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Abstract

Mixed-dimensional partial differential equations arise in several physical applications, wherein parts of
the domain have extreme aspect ratios. In this case, it is often appealing to model these features as
lower-dimensional manifolds embedded into the full domain. Examples are fractured and composite
materials, but also wells (in geological applications), plant roots, or arteries and veins.

In this manuscript, we survey the structure of mixed-dimensional PDEs in the context where the sub-
manifolds are a single dimension lower than the full domain, including the important aspect of
intersecting sub-manifolds, leading to a hierarchy of successively lower-dimensional sub-manifolds. We
are particularly interested in partial differential equations arising from conservation laws. Our aim is to
provide an introduction to such problems, including the mathematical modeling, differential geometry,
and discretization.

1. Introduction

Partial differential equations (PDE) on manifolds are a standard approach to model on high-aspect
geometries. This is familiar in the setting of idealized laboratory experiments, where 1D and 2D
representations are used despite the fact that the physical world is 3D. Similarly, it is common to
consider lower-dimensional models in applications ranging from geophysical applications. Some
overview expositions for various engineering problems can be found in [1, 2, 3].

Throughout this paper we will consider the ambient domain to be 3D, and our concern is when models
on 2D submanifolds are either coupled to the surrounding domain, and/or intersect on 1D and 0D
submanifolds. Such models are common in porous media, where the submanifolds may represent either
fractures (see e.g. [4]) or thin porous strata (see [1]), but also appear in materials [3]. In all these
examples, elliptic differential equations representing physical conservation laws are applicable on all
subdomains, and the domains of different dimensionality are coupled via discrete jump conditions.
These systems form what we will consider as mixed-dimensional elliptic PDEs, and we will limit the
exposition herein to this case.

In order to establish an understanding for the physical setting, we will in section 2 present a short
derivation of the governing equations for fractured porous media, emphasizing the conservation
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structure and modeling assumptions. This derivation will lead to familiar models from literature (see e.g.
[4, 5, 6, 7] and references therein).

We develop a unified treatment of mixed-dimensional differential operators on submanifolds of various
dimensionality, using the setting of exterior calculus, and thus recast the physical problem in the sense
of differential forms. We interpret the various subdomains as an imposed structure on the original
domain, and provide a decomposition of differential forms onto the mixed-dimensional structure. By
introducing a suitable inner product, we show that this mixed-dimensional space is a Hilbert space. On
this decomposition we define a semi-discrete exterior derivative, which leads to a de Rham complex
with the same co-homology structure as the original domain. It is interesting to note that the differential
operators we define were independently considered by Licht who introduced the concept of discrete
distributional differential forms [8]. A co-differential operator can be defined via the inner product, and
it is possible to calculate an explicit expression for the co-differential operator. This allows us to
establish a Helmholtz decomposition on the mixed-dimensional geometry. We also define the mixed-
dimensional extensions of the familiar Sobolev spaces.

Having surveyed the basic ingredients of a mixed-dimensional calculus, we are in a position to discuss
elliptic minimization problems. Indeed, the mixed dimensional minimization problems are well-posed
with unique solutions based on standard arguments, and we also state the corresponding Euler
equations (variational equations). With further regularity assumptions, we also give the strong form of
the minimization problems, corresponding to conservation laws and constitutive laws for mixed-
dimensional problems.

This paper aims to provide a general overview and roadmap for the concepts associated with
hierarchical mixed-dimensional partial differential equations, more complete and detailed analysis will
necessarily due to space be considered in subsequent publications.

2. Fractured porous media as a mixed-dimensional PDE
This section gives the physical rationale for mixed-dimensional PDE. As the section is meant to be
motivational, we will omit technical details whenever convenient. We will return to these details in the
following sections.

f:R* - Q"

v \

Figure 1: Example geometry of two intersecting fractures in 2D, and the logical representation of the
intersection after mapping to a local coordinate system.
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We consider the setting of a domain D € R™. In sections 3 and onwards we will consider arbitrary n,
however in this section we will for simplicity of exposition consider only n = 3. We consider a fractured
media, where we are given explicit knowledge of the fractures, thus we consider the domains Qf as
given, where i € I is an index and d = d (i) represents the dimensionality of the domain. We denote by
i € 1% the subset of indexes in I for which d(i) = d. In particular, intact material lies in domains of

d = 3, while d = 2 represents fracture segments, and d = 1 represents intersections, see Figure 1. For
each domain Q¢ we assign an orientation based on n — d outer normal vectors Vij.

