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ABSTRACT

Significant chloride changcs in well PN-26 dunng its
period of exploitation have been mainly attributed to
“reinjection fluid returns. Here fluid returns are modelled by
~a simple time-dependent production-reinjection lumped
parameter model. Analytic solutions are derived for the
~ cases of constant and variable production rates. The
variable production rate model adequately described the
chloride changes i in well PN-26. ‘

The early return of reinjection ﬂuxd has also resulted in a
substantial decline in the measured temperature in the well,

This change in temperature is modelled by coupling the
mass balance model to & fracture flow model.The simple
heat advection model satisfactorily represents the thermal
decline observed in the well.

INTRODUCTION

Geochemical changes observed in producnon wells after
more than three years of operation of the Palinpinon I
power plant have been attributed to ‘reinjection fluid
returns. This return of reinjection (RI) fluid to the
production area has been confirmed by changes -in" - the
production well chemistry, parncularly the ‘chloride’
ooncenmmon [Cl]p which has resulted in changcs to the

reinjection line chloride concentration [Cl] (F' ig. l)

Harper and Jordan (1985) have reported that the properties -

.. of the production fluid depend on operating conditions, .
‘ reinjection load, and the configuration of reinjection wells -

- Extensive chemical and

radioactive tracer tests conducted in Palinpinon have .

- ~+in"service ‘at any one time.

. further established the communication of individual R
- wells with the production sector (Urbino et al,1986). The

most serious problem associated with an increase in the
- rate of RI fluid returning to the production were: - '

1) declmc inthe producnon temperamre,

2) permeability reduction at the reinjection and
production wells arising from mmcral dcposmon,

3) sﬂxca brcakthrough. L : .

O iThe term "silica breakthrough" is used to descnbc thc‘ >,
- situation when the silica concentrations in the produced -
fluid are no longcr govemcd by qua.rtz solubxlxty (Harpcr o

o 1986).
* Production wells ox-7 PN-26 PN-28 and PN—29D have_

*-exhibited an increasing chloride conceritration as shown in

- Figure 1. Well PN-26 in particular, was strongly affected
by RI fluids after discharging a cumulative mass of 3.0
million tonnes from the production zone. Despite the large.
increase in production chloride concentrations, reservoir

silica concentrations [Si0,] . for well PN-26 remained
constant for the first two years of exploitation. Silica
breakthrough in PN-26 was only observed in the
succeeding years.’
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| Wcll PN-26 has also shown a substantial tcmpcratutc
_ decrease of approximately 38°C, measured at the main

production zone (1600 m CHF) from its average baseline
temperature of 280°C (Fig. 2) and has shown no sign of

recovery to date.. Amistoso and Torrejos (1986) have also
reported .that the thermal decline in PN-26 -has been -

“accorhpanied by a mass flow decline (see Fig. 3). It was

postulated that this resulted from permeability damage due
to mineral’ dcposmon in the immediate’ v1c1mty of the
wellbore.

Reservoir sulphate concentrauon [SO,] ., for well PN-26

- has also remained essentially constant during its

production monitoring period (Harper and Jordan, 1985).
These authors suggest that this results from the removal of

- sulphate bearing minerals from the mlxed rcscrvon' and
s rem_;ectcd ﬂuxd by. dcposmon

" An estimate of the effects on the producuon sector of RI
fluid returns have been previously made using chloride

mass balance calculations (Menzies, 1985; Harper and

- Jordan, -1985; :Brodie, 1986). ‘These authors considered

steady state models only. Here, a time-dependent model is

S g«invgd to describe the chloride changcs in ‘well PN-26.
' ut

returns - are ~modelled by a simple
production-reinjection lumped-parameter model which
can be solved analytically for the cases of either a constant
or avariable production rate.
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The temperature decline observed in PN-26 is also
modelled by coupling the chloride mass balance modelto a -
one-dimensional fracture flow model. Various models
have been considered for the fractured zone connecting the
reinjection and production wells. The simplest model
presented here assumes that heat is transported primarily
by advection along the fractured zone and that diffusion of
heat from the fractured zone to the less permeable
surrounding rock is small. Other more complex models
allowing for lateral diffusion of heat have been studied but
the results produced are not significantly better than those
produced by the present simple model.

