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ABSTRACT 

We present a mathematical model t o  est imate 
the  i n j e c t i v i t y  decrease caused by s i l i c a  deposi- 
t i o n  around a r e i n j e c t i o n  w e l l  f o r  isothermal 
i n j e c t i o n .  I t  cons is ts  o f  two c o n t i n u i t y  equations 
o f  f l u i d  mass and s i l i c a ,  and the  r a t e  equat ion of 
s i l i c a  deposi t ion.  The r a t e  equation deals w i t h  
the  rap id  decrease i n  pe rmeab i l i t y  a t  e a r l y  
stages, and the  fo l l ow ing  slow decrease which were 
observed both i n  l abo ra to ry  experiment and the  
ac tua l  re in jec t i on .  I n  t h i s  ca l cu la t i on ,  the  Otake 
water( 90°C and 500 ppm o f  Si02) i s  assumed t o  
have been i n j e c t e d  i n t o  the  porous r e s e r v o i r  w i t h  
a homogeneous thickness. The r e s u l t s  i n d i c a t e  t h a t  
the  area where pe rmeab i l i t y  decreased remarkably 
i s  r e s t r i c t e d  i n  the  c lose  v i c i n i t y  o f  t he  re in -  
j e c t i o n  wel l .  

INTRODUCTION 

I n  most water-dominated geothermal systems, 
r e i n j e c t i o n  o f  the  waste ho t  water i s  w ide ly  em- 
ployed instead o f  surface discharge. The main 
reasons f o r  r e i n j e c t i n g  waste water are; (1 ) to  
avo id  the  environmental contamination due t o  var- 
ious  chemicals i n  the  water, ( 2 ) t o  ease the  draw- 
down o f  rese rvo i r  pressure and the  dep le t i on  of 
rese rvo i r  f l u i d .  

The waste water separated from the  produced 
geothermal f l u i d  i s  usua l l y  super sa tura ted  w i t h  
s i l i c a ,  which causes s i l i c a  sca le  format ion i n  the  
surface f a c i l i t i e s ,  r e i n j e c t i o n  we l l s  and a l so  i n  
the  reservo i r .  I n  Otake and Hatchobaru,Japan, 
where f u l l  sca le  r e i n j e c t i o n  o f  t he  waste water i s  
employed, r e i n j e c t i o n  w e l l s  lose  t h e i r  i n j e c t i v i t y  
roughly by 30 Z a year. The decrease i n  i n j e c t i v i -  
t y  i s  probably caused by the  s i l i c a  sca le  formed 
i n  f rac tu res .  Therefore ,it i s  necesary t o  e s t i -  
mate proper ly  the  decrease r a t e  o f  i n j e c t i v i t y  f o r  
the  r e i n j e c t i o n  scheme. 

We conducted experimental s tud ies  o f  s i  1 i c a  
depos i t ion  i n  a porous medium us in  the  Otake 
geothermal water f o r  isothermal f low1 7, and devel- 
oped a mathematical model t o  descr ibe the  s i l i c a  
depos i t ion  i n  a l i n e a r  system2). I n  t h i s  paper, we 
have extended our model f u r t h e r  i n t o  the  r a d i a l  
coordinate which can p r e d i c t  d i s t r i b u t i o n s  of 

s i l i c a  depos i t  and pe rmeab i l i t y  around the  we l l ,  
and the  decrese i n  i n j e c t i v i t y  o f  t he  we l l .  

MODEL 

I n  developing a mathematical model of  s i l i -  
ca depos i t ion  around a we l l ,  i t  i s  assumed t h a t  
(1)The f l u i d  i s  non-compressible, (2)The f l u i d  
f l ow  i s  isothermal,(3)The g r a v i t y  acce re la t i on  i s  
neglected, (4)The r e s e r v o i r  i s  porous and r a d i a l l y  
symetr ic type w i t h  a homogeneous thickness, (5)The 
e f f e c t  o f  t race  metals on the  depos i t i on  i s  neg- 
lected, and (5)The waste water i s  r e i n j e c t e d  a t  
a constant f l ow  r a t e  from a we l l .  

Con t inu i t y  equat ion o f  f l u i d  mass i n  r a d i a l  
coordinate i s  expressed as: 

where v e l o c i t y  v i s  given by Darcy's law 

where p i s  the  pressure,k i s  the  permeabi l i ty ,P i s  
t he  f l u i d  v i scos i t y .  

