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Abstract

Accurate simulation of fluid flow and transport in fractured porous media is a key challenge in subsurface
reservoir engineering. Due to the high ratio between its length and width, fractures can be modeled as
lower dimensional interfaces embedded in the porous rock. We apply a recently developed embedded finite
element method (EFEM) for the Darcy problem. This method allows for general fracture geometry, and
the fractures may cut the finite element mesh arbitrarily. We present here a velocity model for EFEM and
couple the Darcy problem to a transport problem for a passive solute. The main novelties of this work is
a locally conservative velocity approximation derived from the EFEM solution, and the development of a
lowest order upwind finite volume method for the transport problem. This numerical model is compatible
with EFEM in the sense that the same computational mesh may be applied, so that we retain the same
flexibility with respect to fracture geometry and meshing. Hence, our coupled solution strategy represents a
simple approach in terms of formulation, implementation and meshing. We demonstrate our model by some
numerical examples on both synthetic and realistic problems, including a benchmark study for single-phase
flow. Despite the simplicity of the method, the results are promising.

Keywords: Discrete fracture-matrix model, Embedded interface, Finite element method, Finite volume
method, Porous media flow

1. Introduction

Modeling fluid flow in fractured porous media is an important yet challenging problem in subsurface
engineering. Fractures are characterized as thin layers with either very high or low conductivity. They
can therefore act as preferential paths or barriers and be essential to the fluid flow. The fracture width is
typically several orders of magnitude smaller than any other characteristic sizes in the reservoir, and the
flow rate can be orders of magnitude larger or smaller than in the surrounding matrix. This pose great
challenges to the fracture model and the numerical method.

In this work we consider a discrete fracture-matrix (DFM) model, where the fractures are modeled as
lower dimensional interfaces embedded in the rock matrix. We assume Darcy flow both in the matrix and the
fracture, and we only consider the case where the permeability in the fractures are orders of magnitude larger
than in the matrix. As flow model we consider incompressible single-phase flow governed by conservation of
mass and Darcy’s law. The flow problem is then coupled to a transport problem for a passive solute.

A common strategy to represent fractures in a DFM model is by averaging the governing equations across
the fractures. The fracture width is then modeled as a coefficient in the equations rather than a geometrical
property, and suitable coupling conditions between the fracture and matrix equations are applied. Common
terminologies for such approximations are mixed-dimensional, hybrid-dimensional or reduced models. A
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method for the high permeability case was presented in [2, 1], where the flow equations on mixed form are
averaged over the interface assuming a continuous pressure. This model was later generalized by [17] and
[32] to also handle the low permeability case, where a Robin type condition on the pressure at the interface
is enforced. More recent DFM models similar to [17, 32] can be found in, e.g., [4, 21, 20, 41, 18, §].

To account for more general fracture shapes, the model in [2, 1] was extended to curved fractures in
[35, 14]. These models are derived by considering the asymptotic limit in the weak formulation as the
fracture width tends to zero and the fracture permeability tends to infinity. In this limit, the condition of a
continuous pressure follows. We mention that this model was extended to allow for pressure jumps across
the interface in [14].

An embedded finite element method (EFEM) for the model in [14] was derived in [11]. Fractures are
allowed to cut through the elements arbitrarily, and the fracture solution is represented by the restriction of
the basis functions for the higher dimensional matrix elements. Contributions from the fracture to the fluid
flow is included by superposition. A great advantage of this method is that it handles very general fracture
geometry, including curved interfaces, bifurcations and intersections, and it is also easy to implement. The
assumption of a continuous pressure along the fracture interface is a key ingredient as it allows for continuous
elements. However, the normal flux is discontinuous across the fracture interface leading to loss of regularity,
which can be resolved by local refinement close to the fractures based on an a priori error estimate. In this
work, we apply EFEM for the pressure problem.

For the family of lower dimensional DFM models where the pressure is not assumed to be continuous, a
great variety of numerical methods are suggested. We mention for instance finite element methods [28, 32, 3],
finite volume methods [4, 9, 29], discontinuous Galerkin methods [5], mimetic finite difference methods [6, 42]
and virtual element methods [22], all of which require a conforming mesh across the fracture interface.
Different schemes with mortar coupling that allows for non-conforming meshes are presented in, e.g., [21, 8],
but still the mesh needs to explicitly represent the fractures. Fully non-conforming discretizations have been
realized through extended finite elements [15, 26, 41, 14].

The embedded DFM (EDFM) introduced by [31] is another approach where the fractures are allowed
to cut arbitrarily through the higher dimensional mesh, see also [25, 34, 40, 39, 16] for newer contributions.
EDFM is based on the two-point flux approximation (TPFA) where the fracture-fracture and fracture-matrix
transmissibilities are approximated from geometrical quantities. Similar to EFEM, they are only valid for
high permeability fractures, but the recently introduced projection-based EDFM (pEDFM) [44, 27] are
also able to handle low permeability fractures. An important difference to EFEM is that the fractures are
represented by their own lower dimensional elements along the fracture interface.

A comprehensive comparison of several DFM models for single-phase flow was conducted in a recent
benchmark study [19]. We follow up on this study and evaluate EFEM on a selection of these benchmark
problems.

The transport problem is also modeled by a reduced (or mixed-dimensional) model, see e.g., [1, 23, 22],
where a coupling term models flow between the fracture and the matrix. We assume advection dominated
flow since we are primarily interested in the coupling with the flow problem. In this work we present a
novel discretization that is compatible with EFEM in the sense that the same computational mesh can be
applied. This ensures that we have the same flexibility in terms of fracture geometry and meshing for the
coupled solution strategy as is the case for EFEM. More specifically, we apply a low order upwind finite
volume method (FVM), where the fracture solution is represented by elements cut by the fracture, and
where the coupling term is approximated in a non-standard way by evaluating the normal velocity (flux)
on the boundary of such elements. We mention here that an alternative approach is to use the CutFEM
technology, see [12] for a stationary convection problem and [10] for a general introduction to CutFEM. For
compatibility of the numerical solvers, we must require the velocity approximation from the flow problem
to be locally conservative. This is not directly obtained by EFEM, but is achieved through a postprocessing
step [37].

We mention that combining FEM and FVM for heterogeneous and fractured porous media have been
studied before, e.g., the finite element—finite volume method [24, 38], where FEM is used for the flow problem
and a node-centered finite volume method is used for transport. This method was extended in [36] to allow
for a discontinuous solution across interfaces for the transport problem. However, this approach requires
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fractures to me aligned with element boundaries and uses a dual mesh for the transport solver.

This paper is organized as follows. In Section 2 we describe the discrete fracture-matrix models and the
governing equations for the coupled flow and transport problem. Next, in Section 3, we define the numerical
methods. This includes EFEM for the flow problem, FVM for the transport problem, and the velocity
approximation which couples the two subproblems. In Section 4 some numerical results are presented,
including a realistic problem with a complex fracture network. Finally, we make some concluding remarks
in Section 5.

2. Model formulation

As model problem we consider incompressible single-phase flow with advective transport of a concen-
tration in a fractured porous media. Let Q € RY, with d = 2,3, be a convex polygonal domain with an
embedded interface I representing the fractures. The bulk domain Q\T" will be referred to as the matrix. We
denote by x and ¢ the symmetric positive definite permeability tensor and porosity of the matrix, respec-
tively. The fracture permeability is assumed to be isotropic and is denoted xr. We denote by w and ¢r the
fracture aperture and the porosity of the fractures, respectively. Moreover, kr = wkr is the effective (scaled
by fracture aperture) fracture permeability. Next, ¢ and gr denotes source or sink terms in the matrix and
fractures, respectively. The primary unknowns are the fluid pressure p, from which we can derive the fluid
velocity u, and the concentration c.

