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BSTRACT 

The f lu id  produced by the geothermal wells i n  
the Nigorikawa f i e l d  which is  located in  
southern Hokkaido, Japan's northern island, i s  
r ich  i n  carbon dioxide(C02). The dissolved C02 
causes a sca le  deposition problem of calcium 
carbonate(CaCOs). 

Japan Metals & Chemicals Co., Ltd.(JMC) has 
already solved the CaC0, sca le  deposition 
problem by injecting a scale inhibit ing chem- 
ical  f l u id  d i r ec t ly  and continuously through 
a injection tube extending in to  the produc- 
t ion  we1 1. 

The CaCO, scale deposition occurs a t  the f l a sh  
point. I t  i s  important, therefore,  t o  estimate 
the f lash  depth cor rec t ly  so tha t  the depth of 
the chemical in jec t ion  point can be deter-  
mined . 

However, the boiling point curve of the geo- 
thermal f lu id  w i t h  dissolved CO, is d i f f e ren t  
from t h a t  of pure water(H20). So, a wellbore 
flow model i n  the presence of CO, gas has been 
devel oped. 

This model was tested by comparing the  temper- 
a ture  and pressure values calculated by the 
computer t o  d e p t h  p rof i les  drawn the Nigori- 
kawa f i e l d  data. As a r e s u l t  of the cmpar i -  
son, a sa t i s fac tory  f i t t i n g  has been obtained. 

A brief explanation of this model and a few 
examples of analysis by this model a re  
presented. 

INTRODUCTION 

Japan Metals & Chemicals Co., L td .  (JMC) has 
been producing steam and supplying i t  t o  three 
geothermal power s ta t ions  i n  Japan. The loca- 
t i o n s  of these power s t a t ions  a re  shown in 
Fig. 1.  

The Nigorikawa (Mori) geothermal f i e l d  located 
i n  southern Hokkaido i s  a hot water dominated 
area. The Mori geothermal power s t a t ion  began 
t o  generate e l e c t r i c i t y  (50MWe) i n  1982. The 
f lu id  produced i n  the Nigorikawa f i e l d  is r ich  
i n  carbon dioxide(C0,). The average concentra- 
t ion  i n  1982 was about 8 weight %. The present 
average concentration i s  about 1 weight %. 

O u t p u t  of the 50MWe power s t a t ion  decreased 
soon a f t e r  the plant began operating i n  Novem- 
ber, 1982. T h i s  is  due to  the plugging e f f ec t  
by the deposition of CaC03 sca le  formed i n  the 
production we1 1 s. 

The problem of CaC03 sca le  deposition has been 
solved by in jec t ing  a sca le  inh ib i t ing  chemical 
f l u id  d i r ec t ly  and continuously through a chem- 
i ca l  in jec t ion  tube  extending in to  the produc- 
t ion  well. CaCO, scale deposition occurs a t  the 
f l a sh  point i n  each production well. Therefore, 
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Fig.1 Locations of geothermal power s ta t ions  
where JMC supplies steam 

t o  adopt this prevention system, i t  
sary t o  estimate the f l a sh  depth of 
duction well so tha t  a depth of the 
injection point can be determined. 

is neces- 
each pro- 
chemical 

The wellbore flow model i n  the presence of 
CO, gas developed by JMC is useful f o r  the 
following items. 

Calculation of the f lash  depth 
Estimation of the various reservoir condi- 
t ions  ( k h ,  reservoir temperature and/or 
pressure) 
Prediction of the steam productivity from 
a production well making use of the predic- 
t ions  of the reservoir behavior made w i t h  
a reservoir simulator. 

GOVERN I NG EQUATIONS 

A wellbore flow model i n  the presence of CO, 
gas has been developed under the following 
assumptions. 

1.  The geothermal f lu id  has steady-state 
flow. 

2. The f l a sh  point is  i n  the wellbore. 

3.  The C02 concentration i n  the incoming com- 
pressed water t o  the production well is  
constant even i f  the flow r a t e  var ies .  

4. The heat exchanged between the geothermal 
f lu id  and surrouding rocks can be ignored. 

5. Henry's law is valid.  

T h i s  model is  constructed from three calcula- 
t i on  parts a s  shown F i g .  2. 

( a )  Calculation of bottom hole conditions 

The s ingle  phase water flow i n  the formation 
i n  the v i c in i ty  of the production well can be 
expressed as Darcy's law. 

