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Un élément fini mixte composite pour des maillages
hexaedriques généraux

Résumé : Un nouvel élément fini mixte pour des maillages tridimensionnels hexaedriques

généraux est proposé. C’est un élément fini composite pour lequel les propriétés de conver-
gence optimale sont démontrées.

Mots-clés : élément fini mixte, maillages héxaedriques
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1 Introduction

Single phase incompressible flow in a porous medium is governed by the Darcy flow equation,
an elliptic equation coupling a conservation equation with Darcy’s law. If gravity is neglected
the mixed form of this equation becomes the system

u = —Kgradp in
divu = f in

where the primary unknown p is the fluid pressure, the secondary unknown u is the Darcy flow
velocity, the coefficient K is a piecewise constant symmetric tensor, and f is a source term. It
has been known since the early 80’s that mixed finite element methods are particularly useful
for the numerical simulation of this system of equations. There are several reasons why this is
so. First of all, with a mixed method the Darcy velocity u is calculated simultaneously with
the pressure p and to the same order of accuracy. Also in many applications the permeability
K is discontinuous and can vary over several orders of magnitude from one geological region
to another, and mixed methods are particularly suited to handling this difficulty. Another
advantage is that mixed methods can handle easily nonrectangular meshes and nondiagonal
tensors K. Finally, equally important is the fact that mixed methods are conservative and
even locally conservative and for most geophysical applications this is an essential feature.

Many mixed methods for second order elliptic problems were introduced. Among the
most well known of these are [16], [14], [15], [5], [4], and [3]. These elements are all based
on triangular or rectangular elements in 2 dimensions or on tetrahedral, parallelepiped, or
prismatic elements in 3 dimensions. For large calculations, regular meshes of rectangular or
parallelepipedic elements are particularly efficient. However, for geophysical applications, the
porous medium is a geological structure and is not always well suited to a regular mesh of
rectangular elements. A natural idea is to deform a regular rectangular mesh so that the
elements are convex quadrilaterals or hexahedra and to construct finite elements on the mesh
by using multilinear mappings to a reference rectangle or rectangular solid. The approxima-
tion space on the deformed element is the image under the Piola transformation (see [12])
of the approximation space on the reference element. However, unless the new elements are
parallelograms or parallelepipeds, so that the multilinear maps are actually affine, the clas-
sical scaling arguments break down and interpolation accuracy is lost. Though there remain
problems for two dimensional elements, see [7], the problem is particularly evident for three
dimensional elements. We describe an example due to Tom Russell given in [13] to show
that if the approximation space on the reference element is RTINy, the lowest order Raviart
Thomas Nédélec space, cf. [14, 17], the resulting approximation space does not even contain
the constant functions. Consider the truncated pyramid E of unit height and with square
horizontal bases of extents sy X sy and s; X s1, shown below in Figure 1.1, and suppose that
the constant vector field u(z) = (0,0,1)!, Vo € E, does belong to the approximation space.
The exact flux through a horizontal section B,, for 0 < z < 1 is equal to the area of this
section

/ u-n, = ((1-2)so+ 2s1)%

z

However the flux of any v € RTNj of the unit reference cube through a horizontal section
B, varies linearly with z

/ von, = (1 —2)st + zs2.
B.
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Figure 1.1: A hexahedron in the form of a truncated pyramid and a constant flow field

Since the Piola transformation preserves flux through any section, the constant field u can
not be the image of any vector field in RTNj.

To show the effect in an actual computation we show a calculation carried out by Martin
Prosi !. The calculation domain is a right circular cylinder. The permeability is constant and
the source term is null. The boundary conditions imposed on the sides of the cylinder are
so called no flow conditions, i.e. homogeneous Neumann conditions, and a constant pressure
is given on each of the two bases of the cylinder with a pressure drop from one end to the
other. Thus for the analytic solution the pressure is constant on each cross section parallel to
the axis and it varies linearly from one end to the other while the flow field is constant and
is parallel to the axis of the cylinder. The results shown in Figure 1.2 were obtained with
deformed RTN( elements. The pressure result is correct, but the flow field is not constant.

Several articles have addressed the problem of defining a mixed finite element on a dis-
torted, nonparallelogram rectangle or on a distorted, nonparallelepiped rectangular solid at
least for lowest order elements. In [19] and [1, 7] elements are introduced for convex quadrilat-
eral elements, i.e. two dimensional elements but neither of these has a satisfactory extension
to convex hexahedral elements, or three dimensional elements. In [10] a composite element
was introduced for convex quadrilaterals in which the quadrilateral was subdivided into two
triangles. The space of functions corresponding to the subdivided quadrilateral was the space
of H(div)-functions on the quadrilateral such that the restriction to each of the two triangles
was in RTNy of the triangle and such that the divergence of the function was constant over
the entire quadrilateral. In a paper of Kuznetsov and Repin [11] this idea was extended in a
general way to elements that are three dimensional polygons.

In this article, following the ideas of Kuznetsov and Repin, we develop a composite element
specifically for a convex hexahedron. This element is obtained by dividing the hexahedron
into five tetrahedra and it is shown to have optimal convergence properties. In particular,
unlike in [11], no extra regularity on the solution is needed. Also, unlike in [11], the analysis
given here does not require that the set of all tetrahedra obtained from dividing the hexahedra
form a mesh. This is important because it is not always possible to obtain a tetrahedral mesh
from a general hexahedral mesh by subdividing the hexahedrons into five tetrahedra. In
certain cases to obtain a tetrahedral mesh some of the hexahedra must be divided into six
tetrahedra.

