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Abstract. It is important to consider the distinct hydraulic properties of the discontinuities and porous matrix in
the numerical simulation of fluid flow in fractured porous medium. In this sense, many researchers have been
proposed numerical models in the context of discrete fracture approaches. In general, numerical models with a
discrete fracture representation present a large number of degrees of freedom to adequately represent the
discontinuities, and as a consequence, requires high computational cost to solve the problem, even with a small
number of fractures. The present work introduces an approach based on the use of coupling finite elements to
consider the effect of the fractures in the simulation of steady-state fluid flow in fractured porous media. This
scheme allows the independent discretization of fractures and matrix (overlapping non-matching meshes) without
increasing the total number of degrees of freedom of the problem. Two examples are performed to demonstrate
the versatility of the proposed model.
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1 Introduction

Petroleum is a natural occurrence of hydrocarbons and inorganic impurities, usually found in
liquid or gas phases in a petroleum system (Fanchi and Christiansen [1]; and Alyafei [2]). In general,
conventional resources are the most used petroleum system; however, as the demand for hydrocarbons
has increased, unconventional resources gained particular importance on petroleum industry (Chengzao
et al. [3]; Vedachalam et al. [4]; and Zhang et al. [5]).

Reservoir rock is equally important for both petroleum systems, and consists of many pore spaces
filled with oil, gas, or water. The presence of fractures in reservoir rocks can strongly influences the
fluid pressure distribution since the discontinuities usually increase the permeability of the reservoirs.
Thus, it is important to understand the fluid behavior in a fractured porous medium to petroleum
industry. As consequence, many numerical techniques have been proposed to obtain the response of
the system accurately.

The numerical approaches available in literature for modeling fluid flow in naturally fractured
porous medium can be classified in three main groups (Warren and Root [6]): continuum models, dual
porosity models, and discrete fracture models. The continuum models replace the fractured porous
medium by an equivalent continuum model adopting average properties (Jackson et al. [7]). This kind
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of approach is usually applied in the simulation of large-scale problems. The dual porosity models treat
the domain with a simplistic representation of complex fracture network, and the hydraulic properties
of both fracture and porous medium are considered (Moinfar et al. [8]; and Zimmerman et al. [9]).
Discrete models have been proposed for a more realistic representation of the fractures, since the
fractures are represented individually in the porous domain. Despite the advantages of the explicit
representation of the fractures, several models require that fracture and matrix elements share the same
nodes in the interface of domains, which can be feasible for a problem with a single fracture, but
cumbersome for a fracture network. This drawback can be solved using non-matching meshes.
However, the classical models usually introduce a significant number of degrees of freedom and
requires special integration schemes (Jiang and Younis [10]; Zhang et al. [11]; and Yang et al. [12]).

This work proposes a new scheme approach based on the use of coupling finite elements
(Bitencourt et al. [13]) to consider the effect of the fractures in the simulation of steady-state fluid flow
in fractured porous media. The formulation is based on standard element shape functions to avoid
particular integration procedures and without increasing the total number of degrees of freedom of the
problem.

2  Governing equations

2.1 Fluid flow in porous medium

In this work is considered a 2D fractured saturated porous medium with an incompressible single-
phase fluid. In the absence of body forces and sinks (or sources), the continuity equation for the steady
flow of an incompressible fluid phase over a fixed porous medium (,, is given by:

V.V =0 (1)

The representative element volume fluid average velocity (v,,) in the equation above is described
in this work by the Darcy’s law:

km
=_My
Vm Pm )

where, k,,, p and p,, are the permeability, fluid viscosity and pressure, respectively. Finally, the
standard form (Bear [14]) can be written by inserting equation (2) into equation (1):

v (krm Vou) = 0 3)

To solve the latter equation, the following boundary conditions are considered: p, =p € I, and
dm-Nr = q € [, where qp, is the fluid flux and I' = [}, U I;; is the boundary of the problem domain.

2.1.1 Weak form and finite element discretization

The weak form of the equation (3) can be obtained by multiplying the test function w (which
satisfies the essential boundary conditions), and integrating over the domain ,,:

f w [V- (%n me)] dQ,, =0 4)
Qm

The governing equations can be finally written, by applying the Divergence theorem and
integrating by parts the equation (4):
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ki
- fVWIVPmde-l_qudF:O (5)

Qm Ig

Herein, the equation (5) can be discretized in finite elements. Therefore, the pressure field in the
porous domain can be approximated by:

Pm = NmPm (6)
where, N, and p,, are the shape functions and nodal pressures, respectively. In this work three-noded
triangular finite elements are used in the discretization of the porous matrix domain.

