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Stress-coupled simulation for fluid flow in fracture, matrix and across
the interface in geothermal environment.
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Abstract: - This paper presents an innovative method to simulate fluid flow in fractured geothermal reservoirs.
The geothermal reservoirs are considered at their full complexity, with variably oriented and intersected
fractures with different sizes and irregular patterns. Fluid flows inside the matrix, fractures and fluid interactions
between matrix and fractures are also taken into account. A boundary element method with periodic boundary
conditions is used to calculate the permeability tensor in cells of jointed and fractured rock. A flux continuous
model is used to implement the derived set of tensor in a finite volume simulation of the fluid flow, to estimate
water production from the reservoirs. The finite element simulation is coupled and repeated for multiple time
steps (unsteady state to quantify the effect of field stresses on the fluid flow and reservoir pressures. This
integrated method is validated against results from analytical analyses. It is shown to balance the representation
of physical complexity of the coupled processes with the need to avoid representing the complete set of discrete
fractures in the problem domain, dramatically advancing the current state-of-the-art in the simulation of fluid
flow through reservoirs with discrete fracture networks.
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1. Reservoir characterisation: ~What are the
properties of the rock and fracture system?

2. Reservoir simulation - fluid flow: How does the
water flow through the fractured rock?

3. Reservoir simulation - heat transfer: How is heat
transferred from the rock mass to the water?
Fluid flow simulation study is critical for

developing geothermal reservoirs because it is the

only means to determine many fundamental
parameters: pressure drop near the boreholes, where

1 Introduction

Geothermal resources, exploited as heat from rocks
at temperatures above 150°C and a few kilometres
below the earth's surface, are one of the few safe,
virtually pollution free and almost inexhaustible
energy resources (Fig. 1) [1]. Geothermal reservoirs
typically contain extensive (natural and/or artificial)
fracture system. The common approach to extracting
energy/heat from geothermal reservoirs generally
requires drilling two or more wells into a high-

temperature formation. Cold water is injected down
one well, forced through the system of rock matrix
and fractures, where it picks up heat. Hot water
flows up the production wells to the surface power
plant. Upon cooling, the water is pumped back down
the injection wells in a closed re-circulation system,
minimizing environmental impacts while increasing
efficiency (Fig. 2). The development of a geothermal
reservoir is generally divided into three areas [1]:

fluid flux is high; pressure drop across the reservoir;
circulating pump energy requirements; and potential
fluid loss. It also allows us to identify the best
locations and patterns of wells; assess responses of
natural fractures under stimulation pressure, hence,
develop the best hydraulic fracture treatments; carry
out feasibility studies; design optimum production
methods and improve reservoir potentials.



Proceedings of the 9th WSEAS International Conference on Automatic Control, Modeling & Simulation, Istanbul, Turkey, May 27-29, 2007

Emissions from Power Plants

20 2000
S0x CO:

3
b

1500

1000

- S00

Geotharmal-Maximum
Geothermal—w/gaz injsction
Geothermal—Maximum
Geothermal—w/ga s injection

Fig. 1: Comparison of emissions from major energy
sources: exceptionally low from geothermal sources [1].
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Fig. 2: A geothermal injection-production [1].

However, fluid flow simulation through fractured
porous media is a complicated process. Because of
the existence of natural and artificial fracture
networks, geothermal reservoirs are typically highly
complex. Fractures occur at a variety of scales
(typically ranging from a few centimetres to a few
kilometres) and of high degree of heterogeneity
(various orientations, storage and flow capacities).
In addition, fractures are not evenly distributed in
the reservoir, such that the fracture network’s spatial
distribution and connectivity are extremely
nonlinear. Therefore, modelling accurate fracture
distribution and understanding fluid flow through
the fracture system have always been a massive,
challenging and ongoing task [2]. Moreover, rock
matrix does contribute to fluid flow and storage,
through its considerable permeability and porosity.
The inter-flow between the rock matrix and fracture
interfaces also need to be studied [3]. To add
complexity to the matter, fracture properties are
strongly related to field stresses [4], which
continually change during the course of production.
For example, an experimental work shows that there
is 20% or more reduction in permeability due to
stresses [5]. All of these complications make the
problem difficult to solve numerically (too many
unknowns result in massive equations).

Many geothermal projects have not been

successful due to general lack of in-depth
quantitative  approaches to description and
characterisation of the highly complicated rock and
fracture systems as well as over-simplistic
approaches in analysing fluid flows.

