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The problem of steady free convection in an island aquifer, confined by

Hna

caprock at the top and heated by an impermeable surface from below 1s consildered.

_ The governing non-linear partial differential equations are approximated by a
set of finite difference equations, which are solved numerically by the itera-
tion method. To guarantee convergence of the iteration process, the non-linear

convective terms in the energy equation are approximated by the upwind difference

scheme. The effects of thermal conditions at the caprock, the geocmetry of the .
reservoir, the variation of Rayleigh number, the length of the heating surface,
and the magmatic intrusion,on fluid flow and heat transfer characteristics in
island geothermal reservoirs are discussed.

Z =2 = BK‘ = - ’UO

NQMENCLATURE
specific heat at constant pressure
~ gravitational acceleration
~depth of the reservoir
permeability of the rock
thermal conductivity of the rock
dimensionless width of the reservoir, L = £/h
width of the reservoir |
number of vertical grid lines
nurber of horizontal grid lines
p pressure of the fluid
Q dimensionless total heat transfer rate at the bottom impermeable surface
i dimensional total heat transfer rate at the bottom impermeable surface

dimensionless coordinate of the axisymmetric reservoir, R = r/h
r coordinate of the axisymmetric reservoir

Ra  modified Rayleigh muber, Ray = psghKB(Tm—TS)/au
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temperature ol the fluid
temperature of the caprock

temperature of the intrusive

‘maximum temperature of the impermeable surface

i

dimensionless horizontal velocity, U uu/pSgB(Tm—TS)K
horizontal velocity
dimensionless vertical velocity, V = Vu/pSgB(Ta—TS)K

vertical velocity

dimensionless coordinate

dimensional coordinate

" Greek symbols

a

e ‘< o

W

gquivalent thermal diffusivity? a = kn/(pcp)f
B thermal expansion coefficient of the fluid
Y relaxation factor defined in Eq. (25b)
€ error tolerance, defined in Eq. (26)
] dimensionless tenmperature, 6 = (T—Ts)/(Tmes)
3 ed, BL,VGS dimensionless temperatures»
A . defined in Eq. (18a)
H viscosity of the fluid
density of the fluid
dimensionless stream function
dimensional stream function
relaxation factor defined in Eq. (25a)
" Superscript -
¥  temporary values of 0 and ¥
Swseript
s condition in the ocean
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The rapid depletion of the reserves of fossil fuels has stimilated con-
siderable intercct in the utilization of geothormal encrgy for power gencration.
Depending on goolerical and nydrological conditions, the geothermal resources
that can be utilized for power production with the present technology exist in
+the form of hot water or steam in the earth's crust. I has been postulated by
geologists that, as a result of heating frcm hot rocks, groundwater adjacent to
the heated rock will rise to the top of the agquifer [1]. If the aquifer is con-..
fined by caprock with poor thermal conductivity which prevents the dissipation

of heat, a larse omount of hot fluids at relatively shallcow depths could be ..
available for pr  » genzration. Thus an ddeal reservoir for geothermal energy
extraction woulc asist of a hot heat source for the continuous supply of _
energy, a highly meable aguifer to psrmit the free flow of a large amount of

