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Chapter 1

Introduction

1.1 Overview

The development of high-order accurate numerical schemes for Computational Fluid
Dynamics (CFD) applications is getting a considerable attention in the research community
[1, 2]. When it comes to research in high-order schemes, the family of DG-FEM is very
popular[3, 4, 5, 6, 7, 8]. It has some interesting properties such as being locally conservative,
stable for convection-dominated problems, and highly parallelized. In addition, DG methods
are able to handle complex geometries and require simple treatment of boundary conditions
while maintaining the high accuracy all over the computational domain. This makes DG
methods very attractive for CFD applications.

One of the main CFD applications is the simulation of incompressible two-phase flows.
This application involves a moving material interface between the two phases where local
discontinuities in the flow field arise. One approach to resolve those discontinuities is to
re-mesh the domain in each time step so that the mesh is fitted to the interface, then
any of the standard spatial discretization techniques could be used, see for instance [9,
10, 11, 12, 13]. However such approach is not suitable for complex simulations because
of its elevated computational cost due to re-meshing. Another more effective approach
is to avoid the expensive procedure of re-meshing and use a fixed unfitted mesh through
the whole computational /simulation domain, however, this requires a special technique
to numerically resolve the local discontinuities in the flow field at the interface between
the two fluids. An example of such techniques is X-FEM][14] which is based on enriching
the standard FEM polynomial approximation in elements and faces where two fluids exist.
The X-FEM method is used to solve two-phase flow problems, see for instance [15, 16, 17,
18, 19, 20]. Some work has been done to incorporate the concepts of X-FEM into a DG
framework, as for instance the work presented in [21, 22, 23, 24] leading to the concept of
eXtended DG (X-DG).

The main disadvantage of the standard DG method is the increased number of degrees
of freedom due to the duplication of unknowns between elements. This in fact is not an
issue when explicit time integration schemes are used in unsteady problems, where the DG
method allows for element-by-element computations, which makes it possible to solve the
problem in each element independently of the neighboring elements, i.e., parallelization is
straightforward. However, for implicit time integration schemes or steady problems, this
property is no longer available, and the increased number of coupled degrees of freedom
makes the method computationally expensive.

The Hybridizable Discontinuous Galerkin (HDG) method applied for different problems
in [25, 26, 27, 28, 29] evolved as a specific type of DG methods that solves the problem of
DG being computationally expensive. The HDG method introduces additional unknowns

1
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(solution traces) on the interfaces between elements (will be referred-to as mesh skeleton
I'), to enforce inter-element transmission conditions. This results in an increase in the
total number of degrees of freedom. However, it allows to reformulate the problem so
that the number of globally coupled degrees of freedom is drastically reduced. For this,
the overhead is a more complicated assembling process for the global system of equations.
However, this is not an issue because the computational cost and memory requirements are
mainly dependent on the size of the global system. Another potential gain from the HDG
method is the optimal convergence rates for both the primal variables and diffusive fluxes.

The standard HDG method for single-material Poisson problem is presented for instance
by Sevilla and Huerta [29]. An extension of the standard HDG method to solve bi-material
Poisson problem is presented by Giirkan et al.[30, 31, 32] where the eXtended HDG
(X-HDG) method is introduced for the first time. The X-HDG method is known for the
introduction of the solution trace as an extra unknown on the material interface, to enforce
the transmission conditions across the material interface.

Considering single-phase incompressible flow problems, the standard HDG formulation,
firstly introduced by Nguyen et al. in [28] and further presented for instance by Giacomini et
al.[33] does not satisfy the divergence-free condition exactly. A novel divergence-free HDG
formulation for single-phase is presented by Rhebergen and Wells [34] which yields point-
wise exactly divergence-free velocity fields that is H(div)-conforming for triangular and
tetrahedral elements. This formulation was further developed and extended to quadrilateral
and hexahedral elements in [35, 36]. The property of satisfying the divergence-free exactly
is crucial for high Reynolds number and unsteady flow simulations [37]. The divergence-free
HDG is different from the standard HDG in two aspects: The first aspect is the introduction
of the pressure trace P as an extra global unknown on the mesh skeleton to enforce the
transmission condition of the continuity equation, i.e. enforce [u - n]p = 0. This pressure
trace has the same order of approximation as the velocity trace @ in order to ensure that
the velocity field is ‘H(div)-conforming. The second aspect is the use of divergence-free
pressure-elements that interpolate the pressure inside each element using polynomials in
the space of velocity divergence.

On the other hand, considering incompressible two-phase flow problems, the standard
X-HDG method is firstly introduced by Giirkan et al.[38, 39]. This method is an extension
of the standard HDG formulation. i.e. it does not satisfy the divergence-free condition
exactly. The standard X-HDG introduces the velocity trace u as an extra unknown on
the material interface to enforce the transmission or jump conditions of the momentum
equation across the material interface.

1.2 Present study

The work presented in this thesis is the extension of the divergence-free HDG method
to solve two-phase incompressible flow problems. This method will be referred to as
divergence-free X-HDG which is different from the standard X-HDG in two aspects: First
aspect, it inherits the introduction of the pressure trace P as an extra global unknown on
the mesh skeleton as well as the use of the pressure-elements from the divergence-free HDG.
Second, it introduces the pressure trace P as an extra unknown on the material interface, to
enforce the transmission condition of the continuity equation across the material interface
Z, i.e. enforce [u - n]z = 0, alongside with the velocity trace w. This method, to the best
of the authors’ knowledge, is introduced for the first time in the article [40] which is taken
from the work reported in this thesis.

Another crucial part to complete the tool for solving the two-phase flow problem is the
interface capturing technique. In this work, the Level-Set method [41, 42] is used. In each
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time step, the interface is represented by a signed distance function that is positive on one
side, negative on the other, and zero on the interface itself. This signed distance function
is advected by the velocity field obtained from the Navier-Stokes solver. More specifically,
the velocity at the interface. A basic implementation of the the Level-Set method is done
using HDG discretization and without dealing with "re-initialization". Finally, the merge
of the Navier-Stokes solver and the Level-Set method is done to have a complete solver for
transient two-phase incompressible flows. This is not a trivial task, see for instance [43].

1.3 Outline

The thesis is divided into seven chapters. This Chapter 1 gives a general overview of the
numerical treatment of two-phase flows with the FEM/DG/HDG methods. Furthermore,
the scope of this work and the outline is presented. Chapter 2 introduces the definitions
and notations to be used throughout the thesis manuscript. In addition, a brief overview
regarding the concepts of X-FEM is introduced. In Chapter 3 the X-HDG method is
presented for bi-material Poisson problem, which is the relatively easier problem to test
and understand the use of X-FEM concepts within HDG discretization. Therein, the effect
of bad cuts on the ill-conditioning of the linear system is shown. In addition, high-order
convergence rates are shown as long as high-order integration quadrature is used for curved
interfaces. Chapter 4 presents the novel divergence-free X-HDG method for two-phase
Stokes flow problem. The main feature of the method being, point-wise divergence-free, is
verified for problems with fixed interface location. For problems with moving interfaces, the
Level-Set method is used as an interface-capturing method, which is presented in Chapter
5. In Chapter 6, the divergence-free X-HDG method is extended to the full two-phase
incompressible Navier-Stokes flows where the treatment of transient and convective terms
are discussed. In addition, the coupling of the flow field and the interface solvers is
explained. Finally, Chapter 7 summarizes the thesis with conclusions and possible future
developments.






Chapter 2

Preliminaries

2.1 Definitions and notations

2.1.1 The broken computational domain and the unfitted mesh

Let 2 C R¢ be a bounded domain by a boundary 9¢2. We also define 2 := 2 U 0£2. 2 is
divided into two disjoint subdomains

2 =0,U (D, 21N2H=0
with an interface
I =0N.

The outward normal and the tangential unit vectors to the boundary 92 are denoted by
n and t, respectively. Furthermore, the normal (heading from (21 to {22) and the tangential
unit vectors to the interface Z are denoted by 7 and ¢, respectively. The partition of the
boundary of the domain 342 into a Dirichlet part I'p and a Neumann part I’y is considered.
See Figure 2.1.

9 nt I ’
< @ EL |
N

Figure 2.1: Schematic of a two-material continuum.

Further, the computational domain 2 is divided into ne; disjoint elements K; € R¢
(where i =1 : nep)

=]

el
2=\|]K;, KiNnK;=0 for i # j

=1

with boundaries 9K; € R4 where d is the spatial dimension. Note that this decomposition
of the domain is meant to be unfitted to the interface Z. See Figure 2.1 (right).
Furthermore, The union of all n¢. faces I'y (where f = 1:n¢c) is denoted as

DNel Dfc

r:=\Jok; = Iy
i=1 f=1

5
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which are the black lines and curves shown in Figure 2.2 (left). I' is also referred-to as
mesh skeleton.

\\_‘>\>‘§/ X
NISESZN]

Figure 2.2: Schematic of the HDG mesh showing the mesh skeleton (left) with the cut
elements and faces shown in grey (right).

Since the mesh is not fitted to the interface Z, this results in some elements and faces of
the mesh to be cut by the interface. Those elements and faces are referred to as cut elements
and cut faces which are shown in grey in Figure 2.2 (right). The uncut elements/faces are
referred to as standard elements/faces.

The functions defined in cut elements/faces will be approximated by an enriched
interpolation that allows for the representation of local discontinuities. More details are
presented in the upcoming sections.

2.1.2 Approximation spaces

For ease of notations, a scalar space is denoted by the letter S, a vector space is denoted by
the letter V and a tensor space is denoted by the letter 7. Furthermore, those letters are
given subscripts v or s. The subscript v refers to volume space where the functions defined
in elements exist. The subscript s refers to surface space where the functions defined in the
boundaries of elements exist. Finally, the superscript h is used to denote a discrete space.
Note that the approximation spaces are defined for standard and cut elements/faces.

Non-discrete spaces
Scalar spaces for volume and surface:

Sy ={¢ € L2(2) : ¢|k, € H'(K)) if K;NT =0,
ok, € HY(K;) ® HHY(K,) if K;NZ #0}

Ss={p € La(I): d|r, € H'(I}) ifryNZ =0,
Slr, € H'(Iy) & HHY(I) i Iy N T # O}

S = [ € Lo() : ¢|k, € V-[H(K;)]? ifK;NT =0,
ok, € V- [HUK)]?® HV-[H' (K;)]* ifK; NI # 0}

where the space Sgi” is a divergence-free space that is used to define divergence-free
approximation functions for the pressure in incompressible Navier-Stokes formulation.
Vector spaces for volume and surface:

Vo = {1 € [Lo(2))? : 9|k, € [H (K;))? ifK;NZT =0,
Y|k, € [H(K)]* © HH (K;))* ifK;NT # 0}
Vs = {9 € [Lo(D)]% |, € (M) ifIryNT =0,
Plr, € (HNITP) © H[H (Iy)) if [y NZ# 0}
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Tensor spaces for volume and surface:

To ={® € [Lo() : Wk, € [H'(K;)] ™ if K;NI =0,
Pk, € [H (K™ @ HH' (K™ KNI # 0}

To = {W € [Lo(D) ™ @1, € [H (1)) ifI'yNZ =0,
b [H(I'y)]

@, € (MNP @ HMHN I Ty nT # 0}

Discrete spaces
Discrete scalar spaces for volume and surface:

= {9 € L2(2) : Pp|K, € P™(K:) ifK, NI =0,
onli, € P™(K;) ® HP™(K;) if K;NZ# 0}

St ={0 € La(T') : dn|r, € P™(Iy) ifI'yNZ =0,
$nlr, € P™(Iy) @ HP™(Iy) if NI # 0}

Sfvh = {¢ € Lo(92) : dplx, € V-[P™(K;)]" fK;,NT =0,

bulx, € V[P™(K)]® HV-[P™(K)]? K, NI +#0}

Discrete vector spaces for volume and surface:

= {¢ € [L2(D) b, € [P™ ()] ifK;NI =0,
Yulk, € [P™ (K" ® H[P™ (K;))* ifK;NT # 0}

Vi = {4 € [Ca(D)" =yl ry € [P ()] ifIyNI =0,
bilry € [P™(Iy)" © H[P™ (L)) if Iy NI # 0}

Discrete tensor spaces for volume and surface:

T =A{® € [Lo( D) W, € [P (K)] ™ if ;NI =0,
Ty, € [P (K™ @ HP™(K)| ™! i KiNT # 0}

= {W € [Lo(D)| P Wy, € [P™(Iy)] ifIryNZ =0,
@y, € [P @ HIP™ ()] i Iy NI # 0}

where P™(K;) and P™(I'y) are the spaces of polynomial functions of degree at most m > 1
in element K; (where i =1 :n.1) and face I'y (where f = 1:n¢c), respectively.

H is an enrichment function enriching the approximation in cut elements/faces to introduce
discontinuities across the interface. H could be a Heaviside function defined, for instance,
as

1 inQ
(2.1.1) H= .
—1 in{2»

More discussion about the enrichment function is presented in section 2.2.1.
The Lebesgue space L2(2) is the space of functions that are defined in {2 such that a
function is square integrable, namely:
/ v? < oo}
0

The Sobolev space H!(§2) is the space of functions that are defined in 2 such that a
function plus its first-order derivatives are square integrable, namely:

/v2<oo,/|Vv|2<oo}
N 2

Lo(92) := {v 0 — RY

HU() = {v 12— RY
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2.1.3 Functional settings

For any two scalar functions u and v in £2(£2), we denote the volume integral as

(u,v)0 :/ uv Ox
2

and the surface integral as

(u,v>agz/ uv Js
o912

For any two vector functions w and v in [£2(£2)]?, we denote the volume integral as

(u,v)p :/ u-vox
10,
and the surface integral as

(u,v)an :/ u-vJs
o2

dxd

For any two tensor functions U and V' in [£L2(§2)]**%  we denote the volume integral as

(U,V)_Q:/ U:Vox
n

and the surface integral as
(U,V>3_Q:/ U:V 0s
12

2.1.4 Definitions of Jump and Average

The jump [© - n] operator across the interface Z or a face I'y (where f =1 :n¢c) is defined
as:

(2.1.2) [©-n] = Cueft - Miept + Oright - Mright-

It is important to note that this definition always requires the outward normal vector n
in the argument and always produces functions in the same space as the argument. For
instance:

[[UTL]] — uleftnleft + urightnright
_ (uleft . u'right)nleft
and
[[,LLVU . 'I’L]] — Mleftvuleft . pleft + M'rz'ghtvuright . pight
_ (Mleftvuleft o Iurightvuright) . nleft.
The average {®} operator is defined as

®left + ®m’ght
—2 .

and it doesn’t require the outward normal vector n in the argument. For instance:

(2.1.3) {0} =

uleft + uright

{u} = 5

and l l igh igh
U eftvu eft 4 Mmg tvumg t

{uVu} = 5
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2.2 Concepts of eXtended Finite Element Method (X-FEM)

2.2.1 Enrichment functions in cut elements

In the context of X-FEM [14, 44], in an element K; cut by an interface Z, the standard FE
polynomial approximation of a scalar function is enriched by adding extra terms to the
interpolation as follows:

(22.1)  uli, (&) ~ unlic,(€) = >Ny (€U, + 3 HEN;(€)a; €8l KNI #0.
j=1 j=1
Standard FE Enrichment

where ney is the number of nodes per element, N; is the polynomial shape function of order
m associated to node j. U; and a; are the coefficients of the standard and enriched shape
functions at node j. In a cut element, the approximation of the solution is enriched by
an enrichment function H that allows for the representation of discontinuities within the
element.

The type and nature of the enrichment function depend on the type of discontinuity
to be modeled [45]. There are two types of discontinuities; weak and strong. The weak
discontinuity is a continuous solution with discontinuous derivatives across an interface.
On the other hand, the strong discontinuity is when the solution itself is discontinuous
across the interface.

Heaviside enrichment for strong discontinuities

Problems with strong discontinuities are solved with X-FEM using a discontinuous Heaviside
enrichment function, with easy implementation and providing optimal results for any order
[14, 46], provided the geometry of the interface is accurately approximated.

Ridge enrichment for weak discontinuities

Weak discontinuity is usually reproduced by X-FEM using a ridge enrichment functions [47,
48, 49, 50, 51]. Based on the literature review and the comments in [45], ridge enrichment
functions are optimal for linear finite elements and non-optimal for high-order.

Heaviside enrichment for weak discontinuities

The authors in [45] proposed using the discontinuous Heaviside enrichment function for
problems with weak discontinuities, and the desired continuity of the solution is imposed
in a weak form. For example, the use of Heaviside enrichment function for bi-material
elliptic problem with weak discontinuity is presented by Giirkan et al. [30] using eXtended
Hybridizable Discontinuous Galerkin method (X-HDG).

See Appendix A for more details on X-FEM enriched approximation in cut elements
explained in 1D.

2.2.2 Material interface representation

The material interface is represented using a distance function ¢ () that gives the
shortest distance between a point and the interface. Assuming that the interface location is
known, then each node i of the mesh is assigned a value @lD F that provides the information
of how far this node is from the interface. The value of ¥ (x) is zero on the interface,
negative on one side (for instance in £23), and positive on the other side (for instance in £2;).
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Further, this distance function is interpolated within an element K; using the standard FE
shape functions as follows

DNen

(2.2.2) o7 k(@) = 0y |k () = Y Nj(2) 27"
j=1

meaning that the distance function is continuous across the interface. Furthermore, for
problems with moving interfaces, the Level-Set method [52] is used to simulate the interface
movement inside the computational domain.

2.2.3 Modified integration in cut elements and faces

One of the main ingredients in X-FEM is the modified integration quadrature in each
cut element/face. For this purpose, it is a must to accurately represent the interface
within each cut element/face. A material interface is generally curved. High-order accurate
representation of the interface is crucial for optimal convergence, see [45, 49].

In this thesis, and for simplicity, only the simple case of an interface cutting through
an element is discussed, where an interface cuts an element twice at two different faces,
this is referred to as basic cut. Dealing with more complex cuts is discussed for instance by
Giirkan et al. [30].

Simple subdivision approach

Linear representation of the interface As a starting point in the development,
piecewise linear representation of a curved interface is adopted. Figure 2.3 summarizes
the process for modifying the integration quadrature within a cut element and its faces as
well, using the subdivision approach. The figure shows an interface cutting through an
element twice at two different faces, yielding a triangular and a quadrilateral region. The
quadrilateral region is subdivided into two triangles. Now, we have three triangles where
standard Gauss quadrature rule are applied. The integration points in each of the three
triangles are obtained using isoparametric transformation from the standard reference finite
element.

Integration points on the material interface are also required, as they are used for
computing integrals on the interface. Once the interface is approximated, the interface
integration points are obtained using isoparametric transformation.

Figure 2.3: Element with standard integration points and a curved interface cutting through
(left), linear representation of the interface (center), and element with modified quadrature
(right). In the right plot, integration points in black and grey are in sub-domains 2; and
{25, respectively. Asterisks represent integration points for volume integrals while dots
represent points for surface integrals. Hollow dots represent integration points on the
approximated material interface.
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Higher order approximations of the interface are not as trivial as the linear approxima-
tion. However, it could be done using the concepts presented in Sevilla et al. [53].

ALGOIM code for QUADs and HEXs

The open-source C++ code ALGOIM developed by Robert Saye [54] is used to obtain
high-order integration quadrature for implicitly defined domains in hyper-rectangles. For a

cubic approximation of the interface, the modified quadrature are shown in Figure 2.4 for
a mesh of 4 QUADs, and in Figure 2.5 for a mesh of 8 HEXs:

O

~

Ta 05 [3 05 1
“ 05 o 05 1 - 05 0 05 1

(b) Elemental and interface quad-

(a) 2D domain rature

(¢) Facial quadrature

Figure 2.4: Modified quadrature in cut Quad elements and 1D faces using the code
ALGOIM.

(a) 3D domain (b) Elemental and interface quad-
rature

(¢) Facial quadrature

Figure 2.5: Modified quadrature in cut Hex elements and Quad faces using the code
ALGOIM.

Hierarchical-Moment-Fitting (HMF) approach for QUADs

Another approach to get modified integration quadrature, for cut elements, faces and the
material interface, is the Hierarchical-Moment-Fitting (HMF) approach presented in [55].
This approach is used in BoSSS X-DG code [24]. However, it is not used in this thesis.






Chapter 3

X-HDG method for bi-material
Poisson problem

3.1 Problem statement

A bi-material elliptic problem, whose solution presents a strong discontinuity at the
interface, is stated as

—V-(uVu) =s in 27 U (29,

U =uUp onI'p,

(3.1.1) —uVu-n =gy on I'y,
UL — U = « onZ,

[-uVu-n]=g onZ.

where u is the dependent variable to be determined from the solution of the problem, p
is a material property that is discontinuous across the interface Z (that is, u = u; in £2;
for i = 1,2), s is a known source term, up is a prescribed value of the solution on the
Dirichlet boundary I'p, gy is a prescribed normal flux on the Neumann boundary I'y, «
is the jump in u across the interface and ¢ is an interface traction.

3.2 The mixed strong form

The strong form of Poisson’s equation presented earlier by (3.1.1) could be written as a
system of first order equations by introducing the vector variable ¢ = —uVu:

Vgq=s infU,

q+pVu=0  inf2 U,

(3.2.1) w=up onIp,
q-n=gn on I'n,

U — U = & onZ,

lg-n]=yg onZ.

13
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This set of equations can be written for a finite element K; € 2 as:

Vgqg=s in K; \ Z,

qg+uVu=0 in K; \ Z,

(3.2.9) u=up ondK;NIp,
g-n=gy ondK;NIy,

U — Uy =« onZ;,

l[g-n]=g onZ;.

where Z; := K; NZ is the part of the interface in element K; (if K; is a cut element).

3.3 Extended hybridizable discontinuous (alerkin method

The standard HDG method for single-material Poisson problem is presented for instance
in [29]. An extension of the standard HDG method to solve bi-material Poisson problem is
presented in [30] where the eXtended HDG (X-HDG) method is explained. The X-HDG
method is known for the introduction of the solution trace u as an extra unknown on the
material interface Z to enforce the interface traction, i.e. enforce [q - n]r = g.

The X-HDG method rewrites (3.2.2) as two equivalent problems. First the local element-
by-element problems with Dirichlet boundary conditions, that is,

V.qg=s in K;,
+uVu=0 in K,

(3.3.1a) arh "k NT=0
u=up ondK;NIp,

u=1u on 0K; \ I'p.

V.q=s in K,
qg+upVu=0 in K,
u=up ondK;NIp,

3.3.1b HTK,NT#O
( ) u=1u on 0K; \ I'p, ' 7
UL — Uy = @ onZ;,
l[g-n]=yg onZ;.

for i =1,...,ne1. A new variable u € Ss(I"\ I'p) is introduced which corresponds to the
trace of u at the mesh faces I'\ I'p. The trace @ is single valued variable on each face, with
the same value when seen from both sides of an interior face. The local problems have
been particularized for standard elements (3.3.1a) and for cut elements (3.3.1b). Given the
trace u, the local problems (3.3.1) can be solved in each element to determine the solution
u € §,(£2) and the flux g € V,(£2). Thus, the problem now reduces to the determination
of the trace u. This is done by solving a global problem that imposes transmission
conditions (i.e. the continuity of the solution and the flux) across interior faces plus the
Neumann boundary conditions, that is,

[un] =0 onI'\0f2,
(3.3.2) [g-n]=0 onl\0£R,

q-n=gn on I'y.

It is important to note that the continuity of the solution u across I' \ 92 is imposed by
the Dirichlet boundary condition (u = @ on K; \ I'p) in the local problems (3.3.1) and the
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fact that w is single valued on I'. Therefore, the first jump condition in equation (3.3.2) is
always satisfied and so the global problem is reduced to

[g-mn]=0 onI)\doLR,

(3.3.3)
q-n=gn only.

3.4 Derivation of the weak forms

3.4.1 The weak form of the local problems

For a cut element

Consider a generic element K; which is cut by the interface Z. The element is divided into
two sub-volumes; K; N {21 and K; N 25 as shown in Figure 3.1.

/\ o
\

n\ 4”91 \
o / B

Interface [ - / \ﬁ

Q, —ﬁ\ e \
n
n /

'y/ kinQ,
Cut element k;

Figure 3.1: A schematic of a generic cut element.

Remark 1 One point that needs to be cleared here to avoid confusion with the
notation; is that the approximation of a discontinuous scalar function defined in a
cut element can be written in a general form as shown by equation (2.2.1)

Nen Nen
up |k, (x ZN Uj+ZH(:1:)Nj(ac)aj eSSt HK,NI#0
Standard FE Enrichment

with the Heaviside function H(x) defined as

1 inK;N{
H pu—
-1 inK;N{
or alternatively as:
Nen Nen

ZN U+ZN Ja; inK;N

DNen DNen

ZN )Uj —ZN Jaj inK;N 82

End of Remark 1.
Note that in a cut element, the approximations of the functions (u, q) are discontinuous.
ie. up € P(K;) ® HP™(K;) and q;, € [P™(K;)|? ® H[P™(K;)]%.
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Starting from here, for simplicity, all the approximated functions that should have a
subscript (h) will be denoted without the subscript in an abuse of notations.

To obtain the weak form of the first equation in the local problems (3.3.1b), we perform
the following steps:

Step 1: the governing equation is multiplied by a discontinuous scalar test function
¢ € P"(K;) ® HP™(K;), and integrated over the two subdomains of the element K;

(3.4.1) (01, V'@1) .o, T (92:V03) e 0, = (0:8) .

Step 2: Green’s theorem (integration by parts) is applied to incorporate surface integrals

(3.4.2)
- (V¢17 ql)Kiﬂ-Ql + <¢17 q; - n>(8Kiﬁf?1)\FD + <¢17 qi - n>(8Kiﬂ_Ql)ﬁFD + <¢17 qi - ﬁ>L
— (V62,92) g 0, T (92,02 n>(8Kiﬂ!22)\FD + (62,95 ”>(8Km92)nrD + (02,92 (7)),
= (¢7 S)Ki

where we get surface integrals over the element boundary 0K; and the interface Z;. Note
that some terms can be combined to obtain

(3.4.3)
_(V¢7 q)K'2 + <¢7 q- n>aKi\FD + <¢a q- n>3KiﬂFD + <¢17 q, - ﬁ>IZ + <¢27 qz2 - (_ﬁ)>Zl

= (¢ S)Ki

Step 3: In the HDG method, the physical quantities (u, q) are replaced by the numerical
quantities (u,q) on 0K; \ I'p, and the physical quantities (uy,u2,q;,gs) are replaced by
(@ +a, T, g4, g5) on the interface Z;. While on the intersection with the Dirichlet boundary,
(u, q) are replaced by (up,g")

(3.4.4)
~(V,@) o, + (0.0 n)pepy T (087 1)y g+ (01,61 - R) g+ (62,05 (—1)) 7,
— (6.9)
where the numerical fluxes are defined as
(3.4.5a) q:=q+ tu(u—u)n,
(3.4.5b) " = q+1p(u —up)n,
(3.4.5¢) qi = q + 7 m(u — (@ + a)n,
(3.4.5d) Qo = Qo + T pa(ug — ) (—7).

where 4 € S"(I';;) can be continuous (if I';j N Z = @) or discontinuous (if I';; N Z # O)
function. I; is face j of element K;. u' € P™(Z;) is a continuous function defined on the
interface Z. 7 and 77 are positive stabilization parameters that have a significant effect on
stability, accuracy and convergence. It was observed that 7 has to be sufficiently large and
77 has to be inversely proportional to the average of 41 to ensure optimal convergence, for
instance 77 := 1/{u}.

