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Thermal Permeability Enhancement of
Blocky Rocks: One-Dimensional Flows

D. ELSWORTHY

A concepiual model is presented 1o describe permeability enhancement within
competent blocky rock masses subjected to temperature changes. The model
accommodates a ubiguitously jointed, isothermal and initially stressed inass
into which fluid of a different temperature is injected. The transient behaviour
of the coupled fluid flow and transport system is described using a 1-D or radial
upwind weighted, conductive—advective transport model. Heat production
from, and thermal volume change of, the surrounding matrix blocks is
described analytically via a convolution product with individual blocks repre-
sented as equivalent spheres. The assumption of full lateral restraini for control
volumes within the blocky mass results in stress redistribution not being
explicitly represented. No attempt is made to satisfy stress equilibrium
conditions. The model is used to identify the manner and rate at which fluid
permeability enhancement processes develop within a representative granite
rock mass. Thermal effects are shown to be significant.

INTRODUCTION

Hydraulic permeability enhancement has been an ob-
served factor in many geothermal and hot dry rock
energy recovery schemes [1] resulting in decreased fow
impedence as reservoir development proceeds. The
mechanisms by which this behaviour is effected results
from a complex interaction of transient reservoir pres-
sure, temperature and deformation response to the
injected fluid disturbance. Increased fuid pressures
within a minimally permeable and initially fractured
rock mnass will result in joint opening (2], shear deforma-
tion and bridging [3] and under more exireme conditions
crack extension. Since the fluid permeability of single
fractures is proportional to aperture raised to the power
three, small dilatant deformations may greatly increase
formation permeability. Sudden, non-uniform or cyclic
remperature changes may overstress the intact rock and
result in increased fracture density of cracks at both the
micro- and macro-scales [4]. Additionally, transient cool-
ing of the rock mass will induce contractile volumetric
strain that may generate an increase in pre-exisfing
macro-{racture volume even in the absence of new crack
formation. The behaviour of the reservoir under this
mode of thermal loading is determined primarily by the
redistribution of thermal strains and in siry stresses that
will result from quenching. Indeed, transient reductions
in fiow impedence within reservoirs producing at quasi-
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constant rate are most likely attributed to this phe-
nomenon.

The following addresses a simplified treatment of the
behaviour of a hot rock reservoir containing a pre-exist-
ing ubiquitous, orthogonal fracture system. The treat-
ment describes the transient development of rock joint
deformations that result from changes in fluid pressure
and thermal straining within an initially stressed forma-
tion. The cornerstone of the analysis is the assumption
that the jointed rock mass may be represented as a
two-phase continuum comprising solid rock blocks sep-
arated by fluid filled discontinuities. Advective transport
operates within the pre-existing fracture system with
conductive transfer being the dominant mechanism gov-
erning thermal transfer between non-porous rock blocks
and the fracture fluid.

Rock mass displacements and stresses are not explic-
itly accommodated. Rather, transient thermal volumet-
ric strains are evaluated under the assumption that a
macroscopic control volume containing an assemblage
of rock blocks will remain at constant volume. Volume
changes are therefore restricted to within the solid phase,
For both heat production from the intact rock blocks
and volumetric deformation of the mass, an analytical
transfer function is used to accurately gauge the un-
steady behaviour and determine the magnitude of per-
meability enhancement.

GOVERNING EQUATIONS

The coupled equations describing the transient hy-
drothermal behaviour of a fluid saturated and ubiqui-
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tously jointed rock mass are those for conservation of
mass (the flow equation} and conservation of energy
(heat transport equation). For radial flow within the
horizontal plane, these may be stated as, respectively:

Kl0 ’_“ﬁf_r +
wrory ar

Dyl é _6?} T; o7, 5
(E)Té;('_a’_) pfcr(qb)@ +4,= rﬂr-é-{—, (2

where subscript f denotes fluid parameters, subscript s
denotes terms pertaining to the solid {rock) phase and

oP
g.= qﬁﬁfwéi, )

= fluid temperature,

P = fluid pressure,

K; = hydraulic conductivity of fracture system,
D= thermal conductivity of fluid,

cr = specific heat capacity of fluid,

g. = externally supplied hydraulic fux,

gr = total hydraulic flux (per unit volume),

pr= fluid density,

v = fluid unit weight,

¢ = fracture porosity of ubiguitiously jointed mass,
f; = fiuid compressibility,

g, = thermal flux from solid phase {per unit volume),
r = radial coordinate.