2 Literature review

Previous studies on fluid flow mechanism in
fractured media may be divided into single
continuum, dual continuum and discrete approaches.

First, in the single continuum approaches,
fractured medium is represented by an equivalent
porous medium. Bulk macroscopic values of the
fractured medium are defined by averaging point-to-
point variations in the petrophysical properties over
a representative volume [6].

Second, in the dual continuum approaches,
fractures and matrix are represented by two
interacting continua, where the fractures provide
permeability and the matrix provides storage
capacity. Fractures are assumed to be infinitely long
and distributed in a regular pattern [2]. Despite being
effectively simple, both the single and dual
continuum approaches are not suitable for the highly
heterogeneous geothermal reservoirs. Properties of
fractures such as geometry and orientation are not
considered. Heterogeneity of the fractured reservoir
is represented by their averaged properties and as a
result, individual fractures are not treated explicitly.

Third, the more advanced discrete fracture
approaches consider real fracture geometry and
focus on fracture permeability. In general, each
fracture and the matrix are discretized by a mesh
system. Equations for fluid flow from one mesh to
another are developed and subsequently solved by
both analytically exact and approximated methods,
e.g. boundary element method [7], finite element
method [8] and finite volume method [9]. Despite
their superiority over the continuum methods, the
discrete approaches have an inherent disadvantage
of requiring extremely high computational resource.
This limits their uses either to a small area within a
reservoir or to reservoirs of low fracture density,
especially if the problem is expanded from one-
phase to multi-phase flow. There are also hybrid
approaches, where effective permeability tensor is
introduced as an effective way to represent
permeability in fractured formations [10, 11]. It is
assumed that a grid-block with fractures can be
replaced by a homogeneous grid-block having an
equivalent permeability tensor taking into account
geometry of the actual fracture systems. However,
the previous effective permeability tensor
approaches are based on simplistic assumptions on
fracture distribution inside the matrix or simplistic
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assumptions on interactions of fluid flow between
the matrix and fractures, such as parallel and
uniform fracture distributions [6], no flow in matrix
[12] and no flow interactions between matrix and
fractures [10]. In some other numerical techniques
[13], small and medium fractures are hierarchically
modelled without considering the effects of larger
fractures. Application of these models to large-
scaled reservoirs is restricted by the extensive
computational demands. In addition, the approaches
have a common drawback that fluid flow can only
take place through a network of connected fractures
where flow through the matrix and isolated fractures
is ignored. Although there have been considerable
contributions to fluid flow in general fractured
media, similar studies in geothermal reservoirs are
very limited. In most geothermal developments,
conventional reservoir simulators are used, where
the previously outlined problems remain.

3  Methodology

This paper addresses the second area of Reservoir
simulation — fluid flow, covering two important sub-
aspects: (1) water flow through the system of rock
matrix, interconnected fractures and inter-flow
across matrix-fracture interfaces; and (2) fully-
coupled for stress effects.

In this paper, variably oriented and intersected
fractures with different sizes and irregular patterns
(i.e. all fracture complexities) are considered. The
fully-complex discrete fracture networks (DFN) are
directly adopted from the authors’ published
methods [14-16]. Fluid flows inside the matrix,
fractures and fluid interactions between matrix and
fractures are also taken into account. A boundary
element method with periodic boundary conditions
is used to calculate the permeability tensor in cells of
jointed and fractured rock. We propose to formulate
a flux continuous model, implementing the derived
set of tensor in a finite volume simulation of the
fluid flow, to estimate water production from
fractured geothermal reservoirs. The simulation is
coupled and repeated for multiple time steps,
quantifying the effect of field stresses and reservoir
pressures on the fluid flow. This integrated approach
balances the representation of physical complexity
of the coupled processes with the need to avoid
representing the complete discretization.

3.1 Fluid flow in the fracture, the matrix
and across the interface

Effective permeability tensor is the basis of the
proposed method to consider fluid flow inside the
matrix, inside fractures and between matrix and
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fracture interfaces. Effective permeability is
described as a full tensor that relates the average
pressure gradient VP to the average fluid velocity V
as V = -KVP. Matrix K represents the local
permeability tensor, describing the cumulative
directional effects of a set of fractures on fluid flow.

