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ABSTRACT

The f i e l d tests o f i n j e c t i n g geothermal hot water i n t o
two wel ls have been conducted f o r 638 t o 656 days i n
the Otake geothermal f i e ld . The permeability- thickness
product decreased from 224 t o 0.79 darcy-m f o r Well

and from 91 t o 5 darcy-m f o r Well R-2. This i s
probably caused by the decrease i n permeabi l i ty due t o
the deposit ion o f s i l i c a i n cracks around the wells. A
mathematical model, which describes the permeabi l i ty
decrease caused by the s i l i c a deposit ion i n a porous
reservoir , has been used t o analyze the f i e l d data. The
r a t e constants o f s i l i c a deposition used i n calcu la t ion
were determined by the laboratory experiments on s i l i c a
deposit ion i n porous media. A reasonable match was
obtained between the measured and the calculated water
leve ls f o r Well The zone where the permeabi l i ty 
decreased s i g n i f i c a n t l y was calculated t o be i n the
v i c i n i t y o f the well, w i t h i n 8 m i n radius. Outside 
t h i s area, the decrease i n permeabi l i ty i s neg l ig ib le

1.

INTRODUCTION

I n some water-dominated geothermal systems, i t i s a
serious problem tha t  re in jec t ion  wel ls f o r waste water
have decreased rap id l y i n t h e i r i n j e c t i v i

Inoue and Shimada, 1985, Hauksson and
Gudmundsson, 1986, I t o i e t a l . ,1987). This i s probably
due t o s i l i c a deposit ion i n f ractures near the
i n j e c t i o n wel ls t h a t reduces the reservo i r  poros i ty  and
permeabi 1ity. s i 1
deposit ion involves a r a t e equation o f s i l i c a
deposit ion on s o l i d surfaces (Bohlmann e t
Rimst id t and Barnes, 1980, Weres e t al., 1982, B i rd e t

Lai e t incorporated a r a t e
equation i n t o the numerical model which simulates the 
s i l i c a deposit ion i n s ing le fractures under the
isothermal flow. The analysis o f  o f  wel l i n j e c t i v i t y
decrease, however, has scarcely been made i n r e l a t i o n
t o the decrease r a t e o f wel l i n j e c t i v i t y and the s i l i c a
deposition.

The permeabi1it y decrease due t o

New Energy Development Organization promoted
extensive studies on s i l i c a deposition, laboratory
experiments, and f i e l d i n j e c t i o n tests i n Otake, which
were car r ied out by Kyushu E l e c t r i c Power
e t al., 1984, Nishiyama e t al., 1985, I t o i e t

I n t h i s study, we have numerically analyzed
the resu l t s of the f i e l d tests on the decrease i n
i n j e c t i v i t y o f wells, using a mathematical model which
describes the permeabi l i ty decrease due t o s i l i c a
deposit ion i n a r a d i a l coordinate systems f o r an
isothermal flow( l t o i e t al., 1986).

OUTLINE OF THE INJECTION TESTS

I n j e c t i o n tests have been performed outside the 
developed f ie ld , about 800 m north-east o f the Otake
power stat ion, t o avoid the inf luence o f current

1). A t the t e s t s i te , two i n j e c t i o n
wel ls were d r i l l e d t o depths 365 and 387
together w i th observation m) and 450
m). A l l the wel ls were cased except the in te rva ls o f
c i r c u l a t i o n 330 m below the ground surface)

Well locat ion a t the Otake geothermal f ie ld .
In jec t ion experiments were conducted i n the
broken l i n e zone.

where the s lo t ted l i n e r s were set. Temperature of the
reservo i r ranges from 120°C t o 162°C. The Otake water
was pumped t o the in jec t ion s i te . The pumped water i s
about 85°C and i t s s i l i c a concentration 570 Then,
the water was in jected a t a constant volumetric f low
r a t e a t temperatures 50, and 80 "C; the
temperatures, 50 and were attained by passing the
water through a heat exchanger before the inject ion.
The lower temperature means higher degree o f
supersaturation of s i l i c a i n the water. The t o t a l
volumes o f the in jected water i n t o and R-2 were

fo r 638 days and f o r 656 days,
respectively. When the i n j e c t i o n terminated, the water
leve l i n the Well was a t the wel l head, whereas 
t h a t i n the Well R-2 located 55 m i n depth below the
ground surface. During the i n j e c t i o n experiments, the
f a l l o f f test, the maximum i n j e c t i v i t y t e s t and the
t racer t e s t were e t al., 1987).