In order to specify the geometry completely, we consider the index sets $; and S; as the d + 1
dimensional and d — 1 dimensional neighbors of a domain i. Thus for d = 2, the set S; contains the
domain(s) Ql3 which are on the positive (and negative) side of Q?. On the other hand, the set S; contains
the lines that form (parts of) the boundary of ;. Additionally, the set of all lower-dimensional neighbors
is defined as @i = [§i,§§i, ] We will define Q% = Ziad in as all subdomains of dimension d, while
similarlty Q = %%_, Q% is the full mixed-dimensional stratification. Note that since the superscript
indicating dimension is redundant when the particular domain is given, we will (depending what offers
more clarity) use Q; = Q? interchangeably.

For steady-state flows in porous media, the fluid satisfies a conservation law, which for intact rock and
an n-dimensional fluid flux vector u takes the form

V-u=¢ on D (2.2)

We wish to express this conservation law with respect to our geometric structure. To this end, let us first
define the mixed-dimensional flux u, which is simply a d-dimensional vector field on each Q?. We write
un= [u?] when we want to talk about specific components of u. We similarly define other mixed-
dimensional variables, such as the source-term f.

Now clearly, for d = n, we recover equation (2.1). Now consider d = n — 1, and a fracture {0, of
variable Lipschitz-continuous aperture (illustrated for d(1) = 1 in figure 2).

——

Figure 2: Example of local geometry for derivation of mixed-dimensional conservation law.

Here the dashed lines indicate a fracture boundary, the solid black line is the lower-dimensional
representation, and the solid gray line indicates the region of integration, w, of length £ and width e(x).
Evaluating the conservation law over w leads to

J.V-uda=f u'vds=f(;b
w ow w
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where v are the external normal vectors. Since our integration area is in the limiting case of £ - 0 a
guadrilateral, we split the last integral into parts where v is constant,

fu-vds=v+'f ullds+v_-f u, ds+f ‘r-uds—f T-uds
dw 0w 0_w Jrw L w

where [l1, ;] € S; is the domain on the “+” and “-” side of (;, respectively, and denote the Left and
Right side of the integration boundary by subindexes. The notation T is the tangential vector to ().
Clearly, letting the length € be infinitesimal, the last two terms satisfy

tTruds— [, T-uds 04w
aa)L
=V91-f T-uds=Vgy -(cuy)

_w

lim fawR
£-0 {

where Vq_ - is the in-plane divergence and
_ 10w
ulzzf T-uds (2.3)

Considering similarly the limits of £ — 0 for the two first terms, we obtain for the positive side

d o\ 1/2
ui(ll) ds = (1 + |_V91(a+(0) ) V- u;il(ll)

dx

lim V+ * f_l f
£-0 P

Combining the above, we thus have

+w

limg_,o {)—1 wa -u da = All + Alz + VQl . (Eul) = [[/1]],' + vﬂl . (Eul) (24)

where A is defined as

1/2
d 2 d(
A, = (1 + |Evﬂl(a+w)| ) vy ul® (2.5)

and (using the analogous definition for 4,,)
[ = = Xies, (2.6)

Note that we have made no approximations in obtaining equation (2.4) — the left-hand side is an exact

expression of conservation. The model approximations appear later when deriving suitable constitutive
laws. Nevertheless, since the fractures have a high aspect ratio by definition, the pre-factor in equation
(2.5) is in practice often approximated by identity, for which (2.5) simplifies to

/1[ VLU (27)

The derivation above (including the definition in equation (2.4)), generalizes in the same way to
intersection lines and intersection points, thus we find that for all d < n it holds that

[€AT; + Vg, - (eiw) = ¢; (2.8)

Here the hat again denotes the next higher-dimensional domains, so that € = ¢;. Since S; = @ fori € I™,
equation (2.8) reduces to (2.1) for d = n, and thus it represents the mixed-dimensional conservation
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law for all Q?. In this more general setting, € denotes the cross-sectional width (2D), area (1D) and
volume (0D) for successively lower-dimensional intersections.

