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ABSTRACT

The potential for enhanced heat extraction or power production for
a hot-dry-rock (HDR) reservoir (sometimes even for the low-temperature-
hot water reservoir) due to the increased heat transfer surface area re-
sulting from these thermal secondary cracks is of significant importance
to the project. These cracks, afforded by cooling-induced stresses in
the rock adjacent to the main (primary) hydraulically-formed fracture
surfaces, may represent the most effective means of reservoir enlarge-

ment.

The formation and growth of such thermal secondary cracks was being
studied in a more realistic analytical representation. What we have in-
vestigated is on how the circulating fluid (or water) through the main
hydraulic fracture and the thermally—induced secondary, growing, inter-
acting cracks affects the time-varying temperature, deformationé,
stresses, thermal crack geometry, water flow rates through the main and

t.c.
and reservoir thermal power, E, of the cracked geothermal reservoir.

thermal cracks, Qm and ¢ , reservoir coolant outlet temperature, T,

This problem was dealt with in the presence of the interaction of fluid,
solid reservoir, or rock and energy. The coupled partial differential
equations, which are formulated based on conservation of mass, linear
momentum and energy, were solved in conjunction with fracture mechanics.
In other words, the contribution of these thermal cracks with time to
the above-mentioned overall reservoir thermal performance was investi-

gated.

Even fluid and rock temperatures were obtained for growing, inter-
acting cracks, however, the value of Kl used here was still obtained
based on a single thermal crack perpendicular to the rock surface within
the framework of a two-dimensional assumption. In other words, Kl used
here was not accounted for by these growing, interacting cracks. Since
the value of Kl for a single thermal crack is smaller than the one for

multiple thermal cracks, K, _, K’m would reach to K, earlier than K
ic

4 1

1

does. As such, Klm would generate larger crack geometry at a particular

time. So, the time~varying crack geometry, Qm and Qt‘c , T and E, ob-

tained based on Kl is smaller and on the conservative side, compared
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- will be carried out in the

with ones obtained based;on K. . Finding K_:
T 1m im

Phase 2 period.

Calculations are carried out for the LASL Fenton Hill HDR-Reservoir
with H=100m, W= 70m, t = 0.2 m, h= 2.6 km, § = 230 gpm,(%)= 50°C,
Tr = 180°C, pu= 1.4 x lO_4 Pa-sec and rock properties (see Table 1).
Three equally-spaced edge cracks are initiated at ten days with
d=1.5m, s =1.34dm, w=0.05mm and £ = 5 m. For the small size main
fracture system and with relatively low initial rock temperatues, the
significant effect of thermal stress cracking is to flatten due to the
temperature drawdown at later times. Even though the thermal power is
more than doubled at 180 days, this occurs at an outlet reservoir tem-
perature of only 81°C (see Figure 12). 1In Figure 12, at 60 days for a
constant flow rate of 230 gpm, the thermal drawdown curve with thermal
stress cracking is only about 12°C above that without thermal stress
cracking (85.9°C versus 73.5°C). It would appear that the effects of
thermal stress cracking in this reservoir could easily be increased by
several inadvertent shutdowns, changes in flow rate and by inferring a

slightly larger effective heat transfer area for the reservoir.

Calculations can also be applied to the low-temperature-hot water

reservoir.
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NOMENCLATURE

A(y) the area of the main (primary) hydraulic crack (on one
side) swept by the water in transversing from O to y

At the total area of the main hydraulic crack (rectangular
crack, on one side)
c the specific heat of water
cr the specific heat of rock
d, 4. the depth of secondary thermal cracks and the crack
i

group denoted by i

Er Young's modulus of rock
E reservoir thermal power
h the depth between the earth's surface and the center of

the main, hydraulic fracture

H the length of the main hydraulic crack

Kl the stress-intensity factor of the opening mode

ch critical Kl or the fracture toughness

Klm a value of Kl for multiple thermal cracks

2 the length of secondary thermal cracks

P the pressure of water

P the water pressure at inlet of the main, hydraulic crack

é volumetric flow rate of water through the reservoir

ém volumetric flow rate of water through the main,
hydraulic crack

ét.c. volumetric flow rate of water through secondary
thermal cracks

s the spacing of the secondary thermal cracks

t the opening width of the main, hydraulic crack




NOMENCLATURE (continued)

