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ABSTRACT

Injection of a fluid colder than the rock mass,in hydraulic
fractures used as heat exchangers in geothermal hot dry rocks
reservoirs,can lead to fissuration of the fracture walls,,This
ctudy consists in determining the difference in temperature
between the fluid and the rock,leading to fissuration.These
differences,found on granite samples,vary from 10°C to 30°C
depending on the mean temperature of the rock - 200°C to 70°C-
lioreover this study shows the influence of the interstitial
pressure on the thermal-mechanical behaviour of the rock.For
thermal rupture estimation,it appeers clearly that one can no
longer think in moncphesic terms,even in the case of so called
"hot dry rocks".
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INTRODUCTION

Injection of a fluid colder than the surrounding rock,into fr-
actures used as heat exchangers in deep geothermal reservoirs,
may lead to fissuration of the rock wall.This study gives fis-
suration criteria as obtained on laboratory tests,representing
thermal actions on granite samples.

ENVIRONMENTAL ROCK PARAMETERS IN "SITU" AND IN LABORA-
TORY

The experimental device should create,around the laboratory
sample,experimental conditions as close as possible to the co-
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nditions encountered "in situ".This sample is parallelipipedic

one face of this sample simulating the rock wall of the heat
exchanger,Fig. 1.

Initial conditions

Site

U445 TogsT34= principal stresses in the rock mass

Py = fluid pressure on the wall (2}(755)
Trs = rock mass temperature
Tfs = fluid temperature along the wall
Tfs =T, in the initial state
Laboratory
L =53cme , h=5¢cme , b=3cm sample geometry
Py= water pression in the cell

Tf1= water temperature in the cell

Trl= temperature of the rock sample being equal to the tempe-

rature ‘1‘fl of the fluid at the initial stFte = Tl
Observation: The effective stresses <Tij in the rock
in situ or in the laboratory are expressed in function of the
total stresses O

13 and the pore water pressure p by the eq-
uation:

\
G—ij = G.i,j - gij'k'p (1)

in which k = coefficient connected with the porosity and the
shape of the pores ( O<k<1l),An alternative consists of cove-
ring the rock with synthetic rubber in order to prevent any
water penetrating.In the ocase (yaj = (rij'

Actions

PRRIRS——————

BE—————
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In situ

i i nou-
Lowering of temperature Tfs,which is taken as being slow e

gh for a uniform temperature gradient to be set up in the rock
near the wall.

Laboratory

i dient on one

ry difficult to impose a temperature gra . _

%gcgso¥etge sample and contain zﬁe thermali;2§%2§a§if%§ci§ii::,
ities.In order to overcome ese exper

zigm;:tiod used consisted of simulatlng.these tgegma%h§h§gg¥gii
constraints by means of mechanical loading adde 5 odi I 2
state by means of an installation with circular bending,1ge. o
The cold well is simulated by face AB.

oF af
d=1g§cm‘ l
r* h=5cm
A L= 53cm Y
Fig. 2

EQUIVALENCE OF "IN SITU" AND LABORATORY PARAMETERS

Equivalence between the parameters in initial state

cagse of strictly dry rock

tresses.In fa-
! lence leads to equality between total s
223833§3;§e§ce only applies to the stresses along a.plage ggggé
is’nerpendioular to the wall,with the cracks appearing by
hesion by single traction in this plane.

min ( Oyg T, = Py G

- ‘ (2b)
Trs o Tfs - Trl or Efl

Case of wet rock

Relation (2) must be modified by using the eff%ctiVe stresses
instead of the total stresses as defined by (1).

=(1-k 3a)
min { ( 4 - kgpg) » ( Upg - kg pg)} =(1-kp)py(
T,.g OF Tpg = Tpq o7 Tey (3b)

Equivalence between stresses

In situ stresses

Strictly dry rock
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Conditions imposed in the neighbourhood of the face:
Aeis= Qe,  (strein)=0
AG'3S= Aps=o assuming U—Bs = Pg
The increase in strain under L&Tfs along a plane perpendicular
to the wall is,in elastic theory,given by:

X_ E_ AT
AT, = AT, = - o B B (4)
1 -V
S
where E_, 3 4 = coefficients of elasticity of the rock
Bl = coefficient of linear dilatation
Wet rock

Expression (4) remains strictly true with effective stresses:

E_ AT
AT - A0“23= . s s Tgs_ (5)

Laboratory stresses

Strictly dry rock

Under a AF increase of load F,applied at distance d from the
corresponding support,only G}l_varies :

e (6)

Case of wet rock

The variation of effective stresses are given formally by the
identical expression:

AT, . _ __8_AF d_ (7
11 b he

Equivalence between parameters at rupture in situ and
the laboratory

Case of dry rock

If the values of total stresses on the face perpendicular to
the wall are egualled,in situ and in the laboratory,expressions
(2a), (4) and (6) are used to obtain the critical cooling of fl-
uid ATfs)crit which causes failure of the sample.

