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Abstract

In this paper, we are interested in an efficient numerical method for the mixed-dimensional approach to modeling single-
phase flow in fractured porous media. The model introduces fractures and their intersections as lower-dimensional structures,
and the mortar variable is used for flow coupling between the matrix and fractures. We consider a stable mixed finite
element discretization of the problem, which results in a parameter-dependent linear system. For this, we develop block
preconditioners based on the well-posedness of the discretization choice. The preconditioned iterative method demonstrates
robustness with regard to discretization and physical parameters. The analytical results are verified on several examples
of fracture network configurations, and notable results in reduction of number of iterations and computational time are

obtained.
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1 Introduction

Fracture flow has become a case of intense study recently
due to many possible subsurface applications, such as CO,
sequestration or geothermal energy storage and production.
It has become clear that the dominating role of fractures
in the flow process in the porous medium calls for
reexamination of existing mathematical models, numerical
methods and implementations in these cases.

Considering modeling and analysis, a popular and
effective development is reduced fracture models [9, 19, 23]
that represent fractures and fracture intersections as lower-
dimensional manifolds embedded in a porous medium
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domain. The immediate advantages of such modeling are in
more accurate representation of flow patterns, especially in
the case of highly conductive fractures, and easier handling
of discontinuities over the interfaces. This has also allowed
for implementation of various discretization methods, from
finite volume methods [23, 31] to (mixed) finite element
methods [19] and other methods [18, 20]. These methods
mostly differ in two aspects: whether the fractures conform
to the discrete grid of the porous medium [9] or are placed
arbitrarily within the grid [13, 17, 32], or whether pressure
or flux continuity is preserved. Comparison studies of
different discretization methods and their properties can be
found in [6, 16, 29].

Although there is a wide spectrum of discretization
methods, little has been done to develop robust and
efficient solvers. This aspect of implementation can be
very important since applications of fractured porous
media usually include large-scale simulations of subsurface
reservoirs and the resulting discretized linear systems of
equations can become ill-conditioned and quite difficult to
solve. The linear system represents a discrete version of
the partial differential equation (PDE) operator that has
unbounded spectrum. Thus, its condition number tends to
infinity when the mesh size is approaching zero. Moreover,
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the variability of the physical parameters, such as the
permeabilities and aperture, can additionally influence the
scale of the condition number of the system. Instead
of using direct methods, we consider Krylov subspace
iterative methods to solve such large-scale problems. Since
the convergence rate of the Krylov subspace methods
depends on the condition number of the system, suitable
preconditioning techniques are usually required to achieve
a good performance. Recent studies, on geometric multigrid
method [5] and preconditioning techniques for the mimetic
finite difference method [4] for the fracture problem,
show how standard iterative methods can be extended and
perform well on mixed-dimensional discretizations. Still,
there are limitations that need to be overcome for general
fractured porous media simulations.

In this paper, we aim to provide a general approach
to preconditioning the mixed-dimensional flow problems
based on suitable mixed finite element method discretiza-
tion developed in [9]. Beside introducing the mixed-
dimensional geometry, the main aspects of the discretization
are flux coupling between subdomains using a mortar vari-
able and inf-sup stability of the associated saddle point
problem. Moreover, this framework has been shown to be
well incorporated within functional analysis as a concept of
mixed-dimensional partial differential equations [8], allow-
ing even further applications in poroelasticity and transport
problems.

We propose a set of block preconditioners for Krylov
subspace methods for solving the linear system of equations
arising from the chosen discretization. Following the theory
in [27] and [26], we derive uniform block preconditioners
based on the well-posedness of an alternative but equivalent
formulation. Proper weighted norm is chosen so that the
well-posedness constants are robust with respect to the
physical and discretization parameters but depend on the
shape regularity of the meshes. Both block diagonal and
triangular preconditioners are developed based on the
framework [26, 27]. Those block preconditioners are not
only theoretically robust and effective but can also be
implemented straightforwardly by taking advantage of the
block structure of the problem.

The rest of the paper is organized as follows. In Section 2
we first introduce the mixed-dimensional geometry and the
governing equations of the single-phase flow in fractured
porous media followed by the variational formulation
and the stable mixed finite element discretization of the
problem. The framework of the block preconditioners is
briefly recalled in Section 3 and its application to mixed-
dimensional discretization of flow in fractured porous media
is proposed and analyzed in Section 4. We verify the
theoretical results by testing several numerical examples in
Section 5 and finalize the paper with concluding remarks in
Section 6.

@ Springer

2 Preliminaries

In this section, we set up the problem of flow in fractured
porous media following [9]. Let £2" be a domain of
the porous medium of dimension n = 2,3 that can be
decomposed by fractures into £2",i € I". The fractures and
their intersections are represented as lower d-dimensional
manifolds 2¢,i € 14,0 < d < n, and inherit the similar
decomposition structure as the porous medium £2" (see
Fig. 1). Here, we use /¢ as a local index set in dimension
0 < d < n. Furthermore, we define Fl? for j € Jid c 19 as
‘de+1

interfaces between and adjacent .{27. Union over the

subscript set 19 represents all d-dimensional subdomains,
that is

74 = U 27, 2.1)
ield

ri=Jrf. rf=rs 2.2)
ierd jeld

Finally, the fractured porous medium domain £2 with
interface I is defined as

-1
9:09”’, r:brd. (2.3)
d=0 d=0

Remark 2.1 Even though the theoretical results in [8, 9]
allow for a more complex geometrical structure, for the
sake of simplicity we restrict the model to domains of
rectangular type. That is, we approximate fractures as lines
on a plane for n = 2 or flat surfaces in a box for n = 3.
However, we allow for any configuration of fractures or
fracture intersections within, for example, very acute angles
of fracture intersections, multiple intersecting fractures or
T-type intersections.

Now that we have set up the dimensional decomposition
framework for the fractured porous medium, we introduce
the governing laws in the subdomains and fractures. First,
notation and properties of the physical parameters are
introduced. For the sake of simplicity, we slightly abuse the
notation by omitting subdomain subscripts and dimension
superscripts in the following definitions. We only keep the
indices in certain cases when clarification is necessary.

