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TWo-phase f]ow, in wh1ch gas and 11qu1d water COEXISt w1th1n the pores,
genera]]y occurs in geothermal reservoirs in one of two ways.  First, ’
- gravity segregation can cause the formation of a gas or steam cap near the

top ‘of the aquifer with single-phase 1iquid conditions prevailing at deeper:
levels. Second, within the liquid zone, product1on -induced pressure drop
 can cause the formation of a two-phase region adjacent to a production well
.in which both phases flow horizontally towards the well. If'such a two-
- phase region forms, classical formulae which relate production rate to-
aquifer thickness, permeability, well diameter, fluid v1scos1ty, and pres-
sure drop no longer apply. The presence of a two-phase region will sub-
stantially increase the net: res1stance to fluid flow reducing. the production
rate for a given downhole pressure. .

In 11qu1d -dominated geotherma] reservo1rs, “two d1st1nct reg1mes are of
principal interest. First, in hydrothermal systems, liquid water will boil
due to production- -induced pressure'drop if the local pressure reaches the
vapor pressure for the reservoir temperature. As pressure further declines,’
the temperature will begin to drop according to .the saturation curve for
water/steam mixtures, and the steam volume fraction ("steam saturation")
will increase. Second, in geopressured systems such as those that underlie
the Gulf Coast region, reservoir pressures typically exceed vapor pressure
by hundreds of bars, so that steam will never form. However, geopressured
reservoir fluids typically contain large quantities of d1sso]vea natural
gas, principally methane. Since the solubility of gases in water increases
with pressure for a given temperature, the pressure drop induced by produc-
tion may cause the evolution of free gas from solut1on, aga1n creating a
two-phase zone near the well.

On time-scales which are large compared to those associated with com-
press1b1l1ty-1nduced pressure transients, the flow in the neighborhood of a
well may be regarded as essent1a11y steady. For example, for the special
case of a fully penetrat1ng well in a homogeneous reservoir of constant
thickness, if the flow is single-phase-1iquid the classical linear relation
between pressure and the logarithm of radial distance from the well may be
shown to apply. - For two-phase flow, the problem is much more comp11cated
even if steady radial flow is assumed Strong nonlinearities arise both
from the relative permeability functions employed and from the constitutive
description of the two-phase fluid mixture. In general, to solve the re-
sulting problem, resort must be had to laborious numerical 1ntegrat10n pro- .
cedures based upon the laws of mass, momentum, energy and species conserva-
tion which incorporate the relevant constitutive data (i.e., the steam tables
and the appropriate gas solubility and P-V-T data).

In the present paper, certain constitutive approximatibns are intro-
duced in analytical form for both cases of interest (water/steam and water/
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gas). It is demonstrated that these approximations, when combined with the
basic conservation laws, yield a much simpler set of equations in each case
consisting of a single algebraic equation, a single ordinary integral, and
the prescribed relative permeability data. It is further shown that the
resulting equations are of the same form for both cases (water/steam and
water/gas) so that they may be solved by the same procedures. Although
numerical methods are still needed to solve the integral, an enormous
s1mp11f1cat1on compared to the general case has been achieved. Finally, .
comparisons between results for the present simplified scheme and results
generated by numerical 1ntegrat1on of the basic equations show that the
simplified scheme, in spite of the re]at1ve1y crude const1tut1ve assumptions

- employed, is entirely adequate for eng1neer1ng purposes.

To develop the s1mp11f1ed theory, we start by cons1der1ng steady hori-

zontal fluid flow which is one-dimensional in the sense that all physical

variables are to be determined as functions of a single scalar space variable

x. Flow rates are generally high near wells, so we will neglect the ef-
fects of both heat conduction and capillarity. The fluid consists of a mix-
ture of H20 and one additional chemical species. Flows of this type are

governed by the following conservation laws (see, for example, Pritchett,

et al., 1975; Garg, et al., 1977a; Garg and-Pritchett, 1977b):

Mass Conservation:

Energy Conservation:

A (og Hg Ug * o H_U) = QH (2)

Conservation of Second Species:

Alpg CgUg + o € UL) = Q¢ , (3)

Gas Momentum Conservation {Darcy Law):

k R '
KY G d_P_ - .
Ug + i = 0 | (4)

PaVe

Liquid Momentum Conservation (Darcy Law):

k R
L dpP
L.‘-pL\)de—0 7 (5)
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-, In these expressions:
A A = A(x) = prescribed cross-sectional area distributioh
¥ k= k(x) = prescr1bed abso1ute permeab1l1ty distribution
w | Q = constant = mass flow rate (mass per unit t1me)
3 HF.= constant = flowing enthalpy (energy per mass)

CF = constant = flowing second species mass fraétion.