These equations may be readily transformed for the
plane flow case. The equations are coupled in that the
magnitude of the advective heat flux term of equation (2)
is directly dependent on the solution of equation (1).
Flow within the rock mass is controlled by temperature
dependent fluid viscosity and the ability of single frac-
tures to transmit fluid is strongly controlled by the
fracture aperture {(b).

Although not explicitly represented in the heat trans-
port or flow equations, changes in fracture apertures
may be effected by modification in the fluid pressure
regime or as the result of thermal straining within the
matrix blocks. The effects of fluid pressures and thermal
strains on the stress and displacement regime at the
block surfaces may be accommodated under the assump-
tion of full lateral restraint. Under this assumption,
displacements between adjacent fracture walls may be
determined directly from the known fluld pressures
present within the fracture network and from the calcu-
lated thermal history at block faces. If the thermal
history of individual block faces may be determined, the
induced thermal stress and thermal displacement histo-
ries may also be evaluated,

TRANSFER FUNCTIONS

Two transfer functions are reguired to supplement
equations (1) and (2). The first is to represent the thermal
coniraction or expansion of individual blocks under a
changing surface temperature regime. This displacement
will directly affect the magnitude of the hydraulic con-
ductivity term (K;) in equation (I). The second transfer
function is required to accurately describe the thermal
flux stimulated from the block as it is cooled or warmed
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from ambient temperature. This thermal energy will be
transferred directly to the advecting fluid through g, in
equation (2). To maintain the problem definition at a
tractabie level, individual rock blocks are represented as
equivalent spheres. This concept together with the rock
mass geometry is illustrated in Fig. 1.

1. Block surface displacement

For an unstressed spherical block of radius a,
coefficient of thermal expansion «, and with a radial
temperature distribution within the solid material 7', the
displacement at any radius + may be given as 5]

— .
U, = o, (9—/—-_;-—“”>{qu~ T,rdr
A42u S,
4“ r o )
-i-wm———(y. +2u)((7j)J; T, dr}, (3)

where A and p are Lamé coefficients. Although, in
general, the temperature distribution within the block
will be & complex function of the external thermal
toading history, the only specific interest in the context
of this work is the boundary displacement. This displace-
meni will control volumetric strain within the fractured
medium. The surface block displacement, u,, is there-
fore:
3a,

o,
H, = T ridr,
a’

4

which, in a thermally equl]ibrated block at constant
radial temperature 7} above initial ambient, results in a
surface displacement of v, = «_ T.a.

The temporal and spatial variation in temperature
within a spherical block, warmed or cooled at the
boundary from ambient temperature may be obtained
by solving the spherically symmetric initial value prob-
lem subject to the boundary conditions:

T,=0 a>r>0 for (=0", (5)
=T r=a for t>0". {6)
l P Y
j m
"O, % ; f / Joints
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H
3

Flg I. Schematic geometry of a block jointed mass. Three orthogonal
joint sets are present. each of equal spacing (s). Field stresses act
normal to joint sets.
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Solution is available as [6]:
. ._a Z (- l)" nmr
rer RS ()

x exp(—Dynintfpye,a®), (1)

where D, = solid phase thermal conductivity, p, = solid
phase density, ¢, = solid phase specific heat capacity and
the temperatures are determined at all radial locations
(r) and at all times (¢). Substituting equation (7) into
equation (4) and performing the integration yields:

6 x 1 4 2 a
ui=oaal, {1 - > ”—:exp(—Dsn'n“t/,oscsa')}, (8)
n=1}

to give u! = block surace displacement at time ¢ resulting
from a step temperature change (7,) applied at the outer
boundary. This may be represented in dimensionless
form as illustrated in Fig. 2 to give the block response
as a unique function of dimensionless time D,t/p c,a’.
For a continuously varying applied thermal boundary
condition (7)) the time dependent surface displacement
may be obtained {rom use of a convolution product via
Duhamel's Theorem [6].
For the specific case of equation (8):

1 ﬁasaj'afd { —E Z wexp(a(! —r)}} dt, (9)
0

ot n‘,, 1

where
= —Dnnjp,ca’.