Assume that the rest of the boundary of £ can be
partitioned into 02\I" = 9£2p U 02y such that 92p N
a2y = ¥ and 982p is of positive measure. We adopt the
notation in each dimension 0 < d < n , that is

1, =a2inaep,  Rd, =einiey. (24

The material permeability K¢ is a d x d tensor on
each £2¢ and is considered to be bounded both above and
below, symmetric and positive definite. We also define
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Fig.1 An illustration of the
dimensional decomposition of
the domain of the fractured
porous media, in two (left) and
three (right) dimensions. The
dimension of each subdomain
2 is given in the superscript d.
In the case of intersecting
fractures, I'? is set as a union of
interfaces adjacent to all
subdomains £2¢

QZ

the normal permeability K ff as the normal component
of the material permeability on interface I"?. Here, we
denote with v the outward unit normal on boundary of £2.
Furthermore, let yi‘j. be the distance from Fl;l to .Ql.d, which
for d = n — 1 represents half of the fracture aperture. The
physical parameters K and y may vary spatially. However,
to simplify the analysis, we assume that they are constant
on each subdomain in each dimension. In each £29, we
introduce the governing Darcy’s law and mass conservation,
find fluid velocity #? and pressure p? that satisfy

u? = —Kvp?,
Veoul + 1] = £,

where we introduce an additional mortar variable Ad,
defined as

jeJt iel

0<d<n—-1, (2.6)

d _3d _ .d d
k|ﬂ?_)\ij_u v, onFij,

to account for the mass transfer across each interface 1“5 ,
and a jump operator [-] : L2(I'?) — L*(2%) as

[[)‘dm_gid = - Z )\';lja

o 7d
J€J;

ielt, 0<d<n. (7

Since there is no notion of interface I"" or flow in a point
29, we extend the definion of A" and u° by setting them
equal to zero.

An additional interface law on szl is introduced to
describe the normal flow due to the difference in pressure
from Qid to £29+1,

d d+1
d Pi_l’+|r;j! d d d
}‘ij = _K"id’ onl"l-j, JjeJi, iel”,
Yij

0<d<n—-1. (238

Q3

QZ

ol

Q()

Finally, proper boundary conditions are needed. For
example,

: 2.9)
(2.10)

Remark 2.2 In the previous equations, we have used u? as
integrated flux and p¢ as averaged pressure in each £27,
0 < d < n. Therefore, the scaling with the cross-sectional
area ¢ of order O(y"~?) due to the model reduction has
been accounted for within the permeability parameters K
and K,.

2.1 Variational formulation

Now we consider the variational form of the problem (2.5)—
(2.10). For any open bounded set @ € R", let L*(w)

and H® (w) denote the L2 space and the standard Sobolev
spaces on functions defined on w, respectively. Also, denote

H %(8(0) as the space of traces of functions in H l(w) on
the boundary dw. Let (-, -),, be the L2-inner product and
Il II.2(y) the induced L?-norm. We define

Vi = (e @@ :v.vel? 29, - Vs = 0},

A = LX),
0 = L2(2%),

where V¢ representing the flux function space on £29, Q¢
the pressure space on £2¢, and A¢ the function space of
normal flux across interface I'¢. Furthermore, let Vg be a
subspace of V¢ containing functions vg such that vy - v = 0
on "~ In addition, define the extension operator R :
A? — VIl g

@2.11)

ded-v= )\.d, oan,
0, elsewhere.
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To summarize the formulation, we compose function spaces
over dimensions

n n n—1 n
v=@pvi vi=Pvh a=FHar’ o=o"
d=1 d=1 d=0 d=0

(2.12)

and associate composite L2-inner products

= Z Z(.’ o>

n n—1
(e =Y ()0 Car =Y ()pa
d=0 d=0;ecrd d=0
n—1
= ZZ Z(., ')F[ff'

d:Oield jE]l-d

and induced composite LZ-norms

Z 11172 ay s Z 1117,

n—1
Finally, let R : A — V be defined as R = @ R“.
d=0
The system (2.5)—(2.10) in the weak formulation reads:

Find (ug, A, p) € Vo x A x Q that satisfies

LZ(S?) L2(1")

(K" @o+ B3, 00) = (1. V2000 = = (890 s,
Yy € Vo, (2.13a)
(K~"@o+ R, Ri) = (p. V- Ri)g
+(vKn) = e =0 Yuen,
(2.13b)
—(V-wo+ RV, 9o — (M. 9)e = — (f. e,

YgeQ, (2.13¢c)

With g € H%(B.QD) and f € L?(£2). The functions
u8, vy, A" and " are set to zero, as explained right after
@.N.

We end this section by observing the saddle point
structure of the system (2.13). First, let W = V( x A be
the function space of all flux variables, including mortar
variable, and define the mixed-dimensional divergence
operator D-: W — Q as

D-w=D- [uyp,A]=V-uo+[r],

For any w, r € W such that w = [ug, A] and r = [vg, u]
define the following two bilinear forms

weW. (2.14)

a(w,r) = (K*l(uo + RA), v+ RM)Q + (yK;l;\, “)r ,
(2.152)

b(r,p) = —(p, D -[vo+ Ru, ulg . (2.15b)

Then the saddle point form of system (2.13) reads: Find

(w, p) € W x Q such that

VreW, (2.16a)

Vg e Q. (2.16b)

a(w7r) +b(r7 p) = _(g’ Vo - V)B.QD,
b(w, q) = - 9a,

@ Springer

It has been shown in [9] that the bilinear forms a(-, -) and
b(-, -) are continuous with respect to the following norms
forr =[vg,u] € Wandgq € Q,

_1 1. -1
Ir Iy = I1K~2 @0 + Ri)lFag) + 172Ky mll3s
(2.17a)
(2.17b)

+||D- vo + Rit, 1170

In addition, a(-, -) is shown to be coercive on the kernel of
b(-,-) in [9] as well. Finally, the following theorem states
that b(-, -) satisfies the inf-sup condition.

Theorem 2.1 [9] Let the bilinear form b(-, -) be defined as
in (2.15b). Then there exists a constant B > 0 independent
of the physical parameters K, K, and y such that

inf sup M > B. (2.18)

a€Qrew Irliwllglio

Following the classical Brezzi theory [7, 11], we
conclude that the saddle point system (2.16) is well-posed,
i.e., there exists a unique solution of (2.16).

2.2 Discretization

We continue this section with discretizing the problem
(2.16) by the mixed finite element approximation. Let Tg
and Tl'il denote a d-dimensional shape-regular triangulation

of 29 and I'?, and h = max h? the characteristic mesh
0<d<n

size parameter. Consider VZ cve, Vgh c v, QZ c 0!
and AZ C A? to be the lowest-order stable mixed finite
element approximations on subdomain mesh 7'_(‘21 and mortar
mesh 7#. That is, V¢ = RTo(7d), A = Po(T#) and
0¢ = IPo(Tg ), where RT stands for lowest-order Raviart-
Thomas(-Nédélec) spaces [28, 30] and Py for the space
of piecewise constants. Furthermore, define ﬁ;f : AZ —
VZ'HH; V| FddtO be the L2-projection operator such that, for
any uy € A o

vt

Vv e (2.19)

(H;”,luif - sz v- V)LZ(rd) =0,

Then we can define the discrete extension operator RZ :
A;f — VZ,

RZAd~v={

Analogous to the continuous case, we define the discrete
composite spaces

o, onrd,

(2.20)
0, elsewhere.

n n n—1 n
Vi=@Vvi. va=PVvi. sam=Pal. o=
— d=1 d=0 d=0
(2.21)
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e n—1 __ n—1
and the linear operators [T, = @ I1{ and R, = @ R{.
d=0 d=0

With W, = Vo, x Ay, the finite element approximation
of the system (2.13) is formulated as follows: Find
(wp, pr) € Wy x Qp such that,

a(wp, rp) +b(ry, pp) = —(g, von - Vage,, Yrne€ Wp,
(2.22a)

b(wp, qn) =—(fiqne, Yan € Op.
(2.22b)

Due to our choice of the finite element spaces, the
continuity of a(-, -) and b(-, -) and the coercivity of a(-, -)
on the kernel of b(-, -) are preserved naturally. To show the
well-posedness of the discrete saddle point system (2.22),
we need the inf-sup condition to hold on the discrete spaces
as well. This has been shown in [9] and is stated in the
following theorem.