LUMPED PARAMETER MODEL OF
CHLORIDE CONCENTRATION IN A
PRODUCTION-REINJECTION SYSTEM

The simplified production-reinjection model is illustrated
in Figure 4. This consists of a production sector,
reinjection sector and a recharge sector. The basic
assumptions used in the model are:

@ There is no change in the mass of fluid stored in
each of the production and reinjection sectors.

@i The chloride concentration [Cl], . of the recharge

flow RC is constant during the period of
exploitation.

@iii) The production enthalpy remains constant.

(iv) The fraction of RI fluid returning to the production

area is constant.
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(v) The ﬁme delay of the chloride concentration
returning [Cl},is assumed to be small.
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Fig. 4 Production-Reinjection Lumped Parameter Model.

These assumptions are valid for short term reservoir
behaviour while the thermodynamic state of the reservoir is
changing slowly. This is the case for Palinpinon as the
pressure and temperature have both declined slowly so far.
In fact the production enthalpy has declined but the
corresponding change in the fraction of fluid reinjected is
small and therefore the error introduced by (iii) is small.
This assumption allows the model equations for the
chloride concentration and temperature to be decoupled.
The approximation (v) that the time delay in the returning
fluid is negligible is reasonable as tracer returns occur
within times ranging from a few days up to one or two
monttﬁs whereas temperature changes only occur after 20
months. :

A chloride mass balance for the production sector gives

-dTMP[a]P = RC[CX]m+RET[C1]m-P[C1]p )

| where M, is the mass of fluid in the production area, RC

is the recharge flow to production, RET is the flow of RI
fluid back to production and P is the flow of produced
fluid.

The symbols [CI]P, [C1],, and [C1],,, refer to the chloride
concentration of the production, recharge and returning
fluid respectively. .

Assumption (i) means that M, is approximately constant

and a total mass balance for the production sector gives
RC+RET-P =0

Then (1) reduces to

dla -
__dTlg_ = 5:{ (1-F) [CI] .+ FICI], - [Cl],,} [v))

where
F= RET/P

is the fraction of the RI fluid in the produced: fluid.
Similarly, a chloride mass balance for the reinjection
sector gives :

d

5 @l =yPic, -L ;cu,,‘t-m [l -G



where y is the water fraction from the scparator, M is thc
mass of fluid in the reinjection area, [Cl], is the | remjccnon

line chloride concentration and L is thc flow of RI fluid
leaving the reinjection sector.- But mass conservation gives
"y P=RET +L , therefore equation (3) becomes

daal,, _ p .([cn%,-:rPI<ﬂﬂn;}'. | @
dt

ANALYTIC SOLUTION FOR A CONSTANT
PRODUCTION RATE ,

The two unknowns in (2) and (4) are X = = [Cl]; the
production chloride concentration and Z = [Cl],,, the

chloride concentration returning from the reinjection sector
to the production sector. For a constant producuon rate P,
@) bccomcs

dX | |
rr --NTP- [A+FZ-X], . ®
where A = (1-F)[Cl],_, and (4) becomes
Z.P :
T E[X—yzl- - ®

In these equations the producnon rate P is known. the
water fraction y from the separator is known but the other
parameters M_, M,, [Cl]_ and F are not known and must

be selected by cahbranng thc model with ﬁcld data.

These two coupled linear ordinary differential equations
can easily be solved using standard techniques to obtain

X(t) = Cyexp(A, 1) + czexpo.'zt) +X_ )
and R o »
Z@= blClexp(llt) +b2C2exp(K2t) 2. @
, whcrc X and z, are thc stcady statc solunons rcached
after a long time and are given by
x 4- = S -A—p G

. Thc cocfﬁcxcnts bl and bz are given by -
: M. RS
b =_11:_[-.—LJ +1] "j‘crl’z; L
s H¢rc ?‘1 and 32 arc thc two roots of thc quadrauc equanon

Mthlz-o-(Mpy+Mt)P7L+(y F)P2 (9)

The constants Cl and C2 are evaluated from thc initial : .

o condmons ngen .

