ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

DOTTORATO DI RICERCA IN
MECCANICA E SCIENZE AVANZATE DELL'INGEGNERIA

Ciclo 36

Settore Concor suale: 09/C2 - FISICA TECNICA E INGEGNERIA NUCLEARE

Settore Scientifico Disciplinare: ING-IND/19 - IMPIANTI NUCLEARI

NUMERICAL ALGORITHMS FOR MASS CONSERVATION APPLICATIONS

Presentata da: Giacomo Barbi

Coordinatore Dottorato Supervisore

Lorenzo Donati Sandro Manservis

Esame finale anno 2024






Contents

Abstract

Introduction

1 Divergence-Free Mixed Methods

2

1.1
1.2
1.3
1.4
1.5

Mathematical Notations . . . . . . ... .. .. .. ... ...
Helmholtz-Hodge decomposition . . . . . . . .. ... .. ...
Error analysis of mixed methods . . . . . . ... ... ... ..
Pressure-Robust mixed method . . . . . .. .. .. ... ...
Remark about vorticity equation . . . . . ... ... .. ...
1.5.1 Continuous setting . . . . ... .. ... ... ... ..
1.5.2 Discrete setting . . . . . .. ... oo

Finite Element Discretization

2.1

2.2

Basic Properties . . . . . . ... ...
2.1.1 Partition of Domain . . . . .. .. ... ... ... ..
2.1.2  Change of variable . . . . ... .. ... ... ... .
2.1.3 De Rham Diagram . .. .. .. .. ... .. .. ....
Finite Element Approximation . . . . . . . ... .. ... ...
221 Space HY(Q) . . . ..
2.2.2 Space H(div,Q) . . . . .. ..o o
2.2.3 Quadrilateral approximation of scalar functions

2.2.4  Quadrilateral approximation of vector-valued functions

14
17
21
22
22
24

27
27
27
30
34
36
36
40
48



ii

Contents

2.2.5 Bochev technique . . . . . ... .. ... ... ..
2.2.6  Shen-Boffi technique . . . ... .. .. ... ...
2.2.7 Hexahedral elements . . . ... ... ... ....

3 Projection method for Navier-Stokes equation

3.1

3.2

Pressure-correction schemes . . . . . . .. .. ... ...
3.1.1 Non-incremental pressure-correction scheme . . .
3.1.2 Standard incremental pressure-correction scheme

3.1.3 Rotational incremental pressure-correction scheme . . .

Other type schemes . . . . . .. . ... ... ... ....
3.2.1 Non-incremental velocity-correction scheme . . . .
3.2.2 The implemented algorithm . . . . .. ... ...

4 Divergence free applications

4.1
4.2

4.3

4.4

Remark on affine quadrilateral elements . . . . . . . ..
Preliminary results about divergence-free flows . . . . . .
4.2.1 No-flow problem for the Stokes equations . . . . .
Divergence-free velocity decomposition . . . . .. . ...
4.3.1 Two-dimensional problems . . . . . . .. ... ..
4.3.2 Three-dimensional problems . . . . . . ... ...
Projection method for Navier-Stokes equations . . . . . .
4.4.1 Two-dimensional channel . . . . . . .. ... ...
4.4.2 Two-dimensional cavity . . . . . . . .. ... ...
4.4.3 'Three-dimensional channel . . . . . . .. ... ..

5 Code coupling for Multiphase simulations

5.1

5.2
2.3

Surface advection with marker technique . . . . . . . ..
5.1.1 Marker geometry initialization . . . . . . . . . ..
5.1.2 Color function evaluation. . . . . . ... ... ..
5.1.3 Runge-Kutta advection scheme . . . . ... ...
5.1.4 Best-fit quadric equation . . . . . ... ... ...
5.1.5  Rebuilding marker position . . .. .. ... ...
Interface advection test . . . . . . .. .. ... ... ...
Advection test by using Raviart-Thomas element . . . .

Conclusions

List of Figures

75
... 76
()
7
78
.19
.19
... 80

83
T X!
... 87
... 87
.. 89
|
... 104
... 109
... 110
... 113
... 115

119
... 120
o121
... 123
..o 124
... 126
.. 129
Lo 134
... 140

151

153



Contents iii

List of Tables 157

Bibliography 161






Abstract

This dissertation focuses on the well-known issue of mass conservation in
the context of the finite element technique for computational fluid dynamic
simulations. Specifically, non-conventional finite element families for solving
Navier-Stokes equations are investigated to address the mathematical con-
straint of incompressible flows. Raviart-Thomas finite elements are employed
for the achievement of a discrete free-divergence velocity. Quadrilateral and
hexahedral finite element spaces are considered to investigate the error con-
vergence of different variables. In particular, the proposed algorithm projects
the velocity field into the discrete free-divergence space by using the lowest-
order Raviart-Thomas element. This decomposition is applied in the context
of the projection method, a numerical algorithm employed for solving Navier-
Stokes equations. Numerical examples validate the approach’s effectiveness,
considering different types of computational grids.

Additionally, the dissertation considers an interface advection problem us-
ing marker approximation, in the context of multiphase flow simulations. A
C++ library is presented, where the implemented algorithm is able to initial-
ize, advect, and reconstruct a marker cloud performing a best-fit quadratic
interpolation. Several numerical tests, equipped with an analytical velocity
field for the surface advection, are presented to demonstrate the robustness
of the algorithm. Lastly, a comparison with an interpolated velocity by using
Raviart-Thomas basis functions is shown, with the aim of maintaining zero
divergence, mitigating the classical issue of finite element mass loss.






Introduction

In the context of incompressible flow simulations, Computational Fluid Dy-
namics codes play a pivotal role. In particular, divergence-free fields are
crucial for mass conservation in numerical simulations of engineering appli-
cations (multiphase flows, porous-media flows, etc.). Typically, commercial
codes employ finite element (FEM) and finite volume (FVM) methods to
approximate solutions of the physics problem, both widely applicable across
various engineering domains.

While FEM and FVM methods share popularity and similar computa-
tional costs, the finite volume method is usually preferred for fluid dynamic
simulations due to concerns about mass conservation related to the finite ele-
ment method. Nevertheless, achieving the desired exact divergence-free field
across the discrete domain remains challenging for both methods.

This study addresses the challenge of obtaining a finite element approx-
imation of the solution for the Navier-Stokes system, specifically aiming for
a divergence-free velocity field over the discrete domain. This is achieved
through the utilization of Raviart-Thomas basis functions [1].

When dealing with fluid dynamics simulations, the mathematical analy-
sis of the specific partial differential equations is fundamental for obtaining
reliable numerical results [2]. Focusing on the incompressible Navier-Stokes
equations, the literature of the past fifty years has increasingly emphasized
the use of mixed finite elements [3, 4, 5, 6], where different types of nu-
merical discretizations are employed to represent different variables. Indeed,
this spatial discretization approach has proven to yield convergent numeri-



4 Introduction

cal schemes, theoretical convergence rates, and other specific advantageous
properties.

Naturally, in the framework of finite element discretization, the flexibility
of mixed methods arises from the relaxation of the divergence constraint
[7]. However, this relaxation entails a cost, which becomes evident when
considering a standard error estimate for the considered equation.

To provide a brief example and without giving extensive details, that
are explained in the following chapters, when dealing with error estimate for
the velocity field in the Navier-Stokes system, non-divergence mixed finite
elements present a connection between the discretized velocity and the con-
tinuous pressure [8]. For certain finite element families, this mathematical
connection became a numerical drawback, since convergence issues may arise.

In order to describe divergence-free discretization, various approaches
have been proposed in the literature, such as the Scott-Vogelius element
and the discontinuous Galerkin method, [9, 10, 11, 12, 13, 14, 15]. Despite
these efforts, the mathematical problem, commonly referred to as poor mass
conservation [16], remains a subject of ongoing interest. Indeed, some stabi-
lization techniques have been proposed in order to overcome this issue, such
as the grad-div stabilization [17] or a transformation on the continuous pres-
sure [18]. In this context, a few examples dealing with poor mass conservation
are reported in Chapter 4.

Moreover, some remarks can be pointed out regarding the set of equations
described by the incompressible Navier-Stokes system. The existence of the
solution depends on the divergence operator. In particular, certain surjectiv-
ity properties are required, such as the well-known inf-sup condition, which
is a sufficient condition in order to find a unique solution for a saddle point
problem.

In addition, the problem must also preserve the invariance property, en-
suring that a change in the external body force by adding a gradient field,
has an effect only in the pressure solution, but not in the velocity.

As pointed out in [19], a lack of L*—orthogonality between discretely-
divergence-free vector and irrotational fields, such as the pressure gradient,
may generate a poor momentum balance which translates into a misleading
term, causing a poor mass conservation.

This thesis aims to analyze a finite element family designed to address the
numerical challenges associated with maintaining a divergence-free velocity
field. Specifically, within the framework of mixed problems, the Raviart-
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Thomas finite element family assumes an important role, suitable for resolv-
ing partial differential equations subject to divergence constraints.

The examination of this problem is carried out in the context of both
coupled and split pressure-velocity formulations of the momentum equation.
Indeed, the coupled incompressible Navier-Stokes system is known for its
high computational effort, leading to the development of various numerical
algorithms for treating the split system, resolving velocity and pressure fields
separately [20] decreasing the computational burden. We recall that the cou-
pling between velocity and pressure is due to the incompressibility constraint,
resulting in saddle-point matrices in discrete form.

To address these challenges, Chorin and Temam introduced the projection
method, splitting the Navier-Stokes system into two distinct steps: one for
resolving the velocity field and another for the pressure field [21, 22]. This
approach has proven to reduce the computational effort and has consequently
encouraged the development of various projection methods in recent years
[23].

Moreover, the requirement for a divergence-free velocity gains significance
in certain fluid dynamic simulations, especially in scenarios involving mul-
tiphase flows where mass conservation is crucial for reliable numerical out-
comes. This thesis aims to address this mathematical constraint by leveraging
a divergence-free representation of the velocity field, in the context of mul-
tiphase flows. Specifically, the multiphase problem considered involves the
surface advection of a single phase using marker technique approximation.

This methodology has gained interest, particularly in interface tracking
within multiphase flow simulations. Different approaches have been explored
[24, 25], focusing on marker reconstruction. This thesis introduces a novel
numerical algorithm for surface advection on two-dimensional domains, em-
phasizing marker reconstruction by using the best-fit quadric interpolating
equation. Various functions designed to manage marker positions and de-
fine interfaces between phases are described, and a comparison between two
different types of discrete velocity representation is presented.

The thesis is structured as follows: Chapter 1 outlines the mathematical
framework with a description of the problem related to the divergence-free
constraint. Chapter 2 provides an overview of finite element discretization,
with specific attention to the Raviart-Thomas finite elements within quadri-
lateral and hexahedral elements. In Chapter 3 an overview of the projection
method is presented, including the algorithm proposed for the resolution of
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the Navier-Stokes system. Chapter 4 presents the numerical results focusing
on the Raviart-Thomas approximation in the context of the velocity orthog-
onal decomposition and for the projection technique. Finally, Chapter 5
focuses on the multiphase flow problem, explaining the algorithm for surface
marker advection and presenting numerical test results, including the code
coupling for the employment of Raviart-Thomas velocity representation.



CHAPTER 1

Divergence-Free Mixed
Methods

In the following chapter, the main basic properties regarding the numerical
solution of the Navier-Stokes equations will be introduced. In particular,
the mathematical framework will be described, with a major effort on the
divergence-free constraint.

1.1 Mathematical Notations

To present and describe the Navier-Stokes equation mathematically, the typ-
ical weak formulation requires foundational concepts from variational calcu-
lus, such as appropriate Sobolev spaces [26]. We can start by introducing
the vector space of infinitely differentiable scalar function f as C'*°(£2). Here,
differentiability is understood in the classical sense, with the domain €2 as-
sumed to be bounded. For the functions with compact support within the
domain 2, we can define the subspace C§°(2). Employing bold symbols, we
denote similar spaces for vector-valued functions, defining therefore C'*°(£2)
and C{°(Q). Moving forward, we consider Q C R? as a Lipschitz region,
where 0f) is locally represented by a Lipschitz function. This contextual
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description leads us to introduce

L(Q) = {f : /Q 1F2]d0 < oo} , (1.1)

the space comprising square-integrable functions with norm

Il = ([ 172102) " (12)

The inner product on the Hilbert space L?*(2) is represented as

(f.9)= | Fgao. (1.3)

where, naturally, ||f]|2 = (f, f). Additionally, we denote the space of func-
tions that are almost everywhere bounded as

15(@) = { - essp (o) < oo (1.4)

with the norm
|| f]|oo := esssup | f(x)]. (1.5)
xe

Furthermore, we define L2(2) as the space of square-integrable functions with
vanishing mean.
The Sobolev spaces for integers £ > 0, are defined as follows:

HNQ) == {f € L*(Q): 0°f € L*(), for |a] <k}, (1.6)
W) :={f € L>®(Q) : 0°f € L*(Q), for |o| <k}, (1.7)
where the non-negative integer indices & = (a1, a2) denote the order of the

partial derivatives, i.e. |a| ;== a1 + ap, and 9°f = 931052 f. The respective
norms and semi-norms are defined as

N

11l = (Z Ha“fH?)) : (1.8)

o] <k

Sl = (Z ||3°‘f||3) : (1.9)

la|=k
[1£1lk0o = max[[0% fllo , (1.10)

| <k

e = maax 107 (1.11)
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Additionally, by introducing the fractional-order Sobolev space on the bound-
ary 02 we have

H?(09) := {f € L*(09) : |f]1 yo < o0} , (1.12)

with the corresponding norm and semi-norm given by

[fly = (/m/m s—tP ’dsdt)Q, (1.13)

17113 = (11 Goa + 1113 )’ (1.14)

For vector-valued functions such as w = (u1, ug), we can consider the following
norms on (H*(Q))? and (WE (Q))?
1
[l = (ll; + ual )2 (1.15)
ot 2= {21l oes 2] oo} (1.16)
With the previously defined functional spaces, we can now introduce
the space used for the mixed formulation of second-order elliptic problems.

Hence, considering a vector-valued function, we define the space H (div, ()
as

H(div,Q) = {ve L*Q): V-v e L*(Q)} (1.17)
that is a Hilbert space equipped with the norm
1
0] [ergase) = (0l + 11V - 0[15)* - (1.18)

It is important to note that H'(£2) is continuously embedded in H (div, Q).
For the sake of completeness, some basic definitions are also reported for
the space H (curl, Q). Giving a domain Q € R3, it is possible to define

H{(curl, Q) == {x € (L*(Q)) : curlx € (L*(2))*} . (1.19)
In this case, the curl operator is defined as usual
1 J k
0 0 0
Ix =V = det 1.20
curtx XX ¢ 8;1:1 8x2 8.133 ’ ( )
X1 X2 X3
with its standard norm defined as
HXchrlQ |X’g,Q+ ’C‘lrlX‘(z),Q- (121)

It is now possible to introduce the trace map with a trace lemma [27, 28].
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Lemma 1.1. The trace map v, with vf = floq, for a smooth function f,
can be extended as a continuous map from H*(Q) onto Hz(0%)

v HY(Q) = Hz(09), (1.22)
with a positive constant C(2) such that
IV fll100 < CEfllLe- (1.23)

Considering that ~ is a continuous map between H(Q) and Hz(99),
following [29] we get a continuous right inverse

E: H:(09) - H Q) (1.24)

with

vEg=g, Vg e H2(09). (1.25)
It is crucial to consider the normal component of a vector-valued function
concerning the boundary of the given domain. With a Lipschitz domain 2,
we affirm the existence of the unit outward normal v to the boundary 0f)
at almost every point. Consequently, for a smooth vector function f defined
on Q, the closure of €2, we establish the existence of f - v at almost every
point 0€2. For Dirichlet boundary values problems, we introduce the following
lemma [30].

Lemma 1.2. Let g € H2(99Q) and denote

(g, f - V) ;:/a of -vds, fe H(div,Q). (1.26)
Q
Hence, we have that
(g, F-v)| < N|Eglliellflla@y, Ve H(div, ), (1.27)

with E defined in Lemma 1.1.

Proof. Following Lemma 1.1, consider the extension of ¢ into H'(Q) as p =
FEg. Thus,

V.-(pf)=pV-f+Vp f. (1.28)
If we integrate over the domain 2 and apply the divergence theorem, we get
/anf-uds:/Q(pV-f—i-fo)dQ. (1.29)

Applying the Cauchy-Schwartz inequality we obtain
[ o -vds| < vl f ) (1.30)

]
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Before giving an extensive mathematical description of the problem, we
recall some points already stated in the introduction, in order to better un-
derstand the reason of the following analysis. Therefore, consider a domain
Q C R4, with d € {2,3} and a time interval (0,T), with T' < co. Hence, the
Stokes equations can be expressed as

—vAu+Vp=f, (1.31a)
—V.u=g, (1.31b)
’u’aQ = O, (1.31C)

where g = 0 for an incompressible fluid. For this type of equation, an a priori
error estimate reads as,

C
lu —uplp < CLh*|ufpy + fhk|P|k , (1.32)

where polynomial finite elements are considered. In particular, the order k
is chosen for the velocity discretization, while an order k£ — 1 is set for the
discrete pressure [3, 4]. The term <2h*|p|, represents the drawback when
dealing with non-divergence mixed finite elements, showing the connection
between the discrete velocity u; and the continuous pressure p. In addition,
we recall that the inf-sup condition must be satisfied since we aim to find a
unique solution for the equations’ system. Specifically, this condition reads
as
inf sup
a€LFON{0} weHL(Q)\{0} || Vul |L2(Q) g |L2(Q)

>3>0. (1.33)

Differently, the constraint —V - u = g does not hold.

Moreover, as it will be described in the next sections, the invariance prop-
erty must be preserved, ensuring that the velocity solution is not affected as
the pressure by a change in an external body force, which is a gradient field.
Hence, we have that

fF=r+Vi=(u,p) — (u,p+1). (1.34)

In fact, the additional force, given by V1), is balanced by the pressure gra-
dient, since no-slip boundary conditions do not affect the pressure.

After this brief example, we proceed now to introduce the saddle-point
variational formulation of a generic second-order elliptic problem [31] in order
to generalize the Stokes equation. Initially, we define

V:=H(div,Q) and V':={veV:v-v=0 on 99}, (1.35)
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where V' represents a subspace of H(div, (), possessing the same norm
as H(div,Q). Moreover, it is known that for a Neumann boundary value
problem, such as the Stokes equation, the pressure p is uniquely defined in
L*(Q)/R, implying that the pressure is unique up to a constant. Hence, we
introduce

W=L*Q) and W°=W/R, (1.36)

where W, a subspace of L?(2), is equipped with the same norm as L?().
We can now introduce a generic second-order elliptic problem, written in
the following form,

1.37
p=0 in 09, ( )

{—V-(an) =f inQ,
where the function a = a(x) is a function bounded above and below by a
positive constant. For several applications, the variable of interest has the
form of

u=—aVp, (1.38)

and thus a mixed finite element method is preferred in order to approximate
simultaneously the variables u and p. Specifically, the problem (1.37) can be
reformulated into the following first-order system

u+aVp=0 in 2,
Vou=f in 2, (1.39)
p=20 in 092.

The system of equation (1.39), is often denoted as the Darcy problem
and represents a simplified model for a single phase flow considering a porous
media. This formulation is often preferred since in the context of porous
media flow the vector field w is more important than the pressure p. Hence,
the need to accurately compute a locally conservative velocity approximation
is desired.

If we define pu(x) = 1/a(x), it is possible to rewrite the first equation of
(1.39) in the following form

pu+Vp =0 in €. (1.40)
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Therefore, integrating by parts after the multiplication by suitable test func-
tions, we obtain the standard weak formulation of a mixed problem

/uu-’vdm—/pv-vdm:() Vv e VO, (1.41a)
Q Q

/wV-’u,d:c:/fwda: vwe W,  (141b)
Q Q

Referring to [31], two bilinear forms are now introduced

((Z) M(“’a ’U) = (:wu‘> ’U) )

(1.42)
(b) Blu,w) = (V- u,w).

We exploit (1.42), to rewrite the weak formulation in (1.41), in order to obtain
the equivalent saddle-point variational problem:

Problem 1.1. find {u,p} € V° x W° such that

(a) M(u,v) — B(v,p) veVo,

=9 . (1.43)
(b) B(u,w) = (f,w), we W,

Following the work of [32, 33] we can state the theorem for existence and
uniqueness.

Theorem 1.1. Let M and B defined as (1.42), and consider a constant
a > 0 such that

M(v,v) > oz||fv||§{(div), Yo eV, (1.44)
i.e., M(-,-) is Vy-elliptic, with
Vo= {veV": B,w) =0, Vw e W} . (1.45)
Suppose also that there exists a constant > 0 such that

B
o B0)

> Bllw|o, vw e WP, (1.46)
vevo ||V]|H(div)

i.e., B(-,-) satisfies the inf-sup condition [32]. Then, problem (1.1) is well
posed, therefore it has a unique solution (u,p) € VO x WO, satisfying

||z @) + [Ipllo < Clev, B f{lwr, (1.47)
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where 1
/= su ) 1.48
||f||W wEV(I;O HwHO ( )
and
1:/ fwdQ. (1.49)
Q

Note that the constant C(«, B) depends only on o and 3.

For the non-homogeneous Dirichlet boundary value problem of the Stokes
equation, we can state an equivalent saddle-point variational form:

Problem 1.2. find {u,p} € V x W such that

(a)M(u,v) — B(v,p) = (g,v - V), veV, (1.50)
(b)B(u,w) = (f,w), weWw. (1.51)

Moreover, for this formulation, it is possible to derive theorems concerning
existence and uniqueness [32, 33]. Specifically, the inf-sup condition described
as

B(v,w)
sup ————
vEV H’U||H(div)

holds for a constant 5 > 0.

> Bllwlly,  Vwe W, (152)

1.2 Helmholtz-Hodge decomposition

In this section, we expand upon the previous results, by introducing ad-
ditional properties and statements regarding the Stokes equation. Subse-
quently, we introduce the Helmholtz-Hodge decomposition and projector,
which will have a major role in the context of mixed finite element meth-
ods for the Stokes discretization. The forthcoming results are taken from
[8], where the interested reader can find also the detailed proofs, which, for
brevity, will be omitted here.

Revisiting our framework, we consider a bounded domain €2 equipped with
a Lipschitz continuous boundary 99Q. Let f € L?(Q2) be the body force and
the right-hand side of the continuity equation defined as g € L?(Q2). The well-
established variational solution of the incompressible Stokes equations (1.31)
is the pair (u,p) € X x Y := H}(Q) x L3(Q) that satisfies the following
equations set

a(u,v) + b(v,p) = (f,v) Vv e X, (1.53a)
b(u,q) =(9,9)  VgevY, (1.53b)
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where the bilinear forms are defined as a(u,v) = v(Vu, Vo) and b(u, q) =
—(V-u,q). Naturally, the operator (-, -) represents the L? inner product over
) and v is the kinematic viscosity. We recall that the subscript 0 stands for
functional spaces with vanishing mean.

We can introduce now the distributional divergence and the weak diver-
gence.

Lemma 1.3. Let v € HY(Q) and w € H*(Q). The following expression
holds

/Q¢V~wda::—/Qqu.wdx—i—/mqu.nds‘ (1.54)

In this case, the surface integral represents the duality pairing between the
space Hz(9Q) and H2(09).

The previous lemma allows defining the distributional divergence.

Definition 1.1. Let w € LY(Q) a vector field. We call distributional diver-
gence of w the mapping C3°(Q) — R defined as

w%—/QVw-wdw- (1.55)

In order to introduce the next definition, we need to define the space
Li .(Q), which is the space of locally integrable function. With the term
locally” we mean that the function is integrable on every compact subset of
its definition domain. We can define now the weak divergence.

Definition 1.2. Let w € L*(Q) with p > 1 a vector field. If there exists
a function p € L, (Q) such that is possible to represent the distributional
divergence as

—/ Vw-wda::/wpdw Vi € C(9), (1.56)
Q Q

the function p is defined as the weak divergence of w, i.e. p := V - w.
Moreover, if the vector field w is divergence-free, we have

/Qw wdr =0 Ve C2(Q). (1.57)

Note that if we consider a divergence-free vector field, it will be orthog-
onal in the L?(Q) scalar product to a gradient field with compact support.
However, this property is not usually satisfied for classical mixed methods,
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which rely on the conventional discrete inf-sup condition. Consequently, the
lack of pressure-robustness may arise for certain mixed methods.

Regarding the divergence constraint equation (1.53b), if we consider a
test function ¢ € L(Q) N C§°(2) and we apply the divergence theorem we
obtain

/Vq-udcc:/qua:. (1.58)
Q Q

In this case, we consider —g as the weak divergence of u. In addition, if the
field w € H'(Q) satisfies no-slip boundary conditions, applying the diver-
gence theorem we obtain

0:/ u-nds:/V-uda:, (1.59)
) Q

through which, we can state that V - w € L3(2). Therefore, choosing q =
V - u — g such that
IV - u +gllr2@ =0, (1.60)

we have that V - u = —g in the sense of L*(Q2).
The H(div,2) space can be also described with the following definition,
through which for functions w € H (div, {2) Lemma 1.3 is still valid.

Definition 1.3. Consider the Hilbert space of vector fields equipped with a
weak divergence. This space is defined as

H(div,Q) = {uec L*(Q): V- ue ’(Q)}, (1.61)

where V - u is understood in the sense of Definition 1.2, since Vp > 1 LP is
a subspace of L},

It is now possible to introduce the Helmholtz-Hodge decomposition.

Lemma 1.4. Let ) be a connected domain and consider a generic vector field
f € L*Q). For every f exists a vector field fo € H(div,Q) and a scalar
function ¢ € H'(Q)/R such that the following statements hold

1. f:.f0+v¢7
2. V- fy=0,
3. (fo, V) =0, for allp € H'(Q).

Moreover, the decomposition is unique.
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Definition 1.4. We call the Helmholtz-Hodge projector of f the function
Jo:=P(f).

The Helmholtz-Hodge projector allows us to establish results concerning
existence, uniqueness, and stability estimates.

Lemma 1.5. Consider a function f € L*(Q) and g € L3()). For the
Stokes problem in equation (1.31) we have a unique solution equipped with
the following stability estimates:

Cp 1
[[Vul|r2@) < 7||P(f)||L2(Q) + EHQHH(Q), (1.62)
Cp 1
p[|z2@) < ?Ilﬂlm(m + @||9||L2(Q)7 (1.63)
(1.64)

where [ is the usual inf-sup constant in equation (1.52).
We can state a corollary regarding the Helmholtz-Hodge projector.

Corollary 1.1. A gradient field V¢ with ¢ € H'(Q)/R is equipped with an
Helmholtz projector P(V @), such that P(V¢) = 0.

Considering the first statement of Lemma 1.4 we can derive another
lemma, which confirms the fact that the pressure field is determined up to
an additive constant, expressed by the scalar field .

Lemma 1.6. Consider the right-hand side of the Stokes equation, f € L*().
If we change f — f + V4, with ¢ € HY(Q)/R, the solution will change as

(u,p) = (u,p+1).

