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1. Introduction 
An abundant amount of geothermal energy could be recovered from rocks· by c ircu­

lating fluid through geothermal cracks which created by a hydraulic technique. In 
the development of geothermal extraction system of this type, the and experimental 
studies of for fluid-filled geothermal cracks have been made on of the frac­
ture approach. A comprehensive survey can be found in literature 

During the extraction of heat, the surfaces of the geothermal cracks are cooled by circu­
lating fluid and the thermal contraction of the rocks occurs. Therefore, it is necessary for 
controlling the geothermal cracks to make the fracture mechanics study of them including 
thermoelastic effectspX31 

In this paper, discussion is focused on the behavior of an artificial geothermal crack 
during extraction of heat, which is use to stable control of geothermal cracks. The ahalysis 
is based on the theory of quasi-static thermoelasticity. Firstly, we concerned with the effect 
of the initial rock temperature gradient on the fluid temperature at the outlet and the behav­
ior of the geothermal crack. Next, the effect of the change of supply flow rate is considered. 
Finally, the time limit for the stable geothermal crack is discussed. 

2. Artificial Geothermal Crack Model 
Consider a two-dimensional crack as a model of a vertical 

artificial geothermal crack in the earth's crust, as shown in 
Fig. 1. In the analysis, we employ a Cartesian coordinate 
system (x,y) whose origin 0 is located at the ion of 
equal distance ~ from the inlet and outlet on crack line. 
The upper and lOwer tips of the geothermal crack are y=Ll and 
y=-Lz, respectively. 

The energy for the fluid flowing through the 
geothermal crack 

(1)Cw PwQ 
d -q(y,t) (Iy 1<~,t>O) 

where Ow is the heat of the fluid, Pw the fluid 
density, Q the frate, Tw the fluid temperature, 
q(y,t) the heat flux across the crack surface and t time. 
When the temperature of the rock varies linearly with respect 
to the 	depth in the earth's crust, the initial condition of 
the rock temperature Tr is given by 

Tr (x,y,O) = Too + T(~-y) (2) 

where Too is the rock temperature at y~~ and T is the temperature gradient. Moreover, the 
rock temperature on the crack surface is given by 

Tr (0 , y , t) ~ Tw (y , t) , Tr (0 , - ~ , t) = Tw ( - Q, , t) = T i 	 (3) 

where Ti is the fluid temperature at the inlet which is assumed to be constant. 
The rock is assumed to be obey the Duhamel-Neuman relation. When the fluid p(y) 

acts on the of the geothermal crack, the boundary condition of the d 
field o~, by existence of the fluid-filled geothermal crack subject to 
compressive tectonic S(y) are given following. 

(a) On 	 the surface of the geothermal crack: 0* (4){P(y)-S(y)}, 0* 0xx 	 xy 

(b) At 	 infinity: (J~ Oy*y o:y = 0 (5) 

The fluid pressure p(y) and tectonic stress S{y) can be written as 

P (y) 	 Po - Ay , S (y) = So - By (6) 

where Po and So are the fluid pressure and tectonic stress at y=O, respectively, and A and B 
are the linear gradient of the fluid pressure and tectonic stress, respectively. 

Fig.l 	 Artificial geothermal 
crack and coordinate 
system 
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3. 	Temperature Field and Stress Intensity Factors 
By integration 'of Eq.(l), the fluid temperature is given as 

y 
Tw (y,t) = Ti 

1 f q(s,t)dE;: (7) 
R, 

The rock temperature is obta ined after determining q(y,t) by 
t R, 


Tr (x , y , t) = Too + T ( R, - y) + f f q(E;:,s)exp[ 

o R, t-s 

where Ar and Kr are the thermal conductivity and the thermal diffusivity of the rock, respec­
tively. The heat flux q(y,t) can be obtained by solving the singular integral equation which 
is derived by substituting Eqs.(7) and (8) into Eq.(3). 

For the analysis of stress intensity factors, the singular integral equation is derived 
by replacing the geothermal crack with a continuous distribution of edge dislocations. The 
detail of the analysis is seen in Ref.(2). The stress intensity factors kJ at the upper and 
lower tips of the geothermal crack are obtained from the dislocation density function in the 
forms. 

(8) 

(9) 

where 

R, 
F(y,t) k 

t 
f fq(E;:,s)({ 
o R, 

k Ey/(l-V) 

Here, 	 E is the Young's modulus, y the thermal expansion, V the Poisson's ratio of the rock. 
When the stress intensity factor attains the fracture toughness of the rock, kc, the 

geothermal crack begins to propagate. During the extraction of heat energy, the expanding 
geothermal crack must satisfy the following equilibrium condition: 

(11) 

where Lt and L! are the positions of the upper and lower tips of the crack in the equilibrium 
state, respectively. Moreover, the equilibrium state 1S stable if and only if 

< 0 	 (12)< 0 

4. Numerical Results and Discussion 
On the basis of the aforementioned method, numerical 

calculations are performed. Then the following nondimen­
sional quantities are used; To={Tw(R"t)-Ti}/(~-Tt) for 
the fluid temperature at th~ outlet and a=ewPNQ/Ar for the 
fluid flow rate. Furthermore, the following va 
used; E=3SGPa, v=O. 12, y=1. 2xl 0- 5 K-1 and kc=l. 6MPa' 
granite, B-A=60S1Pa'ni1 , Q.=SOm and 'll:c-Tt=180K. 

