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Abstract

In this study, we propose a virtual element scheme to solve the Darcy problem
in three physical dimensions. The main novelty is that curved elements are
naturally handled without any degradation of the solution accuracy. Indeed, in
presence of curved boundaries, or internal interfaces, the geometrical error in-
troduced by planar approximations may dominate the convergence rate limiting
the benefit of high-order approximations. We consider the Darcy problem in its
mixed form to directly obtain accurate and mass conservative fluxes without
any post-processing. An important step to derive the proposed scheme is the
integration over curved polyhedrons, here presented and discussed. Finally, we
show the theoretical analysis of the scheme as well as several numerical examples
to support our findings.

Keywords: Mixed VEM, Curved faces, High order approximations,
Integration over curved polyhedrons

1. Introduction

Fluid flow in porous media is a broad research area that involves scientists
as well as engineers from both private and public sector due to its relevance in
energy management, for instance hydrocarbon extraction, long term COg se-
questration, geothermal extraction and storage, as well as in several applications
in industry and life science. Moreover, an interesting and current application
is the prevention of groundwater pollution due to human activities like landfills
leakage, nuclear waste disposal, and remediation of polluted industrial sites, see
e.g. [1, 2]
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In subsurface flow simulations, and in particular in oil field modeling, non
standard grids are often employed to honor the domain geometry. One example
are the so-called corner-point grids which are composed by hexahedrons whose
facets are curved, more specifically they are bilinear functions [3]. To compute
geometrical properties on such meshes, the standard approach consists in dis-
cretizing these cells by means of suitable sub-grids. However, in the presence of
particular configurations, such as pinched or highly distorted elements, the geo-
metrical error introduced by this approximation based on a sub-tetrahedrization,
may pollute the accuracy of the whole solution. In the context of the Finite
Element Method (FEM), an accurate description of the curved geometry is a
key point to preserve the quality of the solution itself especially for high order
approximations.

In this paper, we propose a new numerical strategy to overcome this issue,
i.e., we propose a method that avoids any geometrical error and incorporates the
presence of cells with curved faces without the need for sub-tetrahedrization.
Such strategy is based on the Virtual Element Method (VEM) which can be seen
as an extension of the FEM to deal with polygonal/polyhedral grids. Indeed, it
follows mostly the classical finite element framework but the key point is that
the basis functions are left unknown and never explicitly computed [4]. It was
successfully exploited for the numerical solution of both 2d and 3d problems see,
e.g., [5,6,7,8,9, 10]. The possibility to deal with elements characterized by very
general shape (also non-covex) is appealing for real life problems. Other strate-
gies, that are able to handle curved geometries, include Discontinuous Galerkin
[11, 12, 13, 14] approximations as well as Hybrid High Order schemes [15].

The possibility to handle elements with curved edges in the VEM framework
has been introduced in the seminal works [16, 17, 18] for the two-dimensional
case. Moreover, the authors in [19] modified the virtual element space of [16] to
contain polynomials, since we will see that this is not true a-priori. This step is
crucial to preserve the expected convergence rates in the degenerate case of an
element with decreasing diameter while keeping boundary curvature fixed.

In this paper we are modelling a single-phase flow in porous media via a
mixed formulation, i.e., we consider both the macroscopic (or Darcy) velocity
and the pressure as unknowns. Although we have to solve a linear system with
a saddle-point structure, such formulation has several advantages. Indeed, it
gives a velocity field that is locally mass conservative and thus perfectly suited
for the subsequent simulation of other processes, such as transport phenomena.
It is also suited for applications with strong variations in the coefficients, typi-
cally permeability, see, e.g., [20, 21, 22, 23, 24] and [25, 6, 26, 27, 28, 29] in the
context of FEM and VEM, respectively. In particular VEM have already been
extensively employed in reservoir simulations, where meshes are characterized
by involved geometries due to the presence of fractures and faults, see for in-
stance [30, 27, 31, 28, 29, 32]. Finally, in the recent works [33] VEM has been
successfully applied to p and hp adaptivity and the coupling between VEM and
the Boundary Element Method (BEM) in [34].

The main contribution of this work is to introduce, analyze and validate the
Mixed Virtual Element Method (MVEM) for problems characterized by curved



boundaries or internal curved interfaces in three dimensions. The piece-wise
planar approximation of these surfaces, which is often used in practice with tra-
ditional methods, introduces a geometrical error that corrupts the optimal error
decay, especially in the high order case. To obtain a high order approximation
with curved geometries, we proceed on two fronts. On one hand we extend
the quadrature rules for curved polygons introduced in [35, 36, 16] to deal with
polyhedrons characterized by curved faces. On the other hand we define the
MVEM spaces for curved geometries in three dimensions and prove the main
properties of the method. The method can be regarded as an extension of what
has been proposed in [17] for the 2d case, but presents new challenges at the
technical level.

This paper is organized as follows. In Section 2 we introduce some notation
useful for the rest of the work, we present the mathematical problem in its strong
and weak formulation and we detail the assumptions on the domain. Section 3
contains the detailed description of the MVEM spaces and the construction of
the approximated forms. In Section 4 we provide the interpolation error anal-
ysis for the virtual element space, the velocity space. In Section 5 we describe
the quadrature rules exploited to integrate function in polyhedrons character-
ized by curved faces. In Section 6 some numerical academic tests are performed
to validate the proposed approach. Furthermore, the proposed method is also
applied to a numerical experiment inspired from real life applications character-
ized by the presence of corner point cells. Finally, in Section 7, we draw some
conclusions.

2. Notations and preliminaries

In the present section we introduce some basic tools and notations useful in
the construction and theoretical analysis of VEM.