The governing equations for flow in fractures and
matrix in a two-dimensional reservoir are expressed
as in egqs. 1 and 2 [7, 10, 11], where /4 is fracture
aperture (eq. 3), L is one-dimensional coordinate and
subscripts m and f represent matrix and fracture,
respectively. Term QO represents the flow interaction
between fractures and rock matrix. gff represents
fluid flow from all intersected fractures to a fracture
i at the lines of intersection.

. azpi
Fracture: S +0tq, =0 (1)
. 2 2
Matrix: kma—pz’"+km 9 Pn 0 -0 ()
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k, =7.842x10"20° )

We employ the boundary element method with
periodic boundary conditions to solve the fluid flow
equations and calculate permeability tensor in each
grid block. We present the coupling of fracture and
the surrounding matrix (interface effects) using the
Poisson’s equation as in eq. 4. Fluid flow in the rest
of the rock matrix is simulated by the Laplace’s
equation as in eq. 5.
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In general, the proposed model represents the
fracture-matrix system by an effective permeability
tensor that permits the inclusion of realistic DFN
features into a continuum model, significantly
improving the computational efficiency. It also
innovatively accounts for flow coupling between the
fracture and matrix systems: flow inside the matrix
and fractures as well as at the matrix-fracture
interfaces. We also treat short and medium-long
fractures separately, which brings about another key
advantage of this approach as it is possible to
discretize the region surrounding medium and long
fractures, instead of the whole block. Different fluid
flow governing equations can be used in different
regions, significantly reducing computation time and
numerical errors. Thus, shortfall of the previous
models are overcome that fluid flow simulation in



large-scaled reservoirs with high fracture density is
now obtainable.

By implementing the effective permeability
tensor, a flux continuous model is formulated using
finite volume element methods. In the flux
continuous model, the pressure equations [7, 11],
expressed as two coupled partial differential
equations for pressure and velocity (eqgs. 6 and 7),
are solved simultaneously. This minimizes the
numerical errors in standard methods that are
normally caused by differentiation of pressure and
then by multiplication by rough coefficients.

_[,uK'lv.wdQ - ij.wdQ =—<wn,q>0Q (6)
Q Q

[V.vzdx = [ qzdx (7
Q Q

Solutions of the simulation include flow rate
through each grid block, field-wise pressure
distribution, as well as the overall injection and
production rates.

3.2 Stress coupling

Field stresses can be divided into natural and
induced, according to their origin. Natural stresses
exist in the rock prior to any artificial disturbance.
This stress state is the result of various events in the
geological history of the rock mass. It is due to
gravitational (overburden), tectonic, residual and
thermal forces. Tectonic stresses are important, yet
difficult to predict in regard to direction and
magnitude. Residual stresses can be identified by
strain recovery measurements on samples of
different sizes and x-ray analysis. Induced stresses
are those perturbed by engineering, e.g. drilling and
water injection/ production.

It is understood that field stresses have strong
effects on many formation rock and fracture
properties, e.g. matrix porosity and permeability,
fracture aperture, porosity and permeability. There
have been mathematical models [4, 17] and
experimental works [5, 18] proving that effect of
stress be very high, and could even rotate and
change the magnitudes of principal permeability.
While it is relatively simple to determine how matrix
porosity changes under external/internal stresses
(e.g. by using formation compressibility), the effect
of stresses on permeability is more complex. It
depends on the type of rock, pore geometry,
channeling effect, hysteresis effect, geometric factor,
shear dilation and normal closure [4, 19].

Through the course of simulation, fluid pressure
and field stresses keep changing. Due to the
complexity, it is essential to use coupled simulators
to account for the effects of stresses on fluid flow,
especially for highly deformable reservoirs [20]. In
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our simulation, since the effect of stresses on key
reservoir properties are now known, the properties
are updated at each simulation time step (Fig. 3).
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Fig. 3: Coupled simulation for stress-dependent DFN.

For matrix porosity [21]:

Ag.,, =(1+8)8, ®)
Where ¢, is the volumetric strain, ¢, is the
porosity of previous time step i. The change in
fracture porosity can be calculated via changes in
bulk volume V,, using exact method [21]:

Where V. is the initial bulk volume.

Fracture permeability is calculated using cubic
law, taking into account the friction factor f, which
has major impact on flow through fracture [22] yet is
mostly ignored in previous models [17, 23].

h2
k,=f— 10
=I5 (10)

Where h is fracture aperture.

