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Chapter 5

Injection Induced Seismicity -

A Thermoelastic Model

5.1  Abstract

Injection induced seismicity has been observed in several geothermal fields around
the world., A favoured explanation for such carthquakes is that the overpressurcs
penerated about an injection well cause an increase in cffective normal stress, {on4p),
across {ractures within the reservoir, making them more likely to slip (N.53. using
tensile stress = positive, convention). However, simple scaling arguments suggest
thiat thermal stresses might also be very significant in a geothermal environment. This
paper investigates the role of advective cooling and consequent thermoelastic stressing
in triggering earthquakes, A simple axisymmetric model of injection of cold water
into a hot permeable fracture is considered. Heat flow within the fracture is assumed
Lo be solely controlled by advection and outside the fracture to be purely controlied by
conduction. Coupling between the temperature and pore pressure flelds is neglected.
‘'he increase in o imduced thermoelastically is compared to the increase 1 fracture
pore pressure for parameters appropriate to geothermal operations. We find that
the thermoelastic increase in oy is typically greater than injection overpressure for
a significant fracture area about the boreliola. For a wiass flow rate, fi, of 10 kg
s, water-rock temperature differences, ATy, of 200°C, fauli perimeability thickness
product, kh, of 107 m® and times, ¢, of a year or so, Lhe thermoclastic stresses are on

the order of 10 MPa for a radius of order 100 m compared Lo injection overpressures
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on the order of 1 MPa for the same parameters. The homnl stress perturbation,
Ac,, for times of interest is proportional to AT (m(nl)dm,b . where (4, «, and &
are respectively the shear modulus, coeflicient of thermal expansion, and thexmal
diffusivity. The radial dimension of the stressed zone similarly grows as (nt)ém,b
These results are relatively unaffected by the additional complications introduced
by including thermal expansion of the injected fluid or when considering a steam

dominated reservoir.

5.2 Introduction

A number of studies have associated the exploitation of geothermal fields for power
production with local increases in seismic activity [Majer and McEvilly, 1979; Den-
linger and Bufe, 1982 Eberhart-Phillips and Oppenheimer, 1984; Sherburn, 1984;
Batini ef al., 1085; Bromley et al., 1987; Sherburn et al., 1990; Stark, 1990]. These
increases in seismicity are generally attributed to water injection and/or fluid extrac-
tion, the hot geothermal fluids being either steam or hot water. Of these studies only
the one by Eberhart-Phillips and Oppenheimer (1984), of seismicity at The Geysers
geothermal field, failed to find a significant correlation between cold water injection
and seismicity. Their paper indicated that steam production was the significant con-
trolling factor. However, a more recent study at The Geysers, using earthquake loca-
tions determined by the proprietary Unocal-NEC-Thermal network, by Stark (1990),
indicates that about half the earthquakes in the field seem to be associated with cold
water injection. It appears then that injection induced carthquakes are a real and

significant component of commercial geothermal field seismicity.

In general, geothermal reservoirs which display induced seismicity (and a lot of
those that don’t) tend to be characterised by a high degree of fracture permeability.
Successful geothermal production wells need to intersect one of the major high per-
meability fractures, to maximise extraction rates. The actual fluid volume contained
within these major fractures is small and 1s not the principal source of geothermal
fluids, rather the fracture network acts as a Jarge exchange surface with which to

tap the fluids contained in the bulk reservoir porosity. The production wells act as
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pressure sinks so that during production hot water is drawn from the rock matrix
porosity, down the pressure gradient, towards those fractures that are maintained at
a low pressure by their connection to production borcholes. Once in the hot frac-
ture, the fluids then flow with little impedance, via the {fracture network, towards the
production well. The low permeability of the rock matrix means that most of the
pressure drop occurs within the rock, close to the fracture surface. If fluid pressures
fall below the vapour pressure then the water will flash to steam. Hence fractwe
fluids can be liquid, dual phase or dry steam. The higher pressures in the rock matrix

porosity though, favour storage as a dense, liquid phase.

The hot fluids flow to the surface where thermal energy is extracted. Water is
left as a waste product, often containing a high concentration of the foxic materials
indigenous to geothermal fluids. This waste water is disposed of by reinjection into
the reservoir, returning what would be surface contaminants to their natural envi-
ronment, while simultaneously helping to replenish the lost reservoir fluids. However,
evaporation during the energy extraction stage means that there is a net deficit of
fluid mass from the reservoir which can lead to a drying out of the reservoir. Some-
times additional surface water is added to the injectate in an attempt to make up
this loss. The injection wells themselves tend to be uneconomic and disused produc-
tion wells rather than purpose drilled, as the first concern in commercial geothermal

operations is energy extractiorn.

'The mechanism by which seismicity is induced by injecting fluids at above ambi-
ent pressure into fractured rock is believed to be well understood. It was originally
outlined by Hubbert and Rubey [1959] and later applied to injection correlated seis-
micity at the Rocky Mountain Arsenal [Healy el al., 1968] and Rangely Colorado
[Raleigh et al., 1972]. It is based on the Coulomb criterion which we express:-

IT| S —,(J'(G".‘z + P) "i" Sj (5])

where 7 is shear stress supported across a fracture and g is the coeflicient of friction.
Here the convention, tensile stress = positive, is heing used. The term in parentheses

is referred to as the effective normal stress, ¢/, it 1s the sum of the ambient normal
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stress acting on the fracture walls, o, and the pore fiuid pressure within the fracture,
p. The cohesive shear strength of the fracture is §;. This inequality, (5.1), defines the
range of shear stress that can be supported across a {racture without it slipping. An
increase in pore fluid pressure causes a larger proportion of the ambient normal stress
acting across a {rature to be supported by the fluid, so decreasing ol As fluids have
negligible shear strength the effective shear stress supported by the frature surfaces
remains unchanged. This increases the ratio of shear to normal stress, driving the

fracture towards shear failure.

Little seemns to be known about the effect that temperature difference between
injectate and reservoir might have on stress perturbation and seisrnicity, although
it is to be expected that injecting cold water mto a hot fracture will give rise to
thermoelastic stresses [Mossop and Segall, 1994; Mossop and Segall, 1995]. The
flowing cold water will cool the fracture walls Jocal to the injection well and these will
respond by trying to contract. The surrounding rock will constrain this contraction
and so a stress perturbation is induced. A component of this thermoelastic stress
will be normal to the fracture walls and will cause an increase in o, and hence i
eflective normal stress, of. The potential for these stress perturbations to be very
large is illustrated by simple scaling arguments. Assuming the simplest symmetry,
the stress perturbation should be of the order Kegy, where eg is the unconstrained
volume strain, and K is the bulk modulus. For an equidimensional cooled inclusion
in a hot body e = 3aAT; o is the linear coeflicient of thermal expansion and AT
is the temperature difference. Typical values for these parameters are £ = 3 X 10M
Pa, a = 1075, and AT = 200 K, this means that stress perturbations on the order
of 107 Pa or more are to be expected about injection wells, which is very substantial

indeed.