1.3 Error analysis of mixed methods

In this section, we summarize the primary concept regarding the error anal-
ysis for the velocity error ||V (u — wup)||12(q), and its relationship with the
pressure in standard mixed methods. The finite element solution of a generic
elliptic problem, such as the Stokes equations, arises from a pair of finite-
dimensional spaces defined by piecewise polynomials. Considering a partition
7, of €, we can consider the pair of conforming piecewise polynomials spaces
as the set given by X, x Y, € X x Y. A standard solution for a Galerkin
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finite element method for the Stokes equation is the pair (uy, pn) € X5, X Y,
such that

a(wp, vp)+b(vn, pr) = (f,vn) Vo, € X, (1.65a)
blun,qn) = (9:q1) Vg €Yy, (1.65b)

The problem in equation (1.65) describes a mixed finite element method, dis-
tinguished by the inclusion of two finite element spaces. It is widely acknowl-
edged in the literature that in order to reach the existence and uniqueness of
a solution, the choice of the finite element spaces X} and Y} must follow com-
patibility criteria. For the Stokes equations, these criteria are reflected in the
discrete inf-sup condition. Specifically, ensuring the existence and stability
of a solution to the preceding problem necessitates the fulfillment of

. (V - VUp, Qh)
inf sup
€V} v e x40} || VU] L2l 1an ]| L2 ()

> Bn>0. (1.66)

Moreover, ensuring stability and achieving optimal convergence rates neces-
sitates 8, > By > 0 as h — 0T. Furthermore, due to the problem’s linearity,
we can guarantee the uniqueness of the velocity, regardless of the finite ele-
ment space chosen for the velocity discretization. Extending this notion, the
uniqueness of the pressure can also be ensured. Given the linearity and finite
dimensionality of the problem, the existence of a solution is a consequence of
this uniqueness. The discrete divergence operator V-, : X — Y}, is defined
by using the L?—projection

(Vnop,qn) =(V-vp,q,) Y, €Y. (1.67)

Throughout the years, various finite element pairs have been investigated
to fulfill the discrete inf-sup condition (1.66). One popular family of finite
elements among these is the Taylor-Hood finite element pair Py/Pj_1, with
k> 2.

In the finite element framework, the representation of the divergence con-
straint exists exclusively through the second equation in (1.65). While for
the standard Taylor-Hood pair, the relationship V -, X;, = Y}, holds, it is
generally untrue that V - X, ¢ Y),. This latter relationship is crucial for
the vanishing of the divergence norm, i.e. ||V - up||r2() = 0. References
in literature, such as [34], have demonstrated that for standard Taylor-Hood
element of type Pa/Py, the quantity ||V - u||r2(q) can become large.
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We define now the finite and infinite space of a weakly divergence-free
vector. If we consider a function w € X, the divergence-free subspace is
described as

Xaiv ={u e X :b(u,q) =0 VYgeY}. (1.68)

The discrete version follows as

Xnaiv(g) ={un € Xp: (V-upn,qn) = (9,qn) Yan € Y3} . (1.69)

For cases with g = 0, we consider X}, giy = X}, aiv(0), defining the space of
discrete divergence-free functions. Moreover, since V - X, ¢ Y}, a function
f € X} aiv will be not in general divergence-free in the sense of L?*(f2), and
therefore we can say that X}, 4y ¢ Xgiy. On the other hand, we know that the
inclusion X, 4iv C X, C X holds, and therefore we can use the space X}, qiy
to take the test function for the problems in the equation (1.53) and its finite-
dimensional version of (1.65). Since we are dealing with these test functions,
we can derive the error equation subtracting the previous equations (infinite
and finite version of the Stokes problem, i.e. equations (1.53) and (1.65))
and considering that g, = 0, a necessary condition to have b(vy, ;) = 0 with
|V - vp||12(0) # 0 always. Therefore, we obtain

a(u —up,vp) +b(vn,p—pr) =0 Yo, € Xpaiv - (1.70)

The specific choice of the test functions allows removing the discrete pressure
from the equation due to the orthogonality, i.e., b(vs,pn) = 0. However,
we can not remove the continuous pressure from the error equation because
Xhav ¢ Xaiv, resulting in a dependency between the velocity error and
pressure. The objective now is to obtain the best error estimate for the
velocity field while explicitly considering the dependency on the pressure
error approximation. We start with a decomposition of the velocity error
introducing an arbitrary @, € Xj qiv,

u—u,=(u—1a) — (u, —ap) :==m— . (1.71)

If we take v, = ¢, as a test function and we add to the right-hand side of
the error equation the term b(wy, qp,) since it is equal to zero for arbitrary
qn €Y}, we obtain

a(nv ¢h) - a(d)hv ¢h) + b(¢h7p) - b(d)ha Qh) =0 vq}l € Yh . (172)

After, rearranging these terms we have

VIV onlltz) = (VN V) = (V- bn,p —qn) VYan € Vi (1.73)
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We can apply the Cauchy-Schwarz inequality to the right-hand side terms
obtaining

v(Vn, Vo) < vl[Vnllp@llVénllw) (1.74)
—(V-on,p—an) < IV - &llz@ollp — allr2 o) - (1.75)
Moreover, considering that for homogeneous Dirichlet boundary conditions

with constant equal to 1 holds ||V - ¢l|r2¢0) < [[V@nl|12(0), we can divide
by V||V én||r2(0) # 0 obtaining

IV @nllr2) < 1IVAllr2) + v 1P — aullrz) Van € Y. (1.76)
If we apply the triangle inequality to ¢; and 1 we have
V(= wn)ll2e <2 dnf  [[V(u—ap)l20)+

h,div
1 nf — . 1.
+v q;felthP anll 220 (1.77)

From the error bound presented in (1.77), it becomes evident that the opti-
mal approximation error for the pressure is connected to the velocity error.
Specifically, the error tends to increase if the pressure approximation is large
or if we have a small viscosity v.

At this point, we can summarize the different interpretations regarding
divergence-free functions that have been introduced.

o Strong divergence-free: refers to the classical strong formulation of the
Navier-Stokes equations, where the velocity w is pointwise divergence-
free considering classical derivatives.

o Weak divergence-free: refers to the weak formulation of the Navier-
Stokes equation, for which the function v € X satisfies the relation
HV . ’UHLQ(Q) = O.

» Discrete weakly divergence-free: describes a function vy, that is in X, giy.

It holds that a strong divergence-free function is weak and discrete divergence-
free, and a weak divergence-free function is also discrete divergence-free.
However, usually, a discrete divergence-free function might not be strong
or weak divergence-free.

Remark 1.1. The divergence error of the wvelocity is bounded by the gra-
dient error, i.e., ||V - (u — up)||r2i) < ||V(u — up)||r2@). Consequently,
the incompressibility constraint leads to ||V - wp||r2(0) < ||V (v — up)||r2() -
Therefore, we can conclude that large errors in ||V (u — wup)||12q) result in a
PooT mass conservation.
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1.4 Pressure-Robust mixed method

In this subsection, we aim to address the constraints arising from the rela-
tionship between V - X, and Y},, i.e. V- X, ¢ Y}. In particular, we focus on
stable conforming element pairs that satisfy V - X, C Y}, ensuring X, C X
and Y, C Y, with X,V defined as in (1.53). Our primary objective is to
demonstrate the independence of the velocity error from the pressure norm
by strictly including X}, 4iy in Xaiy. To achieve these results, following [35],
we can introduce the Fortin operator mp, as a consequence of the inf-sup
stability of the element pair (X},Y}). Precisely, we define mp : X — X,
such that

(V-v,q) = (V- -7p(v),qn) Yve X Vg €Yy, (1.78)

where HV?TF<’U) ‘ |L2(Q) g CF’ ’V’U‘ |L2(Q)-
We now present similar stability estimates, as introduced in Lemma 1.5,
but for the discrete solution.

Lemma 1.7. Consider a finite element pair solution for the Stokes problem
(up,pn) € Xp X Yy, with X, C X and Y, C Y, that satisfies the discrete
inf-sup condition (1.66). If V - X, C Yy, for f € L*(Q) and g € Y, the
pair (wp, py) is a solution for the Stokes problem with the following stability
estimates

C 1
[[Vun||r2) < 7P|!P(f)!|L2(Q) + @HQHH(Q), (1.79)

Cp 1
[Pl 20 < EHJ:HLQ(Q) + =5 ll9llr2) - (1.80)
h

In this case P(-) represents the Helmholtz-Hodge projector previously in-
troduced in the Definition 1.4.

Lemma 1.8. Consider the finite element spaces X, C X and Y, C Y, with
V- X, C Y}, and the discrete inf-sup condition satisfied. Then, for allw € X
and wy, € X, ai(g) we have

inf HV('w - ’wh)HLz(Q) < (1 + CF) vhiél}f(h HV('w — Uh)||L2(Q) . (181)

whexh,div(g)

Lemma 1.9. Consider the finite element spaces X, C X and Y, CY, with
V - X, C Y, and the discrete inf-sup condition satisfied. Consider the L?
projection of p € Y, i.e. my,p € Y}, defined as

(P =Ty, an) =0 Van €Y. (1.82)
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Then, we have the following a priori error estimates for the unique discrete
pair solution (wp,pp) of the equation (1.65)

HV(’LL — uh)HLQ(Q) < 2 inf HV(’LL — wh)HL2(Q) (183)
wpEXh, 4in(9)
wpreEX)
14
[Ty, 0 — Pnll2) < @HVU — up|r2(0) 5 (1.85)

i
Bn

The previous lemma states an important result. The first set of inequal-

[P = pullzz) <l — mvipllz2@) + 5[V (w —un)|[2@) - (1.86)

ity estimates demonstrates that the velocity error remains independent of
the pressure error. This characteristic distinguishes pressure-robust mixed
methods, a feature absent in classical mixed methods. Moreover, the sec-
ond inequality illustrates that continuous pressure can be approximated by
discrete pressure, with an additional term dependent only on velocity. Note
that the discrete inf-sup constant only appears in the pressure estimates, and
due to its scaling by v, its value is usually negligible. Concerning velocity
estimates, the classical constant 1/4), is replaced by the Fortin constant CF.
Lastly, we present the discrete version of Lemma 1.6.

Lemma 1.10. Consider the finite element spaces X, C X and Y, C Y,
with V - X, C Yy, and the discrete inf-sup condition satisfied. For the pair
(un, pr), discrete solution of the problem (1.65), the change f — f + Vi
in the right-hand side, with ¢ € H'(Q)/R, affects only the discrete pressure
solution as (un, pr) — (Un, pr + Ty, V).

1.5 Remark about vorticity equation

In this section, we explore another aspect differentiating classical mixed meth-
ods from pressure-robust methods, considering the vorticity equation in both
continuous and discrete settings.

1.5.1 Continuous setting

Consider v € Xg;, N C°(Q?) as a divergence-free vector in a 3-dimensional
space. This implies the existence of a vector potential & € C°(Q2), that
satisfies the relation v = V x &. In addition, let the pair solution for the
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Stokes system (u,p) € H?*(Q) N H'(Q), with the curl of body force square-
integrable, i.e. V x f € L*(Q).

Using v to test the momentum equation of the Stokes system (1.53) and
integrating by part we obtain

(—vAu,V x &)+ (Vp,V x &) = (f,V x¢), (1.87)

where the vorticity w has been introduced, which is defined as w := V x w.
Considering that V x (Vp) = 0, we obtain

(_I/Awa 5) = (V X fvg) ) (188>
that can be seen as a classic diffusion equation
—vAw =V x f. (1.89)

Note that the vorticity equation perfectly satisfies the invariance property
defined in Lemma 1.6 because, considering two body forces, i.e. f and f +
V¢, we obtain the same right-hand side for equation (1.89) since

Vx(f+Vey)=Vxf. (1.90)

This establishes that, as in the case of the equation for the explicit velocity
u, also for the vorticity equation w the addition of a force described by the
gradient of a scalar field V¢, produces only an influence on the pressure
solution.

We underline that the formal vorticity equation in (1.89) has been derived
starting from the strong form corresponding to the weak formulation of the
velocity equation, i.e.

a(u,v) = (f,v) = (P(f),v) Yve Xgy. (1.91)

The latter equation, with the addition of the condition —V -u = ¢, uniquely
defines the velocity field w. The Helmholtz projector in equation (1.91) shows
that the dependence of the formal vorticity equation in (1.89) relies on V x f
and not on f.

Moreover, note that for classical mixed methods, the L2-orthogonality
between discrete divergence-free test functions and gradient fields is relaxed.

Remark 1.2. Following a theorem presented in [36], we underline the im-
portance of the operators already presented, i.e. the divergence and the curl
of a vector field.
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Consider a simply connected bounded region Q0 € R3, where the surface
0N) is described by the union of a finite number of disjoint closed surfaces
in C?. Hence, there is a unique vector field v € L*(Q), which satisfies the
following expressions

V.-v=g in(Q, Vxv=w inf(, v-n=0 nd2, (1.92)

where g € L(Q), w € C(Q) with V - w = 0. The preceding theorem states
that a vector field can be completely determined by having information about
its divergence, and its curl, together with additional boundary data.

1.5.2 Discrete setting

Following the analogy of the continuous equation, testing the vorticity equa-
tion with a discrete divergence-free function leads to a discrete vorticity equa-
tion formulated by a weak application of the curl operator.

We introduce now the discrete Helmholtz projector Py, : L*(Q) — X} giv,
defined as the L2-projection onto X ndiv- Lherefore, if we are dealing with
a pressure-robust test function, ie. Xj a4y, C Xy, since we have that
P, (V@) =0 for all ¢ € H'(Q), a discrete vorticity equation can be obtained
as

a(up,vp) = —v(Au,vy) . (1.93)

Hence, the latter equation is pressure-independent for all vy, € X}, giv-
On the other hand, for classical mixed methods which hold X, aiv Z Xaiv,
we have

CL(’LLh, ’l)h) = (]P)h(f), ’Uh) = —V(A’U/, ’Uh) + (IP’h(Vp), ’Uh) y (194)

for all v, € X, 4iv. In addition, considering the definition of P, integrating
by part we have that (7y,p, V - v;,) = 0, which leads to the approximation
estimate for the L?—projection

((Pr(Vp), o)l = [(Vp,on)| = [(p, V- 0n)| = [(p = 7y, p, V- o) | <

k (1.95)
< Ch¥Iplav @IV - vnll 20y

where in this case the pressure p is assumed to be sufficiently regular.

Note that for classical mixed method, we have an additional term in
equation (1.94), ie. (Py(Vp),v) with v, € X}, giy. This is a discrepancy
from a pressure-robust method, for which equation (1.93) holds. Naturally,
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the previous consistency error decreases with optimal order in the case of
sufficient regularity of p, even though the flow problem configuration may
produce arbitrarily large errors.






CHAPTER 2

Finite Element Discretization

2.1 Basic Properties

2.1.1 Partition of Domain

In this section, fundamental insights into domain partitioning will be pre-
sented. Establishing a finite element approximation within a domain €2 de-
mands maintaining specific continuity properties at the interfaces between
its constituent elements.

Consider a domain € partitioned into subdomains, such that 2 = U, K,
where the generic element K, can take the form of a triangle or a quadrilateral
in the case of a bi-dimensional domain (tetrahedron or hexahedron for three
dimensions). An example of a generic domain (2 is depicted in Figure 2.1.
Denote with £, the partition of 2 in m elements, each equipped with e; edges
(for instance e;, with ¢ = 1,2,3 or ¢ = 1,2,3,4). We shall also denote the
interface between elements K; and K as

Moreover, we define also ¢, as

Ep = U@Z‘j UFh = LJ@I(z s (22)
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9]

Figure 2.1: Generic domain €2 divided in m non-regular quadrilateral ele-
ments.

where I'j, is the set of the boundary edges or faces. It is important to note
that in this work only compatible meshes are taken into account, avoiding
situations where a mesh contains hanging nodes. Additionally, following the
literature notation, the mesh size is represented by the index h, which is also
used for the maximum diameter of the element. We now reformulate the
functional spaces, previously described, but in the context of a partitioned
domain. Starting with a scalar field v, we define X (Q) as

X(Q) = {ve LXQ) :v|x, € H'(K),Vi} = [[H'(K,),  (23)
equipped with the norm

1[5 @) ZHUHIKT (2.4)

Regarding vector-valued fields, we define also the space Y (Q2) as
Y(Q):={qe L*Q): qlx, € H(div, K;) Vi € N,i <m} =

— [ H(div. K,). (2:5)
with the norm
allv0) = > alldw . - (2.6)
Lastly, we define the space W (£2) as
W(Q): = {x € L Q) : x|k, € H(curl, K;),Vi € N;i <m} =
(2.7)

=[[H(curl, K,),
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with the norm equal to
Xl = 2 Ixlleur, - (2.8)

At this point, it is important to introduce other spaces, that are subsets
of the spaces introduced above. Therefore, we can consider a partition of
the domain boundary I' = DU N|D N N = (), where the boundary T' has
been divided considering different types of boundary conditions, i.e. D for
Dirichlet and N for Neumann. Hence, we define

H)p(Q) == {v e H'(Q) :v]p =0} € X(Q), (2.9)
where naturally we have Hj 5 (Q) = Hy(Q) if D =T and Hj ,(Q) = H'(Q)
if D = (). Likewise, we have
Ho y(div, Q) = {q € H(div,Q) : (g n,v) = 0,Yv € Hy ,(Q)} C Y(Q),
(2.10)

with Hy(div, Q) = Hy y(div, Q) if N =I". Lastly, we recall another subspace
of H(div, () defined as

H(div,Q) := {qg € H(div,Q?) : V-q =0} . (2.11)
Considering now a function v € H'(Q2) and a function ¢ € H(div, (),
denoting the vector normal to I', = 0K, as n,., we have that

> (gm0, = (@ -n,)r, (2.12)

r

where the operator (-, -) represents the duality product between H %(FT) and
H _%(FT). Therefore, inside each element, we can apply the Green formula

obtaining
(q-n,v>p:Z{/ V-qux—i—/ q-Vvdx} : (2.13)
—~ Uk, K,

As described in [37] we have the following propositions:

Proposition 2.1. For the space Hj () we have that

H)p(Q) = {v € X(Q): S (g n,,v) =0, Vg € Hyy(div, Q)} . (2.14)

r

Proposition 2.2. For the space Hy n(div,€2) we have that

H n(div,Q) = {q €Y (Q):> (g n,v)=0Vve H&D(Q)} . (2.15)

r

We can conclude that a function g € Y (Q2) is in H(div, ) if and only if
the normal trace is continuous at the interface.
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2.1.2 Change of variable

In the framework of finite element approximation, the coordinate changes
play a fundamental role, allowing the use of a reference element in which
the computation is performed. In this section, the Piola’s transformation is
introduced, in order to equip the finite element discretization with an essential
component.

Consider a reference domain & C R™. Let K be its boundary and
denote by n the outward-oriented normal. Additionally, since we are dealing
with integral relations, we define d& the Lebesgue measure on K and with
dé the superficial measure on K. We can introduce a smooth mapping
F :R® — R", where ‘smooth’ implies at least C'! continuity. Consequently,
the mapping between the element and the reference element is given by

K = F(K). (2.16)

In this context, it can be asserted that the element K is the image of K under
the diffeomorphism F.

We define with DF (&) the Jacobian matrix of the transformation, assum-
ing that DF (&) is invertible for any & and that F is globally invertible on
the element K. Therefore, the following relationship holds

DF (&) = (DF(&)) " (2.17)

In the case where the transformation F (&) is linear, i.e. F(&) = xo+ B&, the
map is said affine. In addition, the Jacobian matrix is constant, DF (&) = B.
We report now some definitions and properties regarding the transformation
and its related Jacobian matrix. Specifically, we define the L (K) norm of
a function & — ||DF(&)||, namely the matrix norm of DF (&), as

( [DF(2)¢]

sup > . (2.18)

||DF||oo := sup
¢ \eerr  [€|rn

zeEK

Likewise, we have the norm of the inverse matrix defined as

IDF!|s := sup <sup WW) . (2.19)
zeK \£eRn € |Rn

Finally, we define the determinant of the matrix as

J(&) := | det DF(&)] , (2.20)
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where, for & € OK we also have
Ta(®) = T (@)||(DF )7 - (2.21)

We now apply the previous definitions, with functions belonging to the
classical spaces already introduced.

Sobolev Spaces H*({?) Functions

We introduce now some properties related to generic functions v € H*((Q),
where the index s represents an integer number. Consider a scalar function
defined on K, i.e. 6(&). On the real element K, we define v(x) = F((&))
as

vi=0oF . (2.22)

Therefore, we have that the gradient reads as
Vv = (DF Y)'VioF ' =F(DF ")'V), (2.23)

with the following integral relations

/KF(@)d:c:/K@jda“z, (2.24)
/m{ F(d) da:/aA 0T d6 . (2.25)

K

Without the proof, some inequalities regarding the semi-norms on the element
and the reference element are now reported.

Lemma 2.1. The mapping described by F' is an isomorphism from Lz(_f()
onto L2(K) and from H'(K) onto H'(K), where the following inequalities
hold:

1/2
<supj(:%)> 90,5 » (2.26)
~1/2
(inf7@®)  Iolox, (2.27)

1/2

rv|1,Ks(supJ<i->> IDF " lalils 4 (2.28)

—1/2
inf 7(@))  |[DFlcltloc (229)
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Moreover, if the mapping F between real and reference element is affine,
following [38], we have that

[0]m e < c(det B) || BI[™[0],,, & » (2.30)
and in the same fashion
18], < c(det B) 2 ||B|"™ 0] , (2.31)

with the constant ¢ depending only on the space dimension n and m.

Space H(div, () Functions

One of the main features of functions in H(div, 2) is the use of normal com-
ponents as degrees of freedom. In fact, remembering the Proposition 2.2, we
understand how a function belonging in Hj y(div, §2) is defined as the sum-
mation over every element such that the dot product between the fluxes of
the function, i.e. v - nr, and the test function is equal to zero. On the other
hand, the transformation previously described does not preserve the normal
components, and besides, we are not able to map H(div, K) into H(div, K).
For this reason, it is necessary to introduce the Piola’s transformation, which
is a contravariant transformation. For a vector-valued function ¢ € (H'(K))"
we consider the mapping

1
J (&)

G(g)(x) = DF(&)q(x), with x=F(&). (2.32)

In a bi-dimensional case, the previous definition takes the following form

90 On 00 O
Or Oy | _ Lipp)| 0 Oy | (pF-1y, (2.33)
0g> 0g | 7 04 04>
or 0Oy or 0Oy

where, since we have an invariance of the trace matrix with a change of
variable, the following relation holds

V.g=_-V-§. (2.34)

Following the idea presented in [39, 40] we report other important lemmas.
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Lemma 2.2. Consider the transformations v = F(0) and q = G(§). The
following integral relations hold

/q-Vvd:c:/A(j-V@d:i Vo e LK), (2.35)
K K
/vV-qdm:/A 0V - gdé  Voe }R), (2.36)
K K

q-nvda':/A(j-ﬁ@d& Ve L2(0K). (2.37)
0K 0K

Note that, from the last relation in Lemma 2.2, with the new transforma-
tion G the normal trace in H~2 is preserved.

Lemma 2.3. The mapping G is an isomorphism of H(div, K) onto H(div, K)
and of H°(div, K) onto H°(div, K), for which holds that

—1/2

o < (1 7@) " IDFleldloc (255)
1/2

i < (swI@) PP g )
—1/2

V- glouc < (0 T@) V- dlos (2.0
1/2

Vil < (50T @) 19 dl. )

In the case the transformation F is affine and g € H™(div, ), i.e.
H™(div,Q) :={qe (H™"(Q)":V-qe H"}, (2.42)
the following lemma holds

Lemma 2.4. Having a vector function q € H™(div,Q) and an affine map-
ping F, since B ="DJF, we have that
1l pe1im N
(@l < (det B)~2||B7H|™|| B[], 5 - (2.43)
IVl < (det B)F|| BTV - 4l (2.44)
Having the definition of the transformation F, we can now define also the

normal vector and the tangent vector on K. Considering the unit normal
f to OK, we have that

n(x) = T" . (2.45)
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In the same way, considering the unit tangent vector £ to 0K, we have that

DF - (&)

He) = o (2.46)

2.1.3 De Rham Diagram

With the name of De Rham Diagram we refer to a mathematical tool that
has been investigated and developed for the description of the setting for
functional space and finite element approximation. An important review of
this topic can be found in [41, 42, 43, 44].

Following [8], we start considering the sequence of mapping calling de
Rham complex in the two-dimensional case, considering a minimal L? smooth-
ness

R — H'(Q) <% H(div, Q) 2% L2(Q) — 0, (2.47)

where, naturally, the curl operator is defined as curl := (9/dxy, —0/0x1)".
Following classical literature results [3], the complex is said exact if the do-
main (Q is simply connected, i.e. each operator has a range that is the kernel
of the succeeding one. To fix the main ideas, we have that

o a curl-free function f € H'(Q) implies that f is constant;

« a solenoidal vector-valued function v € H (div, 2) is equal to the curl
of f,i.e. v = curlf, with f € H'(Q);

« the map operator div: H(div,Q) — L?(Q) is a surjective function.

Regarding a finite element analysis, we can define a subcomplex of (2.47),
considering a finite element space T, C H'(Q), W}, C H(div,Q) and Q) C
L?(Q) characterized by the following mapping

R — T, 2% W, 2% Q, — 0. (2.48)
Naturally, considering standard conforming finite element spaces we obtain
a discrete complex of (2.47) [44, 45]. This subcomplex, when the domain €
is simply connected, becomes exact as the continuous setting. This means
that if we consider a finite element pair 1), x W), (W), x @},), we obtain a
stable finite element pair with respect to the curl (divergence) operator. For
instance, consider the well-known Lagrange finite element space as Y}, the
Raviart-Thomas or Brezzi-Douglas-Marini finite element space (which are
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described in the next sections) for W), space and the space of discontinuous
piecewise polynomial functions for (). Hence, being equipped with exactness
properties of the subcomplex means that, for example, the operator div :
W, — Q) is a surjective function, that also has a bounded right-inverse
independent of h. Thus, the inf-sup condition follows as

V- w,q

sup (V0 s gty € Q. (2.49)

weW), ||w||H(div)

Because of the minimal smoothness equipping the Hilbert spaces, the complex

(2.47) does not apply well to the Stokes problem. In fact, referring to [13,
46, 47], a Stokes complex has been introduced and defined as

R — H2(Q) <% HY(Q) 2% 1L2(Q) — 0, (2.50)

where the exactness of the subcomplex results, as above, from a simply
connected domain. In particular, we have that for an incompressible fluid,
divergence-free functions v € H'(Q) are connected to the stream-function
z € H?(), since v = curlz holds. Also in this case, the generic inf-sup con-
dition (1.33) is valid, since the operator div : H'(Q) — L*(Q) is a surjection.

Similarly to the complex (2.47), it is possible to find the finite element set-
ting for the Stokes complex (2.50), described with the following subcomplex
of standard finite element spaces

R— %, < X, ™y, =0, (2.51)

where, naturally we have that ¥, C H*(Q2), X, € HY(Q) and Y}, C L*(Q).
This last subcomplex, if exact, produces a finite element pair X x Y}, sat-
isfying the discrete inf-sup condition with a bounded right-inverse. A map-
ping such as (2.51) satisfies the property that VX, = W), and hence the
considered finite element pair implies divergence-free approximations. The
previous mapping can be exploited to develop a pair X, x Y}, satisfying these
properties. Note the presence, for this pair, of H?(Q)-conforming relatives
that describe the local and global properties of these spaces. Therefore, the
subcomplex (2.50) is satisfied by every divergence-free finite element pair
equipped with an H? relative.
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2.2 Finite Element Approximation

2.2.1 Space H'(Q)

Standard method on Affine Meshes In this section, we revisit fun-
damental properties related to finite element approximation within H'(Q),
particularly concerning conforming methods. With these methods, we mean
the use of finite dimensional subspaces of the approximated function space,
hence also said as an internal approximation (for the nonconforming method
an extension of the function space to approximate is performed in order to
find a new finite element subspace, and therefore in this sense is considered
as an external approximation).

If we consider a standard partition of the domain 2 with polygonal el-
ements, the conforming approximation in H'(Q) is translated to a space of
continuous functions characterized by a finite number of degrees of freedom.
In particular, this condition is satisfied by using piecewise polynomial func-
tions, through which a function approximation inside an element reads as

vplg = 0o F1, (2.52)

where the standard transformation to the real element is represented by K =
F(K) and 9 is the approximating polynomial function. If the continuity is
reached considering a specific degree of freedom for o, the resulting vy |x is
still a polynomial function only with affine transformation. Given an element

(0,1)
F

N

A

K

(0,0) (1,0)

Figure 2.2: Affine transformation of a triangle.

K and the space Py(K) of polynomial functions with degree < k, an affine
finite element can be represented for instance in Figure 2.2 by using the affine
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transformation
F(&) ==xo+ B, (2.53)

for which, since det B # 0, the real element K is still a triangle. Choosing a
suitable order of degree of freedom, the reference polynomial function reads
P = Pu(K). Moreover, the dimension of P;(K) for a bi-dimensional case is
equal to 1(k+1)(k+2). Note that, when triangular elements are considered,
the transformation is always an affine isomorphism.

