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1 Introduction

Let Q@ C R be a bounded polygonal (d = 2) or polyhedral (d = 3) domain with a
Lipschitz continuous boundary d$2. We consider the following first-order system of
diffusion-type partial differential equations:

u:—KVp in Q,

V-u=f in 2,

pP=28 onl'p, (4.
u-n=0 onIy.

Here ' p, 'y are partitions of the boundary 92 corresponding to the Dirichlet and Neu-
mann conditions, respectively, withdQ = T'pUl'y, T pNTy = Pand meas(I'p) > 0,
n is the outward unit normal vector on 9€2, and K is a symmetric and uniformly positive
definite tensor with

kotTe < eTK(x)E < k€T, VxeQ, VeEeR! (1.2)

for0 < ko < k; < oo. This system has been widely used in physics to model diffusion
processes such as heat or mass transfer and flow in porous media.

In flow in porous media, p denotes the pressure, u is the Darcy velocity, and K
represents the permeability divided by the viscosity.

The main goal of this paper is to derive residual-based a posteriori error estimation
for multipoint flux mixed finite element (MFMFE) methods for the model (1.1). The
MFMEFE approach was developed for single phase flow in porous media in [25,34,35].
It is motivated by the multipoint flux approximation (MPFA) approach [1,2,22,27,
28], which is a control volume method developed by the oil industry as a reliable
discretization for single-phase Darcy flow. One main advantage of this method lies in
that, by introducing sub-edge (or sub-face) fluxes, it provides a local explicit flux with
respect to the flow pressure, and allows for local flux elimination around grid vertices
and reduction to a cell-centered pressure scheme. The MFMFE method is based on the
lowest order Brezzi—-Douglas—Marini (BDM1) [14] or Brezzi—Douglas—Duran—Fortin
(BDDF1) [13] finite element space. By using special quadrature rules, local velocity
elimination is also attained which leads to a symmetric and positive definite cell-
centered system for the pressure on quadrilateral, simplicial and hexahedral meshes.
In [36], a coupling discretization of MFMFE method and continuous Galerkin finite
element method was applied to the poroelasticity system that describes fluid flow in
deformable porous media.

It is well-known that adaptive algorithms for the numerical solution of partial
differential equations are nowadays standard tools in science and engineering. A pos-
teriori error estimation, as an essential ingredient of adaptivity, provides adaptive mesh
refinement strategy and quantitative estimates of the numerical solution obtained. For
second-order elliptic problems, the theory of a posteriori error estimation has reaches
adegree of maturity for finite element of conforming, nonconforming and mixed types
(see [3-12,16-18,20,26,29,32] and the references therein). To the authors’ knowl-
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edge, no a posteriori estimation for the MFMFE method has been proposed in the
literature so far.

In this paper, we develop a novel technique to derive residual-based a posteriori
error estimation for the MFMFE method for the porous media model in two or three-
dimensional case. Since the MFMFE method employs a special quadrature rule, its
a posteriori error estimator should include a term to control the error of quadrature.
This is different from the standard analytical technique based on the discrete L>-inner
product. Moreover, we can not directly utilize the analytical technique developed by
Carstensen in [17] for nonconforming finite elements to estimate

inf ||[VB— K 'uyll,
BeH (Q)

because the BDMI finite element for the velocity approximation, uy, does not have
the same continuity of mean of trace across the interior sides as the nonconforming
finite elements do.

To overcome this difficulty, we shall construct a locally postprocessed approxima-
tion to the pressure solution to an auxiliary mixed finite element scheme, and use a
derived estimate of quadrature error.

We note that the idea of postprocessing in this contribute follows from the works
[29,33].

The rest of this paper is organized as follows. In Sect. 2, we introduce some notations
and the continuous problem. Section 3 shows the MFMFE method. Section 4 includes
main results. Sections 5, 6 are respectively devoted to the a posteriori error estimation
and the analysis of efficiency. Finally, we illustrate the performance of the obtained
estimation in Sect. 7 by numerical experiments.

2 Notations and continuous problem

Let 7, be a shape regular triangulation of @ C R in the sense of [19] which satisfies
the angle condition, namely there exists a constant Cp > 0 such that for all 7 € 7,

Cy'hf < IT| < Cohf,

where At := diam(T'). Let & be a piecewise constant function with 4|7 = hr.

We denote by ¢, the set of element sides (or faces) in 7y, by 7 the set of sides
(or faces) of element T € 7;, , by 82 and ep respectively the sets of the interior
and Dirichlet boundary sides (or faces) of all elements in 7}, by wg the union of all
elements in 7;, sharing side (or face) E € ¢, and by A\ the set of nodes in 7j,.

For a domain A C Rd, let (-, -) 4 be the L? inner producton A, and < -, - >4 the
dual pair between HY2(A) and H'/2(3A). Let W,]§ (A) be the usual Sobolev space
consisting of functions defined on A with all derivatives of order up to k belonging to

LP(A), withnorm |||, p.4. When p = 2, W5 (A) =: H*(A) and || [lx.2.4 = ||]lk. 4,
especially || - |lo,.a =: || - [|a for k = 0. We omit the subscript A if A = . For a
tensor-valued function M = (M;;), let ||M||, = max; ; ||M;}]||q for any norm || - ||.
Introduce
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200 S. Du et al.

H(div; A) :={ve L>(A)? : V-v e L?(A)},
and define the “broken Sobolev space”
H'(UTy) :={p € L*(Q) : ¢lr € H'(T), VT € T;}.

