  decreases gradually i n  the 
Case of 100% injection. The gradual decrease i n  enthalpy causes the s l igh t  
increase i n  flow rates with time due to  r e l a t ive  permeability effects. 

e three cases is shown i n  Figure 13* 

The production rate versus time fo r  t h e  three cases is shown i n  
In t h e  no-injection case the  flow rate declines rapidly due to  

The calculated f l o w  rate 

The calculated flaw rates f o r  t he  50% inject ion case decline also 

After an in i t ia l  decline the  flowrate 
The high injection 

me het energy outp The 
net energy output  is here defined as the product of the f l o w  rate and the  
flowing enthalpy a t  any given time. 
enhance the  energy output, with energy recovery increasing with the injection 
factor. Thus, the increase i n  producti t e  made possible by pressure 
support f ran j ec t ion  i s  l a r  ss i n  produced enthalpy. 

It is seen that inject ion can greatly 

ergy output is stable w h i l e  pract ical ly  
swept by t h e  injected waters. The x a l l  of the  energy contained i n  the rock 

simulation resu l t s  show t h a t  fo r  t he  par 
prenature thermal breakthrough, as a rather uniform thermal sweep fran the 
reservoir rocks is attained (cf.  Bodvarsson and Tsang, 1982). 

etere chosen there  is no danger of 
" 
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DOUBLET PROBLEM 

As reported by Korne ( 1982) thermal interference between inject ion and 
production w e l l s  has been observed a t  several fields i n  Japan. 
of inject ion the  enthalpy of t he  production w e l l s  has declined w i t h  time. 
The data given by tfarne (1982) show t h a t  i n  many cases t h e  inject ion w e l l s  
are located very close to  the  production w e l l s  (100-200 m e t e r s ) ,  Which, 
together w i t h  re lat ively la rge  f rac ture  spacings, may explain t h a t  thermal 
interference is  not@ within a few years a f t e r  s t a r t i ng  injection. 
performed simulation s tud ie s  using data fran Japanese f ie lds  t o  study 
t h e  t h e  of thermal breakthrough and the production temperature decline w i t h  
time. 
explained using our current understanding of cold w a t e r  in ject ion in to  
fractured reservoirs. 
using t h e  ntnnerical simulator PT ( fo r  pressure and temperature, Bodvarsson, 
1981). 
I; i n  addition w e  assume a reservoir temperature of 25ooc, an inject ion 
tanperature of lOOQC, a w e l l  spacing of 150 m and a fracture  spacing of 50 m.’ 
The tenperatwe of t h e  produced water Is shown as a function of time i n  
Figure 14. 
production temperature declines significantly.  
w i t h  observed behavior a t  t h e  Xakkonda geothermal f i e l d  i n  Japan. 

As a result 

W e  have 

These studies are intended to show t h a t  t h e  experience i n  Japan can be 

We consider a doublet systan i n  a fractured reservoir, 

Values for  t h e  parameters used are identical t o  those shown i n  Table 

The f igure shows t h a t  within 1.5-2 years after injection started 
This r e su l t  compares closely 

W e  have presented several recent studies carried out a t  Lawrence 
Berkeley Laboratory on injection of cold f lu ids  in to  fractured geothermal 
reservoirs. Analytic methods have been used to  study t h e  movement of t h e  
thermal f ronts  i n  reservoirs (a) w i t h  a series of horizontal fractures3 and 
(b) with an equally spaced ver t ica l  and horizontal fracture network (natural ly  
fractured reservoir case). The resu l t s  fran these studies show that excellent 
thermal sweep can be achieved i n  fractured reservoirs i f  inject ion w e l l s  are 
appropriately located. Simple formulas are presented which should be useful 
f o r  s i t i n g  inject ion w e l l s  i n  such a way tha t  pranature thermal breakthrough 
is avoided. 