In this paper we investigate the stresses induced by injecting cold water into hot
fractured rock. A procedure that is commonplace in geothermal energy production
and in the waterflooding of hydrocarbon reservoirs. We use a simple model to de-
scribe a single fracture and compare the perturbation in effective normal stress due

to direct injectate pressure on the fracture walls, with the thermoelastic stress caused
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by advective cooling. We assume thai the ambient compressive stress is much larger
than the stress perturbations (i.e.loa| > |Ag,|) and hence the fracture walls are not
stress free surfaces. In general we find that for realistic injection operations the injec-
tate pressure is less significant than the thermoelastic stress, indicating that injection
induced seismicity in geothermal fields 1s likely to be thermoelastic in origin. We go
on derive a simple expression that approximates the thermoelastic stress perturbation

and then to show that more complex models leave this general result unchanged.

In an effort to make this paper as clear and simple to read as possible we have
made extensive use of appendices. This allows us to simply state those points that
we believe are most important to the main thrust of this paper, refering the reader,

who wishes to examine them more closely, to an appendix.

5.3 Setting up the Problem

We investigate the stresses about an injector using the simple model shown schemati-
cally in Figure 5-1. A {racture is represented by a uniform, thin, horizontal, permeable
layer in an impermeable medium. Water is injected into this layer from the wall of an
intersecting borehole, of radius 7. Axisymmetric coordinates are used where r and z
are radial and vertical distances respectively. The fault lies in the plane z = 0 and the
borehole is centred on the line v = 0. Injection starts at ¢ = 0, the water enters the
fracture from the borehole at a mass flow rate of m,, with an initial temperature of
Tw,. The initial temperature of the rock is T, and the initial {racture pore pressure
is po. At first we neglect any phase changes and assume the water remains in a liquid
state throughout the fracture, later we will consider the possibility of boiling oceuring
in the fracture.

The fracture itself is essentially a planar open space with multiple contact points
between the two rock surfaces. It has an average aperture h. The total area of contact
points is assumed to be small which is consistent with iheoretical and experimental
fractures under stress conditions applicable to geothermal fields [Bvans et al., 1992b;

David et al., 1994},
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We begin by finding the pore pressure distribution consistent with injection at
s constant mass flow rate, 7y, The flow of water also cools the fauli wall rock by
advection and we determine how this temperature perturbation gradually pencirates
into the rock matrix. We use this temperature change o calculate the thermoelastic
stresses induced about the fracture. The reduction in effective normal stress due to
thermoelasticity and pore pressure are then compared to give some measure of the

relative importance of each.

The above scheme requires the introduction of additional parameters as we progress
and some idea as to the values that they typically may have. Where this is so we
choose values appropriate to an injection well in an industrial geothermal field. The
variables and parameters used in this paper are given in table 5.1. We have attempted
to choose values conservatively, l.e. where a range of possible values occurs we pick
those that minimise thermal stresses and maximise hydraulic pressures. Similarly
when assumptions are made, they are made with a typical injection well in mind.
However, we believe that this analysis should be applicable to many other systems

where advective cooling occurs.

5.4 Injection Induced Pressure Changes

The pore pressure in a permeable, porous, medium obeys a diffusive law, which we
derive in detail in Appendix C, following (Bear, 1979]. For our simple model only

the radial terms of the diffusion equation are important, given by:-

&p 10p ap
cp (—a?z- + ;g) T 0. (5.2)

Here the hydraulic diffusivity in the uniform fracture is given by the scalar constant
¢p which can be related to the permeability, k; the dy pamic viscosity, n; the fracture
porosity, ¢; and the fluid and pore space compressibilitics, B, and By (where we have

used the shorthand 3 = 87+ Bs)-
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We impose boundary conditions that dictate thai the pore pressure at infinite
distance remains that of the initial pore pressure po and that the mass injection rate

at the borehole wall is 17,

p(r = oo,t) = Po (5.4)

m
— 4 > — b . 5
ge(r =rpt 2 0) ——W——Qﬂrbh (5.5)

Tere h is the fracture thickness and g (r = 1y, t = 0) is the radial component of the
fuid flux at the borehole wall once injection has started, which we define as constant.
At this point we introduce Darcy’s law (5.6) which is the constitutive law that relates
fluid flux to pressure in permeable media,

k
q= "Po;}“vp, (5.6)

where po is the reference fiuid density. We use (5.6) to rewrite (5.5) as

i o
wo P or

—_ — Th’?‘hn (
2 pokh’ o

faia
3
_

=y
The solution of equation (5.2} subject to (5.5) and {5.7) gives the pore pressure

distribution in the fault as a function of radius and time [Theis, 1935,

. 2
MeT r
) = B P> < hf2, t 2 5.
p(r,t) Tmpokh 1(409‘t> bpe ;T RIS 2, 120 (5.8)

where Ey is the exponential integral of (he fest kind, By(2) = [ (exp (—t) /1) di.
Figure 5-2 is a normalised plot of pressure perturbation, &p = p — po, against
radial distance from the borehole. The fracture (luid pressure drops off rapidly with
radial distance, behaviour that is a natural outcome of the radially divergent flow
(indeed, the exponetial integral has a logarithimic type singularity at © = 0). We can
also see from equation (5.8) that the radial distance to some chosen isobar grows in

proportion to V/I. This is equivalent to stating that the area of horizontal frature
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containing pore pressures greater than or equal to some chosen critical value grows
linearly with time.

Equation (5.8) shows that the pore pressure Increase is inversely proportional to
the fault permeabiiity--—thickness product, kh, i.e.the pore pressure increase is pro-
portional to the hydraulic resistance of the fault. In an attempt to make the pore
pressures as large as possible we have chosen a low vaiue of kh (i.e.kh =1 X 104
m®) compared to the range displayed by typical injection wells, (e.g. for The Geysers
geothermal field ki = 1.5 X 10~ m3 to 3 x 107 m®, [Williamson 1990}). Pressure
diffusivity in the fracture, ¢p, and therefore fracture fluid pressure, are dependent
on the fracture permeability, k. However, whilst the permeability~-—thickness product,
kh, is well constrained by flow tests, the value of k is frequently uncertain. It is pos-
sible though, to estimate ¢p using Kozeny’s [1927] relationship between pore size and
permeability, k = s ¢® [w?, where sk is Kozeny's shape constant which has a range
of 1/2 — 2/3 for high aspect ratio pores, and w is the specific surface [Bear, 1979
which for a fracture we expect to be < 4/h. Using the Kozeny relation to eliminate

porosity ¢ from (5.3) yields

cp R , 5.9
wnp (5:9)
where ¢ is a dimensionless parameter of order 1-10 (generally about 2 or 3) equai to

(wzhz/sK)lE.

Thus, for a typical permeability-thickness of kh = 107" m?® and the dynamic
viscosity of water, 1 = T, the pressure diffusivity, cp, is of order 1000 m? s™'. An
order of magnitude estimate is perfectly adequate, as the pressure is very insensitive
to ¢p. Similarly we find dh = 7 x 107* m. The porosity of the fracture itself, &,
we expect to be very high on the order of 1, indicating that k = 1078 m?® and the
offective fracture thickness is of the order of a millimeter. Wssentially identical results
are returned when using any of the various other Kozeny type relationships that have
been developed theoretically and empirically [ Bear, 1979].