We will assume throughout this article that the boundary 02 of € is made up of a
nonempty part I'p on which a Dirichlet boundary condition is imposed and that on the

! Post-Doc at Polytechnic School of Milan, martin.prosi@mate.polimi.it
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Figure 1.2:
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remainder or the boundary I'y, a homogeneous Neumann condition has been imposed.

u = —Kgrad p in (,
divu = f in Q
P ’ 1.1
(®) P = DPd on I'p, (1)
u-ng = 0 on I'y.

Where ng is the unit outward normal vector on the boundary of 2. Throughout we will use
the notation, if X is a domain in R?, then nx is a unit, outward pointing normal vector field
on the boundary of X. If Y is part of the boundary of a domain in R?, then ny denotes a
unit normal vector field on Y.

In Section 2 we recall some of the theory for mixed finite elements methods. The new
mixed finite element approximation is developed in Section 3. Section 4 is devoted to the
interpolation error. In Section 5 we present some numerical results.

2 Numerical analysis for mixed methods

In this section we recall some well known results for mixed finite element methods.
In [2] it is shown that if W and M are Hilbert spaces and if a : W x W — R and
b: W x M — IR, are continuous bilinear forms satisfying the following two conditions:

(i) ais V-elliptic, where V ={v e W : b(v,q) =0, Vge M}, i e. (2.1)

da > 0 such that Vv € V, CL(V,V) > a”v”%(div;ﬁ)

(74) b satisfies the inf-sup condition on W x M, i. e. (2.2)

38 > 0 such that inf sup b(v,q) > B[V i) llall L2 @)
gEM vew

then if Lyy : W — IR and L : M — IR are continuous linear forms there exists a unique
solution (u, p) to the problem

Find u € W and p € M such that
(Py) a(u,v) =b(v,p) = Lyw(v), YveW (2.3)
b(u,q) = Lam(q), Vge M.

If also Wy, and My, are finite element subspaces of YW and M respectively, and the bilinear
forms a and b are such that

(i) ais Vy-elliptic, where Vi, = {v e W, : b(v,q) =0, Vge Mp}, i.e. (24)
Jday, > 0 such that Vv € Vy,, a(v,v) > athHé(div;Q)
(13) b satisfies the inf-sup condition on Wy, x My, i. e. (2.5)

JBp > 0 such that inf sup b(v,q) = Bullvlla(aivie)llallz2)
qEMy, vewy,
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then the discretized problem

Find u € W), and p € My, such that
(Pn)  a(u,v) =b(p,v)=Lw(v) ¥veEW, (2.6)
b(g,w) = Lm(q) Vg € My,

admits a unique solution (uy,pp), and

2 2 . 2 . 2
lp— thL2(Q) + [Ju— uhHH(div;Q) <C {then/f/[h lp— QhHL2(Q) + Vhlgvh u— VhHH(div;Q)}

with a constant C' which depends only on the constants of continuity of the bilinear forms a
and b and the constants ay and Gp,.
With W=H(div; Q) and M=L?(f2) and

a(u,v) = /Qv ‘u and b(u,q) = /quiv v,

problem (P, ) is the weak form of (P) where the forms Ly : W — R and Ly : M — R
are determined by the source term and the Dirichlet boundary data respectively. Further a
and b satisfy the conditions (2.1) and(2.2) so there is a unique solution (u, p) to problem (P).

Thus to see that a pair of spaces (W}, M},) is suitable for a mixed method it suiffices to
show that the two conditions (2.4) and (2.5) are satisfied with contants «, and (3}, independent
of h and to estimate interpolation errors.

For the spaces we shall consider, (W}, M},) it is easy to see that the condition (2.4) is
satisfied because V}, C V so that a; may be taken to be a. For the condition (2.5) we know
that Mj, C M and b satisfies (2.2) for the spaces (W, M). Thus given g5 € M, there is an
element v € W such that b(v, gn) > BV g aiv:0) g || 2 (2)- Thus following standard procedure
we define a projection operator II;, onto Wy, such that b(Il,v, qn) = b(v, qn), Yq, € M}, and
such that ||,V || g(dgivio) < YallVI E(divie) and show that 4y is in fact independent of h when
h is sufficiently small. We will also give interpolation estimates.

3 The approximation spaces

Suppose that © is a convex polyhedral domain in R?® and let M = L2(Q) and W = {u €
H(div;Q?) : u'ng =0on'y}. Let 7; be a mesh made up of general convex hexahedral cells
FE with planar faces such that the permeability K is constant on each cell E. Let Fp be the set
of faces F' (quadralateral) of elements of 7;. Let M), C M be the space of L? functions on
that are constant on each cell E € 7;,. The object of this section is to define an approximation
space Wy, C W such that the pair (W},, M},) yields a pair of approximation spaces appropriate
for mixed finite element approximation in the sense that both Brezzi conditions are satisfied
and that the spaces permit order h approximation of sufficiently regular functions.
The approximation space Wy, C W will be defined such that an element u;, € W,

e has constant divergence in each hexahedron E € 7p,
e has constant normal component on each face F' € Fy,

e is uniquely determined by its normal traces on the faces F' € F},.
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as is the case for the Raviart-Thomas-Nédélec mixed finite element approximation space of
lowest-order for a tetrahedral or a parallelepiped mesh. Toward this end, we construct a
composite element by subdividing each hexahedron E into 5 tetrahedra TJE , jJj=1,---.,5.
We define a space Wg for each F in 7;, and we will define W, the space of H(div;{2) -
functions that are locally in Wg. Thus the pair of approximation spaces is defined by