Theorem 2.2 [9] There exists a constant f > 0
independent of the discretization parameter h and the
physical parameters K, K, and y such that

. b(ry, qn)
inf

_oWh.qn) (2.23)
an€Qn rew,, Irnllw, lgnllo,

Therefore, the finite element method (2.22) is well-posed
by the Brezzi theory [7, 11].

We finalize this section with the block formulation of
the discrete saddle point system (2.22). Let linear operators
A: W, — W, and B W, — Q) be defined
as (Awp,rp) = a(wp,ry) and (Bry, pr) = b(rn, pn),
respectively. Here W), and Q) denote the dual spaces of W,
and Qj, respectively, and (-, -) denotes the duality pairing.
Then (2.22) is equivalent to the following operator form,

wp) _ (G . (A BT
A(ph>_(F) Wlth.A—(_B 0),

with G([von, An]) = v)ggn and F(gp) =
(f.an) -

The well-posedness of the system (2.22) ensures that .4
is an isomorphism from W}, x Qj, to its dual W) x Q) and,
therefore, (2.24) has a unique solution (wy,, py) € Wj, x Q.

(2.24)

—(g, von -

3 Block preconditioners

In this section, we briefly present the general precondition-
ing theory for designing block preconditioners of Krylov
subspace iterative methods [26, 27], which introduces nec-
essary tools for the analysis in the following section.

The block preconditioning framework [26, 27] is based
on the well-posedness theory. Therefore, we first introduce
the setup of the problem. Let X be a real separable Hilbert

space and (-, -)x represent the inner product on X that
induces the norm || - || x. Furthermore, denote X’ as a dual
space to X and (-, -) as the duality pairing between them. Let
L(-, -) be a bilinear form on X that satisfies the continuity
condition and the inf-sup condition,

L(x,y)
xeX yex lxlxlylix -
[L(x, )] < allxlxlylx, Vx,y € X,

and

3.1

for o, B > 0. We aim to construct a robust preconditioner
for the linear system

Ax = b, (3.2)

where A : X — X’ is induced by the bilinear form
L(-, ) such that (Ax, y) = L(x, y). The properties of the
bilinear form ensure that A4 is a bounded and symmetric
linear operator and the system (3.2) is well-posed. Our goal
is to develop block preconditioners for solving (3.2).

3.1 Norm-equivalent preconditioner

Consider a symmetric positive definite (SPD) operator M :
X’ — X which induces an inner product (x, y) pq-1 =
(M~!x,y) on X and corresponding norm ||x||3\/l_] =
(x,x) pq-1. Naturally, MA : X — X is symmetric with
respect to (-, -) p4-1 and we can use M as a preconditioner
for the MINRES algorithm whose convergence rate is stated
in the following theorem.

Theorem 3.1 [21] Let x™ be the mth iteration of the
MINRES method preconditioned with M and x be the exact
solution, it follows that

A — x™)am < 20" AR — x°) | A1,

where p = % and kK (M.A) denotes the condition
number of MA.

As shown in [27], if (3.1) holds and M satisfies,

2 2 2
crllxlly < lxllfy-1 < c2llxlly, (3.3)

then A and M are called norm-equivalent and k (MA) <
%. Thus, if the well-posedness constants & and 8 and the
norm-equivalence constants ¢ and c; are all independent of
the physical and discretization parameters, then M provides
a robust preconditioner.

One natural choice of the norm-equivalent preconditioner
is the Riesz operator B : X' — X corresponding to the

inner product (-, -)x

Bf,x)x =(f,x),

It is easy to see that if we choose M = B, then (3.3)
holds with constants ¢c; = ¢ = 1 and, therefore, the

VfeX xeX. (3.4)

@ Springer
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preconditioned system

BAx = Bb 3.5)
has a bounded condition number

_ o
K(BA) = IBAl2zx.x) |(BA N 2x.x) < - (3.6)

B

Here, £ (X, X) denotes the set of bounded linear operators
that map X to itself, and for any C € Z(X, X) the
corresponding operator norm is given by [[Cll#zx,x) =

o lCxllx
0£xex IIxlx
of the discretization and physical parameters, we obtain a
robust preconditioner.

. If the constants « and f are independent

3.2 Field-of-values-equivalent preconditioner

In this section, we recall the class of field-of-values-
equivalent (FOV-equivalent) preconditioners which allow
more general preconditioners than the norm-equivalent
ones.

Consider a general operator My : X’ — X which can
be used as a preconditioner for the GMRES method. The
following theorem, developed in [14, 15], characterizes the
convergence rate of the GMRES method.

Theorem 3.2 [14, 15] Let x™ be the mth iteration of the
GMRES method preconditioner with M and let M be any

SPD operator that induces a norm || - || p(-1.
If x is the exact solution of (3.2), then it follows that
22
IMLAGE—x™)I3 -1 < (1 - ﬁ) IMLAE=x) 31

where, for any x € X,
5 < (MpAx, x) pq-1
(x, X) pq-1

IMpAx|| g1 <7
1l pg-1

M is referred to as an FOV-equivalent preconditioner if
the constants X' and 7" are independent of the physical and
discretization parameters. Usually M, provides a uniform
left preconditioner for GMRES. In general, M can be any
SPD operator, but in practice we usually choose M that
satisfies the norm-equivalence (3.3).

In a similar manner, we can introduce a right precon-
ditioner for GMRES, My : X’ — X and consider the
preconditioned system

AMyy = b, x = Myy.

By introducing an inner product on X’, defined as

x, yY)m = (x/, My"), we say My and A are FOV-

equivalent if, for any x’ € X',

5 < (AMyx', x ) m IAMyx'llm
(', x" ) pm %"l M

s ’

@ Springer

where the constants X and 7" are independent of the
physical and discretization parameters. Therefore, My can
be used as a uniform right preconditioner for GMRES.

In many cases [1, 2, 26], the FOV-equivalent precondi-
tioners can be derived based on the Riesz operator and the
FOV-equivalence can be shown based on the well-posedness
conditions (3.1).