The principal unknowns are functions. of X:

pG(pL) gas (1iquid) mass density
Ug(U) = gas (Tiquid) volume flux .

HG(HL)

gas (1iquid) enthalpy

CG(CL) = maSs fraction'of second'species‘in gas (1iquid) phase

vG(vL) = gas (11qu1d) k1nemat1c v1scos1ty
. P = f1u1d pressure
L4
’ ‘Finally, RL and RG are the prescribed re]at1ve permeability funct1ons for

the liquid and gas phases, respectively. -These are ordinarily provided as
functions of the gas-saturation s (the gas phase volume fraction). We

x will hereafter assume that R| may be equivalently. regarded as a function of
RG, w1th the usua] propert1es

RL (RG f,O),s 1.
;RL‘(RG:? j? =0

. dRL‘.\: e , o
RL = Eﬁg <0 for 0« RG < 1.

The basic conservation laws (Egs. 1-5) may be man1pu1ated to y1e1d the
equivalent set:

Pseudopressure Definition:

=Po‘°f‘_(;;)d><_,ﬁ o (6)
‘ xo SRR ‘
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Mass Conservation:

J/ﬁ (;E-RG * RL)_dP - Px - Py | (7)

Energy Conservation:

vg Ry (Hp - H) = v Ry (Hg - Hp) | - (8)
Second Species Conservation:
vg R (Cp =€) = v Ry (G, - Cp). | . (9)

It should be noted that, in these expressions, the liquid and gas volume
“fluxes (U and Ug) no longer appear. Two new constants (Pg, xg) and one
new space variable (P*) remain to be defined. If Q-is positive, it follows
that P must monotonically decrease with x; for negative Q, P monotonically
jncreases with x. Since for both flashing (water/steam) and bubbling
(water/soluble gas) systams the gas volume fraction declines with increas-
ing pressure, at some point in space (xg) a pressure will be reached (Pp)
at which the gas phase vanishes. Beyond this point, the flow will be-
single-phase liquid. Hereafter, the subscript "0" will be used to denote
conditions at this "boiling point" (xg).

The "pseudopressure" (P*) is a function of x, and may be simply de-
fined, within the two-phase region, as the pressure which would prevail if
two-phase effects were absent. Beyond the two-phase region (x > xg for
Q < 0), of course, P = P*, Within the two-phase region, the true pressure
(P) will generally be smaller than P*. Now, the determination of P*(x) is
usually a fairly straightforward problem. In radial flow towards a fully-
penetrating well with constant rock permeability and constant aquifer thick-
ness, for example, we have A = 21 hx where h is aquifer thickness, k = kg,
VL = v g so that Eq. (6) yields the classical result: -

p* =P - BXLQ— n (x/xq)
0 2mk,h 0’ -

The treatment for non-constant permeability, thickness, etc. is only
slightly more complicated. In other words, the "pseudopressure"- (P*) may
be used as an alternative to x as an independent variable; within the two-
phase region, if the variables of genuine interest (P, R_, Rg, Hy, Hg»
etc.) can be determined as a function of P*, Eq. (6) provides the necessary
map to physical space. Therefore, the essential physical problem for the
two-phase region is posed by Egs. (7), (8) and (9). These equations relate
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the true pressure (P) to the pseudopressure (P*) subject to the constants

of the prob]em (Pos HF, Cp), the prescribed relative permeability func-
~tion RL( %), and the constitutive data which provides v, vg, HL, Hg, Cp

and Cg. The solution of this problem is quite formidable, in general. As
will be shown, however, the introduction of judiciously chosen constitutive

-assumptions can simplify the mathemat1ca1 problem cons1derab1y, wh11e re-
. taining adequate accuracy. for eng1neer1ng purposes _