For the flow problem, the boundary 92 is partitioned into a Dirichlet and Neumann part, denoted 90€p
and 00y, respectively. For the transport problem, we let 9, := {x € 9Qu-n < 0} denote the inflow
boundary, and 9Qqyt := {x € 9Qu-n > 0} denote the outflow boundary, where n is the outward pointing
unit normal.

We use the standard notation H®(w) for the Sobolev space of order s on w with the special cases
L?(w) = H(w) and H () = {v e HY(Q) : v|aa, = 0}. The space of continuous functions on w is denoted
C(w). For a normed vector space V, we let || ||y denote the norm on V. For V = L?(w), we use the notation
| “1lz2(w) = I - lws and denote by (-, -)., the L? scalar product.

In the following, we restrict this presentation to the two dimensional case, i.e., d = 2, but most of the
theory and methods considered herein can by extended to three dimensions in a straight forward manner.

2.1. Fracture representation

We allow for bifurcating fractures and represent I' as a graph with nodes N' = {x;};cs, and edges
G ={T'j}jer,, where Iy and I; are finite index sets, and each T'; is a curve between two nodes with indices
Ix(j). For each i € Iy, we let I5(i) be the set of indices corresponding to curves for which x; is an end point.
Furthermore, let {€2;};¢; be a partition of { into ngq subdomains defined by I'. See Fig. 1a.

We fix an orientation of each I'; such that the positive direction is from the node with lowest index
towards the node with highest index. Then we define nr to be the unit normal on I" pointing from the left
side towards the right when facing the positive direction of I', see Fig 1b. For a scalar function v, possibly
discontinuous at I', we define the jump as

[v] =vy —v_, onT, (2.1)
where
vy(x) = lim v(x +enr), xeT, (2.2)
e—0t
v_(x) = lim v(x —enr), xeTl. (2.3)
e—0t

For a vector valued function v, we define the jump in the normal component across I' as
[v-n]=vy -ny+v_-n_, (2.4)

where n, = —nr and n_ = nr.



(a) We have for instance Ix(5) = {4,6} (b) Exterior unit tangents at x4
and I4(2) = {1, 2, 3}. and interface orientation for I's.

Figure 1: Illustration of domain and fracture representation.

2.2. Pressure problem

The fractures are modeled as embedded surfaces with high permeability. Our model is essentially the
same as the one presented in [1, 14]. It was further studied in [11], where it was extended to bifurcating
fractures. The embedded model is derived as the asymptotic limit in the weak formulation as the fracture
aperture goes to zero and the fracture permeability goes to infinity. We refer to [1, 14] for further details.

Boundary value problem. The governing equations for the pressure problem are

V- (VD) = g, in Q, (2.52)
—Vr - (krVrp) = gr + [(kVp) - n], on T, (2.5b)
[p] =0, onT, (2.5¢)

where Vi = PV is the tangential gradient with P =TI — nr ® np. The first equation (2.5a) is the standard
Darcy equation for single-phase flow describing conservation of mass. Eq. (2.5b) governs conservation of
mass in the fractures, where the last term on the right hand side represents a coupling term for the normal
velocity across I'. The last equation (2.5¢) is another coupling term, and represents a reasonable assumption
for high conductive fractures. The model can also be extended to a non-zero pressure jump [14].

Remark 2.1. Since we assume the pressure p to be continuous across I' we will not use different notation for
the pressure in the fracture and in the matriz. For other lower dimensional discrete fracture-matrix models
where the pressure in the fracture is represented by its own variable, e.g. [17, 32], such distinction would be
appropriate. In the following derivation, we will however let pr, refer to the pressure in the fracture segment
I'; CT, for j € I, but such terms will not appear in the weak formulation due to continuity conditions.

We equip the governing equations with Dirichlet and Neumann boundary conditions, i.e.,
D = po, on 00, (2.5d)
(kVD) - n = uy, on 0. (2.5¢)
Furthermore, we enforce continuity of pressure at the interface nodes,
pr,, (x:) = pr, (z:), Vk,l € 14(3),Vi € Iy, (2.5f)
and apply the Kirchhoff condition

Z ((kFJ‘VFJ‘pFJ‘) 'tF]-)

JEIL(%)
((kr} vFijj) ~t1"j)|xi = WUy, Vi € IN7N, (25h)

v =0, Vi€ I\ Iyx, (2.5¢)
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where tr, is the exterior unit tangent to I'; (see Fig. 1b) and Iy C Iy is the set of indices whose corre-
sponding nodes belong to 9y. We remark that Eq. (2.5g) ensures mass balance at the interface nodes,
while Eq. (2.5h) is a Neumann condition for the part of I' that intersects with 092y, and where the fracture
width w is taken into account. Observe that Eq. (2.5g) implies a homogeneous Neumann condition at the
fracture tip if the tip is in the interior of 2. This is a natural approximation that is commonly used, see
e.g., [4, 21, 20, §].

The fluid velocity is defined by Darcy’s law as u = —kVp. We note that ur = —kpVrp gives the flow
rate through the cross section of the fracture rather than the velocity.

Weak formulation. We define the following function spaces,

Ve(D) ={veC():ve H(T),Vj € I}, (2.6)
Vo(Q) = {v € Hy(Q) : vlr € Ve (D)},
Vo (Q0p) = {v € HY(Q) : v|aq, = v, v|r € Vr(T)}.

Then multiply (2.5a) by a test function v € V;(2), integrate over 2 and apply Green’s formula on each
subdomain €2;, to obtain

(@.0)q =Y _(=V-(KVp),v)q,
=1
=Y ((KVD,Vv)g, — (KVD) - 1i,v)50,)
=1
= (K'VP’ V’U>Q - ([KRVP) : n]]’U)F - (UN7U)E?QN
= (kVp,Vv)q — (qr,v)r — (Vo - (krVrp), v)p — (ux, v)am . (2.9)

Notice that n; denotes the unit normal pointing out of ;. Then apply Green’s formula on I" and use the
Kirchoff conditions, Eq. (2.5g)—(2.5h), to obtain

— (Vr - (krVrpr,),v) = Z — (v, - (k‘rjvrjprj),v)rj

Jj€lc
= Z (kl‘jvl“jpl“jvvl“j”)rj - Z Z ((kF.vaijj) ‘tFJ"’U)m
j€ls J€leiels(j)

= (ke Vrp, Vo) = > Y ((kr,Vr,pr,) - tr, ) o, v(x:)

i€ly jeIq(d)

= (keVrp, Vo)p — > wuy(@i)v(z;). (2.10)

i€lyx

Combing these equations we get the following weak formulation. Find p € V;,(£2; pp) such that

a(p,v) = 1(v), Yo € Vo (), (2.11)
where
a(u,v) = (kVu, Vu)g + (krVru, Vo), (2.12)
[(v) = (g, v)q + (gr,v)p = (un,v)gq, — > wux(@:)v(z;). (2.13)
i€l

Observe that the contribution from the fractures are included by superposition, i.e., by evaluating lower
dimensional integrals along T



Remark 2.2. When applying Green’s formula in Eq. (2.9), we assume that there are no interfaces I'; that
terminates in the interior of Q (as is the case for T's in Fig. 1a). In such cases we can divide in two the
domains ; with a terminating node such that the two new domains, denoted €;, and 1, are separated by
the interface with the terminating node and an artifical line connecting the terminating node with either OS2
or another interface. We can then replace the contribution from Q; by the sum of the contributions from
Qia and Qa, in Eq. (2.9). For the situation in Fig. 1a, we may for instance divide Qy into two subdomains,
Q1. and Qqy, separated by T's and a line connecting x3 with the upper left corner of Q. We mention that a
similar approach was used in [4].