In general, the variation of temperature will not be
known as a continuous function of time but will be
evaluated only at the close of finite time increments At
Finite representation of the partial differential of equa-
tion (1) yields a series expansion:

i
ulm"t = a0 ATl
% JI{ «—E Z —~exp(c(r’ ‘—mr))}
o T[ n=t!
AT [ 6 = 1
+o"5a At‘z J’l { ;ugln_:

x exp(E(r'*! — T))} dz

AT !
4 "{'O(SGTI:_I—
gt 6 = 1 .
xﬁl {I—;”;Fexp(g(t mr)}}dr
(10)
with
ATLH Tl+l T}
AI'*"Z T (in

Performing the itegration of equation (10) at the two
time steps of /' and ¢'*' allows the displacement at the
latter time level (u}* ') to be evaluated from the displace-
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Fig. 2. Dimensionless displacement of a spherical block as a function
of dimensionless time.

ment ai the previous time level (). This is determined
by the relation:

I*i Al-*—l_i_Aiﬁ»i (12)

At = A+ qu AT, (13)
Ayl = Z Abexp(EAr+)
AT 6 &1
SA!HI TIE,,=,H:(‘;’
% (1 —exp{(EALT)). (14)

This allows surface displacement to be determined due
to any quantified history of surface temperatures in a
sphere initially at a daium temperature.

2. Block surface heat flux

A similar procedure to the previcus may be foilowed
to determine heat flux transfer {7,8] from the surface of
the spherical blocks as a function of time. Solution of the
spherical heat flow, initial value problem is reported in
equation (7). Thermal flux (f;) at the sphere boundary
is given as:

aT
or
which on substituting equation {7) yields flux per unit
surface area as:

fy=—D, (15)

r=ua

DT, & .
fi=———— ) exp(¢n). (16)
a= |
The flux per unit volume (g,) is given as:
4ng? 3
= 17
= for s TYETE =/ (7

which upon using Duhamel’s Theorem yields the voiu-
metric rate of heat production (g} as:

f}'iH — Bl«:»i ATI+! +Bl1+§, (18)
6D,
1+ It (BN
Bt == A,MJ’Zl - {1 —exp(€Arh), (19
By = Z giexp(EAr'Tt). (20)

et
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It must be observed that both the displacement (u,)
and heat flux {g, ) terms are functions of infinite exponen-
tial series. The convergence of these series are particu-
larly poor for small values of the coefficient D, A1/p.c,a’.
If, however, the time step increment (At) is retained
constant then the terms of the exponential series of
equations {14), (19) and (20) are also constant with time
and need only be evaluated once. More onerous than
this is the requirement that the values of 4} [equation
(14)] and B {equation (20)] be stored for each spatial
evaluation of u} or ¢! and for each of the » terms of the
truncated series. In the parametric studies reported in the
following, the number of terms required to yield at least
a 0.1% accuracy in the determination of both ! and ¢!
were ten,

INDUCED THERMAL POROSITY CHANGE

For considerations of equivalent total thermal energy
it is necessary that the idealized spherical block and real
cubic rock block illustrated in Fig. 1 have identical
volumes. Consider a rock mass with ubiquitous ortho-
gonal joint seis of uniform spacing (5) and hence fre-
quency {A) of I/sec. The equivalent spherical radius {a)
may be equated as:

3 13
= (I};) S.

For infinitesimal radial displacement on the surface of
this sphere of (Ar) the resuiting volumetric strain (Ar/v)
of the sphere and hence the rock mass is obtained from
the corrollary of equations (17) and equation (2]) as:

3 — i3
fe 3y, =3 (4_") A, (22)

21

3

where contractile strains, compressive stresses and out-
ward radial displacements are defined positive,

Assuming that in a cooling block, all deformations are
uniform within the three orthegonal directions, contrac-
tile volume sirain may be distributed egually between
aperture enlargements on joint seis normal to the or-
thogonal axes. Total fracture area (@;) in a control
volume dx; on edge is:

3
ap= A dx, dx, dx,, (23
the potential change in aperture (Aw,) will be:
—Ap dx, dx, dx,
= B 24
An; " . (24}

and on substituting equations (22) and (23} into (24)
gives potential aperture change (Aw;) as:
4\
Agy = (?) Au, = 1.612Au,. (25)
This gives the potential for aperture enhancement
(Ar;) of existing fractures in an initially wnstressed
medium. For a rock mass under homogenous triaxial

initial stress o, as illustrated in Fig. 1, displacements
induced by changes in joint fluid pressure (Ap) or
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Fig. 3. Trilinear compression curve for a single rock joint. Normal

stresses (o) are denoted as positive in compression, @y is the stress

required to achieve maximum joint closure (b,). Joint aperture change
(Au;} is denoted positive in opening.

changes in thermal stress (Ao} will be moderated by
both the in situ stress field and nonlinear joint stiffness.
Considering only normal displacements, the trilinear
Joint compression curve illustrated in Fig. 3 is used.
Assuming that each control volume of edge dimension
dx, dx, dx; remains constant and that blocks initially
present within one volume may not migrate into adja-
cent volumes (i.e. full lateral and vertical restraint), then
induced joint displacement (Aw;) under isothermal load-
ing may be given as:

E -1
Au; = —[m-ﬁ- kn:i Ap,

where &, = joint normal stiffness as defined in Fig. 3 and
s> b where b = joint aperture. Fluid pressure is assumed
to act uniformly on all faces of the block.