( A7) e fmance L, T 6d_,(AF)
fs’orit” :;—E.;" {m 1s® v 28’7P1 ¥ "B B2 or

If it is assumed that p,= pgy and py = U 54, the term min(U—ls,
(Tgs) - P represents the difference between the mean and mi-

nor stresses in the rock.Thus,this term i1s therefore always po-

Y A AR AT
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sitive.In the absence of information concerning this differen-
ce,only a lower limit of critical cooling can be deduced:

(ATeg)orit

Case of wet rock

An identical expression is obtained by similar reasoning to
the above but with effective stresses

TEST APPARATUS _ PROCEDURE

Description of the test apparatus(Fig, 3)

Fige 3

The parameters involved in the laboratory are the follows:
a) Pyt confining pressure of water around the sample

This is created in a cylindrical cell closed at each end by pl-
ntes maintnined in position by braces,Water is put under a pre-
asure up to 200 bars by means of a hand test pumpo.

b) T equilibrium temperature of rock and water

Ll:

Temperature is regulated by & coil of heating cables around th-
e cell nnd on each plate.A regulator connected to a thermocou-
ple maintains the temperature at the desired value up to a me-
ximum of 200°C. . % Lo to bending

3 ading o e sample to ben \ .
%%:Sionégant %ending moment is created by hydraulic jacks ins-
tnllated outside the cell and fixed to the loading frame.lt is

rronsmitted to the cell which is mounted on two simple suppor-

ts consisting of rollers.

Procedure

The operating sequence is shown schematically in Fi%. 4.0n1y
the p?‘ojection of this sequence in the plane (ch, AYF) is used

in the plotting of the regults cf the experimen

TESTS - RESULTS AND INTERPRETATICN

ots

i



1174

_________ P
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initial T e '
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1 1 !
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1 t o,
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Fig. 4

Three tests modes were uced on two sets (A and B) of homogene-
ous,isctropic granits at the following temperatures and press-
ures:
T, = 70, 120, 200° ¢ 3 p; = 50, 100, 150, 200 bars
iiode 1l: non-impermesbilised sample(series I, II, III, IV)
lMode 2: =ample impermeabilised by means of synthetic rubber
membrane (series V, VI, VII)
Mode 3: the confining pressure was only applied after tempera-
ture rise in order to annlyse the velocity of the per-
colation of water in the rock(series VIII

Results

The results nre shown in grephs 1,2 and 3, corresponding to mo-
deg 1,2 and 3.

Interpretation

The three tests modes studied bring into play the effect of po-
re pressurec.Tengsile strength GH?°E the rock is expressed as

follows using formulae (2a),(6) and (°b),(7) in function of the
laboratory parameters:

Strictly dry rock

) d
T .= p, - 6(AT) ., —==-=- (9)
5 1 crit bh-
Wet rock
y o 1 ,\‘ d (10)
Dy = (1 - r-l) Py - 5( AT )crit ----- =
bh’

‘he three test modas enn be interpreted as follows:
Moce 1: non-impermen~bilised rock h

At o given temperature it im observed that (AR)_ ..is
inderpendont of pl(grqph 1).4t the temperature cnvisnged erd
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a physical constant of the rock and so formula (10)

q"r is
leads to 1 - k1= 0,therefore k,= 1.
series
(aF) , {daN)
crit - (1
200
s (I
[ . (m)
100 )
sample il
fractured -
50 100 150 200 Py{bar)

(aF)

300

100

300

Graphs. 1,2,3

The pore pressure in the immediate vicinity of the rock face
is therefore the same as the ?onfiné?g pressure.
Mode 2: impermeabilised rock k, =
oce Atpa given temperature-’,tit ia obzerved that ( AF)
displays linear variation in function of pq(
Atpa Ziven temperature, the exactltuqe of }e
is therefore verified Tor a gilven (TI,

Mode 3: 0 < k1< 1
W lines
The results given by mode 3 lie between the two
characterising mode 1 and mode 2(graph 3).They can be 1nterp{%—
ted by calculating a mean coefficient ka,whlch shows globally
the degree of penetration cf water into dry rpck when_the g?e—
gsure in increased rapidly.lf the value of crr-found ;n Eealesd
II and V is used(tr} - -7133 bars),using (10),k; can be deduce

crit
graph 2),
lation(9)
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in function of Py at 70 C.For the two experimental points:
kl = C.45 when Py = 100 bars;kl = 0.85 when Py = 185 bars

The difference between the values of k, appear to be linked wi-
th the pressure.In addition,since the Quration of pressure ri-
se was Ffairly rapid(maximum 15 minutes)in the two tests,it can
be concluded that the penetration of the pores at the surface
by water occurs more or less instantoneously.In conclusion,on-
1y modes 1 remains meaningful in the practical conditions encc-
untered at the geothermal site.However,mode 2 is an indispensa-
ble reference and mode 3 makes it possible to judge the veloci-
ty of penetration of the rock by water.

CONCLUSION

This study makes it possible to assess in a given rock(granite
in the case)the difference in temperature between rock and wa-
ter at which cracks can appear in the walls of a geothermal ex-
changer,This temperature difference varies from 10°C to 30°C
for rock temperatures of 200°C to 70°C.In addition,these tests
have made it possible to show the effect of pore pressure on
the thermomechanical fracturing of rock.It would therefore se-
em necessary to take the pore water pressure into account in
failure calculations,i.e. to reason in terms of a biphasic ecn-
vironment after fairly short periods of contact between dry ro-
ck and water,.
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