2.1. Functional spaces

Throughout the paper, we will follow the usual notation for Sobolev spaces
and norms [37]. Hence, for an open bounded domain w, the norms in the spaces
W, (w) and LP(w) are denoted by ||-[[w: (w) and ||| s (), respectively. Norm and
seminorm in H®(w) are denoted respectively by ||-||s,. and |-|s ., while (-, ), and
| - |l denote the L2-inner product and the L2norm (the subscript w may be
omitted when w is the whole computational domain §2). To keep the notation
simpler, we adopt the notations above also for the vector and tensor valued
functional spaces [W3(w)]"*% with dy, dy > 1.

Here below we fix some additional notation of the multivariable calculus in
3d. We denote with & = (21, 22, x3) the independent variable. With a usual
notation the symbols V and A denote the gradient and Laplacian for scalar
functions, while A, V, div and curl denote the vector Laplacian, the gradient,
the divergence and the curl operator for vector fields. Letting w C R?® we recall



the following well-known functional spaces:

H(div,w) = {v € [L}(w)]? : divv € L*(w)},
H(curl,w) := {v € [L*(w)]? : curlv € [L*(w)]*},

with scalar products and induced norms indicated as (-, ) g (qiv,w) a0d ||-|| #(div,w)
and (-, -) g (curl,w) a0 ||| f(curl,w), respectively. Let v C Ow and let n be the unit
exterior normal vector to v, we introduce the following subspaces of H(div,w)
and H (curl,w):

H,(div,w) :={v € H(div,w): v-n=0o0n~},
H,(curl,w) :={v € H(curLw): v An =0on~},

where, we indicate with A the cross product between two vectors.

2.2. Model Problem

In the present subsection, we introduce the mathematical model we are inter-
ested to solve. We consider a three-dimensional domain {2 C R3, whose bound-
ary 0f2 is Lipschitz continuous with unit normal n pointing outward from 2.
We stress the fact that the boundary, or a portion of it, might be curved (see
also Subsection 2.3). To impose suitable boundary conditions, we divide 02
into two distinct parts: 0,42 and 0, (2. In the former we set essential boundary
conditions and in the latter natural ones. We clearly have o = g)efz Uad, 2 and
02N 8,02 = (. Finally, for solvability issues we assume that 9,2 # (.

The domain (2 represents a porous medium saturated by a single fluid (e.g.,
water). The porous medium is characterized by k, the permeability tensor,
assumed to be symmetric and positive defined, while the fluid is characterized
by a dynamic viscosity p which is a strictly positive number. External forces
are the vector g and scalar ¢ sources; g might represent a gravity term and ¢
the effect of an injection or extraction well. On 92 boundary conditions on the
pressure p or on the normal flux § might be imposed.

Since we are considering a Darcy problem in mixed form the unknowns are
the Darcy velocity q and the fluid pressure p, which are solution of the following
problem.

Problem 1 (Darcy problem - strong form). Find (q,p) such that

g +xsVp=g 0 p=p on 0,02
in
divg =¢ g mn=7q ond.f?

To derive the weak form of Problem 1, we introduce the following functional
spaces for vector and scalar fields

V = Hp o(div,2) and Q:= L?*(12).



We indicate the scalar products and induced norms of these spaces as: (-,-)y
and |||y, and (-, ) and || - || respectively. By setting A = ux~!, we introduce
the following forms

a:VxV =R a(u,v) = (Au,v)p V(u,v) eV XV,

b:VxQ—R bu,v):=—(divu,v)p Y(u,v) eV xQ.
Moreover, we introduce the functionals

G: V3R G):i=—(F,v-n),o+(k'gv)e YweV,

F:Q—>R F):=—(s,0)n Yv € Q.
For the data, we assume the following regularity conditions: x € [L>(£2)]3%3,

pelLl?2),pe HO%O(&L_Q), g € [L2(2)]3, and ¢ € L*(£2). With this in place, we
can introduce the weak form of Problem 1 by assuming g = 0.

(1)

(2)

Problem 2 (Darcy problem - weak form). Find (q,p) € V x Q such that

a(q,v) +b(v,p) = G(v) VweV,
b(q,v) = F(v) Yv € Q.

Following, e.g., [24] it is possible to show that Problem 2 is well-posed.

Remark 1. We have used an abuse in notation for the term (D,v - n)s, o, in

1
fact the first entry is an element of H(0,12) and the second of H_%(an!)),
being the latter a trace of a H(div, 2) function. To be precise, we should use a

dualit iring between them and write (p,v - n in place o
y pairing betw ite (p, >H02l0(8n!2)><H’%(8n!2) in p f

the L?-scalar product.

2.3. Assumption on the curved domains

In the following we detail the assumption on the (curved) domain 2. Ex-
tending to the 3d case the approach in [16, 17], we consider a bounded Lipschitz
domain {2 whose boundary 0f2 is made up of a finite number of smooth surfaces
{I}i=1,....~n that fit the boundary, split into “essential” and “natural” part, i.e.,

UNel; =0.2  and  UXy i I = 0,0
We assume that:

Assumption 1 (Boundary regularity). Each surface I'; is a reqular surface
and there exists a sufficiently regular and invertible function ~y;: §; — I; where
§: C R2.

Since all the parts I; of 02 will be treated in the same way, in the following

we will drop the index ¢ from all the involved maps and parameters to obtain a
lighter notation.

Remark 2 (Internal interfaces). It is important to note that proposed ap-
proach is also wvalid for internal curved interfaces. However, to keep the pre-
sentation simpler we assume only curved elements on the boundary, being its
extension straightforward. The example in Subsection 6.3 deals with internal
interfaces.