(—1,1) (1,1)

F
e N

(—1,-1) (1,—-1)

Figure 2.3: Affine transformation of a quadrilateral. Specifically, it is repre-
sented by a Q; isoparametric element.

Another classical finite element family is the isoparametric quadrilateral
element. The reference element in Figure 2.3 is the square K = [—1,1] x
[—1,1]. In addition, we can define with n = 2, the space of polynomials with
degree < k; for x; and < ko for x5 as

Pry oy (K) := {p(xl,xg) cp(Ty, ) = Y aijxix%} : (2.54)
i<k1,j<ko

Therefore, defining also Qk(K) := Py x(K), always for a bidimensional case,
the previous quadrilateral is equipped with P = Qk(f( ), where the transfor-
mation F is applied to each component of Qk(f() Note that, in order to
have a general straight-side quadrilateral as in Figure 2.3, the transformation
can be considered as F € (Q;(K))%. Furthermore, consider that an affine
isomorphism applied on a quadrilateral element can produce only parallel-
ograms, therefore we are not able to mesh every domain (for instance by
using parallelograms it is not possible to mesh a triangle). On the contrary,
a generic bilinear transformation of a square can produce arbitrary convex
quadrilaterals, that can be useful in order to mesh generic polygons [48].
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Some considerations are now reported concerning the analysis of a func-
tion approximation by using finite element spaces. Consider a general set of
degrees of freedom {[;} on K. The interpolate 7, of a function v can be
defined as
i(Fhd) ;= M(0) 1<i<dim?P, (2.55)
where a well-defined continuous form is required for the operator M. There-
fore, we have the following definition

(#20) (@:) = (a) . (2.56)

which holds only if © is a continuous function. For example, considering
Lagrange type elements in R? or R?, we have that o € H2(K) is a sufficient
condition for (2.56), and consequently 70 represents the Lagrange interpolate
of ¥ in the classical sense. At this point, it is possible to state the following
proposition

Proposition 2.3. Consider an affine mapping F, i.e. F(&) = xo + Bx. If
ThPE = Pk, Jor any py € Pr(K), the following inequality holds for v € H*(Q)

[0 = vl < || BB vl (2.57)
withm <s, 1 <s<k+1.
An important lemma is now reported

Lemma 2.5 (Bramble-Hilbert’s lemma). Consider a continuous linear form
L on H*Y(Q), such that L(py) = 0, for any py € Pp()). Hence, there exists
a constant ¢, which depends on L and €, such that

IL(v)| < c|v|prr0- (2.58)

In order to expand this discussion, it is important to introduce some vari-
ables related to finite element discretization. For this reason, giving hyx the
diameter of K and pg the diameter of the largest ball that can be inscribed
in the element K, the regularity assumption for the finite element requires
that

hi <o, (2.59)
PK
where o is called therefore regularity constant. In particular, the family

partition of the domain 7}, is said shape-regular uniformly in A if

ok <C VK €ET. (2.60)
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The previous condition can also be reformulated as a condition on the angle
element, excluding degenerate ones. The following corollary holds

Corollary 2.1. Consider a regular family of affine partitions (Tn)n>o0. Hence,
there exists a constant ¢ which depends on k and o such that

v —rpv)r < chklv|k+17AK, (2.61)
where AK is defined as

AK :={K':K'nK #0} . (2.62)

Quadrilateral Finite Element on Non-Affine Meshes In this section,
we underline some results regarding non-affine meshes and how they can po-
tentially lead to problematic properties in the finite element approximation
of elliptic equations. A domain triangulation denoted as T, serves as the
mesh, and it is defined as affine if the mapping Fx from the reference ele-
ment K to the real element K is represented by affine functions for every
element K € 7,. For such cases, the Jacobian matrix DF g becomes con-
stant. However, non-affine meshes, equipped therefore with a nonconstant
Jacobian matrix associated with the elements, may result in a degradation of
the approximation properties. In this context, only quadrilateral or hexahe-
dral elements can be characterized by this problematic aspect. Specifically,
this topic has been investigated in the context of quadrilateral finite element
in H(div, () for vector-valued functions in a bidimensional domain in [49]
and in H(div, ) for scalar functions in [48].

Consider K a reference triangle, with its image K = Fj,(K). If we assume
a smooth function 9 : K :— R, we obtain the corresponding mapped function

v=00F K =R, (2.63)

equipped with the linear interpolant r,v : K — R. In the case of an affine
mapping Fy (triangle with straight sides), since the Jacobian matrix is con-
stant, i.e. DF (&) = B, considering the Corollary 2.1 we have

|v —rpvli k < chiglvlok . (2.64)

Furthermore, we know from the estimate (2.31) that the following estimate
holds

[0l2.c < | det(B)| V|| BIIP[v]ex < c| det(B)|™?hic vl - (2.65)
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On the contrary, for non-affine mesh, since the relation (2.31) is not valid,
the nonconstant Jacobian gives the following estimate

[0la.ic < el mE(T (@) (IIDFI e [0l + ID*F] oo 0

1) (2.66)

where, since the term ||DF]| O(Rh3%), the optimal order approximation

2 N Y
Leo(K)
can incur in some problems, even though ||D?F|| Loo(k): 1€ the norm of the
Hessian matrix, can be a lower order term.

2.2.2 Space H(div, Q)

In this section, we aim to describe a suitable criterion to understand if a finite
element space is a subspace of H (div,(2). Therefore, considering the shape-
regular triangulation 7j, of the domain ), we define with ¢, the set of edges
or faces, considering respectively a bi-dimensional or a three-dimensional do-
main. Moreover, we define the set of boundary edges/faces with €2 C &,
namely the variable e € €2 if e N 9 # 0, and the set of interior edges/faces
with el := ¢,\e?. An important lemma regarding the normal component
of finite element subspace of H (div,) is now reported without giving the
proof [8].

Lemma 2.6. Let Ty, the partitioned domain € and consider a space of piece-
wise polynomials function Wy,. Since Wy, C H (div, ), we have continuity
across interelement boundaries e € el of the normal components.

Naturally, the space W), represents in the context of the Stokes equation
the finite element space for the velocity field. Furthermore, this lemma does
not hold necessarily for the tangential components. Among the finite element
spaces satisfying the previous lemma, i.e. conforming subspaces of H (div, 2),
we can introduce the Raviart-Thomas space of order k > 0 (RT ) and the
Brezzi-Douglas-Marini space of degree k > 1 (BDMy,) [50, 51, 52, 53]. Given
an element K of the partitioned domain €2, the local Raviart-Thomas space
of order k£ > 0 is defined as

RT1(K)=Pp(K)"+axPy(K). (2.67)
Therefore, we define the spaces as

RT i :={wy € Hy(div,Q) : wp|x € RT(K) VK €T}, (2.68)
BDM, = {wh < Hg(diV,Q> : ’I.Uh|K € Pk(K) VK € ﬁl} , (269)
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where, we have used the space Hy(div, ) = {v € H(div,Q) : v - n|gq = 0}.
Moreover, Py = P} (Py) represents the space of globally continuous vector
(scalar)-valued piecewise polynomials of degree not exceeding k.

Specifically, to introduce these new approximating spaces a triangular
element is considered now as a reference element. However, note that the
same spaces on rectangular elements are equipped with analogous properties,
therefore the error estimates that are presented are valid for both elements.

We report now some basic properties regarding the space RT x(K). Let
F;,1=1,...,n+ 1 the edges of the element K, with n; their outward unit
normal. The following lemma holds

Lemma 2.7. The following statements hold:
(a)
dimRTH(K) = n ’””) + (’””_ 1) =

k
) k+ 1) (E+3) forn =2,
B sk+1)(k+2)(k+4) forn=3.

(2.70)

(b) If v e RTr(K), we have that v - n; € Py(F;) fori=1,...,n+ 1.
(¢) If v € RT(K), satisfies the relation V -v = 0, we have that v € P}.

The idea is now to construct an interpolator operator able to map these
basis functions, i.e. we define IIx as

Mg : HY(K)" = RT+(K). (2.71)

It is notable that we consider the interpolation of H(Q2)" functions, even
though this remains valid for less regular functions. In particular, the defini-
tion of Il is related to the following lemma

Lemma 2.8. Let a function v € H'(K). Therefore, there exists a unique
interpolator Ilgv € RT ,(K) that satisfies

/ HK'v‘nipkds:/ v-nppds Vpr € Pe(F),i=1,....,n+1. (2.72)
F; F;
Moreover, if k > 1 we have

/K Mgv - pr_1de = /K'v ‘P dx YV pr1 € PL(K). (2.73)



42 Chapter 2. Finite Element Discretization

Figure 2.4: Lowest order Raviart-Thomas triangular element on the left and
tetrahedral element on the right.

We present now the theorem [50] concerning the optimal order estimates
for the interpolation with the Raviart-Thomas basis function.

Theorem 2.1. For every function v € H™(K) with 1 < m < k+ 1, there
exists a constant C which depends on k, n (the dimension of v) and the
reqularity constant o such that

||’U — HKUHLQ(K) < Ch%HVm’UHLZ(K) . (274)

From the previous definitions, the global Raviart-Thomas finite element
spaces can be introduced. In this case, the mesh-size h has to be defined
as h = maxge7, hx. Moreover, we assume that the hypothesis of regularity
condition (2.59) is satisfied in any element K € 7,. Therefore, the global
space can be defined as

RT i (Th) :=4{v e H(div,Q) :v|x € RT(K) VYkeT,}. (2.75)
We now introduce the global operator

I, : H(div,Q)n [ HY(K)" = RT%, (2.76)
KeTy,

where specifically
Hh’U’K = HK'U VK € 771 . (277)
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Recalling Lemma 2.8, it is important to note that by definition we have
[Ixv € RTi(K). To verify whether II,v € RT}, we need to ensure that
II,v € H(div,). In particular, applying the divergence theorem, we know
that the continuity of the normal component across the edges elements is a
necessary condition for a piecewise polynomial vector-valued function to be
in H(div, (). Therefore, the continuity of the normal component of II,v,
since v € H (div, §2), follows from the property (b) of Lemma 2.7 considering
the degrees of freedom described in (2.72) defining Ilg.

In order to complete the description of the finite element subspaces re-
quired for the approximation of the mixed problem, it is important to intro-
duce the approximating subspace of the scalar variable, which, in our context,
represents the pressure. Note that the formulation resulting from the classical
Darcy problem does not have any derivatives of the pressure (1.41). In addi-
tion, even in the Stokes equation, it is possible to overcome any derivatives
of the pressure, since with a standard procedure the strong form of the equa-
tion is integrated and changed in the weak one, which does not include the
pressure gradient after integration by part of that term. Consequently, the
requirement of a continuity property for the pressure does not hold. Given
these considerations, we introduce the standard space of piecewise polynomial
functions with degree k, not necessarily continuous, as

PUT,) = {q € L*(Q) : q|x € Pe(K) VK €Ty}, (2.78)

where the superscript d considers the possibility of discontinuous functions.
We report now another lemma regarding properties of I, and P

Lemma 2.9. Let I1j, be the global Raviart-Thomas operator. Thus, it satisfies
/ V(v —Tv)gdx =0 (2.79)
Q
Vo € H(div,Q) N [lger, H(K)" and Vg € P. In addition, the following
identity holds

V- -RTy="Pf. (2.80)

The previous properties and definitions can also be summarized by using
the commutative diagram tool. In particular, considering the L?-projection
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By, : L*(Q) — P, we have that
H(Q)" L 12(Q)
Hh‘ JPh (2.81)
RT, &% P 0.

Note that in this case to simplify the notation, the subspace H'(2)" has
been used instead of the more complete space H(div, Q) N [Ixer, H'(K)™.
Having introduced the finite element subspace for the approximation of the
elliptic mixed problem (1.41), it is possible now to report some error estimates
results for the solution pair (up,pn) € RT k. X 73,‘3, for which we recall the
finite element discretization

/Qp/uh ‘vde — /QphV cvde =0 Vv € RT (2.82a)
/QqV cup de = /quda: Vg € PL. (2.82Db)

Lemma 2.10. Let uw and wy, be the solution of the infinite (1.41) and finite
(2.82) mized problem respectively. Then, the following error estimates hold

lw = wnllr2) < (1 + [lal] L@l 1| Lo @) [|un — Tpul[r2@) - (2.83)

Naturally, in this case, p can be connected to the dynamic viscosity and a
to the density of the Darcy/Stokes equations. Both constants are employed
for the proof of theorems and lemmas [50]. From this, it is possible to derive
an order error estimate for the velocity field u

Theorem 2.2. Let u € H™(Y) the solution of the problem (1.39), with
1 <m < k+ 1. If there exists a constant C that depends on ||al|p~(),
|/l| o), K, n (the dimension of w) and the regularity constant o, we have

llu — up||r2() < Ch™||V™ul| 120 - (2.84)
Now, since Theorem 2.1 holds, a particular case leads to
v — vl 12(0) < Ch|v||p1@) Yv € HY(Q), (2.85)
from which we have that [50]
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Now, starting from the inequalities already introduced in Section 1.4, we
add some considerations about the error estimate for the scalar variable p.
Indeed, following [50], we present the same error estimate that we found for
the pressure-robust mixed method, knowing that now the finite element space
for the pressure, namely Y or P, is represented by piecewise polynomial
functions with degree k.

Lemma 2.11. Consider the infinite and finite pair solution of the Stokes
problem (w,p) and (wp,pp). If there exists a constant C' that depends on
al| @), [|1tllLe), k, n and the reqularity constant o, we have

|lp = prllz2@) < CHllp — Prpllr2(o) + |lw — Ihul|2@) t - (2.87)
Therefore, for the pressure p we have that

Theorem 2.3. Let (u,p) € H™(Q) x H™(Q) the solution of the problem
(1.39), with 1 < m < k+ 1. If there exists a constant C that depends on
al| @), [|1t]lLe), k, n and the reqularity constant o, we have

1P = pall2@) < CR™{IV™ ul| 20) + [IV™pllL2) } - (2.88)

Moreover, if the coefficient a is smooth enough, considering the domain
() as a convex polygon, the a priori estimate

Pl m20) < Col| fll220) » (2.89)

leads to a better estimate of the error ||Pyp — pa||r2(0)-

Lemma 2.12. Consider the estimate in (2.89) and the coefficient a € WH>,
If there exists a constant C' that depends on ||a||wr.ee, ||1t||z(0), k, 1, Co and
the reqularity constant o, we have

1Pup — prll2) < C{|lu — upl|z2@) + IV - (w —up)|[2@y} - (2.90)

Theorem 2.4. Consider the estimate in (2.89), the coefficient a € WH>,
the field w € H*Y(Q) and the body force f € H*TL(Q). If there exists a
constant C that depends on ||a||wre<, ||p||L=(0), k, n, Co and the reqularity
constant o, we have

1Pvp = pullz2@) < ORIV ]| 2oy + [V f 2o} - (2.91)
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Nevertheless, for the sake of completeness, we also define the rectangular
Raviart-Thomas element. In particular, giving the non-negative integer k, m,
the space of polynomials Qj ,, is defined as

gz, y) =Y f: a;x'y . (2.92)

i=0 j=0

Thus, the Raviart-Thomas space on a rectangular element R is defined as

RTk(R) = Qk+17k<R) X Qk’k+1(R>, (293)

where for the scalar variable the space takes the form of Qi(R).

| |

| |

Figure 2.5: Lowest order Raviart-Thomas quadrilateral element on the left
and hexahedral element on the right.

Considering also the three-dimensional case (generic hexahedral), the di-
mension of the space reads

2(k+1)(k+2) forn =2,

(2.94)
3(k+1)*(k+2) forn=3.

dimRT,(R) = {

If we denote the four edges of R with [;,7 = 1,2, 3,4, the interpolant operator
is equipped with the following degree of freedom
/ HTU NPk dl = / U - N;Pg dl Vpk S Pk(lz), 1= 1, 2, 3,4, (295)
ll' li
and for k > 1 we have

/R T - o dae = /R v dndr Yo € Quorn(R) x Quir(R).  (2.96)
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Indeed, given the polynomial basis function ¢ € RT x(R), we have that

Vg €9,
qg-ng, €Pr(l;y) forn=2, (2.97)
q-nily, € Qu(fi) forn=3.

Moreover, defining the particular space case of
RTYUR) ={qeRT::V -q=0}, (2.98)
we have the following lemma.

Lemma 2.13. Consider a two-dimensional domain and a function q €

’R’Tg(]%) Thus, there exist a function 1 € Qkﬂ(]%), that satisfies
q=V x. (2.99)
In this case we have that dimRTY(R) = (k + 1)(k + 3).

In the following analysis, general quadrilateral elements are used instead
of triangular ones. In particular, having a generic convex quadrilateral @) as
a partition of the domain, the reference element is usually a specific rectan-
gular R = [—1,1] x [—1, 1]. The coordinate transformation used is the Piola
transformation described in Section 2.1.2. Therefore, in order to define the
Raviart-Thomas space on the (real) element @), consider the bilinear trans-
formation F between the vertices of R and @), i.e. F : R — (). Finally, the
local space RT (Q) is defined as

RTHQ) = {v:Q - R :v(x) =T 'DF(@)8()} , (2.100)

where naturally J is the determinant of the Jacobian matrix DF associated
to the transformation F and ¢ € RTx(R).

The extension of triangular and rectangular finite elements to tetrahedral
and hexahedral elements has been deeply described in [54, 51].

In the last part of this section, the finite element families described above
are discussed in the framework of free-divergence finite element discretization
for the Stokes equation. Indeed, these spaces allow the construction of inf-sup
stable pairs, considering naturally an appropriate pressure space.

For instance, we consider again the space of discontinuous piecewise poly-
nomials P, with the degree k if the velocity space is W), = RT or degree
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k — 1 if W), = BDM,. If in addition, the space P{ has vanishing mean, we
have a finite element pair W}, x P¢, such that the inf-sup stability condition

holds
uf Jo(V - wy)qndz

an€PA{0} w, eW,\ {0} | |'wh ! \H(div,Q) | |Qh| ’L2(Q)

= Bn, (2.101)

where we have a uniform bound from below for ;. Note that, from the space
definition, we have that V - W}, C P&, and therefore discrete divergence-free
functions are also weak divergence-free, i.e. the relation

{wh e W, : /Q(V ~wp)qpdx =0 Vg, € P,f} (2.102)

is equal to

{wh eW, : V- -w, = 0} (2103)

However, we cannot apply these functions to the Stokes problem because
of the lack of smoothness, even though the spaces are equipped with the
inf-sup stability considering the H (div, 2) norm and the discrete divergence-
free functions are solenoidal. In fact, both subspaces R7T and BDM do not
satisfy the inclusion W), ¢ H}(€), and hence we do not have the conformity
property with respect to H} (). Indeed, since the gradient of functions in W,
does not exist globally, we cannot define well the Stokes problem. Moreover,
by replacing the gradient in the Stokes formulation (1.65), we obtain that

- /Q Av - wy, # a(v,wy,) (2.104)

if we consider general functions v € H?*(Q) N H}(Q) and w;, € W},. There-
fore, the method even if non-singular is not convergent because it is not
consistent.

2.2.3 Quadrilateral approximation of scalar functions

Since the main topic of this thesis is the use of quadrilateral finite elements
in the context of divergence-free simulation, it is important to give some de-
tails about the geometrical shape of a generic quadrilateral. Indeed, certain
geometrical aspects are fundamental when error convergence of the approxi-
mated fields is discussed.

For this reason, it is possible to quantify the deviation of an arbitrary
quadrilateral from a parallelogram element [55]. We can measure this devia-
tion introducing oy as

oy = max(|m — b1, |7 — 63]) . (2.105)
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In this case, the angles 6; and 6y are respectively the angles between the
outward normals of two opposite sides of R. Therefore, we have 0 < 04 < T,
where o, = 0 only if R is a parallelogram. Giving the bilinear isomorphism
F, we have |Fly» 5y < Chi(hi +ox). This enables the definition of a family
of elements which converges to an asymptotic parallelogram. In particular,
the grid must be characterized in having o, = O(hy), thus the value oy /hy
remains bounded across all the quadrilateral elements in the domain. It is
noteworthy that any polygonal shape can be meshed considering an asymp-
totically parallelogram, which is also a shape regular family of meshes where
the mesh size h is going to zero. In fact, if we consider a mesh built with
convex quadrilaterals, we can reach an asymptotically parallelogram, that is
also shape-regular if we refine every quadrilateral by dividing by four and
connecting the opposite edges.

We start with the discussion considering now a scalar function and then
move on to the next section with a discussion on vector-valued fields. Hence,
we can consider a smooth function u : 2 — R, approximated by using a space
family V}, of finite elements. If we define with k the order of the polynomial
of the reference element and with V} the element-by-element gradient, the
optimal approximation properties read as

inf ||u—vn||r2) = O(R*H1), (2.106)
v EVR
vRLEVR

In order to satisfy the optimal approximation of the error gradient, we know
from [32] that the space of polynomial functions with order less than or equal
to k in each variable, i.e. Qk(]%) must be in the reference element space.
Therefore, the error estimates take the form of

inf |Ju—vpl[r2) < chFMulpre, (2.108)
vp€Vh
inf ||Vh(u - Uh)HLQ(Q) S Chk‘vuh{@ . (2109)
v EVY

Moreover, the previous estimates represent also a necessary condition, that
has been proved in [48] for a bidimensional domain and extend to a three-
dimensional domain in [56]. The previous analysis has been performed by
using and introducing a trapezoidal mesh, such as in Figure 2.6.

In particular, Boffi et al. [48] show that for certain finite element families
such as serendipity elements (for which a degree of freedom is removed from
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Figure 2.6: Trapezoidal mesh.

the element center) an optimal approximation order can not be achieved.
They suggest that the reason lies in the mesh distortion which is maintained
also for the refined grids as we can see in the trapezoidal mesh. Despite that,
if we consider the same initial trapezoidal mesh, its asymptotically affine
partition is still able to achieve an optimal approximation order.
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Figure 2.7: Asymptotically trapezoidal mesh.

2.2.4 Quadrilateral approximation of vector-valued func-
tions

Necessary and sufficient conditions for optimal order approximation of vector-
valued function in H (div) have been extensively discussed [49]. In particular,
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having a smooth vector function q : Q — R? and considering a finite element
space X}, an optimal convergence in L?*({2) can be achieved if

inf ||q— 2q) = O(hM 2.110
oinf (g = pullzz@) = O™, (2.110)

where k is the usual degree of the polynomial basis on the reference element.
Similarly, the optimal convergence in the H (div) semi-norm for the space
X, is reached if

i . — — k+1
ok IVh (g =Pl = O™, (2.111)

where V), denotes the divergence operator for every element.

Indeed, if we consider general convex quadrilateral, the accuracy of some
well-known finite elements defined in H (div) is lower with respect to affine
isomorphism (triangular or general parallelogram). In the context of a generic
diffeomorphism F which maps the element K to the element K, we know
that a linear transformation leads to a parallelogram, or in the case of a
diagonal linear diffeomorphism to a rectangle. However, a generic bilinear
diffeomorphism can produce an arbitrary convex quadrilateral. Following
again [19], we know that, giving V the finite-dimensional space of vector
field on K, which is a subset of H (div), e.g. the Raviart-Thomas space
R T, the space Py(K) is strictly embedded in V. We recall that Py (K)
is the space of the polynomial vector function on K with degree at most
k. However, V does not contain the space ’Pkﬂ(k ). An example of basis
functions for the space R T, considering the 2(k + 1)(k + 2) vector fields, is
given by

(#43,0), (0,#]83), 0<i<r+1,0<j<r. (2.112)

We have seen at the beginning of this subsection that it is possible to
estimate the error of the best approximation of a given vector (smooth) func-
tion, by using the approximating finite element function with the power of
h, i.e. the mesh size or the maximum element diameter. Therefore, with the
usual interpolant 7, of the space RT ; we have that

||'U, — 7rhu||L2(Q) S Ohr+1|u|HT+l(Q) s (2113)
HV . (u - 7Thu>HL2(Q) < ChrJrl’V : 'U/|HT+1(Q) . (2.114)
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For general shape-regular and convex quadrilateral, in [39] it has been demon-
strated that we can have

||u — 7Thu||L2(Q) S C’hr+1[|u|Hr+1(Q) + h|V : u|H'r+1(Q)] s (2.115)
HV (u—ﬂhu)HLz(Q) < ChT’V"u/|H7’+1(Q). (2.116)

Note that, an additional regularity is required for the L? estimate of u, despite
the order in h being the same as for the parallelogram. However, we have a
degradation of the order in A considering the divergence of u.

In some scenarios, the standard shape functions are modified in order to
approximate vector fields. For instance, a lowest-order element in a bidi-
mensional domain is analyzed in [57], without however employing the Piola
transform.

The idea presented in [49], is to extend the work discussed in [48] to
vector functions, with the aim to seek the necessary conditions to have an
L?-approximation of order r + 1 for the vector field and its divergence. From
a technical perspective, the best approximation of w € V}, with an L? error
can be of order r 4+ 1 only if the space V contains the space S,. In this
case, the space 8, is defined as the subspace of codimension one of RT,
described with the same vector fields in (2.112), but with the single vec-
tor field (271125, —2725T!) substituting the two vector fields (#]7'2%,0) and
(0, 27251, In particular, each time that S, ¢ V', a smooth vector field u
defined in the domain ) satisfies

inf [|lu — v||r2@) # o(h"). (2.117)
veV,
Concerning the divergence of the field u, in order to achieve an approxima-
tion of order r + 1, we define also the space R,, which is the subspace of
codimension one of 9,1, i.e. the polynomial functions space of order < r+1
in each variable, with the same monomials of Qr+1 except #7125, In this
case, for an r + 1 order of approximation V -V O R, must hold.
Consider now a simple square with the edges parallel to the reference
axes, with the bilinear transformation

F(®) = ok + hxd, (2.118)

where the point xx € R? represents the lower left corner of K and the
parameter hy is the side length. By using the Piola transformation Pp, on
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the approximating value function on the reference element, i.e. @ € LQ(K ),
we obtain
(P i)(@) — higa(@) 2.119)

with naturally x = Fx&. Moreover, we have
V - (P @) (z) = hi2Va(E), (2.120)

with the relation || Pp, @|r2x) = @] 25

Consider now a domain partition of  in 7, with a uniform mesh of n?
subsquares with length side equal to h = 1/n, and n a positive integer. We
define now the space

Vi ={u:Q—=R}ulgx € Pp,V VK cT}, (2.121)

where V is a subspace of L2(K ). With the previous definition, we are not
imposing any interelement continuity, in the sense that w is defined on the
element A in agreement with functions in PFKV almost everywhere. We
have the following theorems

Theorem 2.5. Consider the finite-dimensional space V', subset of LQ(K),
and a non-negative integer r. The following conditions are equivalent:

(i) For all w € H™™(Q), there exists a constant C' such that

inf H’LL — ’U||L2(Q) < Chr+1|u|H'P+1(Q) . (2122)

veEV,
(ii) infyey, [|u — v|[12(q) = o(h") for allu € P.(2).
(iii) V 2 P.(K).

Theorem 2.6. Consider the finite-dimensional space V', subset of L*(K),
and a non-negative integer r. The following conditions are equivalent:

(i) For allu € H™(Q) with V - uw € H™(Q), there exists a constant C
such that

lené ||V -u—V - ’U||L2(Q) S Oh“+1|V : ’U,|Hr+1(Q) . (2.123)
veVy

(ii) infyey, ||V -u =V -vl|p2q) = o(h") for all w with V -u € P,.(Q) .

(iii) V -V 2 P.(K).
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Note that, without imposing the interelement continuity inside the defi-
nition of V},, the divergence must be considered applied only elementwise to
veV,.