By introducing the definitions of the numerical fluxes into (3.4.4), we get:

(3.4.6)
- (V¢> q) + <¢7 q-: n>6Ki + <¢7 T,LL(U - a)>BKi\FD + <¢a T:“’(u - uD)>8K¢ﬁFD + <¢17 q: - 'ﬁ’>L

K;
+ <¢27 qs - (_ﬁ)>zi + <¢1>TI:UJ1(UI - (aZ =+ a))>1i + <¢27 TIMQ(U2 - ﬁi»zi - <¢7 S)Kl-
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Step 4: Doing integration by parts again for the first term on the left hand side, considering
that K; = (Kz N Ql) U (Kl N Qg), yields

(3.4.7)
(6, V-q) . + (o, Ti(u — @))aKi\FD + (b, 7w —up)) g iy + (1, 7 pa (g — (@ + a)))z.
+ (2 Fualon — W) = ($15),

and by taking the known terms to the right hand side we get (assuming @ is known)
(3.4.8)
(6, V0) ¢, + (&, THw) ey (0T g A (1, T i (ur — (T + a)))
+ (2, TFpo(us — )> = (¢,5) g, + (9 Tua>aKi\FD + (b, THUD) o
Combining and rearranging some terms we get
(6, V) o, + (b, Tpu) e + (D1, 7 )z — (o1, 77 (@ + @)1,

(3.4.9) + (g2, T M2U2>L_ — (2, 7" ot >L~
= (¢7 S)Ki + <¢’ TIU/ZZ>3KZ.\['D + <¢7 TMuD>8K¢ﬂFD

To obtain the weak form of the second equation in the local problems (3.3.1b):
Step 1: the governing equation is multiplied by a discontinuous vector test function
W € [P™(K;)]% @ H[P™(K;)]?, and integrated over the two subdomains of the element K

1
(3.4.10) (4, ;q)Ki + (P1, Vur) o 1 + (2, Vuz) o 1 =0

Step 2: Green’s theorem (integration by parts) is applied to incorporate surface integrals

(3.4.11)
1 .
(%, ;q)m — (V9 ul)K.m_Ql + (¥, u1n>(aKim(21)\FD + <¢1vu1n>(31(imgl)mpD + (Y1, U1n>1i
— (V-1y, U2) KN <¢27 “2”>(3K N22)\I'p + (P, u2n>(3K¢ﬁ92)ﬂFD
+ <¢27 uQ ﬁ >

where we get surface integrals over the element boundary 0K; and the interface Z;. Note
that some terms can be combined to obtain

(3.4.12)
1 ~
W ), (T ) 900, (W
+ <¢27u2(_ﬁ’)>1i =0

Step 3: In the HDG method, the physical quantity « is replaced by the numerical quantity
@ on OK; \ I'p and (ug,us) are replaced by (u’ + o, u’) on the interface Z;. While on the
intersection with the Dirichlet boundary, u = up,

(3.4.13)

1 ~i .
(¢, EQ)KZ - (V'l,b, U)KZ + <¢7 an>aK¢\FD + <¢7 an>8KiﬂFD + <¢1a (uz + a)n>Ii

+ (3, T (—7)) 5, =0
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and by taking the known terms to the right hand side we get (assuming 4 is known)

(3.4.14)
(), + (Vhs0) = (Wb, (T4 ), — (T ()

= <’l,b, an>8Ki\FD + <¢7 an>8KmFD

note that the sign of the equation is changed in order to have a symmetric operator for the
local problems (will be more obvious in the matrix forms shown later).

Regarding the third and fourth equations, u = up on OK; N I'p and u = on OK; \ I'p, in
the local problems (3.3.1b), they have already been used in the step of going from equation
(3.4.12) to equation (3.4.14) when u is replaced by @ and up in the third and fourth terms
on the left hand side, respectively.

Regarding the fifth equation, u; — ug = « on Z;, in the local problems (3.3.1b), it is weakly
imposed in the step of going from equation (3.4.12) to equation (3.4.14) when (u1,uz) are
replaced by (4! + a, ') in the fifth and sixth terms on the left hand side considering the
fact that @’ is single valued on Z;.

To obtain the weak form of the sizth equation in the local problems (3.3.1b), we perform
the following steps:

Step 1: the governing equation is multiplied by a continuous scalar test function 5 €
P"™(Z;), and integrated over the interface Z;. In this step the expression of the jump is
written in an extended form where the components from the left and the right appear

(3.4.15) (641 -7y, + (0.0 (~7))7 = (6,9)7,

Step 2: In the HDG method, the physical quantity q is replaced by the numerical quantity
q' on the interface Z;

(3.4.16) (6,1 -7); +(6,@5- (7)), = (6,9);,

After introducing the numerical fluxes, that were defined earlier by equations (3.4.5¢) and
(3.4.5d), into equation (3.4.16), we get

(3;4.17) B N _ ~
<¢’ q:- 'ﬁ'>L + <¢’ qs- (_ﬁ»L + <¢77_I:u1(u1 - (az + O‘))>Zi + <¢7TIM2(U2 - az»L = <¢79>L

Rearranging some terms leads to
<($7 q; - ﬁ>IZ + <§g7 qs - (_ﬁ)>ZZ + <(g7 TI/.L1U1>IZ_ - <§’57 TI:“’l(ai + O‘)>L-
+ <$7 TI/‘L2u2>Ii - <$7 TIMZﬂi>Ii = <$’9>L

The complete set of equations in a weak form for the local problem in a cut

(3.4.18)

element

Recalling equations (3.4.9), (3.4.14), and (3.4.18), the weak form of the local problems
in a cut element is: given u € S;L(Fij \ I'p) and up € Ss(I3; N I'p), where Ij; is the
face j (which could be cut or uncut) of element K;, find v € P™(K;) ® HP™(K;),
q € [P™(K;))¢ @ H[P™(K;)]% and @ € P™(Z;) such that

(¢, V-q) K T (¢, TMU>3K¢ + (o1, TIN1U1>L. —(¢1, 7—I:ul(ai + O‘)>L
(3.4.19a) + (92, TZM2U2>L, — (¢, Tzﬂzﬂi>1i
= (¢> S)Ki + <¢7 Tﬂa>aKi\pD + <¢7 T'LLUD>8KZ-QFD
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(3.4.19D)
(), + (V) = (W0, (T4 ), — (T ()

= <'§ba an>aKi\pD + <¢’ an>8KmFD

<$7 q, - ﬁ>l—l + <$7 qs - (_’ﬁ')>_’[z + <Q~57 TI,U,1U1>I7L - <§ga Tz:ul(ai + a)>l—¢
+ <$7 TI/J2u2>Ii - <(Za TIM2ai>IZ, = <$7 g>L

for all the test functions (¢ € P™(K;) ® HP™(K;), ¥ € [P (K;)]? @ H[P™(K;)]?, and

(3.4.19¢)

For a standard element

For a standard uncut element K;, the weak forms of the local problems (3.3.1a) are exactly
the same as those for a cut element after removing the interface terms. Note that the
approximation spaces for all the functions will be continuous. i.e. (¢,u) € P™(K;),
(b, q) € [P™(K;)]% and 1 € P™(Li; \ I'p), where I}; is the face j of element K;. Therefore,
the weak form of the local problems in a standard uncut element is: given @ and up, find
(u, q) such that

(3.4.20a) (o, V'q)m + (o, T““>8K¢ = (o, S)Ki + <¢’T'“a>aK,~\FD + (o, TMUD>8KmFD

1 ~
(3.4.20b) — (v, EQ)K_ + (Ve ) e, = (b, am) ey + (B upm) e

7 k3

for all the test functions (¢, ).

3.4.2 The weak form of the global problem

We recall that the trace variable @ € S"(I"\ I'p) is required to solve the element-by-element
local problems. This variable is obtained by solving the global problem (3.3.3).

To obtain the weak form of the first and second equations in the global problem (3.3.3):
Step 1: the first governing equation is multiplied by a scalar test function QAS € S\ Ip),
and integrated over the edges I\ 9f2. In this step the expression of the jump is written in
an extended form. The second governing equation (Neumann boundary condition) is also
multiplied by the same test function QAS, and integrated over the Neumann boundary Iy

o~

(3.4.21) (a1 ) g+ (D.a7 1) po =0,
(3.4.22) (d.q-m—gn)p, =0

Summing the two equations we get

~

(3423) <§g7 q+ : n+>F\8Q + <¢7 q_ ’ n_>F\3Q + <$’ q-n-— gN>FN = O

Step 2: In the HDG method, the physical quantity q is replaced by the numerical quantity
q on the edges I' \ I'p

—~

(3.4.24) <$: 6+ : n+>p\a(g + <¢’ q - n_>r\a(z + <$a qg-n-— gN>FN =0
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After introducing the numerical fluxes, defined by (3.4.5a), into equation (3.4.24), we get

(3.4.25)
<¢7 q+ ’ n+>p\@_(2 + <¢7 q - n_>F\89 + <¢7 TIU(U+ - ﬁ)>F\6Q + <¢7 T/L(’U,_ - a)>]“\a_()
+{(b.q-m) (b Tulu—)) = (bon)

Rearranging some terms we get

<$» qt- "+>p\ag + <($a Tﬂu+>p\ag - <¢A5, Tﬂa>p\a(2
(3.4.26) +<(Z7 q - n7>r\a_(2 + <(Za T/““L7>F\8Q - <$7 TWU’>F\8_Q
+<$7 q- n>pN + <$a T,LLU>FN - <$7 TM&>FN = <$’ gN>FN

For ease of implementation, it is written as a summation of surface integrals from all the
elements in the computational domain. The weak form of the global problem is: Find
@€ ST\ I'p) such that

Nel Nel

(3.4.27) Z{@’ q- n>8Ki\FD + (4, T'U’u>8Ki\FD — (&, T'ua>8Ki\FD} = Z:l@’ 9N>8KmFN

=1

for all the test functions ¢ € S\ I'p).

Note that the variables u and g in the local problems, (3.4.19) for cut elements or (3.4.20)
for standard elements, are functions of the trace variable 4. In HDG, we substitute (u, q)
from the local problems into the global problem, therefore, we end up with just one variable
which is @ in the global problem. This step is called hybridization.

3.5 Discretization of the weak forms

3.5.1 The discrete form of the local problems

For a cut element

Recalling the weak forms (3.4.19)

(6, V-q) o, + (s THu) e + (D1, 7 )z — (f1, 7 (@ + @)

(3.5.1a) + (2, T pgua) ;. — (o, T o)

i

= (¢a S)Ki + <¢u Tua>3Ki\pD + <¢7 TNUD>6KmFD

(3.5.1b)
- (11b’ ;q)K + (V’l»b7 U)K

i i

<¢17 (az + O‘)ﬁ’>1'i - <1»Z)27 az(_ﬁ»f

T

= <¢a an>aKi\pD + <"7Z” an>8KmFD

<EZ§7 q ﬁ>_’[2 + <€Z§7 qz2 - (_ﬁ’)>zl + <$a TI[L1U1>Ii - <¢~57 TI:ul(ai + a)>Ii

(3.5.1c) s o
‘ + <¢7 TIMQUQ>Ii - <¢7TZ:U/2uZ>Ii = <¢7g>1
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Terms in equation (3.5.1a) are written as:

ALyt = (&, THw) o

Al ut = (¢, TIN1U1>L_ + (¢2, TZ#2U2>L_

Allfqi q’ = (¢, V'q)Ki

AN = (b, ) g gy

AT W = (o1, T, — (fo, T o)

ffi = (¢, S)Ki + <¢’7—/‘UD>8K¢QFD + <¢1’7—I“1a>2¢

Terms in equation (3.5.1b) are written as:

Ajiu' = (Vap,u)

y 1

7

AT W = (g, 1R), — (30,0,

qu’
A;% o' = (,an)
qui = <¢’an>6KmFD + <1[)1,aﬁ>zi

Terms in equation (3.5.1c) are written as:
A%’iu u' = (9, TIH1U1>L_ + (5, TIM2U2>L,
AZ o' =(.q1 1), +(d,ay (—7));,
A%za" ﬁl = _<¢7 TI,U1171>L_ - <¢7 TIM2ﬁi>Ii
fgj = <¢79>IZ + <¢77—I,U/1a>zi

Therefore, the discrete local problem in a cut element is written as:

(3.5.2a) AR+ AL 0 + Al o'+ AT = AR A 4 £
K; .. K; i i ~i . AK; =i K;
(3.5.2b) Agiun' +Aq + Aqm u' = Aqﬂ u + £,
(3.5.2¢) AL w4+ AL g+ AL w =1
u"u uq u"u u

From equation (3.5.2c), the vector @’ could be written in terms of the local elemental
values as

~i _ ¢oT; Zi 1-1 AZ; ) i 1-1 AZL; i
u' =1 - [AZS]T AT u' - [AZ] A;fiq q

(3.5.3) e
L
=+ T, u' +T,q"
where T}, = —[AZ |71 AL and T) = —[AZ_ |71 AL |
uu uu uu uq
By substituting (3.5.3) into (3.5.2a) and (3.5.2b) we get
(3.5.4a) AR+ AL 0 + Al o'+ AT [T+ T ' + T g = AR £
K, i K, i T 1o, o L i K ei ) oK
(3.5.4Db) Au' +A 0 q + Aqﬂi [~ + Ty u' + Ty q'] = Aqﬂ u'+ £

rearranging some terms yields
K; Z; I i1 1% K; I i1 ot — A i K; Zi ¢I;
(355&) [Auu + Auu + Auaz TL] ul + [Auq + Au’&z T;] qz - Au/u\ uZ + fu - Augz f’ﬂi?

; 7 i ] 19t i 1 i1 ot — A3 i Ii ¢TI
(3.5.5b) (AR + ATL T u' + (AR + AL Tq = A+ £5 — AT g5

qu' u'
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which is then written in matrix-vector form as

(3.5.6)
. . Z; 1 i Z; 3 . K; i Z; Zi
AL+ AT C AT T AL AL T () [AR] (g AT
= ﬁZ +
K; Z i K; Z; i ] K; K; L ¢I;
[Aqu + Aq’,,;i TZ] [Aqq + Aqﬂi Tf}] qz Aq/u\ fq - Aqgi faz

where the elemental variables are obtained by inverting the matrix to the left hand side
(which is referred-to as A;)

u’ AKi qu( t AZLi fgzl

(3.5.7) —A7| | a e Art .
q’ AL £I - AT £T

qu qut u

For a standard element

Recalling the weak forms (3.4.20):
(3583“) (d)v Vq)KZ + <¢7 T‘uu>8Ki = (¢a S)Ki + <¢7 TMa>8K¢\FD + <¢7 T'uuD>8K1ﬂFD

(3.5.8b) — (4, ;q)Ki + (V'w’“)m = <¢,ﬂn>aKi\FD + <¢’an>aKimFD
Terms in equation (3.5.8a) are written as:
Ajiu’ = (¢, Tpu)
Alid = (V-9
AuKai i = <¢’7Ma>8Ki\FD
£, = (0, S)Ki + (¢, T““D>8KmFD
Terms in equation (3.5.8b) are written as:

Ajiu' = (Vap,u)
o 1

AT = (¢, an)

OK\Ip
K; _
£, = (¢, an>8KmFD
Therefore, the discrete local problem in a standard element is written as:
K; i K i AKi =i K;
(3.5.9a) Apu'+ A q =ALa +17,
K; 11 K i AKi =i K;
(3.5.9b) Aju' +A 0 q = Aqﬁ u'+ £
which is then written in matrix-vector form as
) ) ; K; )
Al Al (o Azl £
(3.5.10) = u’ +
K; K; ‘ K; K;
A Ay q’ Aqa £,

where the elemental variables are obtained by inverting the matrix to the left hand side
(which is referred-to as A;)
. K;
u’ Agl f
(3.5.11) = A! a4+ At
qi AL fKi
qu
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3.5.2 The discrete form of the global problem
Recalling the weak form (3.4.27):

el Nel

(3.5.12) Z{<$, q- n>8Ki\FD + <$, T'U’U>BKZ~\FD - <$a Tﬂa>aKi\pD} = Z:1<$’ gN>8KmFN

i=1
Terms in equation (3.5.12) are written as:

Ki i _ o
K, i __ /2

Aﬂq q' = <¢’ q- n>3Ki\FD
K; ~i ” ~

faKi = <¢79N>6K1-0FN
Therefore, the discrete global problem is written as:
Nel Nel
Z{Agj u' AN g AL ﬁ’} =y £l
i=1 =1
which is then written in matrix-vector form as

i

Nel u . Nel
(3.5.13) Z{ AL AL + A% ﬁ%} =S ¢l
i=1 qZ w i=1 U

By inserting the solution of the local problem, (3.5.7) or (3.5.11), into (3.5.13) we get
(3.5.14)

Nel K K Aig} K K frj(l Nel
i i —1 ~1 i i —1 Ky ~i | _ K;
SAlal Af]ar| L [ur[a Al rAfu =3 e
i=1 AL £l i=1
qu

rearranging and moving the known terms to the right hand side yields
(3.5.15)

Nel AI(/L\ Nel fKZ
e uu i e u
Z{ [Afi Aiﬂ AL + AL aZ} = Z{ff{i — [Aiﬁ ALi| gt }
' uu uq v K, uu 2 N uu uq v )
1=1 A_ g =1 qu{L
qu

which is written in simplified notation as
(3.5.16) A Kia' = AT

where A?:l denotes the assembly of all the finite element matrices/vectors into a global
matrix/vector. Simplifying furthermore yields the global system of equations which is
written as

(3.5.17) Ki=f
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3.6 Numerical examples

3.6.1 Example 1: straight interface with zero jump conditions

The bi-material Poisson problem introduced in section 3.1 is solved in this section using
the eXtended Hybridizable Discontinuous Galerkin (X-HDG) method. A problem with
known exact solution is presented in [30] that has zero jump conditions at the interface,
ie. [un]z =0 and [uVu-n]z = 0. In this example a vertical interface Z at x = 0.2031
is considered to divide the square domain 2 = [—1,1]? into two regions, 21 and {2, as
shown in Figure 3.2 (left). The material properties and the analytical solution, shown in
Figure 3.2 (right), are defined by:

ur =1 in (2 515 in £
() = _ : u(x) = 5 5 .
pe =25 infk 2z° + 3(0.2031) in 2y

The corresponding source term is set to satisfy the analytical solution. Finally, Dirichlet
conditions are set everywhere on the boundary except for the bottom boundary which is
Neumann (flux from the analytical solution).

Exact Solution of u

& 2,

0.6

04

0.2

~

0.2

&

0.4

06 0.5

- 05 -
Coordinate Y R Coordinate X

Figure 3.2: Example 1: Square domain with vertical interface (left), analytical solution
(right).

The problem is solved on five meshes of triangles and the order of approximation is varied
from m = 1 to m = 4. The stabilization parameters introduced in the HDG numerical
fluxes by equation (3.4.5) are set as 7 = 50 and 77 = 1/{u}. The mesh convergence plots
for the solution u and the flux component ¢ are shown in Figure 3.3. Furthermore, the
numerical solution of u and ¢; obtained on the coarsest mesh with triangles of order m = 4
is shown in Figure 3.4. Regarding the convergence of the solution w, it is noticed that
optimal convergence of order (m + 1 in Lo-norm, m in H!-norm) is achieved for all the
degree approximations (m = 1 : 4) and is only deteriorated for degree m = 4. While for the
convergence rate of the flux component g, it is slightly less than the optimal rate (m + 1
in Lo-norm, m in H!-norm). Note that the optimal convergence is lost for m = 4 only at
the finest mesh probably due to bad conditioning of the X-HDG global operator.
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Figure 3.3: Example 1: Errors in u (top) and ¢; (bottom) vs. mesh size - Lo-norm (left),
H'-norm (right).

Numerical Solution of u Numerical Solution of ¢,

r -05
Coordinate Y a4 Coordinate X Coordinate Y A Coordinate X

Figure 3.4: Example 1: The numerical solution of u and ¢ obtained on the coarsest mesh
with triangles of order m = 4.

Checking the quality of cuts and conditioning;:

To represent the quality of a cut, an elemental volume ratio is defined as min(V;/V'); where
V' is the total volume of the element and V; is the volume of the region in domain {2;
within a cut element. A bad-cut is defined as a cut that gives a volume ratio less than 0.1
[30]. For each mesh, the percentage of cut elements with bad-cuts is recorded in Table 3.1
alongside with the minimum volume ratio among all cut elements in a given mesh. This
percentage is calculated with respect to the total number of elements in the mesh, both
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cut and uncut. Note that, the higher the value min(V;/V'), the best. The best cut is when
an element is halved, i.e. min(V;/V) = 0.5.

Mesh TRIs H % of cut elements with volume ratio < 0.1 \ min(V;/V) ‘
mesh 1 00.00 0.35
mesh 2 18.75 0.03
mesh 3 09.37 0.07
mesh 4 00.00 0.28
mesh 5 00.00 0.25

Table 3.1: Example 1: Analysis of cuts in each mesh.

The condition numbers of the X-HDG global matrices for all the orders of approximation
and each mesh refinement are recorded in Table 3.2. It is clearly seen that the operator
becomes ill-conditioned with higher orders of approximation, which is probably the reason
for the deteriorated convergence rate for degree m = 4 with the finest mesh as shown
earlier in Figure 3.3.

Mesh TRIs Hmzl m =2 m=3 m=4

mesh 1 4.57TE+03 5.74E+05 1.14E4-08 7.09E+10
mesh 2 2.02E+03 1.94E4-05 5.44E+07 4.70E+10
mesh 3 4.79E+03 4.62E+05 1.40E+408 3.30E+11
mesh 4 1.70E+404 2.54E+05 3.55E+07 2.36E+10
mesh 5 4.89E+04 2.64E+05 3.01E+07 9.65E+10

Table 3.2: Example 1: Condition number of the X-HDG global matrix.

3.6.2 Example 2: straight interface with jump conditions

This example tests the X-HDG method for a problem with a discontinuous solution across
the interface. A problem that has a jump condition (u; — ug = —1) across a vertical
interface Z at z = 0.4 is solved. A square domain 2 = [~1,1]? is considered where
2 :={x € 2)x <04} and 2 := 2\ 2. The material properties are p; = po = 1 and
the analytical solution is:

( sin(7x) sin(7y) in
u(x) =
sin(rz)sin(ry) +1  in (%

The corresponding source term is set to satisfy the analytical solution and Dirichlet
conditions are set on the boundary.

This time, the problem is solved on five meshes of quadrilaterals and the order of approx-
imation is varied from m = 1 to m = 3. In this example, the stabilization parameters are
set as 7 = 1 and 77 = 0.001. The interface stabilization parameter 77 is chosen carefully
to ensure optimal convergence. The numerical solution of u obtained on the fourth mesh
with quadrilaterals of order m = 3 is shown in Figure 3.5 alongside with the exact solution.
It can be seen that the method can resolve strong discontinuities in the solution across
the interface. Furthermore, the mesh convergence plots for the solution u and the flux
component ¢ are shown in Figure 3.6. It is noticed that optimal convergence rates (m + 1
in Lo-norm, m in H'-norm) are achieved for all degrees (m = 1: 3) for both u and ¢.
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Numerical Solution of u Exact Solution of u

0 - 0
0

Coordinate Y R " Coordinate X Coordinate Y a4 4 " Coordinate X

Figure 3.5: Example 2: The numerical solution of u obtained on the fourth mesh with
quadrilaterals of order m = 3 (left) and the analytical solution (right).
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Figure 3.6: Example 2: Errors in u (top) and ¢; (bottom) vs. mesh size - Lo-norm (left),
H'-norm (right).

Checking the quality of cuts and conditioning;:

For each mesh, the percentage of cut elements with bad-cuts is recorded in Table 3.3 along-
side with the minimum volume ratio among all cut elements in a given mesh. Furthermore,
the condition numbers of the X-HDG global matrices for all the orders of approximation
and each mesh refinement are recorded in Table 3.4.
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| Mesh QUADs || % of cut elements with volume ratio < 0.1 | min(Vi/V) |
mesh 1 0.00 0.40
mesh 2 0.00 0.20
mesh 3 0.00 0.40
mesh 4 0.00 0.20
mesh 5 0.00 0.40

Table 3.3: Example 2: Analysis of cuts in each mesh.

| Mesh QUADs [ m=1 [ m=2 m=3
mesh 1 1.35E4+02 | 5.85E+03 | 4.96E+05
mesh 2 1.36E4+03 | 4.43E405 | 1.38E+08
mesh 3 6.58E+02 | 2.40E+04 | 1.34E406
mesh 4 414E+03 | 1.23E+06 | 3.40E408
mesh 5 421E+03 | 8.82E+04 | 4.32E406

Table 3.4: Example 2: Condition number of the X-HDG global matrix.

3.6.3 Example 3: circular interface with zero jump conditions

Next, an example with a circular interface is considered to show the effect of the order of
approximation of the interface on the results. Here, a linear approximation of the interface
in each cut triangular element is considered regardless of the degree approximation of
the solution. A circular interface Z with radius R = 0.41053 divides a square domain
2 = [-1,1)2 into two regions, £2; and {2, as shown in Figure 3.7 (left). The material
properties and the analytical solution, shown in Figure 3.7 (right), are given as:

_ : 1 .
() = w1 = 100 %n (0 —(:1:2 i y2)5/2 in 2,
po =1 in {2 y(z) = Mll . .
7(w2 + y2)5/2 + ( _ ) R5 in [22
12 M1 H2
The corresponding source term is s = —25(z% + y?)%/2. Finally, Dirichlet boundary

conditions are set everywhere on the boundary except for the bottom boundary which is
subject to the Neumann boundary conditions (flux from the analytical solution).

Exact solution u
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Figure 3.7: Example 3: Square domain with circular interface (left), analytical solution
(right).
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The problem is solved on five meshes of triangles and the order of approximation is varied
from m = 1 to m = 3. The stabilization parameters introduced in the HDG numerical
fluxes are set as 7 = 50 and 77 = 1/{u}. The mesh convergence plots for the solution u
and the flux component ¢; are shown in Figure 3.8. Furthermore, the numerical solution of
u and ¢; obtained on the fourth mesh with triangles of order m = 3 is shown in Figure 3.9.
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Figure 3.8: Example 3: Errors in u (top) and ¢; (bottom) vs. mesh size - Lo-norm (left),

H!-norm (right) - Meshes of triangles.
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It is noticed that optimal convergence of order (m + 1 in Ls-norm, m in H!-norm) is
achieved for the solution w and slightly less for the flux component g1, only for the linear
(m = 1) approximation, while the convergence is deteriorated for all the higher degrees
(m = 2:3). The reason is that linear approximation of the interface in each cut element is
considered, which results in higher dominant local errors near the approximated interface
thus leading to the loss of the optimal convergence rates for higher order approximations
of the solution. In order to retain the optimal convergence rates for higher orders, it is a
must that the interface is approximated with higher order as well, at least the same order
as the elemental solution.

Checking the quality of cuts and conditioning for triangular meshes:
For each mesh, the percentage of cut elements with bad-cuts is recorded in Table 3.5
alongside with the minimum volume ratio among all cut elements in a given mesh.

Mesh TRIs H % of cut elements with volume ratio < 0.1 ‘ min(V;/V) ‘
mesh 1 00.00 0.24
mesh 2 20.00 0.06
mesh 3 12.50 0.09
mesh 4 06.25 0.02
mesh 5 03.12 0.09

Table 3.5: Example 3: Analysis of cuts in each mesh - Meshes of triangles.

The condition numbers of the X-HDG global matrices for all the orders of approximation
and each mesh refinement are recorded in Table 3.6.