We denote by [v]|g := (vIr )l — (v|r_)|g the jump of v € H'(UT},) over
an interior side £ := T4 N T_ with diameter g := diam(FE), shared by the two
neighboring (closed) elements Ty, T— € 7y,. Especially, [v]|g := (v|p)|g if E €
er NI'p.

Since we consider two and three-dimensional cases (d = 2, 3) simultaneously, the
Curl of a function ¥ € H'(Q)* withk = 1 ifd = 2 and k = 3 if d = 3 is defined by

Curly := (=0, 01¢¥)ifd=2 and Curly :=V x ¢y ifd =3,

where x denotes the usual vector product of two vectors in R>. Given a unit normal
vector ng = (ny, ...,ng)" along the side E, we define the tangential component of
a vector v € R? with respect to ng by

v-(—np,ny) ifd =2,

MM =1y ne ifd = 3.

Throughout the paper, V;, : H'(UT;,) — (L*(2))? denotes the local version of
differential operator V defined by Vy¢|r := V(p|r) for all T € 7. We also use
the notation A < B to represent A < CB where C is a generic, positive constant
independent of the mesh size of 7j,.

Moreover, A ~ B abbreviates A < B < A.

Denote

V:i={veHiv;Q) :v-n=0 onTy}, W:= LZ(Q),

then the weak formulation of the model (1.1) is as follows: Findu € V, p € W such
that

(K 'w,v)=(p,V-V)—<g,v-n>r,, VveV, 2.1
(V-w,w) = (f,w), Ywe W. (2.2)

It is well-known that this problem admits a unique solution [15].

3 Multipoint flux mixed finite element method

We follow the notations and definitions employed in [25,34] to describe the MFMFE
method.
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Let 7 be the reference element which is a unit triangle in two-dimensional case or
unit tetrahedron in three-dimensional case, and P; be the set of polynomials of degree
< [. The lowest order BDM| mixed finite element spaces on 7 are defined as

V(1) = Pi(T)!, W(T) = Py(]).

Since v - n, € P] (e) for any v € V(T) and any edge (or face) ¢ of T the degrees
of freedom for V(T) can be chosen to be the values of Vv - h; at any two pomts on
each edge ¢ of T if T is the unit triangle, or any three points on each face ¢ of T if
T is the unit tetrahedron [14,15]. In the MFMFE method, these points are chosen to
be the vertices of ¢ for the requirement of accuracy and certain orthogonality for the
trapezoidal quadrature rules. Such a choice allows for local velocity elimination and
leads to a cell-centered stencil for the pressure [25,34].
The lowest order BDM| spaces on 7), are given by

Vi, :={veV :V|T=%DFT‘70F_1, YeV(T) VT eTp,
={weW :wr=woF; ", DeWT) VT €T,

where Fr !is the inverse mapping of the bijection Fr : T—>T , D Fr is the Jacobian

matrix with respect to F7 on the element T with Jr = |det(D Fr)|. Note that the

vector transformation v = JLDF rvoF T !'is known as the Piola transformation.
For q, v € Vy,, it holds

. 1 1
/Kﬁlq.vdxz/Kﬁl—DFT(Al-—DFT{’]Td&
p ; J Jr

=/ — (DF)"K'DFrq - Vdx

/IC q - vdx

with C := JrDF; 'K (DF; l)T. The quadrature formula on an element 7 is then
defined as [25,34]

T
(K 'a, g1 =K "'q Vg4 = | 'Zlc EDaE) -vE), (.0
i=1

where £; (i = 1,2, ..., s) are the corresponding vertices of T with s = 3 for the unit
triangle and s = 4 for the unit tetrahedron.
Define the global quadrature formula as

(K'q.v)g= D> (K 'a.v)or. 32)
TeT,
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202 S. Du et al.

then the MFMFE method is formulated as follows: Find u;, € Vj, and p, € W, such
that

(K "y, vi)o = (pn, V- V)= < g,V - >1,, Vv, € Vy, (3.3)
(Vowy,wp) = (f,wp), Ywpe Wi (34)

The existence and uniqueness of the solution to the scheme (3.3)—(3.4) follow from
[25,34].
As shown in [25,34], the algebraic system that arises from (3.3)—(3.4) is of the

form
A BT U G

where A = (a;;), B = (bj) witha;; = (K~'v;,vi))g and bjj = —(V - v;, wy), and
{vi}, {w;} are respectively the bases of V; and Wy,. The matrix A is block-diagonal
with symmetric and positive definite blocks, and the local elimination of U leads to a
system for P with a symmetric and positive definite matrix BA~! BT . For the details,
we refer to [25,34].

4 Main results

Let n;, be the discretization indicator defined by

=R = Vw4 D0 > hel,, @.1
TG'Z—h Eeer
where
[y (K~ a1 i if EcepnaT,
2 . — : .
Iy = 1 llvg (K~ wg) — dg/as||% + h2I15511% if E€dT nep, (4.2)
0 if E€dT NTy,

and dg/ds and 32g/ds> denote respectively the first and second order tangential
derivatives of function g € H>(E) along side E. Introduce the quadrature indicator

ng = > hillwllf ;. (4.3)
TeT,

We note this indicator is owing to the use of the special quadrature formula (3.1) in
the MFMFE method.

