HAYASHI et al.

STRESS FIELD AND FORMATION OF FRACTURE NETWORK IN THE SOLIDIFIED
MAGMA REGION FOR THE DIRECT UTILIZATION OF MAGMA ENERGY

Kazmo HAYASIT, Kivoshi TAKFUCHE™  and Hiroyuki ABE™

ity Institule of Fiaid Science. Tohalos University, Sendai 980, fapan
27 Sekisul Chemi. Co. Tad., Wadai 32, Tsukuba 300-12. Japan
(37 Taculty of Engineering, Toboku Foiversity, Sendal 380, Japan

kev words: magma encrgy, open systenn slress field, fracture network

ABSTRACT

I the extraction of thermal energy from magma, it is expectoed
that a fracture network would be created due to thermal contrac-
tiou of the solidified wagma formed around the welibore during
heit extraction and the fractire network s expected to work as
the flow path of the working fuied for the heat extraction. In the
present paper. The stress field in the solidified magma and its
variation with respect to time were analyzed based on the creeps
zing the feasibility of formation of the fracture

theory, empha
network for a vartous types of rocks.

1. INTRODUCTION

The basic concept of extracting heat directly from molten mag-
ma was propused by Sandia National Laboratories in the he
cinuing of the 1970°s. Sinee ihen, wagma energy has attracted
intensive attentions as one of the most potential candidates of
renewable and sustainable natural energy sonreces and extensive
«wcientific and engincering fea-
sibilities of the direct heat extraction fron magma {(Colp anod
Stoller, 198 Gerlach, 1981; Colp. 1982 Dnnn. 1989 Chu ci
al.. 1990). 'U'wo tvpes have been proposed for the direct heat ex
traction systemn created in molten magma. i.e., closed and open
systems, The closed syslem consists of concentric tubes sel i

clorts have heen made to darify

magma which essentially form a counter tlow heal exchanger,
Water is prumped down through the outer annnls, oxtracls heat
and goes back to the surface through the msutated nner 1nbe.
In the open svstem. water is pumped down throngh an inso-
lated tube set in magma. It is envisaged that fractures due to
ihermal coutraction are created around the tuhe in the solidified
region formed in the molter magma. The water goes out from
the lower end of the tube inte the fractnres and extracts heat
by direet contact with the solidified magma. The heated water
15 rettieved near the upper part of magina and ilows back Lo the
surface,

The solidified region formed around the Llube supports the high
candining pressure which ean be several hundred megapascals
for a svstern of Wkin deep. Furthermore, fractures in the so-
lidified agma serves as flow paths of heated water in the case
of the open system. Therefore, the stability of the solidified
region in one of the erucial problems o the diveci heat extrac
tion o tnolten magma. So far, atientions have heen focnsed
mestly Lo the probiems relating 1o the lieat transfer of the heat
exdract systems, where the process of solidification of magma
due to heat eatraction is discussed inoa rough approximation
by giving the heat flux al the outer boundary of the solidified
region { Hicox and Duain, 1985: Dunn et al., L1987 Bochm et al.,
P91 Also rather extensive efforts Lave Leen exerted to the

problenms of waterial compatibility between magma and metals
{Westrich et al.. 1986).  However, regarding the problems of
stability of solidified region. our knowledge is very restricied,
Oulyv the stress field obiained by thermoelasticily {Dunn, 1953
andl results ol lab-experiments simulating formation of fractures
witlout confining pressure {Dunn et al.. 1987 Cha et al., 1990)
are available

In the previous paper we analvzed the problem of lieat transfer
te oblain the temperature field, where the existence of mushy
region in hetween the solidified and maolten magima was taken
into acconnt, and provesses of growth and remelting of the so-
lielifiedd vegion were studics in detail {Hayashi el al.. 1091, In
the present paper. by utilizing tle temperature field obtained in
1he previons paper, the stress field in the solidified magma and
its variation with respect to time were analyzed for the open
system hased on the creep theory, emphasizing the feasibility of
[urtnation of the fracture network for a vanous type of rocks,
i.e. granite, olivine and anorthosite. As for ihe constinnive law
for the creep, the nsual incremental flow theary is cmployed,
:cond invariant of the stress deviator is used as the
creep poteniial.

where the s

2. OPEN SYSTEM AND MODEL FOR STRESS
ANALYSIS

[enre | illustrates the upen svstem schematically, The system
i nsnally several kilometers deep. Around the wellbore there
exists solidibied magima and ontermnost region is molten magma.
Partially solidified magma occupies the region in between the
two repions. The solidified magma supports the high confining
pressure as high as several megapascals agaist collapse of the
welibore, The size of the solidified region in the horizontal plane
is expected to be 100 times as large as the wellbore radins at
most. whereas the vertical lengih of the heat exchange system
is expected to be more than 1000m (Dunn et al., 1987; Hayashi,
14491}, Therefore the heal exchange system is very slender in the
vertical direction. Thus, as a first approximalion, stress state
15 assumed to be under the plane strain condition paralie] to
the horizomal plane, except for the upper and lower parts of
the heat exchange systenm. In the following, the stress field s
diseussed in the horizontal plane, restricting onr aftentions 1o
the idennediate part ol the heat excliange system {Figure 2).