For the non-isothermal case, block surface {An,) and
joint displacements are clearly related if it is mandated
that the control volume (dx, dx, dx,) remain constant.
Thus, for compatability:

(26)

Auy + A, =10, (27}
where
F—2v
Auy = S(—E‘) Aoy — sa, AT, (28)
I
Awy; = - Aoy (29)

n

and Ag = change in stress due to thermal effects. Noting
that ¢, AT = — 1/3(Avfv), substituting equation (22) into
(28) and substituting (28} and (29) into (27) gives:

(1 (1= 2v) Tt 4\
Agp = _E; + —E“‘] 3 An,. (G0

Total anticipated displacement of the joint may be
directly evaluated from equation (26) as:

- N
—_—tk —A

= + !\n:t (Aot — Ap), (3N
from which current aperture (b) may be easily deter-
mined for any combination of stress level and appropri-
aie joint normal stiffness (k,) such that b = b, — Au,.
Joint surface displacements are assumed positive in

ASTAE




ELSWORTH: THERMAL PERMEABILITY ENHANCEMENT 333

closing, With the fissure apertures uniquely defined as a
function of thermally induced displacements (i} ), virgin
field stresses (o,), fractiure spacing (s}, rock mass elastic
constants (E, v, k,) and residual aperture (b} the hy-
draulic conductivity of the sysiem may be evaluated.
Choosing the parallel plate analogy without modifi-
cation for fracture wall roughness, the hydraulic conduc-
tivity of a ubiquitously jointed medium of isotopic
fracture aperiure (b) is:
3
K= EP—, (32)
6vs
where vp=fluid kinematic viscosity and g=
gravitational acceleration. This completes the definition
of all factors strongly influencing the flow regime.

ASSUMPTION OF FULL LATERAL
RESTRAINT

The assumption of full lateral restraint requires that
global strains within the rock mass are zero. This
constraint, however, does not preclude thermal contrac-
tion of individual rock blocks and complementary open-
ing of fractures. Because stresses within adjacent control
volumes are modified independently and as a conse-
quence of thermal stressing and fluid pressurization,
only, force equilibrium is not globally maintained. Dis-
placement compatability in both the local and global
sense is enforced as is consistency between local stresses,
displacements and the constitutive model for the jointed
medium.

The approximations posed within the assumption are
no more onerous than those embedied within the stora-
tivity concept utilized in groundwater hydrology. The
storativity of a medium describes the rate at which fluid
is expelled from a differential volume element under a
rate change in fluid pressure. No attempt is made to
simultaneously satisfy displacement compatability be-
tween adjacent differential elements since the flow prob-
lem is fully decoupled from the displacement field,
Storativity concepts have been shown to function ade-
quately where induced displacements are necessarily
small, A direct analogy may be drawn with the full
lateral restraint assumption; where stress redistribution
resulting from thermal effects is not massive, the assump-
tions appear quite reasonable.

FINITE ELEMENT FORMULATION

Returning to the governing equations (1) and (2), the
unknown terms anticipated to most greatly affect energy
transfer within the system, are fully defined. Formation
hydraulic conductivity K

Ki=f(T{0). o, 6, E. v, kp\ 5, b,) (33)
and heat flux from the solid phase ¢,:
qs =f(Tr([)e -Dsa Pss Csa 5) (34)

are functions of the above parameters. The governing
partial differential equations may be solved most conve-

niently by using a finite element scheme. Normal
Galerkin weighting is applied to the mass balance equa-
tion [equation (1)] and upstream weighting {9] is applied
to the energy balance equation [equation (2)]. Analysis
by this procedure is well known and will not be further
deseribed here. Equations {1} and (2) may be defined,
respectively, at the local elemental scale as:

Kp+Spr=qn (3%

[D+ETi+FTi=Gq, (36)

where ¥ = fluid conductivity matrix, $ = fluid stora-
tivity matrix {(lumped), D = thermal diffusion matrix,
E = therma! advection matrix, F = thermal heat capacity
matrix (consistent), G = rock thermal capacity matrix
(consistent), P; = nodal fluid pressure vector, g; = nodal
fluid discharge vector, T, = nodal fluid temperature vec-
tor, g, = nodal thermal discharge vector. A dot supei-
script represents time derivatives and both equations are
written at any time level 7. For completeness, the form
of the individual matrices representing a two noded
plane flow or radial flow element are included in the
Appendix.