We now state in Theorems 4.1-4.2 a posteriori error estimates for the errors of
velocity and pressure in L?—norm, respectively.
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Theorem 4.1 Let (u, p) € V x W be the weak solution of the continuous problem
2.1)~(2.2), and (up, pr) € Vi, x Wy be the solution of the MFMFE method (3.3)—
(3.4). Assume K~ € W (T;). Then it holds

K2 —up)l| S O + 0> 4.4)

Theorem 4.2 Assume K~! € Wgo(ﬂ). Under the assumptions of Theorem 4.1, it
holds

1Qnp — pull S hmax(n +10) + [IA(f =V -wp)]], 4.5
P = pull S hmax(nn + 1) + 11RK " up]| + [1R(f = V - wp)l. (4.6)

Here hyax := maxrey, hr, and Qy, denotes the Lz—projection operator onto Wy,.

952
in the estimator 7y are of high order with respect to the lowest order scheme, which
are usually omitted in computation. In fact, from (3.4) it follows V -u, = Qj, f, and
[|h(f — V -up)|| = ||h(f — On f)]] turns out to be an oscillation term of high order.

1/2
Remark 4.1 We note that the two terms ||z (f — V -uy,)|| and {ZEESD h%” i ||%}

Remark 4.2 The above estimates (4.4)—(4.6) also apply to the original mixed finite
element discretization where the special quadrature rule (3.1) is not used in the scheme
(3.3)-(3.4). In this case, the estimator n¢ is not involved, and then no = 0 in the
estimates (4.4)—(4.6). In this sense, our work can be regarded as a generalization of
Carstensen’s [16] to the three-dimensional case. We note that our estimator 1, is a bit
different from that in [16] due to no occurrence of the term ||2Curl, (K ~'uy)|| (Curly,
denotes the piecewise Curl operator acting on element by element in 7;). Here we
also consider more general boundary conditions.

We finally state in Theorem 4.3 the efficiency of the a posteriori error estimators.
Note that the efficiency of a reliable a posteriori error estimator means that its converse
estimate holds up to high order terms and different multiplicative constants. For the

sake of simplicity, we assume that K ~! is a matrix of piecewise polynomial functions.

Theorem 4.3 Under the assumptions of Theorems 4.1-4.2, it holds
M+ 10 + hpax IRK " will S K2 —wp)ll + 117 (p = pwll + heo.t..

where h.o.t. denotes some high-order term depending on given data.

5 A posteriori error analysis
This section is devoted to the proofs of Theorems 4.1-4.2.

Introduce the global quadrature error o (K ~luy,, v,) and the element quadrature
error oy (K_luh, vy,) as follows:
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204 S. Du et al.

o (K "y, vi)lr = or (K "y, vi) i= (K tay, vi)r
—(K "y, vi)o.r, forall T eTj. (5.1

Let Vg := RTy(7},) denote the lowest order RT element space on 7j,.
We state two estimates on the quadrature error derived in [25,34] as follows. If
K 'e W;O(T) for all element T € 7y, then it holds

o (K~ @, vi)l S D hrllanllnrllvallz (52)
TeT,

forall q, € Vp, v, € Vg. Moreover, if K~! € Wozo(T) for all element T € 7}, then
it holds

o (K™ @, vidl S D hzllanllizl1valli (5.3)
TeT,

for all q;, v, € V.

Denote respectively by IT and Ilp the standard projection operators from
H(div; ) N (L2(2))? onto Vj, and V) for some o > 2 (cf. [16,34]). It holds the
following estimates:

Ih~"(q — Mol < llallg1 g,y forall qe (H'(UTp))? NHdiv; Q), (5.4)

Tovlliz S IVILz, 1TVl S |IVilr forall ve (HY(T), VT €T,
(5.5)

Note that bound (5.4) can be found in [16], and bounds (5.5) are the direct results of
Lemma 3.1 in [34].
To derive a reliable a posteriori error estimate for the velocity error, we need to
introduce an auxiliary problem as following:

V- (KVY¥)=V-.u, in 2,
P =—g on I'p, (5.6)
KVy-n=0 on I'y.

Since K is a symmetric and uniformly positive definite tensor, by the Lax—Milgram
theorem there exists a unique solution ¥ € H'(Q) to this problem, provided that
g € H'/>('p). As KV® — uy, is divergence-free, a decomposition of two or three-
dimensional vector fields (see Theorem 3.4 and Remark 3.10 in [23]) implies that
there exists a stream function ¥ € H'()* such that

KVY —uy, = Curl .

Since KV¥ - n and uy, - n vanish on I'y, we easily know Curl ¥/ - n =0 on I'y.
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Introduce H},(Q) :={v e H'(Q) : v =0 on I'p},thenz := —(p+v) € H(Q)
and it holds

u—u, =—KVp—KVY + Curl y = KVz+ Curl ¢. 5.7

This relation leads to

||K—”2(u—uh>||2=/§2K—1(u—uh)~(u—uh>
= / (Vz+ K~ 'Curl ¥) - (KVz + Curl )
Q

=/ KVz-Vz+2/ Vz - Curl 1ﬂ+/ K~'Curl ¥ - Curl ¥.
Q Q Q
(5.8)

Using integration by parts and noticing Curl ¥ -n =0on 'y and z = 0 on I'p, we
have

/ Vz-Curl y = —/ V - (Curl ¥)z +/ Curl ¥ - nz = 0. (5.9)
Q Q CpUl'y

Notice that KVz = (u —uy) —Curl ¥, (@ —uy) - n=0onT'yandz =0on p.
The relation (5.9) and integration by parts yield

/KVZ-VZz/(u—uh)~Vz=—/V~(u—uh)z. (5.10)
Q Q Q

Let Qjz denote the Lz—projection of z onto Wj,. From (2.2) and (3.4) it follows
(V- (u—wuy), Opz) =0. (5.11)

In view of V - u = f, the above two relations, (5.10) and (5.11), imply

/KVz~Vz:—/V-(u—Uh)(z—QhZ)
Q Q
=Z/(—f+v'uh)(Z—QhZ)

TeT, r

D hrllf = V- wllzl[Vzllr
TeTy,

SIh(f =V up|l [IK2Vz]],

~

A

which results in

K292l S A (f =V -ap)ll. (5.12)
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206 S. Du et al.

