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Abstract: Numerical models are developed to analyse topographic effects on hydrothermal

system in homogeneous medium. Water table is assumed to coincide with ground surface.
A moderate mountain above heat source acts as a cap for geothermal system which stores
large amount of heat. The convection pattern of thermal fluid at depth may change completely,

when the height of the mountain exceeds a certain critical level.

Vertical temperature profiles obtained from the numerical models show many features
we encounter in field data such as a steep thermal gradient at intermediate level and a tem-
~ perature reverse, and make it possible to interprete field temperature logs in terms of a supposed

geothermal system.

Introduction

With increasing interest in geothermal ener-
gy, exploration activities sponsored by central
government and private undertakings have
become high. In these works, many varied
exploration techniques are applied including
those which have developed in other explora-
tion fields such as a mining and oil industries.
So, it is not rare to find many kinds of explora-
tion and research data for a promising field. For
more accurate assessment of geothermal re-
source, it is indispensable to integrate all these
data into one model which can explain the
characteristics in the data reasonably. This
study is a part of efforts for making up physical
images of geothermal reservoir under regional
perspective.

It has been noticed that shallow heat hole
measurements are strongly perturbed by ground
water movement. As to the relation between
geothermal system and regional ground water
flow, HEALY (1975) noticed that most large hot
water systems are located in discharge areas in
basins or valleys, and proposed the diagrams
illustrating concentration of heat by ground
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water of which no convection was taken into
account. -

Recently well developed numerical modeling
technique is applied in this study to analyse the
interaction between hydrological fluid flow and
convection flow. As preliminary study, no real
field data are simulated. Models are rather
simple and idealistic, but enough to demon-
strate the general pattern of hot and cold fluid
flows under the effects of heat and fluid
potential.

It is reported that the level of ground water
follows the ground surface very well (GusTAFs-
soN, 1968) in a plain. But little is known about
the surface of ground water in mountaineous
volcanic area. It seems not unrealistic to as-
sume that the surface of ground water may be
some how estimated from the ground surface
when precipitation can be expected throughout
the year.

Numerical Models

The governing equations of single phase
steady state hydrothermal system have been
given by many authors (e.g. DoNaLDsoN, 1962).
Here, we use the simplified equations of those
given by Faust and Mercer (1979), i. e,
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for mass balance,

V- [B2.(vp- pgVD) |+ gu=0 (1)
u
and for energy balance,
v-[ B2 (vp—pgvD)|
oT _
+V. [Km(ﬁ)pVh] +¢,=0 @)

where K is the intrinsic permeability tensor of
the porous medium, p and y are the density and
dynamic viscosity of water respectively, p is the
pressure of fluid, g is the gravitational constant,
D is the depth, £ is the fluid enthalpy, K,, is the
thermal conduction-dispersion coefficient, and
¢, and g, are source terms for mass and energy.

These differential equations are transformed
to simultaneous linear equations by employ-
ing the Galerkin finite element method
(Zenkiewicz, 1971), and solved for pressure
and enthalpy or temperature.

The density of fluid is assumed to depend
only on temperature by the following equation
(MERCER éf al., 1975),

p = py—alT—bT*

a = 0.24602
b = 0.00231633

where 7T is in degree Celsius and p in kg/m®.
Although this equation is valid for the liquid
saturation temperatures between 100° and
280°C, it is used in this study for temperature
range from 0° to 300°C. The discrepancy of
this empirical formula from the values from the
steam table (JSME, 1968) is given in Figure 1.
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Fig. 1 Empirical curves used in this study and values
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Fig. 2 Finite element net with its supposed size and the fixed values of temperature on the bottom.
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The dynamic viscosity g is a function of tem-
perature and pressure. But for simplicity, we
obtain the following formula by neglecting the
pressure term of empirical equation { JSME,
1968),

u= ax 10?
a = 241.4
b =247.8/(T+133.15) 7.

where p is in kg/(m- s) or 10° cP and T in
degree Celsius. This expression is correct on the
saturation line.

Fluid enthalpy £ is a function of temperature
given by

h=cT

where ¢ is the specific heat of water, and treated
as a constant value of 4.18605 x 10® J/(kg- °C)
for all temperature range.

