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INTRODUCTION 

Reinjection of geothermal waste waters has 
become an important top ic  of i n t e re s t  fo r  
industry as well a s  f o r  research. The environ- 
mental concerns due t o  chemical composition of 
geothermal waste waters had urged the industry 
t o  dispose i t  underground. 

In several f i e l d  applications no interference 
due t o  thermal f ron t  breakthrough was obser- 
ved on the other hand some cases a re  reported 
where re in jec t ion  had caused severe declines 
in energy production due t o  unexpected break- 
through of injected water . ( l ,2 )  

Several analytical  and numerical studies a re  
available (3,4) where the e f f ec t  of f rac tures  
on the movement of thermal f ront  a r e  discussed 
I t  was shown tha t  when the conduction heat 
t ransfer  from matrix t o  f rac ture  dominates, 
retardation of the thermal f ron t  movement w i  
be observed ( 3 ) .  Bodvarsson and Pruess ( 5 )  
considered the  above problem i n  a five-spot 
well pattern.  They observed as the amount of 
f lu id  injected reaches the  amount produced, 
the long-term energy output of the system 
increases. Pruess ( 4 )  in his study compares 
t h e  behavior o f  porous medium and fractured 

1 

medium i n  terms of pressure decline due t o  pro- 
duction. Temperature and pressure prof i les  a re  
presented between an in j ec to r  and a producer 
where heating of the  injected water i n  porous 
medium and i n  fractured medium w i t h  small f rac-  
tu re  spacing was high compared t o  a larger 
f rac ture  spacing. Such observations from the 
numerical studies were checked against  some l i -  
mited f i e l d  examples (5,6). However understan- 
ding of the in jec t ion  e f f ec t s  i n  fractured re- 
servoirs is  limited. 

This work presents the  r e su l t s  of laboratory 
experiments where e f f ec t s  of re in jec t ion  on 
temperature and pressure behavior of a 'porous 
medium and a fractured medium were investiga- 
ted.  The porous medium was a crushed limestone 
pack, w i t h  10 mm average pa r t i c l e  s i z e ,  packed 
in a 3-D box model where in jec t ion  and produc- 
t ion  ports a re  located on the  diagonal ends 
simulating a five-spot pattern.  The fractured 
medium was made from unifromly cut marble 
blocks packed i n  such a way t o  permit 

uniform f rac ture  geometry. 

The pressure and temperature response of both 
models a re  analyzed a s  a function of 

i i )  in jec t ion  rate 

where 20°C injection water i s  injected in to  
l looc reservoir.  

i )  depth of injection and production 

EXPERIMENTAL SET UP AND PROCEDURE 

The model of the porous medium i s  the same as 
reported in the previous study by Parlaktuna 
and Okandan (8).  The fractured medium was 
made from marble blocks which were cut in 
cubes and parallelipipeds and packed i n  a way 
to  produce the desired f rac ture  network and 
t o  allow a longer path of travel f o r  the i n -  
jected water. Marble cubes were lOxlOxl0 cm 
where as paralell ipipeds were 1OxlOx20 cm i n  
dimension. The packing model i s  given in f i g -  
ure 1. Blocks a re  i n  close contact as much as 
the smooth machining of the  surfaces allow. 
The s t a in l e s s  s t ee l  box which contains the 
blocks has plane marble p la tes  a t  the bottom 
and sides where heaters were i n s t a l l e d .  T h i s  
configuration allowed even heat input in to  
the model which was n o t  much affected by the 
heater location. 

The thermocouples were in s t a l l ed  i n  the  f rac-  
ture by placing them i n  s l o t s  machined on the  
marble surfaces.  There a re  to ta l  of 44 thermo- 
couples placed a t  four d i f f e ren t  depths i n  
the model (Fig. 1). Two thermocouples were 
placed i n  matrix blocks a t  the injection side 
t o  see the cooling e f f ec t  i n  marble, and 
another two were used in the producing ports.  
The in jec t ion  water reservoir,pressurized 
w i t h  a high pressure source was used t o  i n j ec t  
a constant mass of f l u i d  per u n i t  time. The 
produced f l u i d s  were collected a f t e r  cooling 
a t  the out flow end. The in jec t ion  and produc- 
t ion  ports a r e  located across the f rac tures  
which cut the well bore ax is  perpendicularly. 
Different injection production depth combina- 
t ions  a re  possible during the experiments. 
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In both models the pore volume was filled 
completely with water. Then with the heaters 
the system temperature was raised to llO°C 
and pressure to 310 kPa in porous model and 
to 265 kPa in fractured model creating a hot 
water system. Initially in fractured medium 
the marble blocks had a higher temperature 
than fluid contained in the fractures and it 
was recorded as 115OC. 