For porous materials, the conservation law (2.1) is typically closed by introducing Darcy’s law as a
modeling assumption, stated in terms of a potential p on the domain D as

u=-Kvp (2.9)

The coefficient K is in general a tensor. Unlike for the conservation law, it is not possible to derive an
exact expression for the mixed-dimensional constitutive law, but by making some (reasonable)
assumptions on the structure of the solution, it is usually accepted that Darcy’s law is inherited for each
subdomain (see extended discussion in [1], but also [9]), i.e.

u; = —K;Vq,pi (2.10)

To close the model, it is also necessary to specify an additional constraint, where the two most common
choices are that either the potential is continuous (see discussion in [10])

Py =p_ (2.11)

or, more generally, that the pressure is discontinuous but related to the normal flux above

Ay = —2R, , PP (2.12)

1
(epn—d

The model equations (2.8-2.12) are typical of those used in practical applications [11]. However, to the
authors’ knowledge, our work is the first time they are explicitly treated as a mixed-dimensional PDE
(see also [12, 13]).

3. Exterior calculus for mixed-dimensional geometries

We retain the same geometry as in the previous section, but continue the exposition in the language of
exterior calculus (for introductions, see [14, 15, 16]). Throughout the section, we will assume that all
functions are sufficiently smooth for the derivatives and traces to be meaningful. We also point out that
similar structures to those discussed in this section have been considered previously by Licht in a
different context [8].

First, we note that the components of the mixed-dimensional flux discussed in section 2 all correspond
tod — 1 forms, u? € Ad_l(Q?), while the components of pressure all correspond to d-forms,

pd € Ad(Q?). This motivates us to define the following mixed-dimensional k-form
24(Q) = [Tig A4 (af) (3.1)
From here on, it is always assumed that £¥ is defined over (), and the argument is suppressed.

Moreover, we note that equation (2.7) is (up to a sign) the trace with respect to the inclusion map of the
submanifold, thus for a mixed-dimensional variable a € £ the jump operator is naturally written as

(da)¥ = (—1)4+k Zjegis(nfl,aiaf“)TrQ? af+t (3.2)
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Here we have exchanged the bracket notation of equation (2.5b), which is common in applications, with
a simpler notation, d, which more clearly emphasizes that this is a (discrete) differential operator, in the
normal direction(s) with respect to the submanifold. We use the notation S(Q?, 6iQ]‘-1+1) to indicate the

relative orientation (positive or negative) of the arguments.

We obtain a mixed-dimensional exterior derivative, which we denote d, by combining the jump operator
with the exterior derivative on the manifold, such that for a € 2%

(®a)? = daf + (da)? (3.3)

This expression is meaningful, since both da?, ((dla)fi € Ak'(n_d)“(ﬂfi), and thus clearly da € gk*1. A
straight-forward calculation shows that d (da)? = —(dda)?, thus for all a

bda = 0 (3.4)

and it can furthermore be shown that if a = 0, and if D is contractible, then there exists b € £~ such
that a = bb. Thus the mixed-dimensional exterior derivative forms a de Rham complex,

c d d d
0-R->2°->81 > .. -8">0 (3.5)
which is exact (for the proof of this, and later assertions, please confer [13]).

Due to the jump terms in the differential operators, the natural inner product for the mixed-dimensional
geometry must take into account the traces on boundaries, and thus takes the form for a,b € 2

(a,8) = Xigs ((a?, bf') + X ezd (Trﬂgm af, Troaw b’ )) (3.6)

Note that A¥ (Q?) = @ whenever k & [0, d], thus many of the terms in (3.6) are void. It is easy to verify
that equation (3.6) indeed defines an inner product, and thus forms the norm on £¥

lall = (a, a)*/? (3.7)

The codifferential *: 8¢ — 2%~ is defined as the dual of the exterior derivative with respect to the
inner product, such that for a € gF

(v*a,b) = (a,0b) + (Trb, Tr*a)yp  forallb € gk~1 (3.8)

It follows from the properties of inner product spaces that the codifferential also forms an exact de
Rham sequence. Thus, when D is contractible, we have the following Helmholtz decomposition: For all
a € £F, there exist a, € 8571 and ay- € 851 such that

a = day + d*ay (3.9)

In view of the uncertainty in the modeling community of the correct constitutive laws for mixed-
dimensional problems (as per the discussion of equation (2.11) and (2.12)), it is of great practical utility
to be able to explicitly calculate the co-differential, since this will have the structure of the constitutive
law. Utilizing equations (3.6) and (3.8), we obtain