3. Mixed Virtual Elements on curved polyhedra

In the present section, we define the virtual formulation of Problem 2. We
first discuss the assumptions for meshes on the curved domain 2, then we in-
troduce the space for vector and scalar fields with the associated sets of degrees
of freedom. To discretize Problem 2, when the computational domain presents
curved boundaries or interfaces, we extend the discrete spaces proposed in [25]
via the idea proposed in [16]. In Subsection 3.1 we detail the mesh assumptions,
in Subsection 3.2 we fix some notations for polynomials and we introduce the
polynomial projections. In Subsection 3.3 we describe the virtual element ve-
locities spaces and the associated pressures space. In Subsections 3.4 we present
the discrete operators. Finally in Subsection 3.5 we state the virtual element
discrete problem.

3.1. Mesh assumptions

From now on, we will denote with P a general polyhedron having ¢y, € N*
vertexes V, {, € NT (possibly curved) edges e and ¢y € NT (possibly curved)
faces f.

For each polyhedron P, each face f of P and each edge e of f we denote
with:

. né (resp. mp) the unit outward normal vector to f (resp. to dP),

e 7/ and 7/ two orthogonal unit vectors lying on the tangent plane to
1 2 g ying g p

and such that Tlf A 7'2f = né,

e x; := (x5, Ty,) the independent variable on f, i.e., a local coordinate
system associated with the axes ‘r} and T]%.

e Tp, hp, |P|, the centroid, the diameter and the measure of P respectively,
he the length of e.

Let £2, be a decomposition of {2 into polyhedrons P completed along 02 by
curved elements whose boundary contains a portion of the surface 0f2, and we
define the mesh-size b := suppcq,, hp. We denote by Fj the set of all the
mesh faces divided into internal ]-',ilnt and external F;** faces; the latter is split
into “essential faces” .7-',?'59 and “natural faces” ]-'}?"Q. For any P € (2, we
denote by F/ the set of the faces of P.

With a slight abuse of notation, we define the following maps to deal with
both flat and curved faces:

e for any curved face f € Fj, we denote with v: f C § — f the restriction
of v: §F — 012 having image f,

o for any flat face f € Fj, we denote by v: f — f the map =y — =.

Finally we denote with aj := (x,, #j,) the coordinate system on f and with Zj,
hs, |f| the centroid, the diameter and the measure of f. We make the following
assumption on the mesh.



Assumption 2 (Mesh assumptions). For all h, each element P in 2y, is a
contractible polyhedron that fulfils the following properties:

o P is star-shaped with respect to a ball Bp of radius > php,

o for every face f of P, the parameter space | associated to f is star-shaped
with respect to a disk By of radius > php,

e cvery edge e in P satisfies he > php,
where p is a uniform positive constant.

The total number of vertexes, edges, faces and elements in the decomposition
{2}, are denoted respectively with Ly, L., L, Lp.

Remark 3. Virtual element methods naturally handle hanging nodes [31], as a
conseguence the present method can also deal with them on curved faces.

3.2. Polynomial and mapped polynomial spaces

Using standard VEM notations, for any n € N and for any mesh object
(polyhedron, face, edge) O C R? the space P,,(O) denotes the set of polynomials
on O of degree lower or equal to n. Moreover, for any d = 1,2, 3 we define

T i= dim (P, (R?)). (3)
For any n € N and s € R let us introduce the spaces:
hd Pn(Qh) = {q € LQ(Q}L) ‘qp € Pn(P) VP € -Qh}a

o H(f2,) := {v € L*() : vjp € H*(P) VP € (2} equipped with the
broken norm and seminorm

g,rzh = Z HU”in \’UE,Q,L = Z lv ?,P'

Pes2y, Pes2y,

[[o

Note that on each polyhedron P the following useful polynomial decompositions
hold [25]

[P (P)]’ = V(Prs1(P)) & (x A [Pr-1(P)]), (4)
[P, (P)]? = curl(P, 1 (P)) @z P, 1(P). (5)

A natural basis associated with the space P, (P) is the set of normalized mono-

mials 5
M, (P) = {(m - ‘”P> with |8 < n}
E

where 3 is a 3d multi-index. Notice that |[m|[;~py < 1 for any m € M,,(P).
We extend the basis M,,(P) for vector valued polynomials [P, (P)]® defining

M, (P) == {(m,,0, 0)", (0,ms,0)", (0,0,m;) " with m,., ms, m; € My (P)}.



Let us now introduce the polynomial spaces on the faces f € Fj. Following
the same approach in [17], let § C R? be the parameter space associated with
f, then we denote by P, (f) the set of polynomials on § of degree < n with the
associated basis of normalized polynomials

where « is a 2d multi-index. Again we notice that |m|[z~@ < 1 for any
m € M,(f). For each face f € Fj, we consider the following mapped polynomial
and scaled monomial spaces

Po(f)i={G=qor " :q€Pu(f)},  Mu(f) = {m=moy " :me M)},

ie., @n( f) is made of all functions that are polynomials with respect to the
parametrization . It is important to note that the following property holds:

Property 1. For any face f € Ff we have P, (P)|; C P, (f) if f is flat, or
Po(P)|s C Pn(f) and in general P;(P)|s & Pn(f), fori >0, if f is curved. The
same considerations apply to My (f).

The local L2-projection operator ITO": [L2(P)]? — [P, (P)]? is defined as
follows: for any w € [L?(P)]® we have

/Hg’PwomdP:/urmdP Ym € M, (P). (6)
P P

We denote by ITO: [L?(2)]®> — [P,(£2,)]® the projection onto the space of
piecewise polynomials defined element-wise by (IT0w)|p = IT%¥ (w|p) for all

P € (2,. Similarly the L?-face projection operator ﬁg’f: L2(f) — P.(f) is
defined as follows: for any w € L%(f)

/ﬁg’fwﬁzdf:/wﬁ@df Vi € Mo (f). (7)
! !