We first consider the case of a fluid cons1st1ng of pure H20. In the
single-phase region of the flow, the fluid temperature is known (Tg) so
that the boiling pressure (Pg) may be obtained using the steam tab]es (see
Meyer, et al., 1967) which provide the saturation pressure as a function
of temperature The steam tables also provide the enthalpy and kinematic
viscosity for both water and steam (HL0, HgO» VL0, Vgo) at the boiling
point (TQ, Po) Within the two-phase region, we will now assume that the
kinematic viscosity for the liquid phase is essentially constant, and
that the gas-phase kinematic viscosity is inversely proportional to abso-
lute pressure, as would be the case for an ideal gas. The steam tables also
show that the enthalpy of saturated steam is almost independent of tempera-
ture (or pressure) over a wide range. Finally, we will assume that the
liquid-phase enthalpy is proportional to temperature and that the satura-
tion pressure/temperature relation for saturated water/steam may be locally
linearized. Thus, the constitutive assumptions for the water-steam case
are:

vL(P),=vL0’= constant : | - - | ,ft (10)
vg(P) = vgq Py/? | - an
Hg (P) ='HGO = constant 7 (12)
H(P) = H g + ¢, Y(P - Py) | (13)

where we define:
c, = (dHL/dT) at:PO on saturation line
Ly o= (dT/dP) at P0 on saturation Tine.

e

Next, we wi]l consider a phy31ca1 s1tuat1on in which the f1u1d con-

~sists of a mixture of Hp0 and a slightly soluble  gas such as methane or

carbon dioxide. Such a flow will be essentially isothermal. We assume
that pressures are sufficiently high that steam will not evolve; thus,
the gas phase will consist of pure gas (no water vapor). Again, we assume
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that the liquid-phase kinematic viscosity is constant and that we are
treating an ideal gas so that the gas phase kinematic viscosity is in-
versely proportional to pressure. Finally, we assume that the solubility
- of the gas in water is governed by Henry's law, which means that the
1iquid-phase gas species concentration declines in proportion to pressure.
Also, the bubbling pressure (Pg) can be related to the gas-species concen-
tration in the single-phase region through Henry's constant, which may be
regarded as a function of temperature (Tg). ' '

Thus, we have, for the wéter/gas case:

vL(P) = Vg © constant ) : . | ‘ s (14)
vG(P) = vgg Po/P | ' o (15)
CG(P) = ] = constant | . -~ (16)
CL(P) = C g P/Pg ‘ ' (17)

The analysis for the water/steam case is accomplished by introducing
the constitutive assumptions (Eqs. 10-13) into the mass (Eq. 7) and energy
(Eq. 8) conservation relations. Similarly, for the water/soluble gas
case, we combine Eqs. (14)-(17) with the mass (Eq. 7) and species (Eq. 9)
relations. After substantial algebraic manipulation, both cases may be
expressed by the following:

P Ve R (18)
Po Veo RL * Vio ¢ Rg
Rg ' - 1 .
px _ PR (R = Rg R Dvgg Ry * v g (8 +1) Red :
-‘5—5-1-\)L0\)GOC ( _— R)3 : dG.
0 Weo "L Vo & Rg
(19)

The difference between the two cases arises from differences in P, vgo»
and v g for a given value of single-phase temperature Tg (and, fog the
water/gas case, the value of Cig), and from the definition of the dimen-
sionless constant ¢. For water/steam, z is given by:
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and for the water/soluble gas case,
Swg = (1= G/l - | @)

Note that, for the water/steam case, ¢ depends only on the single-phase
region temperature To, for the water/gas case, g depends only upon CLo»
the single- phase region gas species mass fract1on

Thus, the solutions of Egs. (18) and (19) will depend on the character
of the re]at1ve permeability function R (Rg), on the ratio vgo/v g and on
the value of z. For the water/steam case, these latter two parameters,
in turn, depend only on the single-phase region temperature (Tg); for the
water/gas case, they depend on the nature of the gas and its mass fraction
in the single-phase region as well as upon temperature. The values of
these dimensionless parameters tend to be very different for the two cases,
as illustrated in the following table. For the water/gas case, we have
chosen methane as the gas species and have considered mass fract1ons of
0.005 and 0.01 for illustrative purposes. For temperatures of geothermal
interest, the values are as follows:

Water/Steam Water/Methane

: f7CL0 ='0.005 ' CL0‘= 0.01

R P0 : vGO : P0 Elll .~‘P0 , Ekﬂl‘
vT0(°C) (bar) VLO 4 (bar) Vo & (bar) Vo ¢
200 15.6 12.9 9.0 298 1.2 199 824 0.9 99
220 - 23.2 9.7 7.7 249 1.5 199 686 1.0 99
240 - .33.5 7.4 6.5 216 1.9 199 577 1.1 99
260 - 46.9 5.7 5.4 190 2.4 199 497 1.3 99
280 64.2 4.4 4.4 170 3.0 199 438 1.5 99
300 85.9. 3.4 3.5 154 3.5 199 385. 1.8 99
340 146.0 2.1 1.8 e wme  ee= ——— eme a-
1.0 0,0.: Lmmm mme - —-= mee --

374.15* 221.0

Finally, to obtain particular. so?ut1ons, the relative permeabzl:ty
function R (Rg) must be specified. For illustrative purposes, we will
hereafter adopt the Corey formulation (see Corey, et al. 1956) Solu-
tions to Egs. (18) and (19), expressed in terms of the r re1at1on between
"pseudopressure" P* and true pressure P, are shown in Figure 1 for the
water/steam case and in Figure 2 for the water/methane case (with Ciq,
the single-phase methane mass fraction, equal to 0.01). These so]ut1ons
were obtained by straightforward numerical integration of Egs. (18) and
(19), subject to the constitutive data listed above and to the Corey rela-
tive permeab111ty curves. . :

Critical poiht.
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Figure 1. Water/steam case -- true pressure (P) as a function of "pseudo-
pressure” (P*) for Corey relative permeabilities and for various
single-phase region temperatures (T,).
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The relative simplicity of this procedure arises from the constitutive
simplifications described previously (Eqs. 10-13 for water/steam; Egs.
14-17 for water/gas). Despite the crude character of these assumptions,
the results are remarkably accurate., To assess the present results, a
series of lengthy numerical calculatlons was carried out based on the
original conservation laws (Eqs 1-5) and using complete constitutive
descriptions, based on measurements, for both water/steam and water/methane
mixtures. These constitutive packages are described in Pritchett, et al.
(1975) and Garg, et al. (1977a), respectively.

Sample results of’ a Few of these test calculations are illustrated in
Figure 3. We examine the water/steam case and consider a fully-penetrating
well of radius 10 cm in an aquifer 100 meters thick with a uniform horizontal
permeability of 100 millidarcies. Corey relative permeabilities are assumed.
Five hundred meters from the well, the pressure and temperature are main-
tained at Pg and Tg, respectively with Pg greater than the vapor pressure
associated with Tg so that the boundary ?ies in the single-phase region.

We then pose the following question: how does the sand face pressure at
the well vary with the production rate? In Figure 3, results of two ‘such
sets of calculations are presented, with the following boundary parameters
and associated bo111ng pressures (Po)

Vapor Pressure’

Problem s s _(Tg) =
W1 90 bars 300°C 85.9 bars
W2 40 bars  240°C  33.5 bars

The solid curves (for cases W1 and W2) each result from a single integra-
tion of Egs. (18) and (19). The solid circles each represent the results
of a brute-force numerical integration of the primitive equations with a
complete set of constitutive data as described above. Equally good com-
parisons have been made for water/methane systems as well.

The excellent agreement between the results of the present simplified
- approachand those arising from brute-force numerical integration of the
exact equations indicates that the constitutive approximations employed
(Eqs. 10-13 and 14-17), which express all constitut1ve ‘parameters in terms
of their values at the boiling point (xg, Pg), are adequate for calculat-
ing the steady character of the two-phase flow near a well. The relative
simplicity of the resulting technique permits predictions to be made in a
stra1ghtforward and efficient way of the relations among sand face pres-
sure, reservoir pressure, and production rate for geotherma] wells operat-
1ng in the two- phase regime.
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GEOTHERMAL RESERVOIR SIMULATIONS WITH SHAFT79

by Karsten Pruess and Ron C. Schroeder

Lawrence .Betkeley»l.abératcry, ﬁefkeley, ‘Ca. 94720

INTRODUCTION

‘The rational de%relopment of geothermal resources

requires a.nbadequate knowledge of the behavior of
a given reservoir under various production and
injection schemes. Mathematical modeling attempts
to provide such knowledge and to determine import-
ant reser"vu‘ir;paramete:_s, 'such as formation perme-

abilities and reserves of fluid and heat.

