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Abstract

A cell-centered control-volume distributed multi-point flux approximation (CVD-MPFA) finite-volume for-
mulation is presented for discrete fracture-matrix simulations. The grid is aligned with the fractures and
barriers which are then modeled as lower-dimensional interfaces located between the matrix cells in the
physical domain. The nD pressure equation is solved in the matrix domain coupled with an (n-1)D pressure
equation solved in the fractures. The CVD-MPFA formulation naturally handles fractures with anisotropic
permeabilities on unstructured grids. Matrix-fracture fluxes are expressed in terms of matrix and fracture
pressures, and must be added to the lower-dimensional flow equation (called the transfer function). An
additional transmission condition is used between matrix cells adjacent to low permeable fractures to link
the velocity and pressure jump across the fractures. Numerical tests serve to assess the convergence and
accuracy of the lower-dimensional fracture model for highly anisotropic fractures having different apertures
and permeability tensors. A transport equation for tracer flow is coupled via the Darcy flux for single and
intersecting fractures. The lower-dimensional approach for intersecting fractures avoids the more restric-
tive CFL condition corresponding to the equi-dimensional approximation with explicit time discretization.
Lower-dimensional fracture model results are compared with hybrid-grid and equi-dimensional model results.
Fractures and barriers are efficiently modeled by lower-dimensional interfaces which yield comparable results
to those of the equi-dimensional model. Highly conductive fractures are modeled as lower-dimensional enti-
ties without the use of locally refined grids that are required by the equi-dimensional model, while pressure
continuity across fractures is built into the model, without depending on the extra degrees of freedom which
must be added locally by the hybrid-grid method.The lower-dimensional fracture model also yields improved
results when compared to those of the hybrid-grid model for fractures with low-permeability in the normal
direction to the fracture. In addition, a transient pressure simulation involving geologically representative
complex fracture networks is presented.
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1. Introduction

Understanding of fluid flow through a fractured porous medium has immense importance in energy pro-
duction and environmental problems. The oil industry has a special interest because an estimated 60% of
the world’s remaining oil reserves reside in fractured formations ﬂ] In addition to oil and gas production
fracture modeling is of interest in determining carbon sequestration strategies, radioactive waste manage-
ment in the subsurface B], and flow of non-aqueous-phase liquids in aquifers. Fractures are a system of
rock discontinuities e.g. faults, joints and fissures, that occur in porous media with apertures having widths
ranging over scales from microns to centimeters [3]. Open fractures act as preferential fluid flow paths above
a certain aperture and size whereas cemented fractures can act as flow barriers. Flow, in any rock, is affected
by a few large fractures, by a dense network of small fractures, or by a combination of fractures of varying
length scales ranging from microns to hundreds of kilometers M, B] Usually the matrix provides the storage
for the fluid while fractures provide the main fluid flow paths. For example in two-phase flow, fractures may
form the predominant flow paths for a particular phase and the less permeable matrix may become the flow
region for the other phase ‘j]

The importance of fractures in reservoirs has lead to increasing effort being devoted to development
of efficient and accurate numerical methods to simulate fluid flow through fractured porous media. Dual-
porosity /permeability models, developed in [7, I8, ], have traditionally been used for the last few decades.
Flow transfer terms are defined between the fracture and matrix systems. These transfer terms depend on
the shape factor, average pressure difference between two domains and further physical parameters in the
case of multi-phase flow [10]. The shape factor is not straightforward to determine and is not available in
the presence of capillarity and gravity for two-phase ﬂowé]. Also, barriers cannot be modeled by dual-
porosity/permeability models. Moreover, these models are based on the assumption that fracture systems
are dense so inaccurate results are given for large scale fractures. As a result, the discrete-fracture model
(DFM) was developed; see e.g., , , , , ], which is attractive for large scale and sparse fracture
systems. In this model actual geometry and location of the fracture are honored in the domain. Unlike
the dual-porosity model; the effect of individual fractures on fluid flow can be determined and fluid transfer
between the fracture and matrix is more straightforward and consistent. Generally, fractures are modeled
by (n-1) dimensional elements in a n-dimensional domain, for example in 2D, fractures are represented by
lines at the edges of the polygonal matrix elements. Equi-dimensional representation of fractures |17], are
not popular because of complexity and computational cost contributed by thin cells. In the equi-dimensional
model, the control-volume at the intersection of the fractures is of the dimensions of fracture aperture which
reduces the time-step size in the numerical model E] Also, in our experience with this method we have
observed that a small control-volume increases the condition number of the global linear system which in-
creases the computational cost for the solution of the system, consistent with |18§].

In the discrete-fracture method, rock-matrix and fracture elements coincide at the interface, so an un-
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structured grid is used to honor the explicit fracture geometry(see@, Iﬂ]) Also, the matrix cells near
the fracture are small enough to conform to the fracture geometry. Small cells lead to a large numerical
system to be solved. Because of grid conformity, this model may not be applied to dynamic fracture net-
work modeling where the grid is updated because of generation of new fractures |21, p. 72]. Moreover, the
discrete-fracture model may not be used for small scale fractures and any cases with large numbers of frac-
tures, which would lead to locally dense unstructured grids in-turn leading to high computational cost. A
hybrid method(fracture-only model) that gets advantages of both dual-porosity method and discrete-fracture
method has been presented in [22]. Hierarchical fracture models have been presented in @, Iﬂ] for flow
simulation in a fractured porous medium. In this approach, small scale fractures are homogenized into the
matrix medium and their effects are added to the matrix permeability. Large scale fractures are explicitly
modeled as major fluid conduits embedded in non-conforming structured meshes. Other techniques based on
discontinuity finite element modeling and extended-finite element method(XFEM) for embedded fractures
into non-conforming mesh are presented in , , ] Recently, a continuum voxel approach has been
presented in ] where hydraulic properties of a fracture network are mapped onto a stair-like regular mesh
to avoid the intense meshing issue for discrete-fractures. A technique of multi-scale philosophy is presented
in |29] to reduce the number of degrees of freedom for fracture-only simulations. Various numerical methods
have been used with DFM for single and multiphase flow in fractured porous media. Mass conservative meth-
ods include control-volume finite-element (CVFE), see B], cell-centered finite-volume (CCFV) M, IE] and
mixed finite-element (MFE) @, B, IE] CVFE is not control volume distributed and is not flux-continuous
for heterogeneous porous medium. MFE is locally flux-continuous and consistent but is computationally
expensive because of higher degrees of freedom per cell as compared to CCFV and CVFE.
Herein, we will focus on a locally conservative cell-centered finite-volume (CCFV) formulation coupled with
discrete-fracture networks, in particular we use the control-volume distributed multi-point flux approximation
(CVD-MPFA) @] We choose CVD-MPFA because it is flux-continuous and consistent for heterogeneous
porous media and uses a single degree of freedom per control-volume (grid cell in this case). Note that com-
mercial simulators also use a single degree of freedom per grid cell. We use a conforming unstructured mesh
E] presented CVD-
MPFA, so-called O-method (TPS ¢ = 1), for discrete-fracture and matrix simulation based on hybrid-grid

to capture the heterogeneity of a porous medium with fractures. Recently, Sandve et al

approach M] In the hybrid-grid approach, fractures are (n-1)D in the physical mesh and are expanded to
nD in the computational domain. The nD pressure equation is solved by the usual CVD-MPFA formulation
in both matrix and fractures in the computational domain. The main difference between equi-dimensional
model and hybrid-grid model is the treatment of intermediate cell between the intersecting fractures. In a
hybrid-grid, the intermediate cell is assumed to be of small size so that pressure variation is zero in that cell
to avoid the complexity that would be incurred by the small size of intermediate cell in the equi-dimensional
model.

In this work, we present and investigate the possibility of an alternative and simplified CVD-MPFA formu-
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lation where fractures are modeled as lower-dimensional cells in the computational domain as well, unlike
the hybrid-grid method where special 2D hybrid fracture cells are required. In the formulation presented
here, an nD pressure equation is solved in the matrix domain coupled with a fracture network where an
(n-1)D pressure equation is solved. We refer to this method as a lower-dimensional fracture model (or 1D
fracture model in 2D context) because fractures are strictly lower-dimensional. The coupled CVD-MPFA
formulation can easily be incorporated into current CVD-MPFA based simulators. Moreover, we compare
the pressure and transport solutions of the lower-dimensional fracture model and hybrid-grid model with
the results of an explicit equi-dimensional model on unstructured meshes. The lower-dimensional fracture
model gives comparable results to those given by the hybrid-grid and equi-dimensional models for domains
involving fractures and barriers. The assumption of pressure continuity across highly conductive fractures
enables the lower-dimensional model to avoid the extra local degrees of freedom required by the hybrid-grid
method.