In the following the symbol < will denote a bound up to a generic positive
constant, independent of the mesh size h, but which may depend on {2, on the
“polynomial” order k, on the parametrization v in Assumption 1 and on the
shape constant p in Assumptions 2.

3.8. Virtual Element Spaces

In this subsection we present the discrete spaces for velocity and pressure.
The idea behind the construction of these approximation spaces is simple and
effective: the normal component of a virtual velocity function restricted on a
curved face is still a polynomial but in the parameter space. The geometry is
plugged in the virtual element space so it is perfectly matched by any virtual
function. The proposed construction extends to the 3d case the 2d curved space
defined in [17].



Remark 4. A standard virtual element space used to solve a Laplacian problem
has virtual functions on each polyhedron face [5, 7]. Having Problem 2 in mized
form avoids this difficulty since on faces we have polynomials, see Equation (8).

Given a polyhedron P that can have one or more curved faces, we define the
local space V5 (P) as

Vi (P) := {vy € H(div, P)N H(curl, P) : (i) divv, € Py_1(P),
(ii) curlwy, € curl([P(P)]?),
(i) vy, -y € Pr(f)Vf € FLY.
(8)

We here summarize the main properties of the space Y} (P), we refer to [25, 17]
for a deeper analysis.

Property 2 (Polynomial inclusion). Differently from the standard case with
flat faces, in general [Py(P)]* € VE(P), but it holds that [Po(P)]* C V5 (P)

Property 3 (Degrees of Freedom). The following linear operators consti-
tute a set of DoFs for VI (P):

e normal face moments: for each face F € }'f: the moments
1 o .
m (vh~nf)mkdf Vmy, € Mi(f);
f

e divergence moments: the bulk moments

hp

ﬁ (le ’Uh) mi_1dP, VYmy_, € Mkfl(P)\Mo(P) ;
P

o internal cross moments: the bulk moments
%/th c(mp Amp_1)dP, Vmg_1 € Mg(P),
where my := (x —Tp)/hp.
Therefore, recalling (4), the dimension of V5§ (P) is
dim(VZ(P)) =2l +3Tp3 + Th—1,3 — Tht1,3-

Property 4 (Divergence operator & Polynomial projection). The DoFs
allow us to compute

div: Vi(P) = Py_1(P)  and  II)F: VE(P) — [PL(P)].



The global virtual element velocities space is defined by
VZ(Qh) = {’Uh ev vh|p S VE(P) VP € Qh} (9)
whose dimension is
dim(V§(£2)) = g2 Ly + (37,3 + Th—1,3 — Tht1,3) Lp -

The global pressure variable p is approximated via element-wise polynomials
of degree k — 1, i.e.,

Qr(2) == {veL*(2) : v|p €Pp_1(P)VP € 24} . (10)
The corresponding DoF's are chosen, defining

e pressure moments: for any P € (2}
1
7/ vmp_1dP VYmyg_1 € Mk_l(P).
1Pl Jp

3.4. Virtual Element Forms

The next step in the construction of our method is to define a discrete
version of the continuous bilinear form a(-,-) in (1) and the linear form G(-)
in (2). It is clear that for an arbitrary function in WV} (£2,) the forms are not
computable since the discrete functions are not known in closed form. Therefore,
following the usual VEM procedure, we need to construct discrete forms that
are computable by the DoFs. Notice that, on the basis of Property 4 and the
definition of the pressures space (10), the bilinear form b(-,-) can be exactly
computed by the DoFs.

In the light of Property 4, on each polyhedron P € (2}, we define the com-
putable local discrete form: Yoy, wy, € V5 (P)

al (vp, wy) = / )\H,S’th H,S’Pwh dP + SP(T,S’P'vh, T,S’Pwh) , (11)
P

where T,S’P =1I- H,S’P. The VEM stabilizing term in (11) here proposed is
the so-called dofi-dofi stabilization [7, 17] given by

#dof

S”(vn, wn) := || Al o= p) |P| Y dof;(vy)dof; (w) (12)
i=1
where #dof is the number of degrees of freedom associated with the polyhedron
P and the function dof; returns the i*" DoFs value.

We define the global approximated bilinear form ap (-, -): V5 (2,)x V¥ (2,) —
R by simply summing each local contribution:

ap(vp, wp) = Z a,lf('uh,wh) Yoy, wy, € VZ(Qh). (13)
Pe2y,

The last step consists in constructing a computable approximation of the form
G(+) in (2). Employing again Property 4 we define

Gr(vp) == —(p,vn - n)o, 0 + (k' g, v 0 Yoy, € Vi (2) . (14)

10



Remark 5. In definitions (11) and (14) we are tacitly assuming that we are
able to compute the integrals of polynomials on curved polyhedrons and on curved
faces with a given parametrization v. A description of the adopted integration
rules can be found in Section 5.

3.5. Virtual Element Problem

We are now ready to state the proposed discrete version of Problem 2. Re-
ferring to the spaces (9) and (10), the forms (13) and (14), we consider the
virtual element problem

Problem 3 (Darcy problem - VEM scheme). Find (qn,pn) € V5 (2) x
QY (£21) such that

b(qn,vn) = F(vp) Yon, € QF(121) .

We stress that if the domain (2 is a polyhedron with flat faces, i.e., if 92
is made up of a finite number of flat faces, we recover the “straight” H(div)-
conforming VEM presented in [25].