G=2~rkhy/p/ln(re/m) (Pe-Pw) (1 1 

In this equation, v i scos i ty  and spec i f ic  weight 
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values a r e  assumed equal t o  those o f  pure wa- 
t e r .  Mole numbers o f  CO, i n  t h e  incoming com- 

pressed water  t o  t h e  p roduc t i on  w e l l ,  f u r t h e r -  
more, a r e  c a l c u l a t e d  from 

Mcoz=1000G*Cco2/44 (2) 

(b)  C a l c u l a t i o n  o f  f l a s h  p o i n t  

The f l a s h  p o i n t  can be c a l c u l a t e d  from t o t a l  
pressure as t h e  sum o f  p a r t i a l  pressure o f  COz 
and vapor pressure o f  pure water a t  r e s e r v o i r  
temperature. The p a r t i a l  pressure o f  COz can 

be evaluated by Henry's law. Henry 's  constant  
i s  used i n  a f u n c t i o n  o f  temperature proposed 

by S . D .Ma 1 i n i n ( 1 963 ) . 

Kco 2=39.66+67 .7403 T -0.1 7 884 *T  (3)  

The f l a s h  depth corresponding t o  t h i s  t o t a l  

pressure can be c a l c u l a t e d  f rom t h e  upward 
f l o w  equat ions o f  t h e  s i n g l e  phase water. 
Thus 

( c )  C a l c u l a t i o n  o f  two phase f l o w  through the  
we1 1 bore 

The two phase upward f l o w  through t h e  we1 1 bore 
i s  accompanied by a decrease i n  pressure and 
temperature. Fo r  t h e  numerical approach t o  

c a l c u l a t e  t h e  c o n d i t i o n s  i n  two phase f low,  
the re fo re ,  t h e  secant method i s  used. That i s ,  

t o t a l  pressure corresponding t o  an a r b i t r a r y  
drop o f  f l u i d  temperature i s  c a l c u l a t e d  f i r s t .  
Secondly, t he  depth corresponding t o  t h i s  I 

t o t a l  pressure i s  ca l cu la ted .  

(c-1) C a l c u l a t i o n  o f  t o t a l  pressure 

c a l c u l a t e d  from 

x= (h-h ' )/r ( 6 )  

Mole numbers o f  water and steam can be ca lcu-  
l a t e d  f rom 

HzOL=( 1000G-44Mcoz ) ( 1-x ) / I  8 (7 )  

HzOV=(  1000G-44McoZ) .x/18 (8 )  

The mole r a t i o  between gaseous and d i sso l ved  
COz i s  expressed by W.F.Giggenbach(l980). Thus 

(4.7593-0.01092.T) Bcoz=l 0 ( 9 )  

Mole numbers o f  d i sso l ved  C O Z Y  fur thermore,  can 
be a l s o  c a l c u l a t e d  f rom the  d e f i n i t i o n  equa t ion  

o f  t he  v a p o r - l i q u i d  gas d i s t r i b u t i o n  c o e f f i -  
cient(Bc0,) as f o l l o w s .  

To ta l  pressure can be obta ined as t h e  sum o f  

p a r t i a l  pressure o f  CO, c a l c u l a t e d  f rom (3 )  
equat ion and vapor pressure o f  pure water co r -  
responding t o  an a r b i t r a r y  temperature. 

(c-2)  C a l c u l a t i o n  o f  a corresponding depth 
t o  the  t o t a l  pressure 

The pressure drop per  u n i t  pass l e n g t h  can be 
expressed as t h e  sum o f  head, a c c e l e r a t i o n  and 

f r i c t i o n  losses. A depth corresponding t o  the  

t o t a l  pressure, t he re fo re ,  i s  c a l c u l a t e d  from 
these 1 osses . 

*Head loss 

The head loss7can be 'evaluated frm t h e  d e f i n i -  
t i o n  equa t ion  o f  t h e  v o i d  f r a c t i o n .  Thus 

Ph=[ f g / w +  (1 - f g  ) *uL]*d l  *COS ( e  ) (11 1 
The steam q u a l i t y  i n  the  HzO component can be 
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where the  s p e c i f i c  weight  o f  t h e  gaseous phase 
i s  c a l c u l a t e d  from the  s t a t e  equat ion o f  an 
i d e a l  gas as 

The v o i d  f r a c t i o n ,  fur thermore,  i s  evaluated 

by an experimental equa t ion  obta ined from a 

matching w i t h  t h e  f i e l d  da ta  from t h e  Takinoue. 