groundwater, ana i poor heat conducting caprock for the storage of heat.
: The proposed mechanism by which heat is transferred from deep igneous rocks —
to groundwater at shallow depths in geothermal areas has been supported guanti-
. tatively by a number of theoretical studies. Vooding [2] appears to be the first
to study the non-linear problem of free convection in confined reservoirs. In
. Wooding's analysis, a perturbation method was used to approximate the govern-
ing non-linear partial differential equations by a set of linear subproblems v
which can be solved nurmerically. Using a two-layer mcdel ccnsisting of an upper
saturated permeable layer and an underlying laver of impermeable bascrent, 4
Donaldson [3] obtained a finite difference solution to steady free convection in
a confined reservoir. MNumerical solutfions were also cbtained by Elder [4,5] who
studied the rcles of end effects, non-uniform heatingz, and mass discharge on
steady and transient free convection in bounded rectansular reservoirs with a
small aspect (height to width) ratio. The effect of through flow on the local
circulatory flow in reservoirs with large aspect ratio was treated numerically
by Donaldson [6]. The effects of geothermal heating of saline groundwater in a
coastal aquifer with application to waste disposal was studied by Henry and
- Kohout [7], using the finite difference method. The simulation of the confined
geothermal reservoir at Wairakei, MNew Zealand, taking into consideration the
irregular geometry, was performed by Mercer [8] on the basis of the finite
element method. lNost recently, a variation of Wooding's perturbation method was
applied by Cheng and Lau [9] to study free convection in unconfined geothermal
reservoirs at low Rayleigh numbers. _
_ “In this paper, we shall study the effects of (1) thermal canditions at the
. caprock, (ii) the geometry of the reservoir, (iii) the variation of Rayleigh
_number, (iv) the size of the heating surface, and (v) the magmatic intrusicn on
the fluid flow and heat transfer characteristics in an island aquifer (Fig. 1).
~ To simplify the problem, idealized mcdels shown in Fig. 2 will be treated. The
set of non-linear governing equations are approximated by a set of finite
_ difference equations, which are solved by Gauss-Seidel iteration methed. To
guarantee convergence the non-linear convective terms are approximated by the
_upwind difference scheme [11]. The over- and under-relaxation methods are
incorporated in a "combined iteration' procedure [11] to accelerate the rate of
convergence. Streamlines, isotherms, and velocity distribution for cylindrical
and rectangular reservoirs at a selected set of parameters are presented.

FORMULATION OF THE PRORBLEM

In the mathematical formulation of the problem, the following assumctions
will be made: RS

1) The flow and terperature fields are steady.
e 2) The groundwater and the porous rock are in local thermodynamic
equilibrium.
3) The temperature of the fluid is everywhere below boiling for the
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saturated porcus modiwn are the continuity equation, Larcy's Law,

equation, and equation of state which are given by

pressure at that denth.

L) Boussines

sq approximation is

emmloyed.

i

The governing cauations for the similtancous heat and mass transfer in a

div v =

0,

- K -
A\ =—']_J_(Vp - pg) 3

2

Ve VT

=aV'T,

= p [1-8(7-T))] ,

EneTsy

(1) .
(2) _
(3)

-

(0

-

where v, p, u ard B are the macroscopic velocity vector, density, viscosity and
. the thermal expansion coefficient of the fluid, p the pressure, T the tenmpera-
ture, g the gravitational acceleration. a =lgn/(pco)f is the equivalent thermal

. diffusivity with ky denoting the thermal conductivity of the porous medium
(pCp)r the density ard specific heat of the fluid.
. denotes the condition in the ocean.

reservoir as shown in rig. Z2A.

The subscript s

and

in Eq. (4) ;

In this paper, we shall conzider free convective flow in both cylindrical
armd rectangular geothermal reservoirs.

Consider,

It can be shown that Eqs.

written in the following dimensionless form

and

where R = r/h, Z=z/h,

Py 1o,
3R2 R dR
Po, 12
3R2 | R oR

2

Y 36

L i=R%=,

322 dR
+§i=Ra@11~

322 dR oz

perature of the irpermeable surface.
(5) and (6) is defined in the usual mannor, i.e., U= (1/R)(3Y/3Z) ard

XVT

]

= ~{1/R) (3¥/3R) whe
V = vii/pggB(Tr-

- Tg K

re ¥ = wu/pbgh VB(iqfls

wthw\p

and velocity components.
- Ra = pgghKB(TyTs)/an which is the modified Rayleigh number.
: The appropriate boundary conditions for an axisyrmetric aguifer, bounded

by ocean on the side, confined by c

where 07(R) = (Tr~Tg)/(T-~Tg) .

¥(R,0) = 0,

sy (L -
3R (35 2)

¥(0,2)

¥(R,1) = 0

0,

u, and
The paramet

8(R,0)

0%, 2) =

B 3y 88)
3

first, an axisymmetric

(1)-(4) can be

(5)

Pressry Teibn g

MBI

(6)

and eEE(T—TS)/(Tm—TS) with T, denoting the maximum tem-

The QlﬁenSWOnleSS stream function in igs.

er Ra in Eq.

