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ABSTRACT: Accessing the thermo-mechanical response of lagge ot dry rock (HDR) reservoirs during
geothermal extraction remains a challenging task that eaxobprehended with numerical tools. Of crucial im-
portance to the economic viability of these HDR reservarthe knowledge of thermal output evolution, fluid
excessive pressure and induced thermal stress, at vatepssdf the circulation tests. Thermal recovery from a
HDR reservoir, viewed as a deformable fractured mediunmviestigated with a focus on the assumption of lo-
cal thermal non-equilibrium (LTNE). To this end, a fully qaad finite element formulation for a thermo-elastic
fractured medium in LTNE is developed (Gelet et al. 2013)dkaylic diffusion, thermal diffusion, forced con-
vection and deformation are considered in a two-phase fremig the solid phase being made by impermeable
solid blocks separated by saturated fractures. Each oibi@hases is endowed with its own temperature. The
resulting system of equations is used to address a geneifitridgervoir subjected to temperature and pressure
gradients. A change of time profile of the outlet fluid tempemis observed as the fracture spacing increases,
switching from a single-step pattern to a double-step patte feature which is viewed as characteristic of
established LTNE. A dimensionless number is proposed ioekgke between local thermal equilibrium (LTE)
and non-equilibrium. This number embodies local physicapprties of the mixture, elements of the geometry
of the reservoir and the production flow rate. All the aboveperties being fixed, the resulting fracture spacing
threshold between LTNE and LTE is found to decrease withemsing porosity. The thermally induced effec-
tive stress is tensile near the injection well, illustrgtihe thermal contraction of the rock, while the pressure
contribution of the fracture fluid is negligible during trete period.

1 INTRODUCTION to permeability change and fluid loss. Also, thermal
shrinkage and pressure drop, across the body of the
The production of geothermal energy is achieved byeservoir, occur at various time scales and the under-
cold water injection, in fractured igneous rocks (origi- standing of their interaction requires the simulation of
nally with low matrix permeability), at sites where the a continuum mixture in LTNE (Aifantis 1980).
vertical temperature gradient is favorable. Of crucial
importance to the economic viability of these HDR Coupled thermo-hydro-mechanical analyses for
reservoirs is the knowledge of thermal output evo-geothermal systems are scarce (Hayashi et al. 1999,
lution, induced thermal stress and fluid loss, at vari-O’Sullivan et al. 2001) and focus mainly on partially
ous time scales of the circulation tests (Armstead &coupled systems in an effort to implement a precise
Tester 1987). A key factor influencing geothermal en-fracture network through a system of discrete discon-
ergy recovery is the difference in characteristic timedinuities (DuTeaux et al. 1996, Bruel 2002), to couple
between diffusion in the solid phase and convection irfree and forced convection (Bat&let al. 2006), or to
the fluid phase. The thermally induced effective stresgharacterize joint closure with a stress dependent law
which results from these two contributions may lead(Kohl & Hopkirk 1995, Bower & Zyvoloski 1997)



or stress-dissolution/precipitation effects (Taronetal _ 4; @

2009). However, before Gelet (2011) no numerical vy AV Ty) Fary ot

analysis was proposed to simulate reservoir behavior Ops

with a continuum mixture in LTNE. a5+ ol VHy
Extending previous studies, Loret & Khalili (2000)

and Khalili & Loret (2001) proposed comprehensive Fhop (T = T5) =0,

fully coupled thermo-hydro-mechanical formulations _

based on the mixture theory for unsaturated porou# which

media. Both contributions focus on the importance

of an appropriate definition of the effective stress. In §r=1-cs/c

the present contribution, the work of Khalili & Loret ajp=mnscrm+ (& —ny)es

(2001) is extended to describe thermal recovery from '

a geothermal reservoir viewed as a deformable frac-“/7= — (ny = &r)er

tured medium in LTNE (Gelet et al. 2013). agp; = —NgCyr

(4)
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2 THERMOPOROELASTIC MODEL IN LTNE ®)
aryTy = ”fPfo
Hydraulic diffusion, thermal diffusion, forced con-
vection and deformation are considered in a two-
phase framework, the solid phase being made by im-
permeable solid blocks separated by saturated fragvhereu is the displacement of the soligy is the
tures. Local thermal non-equilibrium between thepressure of the fracture fluid), is the temperature of
phases holds at all points of the simulated zone. Eacthe solid and’; that of the fracture fluid. Throughout,
phasek is endowed with its own temperatuf@¢ and  the indicess and f refer to the solid and to the fluid,
its own material properties. LTNE emanates from therespectively.

contrast between the rapid convection of heat by th&quation (1) uses the Larconstants of the drained
moving fluid in the fractures and the slow diffusion of solid \°s and 1.°S, the body force vectog, the over-
heat through the solid matrix. Indeed, the characterall density p, the compressibility of the mixture,
istic time associated with convection is several ordershe compressibility of the solid grains, and the
of magnitude smaller than the characteristic times of/olumetric thermal expansion coefficient of the solid
diffusion in both solid skeleton and fluid. phasecy.