By replacing the equation (6) into equation (5), the following discretization equations are
obtained:

KnPm = dm ™

where, K, is the permeability matrix of the porous medium, which can be written as:

Tkm
K, = f Bn TBmde (3
Qm

Bm stands for the partial derivatives of the shape functions of the element, and

Am = f N, gdl ©)
Om

2.2 Fluid flow in fracture domain

Considering the same hypotheses and procedures developed for fluid flow in porous medium, and
the discretization of the fractures in 1D finite elements, the permeability matrix for the discontinuity
can be written as:

- 1k
K = | By ;deF (10)
Ty
where Br stands for the partial derivatives of the shape functions of the 1D finite elements, and kg is
the permeability of the fracture, for which a cubic law is employed in this work.

3 Coupling non-matching meshes

The equations (8) and (10) were developed independently. A strategy based on the use of coupling
finite element is proposed in this work to consider the effect of the fractures in the simulation of steady-
state fluid flow in fractured porous media

Fig. 1 (a) illustrates a problem of porous (,, and fracture Iy domains, and boundary surface I
Initially, porous domain and fractures are discretized in finite elements (Fig. 1(b)). Then, coupling
finite elements, are inserted to establish the connection between the meshes (Fig. 1(c)) of the porous
matrix and fractures, discretized initially in a totally independent way. In this work the porous matrix
is discretized using three-noded triangular elements and the fractures are discretized using two-noded
linear elements. So, four-noded triangular coupling elements (CFEs) are employed. A coupling element
has the same nodes of an element of the porous matrix (base element), and an additional node (coupling
node), herein designed by Cnode, Wwhich is the node of the fracture that belongs to the domain of the base
element. It should be highlighted that the additional node will not require more degrees of freedom in
the global system of equations and it can also be located anywhere inside the element, including along
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its boundaries.

Im

3 (b) ©

Figure 1. Case 1: (a) Geometry and boundary condition, (b) mesh discretization and (c) scheme of coupling
node.

The vector that stores the pressure components of the CFEs can be written as:

p =[P1 P2 Ps Peoge] (11)

Therefore, a relative pressure [p] (or pressure drop) can be defined as the difference between the
pressure of coupling node (Chode), and the pressure evaluated using the shape functions of the CFE at
material point (X¢) that corresponds to the coordinates of the Cpode:

: (12)
9] = BYD° = Peye, — ) NP
where, o
B =[N —No(Xo) —Ns(Xo) 1] (13)

Following the analogy between mechanical and hydraulic problems presented by Segura and
Carol [15], the internal fluid flow vector can be defined as:

Qint = B<" CB%p® (14)

and the permeability matrix of the CFE can be obtained by deriving the internal fluid flow vector with
respect of pressure:

K. = B¢ CBC (15)

where C is a constant penalty factor enforcing a null pressure drop, i.e. the compatibility between the

porous matrix and fracture meshes.
After the final configuration, the permeability matrix of the problem can be written as:

n,
K = 4,27 (Ki)a,, + 4¢Z, (K)r + 425, (Ke (16)
where A stands for the finite element assembly operator. The first and second terms of equation (16)
are related to the domain of matrix and fractures, respectively and the third term is tied to introduction
of CFEs.
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4 Results

4.1 Case 1: diagonal fracture

The example carried out in this subsection was firstly studied by Zeng et al. [16] and was presented
in Fig. 1. The single diagonal fracture is located at y = x,x € (0.2,0.8) embedded in the porous domain
Q. (0,1)2. A specific pressure is applied on both bottom left (0.10 m), and upper right side (0.10 m),
with following values p; = 1 MPa and p, = 2 MPa. As reported by the authors [16], the permeability
of the matrix and fracture are: k,, = 107> m? and k; = 1078 m?, while the fluid viscosity of u =
107° MPa.s is used.

