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Abstract

In this paper, we develop a multiscale mortar multipoint flux mixed finite element method for second
order elliptic problems. The equations in the coarse elements (or subdomains) are discretized on a fine
grid scale by a multipoint flux mixed finite element method that reduces to cell-centered finite differences
on irregular grids. The subdomain grids do not have to match across the interfaces. Continuity of flux
between coarse elements is imposed via a mortar finite element space on a coarse grid scale. With an
appropriate choice of polynomial degree of the mortar space, we derive optimal order convergence on the
fine scale for both the multiscale pressure and velocity, as well as the coarse scale mortar pressure. Some
superconvergence results are also derived. The algebraic system is reduced via a non-overlapping domain
decomposition to a coarse scale mortar interface problem that is solved using a multiscale flux basis.
Numerical experiments are presented to confirm the theory and illustrate the efficiency and flexibility of
the method.

keywords. multiscale, mixed finite element, mortar finite element, multipoint flux approximation, cell-
centered finite difference, full tensor coefficient, multiblock, nonmatching grids, quadrilaterals, hexahedra.

1 Introduction

We consider a second order linear elliptic equation written in a mixed form. Introducing a flux variable, we
solve for a scalar function p and a vector function u that satisfy

u:—Kvp iIl Q, (11)
V-ou=f in €, (1.2)
p=yg on 01, (1.3)

where Q € R?, d = 2,3, is a polygonal domain with Lipschitz continuous boundary and K is a symmetric,
uniformly positive definite tensor with L () components, satisfying, for some 0 < ko < k1 < 00,

kotTe < eTK(x)€ < k1€T¢ Yx € Q Ve e RL (1.4)

We assume that f € L*(Q) and g € H'/?(0Q). The choice of Dirichlet boundary condition is made for
simplicity. More general boundary conditions can also be treated. In porous media applications, the system
(1.1) — (1.3) models single phase Darcy flow, where p is the pressure, u is the velocity, and K represents the
rock permeability divided by fluid kinematic viscosity.
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To alleviate the computational burden due to the solution dependence on a large range of scales, a
multiscale mortar mixed finite element method for the the numerical approximation to (1.1)—(1.3) was
developed in [9], using mortar mixed finite elements [7] and non-overlapping domain decomposition [32]. In
this paper we develop a new multiscale mortar mixed method that uses the multipoint flux mixed finite
element (MFMFE) [53, 37] for subdomain discretization.

The MFMFE method was motivated by the multipoint flux approximation (MPFA) method [4, 5, 25, 26].
The latter method was originally developed as a non-variational finite volume method. It is locally mass
conservative, accurate for rough grids and coefficients, and reduces to a cell-centered system for the pressures.
In that sense it combines the advantages of MFE and several MFE-related methods.

MFE methods [19, 46] are commonly used for flow in porous media, as they provide accurate and locally
mass conservative velocities and handle well rough coefficients. However, the resulting algebraic system
is of saddle point type and involves both the pressure and the velocity. Various modifications have been
developed to alleviate this problem, including the hybrid MFE method [12, 19] that reduces to a symmetric
positive definite face-centered pressure system, as well as more efficient cell-centered formulations based
on numerical quadrature for the velocity mass matrix in the lowest order Raviart-Thomas [49, 45, 44]
(RTy) case [47, 51, 10, 8, 13]. In terms of efficiency, the cell-centered methods are comparable to the finite
volume methods [28]. All of the above mentioned cell-centered methods exhibit certain accuracy limitations,
either in terms of grids or coefficients (full tensor or discontinuous). Two other family of methods that are
closely related to the RTy MFE method and perform well for rough grids and coefficients are the control
volume mixed finite element (CVMFE) method [21] and the mimetic finite difference (MFD) methods [36].
However, as in the case of MFE methods, both methods require solving algebraic saddle point problems in
their standard form.

The MPFA method handles accurately very general grids and discontinuous full tensor coefficients and
at the same time reduces to a positive definite cell-centered algebraic system for the pressure. The analysis
of the MPFA method has been done by formulating it as a MFE method with a special quadrature, see
[53, 39] for the symmetric version on O(h?)-perturbations of parallelograms, [40] for non-symmetric version
on general quadrilaterals, and [52] for non-symmetric version on general hexahedra. A non-symmetric MFD
method on polyhedral elements that reduces to a cell-centered pressure system using a MPFA-type velocity
elimination is developed and analyzed in [42].

Here we use for subdomain discretizations the MEMFE method developed in [53] for simplicial elements
and quadrilaterals and extended in [37] to hexahedra, see also closely related method on simplicial elements
[20]. Since the MPFA method uses sub-edge or sub-face fluxes to allow for local flux elimination, the
MFMFE method is based on the lowest order Brezzi-Douglas—Marini space, BDM; [18], and its extension to
hexahedra, BDDF; [17, 37], which have similar velocity degrees of freedom. The BDDF; space was enhanced
in [37] with six additional curl basis functions. The resulting space has bilinear normal traces on the faces,
thus four degrees of freedom per face, which allows for a MPFA-type local velocity elimination. This is done
via a special quadrature rule for the velocity mass matrix that reduces it to a block-diagonal form, with
blocks corresponding to the mesh vertices. As a result, the velocity can be easily eliminated, leading to a
cell-centered system for the pressure.

The permeability K in (1.2) is usually highly heterogeneous and varies on a multiplicity of scales. Re-
solving the solution on the finest scale is often computationally infeasible, necessitating multiscale approx-
imations. In this paper we develop a new multiscale mortar MFMFE method. The approach is similar
to the one in [9] for the multiscale mortar mixed finite element method. The latter was developed as an
alternative to existing multiscale methods, such as the variational multiscale method [35, 6] and multiscale
finite elements [34, 22, 38, 2, 1]. In the multiscale mortar approach, the domain is decomposed into a series
of small subdomains (coarse grid) and the solution is resolved globally on the coarse grid and locally (on
each coarse element) on a fine grid. We allow for geometrically nonconforming domain decompositions and
non-matching grids across the interfaces. Continuity of flux is imposed weakly using a low degree-of-freedom
mortar space defined on a coarse scale mortar grid. Mortar methods were first introduced in [14] for Galerkin
finite elements. In this paper we consider the MEFMFE method for subdomain discretizations. In this con-
text, special care needs to be taken in imposing weak flux continuity through the mortar space. In particular,



the method requires that the jump of the RTy-projections of the BDM; or BDDF; fluxes be orthogonal to
the mortar space. This condition is needed to ensure stability and accuracy of the method.

We solve the algebraic system resulting from the multiscale mortar MEMFE method via a non-overlapping
domain decomposition algorithm [32, 7, 9]. By eliminating the subdomain unknowns, the global multiscale
problem is reduced to a coarse interface problem, which is solved using an iterative method. Employing
the approach from [30], we precompute a multiscale flux basis by solving in each subdomain Dirichlet fine
scale local problems for each mortar degree of freedom associated with that subdomain. The subdomain
problems are easy to solve due to their relatively small size. Furthermore, this is done in parallel without any
interprocessor communication. Computing the action of the interface operator on every interface iteration
is then reduced to a linear combination of the multiscale flux basis. The resulting method combines the
efficiency of the multiscale mortar methodology with the accuracy and flexibility of the MEMFE subdomain
discretizations.

We present a priori error analysis of the multiscale mortar MFMFE approximation. By using a higher
order mortar approximation, we are able to compensate for the coarseness of the grid scale and maintain good
(fine scale) overall accuracy. In particular, let m be the degree of the mortar approximation polynomial, let
h be the size of the fine scale subdomain grids, and let H be the size of coarse mortar grid on the interface.
We show that the the velocity and pressure errors are O(H™*'/2 4+ h). On certain elements at certain
discrete points we also show O(H™+1/2 + hH'/?) velocity superconvergence and O(H™+3/2 4 hH) pressure
superconvergence.

The paper is organized as follows. In Section 2 we present the variational formulation. The subdomain
MFMFE discretization is described in Section 3. In Section 4 we introduce the multiscale mortar MFMFE
method. Various approximation properties are presented in Section 5. The error analysis is developed in
Section 6. A non-overlapping domain decomposition algorithm for solving the multiscale algebraic system is
given in Section 7. The error in the mortar pressure is also analyzed in that section. The paper ends with a
series of numerical experiments in Section 8.

Throughout this paper, we use for simplicity X < (2) Y to denote that there exists a constant C,
independent of mesh sizes h and H, such that X < (>) CY. The notation X ~ Y means that both X <Y
and X 2'Y hold.

For a domain G C R3, the L?(G) inner product and norm for scalar and vector valued functions are
denoted (-,-)¢ and || - ||, respectively. The norms and seminorms of the Sobolev spaces W*?(G), k € R,
p > 0 are denoted by || - ||x,p,¢ and | - |k p,q, respectively. The norms and seminorms of the Hilbert spaces
H*(@G) are denoted by || - ||x.¢ and |- ., respectively. We omit G in the subscript if G = Q. For a section of
the domain, subdomain, or element boundary S C R? we write (-,-)s and || - ||s for the L?(S) inner product
(or duality pairing) and norm, respectively. For a tensor-valued function M, let || M| qa,00 = max; ; || Mija
for any norm || - ||4. Furthermore, let

. 1/2
H(div;G) = {v e (IX(G)*: Vv e LAG)},  Vlawme = (IVIE + 1V - v]Z) "

2 Multidomain variational formulation
A weak formulation of (1.1)—(1.3) can be written as: find u € H(div;Q) and p € L*(Q), such that

(K~ 'u,v) — (p,V-v) = —(g9,v-n)pq, Yve H(div;Q), (2.1)
(V-u,w) = (f,w), Yw € L*(Q). (2.2)

It is well known [46, 19] that (2.1)-(2.2) has a unique solution. Let  be decomposed into non-overlapping
polygonal subdomains (blocks) €;, such that

Q= ﬁl and QiﬂQ‘j#@.

-

i=1



Let I'; j = 0§2; N 012 denote the subdomain interfaces,

I'= U Fi,j; and Fl :8910F:891/ 0.

1<i<j<n

The interfaces are assumed to be flat. We allow for non-conforming decompositions, i.e., interfaces may be
subsets of subdomain faces. The multidomain formulation of (2.1)-(2.2) is based on the spaces

V= H(div;%), V=@V,
i=1

Wi = L), W =Pw: =L*9).
1=1

If the solution (u,p) of (2.1)-(2.2) belongs to H(div; Q) x H (), it is well-known [19] that it satisfies, for
1<1<n,

(K_luu V)Qi - (pu V. V)Qi = _<p7 A\ ni>l—‘i - <gav . ni>6§2i/f‘7 Vv € Viu (23)
(V-uw,w)a, = (f,w)a;, Yw € W,

where n; is the outer unit normal vector to 9€2;.

3 A multipoint flux mixed finite element method on subdomains

In this section we discuss the multipoint flux mixed finite element method used for subdomain discretizations.
It is based on the lowest order BDM; or BDDF; elements with a quadrature rule, which allows for local
velocity elimination and reduction to a cell-centered scheme for the pressure.