Arnold et al. [49] have shown that for more general quadrilateral mesh in
a partitioned domain, stronger conditions on V are required. In particular,
they consider a specific bilinear mapping between the unit square K and the
generic quadrilateral K¢, defined by the four vertices (0,0), (0,1), (1, +
1) and (0,«). With the mesh 7, composed by subsquares depending on
a, as previously described, they have extended approximations properties
of finite element subspace in H(div) from rectangular elements to generic
quadrilaterals. Indeed, since by definition, we have that &, C R7Ty, the
Raviart-Thomas space of order r is equipped with an L? approximation of
order r + 1 also for generic quadrilateral meshes. Nevertheless, if we apply
the divergence operator, we obtain that V - RT = 9, does not contain R,
even though contains R,_;. For this reason, considering the Raviart-Thomas
space of order 7, the best approximation order for the divergence operator in
L? is only r, regarding generic quadrilateral mesh. This value is one degree
lower with respect to the more regular rectangular meshes. Thus, the space
RTy lacks convergence for the divergence operator, and therefore the best
approximation in the space H (div,{2) for V = RT, is not convergent for
general quadrilateral meshes in H (div, §2).

2.2.5 Bochev technique

In this subsection, we recall the technique presented in [58] by Bochev et al.
in order to restore the use of lowest order Raviart-Thomas finite element for
the approximation of vector-valued functions on (shape regular) non-affine
quadrilateral elements. Bochev et al. based their new formulation consid-
ering the mimetic finite difference method [59]. The idea is to introduce
different operators in order to replace the canonical divergence and gradi-
ent. In particular, following [60, 61], we can introduce the natural mimetic
divergence DIV and the derived gradient GRAD. In particular, the new
divergence operator is defined as

2.124
eekiu(k)—»0  p(k) ( )

where k represents a bounded region, u(k) its measure and Ok its bound-
ary. With this definition, we mean a discrete operator that maps the fluxes
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of u, which are face-based values, onto cell-based constant values. Bochev
suggests that the problem with the standard divergence operator depends on
the information collected on the fluxes, and how we compute them. Indeed,
for non-affine grids the operator V- acts on the flux data only in an indirect
way, because of the Piola transformation on the basis functions. Therefore,
for mixed methods, the result depends on the element shape. On the other
hand, the DIV operator is able to act directly on the flux degrees of freedom,
allowing the independence of the element shape.

Considering the bilinear function Fx (&) that maps the reference element
K to the generic quadrilateral element K, and its derivative (the Jacobian
matrix) DF g (&), we define the measure p as

(k) = det DF(0,0)u(K), (2.125)
where naturally the point of coordinates (0,0) represents the center of the
reference element.

Consider now the standard mixed elliptic problem, involving for instance
velocity and pressure approximation, such as Stokes or Darcy equation. More-
over, consider the use of the lowest-order Raviart-Thomas space, R7T, for
the velocity approximation and the piecewise constant space, @)y, for the
pressure approximation. Given the standard partition domain 7, consider-
ing convex quadrilateral elements K, we also define the set of oriented faces
fi € Tr as Fy,. Let now Fj and 7,* the duals of F}, and 7, namely the collec-
tion of real numbers {Fy}, { Kk} that are associated to the number of faces
and cells of the mesh. Since Fj and 7, are isomorphic to RT and @y, we
can use the same symbols for their elements. It is possible now to define the
natural divergence as the mapping DIV: F — T,

1
DIV (up)|x e > oiFy, VKE€ET,, (2.126)

fEFR(K)

with w, € F}'. Moreover, F,(K) is the set of the oriented faces on the element
K where

1 if ny =
of = By =K (2.127)
—1 if ny=-—-ng.

We can understand that the functions Fy are indeed the degrees of freedom
defining a vector field function in the space R7T g, i.e.

u, = Z Ffuf, Yu, € RT,. (2128)

feFy
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With the newly introduced operator, the discrete divergence u;, € RT o can
be replaced by using the formula in (2.126). Therefore, we reformulate the
mixed problem using the operator DIV:RT, — Q. In particular for the
basis functions uy € RT, we have
DIV (u;) = #E’If{) Vf e F,. (2.129)
Introducing the RT interpolator Zgr,, and the interpolator Zg, for the
space g, we report the following lemmas:

Lemma 2.14. The commuting diagram property can be applied pointwise to
the natural divergence DIV

W(EQ) s LAQ)
IrT, Zo, (2.130)

RT, 2% Q.

Lemma 2.15. The operator DIV is a surjection between RT o onto (o,
equipped with a continuous lifting from Qg into RT o. Thus, for every q, € Qo
there exists a function uy, € RT o that satisfies

qh = D[V(’U,h’q) y (2131)
l|wn,qll 22y H I DIV(Ung)|| 220) < Cllanl |2 - (2.132)

Note that for standard non-affine quadrilateral elements, we usually have
that V- RT o # Qo and therefore the surjective property between the domain
and the divergence range, i.e. (), is not satisfied. However, the property can
be restored by using the DIV operator instead of the analytic divergence. In
this sense, Bochev asserts that “ DIV provides a better approximation of V-
on RT o than the usual finite element practice of restricting the analytic op-
erator to the finite element space”. As we said before, the surjective property
equipped by the DIV operator depends on the fact the DIV acts only on the
flux data and is not influenced by the element shape, unlike the V- opera-
tor which acts considering the Piola transform via basis functions. Another
important lemma is reported now to show the equivalence with the standard
formulation of the divergence operator

Lemma 2.16. Let u;, € RTy. Thus, we have

/ V- w, de :/ DIV(uy) dz, with K €Ty, (2.133)
K K
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Moreover, we also have that

Lemma 2.17. Consider a shape-regular partition Ty of the domain Q2. Thus,
there exists a positive constant C'p such that

HV : uhHL2(Q) < CDHD[V<uh)HL2(Q) . (2134)

Note that considering the reference quadrilateral element K , the standard
basis functions are

1|11+2 1 0
s = — s = — 2.135
vy 4{0] or s 4[1j:y]’ (2.135)
which leads to 1
Vi -y = 1 (2.136)

Bochev also suggests how to implement this new formulation in the frame-
work of a finite element code. In particular, considering ,u(k ) = 4, we have
that o o

DIV (uy)|x = () = 1det(DF(0.0)) (2.137)
where naturally the case of a bidimensional domain has been considered.
Following this suggestion, we can avoid the computation of the standard V-
operator for every quadrature point and the computation of det DF at the

same points. Instead, a single call to a function that computes det(DF(0,0))

is necessary, paying attention to the value of oy which depends on the face
orientation.

Another way to reach a first-order error approximation for the divergence
operator has been introduced in [57] and is presented in the next section. In
particular, the idea proposed is a method to restore a constant divergence in
any element K € 7, imposing a correction on the RT o basis function on K.

The previous mimetic reformulation of the mixed problem leads to the
same linear system of equations considering the unknown coefficients for the
velocity u;, € RT o and for the pressure p;, € (. Therefore, as demonstrated
in [58] the solution of the new method is the same as the standard mixed
method. Moreover, rigorous stability proof has been proved for the mixed
problem equipped with the DIV operator. Indeed, we have

Lemma 2.18. Consider the space Zj, := {u, € RTo|DIV(uy) = 0}, i.e. the
null-space of DIV. Thus, we have that the classical form an(-,-) is coercive
on Zh X Zh with

CathH2 < &h(vh,vh) Yv, € Z),. (2138)
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In addition, we have that the inf-sup condition is satisfied by the form by(-, ")
with )
bp(vn, p
sup nlwmpn) Collpallzz)  ¥on € Qo (2.139)
wweRTo ||Vnl|Drv
Finally, in [58] an optimal error estimate has been proved with the fol-

lowing theorem

Theorem 2.7. Consider a shape reqular partition Ty, for which holds
1
a,u(K) <|ldet DF k|| z < au(K) VK €Ty, (2.140)

where a is a positive number. Consider also, the pair solution of the mixed
problem (1.39) as (u,p) € Hy(div,Q) N H?(Q) x HL(Q), where H(Q) is
the subspace of H'(QY) where the functions vanish on T'p and Hy(div,Q) is
the subspace of H (div, ) equipped with v -n =0 on I'y. Thus, considering
the pair solution of the discretized problem (wy, py), the following error bound

holds

|V - u — DIV(up)|| 2 +|w — unl|r2) + [|p — prllz2@) <

(2.141)
< Ch (|[ullm@ + Ipllm@) -

The theoretical conclusions have also been demonstrated with numerical
results, for which the first-order accuracy of the divergence velocity approx-
imation is restored by using the natural mimetic divergence operator, natu-
rally considering the case of non-affine grids. For the sake of completeness,
in the paper described above other types of finite element families have been
investigated. Specifically, for least square finite elements, the presence of a
non-affine mesh can produce a degradation of the order error approximation.
On the other hand, as we have already discussed, mixed finite elements such
as RT o can benefit from the introduction of the new operators, especially
when dealing with not asymptotically affine grids.

2.2.6 Shen-Boffi technique

We present now the solution proposed in [57] for the resolution of the Darcy
equation and in [62] for the eigenvalue problem of the same equation, in the
context of distorted rectangular grids. The idea is to introduce and describe
a pair solution of the mixed elliptic problem, that is related to a discrete
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velocity space V}, and a pressure space W), satisfying the relation

V, CcV C H(div,Q),

) (2.142)
V-V, =W,CcWCL¥Q).

Note that the suggested technique conserves the same number of unknowns
as the implementation of the lowest-order Raviart-Thomas. Moreover, if the
generic quadrilateral elements degenerate back to parallelogram elements,
the proposed mixed method matches with the lowest-order Raviart-Thomas
finite element applied to orthogonal rectangular grids. Finally, this technique
avoids any problematic issues related to the existence and uniqueness of the
solution since it satisfies the inf-sup condition.

Consider now the characteristic function of the domain K, ie. x(K).
Therefore, the space of the discretized pressure can be defined as W), =
span{x(K)}ke7,. In other words, the space W), is the space of the piecewise
constant function, and therefore we have that W, C L*(Q).

Concerning the velocity space, we have to add some considerations. First
of all, we want to preserve the continuity of the normal component on the
element edges. Therefore, considering the nodal bases b, € V},, i = 1,2,3,4
and their restriction to the element K we want that

V - b; = constant ,
(2.143)
bi - mjle; = bij,

where e; represents the element edges. Recalling the properties of the Piola
transform, the previous relations are equivalent to

) V -b; = J - constant , (2.144)

b; - ﬁj|éj = |eildij ,
where J, the well-known determinant of the Jacobian matrix, is a linear
function of & and g, meanwhile |e;| represents the length of the edge i. Indeed,
we can consider the bilinear transformation between the real and the reference
element, i.e. F: K — K, defined as

€r = f(i) = &1 + :1:21:% + :1:41Q + (CU32 — CC41).’1?@, (2145)

where &;; = x; — «; represent the four vertices of the element K (or respec-
tively K'). Naturally, we have that

@, = F(&), i=1,2,34. (2.146)
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Recalling that the Jacobian matrix and its determinant take the following

form
Tz Ty
DF = , J =|det DF| = x3y5 — x5y >0, (2.147)
Y Yy
with
_ T, 1 [y —x4
DF ' = (x Ty> = ( g y) , 2.148
Yz Yz J \~vyz 3 ( )

the determinant can be written also as a linear function of & and ¢
J=a+pT+77. (2.149)

Moreover, it is easy to compute also the area of the element K as

R 1,1
|K]:/dK:/Ade://jdﬁ:dyj:a+ﬁ+7. (2.150)
K K 0 Jo 2 2

With this information, we report a lemma proved by Shen in [57].

Lemma 2.19. There exists a function by, € R, defined on the reference
element K that satisfies

. T
Vb= -1, (2.151)
bo-fl;=0, j=1,234, (2.152)
and then,
/A V- bydK = 0. (2.153)
K

Note that, since the vector function by is defined as

by = <C> : (2.154)

n

where the two components are described as follows

_ paE—1) _ G-

- = 2.155

this new term is described with a quadratic function in the reference coordi-
nates and depends only on J.
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Now, we can introduce the new basis functions defined on K

- 1—2 A - T A

b, = |€1’ < 0 ) - |€1|b07 bs = ’€3| (O) - |€3\b0,

. 0 - - 0 A

by = ’62| (1 A> - |€2|b07 by = ’64| <A> - |€4|b07
) Y

and consider that

(2.156)

1 ~
b= DFbi, i=12314. (2.157)

It can be easily seen that every relation in (2.143) and (2.144) is satisfied,
because of the choice of the new basis functions defined in (2.156). Hence, for
any u € V},, the corresponding restriction on the real element K is determined
by

4
U|K = Z uib;,
i=1

up=u-ngle,, 1=1,234.

(2.158)

Note now that V -V, C W, and since the operator V : V,, — W), is
surjective, we have that W, C V -V,,, that leads to W), = V - V},. Hence, the
new numerical space V}, x W), satisfies the relation in (2.142).

This result has been achieved through the addition of the by function,
which is equipped with quadratic terms in the & and ¢ components. In fact,
despite the boundary fluxes on the edges are the same without the function
BO, unfortunately, the divergence of the discrete velocity space would not
be included anymore in the space of the discretized pressure, namely the
piecewise constant space.

Boffi and Gastaldi gave their interpretation in [62] about the function by,
through which they denote this new element as Modified Raviart Thomas
(MRT). First, this function vanishes if the element reduces to a parallel-
ogram (therefore if we consider an affine mapping). Additionally, its normal
component is always equal to zero on four sides of the reference element, and
for this reason, the function can be interpreted as a bubble in H (div, K ). As
already stated, the four reference shape functions in the case of affine map-
ping are equal to the standard lowest-order Raviart-Thomas basis. Therefore,
thanks to this new term which is added to every basis function we are able
to obtain always a constant divergence of the velocity inside each element,
properties that in general are not true for meshes with a generic bilinear
mapping if we consider standard R7T y elements.
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Furthermore, they reported an example in which, with this kind of basis
function, it is possible to represent a constant vector inside the element, even
though the Piola transformation acts on non-affine elements. This is a key
point in order to reach an optimal order approximation of the velocity diver-
gence. In fact, it is sufficient to prove that, by using a suitable combination
of the shape functions b;, the reference vector is the Piola transform of the
vector function in the real element (for instance u = (1,0)7). If we consider
the reported bidimensional case, we have the bilinear mapping between K
and K defined by

a1 + asX + aszi) + as Ty

F(Z,9 :{ R i e 2.159
(#,9) bi + ba® + b3 + b4y ( )
and consequently, the Jacobian matrix reads as
N az + a4y az+asl
DF(2,9) = i - 2.160
( y) <bz + b4y bg + b4ZL‘> ( )
By inverting now the Piola transform for the vector u we have
A~ -1 b3 T
uw=JDF ‘u= ! +b.( .- (2.161)
—by _
Finally, the expression of the vector function in the reference element is the
following
N b - - b . .
4= |T€ |(|€1\b3 — les|by) — mﬂeﬂm — leaba)+
lb ’ 21 (2.162)

Note the difference between the coefficients of the bilinear transformation b;
and the shape functions b;. In the same fashion, we can find the @ corre-
sponding to u = (0,1)7.

Without providing a detailed description, we mention that in [63] an
extension of the previous idea is presented. In particular, the author suggests
that the approach of Shen [57] relies on the assumption that the velocity field
u is at most linear, and therefore the employment of a Taylor series expansion
can be justified. For this reason, in [63], the case in which w is not linear is
considered, achieving an optimal error estimate for the new proposed element
maintaining the same degree of freedom of standard R7T elements.
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2.2.7 Hexahedral elements

In the last year, many authors have tried to address the problem of consid-
ering general hexahedral grids in the context of mixed finite elements. In
particular, lowest-order Raviart-Thomas finite elements seem to lack conver-
gence for general hexahedral [64, 65, 66]. In fact, as it is described later,
different authors [67, 68, 69] suggest that on general hexahedrons constant
vector fields cannot be represented by R7T( functions. On the other hand,
considering hexahedrons with flat faces or grids with elements tending asymp-
totically to parallelepiped elements, H (div) convergence can still be reached
[70]. For example, in [69] a three-dimensional general hexahedron with flat
surfaces has been considered. They implement a composite method, by which
each hexahedron is subdivided into five tetrahedral elements, avoiding any
convergence issue. Furthermore, Brezzi et al. [65] proposed a method based
on the mimetic finite difference by which even hexahedral with non-planar
faces convergence can be obtained.

In this subsection, the extension of the previous results is described in the
framework of a three-dimensional problem. In particular, if the major part
of the discussion presented in the previous sections was related to quadri-
lateral elements, now we focus on generic hexahedral elements, to discuss
the approximation properties of finite element subspaces in H (div, ), with
Q2 € R3. An important analysis of this situation has been presented in [71],
from which is taken the following description.

We recall shortly the main results concerning the approximation theory of
vector fields in a three-dimensional case, but considering a uniform mesh, in
order to explain better than the difference with a generic hexahedral mesh.
Thus, consider a cube K, that has by definition the edges parallel to the
reference axes. In this case, the generic trilinear diffeomorphism which maps

A

K = Dg(K) is linear and defined as
DK<.’.iZ) :CUK—l-hKi%, (2163)

where the corner of smallest coordinates (z,y,z) of the real element K is
represented by xx € R3 with the side length hx > 0. In this case, the Piola
transform Pp, applied to the vector function @ € Lz(ff ) reads as

(Pp, @) (z) = hi’a(2), (2.164)
where © = Dg(&). Instead, for the divergence operator we obtain

V - (Pp,a)(x) = h®V - a(&). (2.165)
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We can define now the domain partition 7}, considering n® subcubes, with n
a positive integer, where the side length is equal to h = 1/n. Now, defining
the space V(K) = Pp, Vi, where Vi is a subspace of L2(K), we introduce
the space

Vii={ve L}Q) vk € V(K), VK €T} . (2.166)

The following theorems are in analogy with Section 2.2.4 regarding the bidi-
mensional case.

Theorem 2.8. Consider the finite dimensional subspace V' of Lz(f(). The
following statements are equivalent:

(i) For allu € HY(Q), there exists a constant C' such that

iIlf H’LL — ’U||L2(Q) S Ch||V’U,HL2(Q) .

veEV),

(i) inf, g ||u —v||L2@) = o(1) for all u € Py(2).
(iti) V D Po(K).

In the previous theorem, the space Py(-) represents the space of polyno-
mial vector functions of order zero, i.e. a constant function.
In addition, we have the same theorem for the divergence operator.

Theorem 2.9. Consider the finite dimensional subspace V' of LQ(K). The
following statements are equivalent:

(i) For all w € H' (), there exists a constant C such that

inf ||V cu—V "U||L2(Q) < ChHV(V 'U)HL2(Q).

veV,

(i) inf,cp, [V -u =V - v[|r2) = o(1) for all uw with V - u € Py(Q).
(iti) V -V D Po(K).

In this case, since the velocity divergence is considered, the space Py(-)
represents the space of polynomial scalar functions of order zero. Because
in this case the interelement continuity is not imposed in the definition of
V,,, the divergence of the velocity is to be interpreted as the elementwise
divergence of v.



2.2. Finite Element Approximation 65

We consider now general hexahedral elements, for which the shape regu-
larity property holds. The idea is to find the necessary condition for having an
O(h) approximation of a vector field function considering a generic trilinear
mapping. In particular, this mapping can be described as

F1 =a; + blj’:’ + 01@ —+ dlé + 61[%@ + flgé + 91255 + hlfgé s (2167&)
F2 = as + bgi’ -+ ng —+ dgé —+ 6212':0 + fggé —+ ggéi’ + hgi‘@g s (2167b)
F3 = a3+ bgfi‘ + ng + d32’ + egi‘g + f3’g2 + ggffi' + hgfi'@ﬁ . (2167C)

Note that, with this generic transformation, planar faces are not necessary
on the real element K. In fact, even if the element edges are always straight
segments, a planar face is obtained if and only if its four vertices lie on the
same plane.

In order to reach an approximation estimate of the type o(1) for the ve-
locity field u € Py(£2), we have seen that for affine subcubes of a domain is
sufficient to have V' 2 Py(K). Therefore, in the case of a general trilinear
mapping, the objective is to verify if, after the application of the Piola trans-
form between the unit reference cube and the arbitrary hexahedron, we still
obtain on the hexahedron constant vectors, i.e. the functions (1,0, 0), (0,1,0)
and (0,0,1). In order to verify if we are able to represent these vector field
functions we apply the inverse Piola transform to the function w obtaining

a(2) = Polu(z) = J(2)DF '(2)u(x). (2.168)
Thus, the Jacobian matrix reads
DF(x) =
biteld+gi+hgz at+eaf+ fiZ+hg: di+ i)+ g2+ gz
bz + 62@ + 922 + hzgé Co + 62@ + fgé + hg@f dg + fﬂj + 922 + h2ﬂ2
by +e3y + 932 + hagZ cz+esf+ f32+ hagZ ds+ f30 + 932 + hsyz
(2.169)
Therefore, if we consider the vector u(x) = (1,0,0)” we obtain for the
respective value on the reference element
ﬁl (a:) = (CQ + 625% + fo + hgii‘f) (d3 + fglj + ggilA? + hgf:lj) (2.170&)
— (d2 + foff + 2% + ho®7)(c3 + €3 + f32 + ha®2),
+ (d2 + fa + go& + hod§) (b3 + €39 + g32 + hz§2)
ﬂg(ﬂ?) = (bg —+ 62@ —+ ggé —+ hg@f)(Cg —+ 63{1?’ + f32 + hglf'A) (2170C)
— (CQ + 6}’% + fgé + hgi’f) (bg + 6327 + 932 + h3g2> .
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Finally, we have for @ (&)

(&) = A1 + (D3 — Co)2 4+ C1§ + D12 — (B + G2) 29+ (2.171a)
(B3 — G3)22 + G12* + H32%) + Hy3%2

Gig(&) = Ag + Boi + (B — Ds)§j + Dy2 + (Ey — G1)jji— (2.171b)
(B3 + G3)92 + Goff® — Hs2g? + H19%2,

fi3(®) = Az + B32 + C3§ + (Co — B1)2 — (Ey + Gy) 28+ (2.171c)

(By — G2)20 + G32* + Ho22? — Hy )57,

where the coefficients of the capital letter with subscript ¢ are combinations
of the coefficients, lowercase letter, present in the trilinear form. Just to make
an example we can define the first coefficients A; as the combination of the
constant terms present in the first component of the reference velocity i, (),
ie.

A1 = ngg - d263 s (2172)

meanwhile, for the linear term in Z we have for instance
D3 — CQ = (62d3 — €3d2) — <9203 — ngg) 5 (2173)

and so on. The other coefficients follow the same idea in order to gather the
same order of local coordinates. In the same way, we can obtain the resulting
vectors by choosing the constant vectors (0,1,0) or (0,0,1). In particular,
we can think about A? B?, ..., for the vector (0,1,0) and the coefficients
A3 B3 ..., for the vector (0,0,1). The linear space that we have obtained
is equipped with 20 independent parameters, and we can define it as S’a .
Note that even though there are 21 parameters, if we sum the coefficients By,
Cs, and D3, we obtain zero. Therefore, having only two linearly independent
coefficients, we have 20 coefficients instead of 21. It is easy to understand,
that in this context the lowest-order Raviart-Thomas element is not equipped
with a sufficient number of basis for the representation of a constant function.
In other words, with only linear basis functions a simple constant vector as
(1,0,0) can not be represented considering generic trilinear transformation.
Likewise, it has also been shown that to obtain an approximate estimate
for the divergence of the form
inf [V - (w = )| 2y = (1) (2.174)
veV,
we should consider a sequence of a partitioned domain 7, expressed with
meshes of subcubes of side h = 1/n, satisfying the relation V - V' 2 Py(K).



2.2. Finite Element Approximation 67

On the other hand, for more general hexahedral elements, stronger conditions
on V are required. In particular, a necessary condition is that, after the
mapping by using the Piola transform between the unit reference cube and
the general hexahedron, it is possible to represent a constant that must be
contained in the divergence of the resulting function on the real element.

The main result is that, in order to satisfy the continuity of 4 - n across
the elements that share a common face, other 19 coefficients must be added
to the space S’a , thus leading to a final space dimension equal to 40. The
technical details can be found in [71], where necessary conditions for the
optimal approximation of the divergence are derived.

On the other hand, by restricting the set of all the possible geometric
configurations derived by a generic trilinear transformation, the number of
coefficients necessary to represent a constant vector can change. One of
these configurations is represented by hexahedrons with flat faces. However,
preliminary results in [71] seem to suggest that a linear space for the vector &
can not be obtained. Indeed, considering the more restrictive case described
by a hexahedron with flat boundary and midplane faces, the best that can
be achieved is the removal of the cubic and quartic terms. Hence, quadratic
terms are still present in the expression for the local representation of the
constant vector.

Another important discussion on the lowest-order hexahedral Raviart-
Thomas element has been proposed in [64]. Specifically, a measure of the
‘deviation’ of a hexahedron concerning a parallelepiped has been introduced.
In particular, the mapping F is decomposed as the sum of the affine part
and another component that depends on four geometrical vector parameters,
€1, €2, €3, &4, € R3.

To explain the meaning of these four parameters, consider a parallelepiped
for which three vertices represent the canonical vector of the reference system,
as depicted in Figure 2.8. Thus, by displacing the remaining vertex from the
parallelepiped configuration, we obtain a generic hexahedron. The distance
between the new positions of these vertices and their original positions is
represented by the parameter ;. Hence, the mapping can be rewritten as

Fr(®) = Fie(&) + Fie (&) . (2.175)
The linear part of the mapping is defined as

fk(fi)) = 92’1041 + (%2&2 -+ 3?3043 y (2176)
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where a; ;== F(e;), with e; which is the canonical vector with ¢ = 1,2,3. The
other component is defined as

.Ffd((iﬁ) = .fl'gi’g&"l + .fl'li'3€2 + .fl'li'2€3 -+ .fl'li'gii'g(&le — &1 — &9 — 83) . (2177)
An important aspect is that if the faces on the real element K are planar, then

as,

(631 (6731

Figure 2.8: Parallelepiped on the left and corresponding non-affine hexahe-
dron on the right, obtained applying the ¢; corner shifts.

€4 = €1 + €9 + €3, and consequently, the cubic term of the mapping vanishes.
In other words, the deviation of the vertices is not entirely arbitrary, since
choosing the new positions of three vertices determines the position of the
fourth. This situation is represented on the right in Figure 2.8, where the
hexahedron is equipped only with planar faces.

To better understand the previous technical discussion, we refer now to
[69, 68], where a trivial example of a non-regular hexahedron with a uniform
constant velocity field is analyzed. Consider the geometry depicted in Figure
2.9, i.e. a truncated pyramid P with the two horizontal bases orthogonal to
the z-axis. Thus, the bases are square with side lengths equal to sg and sy,
respectively. Consequently, the areas of the two bases are s3 and s3. Now,
if we consider a uniform constant vector field u,(x) = (0,0,1)T Vo € P,
the only nonzero component is orthogonal to the pair of parallel faces of the
pyramid. Having a constant field, the flux through an interior horizontal
section B, of the element P can be easily computed since it is equal to the
area of that section. Therefore, for a generic section B, with 0 < 2z < 1 we
have

wp-n, = ((1—2)so+ 251)?, (2.178)
B.
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where naturally the side of the section B, varies linearly with the coordinate
z. Then, consider a reference cube where the cross-sectional area is denoted
by B,, and compute the flux of a vector field us, € RT by using the Piola
transformation. Hence, we have

w2z = (1 — 2)sp + 257, (2.179)
because it is well-known that the flux varies linearly when considering vector-
valued functions in R7T . Therefore, since for a three-dimensional domain
(2.178) is different from (2.179), the Piola transformation of a RT function
is not able to exactly represent a uniform flow field, even if the considered
element is as simple as a truncated pyramid. Referring to the previous space
S’a , in this simplified configuration, we can reduce the dimension from 40 to
28 [71].

Mesh construction

A remark on meshes discretized with generic hexahedral elements is now
reported. The creation of a hexahedral mesh with planar faces is not as
straightforward as in regular three-dimensional geometries. The deviation
from a cubic geometry must satisfy the flatness condition for every face.
Therefore, it is not sufficient to arbitrarily modify the eight vertices that de-
fine a cube. While there are several ways to build such a computational grid,
it cannot be achieved by uniformly dividing a cube with several refinements.
Instead, a replication of the 'fundamental unit grid’” has to be performed
in every spatial direction, with a scaling transformation to obtain the same
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volume as the initial cube. For this thesis, the 'fundamental unit grid’ is com-
posed of eight non-affine hexahedrons, that form a unit cube. Specifically,
each of the eight sub-cubes can be described with a two sub-set of faces:

o three faces are perpendicular to each other, and they represent and
make up the external surface of the unit cube;

o the other three faces are internal to the unit cube, and they induce the
non-affinity of the hexahedron. Indeed, these faces are not parallel to
the corresponding faces and, therefore, they are not orthogonal to each
other.