The outline of the paper is as follows; we present the flow equations in section 2] and a short description
of CVD-MPFA is presented in section We review and discuss the hybrid-grid method in section H] for
fractured media before presenting our CVD-MPFA formulation in section [ for the 2D matrix coupled with
1D fractures. Numerical tests are presented in section [ to compare the lower-dimensional fracture, hybrid-
grid and equi-dimensional models with application to fractured media problems. Conclusions based on the

numerical results are given in the last section

2. Flow equations

We focus on the discretization of an elliptic partial differential equation for pressure by a CVD-MPFA
method for DFM. The pressure equation arises from Darcy’s law and mass conservation for single phase

flow, (a similar method is also applicable to multiphase flow). The resulting elliptic pressure equation
k
V- =Vo=q (1)
I

is solved on a domain €2, where ¢ is the pressure, V is the gradient operator and ¢. is any known source

term, k is the permeability tensor and p is the viscosity of the fluid. As usual in single phase flow we let

K = % denote the (abbreviated) possibly heterogeneous spatially varying, symmetric permeability tensor of
K11 Ko

second rank with possibly non-zero off-diagonal coefficients written, in general, as; K = . The
Ko Koo

Darcy velocity is given by v = —KV¢. Equation (D)) is solved here subject to Dirichlet and/or Neumann
boundary conditions which are ¢ = h(x) and (KV¢) - n = g(x) respectively on the domain boundary 62,
where h and g are scalar fields defined at the boundary and n is the normal vector at the boundary.

The permeability tensor in the general axes can be locally transformed to the tangential and normal

K 0.0
directions of the fracture and can be written as Ky = I . Usually, Ky; < a?/12 which is

0.0 Kpn
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the maximum tangential permeability of the region, of width a;, when flow is between two parallel plates

without tortuosity or cementation.

Tracer transport equation

The mass conservation equation for tracer transport ignoring dispersion is written as the advection

equation below:
Jdc

SDE +V- ('UC) = qc (2)

where, ¢ is the tracer concentration and ¢ is the porosity which can be taken as unity here for simplicity.

3. CVD-MPFA description

Here, we review CVD-MPFA method, with triangular pressure support. Details of the CVD-MPFA ¢-
families with triangular pressure support can be found in , 130, 132], and the default case ¢ = 1 in [33].
Recently, MPFA method with full pressure support has also been presented in |34, 135, [36]. Following the
finite-volume method, the first step is to integrate the flow equation () over the control-volume and apply

the Gauss divergence theorem to get,

_jém(Kv(b) -ndS = /Q ge dV (3)

where, 2; denotes the boundary of the arbitrary control-volume €2; and the n is a normal vector at the
boundary 06€2;.

For the cell-centered finite-volume method, control-volumes are defined by the grid cells which can be trian-
gles, quadrilaterals or be of any polygonal shape. The numerical solution is associated with the grid point,
which is usually the cell centroid, as in this work, but the circumcenter is an obvious alternative for acute
triangles. Flow variables and physical properties are assigned to the grid cells, i.e. control-volume distributed
(CVD). Continuous flux and pressure constraints are imposed locally with respect to each cluster of cells
that are attached to a common grid vertex. A dual-cell is introduced which is defined by connecting each
grid point of cell with the mid-points of the edges which are attached to the cluster vertex. Resulting polygon
around the cluster vertex is dual-cell. Sub-cell is the quadrilateral formed when dual-cells overlay the primal
cell. Each sub-cell is defined by the anticlockwise loop starting from grid point of cell to right-edge midpoint,
cluster vertex, left-edge midpoint then back to cell centroid. Edge mid-point divides the cell interface into two
segments; referred as sub-interface In CVD-MPFA method, normal flux continuity and pressure continuity
are fulfilled for every sub-interface. In this work, we employ the triangle pressure support(TPS) formulation.
An auxiliary interface pressure is introduced on each sub-interface to ensure point-wise pressure continuity.
For a given dual-cell, position of continuity can be chosen at any point between the edge mid-point and the
common grid vertex (but not at the vertex) of the cluster of cells. The continuity point is defined by the

parametric variation in [0 < ¢ < 1] along the sub-interface, which leads to the family of schemes depending
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on the choice of quadrature ¢g. The singular point ¢ = 0 corresponds to the cluster vertex (which is avoided)
and ¢ = 1 corresponds to the edge midpoint and is the standard default method. Here, the symmetric

positive definite scheme of |30] with ¢ = 2/3 is used. The cluster and dual-cell are shown in figure In

Ve

Ve Vo

(a) Cluster of triangular cells common to (b) Triangular pressure supports for sub-
vertex V. Dual-cell is depicted by the cells of cells 1 and 3.
dashed line polygon.

(¢) Continuity of flux and pressure on
sub-interface I4.

Figure 1: Cluster and dual-cell of three triangular cells.

this scheme, pressure is assumed piecewise linear in a triangular region defined by joining cell center with
right-edge interface continuity point and left-edge interface continuity point. Pressure in the triangular re-
gion of cell 1 is written in terms of barycentric coordinate referential (&,7n) as ¢ = (1 —&—n)d1 +Eda + nodc.
A piecewise constant pressure gradient vector can be formed over each sub-cell from the triangular linear
pressure field from which the Darcy velocity vector can be determined in each sub-cell. The Darcy velocity
is resolved along the two outward sub-interfaces of the sub-cell. So, the normal flux at the left hand side of
sub-interface I4 is given by velocity resolution along the normal vector dL, = 0.5((yv — yv, ), —(xv —zv,))
outward to cell 1 as,

FIlA =wp-dLy = _(T111¢£ + T112¢n)|}4 (4)

where, T = T'(q) is known as the general Piola tensor and define the coefficients of (¢¢, ¢,)*. For the full
definition of general tensor we refer to @] Similarly, fluxes are determined on other sub-interfaces as well.

Flux continuity is imposed on every sub-interface e.g, for I4 flux continuity is written as,

1 _ 2
FIA == _FIA

— (T, ¢¢ + T112¢n)|}A = (T3¢ + T222¢,,)|§A (5)
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All the flux continuity conditions, combined, can be written in matrix form as follows
F =A%, + BY3®; = A0, + BY 30, (6)

where @, = (¢1,¢2,¢3)T and ®; = (¢pa,dp,dc)?. Using condition (@), we can eliminate ®; to get the

fluxes in terms of ®,,, given as,
F:(AL+BL(BR—BL)71(AL—AR))(I)m (7)

In this way, we determine fluxes on all the sub-interfaces related to a given cell in terms of grid-cell pressures
only. The discrete scheme of the equation ([B]) is then defined by the summation of determined fluxes on all

the sub-interfaces related to the given grid cell.

4. Hybrid CVD-MPFA method for fractured media

The simplest, most straightforward modeling of a discrete-fracture matrix system is the equi-dimensional
model where thin fractures are gridded by small grid cells and are assigned fracture permeability for compu-
tations. The CVD-MPFA is employed to solve the problem on the given mesh as in the case of a heteroge-
neous medium. Because of the small apertures of fractures, grid generation is complicated and the numerical
simulation is costly, specifically in the case of intersecting fractures. The intermediate cells between the
intersecting fractures are of dimensions of fracture aperture which increases the condition number of the
global linear system and reduces the time-step size limit for the transport problems thus increasing the
overall computational cost. To address the problems associated with equi-dimensional fracture modeling,
the hybrid-grid method was introduced for cell-centered finite-volume with two-point flux approximation
(TPFA) for discrete-fracture model B] The TPFA scheme gives inaccurate results when the grid is not K-
orthogonal. Sandve et. al B] presented a hybrid-grid method with multi-point flux approximation, so-called
O-method, for single-phase flow through fractured porous medium. In the hybrid-grid method, fractures are
modeled as lower-dimensional entities in the geometric mesh but are expanded to equi-dimensional cells in
computational domain. In 2D, the mesh is conforming with fractures on cell edges, which are expanded
to rectangular cells in the computational domain leading to a hybrid-mesh. This is similar to an equi-
dimensional method for a matrix with fractures as discussed in ], where fractures are expanded from
lower-dimensional to equi-dimensional cells after the meshing. The main difference between the hybrid-grid
method and equi-dimensional method is in the treatment of adjusted geometry and intermediate cells. In
], computations are obtained without adjusting the actual area of the neighboring matrix cells when frac-
ture cells are expanded. In the hybrid-grid, unknowns are associated with the centroids of matrix cells and
lower-dimensional fracture cells. During computations the fracture is given area which is equal to the length
of the edge, between matrix cells, multiplied by the aperture of the fracture. Hybrid cells are represented by