Because of phase changes and because of fhe coup-
ling between energy-~ and méss-ﬂ.w, the _equ;tions
describing geothermal reservoirs are sﬁx:ongly non-
linear. This limits the applicability of analyt~
ical approximations and has motivated the develop?
ment of numerical simulators. In this paper, we
review the concepts and methods used in LBL's
geothermal simulator SHAFT79, and illustrate its
ippliqation to a variety of typical problems.

The simuiator SHAFT79 was developed for c&mputing :

two-phase flow phenomena in geothermal reservoirs.
The program handles transient initial-value
problems with prescribed boundary conc}itions.
SHAFT79 ‘is an improved version of the simulator
SHAFT78, which was discpsseci_ ifn detail in ref. 1) .

It solves coupled gduati.ons for mass- arnd energy-
‘transport, using an integrated finite difference

method. This method allows a very flexible
aes'cziption of reservoirs because it dces not
4 .

i distinguish between one-, two-, or three-dimens-

" 'ional regular or ‘irregular geometries.

The main assumptions and approximations made
in the formulation of SHAFT79 are as follows:

 (1) vGeoth'ermal reservoirs are ‘approximated as

systems of j;ozous rock gaturated with one-
con@;anéﬁt fluid in’ liéuid and vapor ‘form. (2) All
rock properties - porosity, density, specific
he&t, thermal conductivity, absolute permeability
- are ihdéperident of temperature, pressure, or
vapor saturation. (3) Liquid, vapor, and rock
matrix are in local thermodynamic equilibrium,
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e

i.e; at the same temperature and pressure, at
all times. (4) Capillary pressure is neglected.

The #din newlfgatu're in SHAFT?9 as compared with

‘SHAFT78 is a completely simultaneous, iterative

solution of the coupled mass- and energy-trans-~.

- port equations. This allows between ten and one
. hun&red times larger time stei:s than the sequent-
/ ial method employed in SHAFTI78. In particular,
rhase transitions can be c_omputed accurately and

efficiently. SHAFT79 offers a choice of several

" methods for solving the coupled non-linear .

equations for mass- and energy-flow. The preferred
solution method is fully implicit, employs a

" Newton/Raphson iteration for simultaneous solution

of the non-linear mass~- and enexgy-transport

ecjuations; and uses an efficient sparse solver.Z)

. SHAFT79 has been applied to problems with up to

350 elements in three dimensions. Typical through-
puts range from 0.1 in highly transient situations
to more than 106 in problems apptoaching steady

state. Here throughput is defj.ned as ratio of the
£luid mass flowing through the surface of an ele-

“ment Vih one t.ﬁae step, divided byv the f£luid mass
. initially in place in- that element,

- APPLICATIONS

. Table 1 gives an overview of the types of systems
“and processes which have been modeled with SHAFT79.

" Below are presented results of selected SHAFT79-

the boiling front and advancing it downward.

* simulations which illustrate the range of applic-
- ations. Parameters for the individual cases are
' given in the figure captions. Relative permeabil-

ities were obtained from Corey's equations, with

" residual immobile steam saturation 5, equal to

zero, and residual in‘gnobile water saturation svc

" varying between 0,40 a&nd 0.70.

 DEPLETION OF A RESERVOIR WITH SHARP STEAM/WATER

“INTERFACE

) Wheri steam is produced ﬁ'o:n above a liquid water

table, boiling cqmmeni:es‘ qéat thertop‘of the water
zone. This gives rise to a dtop in:‘ten'\pe:aéure and
pressure, whereby a tﬁo-phase layer between water
and steam zones is established. Water moves upward
into the two-phase zone, releasing pressure g;elow
In
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GEOMETRY TYPE OF PROBLEM

SIMULATED PROCESSES

1-D, rectangular depletion of two-phase

geothermal reservoirsa)

l-b, cylind'tica'l two-phase flow near wells

2-D, rectangular

{Iceland) 4

2-D, cylindrical high level nuclear waste
' réposit.oryS)

3-D, regular
in Cerro Prieto (Mexico)

Serrazzano geothermal

3-D, irregular
. 3)

reservoir (Italy)