T

zz

the temperature of rock or the reservoir coolant

outlet temperature
the tensile strength of rock

the initial rock temperature

the velocity of water through the main, hydraulic crack

the velocity of water through a thermal crack
denoted by i

the width of the opening of secondary thermal cracks

and the crack group denoted by i

the width of the main, hydraulic crack

the horizontal coordinate in the fracture plane

the vertical coordinate in the fracture plane
a coordinate orthogonal to the fracture plane
thermal diffusivity of rock B
a finite length in y-coordinate
water temperature

the water inlet temperature of reservoir
the water outlet temperature of reservoir
thermal conductivity of water

thermal conductivity of rock

viscosity of water

Poisson's ratio of rock

density of water

density of rock

the maximum horizontal earth principal stress

the overburden earth pressure (or the maximum
compressive principal stress)

the minimum horizontal earth principal stress



CHAPTER 1

INTRODUCTION

The potential for enhanced heat extraction or power pro-
duction for a hot-dry-rock (HDR) reservoir (sometimes even for the
low~temperature-hot water reservoir) due to the increased heat
transfer surface area resulting from these thermal secondary cracks
is of significant importance to the project. These cracks, af-
forded by cooling~induced stresses in the rock adjacent to the main
(primary) hydraulically-formed fracture surfaces, may represent the
most effective means of reservoir enlargement.

The results in [l]1 of the New Mexico Eneréy Research and De-
velopment supported (NMER&D) project show that the heat extraction
from the geothermal reservoir can be increased only about 25-30 per-

cent by means of thermal secondary noninteracting cracks in a state

of equilibrium. In order to improve further the heat extraction
process, the above-mentioned two restrictions which are underlined
must bé removed to consider the thermal secondary, continuously
growing, interacting cracks. Both the increased heat transfer sur-
face area opened by thermal secondary cracks, and the total amount
of heat available to the circulating fluid (water) would increase

as the energy is withdrawn from the reservoir and the thermal

Numbers in brackets designate references at end of the report.




secondary interacting cracks continuously grow. To this end, the
proposed‘research work must concentrate to further increase the heat
extraction from the HDR reservoir (and sometimes even from the low-
temperature-hot water reservoir as reported in [11]) of such thermal
secondary, continuously growing, interacting cracks. The HDR reser-
voir is mainly used for generating electricity, in addition to high-
temperature chemical process, space heating and air conditioning.
The low-temperature-hot water reservoir is used for low-temperature
chemical process, space heating and air conditioning.

For this project, the formation and growth of such thermal
secondary cracks was being studied in a more realistic analytical
representation. What we have investigated is on how the circulating
fluid (or water) through the main hydraulic fracture and the ther-
mally-induced secondary, growing, interacting cracks affects the
time-varying temperature, deformations, stresses, thermal crack geom-
etry, water flow rates through the main and thermal cracks, ém and
ét.c.,reservoir coolant outlet temperature, T, and reservoir thermal
power, ﬁ, of the cracked geothermal reservoir. This problem was
dealt with in the presence of the interaction of fluid, solid reser-
voir, or rock and energy. The coupled partial differential equa-
tions, which are formulated based on conservation of mass, linear
momentum and energy, were solved in conjuncfion with fracture me-
chanics. In other words, the contribution of these thermal cracks

with time to the above-mentioned overall reservoir thermal perfor-

mance was investigated.



Even fluid and rock temperatures were obtained for growing,

interacting cracks, however, the value of K, used here was still

1
obtained based on a single thermal crack perpendicular to the rock
surface within the framework of a two-dimensional assumption. In
other words, Kl used here was not accounted for by these growing,
interacting cracks. Since the value of Kl for a single thermal
crack is smaller than the one for multiple thermal cracks, Klm'

K would reach to K earlier than K, does. As such, K would
1m 1lc 1 1m

generate larger crack geometry at a particular time. So, the time-

varying crack geometry, Qm and ét.cf T and ﬁ, obtained based on K1
is smaller and on the conservative side, compared with ones ob-
tained based on Klm'

In Chapter 1, the introduction of this investigation was
described. In Chapter 2, the simplified version of the proposed
hot-dry-rock geothermal reservoir is considered. In Chapter 3, a
closed-form solution of the rock temperature without thermal crack
was found and substituted into SAP-IV computer code to calculate
the stresses. These stresses beilng superposed with earth stresses
and fluid pressure were used in conjunction with the fracture me-
chanics criterion to determine the initiation of secondary thermal
crack. After the initiation of secondary thermal crack, the rock
temperature was then calculated by a two—dimensional heat conduc-
tion program, "AYER". 1In Chapter 4, the detailed procedures for
carrying out steps mentioned in Chapter 3 were listed. In Chapter

5, solutions developed in Chapters 2 through 4 were applied to

study the time-varying temperature field, thermal stresses and




crack geometry produced, and additional heat power generated in the

reservoir. In Chapter 6, conclusions were discussed and summarized.