Fracture aperture also needs to be updated. A
generalized equation is proposed to calculate the
effect of stress in arbitrary oriented fractures, where
the stress effect depends not only on the effective

stress but also on the length of the fracture / Ix
Ae,

Ah =
21

Where A (total area of the reservoir). The equation

(In

can be applied to any type of fracture networks with
an assumption that all the fractures respond equally
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to the applied stress irrespective of the properties of Matrix permeability 1 md
surrounding rock. Matrix porosity 0.01

Not only fracture and reservoir properties are Compressibility 0.45Gpa
updated for effects of field stresses, the equations to Poission’s ratio 0.333
be used in flow simulation model are also updated. Modulus of elasticity |7.00E+10
The balance of fluid momentum equation is:

= Table 2: Rock properties.
k D.p prop
VI=Vp |=¢c; ——+¢q (12)
P Dt 7780
. . . . 1760 7
The‘ poroelastic equatl.ons for relationship between 1740
strain (&), stress (o) is: 2 41720 \\
[=
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. . 2 1660
Where a, P represents Biot’s coefficient and pore S 640 K
pressure. Thus, field stress profile is updated at each 1620 ‘Q\
. e
time step. ' ' 1600 ‘ ‘ ‘

As a result of the coupled simulation, the 0 20 40 60 [ o o
effective permeability tensor map and fluid ﬂow radial distance fn m o ol o
model are more accurate, as they now take into
consideration the important effe'ct of pressure and Fig.4. Flow model validation: great match.
stress changes through production. Results of the
simulation 1nf:1ude flow fate. th.rough each grid = =1 < = - T A
block, field-wise pressure distribution, as well as the g v e L vl &
overall injection and production rates. 7| S|l |9 0| & | o

s |° | || |@ 2| 2| e
4 Case Study i e oo |0l

A case study is constructed to compare and — —— — -
validate the results. A reservoir of DFN is 412 |10 =S| >=>]=17
simulated, through three models: tensor, flow 3| 2 {//’} o > | 0 o | O
simulation and coupled (Fig. 3). There are one . = — P ~ — " N
. . . . & [ [y [ o L e R -
injection and one production wells, at two
diagonally-opposite ends. For the purpose of L1 o | o o o o} O
validating with analytical solution, the reservoir is 1 7 3 A 5 g 7 7
kept homogeneous (in terms of matrix porosity and
matrix permeability), with constant water injection Fig.5. Permeability tensor map.
pressure. Full details of the reservoir properties are
given in the Table 1 and of the rock in Table 2. The FRESSTURE DISTRIBUTION MAP

result of flow simulation is validated against
analytical solution for steady state conditions,
showing great match (Fig. 4). Other results are also
available. The permeability tensor map is presented
in Fig. 5 and the final pressure distribution profile is
presented in Fig. 6.

Reservoir Size 50m,50m

Far field stresses 15.8E+6,16.8E+6
Flow rate 100 RB/DAY
Fluid viscosity 0.1cp

Initial Reservoir Pressure  |1611.11psi
Averaged fracture aperture |0.001m

Fig.6. Result pressure distribution map. The injection well
is at the NE end, the production well is at SW end. The

Table 1: Reservoir properties. R SR
prop pressure variation is due to the fracture distribution.
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5 Conclusion

This paper presents an innovative method to
simulate fluid flow in fractured geothermal
reservoirs. The geothermal reservoirs are considered
at their full complexity, with variably oriented and
intersected fractures with different sizes and
irregular patterns. Fluid flows inside the matrix,
fractures and fluid interactions between matrix and
fractures are also taken into account. Effects of
stress are also accounted for, via a coupled
simulation. The results are validated against
analytical solution. They show it is possible to avoid
representing the complete set of discrete fractures in
the problem domain, dramatically advancing the
current status in the simulation of fluid flow through
reservoirs with discrete fracture networks.

References:

1. Hayashi, K., J. Willis-Richards, R.J. Hopkirk, and Y.
Niibori, Numerical models of HDR geothermal
reservoirs - a review of current thinking and progress.
Geothermics, 1999. 28(4-5): p. 507-518.

2. Leckenby, R.J., D.J. Sanderson, and L. Lonergan,
Estimating flow heterogeneity in natural fracture
systems. Journal of Volcanology and Geothermal
Research, 2005. 148(1-2): p. 116-129.

3. Wu, Y.S., L.H. Pan, and K. Pruess, 4 physically based
approach for modeling multiphase fracture-matrix
interaction in fractured porous media. Advances in
Water Resources, 2004. 27(9): p. 875-887.