4 Robust preconditioners for
mixed-dimensional model

In this section, we design block preconditioners based on
the general framework mentioned in the previous section.
Consider the finite element approximation (2.22). In this
case, define X = W, x Qj, associated with the following
norm

IvI% = 1rn, gl = el + llgnlls. 4.1)
0

Then, the operator A : X — X’ in (2.24) is induced by the
bilinear form

L(x,y) =a(wy, ry) +b(ry, pp) — b(wy, qp), 4.2)

and satisfies the well-posedness conditions (3.1) due to
Theorem 2.2, the continuity of the bilinear forms a(-, -)
and b(-,-), and the coercivity of a(-,-) on the kernel of
b(-, -). Moreover, the constants & and 8 are independent of
parameters i, K, Ky, and y.

The Riesz operator corresponding to the norm || - ||x in
4.1)is
-1
A+BTB 0
= 4.
B < 0 I,,) ; (4.3)

where A and B are defined as in (2.24) and [, is the
identity operator on Q, i.e., {Ipqn, qn) = llqn ||2Q. That is,
the upper block A+ B B corresponds to the flux norm || || w
and I, corresponds to the pressure norm || - ||g, as given
in (2.17). The main challenge in implementation of this
preconditioner is to solve for the upper block A + BT B that
corresponds to I 4 grad div problem. One way of resolving
this is to use auxiliary space theory (see, for example, [22,
25]). However, in our case, additional theory resulting from
the mixed-dimensional exterior calculus in [8] is needed,
which is the topic of our ongoing work [12]. However, in
this paper, we consider an alternative formulation of the
problem (2.22) and show the well-posedness with respect to
a different weighted norm, which allows for a simpler robust
preconditioner.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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4.1 An alternative formulation

In order to introduce the alternative formulation, we need to
define a discrete gradient operator Dy, : O, — W), such
that, for any rj = [von, unl,

a® Dy, ) = bn, pr) = — (pr, D - [on + Rupn, i, (4.4)

where, for any w;, = [uop, Ap] and ry = [von, sl,

aP i, r1) == (K" on+Run), vor+Rupn) b2+ Ky Ay i) rs

with
(K ' (uon + Rurn), von + Rupn)p.o =

n

21 X

d=0 | 7deTd

> (@on+Rnrn) - v ga) ((won+ Ry pan)
fdedTd

'Vfd)(K71¢fd, ¢fd)Td

Here T9 € T, g is either a tetrahedron for d = 3, a triangle
for d = 2 or a line segment for d = 1. Furthermore, f? €
AT corresponds to a face of the element T9, v ra denotes
the unit outer normal of face f¢, and ¢ fd € RTo(T4) is
the basis function on face f¢. Using the discrete gradient
operator, an alternative formulation of the system (2.22) is
given as follows: Find (wy,, py) € Wy x Oy, such that,

Vr, e Wy,
(4.5a)

VYan € Qh.
(4.5b)

a(wy, 1) +a®Dypn, re) = —(g, vor - Vagp,

a®(Dugn, wy) —(frane.

The well-posedness of the alternative formulation (4.5) with
respect to the norm (4.1) follows directly from the well-
posedness of the original formulation (2.22) because the two
formulations are equivalent. However, in order to derive a
block preconditioner different from (4.3), we shall consider
the same coefficient operator A (2.24) with a different weak
interpretation and the well-posedness in a different setting.

The alternative weighted norm we consider for the
alternative formulation (4.5) is defined as

l@n. gl = llrall; + 1DagnlZo.  (rhogn) € Wa x Qp,  (4.6)

where ||rh||§ = a(ry, ry) and ||rh||§D = aPlry, ry). In
order to show (4.5) (or the operator form (2.24)) is well-
posed with respect to this alternative norm (4.6), we need
the following two lemmas. The first lemma shows that

the forms a(-, -) and a?(-, -) are uniformly equivalent with

respect to the discretization and physical parameters.

Lemma 4.1 There exist constants c1,cy > 0, depending
only on the shape regularity of the mesh Tg, such that the
following inequalities hold,

cillrnllyp < lirplla < c2llrpll o, Vrpe Wy  47)

Proof Recall that for any r, € W,

a([von, mal, [von, wrl)
= (K "(won + Ramn), won + Rupi))2 + (v Ky pens )
lrnlo = a®(won. pal. Won. i)

= (K "(von + Rnpn), o + Rupn))p,2 + (v Ky s i) -

2
rnlla

Obviously, (4.7) holds if (K~ '(vop + Rnun), (von +

Ruun))s2 and (K~ '(von + Rupen), (von + Rupn))p.2 are
spectrally equivalent. Note that

(K~ (o + Ruten), von + Rupin) e

= Z Z (K" (won + Ripan),

d=07deTd
von + Rppn)rd,

where

(K~ (o + Rupen), von + Rnpn)ga
= Y ((won+ Rumn) - v pa)((von + Rpun) - v 7a)
fd,fdeaTd
X(K71¢fd, ¢fd)Td'

and

n
(K" (won + Rupen), von + Rupn)p.o = Z Z (K" (won + Rupn),
d=0 TdET_(';

von + Rnin) p rds
where
(K™Y (von + Ripen), vor + Ruitn)p 74 =

Z ((won + Ruptn) - v sa)((von + Rupan) - v 1) (K ™' @ pa. @ ra)pa.
fdedrd

Therefore, we can immediately observe that it is enough
to show that (K~ '(vop + Rpun), vor + Rppn)7a and
(K~ '(von + Rupn),von + Rnmn)p ra are spectrally
equivalent on each element 79,0 < d < n. In addition,
by using the scaling argument [10, Section 4.5.2], we only
need to show they are spectrally equivalent on a reference
element f"d, ie.,

1K " (von + Ruptn), von+Rujen) p fa
< (K" (von+Rnien), von + Ruitn)

< & (K Yot Run), von + Rupn) p ja-
4.8)
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We show the proof for d = n = 3. For other cases the proof
follows similarly.