The production from both models continued un- 
til pressure declined to about 210 kPa. Then 
injection of 20% water was started with the 
desired rate. Temperatures, pressure, injected 
and produced volumes were recorded continu- 
ously. The test data for b0t.h models are gi- 
ven on Table 1. Figure 1. Packing of marble blocks 

TABLE 1. EXPERIMENTAL DATA 

POROUS MEDIUM h: 20 cm Porosity : 40% 

Prod.depth Initial Press Press.before Total mass Injection Prod.rate 
Run No. hp/ht (kPa) inj.(kPa) Prod.before rate gr/min 

inj. (gr) gr/min 

Hi/Ht=0.15 P-1 
P-2 
P-3 
P-4 

Hi /Ht=O. 8 P-5 
P-6 
P-7 
P-8 

0.85 310 
0.85 310 
0.3 307 
0.3 310 

0.85 310 
0.85 310 
0.3 310 
0.3 310 

203 
202 
204 
198.5 

209.6 
213 
221 
224.7 

2800 
2780 
1820 
2440 

3430 
3285 
4455 
4130 

50 
100 
50 
100 

50 
100 
100 
50 

43 
57 
46 
63 

51 
65 
92 
75 

FRACTURED MEDIUM 

Hi/Ht=0.25 F-1 
F-2 
F-3 
F-4 

Hi/Ht=0.75 F-5 
F-6 
F-7 
F-8 

h: 40 cm 

0.25 
0.25 
0.75 
0.75 

0.25 
0.25 
0.75 
0.75 

267 
258.5 
265 
265 

262 
262 
265 
267 

Porosity : 4.03% 

206.8 2420 
210.3 1650 
206.8 1830 
208.6 1430 

203.4 1700 
203.4 1560 
203 1750 
208.6 1980 

100 36 
50 43 
100 36 
50 38 

100 44 
50 37 
100 42 
50 35 
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RESULTS AND DISCUSSION 

The pressure and temperature behavior of bo th  
models will be discussed in terms of depth of 
injecton and production and mass input ra te .  

Pressure Behavior During Depletion : 

Models behaved d i f f e ren t ly  during th i s  period. 
The pressure behavior in each model was not 
affected much by the positioning of produc- 
tion ports provided rates  were similar.  When 
comparison between fractured and porous medium 
i s  made (Fig. .?),  the i n i t i a l  pressure decline 
ra te  was high in porous medium then i t  de- 
creased t o  a constant value ref lect ing the f i -  
n i t e  volume of the system. For fractured medi- 
um i n i t i a l  decline rate  was less  and  i t  reach- 
ed a higher constant ra te  decline compared t o  
porous model. 
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Figure 2 .  Comparison of production pressure 
decline f o r  fractured and porous 
media. 

and production ports in bo th  models. The pres- 
sure increase was dependent on the r a t i o  of 
injected and  produced water. The pressure 
increase in both models during injection oc- 
cured fo r  bo th  mass input rates.  
For both models these rates  resulted in P / I  
r a t io s  (prod.rate / i n j . r a t e )  less  t h a n  one, 
and indicated larger  mass input than o u t p u t  
caused higher pressure maintenance (Figure 3 ) .  
Similar r e su l t s  were reported by Bodvarsson 
e t ' a l ( 5 )  from the numerical model s tudies .  - 

A/ 
P E ' 0.0 

A 5Occ/mk 
0 K)o cc/nin 

Figure 3.a. Effect of Injection Rate on 
Production Pressure 

The mass production to t a l l ed  14% of i n i t i a l  
mass during 35% decline in pressure fo r  porous 
model. For the fractured medium 24% of i n i t i a l  
mass was produced while pressure drop was 
22% of i t s  original value. (Run P I  and F4)  

Pressure Behavior During Injection: 

This phase of the operation was strongly af-  
fected by r e l a t ive  positioning of injection 

Figure 3.b. Effect of Injection Rate on 
Production Pressure 

However the degree of pressure increase was 
affected by the location of injection and 
production levels .  The highest pressure in- 
crease was observed when f lu id  was forced t o  
travel a longer p a t h  (Fig.4) which also bene- 
f i t t e d  from thermal sweep e f f ec t s .  The usual 
practice o f  injecting a t  a deeper level which 
makes use of the f lu id  head in well bores 
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Figure  4. E f f e c t  o f  I n j e c t i o n  and Produc t ion  Depth on Pressure Behavior o f  
a )  Porous model b )  Frac tured  model 

and producing a t  a sha l lower  depth  must a l s o  
be advantageous f rom t h e  p o i n t  o f  v iew o f  
p ressure  and temperature behav io r  o f  t h e  geo- 
thermal systems. 