Nodal variables for sequential time steps /' and 1'*'
may be written using finite differences via a Crank-
Nicolson implicit scheme for equations (35) and (36)
where:

Pi{ﬂ,‘l:%(Pir_%_ P 37

and

TI 2 = LT TH Y, (38)

Substituting equations (37), (38) and (18) into equations
(35) and (36) and rearranging yields the final system of
eqguations:

L i I+ 1
[ZK(T)—E-AI%}P

x[-_,_% S “%%(T)}P‘+%[q'r+q'r“], (40)

1
[%(@D +B+5 F-6 Bi*'}r‘f“

!
=[E %‘—%(D+E)+%G(B§—B§+')}T}

—IG BT '+1G[B, + Bi*'], (41)

where hydraulic conductivity K(T) is temperature his-
tory dependent. The content of vectors B, and B, follows
directly from equation (18). These coupled equations are
solved iteratively within each time step to describe
thermal porosity changes within the formation.

VALIDATION STUDIES

The capabilities of the upwind weighting scheme used
in the finite element formulation have been weli demon-
strated in cases where advective transport processes
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Fig. 4. Validation results for plane flow at a Peclet Number (£,) of 100. Results from the upwind finite element solution are
illustrated for the validated case with ro matrix heat loss and for different sized matrix blocks. Numerical parameters ¢/ = 0.5;
Dp=0.0025 At = 0.4; 1 = 64: | = clement length = 0.5; D,/p, ¢, = matrix therma! diffusivity = [.

dominate. The dominance of advective transport over
diffusive transport is best referenced with respect to the
Peclet Number (P,) where, at the local element level:

_____C"riﬂrﬁ'r
to¢D
and / is the element length. For cases where matrix
thermal diffusion is neglected, a comparison of the
numerical scheme with the results from an analytical
solution [10] are illustrated in Fig. 4. Even for the
relatively high Peciet Number of 100 the numerical
results show minimal overshoot, undershoot and smear-
ing of the thermal front.

Where thermal diffusion into the surrouading rock
mass (initially at a reference tempeature of zero) is
accommodated, the sharpness of the thermal front will
be diffused. This effect is also illustrated in Fig. 4 where
the effects of three different fracture spacings are exam-
ined. As would be expected, where the dimensions of
individual blocks are small, the rapidity with which the
percolating fluid is cooled is most marked. This is due
to both the high specific surface area ratio of the
smaller blocks and the short heat transfer lenpth
afforded by the blocks. Although, from Fig. 4, it is
evident that the larger blocks are less efficient in cooling
the passing fluid in the short term, the exiended duration
of the block thermal flux maintains inlet fiuid tempera-
tures lower for large blocks versus the smaller blocks.

P (41)

PARAMETRIC STUDIES

Although equally applicable for 1-D or radial flow,
the following suite of numerical tests are completed for
a 1-D flow domain. This geometry is chosen to demon-
strate the manner in which a number of fundamental
processes are observed to operate in the absence of

considering the divergent flow field and resulting velocity
distribution of radial flow. The chosen geometry is one
of flow within a 200-m long plane section within a blocky
granite rock mass. Appropriate material parameters,
consistent with both the Camborne and Fenton Hill
HDR sites, are documented in Table 1. The initial stress
field is assumed uniform at 10 MPa and a uniform initial
Jjoint aperture of 0.02 mm is chosen to bound individual
biocks. To this initially uniform system plane flow is
induced at a pressure of 1 MPa above the initial ambient
groundwater pressure. The percolating fluid is 10°C
cooler than the fluid initially saturating the rock mass.
A total of 20 elements are used in ail analyses corre-
sponding to a maximum block size to element length
ration (s/f) of i:1. The minimum ratio is 10~% Flow
velocities are evaluated by accounting for the variation
in porosity with time but do not include the infiuence of
temperature dependent viscosity.