For d = n = 3, the reference element T4 is a tetrahedron
with vertices (0, 0, 0), (1, 0, 0), (0, 1, 0) and (0, 0, 1) in the
Cartesian coordinates. The local matrix A},, representing
(K’l(v()h + Ruun)s von + Rupn)jas takes the following
form

18 V333
W K [V316 -4 -4
=120 | V3 -4 16 —4|°

V3 —4 —4 16

By the definition, (K ~! (von + Rptn), von + Ruin) 7
is represented by the diagonal of A;,, which we denote as

DAfd = %diag(l& 16, 16, 16). To show (4.8) on f"d, it
is enough to notice that, under our assumption that K is
constant on each 79, the generalized eigenvalue problem
Apay = xDazy gives all eigenvalues x > 0 independent
of physical and discretization parameters. Therefore, (4.8)
holds with ¢ = /Xmin and ¢2 = /Xmax, Where
Xmin and xmax denote the smallest and largest eigenvalue,
respectively. The spectral equivalent result (4.7) follows
directly by the scaling argument [10, Section 4.5.2] and
summing over all T9 € T4, 0 < d < n. The constants cl
and ¢, depend on the shape regularity of the mesh due to
the scaling argument but do not depend on the physical and
discretization parameters. O

Based on the spectral equivalence Lemma 4.1, we
have the following inf-sup condition regarding the discrete
gradient Dy,

Lemma 4.2 Let the discrete gradient operator Dy be
defined as in (4.4). Then there exists a constant B, > 0
independent of the discretization and physical parameters
such that

D
D
inf sup —_Dndnrh) o g (4.9)

a0 ryew,, IPrllallDrgnllqp

Proof Using Lemma 4.1, we have for any g5, € Qj,

aP(Dnqn, i)
callrnllyp

aP (Dugp. i)
sup ————— =

rpewy ”rh”a rpewy

—1
= ¢, |1Dngnllgo-

Now the result follows taking infimum over all g, € Qj, and
Be=cy". O
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Based on Lemma 4.1 and 4.2, by Babuska-Brezzi
theory [7, 11], we can conclude that the alternative
formulation (4.5) is well-posed with respect to the
norm (4.6) as stated in the following theorem.

Theorem 4.3 Consider the composite bilinear form on the
space Wy x Qp,

Lwp, pr: Thy qn) = a(wp, rp) +a® Dy pn, ri) + a® (Dpgn, wp).

It satisfies the continuity condition and the inf-sup condition
with respect to ||(rp, qn)lll, i.e., for any (wy, pr) € Wy X
QOp and (rp, qn) € Wy x Op,

[L(wp, pr; rhs gl < alll(wr, p)IIGR, gl

. L(Wh, pr; T, qn)

inf sup 2 p,
(o q)€WnxQn (wy, pr)eW;x Op I Cws, pOUINC R, gl

with constants o and B dependent on the shape regularity
of the mesh but independent of discretization and physical
parameters.

4.2 Block diagonal preconditioners

The well-posedness Theorem 4.3 provides alternative
block preconditioners for solving the linear system (2.24)
effectively. To this end, we introduce a linear operators D4 :
W, — W;l which is defined as (Dgwy,, rp) = alwy, ry)
for wy, r, € Wy,. The reason we use the notation D4 here
is that, by the definitions of a(:, -) and aP(-,-), the matrix
representation of linear operator D4 is exactly the diagonal
of the matrix representation of linear operator A. Then, by
the definition of the discrete gradient operator Dy, (4.4), we
have D4 Dj, = BT and, therefore,

I1Dagn |2 =(DaDnan, Dugn)=(B" qn, D' B" qn)=(BD,"' B  qi, qu),

for g5 € Qp. Based on the above operator form of the
Il - l,» norm, the Riesz operator corresponding to the |-
norm (4.6) is

s (A 0\
P=\o BD;'BT) -

As discussed in Section 3.1, Bp is a norm-equivalent
preconditioner for solving the system (2.24) and we have the
following theorem regarding the condition number of Bp.A.

(4.10)
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Theorem 4.4 Let B be as in (4.10). Then x (Bp A) < %

Remark 4.1 Notice that Theorem 4.3 (essentially
Lemma 4.1) ensures that «(Bp.A) is bounded indepen-
dently of 4 and parameters K, K, and y, but remains
dependent on the shape regularity of the mesh.

In practice, applying the preconditioner Bp implies
inverting the diagonal block exactly, which can be expensive
and sometimes infeasible. Thus, we consider the following
preconditioner

_ (Hy O
Mo = (' )

where the diagonal blocks H, and H), are symmetric
positive definite and spectrally equivalent to diagonal blocks
in A and BDK1 BT, respectively, i.e.

@11

A7y ry) < cow(Hyrnorp),  (4.122)

(BDZIBT)_lq;z, qn) < c2,p(Hpqn, qn),
(4.12b)

crw(Hwrp, 1)

< (
c1,p(Hpqn, qn) < (

where the constants ciw, C1,p, Cow, and ¢y, are
independent of discretization and physical parameters. In
practice, Hy, can be defined by a diagonal scaling, i.e., D;l
and H, can be defined by standard multigrid methods. In
general, the choice of Hy and H), are not very restrictive,
provided it handles possible heterogeneity in physical
parameters K, K,,, and y.

Mp is a norm-equivalent preconditioner as well.
Following [27], we can directly estimate the condition
number of M p.A in the following theorem.

Theorem 4.5 Let Mp be as in (4.11) and let (4.12)
hold. Then it follows that Kk (MpA) < g% where ¢y =
max{cy,w, €2,p} and ¢; = min{cy v, €1, p}.

Remark 4.2 Again, k(M p.A) is bounded independently of
h and parameters K, K, and y, but remains dependent on
the shape regularity of the mesh.

4.3 Block triangular preconditioners

In this subsection, we consider the block triangular precon-
ditioners based on the FOV-equivalent preconditioners we
discussed in Section 3.2. Here, we analyze the robustness of
block triangular preconditioners and show the correspond-
ing FOV-equivalence, which leads to uniform convergence
rate of the GMRES method.

The block lower triangular preconditioners take the
following form

—1 —1
A 0 H,' 0
BL = <—B BDXlBT) and ML = <_B H_l) .

(4.13)

On the other hand, the block upper triangular precondition-
ers are given as

A BT\ Ho! BT\
BU—<O BDXIBT) and./\/lU—< 0 Hp_l) .

(4.14)

Basically, M; and My are inexact versions of B; and
By when the diagonal blocks are replaced by spectrally
equivalent approximations (4.12).

Next theorem shows that 5; and A are FOV-equivalent.

Theorem 4.6 There exist constants &1, &) > 0, independent
of discretization and physical parameters, such that for
every x = (wp, pn) € Wi X Qn, x # 0,

(BLAx,x)BB1 ||BL~Ax||351

s ——2,  and ——2 <&,
(x, X) 1 ¢l 51

Proof By the definition of the linear operators A and Dy,
we naturally have |[wpll, = llwplla and |lwyll,p =
lwyllp,, respectively. Here ||wh||%4 = (Awp, wy) and
lwi 3, = (Dawy, wy) for wy € Wp.