= eL(R) Y

b , 

%% (0,2) =0,

(6) is defined as

In addition, the following two the

boundary conditions atv the caprock will bte considered.
(1) a heat conducting caprock with temperature Ty, the bou

is

=4~

~

, U = u/pgeB(Ty-Ts)K, and
v denoting the dimensicnal stream function

aprock at the tcop, and heated by a horizontal
impermeable surface at the bottom with a prescribed temperature Ty (R), are

(7) -
(8) -

(9)

-—

(10?

1
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B(R,1) =6, , or S (1)

(2) an adiabatic caprock, with the boundary condition given by

P ®RD=0, ~ (110)

where 6 = (T -T )/(T -T ). If‘a hot impermeable intrusive is located at the
center 8 theaaqﬁiferT tRe additional boundary conditions are ¥=0, ard 0=0. along
its impermeable surface where 6 .=(T.~T_)/(T -T ) with T, denoting the temperature
. . d 7d s m s d
of the intrusive. .
.The corresponding equations for a two-dimensional rectangular reservoir
shown in Fig. 2B are

2 2
.'a__;_’+a—g-=—%%, ) (12)
9X= 32 . :
2 2 ) !
: 976 , 376 ¥ 236 oY 38 R B St { ! : { !
=5+ —5 = Ralgy 5y -~ ) e (13)
3X2 3Z2' aY 9X oX 9y’ T

" where X = x/h and Wizuw/psghB(TmeS)K which is related to the dimensionless
velocity components by U= 09Y/9Z and V=-3¥/9X. The appropriate boundary con-
ditions for a rectangular reservoir is also given by Egs. (7)-(11) with R
replaced by X. :

FINITE DIFFERENCE EQUATIONS AND NUMERICAL SOLUTIONS

In this section, we shall confine our attention to the numerical solution
for free convection in a cylindrical aquifer. The corresponding problem for a
rectangular aquifer can be done in a similar fashion (see Ref. [10]). Since
the problem is symmetric with respect to z axis, we only need to consider half
of the domain as shown in Fig. 3. We first superinpose a rectangular grid on

CACTE g

AR TR

the domain with the coordinates of the grid points given by (R;,Z;) where / ;

Ry=(i-1)AR(i=1,2,...,M) and Zj=(j—l>AZ(j=1,2,...,N). To obtain the finite

difference equations, the standard five point formula is applied to Egs. (5)

and (6). The first derivatives in the linear terms in the eguations are

approximated by central difference whereas the first derivative for 6 in each

~ of the non-linear terms is approximated by the upwind difference scheme [11],
whereby the forward or backward finite difference approximations are used

depending upon whether the local velocity component is positive or negative.

As a result of this difference scheme, the coefficient matrix for 9 is

~ diagonally dominant which would guarantee convergence if the Gauss-Seidel

~dteration method is used. Thus, for an interior node in a cylindrical aquifer,

_ the finite difference equations are

¥ Y

- S L S
fg Tt Mgt 5T Bl S V5 I
(AR)2 AR(i-1) 2R
Yo q—2¢, 4V, 0,4 = 0, o .
i,3+1 i,] 0= _ (o1)aR —2¥Lsd i-1,] (14)
(AZ)2 2AR ?
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(AR) AR(}—l) (Az)a
: A0 + A0, . +AD. . .
_ 173+1,3 2°1,] 371-1,]
= Ra {Ui,g( AR )+
A0 + A0, .+ AS, . -
471,541 571,73 67°1,j-1 : -
Vi,j( i )} , (15)|
which can 5é solved for Wi . and ei ; to give -
) |2 1 (k) 1 (k) -
LI oand) {[ 21~ lj]qjlﬂ’j Ut e »J .
: |
' S g (k) k) y . . =
TR [‘i’(k) 5 w(k) - 1)(AR)2 Yin,g T hengl oy (16 -
:J+1 - l— 2 ’ . J
glictl) _ 1 {[l P S
15 [2(1+A2)+Rau(k+l)A (8R)+ RaV<ijA (AR)] 2(3-1) E
(k+1) (k) 1 (k+1) (%) K
Ral U ,J A (AR):]G i+l J + [:l - m + RaU A (AR):]el l,J + -
(k1) (k) 2 (k+1) (k)
02 - - RaV; A6(AR)A]81’J._-_1 + [A° - Ravy A, (BR)AJ8; 1 (17) - 3
where’ -
_ AR -
A= "A—'Z" 5 (183.)__
(k+1) _ (k1) =
pltl) | i, Y] (18b)
i, 2(i~1)ARAZ =
y(HD) (1)
Vik—i—l) i,j+1 1,%—-1 (18c) .
| 2 2(1-1) (4R)
_ and Co=
A1 =0, A2 =1, A3 =], when Ui,j >0, (19a)--
Ay =0, AS =1, Ag=-1, when V"J " (19b)--
Al =1, A2 = -], A3 =0, when U ,j (19¢)..
By=1, Ag=-1, Ac=0, when V; ;<0 . (19d)