Fig. 2(a) illustrates gradient pressure and as expected, the neighboring fracture domain influences
the pressure distribution, which is a consequence of highly permeability of fracture over porous matrix
permeability, since the fluid flow for preferential path of fracture. To a better visualization of this
behavior, the pressure profiles along the lines y=0.2 m and y=0.5 m for both CFEs and the reference
solution (phase field based discrete fracture model - PFDFM) are presented in Fig. 2(b) and (c),
respectively. The results present very good concordance, and the pressure field has a continuum
behavior; it means that overlapping meshes were coupled correctly. Furthermore, it is possible to
analyze in Fig. 2 (b) that the non-uniformity of pressure distribution tends to increase next to fracture
endpoint. On the other hand, for the fluid flow out of fracture there is a slight drop of pressure. This
behavior is a consequence of different permeabilities in the whole domain, then it turns to increase
slowly. Additionally, for the line y=0.5 m the pressure around fracture remains almost constant, which
means the fluid flow is higher in that region (see Fig. 2 (¢)).
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Figure 2. Results of (a) pressure field and pressure profiles at (b) y=0.2 m and (c) y=0.5 m.

4.2 Case 2: fractured network

With the purpose to validate the efficiency of numerical simulation using CFE, a benchmark
presented by Flemisch, et al. [17] was simulated, using three different mesh refinements. The example
consists of a regular fracture network embedded in the porous medium domain 2(0,1)%. Top and bottom
boundary faces are impermeable (no flow), while the left boundary face has a constant fluid flow, q =
1m/s, and the right boundary face is applied a pressure of p = 1MPa. The matrix permeability was
stated at k,, = 1, fracture permeability was stated at k; = 10*, and for fluid viscosity was employed
u=10"°MPa.s.

Fig. 3(a) illustrates the geometry and boundary conditions. Fig. 3(b), (c¢) and (d) present the
distinct mesh refinements studied. The number of degrees of freedom (DOFs) for each mesh are: 194
DOFs for coarse, 415 DOFs for intermediate and 1442 DOFs for highly refined mesh. It is important
to mention that the reference solution (mimetic finite differences - MDF) proposed by
Flemisch et al. [17] uses 2.352.280 DOFs.
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Figure 3. Case 2: (a) Geometry and boundary conditions and mesh discretization of (b) 0.09 m (coarse), (c) 0.06
m (intermediate) and (d) 0.03 m (highly-refined).

The solution of pressure gradient shows that the mesh refinement influences the fluid behavior in
the left face of matrix domain (Fig. 4). As consequence, a desired discretization can guarantee the
pressure field behavior of fracture and porous medium, accurately, with reduced computational cost.
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Figure 4. Pressure gradient of (a) coarse, (b) intermediate and (c) highly-refined mesh.
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Figure 5. Pressure profile at y=0.7 m.

The pressure distributions of the three cases studied computed along the line y=0.7 m are plotted
and compared with reference solution, which show good agreement, especially for the intermediate and
highly-refined meshes, instead coarse mesh that presented an outstanding behavior at x=0.5 m (see
Fig. 5). The relative error of pressure at this coordinate using the three cases in comparison with MDF
method is 0.43%, 0.33% and 0.21% for coarse, intermediate and highly-refined meshes, respectively.
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5 Conclusions

The present work proposes a new approach based on the use of coupling finite elements to consider
the effect of the fractures in the simulation of steady-state fluid flow in fractured porous media.

For this purpose, in the first example, a porous matrix with one embedded diagonal fracture was
numerically analyzed. Both meshes are completely independents, using bar elements to represent the
fracture and triangular elements to discretize the porous medium, which were properly coupled via
CFEs. The results validated the coupling approach and show that the pressure field has a continuum
behavior between both domains, showing good agreement with the reference solution. In second
example, a porous domain with vertical and horizontal fractures was studied, by assuming different
mesh refinements. A good agreement between numerical results and reference solution was observed.

Thereafter, it is possible to conclude that the technique is able to couple overlapping non-matching
meshes of two different domains successfully without increasing the total number of degrees of freedom
of the problem.

Acknowledgements. Livia F. A. Borges acknowledges that this study was financed in part by the Coordenacdo de
Aperfeigoamento de Pessoal de Nivel Superior - Brasil (CAPES) - Finance Code 001. The authors also acknowledge the support
from Petrobras S/A (proc. No. 2018/00205-5).