Figure 5-3 shows how the pressure perturbation develops about a typical injector,

using the parameter values from table 5.1, an injection rate of 11, = 10 kg/s and
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a borehole radius of ry = 0.1 m. The compressibility of water is small compared
to the compressibility of the fracture pore space (or the inverse of the maximum
pressure perturbation) so we can use po = - The plots are for times of 10%s,
10%s, 107s and 108s, approximately 1, 10, 100 and 1000 days. Drops of almost 1/2
the maximum pressure perturbation are observed within the first 10 m. Maxirnum
pressure perturbation for the parameters chosen s in the range of 2-3 MPa, and those

over areas of order 10 m? or less.

5.5 Injection Induced Temperature Changes

To investigate the advective cooling effect in our injection model we consider the
same mass injection rate, 1My, = 10 kg/s, and neglect {luid and pore compressibility,
A -~ 0. This is valid as long as Apmax K 1/3, where Apmax 18 the maximumn pressure
perturbation, (= p{rs,t) ), @ condition that is met for our typical injector. The mitial
rock temperature is uniform, Tr,, the injectate enters the fracture from the borehole al
a temperature of T, Fach unit area of the fracture plane is associated with a mass,
hop., of pore fuid, which flows radially outward with velocity, v — T, [ (20 hpawd)-
We assume that the fracture is thin and that the solid component of the fracture
is in thermal equlibrium with the water. Thus, the problem 18 essentially a radial
flow heat exchanger and is a specifc case of a general class of advection-diffusion
problems. We solve for the approximate temperature distribution by applying to
radial symmetry the method given by Carslaw and Jaegar [1959] for linear flow heat
exchangers (Lauwerler [1955] gave the first solution to this linear flow problem using

essentially the same approach, also see Bodvarsson [1972]).

‘The temperature of the rock must satisfy the heat equation

T — - = 0 (5.10)
K

where & is the thermal diffusivity of the rock, and this is solved subject to the following
physically constrained boundary conditions. Conservation of energy dictates that the

heat flow across the rock-fracture interface must be halanced by the heab transported
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away by the water and heat change in the fracture itsell.

T e T t .
{3 5 = Fdoace 07 cr > 0,10 (5.11)
z="4h[2

Tw oTw 2x 0Tk
= v
1
Where A is the thermal conduction coefficient of the rock, ¢, is the specific heat
capacity and the quantity £ is a measure of the total heat contained within the fault

compared to thal held in the pore water alone

Pr(l - Qb)cr

e +1 (5.12)

¢ =
where p, and ¢, are, respectively, the density and specific heat capacity of the rock.
Generally £ will be close to 1, but we show it here for the sake of completeness. The
other houndary condition requires that the temperature of the wall rock and pore

water are in equilibrium at the interface.

Tw =1r cr>0,t>0 (5.13)
z=-4h/2

To solve this equation (5.10) subject to conditions (5.11) and (5.13); for both Tw and
Tr, we have o make some simplifying assumptions. We assume the temperature to
be constant across the thickness of the fracture. Within the rock matrix we assume
that radial conductive heat flow, which is proportional to termnperature gradient, 1s
negligible compared to heat Sow normal to the fault, (this will tend to exagerate radial
thermal gradients in our solution). Lastly we assume that radial thermal conduction,
in the fluid, is negligible compared to thermal advection.

Appendix D gives a detailed derivation of the temperature perturbation in the

rock about the fracture, the result is
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.2 — h/
Trr, z,t) = —ATgerfc (‘” %””) H(t-Cr”) +
Tw, ; 7>0,2>h/2 (5.14)
A I _ mhéép.,

ATy =Tp —Tw, ;| 6= ——= ; b= ——= =
° o TMG r ¢ Th:‘bcwﬁ , 2\/;{ ’ ¢ My

As noted the pore fluid temperature, Ty (r,t), is simply the same as Tr(r,z = h{2,t),

&

the rock matrix temperature at the fracture wall. The erfe term contains the details
of how the the temperature perturbation varies with distance about the fracture. The
heaviside function, #, merely dictates the domain over which the erfc term is valid, 1t
is simply the radial distance the injected water front has penetrated into the fracture.
This solution, (5.14), ignores the effects of fluid and fracture space compressibility,
and hence is only truly valid if the maximum pore pressure perturbation (L.e. the
overpressure at the bottom of the well) is small compared to the bulk modulus of
the combined pore fluid, pore cavity system, i.e. Pras < 1/f. For the parameters
considered here this condition is satisfied, and experimental simulations show excellent
agreement with equation (5.14), [Fitzgerald et al, 1997].

Figure 5-4 is a cross-section of the temperature pertubation in a vertical plane
passing through the borehole for the parameters given after 100 days of injection. I1
shows a very thin lenticular zone of cooling about the borehole. Note the vertical
exageration and hence the much greater temperature gradient normal to the fault
compared to the radial component, confirming our earlier assumption that radial
heat flow would be small compared to fault normal heat flow,

The temperature perturbation described by equation {5.14) is controlled by three
length scales. First, there is a purely diffusive scale (hat describes the penetration
depth of the cooling effect into the rock in the z dircction, normal to the fracture
plane, this is controlied by the thermal diffusivity of the rock 1/b = 23/k. Second,
there is an advective-diffusive scale that describes the radial growih of the cooled

zone, it is similarly diffusive in nature but is also dependent on the mass flow rate of
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water, it’s heat capacity and the thermal conductivity of the rock, this length scale
is controlled by m. Third, there is a purely advective scale that describes the
inRltration of the injected water info the fracture, it introduces a sharp cut-ofl and
limits the domain of cooling, it is controlled by \/TTC

To determine how the cooled zone grows with time we note that when the argu-
ment of an error function is > 2 it is within 0.5% or less of its value at infinity. So by
setting the argument of the error function in (5.14) equal to 2, and defining this as

the boundary of the cooled zone, we can calculate that this region grows radially as

= S\f2VCT T @ - 20 (5.15)

and grows axially as

Y

-
At times, ¢ < (?/a?, radial growth of the cooled zone is limited by advection and
grows as 1/1/C. At longer times, { > (1?/a?, the fluid injection front extends well

beyond the cooled zone, and the radial growth of the cooled zone becomes controlled

(5.16)

Ze

by the slower moving advective-diffusive properties of the system, so that it grows as
t}T/\/E. At this stage, t 3> Cr? for all v of interest, i.e.all r within the cooled zone,
and (5.14) may be simplified to

Tr(r,z,t) = Tw, +ATo erf (Ar* + B 2]} .

a b
A= — ; B=— 5.17
i Ji (517
in agreement with the finding of Bodvarsson [1972].
Equation {5.17) is a good approximation to (5.14) for ihe time domain ¢t > 3CrZ,
which is equivalent to ¢ 2 24C?/a?. To derive this latler ineguality, simply substitute
t = nCr?, where n > L, into equation (5.15), which leads to r? = A(n — 1)C/a?, and

hence t = nCr? = 4n{n — 1)C?/a*. For the paramelers we're using here equation
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(5.17) is valid for times of order 100 seconds or more, and so equation (5.17} is relevant
to the time scale at which injection induced seismicity occurs,

The cooled zone grows axially with V1, (5.16), whereas the radial growth is propor-
tional to #1741, This means that the radial growth of the cooled zone becomes propor-
tionally slower than the axial growth causing the cooled zone to become spheroidal,
which violates the assumption that 8T/8z 3> 0T/0r. However, the aspect ratio of
the cooled zone doesn’t reach unity, i.e.r. & z, until 20,000 years or so, for our typical
parameters, which makes it of little concern here. The time period for which equation

(5.14) is valid is more thoroughly investigated later in the paper {in Appendix G.1}.