Equation (2) requires the macroscopic porosity
the macroscopic intrinsic permeability;, and the
dynamic viscosity. ;. The hydraulic compressibility

Within a single porosity conceptual framework (Gelet¢rx# and the thermal compressibility- are defined

et al. 2013), differential equations describing theffom the intrinsic density of the fluid. _

problem at hand may be expressed as, Equation (3) involves the solid heat capacity at con-
stant volume and fluid pressufé”), the solid density
ps and porosityh, and the solid thermal conductivity

\Y
VHf = (1 — TfoT)—ppf + Cj(cp)VTf
f

2.1 Governing equations

1P VU + (A + 11°%) V(divu) A,. The specificinter-phase heat transfer parameter
er (1) parametek,; is discussed in Section 2.2.
—&s Vpy — ~ VT,+pg =0, Finally, equation (4) involves the fluid heat capacity at

constant fluid pressu@}p), the apparent volume flux
J; (Darcy’s law), and the fluid thermal conductivity

Ay.

—div (ﬁ (Vps—pr9) ) +ass 9ps Equations (1) to (4) are direct consequences of the
H ot (2) field equations (balance of momentum for the mix-

te div@ La @ Ta @ —0 ture, balance of mass for the fluid, balance of energy
It T o s ot ’ for the solid and balance of energy for the fluid). Ad-
ditional information on the parameters of the model

can be found in previous works Gelet et al. (2011,

T 2013).

—div (nsAs VT) + arr, ats The approach is amendable to a double porosity
framework: it can be extended to zoom on the solid

+T.a Opy +T C_Tdiv@ (3)  blocks and include their innate pore pressure, tem-

s WfTy s . .
ot c ot perature and the fluid and energy exchanges with the

thsp (Ts —Tf) =0, fractures (Gelet et al. 2012).



The weak form of the governing equations, the dis- :

cretization and time-integration procedures to solve Production well

the coupled equations through a finite element method < Z 1 1 -

are detailed in Gelet (2011). The primary variables are ] D Solid %

the displacement vector, the pressure of the fluid, the Fluid [] £

temperature of the solid and the temperature of the ﬁ

fluid. The resulting system of equations is used to ad- —op— =

dress a generic HDR reservoir subjected to tempera- k, 5

ture and pressure gradients. ] =
(]
o

2.2 The specific inter-phase heat transfer . B E

parametets, - 0 Injection well X, Xp  Xr '

The coefficient ofspecificinter-phase heat transfer
sy [W/m3.K] controls the rate at which the two phase Figure 1: Representation of a generic HDR reservoir (not at
system (solid-fluid) reaches thermal equilibrium. Thescale). The permeability/; of the reservoir depends on the av-
higher this coefficient, the faster thermal equilibrium €rage fracture spacing and on the average fracture aperture
is reached. This coefficient can be defined by idealiz?"”

ing the solid blocks to squares of lengthbordered

by fractures of widtr2b (Fig. 1). a portion of the surrounding low permeability rock

A . ._formation. The HDR fractured reservoir is idealized
In geothermal applications, the fracture width is

much smaller than the fracture spacing, nanzély by a S|r.|g.le porosﬂy saturated mgdlum.
B. Hence, the specific coefficient of heat transfer be- The injection and the production wells are located

tween the solid and the fluid phase can be linearly re@t the bottom and at the top of the reservoir, respec-
lated to B2 (Gelet et al. 2013), tively. The length of the wells is a key parameter that

governs the flow path and the heat transfer between
8 ngAs X 2Ay the rock and the fluid. Here, the wells are assumed to
Rsf = 32 m (6) penetrate horizontally into the entire reservoir, that is
Xw = Xg, and the velocity of the fluid is vertical
The thermal conductivities of the two phases are inand uniform between the two wells. The main pur-
volved. For a geothermal reservoir, typical values enpose of this paper is to focus on the influence of LTNE
tail n, =~ 1, A, = 2.71W/m.K andA; = 0.6 W/m.K,  and alternative setups (flow paths) are described else-
and the two phases are seen to contribute to the overallhere (Gelet et al. 2013).
conductivity.