3.1 Finite element mappings

Let 75,; be a conforming, shape-regular, quasi-uniform partition of €;, 1 < i < n [23]. The elements
considered are two and three dimensional simplexes, convex quadrilaterals in two dimensions, and convex
hexahedra in three dimensions. The hexahedra can have non-planar faces. For any element E € 7}, ;, there
exists a bijection mapping Fp : E — E, where E is a reference element. Denote the Jacobian matrix by
DFg and let Jg = |det(DFg)|. Denote the inverse mapping by Fj ', its Jacobian matrix by DFy', and let
Jp-1 = |det(DFg")|. We have that

1

DF.'(z) = (DFg)~!(2), JFEI(”T) - Jp(E)

In the case of convex hexahedra, E is the unit cube with vertices #; = (0,0,0)7, £o = (1,0,0)7, £3 =
(1,1,0)7, #4 = (0,1,0)T, #5 = (0,0,1)T, #5 = (1,0,1)7, 7 = (1,1,1)7, and #5 = (0,1,1). Denote by

ri = (2:,vi,2)7,i=1,...,8, the eight corresponding vertices of element E as shown in Figure 1. We note
that the element can have non-planar faces. The outward unit normal vectors to the faces of F and E are
denoted by n; and n;, i = 1,...,6, respectively. In this case F is a trilinear mapping given by

Fp)=ri(1-2)1—-9)(1 = 2) +r2@(1 = 9)(1 — 2) + r329(1 — 2) + ra(1 — 2)5(1 — 2)
+r5(1 —2)(1 —9)2 +re2(l —§)2 +r7292 +rg(1l — 2)§2
=11 +ru@+ray+1r512+ (rsa — ro1)2y + (res — ro1)iz + (rgs — rar)yz

+ (ro1 —ray —res + r7s)2YZ,



Figure 1: Trilinear hexahedral mapping.

where r;; = r; —r;. It is easy to see that each component of DFF, is a bilinear function of two space variables:

DFE (f‘) = [1'21 + (1'34 — 1‘21)(1]
rq1 + (r34 — ro1)
r51 + (res — ra1)

+ (re5 — r21)2 + (r21 — T34 — res + r78)y2,
&+ (rgs —ra1)2 + (ra1 — rag — res + rg) @z, (3.2)
&+ (rgs — ra1)y + (r21 — raq — res + r78) 2yl

In the case of tetrahedra, E is the reference tetrahedron with vertices #; = (0,0,0)7, #5 = (1,0,0)7,
f3 = (0,1,0)7, and £, = (0,0,1)T. Let r;;i = 1,...,4, be the corresponding vertices of E. The linear
mapping for tetrahedra has the form

Fp({®)=ri(1—2&—9—2) +ro@ +r3j+r42 (3.3)
with respective Jacobian matrix and its determinant
DFE = [I‘21,I‘31,I‘41] and JE = 2|E|, (34)

where |E| is the area of element F.

The mappings in the cases of quadrilaterals and triangles are described similarly to the cases of hexahedra
and tetrahedra, respectively. Note that in the case of simplicial elements the mapping is affine and the
Jacobian matrix and its determinant are constants. This is not the case for quadrilaterals and hexahedra.

In all above elements Jg(F) is uniformly positive, since E is convex. Using the above mapping definitions
and the classical formula V¢ = (DFE)_lﬁé, for ¢(r) = (;AS(f‘), it is easy to see that for any face or edge
e; CE,

DF,Th;
n = £ (3.5)
|DFE l’lil
Also, the shape regularity and quasi-uniformity of the grids imply that for all elements E € 7p,,
IDFElg o S 1o 1Elg 00,6 = B, IDFg o0, ShTH 1 potllg o p = BT (3.6)

3.2 Mixed finite element spaces

We introduce four finite element spaces with respect to the four types of elements considered in this paper.
Let V(F) and W (F) denote the finite element spaces on the reference element F.
For simplicial elements, we employ BDM; [18] on triangles and BDDF; [17] on tetrahedra:

V(E) = (PL(E)), W(E) = Py(E), (3.7)

where Pj; denotes the space of polynomials of degree < k.



On the unit square, we employ BDM; [18]:
V(E) = (Pi(E))? +r curl(z9) + s curl(2?), W(E) = Py(E), (3.8)

where r and s are real constants.
On the unit cube, we employ the enhanced BDDF; space [37]:

V(E) = BDDF, (E) + rycurl (0,0, 222)7 + rscurl(0,0, 2292)7 + sycurl(2:42,0,0)T
+ szeurl (2922,0,0)7 + tocurl (0, 552, 0)7 + tzcurl (0, 2922, 0)7, (3.9)

W(E) = Ry(E),
where the BDDF; space on unit cube [17] is defined as

BDDF,(E) = (P1(E))? 4 rocurl(0, 0, 292)T + ricurl(0,0,29%)" + socurl (42, 0,0)7
+ syeurl(§22,0,0)T + tocurl(0, #92,0)T + tycurl (0, 2%2,0)7,

where r;, s;,t;,7 =0,...3, are real constants.
Note that in all four cases o o
V- -V(FE)=W(E). (3.10)

On any face (edge in 2D) é € E, for all v € V(E), v - € Py (é) on the reference square or simplex, and
V- fg € Q1(é) on the reference cube, where QQ1(é) is the space of bilinear functions on é.

The degrees of freedom for V(E) are chosen to be the values of ¥ - fig at the vertices of é, for each face
(edge) é. This choice gives certain orthogonalities for the quadrature rule introduced in the next section and
leads to a cell-centered pressure scheme.

The spaces V(E) and W(E) on any physical element E € 7, are defined, respectively, via the Piola
transformation

1
Ve ViV = —DFE\AIOFE?1
JE
and standard scalar transformation

wHw:w:wOFEI.

Under these transformations, the divergence and the normal components of the velocity vectors on the faces
(edges) are preserved [19]:

(V-v,w)p = (V-v,0); and (v-n.,w)e = (V- fig,b)e. (3.11)

In addition, (3.5) implies that
1

n,=-————v-fg, 3.12
|JeDFy " | (3.12)
and (3.11) implies that
1 -~
V-v= (—v - v) o Fp'(x). (3.13)
JE

On quadrilaterals or hexahedra, V - v # constant since Jg is not constant.
The finite element spaces Vj, ; and W, ; on subdomain §2; are given by

Vh,iz{vevz vlg — v, v € V(E), VEET;M-},
o (3.14)
Wi = {wew: wlp b, e W(E), VEeT,l,i}.



The global mixed finite element spaces are defined as

Vi, = @Vh,ia Wy, = @Wh,i-
i=1 i=1

We recall the projection operator in the space Vj, ;. The operator IT: (Hl(E’))d — V(E’) is defined locally
on each element by R R
<(Hq_(i) 'ﬁéqu1>é :Ov VécaEa (315)

where ¢ € P;(é) when E the unit square or simplicial element, and §; € Q1(é) when E is the unit cube.
The global operator IT: V N (H'(R2))¢ — V}, on each element F is defined via the Piola transformation:

llq « g, Iq=114. (3.16)

Furthermore, (3.11), (3.15), and (3.16) imply that IIq-n is continuous across element interfaces, which gives
Ilq € Vi, and that
(V- (Ila —aq),w)o, =0, Ywe Wh;. (3.17)
In the analysis, we also need similar projection operators onto the lowest order Raviart-Thomas [45, 44].
The RTj spaces are defined on the reference cube and the reference tetrahedron, respectively, as

A . r1+ 81T A A .
VEEY = ra+s29 |, WHT(E) = Py(P), (3.18)
r3 + 532

and
r1 + ST

VEIE) = | ra+sg |, WHET(E) = Ry(E), (3.19)
r3 + S2
with similar definitions in two dimensions, where s, r;, s; (i=1,2,3) are constants.
In all cases V- VT = WET(E) and v-f, € Py(€). The degrees of freedom of VET (E) are chosen to be the
values of ¥~ at the midpoints of all faces (edges) of E. The projection operator [I%7 : (H'(E))? — VET(E)

satisfies . . .
(177§ — q) - fag, Go)e = 0, Ve COE, Vqo € Py(E). (3.20)

The spaces V,IfT and W,ﬁT on  and the projection operator II%7 : (H'(Q))? — V,IfT are defined similarly
to the case of V), and W},. By definition, we have

Vit C Vi W =W (3.21)

The projection operator 1”7 satisfies

(V- (T*q—q),w) =0, vwe W\, (3.22)
V-"'y =V.v, YveV,, (3.23)

and for all element E € Ty, ;,
I v g < |viE, Vv € V. (3.24)

Furthermore, due to (3.15) and (3.20),
IR Tq = 17 q. (3.25)



3.3 A quadrature rule

Recall the variational formulation (2.3)—(2.4). In its mixed finite element discretization, one needs to compute
the integral (K ~'q,v)q, for q,v € Vj,;. The MFMFE method employs a quadrature rule for the velocity
mass matrix, in order to reduce the discrete problem on each subdomain to a cell-centered finite difference
system for the pressure. We follow the development in [53, 37]. The integration on each element E is
performed by mapping to the reference element E , where the quadrature rule is defined. Using the definition
(3.14) of the finite element spaces, for q,v € Vy, ,,

(K = (- DFEK (Fe@)DFrav) = (K7a9);,

where

K~Y(z) = DF;;f K YFg(2))DFg. (3.26)

JE

Due to (3.6), we have
1K™ o 00, = 12K 0,00, (3.27)

The quadrature rule on an element F is defined by the trapezoidal rule:
(K™, v)o.r = (K714, V) p = Il iﬁ’l(fi)d(fi) - V(E;), (3.28)
’ @ Ny 4

where n, is the number of vertices of E. The global quadrature rule on € is defined as

(K'a,v)go, = Y, (K 'a,v)or

E€Ty,;

The corner vector q(t;) is uniquely determined by its normal components to the d faces that share the
vertex. Since we chose the velocity degrees freedom associated with each corner t;, the d degrees of freedom
associated with each corner #; uniquely determine the corner vector ¢(#;). More precisely,

d
Z q nzg rz nZJ7

J=1

where 1n;;, j = 1,...,d, are the outward unit normal vectors to the d faces (or edges) sharing ¥;, and
(q - ng;)(r;) are the velocity degrees of freedom associated with this corner. Denote the basis functions
associated with ©; by v;,7 =1,...,d:

(\A’ij fllj)(f‘z)z 1, (\A’U fllk)(f‘l) :O,k#j, and (\A’U 'fllk)(f‘[)zo,l#i,k: 1,...,d.