the insertion of midpoints of the edges of the fracture cell, which are a half-aperture away on both sides of
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the fracture centroid. There will be a hybrid face where the hybrid fracture cell has a neighboring hybrid cell,
as depicted in figure by dashed-lines. For intersecting fractures, there is an intermediate cell depicted
by dashed-line triangle in the center of figure The intermediate cell does not need to be constructed
explicitly but included in the computations by treating the intersection point of the lower-dimensional frac-
ture cells as the points on the hybrid faces of the intermediate cell. When compared to equi-dimensional
method, in the hybrid-grid method, intermediate cells are assumed to be so small that pressure variation is
zero and pressure associated with intermediate cells is eliminated locally, thus reducing the global degrees of
freedom and also computational cost. If the geometry is adjusted precisely because of the expansion of the
fractures and intermediate cell is explicitly constructed then it will lead to full equi-dimensional modeling

A cluster of cells involving fracture cells in a geometric mesh is shown in figure Pressure continuity

(a) Geometric cluster involving frac-  (b) Cluster of hybrid-grid. Triangu-

ture edges, depicted by bold edges. lar pressure supports are also shown
The centroids of the cells are also  in hybrid sub-cells. Pressure points
shown as dots. on hybrid faces of intermediate cell

are numbered.

Figure 2: Cluster of matrix and fracture cells. Fracture cells are expanded to 2D for computations.

points on the fracture cells adjacent to the matrix sub-cells are moved by half-aperture into the sub-cells in
the normal direction to the fractures. In this way fracture cells are expanded on both sides of each fracture
and new pressure continuity points are defined between fracture and matrix sub-cells on the so called hybrid
faces. The cluster of matrix and fracture sub-cells in the hybrid-grid is shown in ﬁgure Pressure points
on the sub-interfaces and hybrid faces are depicted by circles and primal pressures are depicted by dots.
Half-fluxes are computed on all the sub-interfaces for every sub-cell in terms of primal pressure and interface
pressures as described in section Bl Continuity of fluxes is imposed on the matrix-matrix and matrix-fracture
sub-interface pressure points to eliminate interface pressures on the sub-interfaces. To eliminate pressure on
the hybrid faces of an intermediate cell between intersecting fractures, two conditions are imposed. First,
pressure on all hybrid faces of an intermediate cell is continuous and second summation of fluxes on these
faces is zero. For the dashed-line triangular intermediate cell of cluster shown in figure the conditions
can be written as:

drh=¢, k=123 and S _ Fp=0

enabling the half-face fluxes to be expressed in terms of local cell pressures, and consequently after assembly
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the finite-volume approximation yields a linear system of equations with solution vector comprised of the

global cell-centered pressure field.

5. CVD-MPFA formulation with coupling for fractures

Here, we will investigate a lower-dimensional fracture model where the (n-1)D pressure equation is solved
along the fractures, coupled with the usual nD pressure equation in the matrix unlike the hybrid method
where special 2D hybrid fractures are required during computations for nD pressure equation (in both; frac-
ture and matrix). We incorporate the lower-dimensional fracture model for fractures and barriers, presented
by V. Martin et al |[16] in context of MFE, into the CVD-MPFA framework. P. Angot et al [38] has presented
and investigated the similar reduced-model in the context of cell-centered DDFV method as well. F. Hefle
et al. ] has summarized the assessment of lower-dimensional modeling of fractures and concluded that
such modeling is applicable “when the matrix-diffusion coefficient is small or like in field experiments, the
sub-surface parameters are determined with little accuracy”. Anisotropic fractures and barriers can be effi-
ciently treated as lower-dimensional cells in the computational domain in a straightforward manner without
losing considerable accuracy when compared to equi-dimensional and hybrid-grid methods. Highly conduc-
tive fractures can be treated as lower-dimensional cells without including extra matrix-fracture interfaces
thus reducing the local degrees of freedom of a cluster when compared to the hybrid-grid method. Many
authors. e.g., , , ], have efficiently treated lower-dimensional fracture cells with various numerical
methods for the solution of elliptic pressure equation. Here, we focus on CVD-MPFA method for fractured
media because it is locally flux-continuous and has single degree of freedom globally per grid-cell. There
are two variations of lower-dimensional fracture model i) continuous pressure model where pressure across
the fracture is assumed continuous and ii) discontinuous pressure model where discontinuity in pressure is
allowed across the fracture for matrix-fracture flux computation which is more generic to model fractures
and barriers alike. Moreover, we use the transfer function approach, presented by Hoteit et al. B], to couple
matrix and fracture domains. For matrix domain nD equation is solved while (n-1)D equation is solved for

fracture cells:

-V-K,,V¢ = ¢em In Qp (8)

ey in QY 9)

Vi K Vipr+qy

where V, and K j; are the respective longitudinal (tangential) gradient operator and permeability of fracture.
gem and gcy are known source terms for the rock matrix and fracture respectively. Transfer function, gy,
accounts for the net normal flux transfer between matrix and fracture cells, resulting from the dimensionality
reduction to obtain (n-1)D equation(@). Matrix-fracture flux is also added naturally in the formulation for

the matrix cells discussed later on. The flow equations (8) and (@) are integrated over the grid cell control
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volumes using the Gauss divergence theorem to obtain,

—?{ (K Vo) -nidS = Gem (10)
5Q

mi

—jgﬂ (K;Vigr) nidS+Qr = Gey (11)
fi

where G, = mei gem AV and Gey = foj gy AV are respective specified source terms for the matrix and
fracture cells €2, Qf ;. Moreover, Q5 = foj g dV, is the transfer function resulting from the net flux
normal to the lower-dimensional fracture cell €25 .. We introduce the CVD-MPFA formulation for the reduced
dimensional fractures in the cluster shown in figure The dual cell for the cluster is shown in figure
by the dashed-line polygon. The sub-cells are not modified in any way. The half fluxes for the dual cell are
also depicted in the figure [3]

5.1. Matriz-matriz and matriz-fracture flures

Pressure unknowns are associated with the centroids of the nD matrix cells. Point-wise pressure continuity
is also imposed at all the sub-interfaces between the matrix sub-cells except those interfaces(edges) which are
1D fracture cells in mesh. Triangular pressure support is defined by the pressure points at cell center, right-
edge and left-edge. The pressure points on the edges can be chosen along the sub-interface by quadrature,
[0 < ¢ < 1]. For the edges which are fractures, only ¢ = 1 can be used as these pressures are related to the
fracture centroid pressure unknown. Fluxes are computed in an anticlockwise direction on both sides of each
of the sub-cells. We describe our CVD-MPFA formulation for the cluster of cells shown in ﬁgure. We
have 6 matrix cells and 3 fracture cells as interfaces between the matrix cells. The dual-cell is represented
by the dashed-line polygon. Sub-cells and triangular pressure supports are depicted in figure Discrete

piecewise fluxes on the sub-interfaces can be determined in the same way as shown in equation ().

(a) Cluster of matrix cells involv- (b) Dual cell with sub-cells of matrix
ing fracture cells as interfaces in cells. Triangular pressure supports
between, depicted by bold lines. are also shown for matrix cells 1 and
Fluxes are discontinuous across 2.

fracture-interfaces, but pressure is

continuous.