2.3. Transport problem

Advective transport in the fractured domain is modeled by a reduced (or mixed-dimensional) model, see
e.g., [1, 23, 22|,

(b% + V- (uc) = f(e), in Q x (0,77, (2.14a)

wgbp% + VF . (UFCF) — [[u . IIC*]] = fF(CF)’ inI' x (OaT}a (214b)

Initial and boundary conditions are given as

¢ = o, on Q x {0}, (2.14c¢)
cr = cr,o, on T x {0}, (2.14d)
¢ = cg, on 0y, x (0,77, (2.14e)
cr = cr s, on Iy, x (0, 7. (2.14f)

Here ¢y and cr are the initial concentrations in the matrix and fractures, respectively, while ¢z and cr
are the inflow concentrations for the matrix and fractures, respectively. The right hand sides denote source
terms, defined as

~ A qc, if q S 07
=gc+ Gey = 2.15a
fe) = Getge {ch, if ¢ >0, ( )
if gr <0
frler) = drer + drog = 4 70 D= (2.15b)
qrCw, if qr > 07

where ¢ = min(g,0) and § = max(qg,0), and ¢ is the inflow concentration from the source term. The third
term in the fracture equation (2.14b), [u - nc*], is a coupling term that models flow between the fracture
and matrix. Here, c¢* is interpreted as

on T x (0,7. (2.16)

. cy, if(u-m)y >0,
Cﬂ: = B
cr, otherwise,

Observe that the transport problem is coupled to the pressure problem through the velocities u and ur.

3. Numerical methods

3.1. Preliminaries

Domain discretization. Let Kp, be a partition of €2, and denote by K € K, an element of the partition. We
let K € K, be open such that UKe)Ch K = Q. The diameter of K is denoted hg, while h is the maximum
diameter of all elements. We assume Kj to be regular and quasi-uniform. By regular we mean that all

elements are convex and that there exists p > 0 such that each element K € K} contains a ball of radius
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- -7 - F
- K K_
(a) The fracture I' cuts an element (b) Degenerate case where the fracture
K € Ky, in two. coincides with an element face shared by

the two elements K_, K € Kp,.

Figure 2: Fracture and element intersection.

phk in its interior. Furthermore, Kj is quasi-uniform if there exists 7 > 0 such that h/hx < 7 for all
K € K. The fracture I' is allowed to cut trough the elements arbitrarily, see Fig. 2.

We denote by Fj, the set of all element faces. This set is then divided into the set of interior faces,
Fn1, and boundary faces, Fj 5. We assume that each face in Fj, 5 is either completely on the Dirichlet or
Neumann part of the boundary, such that Fj  can be split into F, , and Fj, v, i.e., the sets of faces on the
Dirichlet and Neumann boundary, respectively. Similarly, let Fj, in and Fp oue be the set of boundary faces
on the inflow and outflow boundary, respectively. For each face F' € F}, we choose an orientation and let
nr denote the unit normal in this direction. The unit normal vector on F' € F}, 5 is chosen to coincide with
the outward unit normal. Furthermore, ng denotes the unit normal pointing out of K. We will also use
the notation |K| for the measure of K, and similarly |F'| for the measure of F'.

For the transport solver, we further divide /Cj into two subsets, K}' and K}, where K} contains all
fractured cells, K = {K € K;,: KNT # 0}, and K} = K, \ K}, see Fig. 3a. The set of interior faces,

Fhn, are then partitioned into three subsets, Fj , Fp' and F;, where F}  are the set of faces between

two fractured elements, F}', is the set of faces between two matrix elements, and F} are the sets of faces

between a fracture and a matrix element.

Remark 3.1. In the situation where I' coincides with an element face F' = 0K_ N 0K, € Fp,; as depicted
in Fig. 2b, we need to choose which of the neighboring elements belong to K. One possibility is to choose
the element for which nr is exterior, i.e., K_. For the numerical examples presented in Section 4 we have
avoided this situation.

Jump and average operators. We define the jump operator [-] over a face F' € Fj in the same way as we
did for the jump over T', see Eq. (2.1) and (2.4), where nr now defines the orientation. Furthermore, we
denote by {{-}}¢ the weighted average operator on F', defined as

fiolte = Opv— + (1 = Op)vy, (3.1)

where 0 = 0| and 0 < 0 < 1. For 0 = % we simply write {{-} without any subscript. For F' € Fj, 5 we
define the jump and average operators as the one sided value, i.e.,

[v] = fvlto = v (3.2)

Finite dimensional function spaces. In our implementation we work with quadrilateral elements, but the all
numerical methods can equally well be formulated on other elements, e.g., triangular. Denote by K= (0,1)2
the reference element with coordinates (£,7), and by Mg the mapping from K to K. With this, we denote
by Q,(K ) the tensor product of polynomial spaces of degree less than or equal to r in each spatial direction,

Qr(K) = {v e H(K):v= (Xl paif) (Xi_gbin') ,ai,b; € R} . (3.3)
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Next, Q,(K) denotes the reference element functions mapped to the actual element K,
Q. (K)={toMg':0ecQ.(K)}. (3.4)
We may now define the following function spaces of piecewise polynomials of order r > 0,

Q- (Kp)={veC(Q) vk € Qr(K),K € Ky}, (3.5)
Qr.p(Kn;vp) = {v € Qr(K4) : v]oq, = vp}. (3.6)

Moreover, we define the following spaces of piecewise constant functions (r = 0),

Qo(lch)z{’UGLz(Q) :v\K:aK,aK ER,KGK}L}, (37)
Qo(Fn) ={v e L*(F) :v|lp = ap,ar €R,F € Fp,}.

Finally, we denote by (-,)x, and (-,-) 5, the broken L? scalar products, i.e.,

(), = Y, o)k,  (wv)y = Y (u,0)p. (3.9)

KeKy FeFn

3.2. Pressure problem

We follow [11] and approximate the pressure solution with piecewise bilinear functions by restricting the
weak formulation (2.11) to the finite dimensional subspace Q1 »(KCp;pn) C Vb (2 pp). Find pp, € Q1.0(Kp; o)
such that

a(pn,v) =1(v), Vv € Q1,n(Kn;0). (3.10)

The following a priori error estimate for the pressure approximation was proved in [11]. Let N3 (K) C Kp,
be the set of all elements which are node neighbors of K, and let At denote the mesh parameter in the vicinity
of I' such that hx < hp for all K € N,(K}). Then it holds that

lp = prlle + llp = palle < (he + 1?) (lepllm(g >+h12“||p||H2(F)- (3.11)

As a consequence, one should refine locally around the fractures until hr ~ h% to obtain the optimal order
of convergence in terms of h.