4. Raghavan, R. and L.Y. Chin, Productivity Changes in
Reservoirs With Stress-Dependent Permeability. SPE
Reservoir Evaluation & Engineering, 2004. 7(4): p.
308-315.

5. Stone, T., C. Xian, Z. Fang, R. Marsden, and J. Fuller,
Coupled Geomechanical  Simulation of Stress
Dependent Reservoirs. 2003.

6. Chen, M., M. Bai, and J.C. Roegiers, Permeability
tensors  of  anisotropic  fracture  networks.
Mathematical Geology, 1999. 31(4): p. 355-373.

7. Sato, K., Complex variable boundary element method
for potential flow with thin objects. Computer
Methods in Applied Mechanics and Engineering,
2003. 192(11-12): p. 1421-1433.

8. Karimi-Fard, M. and A. Firoozabadi, Numerical
simulation of water injection in fractured media using
the discrete-fracture model and the Galerkin method.
Spe Reservoir Evaluation & Engineering, 2003. 6(2):
p. 117-126.

9. Niessner, J., R. Helmig, H. Jakobs, and J.E. Roberts,
Interface condition and linearization schemes in the
Newton  iterations  for  two-phase flow in
heterogeneous porous media. Advances in Water
Resources, 2005. 28(7): p. 671-687.

10. Park, Y.C., W.M. Sung, and S.J. Kim, Development of
a FEM reservoir model equipped with an effective
permeability tensor and its application to naturally

fractured reservoirs. Energy Sources, 2002. 24(6): p.
531-542.

11. Teimoori, A., N.H. Tran, Z. Chen, and S.S. Rahman,
Simulation of Fluid Flow in Naturally Fractured
Reservoirs with the Use of Effective Permeability
Tensor. Geothermal Resources Council Transactions,
2004. 28.

12.Gupta, A., G. Penuela, and R. Avila, 4n integrated
approach to the determination of permeability tensors
for naturally fractured reservoirs. Journal of
Canadian Petroleum Technology, 2001. 40(12): p. 43-
48.

13.Lee, S.H., M.F. Lough, and C.L. Jensen, Hierarchical
modeling of flow in naturally fractured formations
with multiple length scales. Water Resources
Research, 2001. 37(3): p. 443-455.

14.Tran, N.H., Z. Chen, and S.S. Rahman, Integrated
conditional global optimisation for discrete fracture
network modelling. Computers & Geosciences, 2006.
32(1): p. 17-27.

15.Tran, N.H., Z. Chen, and S.S. Rahman, Practical
Application of Hybrid Modelling to Naturally
Fractured Reservoirs. Journal of Petroleum Science
& Technology, 2006. Article in Press.

16. Tran, N.H., K. Valencia, K. Tran, and S.S. Rahman,
Multifractal for Discrete Fracture Modelling.
WSEAS Transactions on Information Science and
Applications, 2006. 3(7): p. 1347-1353.

17.Du, J., and Wong, R.CK.. “Stress-Induced
Permeability Anisotropy in Fractured Reservoirs, in
spe 79079. 2002, SPE International Thermal
Operations and Heavy Oil Symposium and
International Horizontal Well Technology
Conference: Calgary, AB

18. Schutjens.P.M.T.M., Hanssen.T.H., Hettema.M.H.H.,
and Merour.J., Compaction-induced
porosity/permeability  reduction  in  sandstone
reservoirs. SPE Annual Technical Conference and
Exhibition, 30 September-3 October, New Orleans,
Louisiana, 2001.

19.Meng, F., M. Bai, M. Zaman, and J.C. Roegiers,
Effects of in-situ stresses on fluid flow in fractured
reservoirs. In Situ, 1999. 23(2): p. 107-130.

20.Dean, R.H., X. Gai, C.M. Stone, and S.E. Minkoff, 4
comparison of techniques for coupling porous flow
and geomechanics. 2003. p. 1-9.

21.Bagheri, M.A. and A. Settari, Effects of fractures on
reservoir deformation and flow modeling. 2006, NRC
Research Press. p. 574-586.

22.Dicman, A., E. Putra, and D.S. Schechter, Modeling
Fluid Flow Through Single Fractures Using
Experimental, Stochastic and Simulation Approaches.
2004.

23.Wu, Y.S. and K. Pruess, Integral solutions for
transient fluid flow through a porous medium with
pressure-dependent  permeability. International
Journal of Rock Mechanics and Mining Sciences,
2000. 37: p. 51-61.

177