Authorship statement. The authors hereby confirm that they are the sole liable persons responsible for the authorship of this
work, and that all material that has been herein included as part of the present paper is either the property (and authorship) of
the authors, or has the permission of the owners to be included here.

References

[1]J. R. Fanchi and R. L. Christiansen, Introduction to petroleum engineering, Wiley Online Library (2017).

[2] N. Alyafei, Fundamentals of Reservoir Rock Properties (2019).

[3] J. Chengzao, M. Zheng, and Y. Zhang, “Unconventional hydrocarbon resources in China and the prospect of exploration and
development”, Petroleum Exploration and Development 39, 2 (2012), pp. 139-146.

[4] N. Vedachalam, G. Srinivasalu, and M. Atmanand, “Review of unconventional hydrocarbon resources in major energy consuming
countries and efforts in realizing natural gas hydrate”, Journal of Natural Gas Science and Engineering 26 (2015), pp. 163-175.

[5] C. P. Zhang, P. G. Ranjith, M. S. Perera, X. Li, and J. Zhao, “Simulation of flow behaviour through fractured unconventional gas
reservoirs considering the formation damage caused by water-based fracturing fluids”, Journal of Natural Gas Science and Engineering
57 (2018), pp. 100-121.

[6] J. Warren and P. Root, “The behavior of naturally fractured reservoirs”, Society of Petroleum Engineers Journal 3, 03 (1963),
pp. 245-255.

[7] C. P. Jackson, A. R. Hoch, and S. Todman. “Self-consistency of a heterogeneous continuum porous medium representation of a
fractured medium”, Water Resources Research, 36(1) (2000), pp.189-202.

[8] A. Moinfar, W. Narr, M. Hui, B. T. Mallison, S. T. Lee, “Comparison of discrete-fracture and dual-permeability models for
multiphase flow in naturally fractured reservoirs”, in SPE reservoir simulation symposium (2011).

[9] R. W. Zimmerman, G. Chen, T. Hadgu, and G. S. Bodvarsson, “A numerical dual-porosity model with semianalytical treatment of
fracture/matrix flow”. Water Resources Research, 29(7) (1993), 2127-2137.

[10] J. Jiang, and R. M. Younis “An improved projection-based embedded discrete fracture model (pEDFM) for multiphase flow in
fractured reservoirs”, Advances in Water Resources 109 (2017), pp. 267-289.

[11] Q. Zhang, Z. Huang, J. Yao, Y. Wang, and Y. Li, “A multiscale mixed finite element method with oversampling for modeling
flow in fractured reservoirs using discrete fracture model”, Journal of Computational and Applied Mathematics 323 (2017), pp.95-110.
[12] D. Yang, Y. Zhou, X. Xia, S. Gu, Q. Xiong, and W. Chen, “Extended finite element modeling nonlinear hydro-mechanical process
in saturated porous media containing crossing fractures”, Computers and Geotechnics 111 (2019), pp. 209-221.

[13] L. A. G. Bitencourt Jr., O. L. Manzoli, P. G. C. Prazeres, E. A. Rodrigues and T. N. Bittencourt, “A coupling technique for non-
matching finite element meshes”, Computer methods in applied mechanics and engineering 290 (2015), pp. 19-44.

[14] J. Bear, Dynamics of fluids in porous media (American Elsevier Publishing Company, Inc., 1972).

[15] J.Segura, and 1. Carol, “On zero-thickness interface elements for diffusion problems”, International journal for numerical and
analytical methods in geomechanics, 28(9) (2004), pp.947-962.

[16] Q. Zeng, W. Liu, J. Yao and J. Liu, “A phase field based discrete fracture model (PFDFM) for fluid flow in fractured porous
media”, Journal of Petroleum Science and Engineering (2020), pp. 107191.

[17] B. Flemisch, I. Berre, W. Boon, A. Fumagalli, N. Schwenck, A. Scotti, I. Stefansson and Tatomir, “Benchmarks for single-phase
flow in fractured porous media”, Advances in Water Resources 111 (2018), pp. 239-258.

CILAMCE 2020
Proceedings of the XLI Ibero-Latin-American Congress on Computational Methods in Engineering, ABMEC
Foz do Iguagu/PR, Brazil, November 16-19, 2020