Then Lemma 4.1 states that the norms || - [|p, and || - ||
are equivalent, which also implies the equivalence between
the norms || - ||D;1 and || - ||4-1, which are defined as

2 . -1 2 . -1
lw), 151 == (A~ w),, w},) and IIWLIIDX. = (D} wj, wj)

for w), € Wj,.
Using that and Cauchy-Schwarz inequality, we have

lwilli + (B pu, wi) + (BA™ BT py, py)

(B Ax, x)Bgl

WV

2 T T 2
lwnlla = IIB” prllg-tllwrlla + 1B pally-

T
( llwh |4 ) (1 —%)( w4 )
1B  plla-t) \=3 1 ) \IBT pulls-i

1

> SUwally + 1B pali-)
1 2 —1 T 2
= E(Hwh”/‘ +c, B Ph”D;l)

2
> &llxl ),
D
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1
with £, = — min {1, cy ! } On the other hand, again using
the Cauchy-Schwarz inequality and equivalence of the

norms | - ||D;1 and || - || 4—1 we get

BLAx, )1 = (Awn, i)+ (BT pu,r) + (BA™ B pi, qn)

< lwnllallrnlla+1B7 pull il
HIB" pulla-1 1B anll o
< (wnl2+ 2087 i) (2l o+ 187 gl )
1

2
< <||wh||£+2c;1\|BTph\|§,4)
A

1

2
x (2||rh||§+c;‘ ||Bth||§,,])
A

< X|| 2 _1,
< Ellxlg 1yl

for each y =
max {2, 2c1_l

(rn.gqn) € Wi x Qp,y # 0 with & =
, which concludes the proof. O

The next theorem states that if the conditions (4.12) hold
then M, and A are FOV-equivalent.

Theorem 4.7 If the conditions (4.12) hold and ||I —
HyAlla < pfor 0 < p < 1, then there exist constants
£1,& > 0 independent of discretization and physical
parameters such that for every x = (wy,, pp) € Wy x Qp,

x #0,

(ML.AX, x)MBl ”-/\/IL-A)‘:”/\/[I;1

S ———, and ——— <&,
(x, X)MBI ||x||M;)1

Proof From the assumptions of the theorem we have
|HyA|la4 < 1+ p in combination with Lemma 4.1, (4.12)
and the Cauchy-Schwarz inequality, we have that

(MpAx,x) o1 = lwnl3+(BT p. wa)+(B(HwA — Dwy. pi)
+1B” pally,
= llwall3 + (HwAwy, B" pp) + BT pall,
> llwal% — (1 + p)llwi Al B pill s,
+1B” pally,
—p
> ——Ulwally + 187 pall,)
l—p (. 2 R
> — (cz,wnwhnf,;l ey 1B paly,
l—p
> 5 Gy, w”wh”H 1 FeLwey CszPh”
> &lxl,
1-p 1 -1 1
with & = 2 min {c2w,c1 wCy Czp}-
@Springer

Using the same conditions to show the upper bound, we
obtain

(MLAx, y) o = (Awp, ra) + (BT pi, o)

+(B(HwA — Dwp, qi) + (BHwB” pi, q)
lwallalralla + 1B pull o=t liralia
+I(Hw A — Dwplla BT gl g1

+1B7 pill a1, 1 BT i 1,

lwillalrnlla + 1BT pull o=t lralia

N

N

+ollwnllall B gnll 41
+1B” pull iy, 1 B” gl

1

(P2 lwilly + 1B pilly s + 187 paly, )’

N

1
2
(Nral3 + 1Bl + 1B anl, )

2
(4 pDepylwalf o et +c{L>\|BTph||§,;,)

N

1

2 T 2
201w||"h|| o ter "A+ep))IB q/z\\m)

N

(T PPy lwalf o + e e e y)lipnlly, )
1

<
( 1
<
|

2
2ei y Irnl o+ epper ey llanlly, - )

N

E2 1% gt 191 -

This gives the upper bound with & =
maX{ZCi:‘), c[},cfl a1 + ‘. w)} which concludes the
proof. O

Remark 4.3 Due to Lemma 4.1, the constants &; and &, are
independent of & and parameters K, K, and y, but remain
dependent on the shape regularity of the mesh. This means
that the convergence rate of the preconditioned GMRES
method with preconditioner B, or M, depends only on the
shape regularity of the mesh.

Similarly, we can derive the FOV-equivalence of By and
My with A. Since the proofs are similar to the two previous
theorems, we omit them and only state the results here.

Theorem 4.8 There exist constants &1, & > 0 independent
of discretization and physical parameters such that for any
x' = B{,lx with x = (wy, pp) € Wi, x Qp, x #0,

o (AByx',x")p,

1 X
(', x")Bp

IAByx'll 5,

p < &.
Ix"llB,

Theorem 4.9 If the conditions (4.12) hold and ||I —
HyAlla < p for 0 < p < 1, then there exist constants
£1,& > 0 independent of discretization and physical
parameters such that for any x' = M{,lx with x =
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Fig.2 (Left) Graphical

representation of the domain
and fracture network geometry
of Example 5.1. (Right)
Pressure solution for a case of —>
conducting fractures
—_—
—_—
(Wh, pp) € Wi X Op, x #0,
(AMyx', x") pm AMyx'l| pm
£ < 2 — " < &,

', X ) My "l M

Remark 4.4 Similarly, the constants &, and & here are
independent of & and parameters K, K, and y, but remain
dependent on the shape regularity of the mesh. This means
that the convergence rate of the preconditioned GMRES
method with preconditioner By or My depends only on the
shape regularity of the mesh.

5 Numerical results

In this section, we propose several test cases to verify
the theory on the robustness of the preconditioners
derived above. Both two- and three-dimensional examples
emphasize common challenges in fracture flow simulations
such as large aspect ratios of rock and fractures, complex
fracture network structures and high heterogeneity in the
permeability fields.

Table 1 Number of iterations of outer FGMRES solver with exact
and inexact block preconditioners for the case study in Example 5.1.
Varying mesh size h while aperture is set to y = 1/100 and all the

In each example below, a set of mixed-dimensional
simplicial grids is generated on rock and fracture subdo-
mains, where the coupling between the rock and fracture
is employed by a separate mortar grid. Since our main
objective is to show the robustness of our preconditioners
for standard Krylov iterative methods, for the sake of sim-
plicity, we take the mortar grid to be matching with the
adjacent subdomain grids. However, the theory in Section 4
shows no restrictions to relative grid resolution between
the rock, fracture and mortar grids. Furthermore, in [29]
the discrete system remains well-posed with varying coars-
ening/refinement ratio for non-degenerate (normal) perme-
ability values, which is one of our assumptions. Therefore,
we expect that our block preconditioners give similar per-
formance for general grids between the rock, fracture, and
coupling part.