My = {qgeM: q9E is constant VE € 7},
Wh = {ueW : ugpecWpVE €T}

3.1 A composite element

One begins by choosing either set of 4 of the 8 vertices for which no pair are joined by an
edge of a face of F; i.e. one chooses any of the 8 verticies together with the three vertices
which shave a face with the original vertex but are not joined to it by an edge. These four
points determine a tetrahedron T whose faces are in the interior of E, and E \ T is made
up of four disjoint tetrahedra TjE, j=1,---,4

E =TEUuTEFUTFUTF UTE,

TE = ABDE, TF =FGBE, Tf =CDBG, TF=HGED, TF =BDEG

as shown in Figure 3.1. Each of the first four tetrahedra, TJE j = 1,--- 4, has three
z H G
[} | 7
H ' 7,
: ! G
' ,'
' .
’
H o’
: .
E . F /'
o : ,f
\\\ E ',,’
~ ' 2y
' ’
Tsoopi 477
S c
A
\
\
1
\
. |
N A N EREREE—— - X
A B

Figure 3.1: One partition of the reference hexaedron into 5 tetrahedra

triangular faces which are contained in the boundary of E and one internal face. (In fact if £
is a cube these four tetrahedra are similar). The four internal faces of these four tetrahedra
form the boundary of the fifth tetrahedron T#. Note that for a given hexahedron there are
exactly two ways to subdivide it in such a manner.

We denote by Tr one of the triangulations of E made up of these 5 tetrahedra:

Tp={TF:j=1,-,5}.
We will also use the notation Fg for the set of faces F' of the hexahedron E and F  for the
set of faces F' of the tetrahedra T € Tg:
Frg={F € F, : Fis a face of E}, Fg={F : Fis a face oijE for some j,j =1,---5}.

Note that Fg has 6 elements and F £ 16 elements, 12 of which are on the boundary of E and
4 of which lie in the interior of F.
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3.2 Local approximation spaces

Here we define several local approximation spaces both for scalar functions and for vector
valued functions. For a given hexahedron E € 7, define the space Mg to be the space of
scalar functions ¢ that are constant on E' and let Mg denote the space of piecewise constant
functions on FE that are constant on each tetrahedra of 7 :

p={q€ L*(E) : g is constant },
p={qe L*E) : gipe is constant, j =1,--- 5},
J

and note that -
ME C ME

An element of Mg is determined by its constant value on E and an element of M E is
determined by its constant values on the 5 tetrahedra of Tg.

The space associated with the composite element is Wpg, the space of vector functions
v € H(div; F) satisfying the following conditions:

Vire € RTNy(T7), j=1,---,5, (3.1)
div v is a constant over E, (3.2)
v-ng is constant on each face of E. 3.3)

We denote by WE the lowest order Raviart-Thomas-Nedelec space over E associated with
the discretisation 7; g of E and define the intermediate space WE to be the elements of WE
having constant divergence so that

Wg = {v € H(div; E) : vjpe € RTNo(TF), j=1,-- 5},
J
W = {v € Wg : div ¥|g is constant},
Wg={ve Wg : v ngp is constant, VF € Fg}

and . -
Wg C Wg C Wg.

It is well known that an element of VjVE is uniquely determined by the constant values
of the normal fluxes tllroug~h the faces F' € Fg and that a basis for Wg consists of the
set of functions wp, Iy € Fg having constant normal component on the face I} equal to
Sijyj=1,--,16.

To check that a function v of W is uniquely defined by its normal traces through the 6
faces of E, first note that it is also in Wg and so it is determined by the 16 degrees of freedom
which are its normal traces on the faces in F. . However since its normal traces on the faces
in Fg are constant, the number of degrees of freedom is reduced to 10. (Each (quadralateral)
face in Fg is made up of 2 (triangular) faces in Fg.) Since the divergence of the element is the
same on each of the five tetrahedra in 7g, the number of degrees of freedom is reduced again
by 4. Thus there remain six degrees of freedom to be determined. To check for unisolvence it
suffices to note that with g; denoting the function defined on the boundary of E by g;|r, = 0; ;
for each face Fj,j =1,---,6, of E, w; is defined to be the component u of the solution (u,p)
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to the mixed finite element problem o
Find (u,p) € W%, Mg) such that
a(u,v) —b(v,p) = 0 Vv e WY,

Vg € Mg,
|E|

(PE)

where ng, respectively W%7 is the subspace of WE consisting of those elements whose normal
traces agree with g;, respectively are equal to 0, on the boundary of E. Note that while this
Neumann problem determines p only up to a constant, it determines u uniquely so that w;
is well defined. To see that this is true suppose that w/ is a second such solution. Then the
difference w; — w; is a solution to the problem (Pg) but with the boundary term g; replaced
by 0 and the source term ‘|FEZ" replaced by 0. Thus the solution has zero divergence in each
of the tetrahedra of 7g and has zero normal component on all of the external faces of Fp.
But each of the exterior tetrahedra TIE ,& = 1,--- .4 has three faces on the boundary of F.
Since the flux through each of these faces is null and since the divergence on the tetrahedron
is null, the flux through the fourth face, the interior face must also be null. Thus w; = w).
The set of functions w;,7 = 1,--- , 6, thus defined forms a basis of Wg.

In the same way one can see that an element of WE is determined by the values of its
normal components on the 12 faces in Fg that lie on the boundary of E, and that a basis for
WE is made up of the 12 functions @; defined in the obvious maner.