Mesh TRIs [ m =1 [ m=2 m=3

mesh 1 3.02E+04 | 3.86E+05 | 1.17E+07
mesh 2 1.20E+05 | 5.40E407 | 4.73E+10
mesh 3 6.77E+05 | 8.08E+08 | 4.69E+12
mesh 4 2.63E+05 | 1.07E4+08 | 1.04E+12
mesh 5 2.30E+06 | 6.97E+09 | 1.84E+14

Table 3.6: Example 3: Condition number of the X-HDG global matrix - Meshes of triangles.

Note that the bad conditioning associated with m = 3 and the last two meshes led to
the respective degraded convergence of the flux component ¢; as seen in Figure 3.8.
Quadrilateral meshes:

The same problem is solved again but on quadrilateral meshes. Five meshes are used. For
modifying the integration quadrature in cut elements, the high-order subdivision method
developed by Robert Saye [54] is used.

The mesh convergence plots for the solution v and the flux component ¢; are shown in
Figure 3.10. Again, optimal convergence of order (m + 1 in £o-norm, m in H'-norm) is
achieved for the solution u and slightly less for the flux component ¢, for all degrees
(m=1:3).
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Figure 3.10: Example 3: Errors in u (top) and ¢; (bottom) vs. mesh size - Lo-norm (left),

H'-norm (right) - Meshes of quadrilaterals.

Checking the quality of cuts and conditioning for quadrilateral meshes:
The condition numbers of the X-HDG global matrices for all the orders of approximation
and each mesh refinement are recorded in Table 3.7.

| Mesh QUADs [ m =1 [ m=2 m =3
mesh 1 2.06E+04 | 2.28E+05 | 7.87E+06
mesh 2 2.93E+03 | 1.36E+05 | 4.83E+07
mesh 3 2.69E+04 | 1.02E+06 | 9.08E+07
mesh 4 1.93E+05 | 1.03E408 | 3.09E+11
mesh 5 5.61E+04 | 9.26E+06 | 1.40E+10

Table 3.7: Example 3: Condition number of the X-HDG global matrix - Meshes of
quadrilaterals.
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3.7 Conclusions and final remarks

In this chapter, the X-HDG method is presented for bi-material Poisson problem. The
main objective is to explain the concepts used to extend the standard HDG formulation
to solve bi-material problems with possible discontinuities at the interface using unfitted
meshes. It should be mentioned that this chapter does not contain any novelty. However,
it was a fundamental step to understand the method and identify challenges for complex
practical applications. Detailed derivation of the weak forms for the local problems in both
cut and standard elements is presented. The unique idea behind the X-HDG method is
the introduction of the trace of primal variable, of the same degree m, on the interface to
enforce the transmission condition. Understanding those concepts for a simple problem
like Poisson is essential for the development of the method to solve more complex problems
such as incompressible Stokes and Navier-Stokes equations that will be presented in the
next chapters.

The results obtained in the presented numerical examples showed high-order optimal
convergence rates for problems with straight interface. For problems with curved interfaces,
high-order optimal convergence rates were obtained as long as the interface is represented
accurately, i.e. with the same degree m as the solution. This was only feasible for
quadrilateral elements due to the presence of open-source codes that provide high-order
integration quadrature in elements with curved cuts. As for triangles, only piece-wise
linear approximation of the interface is considered. Developing higher-order integration
quadrature for triangles with curved cuts is considered as future work.



Chapter 4

Divergence-free X-HDG method
for two-phase Stokes flow problem

4.1 Problem statement

The incompressible two-phase Stokes flow problem is described by the following momentum
and mass conservation equations:

(4.1.1)

V- (pI —2uViu) = pf in 02Uy,
Vau=0 in2; U

where p is the pressure field, u is the velocity field, f represents the volumetric body forces,
p and p are the density and the dynamic viscosity, respectively, that are discontinuous
across the interface Z (that is, p = p; and p = p; in £2; for ¢ = 1,2). Furthermore, V*u is

1
the symmetric part of the velocity gradient tensor given as Vu = §(Vu + (Vu)T), and

I is the identity tensor of size d x d.
The previous set of equations can be written in a form that is normalized by the density,
by dividing the momentum equation by p we get

V. (PI - 20V'u) = f in{ U,
(4.1.2) { ( vWiu)=f in U

Vau=0 1inf2;U.

where P = p/p is the thermodynamic pressure (sometimes called kinematic pressure [56,
Chapter 6]) and v is the kinematic viscosity which is discontinuous across the interface Z
as well, that is v = v; in (2; for i = 1, 2.

Boundary conditions:

e Dirichlet:

(4.1.3) U =up onlp
e Neumann:

(4.1.4) (PI —2vViu)n =gy onl'y

where up is a prescribed value of the velocity on the Dirichlet boundary I'p, while gy is a
prescribed normal flux on the Neumann boundary I'y.

33
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Interface conditions: The interface conditions between two viscous and immiscible fluids
are [57]:

e Surface tension force balancing the jump in normal stress
(4.1.5) [(PI —2vViu)n] =g, on T
where g, is the surface tension force vector.
e Continuity of the velocity
(4.1.6) [Jul=0 on T
where the jump [u] is defined as [u] := ug,nz — wo,nT = U1 — U2

Note that the jump in density and viscosity (both dynamic and kinematic) across the
interface, in addition to the surface tension force, lead to non-smooth field variables at
the interface. First, the interface condition 4.1.6 states that the normal component of the
velocity u, = u - 7 and the tangential velocity component us = w - £ must be continuous
across the interface. However, it can be shown that the normal gradient 8% of the tangential
velocity is discontinuous [58, 15]

(4.1.7) [ on Iz = _[[M]]Ig

where % is the tangential derivative. This means that the velocity has a kink across the
interface if p1 # po.

Furthermore, if we pre-multiply the surface tension condition by the normal vector to
the interface n (pointing from (21 to {23) we can get an expression for the pressure jump
at the interface as

(4.1.8) n- (Pl?/’i —2inViur - n+ PQ(—'?E) — 25Viuy - (—ﬁ)) =n- g,
(419) — P —2v1n-Viu -’;’\L—P2—|-2U2’;\LVSUQ-’I/’\L:’I/’\L-QS,
(4110) ~n- g, + 2uin - Viur -n —2v5nViéug -n= P — Ps.

Therefore the discontinuity in velocity gradient and the pressure at the interface has to
be accounted for in the approximation.

4.2 The divergence-free X-HDG method

It is crucial to use an energy-stable numerical method for simulations featuring high
Reynolds number or unsteady flows [37]. An energy-stable method satisfies two conditions:
the point-wise divergence-free condition and the velocity field should be #H(div)-conforming,
meaning that the jump in the normal velocity is zero across inter-element faces and the
interface between the two fluids. An energy-stable HDG method for single-phase flow
which yields point-wise exactly divergence-free velocity fields was developed by Rhebergen
and Wells [34] for triangular and tetrahedral elements, and it was further developed and
extended to quadrilateral and hexahedral elements by Elzaabalawy [35] and Elzaabalawy
et al. [36].

The divergence-free HDG [34, 35, 36] is different from the standard HDG [28, 33] in two
aspects; First, the pressure trace P is introduced into the formulation as an extra global
unknown on the mesh skeleton to enforce the transmission condition of the continuity
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equation, i.e. enforce [u-n]r = 0, this pressure trace has the same order of approximation
as the velocity trace @ in order to ensure that the velocity field is H(div)-conforming.
Second, the pressure inside each element is approximated using polynomials in the space
of velocity divergence, i.e. P(K;) € S¥". For triangular (2D) or tetrahedral (3D) elements,
the divergence-free element corresponding to a velocity element of order m is an element of
order (m — 1) [34]. However, this is not the case for quadrilateral (2D) or hexahedral (3D)
elements, therefore, some specifically tailored elements are made to satisfy the divergence-
free condition of the velocity field [35, 36]. This development was made for uniform
rectangular/cubic elements without curved edges/faces.

When it comes to the two-phase incompressible flow problems, the standard eXtended
HDG (standard X-HDG) method is firstly introduced by Girkan et al. [38]. This method
is an extension of the standard HDG formulation [28, 33]. i.e. it does not satisfy the
divergence-free condition exactly. The standard X-HDG is known for the introduction
of the velocity trace u as an extra unknown on the material interface to enforce the
transmission or jump conditions of the momentum equation across the material interface,
i.e. enforce [(PI —2vV?u)n]z = g,.

Standard HDG 1. Introduce P unknown

Divergence-free HDG
on mesh skeleton T

2. Use divergence-free
1. Introduce 1t pressure-elements 1. Introduce 2 and P
unknown on unknowns an
interface [ interface [

1. Introduce P unknown

on mesh skeleton T Divergence-free X-HDG

Standard X-HDG

2. Use divergence-free
pressure-elements
3. Introduce P unknown

on interface [

Figure 4.1: A summary of the formulations.

The novelty of this work which is presented in this section is the extension of the
divergence-free HDG method to solve two-phase incompressible flow problems. The
proposed method, referred to as divergence-free X-HDG, combines the concepts of the
divergence-free HDG [34, 35] and the standard X-HDG [38] methods. First, it inherits
the introduction of the pressure trace P as an extra global unknown of the same order
of the velocity trace  on the mesh skeleton. Second, divergence-free pressure-elements
are used. Finally, the novel aspect of this method is that it introduces the pressure trace
P as an extra unknown on the interface between the two fluids (to enforce [u - n]z = 0)
alongside with the velocity trace w, where again both traces P and @ are of the same order
of approximation. Note that the order of approximation for all the traces ]3, u, P and @ is
the same order of approximation of the velocity inside elements. See Figure 4.1 that sums
up the developments made to reach the proposed method.

4.2.1 The mixed strong form

The strong form presented earlier by (4.1.2) can be written as a system of first order
equations by introducing the tensor variable L = —2V?®u, for a generic finite element
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K; € 2 as:
V. (PI+vL) = f in K; \ Z,
L+2Viu=0 in K; \ Z,
V=0 in K; \ Z,
(4.2.1) u=up ondK;NIp,
(PI+vL)n=gy ondkK;NIy,
[(PI+vL)n] =g, onZ;,
[u-n]=0 onZ;.

where Z; := K; NZ is the part of the interface in element K; (if K; is a cut element).

4.2.2 X-HDG strong local and global problems

The divergence-free X-HDG method rewrites (4.2.1) as two equivalent problems. First the
local element-by-element problem with Dirichlet boundary conditions, that is,

V- (PI+vL)=f in K; \ Z,
L+2Viu=0 in K; \ Z,
Vau=0 in K; \ Z,
u=up ondK;,NIp,
(4.2.2) u=1u on0K; \I'p, p if K;NT # O

P=Py ondK;NIy,
P=P ondK;\ Iy,
[(PI+vL)n] =g, onZ;,

[u-n]=0 on7Z;.

for i = 1,...,ne1. A new variable u € V*(I"\ I'p) is introduced which corresponds to the
trace of u at the mesh faces I' \ I'p. The trace u is single valued variable on each face,
with the same value when seen from both sides of an interior face. It is noted here that an
extra equation has been introduced which corresponds to imposing the thermodynamic
pressure on the boundary of the element to a newly introduced variable P € ST\ I'n)
which corresponds to the trace of P at the mesh faces I' \ I'y.

For standard X-HDG, we introduce the velocity trace w as an extra unknown on
the material interface to enforce the transmission or jump condition of the momentum
equation across the material interface, i.e. enforce [(PI + vL)n]z = g. Furthermore, for
divergence-free X-HDG, we also introduce the pressure trace P as an extra unknown on
the material interface to enforce the transmission condition of the continuity equation
across the material interface, i.e. enforce Ju - n]z = 0. Note that w and P are continuous
functions defined on the interface. They act as Shuhr complements that are eliminated
after solving for them. The reader is invited to read Appendix C for more details.

Given the traces (@, P) and the boundary conditions (up, Py), the local problems
(4.2.2) can be solved in each element to determine the solution u € V*(£2), P € S¥v"((2)
and the flux L € T*(£2). Thus, the problem now reduces to the determination of the
traces (u, ]3) This is done by solving a global problem that imposes the transmission
conditions (of the momentum and continuity equations) across element boundaries plus
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the Neumann boundary conditions, that is,

{[[(PI+1/L)n] =0 onl\d9,
from momentum eqn.:

(PI +vL)n =gy on I'y,
(4.2.3)
J[u-n] =0 onI"\ 012,
from continuity eqn.: U -N=up-n onlp,
u-n=u-n on I'y

4.2.3 X-HDG weak forms
Briefly, the weak forms are obtained by the following steps:

o First: multiply the governing equations by corresponding test functions and integrate
over the two sub-domains (two phases).

e Second: apply integration by parts once to obtain surface integrals. Only in the first
equation of 4.2.2, integration by parts is done twice for the viscous term.

e Third: replace the physical fluxes by some defined numerical fluxes, this is where
stabilization parameters appear.

The detailed derivation of the weak forms is presented in details in Appendix D for the full
transient Navier-Stokes equations. By neglecting both the transient and convective terms,
Stokes flow equations are obtained.

Note that in a cut element, the approximations of the functions (u, L, P) are discontinuous.
u € [P(K)) & HIP™ (K],

L c [P™(K)]™4 @ H[P™(K;)]%¢ and

P eV [P™K)4® HV-[P™(K;)]%

In the divergence-free X-HDG method, the physical quantities (u, L, P) are replaced by
the numerical quantities (u, L, ]3) on OK; \ I'p. Further, on the interface Z;, the physical
quantities (w, L1, Lo, Py, P») are replaced by the numerical quantities (', i; +4r, i;, Pi+
6p,]5i). Furthermore, on the intersection with the Dirichlet boundary 0K; N I'p, the
physical quantities (u, L, P) are replaced by (up, Lp, ]3) Finally, that pressure trace P is
replaced by Py on the Neumann boundary 0K; \ I'y.

Note that the discontinuities in the velocity gradient and the pressure across the interface are
taken into consideration by introducing the two variables dp and dr. Those two variables
are replaced in the weak forms by the surface tension force vector where §pn+v16n = g,.

Furthermore, the numerical fluxes used in the weak forms are defined as:

~

(4.2.4a) L=L+7(u—u)®n+mm® (u—1u) onI'\ Ip,
(4.2.4b) Lp=L+7(u—up)®n+mme (u—up) onIp,
(4.2.4¢) L =L+ 75w — @) @a+ 7A@ (u) — @) onZ|a,,
(4.2.4d) Ly=Ly— 7 (uy— @) @7 — 7R ® (ug — ) onZ|o,,

where @ € V(I;;) and Pe Sh(I4) could be continuous (if I3, N Z = @) or discontinuous
(if T;; N Z # @) functions. I} is face j of element K;. u' € [P™(Z;)]? is a continuous
vector function defined on the interface Z. P € P™(Z;) is a continuous scalar function
defined on the interface Z. 7 and 7% are stabilization parameters for the viscous flux on the
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element faces OK; and the material interface Z;, respectively. The choice of the stabilization
parameter 7 is discussed extensively in [35, 59] for the uncut elements. Based on several
numerical trials, the interface stabilization parameter has to be inversely proportional to
the average of v to ensure optimal convergence, for instance 77 := 1/{v}.

Weak local problems in cut elements

The weak form of the local problems in cut elements is: given u € V(I \ I'p), up €
Vs(IijNI'p), PeSh(r i\ I'y) and Py € S( UOFN) where I is the face j (which could
be cut or uncut) of element K;, find u € [P™(K;)]? @ H[Pm( )% L e [P™(K)™ o

HIP™ (K4, P e V[P (K1 & HV-[PM(K)]%, @ € [P™(T)], and Pi e P™(T;)
such that

(4.2.5a)

(6. V- (L)) — (V. PI) .+ (hovm) e + (,07(u - m)n) e+ (36y — b, P2}

(1, 1/1TI’U,1>L — (¢, VlTIﬁi>Zi + (apy, 17 (g - n)n), — (Y1, (@t n)n),

+ (g, vorhug) . — (g, 77 ") .+ (g, 107 (g - )T ;. — (g, 107 (W' - BT

= (. ), = (W, Pr) e py = (O PN g e — (01,9007,

+ (9, I/Tﬁ>aKi\FD + (¢, vr(a- n)n)aKi\FD + (¢, I/TUD>8KimFD + (¢, vr(up - n)n>aKmFD
2
(

(4.2.5b)
— (T, L) + (V) — (P, @ @n), — (P,n0u), + (Ps,a' @), + (P, A @),

= (P, ANy, T (T O W ppepy, + <§[’, up M)y o H (TN UD) e 1
(4.2.5¢) — (9, V“)K -0
(4.2.5d) i
(Y,nLin); — (b, v2lon),
o)y, — (Bt 7@y + BonrHun - R), — (o @ D),
HpoarTun)y, — (ot ™) + (Boar (s - )Y, — (Boar? (@ - R)), =0
(4.2.5¢) (b, u; - )y — (f,uy - ), =0

7

for all the test functions ¢ € [P™(K;)]" @H[Pm( )% W € [P™(K)]|™ e H[P™(K;)|™*,
¢ € V-[P™(K;)" & HV-[P™(K;)|, ¢ € [P™(Z;)]%, and ¢ € P™(T,).

Weak local problems in standard elements

For a standard uncut element K;, the weak forms of the local problems are exactly the same
as those for a cut element after removing the interface terms. Note that the approximation
spaces for all the functions are continuous. i.e. (v, u) € [P™(K D4, (P, L) € [P™(K;)] ™,
(¢, P) € V-[P™(K)]?, @ € [P™(I}; \ I'p)]? and P € P™(I};), where I} is the face j of
element K.

Therefore, the weak form of the local problems in a standard uncut element is: given
(ﬁ,uD,f’, Py), find (u, L, P) such that

(4.2.6a)
(¢, V- (VL))IQ — (V, PI)Ki + (9, VTU>8K¢ + (¢, vr(u- n)n>aK

=, )k, — (¥, ﬁn>aK¢\FN — (%, PN gy

+(1p, W@m\nj + (¢, v7 (- ")n>8Ki\FD + (¢, VTuD>aKmFD + (¢, vr(up - n)n>aKmFD
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(4.2.6Db) -2, L)Ki +(V*-w, U)Kl— =, u@ n>8Ki\FD +{¥ne a>3K@'\FD
+<W7 up ® n>8KmFD + <W’ nQ® uD>aKimFD

(4.2.6¢) —(¢, V-u) . =0

for all the test functions (¢, ¥, ¢).

Weak global problem

The weak form of thﬁ divergence-free X-HDG global problem for Stokes flow is: Find
w e VMI'\I'p) and P € S(I'\ I'v) such that

(4.2.7a)

Nel

Z{@, Pr) oo + (BovIn e o+ (Bovmuhyy = (ovr@) e o+ (ovr(u-mindy,
=1

@ ) e, = A BN arcar, — B PN, |

i=1

el Nel

(4.2.7b) Z {<($7 u - n>6Ki - <($7 u- n>8KiﬂFN} = Z<$’ up - n>6KZﬂFD

i=1 =1

4.2.4 X-HDG discrete form

The local problem 4.2.5 in a cut element K; is written in a matrix-vector form as:

(4.2.8)
M| A K Z; K; f T; Z; . _ - _ - ‘
(Al +AT] AN AR AL AR A% A% £K:
AL AR 0 AT 0 | |L AL 0 £
AL 0 0 0 0 [<{pp=|o0 |8+]|o0|P+{0
AL AL 0 AZi_ 0 u’ 0 0 0
u'u utL wiut

AL 0 0 0 o | P 0 0 0

L p'u J L . L d

while in a standard uncut element K, the matrix-vector form of the local problem 4.2.6 is

written as
Al AN AR (W A AL £
(4.2.9) AL AL 0 |JLip=|AN|w+ | o | P +{f"
Al 0 0 p’ 0 0 0

After the hybridization step (inserting the algebraic expressions of w and L) from
the local problem into the global problem 4.2.7, the full global problem is written in a



CHAPTER 4. DIVERGENCE-FREE X-HDG METHOD FOR TWO-PHASE STOKES
40 FLOW PROBLEM

matrix-vector form as:

A ALz AS Zn rAR]ARZ AN 2 AR (g
=1
K; 7K; K; Ki 7 K; 51
(4.2.10) AL T+ AL A%z P
£ — AR gl AL g
= A?ill

£ AL gKi
P pu Y

The solution procedure is as follows: the discrete trace variables U and p are obtained
by solving the following discrete global problem

(4.2.11) f{{‘:l} =f

p

then the local problems are solved element-by-element, for ¢ = 1, ..., nes:

7

u
(4.2.12) Lib =27 + Zg" p' + 2
pZ

See Appendix C for more details on spatial discretization and implementation details,
where all the presented matrices and vectors are defined.

4.2.5 Divergence-free 2D elements

One of the main features of the presented X-HDG method is that it satisfies the divergence-
free condition point-wise. For this, the pressure inside an element should be approximated
with basis that belong to the space of divergence of the basis that is used to approximate
the velocity.

Recall the discrete polynomial space of order m used to approximate the velocity inside
an element K;

VI = {9 € [Lo()]" : by ki, € [P™(EK)) if K;NT =0,
Vil € [P™(K:))" @ H[P™(K;))" if K;NZ # 0}

and also the discrete polynomial space used to approximate the pressure

SUvh — {6 € Lo(02) : dnlk, € V-[P™(K)]? ifK;,NZ =0,
Snlw, € V-[P™(E) @ HV-[P™(K)]? i K;NT # 0}

As mentioned in [35], for triangular and tetrahedral elements, the pressure element
would be a standard finite triangular element of order (m — 1). However, for quadrilaterals
and hexahedrals, the pressure element is an element with reduced basis functions where
the highest order term a™y™ (in 2D) or 2™y 2™ (in 3D) is removed. As a result, this
pressure element with degree myequceda Would have one node less when compared to full
element of degree m. The reader is invited to check the original work of Elzaabalawy [35]
where the full details of reduced quadrilaterals and hexahedrals is introduced. A summary
is also presented in Appendix B.

It is necessary to note that quadrilateral or hexahedral pressure elements of order
(m —1) do not satisfy the point-wise divergence-free condition. On the other hand, pressure
elements with order m, regardless the element shape, violate the LBB condition [56, 60].
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Considering a standard triangular uncut reference element K; in Figure 4.2, the black
circles are the solution nodes in the element and on the skeleton I'. The black asterisks are
the elemental integration Gauss points. The red asterisks are the facial integration Gauss
points for the faces of the element and the skeleton. If the element is cut as shown in Figure
4.3, the integration points are modified inside the element and on the cut elemental and
skeleton faces. If the material interface is approximated linearly within the cut elements,
then the material interface’s nodes and integration points would be represented in blue
circles and asterisks, respectively. Note that the divergence-free pressure triangular element
is an element of order (m — 1).

For quadrilaterals, the divergence-free pressure elements of degree Mmyequced, With
modified basis and an eliminated node, are shown in Figures 4.4 and 4.5 for standard and
cut elements, respectively.

Velocity element (m = 2) Pressure element corresponding to velocity element (m = 2)

Figure 4.2: Standard uncut velocity triangular element of degree m = 2 (left) and its
corresponding divergence-free pressure element (right) - pair of (m,m — 1) triangles.

Cut velocity element (m = 2) Cut Pressure elem corresponding to cut velocity elem (m = 2)

Figure 4.3: Cut velocity triangular element of degree m = 2 (left) and its corresponding
divergence-free pressure element (right) - pair of (m, m — 1) cut triangles.
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Velocity element (m = 2) Pressure element corresponding to velocity element (m = 2)

C—* ® * C—* ® +

Q OG—* ® * (0] Q OG— ® * Q
£ % * * % £k % * P
D @ * ® * ® & D * * * ®
o % * * ¥ % t * * * ¥
(0] o [OBC

O—x* ® * O—x* ® *

Figure 4.4: Standard uncut velocity quadrilateral element of degree m = 2 (left) and its
corresponding divergence-free pressure element (right). Note the eliminated node from the
center of the pressure element - pair of (m, Myequced) quadrilaterals.

Cut velocity element (m = 2) Cut Pressure elem corresponding to cut velocity elem (m = 2)

O—* ® * O—+ ® *
* * * & & * * * + %
Y Y
* *
* *
* * 3 * * *96 *
* *
D ®x e} ® ®x
* b * bl
* *
D0 D
* *
* *
[ #* ¥
¥ * * * x % * * *
* % * * % ¥
O O« Wk o * ¥ 0] O O« OE S * ¥ &
O " ok hx Ox ok hx

Figure 4.5: Cut velocity quadrilateral element of degree m = 2 (left) and its corresponding
divergence-free pressure element (right). Note the eliminated node from the center of the
pressure element - pair of (1M, Myequced) cut quadrilaterals.

4.3 Numerical examples

The two-phase Stokes problem introduced in section 4.1 is solved in this section using the
novel divergence-free X-HDG formulation introduced in this chapter. Three numerical
examples with known analytical solutions are shown. The first example involves continuous
velocity and pressure across a straight material interface. The second example is the same
as the first but with a discontinuity in the pressure. Finally, the third example involves
a curved material interface. Five unfitted meshes of triangles with 4n? elements and five
unfitted meshes of quadrilaterals with n? elements are employed, where n = 2,4, 8, 16, 32.
In all the three examples, the corresponding source term, Dirichlet and Neumann conditions
as well as the interface jumps are set to satisfy the analytical solution.

4.3.1 Example 1: straight interface without pressure jump

A problem with known exact solution is presented in [38] that has zero jump conditions
at the interface. In this example a horizontal interface Z at y = 0 is considered to divide
the square domain 2 = [—1, 1] x [-0.4, 1.6] into two regions, 2; := {x € 2]y < 0} and
25 := 2\ 21 as shown in Figure 4.6. The kinematic viscosity and the analytical velocity
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and pressure are given by:

Ip

vy =1 in £ e
V(m) == X 1.2
Vg =2 in {2 |
Ip Z: I
w(x) = {[(:c5y)/ul, (—2.5x4y2)/y1]T in 2 1
(%) /va, (=252 o] in 2 N

Plx)=xz+y in{?
Figure 4.6: Domain for Examples 1 and 2.

Dirichlet boundary conditions are set everywhere on the boundary except for the
bottom boundary which is subject to Neumann boundary conditions derived from the
analytical solution. The order of approximation of the velocity is varied from m = 2 to
3. The stabilization parameters introduced in the X-HDG numerical fluxes by equation
(4.2.4) are set as 7 = 1 and 77 = 1/{v}.

First, the results obtained with meshes of triangles are shown and analyzed. As
mentioned earlier for triangular elements, in order to satisfy the divergence-free condition,
velocity elements of order m and pressure elements of order (m — 1) are used. This
velocity-pressure pair of elements will be referred to as “Meshes of (m,m — 1) triangles”.

An important feature of the presented HDG formulation is that it satisfies the divergence-
free condition. For this, the maximum point-wise divergence of the velocity V -u is presented
in Table 4.1. It is noticed that the divergence-free condition is satisfied to the order O (10_11)
and (’)(10_8) for m = 2 and m = 3, respectively. Moreover, a plot of the velocity divergence
on mesh 3 with degree approximation m = 3 is shown in Figure 4.7, it can be seen that the
velocity divergence is relatively higher in a small percentage of the elements, specifically in
cut elements, whose X-HDG local operators have relatively degraded conditioning, when
compared to the rest of the standard uncut elements where the divergence-free condition
could be satisfied to the order O(1071%) to O(107!3) on almost 95% of the elements. It
is necessary to mention that the relatively high values of V - u are numerical residuals
of the linear system solver, which could be further enhanced but it is not the focus of
this thesis. Furthermore, the velocity field is H(div) which means that the jumps in the
normal velocities across inter-elements faces and the material interface are zero, this can
be seen clearly from Tables 4.2 and 4.3 where the L -norm of the jump [u - n] across
inter-element faces and the material interface is presented. The numerical values of the
recorded jumps are of the order O(10716) to O(10713). Satisfying both divergence-free
condition and zero jumps in normal velocities are two essential requirements for the method
to be energy-stable.