Figure 3: Cluster and dual-cell involving fracture cells as interfaces

10



s 5.1.1. Continuous pressure model
For high permeability and low aperture, the jump in pressure across the fracture is very low. Pressure can
be assumed constant across the width of fracture but the velocity jump is not zero. In this case, point-wise
pressure continuity is imposed on the sub-interfaces which are 1D fracture cells. For the sub-cell of cell my

of cluster shown in figure(3(a)]), outward flux on right-edge Iy, can be written as,

F11f1 = _(T111¢£ + T112¢n)|}f1 (12)
x5 where,
¢£ _ ¢f1 - ¢m1 (13)
d)n ¢A - ¢m1

Similarly, for sub-cell of cell ms, outward flux on left-edge Iy, can be written as,

F12f1 = _(T221¢£ + T222¢n)|%f1 (14)
where,
¢§ _ (bB - ¢m2 (15)
¢77 ¢f1 - (bmg

Fluxes determined in equations ([2)) and (I4]) are discontinuous because the sub-interface is half 1D fracture
cell fi, but the pressure of fracture cell ¢, is continuous and is unknown. In the same way, fluxes on all
%0 other sub-interfaces are determined. For the concerned cluster of cells, we require 3 fluxes on the left side
of sub-interfaces which are not fracture and 6 fluxes on both the sides (right and left) of the sub-interfaces

which are fractures and can be formulated in the combined simple form of matrices as follows:
F = A%%®,, + B30 + 050y (16)

where @,, = (G, Prmss Prgs P> Prms s Prme )T are pressures associated with the matrix cells, ®; = (¢4, ¢ 5, ¢C)T
are pressures on the sub-interfaces, between matrix cells, which are not fracture cells and ®¢ = (¢, , df,, dr,) 7
s are pressures associated with the involved fracture cells. As in the usual CVD-MPFA formulation, ®; are

eliminated by imposing continuity of fluxes on both sides of sub-interfaces.

AT, + BPP® 4+ CP %0y = AF 0, + B PP 4+ CF 3y (17)
which yields
= (BY® - By®) (AR — AT )@ + (BY® = BR®) T (OF° - C2°)ay (18)

11



And we get the fluxes in terms of unknowns ®,,, and ®; only, as follows:
F=A%¢,, + C3¢; (19)

where,

_ -1
A9><6 — A9><6 +B9X3(Bi><3 _ B]3%><3) (Ai]%%xﬁ _A%XG)

and

_ -1
09x3 = 093 4 pOX3(BHS _ B%XP’) (O}:’%w — 33

5.1.2. Discontinuous pressure model
For the second model, discontinuity in pressure is allowed across the fracture and barriers. So, at each
of the sub-interfaces which are fracture cells, we specify two pressure points. Now, outward normal flux on

right-edge Iy, from sub-cell of cell m; is computed as in ([[2]) with;

¢£ _ ¢;1 - (bml
d)n ¢A - ¢m1

(20)

Similarly, from sub-cell of cell ms, the outward normal flux on left-edge I, can be computed same as in (I2))
with;
¢£ _ (bB - ¢m2 (21)
d)n d)—fi_l - (bmz
The pressures gb;l and gb}Ll are discontinuous across sub-interfaces of a fracture cell f; in the mesh. All the

required fluxes on sub-interfaces can be formulated in the combined simple form of matrices as follows:
F = A0, + B”Y®; (22)

where ®,,, = (dmys Omas Prmss Prngs P s ¢m6)T are pressures associated with the matrix cells, &1 = (¢4, ¢, dc,
(;5]71 , ¢}’1 , ¢JT2 , (b}; , ¢JT3 , ¢}; )T are pressures on the sub-interfaces, between matrix cells. As before, (¢4, 5, ¢c),
are eliminated by imposing continuity of fluxes across matrix sub-interfaces where fractures are not present.
To eliminate discontinuous pressures on the sub-interfaces of fractures we use two transmission conditions
(Robin type conditions) following @] for each of the sub-interface. For the sub-interface Iy, the two

transmission conditions are written as;

_gF}fl +apey,

—CF},, +apé],

—(1=QF;, +asop (23)

12
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where, ¢y, is the unknown pressure associated with the involved fracture cell f; and specified at the centroid,
and F| Ilfl and F| I2f1 are the respective outward normal fluxes on the two sides of the lower dimensional fracture.

M% where Ky, and a are the normal permeability and aperture of fracture cell. ( is a positive

af =
parameter such that ¢ €]1/2, 1] [16]. ¢ = 3/4 corresponds to the second order pressure approximation across
the fracture and ¢ = 1 corresponds to simple finite volume scheme. Discontinuity in pressure across the
fracture is important whenever normal permeability Ky, is lower than the matrix permeability and the
fracture acts as a barrier. For high normal permeability, a—lfw() and the transmission conditions approach
continuity of pressure i.e., ¢171 %¢;{1 ~¢r , with continuous pressure obtained in the limit; we consider this

aspect again in our numerical tests. Using notation, ®; = (¢y,,dy,,dy,)7, flux continuity conditions and

transmission conditions are written in combined form as follows;

AT, + B P = AP, + BR 0 + CRC0; (25)
rearranging
@y = (BP — BR) (AR — AP0, + (BYO — BY) T Opa (26)

where Cg is diagonal with non-zeros corresponding to Eqs. ([23]), (24) and zero-rows corresponding to the
matrix flux continuity conditions without fractures. Fluxes are again expressed in terms of unknowns ®,,
and @ only, and are of similar form to (I9)). Note that, a larger local system has to be solved in ([25]) because

of the discontinuity of fracture pressures as compared to (7)) for the continuous pressure model.

Fluxes on the sub-interfaces of fractures, are retained as discontinuous for both the fracture models
discussed above. The sum of the negative of these discontinuous fluxes on both sides of fracture-interfaces
are the half of the transfer functions for the corresponding 1D fracture cells. At interface I, , the sum of the

negative of the discontinuous fluxes is defined as the half of the transfer function for the fracture cell fi:
Qi =—F, —Ff, (27)

In the same way we can determine the half transfer functions for other fracture cells (as interfaces) involved
in the cluster. As the fluxes have already been determined in terms of ®,, and ®; in equation ([I9), so we
can write the system of half transfer functions for the corresponding fracture cells in terms of ®,,, and ® as

follows;

Qj',1/2:—FL—FR (28)
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which in the above case leads to

5.2. Fracture-fracture fluzes

A cluster of three 1D fracture cells is represented in figure[dl Pressure is approximated at the midpoint of
the fractures. A discrete pressure is also added at the interface face (vertex in 1D) where fractures intersect
each other. The outgoing fluxes are determined for every 1D fracture at the vertex, e.g for fracture f; we

have,

Fir = —Kpalén — ov)1 (30)
!

where ¢¢, is the pressure associated with the mid-point of fracture cell, ¢ denotes the pressure at the
common vertex of the fracture cells. a denotes the given aperture of the fracture and L is half of the length
of the fracture cell f1. Similarly, outgoing fluxes of the fracture cells fo and f3 can be determined. All the

fluxes can be formulated in combined form as follows:
F = AP0 4+ B> gy (31)

where, @ = (¢, 01,,0f,)7. The pressure at the intermediate vertex is eliminated by imposing the condition
of mass conservation at the vertex analogous with Kirchhoff’s current law. Fluxes are then expressed in terms

of fracture cell pressures only.

3

> Fie=0 (32)

k=1
leading to

-1
gv = (Bv') Ay
consequently
F = A3, (33)

Note that, the above fracture-fracture flux formulation can be easily generalized to a cluster with any
number of fracture cells. For a cluster of only two fracture cells, condition (B2]) is equivalent to the continuity

of fluxes between two fracture cells.

14



Figure 4: Cluster of fracture cells (1D cells)

5.8. Global linear system

The fluxes, determined in ([[9) and B3]), and transfer function, determined in (29]), complete the discrete
scheme of divergence equation for every matrix cell and fracture cell.

Discrete scheme of divergence equation (I0) for the matrix cell can be written as;

Qﬂ.x /2
A

V2
Qi

(a) All outward fluxes of the 2D matrix cells  (b) All outward fluxes of the 1D fracture
cell

Figure 5: Discrete scheme of divergence equation for matrix and fracture cells.