5.6 Thermoelastic Stresses

Thermoelasticity is a specific case of a general family of analogous body forces obeying
a scalar potential gradient law {e.g. poroelasticity). In general the stress state can
be found by convolving the inducing function, in this case the temperature, T (where

T(r,z) = Tr(r,z) = Tr,}, with appropriate Green’s functions.

Do) = [ 106 v)aY (5.15)

v
The V denotes the volume of interest, o;; is the stress tensor and o; are the stress
Gireen’s functions. In Appendix E we show how the stress Green’s functions are de-
rived. However, these yield integrals, of the form equation (5.18), that are non-trivial
and need to be evaluated numerically. This in itself is problematic, as the Green’s
functions o}; display hypersingular behaviour so that direct numerical integration is

ma,pproprlate.

The problem of hypersingularity was resolved by exploiting the fact that the tem-
perature perturbation, T'(y), must be a solution to | the heat c‘quatjon (5.10) and is
therefore smooth and falls to zero at infinite distance. This allows us to trade-ofl
integration of the hypersingular Green’s functions (a smoolhing operation) against
differentiation of the temperature function (a roughening opera tion). Integration by

parts allows equations (5.18) to be recast in the form (5.19}
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0T (0,¢) .
AGa‘j(?‘aZ):f —*(%%Q—CQTZ-’}(T,Z;Q,C)WC. (5.19)

¢ e
The appropriate modified (smoothed) Green’s functions are denoted as 735(r, 26, ()
They have logarithmic order singularities which do not cause problems for direct
numerical integration. These modified Gireen’s functions and equations {5.19) are
derived in Appendix F. They can be used to determine the stress perturbation
tensor at any point due to an axisymmetric temperature disturbance. We will restrict
ourselves in this paper to considering Aoy at the fracture surface, z ~» 0, but have
included all the Green’s functions components for all z in Appendix F for the sake of

generality, and in the hope that they will be found useful.

The increase in normal stress across the fracture, i.e.the opening stress perturba-
tion Aoy, due to thermoelastic stressing of the rock can be found directly from the
fracture normal component of the stress tensor, 0,,. Lhis then leads to an equail in-
crease in o, and is directly comparable to the increase pore fluid pressure, Ap. (Note
we are assuming that the ambient compressive stress is large compared to the tensile
stress perturbations, |o4| 3 |Aoy], so that the fracture does not act as a stress {rec
surface).

The thermoelastic reduction in o, is shown in figure 5-5 for the same parameters
and times as in figure 5-3. They have maxima at r = 0, where the cooled zone has
penetrated deepest into the rock. These maxima are broad and roughly Gaussian in
shape. The radial distance over which a reduction in fault normal compression, Aoy, >
0, is observed approximates that of the cooled zone described above (roughly r./2).
Beyond this Ag, changes sign and becomes compressional, this is to be expected
for an internal source of stress, for which the net force across the plane z = 0 must
be zero. Note that for our typical injector the thermoelastic reduction in o, is much
greater than the maximum pore pressure Jocal to the horehole. The indication is that,
for a typical injection well in a geothermal field, thermoelastic stress perturbations are
Jarger in magnitude than injection overpressure for si gnificant [racture areas about the

borehole. Hence it seems more likely that injection induced seimicity 1n hot fractured
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rock is controlled by thermal stresses than injection pressures, although pore pressure

effects may be non-negligible.

57 A Closed Form Estimate

The numerical solutions are not particularly straightforward and any simple rela-
tionship between the stress perturbation and the controlling parameters has become
obscured. The solutions shown 1n figure 5-5, show clear signs of similarity and sim-
pie scaling with time. It is therefore desirable to have a closed form estimate of the
thermoelastic reduction in o), to investigate these relationships.

We begin by approximating the temperature perturbation as

T(r, z,t) & Ty + (Tw, = Tro) XP (247 erfe[Biz]l. (5.20)

This provides a reasonable fit to equation (5.17), the comparison between the two
functions is shown in figure -6, and more importantly the spatial derivatives are
similar.

We insert (5.20) and the stress Green’s function o, from equation (F.5) in Ap-
pendix F into equation (5.18) to gain the following integral for the approximate stress

change, &..(r,0,1)

ot ] T ]- _k.Z
A, (r,0,1) = ZATGN f {mexp {_SWA_}

0

(1o [t ] oo o

Here G is the rock shear modulus; the variable ® = a(l + v)/(1 —v) where a is the
linear coefficient of thermal expansion for the rock and v is Poisson’s ratio. This is
simply the zero’th order [Tankel transform of the term contal ned in braces. The next

step is to expand the term in parentheses into a series
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_ 7 Tk = ¥ — 1) k% L o
(l TP [Hﬁ} erfe ["Q_BD =2 L/EB?M(Z?I ST Bﬂfzﬁii!} . 52

1=1

which allows the integral in equation (5.21) to be evaluated

9 Ai-%
AG,, (r,0,8) = ATGZ\‘Z =7 [\/53 Wy <i+%,1,—2m2)
11
COVA L (i 41,1, —240) } (5.23)

where 1 F; is the confluent hypergeometric function of the first kind. This series
solution, equation {5.23), can now be used to explore some of the properties of the
thermal stress perturbation.

We first explore the maximuin stress perturbation, which occurs at 7 = 0. Nole
that 1 F1(c1,¢2,0) = 1, for all values of ¢; and ¢o. So that, for r = 0, the series in
(5.23) converges exactly to

A, (0,0,8) = aren 224 (5.24)

V2A + B
for all values of A and B. Recall that \/I/JA is the radial length scale of the cooled
sone and 1/B is its axial length scale. Since the estimated temperature perturbation
is only applicable for times when the cooled zone is still very thin (100’s of seconds
to thousands of years for our typical parameters), then we know the radial length
s much less than the axial length, for all times of interest. Hence we can further

approximate (5.24) as

L 22A
NG, (0,0,1) = Af/*(_mﬂ,.\_/f}m,

v
~ ATGR \/ 2wt (5.25)

T, Cuo
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The peak stress perturbation at r = 0 (5.25) increases with (r;t)%, the square root
of the purely diffusive length scale, and l/\/rfn: This latter scaling relationship
seemns somewhat counterintuitive, in that lower injection rates lead to greater stress
perturbations. However, this result becomes more understandable when we consider
the analagous Eshelby inclusion problem [Lshelby, 1957] in the Discussion section
below.