{ah(Qha'vh) +b(vp,pr) = Gp(vy) You € Vi(2),

4. Theoretical analysis

In the present section we establish the optimal approximation properties
for the curved virtual element space (9), and we derive the inf-sup stability of
Problem 3.

We start by reviewing a classical approximation result for polynomials on
star-shaped domains, see for instance [38].

Lemma 1 (Bramble-Hilbert). Referring to (6), let 0 < m < s < k+1,
under Assumption 2 for allv € V N [H*(£2,)]? it holds

v — H](C)’U|m79h ShT s,

Let us introduce the linear Fortin operator IT} : [H'(2)]* — VF(£2) defined
for any w € [H'(£2)]® by

/(w—H}:w)-nfﬁzidf:() sz’Eka(f)§ (15)
f
/ div(w — IT} w)m; dP = 0 Vm; € My—1(P)\ Mo(P); (16)
P
/ curl(w — IT}{ w) - curlm; dP = 0 vmy € My(P), (17)
E

11



for all f € Fj and P € §2;,. The definition above easily implies that the following
diagram is commutative

H@QP s @ 50

i | | (1s)

VE() — 2 QF(2) —>— 0

where the right arrows in this diagram indicate that the divergence operator is
surjective. In particular, employing (15) coupled with Property 1 and (16), we
have the following property:

div(ITfw) = IIY_, divw Yw € [H(2)]>. (19)

As a consequence of the above arguments we have two results. The first one
deals with the approximation property of the space (9), while the second one
is associated with the exactness of the sequence (18) and deals with the inf-sup
stability of the method [24].

Proposition 1. Let w € V N [H*1(2,)]® and let IIY be the linear Fortin
operator. Then, under Assumption 2, the following estimates hold

| divw — div I} wlo.o < A* | divw]|r.q, , (20)

lw — I wlo,e S A [lwllki,e, - (21)

Proof 1. The estimate (20) is a direct consequence of (19) and Lemma 1.

Concerning the L? estimate, we recall (see [39, Corollary 3.2]) that any function
v € H(div, P) N H(curl, P) can be decomposed as

v=V¢—curly (22)
where ¢ and ¥ are defined by

A = curlw in P,
and divyp =0 n P, (23)

{A¢=diV’v in P,
Ppxnf =0 ondP,

Vo-nf =v-nt ondP,

and ¢ is zero averaged. Moreover, the decomposition (22) is L*-orthogonal, i.e.,
[0lI5.» = IVIl5.p + || curlg[ff . (24)

Let w € [H*1(2,)] and let ITFw € V5 (2;,) be its interpolant function defined
by (15), (16) and (17). Then on each P € (2, consider the L?-orthogonal
decomposition

w — I} w = V6, — curl yy, (25)

12



where (the zero averaged function) §, and pp, are defined by

App, = curl(w — IIfw)  in P,

Ay = (1= 1) v wp, [ ~
P ~0.f PoyfeFP divpy, =0 m P,
Vo -ny =1 -1 )w-ni VfeF, g xnF =0 on OP.
(26)

We now estimate each term in the decomposition (25). Let us analyse the first
term. Integrating by parts from (26) we infer

||v5h||gypzf/(1 ) divw 6, dP + > /I 7w -n¥ 5, df
ferFk

0,P 70,
< (I = I;2) log+ Y 1T =112 )w - nfllo ¢ 16nllo.s

ferkt

=:01+02.

(27)

Employing Lemma 1 and a scaled Poincaré inequality for the zero averaged
function &, we derive

o1 = (1 — %) (28)

For the boundary term os, applying the Cauchy-Schwartz inequality, a scaled
trace inequality and again a scaled Poincaré inequality we get

N 1/2
oy — |5h||o,aE( S - Y nffna,f)

ferFt
1/2
~0
(}j 17— %o nf||0f)

ferf

< (h;l/Z 1/2

~

1/2
1/2 ~
<nY ||vah||o,p< 3 ||<IH£’f>w-n§?||3,f> .
ferkt

We observe that from Assumption 1 and Lemma 2.3 in [40] it holds that w~n]€’ €

HFY2(f). Moreover, employing the same argument in the proof of Lemma 3.2
in [16] (combined with Lemma 2.2 and Lemma 2.3 in [{0]), we infer

~0, k+1/2
I — TN yw - nFlo; S B2 lw -0 |lijo s S B w]lkiryo s -

Applying a scaled trace inequality and again a scaled Poincaré inequality, from
the previous bound we get

(29)

o2 S

Combining (28) and (29) in (27) we obtain
|

(30)
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Concerning the term curl uy,, from (26) we have
I curluhH%’P = —/ Apyp, - pp dP = —/ curl(w — IT} w) - puy, dP. (31)
P P

Notice now that from (5), there exists p, € [P1(P)]® such that ITg"" py, =
curlp,. Therefore from (17) and (31) we infer

Jeurl s p =~ [ curliw - Ifw) - (un — 115" un) 4 )
P

< || eurl(w — I w)|o,pllen — Iy pillop = 1a 72

Employing Lemma 1 and Theorem 8.7 in [39], the term T can be estimated as
follows
71 S helVunllor < hellcurl pallo,p - (33)

For the term 7o, recalling (17), we have
3 = | curl(w — I w)|§ p = / curl(w — ITf w) - curl(w — ITf w) dP
P

= /Pcurl(w — IT} w) - curl(w — H,S’P'w) dP
< |leurl(w — ITfw)|lo,p|lw — IT}) " wl1 p,
and then from Lemma 1 we obtain
T2 < hlf)\w|k+1,P~ (34)
From (33) and (34) we conclude
lcurl ppllo.p S h’;,+1|w|k+1,P . (35)

The thesis now follows by collecting (30) and (35) in the L?-orthogonal decom-
position (25).
Finally, as a consequence of the diagram (18) we can state the following

result (for the proof we refer to Theorem 4.2 and Corollary 4.3 in [6]).