CHAPTER 2

STATEMENT OF THE PROBLEM

A simplified main fracture geometry in Figure 1 has been
selected which is similar to that inferred from the initial stages
of reservoir drawdown during the 75-day Heat Extraction Experiment
at Los Alamos Scientific Laboratory (LASL). This simplified model
is further idealized as a vertical, rectangular crack (Figure 2)
with its total effective heat transfer area At (one side). The
crack opening, t, is of constant thickness. The rock is initially
at Tr' Cold water is injected at inlet y = 0, with inlet tempera-
ture eo and a hot water outlet is at the top. Tﬂ; crack opening,
t, is small (~ 0.2 mm) while height, H, and width, W, of the reser-
voir are large (~ 100 m).

Of investigation is to study how the circulating fluid
(water) in the main hydraulic crack and these resulting secondary
thermal cracks interact to affect thé temperature distribution,

the stresses, the thermal crack geometry, Qm, Qt o’ é and the reser-
voir coolant outlet temperature of the cracked geothermal reservoir.
This problem will be investigated by simultaneously considering the

interactions between the flowing fluid, reservoir rock, and energy

extraction process, as set forth in two steps in Chapter 3.
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CHAPTER 3

TWO STEPS ON HOW TO ATTACK THE PROBLEM

3.1 Step 1 - Before Any Secondary Thermal Crack is Initiated

Figure 2 shows the hydraulically fractured, main geothermal
reservoir in the absence of any secondary thermal crack. Since
the working fluid is single-phase water, it is assumed to be in-
compressible. Since this fluid is, further, entirely confined to
the crack between assumed impermeable rock surface, héat is trans-
ferred to this fluid only by thermal conduction through the solid

rock surfaces.

The constant velocity of the flow along the y-coordinate,
Vy' is:
v = Q/Wt : (L)
Y
where W and é are the width of the main hydraulic crack and the

total flow rate in the absence of any secondary thermal crack.

For Hager-Poisewille flow in the reservoir, Vy is [2]:

2
R op
= - === 2
Yy T 12w (ay> 2)
where py and p are viscosity and pressure distribution of the fluid.

Rewrite (2) as:

12uv
L. X @
Yy t2

Integrating (3) with the boundary condition of p = Py at y = 0, the

resulting form is:



ply) =p_ - —-?jl y - (4)

The actual geometry of the hot-dry rock geothermal reservoir
(crack) is arbitrary but both At and t may be a function of x and
y (see Figure 1 representing the proposed geothermal reservoir).
Here, the crack opening, t, is small (~ 0.2 mm) while height, H,
and width, W, of the reservoir are large (~ 100 m). Cold water is
injected at inlet, y = 0, with inlet temperature, eo. Define A(y)
as the area of reservoir (on one side) at any position of y =y
which is swept by the fluid traveling fromy = 0 to y = y.

Since t is small, fluid properties are independent of the z-
coordinate. Since heat fluxes in the z-coordinate are so small,
the fluid temperature, 6, assumes to be egual to the rock surface
temperature. Further, fluid properties are averaged with respect
to x-coordinate. As such, the proposed problem is reduced to the
problem with transient rock conduction in the z-coordinate and
transient fluid convection in the‘y—coordinate. The corresponding
rock and fluid energy equations, boundary, and initial conditions
reduce to:

rock energy equation

p’r _ 1 ar
2 oot ' (5)
r

fluid energy equation by neglective storage

= 30 _ T
PR oy T AN gl v (6)




boundary conditions

6(y,t) = Tly,z = 0,7) , (7)
8(0,T) = 60 R (8)
T(y,z > ©,T) = Tr ' (9)
initial condition
T(y,z,T = 0) = Tr ' (10)

