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ABSTRACT

A numerical model for geothermal reservoir has been
developed. The model used is based on an idealized,
two-dimensional case, where the porous medium is
isotropic, nonhomogeneous, filled with saturated
liquid. The fluids are assumed to have constant and
temperature dependent viscosity. A Boussinesq
approximation and Darcy’s law are used. The model
will utilize a simple hypothetical geothermal system,
i.e. graben within horsts structure, with three layers of
different permeabilities. Vorticity plays an
importance roles in the natural convection process,
and its generation and development do not depend
only on the buoyancy, but also on the magnitude and
direction relation between the flow velocity and the
local gradient of permeability to viscosity ratio. This
model is currently used together with a physical,
scaled-down reservoir model to help conceptual
modeling.

" INTRODUCTION

During a stage conceptual modeling for a geothermal
field only very limited data is available. Since three-
dimensional modeling is not a practical choice in this
case, two-dimensional modeling will be more
favorable (O’Sullivan, 1985; Pestov, 1993).

It is very well known also that the higher the pressure,
water requires higher temperature to be in a vapor
phase. For instance, at 15 bars it remains as liquid for
temperatures up to 200°C. At depth of 1500.meters,
where the hydrostatic pressure is about 150 bars, the

Therefore reservoir modeling with liquid: phase
medium gives a reasonable approximation in most
modeling especially in the stage of conceptual
modeling development.
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An inhomogenity affects in reservoir modeling
receive less attention simply because of its simple
definition. Due to these reasons a simple, two
dimensional, liquid-phase reservoir model is
developed and analyzed to gain the basic physical
understanding to the fluid flow dynamics and heat
transfer mechanism in geothermal systems.

In this study the liquid dominated geothermal
reservoir is simulated as an unsteady convective flow
development toward a natural state condition in non-
homogeneous, isotropic porous medium filled with
saturated liquid. When the asymmetrical component

“of the Darcy’s law is investigated, it is found that the

vorticity generation, leading to fluid flow pattern
development, is not only caused by local, horizontal
temperature gradient but also by vector product
between the gradient of the permeability to fluid
viscosity ratio and the fluid velocity. Therefore in
numerical modeling, this vector product, along with
the horizontal temperature gradient, are responsible
for the resulting temperature distribution.

A concept of power density distribution is introduced
to show the regions in the geothermal reservoir with
high power capacity per unit area. A local power
density is found when-a local relative enthalpy is
multiplied by the fluid density and the local fluid
velocity. Together with temperature distribution, the

© power density pattern can be used to help in

conceptual modeling in justifying the method of

exploitation.

- - FORMULATION OF THE MODEL
fluid is in liquid phase for temperatures up to 340°C. .- - -~

In' this numerical model, the liquid dominated
geothermal reservoir is simulated as an unsteady
convective system in a non-homogeneous, isotropic
porous medium filled with saturated liquid. The fluid
is assumed to be incompressible, following the




Boussinesq approximation (Cheng, 1978; Bejan,
1984). The governing equation for the two-
dimensional convective flow can be written as
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The law of mass conservation is expressed in
equation (la) for incompressible fluid, while (2a,b)
show that fluid motion is governed by Darcy’s law,
that is dependent on pressure gradient, and the ratio
between permeability and fluid viscosity. For the
case of vertical motion, vertical velocity is affected
by buoyancy which is strongly related to the
" Boussinesq approximation (1b).

Energy balance is expressed in (3) showing the
relation between the rate of change in temperature
o’ 8 T'/9 t', the convective heat transfer u’' 0 T'/0 x' +
v' 8 T'/0 y', and heat diffusion. It is to be noted that
that rock permeability K', thermal conductivity k',
specific heat are assumed to be space-dependent and
that the liquid viscosity varies with temperature, ' =

w(T").

From computational point of view, a more suitable
expression for mass conservation can be formulated
by defining stream function (y'), as

wW=0y/0y andVv' =-0y' /10X 4).

Physically the stream function can be used to show
the flow pattern, such that the difference between two
stream functions denotes the confined fluid flux
(Bejan, 1984). Correspondingly, the strength of the
local vortices (£') can be expressed in terms of stream
function as

Fyoxt+yoyt=-t (5).
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This expression clearly shows that the local vortex
strength dictates the fluid flow pattern. The
expression for wvorticity (£') generation and
development can be found from the expression of
Darcy’s law (2a,b),

SFEMEE

Thls equation shows that the local vortex, which
governs the fluid flow pattern, is caused not only by
local, horizontal temperature gradient but also by
vector product between the gradient- of the
permeability to fluid viscosity ratio and the fluid
velocity. Therefore in numerical modeling, this vector
product, along with the horizontal temperature
gradient, are responsible for the resulting temperature
distribution.

For the case when (K'/u') is not homogeneous and
the horizontal temperature gradient is absent, the
equation (6) shows that the fluid flow will be
affected by the strongest vorticity when V/(K'/u") is

perpendicular to V’. This vortex disappears when the
two vectors are paratlel.

NUMERICAL FORMULATION

In this preliminary work; the governing equation is
expressed in non dimensional form
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where

XY)=yyH, (UV)= v)(<'yH),
T =t/(c’"H"/ec’y) Y=Y,

Q=i yH?), 0 = (T" - T')(q'oH'/K'mo)
¢ =g'/o’y, o=o'fay, wp=plp,

and the modified Rayleigh number,

Royq= (K'og'BH g0 Y( Vo W'oK'mo )



Equation (8) is discretized based on explicit method,
namely line successive over relaxation technique
(LSOR) to yield the fluid flow pattern. The resulting
velocity distribution is then used in (9) which is
discretized based on upwind differencing technique to
solve the temperature distribution. Vorticity
distribution in the system is calculated using (7), and
proceed to the next step.