Sincer,; depends on the solid-fluid specific sur-
face, the experimental measurement of this coefficieng
proves to be difficult. One way around is to calibrate
the specific inter-phase heat transfer coefficient, withy, o yo hydraulic and mechanical boundary con-
help of data provided from a specific HDR reserv0|rgi,[ionS are s’ketched in Fig. 2
as proposed in Gelet et al. (2012, 2013). Instead, here, T T _

a sensitivity analysis is performed to determine the hThe |nj(|act|onhtempera_1tu@nj IIIS _T_lﬁp“ed Ito all the
threshold value that separates local thermal equmbf’ asTes aoPg t tehInJeCtIC(l)n well. ”e_ outlet tﬁm?erfa-
rium from the local thermal non-equilibrium. ure Lyoue @along the producing weill 1s an output o

a the simulations. The remaining horizontal and verti-

cal boundaries are thermally insulated from the sur-
3 HDR RESERVOIR ANALYSIS roundings.

The fully coupled thermo-hydro-mechanical model is The injecti_on and production PresSureSin; ar_ld_
r.out F€Spectively, are both specified along the injec-

used in the subsequent section to investigate the theﬁOn and production wells. The remaining boundaries
mal drawdown of a generic HDR reservoir in LTNE. P : d

Information on the geometry and the boundary condi?® hydrau!lcally |mpermeabl.e.
tions are provided first. The vertical stresg, remains constant along the

top boundaryz = Zy, and so does the horizontal
stressoy along the lateral boundary = Xr. The
displacements on the other boundaries are specified,

An artificially fractured reservoir with horizontal in- %«(z = 0,z) = 0 andu.(z,z = 0) = 0.

jection and production wells is considered (Fig.1). At the contact between the reservoir and the sur-
The simulations assume a plane strain analysis, in theounding rockr = X, the reservoir is assumed to be
x — z plane, and symmetry with respectd@xis. The thermally insulated from the rock formation. Alterna-
finite element mesh includes half of the reservoir andive setups are studied in Gelet et al. (2013).

2 Boundary conditions

3.1 Geometry



Thermal BC Hydraulic BC Mechanical BC
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Figure 2: Thermal, hydraulic and mechanical boundary d@t.
4 NUMERICAL RESULTS the solid matrix. Accordingly for each fracture poros-

ity ns, the magnitude of the dimensionless tempera-
The resulting system of equations is used to addresstare T, at the end of this first stage is increasing as
generic HDR reservoir subjected to temperature and function of B. Thus, the smalleB (the larger the
pressure gradients with a focus on the LTNE assumpspecific solid-fluid heat transfet,;), the higher the
tion. First, thermal drawdown curves (time profiles of ‘instantaneous damping’ of the cooled fluid front by
the fluid temperature at the producing well) are ob-the solid phase. On the other hand, the duration of the
served to show a single-step pattern for small fracfirst stage is independent @&, and it is about equal
ture spacingsB and double-step patterns for large to the characteristic time for a particle of fluid to flow
fracture spacings (Sect. 4.1). The threshold values behe lengthZy at the steady velocity*v,
tween LTNE and LTE are sought in terms of the frac-
ture spacingBy for an average steady state velocity ;stage1__ Zr ~ 2 x 7g; = 13 days (8)
v> and several fluid porosities in Sect.4.2. Next, a vee

dimensionless parameter is proposed in Sect. 4.3 1) pyring the second stage, the dimensionless tem-
delineate between local thermal equilibrium (LTE) hera1yre remains constant and displays a plateau. Heat
and non-equilibrium. Finally, the reservoir responséyansfer between the solid and the fluid phases takes
in terms of overall effective stress is presented INlace partly at constant fluid temperature.

Sect. 4.4. (3) The third stage is characterized by a second strong

Throughout, temperatures are presented in a dincrease of the temperatuf®,. The time required
mensionless format. The dimensionless fluid tempersy, the outlet temperaturé} o, to reach 95% of the

atureT’p built from the outlet fluid temperatufEyou,  jnjection temperaturd, is higher for a model in
the initial temperaturd™® and the injection tempera- LTNE than in LTE. In other words, the response of
ture Tinj, the mixture is delayed by the transfer of heat from
0_ the solid phase to the fluid phase. This type of behav-
1" — Ty out He O ,
Ip =5 (7)  ior is characteristic of the response of phases in non-
TO — Ty > LHdrdl PhasSEs |
equilibrium: as an example, the consolidation time of
ranges between (I, = 7°) at early time and 1 a dual porosity medium is delayed compared with a
(Ty,0ut = Tiny) ultimately. single porosity medium (Khalili et al. 1999).
4.1 The double step pattern 4.2 Influence of the porosity;