I

T,
Figure 2.10: Single hexahedron formed by its eight vertices. Note that the
vertex coordinates of & correspond to the intersection of three planes (red,
blue and green).

To construct the height sub-cubes, it is sufficient to create the first one
and generate the other cubes while respecting the constraint of the flat faces.
For instance, by fixing four vertices (xo, €1, €2, x3), it is possible to deform
the sub-cube by moving only three vertices (x.,,®.,,®.,). Note that this
movement must be executed within the plane defined by the original set of
points. The eighth point (x() is determined by the intersection of the three
planes (my, w2, 73) that are created after the shift of the three vertices. Indeed,
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we know that for three points, a unique plane can be found. Therefore a flat
face can only be constructed if the fourth vertex lies on the plane formed by
the initial three vertices. A visual representation of this scenario is presented
in Figure 2.10.

With this information, the other sub-cubes can be determined, as the
coordinates of the first cube also provide the coordinates of the free vertices
for the other cubes. The procedure for these points follows the same path,
by finding three planes and solving their intersection. Moreover, if the initial
deformation ¢ for the first three points has the same value and if these points
lie on the hexahedron edges, it becomes possible to easily determine all 27
points coordinates of the unit cube. This can be achieved by exploiting some
geometrical relation between the coordinates inside a cube, without perform-
ing the intersection between the planes. In particular, given the displacement
¢ we can define three expressions by which all coordinates can be found

1
d1:1+€7 d2:1+257
e (2.180)
d_1+38 d_1+55
P12 YT 4

In Figure 2.11 an example of the unit cube is reported with the connectiv-
ity map of its 27 nodes on the left in the initial configuration. On the right,
the resulting geometry is depicted after applying the displacement € to three
vertices. Moreover, in (2.181) the points coordinates are reported following
the expressions in (2.180), considering the unit cube of dimensions 2 x 2 x 2.
It is also possible to consider generic displacement for the first three vertices,
allowing for multiple ; to be imposed. However, the geometric expressions
relating the coordinates of the points to the shifts become more complex.

The eight non-affine elements are reported in Figure 2.12. Their combina-
tion produces the unit cube, as shown in Figure 2.11. Subsequently, the unit
cube needs to be mirrored three times, considering symmetry with respect to
the Cartesian planes, i.e. the planes OX, OY and OZ, to double the number
of elements in each direction. This operation is necessary since the nodes on
the external faces of the unit cube are not symmetric with respect to two
opposite faces. The procedure can be repeated several times to construct the
standard refined grids, such as 4 x 4 x 4, 8 x 8 x 8 and so on. Additionally, a
scaling factor can be applied to adjust the geometry volume to a fixed value.

A similar approach to constructing a unit reference cube with eight non-
affine hexahedrons has been proposed in [72], where three internal planes
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Figure 2.11: Unit reference cube on the left with the connectivity map for its
27 nodes. On the right, the same unit cube is built as the composition of 8
sub-cubes, which are the non-affine hexahedra elements.

are rotated around three axes. Hence, their intersections represent the edges
of the hexahedrons. In this case as well, the authors recommend repeating
the unit cube sub-mesh pattern over the domain, by applying appropriate
reflections to maintain mesh conformity.

o
I

Figure 2.12: The eight non-affine hexahedrons equipped with six planar faces.
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Points coordinates:
{Py(0,0,0), P1(2,0,0), P5(2,2,0), P3(0,2,0), P4(0,0,2),
P5(2,0,2), Ps(2,2,2), P;(0,2,2), Ps(dy,0,0), Py(2,ds,0),
)
)

~—_— ~—

Pio(ds,2,0), P11(0,dq,0), Pia(ds,0,2), Pi3(2,dy,2), Pis(dy,2,2), (2.181)
Pi5(0,ds,2), Pis(0,0,d1), P17(2,0,d3), Pis(2,2,dy), Pi9(0,2,d3),
Py(1,1,0), Py(1,0,1), Peo(2,1,1), Pas(1,2,1), Py(0,1,1),

Py5(1,1,2), Pys(da,do,ds)} .

A non-affinity check has been performed to measure the actual skewness of
these elements. Specifically, certain coefficients of the trilinear transformation
have been computed, such as the coefficient expressed in (2.172). Considering
that flat faces are the result of a transformation for which the cubic term
vanishes, the coefficients related to the deformation from a regular cube to
a non-affine hexahedron are G;; with 7,7 = 1,2,3. Indeed, for a cube or
for affine hexahedral elements, every G;; is equal to zero. In (2.182) the
expressions for the nine G;; coefficients are reported

G = eag3 — gee3, Gia = faez —eafs, Giz = gafs — f293,
Go1 = e3g1 — gse1, G = fzer —esfi, Ga = g3fi — f301, (2.182)
Gz = e192 — giea, Gso = fiea —eifa, Gss = gifa— fig2.

Furthermore, these coefficients depend only on the eight vertices that
define the polyhedron, facilitating their computation. For each element, all
the G;; are non-zero, confirming the effectiveness of the algorithm used for
the non-affine mesh creation.






CHAPTER 3

Projection method for
Navier-Stokes equation

This chapter presents an overview of the projection method used for solving
the Navier-Stokes equations in incompressible flow simulations, also known
in literature as the fractional step method. This method broadly falls into
three schemes: pressure-correction, velocity-correction, and consistent split-
ting methods. The following sections offer a brief review of these methods
to better understand how this numerical scheme correlates with the finite
element discretization described in earlier chapters. In particular, some steps
present in the projection algorithm are essentially the same as the orthogonal
decomposition of the velocity. Therefore, since the decomposition is treated
by using the mixed finite element tools presented in Chapter 2, we establish
a connection to fully resolve the Navier-Stokes system of equations. The fol-
lowing description draws heavily from the comprehensive work of Guermond
et al. [23].

This numerical scheme originates from the incompressibility constraint,
which forms the central theme of this thesis. In particular, one of the main
issues related to the numerical solution of momentum and mass conservation
equations is the coupling between velocity and pressure, imposed by the
condition of zero divergence of velocity. The solution of the coupled velocity-
pressure system (3.1) can be expensive from a computational point of view,
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and this has led to the development of different numerical algorithms for the
treatment of the split system for velocity and the pressure fields. In order to
overcome these problems, many authors introduced the projection method
by which the Navier-Stokes system is subdivided into two separate steps, one
for the velocity and one for the pressure.

The first idea that appeared in literature is related to the work of Chorin
and Temam [21, 22], where the time-dependent solution of incompressible
viscous flow has been proposed. Specifically, the idea is to build a sequence
of decoupled elliptic equations for the velocity and the pressure and solve
them at each time step. Indeed, this numerical method leads to an efficient
simulation and reduces the computational effort.

Since the convergence rate of the splitting error is not affected by the
nonlinear term of the Navier-Stokes equations, the following analysis takes
into account the time-dependent Stokes equations that, considering constant
physical properties, read as

%';:—VAu+Vp:f in Qx1[0,77,

Vou=0 inQx|[0,7],
’Ll,|p:0 ian[O,T],

’U,|t:0 = U in 97

(3.1)

where the right-hand side of the momentum equation is a smooth source and
ug denotes the initial value of the velocity field. Note that in this case, we
consider homogeneous Dirichlet boundary conditions, since the use of natural
boundary conditions needs more attention regarding the nonlinear term.

In order to define the time-dependent solutions, we can consider the time
step At > 0 and set t* = kAt for 0 < k < K = [T//At], where T is the upper
bound of the time interval considered, [0, 7).

3.1 Pressure-correction schemes

For every algorithm that is described in the following subsection, the error
estimates and theorem proofs can be found in [23] and references therein.

3.1.1 Non-incremental pressure-correction scheme

In this scheme, proposed originally in [21, 73], the implicit Euler scheme is

adopted. Therefore, starting with the initial value of the velocity as u® = uy,
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~k+1

at every step k > 0 we determine u kil

,urt pFt by solving the following

equations
1

E<ﬂk+1 _ uk) _ VA,ak—i-l — f(tk+1) 7 ,&k—l-1|F — 07 (3.2>

Allf(Uk+l _ ,&k—i-l) + VPl =0, |

(3.3)
V-ul =0 v .nlp=0.

Note that @ is a fictitious velocity field, which is added (and subtracted)
to the momentum equation of the Stokes system (3.1), in order to remove
the pressure dependence from the velocity. In fact, the resulting momentum
equation is then divided into two parts: the first one corresponds to the
equation (3.2), while the other one is represented by (3.3). After that, by
applying the divergence operator to the first equation of (3.3), we obtain,

V@t = —AtApFtt (3.4)

a**! by solving a laplacian

by which we are able to find the new value of
equation for the pressure. Subsequently, we can correct the value of the
initial velocity w using (3.2). If the first step (3.2), takes into account the
viscous effects, the second one (3.3), known also as the projection step, ac-
counts for the incompressibility constraint. Note that the Laplacian equation
applied to the pressure requires an additional boundary condition. Typically,
Fl.nlp =0 is ap-
plied, although this imposition lacks direct physical reasoning. An extensive
analysis of this aspect has been presented in [74].

an artificial Neumann boundary condition of the form Vp

3.1.2 Standard incremental pressure-correction scheme

To enhance the accuracy of the model, Goda in [75] suggested adding the
old value of the pressure gradient, i.e. Vp*, in the viscous equation, i.e. the
first sub-step. Moreover, Van Kan in [76], proposed a second-order incre-
mental pressure correction scheme, by using the backward difference formula
of second order for the time derivative. In this case, the algorithm can be
expressed as follows

1

Q—At(zaa’““ —4uf 4o — AT 4Vt = F(FTY, @ =0, (3.5)
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1 -
27At(3uk+1 _ 3uk+1> + V(karl _ pk) — 0’

(3.6)
V- -u=0 v njp=0.

Similar to the previous schemes, the presence of the hidden Laplacian equa-
tion for the pressure introduces a numerical boundary layer which is a non-
physical Neumann boundary condition on the pressure. Naturally, this factor
affects the accuracy of the scheme.

3.1.3 Rotational incremental pressure-correction scheme

An improvement to the previous schemes, specifically addressing the issue of
artificial boundary conditions for pressure, was proposed in [77]. While the
viscous step remains unchanged in comparison with the incremental-pressure
scheme, the projection sub-step is modified as follows

1
27At(3uk+1 _ 3,&k+1) + V¢k+1 — 07 (3 7)
V"U,k—HZO uk+1-n]p:(), '
with the additional variable ¢ is defined as
¢k+1 — pk+1 o pk +UV.- uk-i-l ) (38)

Manipulating the previous relations, we obtain for the pressure the following
boundary condition

apk+1
on Ir

= (f(t"™) — vV x V x ") - n|p, (3.9)

which is a more consistent boundary condition for the pressure. In particular,
we have now only an inexact tangential boundary condition on the velocity,
and since it is present in the operator V x V x this scheme is denoted as the
incremental pressure correction scheme in rotational form.

For the previous schemes, some remarks can be stated: note that, even
though the velocity u is divergence-free, the appropriate boundary conditions
are not satisfied. The situation is opposite considering u, for which the
Dirichlet boundary condition holds but is not divergence-free. On the other
hand, it has been demonstrated that both variables are equipped with the
same error estimates, i.e. the same accuracy.
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3.2 Other type schemes

As the comprehensive examination of projection methods for the Navier-
Stokes equations is beyond the scope of this thesis, we briefly outline other
types of algorithms that, although not employed in our simulations, can be
used to decouple velocity and pressure.

3.2.1 Non-incremental velocity-correction scheme

In this approach, the roles of pressure and velocity are interchanged, and
therefore the first and second sub-steps are exchanged. For the references,
the interested reader can consult [78, 79]. Giving the initial value of the

velocity @’ = ug, we find @1, bt pF+! for k> 0 as
1 -
E(uk+1 _ uk) + Vkarl — f(tk+1) 7 (3 10)
V-ukH =0 uk-‘rl 'n|F:07
1
A—t(a’f“ — o —vAEtt =0, @t =0. (3.11)

Notably, compared to the standard Chorin-Temam algorithm, we enforce the
following relations

akarl
oo = F(E), (3.12)
Aa" . n|p =0, (3.13)
instead of having
) k+1
gn =0, (3.14)
Aa*op|p = F(tFT). (3.15)

Another scheme discussed in [23] is the standard incremental velocity-
correction scheme, which is analogous to the incremental pressure-correction
algorithm. In this scheme, the viscous step follows the projection step, leading
to the concept of calling them projection-diffusion methods. Additionally,
the rotational form can be reformulated within the framework of incremental
velocity-correction schemes.

Lastly, consistent splitting schemes compute velocity in the first step using
an explicit formulation for pressure. Subsequently, the pressure is updated



80 Chapter 3. Projection method for Navier-Stokes equation

by considering the L2-inner product of the momentum equation with the
gradient of the test function, i.e. V¢, which reads

/QVp~Vq:/Q(f—|—1/Au)~Vq, Vg € H'Y(Q), (3.16)

noting that (u¢, Vq) = —(V - uy, q) = 0.

3.2.2 The implemented algorithm

In this section, the algorithm employed for the resolution of the Navier-Stokes
system in the finite element library FEMuS [80] is described. This technique
is applied for the solution of numerical problems that are presented in Section
4, where a multigrid approach is available in the numerical code. On the
other hand, several physical problems can be addressed with the FEMuS
code, from fluid-structure interaction, optimal control problems, turbulence
modeling and so on. Numerical examples of the physical problems addressed
by FEMuS can be found in [80, 81] and references therein. In this thesis,
we report numerical examples regarding only the resolution of the Navier-
Stokes system, since the topic of this work is related to numerical methods for
the equation solution. In particular, the projection technique is specifically
developed for the resolution of the momentum equation, and therefore the
employment of Raviart-Thomas finite elements for the resolution of different
physical problems has not already been investigated.

We recall the Navier-Stokes system for a generic incompressible fluid flow,
with constant physical properties

a—u+(u-V)u:—Vp+VAu+f,

ot (3.17)

V-u=0.

To describe the adopted pressure-velocity split algorithm, the simple Euler
scheme for the time discretization is used. Specifically, a fictitious velocity
field u4™* is introduced leading to

n¥ __ un—l* u” — un—l
+

At At

u

+ (u"-V)u"=-Vp"+vAu"+ f. (3.18)

After that, following a standard approach, the equation can be subdivided in
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two different equations by introducing p" = p"~! + dp"

u® — u™

S ¥ ) 1
A7 vop", (3.19)

u™ — un—l

S VI —(u" - V)u" — Vp" Tt vAu" + f. (3.20)

In this thesis, a different velocity-pressure split is proposed and analyzed
with the objective of exploiting the orthogonal decomposition of the velocity
field [82]. Specifically, the first equation, which solves the velocity remains
the same, i.e.

u™ — ,ulnfl

—Ar —(u™ - V)u™ — Vp" FvAu™ + (3.21)
while the pressure equation is not transformed into the standard laplacian

equation, thus we have
u" —u" 4+ AtVep" =0. (3.22)

The idea is to apply the orthogonal decomposition to (3.22), by using
the properties of the Raviart-Thomas finite element family. In particular, in
this thesis, Equation (3.22) is solved by considering an optimal minimization
problem. The objective is to find a field w which is the closest velocity to u*,
under the constraint of the divergence equal to zero.

Therefore, for the velocity u* the solution space can be found consid-
ering the standard solution of the Navier-Stokes equations. In particular,
consider the Taylor-Hood finite element space X;, C H'(Q). Thus, if we
have u) € X, the objective is to find the velocity u, € RT, C H(div, ()
by minimizing

Flup) = ; [ an )2, (3.23)
Vou, =0, (3.24)

over the linear function subspace RT o C H (div, ).

Naturally, for u} € X;, C H'(Q2), the velocity approximation is defined
as uj, = »; wj,pj(x), where u}, is the velocity field at the points j and ()
indicates the Lagrangian quadratic polynomial basis functions. Instead, for
u, € RTo C H(div,Q), i.e. the lowest-order Raviart-Thomas subspace,
the approximation velocity reads as u, = >, pyINy(x), where p; represents
the fluxes through the faces and INy(x) corresponds to the Raviart-Thomas
vector basis functions.
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In order to derive the final system to be solved, we can consider now a
piecewise constant pressure, i.e. k, = dp, € S, C L*(Q), uf € RT, C
H (div, Q2), which satisfies V - u} = 0. Therefore, the system to be solved is
described with the following two equations

/Q k¥ - dQ = 0 Vokn € Sp C LA(Q),  (3.252)

/Q (! — w™)oul d + /Q nV - ouldQ =0 Woul € RTo(Q), (3.25b)

where kj, can be interpreted as the Lagrange multiplier of the divergence
equation.

It is worth noting that the set of equations (3.25), is only a step of the split
algorithm. Indeed, the velocity equation (3.21) is still solved by considering
standard Lagrangian finite elements, in particular the Taylor-Hood type in
our case.

On the other hand, the previous algorithm has the benefit of decreasing
the computational effort. Indeed, we recall that by using the lowest-order
RT element the velocity is determined only with four (six) degrees of freedom
for a bidimensional (three-dimensional) domain. Naturally, in this discussion,
only quadrilateral and hexahedral elements have been considered.

Hence, the local matrix is equipped only with five (seven) rows that rep-
resent the four (six) fluxes through the faces and the central value for the
pressure field, instead of using, for example, the nine nodes of a biquadratic
quadrilateral with Lagrangian basis functions. For this reason, the total num-
ber of degrees of freedom of the simulation is smaller, gaining benefits from a
computational point of view. Exploiting velocity fluxes through the element
faces as unknowns, allows to ease the global sparsity pattern of the matrix
since every row is equipped with a smaller number of entries.



CHAPTER 4

Divergence free applications

In this chapter, our goal is to showcase and discuss fluid flow simulations de-
veloped within the theoretical framework outlined in the previous chapters.
Thus, we apply the mixed finite element discretization discussed in Chapter
2 to validate arguments regarding the well-known constraint of a divergence-
free velocity field. We not only restrict the analysis to the implementation of
the divergence-free finite element but also explore how this specific configura-
tion is suitable for applying projection algorithms to solve the Navier-Stokes
equations.

In the first part, we present a trivial numerical discussion about the def-
inition of affine, non-affine, and asymptotically affine mesh, with the aim of
better understanding the well-known theoretical results. Subsequently, some
numerical tests related to the orthogonal velocity decomposition are pre-
sented, considering bidimensional and three-dimensional geometries. Error
norms are also reported in order to verify the theoretical order of conver-
gence by using Raviart-Thomas finite elements. After that, a few examples
regarding the application of the projection method are shown.
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4.1 Remark on affine quadrilateral elements

In this section, an example of an asymptotically affine quadrilateral ele-
ment is presented considering a simple geometrical example. The goal is
to numerically illustrate the reason why a multigrid refinement can over-
come the issue related to non-affine meshes. A theoretical explanation of
this problem has been provided in Section 2.2.3. In particular, we recall that
a quadrilateral mesh is asymptotically affine if ox = O(hk) [48], i.e. the
ratio ok /hk is uniformly bounded for every element of the mesh. Naturally,
hg represents the maximum element diameter, while ok has been defined as
max(|m — 6], |m — 63]), where 6, and 0 are the angles between the outward
normal vectors of the two pairs of opposite sides.

Note that, with a multigrid refinement, we refer to the standard technique
of finding the four child elements by equally dividing by two the four edges
of the parent element. An example of this mesh is shown in Figure 2.7,
where an asymptotically trapezoidal affine mesh is shown. Otherwise, to
maintain the non-affinity characteristic throughout the entire domain and
across the different levels of refinement, it is necessary to perform a remesh’
of the discretized grid: the initial pattern of non-affinity must be replicated
for every direction and preserved for the entire geometry like in Figure 2.6.
Note that in this case, the ratio between the length of opposite edges does
not change with the refinement, since the angles between adjacent sides are
preserved.

Consider a simple trapezoidal element 7 as shown in Figure 4.1. It can
be noticed that the left and the right edges are not parallel since the point
x> does not have the same = coordinate of point ;. In particular, we can
consider a shift toward the point &3 by a value €. The idea is to analyze
the component values of the Jacobian matrix in comparison with a standard
square element Q.

To fix the idea, consider a square Q of dimension [0,1]* and the corre-
sponding trapezoidal element 7, where ¢ = 0.2. A homogeneous refinement
has been performed on the trapezoidal mesh as depicted in Figure 4.2, and
for every level, the Jacobian matrix of the element equipped with the vertex
x( has been computed. The comparison has been done considering the same
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L3 L2

Lo

Figure 4.1: Trapezoidal element deriving from a unit square by applying a ¢
shift to a corner.

Lo

Figure 4.2: Homogeneous refinement of the trapezoidal element.

child square of the initial Q. At the first level, the Jacobian matrices read,

1, 9—n —1-¢
DFg, = | 2 | DT 20 210 , (4.1)
z 0 z
"3 2

where the respective determinants are Jo, = 1/4 and J7, = (9 — n)/40.
As expected, the presence of an off-diagonal element in the matrix DF,
confirms the non-affinity for the trapezoidal element. At the second level,
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the same child element has the following Jacobian matrices

Ly 19—-n —1-¢
DFg, = |14 e DFn- 80 810 . (42

0 - 0 -

4 4

where, naturally, the determinants become Jo, = 1/16 and J5 = (19 —
1n)/320. Even if trivial, this example shows the different scaling rates of the
elements’ matrix. In fact, when we examine the off-diagonal element of the
matrix DF7; the scaling factor is twice that of the other element in the same
column (the first goes with 4", while the second with 2", where n is level
number). The computations performed at further levels have confirmed this
result.

It is possible to generalize the previous analysis considering a generic shift
¢ and a refinement level r. In fact, the bottom-left refined element can be
described with the following vertices: (0,0), (35,0), (= — =, 57), (0, 37). With
this notation, the Jacobian matrix can be reformulated in a generic way as

2D (4 1)e) —2 2D+ 1)e

D.F’]; = =
0 2—r—1
(4.3)
m+1e (4 1)
2r+l
0 1

From this notation, it is easy to understand that the off-diagonal term of the
Jacobian matrix goes faster to zero by increasing the refinement r, considering
a generic shift ¢.

It is noticeable that, if the off-diagonal represents the deformation from a
squared shape, this kind of deformation tends to decrease faster with respect
to the diagonal elements, which represent the scaling factor. Therefore, if
graphically a refined trapezoid looks more and more similar to a parallelogram
shape, i.e. the generic configuration of an affine quadrilateral, the trend of
the Jacobian matrix elements values proves from a numerical perspective the
graphical intuition.

The same analysis has been carried out for a complete non-affine mesh
such as the one depicted in Figure 2.6. Also in this case, the analyzed element
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C is the bottom left trapezoid of the base mesh, defined initially with coordi-
nates (0,0), (0.5,0),(0.5,2/3), (0,1/3). The Jacobian matrix for the first and
second levels of refinement are,

1 1
- 0 - 0
DFe, = | 4 ., DFe=| 8 : (4.4)
1+n 3+¢ 1+n 3+¢
12 12 24 24

where the corresponding determinants read as Je, = (3 4 §£)/48 and J¢, =
(3+¢)/192. Hence, we can notice that the scaling rate is the same for every
element of the matrix since, for this mesh, the geometrical pattern of the
parent element is preserved in the four sub-elements. For this reason, the non-
affinity property does not vanish with the grid refinement and characterizes
the Jacobian matrix of every element.

4.2 Preliminary results about divergence-free
flows

In this section, we present a computational example that, while trivial, holds
significant value in understanding issues related to the divergence constraint
in standard mixed methods.

4.2.1 No-flow problem for the Stokes equations

In this numerical example, we aim to solve the stationary Stokes equations
which reads

AU+ Vp=f (4.5)
-V .u= g,

where we consider no-slip boundary conditions at the domain boundary, i.e.
u)oo = 0. Additionally, we impose a pressure outlet boundary condition on
the top side of the domain, setting the pressure value to zero. In particular,
we want to solve this system of equations considering a square domain, €2 =
(0,1)%, where naturally the incompressibility constraint holds, thus g = 0, and
with the kinematic viscosity v = 1. The geometry chosen for this simulation
is shown in Figure 4.3, where [ = 1.
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o0

l

Figure 4.3: Square domain €2 of dimension [ x [, with boundary 0f2.

We fix the body force at the right-hand side by f = (0, Ra(1 —y+3y*))?,
where x,y are the domain coordinates and Ra is a positive parameter. The
domain is discretized with standard biquadratic elements, starting with a
mesh discretization of 4 elements, 2 for each direction. The convergence
analysis has been performed using a standard multigrid algorithm.

We find analytically and numerically that the solution to the equations
gives u = 0 and p = Ra(y® — y*/2 +y — 3/2). While changing the parameter
Ra on the right-hand side only affects the pressure solution, we notice an
influence on the discrete velocity when using a standard finite element pair
of the Taylor-Hood type (i.e., Py — Py).

From a numerical perspective, the simulations have been performed by
varying the Ra number. For each Ra the L?-norm of the velocity gradient
error ||V (u — wuy)|[12(q) has been computed, where the analytical solution
of the velocity is w = 0. This behavior, known in the literature as a lack
of robustness, is related to the discretization of the divergence constraint
for mixed methods. In fact, we recall that for the standard finite element
family of the Taylor-Hood type, if we consider the pair P, — Py, we know
that, calling the space of the discretized velocity X7 and X} for the pressure,
V. X2¢ X].

In Figure 4.4, the plot illustrates that a change in the Ra parameter,
which affects only the right-hand side, also influences the gradient of the
velocity error. Consequently, we are not able to separate the behavior of
velocity from pressure when using a standard Taylor-Hood finite element
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1V (2w =)l 20

Figure 4.4: Gradient of velocity error with different values of Ra (from 1 up
to 10°), as a function of the level refinement n;.

discretization, since we have shown that the error on velocity depends on the

€ITor o1 pressure.

4.3 Divergence-free velocity decomposition

In this section, the numerical results related to the presented orthogonal
decomposition of the velocity are shown. In particular, we aim to decompose
a vector field by following the Helmholtz theorem.

Two types of problems have been investigated to compare the results
with numerical simulations presented in the literature. The first problem
is the classical Darcy problem, which is a homogeneous Dirichlet-Neumann

boundary elliptic problem described as follows

s=—-KVp in 2,
V.s=—f in Q, (4.7)
s-n=>0 on 0f),

where I is the permeability tensor divided by the viscosity and €2 represents
a polygonal domain as described in the previous sections. Therefore, consid-
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ering the spaces V' C H(div,(2) as defined in (1.35) and Q = L3(Q2) as in
(1.36), we can reformulate the problem in the following form: find s € V°
and p € @) such that

{(IC_ls, v)+(V-v,p) =0 Yo eV (48)

(s,q) =—(f,q) VgeQ.

Using the discretized finite element spaces of the previous sections, and con-
sidering the spaces V,, C VY and @, C @, the discrete problem reads: find
s, € 'V, and py, € Q) such that

(4.9)

{(Klsh,v)+(V-v,ph) =0 Yv eV,
(8n.9) =—(/,q) Vg € Qn.

Another formulation of the problem (4.7), with the hypothesis of free
divergence for the velocity field, is obtained setting by s = uw — u*. In
particular, the problem is strictly connected to the Helmholtz decomposition
of a vectorial field and takes the following form

u—u"=-KVp in Q,
V.ou=0 in Q, (4.10)
u-n=>0 on 0f).

According to the Helmholtz decomposition in Lemma 1.4 and following the
functional spaces used for the system (4.7), we have that u € H(div, ),
meanwhile u* € L2(Q). Specifically, u belongs to a subspace of H(div, )
since the condition V - u = 0 holds.