The quadrature rule (3.28) couples only the d basis functions associated with a corner. For example, on the
unit cube,

U Kt U Kyl (®
(K 1V11,V11)QAE:ﬁa (K 1V117V12)QAE:M7
’ 8 ’ 8 3.29
Kait (81) (3.29)
(Kﬁlﬁll,{’lg)QA’EA = BlTl, and (’C V11,VZJ) =01 }é 1 ] = 1,2,3.
Mapping back to the physical element E, we have
(K~'q,v)q.e = ZJE “Hro)a(r) - v(r), (3.30)



which is closely related to an inner products used in the mimetic finite difference methods [36].
It has been shown [53, 37] that the bilinear form (K 'q,v)gq, is an inner product in Vjp,; and

(K™ 'q, q)g?}l is a norm equivalent to | - [|o;:

(K'a.d)q.a, = llallp, Va € Vi (3.31)

In the pressure superconvergence analysis, we need additional property of the bilinear form (K~!,-)g o, on
the space

Viii=Vhi UWh,z',
where Wy, ; is the space of piecewise constant vectors defined element by element.

Lemma 3.1. The bilinear form (K~'-,-)g.q, is an inner product on V5, ; and the norm (K 'q, q)g?2 on

V. is equivalent to || - ||, :
Qis Vq € Vh_,i. (3.32)

_ 1/2
(K~'a.d)gp, = lldl

Proof. On each element E, let g = >, g-l:l @ijVij + do where v;; are the normalized basis functions of
V3.i(E) and qo is a constant vector. Using (73.30), (1.4), (3.6), we have

Ny

d
_ E
(K 'a,9)q,r 2 % S> a + laol?

i=1 j=1

This gives that (K~!-,-)g.g is an inner product. Using (3.27), the fact that ||q||% =~ h2_d||c]||2E for all

q € (L%(E))? (see Lemma 2.3 in [53]), and norm equivalence on the reference element E, we obtain for all

q € Vy,

_ N _ —d || A —
(K™'a,d)g.p = (K',d)p 5 =~ h* lall? =~ [lall%-

The numerical quadrature error on each element is defined as

op(q,v) =(a,V)r — (4, V)g,B; (3.33)

and the global numerical quadrature error is given by o(q, v)|g = or(q,v).

3.4 Reduction to a cell centered finite difference system for the pressure

We next describe how the quadrature rule for the velocity mass matrix allows one to reduce the MFMFE
method on each subdomain to a centered finite difference system for the pressure. We limit the discussion
to hexahedral grids; the other element types are treated similarly. We refer to Figure 2 for the notation used
in this section. Any interior vertex r is shared by 8 elements E, ..., Es. We denote the faces that share the
vertex by ej,...,e12, and the velocity basis functions on these faces that are associated with the vertex by
Vi,...,Vi2, Le, (v; -n;)(r) = 1, where n; is the unit normal on face e;. The corresponding values of the
normal components of uy,, uy,...,u2 are depicted in the three images in directions z, y, and z, respectively.

Recall that the quadrature rule (K ~!-,-)q localizes the basis functions interaction, see (3.29). Therefore,
taking v .= vy in (4.1), for example, will lead to coupling uy only with us, us, ug, and ujs. Similarly,
uo will be coupled only with wug, u7, ug, and uis, etc. Therefore, the 12 equations obtained from taking
V =vVi,..., Ve form a linear system for uy,...,u12. The following result is a direct consequence of (3.31).

Proposition 3.1. The 12 x 12 local linear system described above is symmetric and positive definite.

The solution of the local 12 x 12 linear system allows for the velocities u;, 7« = 1,...,12 to be expressed in
terms of the cell-centered pressures p;, i = 1,...,8. Substituting these expressions into the mass conservation
equation (4.2) leads to a cell-centered stencil. The pressure in each element E is coupled with the pressures
in the elements that share a vertex with E, leading to a 27 point stencil. The reader is referred to [53, 37]
for further details on the resulting cell-centered finite difference system.
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Figure 2: Interactions of the velocity degrees of freedom in the MFMFE method

4 Multiscale mortar multipoint flux mixed finite element method

Define the global mesh partition on 2 as 7;, = @?:1 T1,; and the finite element spaces on () as

n n n
RT RT
V=P Vni VIT=EPVE, Wi=P Wi
i=1 i=1 i=1

Let the mortar interface mesh 7y ; ; be a quasi-uniform partition of I'; ;, with maximal element diameter
H; ;. Let H = maxi<; j<n H;j. Denote by Ap,;; C L*(I'; ;) the mortar space on T'; ;, containing either
continuous or discontinuous piecewise polynomials of degree m on 7y, ;. Note that 7g;; need not be
conforming if Ay, ; is a discontinuous space. Let

Ay = @ Apij
1<i<j<n

be the mortar finite element space on I'.
The multiscale mortar MEMFE method is defined as: seek up € Vy,, pn € Wy, and Ay € Ay such that,
for 1 <i <n,

(K Mg, v)o.0, — (pr, V- V), = — Mg, T v - ny)r,
— (9, 1"v - n)p0,/ 1y YV E Vi, (4.1)
(v * Up, w)Qi = (f7 U})Q“ Yw € Wh,i7 (42)
Z<HRTUh -n;, /14>Fi =0, Yu e Ag. (43)

i=1

Within each block 2;, we have the MFMFE method based on the quadrature rule described in Section 3,
where (4.2) gives local conservation over each fine grid element. Equation (4.3) enforces a weak continuity
of flux across the interfaces with respect to the mortar space Ag.

Similar methods on affine mixed finite elements have been introduced and analyzed. In [7], the mortar
mesh size H is comparable to A and the mortar degree of polynomial is one order higher than the degree of
approximation polynomials in V. In [9], the discretization of ' is weakened by allowing larger elements of
size H but considering higher degree of mortar approximation. In the present work, we consider the MFMFE
method as a subdomain discretization on affine, quadrilateral, and hexahedral grids.

Remark 4.1. The appearance of 17T in (4.3) is not standard. It is necessary to have T in (4.1) for
accuracy. More precisely, the numerical quadrature error can be controlled only when one of the arguments
belongs to V,}f‘T, see Lemma 6.5. Having TI?T in (4.3) maintains the symmetry of the method and also
guarantees existence and uniqueness of a solution of (4.1)-(4.3) as shown in Lemma 6.1.
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5 Approximation properties

5.1 Element geometry

For the convergence analysis we need some restrictions on the element geometry. This is due to the reduced
approximation property of the MFE spaces on general quadrilateral and hexahedra. Numerical examples
confirm that the restrictions are not just for theoretical purposes [53, 3, 37]. Following the terminology in
[53, 37], we introduce the following definitions.

Definition 5.1. The (possibly non-planar) faces of a hexahedral element E defined via a trilinear mapping
in three dimensions are called generalized quadrilaterals.

Definition 5.2. A generalized quadrilateral with vertices ry,--- ,r4 is called an h?-parallelogram if
|I‘34 — r21|]Rd 5 h2, (51)
where | - |ga is the Euclidean norm in R?.

Definition 5.3. A hexahedral element is called a h?-parallelepiped if all of its faces are h?-parallelograms.

Definition 5.4. An h2-parallelepiped is called regular if

|(ro1 — T34) — (res — T7s)|ga < R

5.2 MPFE approximation properties

We state several approximation properties of the MFE projection operators. On simplicial, h?-parallelogram,
and h2-parallelepiped grids, the following bounds hold on any element E:

la =T allp + la—alls < Alalh,z (5.2)
IV - (@ =1 q)|[p + IV (a = Ha)|lz < 2|V - dll,e
The above bounds can be found in [19, 46] for simplicial elements, [50, 11] for h2-parallelograms, and [37] for
h2-parallelepipeds. A higher order approximation property also holds for simplicial, h?-parallelogram, and

regular h2-parallelepiped grids:
la —Ta| ez S #*(lallz,&- (5.4)

On general quadrilaterals, bound (5.2) is also valid [11]. However, in this case for the divergence bound it
only holds for
IV-(a-Ta)llz SV -ale-

The following lemma has been shown in [53, 37].

Lemma 5.1. For all elements E,
IMal;e < llalje  Vae H (E), (5.5)

holds for j = 1,2 on simplicial elements, h?-parallelograms, and regular h?-parallelepipeds, as well as j = 1
on h2-parallelepipeds. Furthermore, on simplicial elements, h?-parallelograms, and h?-parallelepipeds,

1™ qll1e < llalle.  Vae HY(E) (5.6)

For the remainder of the paper, we assume that the quadrilateral elements are h2-parallelograms, and
the hexahedral elements are h2-parallelepipeds. We also need the regular h2-parallelepiped condition for the
pressure superconvergence bound in section 6.5.
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Let Q be the L2(E)-orthogonal projection onto W (E), satisfying for any ¢ € L2(E),

(¢ —Q ) =0, Ve W(E).

Let Qy : L%(Q2) — W), be the projection operator satisfying for any ¢ € L?(),
Onp =QpoFg' onall E.

It is easy to see that, due to (3.11),

(¢ —Qnp,V-v) =0, VveV, (5.7)
Using a scaling argument and the Bramble-Hilbert lemma, it can be shown that

o — Qnrell < hleh. (5.8)

We also need approximation properties for the finite element spaces on the interfaces. Let Z§, be the
Scott-Zhang operator [48] onto the space A%, the subset of continuous functions in Ag. Similarly, let Py
denote L2?(T") projection operator onto Ay. For each subdomain 2;, define a projection operator Q&T :

L2(T;) — VT -my|r, such that for any p e L*(T';)

(= Qo v-my)r, =0, VveVil (5.9)
Due to (3.20),
(T""q) -n; = O (q - ;). (5.10)
The above defined interface operators have the following approximation properties [23]:

¢ = Zgoller,; S H N ¢lsr, 0<s<m+1, 0<t<min(l,s), (5.11)
¢ = Prdll—er., S H T ollsr, 0<s<m+1, 0<t<1, (5.12)
l(a—T1""q) - nyl|l—e,r, ; S Pl ngllr 0<r<1, 0<t<l, (5.13)

where || - [|_; is the norm of H~* the dual of H®.

5.3 The spaces of weakly continuous velocities

Define a weakly continuous BDM/BDDF velocity space as

Vio= {V eVy: Z<HRTV|Q¢ ‘g, ), =0 Vp € AH} . (5.14)

i=1

The multiscale mortar MEMFE method (4.1)-(4.3) is equivalent to the following problem: find uj, € Vj, o
and pp € Wy, such that

M=

(K 'up,v)g =Y (pn, V- V), = —(¢, 1%V - n;)p0,/ r, Vv € Vi, (5.15)

1

.
Il

I

(V-up,w)a, = (f,w), Vw € Wi, (5.16)

i=1

We will also make use of the RT weakly continuous space

n

VhRg = {V e Vi . Z(v

=1

Q; - ni,,u>1‘i =0 V,LL S AH} . (517)
The following lemma has been shown in [9].
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Lemma 5.2. Under assumption (5.24), there exists a projection operator TIFT (H1/2JrE (Q))d NV — V,}f_g
such that

(V- (If"q—q),w)o, =0, weW,, 1<i<n, (5.18)

" q — T g < llall41/2h"HY?, 0<r <1, (5.19)

M5 a—all S lalieh+llallr k" HY?, 0 <r<1. (5.20)
=1

In the following we construct a projection operator Il into Vy, o with similar properties.
By an abuse of notation, define

Vil -n={(¢r,¢r) € L*(I') x L*(I') :  3v € V{ such that
érlr

Then, for any ¢ = (¢1,0r) € (L*(I))?, we write ¢|p,, = (@7%)7 i < j < n. Define a projection
operator Q0 : (L*(T"))* — VT - n such that, for any ¢ € (L*(T))?,

.-n; and ¢Rrlr,; = V], -n; VI<i<j<n}

> (o = (QF5)imir, =0, ¥y eV . (5.21)

i=1

The proof of the following two lemmas can be found in [7, Section 3], with a straightforward modification
of the argument for the two scales h and H.