By (5.7) and (5.9) we have

1KY —up)|* = [|K2Vz))? + || K~ Y2Curl | 1% (5.13)

Recalling / Curl ¥ - Vv =0forallv € H})(Q), in light of (5.7) we have, for any
Q
B e H'(),

/K_ICurh//~Cur11/f:/(K_l(u—uh)—Vz)'Curll//
Q Q
=/ K~ '(u—w, — KVv) - Curl ¢

Q

:/ K_l(u—KVv—KVﬂ)-Curlw—i-/ K~ YKV —uy)-Curl ¥
Q Q

< (IK~'(w— KVo - KVB)|| +IVB — K~ wy|l|Curl y]|,
which implies

|K~12Curl || < inf ||[K~'(u— KVv—KVp)||
veH)L(Q)

+ inf [|VB — K 'yl (5.14)
BeH(Q)

Finally, from (5.12)—(5.14) it follows

veH L ()

1K@ —wp)ll £ { inf K~ (= KVv—KVB)|

+ inf |V — K apl| + [|h(f = V-w)|[}. (5.15)
BeH(Q)

In what follows, we shall follow the routines of [17] to estimate the first and
second terms on the right-hand side of (5.15). To this end, we assume that g €
H'('p)NC('p)andg|g € H*(E) forall E € g, NT"p and denote by gn,p the nodal
& p—piecewise linear interpolation of g on I'p which satisfies g5, p(z) = g(z) for all
z e N NTp.Let{p, : z € N} be the nodal basis of the lowest order finite element
space associated to 7, i.e., ¢, € C(Q), ¢,|7 € P\(T) forall T € Ty, ¢,(x) = 0
for x € N'/{z}, and ¢,(z) = 1. Denote by w, := int(suppg,). We then introduce a
subspace of H!(), S, as follows (see [17]):

Z 02z V2 € N, v, € C(wg), Vzle, is a piecewise

zeN
polynomial, and v, = —g, p on I'p N w,.

W
Il
|
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Lemma 5.1 For B € S, it holds

1/2

inf |[K~'(u—KVv—KVB)| < Z h310%g/0s2 1% . (5.16)
veHL(Q) Eclp

Proof The definition of S shows 8 = —gn.p on I'p. Noticing K ~'u = —Vp, we
have

inf ||K71(u—KVv—KVﬁ)||: inf [IVw]|.
veH} () weH (Q),wr,=g—gn,p

The desired result (5.16) immediately follows from an estimate in the proof of Lemma
34in [17]. O

On the other hand, it holds

inf ||VB — K 'w|| < inf ||Vv, — K tayl. (5.17)
BeH () ves

It is sophisticated to give a computational upper bound for the right-hand side term of
(5.17) with the help of u;, and given data. To this end, let K —! denote the piecewise
mean value of K~! on 7, i.e. K~ |7 = |17| fT K~Y(x)dx forall T € 7,. Then

K1 is symmetric and has the following V —ellipticity:
ki'eTe <eTk-1e <ky'¢Teforallx e Q, & e R

Recall that Vg is the lowest order RT element space on 7;,. and W}, is the piecewise
constant space. Introduce the following auxiliary problem: Find (uy, pp) € V2 x Wy
such that

(K=Tay, vi) = (pn, V- Vi)— < g,V -mn >1,, Vv, eV (5.18)
(V-uy, wp) = (f, wp), Ywp € Wy (5.19)

It is well-known that this problem admits a unique solution (see [15]).

Lemma 5.2 Let (0y, py) € Vg x W}, be the solution of the auxiliary problem (5.18)—
(5.19), and (up,, pn) € Vi x Wy, be the solution of the MFMFEM scheme (3.3)—(3.4).
Assume K~ e Wgo (71). Then it holds

1/2

—1/2
K="y — Town)|l S 4 D Azllwmllfr t o (5.20)
TeTy

where Tl is the standard projection operator from H(div; Q2) onto Vg.
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Proof Notice that Vg C V. From (3.3) we get
(K='Tloup, Vi) = (pn, V - Vi)— < g,V -1 >,
+ (K —ouy, vi) — (K 'wp, vi)g, Vi e VY. (5.21)
Using the commuting property of I1p and (3.4), we have

(V- ouy, wy) = (OnV -up, wp) = (V-up, wy) = (f, wy), Yw, € Wy,
(5.22)

A combination of (5.19) and (5.22) yields
(V- (@, — Iouwy), wy) =0, Yw, € Wy (5.23)

Taking v, = u, — Iouy, € Vg, subtracting (5.21) from (5.18) and using (5.23), we
have
—T/2 2 i -
[ K (uy — Ioup)[|” = (K~ (a, — ouy), uy — IMouy)
= (pn — pn, V - (ip — Towp)) + (K ap, vi) o — (K~ Tlouy, vp)
= (K 'wy, vio — (K "w, vi) + (K 'y, vi) — (K~ Touy, vy)
= —o (K "wp, vi) + (K" = KDy, vip) + (K~ 1wy — Towy), vi).  (5.24)