(>*b)¢ = d*b? on Qf (3.10)
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and
Try ot (00 = d"Try ga b + (Tr) (o b = B jcsa(-1D* (0, 0,08) b7~1)  on 90f
(3.11)

We close this section by noting that the differential operators provide the basis for extending Hilbert
spaces to the mixed-dimensional setting. In particular, we are interested in the first order differential
spaces, and therefore the norms of H2* and H*2¥ by

llally = llall + lIball  and  llallz+ = llall + lI>"all (3.12)
from which we obtain the spaces
HE* == {a € ¥ ||lally <o} and H*8*:={a € &¥|llally < 0} (3.13)

We use the convention that a circle above the function space denotes homogeneous boundary
conditions, i.e. H&*: {a € HQ¥ |TraD a=0}and H*8*: {a € H* Q¥ |Tr5D a = 0}. The spaces HZ* and
H*2F can be characterized in terms of product spaces of functions defined on domains Q? and its
boundary components 6]-9?, see e.g. [13, 12].

Then, the Poincaré inequality holds for contractible domains in the mixed-dimensional setting for either
a € HE* N H*¢* ora € HE* n H*gk:

llall < Ca(llvall + [I2*all) (3.14)

4. Mixed-dimensional elliptic PDEs
Based on the extension of the exterior derivative and its dual to the mixed-dimensional setting, we are
now prepared to define the generalization of elliptic PDEs. We start by considering the minimization
problem equivalent to the Hodge Laplacian for a € gk

a = arg infaeéﬁan*ﬂk]g(a’) (4.1)
where we define the functional by
Ja(@') = (Rd*a’,pa") + (R*da’,ba’) — (f, ) (4.2)

The material coefficients & are spatially variable mappings from Ak_(n'd(i))(ﬂf) onto itself, defined
independently for all terms in the inner product (3.6). In particular, with reference to section 2, &
contains all instances of the proportionality constants K appearing in (2.9), (2.10) and (2.12).

For equation (4.1) to be well-posed and have a unique solution, we need (§d*a’,d*a’) + (§*da’, ba’) to
be continuous and coercive, i.e. we need to impose constraints on & and &*. Indeed, by reverting to the
definition of the inner product, we define the ellipticity constant ag as the minimum eigenvalue of K,
and similarly for ag+. We require both these constants to be bounded above zero, such that

(&bd*a’,d*a’) + (§*da’,ba’) = min(ag, ag-) (1 + Co)?|la’||?
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The minimum of equation (4.1) must satisfy the Euler-Lagrange equations, thus a € Hgk n H*2¥
satisfies

(%d%a,d*a’) + (§*da,da’) = (f,a") foralla’ € HEk n H*gk (4.3)

From the perspective of applications, and mirroring the distinctions between conservation laws and
constitutive laws discussed in Section 2, we will be interested in the mixed formulation of equation (4.3)
obtained by introducing the variable b = &d*a, where b is the generalization of the various fluxes u.
Then we may either consider a constrained minimization problem derived from equation (4.1), or for
the sake of brevity, proceed directly to the Euler-Lagrange formulation: Find (a,b) € H2¥xH2*~* which
satisfy

(87'5,b") — (a,db") = 0 forallb’ € Hgk™? (4.4)
(db,a’) + (R*da,ba’) = (f,a") foralla’ € HE¥ (4.5)

The saddle-point formulation is well-posed subject to Babuska-Aziz inf-sup condition. Due to the
presence of a Helmholtz decomposition, this follows by standard arguments. From equations (4.4) and
(4.5) we deduce the strong form of the Hodge Laplacian on mixed form, corresponding to the equations

b= Kd"a and db + 2" (K*da) = f (4.6)

Of the various formulations, equations (4.4) and (4.5) are particularly appealing from the perspective of
practical computations, as they do not require the coderivative.

An important remark is that the relative simplicity of the well-posedness analysis for the mixed-
dimensional equations relies on the definition of the function spaces and norms. In particular, due to the
definition of H2¥ via the mixed-dimensional differential b, the norm on the function space is inherently
also mixed-dimensional, and cannot simply be decomposed into, say norms on the function spaces
HAk-(=d) (Q?). For this reason, analysis in terms of “local norms” becomes significantly more involved
[17, 18, 11].