Remark 1 It might seem more natural to use the canonical subdivision of the hexahedron
into 6 tetrahedra, (all of which are identical when the hexahedron is a cube). If instead,
the hexahedron were divided in this way into 6 tetrahedra, there would be 18 coefficients to
determine corresponding to 18 tetrahedral faces. Conditions (3.2) and (3.3) impose 5 and 6
constraints respectively leaving 7 degrees of freedom to calculate. The macroelement would not
be unisolvant. One could still solve a problem analagous to (Pg) but the element w; would no
longer be uniquely determined as with this alternative decomposition each tetrahedron would
have two external faces and two internal faces. This decomposition introduces an edge which
does not lie on the boundary of E and around which a divergence free flow could turn. As was
suggested to us by Todd Arbogast, one could instead work with the rotational free subspace to
obtain the right dimension for the approximation space.

Remark 2 Note that while Wy, and My, are defined from the local spaces Wg and Mg global
spaces Mh, Wh and Wh can not be defined since the decomposition of the elements E is not
necessarily done in a way that makes the set of all T such that T € Tg for some E € Ty, a
triangulation of €.

4 Interpolation error

As we saw in Section 2 it follows from Babuska-Brezzi theory that the errors committed in
using the mixed finite element method with approximation spaces satisfying the 2 conditions
(2.1), (2.2) is of the same order as the error of interpolation:

- tlu— vy <C( it [p— 4+ inf - o).
o= pallzzioy+ I = vl < € (i o= anlisy + = vl
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This section is devoted to the estimation of this error. The goal is thus to show that

f < ChN d inf — oy < ChN
qhem 1P — anllL2(0) (p) an vheI}II(ldiv,Q)Hu Vil H(divio) < (u),

where C' is a constant independent of the mesh parameter h and the particular function
being approximated and N(p), respectively N(u), represents some norm of the function, p,
respectively u, being approximated. For the more classical approximation spaces, the usual
technique is to define a projection operator into the approximation space and use a linear
mapping to a reference element which commutes with the projection operator and then to
use a scaling argument. In the present case we define projection operators, but there is no
linear mapping to a reference element. Such a mapping would be trilinear and would not
produce the desired scaling argument. For both the scalar and the vector functions we define
a projection operator which is factored through a projection into a classical approximation
space. We then obtain the standard estimate.

To calculate interpolation errors we will, following [11], define a norm on the 4 dimensional
spaces RTN(T), for T a tetrahedron, by

[V]lr = /a lv; -np|, Vv e RTNy(T).
T

That this semi norm is in fact a norm is evident because in RTNy(7'), an element with
zero normal component on each face of T' is the zero vector function. As RTN(7') is finite
dimensional, any two norms are equivalent so there exists positive constants ag(7") and a; (7))
such that

I3 7
Oéo(T) < |[ ”2 < Oél(T), Vv € RTN(_)(T)
Vil

Definition 1 For T a tetrahedron we define pr and ht by the radius of the inscribed sphere
for the tetrahedron T and the diameter of T respectively. Following Arnold and al. [7] we
introduce the notion of shape reqularity. To define the composite element for a hexahedron E,
we divided the hexahedron into 5 tetrahedra. There are two possible ways to decompose E into
tetrahedra in such a fashion, each resulting in 5 tetrahedra. We let pg be the smallest radius
of the inscribed spheres for these 10 tetrahedra, and let hg be the diameter of E. Then the

h
shape constant of E is defined to be op = “E The shape constant for a mesh Tj, consisting

E
of convex hexahedra is the supremum of the shape constants og for E € Tp. A family of
meshes {7, : h € H} is said to be shape regular if the shape constants for the meshes can be
uniformly bounded.

Lemma 1 If the family of discretizations {7, h € H} is shape regular, then there are con-
stants By and (1, independent of T and h, such that VT € T, E € T, h € H,

Po < S < b (4.1)

[ HT\T! N

Proof: The result follows from a scaling argument: if T is a reference tetrahedral element
(for which we note h = h,, p = p;) and T' is the image of 7" under a bijective affine mapping
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G and if V¥ € RTNy(7),v denotes the image of ¥ under the Piola transformation, then
[[vllT = [[V]|# Tt is also well known [6] that

1

1
e ]

IDGIII¥1l3
|7

112 2
VIgs < Ivligr < 0.7

where DG is the linear part of G and J is its determinant. Thus

1 WG VIR, <1||DG,‘2|’{’|’§,T
DG [[V]lg — [vlle — |J] ¥4
and
72 02 Wil VIR, E2 ez 19054
T2 b2 | T[]l — 1TVl — |77 5% 1| [%]] 7

. . . 4
regrouping and multiplying by h7,

b TINIE 2 rbIviE,  n2ad, TV 2
TP R2()ly — T = 1T 2]z

using norm equality

pRh O(A)m _ VIS _ ping o IT

ay(T)

- = = 1 A9
7P e = Tl = e
or
4 2
g VIR g
77 = TRl = TP
N N

where &y = ao(7T) = and & = a1 (7)) To conclude it suffices to use the shape regularity

of the family {7}, : h € H}.

7

4.1 Local interpolation operators and error estimates.
For the scalar function spaces

We denote by 7, respectively g, the L?2—projection operator from L?(E) onto Mg, respec-
tively Mp:

1
Te(q) = \E/EQ(x)dx VE € T, Vq € L*(E).

(7E(Q)r = |T1|/Tq(x)dx VT € T, Vq € L*(E).