X(O) =X,
2(0) = Z,

Therefore, it‘folllows that

C =1l a (FZ, - X, + A) = W, (X;~ X,.)] (10)
ol

SR I a(_FZo-X°+A)-7»,(Xo—&,)],(u)

2
L
Thccocft'cicntaisdcfincdby a=P/M,.

The steady state solution for equation (5) gives the long
term production chloride concentration. This can be
obtained by rearrangement as

(-B ],

X T (12)

Here f = RET / RI = fraction of the RI fluid returning. Also
sinceRI=yP and F=RET/P, then

f=Fly . (13)
VARIABLE FLOW RATE
Here a variable producuon rate is approximated by a

piecewise constant function and then the analytic solution
derived above can be used in each of the intervals (t., )

as shown in Figure 5 below.
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...V‘LFortinthc mtervalt <t<t”,thc soluuons can be:' '
' ,wnttcnas . AP -
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Z(t) =by Cyexp Ayt - § Wby Criexp Ayt~ 1+ Z,.. (15)
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Here by; and by, are defined by

b _1 ﬁ’ji{-l '_1
ji_"F" Pi ] 2} = 92~

When t = t,, equations (14) and (15) reduce to-

X;=C+Cyu + X, (16)

Z =b,,C;;+5,C+ 2. 1¢Y))

Solving for the constants in equations (16) and (17) gives
1

Cli = xn- Mi [Gl‘xz‘ (Xi-x-)] (18)
and .

1l G-ax-X 19
C?i_ lz—l“[ A lh(xl 0 (19)

where  G;=a; (FZ; - X + A)

and .A,; and A, are evaluated from the corresponding
version of equation (9) and a;=P;/ Mp .

Therefore when t =t;
X, =Cyexp A, A +Cuexp Xy Ay +X, (20)

where At =t, , -t,and

i+l
Z,,, =b;;Cyiexp A, At +b,Coexp A, AL+ Z,.  (21)

Then (18) — (21) provide a recurrence relationship between
X, Z, and X, ,,, Z ,, which can be used to solve the

problem beginning with known initial values for X, Z.

CHLORIDE MODELLING RESULTS

The analytic solutions for the two cases of firstly a constant
and secondly-a variable production rate derived above were
used to match the observed changes in chloride
concentration in well PN - 26. The average enthalpy of the
produced fluid has remained essentially constant and 2
water fraction y of 0.65 was assumed which approximates
the Palinpinon plant operating conditions. The model
parameters used are listed in Table 1.

bl 1 tch PN- uction
Baseline Chloride Recharge, [Cl],. = 4000 — 4500 mg/kg
Initial Production Chloride, Xy = 4000 mg/kg

. Initial RI Chloride Returning, Z; = 6000 mg/kg

The recharge chloride was obtained from pre-exploitation
chemistry data of the production area reported by Jordan
(1982). An initial production chloride concentration of
4000 mg/kg was assumed which approximates the
chloride concentration in PN-26 at the start of exploitation.
The initial RI chloride concentration returning was then
evaluated from the amount of water separated at the well
head and the initial production chloride concentration.

For the constant production rate model, an average mass
flow of 50 kg/s was used. The parameters M, and M,

have been lumped into a single parameter T (ie. T=M,/
M,). Asan initial approximation, it was also assumed that

M, isequalto M, (tv=1.0).

The two parameters M, and fraction f were then adjusted to
match the observed data given the initial model data from
Table 1. After several trials, M, = 4.0E08 kg was found

to give results approximating the observed trend of
increasing chloride concentration. The results of the model
for different values of f are presented in Figure 6. The
model results did not give a good fit to the observed
chloride changes. However the results show that a value of
f greater than 0.80 is required to match the data.
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For a range of f (0.80 — 0.95) the initial production
chloride concentration and the corresponding RI chloride
concentration returning were then slightly increased in an

" attempt to improve the match to the early data. The

simulated results for a range of f are shown in Figure 7.
The fit obtained to the early part of the observed data was
slightly improved but it was no better at later times.

To fit the late time data, the effect of changing T (hence
M,) was also tested for an f value of 0.80. The model
results are given in Figure 8. Once again, there is not very
good agreement between the observed and model results.
Further experimentation showed that decreasing the value

of T improves the fit at later times but not at early times.