Proposition 2. Under Assumption 2, there exists 8 > 0 such that
b(w, v)

inf su _— >
vllollwllv

vEQY (£21) weVE (2y)

Remark 6. A technical important step in the theoretical analysis of the scheme
1s the derivation of the stability bounds

lonll3. p < SF(vh, vn) for all v, € VE(P),

lonllg p 2 S¥ (vn, va) for all vy, € VE(P) + [P(P))?,

for the stabilizing form ST (-, -) in (12). The theoretical analysis in principle
can follow the same path of the 2d case [17].
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5. Integration over curved Polyhedrons

In this section we explain how we compute integrals inside polyhedrons char-
acterized by curved faces. Fist, we describe how to integrate over curved faces.
Then, we show how we extend the idea proposed in [35] from curved polygons
to polyhedrons with curved faces.

5.1. Integration over curved 2d polygons

We consider a curved face f of a polyhedron P and we make the same
assumptions on definition, existence and regularity on the map ~, see the final
part of Section 2 and Section 3.

Given any function ¢ defined over the face f, to integrate it we exploit the
following formula:

| v s /w )5 * g ten)| aiten

~ v O
Zw Tji ’ 6If (QZf, )

(36)

Wi

where 1Z is the function v written in terms of the parameter-space coordinate

Oy oy
T, oz, X a%

quadrature points in the parameter space f and {wy, Z} _, are their corresponding
weights.
From a more practical point of view the usage of (36) is not so straight-

is the Jacobian of the transformation v and {@;,};” are the

forward. Indeed, one has to define the function J(mf) However, to use the
quadrature rule in (36) and avoid the definition of the function 1;, we compute
the physical quadrature points corresponding to the ones in the parameter space
via the map

{.’B]tl F—){:B i 1,

and we modify (36) as

[ vte) arte) = Y utal) | 52 x e

This quadrature rule does not depend on zﬂ/; so there is no need to create such
a function. Moreover, such double quadrature point lists will play a key role in
the computation of the volume quadrature presented in Section 5.2.

wWy,i (37)

Remark 7. Since the domain § C R? in the parameter space may have curved
boundaries, we exploit the integration strategy proposed in [35, 16].
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5.2. Integration over curved 3d polyhedrons

In this section we propose a quadrature rule to integrate a function inside
polyhedrons characterized by curved faces. The proposed formula is an exten-
sion of the one proposed in [35].

Consider a function v defined in a polyhedron P and suppose that we would
like to compute the integral

Y(x) dP.
P

The idea is to move the computation of such integral to an integration over the
polyhedron faces. To achieve this goal, we exploit the divergence theorem. We
define a proper vectorial field ¥ such that

div =1
One possible choice of such function is the vector field
0
0

!I/(xl, ZIo, 5173) = T3 s
1/)(.1‘1, o, t) dt
z3
where T3 is the x3-coordinate of the polyhedron barycentre. Starting from such
vector field and exploiting the idea of (37), we obtain the following integration
formula

/Pzp(m)dP:/Pdiv!Il(:c)dP— /w nf(@)df = ) /zz/3nf3

feFt ferk

ny
= Uy nt (x Wi i
ZZ snps(@ Haxf 5$f i) || wii
fe]-‘f =1
(38)
In the last expression we are able to compute all terms. Both nff g and 82? X ai? H
, Ty, i,

are known functions since they describe the x3-component of the normal to the
surface geometry and the Jacobian of the map =, respectively. Moreover, W3
is computable too. Indeed, recalling the definition of the vector field ¥, we
evaluate such term via an edge integral:

! m
I3L

“73(95{@ mgw xzjacz) = 1ﬁ(% i x2 Ht)dt = Zw(aj{,ﬂ xg,m x:];,i,j)fi,j’

T3 j=1

where {xém };n=1 and {fij:j };n:1 are the nodes and the weights of a quadrature

rule on the edges [Ts, xgl] Substituting the last equation in (38), we get the
following integration formula:

/1/) dP =~ Z 221/’ x117m21’$31])£z]nf3 Hal‘f 8”5f (1)

feFf i=1j=1

(39)
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We can make the following observation about such formula. First of all it
relies on some regularity assumptions for the polyhedron faces: they have to be
defined via a map  that has to be at least C? since we exploit surface normals
and the Jacobian.

The proposed quadrature rule has more than the expected number of quadra-
ture points, which is not appealing from the computational point of view. How-
ever, we can use the procedure proposed in [36] to get a quadrature rule with
the same order composed by a subset of the input points.

Such compression procedure is general and it is based on the resolution of a
non-negative least squares problem that also ensures positivity of the weights.
We apply such strategy to reduce the number of quadrature points in (39).

To show the effectiveness of the compression procedure, we consider the
following example: a cube whose top face is a bilinear surface and a quadrature
formula that exactly integrates polynomials of degree 2.

Figure 1 presents the resulting quadrature points. The advantage in terms of
operation is substantial: we move from 192 to 10 quadrature points. The main
feature of this compression procedure is that it always results in the minimum
number of points that interpolate a specific polynomial [36]. Indeed, in this case
we are considering a quadrature rule of degree 2 so the compression procedure
selects 10 quadrature points and properly modifies their weights.

no compression compression

Figure 1: Number of quadrature points without and with the compression procedure. In the
former case we have 192 points, while in the latter only 10 points.