A MATHEMATICAL MODEL

For the numerical analysis o f the i n j e c t i o n tests,
we use a mathematical model which explains the 
permeabi l i ty decrease due t o s i l i c a deposit ion i n a
porous reservoir f o r an isothermal e t al.,
1986). The ra te equation, however, i s s imp l i f i ed
compared wi th the former model. The r a t e constants i n
the equation are determined using the empirical
formulas derived from the analysis o f the laboratory
experiments. The model i s expressed by fol lowing
equations.

The conservation equation f o r incompressible f l u i d
i n a r a d i a l coordinate i s expressed as
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where r i s the r a d i a l distance and v i s the v e l o c i t y
given Darcy's law.

The conservation equation o f  s i l i c a  i s given by

1
- - - +

r
(2)

where A i s the surface area o f rocks i n contact w i t h
the f l u i d t o a u n i t volume o f the reservoir , C i s the
s i l i c a concentration, D i s the d i f f u s i o n coe f f i c ien t ,

i s the spec i f i c deposit o f s i l i c a defined by the
r a t i o o f the weight o f deposited s i l i c a t o a u n i t

weight o f i s the time, and are the r a t e
constant o f s i l i c a deposition, and E i s the reservo i r
porosity.

The t ime der i va t i ve and the d i f f u s i o n terms i n
Eq. (2) are neglected, because terms seem t o
have very small e f fec t on Concentration change in the
course o f s i 1 deposition, and
ca lcu la t ion inc lud ing these terms requires a large
computing t ime t o avoid the truncat ion error.  Hence,

can be s i m p l i f i e d as

v ac

By int roduc ing a dimensionless distance, 
where i s the wel l  radius, and (3) can be
r e w r i t t e n as

1 v

The r a t e equation o f s i l i c a deposition expressed as

where i s the i n i t i a l reservo i r porosity. Evaluating 
the value o f A i n s i t u w i l l be a d i f f i c u l t task,
because o f the complexity o f f low path i n a reservoir .
As the f i r s t step, therefore, the Kozeny equation i s
used t o ca lcu la te a value o f the surface area, A, as
follows:

=

where i s the surface area t o a u n i t volume o f rocks,
and i s the Kozeny i s given).

deposits i s expressed as
. The reservo i r poros i ty which decreases as s i l i c a

where i s the poros i ty o f deposited s i l i c a , and Pm
and are the densi t ies o f rocks and s i l i c a ,
respect ive ly . For the r e l a t i o n between the amount o f
deposited s i 1 and the permeabi 1 ity, the Kozeny-Stein

1964) i s used.

A set o f above equations are numerically solved for
the i n i t i a l and the boundary conditions:

i n i t i a l condition:

c=o

boundary condition:

where i s the radius o f outer boundary, Q i s the
volumetric f low rate, and i s the i n i t i a l pressure o f
the reservoir .

DEPOSITION MECHANISM AND RATE CONSTANTS

Experiments on s i l i c a deposit ion i n porous columns
packed wi th aluminum beads were repeated t o understand
the e f fec ts o f s i l i c a concentration, , and
temperature on the deposition e t al., 1984,
Nishiyama e t al., 1985). I n the experiments, the Otake
and the Hatchobaru waters were passed through the
porous column a t temperatures o f t o and a t

o f 5.5 t o 8.5. S i l i c a concentrations o f the waters
varied from 450 t o 582 f o r the Otake water and
from 615 t o 831 f o r the Hatchobaru wa te r . They
contain most monosi l ic ic acid, and a small amount o f
p o l y s i l i c i c acid. The concentration o f p o l y s i l i c i c acid
was unchanged between the i n l e t and the o u t l e t o f the

cm long). Hence, we assume tha t only
monosi l ic ic acid deposits on the surface o f the beads
i n accordance wi th the chemical reaction:

+ S i (OH) - S i(OH) 3 + OH'
( S i l i c a Scale) (Water) ( S i l i c a Scale) (water)

The r a t e equation o f s i l i c a deposition can be
expressed by a second order reaction: I t i s
proport ional t o the product o f the concentration o f
s i l ano l group( on the surface o f the
s i l i c a scale) and the concentration o f monosi l ic ic acid
which i s supersaturated w i t h respect t o amorphous
s i l i c a . As a resul t , the deposit ion ra te can be re la ted
t o a var iab le defined as

where and are the dissoc ia t ion constants o f poly-
and mono-sil icic acid, i s the hydrogen ion
concentration, i s the concentration o f monosi l ic ic
acid, and i s the equi l ibr ium concentration o f s i l i c a
calculated using the geothermometer f o r amorphous

1981). We use the formula by
f o r ca lcu la t ing a value o f For a

value o f an least squared equation using the
experimental data on the react ion between p o l y s i l i c i c
acids by Shimada e t i s used. and
are calculated by fol lowing formulas

+ (10)

where T i s the temperature o f water i n K.