2N,
Z Fy. = Gemn  for every matrix cell (34)

k=1
0 where, Fj is the flux on half-face k£ of the matrix cell which has N, number of faces and @, is the known
source term. Referring to figure triangular matrix cell has three faces (edges) so there are six outward
fluxes on half-faces for the cell. For those matrix cells which are in the cluster having fracture cells, fluxes are
also dependent on the fracture pressure unknowns, as defined in ([[9). The system of equations for discrete

conservation of fluxes for all the matrix cells, using (I9) and (34]), can be written in system form as follows;
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where @,,, is unknown global pressure vector of all matrix cells, ®; is unknown global pressure vector of
fracture cells and gem, is the vector of source terms corresponding to the matrix cells. G,y and Gy, p are
the linear systems corresponding to the pressure unknowns for matrix and fracture cells respectively. G, is
the coupling of matrix pressure unknowns with the pressure unknowns for connected fracture cells because
of matrix-fracture fluxes as expressed in ([[)). Similarly, discrete scheme of the divergence equation (Il for
1D fracture cell is written as;

2
Z Fr+ Qf = qoy for every fracture cell (36)

k=1
where Fj, is the fracture-fracture flux on the face (end point) &k of 1D fracture cell. For 1D fracture cells, in
2D problem, there will be two faces (end points) for every fracture cell as shown in ﬁgure Q¢ and g,y are
the transfer function and any known source term respectively for the corresponding fracture cell. Fracture-
fracture fluxes are determined in ([B3). Because each fracture cell is common to two neighboring clusters
of matrix cells, so the total transfer function @y is determined by the addition of half transfer functions
determined as (29), from corresponding clusters, in terms of matrix and fracture pressure unknowns. The
system of equations of discrete conservation of fluxes for all the fracture cells, using (33)) and (B8], can be

written as;
GrrPr+Qf =y (37)

where G ¢y corresponds to the fracture-fracture fluxes, gcy is the vector of known source terms for the fracture

cells and the Q is the vector of transfer functions for fracture cells. Using 29, Q ¢ is replaced in equation

B7) and we get:

Grs®f + Grm®m + Grf®r = Qo

or (Grr+Grp)®s+Grm®Pm = G (38)

where Gr, and Gry correspond to transfer function matrix coefficients for the fracture cells. Gr,, is the
coupling between pressure unknowns for matrix and fracture cells.

Thus we have to solve two coupled systems from, equation [B5]) and equation (3g)), for unknown pressures in
matrix and fracture cells respectively. These can be written in coupled linear system form as follows:

Gmm gm f (I)m qcm
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Using simplified notation of Gy = G s + Gry, we have;

Gmm gm g (I)m _cm
! = (* (39)

Grm  Gyrr) \ @y ey

The above coupled system, [B9) can be solved by iterative solution methods for matrix and fracture pres-
sures. It is noted that a smaller linear system is solved locally, as in ([IT), for every cluster as compared to the
hybrid-grid method because of lower-dimensional fracture cells. Matrix-matrix fluxes and matrix-fracture
fluxes in ([[3)) and fracture-fracture fluxes in (33]) can be determined separately in parallel and assembled into
the coupled linear system ([B9). We note that for triangular elements the CVD-MPFA scheme is symmetric
positive definite (SPD) for quadrature ¢ = 2/3 @] and thus for the equi-dimensional(2D) case where the
fracture is gridded by triangular cells the linear system is SPD. For the lower-dimensional fracture model,
while symmetric matrix-matrix contributions for the matrix cells away from the fractures are obtained, the
system is locally non-symmetric for those cells which are connected to the one-dimensional fracture cells,
because fracture pressure points always correspond with quadrature ¢ = 1 in neighboring triangle cells. The
resulting global linear system for the proposed formulation will therefore be non-symmetric when using tri-
angular elements. The same non-symmetry of the global linear system has been observed for the hybrid-grid

method as well because fractures are treated as rectangular cells and have the same quadrature constraint.

Coupling of CVD-MPFA with the lower-dimensional fracture model is achieved via the matrix-fracture
transfer (29) and simplifies the formulation compared to the hybrid-grid method because the fracture system
is treated as a lower dimensional network with simple connectivity involving two-point fluxes. In addi-
tion, for highly conductive fractures, the lower-dimensional model with continuous pressure across the frac-
tures(section [B.1.T)) does not depend on the extra local matrix-fracture pressures required by the hybrid-grid
method(section ). The lower-dimensional model with discontinuous pressure across the fractures (sec-
tion [B.122)) is identical to the hybrid-grid method specifically for the isotropic fracture permeability case with
¢ = 1; the difference lies in the flexibility of using ¢ different from 1 which is found to improve accuracy for
lower permeability normal to the fractures (barriers), when compared to the hybrid-grid method (discussed

in section [[3]), while the lower-dimensional network treatment yields a simpler equation set at the fracture.

6. Transport model

An explicit first order upwind (upstream weighting) method is used for transport of tracer by the fluid
through fractured porous medium. We treat the intersecting fractures in the same way as treated in B] and
|. The discrete transport equation for the fracture cell can be written as ;
Cn-|—1

" 2
7—014]( + Z‘chf" — Fc1 — Fipco = qep Ay for time step n (40)

L
k=1
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where, ¢ is the concentration of the tracer in fracture cell of area Ay, Fj, are the fracture-fracture fluxes,
F,,1 and F,,2 are the matrix-fracture fluxes, outward normal to neighboring matrix cells m; and ms, as
computed in previous section (expressions (I2) and ([[d])). ¢; and c2 are taken as concentration of fracture
cell or neighboring matrix cell considering the upstream direction of fluxes i.e., into the fracture or out of the
fracture. cy, is the concentration at the intersection point between the intersecting fracture cells; depicted
by V in figure[d We assume that the flow is fast in the fractures such that there is no accumulation of mass
at the intersection point. If there are p intersecting fractures meeting at the point and there are [ fluxes

going into the intersection point then we can compute cy, by the following condition;

l p—I
Z Frcr = Cyo Z Fi (41)
k=1 k=1

In this way we do not need to include the small intermediate cell explicitly, as in equi-dimensional model,
in overall computations and avoid the restriction of a low CFL condition that would result from inclusion of

the intermediate cell.

7. Numerical results

Numerical results are presented in this section to assess the lower-dimensional fracture models. First of
all we show the convergence test of our coupled CVD-MPFA formulation. Then we expand on the difference
in the two variations of lower-dimensional fracture model. Moreover, we assess the accuracy of lower-
dimensional fracture model for a challenging problem and observe the effect of value of ( parameter used in
the formulation. Then, we compare the pressure and tracer transport solutions given by lower-dimensional
model, hybrid-grid and equi-dimensional fracture models on unstructured meshes. We also present the
comparison of the computational cost for the lower-dimensional and the equi-dimensional fracture models.

A transient pressure simulation is presented in the last sub-section for the highly fractured medium.

7.1. Convergence test

First of all we perform the convergence tests for a domain with single fracture as used in , ] Figure[dl
shows the domain with single fracture of aperture a. Permeability of the domain is piecewise constant in

matrix and fracture:

kKo (z,y) (z,y) € Qf

K(xvy) =

where K, = and k¢ is the permeability ratio of fracture to that of matrix. Exact pressure for the
0 1

domain (@) is given by :
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kycos(x)cosh(y) + (1 — kf)cos(x)cosh(a/2) (x,y) € U

Qb(fE, y) -
cos(x)cosh(y) (z,y) € Qf

for the source:
(1 — ky)cos(x)cosh(a/2) (x,y) € QU

0 (z,y) € Qf

qe(2,y) =

Dirichlet boundary conditions are imposed on all the boundaries of the concerned domain. We discretize the

y
1/2

a2

-1/2
172 X

Figure 6: Square domain with a single fracture, of aperture a, in the middle.

domain into N X N regular quadrilateral elements where fracture is represented by the interfaces between the
elements. We compute the normalized error norms for pressure as defined in B] Normalized error norms
of pressure are plotted against the aperture to cell length ratio a/Ly, for a series of N x N elements where
N =10, 20, ...,100. For comparison, convergence plots of the lower-dimensional(1D) fracture model (broken
lines) and equi-dimensional(2D) fracture model (continuous lines) are given in figure [ for different values
of aperture a and permeability contrast kr. When plots for the two models merge, only one plot appears in
the figure. Note that, we have checked the convergence of the both variations of lower-dimensional model
that are continuous pressure and discontinuous pressure across fracture, with different values of parameter
¢ ={0.51,2.0/3.0,3.0/4.0,1.0}, and we find no considerable difference in the errors of the solutions given
by different models. Referring to convergence plots, when the aperture is higher (a = 1073), the lower-
dimensional fracture model diverges (at a/Lj = 0.02), from the convergence plot of the equi-dimensional
model, for the cases of high conductive fracture (ks = 10*) and equal permeable fracture (ks = 1) as shown
by the convergence plot The largest discrepancy, between the two models, is shown for a homogeneous
case, (kf = 1), when the aperture value is high (¢« = 1073). But, lower-dimensional fracture model is
accurate for the low permeable fracture for all cases of aperture values (the pressure field is symmetric about
the fracture). Also, lower-dimensional fracture model shows better convergence for higher permeable fracture
and equal permeable fracture when aperture is low as shown in plots and This shows that the
lower-dimensional fracture model is accurate when a/L;, << 1 for highly conductive fractures. Identical
convergence has been obtained by the hybrid-grid method in [18]. Note that, if precise geometry is used
during computations with the hybrid-grid method, that is the geometry of neighboring matrix is adjusted
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Figure 7: Normalized error vs a/Ly, for different aperture values and for different permeability contrast ratio ky. Ly, is the cell
length of the grid. Continuous lines show convergence for the equi-dimensional model while broken lines show convergence of
the lower-dimensional fracture model.

when fractures are expanded in computational domain, then the convergence of the hybrid-grid method

would be the same as that of the equi-dimensional model for this case (non-intersecting fractures).