Remark 8. To compute W3 it is necessary the quote Tz. A deeper analysis is
required in finding such value, since the quadrature points may fall outside P.
This is an important issue since the function 1 can be not defined outside P.
A good idea is to consider not a quote Tz but a generic plane that cuts the
polyhedron in such a way that all the quadrature points are inside P or at least
on the faces of the polyhedron.
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5.8. Preliminary numerical validation on quadrature weights

Before dealing with the convergence analysis of Problem (2), we present a
numerical example that focuses on the proposed quadrature rule. We consider
the following domain

Q::{(ml,xg,xg)eR?’ : ngxf—kx%§R§,x220,0§m3§1},

where R; and Ry are 0.2 and 1, respectively, and we exploit the proposed
quadrature formula, to compute the following integral

/ V22 + a3+ 23 dQ.
Q

In Table 1 we compute the relative error varying both the discretizations of 2
and the quadrature rule degree. More specifically, we are considering two meshes
cylil and cyli2 shown in Figure 2 with descreasing mesh size. From these data
we can appreciate that the proposed quadrature rule does converge to the exact
value by increasing the polynomial approximation degree and descreasing the
mesh size.

Cylinder example

Gaufl degree cylil cyli2
1 1.1263e-03  2.5196e-04
2 3.7429e-06  2.6066e-06
3 6.0654e-08  2.9604e-08
Table 1

Figure 2: Meshes used to produce the data in Table 1.
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6. Numerical Examples

In this section we give numerical evidence about the comparison between
the straight (noGeo) and curved (withGeo) approaches, the former being the
standard virtual approximation where curved faces are rectified while the lat-
ter the one proposed in this work. We consider different kinds of meshes and
describe how we build them inside each subsection. Regardless of the type of
tessellation we associate to each mesh the mesh-size

1
h=-— Y hp,
NPPGQh,

where Np is the number of polyhedrons in (2.
To proceed with the convergence analysis of the errors, we build a sequence
of meshes with decreasing h and we compute the following errors indicators:

e L2-error on the velocity field

€2 i= | > [Tv, —vlf3,
Pes2y,

where IT gvh is the element-wise L2-projection operator of the virtual ele-
ment variable vy, inside the polyhedron P and v is the known exact vector
field;

e L2-error on the pressure

ey = lpn — pllo,e2,

where pj, is the element-wise polynomial that represents the pressure and
p is the exact pressure distribution.

From the theoretical point of view the error e}, has a decay of O (h’”‘l)
while the decay of 6122 is O (hk). However, when we consider k& = 2,3 and the
noGeo case, we get O (h2), whereas only the novel withGeo approach will give
the expected trend for each k.

Such behavior is justified by the following remark. Let us suppose that the
error in a numerical scheme can be split in two parts

err = errApp + errGeo. (40)

On the one hand, we make an error in approximating the functional continuous
spaces with a discrete one. Such error is related to degree of the polynomial
used inside the discrete space taken into account, errApp. On the other hand,
we make an error in approximating the computational domain {2 with a mesh
{2y, errGeo.

When we consider standard domains, i.e., domains whose boundaries are
planes, elements with straight faces perfectly match such boundaries so errGeo
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is null. Consequently the error of (40) consists only on the first part and we
have
err = errApp + 0 = errApp ~ O (hk'H) , (41)
for e7, and
err = errApp + 0 = errApp ~ O (hk) , (42)

for 6122, respectively. As a consequence we get the expected convergence rates
since the geometrical error disappears.

However, when we are dealing with domains whose boundaries are curved,
if we approximate them via elements with straight faces, the geometrical error
is not null. It is related only to the mesh size and not on the approximation
of the functional spaces we are using. More specifically, if we consider straight
faces, it is always O (h2). Consequently, for PDEs defined over curve domains
(40), it becomes

err = errApp + errGeo ~ O (thrl) +0 (h2) -0 (hmin{k+1,2}) :
for €7, and
err = errApp + errGeo ~ O (hk) +0 (h2) -0 (hmin{k,2}) 7

for eiz, respectively. Thus, when we have a curved boundaries and we consider
a mesh with straight faces, the expected rate of €7, is achieved only if k& = 1,
otherwise errGeo overcomes errApp. While €/, is achieved if £ =1 and 2, and
errGeo overcomes errApp for k = 3.

If we use the proposed approach, i.e., we modify the functional spaces in
such a way that they can handle elements with curved faces, the geometrical
error becomes null. Indeed, since we include the space the map v that exactly
describes the geometry, we do not make any error in approximating curved
boundaries or interfaces via the functional spaces. Thus, we recover the expected
convergence rate as in (41) and (42).

Remark 9 (Meshes). For a boundary face, it is not a priori guaranteed that
its vertexes lay on the same plane so we need to sub-triangulate such poly-
gons in order to proceed with the noGeo approach. Then, if we make such
sub-triangulation, the noGeo and withGeo case are mot comparable in terms
of degrees of freedom since the former requires more degrees of freedom with
respect to the latter. However, for the domain considered in this work, it is
possible to constuct planar quadrilaterals in a starghtforward way so there is no
need to subtriangulate faces and noGeo and withGeo are comparable in terms of
degrees of freedom.

6.1. Example 1: convergence analysis with Dirichlet boundary
We consider a domain composed by five planar faces and one curvilinear face
defined by

1
I = {(:El, To, x3) € R3 : xg—l—l—o sin(may) — 1 :O} .
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We define the right-hand side and the boundary conditions in such a way that
the solution of Problem 2 is

2
1
p(x1, z2, v3) 1= (acg + 0 sin(may) — 1) and q=-Vp,

with kK = p = 1 and we impose essential boundary conditions on all the bound-
aries including the curved one. In Figure 3 we show one of the meshes taken
into account to collect the error for the convergence analysis of the errors €7,
and e?,.