Over the stable time step increment (At) of 10° sec the
flow system equilibrates to yield a steady state uniform
pressure drop between influent and effluent points in the

Table |. Model parameters

Factured granite at 400 m depth, initial stresses o = 10 MPa
Granite

Density {p,) [L1} 2627 kg/m’
Poisson Ratio (v,) [11} 0.22
Deformation modulus (£,) [12] 58 x 10 MPa
Specific heat (c,) [11] 918 J/kg °C
Coefficient of thermal expansion {z,) {11] 742 x 10~%°C
Thermal conductivity (D) {1] 9770 J/he-m-°C
Joint normal stiffness (&,) [12] 10° MPa/m
Fluid;
Density (p;} [13] 1000 kg/m*
Specific heat {c;) §13] 4187 J/kg-°C

Therma! conductivity (D) (@ 75°C) [13}
Compressibility {fl;} [[4]
Kinematic viscosity (v} [i4]

2262 Ifhe-m-"C
0.4239 % 10~ MPa-'
0.6029 m*/hs
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Table 2. Stress and displacement response of a thermally equilibrated

system
Block gize {m) 10 | 0.1
Thermai stress change Aoy

(MPa/ C) 0.697 .338 0.042
Joint aperture increase Au,

(mm/MPa) 00090 0049 0.0009

plane flow system. This steady pressure distribution
corresponds to a flow velocity of 0.2 x 107" m/sec as
representative of the initial, isothermai system.

The projected deformation and stress change be-
haviour of the rock rmass under uniform and equilibrium
thermal loading conditions is summarized in Table 2. It
is apparent from this that the largest changes in thermal
stress will result from the mass containing the largest
joint spacing. Similarly, expected aperture changes re-
sulting from thermal stresses are greater for the larger
joint spacings.

The form of the thermal flow fields after an elapsed
time of 2.3 days are shown in Fig. 5 for the case of 10-m
spacing between joints. [llustrated are the three cases
where: (i) heat transfer is not accommodated between
rock and fluid and thermal fissure aperture enhancement
is suppressed; (ii) heat transfer is not accommodated
between rock and fluid, and aperture change is manifest;
and finally (iii) where the fully interactive system is
monitored with both permeability enhancement and
thermal diffusion effects present. The sharpest thermal
front is apparent where no thermal diffusion occurs.
Fluid temperatures close to the inlet are coolest for the
greatest transit length. The effect of diffusion is to
marginaily warm the water at inlet, this comparison
being most evident for the case where no aperture
enhancement occurs. The numerical undershoot ob-
served at the tip of the thermal front is damped by the

-10

[ve]
[¥S)
o

infiuence of rock mass diffusion, thus reducing the
magnitude of spurious positive temperature readings.
Where both permeability enhancement and thermal
diffusion effects are accommodated, the pasition of the
thermal front is accelerated over that where neither of
these factors are considered. Aperture changes appar-
ently diffuse the sharp thermal gradients at the thermal
interface. A portion of this diffusion may result from the
upwind weighting. The position where the fluid temper-
ature is half that of inlet temperature (T%,) is advanced
by approx. 35% over the cases where aperture enhance-
ment effects are suppressed.

As the thermal system further develops, the fuid
ternperature profiles after an elapsed time of 4.6 days are
illustrated in Fig. 6. As a more developed case than that
from the previous time window at r=2.3 days, the
non-diffusive case exhibits the sharpest thermal front
and diffusion effects are again shown to reduce spurious
undershoot. Where no aperture change is accommo-
dated, the resulting lower velocity and volumetric flows
further increase the lag of fluid temperatures behind the
thermal crest between the ordinates of 40 and 70m.
Where aperture changes are apparent, thermal diffusion
or smearing at the front are more developed than at
t =23 days. The lateral separation between the mid
temperature locations of the thermal front (T,) for the
rigid and aperture enhanced cases after a time of 2.3 and
4.6 days has increased from a 35% difference to one
greater than 50%. This effect is a combined result of
both the continual downflow direction changes in aper-
ture as the thermal front proceeds and due to time delay
in the development of aperture changes in any one
iocation. The latter of these effects is highlighted in Table
3 where the displacement reaction times for different
block dimensions (s} are described. For a joint spacing
(s) of 10 m. the time to reach 50% displacement foliow-

1}

Fluid Temperature (T;,°C)
1
o

Time t = 2.3 dayvs
Joint Spacing (s) = 10m

No aperture change
with no heat transfer

————— No aperture change
with heat transfer

- e« Aparture enhancement

100 126 140

Distance (m)

Fig. 5. Fluid temperature profiies for planc flow after 2.3 days, Fluid temperature 16-C cooler than rock: fuid pressure drop
1 MPa aleng 200 m flow path: Ar = 10,000 sec fracture spacing (v; = 10m.