To solve the system (2.24), we use a Flexible Generalized
Minimal Residual (FGMRES) method as an outer iterative
solver, with the tolerance for the relative residual set
to 107° For the sake of the simplicity, we use ¢>-
norm to measure the relative residual throughout our
numerical tests. The block preconditioners designed in
Section 4 are used to accelerate the convergence rate of

Table 2 Number of outer iterations of FGMRES solver with exact
and inexact block preconditioners for the case study in Example 5.1.
Varying aperture y while mesh size is set to 2~ = 1/16 and all the

permeabilities are set to unitary K = I, Ky = K, =1 permeabilities are set to unitary K == I, Ky = K, =1
Inexact Exact Inexact Exact

h MD ML MU BD BL BU Y MD ML MU BD BL BU

1/4 20 13 12 19 10 10 1 21 16 14 21 11 11

1/8 19 13 11 19 10 10 1/10 19 13 12 19 10 10

1/16 19 13 11 19 10 10 1/100 19 13 11 19 10 10

1/32 19 13 11 19 10 10 1/1000 19 13 11 19 10 10

1/64 19 13 11 19 10 10 1/10,000 19 13 11 19 10 10
@ Springer
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Table 3 Number of outer iterations of FGMRES solver with exact
and inexact block preconditioners for the case study in Example 5.1.
Varying the permeabilities K ; and K, while mesh size is set to h =
1/16 and aperture is set to y = 1/100

Inexact Exact

K Mp My My Bp Br By
Kr=10"%*K, =107 13 10 8 11

Kr=107%K, =1 13 8 8 13 7 7
Kr=10"% K, =10 13 8 8 13 7 7
Kr=1K,=10"* 22 16 13 19 11 10
Kr=1,K,=1 19 13 11 19 10 10
Kr=1,K,=10* 19 13 12 19 10 10
K;=104 K, =10"* 26 19 19 21 13 12
Kr=104K, =1 23 17 15 23 13 12

Kp=10" K, =10* 23 17 15 23 14 12

FGMRES. Each preconditioner Bp, By, and By requires
inversion of the diagonal blocks corresponding to flux and
pressure degrees of freedom, while the spectrally equivalent
versions M p, M and My approximate the inverses with
appropriate iterative methods. For that, we implement both
exact and inexact inner solvers. Solving each diagonal
blocks exactly means we use the GMRES method with a
relative residual tolerance set to 10_10, while in the inexact
case it is set to 1073, Inner GMRES is preconditioned
with unsmoothed aggregation Algebraic Multigrid method
(AMG) in a W-cycle.

For obtaining the mixed-dimensional geometry and
discretization, we use the PorePy library [24], an open-
source simulation tool for fractured and deformable
porous media written in Python. Our preconditioners
are implemented in HAZMATH library [3], a finite
element solver library written in C, also where all solving
computations are performed. The numerical tests were
performed on a workstation with an 8-core 3GHz Intel Xeon
“Sandy Bridge” CPU and 256 GB of RAM.

5.1 Example: two-dimensional regular fracture
network

In the first example, we consider the test case presented
in the benchmark study [16]. The domain £2 = (0, 1),
depicted in Fig. 2, has unitary permeability K = I for the
rock matrix. It is divided into 10 subdomains by a set of
6 fractures that intersect perpendicularly at 9 intersection
points. All fracture have a constant aperture y that we
vary in value in our tests. Also, we set the tangential
and normal permeability of the fractures to be constant
throughout the whole network, and vary the value from

@ Springer

blocking to conducting the flow. The tangential fracture
permeability is denoted as K ¢ to avoid confusion with the
rock permeability K. At the boundary, we impose zero
flux condition on the top and bottom, unitary pressure on
the right, and flux equal to —1 on the left. The boundary
conditions are applied to both the rock matrix and the
fracture network. The numerical solution to this problem is
also illustrated in Fig. 2.

Our goal is to investigate the robustness of the block
preconditioners with respect to discretization parameter h
and physical parameters y, Ky and K,. To this end, we
generate a series of tests in which we vary the magnitude
of one of the parameters, while setting others to a fixed
value. This also tests the heterogeneity ratios between the
porous medium and the fractures, since we keep spatial
and physical parameters of the porous medium unitary. We
compute and compare number of iterations of the outer
solver for both exact and inexact implementations of the
proposed preconditioners. This way we clearly see if the
stability of the proposed preconditioners depends on one or
a combination of given parameters.

The results of these robustness tests on are summarized
in Tables 1, 2 and 3. We start with setting Ky = K, =
1 that, together with rock permeability K = I, gives
a global homogeneous unitary permeability field. We also
fix the aperture to y = 1072, Refining the initial coarse
grid by a factor of 2 recursively, Table 1 demonstrates
the robustness of all block preconditioners with respect to
the mesh size h. Additionally, the different implementations
of the preconditioners result in similar behavior of the
solver. We notice that the block triangular preconditioners
B, and By show a slightly better performance compared
the block diagonal Bp as expected. The same behavior can
be observed for inexact preconditioners Mj; and My in
comparison with M p. This is expected since the block
triangular preconditioners better approximate the inverse of
the stiffness matrix in (2.24). It is noteworthy to mention
that the action of the block triangular preconditioners is more
expensive computationally than the action of the block diagonal
preconditioners. Similar performance can also be observed in
Table 2, where we scale down the fracture width on a fixed
grid of mesh size & = 1/16. Lastly, in Table 3 we test the
influence of the heterogeneity in the permeability fields.
We keep the mesh size to be 7 = 1/16 and fracture
aperture to be y = 1072, while introducing both conducting
and blocking fracture network in the porous medium.
Again, the robustness is evident in terms of the number
of outer FGMRES iterations with both exact and inexact
block preconditioners. The block triangular preconditioners,
B, By, My, and My, provide somewhat lower values
comparing with their block diagonal counterpart.
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Fig.3 (Left) Graphical
representation of the two-
dimensional domain and fracture
network geometry of Example
5.2. (Right) Pressure solution for
a case of conducting fractures

5.2 Example: two-dimensional complex network

This example is chosen to demonstrate the robustness of the
block preconditioners on a more realistic fracture network.
Such a complex fracture configuration often occurs in
geological rock simulations and the geometrical and
physical properties of the fracture network can significantly
influence the stability of the solving method. This is
especially seen in partitioning the fractured porous medium
domain where sharp tips and very acute intersections may
decrease the shape regularity of the mesh. Since our analysis
shows that the performance of our block preconditioners
only depends on the shape regularity of the mesh, for
this complex network example, we expect to see that the
preconditioners are still robust with respect to physical and
discretization parameters, but slightly more iterations may
be required due to the worse shape regularity of the mesh
when comparing with Example 5.1.

This example is chosen from benchmark study [16]—
a set of fractures from an interpreted outcrop in the Sotra
island, near Bergen in Norway. The set includes 64 fractures
grouped in 13 different connected networks. The porous
medium domain has size 700 m x 600 m with uniform
matrix permeability K = 10747 m?. All the fractures
have the same scalar permeability Ky = 1078 m? and
aperture y = 1072 m. Also, no-flow boundary condition are

Fig.4 (Left) Mesh around one
of the complex tips in the
fracture network, where

h = L/64. (Right) Number of
outer iterations of FGMRES
solver with exact and inexact
block preconditioners for the
case study in Example 5.2. We
refine the mesh relatively to
domain length L = 600

imposed on top and bottom, with pressure 1,013,250 Pa on
the left and O Pa on the right boundary.