Since the match to the observed data was not quite
satisfactory for-the constant production rate model, the
variable production rate was also applied. The results of -
the model for the approximate production history of PN-26
(Figure 3) using the initial model parameters in Table 1 and
M, =40 EO08 kg are presented in Figure 9. The model
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The simulated results for both the variable and constant
_ - production rate models for.f = 0.90 are also.shown in

Figure 9. The results in the figure show that the variable

" production rate model daccurately describes the observed
_ changes in PN-26. The average fraction F of the RI fluid

contibuting to the produced fluid is calculated as 0.58 and

the maximum' production chloride- predicted is’
approximately 1300 mg/kg. :

A SIMPLE MODEL OF THERMAL DECLINE

The temperature decline observed in well PN-26 was
modelled by coupling the mass balance model to a one
dimensional fractured zone model. An energy balance
around the production block (see Figure 4) gives

' dT,
© Vpl(1-4)p,C, +¢p,C,] -&&= -PGT,+RECC_ T,

+ RET C_, T, 2

where T Trees Tree are the temperatures of the production,
recharge and returning fluid respectively,

Vp is the total volume of the production sector,

¢. . is the porosity and

p, and C, are the density and specific heat of the rock

matrix in the production sector.
Also CP’ Cieer and C,.. are the heat capacities of the
production, recharge and returning fluids respectively.
These are assumed constant and correspond to the initial
reservoir temperature of 280°C.. The recharge temperature
T,.. is also assumed constant. The temperature of the
returning fluid T, is a function of time determined by the
mathematical model of the fractured zone connecting the
reinjection and production sectors.

The given initial conditions are

Tp 0=T,
and :
T 0) =T,

where Tyis the initial reservoir temperature. It is
convenient to use T, as a base temperature and define

. ep» T,-To

By =TTy

e

Then (22) becomes

M 7(1+B)‘-d—e-p-,=—Pe +RETerct(t)' -' '(23)
pll*+P =5 p* ret (.
" and the wransforined initial condition is
GP(O) =0.
e Heifq;_liex‘elaﬁonships e
L My=Vép,
. P=REC+RET.
‘ha've'l")q:'nusgda'nd“' ‘ )
B=(1'¢)Prcr o ‘ (24)
oppCp
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Rearranging terms and simplifying gives

de .
=+ ®8p =7 Oret () - @5
where
P,
o B —
M, (1+ B)]
and

RET
Y—m—l“a-fy. A

Since permeability in Palinpinon is primarily controlled by
structures and well siting was based on structures, the
main path for the return of RI fluid to the production area is
provided by fauilts. Here, a one-dimensional fractured
zone model is assumed. .

- A range of models of the fractured zone have been
considered by the authors. The simple model described
here envisages the zone as a highly fractured region
containing many flow paths which allow the water to be in
good thermal contact with the fractured rock. Single
fracture models were also considered, some allowing for

- 'lateral diffusion of heat into the surrounding rock. The

single fracture models all predict a first arrival of some
thermal effects with the first arrival of reinjected water.
The observed time lag where chemicals arrive in 1 to 2
months and thermal effects take 18 - 20 months can only
be explained by a fractured zone which acts like a porous
medium.

Then for one-dimensional steady flow, the equation for
conservation of energy is

[1-¢09,C+ 40,C,] Tt o

a, T,
P2 C 1 v &- = K-a—z- (26)
X

where T is the temperature in the fraz_:turEd zone, V is the
Darcy velocity, ¢, is the porosity of the fractured zone and

K is the thermal conductivity of the rock matrix. Both p,
the density and C, the specific heat of the fluid moving in
" the fracture are as approximated as being independent of
temperature.

Assuming the effect of heat conduction is negligible, (26)
can be written in terms of 6, = T; - T, as a simple
advection model: '

o,y

=L + U gﬁ 0 . (1)

Then the transformed initial and boundary conditions are
6(x.0)=0

and
6,(01)=6,=T,-T,

where T, is the injection temperature. Here, U is the
thermal front velocity given by :

U=p‘C‘/[¢fp‘C3+(l"¢t) P,C,] . (28) 7
Then in equation (25)
8, (0 = 6,L.D)

where L is the distance between the production and
reinjection areas. The solutions for the production and
returning fluid temperatures (Equations (25) and (27)) can

be derived using Laplace Transforms.
In the Laplace transform domain, the temperature of the
returning fluid can be expressed as

- 6, -su

B o= ¢ @9

" where s is the transform parameter.

This gives a solution in the form of a step change in
temperature and therefore the model will be called the step
function model.