: The finite difference equations for grid voints along the center line R=C
(i.e. 1=1) need special attention since the terms (l/R)(BW/aR) and (1/R){38/3R)

in Eq. (6) become indefinite as R+0.

-6-

From 1'Hospital's rule, we have
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lim- ,
R0 R aR aR2
ard f 21.:1
V(0,2) = Lim & o = 5 (20b)
R0 BR ;
It follows that, as R+0, Eg. (6) becomﬂs
2 2 2y o -
TRk BN e
oR 87 oR -
where ve have made use of the condition 8¥/9Z=0 as R*0. Thus the finite ;-_
- difference equaticn corresponding to fg. (21) is given by ;
. -0, . =20, .+ 0. . A6, . .+, B
MELJ 1:3:] ¥ elsJ'H- 1,] 1,j-1 _ Rav. . ( 471,541°5 X:J 61,3 1)
. . 5 .
e e (AR} - o= (A7) e S —_ o
(22a) "
" which can be solved for 81 3 to give =
3 Rl
plltL) _ 1 10l + 002 = Rt aamn Jo () -
l:J [2(2_*.)\ ) RaV(k+l>>\ARA ] 2:3 1,3 1;J+l -
R _ _ =
+ D2 RaV(k+1)>\ARA6]8(’{) N } . | (220) "

The finite difference equations corresponding to boundary conditions (7)-(9)
are

¥ =0, 0 =6 (R), fori=l,2,...,M, (23a) -
H 3
= .]_‘ - = 1= ' _
‘PM’J 3(WM-1,3 ‘YM_2,j), eM,J. 6, , for j=1,2,...,N, (23b)::
' '*’1,;} =0, for j=1,2,...,N , (23¢)
Y n= 0 for 1=1,2,...,M , (233)~
ard ' =
ei N ea , (i=1,2,...,M) for a heat conducting caprock, (2ha).-
3 . -
-~ or 1 : -
6 § = §(M8i w1~ 9 N—2) for an adiabatic caprock, (2hb)--
> > > . )

where we have used the three point formula for the derivative boundary conditions
in Egs. (23b) and (24b).
We now describe the "combined" iteration procedures [11] for the numerical -
solutions of Egs. (16)-(19), (23) and (24). (x) ()
(1) Select a value for Ra and assume the initial values of 6; 3 and Yy

1,J J
(2) Find a temporary value of"i’%(k 1) frem Eq. (16).
(3) The new iteration value for W%‘+l is obtained from the formula
>
k+1 k k+1 (k '
5 =y (,; w(ey iy (250)

Pt . ‘ ¢ . B N . .. ,,_7_.. . L. a N . 7 B
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wiere » 15 called the over-relaxation factor if 1<w<e and under-relaxation .

factor if’ O<w<l.
(k 1> and V\k 1) from Egs. (16b) and (18c).

(4) Compute U N
(5) Fird a Lemporarj value of 6. \kjl) from Eg. (17).

(6) The new iteration value for BikgL) is obtained from
3 .

*
e(p+1) - e(p) ¥(0, Uel) - glk)y (25b) .
i,J 1,J i,J
where Y is the relaxation factor. (b .

(7) Repeat steps (2)-(6). The iteration process is terminated unfil the
following criteria are simultaneously satisfied:

gled) _ ) | o) _ o) | o6y

; (k+l) £ (F1) P o

B i N -.T-_-_‘y -- Rty Rt 6 -~ — 1{ :

RESULTS AND DISCUSSION ‘
-l

Convergent results were obtained for 0<Ra<2000 with I=l4, e=10" ', and A=l
(AZ=0R=0.1), where the values of g, AZ, and AR were dictated by economic con-
siderations. Corputations were ﬂwrrwed out for the following cases.