Remark 3.2. The estimate (3.11) was proved in [11] for the simple geometry where T is a smooth embedded
interface in the interior of Q without boundary. It can be extended to the case where I is represented as a
graph. However, depending on the geometry of I, we may loose regularity of the solution in the bulk domain,
for instance this is the case for terminating nodes in the interior of 1, e.g., xo in Fig. 1a). Assuming that
the solution in the bulk domain resides in H*(Q), for some s € [1,2], we can show using similar techniques
as in [11] that up € H*TY2(T). We must then replace the term (hr + h2) by (hp + h*G~Y). We note
that the condition hy ~ h? is stronger than hy < h*C~Y and thus we always enforce hy ~ h? leading to
convergence of order h**=V . Further improvement may be obtained by additional adaptive mesh refinement
in the vicinity of endpoints and nonconvex corners.

3.3. Transport problem

We approximate the concentration solution by piecewise constants ¢, € Qo(Kp), and let ¢, on K
represent the concentration in the fractures, and c, on K} represent the concentration in the matrix. We use
an upwind approximation of the concentration on element faces. The numerical scheme can be formulated as
a low order finite volume method (FV), or equivalently as a zeroth order (piecewise constant) Discontinuous
Galerkin method (DG). We only express the FV formulation here, and refer to Appendix A.1 for the DG
formulation.



FV formulation. We integrate the matrix equation (2.14a) over K € K}' to obtain the integral formulation

[ oG+ [ wne=[ s, Kexy (3.12)

Similarly, for K € K}, we integrate the fracture equation (2.14a) over K NT to obtain

0
/ wgbpﬁ —l—/ ur - DgArer — / [u-nc'] = frier), KeKkK;. (3.13)
KT ot H(KNT) KT KT

The lowest order finite volume method is then obtained by replacing ¢ by ¢, € Qo(Kp). We use an
upwind approximation on JK, i.e.,

u-ngeplg, ifu-ng >0,
U ngelp_ggnok = . (3.14a)
u-anh|I~(, ifu-ng <0,
where K is a neighbor element of K. If F C JK is a boundary face, we have
u-Nngch|K, ifu-nKZO,
U ngcplr=oknon = | , (3.14Db)
u- ngcg, ifu-ng <O0.

An equivalent upwind approximation of ¢ is used on (K NT).
Recall the definition of the vector valued jump in Eq. (2.4). The coupling term in Eq. (3.13), with ¢
replaced by cp, can be written as

[u-nc] =(u-nrc;)- — (u-nrej)y, on KNT. (3.15)

Given a velocity approximation that is continuous in the interior of an element, we see that [u-ncj ] vanish
as long as I' is not aligned with the element faces. This would result in no coupling between the fracture
and the matrix. To overcome this, we approximate the flow between matrix and fracture by evaluating
(u-nrcj)+ on the part of the element boundary that borders to matrix elements, i.e.,

/ [u-nc;] ~ Z / i u- ngcp, (3.16)
KN ORNIK

KekKy!

where the upwind scheme (3.14) applies. Since ¢, on K € K} represents the approximation in the fracture,
(3.16) is compatible with the condition (2.16). Given the low order method, the approximation (3.16) seems
reasonable when combined with local refinement around I'.

We apply the implicit Euler (IE) method as time integrator. For simplicity, we use constant time steps
At, and let ¢} denote the approximation at ¢ = nAt, with ¢ = Qoco, where Qo is a projection operator
from L2(Q) to Qo(Kp).

To sum up, the FV-IE scheme can be formulated as follows. Find ¢} € Qo(K},) such that

n+l _ n
¢u+/ u-ngcpt! :/ (), VK € K, (3.17a)
CZJrl —Ch 1 1
/ w¢FTL +/ ur - nKmFCZ+ — Z / ) u- nKCZ+
KAr t H(KNI) o JORNOK
h
=/ FE e, VK e Ky,  (3.17b)
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(a) Partition of ICj into matrix (K})) and fracture (b) Original numerical concen- (c) Interpreted concentration so-
(KC,) elements. tration solution, ¢, € Qo(Kp).- lution on fracture elements K €
K.
h

Figure 3: Synthetic example of partition into matrix and fracture elements, and corresponding interpretation of concentration
solution. The interpreted solution on interface elements K NT is visualized with a fixed (exaggerated) thickness.

Interpretation of solution. In the numerical method, ¢|xnr, for K € K}, is represented by the value c|x.
However, K also contains subdomains belonging to the matrix, whose concentration solution we represent by
the solution in the neighboring matrix elements, see Fig. 3 for an illustrative example. For a single fracture
the matrix concentration in K to the left/right of I' is given by the solution in the left/right-neighboring
matrix elements. For cells K with intersecting or bifurcating fractures, this interpretation is slightly more
complex, as I' divides K into more than two subdomains. We refer to Appendix A.2 for a well-defined
interpretation.

3.4. Velocity model

We observe from the transport model, Eq. (3.17), that we need the flux (normal velocity) over the
element faces. We denote the flux by U and define it as

—kVp-np, on F € Fp \ ( ;FLJU]:h,N) ,
U= —‘—I];,IkFVFp-tRF, on F E]:}P;J, (318)
Uy, on F' € Fy x,

where tr p is the unit tangent to I' oriented in the same direction as np. Recall that kr = wkr so that
krVrp-tr gives the flow rate rather than the velocity. The reason for multiplying by 1/|F| for faces F' € ]-',1:71
is that we want to work directly on F}, so that when U is integrated over F' we get the total flow rate through
F. With this definition of U we can simplify two terms in Eq. (3.17b),

/ ur - nKmch'*'1 — E /~ u- anZH = / UCZ'HnK ‘np. (3.19)
A(KNT) Forn JORNOK oK
h

The term ng - ng is either plus or minus 1 depending on the orientation of F'.

For the coupled flow and transport problem, the velocity is derived from the pressure approximation py,.
The pressure gradient, Vpy,, is not continuous across element faces, so a naive flux approximation is to use
the average value,

—{{~xVpn -nrl, on F € Fp \ (]-',iI U ]-'h’N) ,
_ﬁ{{krvrph tr}}, on FeFy, (3.20)
Uy, on F € fh,N~

Uy,
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Recall the definition of the average operator in Eq. (3.1). As weights we follow [37] and use weights equal
to the normal component of the permeability of the neighboring cell. Hence,
O .
Ip=—"— {6 =np- (keng), 3.21
P e OkeTmr (kinp) (3.21)
where k4 are the permeabilities of the two cells sharing F. For a fractured cell we use & = xrl, and for
F € Fip, wlp =1/6g,. In the case of isotropic permeability, i.e., & = £I, observe that ¥Vp = k4 /(K4 +K_)
such that

Kk K_K
Un=—{KVpr -nrly = —ﬁ(vﬁz)— ‘nNp — MT—L(VPhﬂ ‘np = —ke{{Vpy -npj, (3.22)
where k., = sﬁ_'z: is the effective face permeability (harmonic average).

We say that a flux approximation Uy, on F, is locally conservative if

/ Uh(nK-nF):/ q, VK €Ky. (3.23)
oK K

As reported in [37], Eq. (3.20) does not define a locally conservative flux approximation. If coupled to the
transport scheme one may get unphysical solutions due to artificial sinks and sources. To deal with this,
we apply the postprocessing method presented in [37]. This method was shown to preserve accuracy of the
velocity solution and was demonstrated to be especially beneficial for highly heterogeneous media.

