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silica concentrations [SiO,] rw for well PN-26 remained 
constant breakthrough for the in first PN-26 two years was only of exploitation. observed in Silica the 

succeeding years* 

ABSTRACT 

Significant chloride changes in well PN-26 during its 
period of exploitation have been mainly attributed 'to 
reinjection fluid returns. Hen fluid returns are modelled by 

INTRODUCTION 
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Fig. 2 Well PN-26 Measured Temperature VS. Time. 
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Fig. 3 Well PN-26 Discharge History Qg/s). 

The temperature decline observed in PN-26 is also 
modelled by coupling the chloride mass balance model to a 
onedimensional 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 

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: 

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

(iu) The chloride concentration [Cl], of the recharge 
flow RC is constant during the period of 

PRODUCTION-REINJECTION SYSTEM 

wrploitation 

(iiii) The production enthalpy remains constant. 

(iv) The &action of RI fluid returning to the production 
area is constant. 

(v) The time delay of the chloride concentration 
returning [a]& assumed to be small. 

Fig. 4 Fbduction-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 QTor 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 
months whereas temperature changes only occur after 20 
months. 
A chloride mass balance for the production sector gives 

whert % 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 [Q],, [Cl], and [Q], refer to the chloride 
concentration of the production, recharge and returning 
fluid respectively. 

Assumption (i) means that Ib$ is approximately constant 
and a total mass balance for the production sector gives 

RC+RET-P=O . 
Then (1) reduces to 

%! 

where 

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

F =  RET/P 

-222- 



where y is the water fraction from the 
mass of fluid in the reinjection area, [ 
line chloride concentration and L is the flow of RI fluid 
leaving the reinjection sector. But mass consemation gives 
y P = RET + L , therefore equation (3) becomes 

ANALYTIC SOLUTION FOR A CONSTANT 
PRODUCTION RATE 
The two unknowns in (2) and (4) arc X = [CI], the 
production chloride concentration and 2 - [Cl],, the 
chloride concentration renaning from the reinjection sector 
to the production sector. For a constant production rate P, 
(2) becomes 

where A = (1 - F) [a], and (4) becomes 

In these equations the production rate P is known. the 
water fraction y from the separator is known but the other 
parameters Ea. 4 [a], and Fare not known and must 
be selected by calibrating the d e l  with field data. 

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

The coefficient a is defined by a = P 1%. 

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

Here f = RET 1 RI =fraction of the RI fluid returning. Also 
sinceRI=yP and F=RET/P,then 

f = F l y  . 
VARIABLE FLOW RATE 

Here a variable production rate is approximated by 8 
piecewise constant function and then the analytic solution 
derived above can be used in each of the intervals (ti, $+,) 
as shown in Figure 5 below. 

X(t) = C1cxp(~,t) + C2exp&t) + x, 
and 
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Here bli and b2, are defined by 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 m a g  was assumed which approximates the 
chloride concentration in PN-26 at the start of exploitati~n. 
The initial RI chIoride 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 and M, 
have been lumped into a single parameter z (i.e. z = MJ 
q). As an initial approximation, it was also assumed that 
% is equal to M, (Z = 1.0). 

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

to give results approximating the observed trend of 
increasing chIoride 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 greaterthan 0.80isrquiredtomatch thedata. 

a 

11000 

i 

When t = 4 , equations (14) and (15) reduce to 

xi = Cli + qi + x, (16) 

and 

= bIiCli + b C a  + Z,. (17) 

Solving for the constants in equations (la) and (17) gives 

and 
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version of equation (9) and q = Pi / Mp . 
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Xi+] = Cliexp A,li A$ + G e x p  X, A4 + X, (20) 

Zi+l =bliCliexp Ili Ati + b q i e x p  %Ati + Z,. (21) 10 20 30 40 50 
TIME IN UONTHS (JUL83-DEC87) 

4 o o o o ~ "  . '  . " "  ' 
Then (18) - (21) provide a racurrence relationship between 
Xi. Z, and Xi +1, Z, +1 which can be used to solve the 
problem beginning with known initial values for q, q. 

Fig. 6 Production Chloride Vs. Time. 

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 rime data, the effect of changing Z (hence 
MP) 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 

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 a 
water fraction y of 0.65 was assumed which approximates 
the Palinpinon plant operating conditions. The model 
parameters used are listed in Table 1. 

of z 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 parameten in Table 1 and 
M, = 4.0 E08 kg are presented in Figure 9. The model 

Table 1. Mode 1 Data used to Ma tch PN-26 prod uction 

Baseline Chloride Recharge. [Cl], = 4OOO - 4500 mg/kg 

Initial Production Chloride, & = 4ooo mgkg 

Initial RI Chloride Returning, Z, = 6OOO mgkg 
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using an f value of 0.90 gave a good fit to the ot: 
data. 

Crved 
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Fig. 7 Production Chloride Vs. Time. 
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Fig. 8 Production Chloride Vs. Time. 

the maximum production chloride predict 
approximately I300 m a g .  