On the other hand, as explained in Section 3.2.2, the velocity decom-
position can be understood as a part of the second step of the projection
algorithm. For this reason, we can restrict the space of the variable u* and
consider H'(Q2). We recall that the Stokes equation is equipped with the
Laplace operator, which, after integrating by part for the weak formulation,
presents the gradient operator. Thus, the standard mathematical space to
be considered is H(2). On the other hand, the Darcy equation in (4.7)
presents only the divergence operator, and for this reason, we can extend the
functional space for the velocity field considering a less regular solution, i.e.
the space H (div, ).

In the following discussion, we always consider u* € H'(Q) and u €
H(div, ) with the usual LZ(Q) space for the pressure. In particular, we
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have u € V' since the condition u - m = 0 holds, while its orthogonal space
V' can be introduced for the pressure gradient. In fact, since V' is a closed
subspace of L2, we have the following decomposition

L*(Q) =V VOt (4.11)

considering a standard scalar product between the spaces. Naturally, in our
context, the decomposition of the field must be applied to w* which still
belongs to L*(2) since it is in H'(Q). Thus, u* is expressed as the sum of a
gradient of a scalar field (Vp) and a free-divergence field (u).

The objective of the following numerical test is to find a discretized veloc-
ity u, € RTo C V° C H(div, Q) corresponding to the divergence-free part
of the velocity field w* which is given analytically. Several cases have been
evaluated, differing by geometry and boundary conditions. The computations
are performed by using FEMuS code [80].

Lastly, note that the following numerical results have been obtained while
considering the theoretical issues concerning error convergence of the consid-
ered field data. Several types of discretized geometries have been investigated,
including both affine and non-affine meshes. The theoretical results presented
in Chapter 2 have been verified in both two and three-dimensional geome-
tries. For this reason, examples characterized by non-affine meshes have not
been reported. On the other hand, numerical examples where asymptotically
affine elements have been found are reported.

4.3.1 Two-dimensional problems

Non-affine mesh test

In this section, we present the numerical results concerning the systems (4.7)
in the context of a non-affine mesh. Specifically, a trapezoidal mesh has been
employed, ensuring a pair of not parallel edges for the quadrilateral element.
Figure 4.5 illustrates the discretized square geometry.

Since the first test is based on (4.7), a pressure field p has been fixed,
from which the vector s has been derived. In fact, we have that

p=dz(l—2)y(1—1y), (4.12)

from which

s =Vp= . (4.13)
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Figure 4.5: Trapezoidal mesh.

Since V - u = 0 is imposed, we have that w* is represented only by
an irrotational field, and therefore we have that V -s = —V - u*. The
computations have been performed by using different refined meshes, which
maintain the same trapezoidal pattern. The error norm of the velocity, the
pressure, and the divergence of velocity have been reported in Table 4.1, as
a function of the refinements levels. In particular, the coarsest grid has 4 x 4
elements, while the finest 128 x 128. We recall that to be precise, the velocity
divergence V - u should be understood in the sense of mimetic divergence
DIV.

In fact, as described in Chapter 2, non-affine meshes, such as the one
considered in this case, may lead to a non-convergence of the divergence error.
On the other hand, the mimetic finite difference (i.e. the Bochev technique
2.2.5) has been implemented and exploited for the computation. We recall
that, with this method, the Jacobian matrix is not computed varying the &
coordinates, but JF is evaluated at the center of the element.

The orders of convergence have been reported, where p, represents the
convergence rate for the velocity error, p, for the pressure error, and p, for
the divergence error. These convergence rates have been computed following

i (U =Bl
pi = ||J;n_(2§h||°’l : (4.14)

the relation
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U Ml =anllo | lp = pallo | IV -u =V unllo | pu | 2y | pa

2 | 6.86E-08 | 1.86E-03 2.37E-01 - - -

3| 3.31E-10 | 5.01E-04 6.11E-02 3.85 1 0.94 | 0.98
41 1.54E-12 | 1.28E-04 1.54E-02 3.8710.99 | 0.99
5 | 7.00E-15 | 3.21E-05 3.86E-03 3.89 | 1.00 | 1.00
6 | 3.11E-17 | 8.03E-06 9.64E-04 3.91 | 1.00 | 1.00
7| 1.37E-19 | 2.01E-06 2.41E-04 3.91 | 1.00 | 1.00

Table 4.1: Convergence trend of the error norm for problem (4.7), considering
a non-affine mesh, by using mimetic divergence. In the last columns, the
orders of convergence of the computed variables are reported.

where f represents the variable for which the error norm is computed, thus
w, p and V-u. Naturally, the L2-norm subscripts stand for the error evaluated
at the levels [ and [ — 1.

We can notice that the implementation of the mimetic divergence can
overcome the numerical issues related to non-affine elements since an evident
convergence can be observed for each variable. Additionally, note that also
V -u is capable of converging since mimetic finite differences have been used.
In fact, as expected the order of convergence tends to 1 as described by the
theoretical discussion in Equation (2.114) and [58]. In fact, also in the latter
reference, the convergence of the velocity divergence shows a linear trend.

Plane channel test

This test considers a plane channel geometry, as shown in Figure 4.6. The
dimensions are reported in the Figure with the variables L, and L,. The
geometry boundaries are denoted with I', where I'; and I', represent the
inlet and the outlet of the channel, while with I',, we denote the other two
boundaries.

Standard quadrilateral affine elements have been considered for mesh
discretization, avoiding the numerical issue related to distorted grids. In
fact, the finite element library has been equipped only with the lowest-order
Raviart-Thomas family, as one of the simulation objectives was to reduce
the computational effort associated with the number of degrees of freedom
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Figure 4.6: Channel geometry for the bidimensional velocity decomposition
test.

for every element. We recall that in this case, the number of unknowns is
only 5 for every element, i.e. the four fluxes over the faces and the piecewise
constant value of the pressure.

An analytical vector field u* = (u*,v*) € H'(Q), has been considered in
order to test the orthogonal decomposition, as explained in the introduction
of the Section 4.3. Four cases (a,b,c,d) have been investigated, changing
the boundary conditions and the vector field. Every vector field can be
decomposed by considering

ut = ug +uy, (4.15)

where ug € V? and uOl € VOl Two different u, vectors have been consid-
ered, one for cases a and b, and another one for cases ¢ and d. Specifically,

Ly (Y y
7 sin®(7x) sin Ty )cos (75

—27 sin(mz) cos(mx) sin? (Wg)

we have

uf’ = (4.16)

Y
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and

() (3) o (73)
T sin T— |Sm|{7m— ) COS|T—
ug® = 2 2 270 (4.17)

7 sin (W:C) coS (Wx) sin? (7Ty>
2 2 2

Regarding the value of ug the same expression has been considered for
the cases a,b and ¢, while for the case d we fix ug = 0. Specifically, ug
is described with a potential function that is representative of the pressure
gradient Vpy. In particular, we consider a pressure field described as

po = Joy(e = Dy —2), (4.18)

from which it is easy to obtain the vector gradient which reads

(s

(y—1) (W)

Hence, these expressions are the components of the vector uy. Therefore,

(4.19)

to identify the vector u* that has been considered for every simulation, it is
sufficient to add ug and ug. As an example, we report the full expression of
u* for the case a

] e e () (-2) ()

—27 sin(wx) cos(mx) sin? (ﬂ'g) +(y—1) (a:(x2—2)>
(4.20)

The boundary conditions imposed for the four cases are reported in Table
4.2. Note that for these simple tests, only two kinds of boundary conditions
have been investigated, i.e. a non-homogeneous Dirichlet boundary condition
for the velocity field and a homogeneous Dirichlet boundary condition for the
pressure. In fact, since the pressure field is defined up to an additive constant,
we recall that it is necessary to fix the value of the pressure at least at one
point of the domain, which can also be done by fixing the pressure value on
an entire boundary or on a single point.

The numerical pair solution (uy,pn) has been computed by solving the
system (3.25), and by exploiting a standard multigrid technique for the treat-
ment of the refined grids.
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case I T, 'y |
a p=0 wu=u'r u=u'r u=u"r
b |lu=u*r u=u*r u=u*r u=u'r
c p=0 wu=ur p=0 wuwu=u'
d p=0 wuwu=ur p=0 w=u'p

Table 4.2: Boundary conditions for the four different cases of the velocity
field decomposition in a bidimensional plane channel geometry.

In the following Tables 4.3, 4.4, 4.5, 4.6 the velocity and pressure error
norms are reported, including the convergence rate. The L? error norms are
shown changing the mesh refinement, from two up to eight levels, correspond-
ing to a number of elements varying from 256 up to 1048576.

In particular, the convergence error at the level [, which is reported in
the fifth column, can be defined as the sum of the L? norm of velocity and
pressure error, i.e.

&1 = |[uo — wnl|r2(0) + [P0 — Pullr2() - (4.21)

By taking the logarithm of the ratio between the errors at two different levels,
i.e. g and g4 (sixth column) we obtain an estimate of the convergence order
p, which is reported in the last column of the tables.

€l-1

o na o [Ip=pelo | o | ] p

2.56E+02 0.4850 0.0093 | 0.4943 | 1.9792 | 0.9849
1.02E+03 0.2435 0.0040 | 0.2476 | 1.9965 | 0.9975
4.10E4-03 0.1217 0.0019 | 0.1236 | 2.0031 | 1.0023
1.64E+04 0.0609 0.0010 | 0.0619 | 1.9977 | 0.9984
6.55E4-04 0.0305 0.0005 | 0.0309 | 1.9996 | 0.9997
2.62E+05 0.0152 0.0002 | 0.0155 | 2.0000 | 1.0000
1.05E+06 0.0076 0.0001 | 0.0077 | 1.9990 | 0.9993

O N O Ot = W N

Table 4.3: Plane channel geometry - case a: velocity and pressure error norm
and convergence rate for different levels [ of grid refinement and corresponding
number of elements n.;.
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€1—1
[ Tel lw —unllo | |lp — prllo €l o p
i

2.56E+02 0.4854 0.0091 | 0.4945 | 1.9833 | 0.9879
1.02E+03 0.2435 0.0041 | 0.2477 | 1.9969 | 0.9978
4.10E+03 0.1219 0.0020 | 0.1238 | 2.0000 | 1.0000
1.64E+04 0.0610 0.0010 | 0.0619 | 2.0001 | 1.0001
6.55E+04 0.0305 0.0005 | 0.0310 | 2.0000 | 1.0000
2.62E+05 0.0152 0.0002 | 0.0155 | 2.0000 | 1.0000
1.05E+06 0.0076 0.0001 | 0.0077 | 2.0000 | 1.0000

0 N O Ot = W N

Table 4.4: Plane channel geometry - case b: velocity and pressure error norm
and convergence rate for different levels [ of grid refinement and corresponding
number of elements n,;.

Ul ona | lle—wallo [ lp—pillo | & p
2.56E+02 0.2431 0.0091 0.2522 | 1.9951 | 0.9965
1.02E+03 0.1218 0.0041 0.1259 | 2.0029 | 1.0021
4.10E+03 0.0609 0.0019 0.0629 | 2.0021 | 1.0015
1.64E4-04 0.0305 0.0010 0.0314 | 2.0006 | 1.0005
6.55E+04 0.0152 0.0005 0.0157 | 2.0002 | 1.0001
2.62E-+05 0.0076 0.0002 0.0079 | 2.0000 | 1.0000

1.05E+06 0.0038 0.0001 | 0.0039 | 2.0000 | 1.0000

o N O Tt = W N

Table 4.5: Plane channel geometry - case c¢: velocity and pressure error
norm and convergence rate for different levels [ of grid refinement and the
corresponding number of elements n,;.

We can notice a convergence rate order equal to one for every case, show-
ing therefore a reliable numerical solution for the orthogonal decomposition
considered. In fact, we know that the theoretical error norms satisfy the
following inequalities

[wo = wnllo < Chllully, [P0 = pallo < Chllpolly - (4.22)

Hence, the results confirm how the order convergence rate follows a linear
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€l-1

[ Tel lw—unllo | |lp—prllo €l = p
!

2.56E+02 0.2431 0.009623 | 0.2527 | 2.0098 | 1.0070
1.02E+03 0.1218 0.002652 | 0.1245 | 2.0302 | 1.0216
4.10E+-03 0.0609 0.000683 | 0.0616 | 2.0197 | 1.0141
1.64E+04 0.0305 0.000172 | 0.0306 | 2.0107 | 1.0077
6.55E4-04 0.0152 0.000043 | 0.0153 | 2.0056 | 1.0040
2.62E+05 0.0076 0.000011 | 0.0076 | 2.0028 | 1.0020
1.05E+06 0.0038 0.000003 | 0.0038 | 2.0014 | 1.0010

0 = O Ot = W N

Table 4.6: Plane channel geometry - case d: velocity and pressure error
norm and convergence rate for different levels [ of grid refinement and the
corresponding number of elements n;.

behavior considering the mesh size h. In Figure 4.7, the velocity and pressure
norms trends for the four cases are shown including a comparison with a linear
and a quadratic behavior with respect to the mesh size h, as a function of
the number of points n, of the grid. The error norms are represented by
marker, circular for the velocity and triangular for the pressure, while solid
and dashed lines represent the linear and the quadratic behavior respectively.
As already noted in the previous tables, it can be noticed a good agreement
with the linear trend for the velocity error norm, for every considered case.
Concerning the pressure error norm, we notice the same linear trend for the
first three cases. On the other hand, a quadratic trend seems to appear for
the fourth case. This behavior can be justified by the fact that the case d is
the only case in which we have an orthogonal decomposition that does not
consider w*, and therefore the function u* is defined only by the divergence-
free part without the gradient of a scalar function.

In Figure 4.8 the components of the velocity are reported for different
mesh refinements in order to verify the grid convergence. In particular, on
the left, the u component is shown for the case a considering a plot over the
x coordinates located at y = 0.5. Regarding the figure on the right, the v
component is shown for the case ¢ considering a plot over the y coordinates
located at x = 0.5.

By using circular markers, the analytical velocity is represented, while the
results for different levels of refinement are represented with four different
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Figure 4.7: Velocity and pressure error norms for the channel geometry: case
a (top left), case b (top right), case ¢ (bottom left) and case d (bottom right).
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Figure 4.8: Grid convergence for the velocity components: u for case a on the
left and v for case ¢ on the right. Circular markers represent the analytical
velocity solution.
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types of lines. In fact, since a good approximation result has been obtained
with few refinements, only four numerical results have been shown, starting
from two up to five levels. We recall that the analytical velocity solution
represented by the circular white markers coincides with the theoretical wg
defined in (4.16)-(4.17), since our objective was to decompose the analytical
velocity u* in the divergence-free part wg and its orthogonal part (the gradient
of a scalar, i.e. the pressure p).

Circular geometry

Figure 4.9: On the left circular geometry for the bidimensional velocity
decomposition test, on the right corresponding mesh for the two levels of
refinement.

In this test, we consider a circle as the computational domain, as shown in
Figure 4.9. Hence, a circular domain has been considered with a radius r = 1,
and with the geometry boundary defined only by I',,. For a circular domain,
the quadrilateral elements are not equipped with four rectangle corners. In
fact, these elements are equipped with only one pair of opposite parallel
edges, and therefore they can be denoted as non-affine elements. On the other
hand, the grid refinement has been performed on the same mesh, leading to
asymptotically affine elements.

Two cases have been considered (a, b), changing the boundary conditions
and the analytical vector function. Also in this case, the decomposition for
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the vector field u* = (u*,v*) can be described as
ut =y +uy, (4.23)

where ug € V and ué € V+. The same u, function has been considered for
the two cases, which reads

4?2 +y* = 1)y
Uy = s (424)

—4(z* +y* — 1z
while the orthogonal term, ug, is present only for the second case b. We
have already seen that the orthogonal part is represented by the gradient of
a potential function that is the pressure py. Hence, for the case b we have

x4+ 1)3
Po = R 3 ) ) (4.25)
from which the gradient vector reads as
x+1)2
Vpo = l( 0 ) 1 . (4.26)

Therefore for the second test case, we have that ug = ((z + 1)2,0). Regard-
ing the boundary conditions, for the case a we impose a vanishing pressure
on the boundary, i.e. p =0 on I',,. If for the case a, a homogeneous Dirich-
let boundary condition has been imposed, for the case b we impose a non-
homogeneous Dirichlet boundary condition. Specifically, we have u|r = w*|r.
Moreover, the pressure has been set equal to 0 at the point @ = (—1,0) to fix
the constant value. The system (3.25) is solved considering R7 x S}, finite
elements for the pair solution (wp, pp).

In the following Tables, 4.7 and 4.8, the velocity and pressure error norms
are reported, including the convergence rate. The L? error norms are shown
changing the mesh refinement, from two up to eight levels, corresponding to
a grid size varying from 320 up to 43680 elements. The convergence rate
order p is defined as in the channel test, and the same considerations can be
done for the values in the table columns.

From the error Tables, 4.7 and 4.8, a perfect agreement with the value 1
is found for the order p, in both cases. The same error norms are depicted
in Figure 4.10, where a comparison with a linear and a quadratic trend is
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€l-1

l Nnodes HU—uhHo HP—tho €1 ? p
l

1.31E+03 0.4373 0.01037 | 0.4477 - -

5.19E+03 0.2176 0.00317 | 0.2208 | 2.0277 | 1.0198
2.06E+04 0.1087 0.00087 | 0.1095 | 2.0158 | 1.0113
8.22E4-04 0.0543 0.00023 | 0.0545 | 2.0082 | 1.0059
3.28E405 0.0272 0.00006 | 0.0272 | 2.0042 | 1.0030
1.31E+06 0.0136 0.00002 | 0.0136 | 2.0017 | 1.0012

S Ot e W N

Table 4.7: Circular geometry - case a: velocity and pressure error norm and
convergence rate for different levels [ of grid refinement and corresponding
number of nodes N,,odes-

€l-1

[ Nnodes lw—wunllo | |lp—prllo €l = p
l

1.31E+03 0.4373 0.0873 | 0.5246 - -

5.19E+03 0.2176 0.0437 | 0.2613 | 2.0075 | 1.0054
2.06E+04 0.1087 0.0219 | 0.1305 | 2.0021 | 1.0015
8.22E4-04 0.0543 0.0109 | 0.0652 | 2.0005 | 1.0004
3.28E+05 0.0272 0.0055 | 0.0326 | 2.0001 | 1.0001
1.31E+06 0.0136 0.0027 | 0.0163 | 2.0000 | 1.0000

S Ot e W N

Table 4.8: Circular geometry - case b: velocity and pressure error norm and
convergence rate for different levels [ of grid refinement and corresponding
number of nodes N,,odes-

performed. The employed symbols are the same as the plane channel test.
Naturally, n, and nyeq4es have the same meaning.

Also in this case, the simulation with a vanishing pressure term (case
a), presents a quadratic behavior for the pressure error norm. The velocity
error norms follow a linear trend considering the mesh size, confirming the
theoretical error estimate.

In Figure 4.11, the u component of the velocity is shown as a function
of the y coordinates, considering a fixed x equal to 0, for two different levels
of grid refinement and for the case a. In particular, the grid convergence is
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Figure 4.10: Convergence rate for velocity and pressure error for the circular
geometry: case a on the left, and case b on the right.
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Figure 4.11: Grid convergence for the velocity component wu, considering 1
and 4 levels of refinement for the case a.

shown with a comparison with the analytical velocity, which is represented
using circular markers. Only two levels are reported since the mesh with zero
refinement is already in good agreement with the analytical result.

Note that, for the case with no levels of refinement the solution seems
to be different from zero at the boundary, despite homogeneous Dirichlet
boundary conditions have been imposed. This issue is related only to the
post-processing of the solution. In fact, we recall that the degrees of freedom
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of the system of equations correspond to the four fluxes through the element
faces. Therefore, in order to represent these fluxes on the grid nodes we
represent the velocity field as a piecewise constant solution over the cell. This
value is computed as the mean of the fluxes, where naturally the velocity is
obtained from the flux by applying the normalization by using the length of
the element edges. By increasing the grid refinement this small discrepancy
from zero in the elements close to the boundary tends naturally to zero.

4.3.2 Three-dimensional problems

Channel geometry

We now consider a three-dimensional test, which has been carried out on the
domain shown in Figure 4.12. The characteristic dimensions of the channel
are L, = 1, L, = 1 and L, = 4. Moreover, the geometry boundaries are
defined with I'; where specifically we have that the inlet and the outlet are
represented by I'; and IT',, the top and bottom faces with I'; and I'y, while
the lateral faces are I'; and I',. Standard hexahedral elements have been
employed for the geometrical discretization, avoiding irregularity related to
surface distortion and hence non-affine properties.

Figure 4.12: Three-dimensional channel geometry for the three-dimensional
velocity decomposition test.
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This test is similar to the circle test since only two cases (a, b) have been
investigated, characterized by the same ug. In this case, we have

27 sin?(mx) sin(7wy) cos(my)z(4 — 2)

uy = |—msin(ry)sin(27x)z(4 — z) + %sirﬁ(ﬂy) sin (ﬂ;> z(l—2x)|,

— 4 sin?(7z/4) sin(7y) cos(ry)x(l — x)
(4.27)
where naturally the decomposition of the vector u* follows the same path as
the previous tests. The only difference between the two cases relies on the

u' term, which is present only in the case b. Specifically, we have a pressure
field defined as

po = 25(2* — 2)(y* —v), (4.28)

from which the gradient vector reads as

50(x — 0.5)(y* — y)
Vpo = |50(z* — z)(y — 0.5) | . (4.29)
0

The set of equations in (3.25) is employed to solve (uy, pr) € RT o X Sp.
Concerning the boundary conditions, we impose a non-homogeneous Dirichlet
boundary condition for the velocity on every boundary, while a homogeneous
Dirichlet boundary condition for the pressure has been imposed on I',. The
boundary conditions are summarized in Table 4.9.

Fi Fo Fl Fr Ft Fb

u=u'lr p=0 u=u*r u=u*r u=u*r u=ur

Table 4.9: Boundary conditions for the three-dimensional channel test.

In addition, the constant for the pressure has been fixed, considering
po = prn = 0 at the point & = (0,0,0). With the same notation of previous
tests, in Tables 4.10 the error norms are reported for the velocity and pressure
field, as a function of the refinement levels. For this test, the grid size of the
mesh changes from 512 (first level), up to 2.09-10° (fifth level) elements. The
computed convergence rate order p is very close to 1, confirming the goodness
of the numerical results.
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€l-1

l Nnodes HU—uhHo HP—tho €1 ? p
l

2 | 4.91E+4-03 0.3818 0.00153 | 0.3834 | 1.9433 | 0.9585
3 | 3.59E4-04 0.1924 0.00041 | 0.1929 | 1.9878 | 0.9912
4 | 2.75E+05 0.0964 0.00010 | 0.0965 | 1.9982 | 0.9987
5 | 2.15E4-06 0.0482 0.00002 | 0.0483 | 2.0000 | 1.0000

Table 4.10: 3-dimensional channel geometry - case a: velocity and pressure
error norm and convergence rate for different levels [ of grid refinement and
corresponding number of nodes n,04es-

€l-1

[ Nnodes lw—unllo | |lp — prllo €1l = p
l

2 | 4.91E4-03 0.3818 0.1551 | 0.5369 | 2.0689 | 1.0489
3 | 3.59E+04 0.1924 0.0705 | 0.2629 | 2.0419 | 1.0299
4 | 2.75E+05 0.0964 0.0341 | 0.1305 | 2.0151 | 1.0109
5 | 2.15E4-06 0.0482 0.0169 | 0.0651 | 2.0044 | 1.0032

Table 4.11: 3-dimensional channel geometry - case b: velocity and pressure
error norm and convergence rate for different levels [ of grid refinement and
corresponding number of nodes n,04es-

In Figure 4.13, the trend of the error norms is shown in comparison with
a linear and a quadratic behavior with respect to the mesh size h. The
employed symbol and the conclusions are similar to the previous cases: if
for the velocity error norm a linear trend can be noted, for the case a the
pressure error norm seems to follow a quadratic behavior. We recall that the
case a is characterized by a vanishing u' term.

Cylindrical geometry

The last test focuses on a cylindrical geometry, as shown in Figure 4.14. In
particular, the considered cylinder is described by the radius r and the height
H, for which the values are reported in the Figure. Naturally, the cylinder
axis coincides with the z-axis. The boundaries are denoted with I'; and I',, for
the inlet and outlet section, while the side wall is denoted with I',,. For this
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Figure 4.13: Convergence rate for velocity and pressure error for the 3-
dimensional channel geometry: case a on the left, and case b on the right.

geometry, the mesh discretization is based on the employing of hexahedral
elements.

It is easy to understand that, in order to represent a curved surface, the
hexahedral elements are equipped with a pair of opposite faces that are not
parallel to each other. On the other hand, since the refinement is performed
on the same mesh, the faces become more and more parallel to each other,
avoiding any problematic convergence issues.

N ]
|
Fw ‘ H:2
\
\
|
//’—T——§\
(T r=1>{v

Figure 4.14: Cylindrical geometry for the three-dimensional velocity decom-
position test.

A single case has been investigated, where the tested vector function is
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described only with the divergence-free term, i.e. u* = wuy. Therefore, the
potential function, i.e. the pressure field, is equal to zero. In particular, we
have

T cos? (WI) sin (71'y> cos (ﬂ'y>
2 2 2

Uy = | —7 cos? (ﬂi) sin (7?§> coS <7T§> . (4.30)
0

Regarding the boundary conditions, the pressure has been fixed equal
to zero on the outlet section, while on the remaining boundaries, a non-
homogenous boundary condition for the velocity has been imposed, u = u*|r.
In Table 4.12 the error norms for the velocity and pressure field are reported.
In this case, the mesh size changes from the first level equal to 1.08 - 103
elements up to the fourth level with 5.53 - 10° elements.

€l-1

[ Nnodes ||u_uh||0 ||p_ph||0 €l 57 p
l

1 | 1.31E+03 0.8303 0.0044 | 0.8557 - -

2 | 9.69E+-03 0.4357 0.0015 | 0.4371 | 1.9575 | 0.9690
3| 7.32E404 0.2193 0.0004 | 0.2197 | 1.9895 | 0.9924
4 | 5.69E+405 0.1099 0.0001 | 0.1100 | 1.9980 | 0.9985

Table 4.12: Cylindrical geometry: velocity and pressure error norm and con-
vergence rate for different levels [ of grid refinement and the corresponding
number of elements n,oges-

The convergence rate order p tends to 1 with increasing the mesh refine-
ment, confirming the validity of the numerical results. In Figure 4.15 the
error norm values are shown in comparison with a linear and a quadratic
trend considering the mesh size h. Despite the few points, it can be no-
ticed a difference between the velocity and pressure error norm. In fact, as
expected, the velocity error norm follows a linear behavior, while for the
pressure a quadratic trend can be observed.
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Figure 4.15: Convergence rate for velocity and pressure error for the cylin-
drical geometry.

4.4 Projection method for Navier-Stokes equa-
tions

In this section, we aim to test the employment of the Raviart-Thomas finite
element family in the framework of the projection method for the resolution
of the Navier-Stokes equation. Specifically, the system of equations (3.25),
has been adopted where we recall that the orthogonal decomposition of the
velocity field is considered as the second step of the split algorithm, i.e. the
resolution of the pressure equation.

Three cases have been investigated, considering a bidimensional and a
three-dimensional geometry: a channel, both in two and three dimensions
and a bidimensional cavity. For these tests, the same comparison has been
performed, considering three different algorithms for the numerical solution.
The first one consists of a standard coupled algorithm for the resolution of
the velocity and pressure, and by using classical lagrangian finite elements
P> — P, for the field discretization. The second technique is based on the
same finite element family but employs a standard projection algorithm for
the Navier-Stokes system. Lastly, the third method is characterized by the
employment of the Raviart-Thomas finite element family for the resolution
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of the pressure equation in the context of the split technique.

4.4.1 Two-dimensional channel

The first analyzed case focuses on the resolution of the Navier-Stokes equation
characterized by a low Reynolds number inside a bidimensional channel, i.e. a
laminar flow. It is well known that the solution of this kind of configuration
is expressed by the Poiseuille profile for the streamwise component of the
velocity. Indeed, we expect to obtain the classical parabolic profile.

In Figure 4.16 the investigated mesh discretizations of the channel geome-
try are reported. Note that, on the right, is reported a channel discretization
where non-affine elements have been employed. On the other hand, the multi-
grid refinement produces elements that converge to a parallelogram shape,
which is an affine element since the opposite edges are parallel. The geometry
dimensions and the boundaries are the same as the case described in Figure
4.6.