The work left is to estimate the three terms in the last line of (5.24). Notice that the
inequality (5.2) implies

| — o (K™ wy, Wy — Towy)| S D hrlluglli 7 1d, — Tougl |7
TeT,
1/2

—1/2
Sl p o 1K (@ — Toup)l. (5.25)
TeT,

Due to K~ € WL (73), it holds

-1 7 - ——1/2 .
(K" = K=Duy,, @y, — Toup) < [1hug|] [[K=177 (@, — Toup)ll. (5.26)

In view of the approximation property (5.4) of Iy, we have

1/2
N ~ —1/2
(K~"(w, — Toup), &, — Mowy) S ( D Apllwallf 7| 11K~ (@ — Towp)l.
TeTy
(5.27)
Combining (5.24)—(5.27) leads to the desired estimate (5.20). O
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We now follow the idea of [33] to construct a postprocessed scalar pressure /;, which
links 4y, and pj, on each simplicial element in the following way:

—1
—K-! VI, =u,inT, forallT €Ty, (5.28)
1
—/ lpdx = pplr, forall T € 7p,. (5.29)
Tl Jr

We refer to [33] for the existence of the postprocessed solution /j,.

As shown in [33], the new quantity /, has the continuity of the mean values of traces
across interior sides (or faces), and its mean of trace on any boundary side (or face)
equals to that of g. In fact, for an interior side (or face) E shared by 7+ and 7_, let vg
denote the side (or face) basis function on E with respect to Vg with the support set
wg. From (5.18), (5.28)—(5.29) and integration by parts we have

0= Vilp,ve)r,ur. — (PR V- VE)T UT_+ < &, VE I >34T p

=/ V-VE(lh—ﬁh)+/ V-VE(lh—1!3h)+/VE~IIE(lh|T+ —Inlr.)
T, T_ E

=< 1Ll —lhlr. >E,

which implies the continuity of the means of traces of /;, across the interior side. For
a boundary side E C I'p, let E C 9T. Similarly, from (5.18) and (5.28)—(5.29) we
have

0= =V, ve)r — (Pr, V- VE)T+ < &, VE -1 >371r)
=< l,g —lh >FE .

For K~! € WOIO(T;,), from the triangle inequality, the postprocessing (5.28), an
interpolation estimate, an inverse inequality, Lemma 5.2 and the Definition (4.3) of
the quadrature indicator 7 it follows

inf |[Vo, — K~ 'will < inf{1Ve, = KTyl + KTy — K- ouy|
vpES v eS

+ 1Ko, — K~ up|| + [|K 1wy — K_luh”}

. ——1/2 .
< inf_{11VCon + )1+ 11K (@ — Houp)l|

v eS
1/2
+ D0 rrlwli |+ il
TeTy
< inf (|2~ op 4 )1 + no- (5.30)
v ES

Following the idea of the proof of Lemma 3.4 in [17], we easily obtain the following
conclusion.
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Lemma 5.3 Let [), be the postprocessed scalar pressure determined by (5.28)—(5.29),
and gp, p be the nodal ¢ p—piecewise linear interpolation of g on I p. For a side (or
face) E € gy, denote

A LRl i E e,
: hE/ Wl — gnpllE, if E € ép.
Then it holds
inf ||k~ op + P S D hg g (5.31)
ones EeeSUsD

Using Lemma 5.3, we have a further conclusion as follows.

Lemma 5.4 Let Jy, and 1o denote the tangential jump and the quadrature indicator
defined in (4.2) and (4.3), respectively. Under the assumption of Lemma 5.2, it holds

inf (i on+WIP S D hedd +np. (5.32)

v eS
h EES%USD

Proof We only prove the three-dimensional case, since the two-dimensional one is

somewhat simpler and can be derived similarly. In the case E = T4 NT_ € 82, since

/, glln]ds vanishes, a sidewise Poincaré inequality and the postprocessing (5.28) yield
that

e S hell(Viglr, — Viglr) x ngllg

- —_— . (5.33)
= he|l(K~Ya,|7. — K=Ya,|7,) x ng||g.

Recall that Iy is the projection from H(div; 2) onto VO, and notice that

K-Tylr. — Fﬁth+
= (K~Taplz. — K~"Towy|7.) + (K ~"Towy |7, — K ~iil7,)
+(K~Tows |7 — K~ Touy|7,)
= (K~iplr. — K~ ouy|7 ) + (Fl—louhlr+ - Fﬁhln)
+ (K~Mouslz. — K~ Mouslz ) + (K 'TMowy |7 — K twylr)
+ (K wplr. — K 'wpl) + (K wg |y, — K oy |7,)
+ (K 'Mouy |7, — K~ Touy7,). (5.34)

Employing the trace theorem, inverse estimate and the local shape regularity of the
mesh, we have
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I[(K~ay|7. — K~ 'ouy|7_) x ngl|g + [[(K~ w7,
—Kﬁlﬁh|T+) X ngl|g (5.35)

—1/2, 5% 1.~
< by PIK Ty — Toup) oy -

The trace theorem, together with the stable estimate (5.5) on the operator Iy, also
indicates

I[(K ~"Toup|7. — K~ 'Touy|7. ) x ngllg
< I(K~1 = K=YHoup |7 |la7.