Variationally consistent postprocessing of fluzes. The core idea of the postprocessing method is to add a
piecewise constant correction to U, under the constraint that the correction is minimized in a weighted L?
norm,

[|v] w,F, = (wv,v)ﬂ, (3.24)

where w are positive and bounded weights. We define the weight on F' € F}, as the inverse of the effective
normal component of the permeability,

_ Ot T 0k

= . 3.25
W|F 25;(_116I2n ( )

These weights were demonstrated to be a good choice for heterogeneous permeability as low permeable
interfaces are better preserved compared to minimizing in the standard L? norm (w = 1) [37].

Next, we define a residual operator, R : L?(F) — Qo(K}p), measuring the discrepancy from local
conservation,

R(U)|k = {'}('UKC]—I‘?K Unp-ng),  Keky, (3.26)
ﬁ (Jxrrar = Jox Unr-ng), K €Kj.

With this we define the postprocessed flux, V},, as follows.

1 F 7,
Vi = Uy +w 'y], onF e Fp\ Fun, (3.27)
Uy, on F' € fh,N,
where y € Qo(Ky) is the unique solution to
(w_l[[yﬂv [[w]])]'—h\]:h,N = (R(Uh),’LU)]Ch ) Yw € QO(ICh) (328)

Further details on the postprocessing method, including uniqueness and error analysis, are given in [30] and
[37].
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Coupled formulation. Applying Eq. (3.19) and using V}, as an approximation to U, the FV-IE scheme,
Eq. (3.17), can be formulated as follows. Find ¢} ™' € Qo(K}) such that

n+1 _.n
/ P — R S VT S A :/ FrEL(EnY, VK € K, (3.202)
K At oK K
n+l _ n
/ qurchAich + / Vil inge -np = / Frt (et VK € KE. (3.29b)
KNT t oK KNT

Note that the second term in Eq. (3.29b) contains both the flux along the fracture and the coupling term,
cf. Eq. (3.19).

Remark 3.3. In this contribution we focus on a low order method suitable for situations where the geometry
of the domain is complicated, which is common in practical applications. The basic approach may be extended
to higher order approximation but that requires the use of cut finite elements, see [12] and [13] for first steps
in this direction, which leads to a significantly more complex implementation of the method. For low order
approximations the simpler geometric modeling used in this paper is sufficient to achieve optimal order
convergence. The postprocessing step is identical for higher order pressure approzimations.

Remark 3.4. Since our model problem is one way coupled, i.e., the pressure is not dependent on the
concentration, we typically first solve (3.10) for the pressure py, then we solve for the conservative fluz Vi
using (3.27) and (3.28), and finally we solve the time dependent transport problem for CZH given c by
(3.29). If the problem is fully coupled, i.e., the pressure depends on the concentration, a monolithic solution
procedure in each time step is an alternative. In that case we solve for all variables pZ'H, th'H, and CZ+1

in the same pass.

4. Numerical results

In this section we validate the numerical methods presented in Section 3. First, in Section 4.1, we
consider a pure transport problem where the velocity is given explicitly and the exact solution is known.
This is to verify our transport model, Eq. (3.29), and in particular our approximation of the coupling term,
see Eq. (3.16).

Next, in Section 4.2, we consider two benchmark cases for the pure pressure problem presented in [19].
The first case is a regular fracture network, while the second problem is a realistic case with a complex
fracture network. The aim is to compare EFEM, Eq. (3.10), to other DFM models for single-phase flow.

Finally, in Section 4.3, we solve the coupled pressure and transport problem on the same cases as in
Section 4.2. This will reveal the capabilities of our solution approach.

All computer implementation of the numerical methods are based on the open-source software deal.ll
[7] and are freely available under an open license!. We only consider 2D problems, but our fracture model
and numerical methods can be applied to 3D problems as well. All meshes are built up of quadrilateral
elements. The meshes may be locally refined by recursively dividing selected elements in four, but we allow
for no more than one hanging node per element face. The number of degrees of freedom are denoted Ngof.

4.1. Pure transport problem

We consider first a pure transport problem with an explicitly given velocity field. Let Q = (0,1)? and
I' = (0,1) x {0.5}. The fracture velocity, ur = ur - (1,0) = 10, and we consider two cases for the matrix
velocity, u. Either u = (0, 1) for y < 0.5 and u = (0, —1) otherwise, or u = (0, —1) for y < 0.5 and u = (0, 1)
otherwise. The two cases are depicted in Fig. 4 and are denoted inflow and outflow, respectively. In both
cases we set w = 1 and use initial and boundary conditions ¢y = 0 and ¢z = 1.

Thttps://github.com/laods/efsim
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(a) Inflow case. (b) Outflow case.

Figure 4: Pure transport problem: Description of the two cases. Arrows describe the velocity field.

The 1D advective transport equation describing the fracture concentration, cr, is given as

wW—— +ur—— — [u-nc’] =0, on T, (4.1a)
x
cr =1, at © = 0. (4.1b)

For the inflow case we have ¢* = ¢, and for the outflow case ¢* = cr. Both cases are solved on uniform N x NV
meshes with time steps d¢ = 0.001, and the simulations are run until a steady-state solution is reached.

Inflow case. For the inflow case the concentration front from the top and bottom boundary moves with
speed 1, so that [u - nc*] = 2¢ with ¢ = 0 for ¢ < 0.5 and ¢ = 1 for ¢ > 0.5. Hence, the exact solution for
t < 0.5 reads

L, x< i,
cr(z,t) = {0 sy (4.2)

’ w

At steady-state, ¢ = 1 in the matrix, and the exact steady-state solution is
Plr)=1+ i—tr"x (4.3)

The approximation, cp, along the fracture is plotted at ¢t = 0.05 and ¢ = 1.5 (steady-state) in Fig. 5 and
compared to the exact solution.

Outflow case. For the outflow case, [u - npc*] = —2c¢r, so that the exact solution reads
2
expi—-—T;, « <urt,
er(a, ) = 4 P ' (4.4)
0, T > urt.

The approximation, cp,, along the fracture is plotted at ¢ = 0.05 and ¢ = 1.5 (steady-state) in Fig. 6 and
compared to the exact solution.

We observe that we get the correct steady-state solution in both cases, and that the velocity of the
concentration front is correct. Due to the low order method we get significant numerical diffusion as expected,
but we see that the front gets sharper as N increases.

4.2. Benchmark cases for the pure pressure problem

In this section we consider two of the benchmark cases defined in [19] for the pure pressure problem.
We only consider the cases where all fractures have higher permeability than the surrounding matrix as
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Table 1: List of the participating methods in the benchmark paper [19].

Method Description

Box Vertex-centered finite-volume method

TPFA Control volume finite difference method with two-point flux approximation
MPFA Control volume finite difference method with multi-point flux approximation
EDFM Embedded discrete fracture-matrix model

Flux-Mortar Mortar discrete fracture-matrix model

P-XFEM Primal extended finite element method

D-XFEM Dual extended finite element method
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(a) Problem description. (b) Reference pressure solution.

Figure 7: Benchmark 1 (pressure problem).

our model only applies to such problems. We employ the exact same problem setup as [19] and compare
our results with those given therein?. The six methods considered in this study are listed in Table 1. We
only give a very brief description of these methods here, and refer to [19] and references therein for further
details. Our method will be denoted EFEM.