For the comparison with the previous example, we refine
the mesh size i with respect to the width of the domain
L = 600 (Fig. 3). However, due to the complex fracture
structure, it is possible to end up with smaller and badly
shaped elements in the rock matrix grid around the tips
and intersections of the fractures (for example, see Fig. 4
on the left). The coarser the mesh is, the more irregular
the elements are, especially when partitioning in between
many tightly packed fractures. Therefore, we expect that
the solver requires more iterations to converge on coarser
meshes. This is evident in the table on the right in Fig. 4.
We see the reduction of number of iterations when refining
the mesh in all the cases, with the lowest number required
by the block upper triangular My. We also notice that
the solver manages to provide the correct solution on all
given meshes in an acceptable number of iterations. The
results are slightly worse than the previous example, but
keep in mind that the complex geometry is still an important
factor in the mesh structure and, therefore, influences the
convergence rate since the shape regularity of the mesh
deteriorates. For complex fracture networks, it is beneficial
to invest in constructing a more regular mesh of the
fractured porous medium and then applying the proposed
block preconditioners in the iterative solvers.

Inexact
h Mp Mgy My
L/4 63 51 40
L8 67 50 44
L/16 61 47 42
L/32 55 39 34
L/64 47 33 29
@ Springer
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Fig.5 (Left) Graphical
representation of the three-
dimensional domain and fracture
network geometry of Example
5.3. (Right) Pressure solution for
a case of conducting fractures

5.3 Example: three-dimensional regular fracture
network

This last example considers the simulations of a 3D
problem taken from another benchmark study [6], a three-
dimensional analogue to the test case in Section 5.1. The
geometry is extended to the unit cube and the fracture
network now consists of 9 fracture planes, 69 intersection
lines and 27 intersection points (see Fig. 5). As before, we
take the rock matrix permeability to be the unitary K = I,
while we vary the tangential K y and the normal K, fracture
permeability, as well as the fracture aperture y .

For a fair comparison with the two-dimensional case, we
perform similar robustness tests of the preconditioners to
study the effect of mesh refinement, as well as permeability
and aperture changes. However, we stick to only inexact
preconditioners Mp, My and My since they are less
computationally expensive and perform comparably well,
which makes them good choices in practice. The results

Table 4 Number of outer iterations of FGMRES solver with exact
and inexact block preconditioners for the case study in Example 5.3.
Varying mesh size h while aperture is set to y = 1/100 and all
permeabilities are set to unitary K = I, Ky =1, K, =1

are presented in Tables 4, 5 and 6. We can see that
the simulations confirm the findings of Section 4: all
block preconditioners show robustness with respect to
the discretization and physical parameters. The block
diagonal preconditioner requires a slightly higher number of
iterations to converge compared with block triangular ones,
as we saw in the previous example.

In 3D simulations it is also important to study the
overall computational complexity of the solving method.
For that, we analyze in Table 7 and Fig. 6 the required
CPU time in seconds of the FGMRES solver preconditioned
with each block preconditioner Mp, My and My. All
preconditioners show a optimal O(Ngof) complexity, where
Nyof is the number of degrees of freedom of the discretized
system. Notice that even though the block triangular pair of
preconditioners require solving a denser system, it is still
time-wise less expensive due to a lower number of iterations
needed to converge.

Table 5 Number of outer iterations of FGMRES solver with exact
and inexact block preconditioners for the case study in Example 5.3.
Varying aperture y while mesh size is set to # = 1/16 and all
permeabilities are set to unitary K = I, Ky =1, K, =1

Inexact Inexact
h Mp My My y Mp My My
1/4 26 18 15 1 24 16 14
1/8 26 17 15 1/10 24 16 13
1/16 24 16 14 1/100 24 16 14
1/32 24 16 13 1/1000 26 16 14
1/64 24 16 12 1/10,000 26 17 14
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Table 6 Number of outer iterations of FGMRES solver with exact
and inexact block preconditioners for the case study in Example 5.3.
Varying the permeabilities K ; and K, while mesh size is set to h =
1/16 and aperture is set to y = 1/100

Inexact
K Mp My My
K;=10"%1,K, = 107* 28 19 20
Kr=10"*1,K, =1 26 17 14
K;=107*1, K, = 10* 28 17 14
Kp=1K,=10"* 26 21 18
Kr=1K, =1 24 16 14
K;=1K, =10 26 17 14
Ky =10*1,K, =107 24 16 17
Kp=10*1,K, =1 22 15 13
Ky =10*I, K, = 10* 22 15 13

6 Conclusions

We have presented block preconditioners for linear systems
arising in mixed-dimensional modeling of single-phase flow
in fractured porous media. Our approach is based on the
stability theory of the mixed finite element discretization of
the model which we extended to provide an efficient way to
solve large systems with standard Krylov subspace iterative
methods. We have thoroughly analyzed the robustness of
the derived preconditioners with regard to discretization
and physical parameters by proving norm and field-of-value
equivalence to the original system. Our theory has also been
supported by several numerical examples of 2D and 3D flow
simulations.

It is noteworthy to mention that even though our analysis
depends on a more regular mesh, the numerical results
show that the preconditioners still perform well since
the mixed-dimensional discretization approach handles
fractures independently of the rock matrix and, therefore,
generates simpler meshes in most fracture network cases.
The large aspect ratios that parametrize the model

Table 7 CPU time Tcpy in seconds (s) of the preconditioned
FGMRES method compared against the number of degrees of freedom
Nyof of the discretized system in Example 5.3. The fracture aperture is
set to y = 1/100, while the permeabilities are set to unitary K = 1,
Kf=1K, =1

Inexact
Ndot Mp My My
3785 0.531s 0.347 s 0.295s
20,873 1.809 s 1.204 s 0.984 s
150,003 13.734 s 9.082 s 7.094 s
1,014,378 126.474 s 84.508 s 62.777 s

3 \ T T
—=— Mp
—a— My,
—o— My
20 linear N

10@10(’1—’CPU)
—
T
|

0 l— ]
1 \ \ L 1
3 4 5 6 7
1Oglo(NdOf)

Fig. 6 A graphical comparison of the CPU time 7Tcpy of the
preconditioned FGMRES method verses number of degrees of
freedom Ngor of the discretized system in Example 5.3

then become the main stability problem, which we
have successfully overcome with the proposed block
preconditioners. This is important for implementations
in general geological simulations where the rock-fracture
configuration can be quite complex and can contain a large
number of fractures of different width and length.

We conclude by recalling that the alternative approach
to block preconditioners mentioned in the beginning of
Section 3 is a non-trivial extension to this work and a part
of an ongoing research.
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