I, STRESS ANALYSIS

et us intraduce a Cartesian coordinate system (ry, x4, 721 and
a pedar coordinate system (v 8L 2] centered at the center of the
welllbore (Figure 2). The stress and strain are denoted as o, and
e,y referred to the Cantesian coordinate system, respectively, It
is readify understood that the deformation is axisymmetric, The
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Figure 2. Geometry ol soliditied region and the courdinate
sy steas.,

stradn consists of three terms as follows:
- pu
ty =t 8y adl 4, n
L T

where T is temnperatnre, Ty the teruperatnre of wero strain, o
coelficient of thermal expansion and 8;, Kronecker delta. The
strains ¢f; and «; denvte the clastic and creep strains, respee-
tively. By using eq. {1}, the cquation of equilibrium, the equa-
tion of cormpatibility and the Hooke's low for elastic sirains, we
finally arrive at the following differential equation:

Lo, de.

&

g dr? * dr

E [e—a d T ) )
— | e o m 3 S dy
T [ r dr {(1 v -/;0 G o V(.:}j[ {‘-]

wlere & and v are Young's modulus and Poisson’s vatio, respec-
tively. ‘Tle differential equation is accompanied by the following

huoundary condition:
”I{-Hw) = _1“:3'.-. Gr(Hs) = "Ijsz (3)

where £ and P, are Lhe normal stresses acling normally to
the inuer and outer boundaries of the solidified region. Let us
employ the [ollowing uniaxial stress-strain relation for the creep
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deformation;

AH
e = .i\io’"‘exp[’—i—;) £

where A and m are material constants, AH aclivation energy.
H Boltzmann constant and 7' absolute temperature, Then the
su-called Jy flow theory leads us to the following constitutive
law:
Lo B
&, = 5;%

18]

where s,; is stress deviator. The effective stress o, and eflectivi
strain rate ¢, are defived by

B 4 1/
I = Z (E‘“U‘"t.") i)
eg=1 "

%)

k] - 152
=2 (g;;eﬂ (7
ia=1

/

The symbol {7} denotes the derivative with respect to Umwe, Le.
¢, is the creep sirain rate. The total creep strain is obtained by
integrating 1he strain rate atong Lhe loadine naih

4. STRESS STATE AND FORMATION OF
FHACTUHE NETWORK

The probiem defined by eqs{2}-(7) is nonhnear. The su-called
method of successive clastic solutions (Mendelson, 1986) 15 en1-
ployed to solve the problem. and the stresses are calenlated siep
by step with a small time step starting from the situation of
R.iR, = 1.5 which corresponds to 1200 br approxiinately afler
the onset of heat extraction. “The temperature field is deter
minerd following the previous paper {Tayashi el al., 1991). The
temperature profiles for several representative times after the
onset of heal exiraction are shown in Appendix. Following val-
ues are used:

B =3534f(mol- K), = 50GPa,
a=9x 107K p=1025

At the temperature of solidus, solidified magma 15 assutned to
be stress free. The temperature of solidus is sel to be RON°C
for granite and anorthosite and L000°C for olivine, whereas as
1o the coefficient of thennal expansion, Young's modulns and
Poisson’s ratio the identical valuse listed above are used for the
three types of rock referring to Dunn {1953). Pressures at the
inner and cuter boundaries are set 1o be 100MPa and 250MIPa,
respectively supposing 10km deep, unless otherwise stated. As
to the material constants A. m and A, the values presenied in
Table | are used (Kirby and Kronenberg. 1987). Table 2 sum-
marizes the creep strain rates for the uni-axial stress condition
of ¢ = 500MPa under T = 600°C. As can be seen from Table
2. granite deforms by creep most easily among the three and
ulivine ts most resistive to creep.  Anorthosite has imtermedi-
ate characleristic. As stated before, the plane strain coudition
parallel 1o the horizontal plane is assnmed. However, overhur-
den pressure is also acting in the vertical direction. The nor-
wmal stress in the vertical direction presented in the following
figures is the swm of the overburden pressure and the stress ob-

Table 1. Creep properties of rocks,

logysA - Al

Rock | ypa—m im0 ™ kg ol

© Gramite | 37 19 131
Qlivine 4.0 14 444
Aunorthosite t -3.7 3.2 238




Table 2 Characteristics of creep defvrialion of rucks nn-
der a representative condition {uni-axial defor
mation, m — 500MPa. 7= 600°C).