We now consider the radial extent of the stress perturbation. To evaluate equation
(5.23) at r > 0 requires that VOA/B <« 1, i.ethat the cooled zone is thin as was
assumed in calculating the temperature perturbation in the first place. If this is
true then the series in (5.23) converges rapidly and only the 1 = 1 term need be
considered. An excellent fit to the nuwmerical results is found {rom this approximation
(fgure 5-7a). However, the (F1 (3/2,1,) term dominates Fy (2,1, ) leading to an

even simpler approximation

WA . (3
AG,. (r,0,1) & ATGR F (

5 5,1,4/&#) : (5.26)
For the approximation in (5.26) to be valid V2A/B < 1, which we rewrite as
< (1/&)(mrbcw)2/(8n‘)\)2, equivalent to ¢ < 10! s, for our typical injection pa-
rameters. Agreement of equation (5.26) with the full numerical thermoelastic styess
calculation is shown in figure 5-7b. The fit is close and is achieved with a signif-
:cant reduction in computation. (Note also that equation (5.26) can be expressed
using the more familiar modified Bessels functions of the first kind 1 Fy (3/2,1,2) =
exp (2/2) (1 +2) o (z/2) + zh {z/2}), though less succinctly).

We use equation (5.26) to approximate the extent of the tensile stress perturbation,
which can be found from the estimate of the first zero, T, of 1 Fy (3/2,1,—2Ar2).

Following Abramowitz and Stegun (1965, sec. 13.7.2] we find

3 e, Cu Vil <
PR et AP e 27
RSV T o (5:27)

Thus the radial extent of the tensile siress perturbation increases with 11 and with
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T, These scaling relationships arc in agreement with the radial growth of the

thermal perturbation described by equation {5.17) as we would predict.

5.8 Discussion

We are assuming here that for injection induced seismicity the permeable fractures
and the rupture surfaces are the same entity. This seems reasonable as we expecl
the seismic slip to occur on fracture surfaces that are closest to where pressure and
fluid flow is greatest. We also note that most of the seismic studies are recording
carthquakes with magnitudes of > 0, equivalent to source dimensions of > 100 m?
[Abercrombic & Leary, 1993]. This suggests a large fracture surface is involved. As we
assume large fractures are relatively rare the simplest conclusion is that the conductive
and slipping fractures are one and the same. If this is the case then the stress
perturbation of importance for earthquake triggering is that in the effective normal
stress Ao’ , whether it is induced by hydraulic pressure Ap or thermoelastic stressing
Ao,. Both perturbations are directly comparable, and neither hydrauiic pressure or
thermoelastic stress induces any change in shear stress across the fracture. Further
work is needed to examine siip on neighboring fractures, which would in generai be
subject to both changes in normal and shear stress.

Hydraulic pressures are generated by the flow impedance of the fracture. As the
flow diverges away from the borehole, fluid flux drops steeply and pressure similarly
falls rapidly with distance. Therefore high overpressures only occur very close to the
borehole. In operational geothermal fields injection overpressures are seldom great
as water is returned to the reservoir as cheaply as possible, precluding the use of
expensive pumps. For steam dominated reservoirs injection is wsually driven simply
by the head of water in the injection well.

The thermoelastic stresses are generated by the formation of a cooled volume of
rock about the fracture, close to the injection well. The cooled zone contracts and
the constraint of the surrounding rock induces stress. This scenario is analogous to
Eshelby's problem [Eshelby, 1957], where he caleulated the elastic response due to the

uniform expansion or confraction of an ellipsoidal domain in a [ull space. His results
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for an oblate spheroidal inclusion that is uniformly cooled, sitting in a warm infinite
substrate, show that the tensile stress perturbation developed along its minor axis is
inversely proportional to its aspect ratio (where aspect ratio is defined as: major axis
length / minor axis length). Hence, as the cooled zone described by equation (5.17)
becomes more spherical in shape we would expect Ao, to increase. The reduction
in aspect ratio of the cooled zone in equation (5.17) can be seen to scale with ti
and 1/\/7'}1—”;, which agrees with the scaling observed in the stress perturbation Agy,
given by equation (5.26). (N.B. an order of magnitude estimate of Ag.,(r = 0,2z = 0)
can be found by approximating the temperature perturbation, equation (5.17), as an
infinite series of nested, progressively cooler, best fitting ellipsoids, and then solving
for the summed stress perturbation at r =0,z = 0).

The possibility of the aspect ratio of the cooled zone being < 1 for equations (5.14)
and (5.17) is merely an artifact due to ignoring radial heat diffusion. In reality this
can never happen and an aspect ratio of 1 is the physical limit that can be achieved.
Moreover, our analysis requires apsect ratios 3 1, to be valid and is not reliable
outside this limit.

In figure 5-8 we show how the peak stress perturbations and hydralic pressures vary
with injection rate and permeability-thickness of the fracture. We choose these two
parameters because they will vary the most between injection wells. The dashed lines
indicate the peak thermoelastic stress perturbation, Aoy, as a function of mass {low
rate, i, for a temperature difference ATp = 100 K, all other parameters as table 5.1,
at 10°%,10%, 107 and 10® seconds. The solid lines give the maximum hydraulic pressure,
Apmax = Ap{r = 1), as a function of my, for a range of plausible permeability-
thickness values, kh, for the same times, again all other parameters as table 5.1. As
expected the hydraulic pressures dominate for high flow rates and tight fractures, but
the fact that injection pressure is limited by the economics ol pumping means that
they will rarely exceed the order of 10 MPa. The thermal stresses tend to dominate
for low to moderate injection rates into refatively permeable fractures, they also grow
far more rapidly with time, o t?i, compared o the logarithmic growth of hydraulic
pressure. The thermoelastic stress perturbation scales directly with Al so it is simple

to interpret the results for other temperature differences. However, care should bhe
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taken when extrapolating form figure 5-8 for lower {low rates and longer times than
shown as the assumption of a thin cooled zone starts to hreak down beyond the limits
in the figure.

The dependence of the stress perturbation on the aspect ratio of the cooled zone
leads to a counter-intuitive prediction. If cold water injection is stopped after some
period of time, the aspect ratio of the cooled zone will at first decrease even more
rapidly than while injection was occuring. 7.e.the axial distance to a given isotherm
will still continue to grow due to thermal diffusion but the radial growth, which is
contolled by fluid flow will stop. The cooled zone will hence tend to become more
spherical at first. Therefore after injection is stopped, the fracture normal thermoe-
lastic stress perturbation will initially increase, whereas hydraulic pressures in the
fracture will drop instantaneously. Of course thermal diffusion will eventually remove
the temperature and stress perturbation but this will take time of the same order
that the cooled region was created in. Ience, the prediction is that hydraulically in-
duced seismicity should cease rapidly after injection stops, whereas thermoelastically
induced seismicity should continue for some time after., Evidence for such behaviour is
found for injection wells at The Geysers, where occasional cessation of injection some-
times leads to apparent increases in seismicity, contrary to what would be expected
for a purely pressure driven process [Chapter 2]

Real injection conditions are more complex than the simple model that we have
solved for here. In Appendix G we try to show how the stress perturbation Ag, will
be affected when we relax some of the assumptions and simplifications that we have
made. Specifically we investigate the valid time domain of our thermal model, the
role of the thermal expansion of the injected water, steam filled fractures, injectate
boiling and sloping fractures.