Lemma 5.3. Assume that for any p € Agr,
O u=0, 1<i<n, implies thatpu=0. (5.22)

Then, for any ¢ € (L*(T"))?, there exists Ay € Ay such that on T j,1 <i<j<mn,

1
QfT)\H fﬂr@' - (Qﬁg )iy QfT)\H ﬁ?%‘ - (Qf% )i, and (Ag,1)r,, = §<¢i + ¢, D, ;-

(5.23)

Lemma 5.4. Assume that for any p € Ay,
el < C (155 iy, +11QRS Hllr.;), 1<i<j<n. (5.24)

Then, r.; = (0i, — i),
1/2
Moo — (Rl or,, | S YD giller, hHY,  0<r<1,0<s<1. (5.25)
1<i<j<n 1<i<j<n

We are now ready to construct a projection operator IIy onto Vj, o. Our approach is similar to the one
n [7]. For any q € (H'/?t¢(Q))4NV, € > 0, define

(a+daqi),
where dq; solves
0q; = =V in Q;, (5.26)
V.-6q;, =0 in €, (5.27)
0q; -n; = Qh ,d-n; + (Qh 0d - 1n); on I';, (5.28)
oq; -n; =0 on 09); N O, (5.29)
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r., = (@-n;,q-n;). The Neumann problem (5.26)-(5.29) is solvable, since (5.23) imply the
solvability condition
<thq n; — (945 04 - 1), Lr, =0.

By the construction of IIy and using (3.25), for all u € Ay,

n n

Z(HRT(Hoq) 1y, ), = Z(HRT(Q +0q;) - g, )t
i=1 i=1
= Z Ta+ ;) mi, e, = Y ((QfFa-n)i, pr, =0,

i=1
where we have used (5.10) and (5.28). Thus, IIoq € V}, . Also,
(v HOqu ) (V Hq7 )Q + (V H(quu ) (v q,w ) Qs Yw € Wh,i'

It remains to estimate the approximability of IIy. Since Ilpq — IIq = IIdq;, we only need to bound the
correction term I1dq;. By elliptic regularity [33, 41], for any 0 < s < 1/2,

16Qill1/2-s,0, S ZHQth n; — (Q75a- n)if-sr ;- (5.30)

Then we have

IToq; o, < |[T1dq; — da L S W2 )8qilh 2.0, + 1l
< Z(hl/zugﬁ?q ‘n; — (Qfba-n)i|r,, + 19F q - n; — (Qggq )il e ), (5.31)
J
where we have used an estimate for any divergence-free vector 1 [43]
Y — o, S A |[P]lr0,.0 <r <1 (5.32)

Note that the above result was shown in [43] for the Raviart-Thomas spaces, but it can be easily extended
to the other mixed finite element spaces under consideration. Applying Lemma 5.4 and the trace theorem
(see Theorem 1.5.2.1 in [33]):

lallrr:; S llallr41/20, >0, (5.33)
(5.31) yields the following result.

Lemma 5.5. Under assumption (5.24), there exists a projection operator Il : (Hl/z*‘e(ﬂ))d NV — Vo
such that

(V-(Mpqg—q),w)g, =0, weW,, 1<i<n, (5.34)

Toq — Hq|| < |lallry10h"HY?, 0<r<1, (5.35)

[Toq — q| S Z lallt.e.h+ llall12h"HY?, 0<r<1, (5.36)
1=1

Inequality (5.36) is a direct consequence of (5.35) and (5.2).

In the next Lemma we establish some continuity properties for 1y and TI57.

Lemma 5.6. Under assumption (5.24), on simplicial, quadrilaterals, and hexahedral elements,

Moall + [T all £ > llalluo: + llall+1/o, 0<r <1, (5.37)
i=1
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> (IMoalle + 1T allie) S llallue, + B HY2|[dllp12, 0<r <1, (5.38)
EcT, i=1

VE €Ty, |V -Todle + V-5 alle S V- dlle. (5.39)

Proof. We present the proof for IIy. The proof for IIFT is similar. Bound (5.37) for Iy follows from the
triangle inequality ||Iloq| < [la — Iog| + [|al| and (5.36).
For (5.38), we use the triangle and inverse inequality:

> IMoalie £ > (Mo =gl e + | Hqllie) S Y (A Heq — gl e + Hal1.z) -
EeTh, EG%L EG%L

Bound (5.38) follows by combining the above inequality with (5.35) and (5.5).

To show (5.39), we first note that if v € V;, and (V- v,w) =0 Vw € W), then V- v = 0. This follows
from (3.11), and (3.10). Now the definition of I implies that V - TIpq = V - IIq. Furthermore, using (3.13)
and (3.6),

IV - Idl|e S hp"?IV -Tdl 5 < hp™?IV -l S IV - alle.
where we have used that V - 11§ is the L2(E)-projection of V - q. This completes the proof of (5.39). O

In the convergence analysis below we will need the trace inequality (see [31])

(¢, v -maq, < llalli/z,00: (V] ma@iva:) (5.40)
and the following lemma.

Lemma 5.7. For all v € V,If,

1/2

Iv-nillos = b=V 5. (5.41)

Proof. The result follows from the scaling estimate [53]: ||v| g = h*~9/2||¥|| 5, the norm equivalence on the
reference element E : ||V - 0y 5 =~ |V 5, and (3.12). O

6 Convergence analysis

6.1 Solvability
The next lemma shows the solvability of the multiscale mortar MEMFE method.

Lemma 6.1. Assume that (5.22) holds. Then, there exists a unique solution of (4.1)-(4.3).

Proof. Tt is sufficient to show the uniqueness since (4.1)-(4.3) is a finite-dimensional linear square system.
Let f =0 and g = 0. Choosing v = up, w = pp, and u = Ay, adding (4.1)-(4.3) together, and summing

over 1 <4 <n implies that
n

Z(Kﬁluh, uh)Q_,Qi =0.

=1

The norm equivalence (3.31) implies that uj, = 0. Given p, € W), C L?(R), there exists q € (H'(2))¢ such
that V - q = pp. Such vector field can be easily constructed by solving

A¢=ppin B, ¢=0ondB, (6.1)

where B is an open ball containing 2 and pj is the extension of p; by zero on B, and taking q = V¢.
By elliptic regularity [41], ¢ € H?(B) and therefore q € (H'(Q))4, satisfying ||q|1 < ||pr]. The above
construction is possible since no boundary conditions on 9¢2 are imposed on the velocity field. We note that
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a vector field q with the required properties can also be constructed for a Lipschitz domain 2 when flux
boundary conditions are imposed on (part of) 9§ [31, 29].

Take v = Ilpq in (4.1) to get 0 =>""", (pn, V -lpq) = (pr, V - q) = ||p||?, implying p, = 0. Then, (4.1)
gives 0 = A\, [Ty - n;)p, = (Qﬁ{/\H,HRTV -n;), for all v € V), Also, there exists v € VI such that
ven; = Qﬁzr/\H, implying Qﬁzr)\H =0 and, due to (5.22), Ay = 0. O

6.2 Optimal convergence estimate for the velocity

In this section we derive a priori error estimates for the velocity. Subtracting (5.15)-(5.16) from (2.3)-(2.4)
gives the error equations

(K_lu7 V) - (K_luhu V)Q = Z(p — Ph; V- V)Qi - Z<p7 A\ ni>Fi
=1 i=1
- Z<97 (v —1I""v) - n) o0, 1 Vv e Vi, (6.2)
=1
S V- (u—up),w)g, =0, Ywe Wy, (6.3)

i=1

For the permeability tensor K, we will use the following notation. Let qu—hoo consist of functions ¢ such
that ¢|p € W*(E) for all E € Tj, and ||¢||k.c0. & is uniformly bounded. Let |¢[lk 0o = maxger;, |6k 0ok
The following two lemmas give bounds on terms that appear in the velocity error analysis.

Lemma 6.2 ([53, 37]). On simplicial elements, h®-parallelograms, and h?-parallelepipeds, if K~ € W%;OO,
then for all v € Vi,

(K~ I, v = ¥v)ol S 3 K s lulia Ve (6.4)
i=1

Lemma 6.3 ([53, 37]). On simplicial elements, h®-parallelograms, and h?-parallelepipeds, if K~ € W%;OO,
then for all q € V), and for all v € VET,
o(K V)| S D hIE heolalelvios: (6.5)
EeT,
We are now ready to establish the main a priori velocity bound.

Theorem 6.1. Let K1 € VV1 °°. For the velocity uy, of the mortar MFMFE method (4.1)-(4.3) on simplicial
elements, h?-parallelograms, and h2—pamllelepzpeds if (5.24) holds, then

Z V- (a=w)lo; S Zhnv . (6.6)
[u =yl S (H T2 pllasryo0, + hlullie,) + 2 HY?[ull,p 0, (6.7)
i=1
where 1/2<s<m+1,0<r<1.
Proof. First we note that
V-IIu—u,)=0 and V- -(Ipu—-uy)=0inQ;,i=1,...,n, (6.8)

which follow from (6.3), (3.17), (5.34), (3.11), and (3.10). The divergence error bound (6.6) now follows from
(5.3).
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For all v € V}, o such that V- v = 0 in each subdomain, the error equation (6.2) gives

n

(K_lu, v) — (K_luh, V)Q = - Z(p, (v = TITv) - ny)r,
i=1

- Z(p — Iip, v - my)p, — Z<97 (v = II""v) - mi) 0, /1,
i=1 i=1
where we have used that .
> (Tip v ny)r, = 0. (6.9)

i=1

HRT

Taking v — v € V, as a test function in (2.3) gives

n n

(K ta,v -1 y) = — Z(g, (v — Iy . n;)s0, /v — Z(p, (v —II7Tv) - ny)p,.

i=1 i=1
The above two equations imply

= (K 'u,II7"v) + Z(p —Z4p, v - ny)y, Vv e Vst V-v=0. (6.10)
i=1

(Kﬁluh,V)Q

By using (6.10), we rewrite (K ~(Ilou — uy), V)Q as

(p— T5p, T"'v - ny)r,

I

Il
-

(K~ (ou — up),v)g = (K 'ou,v) , — (K 'u, 1% v) —

Q

K2

= (K '(Ilpu —u),v), + (K 'Mu,v - I%"v)  — o (K 'Tu, T"v) (6.11)