Krafla geothermal reservoir

tvo~phase interference test

various production and injection schemes for
reservoirs with uniform initial conditions or

with sharp steam/water interfaces
L]

production from two-phase zones; cold water
injection into two-phase and superheated steam

zones, respectively

difterent space and time patterns of production
and injection

long-term evolution of temperatures and pressures

near a powerful heat source {in progress)

(in progress)

detailed field production from 1960 to 1966

Table 1: Simulation Studies with SHAFT?9.

the exarples studied (see f£fig. 1) thé top of the
until after
the boiling front has reached the bottom of the
reservoir., This occurs after 6.4 years for the
*high permeability” case (A in fig. 1), and after

two-phase zene does not dry up

9.6 years for the "low permeability™ case (B '.in
fig. 1). Vapor saturation at the top of the water
table then rxeaches 46.7 v for case A and 78.9 %
for case B. Pressure at the steam/two-phase inter-
face, at 2 depth of 500 m, declines very slowly

-@uring the advancing of the boiling front in case

A. The reason for this is that the most rapid
boiling occurs at the bottom of the two-éhase zone.
This provides a supply of hotter steam, which
flows up from depth and tends to maintain temper-
ature and hence pressure at the top of the two-
phase zone. In case B this mechanism for pressure
maintenance is much less effective because of the
lower permeability.

INJECTION OF COLD WATER

Cold water injection into a steam reservoir gives
rise to a hydrodynamic front and, trailing behind
it, a temperature front. In the finite-difference
simulation of this process subsequent elements

undergo phase transitions from superheated steam

" to two-phase conditions to subcooled water. Fig. 2

.shows the fronts at two different times. It 1is
A ‘apparent that the fronts are propagated according

"I .to the parameter t/Rz. The volume swept by the

‘temperature front is close to 1/4 of the volume.

:'swept: by the hydrodynamic front. This reflects the

' fact that, at a porosity ef 20 %, the volnmetn.c
1 heat capacity of water is about 1/4 of the volu-
.; metric heat capacity of the rock/water mixture.

: SIMULATION OF KRAFLA FIELD (ICEIAND)

Fig. 3 shows a vertical two-dimensional grid as
used by Jonsson for simulating production and in-
jection at xrafla.?) The reservoir is initially
almost entirely filled with liquid water close to
. saturated conditions. Various production and in-
: :Jection schemes were expiofed in an attempt to
optimize injection, i.e. to combine pressure and
_temperature maintenance during production with
“minimal sacrifices in terms of decreasing vapor
- saturation S. Fig. 4 shows typical results.
Jonsson finds that deep injection is ‘preferable
to shallow injection. Complete problem specific~

ations and discussions of results are given in

vef. 4).
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SIMULATION OF SERRAZZANRO FIELD (ITALY)

The most complex simulation effort undertaken with
SHAFT79 to date is a case study (history match) of
the Serrazzano reservoir. Serrazzano is one of the
distinct zones of the extensive geothermal area
near Larderello in central Tosceny {(Italy).
Detailed production data gathered since 1939 and
an extensive body of geological and hydrological
work make Serrazzano an attractive example for
developing " geothermal reservoxr sxmulation method-
ology (see referencesngen in 3). Fig. 5 gives a
rap of the reservoir, and fig. 6 shows the geolo-
qxcally accurate mesh as developed by.Weres n
Conceptual model of the reservoir and parametriz—
ation of the problem are discussed in refs. 3)

and 7).

- Many parameters are only partially known; and are

determined in trlal-and—error fashion by comparing
simulatéd reservoir performance with field obser-
vations. A valuable criterion for determining
absolute permeebilities is that well blocks must

remain very close to steady flow conditions. Our

most complete simulation so far covers the period

from 1960 to 1966. With the permeability distrib-
ution as indicated in fig. 5 we achieve steady
flow for all wells producing since 1961 or earlier
to within 2 & for the entire six year period
rodeled (i.e., the alfference between inflow

and production for any well;block;ngver'exceeds

2 %), ' B DR
From mass balance consideratiohs it can.beAsﬁowﬁ
that most of the fluld reserves in Serrazzano

are:in placewin_liQuia form. Little is known, how-

eve:. about the distribution of POre;water;in3the

reservoir. Making ‘the tentefive asSumptionifhat
liquid water is dxstrlbuted throughout most of

‘the reservoir. we compute a pressure decline (see'

fxg. 7) which is slower than cbserved in the field

by a factor of aporoxlmately 3.5. In° the simulation
pressure declines slowly because boiling is spread

‘out over a large volume. LCY conclude that in most

of the reservoir volume no liquid water is

kpresent, and we shall modify our initial condxtzons

accordingly in subsequent simulations. We also
need to correct some imbalances in initial con-
ditions, which are apparent from the initial non-

monotonic behavior of pressure in fig. 7.