4.1 Effect of Rock Temperature Gradient 
The initial rock temperature which increases linearly 

with the depth is considered. The variation of the fluid 
temperature at the outlet against time is shown in Fig.2 
for various values of the linear temperature gradient T. 

Here, the nondimensional flow rate are a=lOO and 200. The 
nondimensional flow rate a=200 corresponds to about 0.45t/h 
per 1m in the direction perpendicular to x-y plane. On the 
abscissa, the nondimensional time Krt/R,2=0.01 corresponds 
to about 309 days. It is seen from the figure that the 

I~ 

1.5 r----,--...,.---r----, 

Fig.2 

2.5 5.0 7.5 I 0 
Krt 1£2 (x 10-3) 

Fluid temperature at the 
outlet against time 
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outlet fluid temperature increases slightly at the earlier 
state of the extraction of heat energy. However, the outlet 
fluid temperature decreases markedly with time after that 
and the tendency is marked with increasing a. The effect of 
the temperature gradient on the outlet fluid temperature is, 
generally speaking, small as show~ in the figure. 

The cross-sectional shape of the geothermal crack is 
shown in Fig. 3. The solid, broken and one-dot chain lines 
indicate in case of the temperature gradient L =0, 0.2 and 
0.4K/m, respectively. Here, the positions of the crack tips 
is determined to satisfy Eqs.(ll) and (12), and the opening 
displacement W(y) can be calculated by 

W(y) b (0 d;;; 	 (13) 

where be;;;) is the density of edge dislocations. The length 
and opening displacement of the geothermal crack become 
large with time and the opening displacement is almost 
constant from the outlet to the inlet. As the rock tempera­

0.2ture gradient becomes large, the opening displacement becomes -1.5 0.4
large near the inlet. However, the effect of the temperature 
gradient on the propagation of the geothermal crack is small. Fig.3 Cross-sectional shape 

of the Geothermal crack 
4.2 Effect of Change of Supply Flow Rate 

It is necessary to change the supply flow rate for controlling the geothermal crack. 
Here, the effect of the change of the supply flow rate is discussed. The variation of the 
outlet fluid temperature is shown in Fig. 4. Fig. 4(a) is in case of increasing flow rate 
from a=120 to a=200 and 400, and Fig. 4(b) is in case of decreasing flow rate from a=400 to 
a=200, 120 and O. When the flow rate i.s changed, the outlet fluid temperature ,varies abruptly. 

The stable positions of crack tips are shown in Fig. 5. The change of flow rate has a 
little influence on the propagation of geothermal crack. The figure also shows that the 
geothermal crack propagates slightly even if a=O, i.e., the supply of the fluid into the geo­
thermal crack is stopped. 
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4.3 	Time Limit for Stable Geothermal Crack 
From Eq.(12), the critical condition of the stable crack propagation is 

o 	 (14) 

Generally speaking, since the tectonic stress becomes large with the depth, the crack propa­
gation is more stable at the lower tips. Therefore, we note the crack propagation at the upper 
tip on the basis of the stress intensity factor. The stress intensity factor at the upper 
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Fig. 6 	 Stress intensity factor at the 
upper crack tip 

crack tip is sho~n in Fig.6 for Ll=Lz. The broken line indi­
cates the thermal stress intensity factor, and the one-dot 
chain line the stress intensity factor due to fluid pressure 
and tectonic stress. The actual stress intensity factor at 
the upper crack tip is sho~n by the solid line as the sum of 
them. The stress intensity factor has a minimum value. If the 
fracture toughness kc of the rock is bet~een the minimum 
value and the value at LdR,=l,. the two positions of crack tips 
satisfying Eq.(ll) exist,· In these cases, the smaller tip is 
stable, When the minimum value of stress intensity factor is a.=200 
equal to the fracture toughness, the condition is critical 3.0i-""'-+--+- ,,0.0 Kiln 
state as indicated in Eq.(14); The time at the critical state ~ 
is shown against the pressure difference. Po-So between the fluid*~ 
pressure and tectonic stresS at y-O in Fig. 7. In the figure, 5.91.'=0---0-"J.L:7-=5--0-l.5=----O...l.2-5-~0.0the stable region is hatched and the other region is unstable. 
The critical time becomes shorter with increasing of fluid Po-So (MPoJ 
pressure. Fig. 8 sho~s the relation between the positions of Fig. 8 Relation between the 
the crack tips and the pressure difference Po-So at the positions of the crack 
critical state. A~ the fluid pressure decreases, we can keep tips and the pressure 
the larger geothermal crack for a long time in a hot dry rock. difference Po-So at 

the 	critical state 

S. Conclusion 
In this paper, the effect of the initial rock temperature gradient, the change of supply 

flow rate and the time limit for the stable geothermal crack are discussed. The main results 
are summarized as follo~s: 
(1) The effect of the rock temperature gradient on the outlet fluid temperature and propaga­
tion of the geothermal crack is small. 
(2) The change of flo~ rate has a little influence on the crack propagation. The geothermal 
crack propagates slightly even if the supply of fluid into the geothermal crack is stopped. 
(3) When the minimum value of stress intensity factor is equal to the fracture toughness, the 
condition is critical state as indicated in Eq.(14). The critical time becomes shorter ~ith 
increasing of fluid pressure. 
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