Cons ider ing  t h i s  f a v o r a b l e  c o n d i t i o n  f o r  i n -  
j e c t i o n  and p roduc t i on  depth, 100% pressure  
maintenance a f t e r  r e i n j e c t i o n  was achieved a t  
a s h o r t e r  p e r i o d  when P / I  was 0.38 i n  f r a c t u -  
r e d  medium. However f o r  a s i m i l a r  t ime  p e r i o d  
when P / I  was 0.43, porous medium reached 85% 
o f  i t s  o r i g i n a l  p ressure .  

A general  d i f f e r e n c e  between bo th  types  of  
media was t h e  response o f  t h e  models a f t e r  r e -  
i n j e c t i o n  s t a r t e d .  F rac tu red  medium showed a 
q u i c k e r  response t o  i n j e c t i o n  by e x h i b i t i n g  
a s teeper  inc rease i n  p ressure  w h i l e  f o r  po- 
rous medium longer  p e r i o d  had t o  e lapse be fo re  
pressure  s t a r t e d  t o  i nc rease  a t  t h e  produc ing  
end. (Fig.3,4). 

Temperature D i s t r i b u t i o n s :  

The a n a l y s i s  o f  r e s u l t s  a r e  presented i n  terms 
o f  temperature change a long t h e  d iagona l  of  
t h e  models between i n j e c t i o n  and p roduc t i on  
ends. I n  bo th  models d u r i n g  p roduc t i on  no tem- 

F igure  5. Movement o f  Thermal f r o n t  i n  
f r a c t u r e d  model 

pe ra tu re  change was observed. 

I n  f r a c t u r e d  medium as i n j e c t i o n  s t a r t s ,  move- 
ment of  c o l d  water  immediately coo ls  t h e  f i r s t  
f r a c t u r e  and t h e  movement o f  t h i s  thermal 
f r o n t  can be fo l l owed  th rough t h e  f r a c t u r e  
network o f  t h e  r e s e r v o i r .  (F igu re  5) However 
t h i s  drop i n  temperature a f t e r  a c e r t a i n  d i s -  
tance of t r a v e l  i n  t h e  f r a c t u r e s  approaches 
zero  and then  t h e  i nc reas ing  temperature i n d i -  
ca tes  heat  conduct ion  i s  dominant f rom m a t r i x  
t o  f r a c t u r e  f l u i d .  Th is  phenomenon a l s o  de- 
creased t h e  thermal f r o n t  r a t e  which can be 
observed by f o l l o w i n g  AT=O along t h e  d iagona l  
a t  d i f f e r e n t  t imes (F igu re  5 ) .  S i m i l a r  behav- 
i o r  was observed i n  porous model as shown on 
f i g u r e  6. 

F igu re  7 and 8 present  the  same data  a long t h e  
diagonal  p lane  between the  i n j e c t o r  and t h e  
producer.  The contours  a r e  drawn us ing  d i s c r e -  
t e  temperature read ings  f rom thermocouples t o  
v i s u a l i z e  how t h e  f r o n t  was moving. 

The h i g h e r  r a t e  o f  i n j e c t i o n  caused a f a s t e r  
c o o l i n g  a t  t h e  v i c i n i t y  o f  t h e  i n j e c t i o n  p o i n t .  
S t i l l  t h e  e f f e c t  o f  heat  conduct ion  was o b v i -  
ous from t h e  temperature p r o f i l e s  (F ig .9 ) .  

r 1 

F igu re  6. Movement o f  Thermal f r o n t  i n  
porous model 
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Figure 7. Temperature p r o f i l e  along t h e  
diagonal plane o f  porous model 
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Figure 9. E f f e c t  o f  i n j e c t i o n  r a t e  on t h e  
improvement of thermal f r o n t  
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Figure 8. Temperature p r o f i l e  along t h e  
diagonal p lane  o f  f r a c t u r e d  model 
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Figure 10. Energy recovery  from porous and 
f r a c t u r e d  models 
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TABLE 2.  ESTIMATES OF kh. FROM P I  VALUES 