CONCLUSION

The simulator SHAFT79 uses efficient methods for
computing mass- and energy-transport in geother-
mal reservoirs, and allows for a flexible descrip-

tion of irregular geometric features. A broad

‘;range of applications, including idealized systems

‘as well as large field problems, demonstrates its
-usefulness for geothermal reservoir studies.
'Further development work is presently under way
to improve on some of the restrictive approxim—

ations made in the formulation of the physical

. model,
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Fig.l: Depletion of a reservoir with sharp steam/

water interface. The reservoir is a vertical

column of 1 km depth with a volume of 1 km3 and

' "no flow" boundaries. For purposes of numerical
simulation it is subdivided into 44 horizontal
elements. Initially, the bottom half is filled
with liquid water, the top half with superheated
steam, with temperature T = 252 oc and pressures
carefully equlibrated under gravity. (Rock param-
eters: density = 2000 kg/m’; specific heat = 1232
J/kg ¢, porosity = 10 V) residual inmobile water
saturation = 70 V) Depletion occurs uniformly at '
the top with a constant rate of 50 kg/s. The curves
are for a permeability of 10‘;J n® (A) and 1074 n?
{B), respectively. Typical time steps in the simule
ation are 2 - 5 x 106 seconds, éortespondlnq to
throuthuté of up to 250.

Distonce from watl (m)
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Fig., 2: Injection of cold water into a steam zone.

The reservoir is a cylinder with large radius,

initially filled with superheated steam at T =

250 °C, pressure = 38 bars. Water with T = 99.3 %

is injected along the center line at a consténtv

rate of 0.14 kg/s m. The numerical simulation

‘ employs an axisymmetric grid as used by Gatg.s)

(Rock parameters: density = 2650 kq/map specific
heat = 1000 J/kg °c potosiej = 20 %; heat conduct-
ivity = 5.25 W/m °C; permeability = 1073 n?;

" residual lmmobile water saturation = 40 %) The
simulation uses time steps from 2500 to 10000
éeconds, with throughputs of up to 6. The arrows
labeled C and H éhow the locations of the hydro-

 dynamic front if all injected water were to remain

o " at injection temperature (C) or were heated up to
initinl reservoir temperature (H),
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Fig. 3: Two-dimensional grid for simulation of
Krafla (Iceland). (from ref, 4)
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Fig. 4: Simulated performance of Xrafla reservoir.

Temperature, pressure and vapor saturation at the
well block are given as function of time with
injection (dashéd lines) and without 1njéctlon'
(solid lines). Production rate is 45 kg/s and
injection rate is 22.5 kg/s. Typical time steps in
thé simulation are 1.25 x 106 seconds, with through-
puts of about 0.1 (from ref. 4), \
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Fig. 5! Aerial map of Serrazzano geothermal

reservoir. The thin contour lines show elevations
of the cap rock as determined from drill logs. The
straight lines labeled A to Z indicate the locations
of geological cross sections used in constructing a
three-dimensional finite difference grld.7)
locations of elements (nodes) are also shown., A - D
are regions of different permeability as determined

in the simulation: A = 0.75 x 10-12 mzy B - 0,25 x

1012 42, ¢ - 0.75 x 10713 n?; D - 0.15 x 10713 n?.
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Flg. 6: Serrazzano qtid. The computer-qénerated geologlcally accurate grid

of the Serrazzano reservoir as developed by Weres is-shown in two rotated

rperspective views (ref. 7). This three-dimensional grid represents a reser-

voir that 11 a curved thin sheet approximately 1 km from top to bottom,

with an aerial extension of about 25 kmz. It has 234 polyhedral eiementa.

with 679 polygonal interfaces between them. There are up to 10 interfaces
per element.
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Fig. 7: Average reéservoir steam pressure and
cumulative fluid production as calculated in
Serrazzano simulation. Typlcal time steps in the
aimulation are 10 to 50 days, with throughputs of
"up to 65.
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