We find that the assumptions made to estimate the temperature are valid at
any time of practical inferest for all reasonable injection scenarios (from seconds to
hundreds of years). Typically for the other ¢uestions we can do little more than
give upper bounds on the influence these will have on Ae,. However, these bounds
show that we are only introducing second order changes in the thermoelastic stresses

as we consider more complex injection scenarios, and ijections overpressures are
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often actually reduced. Hence we find repeated confirmtion that thermal stresses are
the dominant stress perturbation for realistic injection operations into a fractured
geothermal reservoir.

It should be emphasised that thermoelastic stressing is a real and well known
phenomenon. It is almost inescapable that pumping cold water through hot rocks
will induce significant stress perturbations. If we consider the shape of the cooled
inclusion formed about a fracture then we find that it’s dimensions are strongly con-
strained. Conservation of energy dictates that the volume integral of the temperature
perturbation is independent of the detailed temperature distribution. The result that
the cooling effect penetrates into the fracture walls a distance of length scale Viktisa
robust result, insensitive to any model subtleties, so that the fracture normal length
scale of the cooled zone is invariant. The areal infiltration of the injected water is
dependent only on injection rate and fracture aperture, if these remain constant then
the area of fracture contained within the cooled zone Is also invariant to flow details,
Eshelby inclusion theory for an ellipsoid finds that the stress perturbation along the
minor axis is at a minimum if the major and intermediate axis are equal in length,
Therefore the indication is that the maximum value of Ag, close to the borehole will
be at least the same as the radially symmetric case, whatever the actual fracture flow
details are and that the surface area of fracture effected will also be conserved for a
range of flow geometries. The magnitude and area of thermal stress perturbation is
therefore a strongly conserved feature and it is difficult to see how it can fail to exist.
Only where fractures are of very low permeability and high pressure pumping is re-
quired, does it seem likely that thermal stress perturbations will fail to predominate
over injection pressures in a geothermal setting, over realistic time periods.

The conclusion that thermoelastic effects can dominate stress changes about an in-
jection well has profound importance for any injection operation where the reduction
in ¢! is a concern. In this paper the motivation has heen the elfect on 1nduced seis-
micity. Equally though, operations such as well stimulation by injection, or hydraulic
stress characterisation, rely on understanding how o), varies spatially and temporally
during injection. Throughout we have assumed that [racture permeability 1s uncou-

pled from fracture normal stress, this is clearly a simplilication, though justifiable
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considering our assumption that Ao, < oy,. However, it is easy to see how fracture
normal stress increases could lead to fracture opening and provide a mechanism for
increasing permeability of already moderately permeable {ractures. For cases where
the temperature difference between rock and injectate is small or where the hydraulic
conductivity is low then thermoelasticity can safely be ignored. However, where there
are large temperature differences and moderate fracture conductivities thermoelastic
offects will be of increasing importance. The possibility that thermal effects could
contribute to the opening stresses determined by hydraulic stress tests, has been sug-
gested by Cornet et al[1997]. They note an instance where a high flow rate hydraulic
stress test in the Soultz geothermal field yields a value of o, that appears to be

impossibly low.

5.9 Conclusions

Injection induced seismicity is often ascribed to the reduction in effective normal
stress, of, due to the necessary overpressure required to force injectate into rock
fractures. However, we have shown that for a fracture in a geothermal reservoir the
reduction in ¢! due to thermal advection by the injectate, can be much larger than
that due to elevated pore pressure. The magnitude of this thermoelastic reduction
scales with the temperature difference between the rock and the injected water, the
rock stiffness, and the coefficient of thermal expansion. The area of fracture infivenced
by thermal stresses grows with thr, /T (after an initial growth stage that scales with
#). Similarly the magnitude of the reduction in ¢! grows with A/ vt/ In compar-
ison the hydraulic pressure scales with Int and the fault area effected grows linearly
with time. This suggests that we could distinguish between pressure and thermal
effects by the growth of seismicity in time. [However, this simple analysis assumes
& close to neutral buoyancy of the injectate and ignores the possible complexities of
real fracture networks. We suggest that the continued triggering of seismicity after
cold water injection has stopped may provide a better test. Hydraulic overpressures
in the fracture start to drop in the fracture as soon as injection ceases, hence if seis-

micity is hydraulically induced it should rapidly diminish, if seismicity is thermally
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induced then it should initially increase after injection stops. Observations at The
Geyers geothermal field show continued seismicity following the cessation of injection

[Chapter 2], supporting the contention that thermal stresses are significant.
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Specific Heat Capacity of Rock
Permeability Thickness Product
Mass Injection Rate

Borehole Radius
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Initial Rock Temperature
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2 % 10'° Pa

3.3 x 1019 Pa,
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“able 5.1: Typical parameters used to illustrate this paper
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Figure 5-1: Schematic diagram of the simple injection model. Origin is al the centre
of the borehole, in the middle of its intersection with the fracture.
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Figure 5-3: Pressure radius relationship for owr typical injector (see table 5.1 for
parameters). Note that maximum pressures al r =1, = 0.1 m are shown.
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Figure 5-4: Plot of temperature perturbation after 107 s (= 100 days), of injection

for our typical injector.
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Figure 5-5: Thermoelastic reduction in ay for our typical injector for 105-10% seconds,
approximately 1--1000 days.
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Figure 5-7: Comparison between numerically solved and closed form estimates of
thermoelastic reduction in o, for our typical injector, the closed form estimate is
shown as the thin solid line and the numerical solution is the thicker dashed line. (a)
Closed form estimate is given by the first member of the series in equation {5.23)
iL.ethe 7 =1 term. (b) Closed form estimate is given by equation (5.26).
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Figure 5-8: Maximum hydraulic pressure, p(r = ), shown as solid lines, and ther-
moelastic stress perturbation, shown as dashed lines, as a function of mass injection
rate. Injection times are indicated by the line colonr. A range of permeability-
thickness values are shown, kh = 107121071 and 10719 m?, that effect hydraulic
pressure. The initial temperature difference between the injected water and the rock
is, ATy = 100 K, the thermal stress perturbation seales linearly with ATq All other
parameters are as shown in table 5.1.
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Figure 5-9: Schematic diagrarm of the temperature function developed by a ¢

injected liquid, spreading radially in a hot fracture where it is heated beyond its

boiling point.