A numerical method was presented which pennits t h e  modeling of heat and 
multiphase f lu id  flow between rock matrix and fractures i n  a detailed and 
fu l ly  t ransient  way. 
inject ion systems danonstrates- t h a t  f l u i d  injection is a very effect ive means 
for  maintaining pressures in fractured reservoirs w i t h  low permeability. The 
numerical results are consistent with analytic results, indicating that 
excellent thermal sweeps are possible even for  large f rac ture  spacings of 
several hundred meters. 

Application to  doublet and f i v e s p o t  production- 

c 



11. 

REFERENCES 

Bodvarsson, G., On t h e  tanperature of water 
Geophys. Res. , ,VOl.  74, NO. 8, 1969. 

lowing through fractures: J. 

- 
c 

Bodvarsson, G.S., Mathematical modeling of t h e  behavior of geothermal systems 
under explorationr Ph.D dissertation, Lawrence Berkeley Laboratory, 

.r Berkeley, a . 8  365 ppOr 1981. 

~odvarsson, G.S., and Lait  #OS., Studies  of Injection in to  naturally fractured 
reservoirs, paper t o  be presented a t  t h e  Annual Geothermal Resources Council 
Meeting, &in D i - 0 ,  et. 11-14, 1982. 

Bodvarsson, G.S. and Tsang, C.F., Injection thermal breakthrough i n  fractured 
geothermal reservoirs: J .  GeOphyS. Res., Vole 87, NO. B2, pp. 1031-1048, 
1982. 

Edwards, A.L., TRtsllP: A computer program f o r  t ransient  and steady state 
temperature dis t r ibut ions i n  multidimensional 6yStems8 NTIS, N a t l .  Bur. 
of Standards, Springfield, 1972. 

Gringarten, A.C., Witherspoon, P.A., and Onishi, Y O #  Theory of heat extraction 
from fractured hot dry rock: J. GEOPYS. Res., vol. 80, NO. 8, (March) 
1975. . 

~ o r n e ,  R., Geothermal reinjection experience i n  Japan: paper presented a t  
t h e  California Regional SPE meeting, Bakersfield,  SPE-9925, (March 
25-26) 1981. 

Kasameyer, P.w.# Thermal history of re in jec t  f luents 8 unpublished manuscript 
Lawrence Livermore Laboratory, August8 1976. 

U i 8  b S . 8  Bodvarsson, 6 . S m r  and ~ue . ?&,  F . 8  Verification o f  MINC m e t h o d ,  
Lawrence Berkeley Laboratory, paper in preparation. 

~auwerier ,  H.A., me t ranspok in an oil layer caused by the ' in jec t ion  
Of hot fluid: Appl. SCi. R e s .  Scat. A.8 . 

Pruess, IC. and Karasaki, #a# Proximity functiom for modeling f lu id  and heat 
flow i n  reservoirs with stochastic f rac ture  distributions,  mwrence Berkeley 
faboratory, i n  preparation. 

x Pruess, K. and Narasbhan, T.N., A pract ical  method fo r  modeling f lu id  and 
heat flow in fractured porous media, Proc. 6th Spp.  on Reservoir 
Simulation (paper sPE110509)# New Orleans, LA# January, 1982. 

I 

Pruess, KO and Schroeder, ROC., SHAFT79 User's Manual, Lawrence Berkeley 
Laboratory, ~ e r k e l e y ,  LBL-10861. 

Reinjection studies of vapordaninated 6ystemsr paper presented a t  2nd 
DOE-ENEL Workshop f o r  Cooperative Research i n  Geothermal her=# 
Berkeley, C A D #  October 1980 ( to  be published i n  G e o t h e r m i c s )  . 



12. 

FIGURE CAPTIONS 

Basic model of an injection w e l l  penetrating a reservoir w i t h  
equally spaced horizontal fractures. 

Schematic of analytical  m o d e l .  

P l o t s  of thennal f ronts  a t  various t imes T for 6 6 0.01; is  dimensionless 
ver t ica l  distance and E is dimensionless advancement along t h e  
fractures 

Plots of thennal f ronts  a t  various dimensionless times T fo r  tj 3 
100 . 
Type curves fo r  the movement of t h e  thennal f ront  i n  t h e  f rac ture  
for various values of 4 ,  

Idealized model of a fractured porous media. 