Two dimensional structures are studied as-
suming physical characteristics are uniform
along the horizontal direction denoted by y-
axis. The computation space of homogeneous
isotropic medium is divided into meshes. Each
quadrangle is further subdivided into two tri-
angular elements. The basic computation space
is shown in Figure 2. The size of the space is
supposed to be 5 km in horizontal x direction
and 2.5 km in vertical direction z. The nodal
points along the horizontal x-axis are equally
spaced with the interval of 250 m. Whereas,
along the vertical axis, the depth of nodal points
are as follows, 0, 10, 25, 50, 100, 200, 400, 600,
800, 1000, 1200, 1400, 1600, 1800, 2000, 2200,
2400, and 2500 m. The number of nodal points
are 21 in horizontal direction and 18 in vertical
direction. Its total is 378. The topography is
given on top of the upper boundary, and the
nodal points along vertical line are redistri-
buted proportionally to the values mentioned
above.

The temperatures of the upper and lower
boundaries are fixed. The surface temperature
is uniformly fixed for zero degree Celsius, and
the bottom temperature is given in Figure 2,
ranging from 300°C on the left to 150°C on

the right. The temperature 150°C on the
bottom corresponds to the vertical temperature
gradient of 0.06°G/m (150°C/2500 m) as the
average value.

As the boundary condition for pressure, the
constant value of zero Pascal is fixed on the
ground surface except one model where fluid
pressure at the bottom of a lake is given instead.

The boundaries of both sides are insulating
and impermeable to heat and mass respectively.
It is equivalent to assume that physical condi-
tion is symmetrical with respect to the each
boundary. Or, in another word, the computa-
tion space corresponds to a half cycle of periodic
structure and the left boundary is at the center
of heat source.

The porous medium is assumed to be iso-
tropic, and the permeability is treated as a
scalar quantity. The values of the permeability
and thermal conduction-dispersion coefficient
of rock-water mixture is rather arbitrary fixed
at 0.3 X 107** m? and 3.2 W(m- °C) respec-
tively. These two coefficients governs the rela-
tive importance of the first and the second terms
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Fig. 3 Boundary conditions and other ones for nu-
merical models.
M; The medium is homogeneous and isotropic.
The permeability and thermal conduction-dis-
persion coefficient are 0.3 X 10~** m? and 3.2
W/(m -°C) respectively.
S; Topography is given on the surface. Tem-
perature is fixed for 0°C. Pressure is zero
Pascal except one model.
B; The temperature on the bottom is fixed as
shown in Figure 2. The bottom is impermeable
for fluid.

. LW, RW; Both side walls are insulating and

impermeable for heat and fluid respectively.
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of equation (2), i.e. convection and conduction
respectively for heat transport. This trade-off
relation is yet to be scrutinized incorporating
the influence of fluid potential.

The boundary conditions and other ones are
summarized in Figure 3.

Results

The topographic effects on hydrothermal
system are demonstrated by a series of models
in Figure 4. A mountain is placed in the 3 km
range on the left just above heat source, and the
other part of 2 km on the right remains flat. The
slopes of mountains are increased to show the
progressively larger effects of fluid potential.
The size of flow vector is normalized by the
largest vector of each model, and its square root
is used for expression without any physical
meaning to show the flows in the whole space
with reasonably scaled arrows. The isotherms
are drawn for 10°C, 100°C, and 200°C.

The model (1) is the basic state with flat

ground surface. There is no effect of fluid

potential. The vast recharge area and the small
discharge area with large mass flux are the
results of a convection system.

The moderate slope of gradient 4/100 of
model (2) gives the equilibrium condition
around the top of the mountain, where flow
vectors are very small. The upward force of
buoyancy and the downward force due to fluid
potential have roughly equal strength at this
part. The extended high temperature regime
of more than 200°C is apparent as compared
to the basic state.

When the gradient of slope is increased, there
appear two regimes, cold and hot, in the model
(8), of which the gradient of slope is 10/100.
There is a parallel flow along the boundary of
the two regime. The vertical temperature
gradients along this border are large. The
maximum gradient of 0.35-0.36°C/m is ob-
served. Heat is transported from the hot regime
to the cold regime by conduction-dispersion
across this flow. The hot regime of more than

200° C has comparable size as in the model (2).
The area of intermediate temperature range
between 100°C and 200°C is much extended.
These features clearly show that a mountain of
appropriate slope above heat source can act as
a cap on geothermal convection system.

A further increase of gradient makes little
change of the flow system as seen in the model
(4). Some of slight changes are as follows. The
high temperature zone is reduced due to the
expansion of cold regime. The recharge area
on the right hand has disappeared. The con-
vection of the models (3) and (4) will be called
as a mushroom type after the shape of isotherm
hereafter.