FRACTURED MEDIUM 

Run. No. P I  cc/sec/atm k ,  darcy  kh, darcy-cm Hp/Ht 

0.25 1,2,5,6 0.31 - 0.65 0.0012-0.0025 0.048 - 0.1 

0.75 3,4,7,8 0.3 - 0.4 0.0012-0.0017 0.044 - 0.068 
~ 

POROUS MEDIUM 
~~ 

0.3 3a7 98 1.16 - 0.78 0.0059-0.0039 0.118 - 0.078 

0.8 1 4 0.0202 0.404 

Es t ima t ion  o f  P e r m e a b i l i t i e s  o f  Models : 

P r o d u c t i v i t y  index values a re  determined f o r  
bo th  models us ing  pressure d e c l i n e  da ta  d u r i n g  
dep le t io r ,  (Tab le  2 ). The d i f f e r e n c e s  i n  P I  
for  each model where p roduc t i on  depths were 
d i f f e r e n t ,  i n d i c a t e  d i f f e r e n t  f l o w  p a t t e r n s  
where d i f f e r e n t  f r a c t u r e s  were c o n t r i b u t i n g  t o  
f l ow ,  which may a l s o  i n  i t s e l f  c o n t a i n  t h e  
e f f e c t  o f  p roduc t i on  through a p e r f o r a t i o n  
e s p e c i a l l y  i n  t h e  case o f  porous medium. 

Kh-values f o r  t h e  f r a c t u r e d  medium were used 
t o  es t ima te  f r a c t u r e  s i z e  ( b )  and b lock  s i z e  
(a )  us ing  t h e  f r a c t u r e  f l o w  model g i ven  on 
f i g u r e  11. 

F igu re  11. Flow model i n  f r a c t u r e  network 

For such a model (9 )  , 
2 3  k f  = 0.62 a $f 

where a, (cm), k f (da rcy ) ,  b (mic rons)  a r e  
used. 

The b lock  s i z e  c a l c u l a t e d  was 7.9 cm compared 
t o  10 cm r e a l  s i z e  and f r a c t u r e  opening was 
0.001 nun. The p o r o s i t y  o f  f r a c t u r e s  $f, when 
c a l c u l a t e d  us ing  

$f= 3b/100a 

i s  3.1% compared t o  4.03% f rom exper imental  
data.  

CONCLUSION 

Mechanism o f  i n j e c t i o n  and p roduc t i on  f rom a 
s i n g l e  phase geothermal source was s t u d i e d  on 
phys i ca l  l a b o r a t o r y  models which s imu la ted  
porous medium and f r a c t u r e d  medium. 

1- Pressure maintenance i n  bo th  models was pos- 
s i b l e  by i n j e c t i n g  c o l d  water  a f t e r  some p ro -  
d u c t i o n  was ob ta ined.  The increase i n  p ressure  
was dependent on t h e  mass i n p u t  and o u t p u t  
r a t i o s ,  and a l s o  on t h e  model type.Porous me- 
dium responded s low ly  t o  t h i s  ope ra t i on  where 
as f r a c t u r e d  model showed a sharp inc rease.  

2- A f avo rab le  i n j e c t i o n - p r o d u c t i o n  depth r e -  
l a t i o n  was ob ta ined when i n j e c t e d  water  was 
made t o  t r a v e l  l onger  d i s tance  i n  t h e  system. 
There fore  an e f f i c i e n t  a p p l i c a t i o n  i s  i n j e c t i o n  
a t  a lower  depth than  p roduc t i on .  

3- I n j e c t i o n  was a l s o  b e n e f i c i a l  i n  terms o f  
energy e x t r a c t i o n  f rom m a t r i x .  Th i s  heat  con- 
d u c t i o n  f rom m a t r i x  r e t a r d s  the  movement o f  
thermal f r o n t  and a l s o  enhances t h e  energy 
sweep i n  t h e  f r a c t u r e d  model. I n  porous medium 
s i m i l a r  behav io r  was observed b u t  heat  conduc- 
t i o n  was n o t  as a f f e c t i v e .  
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4- The b lock  s i z e  and f r a c t u r e  opening of t h e  
f r a c t u r e d  model was es t imated  us ing  P I  values. 
The f l o w  model behav io r  approached t o  two d i -  
mensional , v e r t i c a l  and h o r i z o n t a l  f l o w  around 
cub ica l  b locks .  
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