It is well known [2, 8] that if ¢ is sufficiently regular then the following approximation results
hold
0.6 < Chlghe, llg—7e(@)llor <Chlgir VYqe H'(E). (4.2)

g — 7E(q)]

For the vector function spaces. The Raviart-Thomas-Nedelec projection operator ﬁE
from (H'(E))? onto W is defined by

/VﬁE(v)-nﬁds:/vv-nﬁds VF € Fg, Vv € (H'(E))®
F F
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where for each F' € Fp, nz is a unit vector normal to F. It is known [2] that

F
v —Tg(v)|or < Chlvlg VYve HY(E). (4.3)
and that the interpolation operators Il and 7p satisfy the property
Fpdivv =divIgv Vv e (H'(E))? (4.4)
so that
|div (v — ﬁE(V))HO,E = ||div v — 7g(div v)|| < Chldiv v|1.g Vv € HY(E)>. (4.5)

Similarly one may define the interpolation operator g from (HY(E))? onto WE by

ﬁﬁE(V)-nﬁds:ﬁv-nﬁds VﬁefE,ﬁcﬁE,
F F

and the interpolation operator IIg from (H'(E))3 onto Wg by

/ HE(V)-ans:/ v-npds VF € Fg. (4.6)
F F
One can show that

rediv v =div v = div gy Vv € (H(E))? (4.7)

so that, if v is sufficiently regular,

Idiv (v —Tp()|2z = [div (v —g(v))|3 5 = |div v — m(div v)|
(4.8)

IN

Ch?|div v|? B YVE HY(E)3.

We note that IIg(v) is also determined by:
2 ~ ~ ~ ~ ~
VF € Fi / II(v)g-npds = Z/~ Hp(v)-np where F=FUF, with F,F e Fg.
F , ;

To obtain an estimate for ||v —IIg(v)|lo, r we write

IV =TeW)[§ e < IV = TeM)[§ + Te() - TeM)|§ z + [Te(v) - Te()|§ 5
(4.9)

Since we have (4.3), there remains to estimate the last two terms in the right hand side.
First however, we number the faces of F' € Fp arbitrarily and then number the faces
F € Fg as follows: let F; = TE NTF be the interior faces of TF ", 1 =1,---,4, and let the
remaining faces, the exterior faces, be numbered such that F; = F21+3 U F21+4, 1=1,---,0.
Recall that, for ¢ = 1,---16, &; denotes the basis element of Wg whose constant normal
component on the face ﬁj is ;4,5 = 1,---,16. Also for i = 5,---16, @; denotes the basis
element of WE whose constant normal component on the face ﬁj is 6; 5,7 = 5,---,16. And
fori=1,---6, w; denotes the basis element of Wg whose constant normal component on the



14 A. Sboui, J. Jaffré €J. E. Roberts

face Fj is 0; 5,7 = 1,--- ,6. Similarly we let xg be the constant function of value one on FE,
and for j = 1,---,5, let x; be the characteristic function of TjE defined on E. Then we have
. 10 S 1
IIgv = biw; where ¢i—~/~HEv-n~_ —~/~V-n~_, 1=1,---,16
; F| R, V2T
- o . 1 - 1
divHEV:ij)Zj where wj:@ EdivHEv = 7T Edivv, j=1,---.,5
7=1 J Tj J T]
R 16 1 R 1
IIgv = Oiw; where ¢i:~/~HEv-n~_ =—= [ v-nz, ¢=95,---,16
; |E5| JF, i |Fi| JE fa
~ - A 1 ~ 1
div lIgv = Yxg where P = / div [Igv =— [ divv
El JE E| JE
0 1 1
Ilpv = Oiw; where ¢; = / lgv-np = / v-ng, t=1,---,6
Z o CIElR, 7] Jr,
1 1
div lIgv = ¢Yxg where P = / div [Igv = / div v.
El JE E| JE

Also let . )
QZA)ZN/ﬁEVn"' (#~/Vn~), ’L:].,,4
"R JR BRI R R

Note that (Z)Z = (57;7 t=5,---,16, 1/} =1, but &Zi’é ¢Ei7 i :~17 4.
Since the normal components of the functions I[Igv and Ilgv are the same on OF but may
differ on the internal faces, we have

4
/ Hpvont GIE = [TEG, G=1.4, =S GIE = [TEWs,
OTF\F; =1

4
/ fipvont GlF = [T, =14 S IF = [TENW.
OTE\F; =

and subtracting, we obtain

4
(65 — SIE = |TF Iy =), G =1, ,4, > (& — $)IF| = [TF|( — 5).  (4.11)
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Now, to estimate the second term in the right hand side of (4.9) || IIgv — v H%,E, we use
the norm equivalence (4.1) together with (4.10), and (4.11) to obtain

5
Mgy —Tgv |z = Z | Ipv — gV HaTJE
ﬂ 5
< T S Ty — vl 2e
E j=1 J
ﬂ 4
= A {Z T |( / Mgv - e — pv- mTE|)2
E j=1
T / v - ngs — v -nps))?)
8TE 5 5
5
4 ~
= {Z TF116; — &P 1 E51* + 1T 165 — 51155}
J:
4
< {Z ITE s — ¢ PITF P + 11810 1y — &1 T %)
]:
B . s
< T{Z TPy — $PITF? + 41T Z [0 — SPITF )}
E =1 j=1
2 4
< 7Z|¢j—¢|2\7}E|
= ’EP Z| diV (v — Opv)|?|TE|
E j=1
IEI2
< 54 > | div (TTgv — V) ||0TE
E j=1
< 5613 || div pv — div Ipv |3 5
< 51k | div Iy — div Iv |3
< 5Bk || Fpdiv v — mpdiv v 1§ 5
< 5pBihy || wpdiv v — my(ndiv v) |3
Since
| (I = mp)7pdiv v [|3< 2 || #pdiv v [|2 42 || mpapdiv v |[3< 4 || 7pdiv v |2
we obtain

| T,y — T |12 5< 206103 || 7ndiv v |3 < 206103 || div v [ 5 - (4.12)