_ 2 o _ 2 5.36
SIET = KD Tow 12 NE T — K- Dow V2 039
1/2
S i lwpllr .
Similarly, it holds
(K" Towplz, — K "Tows|7.) x nglle S hylZlwalli oz, (5.37)
1K Towrlr. — K- 'wplr) x nglle SR lwllir.  (5.38)
and
_ _ 2
K wplr, — K Towslr,) x nglle S k2l T, , (5.39)
where in the latter two inequalities we have also used the estimate (5.4).
As a result, a combination of (5.33)—(5.39) shows
Wl E S heths 21K =@, — Toup)|lwg
2 _
LA op + e (K~ a1 ). (5.40)
+h

On the other hand, in the case E C 9T N gp it holds

7).
—_ (Ip —g)ds =0
E[ )z "¢

due to [ glds = /, g &ds. Using the triangle inequality, sidewise Poincaré€ inequality
and interpolation estimation, we have

W — gn.plle < [lln — gllE + 118 — gn.DllE
S hgllVi x ng —0g/0s||le + hgl10°g/0s> g (5.41)

Similarly it holds

0g 12 =~ 3/2
hElIVin < g — g < WP IK =T (@, — Town)||r + A w7

+he||K~ay, x ng — 8g/0s]|E. (5.42)

@ Springer



212 S. Du et al.

The above two estimates, (5.41) and (5.42), lead to

W — gnplle S hy*IIK TGy — w7 + 1) usllr
+hellK 'y, x ng — 3g/dsl|g + h%119%g/0s% . (5.43)

From the definition of th in Lemma 5.3, the estimates (5.40) and (5.43) indicate

> kP ae =D kel + D kg hellh — gnollE

Ees?UsD E682 Eeep
< h il 7 + 1K — Towp) 12+ D helllyg (K un)llE
TeT, Eee!
+ > (hellye (K~ "wy) — 9g/ds(% + hyl10%g/3s|e). (5.44)
Eecep

By noticing that Lemma 5.2 implies
1K (@, — Town)|* < 0.

the estimate (5.44), together with the definitions of Ji, and n¢, (4.2) and (4.3), yields

27
DUORFIE S D hell . (5.45)
Eegﬁl)ugl) Eeg;l)ugl)
The desired result (5.32) follows from Lemma 5.3 and (5.45). O

The proof of Theorem 4.1 Collecting (5.17), (5.30) and (5.32), we get

1/2
inf [[VB—K 'wl| S D hellt +no. (5.46)
peH! (@) 5
Eee,Uep
which, together with the estimates (5.15)—(5.16), yields
1/2
K2 —wp)l| SR =V -wll+ D hipllo*e/os? 1%
Eecep
1/2
+1 > hel + 10
EeeBUeD
1/2
SWaGF=Veul+1 D heddt +ng (5.47)
EES;‘)UED
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The desired result (4.4) then follows from (5.47) and the definition (4.1) of n,.
The proof of Theorem 4.2 Recall that Q) is the L?—projection operator onto W,.
Construct the following auxiliary problem: Find ¢ € H'!(2) such that

V- (KV¢)=Qnp—pr in L,

¢=0 on 0L2. (5.48)
By the assumptions of K and Lax—Milgram theorem, the operator
V- (KV:): Hy(Q) — H Q)
is invertible and it holds the following regularity estimate:
ll¢lh < 11Qnp — pall. (5.49)
Moreover, if Q is convex, K € C10(2) implies that
V- (KV-): H}(Q) NH*(Q) — LY(Q)
is invertible ([24]) and the regularity estimate
Nollg2qy 7y S 11Qnp — pall (5.50)

holds. We emphasize that here we only need a regularity estimate on ||¢||52(7) for
each T € 7}, and then assume a weakened constraint on K such that (5.50) holds. In
[16] Carstensen gave an example where K is piecewise constant and ¢ satisfies (5.50)
but is not H>-regular.

Notice that the error equation of the MFMFE method (3.3)—(3.4) can be written as

(K~ a—w,), vi) = (Qnp — pn, V- Vi) — o (K 'wp, viy), Vv, € V. (5.51)

Recalling IT is the standard projection operator from H(div; €2) N (LQ(Q))d onto
Vp, and taking v, = IT1(KV¢) in (5.51), from (5.48) and the commuting property
V.- (IIKV¢) = OV - (KVe), we have

1Qnp = pull® = (Qnp — pn, V - (IK V)

= (K '(u—wp), [I(KV})) + o (K uy, IKVe). (5:52)

Since (V- (u—uy), wy) = 0, Ywy € Wy, by integration by parts, the approximation
property of IT and the estimates (5.49)—(5.50), we have
(K~ (u—wp), TI(K V)
= (K '(u—wy), [I(KVe) — KV) + (u — uy, Vo)
= (K~ (u—wy), (K V) — KV) — (V- (u—wy), )
= (K '(u—up), [I(KV$) — KV¢) — (V- (u—w), ¢ — Qi)
S (1K= @ = w1+ 1AV - @ = wll) [10np = pull. (5.53)
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On the other hand, a combination of (5.3), (5.5) and (5.50) yields

o (K=", TIKV) S D hllunl 7 [ITHK V)|l 7

TeT,
(5.54)
SO Wl ) 11Qnp = pall.

TeT),

Noticing V- (u —up) = f — Qp f, from (5.52) to (5.54) and the estimate (4.4) of
Theorem 4.1 we obtain the assertion (4.5), i.e.

1Qnp — prll S hmax(mn +10) + [IA(f =V - wp)]].

A triangle inequality, the relation u = — KV p and the approximation property of Qy,
further imply

llp = pull = llp = Qupll + 11Qnp — pirll S 1AV I+ 11Qnp — pall
< [[hK =" — )|l + 1K wpll + [1Qnp — pall.