7.2. Single Fracture; Isotropic permeability

We solve two cases involving a single fracture domain with different permeability and boundary conditions,
as presented in ], by lower-dimensional (1D) fracture continuous pressure model and discontinuous pressure
model to show the difference in two models. The aperture of the fractures in both cases is a = 0.01m. The
lengths of the domain in 2 and y directions are L, = 2m and L, = 1m respectively. The figure [ shows the
boundary conditions for the two cases.
Case 1: Permeability of whole fracture is higher than that of matrix; Ky = Ky, = 100K,,; K,, = ImD.
Dirichlet boundary condition is applied for fracture ends.
Case 2: Permeability of the middle part of fracture is lower than that of matrix; Ky, = 0.002K,,. The
permeability of rest of the fracture is same as that of matrix K¢ = K,, = ImD. Neumann boundary

condition is applied for the fracture ends. As shown in figure @l the continuous pressure model gives the same
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(a) Case 1 (b) Case 2

Figure 8: Domain and boundary conditions for single fracture tests

results for case 1 as also given by the discontinuous pressure model where fracture has high permeability
in normal and tangential directions. The pressure variation across fracture is very small and can efficiently
be modeled by the 1D fracture continuous pressure model. For case 2, when the fracture permeability
is low (K, = 0.002K,,), continuous pressure model does not show the pressure jump across fracture as
compared to discontinuous model which yields result in agreement with result shown in @] The continuous
pressure model for low permeability shows good convergence c.f. figure [l in previous sub-section and we
note that in this problem the pressure field is symmetric about the fracture. Results, in figure @ show that
the continuous pressure model is efficient for the thin fractures which have high permeability in the normal

direction, without adding extra degrees of freedom across fracture.

7.8. Single fracture; Anisotropic discontinuous permeabilities and BC's

In this section we assess the accuracy of the 1D fracture discontinuous pressure model for anisotropic
single fracture in the domain as shown in ﬁgureand observe the influence of different values of parameter

(. Permeability of the rock-matrix is identity K,, = I'mD and permeability of fracture is anisotropic and

) ) 1/ky 0.0 ky 0.0 )
discontinuous Ky1 = mD and Kgp = mD where k; > 1.0. So, fluid cannot
0.0 ky 0.0 1/ky

flow along the middle part of the fracture but can cross it. The flow behavior is opposite in the lower and
upper parts of the fracture. Dirichlet boundary condition is applied at the ends of fracture. We solve the
problem by the lower-dimensional model and assess its accuracy with respect to the parameter ¢ of model
and fracture attributes (ky, aperture a in m). As we do not have an analytical solution of this problem, so
we solve the problem by the equi-dimensional method (CVD-MPFA, ¢ = 1.0) using much refined mesh which
is taken as our reference solution. Uniform structured quadrilateral mesh is used for this test case. The cell
size of the mesh for the reference solution is L} ~1.0/320 and 2D fracture cell size is L} , = a/3 in normal
direction. The mesh cell size for the 1D fracture model is L, = 1.0/160. Figure shows the reference
pressure solution and the pressure solution given by the lower-dimensional fracture model with different
values of parameter ¢ for the fracture aperture a = le — 2 and ky = 200. For ¢ = 2.0/3.0 the behavior of the
solution is the same as that of the reference solution. The solutions produced by ¢ = 0.51 and ¢ = 0.49 have

spurious oscillations close to the fracture and violate the discrete maximum principle(DMP) so these values

21



475

480

485

Pressure
0.992015

0.007985

(a) Case 1, Discont. pressure model (b) Case 1, Cont. pressure model

Pressure
0.99

0.8
0.6
0.4

o)

0009046 0.01

(c) Case 2, Discont. pressure model (d) Case 2, Cont. pressure model

Figure 9: Simulation results of single fracture domain with different permeability and boundary conditions given by 1D fracture
continuous and discontinuous pressure models

of ¢ should be avoided for high aperture values. Same behavior is observed in @] in the context of mixed
finite-element method. Pressure solutions for the fracture aperture a = 5¢ — 4 and ky = 200 are shown in
figure[IIl Note that there is no violation of DMP for very low aperture a = 5e —4, for { = 0.51 and ¢ = 0.49.
Figure [2 shows the reference solution and 1D fracture model (¢ = 2.0/3.0) results for ky = 20 and for high
aperture a = le — 2 and low aperture a = 5e — 4. There is a local pressure behavior close to the fracture

when the aperture is very low.

The accuracy of the 1D fracture model, with different values of parameter (, and hybrid-grid method
with respect to the fracture aperture a and for ky is shown in the figure The relative L? error of the
solution is not affected by the change of aperture if kf * a = 1.0 as shown in the ﬁgure but the solution
behavior changes by the change of parameter ¢ of the model and we get the best accuracy for ¢ = 2.0/3.0.
For ¢ > 1.0 a large error in the solution is obtained and we note that this corresponds to an extrapolation
out of limits. Figure shows the relative L? error versus fracture aperture for high permeability contrast
ks = 200. For this case the relative L? error increases with the increase of the aperture. The relative L?

error versus aperture plot for low permeability contrast ky = 20 is shown in figure
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Figure 10: Reference pressure plot and the lower-dimensional fracture solutions for a = le — 2, ky = 200.
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Figure 11: Reference pressure plot and the lower-dimensional fracture solutions for a = 5e — 4, ky = 200.

For the cases discussed here, ( = 2.0/3.0 yields best accuracy of the solution with 1D fracture model.
Accuracy of the hybrid-grid method is close to the accuracy of 1D fracture model with ¢ = 1.0 and is not
better than ¢ = 2.0/3.0.

7.4. Comparison of transport solution with the 2D fracture model

We now solve the transport problems using different fracture models as discussed above. In the first
part, we solve the problem for the domain with a single fracture and second part deals with the domain

with intersecting fractures. We solve the problem using i) lower-dimensional fracture model (1D fracture),
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Figure 12: Reference pressure plot and the lower-dimensional fracture solutions for £y = 20 and a = le — 2 & a = 5e — 4
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Figure 13: Relative L? error variation versus the fracture aperture. For 1D fracture model mesh has 320 x 160 quadrilaterals.

Cell length, L =1/160

ii) hybrid-grid method and iii) equi-dimensional model (2D fracture) where fractures are gridded explicitly
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in the physical mesh. The same time step-size has been used for all three fracture models. We solve the
problems with both variations of the 1D fracture model that are with continuous pressure and discontinuous
pressure across the fracture and show contours and plots of the solutions by discontinuous pressure model
as both give similar solutions for permeable fractures. We will refer to the discontinuous pressure model by
1D fracture and continuous pressure model by 1D fracture cont. We compare the results of concentration
variation with time at the producer. In 2D fracture meshes, the whole domain is discretized by the triangular
cells including the thin fracture. Using ¢ = 2/3 ensures the scheme is SPD. Moreover, the mesh is refined
very close to the fracture to keep the quality of the mesh uniform within 2D fractures. For the 1D fracture
model, the fracture is treated as an internal boundary constraint and discretized along the specified edges
of the 2D triangular cells. Grids for the tests in the following sub-sections have been generated by using the

Triangleﬂﬂ] unstructured mesh generator.

