Journal of Engineering Physics and Thermophysics, Vol. 81, No. 1, 2008

INFLUENCE OF CAPILLARY FORCES
ON THE REGIME OF WATER EVAPORATION
IN HIGH-TEMPERATURE ROCKS

G. G. Tsypkin® and C. Calore’ UDC 532.546

A one-dimensional problem of the injection of water into a geothermal reservoir saturated with a superheated
vapor in the presence of capillary forces has been investigated in an isothermal approximation. It is shown
that in wettable rocks the capillary forces increase the velocity of motion of the front and decrease it in un-
wettable ones. If the capillary forces play a decisive role, then in wettable rocks an extended region of phase
transitions is formed behind the evaporation front under the action of capillary forces.

Introduction. It was found in [1] that injection of water into a geothermal reservoir is accompanied by the
formation of a narrow evaporation front. In a mathematical description the narrow front is modeled by an unknown
mobile boundary of phase transition, and this allowed us in what follows to apply the analytical approach developed
in [2-8]. In the limiting case, where the regime of flow is close to a piston one, simple formulas were obtained for
the description of the basic parameters of flow, whereas their comparison with the data of the numerical calculation
carried out with the aid of the TOUGH2 package of programs has demonstrated good agreement of the results [8].

The influence of capillary pressure on heat and mass transfer in geothermal systems was studied in [9-13].
The stationary problem of water evaporation in a bed under the action of a temperature gradient was investigated in
[9]. In [10, 11], the results of numerical simulation are presented, which make it possible to evaluate the role of the
TOUGH2 package of programs. The mathematical model of extraction of vapor from a water-saturated bed, which
takes into account the capillary forces at the evaporation front that separates single-phase regions, was formulated in
[12, 13]. In a one-dimensional nonstationary case an asymptotic solution of the problem was obtained that admits a
simple analysis of the influence of capillary forces on extraction of vapor from a bed.

In the present work, the mathematical model that describes the action of capillary forces in extraction of
vapor from a high-temperature reservoir [12, 13] is extended to the problem of water injection into a geothermal res-
ervoir saturated with a superheated vapor. The temperature drop at the evaporation front depends on the intensity of
phase transition and, as was found, it is small in a wide range of parameters [8]. With insignificant changes in tem-
perature the surface tension changes little, and the influence of temperature on the capillary pressure magnitude can be
neglected. By virtue of the fact that in the front statement capillary forces act only on an interface, it is interesting to
consider the case of isothermal injection. Such a situation is encountered, e.g., when water moves in a geothermal res-
ervoir from the region of a high pressure saturated with water into the region of low pressure saturated with vapor or
when water is pumped into a geothermal reservoir located at a considerable depth, when water is heated appreciably
in the well that passes through high-temperature impermeable rocks. In this case, the temperature in the bed changes
only as a result of evaporation, and this change is insignificant, which makes it possible to consider an isothermal ap-
proximation. This approximation was also used in analyzing the precipitation of salts on evaporation in a geothermal
reservoir [14], when a transverse heat flux in a thin permeable bed suppresses a change in temperature.

In the present work, the problem of injection of water into a geothermal bed saturated with a superheated
vapor is considered. In an isothermal approximation the influence of capillary forces on the motion of phases is inves-
tigated. The solution of the problem in a self-similar approximation was found. An approximate formula for the veloc-
ity of motion of the phase interface in wettable rocks was obtained, when the velocity is determined in the main by
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Fig. 1. Characteristic distribution of temperature as a function of the self-simi-

lar variable: 1) self-similar solution; 2) results of numerical simulation. 7y =

K
7° =550 K, P’ = 810° Pa. {, = { 72 a =10 m/sec? T, K.

capillary forces. It is shown that in this case the presence of capillary forces leads to the formation of an extended
evaporation region.

Formulation of the Problem. We will consider the motion of water in a geothermal reservoir from a region
of high pressure into a region of low pressure saturated with a superheated vapor provided that the temperatures of the
regions coincide. During motion into the region of vapor with a low pressure Py an evaporation surface is formed that
separates the regions of water and vapor. During evaporation of the liquid phase absorption of heat occurs, which
causes cooling of rocks. Figure 1 presents the results of analytical and numerical calculations of the injection of water;
they were obtained within the framework of the mathematical model considered in [8], when the temperature of the
pumped water coincides with the temperature of the geothermal reservoir. The temperature at the evaporation front has
a minimum, which is due to the absorption of heat in phase transition. Behind the evaporation front, just as in the
case of injection of a cold water into high-temperature rocks [1], an extended region of constant temperature is
formed. Near the boundary x = 0, a boundary layer is formed due to conductive heat transfer, since the temperature
is taken constant on this boundary. When the boundary pressure P increases, which corresponds to the increase in the
rate of liquid pumping, the boiling pressure Py also increases and the intensity of vapor generation decreases. As a re-
sult, the evaporation temperature Ty tends to the initial value Tj. For the characteristic values of the parameters, the
drop in temperature because of the absorption of heat on the evaporation front is small; therefore in a first approxima-
tion the process of pumping can be considered isothermal. The difference in the distributions of temperature for the
considered regime of pumping is explained by the substantial difference between the initial pressure and vapor pressure
at the evaporation front, so that the linear solution of the problem of vapor motion yields an excess flux of vapor
mass at the front, which leads to a larger deviation of temperature from the initial value. When the evaporation pres-
sure is close to the initial one, the results of analytical and numerical calculations coincide [8].