L2

Figure 3: Example 1: one of the mesh taken into account for the convergence analysis for the
withGeo case.

In Figure 4 we show the convergence plots for such errors varying the VEM
approximation degrees for both the noGeo and withGeo case. More specifically,
dashed and full lines represent the error obtained via the noGeo and withGeo
approach, respectively.

As it was already discussed at the beginning of this section, for £k = 1 these
two numerical schemes behave as expected, i.e., €7, has an error trend of O(h?)
while e, has O(h'). However, if we consider k = 2 and 3 the trends of noGeo
and withGeo are different. Indeed, €?, behaves as O(h?) for all k in the noGeo
strategy, while we see the expected convergence rate in the withGeo approach.
For the eiz the behavior of noGeo and withGeo are different for £k = 3 since
only in this case the geometrical error overcomes the error due to the functional
spaces used.

Moreover, by comparing such convergence lines of €7, we have the numerical
evidence about what we have inferred at the beginning of this section. Indeed,
the lines of the error for the noGeo case coincides varying the degree k > 1,
i.e., errGeo is too large and such convergence lines are actually errGeo for each
degree k.
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L?-error pressure L?-error velocity
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Figure 4: Example 1: convergence lines for both e‘L’Q and 6122.

6.2. Example 2: convergence analysis with Neumann boundary

In this section we consider as computational domain
Q= {(x1, 29, 13) ER® : RI < 2?4+ 2l <R3 1,>0,0< 23 <1},

where Ry and Ry are 0.2 and 1, respectively. On such domain we consider
Problem 2 where the exact solution is

p(x1, To, x3) = sin(mwzy) cos(mxs) sin(rxz) and q=—Vp.

and on planar boundaries we impose essential boundary conditions, while on
the inner and outer curved boundary we impose natural boundary conditions.

To get a computational domain of such geometry, we extrude along the z
axis a two-dimensional polygonal mesh, see Figure 5. We consider two types
of two dimensional meshes to extrude: a mesh composed by squares and one
composed by triangles. We refer to such meshes as quad and tria, respectively.

In Figure 6 we collect the convergence lines for each type of mesh. As already
seen in the previous example we got the expected error trend for all degrees with
withGeo approach. The noGeo has the expected trend for kK = 1 in both error
indicators, for k = 2 it has the expected only for e}, and it is O(h?) for both
error indicators when we consider an approximation degree k = 3.

6.3. Example 3: corner point meshes

We consider now a particular kind of curved cells: the corner point elements.
Such cells have the topology of a cube but their top and bottom faces are bilinear
surfaces, i.e., they are defined by the following map = : [0, 1] — R3

Y(u,v) =1 —u)(l—v)xs+u(l—v)xp+ (1 —vw)vec+uvep,
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tria

Figure 5: Example 2: on the left the two-dimensional meshes we are extruding, on the right
the final meshes. In both cases we are showing the withGeo meshes.

where x4, g, o, and xp are the 4 points at the top (or at the bottom) of
the cell. In oil industry basins and reservoirs are usually described by this type
of meshes [3].

We solve Problem 2 in a unit cube 2 = [0, 1] composed of three layers of
materials characterized by different values of permeability. More specifically, the
top and the bottom layers have k = 1. while the middle one has k = 0.01. We set
natural boundary conditions on the top and bottom faces of the domain, i.e., the
pressure variable is equal to zero at the top and equals to one at the bottom.
Then, we consider the force term equal to zero. We consider only a VEM
approximation degree k = 2 as a representative degree, similar consideration
can be done for k£ > 2.

Since we do not have the exact solution, we can not compute the error and
we will give only a qualitative analysis on the pressure we get. Moreover, we
consider three refinement levels of the mesh at hand to ensure that the method
does converge to plausible solution. We refer to such refinement levels as ref
1, 2 and 3, see Figure 7.

We further underline that in such discretizations all the mesh elements are
corner point cells so the proposed virtual element incorporates the curved ge-
ometry within the function space definition. Thanks to this approach we do
not need to introduce any approximation of the curved faces. Moreover, we do
not need to sub-triangulate them and introduce further degrees of freedom and,
consequently, increase the size of the linear system at hand.
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Figure 6: Example 2: convergence lines for both e}, and 6122,

ref 1 ref 2 ref 3

Figure 7: Example 3: refinement levels of the mesh with different layers.
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Figure 8: Example 3: pressure filed with three different refinement levels.

From the solutions in Figure 8, we observe a steep change of the pressure
values. This fact is expected since we are considering different values of the
permeability x. Furthermore, such change of pressure is better captured by
mesh refinement.

7. Conclusions

In this work, we have proposed a mixed virtual element scheme in three
space dimensions to solve Darcy problems. The considered scheme handles
curved portions of boundary or internal interfaces without any degradation of
the expected order of convergence rate. Moreover, since the proposed functional
spaces coincide with the ones used for the standard case if the element has no
curved faces, it can be seen as a natural extension of the standard case. We also
proposed a theoretical analysis to show how to define the approximation spaces
and degrees of freedom and we made an analysis on the interpolation properties
of the propsed numerical scheme.

Such method also required the definition a suitable quadrature rule to deal
with polyhedrons characterized by curved faces. In this paper we propose a
possible strategy which still need a deep theoretical analysis. However, such
idea is validated by an ad-hoc numerical experiment and implicitly proven by
the subsequent convergence analysis on the Darcy problems.

Finally, several numerical tests further show that the proposed scheme achieves
the expected order without any degradation due to geometrical errors. More-
over, the last applicative example underlines that the proposed approach can
be applied to real life applications characterized by the presence of corner point
cells avoiding sub-tetrahedrization that may increase the computational effort.
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