Appendix D

Deriving the Temperature Perturbation

We assume that radial heat flow is negligible compared Lo fracture normal heat flow

so equation (5.10) can be written:-

FTr LIl (D.1)

— e

2% K Ol

This is then subject to boundary conditions dictated by conservation of energy across

the fracture wall and temperature continuitby across the fracture wall (equations (5.11)

and (5.13) respectively)

£6TW+ BTW . 2K ?IE
ot Y hppwcn Oz

r>0,130 (D.2)

z=h/2

Ty = mt Cr >0, t> 0. (D.3)
z=th/2

The fluid velocity term, v, dictates the growing arca of fracture infiltrated by the
injectate over time. Outside this infiltrated region the {luid temperature gradient,
OTyw /O must be zero as the thermal conduction in the injectate is negligible. We
assume that injectate pressures will be small compared Lo the compressive strength
of the pore space - pore fluid ensemble, i.e.p <€ L/, 5o that flow properties can be

treated as independent of pressure changes, we can therelore write

140
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ITw Ny, Iy
' . D4
v or ~ 2rrhpd v (D-4)

We then take the Laplace transforms of equations (1).1), (I).2) and (D.3), where we
use the notation £[X(s)] = X(2), L7 [X(s)] = X(¢).

82TR S =
— I = DS
0z? K,FR 0 (D-5)
EsTy + ——2 ¢a§‘V - };1" 8;*’% 150,050 (D6)
denmhoy, r wCw 0%

e 1P v=kh)2

Tw = Tr ; r>0,¢t>0 (D.7)
z=:h/2

Solving for Tw and Tx gives us

- 1 —hpyr? 2K .
Tw = ——exp ﬁl.d)p : (S + - \/g} e >0,z < /2 (1D.8)
5 |y, hopucw V &

T = Twosp [y [2e =m0 v 052 m0 .9)

which upon inverting the Laplace transform and scaling for boundary and initial

values gives:-

2 Kr? 4 rpcu(iz] — A/2)

: ‘ hputr?
2??'1.,.b(2.w\/h', (t - i&@%lfi;:{mfm)

.2
H (t _ mhéplr

M,

ATp = —ATyerfe

) L0, 2> kY2, (D.10)

where T, is the initial unperturbed rock temperature, Tw, is the initial temperature
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of the injected water and ATy = Try — Tw,. The solution for Tw is merely (D.10)

with z = h/2.




Appendix G

Assumptions and Applicability to Real

Injectors

This section attempts to answer concerns regarding assumptions that have been made
along the way. The goal is to show that whilst only a simplified system has been
considered, to first order the stress fields determined will be appropriate to practical

injection systems in a real geothermal field.

G.1 Temperature Gradients

The temperature perturbation (5.14), was solved by assuming o priorithat axial
temperature gradients are much greater than radial, i.e., 9*7'/02* » 0*T/0r* +
(1/r)0T/8r, and hence we ignore radial heat flow. Because we have neglected radial
heat flow, the radial temperature gradients in our solution will in fact be somewhat
exagerated, in reality radial heat flow would cause radial gradients to be smoothed
and reduced by diffusion. Hence if our estimated temperature function, (5.14), satis-
fies 2T /02% > 0*T'[0r® + (1/r)0T'[dr then our solution is self consistent and we can
be confident that our assumption is valid (i.c. if equation (5.14) satifies this condition
then so must the true temperature function).

Temperature gradients and hence heal {low are neghgible outside our previously
defined cooled zone, Ar? + Bz > 2. Inside Lhe cooled inclusion we can calculate ther-
mal gradients and ascertain the conditions that 7 is consistent with our assumption
of heat flow being predominantly fault nornal, We find that for an approximate

I F

51
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range of

572 /7
A <t < g (6.1)
the assumption holds true. The lower time bound is sensitive to €' and for our chosen
parameters this is less than 1 second. It should be noted that for times less than
these, those regions where the thermal flow is not predominantly fault normal are
negligible in terms of the total heat flux they account for. The upper time bound is
over 1,000 years. For our fypical injector it is apparent that the assumptions we make

about heat flow are valid.

G.2 Water Expansion

We now turn to estimating the errors introduced by our assumption that the water
density is constant with temperature. Fven whilst remaining in the liquid phase the
pore fluid can undergo appreciable thermal expansion and so cause increased pore
pressure. We can gain some idea of the size of this effect by including this behaviour

into the pressure diffusion equation (5.2} We write this modified diffusion equation as

9% 18p 1 [8p ~o, 0w }
Lt L2 mm] | (€.2)
The thermal expansion coefficient of the pore water, «,, is itself a function of tem-
perature but a generous upper bound is given by 1073, A simple dimensional analysis
using the solutions for pressure and temperature already found, equations (5.8) and
(5.14), indicates that the thermal expansion term can become a significant source of
pressure perturbation in ((G.2), though only in the far field where pressures are small,
r 2 (mfbnwﬁcwﬁf)/(dﬂ%pwkhawl'(}. However, this merits further investigation as
to how large an integrated effect this will have on our calculated pressure function,
(5.8).
Rather than attempt to solve the now coupled set of equations relating pore
pressure and temperature we merely postulate thal the total pressure difference is

small and look for a discrepancy. i.e.we shall continue to assume that the solutions
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for pressure and temperature, equations {5.8) and (5.11), are valid, we then integrate
equation (G.2) to solve for the perturbed pressure and compare this to equation (5.8).
[f the comparison shows no significant difference between the two solutions then our

postulate is correct. Hence if our postulate is correct then

,,()’f w (" l)
01

pr,t) > EALUASEELLY, WIS W (G.3)

CDﬁ

where p(r,t) is equal to the solution given in (5.8); Tw(r”,{) is (5.14) and »', r" are
simply dummy variables.

In general the right side of {G.3) can be found by quadrature and the inequality
tested. However, for the case where ¢ > Cr? we can make use of the simplified
temperature description (5.17). This allows us to express the right side of {G.3} in

closed form as

L[ o 0505
£y {a?d} Inr v ln( 2)

- 16a/t a dar/rrt 16a\/7r_t 16av/7t

(Try ~ Tiny) (GA)
where v is Euler’s constant (0.57721566...). Whether we use this closed form solution
or numeric quadrature to calculate the pressure perturbation we find that for ail
realistic cases it is always several orders of magnitude less than p(r,t). The effect
of the thermal expansion of water on fluid pressure and thermal stress is therefore

negligible.

G.3 Steam Filled Fractures; Gas Saturation State

In our derivation of the pore pressure we neglected the possibility of the initial pore
fluid in the fracture being steam. Several steany dominated geothermal reservoirs

commercially exploited and are known to be seismically active e.g. Laderello, The
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Geysers. To understand what effect this might lave on our solutions we begin by
considering the case of a steam filled fracture al gas saturation temperature (i.e.pure
dry steam at boiling pressure-temperature). In this instance all we have to consider is
the pressure increase produced in the steam component due to the emplaced volume
of injectate; the injectate will not boil because it only just reaches the boiling tem-
perature applicable to a slightly lower pressure state. We match pressures between
the liquid injectate and initial steam at r = r;, where r; is the injectate infiltration
radius. To differentiate between the parameters that vary for water and steam phases
we subscript them with , for water and ; for steam. We have already stipulated that
Pmaz € 1/ which allows us to ignore second order effects of pressure. Solving (5.2)

subject to these conditions and (5.7) gives

(r,1) ey o g (- e (5N (ri — ) +
p{r, 1) = wE1 | —— ) — L ns £ " (ry — v
; d7pokh w1 dep,t P 1 dep,t bs 1 dep,t

2
s Fy ( 4 ) H{r—r)4+po; r=m,|zl<h/2, 120 (G.5)
4CD t

5

Note that any increase in pressure in the steam phase at its saturation point leads
to transition to a two-phase or superheated state, however, only a tiny quatity of
liguid phase will be condensed and the effect on properties will be negligible. The
behaviour is always such as to yield a small reduction in injection pressures, for
our typical injector the reduction in pressure in the near field is at most 0.5 MPa.
There is no eflect on fluid flux in the injectate zone and hence no change in the
temperature or thermal stress functions already found. Thus the presence of steam
at gas saturation conditions reduces the significance of hydraulic pressures compared

to thermal stresses.