Mesh =17 =1/{v}
TRIs m=2 ‘ m=3
mesh 1 || 5.24E-11 | 3.03E-08
mesh 2 || 2.63E-13 | 2.07E-10
mesh 3 || 6.31E-12 | 8.72E-10
mesh 4 || 1.26E-12 | 4.27E-10
mesh 5 || 3.62E-11 | 7.83E-09

Table 4.1: Ex 1: Max. divergence of velocity ||V - u||oc - Meshes of (m, m — 1) triangles.
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Figure 4.7: Ex 1: V - u plotted for m = 3/mesh 3 of (m,m — 1) triangles (left), and
a histogram showing the percentage of elements with their respective order of velocity-
divergence (right).

Mesh =17t =1/{v}
TRIs m =2 ‘ m=3
mesh 1 || 2.01E-14 | 1.67E-13
mesh 2 || 1.78E-15 | 7.27E-14
mesh 3 || 1.99E-15 | 3.74E-14
mesh 4 || 3.55E-15 | 1.24E-13
mesh 5 || 9.99E-15 | 1.38E-13

Table 4.2: Ex 1: Max. inter-elements jump: |[|[u - n]r\snllcc - Meshes of (m,m — 1)
triangles.

Mesh =17 =1/{v}
TRIs m =2 ‘ m=3
mesh 1 || 7.03E-15 | 3.87TE-13
mesh 2 || 9.18E-16 | 3.34E-14
mesh 3 || 7.76E-16 | 4.71E-14
mesh 4 || 7.45E-16 | 3.66E-14
mesh 5 || 7.92E-16 | 1.34E-14

Table 4.3: Ex 1: Max. free-surface jump: ||[u - n]z||oc - Meshes of (m, m — 1) triangles.

An important test to assess the performance of the proposed formulation is to check the
mesh convergence rates, see Figure 4.8 where convergence rates are indicated. Regarding
the convergence of the z-velocity v and the flux component L1, it is observed that optimal
convergence of order (m+1 in Lo-norm, m in H'-norm) is achieved. Regarding the pressure
P that was approximated with degree (m — 1), the expected/optimal convergence rates
should be (m in La-norm, m — 1 in H'-norm), however, super-convergence of order (m + 1
in Lo-norm, m in H!-norm) is observed.
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Figure 4.8: Ex 1: Errors in a-velocity u (top), pressure P (middle), and flux component L

(bottom) vs. mesh size - Lo-norm (left), H'-norm (right) - Meshes of (m,m — 1) triangles.
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Next, the results obtained with meshes of quadrilaterals are shown and analyzed. As
mentioned earlier for quadrilateral elements, in order to satisfy the divergence-free condition,
velocity elements of degree m and reduced pressure elements of degree M edquced are used.
This velocity-pressure pair of elements will be referred to as “Meshes of (m, Myeduced)
quadrilaterals”. For the case of quadrilaterals, the boundary conditions are Neumann
everywhere except for the right boundary which is Dirichlet.

Again, the maximum point-wise divergence of the velocity V - u is presented in Table
4.4 for all degrees and mesh refinements. It is noticed that the divergence-free condition is
satisfied to the order O(1071!) and O(107?) for m = 2 and m = 3, respectively. Moreover,
a plot of the velocity divergence on mesh 3 with degree approximation m = 3 is shown
in Figure 4.9, where it is noticed that the velocity divergence is relatively higher in cut
elements with relatively degraded conditioning of the X-HDG local operators. Further, the
divergence-free condition could be satisfied to the order O(10715) to O(10713) on almost
90% of the elements.

Mesh =17t =1/{v}
QUADs || m =2 ‘ m=3
mesh 1 || 1.02E-13 | 6.34E-12
mesh 2 || 4.53E-12 | 3.79E-09
mesh 3 || 3.31E-13 | 1.15E-11
mesh 4 || 2.09E-11 | 9.99E-09
mesh 5 || 3.26E-12 | 1.20E-10

Table 4.4: Ex 1: Max. divergence of velocity ||V - u||oo - Meshes of (m, myeduced) quadri-
laterals.

Divergence of velocity

X -0.4821
1.2 Y 0.9929
Z 3.247e-15
J

Coordinate Y

0
-1 -0.5 0 0.5 1 -15 -14 -13 -12 -1

Coordinate X floor(logip(V - u))

Figure 4.9: Ex 1: V - u plotted for m = 3/mesh 3 of (m, Myeduced) quadrilaterals (left),
and a histogram showing the percentage of elements with their respective order of velocity-
divergence (right).

Furthermore, the velocity field is H(div) which means that the jumps in the normal
velocities across inter-elements faces and the free-surface are zero, this can be seen clearly
from Tables 4.5 and 4.6 where the Loo-norm of the jump [u - n] across inter-element faces

and the free-surface is presented. The numerical values of the recorded jumps are of the
order O(10716) to O(10712).
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Mesh r=1,77 =1/{v}
QUADs || m=2 ‘ m=3
mesh 1 || 2.25E-15 | 3.22E-14
mesh 2 || 3.33E-16 | 9.99E-16
mesh 3 | 1.33E-15 | 2.66E-15
mesh 4 || 1.33E-15 | 1.47E-14
mesh 5 || 9.10E-15 | 4.34E-14

Table 4.5: Ex 1: Max. inter-elements jump: |[|[u - n]r\g0olle - Meshes of (m, Mreduced)
quadrilaterals.

Mesh r=1,77 = 1/{v}
QUADs || m =2 \ m=3
mesh 1 || 3.81E-15 | 7.66B-14
mesh 2 || 1.89E-14 | 2.60E-12
mesh 3 | 2.08E-15 | 1.34E-14
mesh 4 || 6.05E-15 | 1.85E-13
mesh 5 | 1.27E-15 | 6.21E-15

Table 4.6: Ex 1: Max. free-surface jump: ||[u - n]z||co - Meshes of (m, Myeduced) quadrilat-
erals.

Regarding convergence rates on meshes of (m, Myeduced) quadrilaterals, see Figure 4.10.
It is observed that optimal convergence of order (m + 1 in Lo-norm, m in H!-norm) is
achieved for the z-velocity u that was approximated with order m. It should be noted that
in the original work of Elzaabalawy [35] where divergence-free (m, myeduced) quadrilaterals
is firstly introduced, sub-optimal convergence rate for the velocity (m in Lo-norm) is
reported.

As for the pressure P, sub-optimal convergence of order (m — 1 in Lo-norm, m — 2 in
H'-norm) is achieved as reported in the work of Elzaabalawy [35]. Furthermore, for the
flux component Ly, sub-optimal convergence of order (m in Lo-norm, m — 1 in H!-norm)
is achieved.
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Figure 4.10: Ex 1: Errors in z-velocity u (top), pressure P (middle), and flux component
Ly (bottom) vs. mesh size - Lo-norm (left), H'-norm (right) - Meshes of (m, Mreduced)
quadrilaterals.
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4.3.2 Example 2: straight interface with pressure jump

The previous problem is modified to have a discontinuous pressure field where the analytical
pressure is given by:

:
&
I

x+y in {4
r+y+1 in {29

Again, the numerical results obtained using meshes of (m,m — 1) triangles are shown
first. The numerical pressure and velocities obtained using the third mesh and velocity
order m = 3 are shown in Figure 4.11, where the resolved sharp discontinuous pressure can
be seen. The maximum point-wise V - u is presented in Table 4.7. Moreover, a plot of
the velocity divergence on mesh 3 with degree approximation m = 3 is shown in Figure
4.12, where it is shown that the divergence-free condition is satisfied. Furthermore, the
Loo-norm of the jump [u - n] across inter-element faces and the free-surface is presented in
Tables 4.8 and 4.9, respectively. Finally, the mesh convergence plots are shown in Figure
4.13.

Numerical pressure Numerical velocity z-component Numerical velocity y-component

NN
Amnmnmnmnmnmqp
NZANZH

NI K

Figure 4.11: Ex 2: Numerical solution obtained using m = 3/mesh 3 of (m, m — 1) triangles:
Pressure P (left), z-velocity u (middle), and y-velocity v (right).

Mesh r=1,7"=1/{v}
TRIs m =2 ‘ m=3
mesh 1 || 4.97E-11 | 3.06E-08
mesh 2 || 2.75E-13 | 2.07E-10
mesh 3 || 1.07E-11 | 1.19E-09
mesh 4 || 1.65E-12 | 4.99E-09
mesh 5 || 4.42E-11 | 1.24E-08

Table 4.7: Ex 2: Max. divergence of velocity ||V - u||oc - Meshes of (m, m — 1) triangles.
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Figure 4.12: Ex 2: V - u plotted for m = 3/mesh 3 of (m,m — 1) triangles (left), and
a histogram showing the percentage of elements with their respective order of velocity-

divergence (right).

Mesh r=1,7=1/{v}
TRIs m=2 ‘ m =3
mesh 1 || 2.37E-14 | 2.71E-13
mesh 2 || 7.14E-16 | 5.64E-14
mesh 3 || 2.22E-15 | 6.06E-14
mesh 4 || 4.44E-15 | 1.83E-13
mesh 5 || 9.31E-15 | 2.45E-13

Table 4.8: Ex 2: Max. inter-elements jump: |[|[u - n]rsollcc - Meshes of (m,m — 1)

triangles.

Mesh =177 =1/{v}
TRIs [[m=2 [m=3
mesh 1 || 9.14E-15 | 4.19E-13
mesh 2 || 8.59E-16 | 3.91E-14
mesh 3 || 8.67E-16 | 5.47E-14
mesh 4 || 1.11E-15 | 4.29E-14
mesh 5 || 1.36E-15 | 1.83E-14

Table 4.9: Ex 2: Max. free-surface jump: ||[u - n]z||e - Meshes of (m, m — 1) triangles.

The discontinuity in pressure did not pose any issue regarding the convergence where
optimal convergence rates (m + 1 in Lo-norm, m in H'-norm) are achieved for both -
velocity u and flux component L1, and super-convergence (m+1 in Lo-norm, m in H!-norm)
is observed for the pressure P. It is also noticed that the divergence-free condition is
satisfied to the order O(107) and O(1078) for m = 2 and m = 3, respectively. Those
relatively higher values appear again in small percentage of elements whose X-HDG local
operators have relatively degraded conditioning. However, the divergence-free condition is
satisfied to the order O(1071%) to O(10713) on almost 97% of the elements. Moreover, the
jumps in the normal velocities across inter-elements faces and the free-surface are of the
order O(10716) to O(107!3) similarly to the previous example.
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Next, the results obtained with meshes of (m, Mmyedquced) quadrilaterals are shown and
analyzed. The numerical pressure and velocities obtained using the third mesh and velocity
order m = 3 are shown in Figure 4.14, where the resolved sharp discontinuous pressure
can be seen. It is also observed that the numerical error in pressure is more visible when
compared to the numerical pressure obtained with (m,m — 1) triangles.

The maximum point-wise V - u is presented in Table 4.10. It is observed that the
divergence-free condition is satisfied to the order O(107) and O(1078) for m = 2 and
m = 3, respectively. Moreover, a plot of the velocity divergence on mesh 3 with degree
approximation m = 3 is shown in Figure 4.15, where it is shown that the divergence-free
condition is satisfied to the order O(1071%) to O(10713) on almost 88% of the elements.
Again, only a small percentage of elements suffer from the degraded conditioning of the
X-HDG local operator resulting in a relatively higher values for the divergence of velocity
in those elements.

Figure 4.14: Ex 2: Numerical solution obtained using m = 3/mesh 3 of (m, Mreduced)
quadrilaterals: Pressure P (left), z-velocity u (middle), and y-velocity v (right).

Mesh =17t =1/{v}
QUADs || m =2 ‘ m=3
mesh 1 1.60E-13 | 8.22E-12
mesh 2 4.20E-12 | 3.83E-09
mesh 3 || 4.11E-13 | 1.12E-11
mesh 4 || 3.08E-11 | 1.93E-08
mesh 5 || 3.27TE-12 | 2.84E-10

Table 4.10: Ex 2: Max. divergence of velocity ||V - u||e - Meshes of (m, myeduced)
quadrilaterals.
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Divergence of velocity <10
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Figure 4.15: Ex 2: V - u plotted for m = 3/mesh 3 of (m, myeduced) quadrilaterals
(left), and a histogram showing the percentage of elements with their respective order of
velocity-divergence (right).

Furthermore, the Lo-norm of the jump [u - n] across inter-element faces and the
material interface is presented in Tables 4.11 and 4.12, respectively, where again, the jumps

in the normal velocities across inter-elements faces and the free-surface are of the order
O(10716) to O(10712).

Mesh r=1,7=1/{v}
QUADs || m=2 ‘ m=3
mesh 1 1.61E-15 | 3.98E-14
mesh 2 || 5.55E-16 | 7.77E-16
mesh 3 8.88E-16 | 3.10E-15
mesh 4 1.11E-15 | 1.43E-14
mesh 5 8.99E-15 | 4.30E-14

Table 4.11: Ex 2: Max. inter-elements jump: ||[w - n]r\g0llec - Meshes of (m, myreduced)
quadrilaterals.

Mesh =17t =1/{v}
QUADs || m =2 ‘ m=3
mesh 1 4.55E-15 | 7.86E-14
mesh 2 1.90E-14 | 2.60E-12
mesh 3 1.88E-15 | 1.37E-14
mesh 4 7.67E-15 | 3.92E-13
mesh 5 2.53E-15 | 1.01E-14

Table 4.12: Ex 2: Max. free-surface jump: ||[u - n]z||oo - Meshes of (m, myeduced) quadri-
laterals.

Finally, the mesh convergence plots are shown in Figure 4.16. Similar to the previous
example without pressure jump, it is observed that optimal convergence of order (m + 1
in Lo-norm, m in H!'-norm) is achieved for the z-velocity u. Sub-optimal convergence of
order (m — 1 in Lo-norm, m — 2 in H'-norm) is achieved for the pressure P. Finally, for the
flux component L1, sub-optimal convergence of order (m in Lo-norm, m — 1 in H!-norm)
is achieved.
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Figure 4.16: Ex 2: Errors in z-velocity u (top), pressure P (middle), and flux component
Ly (bottom) vs. mesh size - Lo-norm (left), H'-norm (right) - Meshes of (m, Mreduced)
quadrilaterals.
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4.3.3 Example 3: steady problem with circular material interface

This example with a circular interface is considered to show the effect of the order of
approximation of the interface on the results. For meshes with triangular elements, a
linear approximation of the interface in each cut element is considered regardless of the
degree approximation of the solution. However, for meshes with quadrilateral elements,
the interface is approximated with the same order of approximation as the velocity m or
even higher 2m + 1.

A more realistic problem with known exact solution similar to that presented in [18] is
considered. A bubble with radius R = 0.41053 forms a circular interface Z that divides a
square domain 2 = [—1,1]? into two regions, 21 := {x € Q|||z| > R} and 25 := 2\ 2
as shown in Figure 4.17.

the non-dimensional kinematic viscosities are:

() I/1:0.1 ian
VB = v =15 in{

The analytical velocity is given in terms of

the radius r = /22 + y? as: I

(@) [—ya(r)e_TQ, wa(r)e_rz]T in (2 06 o
u\xr) = 0.4
[—ya(r)e_TQ, xa(r)e_rz]T in (2 Lo { ]
where a(r) is defined as: 2
1 1 1 -
CM(T) = 11 2 1 s 05 0 0.5 1
— in .QQ Ty
V2

Figure 4.17: Domain for Example 3.
and the analytical pressure is given as:

x> in {4
P(x) = { 3 3 .
x° +1sk(x) =2° + 275 /R in ()
where 75 is the surface tension coefficient and k(x) = 2/R is the local curvature of the
interface. Note the pressure jump P; — P, = 275/R. Finally, Dirichlet boundary conditions
are set everywhere on the boundary except for the bottom boundary which is subject to
Neumann boundary conditions derived from the analytical solution.

First, the results obtained with meshes of (m,m — 1) triangles are shown and analyzed.
The order of approximation of the velocity is varied from m = 1 to m = 2. The stabilization
parameters introduced in the X-HDG numerical fluxes are set as 7 = 1 and 77 = 0.001.
Lastly, as mentioned earlier for triangular elements, in order to satisfy the divergence-free
condition, pressure elements of degree (m — 1) are used.

The numerical pressure obtained with the fourth mesh and velocity order m = 2 is
shown in Figure 4.18 where the resolved sharp discontinuous pressure can be seen. The
maximum point-wise divergence of the velocity V - u is presented in Table 4.13 to be
checked. It is noticed that the divergence-free condition is satisfied to the order (9(10_13)
and O(1071%) for m = 1 and m = 2, respectively. Moreover, a plot of the velocity
divergence on mesh 3 with degree approximation m = 2 is shown in Figure 4.19 where
again it can be seen that the velocity divergence are of the order O(1071%) to O(10713) on
almost 95% of the elements. Moreover, the jumps in the normal velocities [u - n] across
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inter-elements faces and the free-surface are of the order (9(10_15) to (9(10_13) as shown
in Tables 4.14 and 4.15.

The mesh convergence plots are shown in Figure 4.20 excluding the coarsest mesh. For
the case of m = 1, the same observations from the previous two examples are again noted
here, where optimal convergence rates (m -+ 1 in Lo-norm, m in H!'-norm) are achieved for
both z-velocity u and flux component L, and super-convergence (m + 1 in Lo-norm) is
observed for the pressure P. However, this is not the case for m = 2 where the convergence
rates in Lo-norm remain the same as for m = 1. This is expected because of the linear
approximation of the interface that leads to dominant local errors at the interface, see for
instance the error in the pressure field obtained with the fourth mesh and velocity order
m = 2 in Figure 4.18. So in order to restore the optimal convergence rates, the interface
has to be accurately represented [38].

Nonetheless, the error level for m = 2 is one order of magnitude smaller than for m =1
as seen from Figure 4.20, which is a valuable improvement from an engineering point of
view.

Numerical pressure

L2-error pressure
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-4 o 4N w & o
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Figure 4.18: Ex 3: Numerical pressure obtained on mesh 4 of (m,m — 1) triangles and
velocity order m = 2 (left), and the corresponding point-wise Lo-norm error (right).

Mesh r=1,77 =0.001
TRIs m=1 ‘ m =2
mesh 1 || 7.22E-15 | 1.04E-13
mesh 2 || 7.66E-14 | 2.27E-11
mesh 3 || 1.09E-13 | 9.44E-12
mesh 4 || 1.09E-13 | 3.47E-11
mesh 5 || 2.37E-12 | 2.54E-10

Table 4.13: Ex 3: Max. divergence of velocity ||V - u||s - Meshes of (m, m — 1) triangles.
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Divergence of velocity <10
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Figure 4.19: Ex 3: V - u plotted for m = 2/mesh 3 of (m,m — 1) triangles (left), and

a histogram showing the percentage of elements with their respective order of velocity-
divergence (right).

Mesh r=1,77 =0.001
TRIs m=1 ‘ m =2

mesh 1 || 3.11E-15 | 7.16E-15
mesh 2 || 9.34E-15 | 1.11E-13
mesh 3 || 2.55E-14 | 5.19E-14
mesh 4 || 1.43E-14 | 2.93E-14
mesh 5 || 3.62E-14 | 1.11E-13

Table 4.14: Ex 3: Max. inter-elements jump: [[[u - n]r\o0llc - Meshes of (m,m — 1)
triangles.

Mesh T =1,77 =0.001
TRIs m=1 ‘ m =2
mesh 1 [ 4.97E-15 | 4.07E-15
mesh 2 || 2.86E-14 | 2.51E-14
mesh 3 || 1.30E-14 | 1.53E-14
mesh 4 || 6.94E-15 | 6.54E-14
mesh 5 || 1.68E-14 | 9.97E-14

Table 4.15: Ex 3: Max. free-surface jump: ||[u - n]z||c - Meshes of (m, m — 1) triangles.
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Figure 4.20: Ex 3: Errors in z-velocity u (top), pressure P (middle), and flux component L
(bottom) vs. mesh size - Lo-norm (left), H'-norm (right) - Meshes of (m,m — 1) triangles.
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Next, the results obtained with meshes of (m, Mmyedquced) quadrilaterals are shown and
analyzed. The interface is approximated with order m? = 5 in each cut element. For
the case of quadrilaterals, the boundary conditions are Neumann everywhere except for
the right boundary which is Dirichlet. Furthermore, the degree of approximation for the
velocity is varied from m = 2 to m = 3.

The maximum point-wise divergence of the velocity V - u is presented in Table 4.16.
It is noticed that higher values of the point-wise divergence of the velocity are obtained.
However, considering for instance the case of m = 3 and mesh 3, the point-wise divergence
of velocity is of order O(1071*) to O(107!2) on almost 80% of the elements as shown in
Figure 4.21.

Mesh r=1,77 =0.001
QUADs mzl\m:2 \m:3
mesh 1 || - 9.23E-06 | 3.94E-03
mesh 2 || - 6.98E-10 | 3.13E-04
mesh 3 || - 3.11E-04 | 1.44E-03
mesh 4 || - 3.01E-04 | 2.19E-02
mesh 5 || - 1.75E-04 | 4.34E-02

Table 4.16: Ex 3: Max. divergence of velocity ||V - u||e - Meshes of (m, myeduced)
quadrilaterals.

Divergence of velocity
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Figure 4.21: Ex 3: V - u plotted for m = 3/mesh 3 of (m, Myeduced) quadrilaterals
(left), and a histogram showing the percentage of elements with their respective order of
velocity-divergence (right).

Moreover, the jumps in the normal velocities [u - n] across inter-elements faces are of
the order O(1071%) to O(1071%) as shown in Table 4.17 and are exactly zero across the
free-surface as seen in Table 4.18.

Mesh r=1,77 =0.001
QUADs mzl\m:2 \m:3
mesh 1 || - 2.72E-10 | 3.59E-10
mesh 2 - 1.43E-13 | 8.44E-11
mesh 3 || - 4.44E-15 | 2.71E-13
mesh 4 || - 4.44E-15 | 8.71E-11
mesh 5 - 2.57E-14 | 7.21E-11

Table 4.17: Ex 3: Max. inter-elements jump: ||[w - 7] g0lle - Meshes of (m, Myreduced)
quadrilaterals.
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Mesh 7 =1,77 =0.001

QUADs mzl‘m:2‘m:3

mesh 1 - 0 0

mesh 2 - 0 0

mesh 3 - 0 0

mesh 4 - 0 0

mesh 5 - 0 0

Table 4.18: Ex 3: Max. free-surface jump: ||[u - n]z||ec - Meshes of (m, myeduced) quadri-
laterals.

The numerical pressures obtained with both m = 2 and m = 3 on meshes 3 to 5 are
shown in Figure 4.22, where the numerical errors are clearly visible! the reason is most
probably the ill-conditioning of the assembled X-HDG global operator (see Table 4.19).
This issue is more visible in the case of m = 2 as seen in Figure 4.22 even though the
X-HDG global matrices are better conditioned for m = 2 when compared to m = 3. The
reason behind this is actually not clear thus further investigation is needed.

Numerical pressure Numerical pressure Numerical pressure

Figure 4.22: Ex 3: Numerical pressure obtained on meshes 3:5 with velocity order m = 2
(top) and m = 3 (bottom) - Meshes of (m, Myeduced) quadrilaterals.

Mesh r=1,77 =0.001
QUADs mzl‘m:2 ‘m:3
mesh 1 - 1.21E+19 | 9.47E+19
mesh 2 - 2.59E420 | 1.64E419
mesh 3 || - 2.18E+10 | 4.80E+12
mesh 4 || - 3.86E+11 | 4.50E+14
mesh 5 || - 1.60E+11 | 5.33E+13

Table 4.19: Ex 3: Condition number of the X-HDG global operator - Meshes of (m, myeduced)
quadrilaterals.
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Furthermore, the mesh convergence plots are shown in Figure 4.23. It is observed that
sub-optimal rates are obtained for both z-velocity u and flux component L;. As for the
pressure, it is difficult to draw out a conclusion regarding the convergence.
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Finally, the results obtained with meshes of (m, m — 1) quadrilaterals are shown and
analyzed. This velocity-pressure pair does not provide pointwise divergence-free velocity
field. Here, the degree of approximation for the velocity is varied from m =1 to m = 3.
Furthermore, the interface is approximated with order m? = m in each cut element. The
reason behind testing (m,m — 1) quadrilaterals is to check if the numerical errors in the
pressure would still be clearly seen as in the case of (m, Myeduced) quadrilaterals.

First of all, the maximum point-wise divergence of the velocity V - u is presented in
Table 4.20, and as expected, the divergence-free condition is not satisfied where values of
order O(10°) to O(1072) are obtained. Moreover, a plot of the velocity divergence on mesh
3 with degree approximation m = 3 is shown in Figure 4.24 where again it can be seen
that the velocity divergence are of the order O(107%) to O(1072) on 100% of the elements.

Mesh r=1,77 =0.001
QUADs || m=1 ‘m:2 ‘m:3
mesh 1 1.68E-00 | 4.04E-00 | 2.15E-00
mesh 2 3.06E-00 | 9.76E-01 | 1.51E-01
mesh 3 2.15E-00 | 4.31E-01 | 2.10E-02
mesh 4 1.64E-00 | 2.13E-01 | 1.35E-02
mesh 5 1.14E-00 | 3.26E-01 | 1.99E-02

Table 4.20: Ex 3: Max. divergence of velocity ||V -u||~ - Meshes of (m, m—1) quadrilaterals.

Divergence of velocity
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Figure 4.24: Ex 3: V - u plotted for m = 3/mesh 3 of (m,m — 1) quadrilaterals (left), and
a histogram showing the percentage of elements with their respective order of velocity-
divergence (right).

The numerical pressures obtained with both m = 2 and m = 3 on meshes 3 to 5 are
shown in Figure 4.25, where the discontinuity is sharply represented compared to the
case of (m, Myeduced) quadrilaterals. Note the condition numbers of the assembled X-HDG
global operators of all tested degrees and meshes in Table 4.21. It is observed that the
X-HDG global operators of (m,m — 1) quadrilaterals are better conditioned when compared
to (M, Mreduced) quadrilaterals.
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Numerical pressure Numerical pressure Numerical pressure

05
Coordinate Y A Coordinate X

Numerical pressure Numerical pressure Numerical pressure

‘ 0. 05
Coordinate Y ! Coordinate X Coordinate Y A Coordinate X

Figure 4.25: Ex 3: Numerical pressure obtained on meshes 3:5 with velocity order m = 2
(top) and m = 3 (bottom) - Meshes of (m,m — 1) quadrilaterals.

Mesh r=1,77 =0.001

QUADs || m=1 ‘m=2 ‘m=3
mesh 1 || 2.56E4+04 | 1.71E+06 | 7.32E+07
mesh 2 || 2.44E+07 | 8.23E+10 | 2.12E+14
mesh 3 || 1.29E405 | 2.25E4+08 | 1.85E+10
mesh 4 | 3.92E4+06 | 1.14E+11 | 4.08E+14
mesh 5 || 2.54E406 | 6.92E+10 | 4.62E+12

Table 4.21: Ex 3: Condition number of the X-HDG global operator - Meshes of (m, m — 1)
quadrilaterals.