4.2.1. Benchmark 1: Regular fracture network

Benchmark 1 is a regular fracture network embedded in the unit square, Q = (0,1)?, see Fig. 7a. The
top an bottom boundary faces have homogeneous Neumann conditions (no flow); the left boundary face has
a constant inflow flux, u-n = —1; and the right boundary face has Dirichlet condition p, = 1. The rock
properties are £ = I, kp = 10* and w = 104

A reference solution is obtained in [19] by using a mimetic finite difference (MFD) method on a very fine
reference mesh where the fractures are resolved by 10 elements in their normal direction. The reference mesh
is coarser away from the fractures and has a total of 1175056 elements. Hence, the fractures are not modeled
as a lower dimensional embedding, but as a continuous model with kK = srI in the fracture elements. We
denote by K.,ef the reference elements and by prer the reference solution. The reference solution is displayed
in Fig. 7b.

2All results reported in [19] are public available at https://git.iws.unistuttgart.de/benchmarks/fracture-flow.
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Figure 8: Benchmark 1 (pressure problem). Locally refined meshes with Ngof equal to 932, 4532 and 19579, respectively.
Fractures are included as red lines. We avoid fractures along element faces.

To measure the error in the pressure solution, we define two error functions, erry, and erry, measuring
the error in the matrix and fractures, respectively,

1 1
2 2 2
ErTy = E Phlf = Pref|Kper)” &~ p Pre ) 4.5
M |2 (Apres)? e LfIC h|f | Keer) Q| (Apre)? [pn fHLZ(Q) (4.5)
1 1
2 2 2
e — Dre [ — — Pre s 4.6
erry |F|( ﬁpref)Q E |e|(ph‘ m P f|Kref) |F|( ﬁpref)2 ||ph p f||L2(1") ( )

e=(K,efNK)NT

where Ap,ef = maxq Prer — Ming prer and fo, and e,, denotes the midpoints of f and e, respectively. Observe
that these are L? errors where the integrals are approximated by the midpoint rule.

We solve the pressure problem on both uniform N x N meshes with N = {19,37,73,139}, denoted
UMRN, and three locally refined meshes, denoted LRz, for ¢ = 1,2, 3, where the local refinement is based on
the a priori estimate (3.11) such that hr < h% where hr is the element size in the vicinity of the fractures.
The LR meshes are shown in Fig. 8. The errors ares plotted against Ny in Fig. 9. We see that the error
for the uniform meshes has convergence order N, (;)lf/ % in accordance with the error estimate, while the error
is lower and converge faster for the LR meshes.

In Table 2 we compare our results with the ones reported in [19], and we observe that the results are
in good agreement. Furthermore, in Fig. 10 the pressure along the lines y = 0.7 and = = 0.5 are plotted,
similarly to the results reported in [19]. We observe a good match with the reference solution, and in
particular we see that the LR mesh gives better accuracy close to the fractures.

Remark 4.1. We would like to point out that the error functions in [19] are defined in a similar way, but
instead of using pp, directly, the projection of py onto piecewise constant functions on the computational
mesh is used. In the case where the pressure approximation is piecewise constant this is equivalent to what
we do. However, for higher order polynomial approximations, the error functions used in [19] would give
unfavorable results.

4.2.2. Benchmark 4: A realistic case

We consider next benchmark 4 in [19]. The geometry represents a real set of fractures from an interpreted
outcrop in the Sotra island, near Bergen in Norway, see [19] for more details. For this case Q = (0, 700) x
(0,600) and I' is the union of 64 straight fractures in a complex pattern, see Fig. 11. The matrix permeability
is set to Kk = 10714 m2. All fractures have permeability xr = 1078 m2, and aperture w = 1072 m.
We apply homogeneous Neumann boundary conditions (no flow) on the top and bottom boundary faces,
pp = 1013250 Pa on the left face, and p, = 0 Pa on the right face.
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Figure 9: Benchmark 1 (pressure problem). Relative L? errors, erry and errs (Eqgs. (4.5) and (4.6)), plotted against degrees
of freedom, Ngyof. Solid lines denote the matrix error, erry, and dashed lines denote the fracture error, erry, for EFEM with
UMR (blue) and LR (red) meshes. Black dotted lines are straight reference lines of labeled slope. Squares and triangles denote
the errors for the methods reported in the benchmark paper [19] where squares represent erry and triangles represent errs.
Each method is represented by its unique color according to the chart depicted to the right.

Table 2: Benchmark 1 (pressure problem). Comparison with the results in [19] for error, matrix density (nnz denotes number
of non-zero entries in the system matrix) and matrix condition number. No. of elements for the methods in [19] are listed as
matrix elements plus fracture elements. In light of Remark 4.1 we would like to point out that Box and EDFM have continuous
pressure approximation, so that the errors associated with these would likely be smaller.

Method Nygor No. of elements erry erry nnz/NgOf I - ||2-cond
EFEM UMR37 1444 1369 5.3e-3 1.3e-3 5.9e-3 3.3e4
EFEM LR1 932 757  2.7e-3 1.1e-3 7.0e-3 1.1e4
Box 577 1078 + 74 1.1e-2 1.9e-4 1.1e-2 2.2e3
TPFA 1481 1386 + 95 1.1e-2 4.4e-3 2.7e-3 4.8¢e4
MPFA 1439 1348 + 91 1.1e-2 4.5e-3 8.0e-3 5.8e4
EDFM 1501 1369 + 132 6.5e-3  4.0e-3 3.3e-3 5.6e4
Flux-Mortar 3366 1280 + 75 1.0e-2  6.9¢-3 1.8e-3 2.4e6
P-XFEM 1650 961 + 164 9.3e-2 7.3e-3 8.0e-3 9.3e9
D-XFEM 4474 1250 + 126 9.6e-3  8.9e-3 1.3¢-3 1.2¢6
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Figure 10: Benchmark 1 (pressure problem). Pressure solution along two lines.

Table 3: Benchmark 4 (pressure problem). DoF, number of elements, matrix density (nnz denotes number of non-zero entries
in the system matrix) and matrix condition number for EFEM on different meshes compared to the corresponding methods in
[19]. No. of elements for the methods in [19] are listed as matrix elements plus fracture elements.

Method Naot No. of elements nnz/N37; I - ||2-cond
EFEM M3 5349 4623 1.3e-3 3.5eb
EFEM Mg’r 9185 7629 7.2e-4 9.3e6
EFEM M3 33337 27666 2.0e-4 1.5e7*
EFEM M;l’r 33924 28104 1.9e-4 6.4e7*
Box 5563 10807 + 1386 1.2e-3 9.3ed
TPFA 8481 7614 + 867 4.9e-4 5.3e6
MPFA 8588 7614 + 867 1.6e-3 4.9e6
EDFM 3599 2491 + 1108 1.4e-3 4.7e6
Flux-Mortar =~ 25258 8319 + 1317 2.0e-4 2.2el7

* Estimate of the 1-norm condition number based on MATLABs condest command.

Denote by Mg the 7 x 6 base mesh with h = 100. Then let ./\/lz be the mesh where M, is first
refined globally ¢ times, and then recursively refined locally around the fractures j times. With this Ay, =
100 - 2= 09 and hpax = 100 - 277, Some of the fractures are very close without intersecting. It is important
to resolve this geometrical aspect so that each vertex patch only see one fracture unless the fractures are
connected. We denote by M?" the mesh where M is further locally refined to resolve close non-connected
fractures. The DoFs and number of elements are reported in Table 3, along with the corresponding numbers
for the methods considered in [19]. Fig. 12 displays two of the meshes and illustrates the effect of resolving
the geometry.