Similarly, from equation (25)
s8,+ad,=v6_, . ' (30

Substituting equation (29), the above equation reduces to

~ ®fr 1 1-% e
‘*p=-a—[?-;7]e v @)

Inverting (31), the solution becomes

T,=Tp fort<L/U 32

and

T =T + X, -T){1- a-D)

p =T + 5T Ty exp U
fort>L/U. (33)

RESULTS FOR THE THERMAL DECLINE

From Figure 2, it can be seen that a fairly well defined
thermal decline in PN-26 occurred after about 18 months.
The distance between the production and reinjection areas
is approximately 1km. Hence the thermal front velocity U
can be easily evaluated as 56m/month. " Since the chemical
(chloride) front has been observed to have occurred in one
or two months after production, the effective porosity ¢,

for the fractured zone can be determined using
U/V=¢fP‘C3/[¢fP3C3+(l'¢f)P,C,] (34

Assuming p_ = 2500 kg/m?, C, = 1.0k¥/kg . °K,

p, =751 kg/m3and C; =526 kl/kg.°K then from
(34), the effective porosity is found to be 7.0%.

The parameters used in matching the temperature decline in
PN-26 are listed in Table 2." An initial M of 4.0E08 kg
and fraction of 0.90 were used, based on the chloride
modelling results. A constant injection temperature of
165°C was also assumed. . o
Using the solution (equations 32 and 33) derived for the
production temperature, the parameter B was then varied to
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match the temperature decline. The model results for
different values of P are prcsented in’ Fxgure 10. The

results obtained showed that B of 8.5 gave a good fit to the
observed data.

PN-26,
" Thermal front velocity U = 56 mlmonth
Fraction f =0.90 )

Reservoir temperature T, =280°C
Injection temperature T, = 165°C
Production rate P =50kg/s

Factor B =8.50

The effective porosxty ¢ of the production block can then
be calculated using the equation (24). This was found to
be 7.0%, similar to the fracture porosny prekusly
obtained.
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© A value for f, the fraction of RI ﬂuxd rctummg. ot' 0. 801 :
~was also tcstcd .using the other model data from Table 2. -

l The results obtained did not give a bcttcr fit. ‘The factor B

was then decreased to improve the match and the résults
are shown in Figure 11. A fairly good fit was also

: . The fraction F of reinjection fluid in
_ obtained from the model is approximately 50% and a
~maximum production ' chloride - concentration of

obtained with B.of 7.0 and f of 0.80. A further reduction
in the factor £ to 0.70 did not warrant extensive testing
since the profile obtained was a significantly worse fit to
the data than f = 0.80. Thercfore, a minimum value of

f = 0.80 was again derived which support the results
obtained from chloride modelling. From the range of

factor B (7.0 - 8.50).an effective porosity of 7.0 - 8.0%
for the production sector can be calculated.

The sensitivity of changing M,, from the initial model value
in Table 2, was also tested and the results are presented in

Figure 12. Significant variation from the previously best
fit was obtained.
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The simple heat advection model (27) gave a good
approximation to the measured data with the assumption of
negligible heat transport by conduction.

A detailed investigation of the significénce' of lateral
conduction was made by allowing some diffusion of heat

- from the fractured zone into the adjacent rock matrix. The

rcsults from the fracture: flow model derived did not

e improve the good match obtained from the simple heat
. advection model. The match for the more complex model

gave very small values of heat lost to the country rock.
The small conductive heat effect can also be attributed to

.- the preferential egermcablhty (anisotropy) in a single
" direction observ i
- high permeability along the major axis of mapped faults -

in Palinpinon. This means that there is
and much less permeability perpendicular to it.
CONCLUSIONS

Production chloride changes observed in well PN-26 were
. modelled- by a simple time-dependent production

-reinjection lumped parameter model.  The variable
production rate model describes the increase in chloride |

. . concentration-in PN-26 very well compared with the
- constant production rate model. The model shows a very -
. strong return of reinjected fluid to the production sector.

e produced fluid 3

appmxxmatcly 1300mg/kg is predxctcd.

VA faxrly well defined thermal decline has occured in well
- PN-26 after more than three years of utilisation. This
“decline' was modelled by coupling the chloride mass

balance model to a simple fractured zone model. The
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temperature—declinc was satisfactorily represented by the

simple heat advection model which gave an effective
%rosistyot;r the production block and the fractured zone of
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