The above-given arguments point to the fact that for certain cases of flows in geothermal systems an isother-
mal approximation can be used which also describes well the process at small values of porosity and a small thickness
of the bed, when a drop in temperature is compensated by an influx of heat from the surrounding rocks. Making use
of this fact, we investigate the influence of capillary forces on the injection of water into a geothermal bed saturated
with vapor, assuming the temperature constant, 7 = Ty = const.

The isothermal motion of vapor in permeable rocks is described by the Darcy law:

v, ==K orad P, (1)

\%
v

by the mass conservation law:
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¢ p, +divpyw,=0, 2)

and by the equation of state for vapor:
P=pRT. 3)

For a water-saturated region the Darcy law, the law of mass conservation, and the equation of state for water
are also applicable. In [8] it was shown that the motion of water behind the evaporation front occurs in a quasi-sta-
tionary regime, and the water can be considered as an incompressible liquid, p,, = const. Then the system of basic
equations has the form

vw:—igradP, “)
w
divy,=0. )

During injection of water into a geothermal reservoir, a phase transition front is formed, which moves from
the pumping well and separates the permeable bed into two regions: one saturated with water and the other saturated
with vapor. The boundary conditions on the interface follow from the mass conservation law provided there is local
thermodynamic equilibrium:

pv kpv k 6
(1—— V, =— (grad P) , —— (grad P),_. ©)
¢ pwJ Py - T

viEw w

The conservation law is complemented by the Clausius—Clapeyron equation, which determines the pressure of phase
transition as a temperature function. The saturation pressure over the plane surface can be found from the relation

P; B 7
log—=A+—, @)
P a Tf
where A = 5.44; B = —2005.1 K; P, = 10° Pa.
In considering capillary forces in a porous medium, the relationship between the pressures of vapor and water
is valid:

P,_=P, +P,, (®)

N
where the capillary pressure P, is determined by the Laplace relation:

26 cos O
—

P =-

C

The characteristic dimension of a pore is assumed to be equal to r = Vk/@. Then the capillary force acting on the
vapor—water interface is determined in terms of the porous medium parameters as

o 9
P.=-4c o cos 0.

We note that the formula (9) determines a pressure jump across the vapor—water interface. If there is an extended re-
gion of vapor-water mixture, the capillary pressure equal to the difference between the pressures of water and vapor
depends on the water saturation and is determined by the Laverette function.
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If P. is the saturation pressure over a plane surface, then the saturation pressure over the meniscus can be
found from the Kelvin formula:

206V, 10
P,,=P, exp[— ”Ro;fj' (10)

Using relations (7) and (10), we obtain a generalized Clausius—Clapeyron equation at the phase transition front; this
equation couples the pressure and temperature of vapor generation, with the action of capillary forces taken into ac-

count:
534 23B 20V,
P, =P,exp|2.3 +Tf—rRon
or
23B 40V, ,(]) (11)
P, =P,exp|2.3A +Tf— RoT; T cos 0 |.

In the isothermal approximation we assume the phase change temperature to be equal to the initial one, T =
To. Then the full system of conditions on the mobile evaporation boundary consists of relations (6), (8), and (11).

Self-Similar Solution. We will consider the solution of the problem in a one-dimensional nonstationary case.
We will prescribe the boundary and initial conditions in the following way: r = 0: X(0) = 0, P = Pyp; X = 0: P =
P°. As is shown in [8], in the region of water, 0 <x < X(f), a stationary equation for pressure is valid which follows
from Egs. (4) and (5):

i, i
dx

In the region saturated with vapor, we assume that the saturation pressure at the boiling front differs little
from the initial pressure of the bed. Applying the procedure of linearization to Eqs. (1)—-(3), we obtain a linear equa-
tion in the region of vapor, X(f) <x <oo:

2
o IP kP,
—=K g, K= 13)
ot ox ou,

The one-dimensional problem with constant initial and boundary conditions admits self-similar solutions of the form
T=TE), P=P©®), E=x/2\t, X(0=PpVr.