Fig. 13 shows the pressure approximation on four different meshes. Observe that we have some instabil-
ities in the solution in the upper right corner that vanish as we refine, see Fig. 14. This is due to the fact
that one of the fractures cuts the corner and that we have zero Dirichlet condition at the right end of this
fracture. Figs. 15 and 16 plots the pressure approximation along the lines y = 500 and x = 625. Results on
the highly refined mesh M$, where all geometry is sufficiently resolved, are included as a reference solution.
We clearly see the effect of resolving the geometry, and we observe similar results to those reported in [19].
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Figure 15: Benchmark 4. Pressure solution along the line y = 500. The solution on Mg is considered as a reference solution.

5 1.0
EFEM MZ — Box —
EFEM M3 — TPFA —
EFEM M2" —- 8.0 A\ MPFA
EFEM M3 —- /R EDFM
. EFEM Mg - . 4 Flux-Mortar
© ©
° S 60  EFEMM3" —-
o ° \ EFEM Ma" —-
> > 6
2 g .0l ] EFEMMS -
& & " fﬁf"“ i
2.0 2.0 t
%‘i‘
N
0.0 0.0 ==
0 100 200 300 400 0 100 200 300 400 500 600

Figure 16: Benchmark 4 (pressure problem). Pressure solution along the line z = 625. The solution on /Vlg is considered as a
reference solution.
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4.8. Coupled problems

We now couple the benchmark cases with the transport problem and solve for concentration. The coupled
problem was not considered in [19].

4.8.1. Benchmark 1: Regular fracture network

For the transport problem we set ¢y = 0, apply a boundary concentration ¢y = 1 on the inflow boundary
(x = 0), and let T = 0.5. We consider the same computational meshes as for the pressure problem. In
addition, we construct a reference mesh with 182674 elements where the fractures are fully resolved, i.e.,
h = w at the fractures and h ~ 16w away from the fractures. A reference solution is then obtained by a
standard FV method on a continuous fracture model (no lower dimensional embedding), i.e., Eq. (3.29a)
with K} = K, and & = krI in the elements in the fracture domain. Time steps for the reference solution is
At=1-1075.

Fig. 17 shows the velocity approximations in each of the six fractures for the different meshes. We see a
very good agreement, in particular for the LR meshes. This is as expected since the velocity is derived from
the pressure solution, which was shown earlier to have higher accuracy when refining around the fractures.

For the transport problem, we define a quantity of interest, QOI, as the flux of concentration out of the
two fractures on the right boundary face,

QOIL () = (ur - n¢)|x=(1.0,0.5), (4.7a)
QOIy(t) = (ur - n¢)|x=(1.0,0.75)- (4.7b)

For the reference solution, these quantities are calculated as

05+%

Qor(t) = [ *(weno)l dy. (4.8)

2

i [OTHE

QOIY (t) = w (u-nc)|z=1 dy. (4.8b)
0.75-4

First, we solve the coupled problem on the four uniform meshes with At = 1.0-1073, 5.0-107%, 2.5-1074,
and 1.25 - 1074, respectively, and on the three LR meshes with At = 5.0-107%, 2.5-107%, and 1.25 - 1074,
respectively. The concentration solution on the finest meshes are displayed in Figs. 18 and 19, while QOI is
plotted against time for all meshes in Fig. 20.

We observe similar solutions for all meshes. At early times and in fracture 1 (y = 0.5), we have the best
results on the LR meshes. However, the LR meshes are relatively coarse in the matrix. This causes large
numerical diffusion and with time the concentration front in the matrix reaches the first vertical fracture
(x = 0.5). This explains why the solution on the LR meshes becomes inaccurate at large times. A better
meshing for the coupled problem would be to refine both close to the fractures and in the left half of .
Dynamic mesh adaptivity based on an a posteriori error estimator, see e.g. [43], could also improve the
results, but this was not further examined in this work.

At last, we ran a series of simulations on the UMR meshes with At = 104 and compared to the reference
solution by a L? norm over the fractures, see Fig. 21. We get a higher convergence than what is expected
from the lowest order F'V method.

4.8.2. Benchmark 4: A realistic case
We now couple benchmark 4 to the transport problem, where ¢y = 0 and an inflow concentration ¢z = 1
is set on the left boundary face. Such problem was also considered in [22], but with different permeabilities.

We set the end time for the simulations to T' = 100 years3.

31 year = 365 days.
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Figure 17: Benchmark 1 (coupled problem): Fracture velocities for the different meshes.
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(a) Reference solution, ¢t = 0.1. (b) Reference solution, t = 0.5.

(c) UMRI139, t = 0.1. (d) UMRI139, t = 0.5.

(e) LR3, t = 0.1. (f) LR3, t = 0.5.

Figure 18: Benchmark 1 (coupled problem). Concentration solution. The fractures are visualized with a fixed exaggerated
width. Number of degrees of freedom, Ngof, is 182674 for the reference solution (continuum model), 19321 for UMR139, and
16252 for LR3.
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Figure 19: Benchmark 1 (coupled problem). Concentration solution along two lines at different times.
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Figure 20: Benchmark 1 (coupled problem). Quantity of interest, QOI;, ¢ = 1,2, as functions of time.
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Figure 21: Benchmark 1 (coupled problem). Relative concentration error in fractures, W, at t = T against Ngof.
refll L2(r)
The reference solution is compared against the solution on the UMR meshes with At = 1-10~%. The black reference line has
slope —0.5.

25



First, we set At = 1 hour (36500 time steps), and consider the meshes M%r Concentration solutions
in the fractures are displayed in Fig. 22. Furthermore, convergence of the concentration in the fractures
is demonstrated in Fig. 23. Due to the high fracture permeability, nearly all transport take place in the
fractures, and hence we do not display the matrix solution. We observe that we get reasonable good results
even for the coarsest mesh. Furthermore, the results for M3 clearly illustrates the importance of resolving
the geometry, as the solution is far off in some of the fractures, even compared to Mg’r which has much less
DoFs. Convergence is rather slow due to the low order method.

Next, we ran a series of simulations on Mg’r with At = {20,50, 100,365} days and compared to the
solution with At = 1 hour on the same mesh. The L? error over  at t = T is plotted against (At)~! in
Fig. 24, and we observe linear convergence in time as expected.

5. Concluding remarks

This article addresses the numerical solution of a coupled flow and transport problem in fractured porous
media, where the fractures are modeled as lower-dimensional interfaces embedded in the surrounding ma-
trix. The proposed solution strategy includes three main steps: (1) Solving the flow problem with an
embedded finite element method (EFEM) [11]; (2) Locally conservative flux approximation; and (3) Solving
the transport problem with a non-standard lowest order finite volume (FV) method.

The main contribution of this work is that we couple EFEM with a numerical model for the transport
problem. EFEM allows for complex fracture geometry, where the fractures can cut the elements arbitrarily,
and compared to other embedded discrete fracture-matrix models, there are no lower-dimensional elements
along the fractures. The numerical model for the transport problem presented in this work, aims to be as
flexible as EFEM with respect to meshing. This is resolved by a lowest order upwind FV method where the
fracture solution is represented by elements cut by the fracture. The main novelty in our method is how we
approximate the coupling term between the matrix and the fractures.

Furthermore, this work includes the following contributions:

e We apply EFEM to realistic benchmark problems presented in [19]. Our results are in good agreement
with the results in [19] and in some cases EFEM is most accurate. Applying a priori local refinement
based on an estimate in [11] gives especially good results.

e To ensure locally conservative fluxes, we adapt and apply the postprocessing method presented in [37].

o We demonstrate the abilities of our coupled solution strategy by numerical examples on a realistic case
with a complex fracture network.