A SIMPLE MODEL OF THERMAL DECLINE 

d is 

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 

where Tp, T,, T,, 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, C,,,, and C,, are the heat capacities of the 
production. recharge and returning fluids respectively. 
These are assumed constant and correspond to the initial 

of 28OOC. The recharge temperature 
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) = To 

T,CO> = To 
and 

where Tois the initial reservoir temperature. It is 
to use To as a base terqerature and define 

and the transformed initial condition is 

P = REC +RET. 
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and 

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 art8 is 
provided by faults. Hen, 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 arrivd of some 
thermal effects with the first arrival of reinjected water. 
The observed time lag where chemicals anive 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 

' 

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 Transfarms. 
In the Laplace transform domain, the temperature of the 
returning fluid can be expressed as 

-3 e- ret- s (29) 

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) 
(30) 

- -  - 
sep+aep=yem . 

Substituting equation (29). the above equation reduces to 

Inverting (31), the solution becomes 

Tp =i To fort < L/ U (32) 

and 

for t > L / U . (33) 

RESULTS FOR THE THERMAL DECLINE 
From Figure 2, it can be seen that a fairly welI defined 
thermal decline in PN-26 occurred after about 18 months. 
The distance between the production and reinjection areas 
is approximately lkm. Hence the thermal front velocity U 
can be easily evaluated as 56dmonth. Since the chemical 
(chloride) h n t  has been observed to have OcCuIfed in one 
or two months after production, the effective porosity +, 
for the fractured zone can be 

where T, is the temperature in the fhctar;d zone, V is the 
DmY Velocity. $f is the Porosity ofthe fractured zone and 

conductivity of the rock matrix. Both p4 

the density and C, the specifc heat of the fluid moving in 
the fracture are as approximated as being independent of 
temperamc. 
Assuming the effect of heat conduction is negligible. (26) 

is the 

h g  - 
can be written in terms of 8, = T, - To as a simple 
advection model: u/v=  +,P,C, /[+fP,C,+(1-+f)PrC,1 (34) 

2 + u g f = o .  Assuming p, = 2500 kg/m3 , C, = 1.0 kJkg . OK, 
p, = 751 kg/m3 and C, = 5,26 kJkg . OK then from (27) 

Then the transformed initial and boundary conditions are (34). the effective porosity is found to be 7.0%. . 
e&x.o) = 0 

e, (0.t) = e, = T, - T,, 
and 

The parameters used in matching the tempentttae decline in 
PN-26 are listed in Table 2. An initial % of 4.0E08 kg 
and fraction of 0.90 were used, based on the chloride 
modelling results. A constant injection temperature of 
165OC was also assumed. 

Where TI is the injection temperature. Here, u is the 
thermal h t  velccity given by 

Using the solution (equations 32 and 33) derived for the 
production temperature, the parameter was then varied to 
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match the temperature decline. The modelpsults for 
different values of fi arc presented in Fig& 10. The 
results obtained showed that p of 8.5 gave a good fit to the 
observed data. 

PN-26. 
Thermal front velocity U = 56 mhnonth 
Fraction f = 0.90 
Reservoir tempaature To = 28PC 
Injection temperature T, = 165OC 
Production rate P = 50 kgfs 
Factor = 8.50 

The effective porosity t$ of the production block can then 
be calculated using the equation (24). This was found to 
be 7.0%, similar to the fracture porosity previously 
obtained. 

and f of 0.80. A further reduction 
did not warrant extensive testing 

since the profile obtained was a significantly wane fit to 
the data than f = 0.80. Therefore. a minimum value of 
f = 0.80 was again derived which support the results 
obtained from chloride modelling. From the range of 
factor fi (7.0 - 8.50) an effective porosity of 7.0 - 8.0% 
for the production sector can be calculated. 
The sensitivity of changing %from the initial model value 
in Table 2, was also tested and the results are presented in 
Figure 12. Siflicant variation from the previously best 
fit was obtained. 

' 

I STEP FUNCTION YODEL 

-UP= S.OOEQ8 fn0.90 
TO12MH: Tlot65C P=SOKC/S 
V= 56 m/mo BmA=8.50 

10 20 30 40 50 60 
2 4  TIME (MONTHS) 

* ' * ' * ' ' I .  ' 
Fig. 12 Measured Temperature Vs. Time. 

The simple heat advection model (27) gave a good 
appmximation to the measured data with the assumption of 

A detailed investigation of the significance of lateral 
conduction was made by allowing some diffusion of heat 
from the fractured zone into the adjacent rock matrix. The 
results from the fracture flow model derived did not 

- TQ=28OC BCTA=lO.OO 111165C fr0.90 P=SOKC/S 
Ut 56.0 m/mo YP=4.0EOIKC negligible heat transport by conduction. 

6o 10 20 M 50 
TIME (MONTH$ 

200 

~ 

defined thermal decline has occund in well 
more than three years of utilisation. This 
modelled by coupling the chloride mass 
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temperature.decline was satisfactorily represented by the 
simple heat advection mode1 which gave an effective 
porosity for the production block and the fractured tone of 
7.0 - 8.0%. 
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