HYDROTHERMAL CONYECTION IN GEOTHERMAL RESERVOIRS WITH SLOPING BASEMENT AQUITARDS
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1.INTRODUCTION .

The flev of hot water in a geothermal reservoir with an inclined bottom has not been
studied as exiensively as the flat-botlom case. In many real fields, the rock formations
comprising the reservoir basement are far from horizontal. Hydrothermal convection s
generally confined to a permeable aquifer region lying belov the watertalile and above the
basement, owing to the impermeable character of the latter. Thus, the geometry of the
permeable zone may depart significantly from -a rectangular vertical section. Most
Japanese geolhermal fields are locatled in valcanic areas; deep magma bodies supply heat
conductively upwvard tLthrough irregnlar tilted bhasement siructures to drive buoyant
hydrothermal circulation systems in the overlying permeable sirata. Under these
circumstances, the effecls of basement orientation may be of considerable importance,

This paper presents preliminary resulis of a theoretical study( involving numerical
simulation techniques) of natural convection patterns in reservoirs with sloping lover
boundaries. (Calculations 1involving non-horizontal basement layers are not unusual in
simulation studies of particular geolhermal fields. but the influence of bottom slope it~
self has not yel been systematically investigated in general fashion.) First, simple base
cases are treated: these base cases are then perturbed in various ways to examine the in-
fluence of pertinent key parameters. The significance of the parameters must be estab-
lished before applications to practical field situations should be undertaken.

2.SIMIPLE MODELS

Figures 1 and 2 illustrate resulis for tvo elementary base cases, showing both
stable mass f{lux and temperature distributions for the systems vhose praperties are
listed in Table 1. A finite~element two-dimensional single-phase simulator(Yano, 1987 was
used. Stationary boundary conditions were imposed and unsteady calculations vere carried
out in time until an essentially steady state was reached: the reason that an unsteady
method was used will become apparent below. |In both cases., the upper constant-pressure
surfaces were horizontal(no topographic effects), and the vertical side boundaries both
represent planes of symmetry. In Figure 1, the temperature along the inclined basement
surface was fixed, whereas in Figure 2 a uniform heat flux was imposed.

It is noteworthy that the resulting convective patterns are nearly the same. 'The
temperature along the basement is almost uniform in the fixed-heat-flux case(Figure 2)
except at the corners. The thermally-driven circulation creates a rapid upvard fiow pat-
tern paraliel tu the basement surface, resulting in a nearly uniform temperature dis-
tribution there.

Since both the basement slope and the heat source mechanism in real geusthermal
fields are consequences of the geological hislory of the area, the two effects are in-
terrelated in practice. For real systems, the situation is likely to depart frum these
simple models in a variety of ways. To evaluate such effects, additional calculations
vere undertaken.

3.EFFECTS OF KEY PARAMETERS

Table 2 lists a number of faclors which influence numerical calculations of convec~
tive flov phenomena in aquifers with inclined basement boundaries. Here, the effects of
those parameters vhich have bheen investigated so far are described.

Qualitative changes in flow pattern may result from changes in overall systenm
geometry. The length, depth, and angle of inclination of the basement. together vith the
heating rate. in large measure determine the scale of size of the convection cells. For
example, Figure 3 illustrates a case similar to that of Figure 2, except that ihe
prescribed heat flux from the basement has been substantially increased. Oving to the
change in Rayleigh number, the number of convection cells is greater in Figure 3.

Figure 4 illustrates a dilferent situation. [n this case, the system is isoiherwmal.
The flov is driven by topographic slope, with the water-table surface elevation to the
left higher than to the right, inducing a net flov from left to right.

Combinations of different driving mechanisms result in increased f{low
complexity(Yusa.l983: Hanaoka,1986). Combining the fixed-temperature thermal convection
mechanism of Figure 1 with the topographically-driven forced convection mechanism of
Fignre 4 results in the flow pattern illustrated in Figures 5.1-5.4. As discussed by
Yano(1987), +this combination of boundary conditions can somelimes create periodic oscil-
tatory solutions under certain circumstances (as in this case). Despile Llhe stalionary
boundary conditions, a steady sulution is never reached - instead. the system wili con-
tinue to oscillate indefinitely, as indicated. It should be noted that, in real geother-
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GEONETRY
width: 7 km
depth:1500m(lelt edge),5000m(right, edge)lor
horizontal surlace cases(ligurcs 1,2 and 3)
topography lor ligures 4-G:rising to the lelt with
1/50 slope(depth of lelt edge = 1640m)
ROCK PROPERTIES
perncability: 2 md
thermal conductivity: 0,005 cal/sec-cm-C
porosity: 0.2
rock grain density:2.7 g/cm3
rock grain hecal capaeity:0.23 cal/g-T

BOUNDARY CONDITIONS AND SOURCES/SINKS

sides :symmetry(insulated for both heat and mass)

upper surface: Lemperature=10C , pressure = 1 atm

bottom: [igures 1 and 5:uniform temperature(200 )
[igures 2 and G:unilorm heat [lux(3.5 HFU)
figure 3: uniform heat flux(5.8 HFU)
fimire 4: uniform fixed tempcrature(10 °C)

INETIAL CONDITIONS

hydrostatic pressure, unilorm temperature at 10 °C

Table 1 Parameters used for the numerical simulations

depicted in figures 1 Lo 6.