336 ELSWORTH: THERMAL PERMEABILITY ENHANCEMENT
-10 e e
-"‘-._:‘;.\
- ~
. \\
of'i \
SR AN
g _ Time t = 4.6 days \
-3
*E; Joint Spacing (s) = 10m
% - No aperture change \ \
E with no heat transfer \
; - ~~—~ No aperture change \ \
= with heat transfer \
2
= I we—- Aperture enhancement \
4] i 1 L 1 /-..1.‘.-_ L I \\ 1ot me
) 20 40 0 0 100~ %2120 140 160 T8 200

Distance {m}

Fig. 6. Fluid temperature profiles for plane flow after 4.6 days. Fluid temperature 10°C cooler than rock; 8uid pressure drop
! MPa along 200 m fow path; Ar = 10,000 sec; fracture spacing (s} = 10 m.

ing an initial change in temperature at the block surface
is 11.86 days. This compares with a 50% equilibration
time for a smaller 0.1 m block of 1.7 min. Of critical
importance here is that displacement response is propor-
tional to block dimension raised to the power two. A
further reason for acceleration of the thermal front with
elapsed time is that flow velocity is proportional to the
squared aperture. Thus, small aperture changes geomet-
rically increase flow velocities which correspondingly
increase propagation rates.

Where block dimensions are decreased by two orders
of magnitude to a joint spacing (s) of 0.1 m, propagation
rate through the system is correspondingly reduced.
Results for this case are itlustrated in Fig, 7 at time levels

=23 and ¢t = 4.6 days where heat transfer and aperture
enhancement are again systematically examined. Rock
mass thermal diffusion effects are more pronounced as
joint spacing decreases and the resulting specific fracture
surface area increases. Heat transfer rate from the rock
to the fluid is further increased by the shortening of the
diffusion path to the fracture allowing more rapid
thermal depletion of the rock blocks. These effects are
manifest as a greater difference between the results for
the non-diffusive and diffusive cases as shown in Fig. 7.
Similarly apparent from the results is that both aperture
enhancement and thermal stress change magnitudes are
reduced for the smaller block size as is apparent from
Table 2. Indeed, at this block dimension, thermal
changes appear to little influence the flow regime. The
parallel form of the thermal fronts suggest that thermal
depletion occurs rapidly as fluid passes through the
fractured mass.

Coupling within the flow and transport system is via
velocity changes within the fluid phase. The progression
of changes within the flow field effected by thermal
transport are most conveniently illustrated through ob-
serving the development of spatial changes in fluid
pressure. The nature of the flow sysiem chosen in this

example is such that it effectively reaches a steady
condition over the period of successive iterative time
increments (Ar). Pressure changes that develop with the
mechanism of thermal transport are illustrated in Fig. 8
for the three block dimensions (s) of 0.1, 1 and 10 m at
time ¢ = 4.6 days. With no aperture change, the pressure
drop between inlet and outlet is linear. This linear
distribution is most affected by aperture enhancement
close to the inlet for the larger block spacings. As has
already been established, aperture changes possible for
large block dimensions greatly exceed those for smaller
biocks. The concave downwards form of the pressure
profile suggests downstream tapering of the fracture
system with greater pressure loss close to the outlet.
Interestingly, the pressure distributions for | and 0-m
blocks are similar at inlet before they diverge downflow.
Although ultimate aperture enhancement will be greater
for the larger block (see Table 2), the reaction time of the
smaller block is more swift [Table 3; 1, =11.9 days
(10 m) vs 2.8 hr (1 m)]. These effects apparently cancel at
small times. The greater propagation velocity of the
thermal front in the case of the larger block size results
in greater downflow aperture enhancement and a corre-
sponding reduction in pressure loss.

A minimal pressure change is effected for the smaller
block dimension of (s) 0.1m. If the temperature
differential at inlet is increased from —10 to ~20°C, a
slightly greater permeability enhancement occurs at in-
let. For the relatively small stress changes precipitated as
a result of thermal displacement in this instance, the fluid
pressure gradient is likely to have a more significant

Table 3. Block displacement response rate

Block size (m) 10 1 0.4
N 1.9 days 284 hr 1.7 min
1y 102.8 days 24.67 hr 14.8 min

*1y = time to reach 30% of maximum displacement following instan-
taneous loading.
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Fig. 7. Fluid temperature profiles for plane flow with fraclure spacing () = 0.1 m. Time = 2.3 and 4.6 days.

influence on aperture enhancement than temperature
change.