Numerical analysis o f the porous column experiments
showed a reasonable agreement w i t h the measured p r o f i l e
o f the deposited s i l i c a when a very small value o f 1-2

was given a t the i n l e t o f the column as the
boundary condit ion o f s i 1 concentration. This
impl ies t h a t only a very small po r t i on o f monosi l ic ic
acid can deposit i n the column. From t h i s fact, we
calculated the amount o f s i l i c a which can deposit i n
the column. The results, then, i s re la ted t o the
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Table 3. Relation between surface area of 
reservoir and initial
porosity( for Well

RESULTS AND DISCUSSION 

Reservoir m 32.7 38.92
Initial Pa
Initial permeability- 224 91

Initial - 0.003
Density of rock( 2720
Density of silica scale 2040

Porosity of silica scale 0.93
-

for four different initial porosities of 
reservoir. Measured values are also shown. At early
times of the injection, a rapid decrease in was
found. The decrease rate, becomes large with an
increase in the initial porosity. The calculated curves 
for the initial porosities of 0.003 and 0.0035 show a
reasonable match with the measured values except the 
period from 200 to 400 days. The measured after
638 days is as low as darcy-m), whereas the 
calculated ones are 0.021 after 638 days for the
initial porosity of 0.003, and 0.0074 after 622 days
for that of 0.0035.

variable Z o f by the method of least squares, 
and expressed as 

= +

In the numerical calculation of the porous column 
experiments, silica concentrations calculated using

were used for the boundary condition at the 
inlet of the column. Then, the rate constants of silica
deposition, and were determined so as to fit the
experimental results. These constants were also 
approximated by the the method of least squares as a
function of temperature:

2.52

where
surface area of the beads( 2 mm in diameter) to a
volume of the porous l/m was used as Ab).

is the water temperature in "C, and is the
unit

CALCULATION CONDITIONS 

The experimental condition and the water chemistry 
are summarized in Table 1 together with Co calculated 
using to and the rate constants 
calculated using and (15). The values of Co
are used as the boundary condition of silica
concentration at Other parameters used in the
calculation are summarized in Table 2. The initial
values of permeability-thickness were determined by the
analysis of the falloff test. The water is assumed to
have been injected along the depth intervals of slotted 
liners. A simple analysis of the tracer test yields 
the initial porosity of the reservoir, The
calculation was stopped when the water level in the
well reaches the ground surface or when calculating 
time exceeds the test period.

0.4

0.2

0 100 200 300 500

TIME Idaysl

permeability-thickness products for Well
Fig.2 Comparison between calculated and measured

0 100 200 300 400 500 600 700
TIME Idaysl

Fig.3 Comparison between calculated and measured
depths of the water level in Well R-1.
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the initial stages of the injection, the rise in the
water level is less than 10 m in height in all measured
values, being well matched with the calculated curves,
As time passed, the water levels for larger initial
porosities begin to rise faster and reach the ground 
surface as early as after 332 days. On the other hand,
the water level at was still 130 m deep
when the injection test was terminated after 638 days.

reason is probably attributed to the difference in
the surface area of rocks, Table.3. As the value 
of A increases, the coefficient, in the rate
equation of silica'deposition becomes larger, which
resulted in the acceleration of silica deposition in
the reservoir. Of these four curves, the curve for

gives a good match with the observed values.

In the transient behavior of the depth of
calculated and measured water levels are illustrated.
It is clear that the initial porosity markedly affects 
the decrease rate of well injectivity. In the measured 
values, the pressures observed at 340 m below the 

300 m at later times) during the maximum 
injectivity test are converted into the hydraulic head.
The temperature o f water during the maximum injectivity 
test was 80 for all the experiments since its flow
rates are beyond the capacity of the heat exchanger. In

2

1

Distributions of silica scale, permeability, and
pressure with time around Well at the initial
porosity of 0.0035 are illustrated in Fig. and 6.
Silica deposits chiefly near the well; the area of 
silica deposition extends little with time(Fig.4). The
radius of the deposited area was only 7 m even when the
water level reached the wellhead after 623 days. The
permeability, near the well became as small as 
0.0036 after 623 days(Fig.5). At places more than 8 m
far from the well remains its initial value. The
pressure distribution around Well shows that the 
pressure drops steeply within 2 m in radius at later
stages of injection(Fig.6). This is because that the 
permeability decreased by one or two order in this
area. At far places, the effect of permeability 
decrease on a pressure increase is negligible small due
to the large initial permeability. 