Figure 4.16: Two-dimensional Poiseuille flow: regular and irregular coarsest
mesh for the channel flow.

Considering the boundary conditions, at the inlet section I'; a fixed ve-
locity has been imposed, a standard no-slip boundary condition has been
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imposed on the wall side I',,, while an outlet-type condition has been im-
posed at the outlet section I'y to fix the pressure value. In Table 4.13 the
boundary conditions are summarized.

Table 4.13: Boundary conditions for the laminar channel test.

Otherwise the previous examples, for this kind of numerical simulation it
is not possible to have an analytical solution of the velocity field. In fact,
even though a Poiseuille flow type is searched, if we consider an inlet bound-
ary condition the analytical solution for the Navier-Stokes system does not
exist. For this reason, the velocity error norm with respect to a reference
solution does not have a numerical significance. On the other hand, in or-
der to compare qualitatively the solutions with the three types of numerical
discretizations the L? norm of the velocity field over the entire domain is
reported, for different grid refinements. In particular, for both regular and
irregular meshes, we compute the velocity norm as reported in Table 4.14.
The different methods are denoted with P¢, P* respectively, for the coupled
and split technique with Taylor-Hood finite elements, while with R7T the
Raviart-Thomas finite elements.

; - Regular mesh Irregular mesh
Pe P | RTo | P° P | RTy
1| 6.40E+01 | 1.551 | 1.408 | 1.515 | 1.516 | 1.408 | 1.526
2 | 2.56E402 | 1.544 | 1.470 | 1.530 | 1.525 | 1.470 | 1.531
3| 1.02E403 | 1.539 | 1.502 | 1.532 | 1.530 | 1.501 | 1.532
4 | 4.10E403 | 1.536 | 1.517 | 1.532 | 1.532 | 1.517 | 1.532
51 1.64E404 | 1.535 | 1.525 | 1.532 | 1.533 | 1.525 | 1.531
6 | 6.55E404 | 1.534 | 1.529 | 1.530 | 1.533 | 1.529 | 1.528

Table 4.14: Two-dimensional channel test: L2-norm of the velocity field for
different levels [ of grid refinement with n.; number of elements, for regular
and irregular mesh.

We can notice that with the increasing of the grid refinement, the veloc-
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ity norm values tend to the same value for every method, ensuring reliable
numerical results for this test. Consider that, even if the second mesh is
characterized by non-affine quadrilateral elements, the numerical solution is
sought considering a multigrid approach. Therefore, the initial irregular mesh
tends to asymptotically affine quadrilateral elements, allowing the use of the
standard Raviart-Thomas family of order 0. The last column of Table 4.14
confirms that, with this geometry, this spatial discretization is able to find
the right numerical solution.

Naturally, different numerical aspects should be considered in order to
perform an extensive comparison between the three methods. In fact, from
a computational point of view, the simulation duration should be discussed,
since with a split technique a decrease in the computational effort is sought.
This kind of analysis will be addressed in future works.

In addition, considering the framework of a laminar flow inside a channel,
the main variable of interest is the streamwise component of the velocity field,
denoted with v. For this reason, in Figure 4.17 the velocity profile of v is
reported for the three different algorithms, as a function of the x coordinates.
The plot has been done, considering a fixed y equal to 1. Since the numerical
solutions between the two different grids are very similar, we report only the
case with regular quadrilateral elements.

Considering Figure 4.17, the type of algorithm to solve the Navier-Stokes
system is denoted with the subscript, ¢ for the coupled system and s for the
split one. With the superscript is denoted the type of finite element fam-
ily employed for the velocity-pressure discretization, P for standard Py — Py
lagrangian elements and with R7T the Raviart-Thomas elements. The solid
line represents the reference numerical result, that is, the numerical solution
obtained with a coupled algorithm and classical Taylor-Hood lagrangian el-
ements. With the markers, the numerical solutions of the split system are
reported: the triangular markers represent the case where Py — P; elements
have been employed in every equation, while the circular markers represent
the solution obtained by using an R7T approximation for the resolution of the
pressure equation. We can notice a good agreement of the velocity profiles
obtained by employing the three different algorithms.
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Figure 4.17: Two-dimensional channel flow (regular mesh): streamwise ve-

locity component v for coupled algorithm, split algorithm, and split algorithm
with Raviart-Thomas approximation.

4.4.2 Two-dimensional cavity

The aim of this test is to verify the convergence error rate, by considering
a cavity configuration, i.e. a rectangular closed geometry. Specifically, the
domain is described with the same channel of the previous cases, i.e. the
bidimensional channel described in Figure 4.6, where the elements employed
for the spatial discretization are standard regular quadrilateral elements. Re-
garding the velocity field, the boundary condition imposed on every edge is
a homogeneous Dirichlet boundary condition in order to have u = 0 on the
walls. Naturally, Raviart-Thomas finite elements have been employed for this
numerical simulation, in order to discuss the solution goodness in a different
setting.

In order to compute the L? norm of the velocity error, the steady exact
Navier-Stokes solution has been imposed on the right-hand side of the equa-
tion. In fact, given a generic operator A which represents the left-hand side
terms of the Navier-Stokes equation, we aim to solve

Au = Au” (4.31)

for a specified u*, which represents the desired solution. Specifically, the
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exact solution for the velocity components reads as

. [ u* ] gsin2(7r:n) sin (Wg) Cos (wg>

) —7r sin? <7Tg) sin(mx) cos(mx) | .

In Table 4.15 the velocity error norm and the corresponding order of
convergence for different levels of refinement are reported, for the R7T, fi-
nite element approximation. The order of convergence p is reported in the
last column, computed as in the previous tests. We can notice that also in
this case, a linear trend for the velocity error norm can be observed for the
Raviart-Thomas velocity approximation.

RTo

gl—
s —wunlo | = | »p
€l

1] 6.40E+01 | 9.59E-01 - -

l Nel

2 | 2.56E402 | 4.86E-01 | 1.976 | 0.997
31 1.02E403 | 2.44E-01 | 1.994 | 0.997
4| 4.10E403 | 1.22E-01 | 1.998 | 1.002
5 | 1.64E404 | 6.10E-02 | 2.000 | 0.998
6 | 6.55E+04 | 3.05E-02 | 2.000 | 0.999
7| 2.62E+05 | 1.52E-02 | 1.999 | 1.000

Table 4.15: Two-dimensional cavity test with projection method: velocity
error norm and convergence rate for different levels [ of grid refinement and
corresponding number of elements n,;, for R7T finite element approximation.

The same test has been computed considering also the standard Taylor-
Hood lagrangian basis function, both with a coupled and a split algorithm.
The results are reported in Table 4.16. We can notice a good convergence
trend for the velocity error for both methods, even though the order of con-
vergence p is not reported. In fact, despite these parameters appearing to
be equal to 3 for both simulations, we recall that the velocity error should
be considered together with the pressure error norm. For coupled systems
or for lagrangian-type basis functions, that are not pointwise divergence-free,
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we know that an error in the pressure field produces an effect also the error
in the velocity. An example of this problem is reported at the beginning of
this chapter, in section 4.2.

Coupled Py — P Split Py — P4

gl— €l—
lw —allo | = |l —wyflo | —
€l €l

11]6.40E+01 | 4.60E-02 - 4.56E-02 -
2 | 256E402 | 5.81E-03 | 7.925 | 5.77E-03 | 7.905
3 | 1.O2E4+03 | 7.25E-04 | 8.018 | 7.23E-04 | 7.982
4 | 410E+03 | 9.05E-05 | 8.007 | 9.06E-05 | 7.986
3
6

l Tel

1.64E+04 | 1.13E-05 | 8.002 | 1.13E-05 | 8.011
6.50E+04 | 1.43E-06 | 7.929 | 1.41E-06 | 7.995

Table 4.16: Two-dimensional cavity test with Taylor-Hood finite element
approximation: velocity error norm for different levels [ of grid refinement
and corresponding number of elements n.;, for coupled and split algorithm.

An interesting result has been found considering the behavior of the ve-
locity divergence. As expected, for the coupled system solved by using RT g
approximation, the velocity divergence reaches values close to machine preci-
sion, indicating that this technique is equipped with an exact zero divergence
in every point. Considering the other two methods, the results have been
reported in Table 4.17.

It is worth noting that the velocity divergence error is different from
zero as expected. On the other hand, these values seem to converge with
a quadratic order.

4.4.3 Three-dimensional channel

This test represents the extension of the bidimensional Poiseuille flow to a
three-dimensional configuration, i.e. a regular parallelepiped. The considered
domain is the same as the three-dimensional test for the orthogonal velocity
decomposition (represented in Figure 4.12), where the characteristic lengths
have the same values (L, = 1, L, = 1 and L, = 4). Moreover, regular
hexahedral elements have been employed for the domain discretization.
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l . Coupled Py — P _ Split Py — P4
IV-w = Voo | 2 IV w = Voo |
g1 €l
1| 6.40E+01 4.33E-01 - 4.42E-01 -
2 | 2.56E+02 1.13E-01 3.839 1.13E-01 3.92
3| 1.02E4+03 2.83E-02 3.978 2.83E-02 3.98
4 | 4.10E403 7.09E-03 3.996 7.09E-03 4.00
51| 1.64E4-04 1.77E-03 3.999 1.77E-03 4.00
6 | 6.55E+04 4.44E-04 3.990 4.43E-04 4.00

Table 4.17: Two-dimensional cavity test with Taylor-Hood finite element
approximation: velocity divergence error norm for different levels [ of grid
refinement and corresponding number of elements n.;, for coupled and split
algorithm.

The flow configuration follows the same path of the bidimensional case,
and thus the fluid enters at the inlet section I';, and exits through the outlet
section I',. On the remaining boundaries, the standard no-slip boundary
condition has been imposed.

Regarding the reliability of the numerical solutions, the same comments
of the two-dimensional channel case can also be drawn for the case of a
three-dimensional channel. Therefore, since it is not possible to compare the
numerical solution with an analytical field, also in this case the L?-norm of
the velocity field has been computed for the three methods as an indicator
of the solution goodness. For this reason, in Table 4.18 the velocity norm
values have been reported considering three levels of refinements, for the three
techniques. The notation is the same as the two-dimensional channel test.

The L2-norm of the velocity field tends to the same value for each different
algorithm, confirming the good behavior of the numerical solution, as already
shown in the bidimensional case.

Also in this case, the same qualitative comparison between three types of
algorithms has been performed on the numerical solution. Therefore, in Fig-
ure 4.18 the streamwise velocity component w has been reported, where the
employed notation and symbols are the same as the bidimensional channel.
The w component is represented as a function of the x coordinate, with a
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Ll g P | P | RTy
1 | 2.08E+02 | 2.147 | 1.962 | 2.301

4.10E403 | 2.236 | 2.139 | 2.312
3 | 3.28E404 | 2.280 | 2.231 | 2.323

Table 4.18: Three-dimensional channel test: velocity error norm for different
levels [ of grid refinement and the corresponding number of elements n,;.

plot performed with a fixed y coordinate equal to 0.5.

0.0 0.2 0.4 0.6 0.8 1.0
T
Figure 4.18: Three-dimensional channel flow: streamwise velocity component

w for coupled algorithm, split algorithm, and split algorithm with Raviart-
Thomas approximation.

Figure 4.18 shows good accuracy for the computed numerical solution.
Indeed, the velocity profile w obtained with a Raviart-Thomas approximation
of the pressure equation in a split system (3.25) has a similar trend to the
velocity profile obtained with a standard coupled (3.17) and split algorithm
(3.19).






CHAPTER D

Code coupling for Multiphase
simulations

The objective of this chapter is to exploit theoretical and numerical consid-
erations about the velocity field approximation characterized by the incom-
pressibility constraint. In particular, we try to apply the resolution of the
Navier-Stokes equations previously described, in the context of multiphase
flow simulations. In fact, it is well known that mass conservation is a key
feature when numerical simulations of multiple-phase flows are considered.
This feature can be easily understood if we suppose that the density of the
considered phases is represented by a constant value. Therefore, the classical
constraint of the vanishing velocity divergence is a natural consequence, that
must be addressed with the most suitable numerical tools.

In order to exploit the divergence-free velocity approximation, we have to
describe the physical application that has been considered. Therefore, this
chapter is organized as follows: in the first part we describe the multiphase
problem and we discuss how to manage the advection of the interface of one
phase; after that, some standard benchmark applications are presented where
a comparison between finite element families for the velocity interpolation is
performed. In fact, the idea is to take advantage of a discretized divergence-
free velocity field in the context of multiphase simulations.

The numerical codes that have been used for this purpose are the finite el-
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ement libraries FEMuSTTU [83] and ProXPDE [84]. These codes are numeri-
cal libraries built for the resolution of partial differential equations developed
at the Department of Industrial Engineering of the University of Bologna
and at the Department of Mathematics and Statistics of the Texas Tech
University respectively. Indeed, this work has been performed by exploiting
the collaboration between the research group of Nuclear Power Plants, at
UNIBO, and the one of Numerical Analysis, at TTU. Each of the mentioned
codes is written in C++4 and is available on the GitHub website.

5.1 Surface advection with marker technique

As mentioned earlier, the subject of the numerical simulations presented in
this chapter is related to the multiphase simulations. Additionally, our study
is focused on addressing the treatment of the interface between the multi-
phase phases. Although numerous numerical techniques and algorithms have
been developed over the years in the literature in order to address this issue
(VOF, Level Set method, etc) [85, 86, 87], our attention is drawn to the Front
Tracking Method [88]. Indeed, various approaches have already been investi-
gated considering the marker technique for the surface reconstruction [24, 25].
The basic idea of this technique is to advect a set of points, called markers,
which represent the interface, from the initial configuration and with the aim
of preserving the topology information of the interface during the simulation
transient.

In particular, a numerical library has been developed capable of initializ-
ing, advecting, and rebuilding the geometric position of a set of markers to
represent the surface with the best-fit quadric equation. These actions are
computed in every cell of the domain, where we take into account the infor-
mation of the neighboring cells for the computation of the different variables
in the algorithm, such as the color function and other parameters connected
to the markers (curvature, normal vector, etc.). We underline that the pre-
sented library has been developed and initially tested only for bidimensional
problems, and at this stage we are able to handle only cartesian grids. On the
other hand, three-dimensional examples will be investigated in the future.

In the first part of this chapter, the implemented algorithm is described,
explaining the several functions necessary for the surface advection. After
that, some standard numerical tests are presented with the aim of verify-
ing the ability of the markers to represent a multiphase surface movement.
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These tests are performed by applying analytical velocity fields on standard
geometric shapes, such as a bubble, i.e. a circumference. Finally, a compari-
son with two types of different finite element families for the approximation
of the specific analytical velocity field is presented.

5.1.1 Marker geometry initialization

The first step of the algorithm involves the implementation of an initialization
function, to define the set of the markers and their related parameters. This
function is specifically designed to define the initial geometry of the marker
cloud, representing one of the two phases within the domain. In order to
achieve this, the library is equipped with two possible methods:

i) providing an explicit set of points with related parameters;
ii) providing a generic quadric equation.

Concerning the first method, it is sufficient to provide a complete set of
points along with their geometric coordinates, normal vectors and curvature
for each marker. This allows the initialization of interface shapes that cannot
be represented with a quadric equation.

Alternatively, the second method involves providing the equation of a
generic conic equation in the form:

f(z,y) = Ax* + Bxy + Cy* + Dx + By + F , (5.1)

where the chosen initial geometry of the marker cloud defines the coefficients
A, B,C,D,E and F. This function also allows the possibility of initializing
multiple geometries based on different chosen quadric equations. Indeed, it is
sufficient to change only the coefficients to define another initial configuration.
From an implementation perspective, specific functions have been provided
for ellipse-type geometry (which can be transformed into a circumference as
well). For example, given the center coordinates of the ellipse x. and defining
the semi-axes length with (a,b), the quadric coefficients are defined as

A =10 B =0, C =a?,
D = —2x.b?, FE = —2y.d?, F =220 +y2a®* + 1.

Having the quadric equation, markers can be inserted onto it by providing
the desired number of points for every cell. Therefore, giving n, markers for
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each cell with their corresponding points coordinates &, = (,,¥,), the unit
normal vector i can be calculated as

A= < Re T > , (5.2)
\/ng +n2 \/ng +n2
where
ny = 2Ax, + By, + D, n, = 2Cy, + Bz, + E. (5.3)

In addition, the curvature value k is computed for each marker by using the
following expression [89]

A-B

k —_— W 9 (5.4)
where
A=8AC*y2 +2C [(D + 2Ax,)* + 4A(E + By, — B2, (5.5)
B =—2(E + Bx,) [ -AE + B(D + Az, + By,)| , (5.6)
C = [(D + 24z, + By,)* + (E + Bz, + 2Cy,)?] . (5.7)
Note that this formulation for the curvature k& derives from the well-known
formula [90]
dn -
k=——-1 5.8
3 659

where £ represents the unit tangent vector and s is the arc length of the curve.
Moreover, the arc length ds associated with every marker of the quadric

is considered. To evaluate it, an osculating circle is built on the quadric

connecting the arc length of a circular sector to ds. Specifically, we have

ds = Rdf. (5.9)

The radius R and the angle df are evaluated with other functions, that are
described in the marker rebuilding section.

In addition to the marker initialization, another feature has been provided
to identify different phases inside the domain. In particular, at every node
of the grid, the sign of the quadric surface is considered. If a cell is equipped
with a negative sign at every node that region is regarded as the first phase,
and an internal marker is placed at the center of the cell. The advection step
is also applied to this new marker inside the cell, in order to manage the
color function variable. Otherwise, if the sign of the quadric is positive at
every grid node, it indicates the second phase. The third option arises when
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a cell has nodes with different signs of the quadric, representing the set of
the boundary cells, that are indeed cut by the surface quadric equation. An
example of boundary and interior markers is reported in Figure 5.1, showing
also the set of normal vectors for the marker present in a single cell. Note
that the interior markers are placed only in the cells for which every node is
considered inside the reference phase, i.e. the nodes equipped with the same

negative sign concerning the quadric equation.
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Figure 5.1: On the left, initialization of a few cells with boundary and interior
markers. On the right, a generic cell with nine markers and their respective
normal vectors for an ellipse-type geometry initialization.

5.1.2 Color function evaluation

In the context of multiphase simulations, the tracking of the two phases is an
essential requirement. To address this need, the library includes a function
capable of evaluating the value of the color function C' for every cell. This
variable serves as a tool for monitoring the phase under consideration and
represents the ratio between the area occupied by one of the two phases A,
and the total area A of the respective cell. Indeed, the value of C' varies
between 0 and 1, with the extremes of this interval representing the different
phases. To illustrate, considering a bubble (phase 1) inside a domain (phase
2), the interior phase can be associated with C' = 1, while the exterior phase
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is represented by C' = 0. Therefore, C' can be defined as
A

C= (5.10)

The value of A, is computed by implementing a linear fit of the interface
cell markers, providing the best approximation of these points in the cell with
a line. In order to evaluate the area of the interior phase, the linear fit is
employed using an exact subdomain polynomial integration [91] implemented
for finite elements with linear cuts.

As a result, the value of C' is piecewise constant for every cell in the
domain. On the other hand, the library also provides the evaluation of a
pointwise color function C,,, defined on the grid nodes. Note that, since the
advection of a phase can produce thin filaments, the evaluation of C,, requires
some attention. Initially, every node inside a cut cell is assigned with a value
equal to 0.75 if the sign of the quadric equation is positive. Otherwise, for
the grid nodes with negative quadric sign we fix the value at 0.25. These
values on the grid nodes remain unchanged for boundary cells, i.e. the cells
containing the markers. However, for the internal cells, described by C' = 1,
a check on the nodes is performed in order to assign C;, = 1 on every node.

In Figure 5.2 a representation of C' and C,, is reported for the same set
of four cells. Note the difference between the computed value of C' by using
a cut-fem integration and the corresponding approximated value of C, de-
pending mainly on the sign of the quadric. Regarding the latter, since the
example reported deals with quadrilateral finite elements, the C), variable is
placed at the biquadratic nodes of the cell.

5.1.3 Runge-Kutta advection scheme

After the initialization routine, the marker located on the quadric equation
for each boundary cell and the central marker are ready to be advected by a
velocity field. In particular, in order to test the library the preliminary simu-
lations have been performed considering an analytical velocity field, without
implementing and resolving the Navier-Stokes type equations. In addition,
using specific velocity fields, such as periodic stream functions, allows for the
verification of the accuracy of the algorithm, as demonstrated in the results
section of this part. On the other hand, the numerical scheme adopted for
the advection does not change in the presence of a fully solved velocity field,
which derives for example from the resolution of the Navier-Stokes system in
the context of multiphase flow simulations.
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Figure 5.2: Four cells of a generic quadric surface for a markers cloud. On
the left the piecewise constant value of C' and on the right the value of C,
for every cell node.

In the library, the standard Runge-Kutta method [92] has been imple-
mented in order to move the markers in the cell. Although the simulations
performed use a 4-th order Runge-Kutta scheme, the library provides the
flexibility to perform a generic n-th order scheme. In this section, the 4th-
order scheme is described to recall standard results present in the literature
about discretized advection schemes. Therefore, considering an initial time
to and a fixed time step interval At, the initial value problem is defined as

d
c%; =v(x,t), with  x(tg) = xo, (5.11)

where v is the velocity field function of the space & and the time ¢, and x
represents the initial position.

To evaluate the position, i.e., the spatial coordinates x; for the i-th marker
at the time ¢, we need to solve the following relation

1
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where the coefficients k; are defined as

:'U(.’L' n1)7

At At
9= a:n1+k:1 n1+7
3 =7 wnl 22 -1 9 )

’U(:B n— 1)+k3At tn 1+At)

This numerical scheme is performed at every time step and in every cell
to represent the surface motion by moving the markers. This step serves as
the initial configuration for the next section, where, starting from the advec-
tion result, the rebuilding of the marker position is performed when certain
conditions are not satisfied. The new parameters related to the markers are
computed, and once the new markers are found from the best-fit quadric of
the cell, another time step with the Runge-Kutta method is performed.

5.1.4 Best-fit quadric equation

After the marker advection for every cell, a crucial aspect of the algorithm is
the computation of a quadric equation that represents the best-fit approxima-
tion of the marker positions. This is achieved by exploiting the information
about the marker of a single cell at a specific time step, i.e. position, normal,
along with the markers from neighboring cells. The resulting quadric equa-
tion is then selected from an ellipse, a hyperbola, or a parabola. In particular,
the least-square minimization approach is employed to determine the coeffi-
cients corresponding to these types of conics, and a criterion is implemented
to choose the best one among the three. To briefly summarize, the algorithm
for seeking the best-fit quadric equation relies solely on the relative positions
of the markers. Other aspects, such as incorporating information about the
normal vector in the minimization process, are still under investigation for
library development but are beyond the scope of this thesis.

The first step of the minimization process involves evaluating the barycen-
ter in the cell, considering a weighted set of markers instead of the classical
geometrical barycenter. This step is performed using the arc length variable s
of each marker, allowing the detection and penalization of regions with a high
density of markers (i.e. marker cluster resulting from the advection routine).
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In particular, the weighted markers are evaluated with a Gaussian distribu-
tion curve that depends on the distance between the specific marker and the
barycenter, considering also the marker of the neighboring cells. Therefore,
the square distance between the barycenter . and the i-th with coordinate
x; is defined as

dz2 = (:EZ - xc)2 + (yl - yc)2 : (513)
The variance related to the Gaussian curve is computed as

n 2
2 i=1 dz
0O = —F—,
nfo

where n represents the total number of considered markers, including the

(5.14)

markers of the neighboring cells. Additionally, the parameter f, can be
chosen in order to penalize markers that are distant from the barycenter
differently. Therefore, the weight for the i-th marker can be defined using
the variance as ,
d

i

w; = se 272 . (5.15)

Having the weighted marker, the Jacobi Singular Value Decomposition
(SVD) is utilized in order to find the quadric coefficients. In particular, a
new barycenter point x, is determined, resulting from the weighted marker
as

i=1

Let 0; = \/(xl —24)%2 + (yi — yg)?%, and 0pee = max(d;), ¢ = 1,---,n and
introduce the variables

5max

Xi = 5
With these new variables, we can build a new quadric cost function to be
minimized, i.e. I, w;(Ax? + Bx;¥; + Cv? + Dx; + Ev; + F)?. Hence,
we want to find the coefficients X = [A, B, C,...] related to the new entries
of the cost function matrix M. Therefore, for every marker we can build a
corresponding row M (i,) that fills the matrix M which is then decomposed
with the Jacobi SVD technique [93]. In particular, for a quadric interpolation,
the six matrix entries are expressed as
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Since the matrix M is built, the Jacobi decomposition M = USV™* is
performed by exploiting the linear algebra library Eigen [94]. In particular,
considering the right singular vector V' matrix, the quadric coefficients X
that represent the best-fit approximation of the marker position are taken
from the last column of V', which represents the minimum eigenvector of the
matrix [95].

On the other hand, our analysis has shown that the previous steps are
not sufficient to find the best quadric coefficients in every cell. Neglecting
information about the normal vector can lead to quadrics that are in good
agreement with the marker positions, but are not representative of the real
interface position. For example, considering a parabola quadric, a method to
mitigate this aspect is to align the quadric with the principal direction of the
marker cloud. Specifically, we can define the n x 2 matrix X, for which the
i-th row can be filled with

X(3,) =[x — zg,yi — yy| - (5.19)

Therefore, if we consider the square matrix B, equal to B = X7 X and with
dimension 2 x 2, the eigenvector corresponding to the minimum eigenvalue
of B represents the principal direction.

After that, we consider for every marker its outer normal, i.e. 7 and also
T quad TePresenting the outer normal vector of the three evaluated quadric
(ellipse, hyperbola, parabola). Therefore, an additional cost function is built
such that, for each quadric, computes the value of the distance between the
markers and the best-fit quadric with a penalizing term. This one is evaluated
considering the dot product between the previously cited normal vectors

A R pad - (5.20)

Finally, the best-fit quadric corresponds to the one that is able to preserve
the direction of the normal vectors most efficiently, i.e. the conic equipped
with the lower value of the cost function previously described.

In Figure 5.3, a cell with two quadric surfaces for the markers’ approx-
imation is shown. The dotted line represents the quadric surface equation
for an ellipse, while the dashed one represents a parabola. Despite the good
approximation for both quadrics, the cost value computed for the ellipse is
lower than the parabola one. This comparison is performed in every cell in
order to determine the best quadric for the markers’ approximation, leading
to the recreation of the markers in the same cell avoiding clusters. In Figure
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5.4, an advected circle is depicted with different colored markers cell by cell,
representing the three types of quadrics used in this function. In particular,
black markers represent the parabola, red the ellipse and green the hyperbola.
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Figure 5.3: Cell with nine markers and their approximation with two kinds
of quadrics. The dashed line represents a parabola, meanwhile the dotted
one is an ellipse. The latter is chosen because of a lower cost value.

5.1.5 Rebuilding marker position

Once the best-fit quadric equation based on the advected marker positions
is found, we have the option to rearrange the markers inside the cell. This
feature gains interest since it is not possible to control the marker distribution
directly after advection. Indeed, the new marker position depends solely on
the imposed velocity field. Consequently, even if we start with a homogeneous
distribution of the marker inside the cell, this homogeneity may be lost after
advection, leading to regions with very high or low marker density. Thus, the
ability to regenerate markers with a better distribution based on the best-fit
quadric can be a useful computational tool.

Furthermore, although the distribution can be managed with the rebuild-
ing operation, we are also interested in maintaining a controlled number of
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Figure 5.4: Different kinds of quadric surfaces employed to approximate the
markers in the cells.

markers inside every cell. Hence, the library is equipped with two parameters
Nomin aNd Nypae, Tepresenting the minimum and maximum number of possible
markers inside the cell. Therefore, if the advection results in a number of
markers n for a cell that satisfies i < 1 < Nz, Wwe do not apply the
rebuilding algorithm. Otherwise, we regenerate a fixed number of markers
ng inside the cell starting from the best-fit quadric.