G.4 Steam Filled Fractures; Superheated State

For the case where the steam is superheated (e.g. , The Geysers, Larderello) we have

to consider the boiling of the injectate. An approximate solution for the temperature
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perturbation for Lhis problem is given in Chapter 6. This makes use of the fact that
the latent heal of vaporisalion, Ly, is large compared to the specific heat capacities
of either water or steam, ¢, and ¢, i.c.the energy required to change water to steam
would lead to a very large temperature change in either of the single phases. However,
the details of the derivation ave not necessary to give us a useful bound on the thermal
stress perturbation.

Figure 5-9 is a schematic plot showing the temperature of the fracture fluids in a
superheated fracture as a function of radius. The front of the injectate will always be
at the initial temperature of the rock T'g,, see equation (5.14). So that if the fracture
is initially full of superheated steam the injectate front will similarly be superheated
steam (we are assuming thal pressures at the injectate front wili not be great enough
to induce condensation). Behind this front will be a train of progresively cooler steam.
At some point the steam temperatures will have declined to boiling temperatures for
the ambient pressure conditions, and behind this point in the moving injectate further
energy loss is translated into a change of phase rather than a drop in temperature.
This infiltrating zone of two phase fluid is large in radial extent because the amount
of energy required to vaporize water, L,, equates to a very large temperature change
for the same mass of single phase steam or water t.e.L/c, = 2000 K, L, /¢, & 400
K. Because so much energy is required for the phase change, the infiltrating zone of
two phase fluid extracts a large amount of heat from the rock. Evaporative cooling
is a very effective method of heat transfer, however, at most the two-phase injectate
can only cool down the rock to the boiling temperature for water at ambient reservolr
pressures, Th,. (Note: curiously as the pressure must decrease montonically with
radius, so the boiling temperature of the fwo phase injectate must drop slightly, even
whilst the enthalpy increases.)

All the injectate (bar an inifinitesimal quantity at the start) initially enters the
fracture as liquid water. So at most we can consider the fracture to have heen pre-
cooled by the infilirating zones of steam and two phase fluid to a temperature equiv-
alent to boiling temperature at ambient reservoir pressures, Th,. The maximum ther
mal stresses are inversely proportional to the aspect ratio of the cooled zone, ef.

Eshelby inclusions [[shelby, 1957). Therefore from the viewpoint of thermal stress
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perturbation, we can form a conservative lower hound by considering the problem
as equivalent to injecting waler into a fracture where Tp, = T3,. This will have the
effect of directly scaling Aa., by {Ty — Tw, )/ (T, — Tw, ).

For the case of The Geysers, which has some highly underpressured fractures
where po = 1 MPa and Tg, $ 240°C, Tw, < 40°C, this will still lead to 7, = 180°C
and stress perturbations at least 0.7 times those calculated in figure 5-5.

For a horizontal fracture we therefore expect (o see similar behaviour whether it
be steamn or liquid filled. However a tilted fracture will introduce buoyancy eflects.
Where the initial fracture fluid density is similar to the injectate density these effects
are small. But for cases where the initial fluid is a steam phase and hence a large
density difference exists a large negative buoyancy will act on the injectate and it will

tend to flow downhill. We discuss this next.

G.5 Sloping Fractures

If there is a density difference between the injectate and the original fracture fluid,
and the fracture is not horizontal, then buoyancy forces will come into play. The force
acting on each unit volume of the injectate, downslope in the plane of the [racture
is Apsinpg, where Ap is the density of the injectate minus the density of the initial
fracture fluid; ¢ is the dip angle of the fracture; and g is acceleration due to gravity.
The flow velocity of the injectate purely due to buoyancy forces, vpe can then he
derived from Darcy’s law, equation (5.6), to give vy = kApsinig/n. Hence the
injectate pressure within the fracture will be controlled by the superposition of radial
pressure diffusion and constant downslope flow. The solution of this diffusion problem
is discussed in Carslaw and Jaeger [1959, sec 10.7]. The pressure field evolves towards

a steady state with time, { 3 4ep/vpy, given by

VheT

Thiy, 1) UptT \ . -
) = il exp [ 22 ) K [ 2 S < h/2,t>0. (G
p(r) ) 271”[)()!1?.{?. exp (261) ) ¢ (2(5])) h=Th Izl - / - ( )

Here x is distance in the downdip direction and iy is the zero’th order modified
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Bessel function of the second kind.

The general result is that injectate pressures in a dipping fracture are lower than in
a horizontal one. The pressure and flow field though, can be seen to remain essentially
radially symmetricin the domain r << 2¢p /oy, which (or for our typical injector and
maximum Ap of ~ 1000 kg m™ yields a domain on the order of hundreds of metres
about the borehole. The diffusive nature of the soluiions means that this will remain
true even if the apparent source, (i.e.the locus of intersection between borehole and
fracture) is no longer circular, as long as it is small compared to diffusive length scale
V4cpt. This means that even when injecting water into a near vertical steam filled
fracture, with typical injection parameters, the mass flow remains essentially the same
as for a horizontal fracture for hundred of metres about the borehole.

The temperature perturbation, and hence the thermal stresses are sensitive only
to the mass flow rate of the injectate. And the mass flow rate remains essentially
radially symmetric for our typical parameters within a few hundred of metres of the
well.  For the injection scenarios of interest here the temperature perturbation is
restricted to within a few hundred meters about the borehole. ITence the conclusion
is that for sloping fractures and typical injection parameters the cooled zone and
thermal stresses remain unchanged while overpressures required to drive injection are
reduced.

However, 1t 1s not unreasonable for conductive fractures to have permeabilitics
orders of magnitude higher than the rather conservative values we have used in this
study. In such an instance the loss of radial symmetry in the mass flow will be ap-
parent closer to the borehole and the temperature perturbation will become distorted
downslope. In the Discussion section we show how conservation of energy dictates
that the fracture normal length scale and the fracture area of the cooled zone remains
constant. Analogy with Iishelby inclusion theory [Ishelby, 1957] indicates that as the
cooled zone becomes distorted and radially asymimetric the fracture normal stress per-
turbation actually increases. Hence sloping fractures tend to decrease the hydraulic

injection pressure and increase the thermal stress perturbation.
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