Finally, the mesh convergence plots are shown in Figure 4.26. For the z-velocity u,
optimal convergence rate (m+1 in Lo-norm) is achieved except for the last mesh refinement
with m = 2 and the last two refinements with m = 3. As for the pressure P, optimal
convergence rates (m in Lo-norm, m — 1 in H'-norm) are observed except for the last mesh
refinement with m = 3. Lastly, for the flux component L, optimal convergence (m + 1
in Lo-norm, m in H'-norm) is only achieved for m = 1, while sub-optimal rates (m in
Lo-norm, m — 1 in H!-norm) for m = 2 and m = 3 are obtained except for the last two
mesh refinements with m = 3.
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Figure 4.26: Ex 3: Errors in z-velocity u (top), pressure P (middle), and flux component
Ly (bottom) vs. mesh size - Lo-norm (left), H'-norm (right) - Meshes of (m,m — 1)
quadrilaterals.
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4.4 Conclusions and final remarks

An energy-stable formulation for two-phase incompressible Stokes equation that is mass
and momentum conserving is proposed. This method is an extension of the formulation
presented in the work of Elzaabalawy [35] for single-phase incompressible Navier-Stokes
equations. It is also considered as an extension of the X-HDG method for two-phase
Stokes equation proposed by Giirkan et al. [38]. The method computes exactly point-wise
divergence-free, and H(div)-conforming velocity fields. The key point of the proposed
method is the usage of pressure elements that uses polynomials in the space of divergence of
polynomial basis that are used to approximate the velocity. In addition, traces of velocity
and pressure, of the same order m as the velocity, are introduced on the inter-element
faces and the interface to enforce the transmission conditions of the conservation equations.
What is truly unique in the proposed method is the introduction of the pressure trace
variable of degree m on the interface to enforce the continuity of normal velocity, thus
enforcing mass conservation across the interface.

The method is tested on meshes of (m,m — 1) triangles with piece-wise linear ap-
proximation of the interface as well as on meshes of (m,Mreduced) quadrilaterals with
piece-wise high-order approximation of the interface. The results showed the capability of
the method to accurately resolve local discontinuities without the need for re-meshing to
fit the interface, however better results were obtained with meshes of triangles.

As for triangles, higher-order convergence rates were obtained for problems with straight
interface that guarantee an exact representation of the interface. On the other hand, for
problems with curved interfaces, the observed convergence for degree m = 1 is the same as
in problems with straight interfaces. However, this is not the case for higher m where the
convergence rates remain the same as for m = 1 but with lower error magnitudes. This is
expected because of the linear approximation of the interface, within each cut element,
that leads to dominant local errors at the interface. So in order to restore higher-order
convergence rates, the interface has to be accurately represented. Developing higher-order
integration quadrature for triangles with curved cuts is considered as future work.

As for quadrilaterals, good results were obtained for problems with straight interface.
However, further investigation is needed to determine the issue behind obtaining numerical
pressure with relatively noticeable error in problems with curved interfaces.

As a conclusion, it would be favorable to use the proposed method on meshes of
(m,m—1) triangles with piece-wise linear approximation of curved interfaces. The reason is
the robustness of this pair of velocity-pressure elements. In addition, the achieved accuracy
with this pair of elements is acceptable from an engineering point of view.






Chapter 5

The Level-Set method for moving
interfaces

The level-set method is an interface capturing method, where a signed-distance function ¢
is used to describe the location of the interface. The function ¢ is positive on one side of
the interface and negative on the other side. Furthermore, the iso-contour ¢ = 0 is the
interface itself.

At any point @ in a domain {2, the minimum distance to an interface Z is computed as
(5.0.1) d(x) = min(|x — z;|) Vaer eI,

=z — x|

where x. is the closest point on the interface to point @, and |®| is the Euclidean norm, i.e
- x| = /(21 — 20)? + (22 — T2)? + (23 — 2c3)2

The level-set function is a signed distance function defined as

(5.0.2) 6(x)| =d(z) Vaen

meaning that
+d(x) Ve € 07T,
(5.0.3) o(x) = 0 Ve €7,
—d(x) Ve e 2.
Note that the signed distance function should always satisfy the following property
(5.0.4) Vol =1

Furthermore, the unit normal vector m on the interface (pointing in the direction of
increasing ¢, i.e. from 27 to 27) is computed as

Vo
5.0.5 n=-—=V¢
(505) Nz
and the mean curvature of the interface is computed as
Vo
5.0.6 k=Vn=V-(=—-)=V-Vo
(50.6) (o)

See [41] for more details.

In general, we are interested in solving for the level-set only in the vicinity of the interface.
However, we solve for it in the whole computational domain for ease of computations.
Here, one assumption is taken into consideration: the signed-distance property |[V¢| =1 is
always satisfied so no re-initialization (re-distancing) is needed.

67
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5.1 The Model equation

The evolution of the level-set is described using the transient linear advection equation of
¢ = ¢(x,t) by the velocity field wu.

(5.1.1) g(f+V~(u¢) =0 € 2x(0,7),
that is further expanded to

0¢
(5.1.2) E—Fu-ng—HbV-u:O € 2 x(0,7),

if u is a divergence-free advection velocity obtained from the Navier-Stokes solver, then
the third term on the left hand side of 5.1.2 would be removed. However, the interface
is not advected by the velocity obtained from Navier-Stokes solver, it is rather advected
by an extension velocity wext(,t) := w(x., t) which is the velocity at the interface that is
extended throughout the whole domain. This means that for any point & € {2, the velocity
is equal to the that of the closest point on the interface [61, 62]. Therefore, the level-set
equation becomes

0
(513) £+Uext‘V¢)+¢V'ueXt:0 € 2 x (O,T),
or it could be written again in the conservative form as
9¢
(5.1.4) 3t + V  (Uext®) =0 € 2x(0,7T).

Initial conditions
The initial position of the interface is known and is given as

¢(x,to) = do(x)

where dy(x) is the initial signed-distance to the interface.

Since we are interested in the solution of the level-set only in the vicinity of the
interface, we will redefine the initial conditions so that the signed-distance is only valid in
a pre-specified area (or volume in 3D) close to the interface, for instance

€ for do(x) > e,
(5.1.5) do(x) =< do for —e <dp(x) <e,
—€ for do(x) < —e.

where € is a small normal distance from the interface that depends on the mesh size so
that at least two or three layers of adjacent elements are included in the area of interest,
see Figure 5.1. This approach is beneficial for imposing the boundary conditions as shown
next. A similar approach is presented in Marchandise et al. [63].

Boundary conditions

The domain boundary is defined as 92 = [, U I, where I, is the inflow boundary and
I,y is the outflow boundary, which are defined based on the direction of normal velocity
at the boundary. Let u,, = text - ™ be the normal component of the velocity vector where
n is the outward unit normal vector to the boundary 942, then I3, and [, are defined as
follows

(5.1.6) L ={x €02 | up, <0}, Iy = {x € 902 | uy, > 0}.
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Note that boundary conditions are imposed only on the inflow part of the boundary I7,
which is always the case for hyperbolic problems. The reason behind this is explained using
the method of characteristics (MOC), where at the outflow boundary, all the characteristics
are going out of the domain, thus, we can not impose any boundary condition at the
outflow.

It is also not physical to know the distance between the interface and the domain
boundary apriori, therefore we use the same data from the initial conditions defined in
5.1.5 and apply it as Dirichlet boundary conditions at the inlet. This approach is possible
since we are only interested in the solution of the level-set in the vicinity of the interface.

I
out Initial conditions:

Atregion 1, ¢y = —¢
At region 2, ¢y = +e€
Atregion 3 & 4, ¢y = dy(x)

Fout

Boundary conditions:
On T}y, Dirichlet ¢ = +€

Fout

Figure 5.1: A schematic of the level-set problem setup for initial and boundary conditions.

In problems where the material interface cuts the domain boundary (9f2). We can’t use
the previous approach where we use data from the initial conditions as Dirichlet conditions
at the inlet. Instead, we use the velocity field (from the previous) at the inlet boundary
to get the value of the Level-Set function at that inlet and apply it as Dirichlet BCs.
Otherwise, the Level-Set is fixed at inlet which is reasonable if the inlet is a far-field inlet.

5.2 The strong forms
The HDG formulation rewrites 5.1.4 as two equivalenﬁ problems. First, the local element-

by-element problem introducing the trace variable ¢ which acts as Dirichlet boundary
condition for the element, namely

O V- F(6) =0 in 2 % (0,7),

(5.2.1) ¢i=¢p ond;N I x(0,T),
pi=d  ond;\ 002 x(0,T),

¢i = ¢0 m QZ X {O}a

for i =1,...,ne1. Here, the equation in the conservative form is considered where f(¢) =
Uext P-

Second, a global problem is defined to determine qg, this problem corresponds to the
imposition of the continuity of the normal fluxes along the internal interface I" \ 912

(5.2.2) [n-f(®)]=0 on I\ 012.
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5.3 The weak forms

The weak formulation for each element equivalent to 5.2.1 is as follows: for i =1,...,ne1,
given ¢p on 92; N Iy, and ¢ on 962 \ 912, find ¢; that satisfies

ot "

(5.3.1) )Kl_—(f(qﬁi),Vv)Ki—l—(f-n,@aKi =0
for all test functions v, where the numerical traces of the fluxes f must be defined.

The numerical traces of the fluxes are defined face-by-face (i.e. for j = 1,...,n%.) on
each element (i.e. for i =1,...,ne1):

Fi(¢i) -mj+7i(di — ¢p) on 082; N Iy,
(5.3.2) fi-mj =1L Fi(0i) - ny+75(bi — boutfiow)  on 92N Lou,
£i(60) - mj + (¢ — by) on I\ 012.

where n¢. is the number of element faces/edges and 7; being a stabilization parameter
whose selection affects the stability, accuracy, and convergence properties of the resulting
HDG method. Note that ¢ouifi0n represents the value of ¢ on a face that belongs to
the outflow boundary I, Usually, in hyperbolic problems ¢,z 10, is interpolated using
the value of ¢ from inside the domain. The reason is explained using the method of
characteristics (MOC), where at the outflow boundary, all the characteristics are going out
of the domain.
The stabilization parameter 7; could be defined as follows

Tj = Max|Uext - 15
(5.3.3) zel ’

Tj = |Uexs - M.
which corresponds to the global Lax-Friedrichs and the local Lax-Friedrichs solvers, re-
spectively [64]. ~
The weak formulation of the global problem equivalent to 5.2.2 is simply: find ¢ for all
test functions p such that

Nel

(5.3.4) S F mipgn00 =0

i=1

Substituting the definition for the numerical traces of fluxes given by 5.3.2 into both the
local 5.3.1 and global 5.3.4 problems, we get the following equation for the local problems

(a¢7, v
(5.3.5) ot’

)Ki — (f(), VU)KZ- +(f (i) - nv”>aK,L- + (71, v>8Ki
- <T¢D’U>8Qiﬂ[‘m - <T¢OUtﬂow’v>8Qiﬂ[‘0ut - <T¢’v>89i\89 =0
and the following equation for the global problem

Nel

(5.3.6) Z <.f(¢z) 'n, /"L>B_Qi\8(2 + <T¢i’ M>8_Q¢\8Q B <7—$"’ 'u>8!2i\‘99 =0
=1

5.4 The semi-discrete forms

The semi-discrete forms of the local and global problems are written as: find (u?, ") €
Sh($2;) x SM(I') that satisfies
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h
<8§1 ) g, = (F(O), V) o+ (F (@) -1, 0") e 4 (760 0") o

_<7—¢D7 Uh>8(liﬁfin - <7_¢outflow7 vh>89iﬂfout - <7—¢h7 Uh>agi\ag = (fv Uh)Ki

(5.4.1)

el

(542) Z <,f(¢?) ‘n, Mh>6(2i\8.(2 + <T¢£L7 :U'h>a_()i\8() - <T$h7 'U’h>8(2i\89 =0
=1

for all test functions (v, u*) € SH(£2;) x SM(I') and all t € (0, 7).
Next, this semi-discrete HDG formulation is discretized in space then in time using
implicit or explicit time-stepping methods.

5.5 Spatial discretization

Polynomial interpolation of functions using nodal values is defined as follows

DNen

(5.5.1) ¢" (&) =D N;(£°); eSh,
j=1

(55.2) P(eh =3 N (e)d; esh.
j=1

on a reference element with local coordinates £° = [£7, ..., &5 | and a reference face/edge
with local coordinates & = [5{ ey f;d_l], respectively. Here, ¢; and Q?j are nodal values,
Nj; are polynomial shape functions of order m in each element, ne, is the number of nodes
per element, ]Vj are polynomial shape functions of order m in each face/edge, and ng,
is the corresponding number of nodes per face/edge. Note that also the test functions
(v", u") are interpolated in a similar way.

It is useful to write the polynomial interpolations of the functions as follows

o) = NT (&%),

A?,j = N\T(ff)(ﬁi,j,
V' =uN (&) = NT(&)v",
ph = pN ()

where N(£°) = [N} Ny ... No, |7, N(¢/) = [Ny Ny ... No,]7, ¢, is a column vector of
the nodal values of ¢ in element 1, (Ew is a column vector of the nodal values of (;ASh on
face/edge j adjacent to element i, v = [v1 v ... v ] and p = [u1 p2 ... pn,, ] Wwhere they
represent the nodal values of the test functions.

The terms in the semi-discrete form of the problem are written in expanded form:

0, 00,
el ot ot

Al

=vA
ot’ v

(5.5.3) (

o) = 'v/ NNT|J¢| dn
’ Qref

(5.54)  (F(&]), V") = (ug], V") = /Q VNuNT|J dQe; ¢; = vB;g;
ref

(5.5.5)
(F(61) 0" e = (udf - m, o) = w /6 . NNT(u-n)lJ'| L & = vCig;
ref
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(5.5.6) (r¢1,0") g, = /8 NN dle ¢, = vDig,
ref
(5.5.7) <T¢D’vh>anmrm = v/ag on Nropl|J7| dler = vE;
(558) <T¢outflowa Uh>a_()_mp . = 'U/ NT¢outflow‘Jf| dFTef = 'UOi
¢ ou 8~Qrefmpout

~ T —~ —~
(5.5.9) (780" g0 = ¥ /8 oo™V /| dLyes ; = vFig;
(5.5.10)
<f(¢?) ’ nvﬂh>agv\a() = <u¢? "N, :uh>a_().\39 = “/ NNT(un)|Jf| dFref ¢z = HHi¢i

i i 0920 \O02
(5.5.11) (T 1) pona0 = “/an 002 TNN|J| dLep ¢ = pligp;
5.5.12 ol = NN'|J| dlye; & = pJidb
(5.5.12) (T¢", 1 >agi\ag_“ 00 f\aﬁT I dlvey @5 = ndig;
where ¢; = [, ;0 ... ®ini |", ntc is the number of faces/edges of element i,

J¢ = 9d°/9E° is the Jacobian of the isoparametric mapping ®¢, and J/ = 9®f /9¢/ is the
Jacobian of the isoparametric mapping 7.

The reference element §2,.5 and the reference face Iy are linked to the physical element
§2; and the physical face I'; respectively through isoparametric mappings which are defined
as

be . Qref C RPsd — QZ' C RPsd
5.5.13 . oo .
( ) £ — B°(£°) = > x;N;(£°)
j=1
&/ ey CRMD [ C RP=
(5.5.14) ntn
g &1 (gl) =" apNi(¢))
k=1

where x; and xj;, are the nodal coordinates of the physical element (2; and the physical
face I'j, respectively.

5.6 Temporal discretization

5.6.1 Explicit discrete forms

Using forward Euler time-integration scheme [65], the semi-discrete form is written as: find
(¢Zhn+l ,o"") that satisfies
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gt ¢ W o h n h
Car V)i = Cap )i = (udi, Vi) g+ (ud” -, v%)
5.6.1 n n
( ) + (e} v h>8Ki - <T¢D7“h>agimrm - <T¢outflow7”h>arzimrout
—(re}", h>arzi\arz =0,
Nel
(5.6.2) [<U¢zh ‘n, Nh>arz¢\arz+<7¢5I 7“h>89i\an — (7} ’/‘h>69i\89] =0
=1

for all the test functions (v", ) and for all ¢t = n At, where n = 0,1,2,3, ..., ngeps and
nsteps = T/ A t.
Discrete local problems:

Ai ~n
(5.6.3) ¢ = AtATH (B + O;) + (& +Bi—Ci— D)o} + Fcb]
Discrete global problem:
(5.6.4) > [(H: + L)¢} - Ji)] =0
i=1

The solution procedure will be as follows
e Step 1: Knowing ¢", the global problem 5.6.4 is solved for $n explicitly.

e Step 2: Having q§n and knowing ¢", the local problems 5.6.3 are solved element-by-
element explicitly to find ¢!

The disadvantage of explicit method is the limitation on time step, At, by the Courant-
Friedrichs-Lewy (CFL) condition, i.e. CFL= At||ul||/h < 1, where h is the minimum length
within an element.

5.6.2 Implicit discrete forms

Backward Euler (BDF1)

Using backward Euler time-integration scheme [65], the semi-discrete form is written as:
find ((JS?HH, ¢hn+1) that satisfies

ot o pn+l h pnt h
( lAt » U )Ki_(Alt’ )Ki_(ud)i 7V,U )K1+<’u‘ 7 ‘n,v >3Ki
5.6.5 n+1
( ) <T¢h y U > OK; - <T¢D7 Uh>8_(2imfm <T¢Z1—E}low’ v >8_Qim1“out
— ?n+lvvh>a(z-\arz 0

n+1 n+1 ntl
(5.6.6) Z Wl 1) 0+ (T Y g0 0 — (7O
=1

h
s >arzi\an

for all the test functions (v”, u") and for all t = n A t, where n = 0,1,2,3, ..., Nsteps and
nsteps = T/ A t.
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Discrete local problems:

A
— -B;+C;+D;)"!

n+l
(5.6.7) ot _(At

)

A; ~n+1
(Bi +0) + 7,0} + Figh ]
Discrete global problem:

(5.6.8) i [(HZ + Ii)(,b?—H — J@?H}

=1

After substituting 5.6.7 into 5.6.8, to form a global problem which is only function of $n+1’
the solution procedure will be as follows

e Step 1: Solve the global problem for $n+l explicitly!

e Step 2: Having $n+1 and knowing ¢", the local problems 5.6.7 are solved element-
by-element explicitly to find ¢?+1.

Note: Even though the scheme is implicit, the solution procedure are actually explicit
because the equations are linear.

BDF2

Backward Differentiation Formula (BDF) 2 [66] is second order accurate in time and it
requires the storage of the solution from the previous two time steps. The discrete forms
of the BDF2 are written as follows

Discrete local problems:

3A; 24, A; ~n+1
n+l Bhatalint -1 1 n 7 n—1
6. = -Bi+Ci+ D, E; i ;= ; F,¢;
(5.6.9) ¢! = (15— Bit Cit D) |(Bi+0) + I} — 7500 + Fidy
Discrete global problem:
(5.6.10) 3 [(Hi+Ii)¢?+1 _ Ji($?+1] _
i=1

After substituting 5.6.9 into 5.6.10, to form a global problem which is only function of
(Enﬂ, the solution procedure will be as follows

e Step 1: Solve the global problem for $n+1 explicitly!

o Step 2: Having <$n+1 and knowing both ¢™ and ¢" !, the local problems 5.6.9 are
solved element-by-element explicitly to find qb?“.

Similar to BDF1; even though the scheme is implicit, the solution procedure are actually
explicit because the equations are linear.
Note: In the first time step, BDF1 is used due to the absence of ¢™ !,
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5.7 Numerical examples

5.7.1 Example 1: advection of circle with oblique velocity field

The following problem is solved, with a velocity field u = [2,1.2] everywhere.

rout

b
) Fout
to

Figure 5.2: Example 1 solved with u = [2,1.2]

Simulation parameters:

Domain [—1,1]?, circle with radius R = 0.3 initially at (—0.4, —0.4).
Polynomial approximation m =1 : 2.

Six: levels of mesh refi - V2 V2 V2 V2 V2 V2
i mesh refinemen = ey ey ——
x levels of mesh refineme min 5 4°8°16° 32 64
Implicit time integration BDF1 and BDF2 for ¢ € [0, 0.4].

For m =1, CFL = 0.01 for both BDF1 and BDF2. For m = 2, CFL = 0.001 for
BDF1 and 0.005 for BDF2.
CFL % hmm

At =
[l m?

The distance € around the initial interface is set to 0.25, and the error is computed
in the region around the circle at a distance 0.7e.

Optimal convergence rates, m + 1 in Lo-norm and m in H'-norm, are obtained as shown
in Figure 5.3 for BDF1 and in Figure 5.4 for BDF2.

The numerical solution at time ¢ = 0.4 is shown alongside the initial data in Figure 5.5 for
meshes 3:5 and BDF1 temporal discretization.
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eﬁ mesh convergence - t = 0.4 - HDG solver 0 e;/ftl mesh convergence - t = 0.4 - HDG solver
0 : T : : r T : : | : T | . T : :
02F 1
A
0.5 5
04
-06
A
o ~.-08}
SN oF
QJ O
= 15F = At 1
§ S
< < 2t .
2F 4
14 1
16 1
2.5 1
- —A—m =1,7 =2.2627 18+ —A—m =17 =2.2627| 4
4 Acom =2, =2.2627 e Ac-m =2, =2.2627
3 L L L L 2 L L L AN L L L L
18 16 14 12 -1 08 -06 04 -02 0 18 16 14 12 -1 08 -06 -04 02 0
10!110(hmm) 10!110(hmm)

Figure 5.3: Example 1 mesh convergence: Errors in £o-norm (left) and H'-norm (right) -
Time discretization BDF1.

€7, mesh convergence - ¢t = 0.4 - HDG solver e}, mesh convergence - ¢t = 0.4 - HDG solver
0.5 7 T T T T T T T T 0.5 L T T T T T T T
or T
H A or
05 .
251
~ .l : —~ 05} 4
St oF
L <
S S
S st S
~ < ot g
PN
21
A
296 151
251 ! 197
n”
11 4 09 08 07 -06 -05 -04 -03 -02 41 1 09 08 07 06 -05 -04 -03 -02
logio(humin) logio(hmin)

Figure 5.4: Example 1 mesh convergence: Errors in Ly-norm (left) and H'-norm (right) -
Time discretization BDF2.
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Figure 5.5: Example 1: The location of the interface at ¢ = 0 (left) and ¢ = 0.4 (right)
obtained with m = 1 on meshes 3, 4, and 5 using BDF'1 temporal discretization.
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A test is made to check the convergence in time of the BDF1 and BDF2 temporal
discretization schemes. Different values of CFL were tested on a combination of mesh and
spatial degree approximation m where spatial discretization error is relatively negligible
compared to the temporal discretization error.

2
« The fifth mesh with Ay, = \?)g is used
e For checking BDF1, the spatial degree approximation is m = 2, while for BDF2,
m = 3.
e Four levels of CFL refinements where CFL = 0.8,0.6,0.4,0.2.

FL * hppin
o Ar o GFL* hmin

[l + m?

As shown in Figure 5.6, the temporal discretization schemes perform as expected where
first order accuracy is obtained for BDF1 and second order for BDF2.

62’ at t = 0.4, temporal scheme convergence c% at t = 0.4, temporal scheme convergence
. : : . : . 7 -3 . : . . : .

0.9
1:92/ | L ) A
e 200"
At 1 B4r
0.99. ”
s 199"

)
)

cq-12f 361
N & o8 ’
O IO I
S -13f S 38t
101
1.4 4r 191
5 g 420
- A H5P2,7 =2.2627,BDF1 & - H5P3,7 =2.2627,BDF2
16 i i j i ‘ I m ‘ ‘ ‘ ‘ i ‘
3.1 3 29 28 27 26 25 24 34 33 32 3.4 3 29 28 27
logio(At) login(At)

Figure 5.6: Example 1 temporal scheme convergence rate: Spatial errors in Lo-norm
computed at t = 0.4 when temporal discretization BDF1 is used (left) and when BDF2 is
used (right).
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5.7.2 Example 2: rotation of a slotted disk

This example was presented for instance in [67, 68, 69]. In a square computational domain
[0, 4]%, a slotted disk with radius R = 0.5 centered initially at C(X¢, Yo) = (2,2.75), with
slot parameters s = 0.126 and r = 0.4, as shown in Figure 5.7, is rotated around the point
O(Xo,Yo) = (2,2) with an angular velocity w = 0.5. The rotational velocity field is given
by the stream function

w
(5.7.1) v(zy) = —5ll@- Xo0)* + (y = Yo)’]
where the z- and y-velocities are computed as u = —a—w and v = %
oy Oz
1—‘in | I‘out
Fout ‘ l-‘in
N
N
0
l—‘i‘n
rout
rout Fin

Figure 5.7: Example 2 solved with © = [~w(y — Yo ),w(z — X0)]

Simulation parameters:

e Polynomial approximation m = 1.

2v2 2¢/2

e Two levels of mesh refinement hn =

64 71287
o Implicit time integration BDF1 and BDF2 for ¢ € |0, %r]
e CFL=0.25
o At= CFL # hoin For meshes 1:2, At = 0.0078,0.0039, respectively.

maz(||ul]) x m?’
o The distance € around the initial interface is set to s/2.

The numerical solution obtained using BDF1 on the first and second meshes are shown in
Figures 5.8 and 5.9, respectively. Furthermore, a comparison between the results of the
coarse and fine meshes is shown in Figure 5.10. Furthermore, a comparison between the
results obtained using BDF1 and BDF2 on the coarse mesh is shown in Figure 5.11. It can
be seen from the comparisons that going for higher-order temporal discretization is more
accurate than refining the mesh, in addition to, being less costly in terms of computing
time.
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3

(g)t=8% (h) t = §2 (i) t=2

w

Figure 5.8: Example 2: The location of the interface at various time steps from ¢t = 0 : 27 /w
obtained on mesh 1 - BDF1.
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(g)t=5% (h) ¢t = §

ely
—~
—
N~—
-
Il
o
3

Figure 5.9: Example 2: The location of the interface at various time steps from ¢t = 0 : 27 /w
obtained on mesh 2 - BDF1.
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(c) Mesh 1 -t = g2x (d) Mesh 2 -t = 32¢

(e)Meshl—t:g%7r (f)MeShQ_t:g%7T

Figure 5.10: Example 2: Comparison between the results obtained on coarse mesh (left)
and fine mesh (right) at different time steps - BDF1.
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27

21 (b) BDF 2- t =

ool
e

(c)BDF 1-t=42r (d) BDF 2- ¢ = 42=

(¢) BDF 1-¢ =82z (f) BDF 2 - ¢ = 82z

Figure 5.11: Example 2: Comparison between the results obtained on coarse mesh using
BDF1 (left) and BDF2 (right) at different time steps.
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(c) BDF 1-t =421 (d) BDF 2- ¢t = 42¢

() BDF 1-¢= 82z () BDF 2- ¢ = 82z

w w

Figure 5.12: Example 2: Comparison between the results obtained on fine mesh using
BDF1 (left) and BDF2 (right) at different time steps.
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5.8 Conclusions and final remarks

In this chapter, the level-set is developed using HDG spatial discretization along with both
first and second order implicit BDF temporal discretization. Optimal convergence in space
and time is shown in the first example. Furthermore, a more complex problem involving
the rotation of a slotted disk is presented, and good results were obtained especially with
the second order BDF2 temporal discretization scheme. The level-set solver is now ready
to be merged with two-phase Navier-Stokes solver to obtain the position of the moving
interface between the two-phases in each time step.