Conservation equat ion f o r  s i l i c a  i s  expressed 
as 

where C i s  t he  concent ra t ion  o f  s i l i c a  ,D i s  the  
d i f f u s i o n  c o e f f i c i e n t , €  i s  the  po ros i t y (  EO i s  
i n i t i a l  value), pm i s  the  rock densi ty,  Qs i s  t he  
s p e c i f i c  depos i t  o f  s i l i c a  de f ined by the  r a t i o  of  
t he  weight o f  s i l i c a  sca le  t o  a u n i t  weight of  
r e s e r v o i r  rock. When t h e  s i l i c a  scarce ly  depos i ts  
a t  the  begining o f  r e i n j e c t i o n ,  t he  d i f f u s i o n  term 
i n  Equation 3 seems t o  be e f f e c t i v e .  The t ime 
d e r i v a t i v e  i n  Equation 3 i s  no t  sens i t i ve .  There- 
fore,  the  d i f f u s i o n  and the  t ime d e r i v a t i v e  terms 
can be neglected i n  the  ca l cu la t i on .  

The r a t e  equat ion o f  s i l i c a  depos i t i on  used. 
i n  the  former work21 explained w e l l  t he  exper i -  
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mental r e s u l t s  when the  aluminum beads were f i l l e d  
i n  the  column, Other experiments us ing rock p a r t i -  
c les,  however, showed r a p i d  decrease i n  permea- 
b i l i t y  o f  t h e  column a t  e a r l y  stages o f  t he  expe- 
riments, f o l lwed  by slow decrease. This  fac t  can 
n o t  be explained by the  former model2). A s i m i l a r  
phenomenon o f  i n j e c t i v i t y  decrease i n  r e i n j e c t i o n  
we1 1s a t  Hatchobaru was reported3). Th is  characte- 
r i s t i c  caused by s i l i c a  deposi t ion should be con- 
s idered i n  the r a t e  equat ion which can be 
expressed as 

Bf-B2Qs = 1 i f  Bf- B2Qs 6 1 

where A i s  t he  surface area o f  t he  rock i n  contact  
w i t h  the  f l u i d  t o  a u n i t  volume o f  t he  r e s e r v o i r  
rock, f31, 62, 63, gf  are the r a t e  constants. The 
term Bf-BZQs i s f o r  t he  l a rge  r a t e  o f  s i l i c a  depo- 
s i t i o n  a t  t he  begining o f  the i n j e c t i o n .  The va l -  
ues o f  &-B2Qs w i l l  g radua l l y  decrease t o  a u n i t  
value as the  s i l i c a  deposit. Another term 1+ B3Qs 
expla ins t h e  acce le ra t i on  of t he  depos i t i on  r a t e  
as the  s i l i c a  deposits. 

The p o r o s i t y  which decreases i n  t h e  r e s e r v o i r  
as t h e  s i l i c a  deposi ts  i s  g iven by 

(5) 

where p s i s  the  dens i t y  o f  s i l i c a  scale, fa  i s  the  
secondary p o r o s i t y  o f  s i l i c a  scale which repre- 
sents the pore volume formed i n  the  scale. 

Kozeny-Stein equat ion i s  used t o  c o r r e l a t e  
the  pe rmeab i l i t y  and t h e  amount o f  s i l i c a  scale2). 

Equations (1),(3) and (4)  are numer ica l ly  
solved w i t h  equations (2). (5). and Kozeny-Stein 
equat ion under the i n i t i a l  and the boundary condi- 
t ions:  

Table 1,Parameters used fo r  the ca l cu la t i on .  

Well rad ius rw=O.l m 
E f fec t i ve  rad ius re=100 m 
I n j e c t i o n  f l ow  r a t e  Q=60 m3/hr 
Temperature o f  i n j e c t e d  f l u i d  T=90°C 
S i l i c a  concentrat ion Co=l ppm 

Reservoir  depth 
Reservoir  t h i  kness 
I n i t i a l  pe rmeab i l i t y  
I n i t i a l  p o r o s i t y  
I n i t i a l  pressure 
Densi ty o f  rock 
Densi ty o f  s i l i c a  scale 
Rate constants 

H=500 m 
h=10 m 

ko-2 darcy 
EO=O. 005 
po=2 MPa 
pm=2 '120 kg /m3 
ps=2040 kg/m3 
f31=1.26~10-3 m/hr 
B2=5x103 
B3=l. 5x1 03 
Bf-1 XlO1 

i n i t i a l  condi t ions:  

t=O P'PO 
c=o 

boundary condi t ions:  

t>O r = r W  Q=con s t an t 
c=co 

r = r e  P'PO 

where rw i s  t h e  w e l l  rad ius,  re i s  t h e  e f f e c t i v e  
radius, Q i s  t he  vo lumetr ic  f l ow  rate,  Co i s  the 
s i l i c a  concentrat ion i n  i n j e c t e d  water, and p o  i s  
the i n i t i a l  pressure o f  t he  reservo i r .  