However, the resulting best-fit quadric does not allow for a direct remesh-
ing of the markers inside the cell. In certain situations, the quadric obtained
may have more than two intersections with the cell edges, such as four in-
tersections. This can occur, for instance, in cases where thin filaments exist,
like the tail of a very stretched bubble. From a quadric point of view, this
translates into situations such as ellipses with one semi-axis much smaller
than the other, or where both branches of a hyperbola are included in the
cell, creating four intersections. To avoid issues arising from these situations,
the library is equipped with an adaptive refinement of the cell. The square
or triangular cell is divided into four sub-cells using this algorithm, and the
process is repeated until we have only two intersections of the quadric with
the edges of the sub-cells. To subdivide the cell, projection matrices, Py and



5.1. Surface advection with marker technique 131

Pr, have been implemented in the library for the mapping between the cell
and its four sub-cells, both for quadrilateral and triangular elements. An
example of this situation is depicted in Figure 5.5, for both types of finite
elements.

PQ (ZIZ, y)
/—\ Qs3 Qs4
QQ Qsl Qs2
PT (LU, y)
P N
Qs4
QT Qsl QsZ

Figure 5.5: Refinement into four sub-cells for quadrilateral and triangular
finite elements.

After the adaptive refinement, each cell has only a double intersection,
represented by @y = (zo,%0), 1 = (x1,%1), with the edges. The goal is to
find the coordinates of the new set of markers located on the quadric. We
start by finding the center coordinates of the osculating circle to the quadric,

as

n

T = (mmyc) =Ty — E . (521)

In this case x,, represents the mid-point between the intersections @y and x,
n is the outward normal vector, and k is the quadric curvature evaluated at
x,,. After that, we evaluate the angles between the center of the osculating
circle . and the intersections ax; and x as

fy = arctan (yo—yc) : ¢, = arctan (yl_‘%> . (5.22)

Ty — T X1 — Le

In addition, we also define other two variables representing the differences
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between these angles as

0, — 06 if 6, >0

Agy={ 7" o= (5.23)
21 + 6, — 0y if 91<90,
6o — 0 if 6y >0

NGy ={0" T S (5.24)
21 4+ 0y — 01 if 0y <6.

Therefore, we introduce the angle #; and the angle variation A with the
following conditions

if AHO > Agl — A = Agl 05 = 01 ,
if Ay < Ab; — Af = Afy 0, =0y.

We define now v = (v, v,) as

A A
vy = Ry cos (95 + 29> , v, = Rysin («95 + ;) , (5.25)

where Ry = \/ (o — xc)? + (Yo — y.)? represents the radius of the osculating
circle. Then, we can compute the intersection between the quadric equation
and the line passing through the circle center . and with the direction given
by the vector v. Finally, the new marker positions are found by solving the
following relation

T, = x.+ t,v, (5.26)

where t,, = min(ty,t,), and t; and t, are the solutions of a*t*> + b*t + ¢* = 0.
In this case, the normalized coefficients, defined with the *, are defined as

follows
a

Y ErEr e (527
. b

SV (>2%)
_ C

‘- VErEreE (>:29)

(5.30)

where the a, b, ¢ coefficients are defined considering the quadric coefficients,
the point @, and the vector v

a = Av} + By, + Cvl | (5.31)
b=2Av,x. + B(vyx. + vyy.) + 2Cvyy. + Dv, + Ev,, (5.32)
c= Ar? + Bry. + Cy> + Dz, + Ey. + F . (5.33)
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Moreover, the algorithm is also able to update the arc-length variable ds
for the new marker as

_ Ro+ R,
2
where R, is the distance between x,, and x. defined as

ds AG, (5.34)

Ry =/ (ta0,)? + (tav,)?. (5.35)

In Figure 5.6 a cell with two sets of markers is reported: the first one in
black is the set of markers advected from the previous iteration; in red are
reported the rebuilt markers. To fix the ideas, in the reported example we
set Nyin = 9 and n,,., = 12. In this case, the reconstruction of the markers
is performed because o rra = 16 > Npey. Therefore, we reduce their
population inside the cell, placing the new ny markers (in this case nog = 9)
on the interpolating quadric. Unlike the black markers, which are in the
position obtained from the RK4 scheme, note that the new markers are built
by placing the endpoints on the edges of the cell. The other internal markers
are located homogeneously on the approximating quadric as described before,
creating n — 1 circular sectors.

Figure 5.6: Reconstruction of the markers from the black one (the result of
the advection) to the red one (to be advected in the new time step).
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5.2 Interface advection test

In this section, numerical results are presented in order to test the algo-
rithm outlined above. In particular, standard tests from the literature are
considered benchmark results to evaluate the interface tracking. Flow fields
characterized by uniform translations and rotations are employed to move
and advect the markers in the cells. The numerical tests discussed in [24, 25]
are considered as the reference benchmark, even though other cases have been
tested and presented later. Other interface tracking tests found in the litera-
ture, such as those in [96, 97], share a similar concept. The simple advection
movements are designed to displace smooth fluid bodies within a domain and
verify the conservation of surface shape and volume.

All the tests presented are two-dimensional problems, with a velocity field
designed so that the resulting vorticity is not uniform in the domain. Conse-
quently, significant distortions occur in the fluid body interface, making the
maintenance of the interface not straightforward. Finally, cosinusoidal time-
dependence analytical velocity functions are employed, in order to achieve
the re-establishment of the initial configuration at the end of the period [98].

To facilitate quantitative comparisons of the results, the L; error norms
presented in [24] have been computed. The relative mass error E,,(t1) is
defined to compare the total volume of a phase, specifically the reference
volume, at the initial time ¢y and the subsequent time t;

| SN A4,Ci(t) — AiCito)]
E, = . .
m(t1) SN 4.C(to) (5.36)

In this case, the color function value at the cell 7 at time ¢ is represented by
Ci(t), A; represents the area of the cell ¢ meanwhile the total number of the
cells is Ng;. Another error, termed geometrical error E,4(t;), is introduced as

E,(t) = Z A|Ci(t) — Cilto)] (5.37)

As mentioned earlier, the objective is to verify whether the final shape aligns
with the initial configuration. To achieve this, we introduced and computed
another type of error, considering a circular geometry as the initial shape.
Therefore, given the center (z.,y.) and the radius R, the distance between a
marker m with position (z,,, y) and the center is computed and compared
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with the radius R:

Nm

Ea = Z

m=1

V@ = 2% + (Y — 9e)? — R 5, (5.38)

where, for each marker, the arc length is denoted by s,,.

In all computations presented, the CFL = uAt/h has been considered,
with u representing the velocity component along the z-axis, At the time
step simulation and h the grid spacing.

Single vortex test The first test conducted to evaluate the algorithm’s
performance involves the advection of a single bubble within a square domain.
The domain is defined as Q = [-L/2, L /2] x [-H/2, H/2|, where H = L = 1.
The reference phase is represented by a circular geometry centered at (0, 0.25)
with a radius of R = 0.15. The simulations were carried out using both
triangular and quadrangular mesh discretizations. For the analytical velocity
field, a sinusoidal stream-function was employed, described by the equation

= 1 sin?(rz) sin® (7y) cos <m) , (5.39)
7r T
that leads to
o, , mt
u= o 2sin”(7x) sin(my) cos(my) cos <T> ,
oy mt

v = = —2sin(nz) cos(mx) sin(7y) cos (T) )

O
where T represents the vortex period. The simulation starts at ¢ = 0 and
progresses until reaching the maximum deformation point at ¢ = T'/2, ulti-
mately returning to the initial configuration at ¢t = T'. The positions of the
markers at the initial and final configurations are then compared to assess
the errors introduced during the simulation.

The chosen test has been selected based on other tests described in the
literature. Consequently, in Table 5.1, the errors values have been compared
with those in [24], as the same test was presented in that paper and was
taken as a reference case. As expected, both errors decrease with an increase
in grid refinement. Regarding the relative mass error F,,, the results are
consistent with the ones reported in [24]. In fact, it can be noticed that
with finest grid we reach the same order of magnitude, equal to 107°. In
addition, the geometrical error F, presents a better behavior considering the
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Niew E., E, E.(AMS) E, AMS) | pm  py

4 1942-107% 6.56-1073| 9.42-1073 2.53-107%2 | - -

5 [1.03-1072 7.25-107%| 1.94-107% 2.78-107% | 3.20 3.18
6 |725-107% 512-1075| 2.53-107% 4.78-107* | 3.82 3.82
7 16.47-107° 457-107%| 595-10° 1.16-107* | 3.49 3.49

Table 5.1: Single vortex field test with 7' = 8 s: values of the relative mass
error E,, (5.36) and the geometrical error E, (5.37) with CFL = 1 for dif-
ferent grid resolutions. The comparison with the results presented in [24]
(AMYS) is also reported. The corresponding rates of convergence p,,, p, are
reported in the last columns.

values in [24]. In fact, for every level of refinement, the error is one order of
magnitude lower than E,(AMS). In the last columns, we report the rates
of convergence corresponding to F, and E,,. In particular, these parameters
have been defined as

mz) P m2)

P & (5.40)

where h represents the grid spacing for the considered mesh. For both orders
of convergence, a value close to 3 is obtained, showing approximately a cubic
convergence of the implemented algorithm.

Note that the error values are reported based on the level of mesh refine-
ment, where level 4 corresponds to a 32 x 32 grid, level 5 to a 64 x 64 grid,
level 6 to a 128 x 128 grid, and level 7 to a 256 x 256 grid.

In Table 5.2, the circular shape error E,; introduced by the definition in
(5.38) is also reported, quantifying the geometrical inaccuracy of the tracking
algorithm. The table illustrates the convergence of the error with an increase
in grid refinement. The last column presents the rate of convergence based
on the considered grids. This parameter is defined as

n(ei)
m2)

(5.41)

DPal =
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Nlev Eal DPai

4 |568-1073| -
5 | 7.39-1071] 2.94
6 |524-107°|3.38

7 16.07-107%|3.29

Table 5.2: Single vortex field test with 7' = 8 s: values of the newly introduced
geometrical error F, (5.38) with the corresponding rate of convergence pg;.

where h represents the grid spacing for the considered mesh. This value is
approximately equal to 3, indicating the good behavior of the method, as the
convergence is almost cubic.

Additionally, Figure 5.7 displays the final configuration after the advection
of the marker. This position corresponds to the time ¢t = T = 8 seconds, i.e.,
the stream function at the final period after that the bubble has reached the
maximum distortion point at ¢ = T7/2 = 4 seconds (see Figure 5.8). It is
evident that increasing the refinement produces final configurations that are
in good agreement with the initial geometry represented by the dashed line,
which is the initial circumference. Only for coarse grids, some errors can be
noticed in reaching the initial geometrical configuration.

Double bubble vortex test The next test is conducted within the same
domain as the single bubble, i.e., Q = [-L/2,L/2] x [-H/2, H/2], with
H = L = 1. The objective is to advect multiple regions representing the
reference phase inside €2, starting from two initial circular geometries. The
centers of the circumferences have been fixed at (0,0.25) and (0, —0.25), and
the same radius R = 0.15 has been considered. In this test, recalling the
algorithm described in Section 5.1.5, we have set the minimum and max-
imum number of markers for the rebuilding technique, i.e., n,, = 9 and
Nmaz = 12. The number of new markers ny has been set equal to n,,;,. Two
types of computational grids have been considered for the numerical simula-
tion: biquadratic quadrilateral elements (QUAD9) and biquadratic triangular
elements (TRI6), in order to test the library with different space discretiza-
tions. Regarding the velocity field, as described above, a sinusoidal stream
function has been chosen to compare the initial and final geometry config-
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Figure 5.7: Single bubble test: comparison of the final interface position at
t = 8s (circular marker) with the initial circular geometry (dashed black
line) for the meshes with 32 x 32 (top left), 64 x 64 (top right), 128 x 128
(bottom left) and 256 x 256 (bottom right) cells.

urations over multiple periods. In particular, the following stream function
has been exploited

= —71T sin?(7z) sin®(7y) cos (7;) ; (5.42)

leading to the respective velocity components defined as

u= gz) = —2sin?(7z) sin(7y) cos(my) cos (?) : (5.43)
v = —gﬁ = 2sin®(7rx) sin(7y) cos(my) cos (7;) : (5.44)

Also in this case, by using a sinusoidal function we expect to obtain the same
geometric shape at the final time step t = T" as in the initial one at t = 0. This
aspect is considered as an index to check the quality of the newly proposed
algorithm. Unlike the single bubble test, the period T' for this simulation
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Figure 5.8: Single bubble test: interface position at maximum deformation
(t =4 s) for the meshes with 32 x 32 (top left), 64 x 64 (top right), 128 x 128
(bottom left) and 256 x 256 (bottom right) cells.

has been set equal to 4s, and thus the maximum deformation is reached at
t = 2s.

In Table 5.3, the E,, and E, errors are reported for different levels of
domain discretization, ranging from a 32 x 32 grid up to a 256 x 256 one.
A decrease in both error norms can be observed with an increase in grid
refinement, confirming the good behavior of the implemented algorithm.

Additionally, in the last columns, the order of convergence for £, and E,
are reported. For both errors, the rates of convergence p,, and p,, defined in
(5.40), seem to have a value between 2 and 3.

From a graphical perspective, we can compare the geometric positions of
the markers at the beginning and at the end of the periodic simulation. In
fact, we know that the advection of these points with the rebuilding routine
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Ney Emn E, DPm Py
32x32 [1.30-1072 1.83-1073 - -
64 x 64 | 1.17-107% 1.66-107* | 3.46 3.46
128 x 128 | 1.85-107* 2.61-107° | 2.67 2.67
256 x 256 | 3.07-107° 4.34-107° | 2.59 2.59

Table 5.3: Double bubble test: values of the £, error and the £, error for
different grids, with corresponding rates of convergence p,, and p,.

may lead to markers deviating from the theoretical trajectory given by the
analytical velocity field. Figure 5.9 presents the final positions of the markers
after being advected for a period t = T = 4s, allowing for a comparison with
the initial configuration at t = 0. The dashed black line represents the initial
geometric configuration, considering the equations of the two circumferences
on which the markers are initially located. The circular markers represent
the markers at the end of the simulation, showing good agreement with the
initial position for every grid considered, except for the coarser grid, i.e., the
32 x 32 one, where some discrepancies can be noted.

Furthermore, in Figure 5.10, the configuration at maximum distortion,
i.e., the situation at ¢ = T'/2, is presented to illustrate the thin filaments
of the bubble tails. Specifically, the maximum stretch for the 32 x 32 and
128 x 128 computational grids is shown.

5.3 Advection test by using Raviart-Thomas

element

This section introduces the initial attempt to incorporate Raviart-Thomas
basis functions into the surface marker reconstruction framework. The pri-
mary goal is to compare the advection test using two different representations
of the velocity field. As the Navier-Stokes equation is not solved in this ap-
plication, the velocity field is imposed using an analytical function, chosen
as sinusoidal for consistency with previous tests. The comparison focuses on
how the analytical velocity field is approximated in the code. Despite having
the exact solution for the velocity, the code is structured for the resolution



5.3. Advection test by using Raviart-Thomas element 141

0.4 1

0.2 1

0.0 1

—0.2 1

—0.4 1

0.4 1

0.2 1

0.0 1

—0.2 1

—0.4 1

—0.2

0.0

0.2

—0.2

0.0

0.2

0.4 1

0.2 1

0.0 1

—0.2 1

—0.4 1

0.4 1

0.2 1

0.0 1

—0.2 1

—0.4 1

—0.2

0.0 0.2

—0.2

0.0 0.2

Figure 5.9: Double bubble test: reconstructed interface back to the initial
position at ¢t = 4 s for the meshes with 32 x 32 (top left), 64 x 64 (top right),
128 x 128 (bottom left) and 256 x 256 (bottom right) cells. The initial circular

configuration is reported in a dashed line.

of dynamic simulations. These tests involve resolving the velocity field while

considering surface tension modeling on the right-hand side of the equation.

Indeed, the numerical approximation of the velocity is naturally stored

through finite element discretization, such as the classical 9 points of a bi-

quadratic quadrilateral element. In the same way, the analytical velocity is

stored based on the specific data structure arising from mesh discretization.
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Figure 5.10: Double bubble test: reconstructed interface at maximum defor-
mation at t = 2's for the 32 x 32 (left) and 128 x 128 (right) grids.

The exact values of that field are found only in the standard degrees of free-
dom of the mesh elements. Notably, the library for marker reconstruction is
designed to handle both kinematic and dynamic two-phase flow simulations,
accommodating scenarios where the velocity field is either imposed or fully
solved.

In situations where we need to compute the velocity at points beyond the
nodes of the elements (such as marker coordinates), interpolation is used.
This is essential for marker advection, where the Runge-Kutta method re-
quires varying velocity values at different positions. This section aims to
compare two types of finite element interpolation techniques for determin-
ing the velocity field at marker locations. The standard approach involves
Lagrangian interpolation, while the alternative method employs Raviart-
Thomas interpolation.

Denoting w,,,+ as the velocity field of the ¢-th marker in the cell with
coordinates x,, the comparison is performed using the following formulations

Ndof Nfaces
Uk = S wpi(@,) U= > bil@,)pi, (5.45)
=1 =1

where ng,s represents the biquadratic nodes for a quadrilateral element, and
N faces 15 the number of faces of the same element. Naturally, ¢; represents the
biquadratic Lagrangian basis functions, while b; are the Raviart-Thomas ba-
sis functions that act on the fluxes faces p;. It is worth noting that, since the
computational domain is a classical bidimensional Cartesian mesh, any con-
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vergence issues related to using Raviart-Thomas finite elements, as described
in previous chapters, are not present in this context.

The reason behind the use of the Raviart-Thomas basis function for the
velocity field interpolation is motivated by two closely connected aspects:

o Mass Conservation in Multiphase Flow: In the context of multiphase
flow simulation, maintaining mass conservation is crucial. Since the
density of both phases is assumed constant, it is imperative to satisfy
the mass conservation equation. Ensuring a divergence-free velocity is
a key requirement and is managed through appropriate discretization
techniques. The use of a divergence-free representation of the numerical
velocity, facilitated by Raviart-Thomas finite element discretization,
addresses this constraint effectively;

o Divergence-Free Analytical Velocity Field: The analytical velocity fields
implemented for advection tests are sinusoidal functions derived from
stream functions, which are, by definition, divergence-free. Therefore,
approximating these velocity fields using Hy(div) basis functions should
provide an exact representation at every physical point in the domain.
This approach helps avoid approximation errors that may arise when
using standard finite element Lagrangian interpolation.

In summary, from a computational perspective, only the function respon-
sible for Runge-Kutta advection has been modified to allow for both types
of interpolations. The application has been developed by integrating two
finite element libraries: the FEMuSTTU library [83], where routines for sur-
face marker reconstruction are implemented, and the ProXPDE library [84],
which provides the Raviart-Thomas finite element interpolation.

The approach for testing the Raviart-Thomas basis functions for velocity
field interpolation involves a single bubble advection test, similar to the initial
one. The analytical velocity field for this simulation is given by

t
u = 2sin®(7x) sin(7y) cos(ry) cos (7;) ,

w2

v = —2sin(7z) cos(mz) sin?(7y) cos <T> :

The domain considered remains Q = [—L/2, L/2] x [-H/2, H/2|, with H =
L =1, and the initial circular geometry is located at (0,0.25) with a radius
R = 0.15. The period T for this test is set to 4s, implying that the maxi-
mum stretch of the bubble is reached at t = 2s. The purpose is to compare
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the performance of standard Lagrangian interpolation with Raviart-Thomas
interpolation for the velocity field in the context of the surface marker recon-
struction algorithm. The simulation is performed to evaluate how well each
interpolation scheme maintains the accuracy and conservation properties of
the marker positions during advection.

N Eg E;Q Eg Pm Py Pal
32x32 | 1.64-107% 1.00-107% 9.66-107*| - - -
64 x 64 |9.88-107% 6.69-107° 8.52-107° | 4.05 3.91 3.50

128 x 128 | 2.35-107* 1.65-107° 1.36-107° | 2.07 2.02 2.64

Table 5.4: Values of the E,,, E, and E, errors for different grids, with
respective rates of convergence for the @)y velocity interpolation.

In Table 5.4, the error values for the Lagrangian-type interpolation, de-
noted with the superscript (), are presented based on the number of mesh
elements N, ranging from a 32 x 32 grid to a 128 x 128 grid. Every computed
error shows a decrease by increasing the mesh refinement, showing the same
behavior as the previous tests. Regarding the rates of convergence of the
errors, we can notice that for p,, and p, we reach a value close to 2, while py,
seems to have a value slightly bigger. We recall that the F,; error provides a
geometrical measure of the difference between a circular initial configuration,
and the corresponding final shape. For this reason, an order of convergence
of pu between 2 and 3 indicates a good behavior of the algorithm. Note the
different error values with respect to Table 5.1, since a different period for
the same single bubble simulation has been adopted.

N EﬁT Ef‘ T EﬁT Pm Py Pal
32x32 |643-1072 3.94-107% 224-1073 | - - -
64 x 64 | 1.57-1072 1.07-107* 5.79-107*|2.03 1.89 1.95

128 x 128 [ 3.73-107% 2.59-107*% 1.42-107*|2.08 2.04 2.03

Table 5.5: Values of the E,,, E, and E, errors for different grids, with

respective rates of convergence for RT velocity interpolation.
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The same error analysis has been performed for the RT velocity inter-
polation, and the results are reported in Table 5.5. For these simulations,
similar conclusions can be drawn regarding the evolution of errors: every
computed error decreases with the grid refinement. Regarding the rates of
convergence, similar values have been obtained for the R7T, except for py
which seems to be slightly lower than the one computed with the lagrangian
interpolation.

In terms of the comparison between the two techniques, it appears that
the (02 Lagrangian interpolation provides better error results. For every error,
the order of magnitude is almost lower by one compared to the corresponding
R T, interpolation on the same grid. However, it is important to note that
these errors consider the entire simulation, taking into account the final values
of the color function and the marker positions. As such, these errors, as
defined, do not serve as a direct indicator of the approximation quality of the
velocity.

The numerical algorithm incorporates several functions for marker recon-
struction. Therefore, while the velocity interpolations of the marker may be
quite similar inside the cell, a small variation in the velocity field can lead to
a small change in the final position of the marker with the Runge-Kutta ad-
vection scheme. Additionally, it is on this final position that every routine of
the reconstruction library acts, and thus the resulting best-fit approximating
quadric can be different.

Moreover, it should be considered that using a H (div) velocity field the
conservation of the tangential component is not satisfied. Although this
aspect has not been thoroughly investigated, it could be a significant concern,
particularly for markers lying on the edges of the cell. As a reminder, to
rebuild the marker inside the cell on the best-fit quadric, two markers are
located at the intersections between the quadric and the cell. Naturally,
these two markers are also advected, computing the velocity interpolation on
points lying on cell edges.

In Figure 5.11, the final positions of the markers are reported for different
grid refinements obtained with the standard Lagrangian ()s interpolation. It
is noticeable that, only for the coarser grid (32 x 32), some discrepancies from
the analytical circular geometry are present in the marker positions. As the
grid refinement increases, the markers reach a configuration at the end of the
period that is in perfect agreement with the initial circumference.

The same comments can be made for the RT interpolation, which is
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Figure 5.11: Single bubble test with ()2 velocity interpolation: comparison
of the final interface position at t = 4s (circular marker) with the initial
circular geometry (dashed black line) for the meshes with 32 x 32 (top left),
64 x 64 (top right) and 128 x 128 (bottom) cells.

shown in Figure 5.12. Only for the 32 x 32 grid, the final marker positions do
not match perfectly with the initial circular geometry. It is important to note
that this aspect is not merely a graphical consideration; it is represented by
the E,; error, which measures the discrepancies from the initial shape. For
both interpolation techniques, we observe orders of magnitude ranging from
1073 up to 107, confirming the good behavior of the algorithm in regaining
the initial circumference.

As previously described, it is crucial to verify the shape configuration
when the maximum deformation is reached. For this reason, we now present
the bubble configuration at half of the period T, i.e., at t = 2 seconds, to
check if the closed surface is preserved. Despite the thin filaments in the
bubble tail, we observe that the algorithm is still able to reconstruct the
surface and rebuild the marker positions. This situation is depicted for both
techniques, in Figure 5.13 for the )5 interpolation and in Figure 5.14 for the
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Figure 5.12: Single bubble velocity with RT velocity interpolation: com-

parison of the final interface position at ¢t = 4 s (circular marker) with the

initial circular geometry (dashed black line) for the meshes with 32 x 32 (top

left), 64 x 64 (top right) and 128 x 128 (bottom) cells.

RT, interpolation, across the four tested grids.

In conclusion, the coupling by using Raviart-Thomas interpolated velocity

has shown promising preliminary results, despite a slight deterioration in the

computed error norm. Further investigations are needed for the improvement

of the numerical library, in order to obtain more accurate simulation results.
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Figure 5.13: Single bubble test with ()5 velocity interpolation: interface po-
sition at maximum deformation (¢ = 2s) for the meshes with 32 x 32 (top
left), 64 x 64 (top right) and 128 x 128 (bottom) cells.
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Figure 5.14: Single bubble test with RT velocity interpolation: interface
position at maximum deformation (¢ = 2 s) for the meshes with 32 x 32 (top
left), 64 x 64 (top right) and 128 x 128 (bottom) cells.






Conclusions

This dissertation has focused on the challenges posed by mass conservation
in incompressible flow simulations, employing a finite element approach, with
a particular focus on the use of Raviart-Thomas basis functions. The main
goal was to achieve a divergence-free velocity field, crucial for accurate nu-
merical solutions in engineering applications, ranging from multiphase flows
to porous-media flows.

In the first chapter, an overview of the problem related to the divergence
constraint was explained. After the introduction regarding the notation, sev-
eral aspects have been presented, ranging from the Helmholtz decomposition
to the error analysis for mixed problems, in order to understand the different
meanings of the divergence-free constraint.

Subsequently, a wide overview of finite element discretization has been
presented. Naturally, the emphasis has been mainly placed on Raviart-
Thomas finite elements built over quadrilateral and hexahedral elements.
Specifically, this thesis has taken into account only the lowest-order Raviart-
Thomas elements. Several approaches described in the literature have been
reported to better understand convergence issues related to affine and non-
affine finite elements. Both advantages and disadvantages have been de-
scribed, with a specific focus on the three-dimensional setting.

In Chapter 3 the projection method has been described, with the aim
of reducing the computational effort of standard coupled algorithms for the
resolution of the Navier-Stokes system. Moreover, the orthogonal decomposi-
tion by using Raviart-Thomas elements has been included in a standard split
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method to take advantage of a divergence-free representation of the velocity,
for the solution of the pressure equation.

In Chapter 4 numerical results concerning the orthogonal velocity de-
composition and the employment of the projection method have been shown.
Computed convergence rates for velocity and pressure error have been proven
to agree with the theoretic discussion. All the presented results have em-
ployed computational grids for which convergence of the computed variables
can be obtained. Non-affine meshes have also been tested, where naturally
an error convergence has not been obtained.

The thesis also extended its focus to multiphase flow simulations, empha-
sizing the significance of maintaining a divergence-free velocity in scenarios
where mass conservation is critical. The novel algorithm introduced for sur-
face advection using marker techniques has shown promising results, particu-
larly in the context of interface tracking within multiphase flow simulations.
Specifically, we provide the possibility to advect a marker cloud representing
a multiphase interface, and by exploiting a best-fit interpolated quadric it is
possible to create a new set of markers that represents the surface in the new
position. An interesting comparison has been performed, exploiting specific
characteristics of lagrangian and Raviart-Thomas finite elements.

Regarding future challenges, we aim to extend the application of Raviart-
Thomas finite elements considering different physical problems, such as elec-
tromagnetism and optimal control problems. Additionally, an improvement
of the marker library is expected in order to extend the capability of the
surface reconstruction, for the analysis of physical multiphase tests such as
interface instabilities.

In summary, this dissertation has contributed to the understanding of
maintaining divergence-free fields in incompressible flow simulations. The
Raviart-Thomas finite element family emerged as a valuable tool in address-
ing this challenge, with applications ranging from the projection method for
the Navier-Stokes equations to the advection of interfaces in multiphase flows.
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