I-dimensional approximation of heat conduction i n  rock matrix 
blocks 

Basic computational mesh fo r  fractured porous m e d i a ,  shown here for 
simplicity for a two-dimensional case. 
blocks of low permeability, which are subdivided in to  a sequence 
of nested volume dements. 

The f ractures  enclose m a t r i x  

Mesh fo r  five-spot w e l l  pattern. 

Temperature and pressure prof i les  f o r  f ivespo t .  

Production r a t e  versus time for t h e  f i v e s p o t  cases. 

Enthalpy t ransients  fo r  t he  f i v e s p o t  cases. 

Fig. 13. Total energy output versus time fo r  t h e  f i v e s p o t  cases. 

Fig. 14. Production temperature versus time f o r  t he  doublet case. 
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Table 1: 

Injection rate 8 9  : 20 kg/s 

Fluid density, Pw t 1000 kg/m 

Parameters Used i n  Example 

3 

Fluid heat capacity, cw -: 4200 J/kgo°C 

Thermal conductivity, X t 2.0 J / m o s o o C  

Reservoir thickness, 11 t 500 m 

Rock density, 0, z 2700 kg/m 

Rock heat capacity, cr \ 1000 J/kg.OC 

3 



T a b l e  2: Parameters U s e d  i n  Numerical Simulations 

Five-Spot 
Formation 

rock grain density 2600 kg/m3 

rock specific heat 

rock heat conductivity 
950 J/kg OC 

2.22 w/m OC 

porosity 10 

-12 m3 permeability x thickness 1.83~10 

reserooir thickness 305 m 

m a t r i x  permeability 

Fractures 

three orthogonal sets  

aperture 

spacing 
(a) 
5 mr 50 m, 150 m 

permeability per fracture (a). 
equivalent continuum 

penasability 6 x ~ ~ - 1 5  m2 

equivalent continuum 
porosity . 10 

Relative Permeabili ty 

Corey-curves SLr = 030, Ssr = 005 

I n i t i a l  Conditions 

temperature 

l iquid saturation 
Production 

production rate 
In  j ection 

rat e 

3OOOC 

99% 

30 kg/s 

30 kg/s 

c 

(a) fractures  modeled as extended regions of high permeabilityr with 
a width of - .2 m 
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Table 3: Parameters Used in Well Productivity Calculations 

In i t ia l  temperature 

In i t ia l  vapor saturation 

In j ection temperature 

Matrix permeability 

W e l l  spacing 

Bottomhole pressures 

Productivity index 

. . , , _I. 

3OOOC 

0.01 

15ooc 

1x10~18 m2 

1000 m 

250 m 

20 bars 

1.0~10-14 m3 



16 

. . . . . .  
/-- . . . . . . . . . . . . .  

Horizontal fracture 

h...  ....................................... ! 

............................................. 

........................................... 

Injection well 

. . . . . . . . . . . . . .  . . . . . . . .  

.................................................. 

Basic section 
................................................. I 

XBL 805-7081 

Fig. 1 .  Basic model of an inject ion w e l l  penetrating a reservoir with 
equally spaced horizontal fractures . L 
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-Fracture- 
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Fig. 3. P l o t s  of thermal fronts at  various times 1 for b < 0.01; I s  dimensionless 
vert ical  distance and 6 I s  dimensionless advancenent along the 
fractures . 
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Fig. 5. Type curves for the movement of the thermal front in the  fracture 
for various values of 8 .  
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Idealized model of a fractured porous media. 
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Block 
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Fig. 7. 1-dimensional approximation of heat conduction in rock matrix 
blocks . 
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F i g .  8. Basic computational mesh for fractured porous media, shown here for 
simplicity for a two-dimensional case. 
blocks of low permeability, which are subdivided into a sequence 
of nested volume elements. 

The fractures enclose matrix 
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Fig .  9. Mesh for f ivespot  w e l l  pattern. 
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