CALCULATIONS 

As an example, we c a l c u l a t e  the  case o f  i n -  
j e c t i n g  the  Otake water a t  90 C and a t  pH=8. The 
d isso lved s i l i c a  i n  t h e  water i s  monomer type w i t h  
a concentrat ion o f  about 500 ppm which i s  super 
saturated by 180 ppm as amorphous s i l i c a ,  when 
c a l c u l a t i n g  using a geothermometer . The amount 
o f  s i l i c a  which can depos i t  i n  t h e  rese rvo i r  was 
very small as compared w i t h  t h e  degree of super 
sa tu ra t i on  . Accordingly, t he  s i l i c a  concentra- 
t i o n  Co i n  the c a l c u l a t i o n  i s  g iven as low as 1 
PPm. 

We use the r a t e  constants 61, 62, 83, Bf 
determined by the  experiments i n  which the  Otake 
water suppl ied t o  the  porous column cons is t i ng  o f  
t he  rock p a r t i c l e s .  Parameters used f o r  t he  calcu- 
l a t i o n  are summarized i n  Table 1. 

RESULTS AND DISCUSSION 

Figure 1 shows t h e  pressure d i s t r i b u t i o n s  
around a we l l  from t =  100 t o  380 days. The r a d i a l  
d is tance i s  represented i n  a dimensionless form 
r / r w  on l o g  axis. Pressure increases appreciably 
w i t h  t ime i n  the  c lose  v i c i n i t y  o f  t he  wel l :  
w i t h i n  a rad ius o f  50rw( 5 m). On the o the r  hand, 

A 5 E k o = 2  darcy 

h=10 m 

100 10' 1 o2 1 0' 
RAD I A L D I STANCE, r / r, (-) 

F igure 1.Pressure d i s t r i b u t i o n s  around a we l l  
w i t h  time. 
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pressure grad ien ts  a re  almost unchanged a t  t he  
d i s t a n t  places. Water l e v e l  i n  the  well reaches the  
wellhead a f t e r  380 days s ince  the  i n j e c t i o n  s ta r -  
ted. 

I n  F igure  2, t h e  r e l a t i o n  between the  speci- 
f i c  depos i t  o f  s i l i c a  and t h e  d is tance from the  
we l l  i s  shown. The amount o f  s i l i c a  i s  almost 
constant w i t h i n  a rad ius  o f  10rw( l  m) from the  
wel l ,  and decreases r a p i d l y  w i t h  distasnce on the  
semi-log p lo t .  As t ime passed, the  depos i t ion  
r a t e  decreses because the  e f f e c t  of Bf-BzQs i s  
s t i l l  l a r g e r  i n  the  r a t e  equat ion than t h a t  of 1+ 
$ 3 0 ~ .  

As i s  expected from t h e  d i s t r i b u t i o n s  o f  s i l i -  
ca depos i t ion  i n  F igure  2, the  dimensionless per- 
meabi 1 i ty, k/ko, a t  p laces near the  we1 1 decreases 
q u i c k l y  i n  e a r l y  stages o f  . the i n jec t i on ,  fo l lowed 
by smal ler  decrease ra tes(F igure  3). A pronounced 
decrease i n  k/ko i s  observed i n  an area w i t h i n  a 
rad ius  o f  lorw, the  
i n i t i a l  value a t  t=380 days. The places beyond a 
rad ius  150rw r e t a i n  the  i n i t i a l  value o f  k/ko 
dur ing  the  i n j e c t i o n :  t he  area where pe rmeab i l i t y  
decreased s i g n i f i c a n t l y  due t o  the  s i l i c a  deposi- 
t i o n  i s  r e s t r i c t e d  o n l y  i n  the  c lose  v i c i n i t y  o f  
t he  r e i n j e c t i o n  wel l .  

where k/ko reduces t o  5 % o f  

Figure 4 a l so  i l l u s t r a t e s  t h e  d i s t r i b u t i o n s  
o f  k/ko s i m i l a r  t o  F igure  3 except the  i n i t i a l  
p o r o s i t y  €0=0.05. A d r a s t i c  reduc t ion  o f  k/ko can 
be seen i n  a very sho r t  per iod.  The water l e v e l  i n  
a w e l l  reaches the  wellhead a t  t=26 days which i s  
very sho r t  compared w i t h  t=380 days i n  Figure 3. 
The lowest k/ko jt t=26 days shows on ly  2 % o f  the  
i n i t i a l  value, b u t  t h e  places where k/ko reduced 
considerably a re  w i t h i n  a rad ius  o f  lOrw(1 m). 
This Is because t h a t  f l u i d  v e l o s i t y  i n  the  pore 
space decreases w i t h  an increase o f  t he  poros i ty .  