THE CONCEPT QF POWER DENSITY

In analyzing the results of conceptual models
involving mass and energy conservations (1), (2), and
(3), one can find simultaneously temperature
distributions as well as fluid flow pattern. Generally
only the temperature distribution is used to localize
zones of high enthalpy.

It is to be noted that when only the temperature
distribution is used, one can only identified zones of
high enthalpy (J/kg). Nevertheles, in conceptual
modeling one actually tries to identify zones with
high power production (Watts) over a range of
geothermal area. Therefore one should multiply the
relative enthalpy (J/kg) with fluid density (kg/m’) and
fluid flow rate per unit area ((m3/s)/m2) in order to get
the power density (W/mz). Even though some regions
have high relative enthalpy, if the local fluid flow rate
is low, the resulting power production will be low.

Along with the temperature distribution, the power
density distribution can be used to determine the
regions of high enthalpy with high power production.

PROBLEM GEOMETRY

This numerical model is applied on a hyphothetical
geothermal system, similar to Kamojang field. The
geometry. of the area is derived from conceptual
models developed based on geophysical, geological
observation with * limited - available data. The

boundaries between layers are curve-fitted and
expressed in functional forms. Due to the limited
availability of the data, some parameters for rock
matrices in each region are defined and assumed by
trial and error.

It is to be noted that one should pay attention to the
(K'/u") discontinuity on the boundary between region.
As explained in equation (6), that this discontinuity
might cause numerical problem due to large gradients
of (K'/n").

NUMERICAL RESULTS
A simple geothermal system is considered, in the

form of a graben within horsts structure with three
layers having different permeabilities, as illustrated in

Figure 1.
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Fig. 1. The geometry of the problem .

Parameters involved in the five regions are tabulated
in Table 1. The temperature dependence of viscosity
is defined as u = T°, where a = 0 is used to illustrate
for the case of constant viscosity.

In this numerical experimentation, the preliminary
effort is concentrated to match the model with a
hypothetical geothermal system, similar to
Kamodjang field, especially to the wellbore
temperature data.

Table 1. Thermophysical parameters for rocks matrices for the five correspohding layers.

‘ _Speci_ﬁé heat

Region Porosity |- Density - ‘Conductivity | Permeability
o | pkym’) C,(3kgC) | 'k, (WmC) 'K (mD)
Region-1 35% - 2,65 1050 3,01 1,75
Region -11 38% - 2,64 1020 3,01 1,75
Region-III 34 % - 2,63 1040 3,04 9,45
Region-1V 3,7 % 2,54 1050 2,69 7,35
Region V 4,5 % 2,55 1030 2,10 8,95
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Numerical calculations are carried out by assuming
that its initial temperature distribution is linear to the
depth from the surface in-order to immitate an initial
stable conduction heat transfer situation. = The
temperature conditions at the boundaries are then
modified by some trial and error processes to match
the known gradient temperature tendency, especially
near the boundaries. :

The input parameters based on geological and
geophysical data interpretation generally give some
isothermals which deviate considerably from ‘the
wellbore temperature data. Some initial efforts to give
better matching is carried out by altering. the
permeability distributions based on (7). The current
results are presented in Fig. 2 and 3 in the forms of
temperature distribution and the corresponding flow
pattern. :
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Fig.2. Temperature distribution for the hypothetical

model.
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Fig. 3. Flow pattern for the hypothetical model..
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Fig. 4. Power density distribution for the hypothetical
model..
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Fig. 4 shows the resulting power density distribution.
It is to be noted that zones of high power density
correspond to regions of high temperature with high
fluid velocity. Some regions could have low power
density, even though they are located in the high
enthalpy zones, due to their low fluid velocity. Fig. 4
also shows that the region of low enthalpy could also
have high power density due to its high fluid velocity.

Some zones of high enthalpy having rather low power
density suggest that exploration should be distributed
in such away that matches to the local fluid fluxes in
that regions.

Course mesh sizes could be used to speed up
computation and minimize the tendency to become
numerically unstable. Even though the results from
the two dimensional, liquid sturated model is very
crude, however the solution would be very useful for
numerical models using more advanced methods. It is
to be stressed also, since a numerical modeling is an
inverse problem, the solution is not unique. Further
investigation using vorticity development observation
is currently in progress.

SCALED-DOWN RESERVOIR MODELS

An attempt to conduct laboratory-size, experimental
reservoir modeling has been initialized. The
preliminary model is constructed based on the basic
physical understanding of the mathematical model for
reservoirs using nondimensionalization analysis
applicable for fluid dominated systems.

In this mathematical study, the hydrostatic pressure
and the reference temperature are extracted, while the
characteristic time, velocity, and pressure are isolated
in" order to develop analogous temperature and flow
patterns in both model and the field situations.

A typical example, when the size is reduced by 107
and the permeability is multiplied by 10°, the
resulting velocity will be magnified by 10°.
Consequently, the characteristic time required for the
fluid to flow from the bottom to the surface in the
field situation will be simulated in the scaled-model
by a characteristic time which is reduced by a factor
10°°. It means that one-day experiment in the model
simulation is equivalent to almost 3,000 years in the
real field situations.



Basic characteristic investigations for the scaled-
down models are currently in progress.

CONCLUSJONS

Preliminary efforts in numerical and experimental
modelings for some hypothetical reservoir system has
been conducted. It is concluded that,

1. Based on the basic physical understanding of the
vorticity development in reservoir geothermal
modelings, well temperature matching is possible
to help in conceptual modeling step.

2. Power density distribution can be used along with
temperature distribution to determine zones of
high enthalpy which give high power output to
help exploitation justifications.

3. Experimental modeling for geothermal reservoir
in laboratories is theoretically possible, and
accessible to be extended to three-dimensional
modeling.
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