The characteristic scale of length of the formulated problem is determined by the quantity xp = kP’/ PUy. We will in-
troduce the dimensionless coordinate { = &/ 2\/@ and the dimensionless self-similar velocity of the front v = B/ 2\/5 .
In the region of vapor, Y<{ <, the pressure distribution can be found from Eq. (13) and has the form

erfc ({VK,/K)

P =(P,—Py) ————F———+P,. (14)
©= Py —Po erfc (YVie,/%)  ©
In the region of water, 0 <{ <Yy, Eq. (12) yields the linear distribution of pressure:
0 0\ €
P@=pP +(PW_—P ); (15)
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Fig. 2. Characteristic distribution of pressure as a function of the self-similar

variable: 1) neutral rocks (8 = 90°); 2) wettable rocks (8 = 30°); 3) unwettable

rocks (8 = 150°). T = 530 K, P° = 7.10° Pa. P, MPa.

Substituting solutions (14) and (15) into the system of conditions on the mobile evaporation boundary, we ob-
tain a system of transcendental equations for the unknown quantities Py, Py_, and ¥:

R(l_&]y_ﬁ Py P _afK (P exp (-7 K/KD o (16)
| Pw) 2y Po Po K | Po erfe (y i,/ %) ’

5 23B 4oV, '(])
P,, =P, exp .3A+TO— RoT, % cos 0 |,

P,_=P, +P_.
Py
RT)
the difference between the initial pressure and evaporation pressure. For fairly large injection rates, or when the initial
state of vapor approaches the saturation state, a pumping regime close to a piston one is realized. In this case, the last

term in the equation can be neglected, and for the dimensional self-similar velocity of the front motion we have

B_,\/zk(PO—PW*) _,\/2k(P0—Pv+—PC) (17
Oy Olly '

In the general case, the system of transcendental equations was solved numerically for the characteristic values
of the thermodynamic parameters of water, vapor, and rocks [8]. In all of the cases, it was assumed that k = 1071
m%, ¢ = 0.1, and Py = 3-10° Pa.

Analysis of Results. Figure 2 shows the characteristic form of pressure distribution in pumping of water into
wettable, unwettable, and neutral rocks. In transition through the interface the pressure undergoes a jump equal to the
magnitude of capillary pressure. For an unwettable medium the capillary pressure calculated from Eq. (9) is positive,
and the pressure in the liquid phase is higher than the vapor pressure. It is seen that the positive capillary pressure at
the front for the unwettable medium decreases the pressure gradient behind the front, and this leads to a decrease in
the rate of pumping. In this case, even at a sufficiently high injection pressure P° the velocity of the front ¥ can ap-

Here py+ = . The latter term in (16) describes the mass flux in the region before the front and depends mainly on
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Fig. 3. Distribution of pressure for the unwettable medium (a) and wettable rocks
(b): a) B = 150°, T = 530 K, P° = 4.8:10° Pa; b) 30, 520, and 4-10°. P, MPa.

proach zero if P Py + P, (Fig. 3a). If Py +P.> PO, there is no solution of the problem, which corresponds to the
impossibility of pumping water into the bed.

However, in the case of a wettable porous medium the velocity of the front can be considerable at small in-
jection pressures (Fig. 3b). Here, the capillary forces increase the pressure gradient in the region of water and intensify
the process of pumping. At considerable capillary forces and small initial and boundary pressures a regime of flow,
which is usually called the suction regime, is realized. If the initial pressures of vapor and of water in a well are the
values of one order of magnitude, Py~ Py ~PO, then the suction regime is realized near the equilibrium position
(when the vapor pressure is lower than the pressure of phase transition and the pressure of the liquid exceeds it
slightly) in such a way as to satisfy the thermodynamic conditions of the existence of vapor and water. Using formula
(17), for the indicated case we obtain

L1
B:,\/zk(PO—PW*) z\/2k(—1r>c) (g ocosOp (kY

i.e., the rate of water suction due to the capillary pressure is proportional to the fourth-degree root of the permeability.