+ (Kﬁl(Hu —u), HRTV) — Z(p — Z4p, Ty - ny)p, .
i=1

Q Q

The first and fourth terms on the right hand side of (6.11) can be estimated by using (5.35) and (5.2),
respectively:
(K~ (Ilpu — HU.),V)Q < hTH1/2||uHT+1/2||VH, 0<r<l, (6.12)

vl (6.13)

(K~} (Iu — u), 177v) < Al
1=1

where we have also used (3.24). Using (6.5), (3.24), and (5.5), we bound the third term on the right in (6.11)
as
o (K~ T, ITF)| < Y7 hf|Hull, g [V S k|
EET, i=1

The last term on the right hand side of (6.11) can be estimated from (5.40), (5.11), (5.33), and (3.24) as

I;Q'L”VHQi' (614)

n

Y Tip —p, v n)r, <1 Z5p — plhyzoe T Vilg@iven S D IPler2.0.H 2 |V]o, (6.15)

i=1 i=1 =1

S

for 1/2 < s <m + 1, where we have also used that V - 7Ty = 0.
Now let v = TIpu — u;. A combination of (6.11)—(6.15), (3.31), Lemma 6.2, and (5.36) completes the
proof of (6.7). O
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6.3 Superconvergence estimates for the velocity

In this section we establish velocity superconvergence on rectangular and cuboid grids in the case of diagonal
permeability tensor. We note that velocity superconvergence is observed numerically on h2-parallelograms
and h2-parallelepipeds. The proof is based on combining the super-closeness between I and TI#7 (5.19),
superconvergence for II#7 on a single domain, and superconvergence for the quadrature error o(-,-). The
last bound requires restricting the integrands to RT(, which necessitates modifying the argument from the
previous section. We make use of the following superconvergence results.

Lemma 6.4 ([27], Theorem 5.1). Ifue H?(Q;), 1<i<n, K '€ W}hoo(ﬂ), and v € VI then

(K Y u — ), v) £ 3" K o ([ullesne V], + ul
=1

1.V -vle), 0<t<1.  (6.16)

Lemma 6.5 ([15], Lemma 4.3). Ifue H*(Q;), 1 <i<n, K~'€ W£>(Q), and v € VET, then

Vv

oK T 0, v)] S SR K ool [Vllo, + e [V - Via), 0<t<1/2.  (6.17)

i=1

We note that both results above are established in two dimensions for h2-parallelograms and a full
tensor with Neumann boundary conditions. Here we use them for a diagonal tensor with Dirichlet boundary
conditions on rectangular and cuboid grids. The extensions to three dimensions are straightforward.

Next, we state a bound on a term that appears in the analysis. This is the term that limits the proof to
rectangular-type grids.

Lemma 6.6. Assume that K is a diagonal tensor and K~ € W;-;LOO. Then for all q € Vi, and v € V,IfT
on rectangular and cuboid grids,

(K (q—T1""q),v)o| D hIE ™ 100lla — 17 q
=1

Q; V| Q; - (618)

Proof. Let K—1 denote the L2-projection of K~! onto the space of piecewise constant tensors. On any
element F,

(K™ Ya—11""q),v)q.r = (K~ = K- 1)(q —11""q),v)q,r + (K~ (q — 1" q),v)q.r. (6.19)
Using (3.31), the first term on the right-side of (6.19) can be bounded as
(K™ =K@~ 1"aq),v)or S MK iecela—1Tqe]|v]e. (6.20)

Next, consider the second term on the right-hand side of (6.19). The proofs for 2D and 3D elements are very
similar. For simplicity, we give a proof for the 2D case. Let z = q—I1Tq. Let z = [21, 22]7 and v = [v1, v2].
Since the grid is orthogonal, Jg is constant and Jp K ~1 is a diagonal constant tensor, Jp K —1 = diag(k1, k2).
Denote the vertices of E by ry,...,rs, where r; is the lower left vertex and the other vertices are numbered
in a counter clockwise direction. By the definition of the quadrature rule (3.30),

(K~Yq—11""q),v)q.r = k1(21,01)q.5 + k2(22,v2) 0.8

and
4

(21,01)Q.8 = i Yz (r) = ivl (r2) (21(r2) + 21(r3)) + ivl(m) (21(ra) + 21(r1))
i=1
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where we used that vy (r2) = vi(rs) and vi(rs) = v1(r1) since v € RTo(E). Since q € BDM;(E), by the
definition of IT®T" we have z1(r2) + z1(r3) = 0 and 21(r4) + 21(r1) = 0. This gives (z1,v1)g,r = 0, and
similarly we get (22,v2)g g = 0. Therefore

(K~X(q—1I""q),v)q,r =0,
which, combined with (6.19) and (6.20), implies the assertion of the lemma. O

The following is the main result of this section.

Theorem 6.2. Assume that the tensor K is diagonal and K~' € W%IOO Then, if (5.24) holds, the velocity
uy, of the mortar MFMFE method (4.1)-(4.3) on rectangular and cuboid grids satisfies

n

T 0 = T || S Y (H 2 Ipllar 2.0, + 2 [lleen,0,) + B HY 2 [allg 2, (6.21)
=1

where 1/2<s<m+1,0<r<1,and 0 <t <1/2.
Proof. By the triangle inequality
[T u — T Ty || < TR — T u|| + |TE w — TRy, (6.22)

The first term on the right above is bounded in (5.19). For the second term on the right in (6.22), using the
norm equivalence (3.31), we have

T 0 = Ty |2 S (K (TG = T, T u = Ty, ) (6.23)

= (Kﬁl(Hé%Tu —uy), H(}}Tu - HRTuh)Q + (Kfl(uh - HRTuh), H(}}Tu - HRTuh)Q .

By (6.18), the second term on the right in (6.23) can be estimated as

(K" (up = ¥ ay), 1 0 = 11w ) S 3 AIE ™ ool uy, — 1177 - (6.24)
i=1
Using triangle inequality and (3.25), we have
J, — T (w - w)] 65
< lu—wpflo, + [lu =T ullq, + [[Tu — uplq,, '
where we have used (3.24). Combining (6.24) and (6.25),
(Kﬁl(uh — HRTuh), H(}}Tu — HRTuh)Q
- ~1 RT RT RT (6.26)
S DK s (lu = unlle, + flu = 1 uflg, + |[TIu — s, I5T u — T uy ..
i=1
It remains to bound the first term on the right in (6.23). Using (6.10), similar to (6.11), we obtain
(KT 0 — ap), T v — T wy,)
= (K 11w — 07 a), I a - HRTuh)Q + (KNI a — ), 0" a — 177y, (6.27)
6.27

— o(K7 0, T u — 1% ay,) = > (p — Zfp, (T u = 1T77ay) - ),
=1

19



The first term on the right above can be bounded as
(K™ 15" u = ), I a = Ty, o < TG 0 — T[T 0 — Iy . (6.28)

The second term on the right in (6.27) can be bounded using (6.16): for 0 <t <1,

5 v — 8y, q,, (6.29)

n
(K (I — ), I = ) A K o a0,
i=1

where we have used that V - (IIf7u — 1I*7u;,) = 0. The third term on the right in (6.27) can be bounded
using (6.17): for 0 <t <1/2,

n
o (K 0, T 0 — T wy) € S0 WK oo 1.0,
=1

Hé%Tu — HRTUhHQi. (630)

Similar to (6.15), the last term on the right in (6.27) can be estimated as, for 0 < s < m + 1,

Z@ — Zgp, I u — 1" ay) - ny)r, < Z H Y2l sp1 0,0, [T u — T uy ||, . (6.31)

i=1 i=1
A combination of (6.22)—(6.31) with (5.19), (6.7), and (5.2) implies (6.21). O
For a scalar function ¢(z1, -+ ,z4) in a rectangular or cuboid element E, let ||¢]; z denote an approx-

imation integral of |¢|? using exact integration rule in x; and midpoint rule in the other directions. Then,

for q = (q1, -+ ,qq)7, let
d
Il = > > " llail? e, (6.32)

EcTy, i=1
and note that [|vy| = ||va| if vi, € VET on rectangular or cuboid grids. The reader is cautioned not to
confuse the above norm with the norm || - ||, used for the permeability tensor K.

Theorem 6.3. Assume that the tensor K is diagonal and K~! € W%"LOO. Then, if (5.24) holds, the velocity
uy, of the mortar MFMFE method (4.1)-(4.3) on rectangular and cuboid grids satisfies

o = | S (H 2 pllagajzin, + B uller0,) + B HY? all ), (6.33)
i=1
where 1/2<s<m+1,0<r<1,and 0 <t <1/2.

Proof. Tt is well known [24] that the usual RT interpolant IT%T exhibits superconvergence:

[ — T ullo, <A ullg, 0<t<1 (6.34)
By the triangle inequality
flu = T up || < flu = I af| + I = Ty | = o = ]| + [T a - Ty .
A combination of the above estimate, (6.34), and (6.21) completes the proof. O
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6.4 Optimal convergence estimate for the pressure

In this section we prove an inf-sup condition and establish an optimal convergence for the pressure.

Lemma 6.7. Spaces V,Iffg X Wy satisfy the inf-sup condition: for all w € Wy,

n

(V- .
sp  ZmVvla oy (6.35)
0£veVET izt IVl Eivan

Proof. Let w € Wj. It is enough to show that there exists v € V,}i:g such that

n

Z(V v, w)o, = |w|? and Z VIl z@ivien) S lwll- (6.36)
i=1 =1

As in the proof of Lemma 6.1, see (6.1), there exists q € (H'(2))? such that
Veg=w and qf: < [jwll. (6.37)
It is easy to see that v = II§ q satisfies (6.36), using (6.37), (5.18), Lemma 5.6, (5.20) and (5.39). O

Theorem 6.4. Let K=t € Wh(Q,;), 1 < i < n. For the pressure py of the mortar MEMFE method
(4.1)-(4.3) on simplicial elements, h?-parallelograms, and h?-parallelepipeds, if (5.24) holds, then

lp = pull £ _(hllpllie, +hlule, + H2plloi 20, + B HY? [ullp 0, (6.38)
i=1

where 1/2<s<m+1and0<r <1.
Proof. Using (6.35),
S (V v, Qup — pr)a,
|Qnp —pnll S sup L5
0AveV T Ei:l HV”H(div;Qi)
(K_lua V) - (K_1Uh,V)Q + Z;l:l<p - Z;Ipvv ! n’i>Fz’
= sup

0AveVET Z?:l [Vl £ (divss)

(6.39)

3

where we have used (6.2), the fact that V,If_g C Vo, (5.7), and (6.9). We reformulate the first two terms
and the last term in the numerator as

(K 'u,v) = (K "ap,v), = (K ' (u—u),v) — (K" (u, — HU.),V)Q + o(K I, v). (6.40)

Q

By (5.40) and (5.11), the last term in the numerator of (6.39) can be estimated as

n

Z@ —Tip, v -nyr, S Z H571/2”p”s+1/2,£2i

i=1 =1

V| H(divia,), 1/2<s<m+ 1. (6.41)
A combination of (6.39), (6.40), (6.41), (6.5), (5.5), (5.2), (3.31), and (6.7) implies (6.38). O

6.5 Superconvergence for the pressure

In this section we employ a duality argument to obtain a superconvergence for the pressure at the element
centers of mass. We begin with some auxiliary lemmas needed in the analysis.
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Lemma 6.8. For all q € H'(Q)?,

¥ Toq —all Y hllalhue, +"H?|ally1/2, 0 <7< 1. (6.42)
i=1

Proof. Using (5.2) and (5.36), we have

n
TR Toq — qf| < [T Tloq — Toql| + [Toa — all $ > AlMoall.z + Y llalie, + 2" HY?|lallr11/2
EeT), i=1

<> hlallig, + B H?[allpp1e  0<r <1,
=1
(6.43)

where we have used (5.38) in the last inequality. O

Lemma 6.9 ([53, 37]). Let K~! € W%LOO On simplicial elements, h?-parallelograms, and regular h?-
parallelepipeds, for all q € Vy, v € V,?T,

o(K ' a,v)| S Y WPIIE oo mllalls sl v, 6. (6.44)
Ee€T,

Remark 6.1. The above lemma also holds for v € Vy, on simplicial elements. However, in the analysis
below we will see that it is necessary to restrict v.e VET.