By using Laplace transformation, solutions of T and 8 in (5)
and (6) can be obtained subject to (7) and (10). Rock temperature

distribution T(y,z,T) was obtained by Hugh Murphy [3] at LASA to be
T(y,z,T) = 60 + (Tr - eo) erf Ej/z + XrA(y)/pcé}/VarT]

(11)
where
Yy

A(y) = [ w(wau . (12)
O

For simplicity, Figure 2 will be used to approximate Figure
1. As such, all the calculations will be carried out based on
Figure 2. The stresses in rock were then calculated by substituting
the fluid pressure in (4) and the rock temperature in (11) into the
SAP-IV computer code [4]. These stresses were used in conjunction
with the fracture mechanics criterion in order to determine the

initiation of any secondary thermal crack [1].

3.2 Step 2 - After the Initiation of Secondary Thermal Cracks

As secondary thermal cracks in Figure 3 form with the above-

obtained initial values of depth d, opening w, and length %, we

10
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start to consider the effects of secondary thermal cracks. We sub-
divided the main hydraulic érack into ten equally spaced strips
along the y-coordinate (see Figure 3). For each strip, we solved

a two-dimensional heat conduction problem in the presence of second
thermal cracks and calculated rock temperature. The corresponding
thermal stresses and the geometry of thermal cracks in the cracked
(thermally) rock will be investigated by implementing cracks into

the SAP-IV computer code.

12
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CHAPTER 4

PROCEDURES FOR CARRYING OUT TWO STEPS

The detailed procedures for carrying out steps 1 and 2 are
listed as follows:
(a) To calculate the fluid (water) velocity, Vyi(Z), through

each thermal crack denoted by i, from (2),

v (z) = - S (——)i (13)

(b) To calculate the total flow rate through n thermal

cracks,

0

It~

t.c.
i

d,
i
f v . (z)w, (2) dz . (14)
1 yvi i
o
(c) To calculate the new flow rate through the main hy-

draulic crack, Qm as:

(15)

hel
1
Qe

Qm - t.c.

where ét c is represented in (14).

(d) To calculate new velocity by substituting ém in (15)
into (1).

(e) To calculate new pressure by substituting the  above-
mentioned new velocity into (4).

(f) To obtain the rock surface temperature on the main hy-

draulic crack, T(y,z=0,t), from (11) by taking z = O.

13




(g) To derive the surface temperature of thermal cracks
based on the principle of energy balance at the interface between
the fluid (water) and the rock surface of the secondary thermal

cracks, as shown in Figure 4. At a given value of x, one has

v {z)w(z) _@i(_&é)____ - 2) aT(y,z) )
Y ay r ox
which yields the water temperature
Yy
2)
= - r 8T(YIZ)
B(Y,z) = Vy(Z)W(Z) f 3% dy . (16)

o
For a single element in Figure'4b, the surface temperature of the

thermal crack, T(y,z), is then

e

T(y,z) 8(y,z)

22 -

r QT
- ;;Yzﬁz;agy'gg (ay) (17)

where vy(z) is represented in (13).

(h) To calculate the rock temperature in the presence of
thermal cracks by using the surface temperature on the main hydraulic
crack (procedure (f)) and thermal cracks (procedure (q)), éhe initial
temperature and two-dimensional heat conduction code, AYER in [5],
which was developed by Robert Lawton at LASL. In addition, the heat
flux through the surfaces of the main hydraulic crack and secondary
thermal cracks can also be calculated.

(i) To calculate new thermal stresses and the corresponding
spacing, opening, depth, and lzngth of these new thermal cracks by
using the new rock temperature obtained in procedure (h).

(j) To go back to procedure (a).

14
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CHAPTER 5

APPLICATIONS TO GEOTHERMAL RESERVOIRS

5.1 Description of Geothermal Reservoir

For the LASI Fenton Hill reservoir in Figure 2, H = 100 m,
W=70m, t =0.2mm, h= 2.6 km, é = 230 gpm, Go = 50°C, and
Tr = 180°C. The physical properties of rock used are listed in
Table 1. The fluid used is water and its viscosity, u, is equal

-4
to 1.4 x 10 Pa-sec. The corresponding form of (11) becomes

T(y,z,Tt) = 50 + 130 erf [(1.701 z + 1.254 x 10_2 y)//?]°C,

(18)