A main advantage of our method compared to other discrete fracture-matriz models, is the inherent
simplicity, both in terms of formulation, implementation and meshing. Despite the simplicity, the presented
results are promising.

One direction for further work is to consider adaptive routines for the transport solver, perhaps looking
at the space-time approach allowing for easy handling of local time refinement. Rigorous convergence proofs
and error estimates for the transport solver are also desired. Moreover, one could pursue including more
physics into the model, e.g., multi-phase flow. To reduce the numerical diffusion associated with the implicit
Euler method, one could consider higher order time integration, e.g., [33].
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(a) Mg’r, t = 15 years. (b) Mg’r, t = 100 years.

(e) M3, t =15 years. (f) M3, t =100 years.
Figure 22: Benchmark 4 (coupled problem). Concentration solutions in fractures. The fractures are displayed with a fixed

(exaggerated) width. Regions where the results on the non-resolved mesh M% deviates substantially from the other two meshes
are marked with green dashed ellipses.
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simulations are run on Mg’r. The solution with At = 1 hour is used as reference solution, c,.f, and compared to the solutions
with At = {20, 50,100, 365} days. The black reference line has slope —1.

28



Appendix

A.1. Discontinuous Galerkin formulation

We formulate here a lowest order Discontinuous Galerkin method (DG(0)) with upwinding for the trans-
port problem, Eq. (2.14). This formulation is equivalent to the finite volume method derived in Section 3.3.
We include it here for convenience of the reader more familiar with DG methods. The DG formulation is
also more suitable for deriving error estimates.

We start by multiplying Eq. (2.14a) by a test function v, integrate over an element K € K}' and apply
Greens formula to obtain

/gb%v—/ cu-Vv—l—/ u~anv=/ fle)v, K eKy. (A1)
kOt K oK K

Summing the boundary term over all K € K}' we get

> /8Ku.an1):— 3 /zru.nFc[[vﬂ+ 3 /Fu-nmcv

Keky FeF), FeF
+ E / u-npgcv + g / u-npcgv. (A.2)
FER! bl rery, "

We have denoted by ny the unit normal on F' € ,FLI”I[ pointing from the matrix domain towards the fracture.

Similarly, we multiply Eq. (2.14b) by a test function vr, integrate over K N T, for K € K}, and apply
Greens formula to obtain

Jdc .
/ Wwer ——vp — / crur - Vror +/ ur - DgArcrur — / [u-nc Jor = fr(er)vr.
KT ot KAl H(KNI) KAr KAl
(A.3)

Again, summing the boundary term over all K € K} we get

/ ur - ngareror == Y (ur - tropepfor]) [por
(KNT)

KeK! FEF;

+ Y (ur-trperpor) lpar+ Y (ur - troperor) [par, (A4)
FeF; FeF;

h,in h,out

where tr p is the unit tangent to I' oriented in the same direction as ng.
To formulate the DG method, we replace ¢ and ¢r by ¢, € Qo(Kr) and ¢ and ¢r by ¢, € Qo(Kh).
Furthermore, we approximate the coupling term as follows,

/ [u- nc; o, = Z ) (np-ng)u-npcyvp. (A.5)
KN fery Y ORNOK

This is equivalent to the approximation (3.16). Summing this term over all K € K} we get

u-ncjllvy, = U - DypCRUp. A6
> [ w3 [, (A.6)

KeKy, FG.F;‘"I
Adding everything up, we end up the following formulation. Find ¢; € Qo(Ky) such that

b(Ch, ’Uh) = k‘(’l)h)7 Yoy, € Qo(K:h), (A?)
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where

bc,v) = Z /K <¢g§cv +dcv> + Z /KmF (wqbrg(;v +drcv>

KeKy KeKX,
- > / u-npcfv] = > (ur-trrpcfv]) [par
Fe(Fn\F} ) F FeFy,
+ Z /u-npcv—|— Z (ur - tr,pcv) |par (A.8)
FEJ:;\L‘,out r FEJ:;:L,out
and
k(v) = Z /(jcwv—i— Z/ grewv + Z /u-npch—i— Z (ur - tr,pergv) [par- - (AL9)
KeKy Kex, TRt FeR " FEF; in

We have used the definition of f(c) and fr(cr), see Eq. (2.15). For the concentration on faces F' € Fy,, we
use the upwind approximation

: _, ifu- >
u-ngcy = u-nrlen)-, l u-np 20, (A.10)
u-ng(cp)y, ifu-np<0.

Applying the velocity model described by Egs. (3.18)—(3.27), we may simplify the forms b(-,-) and k(-) for
the coupled problem by a similar approach as described by Eq. (3.19), so that

b(c,v) = Z /K<¢(;§cv+qvcv)+ Z /Kmr <w¢pg§v+cjpcv) . Z /Fthﬂv]]+ Z /Fthv

Keky, KeK;, FeFn, FEFn out
(A.11)

and

k(v) = Z /K(fcle' Z /KFQFCWU+ Z /FthBv+ Z /FVhCF,BU. (A.12)
N

Kek)! KeKr, FeFY FeFy

h,in h,in

If we apply implicit Euler as time integrator, we end up with a scheme that is equivalent to the FV-IE
scheme in Eq. (3.29).

A.2. Interpretation of concentration solution

The numerical method given by Eq. (3.29) defines a constant solution on K € K. However, K originally
contains both a fractured domain represented as a lower-dimensional interface, K NT', and a matrix domain
K\T. Let {Kj}jeq1,... Ny} be a partition of K into N subelements defined by I'. For a single fracture
cutting K, we have ng = 2, but for intersecting and bifurcating fractures in K, nx can be larger. For a
terminating fracture, we have ng = 1. We interpret the solution on K by assigning a constant value to each

subelement K; and one value on the fracture intersection K NI'. Let ¢, denote the interpreted solution.
Then we define

énlx = enlx, VK € K, (A.13)
énlkor = enlx, VK € K. (A.14)

It is not as easy to define the interpreted solution on the fracture subelements, but the following algorithm
can be used. Denote by K,"" the (non-empty) subsets of K} with elements contained in Q;, i.e.,

K ={K e K} : K C O} (A.15)
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Furthermore, let IC;Lz be the set of all fracture subelements contained in €);, i.e.,

Ky'={K;eK:K;CcQ, Keck}}. (A.16)

At last, denote by N (F) the neighbor of K that shares face F.

Algorithm 1 recursively assigns values to each element K € ICZZ Once a value is assigned to K, we

move K from ICfL’i to IC;” In this way we mark K as assigned and also allow for its value to be further
assigned to another neighbor in the next cycle. The algorithm works under the mild assumption that there
is at least one matrix element for each subdomain, i.e., for all £;, i =1,2,...,ng, there is an K € K} such
that K C ;. Moreover, we remark that the algorithm is sensitive to the ordering of elements. We refer to
Fig. 3 for an illustrative example of how this algorithm works. Finally, we emphasize that this algorithm is
purely for the interpretation of the results, and not part of the numerical method.

Algorithm 1: Assigning values to fracture subelements

fori=1,...,nqg do
while )" # 0 do
for K € K" do
for F € 0K do
K = N (F)
if K € K;* then
éulg =cnlx
Kt = K\ (K}
Ky' =Ky, U{K}
end
end
end
end
end
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