Theorem 6.5. Assume that (5.24) holds, K € Wh>*, K~1 ¢ W%’LOO, and the H? elliptic reqularity condition

(6.47) holds. Then, the pressure py of the mortar MFMFE method (4.1)-(4.3) on simplicial elements, h?-
parallelograms, and regular h?-parallelepipeds, satisfies

|Qnp — pull S Z(Hs+l/2||p||s+1/2,ﬂi + hH|ull1,0, + h3/2H1/2HU||2,Qi) + hTH3/2||11Hr+1/27 (6.45)
i—1

where 0 < s<m-+1and 0 <r <1.

Proof. Consider an auxiliary problem

—V - (KV¢) =pn — Qup, inQ,

o =0, on 0f). (6.46)

We assume that the problem is H?2-elliptic regular:

l9ll2 < [1Qnp — pall- (6.47)

Sufficient conditions for (6.47) can be found in [33, 41]. For example, it holds if the components of K €
C%1(Q) and 09 is smooth enough. By (5.7), (3.22), and (5.34),

n n n

> (p—pn, VI K V), =Y (Qup—pn, V- T KV)a, =Y (Qrp—pn, V-KV¢)a, = | Qup—pnll*.

i=1 i=1 i=1
Taking v = [T\ KV¢ € V}, o in (6.2),

n

1Qnp — pull* = (KM, v) — (K an, v)g + Y (0, v my)r,. (6.48)

=1
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We rewrite (6.48) as

n

|Qnp — p1* = (Kfl(u — Hu),v) — (Kfl(uh — Iu), V)Q + o(K ', v) + Z(p — Pup,v -n;)r,, (6.49)

=1

where we have also used the weak continuity of v, see (5.14). Using (3.24) and (5.37), we bound the first
term on the right in (6.49) as

(K~ (u — 1), T T K V) < K lo,c0llu — Tul||| K|

1,00]|]l2- (6.50)
For the third term on the right in (6.49) , (6.44) implies that

0.5 | T KV |1, 1

U(K_IHU,Vh) 5 Z h2||K_1| 2,00,E||Hu|

Ee€T,
(6.51)

S DR PHYE 200l Kl oc [[ull2.0 [ ll2,

=1

where we have used (5.5), (5.6), and (5.38). The fourth term on the right in (6.49) represents the mortar
interface error, which can be written as

> o= Pup, MKV - n)r, = > (p — Pup, (MoK V) — KV ) - my)r,
=t . =t . (6.52)
+> (p—Pup, MFT KV — KV¢) - ni)r, + > (p—Pup, KVé-1i)r,.
i=1 i=1
Using (5.12), (5.41), (3.24), (5.35), and (5.33), we bound the first term on the right in (6.52) as
> (lp = Pup, (MK Ve — T KVe) - ny)r,
=1
<Y e = Paplle, (T T KV — T TIKVE) - 141,
- . (6.53)
S Hpller, kAT K VG — TRTTIK Vo, S Hollpllsr, k™ /?[K Ve — TIK Vg,
=1 =1
S H Ky solpllstrzalléllz,  0<s<m+1.
=1

Using (5.12), (5.13), and (5.33), we bound the second and third terms on the right in (6.52) as

n

> ((p=Pup, MKV — KV¢) - ni)r, + (p — Pup, KV - n;)r,)

=1

Ip = Puplir, (T KV — KV¢) -nillr, + > lp = Pupll -1/,

=1

KVé-nillior,  (6.54)

Hs+1/2

K]

”p”SJrl/Q,Qi 1;OO;Q¢'||¢H27 0<s<m+1

<2
i=1
<2
i=1

It remains to estimate the second term in (6.49), which can be manipulated as
(K~ (ITu — u,), T T K V) = (K~ (ITu — uy,), T (1T — INKVe)q

+ (K~ HIMu — up,), T KVe) g (6.55)
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The first term on the right above can be bounded using (3.24) and (5.35):
(K~ (Iu — ), ¥ (Il — ) K V6)q < [|Thu — up [ 2HY 2 K |1 o[ 6]2- (6.56)
For the second term on the right in (6.55) we write
(K~ (ITu — u,), I KV )
= (K' =K H(Iu—up), TFTKVe)o + (K (ITu — wy), T*7 (K — K)Vé)o (6.57)
+ (K (u = w,), TR (Vo — Vo)) + (K (TTu — wp), TR Ve ),

where K denotes the L2-projection of K onto the space of constant tensors and ¢; is a linear approximation
to ¢ such that [16]

¢ = ¢1lle S Plolle, o= d1llie S Rlgll2,5- (6.58)
Using (5.6), the first term on the right in (6.57) can be bounded as
R . Kl e
(K7 =K )(Mlu—w,), I EVe)g.p S h——p5——[llu —un[|][¢]2p- (6.59)
0

For the second and third terms on the right in (6.57), we use the inequality, for any q € H*(E)?,

I qllp < |17 q — allz + lallz < (Allalle + lallz),
combined with (5.6) to obtain
1 RT (i _ e K100,
(K (TTu = u,), (K = K)Vé)g.p S h—p==(|TTu = un || 5[ ¢ll2, 5, (6.60)
and
g7t RTJ [ 5K lo,00, 2
(K" (I — ). TR (V0 — Vo)) b 2222 T — w65 (6.61)

where we have also used (6.58) in (6.61). Finally, for the last term in (6.57) we write as

(K (ITu — wp), 7KV )o = (K (ITu — uy), IFTK Ve, — KVe1)g + (IIu — up, Vo )o.  (6.62)

The first term on the right in (6.62) can be bounded as

. _ _ h _
(K™ (M —up,), KV —KVe1)g $ D k_OHHu —wellKVerlE

B (6.63)

k k
< th—;nnu—uhnmnw— Vorullg +IVele) < th—;nnu— w1 8ll2,x
ETh ETh

where we have used (3.32), (5.2), and (6.58). By mapping to the reference element, the second term on the
right in (6.62) has been shown in [53, 37] that

(Mu—uy, Vér)g = R+ Y (I (Iu — up), Vér) g, (6.64)
EeT,

where

IR < > hfu— gl
EG%L

2,E- (6.65)
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For the second term on the right in (6.64), using that ¢ and u - n are well defined on the element faces, as
well as (3.23), (6.8), (6.9), and (5.40), we have

> (@ (Iu - uy), Vér)e

EG%L
= > (@ (I — ), V(g1 — ¢)e + Y (I (Iu — uy) -1, 6 — I50) a0,
EeTy, i=1
n (6.66)
S Z h|[Tu — up || el|dll2,r + Z [T (Ma — W) || maiv.00) |9 — Zi 9l /2,00,
EcT;, i=1

n
S D hlu—unllgllglze + Y IMu— wpllo, H ¢l
EcT, i=1

where we have also used the approximation bounds (6.58) and (5.11). The proof is completed by a combi-
nation of (6.49)—(6.55), (6.56)—(6.66), (6.47), (5.2), (5.4), and (6.7). O

7 A domain decomposition formulation

7.1 Reduction to a mortar interface problem

Following [32, 7, 9], we reduce the global multiscale system (4.1)—(4.3) to a coarse scale interface problem for
the mortar pressure. The resulting interface problem is symmetric and positive definite and can be solved

using a preconditioned conjugate gradient (CG) method.
Define a bilinear form dg : L?(T') x L?(T') — R for A\, u € L*(T) by

dH(AMUJ) = Z dH,’L(AMUJ) = Z<HRTUZ()\) ' n’inu>Fia
1=1

i=1
where (uj(A),pj(A)) € Vi, x Wy, solve, for 1 <i <mn,
(KiluZ()‘)a V)Q7sli - (pZ()\)a \ V)Qi = _</\7HRTV : ni>1"i, vV E Vh,i, (71)
(v : U.;;(/\),’LU)Qi =0, w e Wh,i-

The above subdomain problems represent the elimination of the interior degrees of freedom in forming the
Schur complement for the mortar Lagrange multiplier.
Define a linear functional gz : L*(T') — R by

n

gu(p) = ZQH,i(M) = (I, - ni, ),

i=1
where (up,pn) € Vi, x Wy, solve, for 1 <i < n,

(K~ un(V),v)g.a, — (0n(A), V- v)a, = (¢, " v - ni)oq, v, v E€ Vi, (7.3)
(V . ﬁh(/\), '(U)Qi =f, we Wy ;. (7.4)

It is easy to show that solving (4.1)-(4.3) is equivalent to solving the interface problem for Ay € Ap,

dg (Mg, 1) = gu(p), 1€ An, (7.5)

and calculating
w, = w,(Ag) +an, pr=py(Am) + Dh (7.6)
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7.2 Mortar pressure error estimate

Lemma 7.1. The interface bilinear form dg(-,-) is symmetric and positive semi-definite on L*(T). If (5.22)
holds, then dg(-,-) is positive definite on Ap.

Proof. Let v =uj(p) in (7.1) for some p € L?(I') to obtain
dri(1, A) = =0 (1) -1y, Nr, = (K71 (V) w3 (1)) @0,
which shows that dg (-, -) is symmetric and
dri(p, 1) = (K~ g (w), wj (1) .o, 2 0. (7.7)

For € A, if (5.22) holds, the argument from Lemma 6.1 shows that dg (g, 1) = 0 implies p = 0. O

Let || - |lay be the seminorm induced by dg (-, -) on L*(T):

lillan = dar (s )%, e LA(T).

The proof of the next result is similar to the proof of Theorem 4.4 in [9].