1. Cylindrical islznd aguifer with a heat conducting caprock. The ore-,

scribed temperatures for this case are: 8,=05=0, ard 6,(R)=exp[~(2R)“].

2. Cylindrical island aquifer with an adiagbatic caprock. The prescribed
temperatures for 81,(R) and 85 are the same as Case 1.

3. Rectangwlar island aguiler with a heat conducting caprock. The pre-
scribed terperatures are 64=05=0, with the following two cases of
GL(X) considered:

AV Continuous wall temperature with 67,(X): =exp[-(2X)“], and

B. Discontinuous wall temperature with 87,(X)=1 for —I/a<X<f/? {where
f is the dimensionless heating length normalized with respect to n) -
and 61,(X)=0 elsewhere. -

i, Rectangular island aguifer with an adiabatic caprock. The prescribed
temperatures for 67,(X) and &5 are the same as Case 3A.

5. Rectangular island aquifer with dike intrusion. The magmatic intru-
sive, located at the center of the aquifer, is 2 units in width and 0.5
units in helght. The prescribed terperatures are 05=05=0, 64=1,
and 0r,(X)=1 for -1<X<l and 61,(X)=0 elsewhere.

Representative results of the five cases are presented in Figs. 4-19. We
shall now discuss the effects of Rayleigh number, the thermal boundary conditions
at the caprock, the geometry of the reservoir, the heating length, and the dike
intrusion on the fluid flow and heat transfer characteristics in a geothermal -~
reservoir.

The Effects of Rayleigh Number

Figures 4-7 and O—*O snow the fluid flow and heat transfer characteristics -
-in a cylindrical aguifer at different values of Ra with a heat conducting cap-
rock (i.e., Case 1). Fisure U shows the convective pattern at two values of Fa..
In both of these figures, cold sea water moves inland along the lower portion of
the aquifer and is gradually heated by the inpermeakle surrace. Near the voint
of maximum heating, the fluid rises upward like a thermal vlume. As the not
water reaches to the top, it soreads arourd the caprcck and is finally dis-
chavged to the ocean in the uwpper portion of the ajuifer. A compariscn of
Fig. UA and Fig. 48 shows that closed ccnvective cells disappear as Fa is
increased. The effects of Ra on the isotherms in a cylindrical island aquifer

e . . . . . S WL . . . . R




is shown in Fig. 5. For small values of Ra (Pa=50 for examnle), the isotherms
are similar to those by heat conducticon. As the value of Ra is increased, the
isotherms develop into mushroom shapes with increasing size. Similar results
were obtained by Elder [4,5] for a bounded rectangular reservoir. The effect
on Ra on the temperature distribution along Z2=0.2, 0.4, 0.6, and 0.8 is shown
on Fig. 6. The temperature distribution is bell shaped with a maximum value at
the center; the rate of increase in temperature in the region near the center
is rapid for large Ra, indicating a boundary layer behavior.

The vertical temperature profiles in the aguifer are shown in Fig. 7. At

low Ra vertical temperature profiles increase almost linearly with depth, indi- '

cating conduction is predominant. At higher values of Ra, where convection
becomes important, vertical profile at the center of the thermal plume (i.e.,
R=0) differs from the rest of the profiles which have a temperature reversal at
a vertical distance not too far from the caprock. The temperature reversal,
which is an indication of lateral movement of warm water, i1s most pronounced
for large Ra at a horizontal distance not far from the heat source. It is
interesting to note that temperature vs depth measurements obtained by Keller
[11] at the sumit of Kilauea volcano also shows a temperature inversion. A
comparison of the computed vertical temperature profile (at R=0.2 and Ra=2000)
and with Keller's data shows a striking similarity (Fig. 8).