Physical Properties Values
conductivity, Ar 2.9 watt/m-K
density, L | 2700 kg/m3
heat capacity, c ‘ 1000 J/kg-K
thermal diffusivity, ar 1.07 x 107 m2/sec
Young's modulus, E_ 4 x 105 bars
Poisson's ratio, vr 0.22
tensile strength, T0 80 bars

Table 1. Physical properties of rock

5.2 A Finite Element Model of Geothermal Reservoir

For modeling the problem of the simplified version of the
proposed Hot-Dry-Rock geothermal reservoir, the half symmetry part

of a vertical rectangular crack with its surroundings is represented

16




by a solid of geometrical form of a rectangulgr parallelepiped of
which the dimension lengths in the x-, y-, and z-directions are

50 m, 120 m, and 16 m, respectively, as shown in Figure 5. In ox-
der to choose the dimension of the length in the z-direction, we
used (18) to calculate the penetration depth due to the cooling
effect of the flowing water through the major crack at the time
period of one year. An approximate result of 16 m was then de-
termined.

Figure 5 shows the finite elements used to represent the
rectangular parallelepiped. The 390 node points and 240 thick-
shell finite elements are arranged. However, the region of inter-—
est is bounded by the head line, whére the temperature field, the
thermal stress field, and the generated secondary -thermal cracks
are considered.

5.3 Results Obtained Before Any Secondary Thermal Crack is
Initiated

Using the above mentioned T(y,z,T) obtained from (18) as the
input to the above-chosen thick-shell element, the thermal stresses
of the rock were calculated for different time periods by using the
SAP IV codes.

In addition to the thermal stresses produced by the cooling
of the rock, the overburden pressure ny and the horizontal earth
stresses, Oxx and_ozz, of the rock and the water pressure (see
Figure 3) are also considered for calculating the principal stresses

and their corresponding principal directions. The values of

17
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Figure 5. Finite element discretizations for half
of the rectangular crack (390 node points
and 240 thick-shell finite elements)
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Po =’4,600 psi, Oxx = 5,000 psi, ny = 10(900 psi, and ozz = 5,000
psi will be used for the above mentioned gaiéulations.

The secondary thermal cracks are predicted based upon prin-
cipal stresses, their principal directions, and fracture mechanics
by using a computer program for computing depth, spacing and open-
ing of these secondary thermal cracks.

By using the above-mentioned data, it was calculated that
three equally-spaced thermal cracks have been produced at an inlet
of cold water and the center of the main hydraulic crack (see Fig-
ure 6) after ten days of reservoir operating time. The depth,
the spacing, the opening and the length of these initially thermal
cracks were calculated to be d = 1.5 m, s =1.34 m, w= 0.05 mm,
and & = 5 m.

5.4 Results Obtained After the Initiation of Secondary
Thermal Cracks (S.T.C.)

Having investigated the temperature field without the S.T.C.
for time periods ranging from ten days to one year, we found that
the temperature gradient along the z-direction is much larger than
that along the y-direction. After the initiation of the S.T.C. at
ten days, the problem is converted to the one with a transient rock
conduction in both the z-direction and x-direction, and with a
transient fluid convection in the y-direction. As such, a 2-D
problem is assumed. Divide the rectangular parallelepiped into
ten strips by cutting along the x-z plane and solve the tempera-
ture fields of each strip by using the "AYER" heat conduction

program. Here, the general two dimensional transient equation of

19
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Figure 6. Three equally-spaced edge cracks (d =
1.5m, s =1.34m, w= 0.05 mm and
2 = 5 m) at time step of ten days
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heat conduction was solved by considering the convective heat trans-
fer due to the fluid flowing through the complicated boundary.

Much time was spent in converting the "AYER" code in the
CDC-version to the IBM-version. As time goes on, the secondary
thermal cracks vary in size and the geometry input of the "AYER"
code gets more complicated (see Figure 7). As such, the input sub-
routine was modified to improve the efficiency of the "AYER" code.
By using this code, results were run on an IBM machine. These re-
sults agree well with results obtained from the CDC machine.