A drastic change of flow system is caused by
the slight increase of gradient from 17/100 of
the model (4) to 18/100 of the model (5). There
is a certain critical level of fluid potential
where the mushroom type convention system is
destroyed and another steady state is produced.
The flow pattern of the model (5) is dispersive,
and the hot area of more than 200°C is greatly
reduced. The low temperature area beneath
the mountain is very extensive. The cold water
from the high mountain goes down to the
bottom of hot plate to be heated.

The effect of the further increase in gradient
of slope is the further narrowing of hot zone
and the expansion of cold zone of the model (6).
The swelling of 100°C isotherm on the right
hand seems to be due to the side effect of
impermeable boundary.

The vertical temperature profiles of selected
columns are shown in Figure 5. Each figure
consists of temperature logs from corresponding
column of each model described above. The
attached numbers correspond to those of the
models. For the location of logs, Figure 4 is
referenced.

The vertical temperature profiles in Figure
5 (a) are those along side boundary on the left
marked as ‘a’. As no lateral flow is allowed,
the profiles reflect only vertical flow. The
profiles 1 and 2 from Figure 4 model (1) and
(2) respectively are the temperature in the
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Fig. 4 Fluid flow vectors normalized by the largest one of each model and presented by its square root.
The isotherms are drawn at 10°C, 100°C, and 200°C. The gradients of topographic slopes are as
follows, (1) flat (basic state), (2) 4/100 (angle 2.3°), (3) 10/100 (angle 5.7°), (4) 17/100 (angle
9.6°), (5) 18/100 (angle 10.2°), and (6) 30/100 (angle 16.7°).
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Fig. 4(5)

Fig. 4(6)
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Fig. 5 Vertical temperature pro-
files from models of
Figure 4. The locations of
temperature log is shown
at the models of Figure 4
by symbols a through e.
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Fig. 6 Effects of reduced gradient of fluid potential for comparison with the model (5) in Figure 4. (1) A
mountain of the same slope is put on the opposite side. (2) A lake is introduced to the middle
level of the mountain.
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Fig. 7 Effects of mountain range with short wave length. (1) A mountain above heat source. (2) A
valley above heat source.
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column of buoyant flows. The cold down flow
distinguishes itself by the straight line of no
temperature gradient and the sharp tempera-
ture increase at the bottom as seen in the
profiles 5 and 6. The profiles 3 and 4 are of the
third type. The hot plume and the cold down
flow are colliding at intermediate level forming
steep temperature gradient. This means that it
is not always necessary to assume an imperme-
able bed to interprete the third type of thermal
logs.

Temperature reverse is caused by lateral
flow. The Figure 5 (b) through (d) show the
varied degree of effect of lateral flow. The
influence of laterally spreading warm flow in
upper strata and -cooled return current at
lower level are evident.

Figure 5 (e) shows the profiles near the side
boundary on the right, where lateral flow is
diminished. The vertical flows in this cases are
gentle. So, the temperature gradient is mod-
erate.

These temperature profiles have many fea-
tures in common with field data from geother-
mal area. More extensive study of topographic
effect on hydrothermal system will contribute
to better interpretation of field data.

Some supplemental models are studied in
the following discussion.

The model (5) of Figure 4 is modified to
reduce the gradient of fluid potential which
works on hydrothermal system. For this effect, a
mountain with the same slope of gradient
18/100 is placed on the opposite side in Figure
6 (1), and water is introduced to the middle
level of the mountain to form a lake in Figure
6 (2). The convection patterns have returned to
the type of the basic state, and very similar to
the models (3) and (4) in Figure 4. The strong
out flow is observed at the valley or near the
coast line. The isotherm of 100°C is pushed up
toward these outlet.

The models in Figure 7 are another expres-
sion of topographic effect. The mountains are
steep (gradient of 30/100) but have short wave
length. They are shifted a half wave length

each other for the model (1) and model (2).
When there is a valley just above heat source,
squeezing of reservoir occures in the model (2).
So the hot zone becomes very slim even
compared with the basic state of model (1) in
Figure 4.

Conclusion

The topographic effect on hydrothermal sys-
tem has been discussed. It acts both favorably
and adversely for the formation of geothermal
reservoir depending upon their geometry with
respect to heat source. When a mountain of
moderate slope is above the heat source, it
works as a cap for hydrothermal system and
helps to form a large geothermal reservoir with
good amount of heat stored in it. But the con-
vection system change suddenly to a dispersive
type when the steepness of a mountain exceed
a certain critical level. A valley above heat
source expedite discharge of hot water. Shore
line is another prefered place of discharge for
thermal water.
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