Chapter 6

Divergence-free X-HDG method

for two-phase incompressible
Navier-Stokes flow problem

6.1 Problem Statement

The incompressible two-phase flow problem is described by the following momentum and
mass conservation equations:
ou

p(o +u-Vu)— Vo =pf infU,forte(0,Ty],

(6.1.1) ot

Vau=0 iny U, forte 0,7y
with initial conditions for the velocity given as
(6.1.2) u=u’ in 2, U2y, fort =0

where ¢ is the time variable, Ty is the final time of interest, p is the density that is
discontinuous across the interface Z (that is, p = p; in §2; for i = 1,2), u(x,t) is the
velocity field, o is the Cauchy stress tensor, f is the volumetric body forces, u° is the
initial velocity field given at ¢ = 0.

Furthermore, the Cauchy stress tensor (for incompressible fluids) is defined as:

(6.1.3) o = —pI +2pue(u)

where p(x,t) is the pressure field, p is the dynamic viscosity that is discontinuous across
the interface Z (that is, p = p; in §2; for i = 1,2), and €(u) is the strain rate tensor which
is defined as:

e =Viu
6.1.4 1
(044 ~ L wus (vuyr)
where V*u is the symmetric part of the velocity gradient tensor (Vu := V®u + V%u).
1
For completeness, V¥u := §(Vu — (Vu)T) is the skew-symmetric part of the the velocity

gradient tensor which is called vorticity tensor or spin tensor.
Therefore, the first equation in 6.1.1 is written as:

(6.1.5) p(%—?—l—u-Vu)%—Vp—QuV-VSu:pf

87
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Therefore, an incompressible flow problem is described by:

ou

(6.1.6) pgy TV (plu@u) +pl = 2uV7u) = pf in 2, U 2y, fort € [0,7Ty],

Vau=0 inf2 Uy, forte|0,Ty].
Boundary conditions are given as:
e Dirichlet:
(6.1.7) u=up on I'p, fort € [0,T%]

e Neumann:

(6.1.8)
(p(u @ u) +pI —2uViu)n = gy + max(u - n,0)up
=gy+pl—=AN)(u-n)u  only, forte [0,Ty]

where A =0ifu-n>0,A=1ifu-n<0

o If only Dirichlet boundary conditions are considered (i.e. I'v = ), an additional
constraint on the pressure needs to be imposed to avoid its indeterminacy. This is
done by imposing the pressure at least at one node on the mesh Skeleton I.

where up is a prescribed value of the velocity on the Dirichlet boundary I'p, gy is a
prescribed normal flux on the Neumann boundary I'y.
Furthermore, appropriate Interface conditions are considered:

e Surface tension force balancing the jump in normal stress
(6.1.9) [(pI —2puV?u)n] =g, on I
where g, is the surface tension force vector.

o Continuity of the velocity
(6.1.10) [ul=0 on Z

where the jump [u] is defined as [u] := ug,n7 — wo,nT = U1 — Ug

6.2 The divergence-free X-HDG method

6.2.1 The mixed strong form

The strong form of incompressible two-phase flow equations presented earlier by (6.1.6)
could be written as a system of first order equations by introducing the tensor variable
L= -2V?u:

(6.2.1)
p%?—l—V(p(u@u)—FpI%—uL):Pf in 2, U 2, fort € [0,TY],
L+2Viu=0 in 2, U (2, fort € [0,TY],
Vau=0 in 2, U (2, fort € [0,TY],
u=u’ in 21 U 2y, fort =0,
uU=1up onI'p, fort € [0, Ty,
(pluu)+pl+puLl)n=gy+ p(l =) (u-n)u on I'y, fort € [0,TY],
[(pI +pL)n] =g, onZ, fort € [0,Ty],
[u-n]=0 onZ, fort € [0,Ty].
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This set of equations can be written for a finite element K; € 2 as:

(6.2.2)
p%—i—V-(p(u@u)%—pI—i—uL):Pf in K; \ Z, fort € [0, TY],
L+2Viu=0 in K; \ Z, fort € [0,T],
Vau=0 in K; \ Z, fort € [0, TY],
u=u’ in K;, fort =0,
u=up on 0K; N I'p, fort € [0,Ty],
(pluu)+pl+puLl)n=gy+p(l =N (u-n)u ondK;NIy, fort e [0,Ty],
[(pI + uL)n] = g, onZ;, fort € [0,T}],
[u-n] =0 onZ;, fort € [0,TY].

where Z; := K; N T is the part of the interface in element K; (if K; is a cut element).

6.2.2 X-HDG strong local and global problems

The divergence-free X-HDG method rewrites (6.2.2) as two equivalent problems. First the
local element-by-element problems with Dirichlet boundary conditions, that is,

(6.2.3a)
p%%—V-(p(u@u)%—pI—l—uL):pf in K; \ Z, fort € [0,T],
L+2Viu=0 in K; \ Z, fort € [0,TY],
Vau=0 in K; \ Z, fort € [0,TY],
u = u’ inKj, fort =0\ ytx. N7 =0
u=up ondK;NIp, forte[0,Ty],
u=1u on OK; \ I'p, fort € [0,TY],
p=pny on0K;NIy, forte[0,Ty],
p=0D on 0K; \ I'y, fort € [0,TY],
(6.2.3b)
p%+V-(p(u®u)+pI+,uL)=pf in K; \ Z, fort € [0,TY],
L+2Viu=0 in K; \ Z, fort € [0,Ty],
Vau=0 in K; \ Z, fort € [0,Ty],
u=u’ in K;, fort =0,

u=up ondK;NIp, forte[0,Ty], ifK,NT £
u=1u on dK; \ I'p, fort € [0,TY],
p=pny on0K;NIy, forte[0,Ty],
p=7p on 0K; \ I'y, fort € [0,TY],
=g, onZ;, fort € [0, Tyl
=0 onZ;, fort € [0, TY]

for i = 1,...,ne1. A new variable u € V*(I"\ I'p) is introduced which corresponds to the
trace of w at the mesh faces I\ I'p. The trace @ is single valued variable on each face,
with the same value when seen from both sides of an interior face. It is noted here that an
extra equation has been introduced which corresponds to imposing the pressure on the
boundary of the element to a newly introduced variable p € S?(I"\ I'y) which corresponds
to the trace of p at the mesh faces I' \ I'y.
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For X-HDG, We introduce the velocity trace u as an extra unknown on the material
interface to enforce the transmission or jump condition of the momentum equation across
the material interface, i.e. enforce [(pI + pL)n]z = g,.

For divergence-free X-HDG, we also introduces the pressure trace p as an extra unknown
on the material interface to enforce the transmission condition of the continuity equation
across the material interface, i.e. enforce [u - n]z = 0. Note that @ and p are continuous
functions defined on the interface. They act as Shuhr complements that are eliminated
after solving for them.

The local problems have been particularized for standard elements 6.2.3a and for
cut elements 6.2.3b. Given the traces (u,p) and the boundary conditions (up, py), the
local problems 6.2.3 can be solved in each element to determine the solution w € V/'(£2),
p € S¥ () and the flux L € T*(£2). Thus, the problem now reduces to determine the
traces (u,p). This is done by solving a global problem that imposes the transmission
conditions (of the momentum and continuity equations) across element boundaries plus
the Neumann boundary conditions, that is,

(6.2.4)
[u®n] =0 on I\ 992,
from momentum eqn.: ¢ [(p(u®@uw)+pl +pL)n] =0 onI"\ 012,
(pluu)+pl+pL)n=gy+p(l —N)(u-n)u on I'y,
[u-n]=0 onI"\ 012,
from continuity eqn.: U-n=up-n on I'p,
u-n=u-n on Iy

It is important to note that the continuity of the solution w across I" \ 942 is imposed
by the Dirichlet boundary condition (v = @ on 0K; \ I'p) in the local problems (6.2.3)
and the fact that « is single valued on I'. Therefore, the first jump condition in equation
(6.2.4) could be removed and the global problem is reduced to

(6.2.5)
[(p(u®@u)+pl +pL)n] =0 on I\ 912,
from momentum eqn.:
(p(u@u) +pI +pL)n =gy +p(1 = A)(u-n)u onI'y,
[u-n]=0 onI"\ 012,
from continuity eqn.: Uu-n=uUp-n onI'p,
u-n=u-n on Iy

6.2.3 Temporal discretization

Assume that we discretize in time with a step size At that represents the time difference
when we move from a time step (n) to a time step (n + 1). As a start, we use the implicit
BDF1 [65], which is defined for a general equation

ou
E_f
as

unJrl —um

— n+1
At /
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which is also written as:
(6.2.6) u"th = At

In an abuse of notation, all the variables at time step (n+ 1) will be written without the
superscript (n + 1) for simplicity. Only variables at time step (n) will have the superscript
(n). For example, equation (6.2.6) will be written as:

(6.2.7) u= At f+u"

n

At
It is important to note that, the enriched approximation space at time n and n + 1 are

not the same due to the fact that the interface location change. Therefore, the Heaviside
enrichment function is different. To facilitate the implementation of the discrete system,
the solution w™ is interpolated to the approximation space of time "1, so the enriched
approximation space at time t"*! can be considered for the discretization of all terms in
the equations. Since the approximation in each cut element is different at each time step
due to the moving interface, special time discretization technique could be needed, see
for instance [70] which also discusses the issue of appearance and disappearance of cut
elements.

ou u
Having this in mind, only the term B in the momentum equation is changed to

6.2.4 X-HDG weak forms

Briefly, the weak forms are obtained by the following steps:

o First: multiply the governing equations by corresponding test functions and integrate
over the two sub-domains (two phases).

e Second: apply integration by parts once to obtain surface integrals. Only in the first
equation of 6.2.3a and 6.2.3b, integration by parts is done again for the viscous term.

e Third: replace the physical fluxes by some defined numerical fluxes, this is where
stabilization parameters appear.

The detailed derivation of the weak forms is presented in details in Appendix D

Note that in a cut element, the approximations of the functions (u, L, P) are discontinuous.
u € [P (K| @ H[P™(K;))%,

L € [P (K™ & H[P™ (K;)™! and

P e V- [P™(K;)|*® HV-[P™(K;)]".

In the divergence-free X-HDG method, the physical quantities (u, L, p) are replaced by
the numerical quantities (4, L,p) on OK; \ I'p. Further, on the interface Z;, the physical

quantities (w, L1, Lo, p1, p2) are replaced by the numerical quantities (@', 171 +4g, i;,ﬁ‘ +
dp,p'). Furthermore, on the intersection with the Dirichlet boundary OK;NIp, the physical
quantities (u, L, p) are replaced by (up, Lp, p). Finally, that pressure trace p is replaced
by pn on the Neumann boundary 0K; \ I'y.

Note that the discontinuities in the velocity gradient and the pressure across the interface are
taken into consideration by introducing the two variables p and dr. Those two variables

are replaced in the weak forms by the surface tension force vector where épn+v1dn = g,.
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Furthermore, the numerical fluxes used in the weak forms are defined as:

(6.2.8a)

L=L+7(u—0)@n+mm®e (u—a),

(6.2.8b)
L’ =L+7(u—up)®n+mm® (u—up),
(6.2.8¢)
L=L+ 7w — @) @A+ 750 ® (ug — ),
(6.2.8d)
Ly = Lo+ (uy — @) ® (—7) + 75(—R) @ (ug — @),
(6.2.8¢)
(1@) =uweu)+(U—-—u)@ M, A=0ifu-n>0A=1ifu-n<0)
(6.2.8f)

—

(u@u)p :=(u®@u)+ (up —u) @I, A=0ifu-n>0,A=1ifu-n <0)
(6.2.8g)

(w1 @ui) = (u; Q@ui) + (@' —uy) @ My, (A =0ifu; -7 >0,A=1ifu; -7 <0)
(6.2.8h)

— 1

(’u,z ®UQ) = (U2 ®UQ) + (ivl,z — ’u,z) ® Aug, ()\ =0ifug - (—ﬁ) >0,A=1lifusy - (—?L) < 0)

where @ € V(I;;) and P € S'(I;;) could be continuous (if I}; NZ = @) or discontinuous
(if I;; N T # @) functions. I; is face j of element K;. @' € [P™(Z;)]? is a continuous
vector function defined on the interface Z. P' e P™ (Z;) is a continuous scalar function
defined on the interface Z. 7 and 7% are stabilization parameters for the viscous flux
on the element faces 0K; and the material interface Z;, respectively. The choice of the
stabilization parameter 7 is discussed extensively in [35, 59]. Based on several numerical
trials, the interface stabilization parameter has to be inversely proportional to the average
of /1 to ensure optimal convergence, for instance 77 := 1/{u}.

Note that the convective flux is approximated using upwinding by introducing the parameter
A that is equal to zero at an inlet and one at an outlet. This would lead to approximating
the convective flux using the velocity trace at an inlet and the elemental velocity itself at
an outlet.

Weak local problems in cut elements

After the temporal discretization, the weak form of the local problems is: given u €
Vﬁ(Fij \ FD), up € VS(Fij N FD)7 D E S;L(Fij \ FN) and py € Sg(ﬂj N FN), where Fij is
the face j (which could be cut or uncut) of element K;, find w € [P™(K;)]? ® H[P™(K;)]%,
L € [P™(K)]™>? @ H[P™(K;)|¥, p € V- [P™(K;)|? & HV-[P™(K;)]%, u' € [P™(T;)]°,
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and p' € P™(Z;) such that

(6.2.92)

ou
(11ba pE)K«L +

(%, V- (uL)) o, — (V. pI) . — (VY plu@u)) o + (P, pu@u)n),
— (W, Ap(u@u)n) . + (P, uru) e + (P pr(u-n)n),
+ (1, p1(ur ® Ul)ﬁ>zi + <¢1713iﬁ>1i + (1hy, p2(u2 ® u2)(_ﬁ)>zi + <¢2717(—ﬁ)>1i
— (W1 01 (w1 @ un)n)y + (1, A1 (@' @ wi)n)
+ (Y, it u1), — (¢, i >z
+ (Wy, pa (u - ”) )y — (y, 7t (@ - A)n) ;.
— (%, Ap2 (w2 @ u2) (=) 7. + (13, Ap2 (W' @ us) (—1))
+ (g, port uz); — 9y H2T T >z
+ (3o, pa" (ug - (—A))(—ﬁ»zi — (Yo, o (@ - (—1)) (7)),
= (. 0f) g, — (0, M@ @un) e p + (0, 078) e p) + (s o7 (T )R o
— (¥ Ap(up @un) g op o+ (s 1TuD )0 )+ (s (up )R o

- <'lnbai)\n>3Ki\FN - <¢apNn>aKimFN - <'lnblvgs>1i

—(W,L) + (V.o ) <W1,u ®n> <W1,n®u>

— (W2, u ")>z- — (¥, (-7 )®ai>z-
(6.2.9b) l i Z
= (7, a® n>8K \Tp +(Pne u>8Ki\FD
H(Pup @n) oo, F (O UD) e
(6.2.9¢) —(¢,Vou) =0
(6.2.9d)

«Z,ﬁmzﬁ@,mmm + (.5 (~7))7, + (9, poLa(~7))

7

+ 171,#2711@1 (P, partu >L + (4, o (us - (=n)(—n)); — (P, port (a
=0

(
+<1~P,/~LlTIU1>I — (Pt + (P, (ug )R), — (P, (@’ - n)n),
( L (—n))(—n

(6.2.9¢) (¢,ur- ), + (d,us - (—n)), =0

1

for all the test functions ¥ € [P™(K. )] © H[P™(K))4, & € [P™(K;)]|¥4® H[P™(K;)] ™,

¢ € V-[P™(K)|" © HV-[P™(K;)]*, ¢ € [P™(Z, )],andqﬁepm( i)-

Weak local problems in standard elements

For a standard uncut element K;, the weak forms of the local problems (6.2.3a) are

exactly the same as those for a cut element after removing the interface terms. Note that
the approximation spaces for all the functions are continuous. i.e. (¥,u) € [P™(K;)]%,
(@, L) € [P™(K;)|¥, (¢,p) € V-[P™(K;)]?, @ € [P™(I; \ I'p)]? and p € P™(I};), where

I; is the face j of element K.

)z,

7
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Therefore, the weak form of the local problems in a standard uncut element is: given
(u,up,p, Pn), find (u, L, p) such that

(6.2.10a)

(.0 00) g+ (. V- (4L) o, — (Ve pT) . — (Vb plus D))+ (2, (e W)
A un) + (o + (- m)nYy

= (¥, pf) . — (. Ap(u DU e py A 1T g+ (P pT (T )P e

- <'l,b, )\P(UD 02y u)n>6KmFD + <'lﬁ, “TUD>8KZ-0FD + <¢7 NT(’U’D . n)n>8KmFD
- <1'b’ﬁn>8K¢\FN - <¢’pNn>6KmFN

_(W’L)Ki +(V°- W’“)Ki =(¥,u ®n>6Ki\FD +(¥,n® a>8K¢\FD

(6.2.10b)
+ <!p7 up & n>8KmFD + <Sp> n uD>8KmFD

(6.2.10c) —(¢, V-u) . =0

for all the test functions (¢, ¥, ¢).

Weak global problem

The weak form of the HDG global problem for Incompressible Navier-Stokes flow is: Find
weVHI'\I'p) and p € SH(I'\ I'y) such that

YA u)n) e )+ (P, Ap(@@U)R) e
W’u>aK \I'p <¢’“Tﬁ>8Ki\FD
) 1

~

{
(6.2.11a) +{(, pr(u - n) >8Ki\FD - <1APa,uT(ﬂ . n)n>aKi\FD

(%,

L)
Nel

= Z{<17)79N>3K2.QFN - <1’Ab’pNn>aKmFN}

=1

Nel Nel

(6.2.11b) { (25, u- n - <$7 u - n>6Kir~|['N} = Z<($, up - n>6KmFD
=1 =1

for all the test functions ¢ € V*(I"'\ I'p), and ¢ € SM(I).
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6.2.5 X-HDG discrete forms
The local problem 6.2.9 in a cut element K; is written in a matrix-vector form as:

(6.2.12)

B K; Z; K; j Z; 3 K; i Z; Z; i i 7 X
|:Auu + Auu + Cuu(uz) + Cuu(ul)} AuL A{Lg? [Augz + Cuﬂl (uz)] Auﬁ u’
K; K; Z !
ALy ALL 0 Al 0 L'
AL 0 0 0 0 p’
AL AL 0 AL AL _| | W
utu utL utu? utpt
L 0 0 0 o | P
L piu i
[ A i K (2iy|] i . o
A+ Cl ()] Az £+ rf (u)
Ak 0 fr
= 0 u'+| 0 [P+ 0
0 0 0
L 0 - L 0 - 0

while in a standard uncut element K;, the matrix-vector form of the local problem
6.2.10 is written as

(6.2.13)
[Aﬁi; + c{;;(ul)} Al AL (ui [Aua + Cua(u@)} Al £15 4 pKi(u)
ALl AL 0 |4yl AL u'+| o0 | P+ fr
AL 0 o | (p 0 0 0

After the hybridization step (inserting the algebraic expressions of w and L) from
the local problem into the global problem 6.2.11, the full global problem is written in a
matrix-vector form as:

AL+ CRw Zw) (A + CRw) Z )
~ —I—AA' Z[ﬂgz) i +A’[u}L ZL;;(u’) ut
(6.2.14) AL 7K iy 4 AL AL zEi ()
pu  uu pu pu  up -

£ — (AR 4 CLi(u)) 25 (u') — AK 2 (u)
:A?;

K; K; -
fﬁl - AEJ\U’,L Zfl(uz)

The solution procedure is as follows: the discrete trace variables U and p are obtained
by solving the following discrete global problem

(6.2.15) K(u) {‘:1} = f(u)
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then the local problems are solved element-by-element, for ¢ = 1, ..., nes:

)

u
(6.2.16) L) =Z5 (u) d + zgi (u') p’ + 25 (u?)
pi

This problem is non-linear due to the convection term. There are basically two standard
approaches to deal with the non-linearity: Newton methods and Picard linearization.
Newton methods have locally quadratic convergence rates, but require a good initial
guess [71]. Picard methods are typically more robust and easier to implement [72].
Here, robustness is chosen as a preference over the faster convergence, therefore, Picard
linearization is employed. Picard iterations is shown by the grey box in Figure 6.1.

See Appendix E for more details on spatial discretization and implementation details,
where all the presented matrices and vectors are defined.

6.3 Code structure

It is important to mention that the flow field and the interface position has mutual influence
on each other. The position of the interface affects the enrichment functions in cut elements
as well as the material properties distribution inside the cut elements. On the other hand,
the velocity field is responsible for moving the interface.

In this work, a segregated (partitioned) coupling approach is used meaning that the
flow field is calculated with respect to a fixed interface and afterwards the interface is
advected by the computed velocity field. If this procedure is done once per time step, this
would result in a weak coupling. However, if the procedure is repeated (in each time step)
until both fields are in equilibrium, a strong coupling is obtained. It can be shown that a
weak coupling may lead to completely non-physical results in case of large time steps [73].
Therefore, for higher accuracy and stability, a strong coupling is used.

Figure 6.1 depicts the interaction of the fields. In particular the flowchart shows two
loops: (i) The outer loop over time steps (time loop, superscript n) and (ii) the inner loop
representing the coupling iterations between the flow and level set field (N-S + level set
loop, superscript j). u denotes the complete solution vector of the Navier-Stokes equations
consisting of the velocity components, the pressure, and the flux components for all nodes
and the extra X-FEM degrees of freedom at enriched nodes. Given initial conditions for
the flow field and the level set field, the time loop is started, stepping into the "N-S + level
set" loop.

As for the Picard iteration loop (superscript k): Starting from the solution of the
previous iteration, (u/, ¢’), the Picard iterate w/*! is computed from the linearized weak
formulation of the Navier-Stokes equations with respect to the level set solution ¢/.

Using the velocity from that solution the level set field from the previous iteration, ¢/,
is then advected by the level set transport equation, resulting in ¢’T!. The "N-S + level
set" loop is repeated until the convergence condition is fulfilled, that is, until the flow field
and the level set field are in equilibrium. As for the Picard iterations, the convergence
condition is evaluated as the relative vector norm of the difference between successive
iterates. Leaving the "N-S + level set" loop, the final iterates u/*! and ¢/*! become the
solution of the current time step: w”t! and ¢"*!. If necessary, re-initialization of the level
set field takes place at this point. The outer time step loop closes the basic flow of the
application
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Figure 6.1: Solver flowchart.
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6.4 Numerical examples

Two numerical examples are presented in this section. The first example is the steady
air bubble in water presented earlier in Section 4.3.3. This examples is used to verify
the implementation of the full Navier-Stokes solver after adding the transient term, the
convective term, as well as Picard iterations to solve non-linearity due to convection. The
second example is the hydrostatic two-phase flow over a slip wall. This example is used to
check the robustness of the solver when dealing with the hydrostatic problem. Furthermore,
the implementation of slip and outflow boundary conditions is tested. The third example
is a two-phase flow in a domain with a bump, that would lead to a wave shape interface.
The third example is presented to point out the issue that arises from interpolating the
solution u™ to the approximation space of time ¢"*! when the interface movement is not
minimal as mentioned in Section 6.2.3.

6.4.1 Example 1: steady air bubble in water

The example presented earlier in Section 4.3.3 is solved again but this time after accounting
for both the transient and convective terms. The initial velocity at time ¢t = 0 is set to
zero everywhere. Marching in time is done with time-step of value At = 1 until steady
state is reached.

velec
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Convergence to steady state

Convergence to steady state
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Figure 6.2: Ex 1: Convergence to steady state for velocity order m = 2 and mesh 2 (left),
mesh 3 (middle), and mesh 4 (right) - Meshes of (m,m — 1) triangles.
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Figure 6.3: Ex 1: Convergence of Picard iterations in the first time step for velocity order
m = 2 and mesh 2 (left), mesh 3 (middle), and mesh 4 (right) - Meshes of (m,m — 1)
triangles.
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Figure 6.4: Ex 1: Numerical solution obtained using m = 2/meshes 3 and 4 of (m,m — 1)
triangles: Pressure P (left), z-velocity v (middle), and flux component L; (right).

r=1,71 =0.001
Mesh TRIs | om ., Tate [1P" — Pllz, tate | 127 — Lillz, rate
m—9 mesh 2 || 2.23E-03 - 1.3E-01 - 1.46E-02 -
mesh 3 || 4.08E-04 2.45 | 2.40E-03 5.8 2.55E-03 2.51
mesh 4 || 9.24E-05 2.14 | 6.18E-04 1.95 | 5.83E-04 2.13

Table 6.1: Ex 1: Convergence data - Meshes of (m,m — 1) triangles.

6.4.2 Example 2: Hydrostatic two-phase flow over a slip wall

The two-phase problem is solved on a domain of size [—2, 10] x [—1,0.2], with the air-water
interface initially at y = —0.3 (unfitted mesh). The initial condition is w = [1, 0] everywhere.
For the source term, gravitational force p[0, —9.81] is considered in the momentum equation.
In addition, Dirichlet boundary condition w = [1, 0] is applied on the left boundary. The
bottom boundary is a slip wall. Furthermore, the top boundary is set as a pressure outlet
where the pressure p is set to be the hydrostatic pressure. Finally, the right edge is treated
as an outflow boundary. The problem is solved using two orders of approximation for the
velocity m.

Case 1: the order of approximation of the velocity is m = 2, and the size of time step is
chosen as At = 0.1. This yields a CFL number = At||u/||/hmin = (0.1 % 1% 22)/0.75 = 0.53.
The solution on mesh 3 after 200 time steps, i.e. t = 20s, is shown in Figure 6.5. It can be
seen that the maximum error in the z-velocity and y-velocity are of orders le-3 and le-4,
respectively.

Case 2: the order of approximation of the velocity is m = 3, and the size of time step is
chosen as At = 0.045. This yields a CFL number = At||u||/hmin = (0.045 % 1 % 32)/0.75 =
0.54. The solution on mesh 3 after 445 time steps, i.e. ¢t = 20.025s, is shown in Figure 6.6.
It can be seen that the maximum error in the z-velocity and y-velocity are also of orders
le-3 and le-4, respectively.
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Figure 6.5: Ex 2: The steady state solution obtained after 200 time steps with velocity
degree approximation m = 2 - Meshes of (m,m — 1) triangles.
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Figure 6.6: Ex 2: The steady state solution obtained after 445 time steps with velocity
degree approximation m = 3 - Meshes of (m,m — 1) triangles.

Furthermore, the mesh convergence plot is shown in Figure 6.7 for the velocity com-
ponent u,, where the optimal convergence rate m + 1 is achieved.

E‘}g mesh convergence - p; = 1000, p, = 1.2 - X-HDG solver
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Figure 6.7: Ex 2: Errors in z-velocity u vs. mesh size - £Lo-norm - Meshes of (m,m — 1)

triangles.

This example shows the ability of the developed solver to deal with hydrostatic problems.
Here, the level-set equation was solved in each iteration as explained before in the solver
flowchart shown in Figure 6.1.
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6.4.3 Example 3: two-phase flow over a slip wall with bump

In this example, a two-phase (air and water) flow over a bump is considered. The
computational domain has dimensions of [—2,10] x [—1,0.2] with a bump described as
follows [74]

27T H
PR
where here the height and the length of the bump are H = 0.15 and L = 2.

The computational mesh is shown in Figure 6.8 with the initial position of the material

interface at y = —0.3, thus dividing the domain into 2 (y < —0.3) and (25 (y > —0.3).
The material properties are:

(@) = p1=1000 kgm™>  inf
P p2 =12 kgm™ in {29

(6.4.1) ylr) = -1+ z—L)? 0<z<L.