The propagation of a thermal front within the fuid at
successive time intervals for a block dimension (s) of I m
is illustrated in Fig. 9. As time progresses, the front
becomes more diffuse as the influence of aperture en-
hancement becomes more pronounced. This transient
thermal record may be used to explain the temporal
change in pressure distribution along the fracture, as
illustrated in Fig. 10. At the onset of flow (r = 2.3 and
4.6 days), aperture changes close to the inlet produce a
local reduction in pressure gradient with a corresponding
increase in pressure gradient downflow. These changes
become more pronounced as the thermal front propa-
gates (1 = 6.9 and + = 9.2 days}. Ultimately, however, as
the therma! front reaches the outlet (r = 9.2 days+) the

1.0

concave downward pressure profile abates as the
difference between inlet and outlet aperture is reduced.
In this case {see Table 3), the block reaction time to reach
95% of ultimate displacement is only of the order of |
day and this relatively rapid response is the primary
cause of the timely pressure abatement.

CONCLUSIONS

Subject to the validity of the initial assumptions of full
lateral restraint, thermally induced displacements within
geothermal systems may have significant effects on tem-
poral and spatial pressure drop and flow impedence
characteristics of cooled rock reservoirs. The following
conclusions may be drawn:

(a) Thermal diffusion between solid and fluid phases

Time t = 4.6 days
Constant aperture,
s =0.1m

s = 1.0m AT
s = 10m
s=0.Im _\'I‘f

steady

e
o
T

~10%

i

Fluid Pressure (P f,M?a)

o ¥ ¢e o

-20%

i3] 1 3 H !

i

G 20 40 GO 8C

100 120 140 160

Distance (m)

Fig. 8. Variation in fiuid pressure (Py) along flow system axis at time 1 = 4.6 days for fracture spacing (s) =01, 1 and 10m,
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accommodated in the model is a significant phe-
nomenon, the most prominent effects of which
are evident at early times for small rock block
dimensions. This behaviour is conditioned by the
increase in specific area that accompanies the
accelerated response rate of smaller blocks.

{b) Joint aperture changes resulting from both fluid
pressure and thermal effects are more pro-
nounced with increased block dimension. This

These effects seem significant even for modest
temperature changes of the order of 10°C.

{c) In addition to accelerating the transit of a thermal

pulse, aperture enhancement causes a significant
diffusion of the initially sharp interface between
initially warm and penetrating cold fluids.

{d) The pressure gradients that contro! fiow in the

fracture system are affected in a transient manner
by the propagating thermal disturbance.

behaviour is, in part, a function of the assump-
tion of full lateral restraint and may result in
significantly shorter transit and breakthrough
times for the thermal front over the case where
thermal displacement effects are not considered.

Changes in permeability induced by relatively modest
temperature modifications appear significant. These
effects may be an important consideration in both the
analysis of pumping tests within blocky reck systems

1.0
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- A
g
£ 0.5 Joint Spacing (s) = 1.0m
7 O Time t = 2.3d
£ I o 4.3
~
= g 8.9
3 L
= @ 9.2
3 & i1.5
O t i 5 { 1 3 i i i
0 20 40 60 80 100 120 40 160 130 200
Distance {m)
Fig, 10. Variation in fluid pressure (P;) along flow system axis for joint spacing {s)= 1 m and time ¢ = 2.3, 4.6, 6.9, 9.2 and

11.5 days.
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and in planning the development of hot dry rock and
other geothermal energy schemes where the induced flow
system is advection dominated. Correct interpretation of
pumping tests conducted, unwittingly, under non-
isothermal conditions and optimal development of
geothermal reservoirs require cognizance and quantifi-
cation of these influencing factors.
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APPENDIX

The elemental matrices for a radial, two-neded efement are as
follows:

2= e
o WJ WD) R r dr db,
§

i Ja

= e
e J ‘)rcr(qr;’q’]) WT R r dr df,

a Jn

F= j CWTR  dr dO,
[
Il e

Wy TR r dr dé,
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- J ~ N7 KN rdrdo,
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(&
W= — W,
(A

—

where % is positive for flow directed in the positive r direction, negative
for Row directed in the negative r direction and 0 < [« < 1.0, For §-D
flow the matrix expressions are pre-divided by r and the integration
over # is eliminated.