5. Finite-dimensional spaces

In order to exploit the mixed-dimensional formulations from the preceding section, and in particular
equations (4.4-4.5) we wish to consider finite-dimensional subspaces of HE¥. These spaces should be
constructed to inherit the de Rham structure of equation (3.5), and with bounded projection operators.
A natural approach is to consider the polynomial finite element spaces as a starting point [15].

From the finite element exterior calculus (FEEC - [15]), we know that on the highest-dimensional
domains Qf, we may choose any of the finite element de Rham sequences, and in particular, we may
consider the standard spaces from applications for a simplicial tessellation 7;" = T(Q}')

PN () and PAN(T) (5.1)

These correspond to the full and reduced polynomial spaces of order r, respectively, in the sense of
[15]. In order to build a finite element de Rham sequence, we recall that (while still commuting with
bounded projection operators) the full polynomial spaces reduce order
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d
PAR(T™) > P AT (5.2)

while the reduced spaces preserve order

d
PoAR(T™) - POARL(TT) (5.3)

Thus, any of these combinations of spaces are acceptable for (A}, and consider therefore the choice as

given, and denoted by A’;l'n and A’,‘;'l’"-

For d < n, we must consider not only the continuous differential operator d, but also the discrete jump
operator d. It is therefore clear that fori.e. d = n — 1, we must consider the traces of the finite element
spaces of higher dimensions. In particular, we require for all pairs of dimensions0 < e <d < n,

Troe A% (T9) € Ay "9 (T) (5.4)

In contrast to the continuous differential order, the discrete differential operator preserves order for
both the full and reduced spaces, since [15]:

Trge PAK(T4) = PARTM= (7€) and  Trge P AK(T94) = pmAk+=e)(T¢) (5.5)

We now define the polynomial subspaces SDrmﬁk € HE¥ as
d a o
(Prek); = P A0 (70) (5:6)

where the multi-indexes r and m have values 2 € P and m¢ € [, —], respectively. When the multi-
indexes are chosen to satisfy both (5.2-5.3) as well as (5.4), we obtain the discrete de Rham complex

d d d
0> Ro PR pMmEl 5 > PME 5 0 (5.7)

Due to the existence of stable projections for all finite element spaces in iPrmEk, the discrete de Rham
sequence can be shown to be exact, thus equations (4.4) and (4.5) have stable approximations.

The discrete spaces for H* 2 must satisfy similar properties. Equations (5.2-5.3) hold in the dual sense,
i.e. we write P AK(T;4) = PIAR(T;%) =% (PAY*(T;), and d* P AR (T;4) € PAF1(T39)
?ﬁ_lAk'l(Tid). Furthermore, the coderivative d* imposes the inverted condition AT(n_e) (T79) c

Trg?-l Ak (7%) on boundaries.

6. Implications in terms of classical calculus

We take a moment to untangle the notation from Sections 3-5 in order to extract insight into modeling
and discretization for the original physical problem.

Our initial task is to express simplest form of the mixed-dimensional Hodge Laplacian in terms of
conventional notation. We limit the discussion to the case where k = n, the function spaces H*2" and
H2"™ ! correspond to H; scalars and H(div) vectors on each dimension d > 1. For d = 0, only the

2n+1 —

scalars are defined. Furthermore, the term da € @, and thus we arrive from (4.6) to the simpler

problem
b = Kd"a and b = (6.1)

9
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In this case, the exterior derivative is the negative divergence plus jumps for each domain, while the
codifferential is the gradient parallel to each domain, and the difference from boundaries perpendicular.
As such, we arrive exactly at the model equations of Section 2, with the second choice of modeling
assumption (2.12).

Turning our attention to the finite element spaces, the lowest order spaces for discretizing (4.4-4.5) are
the reduced spaces obtained by choosing rid = 1and mfi = —, from which we obtain piecewise
constants for a on all domains, while we obtain for b the Nedelec 1* kind (div) — Raviart-Thomas —
continuous Lagrange elements for domains with dimensions d = 3,2,1, respectively — all of the lowest
order [12] (this method will be referred to as “Mixed Reduced” in the next section). Interestingly, if we
choose Nedelec 2™ kind (div) elements of lowest order for d = 3, equations (5.2) and (5.5) implies that
we should increase the order in the lower-dimensional domains, obtaining dG elements of ordern — d
for pressure, with BDM (2nd order) — continuous Lagrange (3rcl order) for fluxes in domains with d = 2,1.
This is a new method resulting from the analysis herein. We refer to this method as “Mixed Full”.