(@) p =896 x107* Pas  inf)

xr) =

a po =1.85x107° Pas  inf2
{m =897x107" m?s! ingy

v(x) =

ve =154 x107° m?s ! in 2y
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Figure 6.8: The computational mesh for the two-phase flow problem over a bump.

In this simulation, an inlet velocity U = 1m/s in x-direction is applied as Dirichlet
boundary condition on the left. The bottom boundary where the bump exist is treated as
slip wall. Furthermore, the top boundary is set as a pressure outlet where the pressure p is
set to be the hydrostatic pressure. Finally, the right edge is treated as an outflow boundary.
For the source term, gravitational force p[0, —9.81] is considered in the momentum equation.

Furthermore, (m,m — 1) velocity-pressure pair is used where m = 2 and m = 3 are
tested. Stabilization parameters are set to 7 = 1/u and 77 = 1/{u}.

In this example, since the interface is moving, the transient term in the momentum
equation is computed by projecting the velocity u™ and the density p™ to the approximation
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space at t"*1. This approximation is not accurate and only works (with acceptable error

margins) for problems where the interface movement is minimal, i.e. minimal topological
changes [39].

In the case of m = 2, Figure 6.9 shows the interface location at times ¢ = 0.01, 0.02,0.03,0.04
and finally £ = 0.05 just before the solver crashes due to the appearance of new cut cell at
t"*+1 that was uncut at t”. In case of m = 3, the solution is more accurate thus the solver
would crash at an earlier time step as shown in Figure 6.10.
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Figure 6.9: Ex 3: The interface location at times ¢t = 0.01, 0.02,0.03, 0.04, 0.05 with velocity
degree approximation m = 2 - Meshes of (m,m — 1) triangles.
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Figure 6.10: Ex 3: The interface location at times ¢ = 0.01,0.02,0.03,0.04 with velocity
degree approximation m = 3 - Meshes of (m,m — 1) triangles.

This issue needs further treatment in order to properly integrate in time, see for instance
[70] which discusses the issue of appearance and disappearance of cut elements.

A relatively easier proposed solution is to sub-divide the cut element at time ¢"*! into
regions that could be used for integrating both the old and new discontinuities, see for
instance Figure 6.11. This development is considered as future work.

Integration sub cells
Cut at time t™ Cut at time ¢t™*1 for the transient term

Figure 6.11: The integration sub-cells to be used in integrating the transient term in a cut
element with moving interface.






Chapter 7

Conclusions and future work

7.1 Conclusions

The divergence-free X-HDG method for a two-phase flows is introduced in this thesis. The
method is energy-stable meaning that the divergence-free condition is satisfied everywhere
in the computational domain and the velocity field is H(div)-conforming as demonstrated
in the numerical examples. The key point of the proposed method is the usage of pressure
elements that uses polynomials in the space of divergence of polynomial basis that are
used to approximate the velocity. In addition, traces of velocity and pressure, of the same
order m as the velocity, are introduced on the inter-element faces and the interface to
enforce the transmission conditions of the conservation equations. What is truly unique
in the proposed method is the introduction of the pressure trace variable of degree m on
the interface to enforce the continuity of normal velocity, thus enforcing mass conservation
across the interface. The results showed the capability of the method to accurately resolve
local discontinuities without the need for re-meshing to fit the interface.

For Stokes flow problems, the X-HDG method is validated with the use of manufactured
solutions. Higher-order convergence rates were obtained for problems with straight interface
that guarantee an exact representation of the interface. On the other hand, for problems
with curved interfaces, the observed convergence for degree m = 1 is the same as in
problems with straight interfaces. However, this is not the case for higher orders of
approximation where the convergence rates remain the same as for m = 1 but with lower
error magnitudes. This is expected because of the linear approximation of the interface,
within each cut element, that leads to dominant local errors at the interface. So in order to
restore higher-order convergence rates, the interface has to be accurately represented. Such
development is not trivial and may be unjustified in engineering applications to complex
geometries where robustness is as important as numerical accuracy.

As for the full Navier-Stokes flow problems that encounter moving interfaces, the
Level-Set method is used as an interface capturing method that implicitly represents the
location of the interface at each time step. A basic implementation of the Level-Set method
is done using HDG spatial discretization plus first and second order implicit BDF temporal
discretization. The Navier-Stokes solver and the Level-Set solver are coupled using a
segregated (partitioned) coupling approach meaning that the flow field is calculated with
respect to a fixed interface and afterwards the interface is advected by the computed
velocity field. This procedure is repeated (in each time step) until both fields are in
equilibrium. The developed algorithm is tested for a problem with steady interface and
optimal results are obtained. However, for the problem of two-phase flow over a bump, it is
shown that a special treatment is needed to properly integrate in time taking into account
the moving nature of the interface that leads to change in the approximation spaces.
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As a conclusion of the thesis, a numerical Matlab code is developed to solve the two-
phase incompressible Navier-Stokes equations by providing exactly point-wise divergence
free velocity fields. However, essential further developments are needed as listed next in
the future work section.

7.2 Future work

o Fix the issues in the development of divergence-free cut quadrilaterals: Based on the
numerical tests done, the pressure field obtained with divergence-free cut quadrilat-
erals are not robust and suffer from severe oscillations. The reason behind this is
unknown so far and further investigation is needed.

e Develop high-order integration quadrature for cut triangles and tetrahedrals: Since
the pair m, m — 1 triangles worked well in terms of providing divergence-free velocity
fields, it is a priority to further develop high-order integration quadrature to accurately
integrate inside cut elements with curved cuts.

e Dealing with bad cuts which lead to ill-conditioning problems: This is a common
and well known issue related to X-FEM and has been addressed in the literature but
it was not the focus of the current study. It is certainly important to address the
problems related to bad cuts in order to enhance the robustness of the developed
code.

e Further study the interface stabilization parameter: The numerical tests done while
solving bi-material Poisson problems using X-HDG showed that the value of the
interface stabilization parameter has an effect on the convergence rate. This was a
brief study that needs further investigation.

e Further development of the level-set solver, by developing optimized re-initialization
strategies and extension velocity strategies: In this thesis, a basic implementation
of the Level-Set method is done using HDG. However, for more complex interface
movement, re-initialization of the distance function is needed. On the other hand,
the developed algorithm for extending the interface velocity to the whole domain
needs more optimization to avoid the excessive computational cost as a result of the
non-optimal algorithm responsible for searching for the nearest point on the interface.

e Integrating the transient term given that the approximation space changes in time
due to the moving material interface. This would lead to different cuts, appearance
and disappearance of cut elements. This issue needs special treatment of the transient
term to properly integrate in time.

o Extension to 3D problems: It it crucial to extend the developed code to 3D in order
to account for real life problems.
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Appendix A

X-FEM enriched approximation

explained

A.1 Heaviside enrichment in a 1D linear element
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(b) Heaviside function H inside the cut
element.

1 —H"N1
N1 0.8 s N2
09 N2

08

0.7
02
06
o
05
04

0.3

02

0.1

o - 05 0 05 1
- 0.5 0 0.5 1

(d) Heaviside enriched linear shape func-

(c) Standard FE linear shape functions.’ .
tions

Figure A.1: Heaviside enrichment in a 1D linear element.

115



116 APPENDIX A. X-FEM ENRICHED APPROXIMATION EXPLAINED

A.2 Heaviside enrichment in a 1D quadratic element

ulg, = u"|k, = NiUy + NoUs + N3Us + HNyay + HNzaz + HN3ay
Standard FE Enrichment

Ur

Us

Us

ay

={M Ny Ny HN; HN, HN;}

a2

as

!
T

G=-1 &p=-05 &=0 =1 '

(a) 1D quadratic reference element cut **
at £ = —0.5. .

-1 0.5 0 0.5 1

(b) Heaviside function H inside the cut

element.
1 1
—N1 — N
—N2 os — N2
08 N3 o8 H'N3

06

0.4 o

02 /
02
06
0
- \
0.2 -

-1 0.5 0 0.5 1 - 05 0 05 1

(c) Standard FE quadratic shape func{d) Heaviside enriched quadratic shape
tions. functions.

Figure A.2: Heaviside enrichment in a 1D quadratic element.



Appendix B

Divergence-free approximation

To satisfy divergence-free condition point-wise:
o If velocity is in polynomial space of degree m
Vi = € [La(2) |, € [P (K]
e The polynomial space to approximate the pressure should be:

Stvh — e £4(0) : ¢p|k, € V- [P™(K;)]

B.1 Triangular elements

e Velocity — FE of order m.
e Pressure — FE of order m — 1.

o V[P"(K)]* = Pr_1(K;)

(f-l {_‘3” 62??2 én.‘i n-l

B.2 Quadrilateral elements
o VP(E)) # P (K)
o V. [P™(K)]* — £mn™ removed

e Pressure element of degree myequced has one node less
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Appendix C

Spatial discretization and

implementation details of the
X-HDG method for two-phase
Stokes problem

C.1 Discrete local problems in cut elements

Terms in equation (4.2.5a) are written as:
AK u’ —<1/), I/TU>8K + (Y, vr(u-n)n >8K¢
AN L =,V (/L) .
Alip =— (V. PI)
AL B =1 — ¥y, Py,
AI u’ =(1y, V172u1>1 (1, VQTZU2>I (g, 17 (g - ﬁ)ﬁ)L + (ahg, va1t (ug - 11 n>Z
Aiui U = — (¢, nrra’ > — (g, omr >Z (g, it (u’ - ﬁ)ﬁ,>L — (thq, vor (W' - n)n}L
=, f) g, + (¥, VTUD>aKmpD (Y, vr(up - n)n) s po = (Y, Pnn)yr o po = (¥1,94) 1
A =(y, VTU) ren T (0T (B m)n) e

K; ~i D
AsP =— (¥, Pn>8Ki\FN

Terms in equation (4.2.5b) are written as:
AL =—(P,L),
A = (V5 ),
ATL W = —(0, @ @n), — (T, AQu), + (W@ ®n), + (T, u),

A% Au = <W,ﬁ®n>aKi\FD +(¥,n®u)
fK

OK\I'p

= (W up@n)ypp + (WO uD) g py
Terms in equation (4.2.5¢) are written as:

Ajiu' = —(6,V-u)
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120

Terms in equation (4.2.5d) are written as:

Az B =(4, P'R); + (3, Pi(~n)), =0
A%’ L’ :<{L7 I/1L1’l/’\L>L_ - <’(~b, V2L2ﬁ>
A%'EZ = — <1,~ZJ, Vlrzﬁi>z <¢,I/27' u >

A%“u ui :<'l~ﬂ, I/lTI’LL1>L

+ <'l,b, VQTIu2>L

Terms in equation (4.2.5e) are written as:

AL

plu

= (w1 - 1),

<¢7V1T (u’ ’I’l) >

(17 (uy )Y+

<¢7u2 (

n))z,

T

Therefore, the discrete local problem in a cut element is written as:

(C.1.1a)

A+ AL AU Al P+ AT B AT W = A AR

(C.1.1b)
(C.1.1c)

(C.1.1d)

(C.1.1e)

Afiu’ + AT L+ AT W

AL

u'u

Ki i _
Aiu' =0,

AZ

plu

u’ = 0.

Which could be written in a matrix-vector form as:

(C.1.2)
(AL + AL
K;
ALu
K;
A
AL

AL
L piu

Al AL

AR 0
0 0
o0
0 0

Zz; Z;
Z;
AL’Ji 0
0 0
AL 0
u*u
0 0

£1

L >

K; ~i
ALEU‘

u'+AZ L AL B AL O = £
u*u u

u’ _AKi_

uu
i K;
L ALE
pir=1| 0 |0+
' 0
p’ 0

— (vt (W' -

(, ot (ug - 1)

AR

up

0

0

0

0

n)

=1

P+

),
)

7,

where the elemental variables are obtained by inverting the matrix to the left hand side
(which is referred-to as A;)

(C.1.3)

u’

Li

-1

IS4

_Ai%'_ K

0 £

W +A o |[PHATS O
0 0

L 0 J 0
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Assume that the inverse of matrix A; is written as:

(AR [AGTE AR AT AT

AFTY AT AT (ARG (AR

Lut Lp
(C.1.4) AT = [ARTTY AT ARTTY (AT (AN

K;1—1 K; 1—1 Ki1—1 K; 1—-1 K; 1-1
AK T [AK AN [AKL) ALy

Ki1-1 K; -1 Ki1-1 K; 1—1 K; 1-1
(ALt (AR [AKTL (KgAK
where all the matrix blocks in A; are extracted from the computed inverse and not derived
analytically. i.e. extracted from the output of the coded inverse.

The variables (u’, ¢, p’) are then extracted as:

(C.1.5)
) -1 A K; Ki1—1 A K; [TAKi17—1 A KT L ) o )
w)  [[ATAG HIAGITTAL Al A AR LR + (A
i Ki1—1 A K Ki1—1 A Ki | ~i Kil—1 A Ki | ~i i1— ; i1— i
Lo = (AL T AT+ (AL AT A+ (AL TTA S BT+ QAL + (AL
: i1— i i1— ) 1— i Ki1— i Ki1—1¢K;
p' AKTAR (A S 1A (AR LA [Ap] 5+ (AL
which is also written as:
. r Kz 2 .
u’ Zua Zuﬁ ZuKZ
(C.1.6) Lt = |Z5| @+ |Z5k] B+ {2
i K; K, K;
p _pru\ _Zp;)\_ Zp
which is further simplified to:
u
(C.1.7) L} =2Z% ai+zgi p' + 2
pi

C.2 Discrete local problems in standard elements

Terms in equation (4.2.6a) are written as:
ABiul =(4p, VTw) e+ (P, vr(u-n)n),
Ayi L =(4, V- (VL))
Alip'=— (V, PI) X,
£, = (1, f)Ki + (¥, VTuD>8KZﬂFD + (¢, v7(up - n)n>8KmFD — (¥, PNn>8KmFN
AR g =(1, I/Tﬁ>8Ki\FD + (¢, v7(u- n)n)aKi\FD

uuy

K i .
Au,? P =— (¢, Pn>8K¢\FN
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Terms in equation (4.2.6b) are written as:
Af L =—(,L),
Afiut = (V- u),
ANE = (P, aen)

orNp T (T, nou)

OK\Tp
K _
fp' = (Cup @n) e p, + (TS UD)y r,
Terms in equation (4.2.6¢) are written as:

Afﬁf u' = — (o, V'U)Ki

Therefore, the discrete local problem in a standard element is written as:

(C.2.1a) Afiu AL L+ AP = ARG + AP £ el (u),
(C.2.1b) Afiwl + AL L = AR g
(C.2.1¢) Aliu' =0
which is then written in matrix-vector form as
Al Al Al (w) [AR A o
(C.2.2) Al AN, o [{Li = AR a4 | o | B E
Ak 0 o] lp 0 0 0

where the elemental variables are obtained by inverting the matrix to the left hand side
(which is referred-to as A;)

u’ AR AR £

uu up
(C.2.3) L'b =A7  AS A+ A7 | o | P HAT
p' 0 0 0

Assume that the inverse of matrix A; is written as:

(ALK (AT (AR
(C.2.4) A= |[ARTTY AR (AR
[AKA=1 [AK]L (AR

The variables (u?, i, p’) are written as:

(C.2.5)

. ) ) . ) 1A Ki1—1 A KT ) ) )
w)  [AGITTAG +[AGTTAR Al A AR S+ (A
Lip = [[Af) 7 AR (AR TAR G 4 ([AZ]T AR B AR 4 A
p' AKTAS L [AK]TAK ALK A% [Apa] S+ (A
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which is also written as:

K; (7 Ki] K,
ul Zua ZUP Zul
. Kl K| K
T S T 7 7 3
(C.2.6) L'y = |Z 4| a' + ZL;? p'+1z;’
p’ VA 7. Ki z[[fl
pu L ppJ

which is further simplified to:

i

u
(C.2.7) Lib =270 0 + zgf P’ + 2’
pi

C.3 Discrete global problem

Terms in equation (4.2.7a) are written as:

K oo

A p' = (¥, Pn>8KZ-\8Q
Kivi o

AKL! = (4, VLn>aKi\FD
K; .4 - -~

Aﬂu u’ = (9, VT“>8K1-\FD + (¢, v7(u- n)n>6Ki\FD
Kioi_ 0 = -~ -

AEE i = — (1, VTu>8K¢\FD — (Y, vr(u- n)n>8Ki\FD

K; . .
fa = <¢7 gN>8KiﬂFN B <’¢)’ PNn>8K¢ﬁFN

Terms in equation (4.2.7b) are written as:
K i~
A;?u u' = (p,u- n>aKi
Ki~i 7 =~
AEE u'=—(¢,u n>aKimFN
Ki _ /2
f;)\ - <¢7 up - n>8KiﬂFD
Therefore, the discrete global problem is written as:

Nel

Nel
K; .1 K; 11 K; ~4 K; ~i | _ K;
(C.3.1a) Z;{Aauu +AS L'+ A +Aa§p } —Z;fa
1= i=
Nel Nel
K; i K; ~i1 K;
(C.3.1b) ;{A& w AR 6} = z;f]3
1= 1=

By inserting the solutions (u?, L) from the local problem, (C.1.7) or (C.2.7), into (C.3.1a),
and the solution (u?) into (C.3.1b), we get

Nel
AL zEigl 4 AR 7B g AR gRe L AL gl gt AR 7K i
— uu - uu uw - up uy Y ul "~ Lu uwl " Lp
(C.3.2a) 7 s
K; K; K; =i K ~i | _ K;
+AELZL +Amu +Aﬂﬁp } = 2%
1=
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Nel Nel
K; g K; =i K g K; =i K; K; K; =iy _ K;
(C.3.2b) ;{Agu Z'al + ALzt AR AL i) = Z £
1= i=

Finally, the full global problem is written in a matrix-vector form as:

K; K; K; K; .
nl{Ame+JLL%m+AM} (AL z8 o AR 7 AL
Az’:l .
(AL 7! AK] (AL 2] p'
(C.3.3) pu - uu pu pu " up
fKi _ AKZ ZKi _ AKL ZKi
Anel w uu T ulL ©L
£ AL gK
P pu
which is written in simplified notation as
(C.3.4) AnellKZ {p } = ?:lfl

where A?ill denotes the assembly of all the finite element matrices/vectors into a global
matrix/vector. Simplifying furthermore yields the global system of equations which is
written as

(C.3.5) K{?}:?



Appendix D

Derivation of X-HDG weak forms
for two-phase incompressible
Navier-Stokes problem

D.1 Weak local problems in cut elements

In the derivation of the weak forms for a cut element, a generic element K; which is cut by
the interface 7 is considered. This element is divided into two sub-volumes; K; N {21 and
K; N (2 as shown in Figure D.1. Recall also remark 1.

S

01

Interface [ / \'ﬁ
«

Q, _ﬁ\\ \

Cut element k;

Figure D.1: A schematic of a generic cut element.

Note that in a cut element, the approximations of the functions (u, L, p) are discontinuous.
ie ue [P™(K) @ H[P™(K;)|?, L € [P™(K;)|™ @ H[P™(K;)]4*¢ and

p € V[P™(K))4 e HV-[P™(K;)]".

In an abuse of notations, all the approximated functions that should have a subscript (h)
will be denoted without the subscript for simplicity.

To obtain the weak form of the first equation (equation of u) in the local problems (6.2.3b),
we go through the following steps:

Step 1: the governing equation is multiplied by a discontinuous vector test function
W € [P™(K;)]4 @ H[P™(K;)]?, and integrated over the two subdomains of the element K

ou
(¢,pa)& + (%1, Ve (pr(wr @ wr) + oI + L)) g

+ (¢2) V. (PQ(’UQ & u2) +p2I + ’u2L2))K,LﬂQQ = (¢7pf)Kz

(D.1.1)
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Step 2: Green’s theorem (integration by parts) is applied to incorporate surface integrals

(D.1. 2)
¥, ”at)
Vb, p1(u1 ® uy) +1911+M1L1)KHQ1 < (pr(uwr @ wy) +pid + i Ly) n> (OK:n2\I'p
(Y1, (pr(ur @ ur) +prI + L) Ay,
(
(

+
+

Vipy, pa(us @ uz) + p2I + paLo) o o + (s, (02
Yy, (p2(u2 @ uz) +pol + p2Lo)n >(8K N22)Np +
Y, 0f) k.

uy ® uz) + pol + p2La) n> (OK;N22)\I'p
Pa, (p2(u2 ® ug) + poI + paLa) (—n1 )>L

+

(
—(
(P1, (pr(ur @ wr) + prl + L) 1) e 0 5ary
—(
(
(

where we get surface integrals over the element boundary 0K; and the interface Z;. Note
that some terms could be combined and the equation could be written as

(D.1.3)

(%, p%?:);{i — (Vo p(u @u) + pI + pL) o + (P, (p(u @ u) + pI + pL)n) e,
+ (¥, (plu@u) +pI +pL)n)y.
+ (1 (pr(u1 @ ur) + il + pnLn) ) 7+ (b, (p2(u2 @ u) + pol + paLs) (—7)),
= (¥.0f),

Step 3: In the HDG method, the physical quantities ((u ® u), L, p) are replaced by the
numerical quantities ((u ® u), L, p). Further, on the interface Z;, the physical quantities

i o
((u®w), Ly, Ly, p1, p2) are replaced by the numerical quantities ((u ® u) , Lll +dz, L;, P+
dp,D"). Furthermore, on the intersection with the Dirichlet boundary 0K;NI'p, the physical

quantities ((u ® u), L, p) are replaced by (((1@) D Lp, p). Finally, that pressure trace
p is replaced by py on the Neumann boundary 0K; \ I'y:

(D.1.4)
5 _ A
($:050) , = (V. p(u @ w) + pI + L) ¢ + (b, (p(uw® w) + T+ uL) m)yye
+ (¥, (P(@)D +pI + MiD) )oKl

—_—~—

(4, (m(ul D) + (@ +6p) + (L) + 6L>) Ry

+ (s, (palwz )+ FT 4 Ly ) (-,
= (¢, pf)]g
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where the numerical quantities are defined as

(D.1.5a)
L=L+7(u—8)®n+me (u—1u),

L =L+7(u—up)®n+1mm ® (u—up),
)
L =L+ (u —a)@na+17n® (u —u'),

Ly:=Ly+ 75 (uy — @) ® (—7) + 77 (—) @ (ug — &),

(D.1.5¢)
(ueu):=uu)+(—u)@ A, A=0ifu-n>0,A=1ifu-n <0)

(D.1.5f)

o —

(u@u)y:=(udu)+ (up —u) @A, A=0ifu-n>0,A=1ifu-n <0)
(D.1.5g)

e U}

(w1 @u1) = (ug @uy) + (" — up) @ Mg, (A =0ifug -7 >0, A = Lifu; -7 < 0)
(D.1.5h)

e U}

(ug @ us) = (ug @ us) + (" — u2) @ Mg, (A = 0ifug - (—0) > 0, \ = lifuy - (—7) < 0)

where 4 € V(I;) and p € S*(I};) could be continuous (if I3; NZ = @) or discontinuous
(if T;; N Z # @) functions. I} is face j of element K;. u' € [P™(Z;)]? is a continuous
vector function defined on the interface Z. p' € P™(Z;) is a continuous scalar function
defined on the interface Z. 7 and 7% are stabilization parameters for the viscous flux on the
element faces 0K; and the material interface Z;, respectively. The choice of the stabilization
parameter 7 is discussed extensively in [59]. The interface stabilization parameter has to
be inversely proportional to the average of u to ensure optimal convergence, for instance

= 1/{u}.
Note that the jump conditions in p and L were introduced by the variables 6, and dp,.

By introducing the definitions of the numerical fluxes into D.1.4, we get:
(D.1.6)
ou
(057 )k, = (Ve p(w @ w) +pI + L)
(3, (plu ® u) + pli —u) & N+ BT+ uL + pr(u — @) © m+ prn @ (w— @) my

(W, (pu @ w) + plup —w) @ Nut T+ pL -+ pr(u — up) @+ @ (= up)) m) e

~
<
=

N

pr(ur @ uy) + pr (W —uy) ® )\’Ud) ﬁ’>L-

T~

<

-~
—~

@ +0p) I + Ly + mri(us — @) @R+ A (u — ') + méL) n);
(Yo, (m(uz © up) + p2 (U’ — u2) ® Auz) (=7n)),

(s, (z"o"'I + pa Ly + port (ug — @) @ (=) + port (—R) © (ug — ai)) (—7)),

a
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note that some terms could be added so we get

(D.1.7)
ou

(d’?pa)[(l -

(Vep, p(u @ u) +pI + pL)

+ (¥, (p(u @ u) +pI + pL)n),

+ (¢, (p(t—u) @ M+ pr(u — W) @+ pT @ (W —B) 1)y 1)

+ (9, (p(up — u) © Au+ p7(u —up) @n + TN @ (u - up))n)ype
+ (1, (pl(m @uy) + (p" + 6p)I + 1 Ly + M15L) n)g
+ (s, (P2(U2 ®ug) + p'I + mLz) (1)),

+ (¢, (Pl(uz —up) ® Aul) n)g
+ (¢, (p,lT u — ) QA+ A @ (u — Tﬁ)) ﬁ>1i
+ (¥,, (P2 ' —ur) ® /\Uz)( n)z

+ (s, (o (g = W) @ (—7) + o7 (—7) @ (us — &) ) (—7)),

= (¥.0f),

using the tensor identity (@ ® u)n = (u - n)a, the previous equation is simplified to

(D.1.8)

ou
("p7 'OE)K

— (Vo p(u @) +pI +pL),
(%, (p(u @ u) +pI + pL) >
(¢, (p(w — )®)\u)n+,u7'(u—u)+u7(u‘n—ﬁ-n)n>aKi\FD
(¥, (p(up —u)®)\u)n—|—,u7'(u—uD)+m'(u-n—uD-n)n>aKmFD

A~

¥y, (p1(ur @ ur) + (5" + 5p) I + pr Ly +M15L) n);
ha, (p2(u2 @ ug) +ﬁI+M2L2) (—n)),

(
(
by, (pr(@ — ®>\u1) n)r.
(
(
(s

o~ o~

'1,[117 ,U,1T u1 — ® n+ ,ulTI’FL X® (u1 — ﬁl)) ’;’\L>L

~

Py, (p2(T’ — ug ®)\u2)( ﬁ)>L
Yy, (ot (up — @) @ (—) + o7 (—7) © (up — @) ) (—7)),
'lb,pf)K

k3

+ 4+ + + 4+ o+ o+ 4+ o+

A/\
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Step 4: Doing integration by parts again but only for the diffusive term, considering that
K, = (Kz N Ql) U (I(Z N QQ) yields

(D.1.9)

ou

p(t—u) @ u)n + pr(u—a) + pr(u-n—a- n)n>aKi\rD

plup —u) @ Au)n +pr(u —up) +pr(w-n—up -n)n),, .
P, (/31 w @u) + (' +0p)I + ,u15L) >

Py, (,0 u2 @ Uu2) + p I) (—")>L.

