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Although the corrosion and scaling problems associated with hand-
ling geothermal fluids are well known, the effects of hydrothermal reac-
tions are often overlooked in geothermal reservoir modeling. Water-
rock chemistry can be expected to affect the evolution of a reservoir in
at least three ways: (a) the heats of reaction may contribute directly
to the energy production, (b) the viscosity and thermodynamic properties
of water are affected by the dissolved solids--this is especially impor-
tant in two-phase regimes, and (c¢) the porosity and permeability change
with time due to dissolving and precipitation as well as due to the
volume change associated with alteration.

Chemical Energy

Table 1 summarizes the important hydrothermal reactions in a
granitic source rock together with the heats of reaction and associated
volume changes. Note that the available chemical energy is comparable
to the thermal energy while the associated volume changes are an order
of magnitude larger than those due to thermal contraction.

Table 1

IMPORTANT REACTIONS IN GRANITIC ROCK
(CHEMICAL REACTIONS TAKEW FROM HELGESON, 1969)

T Heat released So1id voloe
per mole of [per 100g of] change per
PROCESS bnitial min. |fnftial min{100z of

AH(kcal/molgAd{kcal/1008 ioftial rin
AV {cm®/100p)

HYDROTHERMAL ALTERATION

2NABLS 1,04 (s)+2H" + H,0 — AL,S1,0,(0H) , (5)+4S10,(s)+2Na" 1.2 4.27 | -1.882
Low Albite P Kaolintte - a-quarte
IKALST,0(5)+2H" = KAL, 51,0, o (O#) , (5)+6810, (s)+2K* 2.95 1.063 | -5.507
Microcline — muscovite a-guartz

DISSOLVING AND PRECIPITATION
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Although significant chemical energy exists, it cannot always be
extracted. One of the first questions we addressed (Morris, 1975; Morris
and Sammis, 1975) was the delineation of reservoir conditions under which
one could expect to extract significant chemical heat. For the case of
dissolving-precipitation reactions, a comparison of thermal energy with
chemical energy leads to a simple relation between solubility and heat of
reaction for a given ratio of chemical to thermal energy extracted.
Because the rate of dissolving is controlled by the solubility at the
outlet temperature, the resulting relation is independent of all crack and
flow parameters. In the case of quartz, the solubility at 300°C is too
low for chemical heat to make a contribution - thermal energy is extracted
far faster than chemical energy under all flow conditions.

In the case of alteration reactions, however, the reaction rate is not
limited by solubility and, depending on the alteration rate, significant
chemical energy may be extracted. Morris (1975) has delineated the combinations
of flow parameters, crack parameters, heats of reaction and alteration rates
for which chemical energy associated with the alteration may be extracted.

One of the objectives of our experimental program is to determine alteration
rates in typical reservoir rocks, and thus assess the importance of such
reactions to the total thermal regime.

Numerical Model for Single-phase Flow Including Porosity and Permeability Changes

The changes in porosity and permeability associated with both dissolving
and alteration reactions are easily incorporated into the standard finite
difference schemes commonly used in numerical reservoir modeling. The
molality of each important solute may be treated as a dependent variable to
be found together with the temperature and velocity fields. In addition to
the standard three equations for the conservation of mass, momentum, and
energy, an equation may be written for the conservation of each solute species.
Such an equation directly incorporates permeability changes associated with
dissolving and precipitation. It requires, as an additional constitutive
relation, the experimentally determined rate equation. Permeability changes
associated with alteration reactions may be written explicitly in terms of
the temperature, flow velocity, crack parameters, water chemistry, and
appropriate alteration rate equation. This larger system of equations may be
combined and solved using exactly the same numerical scheme employed by
Harlow and Pracht (1972). Using their notation (variables are defined in
Table 2), the energy balance equation is