7.4.1. Single fracture
We solve the problem for a domain with a single fracture with aperture a = 10~2 m and the permeability

ratio of the fracture to matrix is ky = 10%. We consider two cases of rock-matrix permeability a) isotropic

775 3.8971
identity tensor K,, = ImD and b) anisotropic tensor K,, = mD (anisotropy ratio of

3.8971  3.25
10 : 1 at angle 30°) and the fracture permeability is K = k;yK,,. This domain has been used in ﬂB]

for multiphase flow problem using the FEM method. Length and height of the domain is L, = L, = 1m.
The meshes are shown in the figure [4l Zero-flux Neumann boundary condition is imposed on the whole
external boundary of the domain. Fluid is injected through an injector I (with rate 0.3171 PV per year)
and zero-pressure is specified at the producer. The concentration of the tracer is determined by solving the
transport equation for each time step. Pressure contours given by the three fracture models for isotropic
and anisotropic case are given in figure and figure [[7l Tracer concentration contours at pore volume
injected(PVI) = 1.2716 are shown in figure and figure Note that no considerable discrepancy has
been found in the results given by 1D fracture model with different values of ¢. In this and the following
subsections, we only show results for ¢ = 2.0/3.0. Behavior of respective pressure and tracer concentration
solution using the hybrid-grid and 1D fracture model approaches the solution by 2D fracture model. It can
be seen that fluid tends to flow faster along the fracture for isotropic case but in the second case, anisotropic
permeability field overwhelms the presence of conductive fracture with the specified boundary conditions.
Tracer concentration at the producer is recorded for every time step. The variation of concentration at
producer with time for three fracture models are shown in figure [[9] for cases of isotropic and anisotropic
permeability. Concentration values at PV I = 1.9026 are also given in table[Il These plots show that there
is very little discrepancy between the solutions of hybrid-grid and 1D fracture models for both the cases.
For isotropic case, both the models yield results that are in excellent agreement with the 2D fracture model
results. In this case we conclude that lower-dimensional modeling yields comparable results to that of the

hybrid-grid and 2D fracture models for thin highly conductive fractures.
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Figure 14: a) Explicit grid representation of fracture and b) mixed-dimensional grid for domain with single fracture. Injector
is marked by I and producer is marked by P.

(a) 2D fracture model (b) Hybrid-grid model (¢) 1D fracture model (¢ =
2/3)

Figure 15: Pressure contours by three fracture models for single fracture domain with isotropic permeability tensor and a =
10~3m, ky = 10%.

(a) 2D fracture (b) Hybrid-grid (c) 1D fracture

Figure 16: Tracer concentration contours at PV I = 1.2716 by three fracture models for single fracture domain with isotropic
permeability and a = 10™3m, k= 10%.

7.4.2. Intersecting fractures
In this section we consider the problem of domain with two intersecting fractures. The results are ob-
tained by i) lower-dimensional fracture model (1D fracture), ii) hybrid-grid method and iii) equi-dimensional

s model (2D fracture). Length and height of the domain is L, = L, = 1m. The meshes with explicit 2D
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Figure 17: Pressure contours by three fracture modeling for single fracture domain with anisotropic permeability tensor and
a=10"3m, k; = 10%.

Concen. Concen. Concen.

(a) 2D fracture (b) Hybrid-grid (c) 1D fracture

Figure 18: Tracer concentration contours at PV I = 1.2716 by three fracture models for single fracture domain with anisotropic
permeability tensor and a = 10~ 3m, kp = 10%.
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Figure 19: Plots of tracer concentration at producer w.r.t time for domain of single fracture with a = 10~3m, ky = 10

fracture and 1D fracture representations are shown in figure 20l The aperture of both the fractures is 10~3m
and two different permeability ratios are taken into consideration i.e., ky = 10 and k r= 105. Both fractures
have the same permeability. Matrix permeability is defined by the identity tensor; K,, = ImD for the first

case and by anisotropic permeability of ratio 10 : 1 at angle 30° for second case. Fracture permeability is
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Fracture model | Isotropic case | Anisotropic case

2D fracture 0.5916995 0.4264542
Hybrid-grid 0.5941573 0.4107767
1D fracture 0.5929003 0.4088482
1D fracture cont. 0.5929003 0.4088482

Table 1: Tracer concentration at producer at PV I = 1.9026 for isotropic and anisotropic cases with single fracture of a = 10=3m,
ks =104

K = kyK,, for both isotropic and anisotropic cases. Zero-flux Neumann condition is imposed on the whole
external boundary of the domain. Fluid is injected through an injector I (with rate 0.6342PV per year)
and zero-pressure is specified at the producer. Respective pressure and tracer concentration fields, produced
by the three models are shown in figure 2I] and figure E2, with k; = 10%, for the cases of isotropic and
anisotropic permeabilities respectively. Solution contours are similar for ky = 105. Tracer concentration at
the producer is recorded for each time step. The variation of tracer concentration at the producer with time
computed by the three methods are shown in figures 23] and 241 Table 2] shows the concentration values at
PVI = 3.8052. The concentration plots show that the 1D fracture model and hybrid-grid model yield results
that are in excellent agreement with those of the 2D fracture model. Both the models treat the intersecting
fractures with the same assumptions of no accumulation and continuity of pressure at the intersection point.
There is a discrepancy between concentrations given by the 1D fracture model, hybrid-grid model and the
equi-dimensional model which is higher for k; = 10* in contrast to the case of ky = 10% The discrep-
ancy in the concentration results is less for the anisotropic case than for the isotropic case. These results
indicate that the 1D fracture model and hybrid-grid model have similar accuracy for the fully immersed
intersecting conductive fractures when compared to the explicitly modeled fracture solution. Both models
give accurate tracer transport results for higher permeable intersecting fractures because of the similarity
in the treatment and assumptions for the intersecting fractures to avoid the explicit representation of small
intermediate cell which is included in equi-dimensional model. Moreover, as shown in table 2] 1D fracture
model with continuous pressure across fracture gives the same results as obtained by the discontinuous
pressure model for the conductive fractures. We note that discontinuous fracture pressure approximation is

only required when the fracture with low-permeability, in the normal direction, is encountered in the domain.

ky = 104 ks = 108
Fracture model Isotropic case | Anisotropic case || Isotropic case | Anisotropic case
2D fracture 0.7262379 0.8355235 0.7409754 0.8375609
Hybrid-grid 0.7071900 0.8306804 0.7366143 0.8361955
1D fracture 0.7057403 0.8324591 0.7351484 0.8356579
1D fracture cont. 0.7057403 0.8324591 0.7351484 0.8356579

Table 2: Tracer concentration at producer at PV I = 3.8052 for isotropic and anisotropic cases with intersecting fractures of
a=10"3m and ky = 10* & ky = 106
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(a) 11984 cells (b) 8648 cells + 80 1D fracture cells

Figure 20: a)Explicit grid representation of intersecting fractures of aperture = 10~3m and b) mixed-dimensional grid with 1D
fractures representation. Position of injector is marked by I and producer is marked by P.

7.5. Numerical performance of the 1D fracture model

Tests to date indicate that approximately between 80 — 90% of the computational time is taken by the
solution of the linear system. The linear systems are usually solved by the iterative solution methods. The
performance of the iterative solution method is dependent on the properties of the system matrix(G) to
be solved and one of the important properties is the condition number(x = ||G||||G™!||). We present the
comparison of condition number and the solution time of the global linear systems obtained by the 2D
fracture model and the reduced-dimensional fracture model for a injector-producer problem solved over a

domain with intersecting fractures and barriers(blocking fractures). The domain, of size 120m x 120m, is

shown in the figure 25l The rock is a

signed the identity permeability matrix, K,, = ImD. Fractures

are assigned permeability of K1 = kyK,, while barriers are as

igned permeability of Ko = (1/ks)Km,
where ky is the permeability contrast factor. We solve the problem for a range of aperture(a) values 10~3m
and 10~2m and fracture permeability values, k= {10%,10%,107}. In the 2D fracture model, fractures are
gridded into 2D triangles as for the matrix. For the comparative study, we solve the problems on relatively
coarser meshes which is for convenience of approximating condition numbers. The meshes are shown in
figure Note that, the fracture cell lengths along the fractures for both the meshes is equal unlike the
previous section where fine Delaunay triangular cells of better quality are used in the 2D fractures which
would increase the degrees of freedom in the fracture considerably. There are many more degrees of freedom
for the 2D fractures, which also have cells of very small size at the intersection of the fractures, where as in
the reduced-dimensional model the 1D fractures are modeled as triangle edges and the intersection cell is

not included physically. Fluid is injected through the bottom-left cell at the rate of 1.5855¢2 m3 /year and

the pre

wn

ure of 100 bars is imposed at the top-right producer. We solve using the CVD-MPFA scheme with
g = 2/3, which gives an SPD system for the triangulated 2D fractures, whereas symmetry is lost locally
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Figure 21: Pressure contours and tracer concentration contours at PV I = 1.3318 and PV I = 3.8686 by 2D fracture, hybrid-grid
and 1D fracture model for isotropic permeability and k; = 10%.