This inequality, together with the estimate (4.5), leads to the conclusion (4.6).

Remark 5.1 Note that the technique developed in this contribution for simplicial
elements may not be extended trivially to other types of elements such as quadri-
lateral (hexahedral) elements, since the analysis depends on a locally postprocessed
approximation which fails on the quadrilateral (hexahedral) elements. On the other
hand, the MPFA methods are also widely used on quadrilateral/hexahedral and even
polygon/polyhedral elements (cf. [1,2,22,27,28]), so it will be significant to develop
similar techniques of a posteriori error analysis for such kinds of meshes.

6 Analysis for the efficiency

This section is devoted to the proof of Theorem 4.3. For the sake of simplicity, we
assume that K ~! is a matrix of piecewise polynomial functions. Since the two terms

82
[|h(f —V-uy)|| and {ZEESD h%||a—5§||%}1/2 in ny, are of high order, they are directly

incorporated in %.o.t. as a high order term. Using standard analytical techniques, we
easily obtain Lemma 6.1.

Lemma 6.1 Let ny, denote the discretization indicator given by (4.1). Then it holds
mn S NK V2 —up)|| + hoo.t. 6.1)
Lemma 6.2 Let ng denote the quadrature indicator given by (4.3). Then it holds

no SIK 2@ —wupll+ 1117 (p — pu)ll. (6.2)
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Proof An inverse inequality and the assumption (1.2) yield
Nnllnr S a7 sl < A7 1K a7 (6.3)

For all T € 7j, let Y7 denote the bubble function on 7' with ¥7|s37 = 0 and 0 <
Y7 < 1. Then the two norms, ||1/f;/2 - || and || - ||, are equivalent for polynomials.
Since V py|r = 0 due to p;, € Wy, it then holds

1K g3 = [|K "y + Vpall3

1/2 _
S 2K w + V)13

— (l/fTK—luh, K ', + Vph)T
_ (wTK_lllh, K '(u, — u))T + (er_luh, V(pn — p))T
= (vr&w K i~ w) = (V- @K w), i - p)

S K willr (11K 2@ = wpllr + 7' p = pallr) . (64)

T

where in the fourth and last lines we have used the relationu = — K V p and an inverse
inequality, respectively. This inequality, together with (6.3), shows

hrllwnllnr S K2 —w)llr + k71 — p)llr,
from which the desired estimate (6.2) follows.

The proof of Theorem 4.3 From (6.4) we obtain
1RK " uyl] S HTRK 2@ =)l + 1lp = pall, (6.5)

which, together with Lemmas 6.1-6.2, leads to the desired efficiency estimate of
Theorem 4.3.

7 Numerical experiments

In this section, we use two model problems to test the performance of the developed a
posteriori error estimator for the MEMFE method. We consider two types of meshes:
uniformly refined meshes and adaptively refined meshes. The latter type of meshes is
generated by a standard adaptive algorithm based on the a posteriori error estimation.
In the first example, the permeability K equals to identity matrix and €2 is an L-shape
domain. In the second example, K is inhomogeneous and anisotropic. We are thus
able to study how meshes adapt to various effect from lack of regularity of solutions
to non-convexity of domains.
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-0.6F -0.6
_08F -0.8
- -05 0 05 1 - -05 0 05 1

Fig. 1 A mesh with 347 triangles, iteration 6 (left) and a mesh with 578 triangles, iteration 8 (right) in
caser = 0.4

0.8 08]
06 06
04 04
020 02F
0 0
-0.2F -0.2
-0.4 -0.4
~0.6 —0.6
—0.8F -0.8
- -05 0 05 1 - -05 0 05 1

Fig. 2 A mesh with 1607 triangles, iteration 11 (/eft) and a mesh with 2618 triangles, iteration 12 (right)
incaser = 0.4

Example 7.1

We consider the problem (1.1) in an L-shape domain Q = {(—1,1) x (0, 1)} U
{(—1,0) x (—1, 0)} with Dirichlet boundary conditions and K = [ (identity matrix).
The exact solution is given by

p(p,6) = p"sin(ro),

where p, 0 are the polar coordinates, r is a parameter. We consider two cases for r:
r = 0.4 and r = 0.1. Some simple calculations show f = 0.

It is well known that this model possesses singularity at the origin and holds p €
H'*7=€(Q) forany € > 0. The singularity of the solution in the case r = 0.4 is weaker
than in the case r = 0.1. The original mesh consists of 6 right-angled triangles.

In the adaptive algorithm we first solve the MFMFE scheme (3.3)—(3.4), then mark
elements in terms of Dorfler marking with the marking parameter = 0.5, and finally
use the “longest edge” refinement to recover an admissible mesh. In particular, the
uniform refinement means that all elements should be marked.
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0.8 08k
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-0.6F -0.6
-0.81 -0.8F
4 . . = . .
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

Fig.3 A mesh with 245 triangles, iteration 10 (/eft) and a mesh with 3265 triangles, iteration 24 (right) in
case r = 0.1

0.5

05 -05
-1

Fig. 4 The postprocessing approximation to the pressure on the adaptively refined mesh in case r = 0.4
(left) and in case r = 0.1 (right)

From Figs. 1, 2 with the parameter r = 0.4 and Fig. 3 with the parameter r =
0.1, we see that using the adaptive algorithm the refinement concentrates around the
origin. This means that the predicted error estimator captures well the singularity of
the solution, and that the stronger the solution possesses singularity, the better the a
posteriori error estimator can identify.