The effects of Fa on the vertical and horizontal profiles are shown in
Figs. 9 and 10. A camparison of Figs. 9 and © reveals that temperature and
vertical velocity are similar in shape. As shown in Fig. 9, the vertical
velocity is vanishing small everywhere except in the thermal plume. The width
of the thermal plume decreases as Ra is increased. The relative magnitudes of
the horizontal and vertical velocity at different Ra depends on the location
under consideration. At the center of the plume, the vertical velocity is
maximum; its magnitude increases as Ra is increased. From the governing
equations, it can be shown that the slope of the horizontal velocity profile
at the wall depends only on the local temperature gradient of the wall, i.e.,

QY

oY 98
0Z (

7=0 =~ ‘3R’Z=0

It follows that, at a particular location, the horizontal temperature gradients
at the wall are independent of Ra. This is confirmed by most of the profiles
in Fig. 10.

Effects of Thermal Boundary Condition at the Caprock -
Numerical results for Case 2 are presented in Figs. 11 and 12. A compari-
son of Figs. 5 and 7 to Figs. 11 and 12 shows that the adiabatic caprock acts
to prevent the dissipation of heat so that a larger amount of hot water at
shallow depth is available. It is interesting to note that the increase in
temperature due to the adiabatic caprock is most significant in the region
adjacent to the caprock. Away from the caprock, temperature of the water is
relatively independent of the thermal boundary condition at the caprock.
- Consequently, the total dimgnsionless heat transfer rate at the bottom imperme-
able surface, Q (where Q = q/2mK h(T -T ) with q denoting the dimensional heat
transfer rate), is relatively ingepegdent.of the thermal boundary condition at

the caprock (Fig. 13). The magnitude of Q increases more than ten times from
Ra = 0 to Ra = 2,000.

Effects of Geometry of the Reservoir

To show the effects of geometry of the reservoir on the fluid flow and
heat transfer characteristics, the results of Cases 1 and 2 at Ra=2000 are
compared with those of Cases 3A and 4 in Figs. 14-17. At a corresponding
location it is seen that temperature distribution in a cylindrical aquifer is
lower than that of a rectangular reservoir (Figs. 14 and 15). Furthermore.
although the horizontal velocity in a rectangular aquifer is larger than tﬁat
in a cylindrical aquifer at a corresponding location {(Fig. 16), the vertical

¥§%oc%§% in a rectangular aquifer is smaller than that in a cylindrical one
g. .




Effects of Heating Lensth

Results of Cases 3B and 5 at Ra=300 are plotted in Figs. 18 and 19 to show

the effects of the size of the heating length and the dike intrusion on stream-

lines

and isotherms in a rectangular reservoir. As in the case of a bounded

aquifer, the number of convective cells depends on the heating length, with

~

two convective cells for £ = 2 (Figs. 18A and 19A) and four cells for f = 3

(Figs.

18B and 19B). The convective pattern not only depends on the heating

length but also on the manner it is heated. For example, although Figs. 18B
and 18C have the same heating length, the streamline patterns are completely
different. A comparison of Figs. 18A and 18C as well as Figs. 19A and 19C

shows

that the streamlines and isotherms of the two cases are similar to each

other although the reservoir with a dike (Figs. 18C and 19C) has a heating

length 1/3 times longer.

ACKNOWLEDGMENT

The study is a part of the Hawaill Geothermal Project funded in part by the

- RANN program of the National Science Foundation of the United States (Grant No. _

GI-38319) and by the State and County of Hawaii. .
REFERENCES i
1. White, D.E., Geothermal Energy, Resources Production, Stimulation, Stanford

University Preso, 69-94 (1973). -
2. Wooding, R.A., J.F.M., V. 2, 273-285 (1957). -
3. Donaldson, I.G., J. Geophysical Research, V. 67, 3449-3459 (1962). :
4, Elder, J.W., J.F.M., V. 27, 29-48 (1967). -
5. Elder, J.W., J.F.M., V. 27, 609-623 (1967). é
6. Donaldson, I.G., Geothermics, 649-654 (1970). '
7. Henry, H.R., and Kohout, F.A., Underground Waste Manage, Environ. Implica- Z
tlons V. 18 202-221 (1973) :
8. Mercer, J.W., Jr., "Finite Element Approach to the Mbdellng of Hydroth@rmal
Systems,”" Ph.D. thesis in Geology, University of Illinois at Urbana-
Champaign (1973). -
9. Cheng, P., and lLau, K.H., J. Geophys. Res., V. 79, L425-4431 (1974). -
10. Cheng, P., Yeung, K.C., and Lau, K.H., Hawaii Geothermal Project, Tech.
) Rept. No. 8 (1975). ; v
11. Roache, P.J., Computational Fluid Dynamics, Hermosa Publishers (1972).
12. Keller, G.V., "Drilling at the Summit of Kilauea Volcano," prepared for

National Science Foundation, Colorado School of Mines, Golden, Colorado,
March 15, 1974.