4 I 

z k p 2  darcy I 
1.5 

n 
I 

W 

5 
0 1.0 a 
n 
W 

0 
5 0.5 
0 

200 days 

100 days 

- 
w 
Co 
a 

0 - 
1 oo 10’ 1 o2 1 o3 

Consequently, the  s i l i c a  i s  t ranspor ted  a l e s s  
d is tance r e s u l t i n g  i n  a smal le r  range o f  s i l i c a  
deposi t ion.  

F igure  5 shows the  decrease i n  the  average 
permeabi l i ty- th ickness product kh o f  t he  w e l l  f o r  
f o u r  combinations o f  ko and h, w h i l e  t h e  i n i t i a l  
values koh are  given constant, 20 darcy-m. The 
decrease r a t e  o f  kh w i t h  t ime reduces w i t h  an 
increase o f  t he  permeabi l i ty .  The c a l c u l a t i o n s  
were stopped when the  water l e v e l  reached the  w e l l  
head f o r  each case. The per iod  va r ies  from 0.5 
year t o  1.5 year f o r  ko=l t o  10 darcy. A l a r g e r  k 
value under a constant p o r o s i t y  imp l i es  t h a t  t h e  

0.8 - 
Y 

RADIAL DISTANCE,r/r,(-) 

Figure 3,Decrease i n  pe rmeab i l i t y  caused by 
s i l i c a  depos i t ion  w i t h  t ime f o r  Eo= 
0.005 . 

b=2 darcy - 
h=10 m - 

- 
- 
- 

-1 00 10’ lo2 1 o3 
RAD I A L D I ST A N C E, r / r .  (-1 RADIAL DISTANCE,r/r,(-) 

Figure 2. D i s t r i b u t i o n s  o f  spec i f i c  depos i t  o f  
s i l i c a  around a w e l l  w i t h  time. 

F igure  4. Decrease i n  pe rmeab i l i t y  caused by 
s i l i c a  depos i t ion  w i t h  t ime for&o= 
0.05. 
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surface area o f  rese rvo i r  rock i n  contact  w i t h  the  
water i s  smal ler  and t h a t  t he  f l ow  path i s  more 
smooth. This r e s u l t s  i n  the  l a r g e r  area o f  deposi- 
t i o n  and the smal ler  decrease r a t e  o f  permeabi l i -  
ty.  The w e l l  capaci ty  has been commonly evaluated 
by permeabi l i ty- th ickness product from t h e  analy- 
s i s  o f  w e l l  t e s t  data such as f a l l - o f f  o r  bu i l d -  
up. However, the r e s u l t s  i n  F igure 6 i n d i c a t e  the 
necess i ty  t o  separate k and h f o r  est imat ion o f  
the i n j e c t i v i t y  decrease due t o  s i l i c a  deposi t ion.  

CONCLUSIONS 

1. 

2. 

3. 

4. 

A mathematical model i s  developed t o  est imate 
the  reduct ion o f  i n j e c t i v i t y  o f  a r e i n j e c t i o n  
w e l l  caused by the deposi t ion o f  s i l i c a  around 
the  wel l  f o r  isothermal f low. 

The r a t e  equat ion o f  s i l i c a  deposi t ion invo lves 
the  e f f e c t  t o  express the  r a p i d  decrease i n  
pe rmeab i l i t y  dur ing e a r l y  stages o f  t he  i n j e c -  
t i o n  followed by the small decrease rate.  

The area where permeabi l i ty  reduced markedly 
due t o  s i l i c a  deposi t ion i s  r e s t r i c t e d  i n  a 
small range from the wel l .  

Permeabi l i ty  and rese rvo i r  th ickness should be 
separate ly  evaluated t o  est imate t h e  i n j e c t i v i -  
t y  decrease w i t h  t ime and t o  p r e d i c t  t he  ex ten t  
of the damaged area i n  permeabi l i ty .  
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