As shown in Fig. 3b, in the case of wettable rocks the capillary forces lead to a reduction of pressure in the
liquid behind the front. We will consider the distribution of the phase transition temperature 7¢ in the regions saturated
with water and vapor. The phase change temperature is calculated from the generalized Clausius—Clapeyron formula
(11) from the distribution of water and vapor found, respectively (Fig. 4). It is seen that in the region of vapor the
phase change temperature is lower than the local temperature, and the vapor is in a superheated state. Behind the
phase change front, in the region adjacent to the evaporation surface, the temperature of water is higher than the phase
change temperature, Ty, > T, i.e., the water is in a superheated state, which contradicts the assumption on the existence
of a liquid phase. This means that instead of the evaporation front, where the entire liquid phase is converted into a
gaseous state, a more complex configuration is formed that consists of the partial phase transition surface and of the
extended evaporation region in which vapor and water are in a state of thermodynamic equilibrium. In the narrow re-
gion modeled by the front of partial phase transition only a certain portion of the liquid phase is converted into vapor,
whereas the remaining part is evaporated in the extended region. In this case, there exists an analogy with the appear-
ance of a two-phase zone, when vapor is extracted from a highly permeable water-saturated bed [15]. The intensity of
phase transitions in the extended region is characterized by the extent of water overheating behind the front. If the
temperature of water calculated from the front model is substantially higher than the phase change temperature, then
in the two-phase zone the volumetric fraction of vapor is commensurable with the water saturation S. If the deviation
from the equilibrium state is inconsiderable, then in the extended evaporation zone being formed the value of the
water saturation § is close to unity. For the case presented in Fig. 4, the maximum deviation amounts only to 15 K.

On deviation from the equilibrium state by several degrees the formation of a small amount of vapor compensates for
the superheating of water.

Figure 5 demonstrates the distribution of the function of water saturation obtained in numerical simulation
with the use of the TOUGH2 package at the same values of parameters. It is seen that a sharp front of a partial phase
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Fig. 4. Distribution of the phase change temperature (dashed lines) as a func-
tion of local pressure; the solid line corresponds to the constant temperature of
the bed. The parameters are same as in Fig. 3b. T}, K.

Fig. 5. Distribution of the water saturation function obtained by numerical
simulation at ® = 30° T = 520 K, and P° = 4-10° Pa.

transition is formed, where the water saturation is changed by a jump from zero to a certain value close to unity. Be-
hind the front the water saturation changes little and differs from unity most noticeably only near the front, where, ac-
cording to the front model, the highest overheating of water is observed.

In comparison with the analytical solution obtained for the front model, a numerical solution yields a smaller
value for the velocity of the phase transition front and the difference amounts to about 20%. This is explained by the
appearance of the extended region of phase transition containing vapor. The compressibility of the vapor—water mixture
is determined by the compressibility of vapor, and the vapor—water mixture exerts a higher resistance in pumping into
the bed, which precisely explains the delay of the front in the numerical solution. If the injection pressure appreciably
exceeds the capillary pressure, the overeating is observed only in the narrow region behind the front. In this case, the
dimensions of the zone of the mixture being formed are small, its presence does not exert a noticeable effect on the
model of flow, and the front solution is a rather good approximation. For an unwettable or neutral medium the region
of a two-phase state is not formed at all, and the velocity of the front can be found with a high degree of accuracy
from the front solution (see Fig. 1).

Conclusions. The mathematical model presented in this work for injection of cold water into a geothermal
reservoir in an isothermal approximation allows one to obtain an analytical solution which yields the distribution of
pressure and the phase change front velocity. The accuracy of the obtained simple estimates of the front motion veloc-
ity is confirmed by the results of numerical simulation with the use of the TOUGH?2 package. The data of calculations
of the injection of a cold water into wettable rocks point to the overheating of water behind the evaporation front and
correspondingly to the disturbance of the condition of thermodynamic equilibrium in the front model. We can draw an
analogy with the classical model of crystallization of a binary melt, where overcooling of the melt before the crystal-
lization front appears because of the presence of an impurity. Here, the disturbance of the condition of thermodynamic
equilibrium appears behind the front, which is expressed in the overheating of water due to the action of capillary
forces. Similarly, just as in the problem of crystallization of a melt, the overheating of water initiates the formation of
an extended region of phase changes. This fact is confirmed by a direct numerical experiment with the aid of the
TOUGH?2 package of programs. The formation of the mixture zone characterized by a higher compressibility leads to
a decrease in the rate of water pumping into the geothermal reservoir.

This work was carried out with financial support from the Russian Foundation for Basic Research, grant 06-
01-00166, and NATO, grant EV 982414.

NOTATION

k, permeability, mz; P, pressure, Pa; P,, atmospheric pressure, Pa; r, characteristic dimension of a pore, m; R,
gas constant for vapor, J/(kg-K); Rg, universal gas constant, J/(mole-K); S, water saturation; ¢, time, sec; 7, tempera-
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ture, K; v, filtration rate, m/sec; V, velocity of the phase change front, m/sec; V,,, molar volume of water, m3/ mole;
x, coordinate, m; X(f), law of evaporation front motion, m; ¢, porosity; W, viscosity, Pa-sec; 0, angle of wetting, deg;
p, density, kg/ m3; o, coefficient of surface tension, J/mz. Subscripts: a, atmospheric; f, phase transition; v, vapor; c,
capillary; w, water; n, normal to the front; O, initial value. Superscript: 0, boundary value. The signs "-" and "+" de-
note the values behind and before the front.
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