I

X

5
RADIUS

Fig.4 Calculated profile of the amount of deposited 
silica at different times for Well

1

300
400
500

623
200

2
I

0.5
0

1

0 5 10
RADIUS

0 5 10
RADIUS

Fig.7 Effect of initial porosity on the profile of 
specific deposit of silica around Well

Fig.5 Calculated profile of permeability at different
times for Well

3
I

2

1
0 5 10

RADIUS
0 5 10

RADIUS

Fig.8 Effect o f initial porosity on the profile o f
permeabi 1 i ty around 1 .

Fig.6 Calculated profile of pressure at different
times for Well
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Fig.9 Comparison between calculated and measured
permeability- thickness products f o r Well R-2.

R-2

MEASURED

0 200 300 400 500 600 700

TIME
Comparison between calculated and measured 
depths o f the water leve l i n Well R-2.

The e f f e c t o f the i n i t i a l poros i ty on the behavior
o f s i l i c a deposit ion was examined and shown i n Fig.7.
The calculated values o f spec i f i c deposit, around
Well when the water leve l i s a t the wel l head are
plotted. The curve f o r has the maximum value
o f As the i n i t i a l poros i ty i s lowered,
the area where s i l i c a deposits extends, f o r example 7 m
i n radius f o r The maximum amount o f
deposited s i 1 however, reduces w i t h the decrease i n
the i n i t i a l porosity. Since the poros i ty decrease
causes an increase i n the pore ve loc i t y of the water,
the s i l i c a i n water can t rave l a longer distance
resul ted i n i t s wider deposition, 

The area where permeabi l i ty decreases becomes wider
when the i n i t i a l poros i ty i s smaller, for example 8 m
i n radius f o r The damaged area i n terms o f
the permeability, therefore, i s l i m i t e d w i th in 10 m i n
radius i n the range o f the given i n i t i a l poros i ty i n
the calculat ion.

2. Well R-2

I n the decrease i n permeability- thickness
product, w i th time i s shown f o r the i n i t i a l
po ros i t i es o f 0.002, and 0.005. Measured values
show a rapid decrease i n a t ear l y times o f the
i n j e c t i o n as seen i n Fig. 2 f o r Well The observed
values make a good match w i t h the curve a t f o r
323 days, but does a poor match a t l a t e r times. The
measured h a f t e r 656 days i s darcy-m),
whereas the one decl ines t o 0.02 a f te r only
520 days.

Measured and calculated depths o f the water leve l
are p l o t t e d i n Fig. The measured values were
obtained i n the same manner as w i t h Well using the 
observed pressures a t a depth 375 m below the ground
surface during the maximum i n j e c t i v i t y test. The r i s i n g
behavior o f the water leve l i s qu i te d i f f e r e n t between
the measured and the calculated results.  The former go
up i n a l i n e a r manner w i th time without any rap id r i s e
as shown by the calculated curves. The i n j e c t i v i t y
decrease o f Well R-2 may be af fected by other factors
no t included i n the model.
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CONCLUSIONS

The f i e l d in jec t ion tests using Well and R-2
performed a t the Otake geothermal f i e l d were
numerically analyzed. The observed data for Well
show a good agreement w i th a mathematical model as
follows:

1. The model explains wel l the t rans ient behavior o f
the water leve l i n Well when the i n i t i a l
poros i ty o f 0.0035 i s given.

2. The area where s i l i c a mainly deposited has been 
calculated t o be wi th in 7 m i n radius.

3. The decrease i n i n j e c t i v i t y o f Well i s
ascribed t o the permeabi l i ty decrease occurred
w i th in 8 i n radius.

4. The larger i n i t i a l poros i ty of a reservoir
resu l ted i n a faster decrease i n permeability-
thickness product, but a small damaged area i n
permeabi 1ity.

5. The i n j e c t i v i t y decrease o f Well R-2 may be
affected by other factors not included i n the
model.
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