In order to see the interacting effects due to the circu-
lating water through the secondary thermal cracks, we have set up
two models, one without these cracks (w/o S.T.C.) and the other
with these cracks (w/S.T.C.). The temperature fields, the thermal
stresses, the geometry of secondary thermal cracks, the outlet
temperature of fluid, and the power were calculated for the above-
mentioned two models after 20 days, 30 days, 2 months, 3 months,

6 months, and 1 year of reservoir operating time. The results

are listed in Table 2 and plotted in Figures 8 through 12.
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N

(m)

6 12 18
(5) (11) (16)
2 11 17
(4) (10) (15)
4 10 16
(3) (9) (14)
3 29 34 41 9 15
(20) 1 (24)
28 331 40 (8) (13)
(2) (25)
(19) | (23)
2 27 32 | 39 8 14
(18) f1(22)
6 31136} 38
(1) (6) (7) (12)
(17 21) '
135 Jo 37 i 13
x (m) -
Figure 7 Mesh discretizations through a strip

of rock with a single edge crack
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Time

* -«
(days) d (m) s (m) 2 (m) w (mm) eout(°C) E (MW)
10 1.50 1.34 5 0.05 105.3 3.22
20 1.89 1.53 35 0.06 90.1 2.33
30 2.17 1.66 55 0.07 83.0 1.92
60 2.86 1.93 70 0.10 73.5 1.37
90 3.20 2.16 85 0.13 69.3 1.12
180 4.80 2.56 95 0.20 63.7 0.80
360 7.71 3.74 100 0.29 59.7 0.56
10 1.50 1.34 5 0.05 107.2  3.33
20 2.44 2.19 55 0.08 96.2 2.69
30 2.81 2.16 75 0.09 92.8 2.49
60 3.79 2.57 85 0.13 85.9 2.09
90 4.50 2.78 95 0.15 82.5 1.89
180 6.48 3.37 100 0.24 81.2 1.82
360 9.43 4.36 100 0.28 80.0 1.75
*eout is the outlet temperature of fluid.
Table 2. The values of 4, s, %, w, ' E of the model

without S.T.C. (the upper tagfe) and those of
the model with S.T.C. (the lower table)
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Figure 8. Temperature at x = 5 m, T = 30 days
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Figure 10. Thermal stress o around the column at
X =5m, y =15 for six time periods
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CHAPTER 6

CONCLUSIONS

Calculations are carried out for the LASL Fenton Hill
HDR~Reservoir with H= 100 m, W= 70m, t = 0.2 m, h= 2,6 km,
0 = 230 gpm, 6, = 50°C, T = 180°C, u = 1.4 x 107% pa-sec and
rock properties (see Table 1). Solutions can also be applied
to the low-temperature-hot water reservoir.

Three equally-spaced edge cracks are initiated at ten days
with d=1.5m, s =1.34 m, w= 0.05mm and £ = 5 m.

Rock temperature, in the presence of the ci}culating water of
the secondary thermal cracks, is lower than the one in ﬁhe ab-
sence of the secondary thermal cracks at various reservoir
operation times (see Figure 9).

Thermal stress (oxx),in the presence of the circulating water
of the secondary thermal cracks, is higher than the one in

the absence of the secondary thermal cracks at various reser-
voir operation times (see Figure 10).

The geometry of the secondary thermal crack grows with time.
The geometry in the presence of the circulating water of the
thermal cracks is larger than the one in the absence of the

circulating water of the thermal cracks.
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For the small size main fracture system and with relatively
low initial rock temperatures, the significant effect of
thermal stress cracking is to flatten due to the temperature
drawdown at later times. Even though the thermal power is
more than doubled at 180 days, this occurs at an outlet re-
servoir temperature of only 81°C (see Figure 12). In Fig-
ure 12, at 60 days for a constant flow rate of 230 gpm, the
thermal drawdown curve with thermal stress cracking is only
about 12°C above that without thermal stress cracking (85.9
°C versus 73.5°C). It would appear that.the effects of
thermal stress cracking in this reservoir could easil& be
increased by several inadver£ent shutdowns, changes in flow
rate and by inferring a slightly larger effective heat trans-
fer area for the reservoir.

Of investigation so far are effects of the circulating fluid
(water) in the main hydraulic fracture and the resulting
secondary thermal cracks on the temperature distribution and
the resulting thermal stress field within the geothermal
reservoir.

Neglecting the dynamic interaction between those growing
secondary thermal cracks might cause reducing effect on tem-
perature, thermal stress, and dJeometry of the rock. The
real process, however, has to be studied by considering
simultaneously the interacting effects of both circulating

water and the growth of secondary thermal cracks.
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