To estimate the third and final term || IIgv — gv llo,e of (4.9) we use the fact that for each
exterior tetrahedra TjE , =14

’ oTFE J
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Then for w = ﬁEv —Ilgv

~W~nTE:—/ _w-ngpe, j=1,---,4
F; J OTE\F; J

and
|w-n E!:|/W'DE\=! W'HE\S/ w-ngel, j=1,--,4
/ﬁj g oo ore\E, 0 JorenF, L n

so we obtain

4 4 16
S [ wengpl <3 [ wenge =3 [ fwongl
j=1 F; j=1 8Tj \Fj i=5 7 I

Then we have

5
| Ty —Tgv 3 = > | Hev—Tgv |2 -
g

j=1
ﬁ 5
< TZ TF)|[Mpv - HEV]@TJE
E _
51 2
< |EHZ (Tgv — Tlgv) - nye|)
+( / (flpv — T15v) - nge))?)
aTE 5
£ - -
< HBIE Y ([ ey - Tpv) g )2
E i=1 7 Fi
16 N
3 ey~ ) ng )
i=5 Y I
ﬁ 16 R
< CREN ([, v~ Mev) g )
0
< 11E\{Zrm | (v —Tev) - ng |2 -}
E =5
16
< Chp(Y | [ipv ) mg 12 5+ 300 (v )y 2]
=5 =1

(4.13)

Since i £ and IIg can be interpreted as L? projections of the scalar function v-n on the faces
F; and F; respectively, we have the approximation estimates

IN

| (Mev—v)-ng o5 Ch'? | v o, YV € (HY(E)),
| Tpv—v) ng lon < Ch2|vier ¥ve(HY(E))?.

A
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From a standard trace theorem [9] || v H1/2 7S C| v e, so

16 6 16 6
> | (Mgv —v) ng Haﬁi +> | (Megv—v)-ng [§r < ChY |Iv IIf/m +ChY IV I jap
i=5 =1 i=5 =1
< Ch|vlig
and we obtain R
[ gy —Tpv [|§ g< CR? || v ] 5 - (4.14)

Now summing up the three terms (4.3), (4.12) and (4.14) we obtain

|v—Tev|ie = [Iv- pv 5.2 + I pv — Ipv 5.2+ | pv — pv 155
2 (1012 - 2 2
< Ch (VIip+ divv |ge+ v Iig)
< CR v i (4.15)

and by using (4.8) we obtain that
IV = T2 ) < CHA div v (2. + 1 v 2 5). (4.16)

4.2 Global interpolation error estimates

We define 7, to be the L2— projection operator from L?(£2) onto My,

mn(q)(x) = me(q)(x) if =z €k,
and the interpolation operator IT;, from (H'(Q))? onto Wy by

Ip(v)(z) = Hp(v)(z) if ze€kE.
By summing (4.2) over the cells E € 7}, we obtain

lg = m (@5 o < Chlalt o-
Then summing (4.16) over all the cells E gives
v — Hh(")”%{(div;@) <SCR(||divv [ig+ 1 vIia)-

Finally, we obtain that approximation errors are of order one:

lg = mn(@)ll5.0 + IV = T @iy < CP* (lali o+ [ div v [Fo + | v T0)

5 Numerical experiment
First we present numerical convergence results for the analytical solution
p = sin(mx)sin(ny)sin(rz) + z(1 — 2)y*(1 — y)?2(1 — 2)

on meshes which are deformations of a n X n x n uniform cubic mesh, for n = 4,8, 16, 32, 64.
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Figure 5.1: Horizontal cross sections z = kh, , z = (k + 1)k, in a deformed mesh (n = 5).

The deformation consists in moving the vertices in the horizontal plane as shown in Fig.
5.1 in order to obtain for the cells the form of truncated pyramids. Figure 5.2 shows 8 x 8 x 8
deformed meshes with such increasing deformations.

Tables 1, 2, 3, 4 show errors for the pressure and the velocity using respectively the Raviart-
Thomas-Nédélec (RTN) and the Kuznetsov-Repin (KR) mixed finite elements. Actually we
are showing the errors between the calculated solution (pp,up) and the interpolates of the
analyticale solution (7 (p),II5(u)) in order to not have to use integration formulas in the
calculation of the errors. These errors usually show superconvergence as we can see for the
cubic meshes — order 2 instead of 1 for both pressure and velocity.

Cubic mesh Deformed mesh 1

Deformed mesh 2 Deformed mesh 3

Figure 5.2: An 8x 8 x 8 cubic mesh with 3 deformed meshes with increasing deformation
from this cubic mesh.

These tables confirm theoretical results stating that the RTN method is not converging
on general hexahedrons while the KR method is. Note that the order of convergence for
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’ H RTN finite element H KR finite element H

n [ [ pn—7plloe | [[un —Tpalloo || [2a —mmp oo | Il un —Hhu ffog
error rate | error rate || error rate | error rate

4 0.0164 0.0011 0.0164 0.0012

8 0.0044 1.88 | 0.0002 2.15 || 0.0044 1.88 | 0.0003 2.06

16 || 0.0011 1.97 | 6.0e-5 2.00 || 0.0011 1.97 | 7.2e-5 1.97

32 || 0.0003 1.99 | 1.5e-5 2.00 || 0.0003 1.99 | 1.8e-5 2.00

64 || 7.1e-5 2.00 | 3.8e-6 1.98 || 7.1e-5 2.00 | 4.5e-6 2.00

Table 1: Pressure and velocity errors for RTN and KR mixed finite elements on the sequence
of cubic meshes.