The mixed finite element discretization has the advantage of a strong conservation principle, and may
be hybridized to obtain a cheaper numerical scheme (see [12] for a direct approach in this context, but
also [6, 5] for direct constructions in the finite volume setting). Alternatively, we consider discretizing
the Euler-variation of the unconstrained minimization problem, equations (4.3). The natural finite
element spaces are ?rm’*i’,", with rid = 1 and m does come into play, corresponding to 1*-order
continuous Lagrange elements in all dimensions. From an engineering perspective, a similar formulation
has been described in [19], we refer to this method as “Primal” in the next section.

7. Computational example
In order to illustrate the concepts discussed in the preceding sections, we will continue to consider
k = n, and thus fractured porous media as a computational example, using the three numerical
methods obtained using the lowest-order elements of the families described in the previous section.

The example consists of the unit square with two fractures crossing through the domain, intersecting at
aright angle, as illustrated in figures 3. We impose unit permeability in the surroundings, set the normal
and tangential permeability of the fractures to 100 and assume the apertures of both fractures as

€ = 1073. The boundary conditions are chosen as zero pressure at the bottom and no-flux conditions on
the sides. Moreover, a boundary pressure of one is imposed on the fracture crossing the top boundary.
All computations were performed with the use of FEniCS [21].

10
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u-n=20

u-n=20

0.000e+00
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Figure 3: (Left) Domain of computation and associated boundary conditions. The pressure boundary

condition is only imposed on the fracture pressure. (Right) Example of calculated solution (pressure).

The results show that all three methods are stable and convergent (Table 1). The relative errors and L?-

convergence rates after four consecutive refinements (identified by the characteristic grid size h) are

given in the following table. Here, we compare the results to a fine-scale solution, obtained after a fifth

refinement. In this example, all grids are matching.

Primal Mixed Reduced Mixed Full
Domain | Grid Pressure Pressure Flux Pressure Flux
size
h Error Rate Error Rate Error Rate Error Rate Error Rate
274 2.66e-03 1.53 2.21e-03 1.52 2.89e-04 1.61
QO 275 8.45e-04 1.65 7.18e-04 1.62 N/A N/A | 8.99e-05 1.69 N/A N/A
276 2.15e-04 1.97 1.87e-04 1.94 2.26e-05 1.99
274 2.54e-03 1.46 1.89e-02 1.01 6.32e-03 1.22 3.01e-04 1.71 1.84e-03 1.28
ok 275 9.57e-04 1.41 9.22e-03 1.04 | 2.49e-03 1.34 | 8.99e-05 1.74 7.44e-04 1.30
276 3.23e-04 1.57 | 4.12e-03 1.16 | 7.82e-04 1.67 | 2.37e-05 1.92 2.61e-04 1.51
274 4.25e-03 1.53 1.89e-02 1.02 8.21e-02 0.74 1.86e-02 1.01 3.16e-02 0.75
0% 275 1.36e-03 1.64 | 9.17e-03 1.05 | 4.75e-02 0.79 | 9.11e-03 1.03 1.87e-02 0.75
276 3.60e-04 1.92 | 4.08e-03 1.17 | 2.47e-02 0.94 | 4.07e-03 1.16 1.04e-02 0.86

Table 1: Convergence rates for the three FE and MFEM discussed for the fracture problem in Section 6.

With reference to Figure 3, the domain Q0 is the intersection point, Q! represents the four fracture

segments, while Q? is the remaining ambient geometry.

Each method captures the intersection pressure well, with second order convergence over all. In the

surroundings, the pressure convergence with second order for the primal formulation and first order for
both mixed formulations, as expected. The Mixed Full method has higher-order elements in the fracture,

and this is reflected in higher convergence rates for both pressure and flux.

11




Proceedings of 24+ International Conference on Domain Decomposition Methods, Svalbard,
Lecture Notes in Computational Science and Engineering

Acknowledgments

The authors wish to thank Gunnar Flgystad, Eirik Keilegavlen, Jon Eivind Vatne and Ivan Yotov for valuable
comments and discussions on this topic. The authors also with to thank the two anonymous reviewers who
provided helpful comments on the initial version of this manuscript. This research is funded in part by the
Norwegian Research Council grants: 233736 and 250223.