Figure 4 reports a continuous piecewise-linear postprocessing approximation to
the pressure on the adaptively refined mesh in the case r = 0.4 (left) and in the case
r = 0.1 (right) with 24 iterations. Since the approximation to the pressure of the
MFMFE method is piecewise constant, the value of the postprocessing approximation
to the pressure on each node is taken as the algorithmic mean of the values of the
pressure finite element solution on all the elements sharing the vertex.

Figure 5 reports the estimated and actual errors of the numerical solutions on uni-
formly and adaptively refined meshes. It can be seen that the error of the velocity in
L? norm uniformly reduces with a fixed factor on two successive meshes, and that
the error on the adaptively refined meshes decreases more rapidly than the one on the
uniformly refined meshes. This means that one can substantially reduce the number
of unknowns necessary to obtain the prescribed accuracy by using a posteriori error
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10 10
*  Estimate uniform *  Estimate uniform
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Fig. 5 The estimated and actual errors against the number of elements in uniformly/adaptively refined
meshes in case r = 0.4 (left) and in case r = 0.1 (right) with the marking parameter 6 = 0.5

# - Quadrature error 10 * - Quadrature error
—&— Discretization error —©&— Discretization error

3 1

10° 10 10 10° 10
Number of triangles Number of triangles
Fig. 6 The quadrature error ¢ and discretization error 1, against the number of elements in adaptively

refined meshes in case r = 0.4 with the marking parameter 6 = 0.5 (left) and in case r = 0.1 with the
marking parameter 6 = 0.8 (right)

estimators and adaptively meshes. We note that the exact error is approximated with
a 7-point quadrature formula in each triangle.

Figure 6 shows the quadrature error 1o and discretization error 7, in adaptively
refined meshes in case r = 0.4 with the marking parameter & = 0.5 (left) and in
case r = 0.1 with the marking parameter & = 0.8 (right). It can be seen that the
error indicator 1y produced by the discretization is very close to the error indicator
no produced by the quadrature rule as the mesh is refined. This also shows that the
quadrature indicator 1 is very efficient. We note that this efficiency is not sufficiently
demonstrated by Theorem 4.3 due to the appearance of the pressure error term, while
this error term usually has the second order accuracy on uniform meshes.

Example 7.2

We consider the problem (1.1) in a square domain 2 = (—1,1) x (—1,1) with
Dirichlet boundary conditions, where €2 is divided into four subdomains 2; (i =
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Fig. 7 A mesh with 740 triangles, iteration 6 (left) and a mesh with 1350 triangles, iteration 7 (right)

1,2,3,4) corresponding to the axis quadrants (in the counterclockwise direction),
and the permeability K is piecewise constant with K = s;/ in ;. We assume the
exact solution of this model has the form

p(p. 0o, = p'(aisin(rd) + bicos(ro)).

Here p, 6 are the polar coordinates in €2, a; and b; are constants depending on €2;, and
r is a parameter. This solution is not continuous across the interfaces, and only the
normal component of its velocity u = —K V p is continuous, and it exhibits a strong
singularity at the origin. We consider a set of coefficients in the following table:

s1]=83=5,50=s54=1

r = 0.53544095

aj 0.44721360, by = 1.00000000

ap = —0.74535599, b, = 2.33333333
az = —0.94411759, b3 = 0.55555555
ay = —2.40170264, by = —0.48148148

The origin mesh consists of 8§ right-angled triangles. We perform the adaptive
algorithm described in Example 7 with the marking parameter 6 =0.5. Figures 7, 8
report the adaptive meshes generated by 6-8 iterations, and the continuous piecewise-
linear postprocessing approximation to the pressure on the adaptively refined mesh.
We again see that the refinement concentrates around the origin. This indicates that
the predicted error estimator captures well the singularity of the solution.

Figure 9 reports the estimated and actual errors of the numerical solutions on uni-
formly and adaptively refined meshes (left), and the quadrature indicator 1o and
discretization indicator 7, in adaptively refined meshes (right).

We can see that the error of the velocity uniformly reduces with a fixed factor
on two successive meshes, that the error on the adaptively refined meshes decreases
more rapidly than the one on the uniformly refined meshes, and that the a posteriori
error estimators developed in this paper are efficient with respect to inhomogeneities
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Fig. 8 A mesh with 2328 triangles, iteration 8 (left) and the postprocessing approximation to the pressure
on the adaptively refined mesh

* Estimate uniform Quadrature error
" + - Estimate adapt —o— Discretization error
* Error uniform
* —+— Error adapt

Energy error

10' 10° 10° 10 10° 10° 10
Number of triangles Number of triangles

Fig. 9 The estimated and actual errors against the number of elements in uniformly/adaptively refined
meshes (left) and the quadrature error 7 and discretization error 7, against the number of elements in
adaptively refined meshes (right)

and anisotropy of the permeability. This means that one can substantially reduce the
number of unknowns necessary to obtain the prescribed accuracy by using a posteriori
error estimators and adaptively refined meshes. We also see that the error indicator 7y,
and n differs at most a constant factor, which shows the quadrature error estimator
ng is efficient.

8 Conclusions

In this contribution we have developed a reliable and efficient a posteriori error esti-
mator of residual-type for the multi-point flux mixed finite element methods for flow
in porous media in two or three space dimensions. The main tools of our analysis
are a locally postprocessed technique and a quadrature error estimation. Numerical
experiments are conformable to our theoretical results.
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