’ H RTN finite element H KR finite element H
n | | pn —mp o | || wn —Opullon || || 2 — mp oo | || up — IIpu [loo
error rate | error rate || error rate | error rate

4 || 0.0172 0.0788 0.0161 0.0395

8 0.0056 1.6 | 0.0405 0.96 || 0.0042 1.92 | 0.0132 1.58
16 || 0.0029 0.62 | 0.0263 0.62 || 0.0011 1.99 | 0.0042 1.64
32 || 0.0024 0.3 | 0.0234 0.16 || 2.6e-4 2.1 0.0014 1.62
64 || 0.0023 0.08 | 0.0229 0.03 || 6.5e-5 2.01 | 4.6e-4 1.32

Table 2: Pressure and velocity errors for RTN and KR mixed finite elements on the sequence
of deformed meshes 1.

’ H RTN finite element H KR finite element H
n || [|pn—mp oo | | un —Ipu o || || o — mp oo | || un — Hpu |joo
error order | error rate || error rate | error rate

4 || 0.0206 0.1773 0.0152 0.0785

8 0.0119 0.79 | 0.1160 0.61 || 0.0036 2.07 | 0.0265 1.56
16 || 0.0100 0.25 | 0.0994 0.22 || 8.3e-4 2.10 | 0.0088 1.57
32 || 0.0095 0.08 | 0.0967 0.04 || 2.0e-5 2.06 | 0.0032 1.48
64 || 0.0093 0.02 | 0.0961 0.01 || 4.9e-5 2.03 | 0.0013 1.32

Table 3: Pressure and velocity errors for RTN and KR mixed finite elements on the sequence
of deformed meshes 2

’ H RTN finite element H KR finite element H
n || [|pn—mp oo | | un —Ipuljoq || || o — mp oo | || un — Hpu ljoo
error rate | error rate || error rate | error rate
4 0.04736 0.5234 0.0135 0.1671

8 0.04798 -0.01 | 0.4770 0.13 || 0.0023 2.55 | 0.0699 1.25
16 || 0.04588  0.06 | 0.4727 0.01 || 3.7e-4 2.68 | 0.0319 1.12
32 || 0.04487  0.03 | 0.4733 -0.00 || 7.0e-5 2.36 | 0.0155 1.04
64 || 0.04457 0.01 | 04731 o.e-4 || 1.6e-5 2.12 | 7.7e-3 1.01

Table 4: Pressure and velocity errors for RTN and KR mixed finite elements on the sequence

. o
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the velocity is decreasing with the deformation. However, even for deformed meshes 3 which
correspond to very large deformations, convergence is maintained. This shows the robustness
of the method.

Once the Kuznetsov-Repin mixed finite element method was proven to be convergent, it
was used to calculate the pressure and velocity field around a nuclear waste disposal [18]. Fig-
ure 5.3 shows the domain of calculation on the top. It is made up of 13 geological subdomains
with permeabilities changing with up to three orders of magnitude from one subdomain to
the other.

Figure 5.3: The domain of calculation (top) and the calculated pressure field (bottom)

The permeabilities of the geological layers have two principal characteristics: on the one
hand, the values are extremely small, and on the other hand they are particularly hetero-
geneous. In Figure 5.3 top the mesh is shown. It was provided by engineers from Andra
(http://www.andra.fr) and is made of about 500,000 hexahedrons which for the most part
are not parallelepipeds. On the right in Figure 5.3 the calculated pressure field calculated
with KR mixed finite elements is shown. Both figures are blown up 30 times in the z-direction
in order to visualize the results.

However, since the Darcy velocity is actually the important quantity that is needed for
the transport, we show in Fig. 5.4 the norm of the velocity on an horizontal cross section, the
velocity calculated with RTN finite elements (center) and KR mixed finite elements (right) and
the corresponding cross section of the mesh (left). The scale on the color bar corresponds to
powers of 10. As one can observe, there are significant differences in the calculated velocity.
In particular the norm of the velocity calculated with RTN mixed finite elements show a
rough behavior which is clearly unphysical for regions with constant permeabilities. This will
necessarily have a strong impact when this velocity will be used in transport calculations.

6 Conclusion

We constructed a new mixed finite element for general hexahedral grids based on Kuznetsov’s
and Repin’s general procedure for composite mixed finite elements. This new mixed finite
element provides an elegant and simple way to implement mixed finite elements for general
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1o _ .

-11 -9

Cross section of the mesh RTN finite element KR finite element

Figure 5.4: Horizontal cross section of the norm of the Darcy velocity for the RTN (left) and
KR (right) mixed finite elements.

hexahedral discretizations. Theoretical convergence was proven and numerical convergence
was observed. The method is applied to the calculation of a Darcy velocity which will be
used for the simulation of the transport of radionucides around a storage site.

We pointout, however, that this element is not adapted to general distorted cubes with
nonplanar faces.