References

[1] J. M. Nordbotten and M. A. Celia, Geological Storage of CO2: Modeling Approaches for Large-Scale
Simulation, Hoboken, N. J.: Wiley, 2012.

[2] J. Bear, Hydraulics of Groundwater, McGraw-Hill, 1979.
[3] P.G. Ciarlet, Mathematical Elasticity Volume Il: Theory of Plates, Amsterdam: Elsevier, 1997.

[4] C. Alboin, J. Jaffré, J. E. Roberts and C. Serres, "Domain decomposition for flow in porous media
with fractures," in 14th conference on Domain Decomposition Methods in Sciences and Engineering,
Cocoyoc, Mexico, 1999.

[5] T.H.Sandve, |. Berre and J. M. Nordbotten, "An efficient multi-point flux approximation method for
discrete fracture-matrix simulations," Journal of Computational Physics, vol. 231, pp. 3784-3800,
2012.

[6] M. Karimi-Fard, L. J. Durlofsky and K. Aziz, "An effcient discrete-fracture model applicable for
general-purpose reservoir simulations," SPE Journal, pp. 227-236, 2004.

[7] V. Martin, J. Jaffré and J. E. Roberts, "Modeling fractures and barriers as interfaces for flow in
porous media," SIAM Journal of Scientiffic Computing, vol. 26, pp. 1557-1691, 2005.

[8] M. W. Licht, "Complexes of discrete distributional differential forms and their homology theory,"
Foundations of Computational Mathematics, 2016.

[9] VY.C.Yortsos, "A theoretical analysis of vertical flow equilibrium," Transport in Porous Media, vol.
18, pp. 107-129, 1995.

[10] N. Schwenk, B. Flemisch, R. Helmig and B. I. WohImuth, "Dimensionally reduced flow models in
fractured porous media," Computational Geosciences, vol. 16, pp. 277-296, 2012.

[11] L. Formaggia, A. Fumagalli, A. Scotti and P. Ruffo, "A Reduced Model for Darcy's Problem in
Networks of Fractures," ESAIM: Mathematical Modelling and Numerical Analysis, vol. 48, pp. 1089-
1116, 2014.

[12] W. M. Boon, J. M. Nordbotten and I. Yotov, "Robust discretization of flow in fractured porous
media," in preparation.

12



Proceedings of 24+ International Conference on Domain Decomposition Methods, Svalbard,
Lecture Notes in Computational Science and Engineering

[13] W. M. Boon, J. M. Nordbotten and J. E. Vatne, "Exterior calculus for mixed-dimensional partial
differential equations," arXiv:1710.00556.

[14] M. Spivak, Calculus on Manifolds, Reading, Massachusetts: Addison-Wesley Publishing Company,
1965.

[15] D. N. Arnold, R. S. Falk and R. Winther, "Finite element exterior calculus, homological techniques,
and applications," Acta Numerica, vol. 15, pp. 1-155, 2006.

[16] R. Hiptmair, "Finite elements in computational electromagnetism," Acta Numerica, vol. 11, pp. 237-
339, 2002.

[17] C. D'Angelo and A. Scotti, "A Mixed Finite Element Method for Darcy Flow in Fractured Porous
Media with Non-Matching Grids," ESAIM: Mathematical Modelling and Numerical Analysis, pp. 465-
489, 2012.

[18] N. Frih, V. Martin, J. E. Roberts and A. Saada, "Modeling Fractures as Interfaces with Nonmatching
Grids," Computational Geosciences, vol. 16, pp. 1043-10060, 2012.

[19] R. Helmig, C. Braun and M. Emmert, "MUFTE: A Numerical Model for Simulation of Multiphase Flow
Processes in Porous and Fractured Porous Media," Universitat Stuttgart, 1994.

[20] X. Tunc, F. I., T. Gallouét, M. C. Cacas and P. Havé, "A model for conductive faults with non-
matching grids," Computational Geosciences, vol. 16, pp. 277-296, 2012.

[21] A. Logg, K.-A. Mardal, G. N. Wells and e. al, Automated Solution of Differential Equations by the
Finite Element Method, Springer, 2012.

[22] X. Claeys and R. Hiptmair, "Integral equations on multi-screens," Integral Equations and Operator
Theory, 2013.

13