at a 1D fracture, because the quadrature ¢ = 1 is required in order to impose continuity in passing to
the lower dimensional approximation, where a matrix cell has a fracture interface. We employ the library
PETSc(v 3.5.2)] for the linear solution of the global systems and execute computations on the machine
with Intel(R) Xeon(R) CPU E5-2687W v2 @3.40GHz. The global system for a 2D fracture is solved via
the conjugate gradient(CG) method, preconditioned by algebraic multi-grid(AMG) provided in PETSe. The
system obtained by the 1D fracture model is solved via the generalized minimal residual(GMRES) method,
preconditioned by AMG. Pressure solutions obtained by both the models are shown in figurd2T for aperture,
a=1073 m and k¢ = 10°. Behavior of the solution of the 1D fracture model is in excellent agreement with
the result of the 2D fracture model.

The condition number (k) of the global systems obtained by both the models and the respective CPU time
for the linear solvers are shown in figures 28 and 29 for different values of k¢ and apertures. It is shown that
the computational cost (condition number and the CPU time) for the 2D fracture model is more than for

the 1D fracture model because of the higher number of global degrees of freedom, triangular cells of small
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Figure 22: Pressure contours and tracer concentration contours at PV I = 1.3318 and PV I = 3.8686 by 2D fracture, hybrid-grid
and 1D fracture model for anisotropic permeability and k; = 10%.
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Figure 23: Plots of tracer concentration at producer w.r.t time for permeability contrast k; = 10%.
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Figure 24: Plots of tracer concentration at producer w.r.t time for permeability contrast ky = 106,

angles within 2D fractures and cells of small size(aperture) at junctions where 2D fractures intersect. The
computational cost of the 2D fracture model increases with the increase of k¢ value much more than for the
1D fracture model. The AMG preconditioner performs very well for the solution of 1D fracture model with
higher values of kf as well. The condition number of the 1D fracture for the aperture a = 10™%m is less than
for the a = 10~2m and so is the computational cost. But, the computational cost for the 2D fractures is
higher for the smaller value of aperture because of the small size of the intersection cell. These results show
that global system with the 1D fracture model is better conditioned and relatively easier and quicker to solve
without loosing considerable accuracy as compared to the 2D fracture. Note that, the order of magnitude
of the condition number of the systems obtained by the hybrid-grid model is similar to the presented 1D
fracture model. In our experience, if we use a quality refined Delaunay triangular mesh, so that there are
regular triangles in the 2D fractures, the number of global degrees of freedom are very high and the linear
system obtained for 2D fractures is so highly ill-conditioned that it is not of practical use. In addition, 1D
fracture modeling simplifies the mesh generation involved and has less of a CFL restriction for the transport
problems when solved explicitly in time. Moreover, the memory usage and computational cost for the local
linear systems resulting from the cluster of cells (used in constructing the finite-volume CVD-MPFA fluxes)

are also higher for the 2D fracture model than for the 1D fracture model.

7.6. Transient pressure simulation with complex fracture network

We solve a transient pressure equation for slightly compressible single phase-flow, governed by

o k _
@Cta -V ;V¢—Qc (42)
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N

discrete form of the equation(d2), using ([B9), for the implicit scheme (in time), can be written as

(43)

l) for time step n

n
m
r P

qcm + ]\/[mq)
q

t8 @mCt/Ot, e /0t associated with matr

):

n+1
clen

m

gmj'
r+Gyy i

M

]\/[m + Gmm
ng

where, M,,, and M are diagonal systems of coe

d fracture

1X an

e is 500m x 420m which includes a complex fracture network consisting of 1055

111 S1Z

respectively. The doma;

interconnected fracture segments. A producer is located in the middle of the domain containing the fracture
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Figure 27: Pressure solutions given by 2D fracture and 1D fracture models for aperture, a = 10~3m and ky= 109.
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Figure 28: Condition number(x) and CPU time in sec for the 2D fracture and 1D fracture models for
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Figure 29: Condition number(x) and CPU time in sec for the 2D fracture and 1D fracture models for aperture, a = 10~ 2m.

network, as shown in figurd30l The producer is intersecting sections of the fracture network and the matrix.

The producer is set at constant pressure of 100bars. The initial pressure of the whole reservoir is 300bars.

We discretize the whole domain into a conforming unstructured triangular mesh with interior triangle edges

aligned with the fractures. A fracture conforming 2D mesh is generated using Triangle|4

The mesh is

shown in figurd31l Due to the complexity and high density of the fracture network, the grid contains some
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smaller triangular cells that conform with fracture segments which intersect at low angles. The meshing
issue is even more complicated for the three-dimensional problems, though 3D is not the scope of this work.
Rock matrix permeability is defined by the identity tensor; K,, = ImD and the porosity is (¢, = 0.2).
Fracture permeability is set to K ; = 10K, and porosity (¢¢ = 1.0). All fractures are assigned aperture of
1073m. A constant total compressibility (c; = 1073 baril) is assumed everywhere in the domain. Zero-flux
Neumann conditions are imposed on the whole external boundary of the domain.

The producer rate variation in time is shown in the plotl32] the rate shows a declining trend. There is sharper
decline of the producing rate at the beginning than at later stages. Pressure contours of the transient problem
are shown in figurd33| at three different times. The pressure contours illustrate i) the depletion from the
fracture network in the initial stage ii) the matrix to fracture feed and iii) the approach to the state where the
pressure wave propagates into the fracture network, which acts as a pressure boundary condition draining
the surrounding matrix volume. This test case demonstrates the applicability of the presented method for

multi-rate aspects of drainage of a fractured zone involving a complex fracture network.

300
T

200

V-axis

-190

-100 0 100 200 300 400
X-Axis

Figure 30: Highly fractured domain. The complex fracture network include 1055 interconnected fracture segments. A pro-
ducer(P) is also depicted in the center of the domain.

8. Conclusions

We have presented a CVD-MPFA formulation for discrete fracture-matrix simulations where lower-
dimensional fracture networks are efficiently coupled with CVD-MPFA for the rock matrix. We have
compared pressure and transport results obtained by the lower-dimensional fracture model, hybrid-grid
method and equi-dimensional model on unstructured meshes. For thin highly conductive fractures, the

lower-dimensional fracture model with continuous pressure approximation across the fracture yields results
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Figure 31: Mixed dimensional mesh of the fractured domain. 18295 triangles + 3082 lines
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Figure 32: Producer rate for the transient pressure solution over the domain involving discrete fracture-matrix system for a
period of lyear.

that rival those of the hybrid-grid method and explicit equi-dimensional modeling of fractures, without in-
cluding extra matrix-fracture interfaces, thus reducing the local degrees of freedom. Numerical tests show
that the lower-dimensional model with discontinuous pressure across the fracture yields improved flow reso-
lution when compared to the hybrid-grid method for low permeability in the direction normal to the fracture,
while maintaining a simpler equation set at the fracture. We also note that in the limit, for high normal
permeability, the transmission conditions return to continuity of pressure.

A transient pressure simulation is also presented for a more complex discrete fracture-matrix system, which
demonstrates the applicability of the method for the multi-rate aspects of drainage of a fractured zone.

For problems involving systems of thin highly conductive fractures, we recommend the lower-dimensional

fracture model with continuous pressure approximation. Problems involving barriers are modeled by the
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Figure 33: Pressure contours at three different times of the transient pressure solution.

lower-dimensional model with discontinuous pressure approximation and setting the parameter ¢ = 2.0/3.0.

The new formulation can easily be implemented within any existing CVD-MPFA simulator coupled with a

DFN solver.
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