-Acce le ra t i on  l o s s  

The a c c e l e r a t i o n  l o s s  can be evaluated from t h e  
d e f i n i t i o n  equat ion o f  momentum as 

where 

- F r i c t i o n  l o s s  

The f r i c t i o n  l o s s  i s  evaluated from t h e  f o l l o w -  

i n g  equat ions depending upon t h e  f l o w  regimes. 

[Bubble f l o w ]  

An equat ion proposed by Inoue and Aoki (1965) 

i s  adopted. Thus 

P f= (  B/BL)*[ ( l - f g ) + f g * u L / ~ ~ ] ~ ’ ~ / [  l - f g / K * ( l  

-UL/W)]~’~*APLO (16) 

[S lug f l o w ]  

An adopted equat ion i s  proposed by D.Chisholm 

e t  a l .  (1969-70). 

[ M i s t  f l o w ]  

The pressure l o s s  under t h e  c o n d i t i o n  o f  m i s t  

f l o w  i s x a l c u l a t e d  from the  foamlowing equat ion 

proposed by Akagawa(1974) as t h e  sums o f  head, 
a c c e l e r a t i o n  and f r i c t i o n  losses.  Thus 

[ D i s c r i m i n a t i o n  o f  f l o w  regime] 

Two d i s c r i m i n a t i n g  c r i t e r i a  proposed by P. 
G r i f f i t h  e t  a1.(1961) and L.P.Golan e t  a l .  
(1969-70) a re  adopted t o  determine t h e  f l o w  

p a t t e r n .  

COMPARISON WITH FIELD DATA 

The model descr ibed above was t e s t e d  by com- 

p a r i n g  the  values c a l c u l a t e d  by the  computer 
w i t h  temperature and pressure p r o f i l e s  drawn 
f rom t h e  Nigorikawa f i e l d  data measured d u r i n g  

product ion.  

JMC measures temperature and pressure p r o f i l e s  

d u r i n g  p roduc t i on  w i t h  the  Kuster gauge. The 
Kuster gauge’s e r r o r  g r a d u a l l y  changes owing 

t o  t h e  change o f  t h e  c o e f f i c i e n t  o f  e l a s t i c i t y  

o f  i t s  mechanical sensor (b imeta l  o r  bourdon 
tube ) .  So, t o  m a i n t a i n  t h e  accuracy, JMC c a l i -  
b ra tes  the  Kuster  gauge w i t h  a c a l i b r a t i o n  

machi ne developed i n  house. 

F i g .  3 shows t h e  comparison between temperature 
and pressure p r o f i l e s  c a l c u l a t e d  by t h e  com- 

p u t e r  and f i e l d  p r o f i l e s .  As i s  ev iden t  f rom 
F ig .  3, t h e  c a l c u l a t e d  values g i ves  good agree- 
ment w i t h  t h e  Nigorikawa f i e l d  data.  It seems, 

hence, t h a t  t h i s  model i s  accurate enough f o r  

p r a c t i c a l  use. 

-154- 



EXAMPLES OF USE 

( a )  Estimation of the reservo 

The CaCO, sca le  deposition i n  

r conditions 

the production 
wells in the Nigorikawa f i e l d  has been pre- 
vented by a sca le  inhibit ing chemical f l u id  
injected d i r ec t ly  and continuously through a 
chemical in jec t ion  tube extending in to  the 
well t o  the geothermal f lu id .  A production 
logging i n  order t o  measure the  h is tor ica l  
changes of reservoir temperature and pressure 
of the production well cannot be carried out 
while the chemical in jec t ion  tube i s  i n  place. 

F i g .  3 Comparison between temperature and 
pressure prof i les  calculated by the computer 
and f i e l d  prof i les  d u r i n g  production 

So, we estimate the reservoir conditions 
through matching w i t h  a flow charac te r i s t ic  
(flow r a t e  versus we1 1 head pressure) obtained 
by the surface equipment only a s  shown F i g .  4. 

I 1 I I 

total (measured) 
+ water (calculated 1 * water (measured) 
0 steam (calculated) 
o steam (measured) 

lWW 0 5 10 15 20 

Wellheed pressure (ke/cd.G) 

Fig.4 Matching r e s u l t  between measured and 
calculated charac te r i s t ic  production curves 

( b )  Determination of the depth of the chemical 
injection point 

In order t o  prevent CaC0, sca le  deposition, the 
location of the chemical in jec t ion  point i n  the  
production well must be lower t h a n  the f lash  
depth. Hence, we evaluate the f lash  depth as 
shown i n  F i g .  5 and determine the chemical 
injection point. 