-10-



Land Surace

oL -'Wulor.Tqb.ln: B

Seo
Water

.Co;\‘igud. Aq.lgi‘ev _'

EJPermeoblo R.ocl
Imparmnoblc Rock rvded Magme Chambor

Dlow porosity Rock

Fig. T Island Aquifer with Geothermal Heat Source

-DIMENSIONAL
IC GEOMETRY TWO
AXISYMMETR : RECTANGULAR GEOMETRY
._W’_’.
2 7 o
= v B
2205500700
- p,////,///,| [
-l iy, e —
e R % B =
== virie maiod
— ] ¢/§;¢;///2 fwn
v AR T
Peatent AAs [
o gé;cq;ﬁ//x g
o v;/,//./(//f =
H Vi =
Top View - 7 //// / iy
-p—— L o

| —Y-
] ceseceeered SRS 0, rg— —H.'.'.'.“.i'{?.'._Ff'.p'?ftv.u ‘-
Porous Rocks L L b oceon Poigui Rocks | h
SSEHHMAN KNINANH N § e
Heated Impermecble Surface _ Side View Heated Impermeable Surface
». 4 1

Fig. 2 Idealized Models for Free Convection in Island Geothermal

-1-

Reservoirs



(LN)

fiN+1)

(M,N)

(if+1)

{i-Lj) (i,

—
=

fi*1j)

(1.4

Az fi.j-1

AR

LR

‘il o)

(M) R

Fig. 3 Grid Points for Finite Difference Equations

oo

1.0 2.0

Fig. 4 The Effect of Rayleigh Number on Streamlines in an Axisymmetric
Geothermal Reservoir with Heat-Conducting Caprocks

4

-12-



1.0
Raz 50
z -
bl Jd A
t“2.0 1.0 2.0
1.0
Raz 300
r4 » 0=20.2 -
6=0.5
80.7
0 i | 1 "l A
2.0 1.0 1] 1.0 2.0
1.0
Ra=2000
l b
g 1 1
uZ.(l 1.0 2.0

Fig. 5 The Effect of Rayleigh Number on Isotherms in an Axisymmetric
Geothermal Reservoir with Heat-Conducting Caprocks

| ——— R#2 2000
—=—=Ra2300
1.0 ~—— Ra=50
0.8
0.6
l
0.4
0.2
0 L 1. 2.0
2.0 1.6 -6 :

Fig. 6 The Effect of Rayleigh Number on the Horizontal Temperature
Distribution in an Axisymmetric Reservoir with Heat-Conducting Caprocks

-13-



0 1.0
[ Fo—1
1.05 ¥
N 1| =—— Ra=2000
\ \ ~e== Raz300
Vo ===-Raz50
Lo\ ) H
0.8 \ \
Vo |
\ i i
0.6r { |
(I
z i
Vi
|
0.4 11
U
Vi
b
Vi
L v
0.2 y
\\
\
\
o 1
) 0.8 1.2

1.6 2.0
R

Fig. 7 The Effect of Rayleigh Number on the Vertical Temperature Profiles in an
Axisymmetric Reservoir with Heat-Conducting Caprocks

500
Ra=2000
R =0.2
750
g2 R Theory —\
= -
[
Oa
- R
a 1000 Keller's
i Measurements
L
1250 , ., - -
0 20 40 60 80 100 120 140
T,°C

Fig. 8 Comparison of Theory and Measurement

-14-



1.0
e N Z:0.8
0.8
0.6} _ 1.0
1 v: 0.5
04 | 0
Rax2000
0.2} e Ra2300
—————— Raz50
0 . .
2.0 1.6 1.2 0.8 0.4 0 0.4 0.8 1.2 1.6 2.0