Theorem 7.1. For the mortar pressure Ag of the mortar MFMFE method (4.1)-(4.3) on simplicial grids,
h2-parallelograms, and h?-parallelepipeds, if (5.24) holds, then

lp = Arllan S u=wnll + Y hllulli,o (7.8)
i=1
Proof. Let, for p € L*(T),
wy () =y (p) +0n,  pr(p) = ph(p) + Dn, (7.9)
and note that (up(p), pr(p)) € Vi, x Wy, satisfies

(KM an(p), v)g.0, — (pr(1), V- v)a,

- <,LL, HRTV : n>Fi - <ga HRTV . n>69¢/ T \AS Vh.,iv (710)
(v : uh(/lz),’LU)Qi = (fu w)Qia w e Wh)i. (711)

In particular u,(Ag) = uy, and pp(Ag) = pp. From (7.7), the linearity of uj () implies that

P = Arllay S [lug,(p) = wi (M) = [lun(p) = un(Aa)|l

(7.12)
= [[un(p) — wnl < [Jun(p) —uf + [Ju— usl],

where we have also used norm equivalence (3.31) and (7.9). The estimate (7.8) follows from first order
convergence of the MEMFE method on a single block [53, 37]:

lun(p) —ullo, S h||u|\1,szi-

7.3 Multiscale flux basis implementation

In the original implementation of the mortar mixed finite element method [7, 9], the action of the interface
operator (7.5) in each conjugate gradient iteration is computed by solving subdomain problems. Alterna-
tively, a multiscale flux basis with respect to the mortar variables can be computed before the start of the
interface iteration [30]. The computation of these basis functions requires solving a fixed number (equal
to the number of mortar degrees of freedom per subdomain) of Dirichlet subdomain problems. Then, an
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inexpensive linear combination of the multiscale flux basis functions replaces subdomain solves during the
interface iteration.

Following [30], let {¢$)Z}ivfl denote the basis function of mortar space Ay ;, where Ny ; is the number
of mortar degrees of freedom on subdomain €;. Then for i € Mg i, we have

Ny,
AHi = Z )‘(Iiré,)ﬂs(li)r
k=1

The computation of multiscale flux basis function 1/)1(;;)1 =D ngbg;)z with respect to the mortar basis functions

(;55!;)1. is as follows.
For k=1,2,...,Np,

1. Project (;5([_];’)1- on the subdomain boundary:
ot ol ="
2. Solve the subdomain problem:

(Ku; (7)), v)g.0, — 05 (1), V - v)a, = = Ty - m))r,, v € Vi,
(V- u (7)), w)a, =0, w e Wi

K2
3. Project the boundary flux onto the mortar space:

k * k
W= (@I u;, ((F)) - .

Once the multiscale flux basis functions are constructed, the action of interface operator Dy ;, defined
by
<DH,i)\H,i7:l‘L>Fi = dH,i()‘v :u) = _<HRTUZ(/\) sy, /’L>Fi7 V:u € AH-,iv (713)

simply involves a linear combination of the multiscale basis functions:

NH,i NH,'L NH,i
Dy iAmi = Dp.i Z /\(Iflg,)i(b(lflg,)i = Z )\g;)zDHZ (I-llg,)i = Z /\(I;C,)iwl(;)i' (7.14)
k=1 k=1 k=1

For the computational efficiency of multiscale mortar flux basis approach, we refer to [30].

8 Numerical experiments

In this section, we confirm our theoretical results by presenting several numerical examples on rectangular,
h2-parallelogram, cuboid, and regular h2-parallelepiped grids. The first two examples are for two dimensional
problems. The computational domain of the first example is the unit square. In the second example, we use
a global smooth mapping to generate irregular domain from the unit square. The third example is on the
unit cube. The fourth example tests h2-parallelepiped grids on irregular domain obtained via a mapping of
a unit cube. We also apply the method to solve a problem with a highly heterogeneous permeability, and
compare the fine scale and multiscale solutions.

In the convergence tests, the domain is divided into four subdomains for the 2D examples and eight
subdomains for the 3D examples with interfaces along the = 0.5 and y = 0.5 (and z = 0.5 for 3D examples)
lines (planes). For the boundary conditions, we choose Dirichlet on 2 = 0 and = 1 and Neumann on the
rest of the boundary. We consider both matching and non-matching girds.
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We employ the conjugate gradient method to solve the interface problem (7.5) arising from the domain
decomposition algorithm in Section 7. The stopping criteria for the conjugate gradient iteration is the relative
residual error to be smaller than 1076, In each conjugate iteration, we perform a linear combination of the
multiscale flux basis functions to compute the action of the operator Dy ;, as described in Section 7.3. In
the numerical examples, we report the numerical error between the computed solution and exact solution,
as well as the number of conjugate gradient iterations.

The rectangular and cuboid meshes on each level are generated by uniform refinements of each subdomain
grids and the mortar grid. For the coarsest matching grid, the mesh on each subdomain is 2 x 2 in 2D and
2 x 2 x 2 in 3D. For the coarsest nonmatching grid in 2D, we use 2 x 2 or 3 X 3 alternated in a checkerboard
fashion. We test both linear mortars (m = 1) and quadratic mortars (m = 2). The mortar spaces can be
continuous or discontinuous. The coarsest mortar grids on all interfaces have one element, so H = 1/2. For
the linear mortars, we refine by half both subdomain and mortar meshes, which gives H = 2h on each level.
For the quadratic mortars, we refine the subdomain meshes by four and mortar meshes by half, which gives
H = h'/2. The choice is motivated by balancing the fine scale and coarse scale error terms in the theoretical
convergence results, see also Table 1.

The h2-parallelogram and h2-parallelepiped meshes on each level are obtained by a global mapping of
the rectangular and cuboid meshes generated by the above procedure.

The convergence rates are reported for each level of grid refinement. Table 1 shows convergence rates
predicted by the theory for linear and quadratic mortars. Note that by appropriately choosing the coarse
scale size and polynomial degree, the method exhibits fine scale convergence. Higher order mortars allow for
coarser mortar grids.

The errors ||p — pp| and |[[u — up|| are computed by the element-by-element trapezoidal rule. The
pressure error ||p — pp|| is in the discrete L?-norm computed by the midpoint quadrature rule: ||p — pp||* =
Y per, |EI(p = pr)?(me), where m, is the center of mass of element E. Since [[p — Qup|l < b, we have
lp — pull < 1Qrp — prll + llp — Qupll = |Qnp — pull + O(h?). This gives the superconvergence result for
llp — pn|l as well. The velocity error [Ju — IT#7u|| is defined in (6.32).

Table 1: Theoretical convergence rates for linear and quadratic mortars

|

m | H  fp—pnll Jlu—upf| flp—pul Ju-T
1 2h h h h? ht->
2 h1/2 h h Q15 h1:25

RT

8.1 Example 1: rectangular mesh

In the first example, we take the domain to be the unit square and solve the problem on rectangular grids
with given analytic solution
p(a,y) = 2’y + a? + sin(zy) cos(y)

and a full permeability tensor
- (x+1)?+y* sin(zy)
n sin(xy) (x+1)2 )°

We present four cases with either linear or quadratic mortars on matching or nonmatching grids. Con-
vergence rates for various norms are given in Tables 2—5. The observed convergence rates are at least as
good as the theory predicts. In all four cases, we obtain first order convergence for both the pressure error
[lp — pn|l and the velocity error ||u — uy||. The discrete pressure error ||p — ps|| is superconvergent of order
O(h?) for all four cases, even though Theorem 6.5 predicts only O(h!®) for quadratic mortars. Theorem
6.3 predicts that the discrete velocity error [ju — II®Tuy, || is superconvergent of order O(h!-?%) for quadratic
mortars and O(h!-%) for linear mortars. We observe convergence of order O(h'-?) or higher in all four cases.
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In terms of the computational cost, quadratic mortars are more efficient than linear mortars. Continuous
linear mortars need 50 CG iterations with h = 1/256, see Table 2, while continuous quadratic mortars require
only 33 iterations on the same fine mesh level, as shown in Table 3. Similarly for the discontinuous case in
Tables 4 - 5, the CG iteration number with quadratic mortars is smaller than that with linear mortars. This
can be explained by the much coarser mortar grids used with quadratic mortars. The computed velocity
and pressure with discontinuous linear and quadratic mortars on the same nonmatching grids are given in
Figure 3. The numerical errors are given in Figure 4 accordingly. The errors are comparable, although a
somewhat smaller velocity error along the interfaces is observed for quadratic mortars.

Table 2: Example 1: continuous linear mortars on matching grids

1/h | |lp = pall [[u — u| llp = pall fJu — 17wy, ] CGiter
4 | 253E-01 — 1.06E+00 —  5.39E-02 1.27E-01 — 8
8 1.21E-01 1.06 5.23E-01 1.02 1.38E-02 1.97 3.10E-02 2.03 11
16 | 5.96E-02 1.02 2.57E-01 1.03 3.46E-03 2.00 7.66E-03 2.02 14
32 | 297E-02 1.00 1.27E-01 1.02 8.66E-04 2.00 1.92E-03 2.00 18
64 | 1.48E-02 1.00 6.34E-02 1.00 2.16E-04 2.00 4.80E-04 2.00 26
128 | 7.42E-03 1.00 3.16E-02 1.00 5.41E-05 2.00 1.20E-04 2.00 36
256 | 3.71E-03 1.00 1.58E-02 1.00 1.36E-05 1.99 3.67E-05 1.71 50
Table 3: Example 1: continuous quadratic mortars on matching grids
1/h | |lp = pall [[u — u] lp — pall [Ju — 17wy, ] CGiter
4 | 253E-01 — 1.06E+00 —  5.39E-02 1.27E-01 — 8
16 | 5.96E-02 1.04 2.57E-01 1.02 3.46E-03 1.98 7.69E-03 2.02 15
64 | 1.48E-02 1.00 6.34E-02 1.01 2.16E-04 2.00 5.71E-04 1.88 22
256 | 3.71E-03 1.00 1.58E-02 1.00 1.36E-05 1.99 7.61E-05 1.45 33
Table 4: Example 1: discontinuous linear mortars on nonmatching grids
1/h | llp — pal [u — u]] Ilp — pnll [lu — T uy | CGiter
4 | 197E-01 — 7.59E-01 —  3.59E-02 1.61E-01 — 8
8 | 9.59E-02 1.04 3.69E-01 1.04 9.18E-03 1.97 5.02E-02 1.68 13
16 | 4.76E-02 1.01 1.81E-01 1.03 2.31E-03 1.99 1.54E-02 1.70 19
32 | 2.37E-02 1.01 8.99E-02 1.01 5.79E-04 2.00 4.82E-03 1.68 28
64 | 1.19E-02 0.99 4.48E-02 1.00 1.45E-04 2.00 1.56E-03 1.63 41
128 | 5.93E-03 1.00 2.24E-02 1.00 3.63E-05 2.00 5.18E-04 1.60 58
256 | 2.97E-03 1.00 1.12E-02 1.00 9.10E-06 2.00 1.77E-04 1.55 85

8.2 Example 2: h?-parallelogram mesh

In the second example, we take the domain to be a C'°° map of the unit square. The map is defined as

x = &+ 0.03 cos(3n) cos(379),
y =y — 0.04 cos(3n&) cos(37y).
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Figure 3: Multiscale mortar MEMFE solution on nonmatching rectangular grids in Example 1: discontinuous
linear (left) and discontinuous quadratic (right) mortars.
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Figure 4: Error in the multiscale mortar MEFMFE solution on nonmatching rectangular grids in Example 1:
discontinuous linear (left) and discontinuous quadratic (right) mortars.