Wellhead pressure, (ke/cd.G) 

Fig.5 Correlation between f l a sh  depth and 
we1 1 head pressure 
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( c )  Prediction 

Presently, we are evaluating the Nigorikawa 
f i e l d  through the h is tor ica l  matching by the 
reservoir simulator. In predicting the reser- 
voir behavior, i t  will be important t ha t  the 
steam productivity from each production well a t  
an a rb i t r a ry  time is  predicted accurately. So, 
t h i s  model will play an important par t  i n  ob- 
taining an accurate prediction. 

CONCLUSIONS 

1. A wellbore flow model i n  the  presence of 
CO, gas has been devel oped. 

2. Comparison of the r e su l t s  of the computer 
program and the experimental temperature 
and pressure prof i les  shows tha t  these a re  
i n  sa t i s fac tory  agreement. 

estimate the  reservoir conditions i n  the 
v i c in i ty  of a production well through the 
matching between a measured cha rac t e r i s t i c  
production curve and a calculated one. 

4. The model can be a l so  used i n  evaluating 
the depth of CaCO, sca le  deposition. The 
CaCO, sca le  problem in the production wells 
can be, hence, prevented by a chemical i n -  
j ec t ion  t u b e  inserted deeper than the cal-  
culated f lash  depth i n  the well , wherein 
sca le  i n h i b i t i n g  chemical f l u id  i s  injected 
through the  tube d i r ec t ly  and continuously 
t o  the  geothermal f l u i d .  

5. A good example of use will  be in predicting 
the steam production r a t e  from each well 
w i t h  the prediction results by reservoir 
simulator. 

3 .  The wellbore flow model can be applied t o  

NOM E NC LATUR E 

B =function of void f rac t ion ,  spec i f ic  
weight, velocity,  and viscosity 

Bco,=vapor-liquid gas d is t r ibu t ion  coef f ic ien t  
BL =constant 
Ccoz=COz concentration i n  the incoming com- 

CO,L=mole numbers of dissolved COz (mole') 
CO,V=mole numbers of gaseous CO, (mole) 
D =inner pipe diameter ( m )  
d l  = u n i t  pass length (m) 
F 
fg =void f rac t ion  
G 
g =gravity acceleration (m/s2) 
h 

pressed f lu id  t o  the well 

=cross-sectional area of pipe (m') 

= to t a l  mass flow r a t e  (kgf/s)  

=spec i f ic  enthalpy of the incoming com- 

=specific enthalpy of water (kcal/kgf) 
pressed f lu id  t o  the well (kcal/kgf) 

h '  
H,OL=mole numbers of water (mole) 
H,OV=mole numbers of steam (mole) 
K =flow parameter 
Kcol=Henry's constant 
k h  =permeabi l i tyothickness product ( m 3 )  
Mco,=mole numbers of CO, in the incoming com- 

pressed f lu id  t o  the well (mole) 
Pa =acceleration loss (kg fh ' )  
Pco,=partial pressure of CO,  ( k g f / m 2 )  
Pe =reservoir pressure ( k g f h ' )  
P f  = f r i c t ion  loss (kgf/m2) 
PH2O=VapOr pressure of pure water (kgf/m2) 
Ph 

PT 

Pw 

r 
re 
r w  

T 

Y 
Ym 

e 
x 
IJ 
TL 

UL 

=head loss (kgf/m2) 
= to t a l  pressure loss ( kgf/m2) 
=wellbottom flowing pressure (kgf/m2) 
=heat of vaporization (kcal/kgf) 
=reservoir radius (m) 

=we1 1 bore radius (m) 
=temperature ( " C )  
=spec i f ic  weight of f l u id  (kgf/m3) 
=spec i f ic  weight of the liquid-gas 
mixture (kgf/m3) 

=i ncl i nation (deg . ) 
=f r i c t ion  f ac to r  
=viscosity (kgf*s/m') 
=shearing s t r e s s  on the pipe (kgf/m2) 
=spec i f ic  volume of l iquid phase (m3/kgf) 
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m =specific volume of the liquid-gas Malinin,S.D. (1963) ,"An experimental investi- 
gation of the solubility of calcite and 
witherite under hydrothermal conditions", 

mixture (m3/kgf) 

at the outlet of interval (m3/kgf) Geochemistry, No.7, 650-667 

at the inlet of interval (m3/kgf) 

m e  =specific volume of the liquid-gas mixture 

min=specific volume of the liquid-gas mixture 

w =specific volume of gaseous phase (m3/kgf) (1968), Steam tables 
x =quality 
w =velocity (m/s) 
APLo=friction loss under the single phase 

The Japan society of mechanical engineers 

liquid flow (kgf/m2) 
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