A change of time profile is observed as the fractureThe influence of the fracture porosity, in the range
spacingB increases (Fig. 3, center). Time profiles for of 0.001 < n; < 0.01, is mainly visible during the
small B are clearly dominated by convection and dis-first and the second stage of the double-step pattern
play a characteristic single-step pattern. Conversely(Fig. 3). (1) For each fracture spaciriy the magni-

the time profiles for largds display three stages and tude of7, at the end of this first stage is increasing as
typical double-step patterns. a function of the fluid volume ratia, i.e. the larger

(1) In the first stage, the strong increase of the dimenthe volume of cooled fluid, the smaller the tempera-
sionless temperature corresponds to the abrupt propaitre outlet. Sincex, ~ 1, the rate of heat transfer can
gation of the injection temperature dominated by conbe considered as constant, eqn (6), as opposed to the
vection. This effect is mostly attributed to the differ- overall amount of heat supply in the system. In addi-
ence in characteristic times between forced convedion, the duration of the first stage is independent of
tion in the fracture network and diffusion of heat in n; in agreement with eqn (8).
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Figure 3: Dimensionless temperature ouifet, eq. (7), as a function of time for three porosities and three fracture spacings

All results are forZp = 230m, v° = 2x 10~*m/s and thermal properties from Gelet et al. (2013). In LTNifae profiles display a
double-step pattern, whereas in LTE, time profiles displegrainuous pattern. The thresholds between LTE and LTNEsseciated
with the fracture spacingBr = 6 m (left), By = 2.5 m (middle) andBy = 2m (right). The corresponding dimensionless values of
np are equal respectively to 11, 13 and 10. Therefore, LTE isdated withnp larger than, say 13, while valuesgf smaller than

13 require a LTNE analysis.
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Figure 4: Late period profiles, along theaxis atz = 60 m, of the induced change in vertical effective stress (lédteral effective
stress (center) and out of plane effective stress (righith, my = 0.005, k¢ = 8.0x 107'° m?, k5 = 33.0mW/m?.K. Tensile stresses
are counted positive. The contraction of the solid phasades the effective lateral stress to be tensile near thetiofewell (z <
120 m) and compressive near the production wel(120 m).

(2) Time profiles in Fig. 3 indicate that increasing the 1975). The dimensionless LTNE parameijgrserves
porosity of the fracture network, reduces the time to delineate LTE and LTNE and reflects the over-
length of the second stage and, hence, speeds up thehelming importance of the characteristic lengths of
mal depletion. An increase of fluid porosity modifies the fracture network, namely the average aperuire
the phase and the heat partition in the system andnd the average spaciri)
hence reduces the overall amount of heat to be trans- The general form ofy), (Gelet et al. 2013) ex-
ferred by the solid to the fluid. Since the rate of heatpresses in terms of the thermal properties of the
transfer is almost independent of the fluid porosity,norous medium A,, A; and C}p)), the fluid poros-
see eqn (6) in which,, ~ 1, the heat transfer period jty , . the diffusion-convection lengtif, the frac-
requires less time. ture spacing3, and the steady state fluid velocity’v

In terms of fracture spacing, the threshold betweenrgr,, A, > nsA; and forn, ~ 1, the dimensionless
LTE and LTNE decreases with increasing fluid poros-| TNE parameter writes
ity, By = 6m (n; = 0.001), Br = 2.5m (n; = 0.005)
and By = 2m (n; = 0.01), due to the increasing ,, — 1 164 ZRO‘va_ 9)
amount of cooled fluid. Those values are obtained ny Ag+2Ap v B2

by trial and error and correspond 1 = 7}, at the _ @) : e
reservoir outlet, over the entire circulation test. Forin Whichar s = nsA/ppCy” is the thermal diffusiv-

smaller fracture spacingg8 < By, the local thermal ity of the fluid and3 depends on the parameters
non-equilibrium responses are indistinguishable fronNd2b, B = 4b/n;, for idealized solid square blocks

the responses in equilibrium. of length B borded by fractures of widt? (Sect. 2.2
and Fig. 1).
In the previous section, three fracture spacing
4.3 A dimensionless LTNE parameter thresholds By have been identified, one for each

porosity. The corresponding dimensionless values of
In the context of geothermal energy recovery, resers, are equal respectively tid (n; = 0.001), 13 (ny =
voir performances can be expressed in terms of 8.005) and10 (n; = 0.01). Consequently, within the
dimensionless LTNE parameter (Gringarten et alrange of interes0.001 < n; < 0.01, dimensionless
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