Rock Creep Strain Rate s *
Gramte 1.97 = 1077
Olivine 5.07 x 10~

Anorthosite 6.39 % 10-1°

tained by the creep analysis described in the previous section.
Figure 3 shows the radial distribution of stresses in the sobd-
ified region in the case of granite, where ¢ in the figure is the
time afier onset of heat. exiraclion arid the arrows are indicat-
ing the onter houndary of the solidified region a.tthe respoctive
timc. The stress distrihution is almost unchanged regardless
of the growth of the solidified region with time, in contrast 1o
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Figure 3. Stress distribution in the solidified region for
granite (Arrows indicate Lhe ouler radius of the
solidified region at cach timc).

stresses obtained bv purely elastic. analysis which change with
Lime as shown in Fignre 4 for comparison sake. In the case
of anorthosite, stress distribution has an intermediate tendency
hesween thase of granite and the purely elastic case, as shown
in Figure 5. Time variation of stresses on tne inner boundary
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Figure 4. Stress distribution in the purcly clastic case.
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Iigure 5. Sameas Figure 3 for anorthosite.

of tho solidified region is presented in Figure 6 and 7 for granite
and auvriliosite, respectively. In the hnth cases; the time vari-
ations are very moderate except for the very beginning of heat
extraction, It is seer [rom Figures 6 and 7 Lhat the stresses on
the inner boundary are compressive lor i{})km decp even 1n the
early stage of heat extraction. Although the results far the case
of olivine are not presented here for brevity, stress distribution
and its time variation are very similar to those of anorthosite.
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Figure 6. Time variation of circumferential anc vertical
norrnal stresses al the wellbore surface for gran-
ite.
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Figure 7. Hanwe as Figure & for anorthosite

Olivine s mosl resistive to creep as stated belore, but the ten-
perature of sohdus is highest. The effects of these two factors
to creep defurmation are opposite. U'his would e the reason
why the two rases ol olivine and anorthosite are similar to cach
other.

[n Lle open sysiem, formation of fraclures and the extent af lrac-
tured region are crurial factors. In the following, let us discuss
the wvariation of stress on Lhe inner bonndary of the solidified
rezicn with respect o the depth of the heat exchange system.
In otder to get the rosuits for this purpose, the following sounc-
ary conditions are used: £, = 10MPa and F.,; = L00MPa for
1kem deep, P, = 60MPa and £, = 150 MPa for Gkm deep and
{iy — B0MPa and P, = 200MPa. Figures 8 and 4 show the
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Figure 8. Variation of the circumferential normal stress on
the well bare surface with respect to the depth
of the heat cxchange system.
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Figure §. Samc as Figure 8 fur the vertical normal stress,

variation of stresscs against the depth. In the case of granite.
the circumnferential stress o i aiways conipressive and therelore
radial fracture. wonld hardly he formed. On the contrary, the
circumierential siresy for ancrthosite and olivine lias & Lerdency
to be tensile inshallower depth. Regarding the normal stress, -
acting in the vertical direction it is alse compressive for granite.
However, it is tensile in the zone shallower than 8km tor oliviae
ant?is also tensile in the zone shalluwer than 6km for ancrthosite
Thus, it is highly probable that horizontal fracture: are fus e
For olivine and anorthesite. In tlie case of granite, horizontal
fractiwees are hardly forrned, either. The results stated ahove
iniply that olivine would he the most potential candidate (ot
direct extraction of magms energy and anorthosite comes next.
Grnnitc would not be appropriate.
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The temperature distributions were determined following the - 12000 :
PrEvIONS pa pef I:Hayas]u' el al., 1991]. Figures shown below are 600 T
the temuerature profiles for tho several representative times af- I ]
ter tlie oneel of heat extraction, where the specific heat, the
density. the latent heat, and the thermal conductivities of nil- 400 4J0 ' 6t0 * E;O * 100
len magma and solidified magma vrere set to be 1225] /kg/K. t/Rw
2500kg/m®, 2.72 x 10°J/kg, 4.2W/m/K and 21W/m /K, respec-
Lively Figure A2, Temparature nrofiled for olivise.
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