APPENDIX: Basis functions for the new finite element

6.1 Geometry

The faces of an hexahedron E are denoted by F'E;,i =1,....6. Their numbering is shown in
Fig. 6.1 and their area is denoted by |F'E;|. The volume of the hexahedron is denoted by |E].
The numbering of the vertices in the hexahedron and in the tetrahedrons, and the numbering
of the tetrahedrons are shown in Tables 5 and 6.

z H G

Figure 6.1: Reference hexaedron with a numbering of its faces
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Vertices A B C D EF G H
1 2 3 4 5 6 7 8

Vertex number

Table 5: Vertex numbering in the reference hexahedron of Fig. 6.1

Tetrahedron 1 | Vertices
Tetrahedron 2 | Vertices
Tetrahedron 3 | Vertices
Tetrahedron 4 | Vertices
Tetrahedron 5 | Vertices

W = Q™| -
O Q0 oW
es{lelfiivelfvsliw
Q0| Q| =

Table 6: Definition of the 5 tetrahedrons in the division shown in Fig. 6.1

6.2 Basis functions

In each tetrahedron Ty,¢ = 1,---,5, the faces are denoted F'1y;,i = 1,...,4 and numbered
in order that it has the same number as the vertex facing it. Therefore, if we denote s, i =
1,...,4, the vertices of the tetrahedron Ty, a standard RTNg basis in this tetrahedron is

| FTy

0,0 .
W ; = X—8"), 1:1’.__’476:17...75
Tysi 3|T£’( )

where |FTy;| denotes the area of the face FTy; and |Ty| the volume of the tetrahedron 7.
These basis functions are such that

WTg,i'nj:(Sijv i?j:1727374

where n; denotes the unit outward normal to the face F'Ty ;. Therefore they satisfy also

diVWTg,i: K i:17‘..’4’€:1’...’5

A basis for the new mixed finite element, denoted for a given hexahedron E by wg;, i =
1,...,6, can be defined as

wgi-nj =0, 4,5=1---,6.
FE;

They must be written tetrahedron by tetrahedron and the restriction of wg; to the fth tetra-
hedron is denoted by wg;¢,¢ =1,...,6,¢ =1,...,5. These basis functions are
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Tetrahedron 1:

WEL1L

WEg2 1

WES 1

WE4 1

WEs 1

WEG,1

Tetrahedron 2:

WE1,2

WE22

WES2

WE4,2

WES,2

WEG,2

Tetrahedron 3:

WE1,3

WE2,3

WE3,3

WE4,3

WE5,3

WE6,3

|[F'T5.1]|E|

< o1 AllFEY = |[FTh 4] B
1,

|FTy1||E|
Ty || FEo| — |F'T 3] | E|
< BT R[]
T
[FTya[E]
T
[FTya[B]
<WT1 n |Th||FE5| — [FT12|| B
[FT1q|E|
|| wr
|[FTia||E| "
7|T2| W,,1
|[FToal|E] %
< ot |T2||FEy| — |[F Ty E|
’ |FT1||E|
<WT2 L | BIIFE| - |[FTy4]|B|
’ |FT1||E|
_m
|[FTaq||E]
|T2| W11
|[FTaq||E|

< . |To||F Eg| — |FTy3]|E|
> [FToq || B

T3||FE| — |[FT34||E
(s + BB = FTe1 5

|[F'T54]|E|
|75 wr
|FT5,[[E] "
< - |T5||FE3| — |F'T3 || E|
> [F'T54]|E|
<W - |T5||F Ey| — |F'T3 3] | E|
> |[F'T54]|E|
T3] wr
|FT3,[|E] "
T3]
W31

) P
wi,i ) P

wT1,1> /|FES

wi,i ) [P
1) I E

—_— ) /| FE|

3,1> /|FEx

) /|FEs|

WT3,1> /|FE,|



24 A. Sboui, J. Jaffré €J. E. Roberts

Tetrahedron 4:

WE14 = &WTI
’ |FTyq||E| "
WE24 = &WTI
’ |[FTyq||E| "
WE34 = &WTI
’ |[FTyq||E| "
|Ty||FEs| — |[FTy3||E|
= 2 FE.
WE4,4 < Ty,3 ’FT4,1HE| WTy,1 /| 4‘
|T4||FEs| — |FTys]||E|
|T4||F Eg| — |F Tyl E|
= J FE
WE6,4 <WT4,4+ [FToL||E] wry1 | /|F Es|
Tetrahedron 5:
Wpis — (_lTllFEll—lFTlAHE\WT \ _|T2||FE1|WT )
’ |F'Ts 4] | B > |FTs0||E| >
T3||FE1| — [FT34||E| |Ty|| FE1| )
— ’ WT5,3 T T WTst | /IFEL
FTs ]| 5 T |FTeaE ) R
w _ (_TlIFE| —|FThs||E]| | B||[FE,| — |[FTasl|E|
2 |[FT5.4]|E| 7o |FT50|E| e
|T5||F Es| |T4||F Es| )
—————WT. 3 — = WT 1 FE2
FTs 1B ™ FT5 ) 1R
_ |T1||F Es| |T5||FE3| — |FTo3||E
N P o T FhallEl
| T3||FE3| — |FT32||E| |Ty||F E3| )
— . WTy 3 T o WTs,1 FEs
[FT5 5| ] 5 TIRTE )
Whis = <_|T1HFE4|WT4 _|T2HFE4|WT2
’ |FT54]|E] 7 |FT50l|E] 7
| T5||FEy| — |F'T5 3] E| |Ta||FEy| — |FTy3||E|
- |F'T5 3| | E| Vs |[F'T5 ]| B Wi | /1FE
Wpss = <_|T1!FE5|—\FT1,2HE\WT , _|T2HFE5|WT )
’ |F'Ts 4] | B > |FTs0||E| >
| T3|| F Es| |Ty||F'E5| — |FTy3||E|
T 1 WT5,3 - Ts,1 5
FTs B "™ FraE ) /B
_ Ty || F Es| | T||F'Eg| — |FTo 3| E|
wees =\ FT e T [FTsl|E] 752
T5|| F Eg| |T4||F Eg| — |FTyu||E|
_ —ol — J FE,
FTs ol B] ™ FraE ) 1B
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