8 = a _ a. _ el
EE-{[bRpR(l—e) + bwpwe]T} + Vep b BUT = V- [K (1-6)VT] + p b T S (1)
and the mass and momentum balance equations may be written in the form
20 "" kpo > - _ —
-V { Ve + B (T <T>>]} S | (2)
e _ -kpo > - _
uf = T[V(b + ng(T <T>)] (3)

The equation of state of water

P, = OOII—BW(T—To)] (4)
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and a porosity-permeability relation
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are also required. It also is important to include the temperature
dependence of the viscosity of water

. 0.279 _em
~ T(°C)-3.8 [cm sec} (6)

If we only consider the dissolution and precipitation of Si0,
Si0z (S) + 2H20 s=H,Si0, (7

we can write two more balance equations: the conservation of S$i0O; during
the reaction,

3 5 |"HuS104 S10, -

103

and the mass balance for Si0, in solution

- — —
9 | HyS104 Si0, ool =2 ™,5104 5107 5 e] 5. ™M, S104 510,
ot 103 W 3t 103 v o 10°

The subscript R indicates that we only consider the part of the subscripted
expression which is due to the reaction. The time rate of change of molality

[Bm/Bt]R is given in terms of experimentally determined rate constants, k+

p eﬁ]+p M S (9)
W W S

(for the forward dissolution reaction) and k (for the reverse precipitation
reaction) by the rate equation

oV {k+aSiOZaH20 k_ay gion) (10

}P,T,M w

%3y 510,
ot

If we assume a pure quartz-water system a 1. The activity of H4SiO,

$i0, “H20
may be written in terms of the molality

. _ YH,S10, "Hy S04
. i EE—
HuS10u Yy, 910,™H, 10, (1D

The reference state is chosen such that‘f=m0=l. If we also assume YH S0 =1

(true only for pure water) equation (10) may be written o1t
[amHgSiOg
KR

1 (A
pwlv]{k+ ~ K™y, 850,

} (12)
P,T,M|

In general we can write A/V=(Fracture Parameter)/9 where the fracture
parameter can be readily found for simple assumed fracture geometries.
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Following Harlow and Pracht (1972), these equations may be solved in
the following sequential order: (a) the energy balance equation (1) (in
finite difference form) is solved for T at the new time step using the
values of 0, u, and T at the previous time step; (b) equations (8), (9), and
(12) are used to find 6 and m at the new time step; (c) equation (2) is
solved for new values of ¢; and (d) equation (3) is solved for new values
of u. The procedure is then repeated for the next time step. We are
currently working on such a solution procedure for simple reservoir
configurations.

Kinetics of the Dissolution and Precipitation of $iO,

In order to implement the above scheme, the rate constants k, and
k must be known. These have been determined experimentally by measuring
m as a function of time in the apparatus shown in Figure 1 (Barnes and
Rimstidt, 1975)

~28.3/RT
e

k =2.03 moles/cm’sec

+
k = 3.30

EZZ'S/RT moles/cm?sec

where the activation energies are in kcal/mole. The rate-constants are only
weakly dependent on pressure and salinity of the solution. In the case of
saline brines, the major effect on the kinetics of quartz dissolution is

to lower a in (10) (Lindsay and Liu, 1968) and slightly lower 7y .
in (11) H20 HqSqu
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Table 2 Summary of Notation

porosity, open volume for water flow (per unit volume)

density of water, a function of temperature

density of rock

water velocity

source or sink of water from surface pipes (volume per unit volume
water pressure per unit time)
acceleration of gravity

coefficient of water viscosity

permeability

specific heats of rock and water, respectively

temperature

average water temperature at a given depth

reference temperature for thermal expansion

source or sink temperature

thermal conductivity of rock

(p-pPo) /0o where py/pPo is a function of depth only

measure of average crack spacing

volumetric expansion coefficient of water

molality

molecular weight

grams quartz per gram of rock

activity

surface area per unit water volume, a function of fracture geometry
rate constant for the forward dissolving reaction
rate constant for the reverse precipitation reaction
activity coefficient

mass
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