Figure 5: Multiscale mortar MFMFE solution on nonmatching h2-parallelograms in Example 2: discontin-
uous linear (left) and discontinuous quadratic (right) mortars.
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Table 5: Example 1: discontinuous quadratic mortars on nonmatching grids

L/h | llp—pal [Ju — u| lp — pnll [ CGiter
4 [197E01 — T754E01 — 3.64B02 — 1.45E-01 — 11
16 | 476E-02 102 1.81E-01 103 2.32E-03 199  114E-02 183 18
64 | L19E-02 1.00 4.48E-02 1.01 145E-04 2.00  8.46E-04  1.88 33

256 | 297E-03 1.00 1.12E-02 1.00 9.12E-06 2.00  7.75E-05 172 58

errp

3.2E-03
2.9E-03
2.7E-03
2.4E-03
2.1E-03
1.8E-03
1.6E-03
1.3E-03
1.0E-03
7.5E-04
4.7E-04
2.0E-04

errp

3.2E-03
2.9E-03
2.7E-03
2.4E-03
2.1E-03
1.8E-03
1.6E-03
1.3E-03
1.0E-03
7.5E-04
4.7E-04
2.0E-04
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Figure 6: Error in the multiscale mortar MFMFE solution on nonmatching h?-parallelograms in Example
2: discontinuous linear (left) and discontinuous quadratic (right) mortars.

The quadrilateral grids on the different levels are defined by mapping the nonmatching rectangular grids
from Example 1. More precisely, each vertex is an image of a vertex of the rectangular grid. Due to the
smoothness of the global map, all elements are h2-parallelograms.

We choose the same analytic solution and permeability tensor as in Example 1. Convergence rates are
given in Tables 6-7. As the theory predicts, we observe first order convergence for both the pressure and
velocity. We also observe second order convergence for the discrete pressure error and higher than O(h'?)
convergence for the discrete velocity error for both linear and quadratic mortars. Again, quadratic mortars
are more efficient than linear mortars. The computed solution and the corresponding error with discontinuous
linear and quadratic mortars on the same nonmatching quadrilateral grids are given in Figure 5 and Figure
6.

Table 6: Example 2: discontinuous linear mortars on nonmatching grids

1h | lp—pal [u—uy lp — pal [ CGiter

4 1.96E-01 —  8.56E-01 — 3.11E-02 — 3.53E-01 — 8

8 | 9.66E-02 1.02 4.19E-01 1.03 7.46E-03 2.06 1.17E-01 1.59 13
16 | 4.82E-02 1.00 2.08E-01 1.01 1.83E-03 2.03 3.49E-02 1.75 19
32 | 241E-02 1.00 1.03E-01 1.01 4.54E-04 2.01 9.55E-03 1.87 28
64 | 1.20E-02 1.01 5.13E-02 1.01 1.13E-04 2.01 2.60E-03 1.88 40
128 | 6.02E-03 1.00 2.56E-02 1.00 2.82E-05 2.00 7.36E-04 1.83 o7
256 | 3.01E-03 1.00 1.28E-02 1.00 7.04E-06 2.00 2.20E-04 1.74 81
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Table 7: Example 2: discontinuous quadratic mortars on nonmatching grids

L/h | llp—pal [Ju — u| lp — pnll [l — T ] CGiter
4 [ 196E-01 — 853E-01  3.16B-02 3.52E-01 — 11
16 | 4.82E-02 1.01 2.07E-01 1.02 1.84E-03 205  3.32E-02  1.70 17
64 | 120E-02 1.00 5.12B-02 1.01 113E-04 201  2.25E-03 194 32

256 | 3.01E-03 1.00 1.28E-02 1.00 7.05E-06 2.00  1.52E-04  1.94 58

8.3 Example 3: cuboid mesh
In the third example, we consider cuboid grids on the unit cube with given analytic solution
p(z,y,2) =x+y+z— 15,

and a full tensor coefficient

2?2 +y?+1 0 0
K = 0 22+1  sin(zy)
0 sin(zy) 2%y?+1

Convergence rates are reported in Tables 8 and 9. Again, these results confirm the theoretical results. Note
that the discrete velocity error |Ju — II#*7u, || has second order of convergence for both linear and quadratic
mortars on matching grids, even though the theory predicts O(h'®) for linear mortars and O(h'?%) for
quadratic mortars. The computed solution and its error for the case of discontinuous quadratic mortars are
shown in Figure 7.
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3.9E-04
3.2E-04
2.5E-04
1.7E-04
1.0E-04

Figure 7: Multiscale mortar MFMFE solution (left) and error (right) for Example 3: discontinuous quadratic
mortars on matching grids

8.4 Example 4: regular h?-parallelepiped mesh
In this example, we take the domain to be a C*° map of the unit cube. The map is defined as

x = &+ 0.03 cos(37Z) cos(3my) cos(3mz),
y =¥ — 0.04 cos(37Z) cos(3my) cos(3mz),
z = 2+ 0.05 cos(37i) cos(37g) cos(37Z2).
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Figure 8: Multiscale mortar MFMFE solution (left) and error (right) for Example 4: discontinuous quadratic

mortars on matching grids
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Table 8: Example 3: discontinuous linear mortars on matching grids

errp

6.5E-03
6.0E-03
5.5E-03
5.0E-03
4.5E-03
4.0E-03
3.5E-03
3.0E-03
2.5E-03
2.0E-03
1.5E-03
1.0E-03
5.0E-04

1/h | [lp = pnll [u— lp = pall [lu — 1177w, | CGiter
4 | 217E-01 — 1.55E-01 — 987E-03 — 3.73E-03 — 14
8 1.08E-01 1.01 7.76E-02 1.00 247E-03 2.00 1.03E-03 1.86 20
16 | 5.41E-02 1.00 3.88E-02 1.00 6.17E-04 2.00 2.60E-04 1.99 28
32 | 2.71E-02 1.00 1.94E-02 1.00 1.54E-04 2.00 6.50E-05 2.00 39
64 | 1.35E-02 1.01 9.68E-03 1.00 3.85E-05 2.00 1.66E-05 1.97 56
Table 9: Example 3: discontinuous quadratic mortars on matching grids
1/h | [lp — pall [u — up| llp — pnll [lu — 1177w, | CGiter
4 | 217E-01 — 1.55E-01 —  9.87E-03 — 3.73E-03 — 14
16 | 5.41E-02 1.00 3.88E-02 1.00 6.17E-04 2.00 2.61E-04 1.92 27
64 | 1.35E-02 1.00 9.68E-03 1.00 3.85E-05 2.00 1.67E-05 1.98 53
Table 10: Example 4: discontinuous linear mortars on matching grids
1/h | [lp = pnll [u— lp = pall [lu — 1177w, | CGiter
4 | 218E-01 — 2.82E-01 — 1.39E-02 — 7.48E-02 — 14
8 1.10E-01 0.99 1.66E-01 0.76 5.07E-03 1.46 5.15E-02 0.54 20
16 | 5.49E-02 1.00 8.96E-02 0.89 1.86E-03 1.45 2.09E-02 1.30 28
32 | 2.75E-02 1.00 4.51E-02 0.99 5.24E-04 1.83 5.93E-03 1.82 40
64 | 1.37E-02 1.01 2.23E-02 1.02 1.35E-04 1.96 1.52E-03 1.96 57

The computational grids are defined by mapping the cuboid grids considered in Example 3. Each vertex
of a hexahedral element is obtained by mapping a vertex in the cuboid grid. The element trilinear map-
ping determines the shape of each hexahedron. The smoothness of the global mapping implies that each
hexahedron is a regular h2-parallelepiped.
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Table 11: Example 4: discontinuous quadratic mortars on matching grids

L/h | llp—pal [Ju — u| lp — pnll [ CGiter
4 [21I8E-01 — 282E-01  139E-02 7.48E-02 — 14
16 | 5.49E-02 0.99 8.96E-02 0.83 1.86E-03 145  2.09E-02 092 27
64 | 1L37E-02 1.00 224E-02 1.00 135E-04 1.89  1.53E-03 189 54

We choose the same analytic solution and permeability tensor as in Example 3. Tables 10 and 11 show
the convergence rates for discontinuous linear and quadratic mortars on matching grids. Again, these results
confirm the theory and show higher than the theoretical order of convergence for the discrete pressure and
velocity errors. The computed solution and the corresponding error for the case of discontinuous quadratic
mortars are shown in Figure 8.

8.5 Example 5: heterogeneous permeability

We use a heterogeneous permeability from the Society of Petroleum Engineers (SPE) Comparative Solution
Project !. The computation domain is Q2 = (0,120)? with a fixed rectangular 120 x 120 grid. The left and
right boundary conditions are p = 0 and p = 1. No flow is specified on the top and bottom boundaries. The
permeability field is shown on Figure 9.

pres

0.95
0.87
0.79
0.70
0.62
054
0.46
0.38
0.30
0.21
013
0.05

Figure 9: Permeability (left), fine scale solution (middle), and multiscale solution with one single quadratic
mortar per interface (right).

A comparison between the fine scale solution and the multiscale solution with 6 x 6 subdomains and
a single quadratic mortar per interface is shown in Figure 9. We observe a very good match between the
two solutions. At the same time, the multiscale solution is significantly less expensive than the fine scale
solution. This can be observed in Table 12, were we compare the cost for computing a multiscale solution
with several different mortar grids with the cost for the fine scale solution. We present both the cost for the
original implementation and the cost for multiscale flux basis implementation. Recall that in the original
implementation, one set of subdomain problems needs to be solved at each CG iteration. In the multiscale flux
basis implementation, the dominant cost is computing the basis, which also involves subdomain solves. The
number of solves for each subdomain equals to the the number of mortar degrees of freedom. We can make
two conclusions. First, the fine scale solution (reported in the last line - piecewise constant mortars with
20 elements per interface) requires a significantly larger number of subdomain solves than the multiscale
solution. Second, for these test cases the multiscale flux basis implementation is computationally more

Thttp: //www.spe.org/web/csp/
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efficient than the original implementation. This is evident when comparing the numbers in the “CGiter”
column with the numbers in the “Mortar DOF” column.

Table 12: Example 5: 6 x 6 subdomains

Mortar type # of elements CGiter # of Mortar DOF
per interface per subdomain
Discontinuous linear 1 109 8
Continuous quadratic 1 129 12
Discontinuous quadratic 1 167 12
Continuous linear 2 105 12
Discontinuous linear 2 170 16

Piecewise constant 20 536 80
(fine scale solution)
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