Fig.1 Computed [low pattern and
temperature at 200,000 vyears for
uniform temperature(200°C) at the
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basement. (nearly steady state). See
table 1 for the parameters for the
calculation. Temperature contour
interval is 20 C. Lengths of arrows
are proportional to logarithm ol
mass flux density: scale varies
from figure to figure.

Fig.2 Computed flow pattern and SJa .-
temperature at 300,000 years Tor =
uniform heat flux(3.50FU) from the
basement(nearly steady state),

GEOHETRY

bascment: length,depth,angle
surface Lopography :
two- or three-dimensiona
ROCK PROPERTIES
permeabilily: magnitude, anisotropy,
heterogeneity(cap rock)

thermal conductivity, porositly,
heat capacity

rock type: porous medium or fractured rock
FLUID PROPERTIES

approximations used for water properties
salinity

minor factors:

lIEAT SOURCES

type of boundary condition(heat flux, fixed

temperature) and magnitude

spatial distribution of conductive input

hot water inflow from basement
TIME OF OBSERVATION

elapsed time since initial(cold) state

steady or oscillatory solution
COMPUTATIONAL FACTORS

accuracy of calculation, mesh size, Lime step

Table 2. Important
simulation of convection

factors
above bascment slopes.
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Fig.3 Computed [low pattern
temperature at 350,000 ycars for
uniform  heat  flux  [rom the
basement(5,81FU)  (nearly  steady
slate).
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Fig.4 Computed flow pattern induced

by topography without heat input.
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mal systems, long period oscillatery behavier of this sort cannot be detected in
practice. Not all such solutions are oscillatory : variations of the input parameters can
produce steady solutions resembling Figure 5.1, with a deminant upflov zone located mid-
wvay above the sloping bottom. This type of flov pattern appears to characterize some
practical field situations(Yano et.al.,|987). |f heat is instead provided by a fixed heat
houndary condition, the steady solution depicled in Figure 6.1 results: during the
development of the steady flow, however, the flov passes through an inlermediate stage
shown in figure 6.2(note the resemblance to Figure 5.1).

Among all of the rock properties, the distribution of permeability is the most im-
portant and is the hardest to categorize, oving to its extreme variability in nature.
Preliminary convective flov models(such as those discussed here} necessarily assume iLhat
the permeability is homogeneous, but subsequent calcuiations should examine the influence
of permeability helerogeneities. The presence of an overlying caprock is a case of ob-~
vious inlerest; Yano et al,(1987b) have shown that the character of the influence of a
caprock on the flov depends qualitatively upon the focation of the heat flux boundary.

Three-dimensional effects are clearily important for real reservoirs. As Yano(l1987)
noted, rotating the mode! of Figure 5.1 about ils right-hand edge produces a repre-
sentation of a circular caldera system: in such a case. the influence of topographic
drive becomes more important and forces the upflow zone dovn slope, cluser to the caldera
center.

The deep heat sources considered so far are broadly distributed in a regional
fashion. [f a discrete fault or fracture zone penetrates the othervise impermeable
hasement, mass and heat vill flow into the aquifer at a point along the botiom., Calcula-
tions for such a case were performed(involving (I)topographic influence at the surface,
(2 o uniform basal heat flux, and (3} a point source of hot fluid located midvay along
the sloping basemeni). At an early stage of the iransient convection, the flov is mainly
controlled by the point source even if Lhe input thermal powver from the point source is
less than that for the extended heat source distributed along the boundary. forming a
rising hot plume above the point source. The influences of the topographic gradient he-
come more predominant aftervard, and the net flov sweeps the heat from the point source
to the right boundary, resulting in a strong upflov along the boundary.

4. IMPLICATIONS

Even if attention is restricted - to elementary geometrical stopes and simple
prescriptions for boundary conditions, a wide variety of hydrotherma! convection patterns
are possible, as has been shown. The effects of combining various driving mechanisms are
difficult to predict in advance. Consequently, even if a particular geothermal field has
such a simple structure, it may be difficult to interpret the entire condilions given ,
from a simple data set of the field. If a catalogue of known solution is available in
advance, however( similar to the catalogue of HT solutions assemblied by Ogava et
at, (1985}, for example), then more informed judgments may be made. The models presented
here are offered as a modest contribution to such & cataloegue.
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