Fig. 9 The‘Effect of Rayleigh Number on Vertical Velocity Profiles in an
Axisymmetric Reservoir with Heat-Conducting Caprocks

—e Rax 2000
e R3=300

: =wwm== Raz§0
1.0 l ,
L i
08} y ;
h !
I ’
0}
1
04}
0.2 |
I
[} |
o , 1l | ]
0 0.8 12 16 2.0
" ,

Fig. 10 The Effect of Rayleigh Number on Horizontal Velocity Profiles in an
Axisymmetric Reservoir with Heat-Conducting Caprocks

-15-



YT b) d)
| i
]
o5 |1
l.
|
|
| ! [
0.6} |l !
z | {
1! {}\4h=50
oq 11 '
N N,
Vi | | -Ra=300
| N
02 -y a_‘ Raz2000
\! .\
R=0 | \\ R=o04 =1.2
o -
0 15 0 1.5 15
0 0

Fig. 11 The Effect of Rayleigh Number on the Vertical Temperature Profiles in an

Axisymmetric Geothermal Reservoir with Adiabatic Caprocks

1.0
7T T Raxzs5p » :
.2 .51);/~\\\\
0 -
2.0 1.0 [ 1.0 2.0
0 1.0 2.0
1.0
N J
l -
Ra22000
) ,
2.0 ) 1.0 2.0

Fig. 12 The Effect of Rayleigh Number on Isotherms in an Axisymmetric
Geothermal Reservoir with Adiabatic Caprocks

-16-



1.0r

0.5r

CAPROCK
TEMPERATURE SPECIFIED

ADIABATIC CAPROCK

1 i
0 500 1000
Ra

Fig. 13 The Effect of Thermal Boundary Condition at the Caprock on
Total Heat Transfer Rate at the Bottom Impermeable Surface

-17-

1500

2000



L r—===x

Cylindrical

e ——Rectangular
A

0
2.0 1.0
R

Fig. 14 The Effect of Geometry of the Reservoir on the Isotherms

1.0 ~
N\,
b \\ \\
) ! \
0.8 1 1 ;
! /
]
! [
)
* O.G ’, 1
!
Z '
l' [
04 ]
[}
[
'l
0.2 b 1] .
R= 0 \ Rz 0.4
00 50 5
g ]
1.0 T
/ |
I
!
0.81 !
!
/
0.61 !
!
1 } l,
0.4+
{
)
)
0.21 /
R=0 \ R=0.4 \ R=z0.8
0 [ 15 0 15 0 15
0 0

Fig. 15 The Effect of Geometry of the Reservoir on the Vertical Temperature

Profi1es

-18-



ormremmeees Cylindrical o —— ey
------ Rectangutar 0 0.2 0.4
1.0
v" ,—’,7
,/
08 ! s
. /
4
/ 1
067 '/ ‘l,_
A L]
/ ]
04} fo I
[ [}
. ',._ I
y/ I :
02 : -
/ 1 !
/ i
0 L H i
0 0.4 1.2 2.0
Ror X

Fig. 16 The Effect of Geometry of the Reservoir on the Horizontal

Velocity Distribution

2.0

1.0
Ra= 2000
e N I50.8
08 =" -
0.6 |- 1.0 =" =
1 v: 0.5 .
AN 250.4
6.4\ 0 = =
- Cylindrical ’,/'_\\\\ 7:0.2
0.2 @ meee—- Rectangular - =
i i L 2 i 1 Il 4 1
%0 1.6 1.2 0.8 0.4 0 0.4 0.8 L2 16
R
Fig. 17 The Effect of Geometry of the Reservoir on the Vertical

Velocity Profiles

-19-



1.0

= le=—

L]
~

ob - ——————
~
(=]
~N
o

2.0 1.0
1.0 ?
.03 |
45 ;

L)
Y00 =
|

j b)
0
2.0 1.0 0 1.0 2.0

Fig. 18 The Effects of Heating Length and Magmatic Intrusion on Streamlines in a
Rectangular Reservoir with Heat-Conducting Caprocks

-20-



2.0

2.0

2.0

Fig. 19 The Effects of Heating Length and Magmatic Intrusion on the Isotherms
in a Rectangular Reservoir with Heat-Conducting Caprocks

-21-