P1, (p1 a' —up ®>\U1) n);

~

~

o4+ o+ o+ o+ o+

Wr (7w — @) @ 7t TR © (ug — @) A,
(o, (P2’ — uz ®)\uQ>( )y

(s, (127 (ua = @) © (—12) + por? (—72) © (g — W) (—72)),
= (¥.0f),

and by taking the known terms to the right hand side we get (assuming u and p are known)

(D.1.10)

ou

7p<u X u)n>8K1
Y, —Ap(u@u)n + pru+ pr(u - ”)">3K,-\FD

7

E/xQTE

= Ap(u@u)n + pru + pr(u - n)n>8KmFD

(
1 (pr(ur ®ur) +p I) ) ‘+<¢2a(02(u2®u2)+15i1) (—1n));
(

(
o (
P, (ulr u; — u )@n + min ® (ug — ﬂ’)) ﬁ,>I

i

i

(T —up) ® )\u1> >L-

T =

+ o+ 4+ 4+ + o+ o+
< <

25 (pz u' —uz) ® )\u2) (— ﬁ)>L
b, (MzT uy — u') @ (—1) + por (—1) ® (ug — ﬁi)) (=7))z,
= (¥, pf) <¢7—Ap(ﬁ®u)”+/ﬁﬁ+/ﬁ(ﬁ'n)">aKi\rD

P, —/\P(UD Q@ u)n + prup + pr(up - ")">8KmFD

") ox, — (W1, OpI + pdp) ),

A/\

o+

&
3)
~
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by combining and rearranging some terms, and using the identity In = n, we get
(D.1.11)
ou
— (P, Ap(u@u)n), + (P, uru) e + (P pr(u-n)n),

+ (1, p1(u1 ® U1)ﬁ>1i + (¢, (ﬁ + 5P>ﬁ>L_ + (1hy, p2(u2 ® UQ)(—ﬁ)>L_ + <¢'2,]5'i(—

— (1, Apr (w1 ® w) )y + (91, Apa (8 @ ua) )
<¢17M17 u1> <¢1,u17 U >I
<¢17M17— ('U1 ’ n)n>L - <¢17 T ('a’Z ’ ﬁ)ﬁ’>1

7

- <'¢27 Ap2 (u2 ® u2) (_A)> <¢2a Ap2 (ﬂ'Z X u2) (_ﬁ)>L
+ <¢27 H2T ’LL2> <1;b27 MQT u >1'
+ (g, o (uz - (_ﬁ'))(_ﬁ’»zi — (Yg, o7 (@' - (—12))(—7)) .

7

= (%08 g, = (W Ao([@OWR) e o+ (P uT8) gy o+ (W pT (@ m)n)
- <'l,b, )\P(UD ® u)n>8KiﬂFD + <¢7 /JJTuD>8KiﬂFD + <¢7 /’LT(’U’D : n)n>8K¢ﬁf‘D
- <1’b’ﬁn>aKi\FN - <¢’pNn>8KiﬁFN - <1:blags>1i

note that in the last line of the previous equation, p is replaced by py on the Neumann
boundary.(dpI + p1dr)n is replaced by g,.

To obtain the weak form of the second equation (equation of L) in the local problems
(6.2.3b), we go through the following steps:

Step 1: the governing equation is multiplied by a discontinuous tensor test function
v ¢ [P"(K;)|! e H[P™(K;)]%¢, and integrated over the two subdomains of the element
K;

(D.1.12) (W, L)K' + (Wl, 2Vsu1) + (Wg, QVSUQ) =0

Kiﬂfh Kim-QQ

and by using the definition of the symmetric gradient given by (6.1.4) we get

(g’7 L)Ki + (Wl) V’Ul)[(m_(zl + (Wl’ (Vul)T)Kzﬂ-Ql

(D.1.13) T
+ (1, Vo) g+ (T, (V) ) g g, =0

Step 2: Green’s theorem (integration by parts) is applied to incorporate surface integrals

(D.1.14)
(sII,L)Ki — (V- ;pl,ul)Kle + (T1,u1 ® n>(8K na\rp T (P1,u1 ® n> (KN
+ (1, u1 ® ﬁ>L~
— (Vo1 ul)Km(h + (P, (u ® n)T>(8Km(21)\FD + (P, (U1 ® n)T>(8Kim(21)mFD
+ <Ep1, (U1 X ﬁ)T>L_
— (V- @y, ug)KZmQ + (T3, us @ n>(aK nanrp T (Po,us ® n> (KN ) T
+ <W2, U2 ® (—ﬁ»L
—(V w3, “2)Km92 + (P, (U ® n)T>(aKm92)\rD + (¥, (up ® n)T>(8KmQZ)mFD
+ (P2, (u2 ® (—ﬁ))T>L. =0

n))z,
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where we get surface integrals over the element boundary 0K; and the interface Z;. Note
that some terms could be combined and the equation could be written as

(T, L) — (V- Pu) . — (V- u)
+ (P, u® n>8K¢\FD +{T.nou OKAID
(D.1.15) +<SP,u®n>6KmFD +<W,n®u>aKmFD
+ (P, u1 ® ﬁ>L~ +{(¥1,n® u1>L~
+ (P, uy @ (=1)) 7 + (P2, (—7) @ ug); =0
Step 3: In the HDG method, the physical quantity w is replaced by the numerical quantity

@ and @' on OK; \ I'p and the interface Z;, respectively. While on the intersection with
the Dirichlet boundary, uw = up,

(@.L), — (V° Pu),

(D.1.16)

and by taking the known terms to the right hand side we get (assuming @ is known)

(O L) + (VP u), — (T, a' @), —(P1,R0a’),
— (2,0’ @ (—n)), — (P2, (-n) @ @),

(D.1.17) — (¥, G@n) +(¥,neu)

OK\I'p OKA\D
+ <W, up n>(9K¢ﬂFD + <W7 ng U’D>8KiﬂFD

note that the sign of the equation is changed in order to have a symmetric operator for the
local problems (will be more obvious in the matrix forms shown later).

To obtain the weak form of the third equation (equation of p) in the local problems (6.2.3b),

we go through the following steps:
The governing equation is multiplied by a discontinuous scalar test function
¢ € V-[P™(K;)|*® HV-[P™(K;)]% and integrated over the element K;

(D.1.18) —(¢, V-u) . =0

note that the sign of the equation is changed in order to have a symmetric operator for the
local problems (will be more obvious in the matrix forms shown later).

Regarding the fourth equation, u = u° in K; at t = 0, in the local problems (6.2.3b), it is
an initial condition that will be used when time integration is considered later.

Regarding the fifth and sizth equations, u = up on dK; N I'p and w = u on K; \ I'p, in
the local problems (6.2.3b), they have already been used in the step of going from equation
(D.1.15) to equation (D.1.17) when w is replaced by @ and up in the third and fourth
terms on the left hand side, respectively.

Regarding the seventh and eighth equations, p=p on I'\ I'y and p = py on [y, in the
local problems (6.2.3b), it has already been used in the step of going from equation (D.1.3)
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to equation (D.1.4) when p is replaced by p in the third and fourth terms on the left hand
side, respectively. Then when p is replaced by py on Iy in equation (D.1.11).

To obtain the weak form of the ninth equation (equation of @) in the local problems
6.2.3b, we go through the following steps:

Step 1: the governing equation is multiplied by a continuous vector test function {b €
[P™(Z;)]¢, and integrated over the interface Z;. In this step the expression of the jump is
written in an extended form where the components from the left and the right appear

(Dllg) <{L7 (plI + MlLl) ﬁ’>L + <JJ7 (pQI + :U’QLQ) (_ﬁ‘)>L = <ijgs>zi

Step 2: In the HDG method, the physical quantities (w, Ly, Lo, p1,p2) are replaced by
the numerical quantities (%', Ll +85, Ly, Pt + 8p,P') on the interface Z;

(D1.20) (b, (7" + 6p)T + Ly + mdp) )y + (. (FI + paLy) (~7)), = (3.9,);,

After introducing the numerical fluxes, that were defined earlier, into equation D.1.20, we
get

(D.1.21)
(1, ((]7 +0p) I+ Ly + 7 (uy — @) @ A+ R © (uy —a') + #151:) n);

@, (P + L + o (s — @) © (—70) + o () @ (uz — @) (~7)),,
:<1~#7gs>1'i

by splitting the terms we get

(b, ((p +6p)I + p1 Ly +M15L) n), + (P (p I+M2L2> (—=1)),
D1z T (T —E) @ R)R) 4 (@ (R e (- a) ),
(@, (no7" (uz = @) ® (=1)) (=7)) 7, + (&, (no7" (—7) © (uz — @) (=R)),
:<1~b>gs>1

using the tensor identity (@ ® u)n = (u - n)a, the previous equation is simplified to

( p'+0p)I + p1 Ly + M15L) > + (1, (2511 + M2L2> (—ﬁ)>L_

(¥
+<¢ it (ug — u' >L_ + <¢, 1T (u1 n—au- ﬁ,)ﬁ>I
(

T

(W, o (g — @)+ (P, o (ug - (—R) — &' - (—R))(~)),

i

(D.1.23)

:<¢’gs>L‘

by combining and rearranging some terms, and using the identity In = n, we get

(D.1.24)
($,50); + (b, L), + (.5 (—n)); + (b, poLa(—h)),
+(, u1> — (P, 7 u> A+ (@t (- R)R), — (P (@ R)R),
+(th, par” u2>L — (%, o7 @’ >I + <¢ pat (uz - (—R))(=7)) 7 — (b, por” (@' - (—7))(~7)) .

7 7

:<1~p7gs>zi - <’l,~b, (5PI + 1UJ16L >I

(3

where in the last line (0pI + p16) is replaced by g,.
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To obtain the weak form of the tenth equation (equation of p') in the local problems
(6.2.3b), we go through the following steps:

Step 1: the governing equation is multiplied by a scalar test function qz € SMZ;), and
integrated over the interface Z;

(D.1.25) (¢, [u-n]), =0

by using the definition of the jump operator, the equation can be written in an extended
form as

1

(D.1.26) (¢,ur- ), + (d,us - (—n)), =0
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The complete set of equations in a weak form for the local problem in a cut
element

Recalling equations (D.1.11), (D.1.17), (D.1.18) and (D.1.24), the weak form of the local
problems in a cut element is: given @ € V(I \ I'p), up € Vs(Ii; N I'p), p € SH(I};) and
pn € SH(I; N FN) where [7; is the face j (which could be cut or uncut) of element Kj,
find w € [P (K;)]? @H[Pm( D)%, L € [P™(F;)| @ HIP™ (K™, p € V- [P™(K)|" @
HV-[P™(K)%, a4’ € [P™(Z;)]?, and p* € P™(Z;) such that

(D.1.27a)
(.070) o+ 0.V (i)~ (V9.pI) . — (Vb plas @) .+ (85, plus © W)
— (W, Mo(u@u)n),, . + (i, MTU>3KZ, (3, u(u- ")">am
+ (1, pr (w1 @ ui)A) . + (1, DAY+ (g, pa(us @ up)(—1)) 7, + (P2, B'(—1)) 7,
— (91, Ap1 (ur @ wa) ), + (3, Am( '@ u1)n),
<¢17M17 U1> <¢17M17 u >I
<¢17M17' (us - n)n>L_ - <T/’17M17' (ﬂZ : ﬁ,)ﬁ}L
— (%2, Ap2 (w2 @ u2) (=) 7, + (13, Ap2 (W' @ us) (—1))
<¢27M2T U2> <¢27M2T u >I
+ (g, pa (uy - <—ﬁ)>(—ﬁ>>zi — (Yo, o (@' - (=) (7)),
= (¥, 0f) g, = (b, M@ @ w)n) e 1)+ (0, w78 g )+ (o (@)1 e
— (¥ Ap(up @u)n) g op o+ (P 1TUD ) e )+ (s (up - )R o

- <1’b’ﬁn>aK¢\FN - <¢7pNn>aKimFN - <'¢)1ugs>zi
~(&, L) + (VP u), — <u71,ai ©n); — (PL,Au),
2,0 ® ( — (@, (—n)@a’),
(D.1.27b) ~ M)z~ - )z
= (¥, u® n>aKi\FD +(¥,n® u>aKi\FD

+ <!p7 up & n>8K¢ﬂFD + <Ep7 ne uD>3KimFD

(D.1.27¢) —(¢, V-u) . =0

(D.1.27d) )

(B, 58, + (B mIin), + (@5 (A + (FriLa(—7)),
(e, ), — (), + (P, (w - R)R), — (T (@A),
)y — By por 7Y, + (B (- (—A)(—)), — (B par @ - (~R))(—)) g = O
(D.1.27¢) (p,ur-A); +(p,ug- (—R)), =0
for all the test functions ¢ € [P™(K;)|? ® H[P™(K;)]?, ¥ € [P™(K;)|™ & H[P™(K;)]"*,
¢ € V-[P™(K)]* @ HV-[P™(K)|, ¢ € [P™(Z)]%, and ¢ € P™(Z;).
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D.2 Weak local problems in standard elements

For a standard uncut element K;, the weak forms of the local problems (6.2.3a) are exactly
the same as those for a cut element after removing the interface terms. Note that the
approximation spaces for all the functions will be continuous. i.e. (1, u) € [P™(K;)]%,
(g’, L) S [Pm(Ki)]dXd, ((f),p) S V['Pm(Kz)]d, u e [Pm(Fi]‘ \FD)]d and p € 'Pm(Fij), where
I'; is the face j of element K.

Therefore, the weak form of the local problems in a standard uncut element is: given
(u,up,p,pn), find (u, L, p) such that

(D.2.1a)
(¥, p%)& + (¥, V- (uL)) . — (Vib,pI) . = (Vip, p(u @ w)) . + (¥, p(u @ u)n),
— (¥, o(w@u)n), . + (Y, utu) e + (P, pur(u-nn),

= (¢, pf K (P, \p(t® u)n>8Ki\FD + <¢’u7ﬁ>8Ki\FD + (¢, pur(a - n)n}aKi\FD

7

- <'l,b, )\P(UD ® u)n>aK1~ﬂFD + <¢7 /JJTuD>8KiﬂFD + <¢a /’LT(’U’D . n)n>8K¢ﬁf‘D

- <1’b’ﬁn>8Ki\FN — (PN gy

(D.2.1b) ~(@ L), + (V2 ) = (T80 0y, + (T @ Uy,
+ <W’ up & n>8KmFD + <5p’ ng uD>6KmFD

(D.2.1c) —(6,Vu) =0

for all the test functions (¢, ¥, ¢).
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D.3 Weak global problem

We recall that the trace variables @ € VI(I'\ I'p) and p € S*(I"\ I'y) are required to solve
the element-by-element local problems. These variable are obtained by solving the global
problem (6.2.5).

To obtain the weak form of the first and second equations in the global problem (6.2.5),
we go through the following steps:

Step 1: the first governing equation is multiplied by a vector test function zZ cVII'\Ip),
and integrated over the edges I\ 0f2. In this step the expression of the jump is written in
an extended form. The second governing equation (the Neumann boundary condition) is
also multiplied by the same test function {b, and integrated over the Neumann boundary
I'y.

(D.3.1)

(4, (p(’u,Jr @ut)+pTI+ u+L+) n") pon (3, (plu” @u™) +p I+ p L7) n ) oo =0,
(D.3.2) (Y, (plu@u)+pl+pL)n—gy —p(1 = A)(u-nju), =0,
by summing the previous equations we get

(D.3.3)
(&, (plut @u) +p" T+ L)) Lo+ (B, (p(w” @u) +p T+ p L7 ) o
+<fp, (plu@u)+pl+pLl)n—gy —p(l —X)(u- n)u)FN =0

Step 2: In the HDG method, the physical quantities ((u ® u), L, p) are replaced by the
numerical quantities ((u ® u), E,ﬁ) on the edges I' \ I'p

(D.3.4)
(@, (pu™ @ wt) + 5T+ L7 ) nt) g + (&, (p(u™ @ ur) + BT+ p7 L7 ) n7) g
+(@, (p(w@w) +pI +pL)n — gy — p(1 = N)(u-n)a), =0

After introducing the numerical fluxes, that were defined earlier, into equation (D.3.4), we
get

D.3.5
( <1Ab>> (p ut ®ut) + pli — ut) ® it + T+ L+ ptr(ut — @) ® n+) 7" ron
@, (nhrnt @ (ut —a)) ')
—|—<17;, (plu"@u )+pta—u )@ M +pl+pu L +p 7(u” —a)@n") n_>r\a(2
H, (W ® (u - a)) "_>p\an
+(, (p(u @ w) + p( — u) @ M + PI + puL + pr(u — @) @ n)n) .
+(@, (@ (u— @) n) .
(o1 = N )i,
:<17’>9N>FN
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by splitting the terms we get

(D.3.6)

+

=
8
® ®

u®) +pI + M+L+) ”+>f\39
u )+pl+pu L) n7>r\a(2
u®u) +ﬁI+,UJL)n>FN

+ +

SRS

> s
g

+

—uN) @Mt +pfr(ut —a)® n+) n+>F\8Q

+

+
=

<)
e

=

)

mt® (ut - ﬁ)) n+>F\8(2

—
=
)

—u )@ M +puT(uT —a)@n") n_>F\8!2

—+

—

prtnT @ (u — ﬁ)) "_>p\ag

p(U—u) @A+ pr(u—u)@n)n)

+ o+

o o o N N N N~ o~

~~

prn @ (u—a))n) .
(1= Ny,

S N

Q@
=2

;/

2

using the tensor identity (@ ® u)n = (u - n)a, the previous equation is simplified to

(D.3.7)

(¥, (P(U+ ®u’)+pI+ N+L+) ") oo
+(, (p(w” @u”) +pI +p L") n7) oo
+(®, (p(w ® u) + BT + pL)m),.
+(, (p(@ = ub) @ M) nt) o+ (Bt r(wt = @)
Hep pr(wt -t —a-nnt) ),
+(@, (p(@—u") @ AuT)nT) g + (. r(u” - W) rag
Hpu T(uwmT — @ nT)n ),
1. (p(@ — w) @ Mu)n) o+ (b, pr(u — @)
+(@, pr(u-n—a-n)n),
—(%, p(1 = N)(u-n)@)
=<17’79N>FN
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by combining and rearranging some terms, and using the identity In = n, we get

(D.3.8)
<1AP, pu” @ u+)n+>p\ag + <’7”ﬁ"+>p\ag + @» “+L+"+>r\an
P, plu” @ uf)n*>p\89 + </lz;ﬁn7>]ﬂ\8_(2 + (¥, :“7L7”7>F\an
+( @, plu @ u)n) , + (, pn) .+ (P, pLn)
P, Ap(ut @ U+)"+>p\ag + (¢, Mp(T ® “+)"+>r\an + (%, “+Tu+>r\a(z ~ (¥, “+Tﬁ>F\8Q
) n’)

‘n n+>F\8Q — <17),,u+7(17, ‘n

=
pul
g

(
(
(
(¥ o
_@” Ap(u” @ u_)"_>r\a(z + <1Ap7 Ap(t ® u_)”_>r\an + <17” “_Tu_>r\an - <17” “_Ta>r\an
W, u T 0TI g — (BT T(@ )T )
—(P A p(u@u)n), + (G \p(@@wn),. + (@, pru), — (P, pra)
(i m)m)  — (o pr(@- njn),,
—(, p(1 = N)(w - n)@) .
=<1Z’>9N>FN

For ease of implementation, the weak form of the global problem could be written as a
summation of surface integrals from all the elements in the computational domain

Nel

Z{@Aﬁ, p(u @ u)n>aKi\FD+<{'L7ﬁn>aKi\FD + (¥, 'ULn>8Ki\FD
=1

_<'lZ7 Ap(u ® u)n>8Ki\FD ™ <{L’ )\p(ﬁ ® u)n>aKi\FD
(D.3.9) +<"17’a MT“>3KI.\FD - <¢’/‘7—a>aKi\FD
+(p, pr(u - n)n>aKi\FD — (¢, pr(a- n)n>aK,i\rD

Nel

(@bl = N @)y = DIy
i=1

Finally, p is replaced by py on 'y, so we get

<)

Nel
Z{(% Pl @), p A1) i o + (s kL) e
i=1

Ap(u® u)”>aKi\FD + (P, Mp(6® “)”>3Ki\r,3

Jooxo1 L
<)

)

Tu>8K¢\FD — (¥, Wmam\rD

T(u-n)n) e o= ($our(@-n)n),,

<) € <)
T T

(D.3.10)

i

7/0(1 - )‘)(u : n)la’>8Kim[‘N}

Nel

= Z{@” gN>aKmFN - <1z’7pNn>aKmFN}
i—1
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To obtain the weak form of the third equation in the global problem (6.2.5), we go through
the following steps:
Step 1: The governing equations are:

(D.3.11) [u-n] =0, onl"\ 01?2
(D.3.12) U-N=up-n, onlp
(D.3.13) uU-n=u-n, on 'y

Step 2: The governing equations are multiplied by a scalar test function <$ € S(I), and
integrated over the respective faces:

(D.3.14) (¢, [u- n]]>F\8Q +(pu-n—up-n), +{pu-n-t n), =0
by splitting the terms we get

(D.3.15)
(¢, [u- n]]>r\{m +(u-n), +(du-n), —(bup-n), —(su-n), =0

and by moving the known terms to the right hand side we get
(D-3.16) (& [w-n])p o, +{(Su-n)p +(du-n), —($ 0 n), =(dup-n)p
For ease of implementation, this weak form could be written as a summation of surface

integrals from all the elements in the computational domain

Nel Nel

(D.3.17) Z {<$, u- n>8K¢ - <$7 u- n>aKmFN} - Z@;’ up - n>8KmFD

i=1 i=1

The complete set of equations in a weak form for the global problem
Find @ € VM(I'\ I'p) and p € S?(I"\ I'y) such that

(D.3.18a)

o~

Z{<"$7 p(u ® u)n>aKi\pD+<{b7 An>6Ki\8_Q + <¢’ 'uLn>8K,~\FD
=1

17 (- n)">aKi\FD — (. pr (@ ")">8Kz~\FD

- "va(l —A)(u- n)ﬁ>8KimFN}

= Z{<{’L’QN>3KiﬁFN - <{L7pNn>aKimpN}

=1

Nel Nel

(D.3.18b) 3 {<$, won)y, — (6.0 n>aKNN} =Y (bup )y
i=1 i=1

for all the test functions ¢ € V*(I"'\ I'p), and ¢ € SM(I).
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Appendix E

Spatial discretization and
implementation details of X-HDG
method for two-phase
Incompressible Navier-Stokes
problem

E.1 Discrete local problems in cut elements

Terms in equation 6.2.9a are written as:
ALKy :(@b’p%)& + <¢,Wu>a& + (¢, ur(u - n)n)aKi
AN L =(, V- (D)) .
Au P == (V. pI)
AL B =1, 'R) + (3,5 (1)),
Agﬁ u’ =(1y, MlTIu1>L. + (Y2, M27JU2>L.
+ (y, i (- )Y L+ (g, o7 (w2 - (—1))(—7)) 1.
AL 0 = (g, T — (g, pam W)

7 i

— (@ R)RY),, — (g, ot (@ - (~R)) (—R))

n

£ =W, 0) i, + (Yo HTUD) e sy + (82950 s, + (ST (up - RN e e
- <¢7PNn>5KimpN - <T/’1795>L.
AUKE u’ =, w7 e\ pp T (YT (G M) e
ALD == (.0
Cri(u)u' = — (Vo p(u @) + (9, plu@un), . — (9, Aplu@u)n),
Ch(u) u’ =gy, p1(ur @ wi)n)y + (s, pa(uz ® us)(—1))
— (1, Ao (w1 @ ur)R) . — (g, Ap2 (U2 @ uz)(—1))
CLL (') 0 =(py, Ap1 (@' @ wi) ), + (o, Apa (@ @ wa) (—1)) .
Cliu) @' = — (¢, Mp(G @ u)n) KT

Pfi(ui) =— (¥, \p(up ® u)n>6KimFD
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Terms in equation 6.2.9b are written as:

App L' =—(@,L),

Afiut = (V- u),

ATL 0 = —(0, @' @n), — (T1,R0w), — (W' ® (-n)), — (P, (—n)@a'),

ANE = (T, aen) + (¥, nea)
i

OK N\ OK\Ip

= (W, up @)y + (T @UD) e p
Terms in equation 6.2.9c are written as:

Afiu' = —(6,V-u)
Terms in equation 6.2.9d are written as:

Au“p—<¢pn>i—|—<1,~b“i—A> =0
AL T :<¢,M1L1n> + (, paLa(— n))s
Al = <1Z’,mTIﬁZ>L — (P, po" >L.
— (i (@ - R)R) — (P, por” (@ - (—7)) (=),
A%iu <¢ H1T U1> <1/J u2T U2>I
+ (P, urt (u )T 7+ (P, par (ug - (—1))(—-7))

Terms in equation 6.2.9e are written as:

A%l ui = <(g, u - Iﬁ'>IZ + <$7 us - (_ﬁ)>1'

pu i

Therefore, the discrete local problem in a cut element is written as:

(E&g?fxgﬁcﬁ(ui) +c§g(ui)} u' + AN L+ AL pf +AI P+ [A +C§fﬁi(ui)}
= [Af% )] @+ Afj}3 P+ £5 4 rfi(ud),

(E.1.1b) Afiu + AT L+ AT O = ATE 4 £

(E.1.1c) Aliu' =0,

(E.1.1d) AL w AL L+ Am p'+AL_ T =0,

(E.1.1e) AL v =o.

ptu
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Which could be written in a matrix-vector form as:
(E.1.2)
_ _ v o o K, _ 7, 7, . I, -
A+ AL +Clh@)+ChL)] Al Al (AL +ch)] Al
AL, ALl 0 AL 0
AL 0 0 0 0
Zi AL 0 AL Li
uty u'L utu? ulp?
L 0 0 0 0
L pu J
N Kiroin] M KT v o
A+ Cl ()] A £ +rif (u)
Ki Ki
At 0 fr
= 0 i+ | 0 |D'+ 0
0 0 0
0 | | 0 | 0

where the elemental variables are obtained by inverting the matrix to the left hand side

(which is referred-to as A;)

(E.1.3)

u’

Lz'

A%+l
Al
0

0

0

a4+ A

Assume that the inverse of matrix A; is written as:

(E.1.4)

where all the matrix blocks in A; are extracted from the computed inverse and not derived

ATl =

(AT (A
Az A
AT 1A
AfT AR
(A% g

AL
A
AL

K;1—1
A ]
A

p'p

]—1

Al

up

0

0

(AL

it

£6 -+ 2lf (u)
£
p'+A! 0
0
0
7! [1%]‘1'
! [fp%-]‘l
]! [Af;ﬂ*l
! [A»f;i;;i]‘l
! [Af;fjgi]‘l_

analytically. i.e. extracted from the output of the coded inverse!
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The variables (u’, L?, p’) are then extracted as:

. [ i1—1 [ A Ki K iy] Ki1—1 A Ki 7 r i1—1 A K
Lo = |[Af] ! [AS 4+ Cliqud)| + [AfG) AN | &+ | (AL T AL B
¢ AKi1—1 _AKi CKi N AKi —1AKi [AKi]_lAKi
(E.1.5) [[Ap] ™ [A G+ Cgu) | + (AT AL [Apul A7

[AK e 1 ek (ud)) + (ALK 1

+ AR THES el (ud)) + (AR ]S

A HES el ()} + (A

which is also written as:

. K/ (7 K (020N o

u’ Zua(u’) Zuﬁ(uz) zf’(uz)

. Kir il o Koo | o o

(E.1.6) Lt = |ZAu) | @' + | Zph(a) | B+ ¢ 2 (u)
K, ) K;

P’ Z%(u?) _zg;( 9] z, ' (u')

which is further simplified to:

)

(B.1.7) L'} =25 () 8 + 2 (0) p' + 25 ()
pi

E.2 Discrete local problems in standard elements

Terms in equation 6.2.10a are written as:

Al =(p, p—) g, + (W, 1T oy + (o (w - m)m)
AGi L =(, V- (uL)) .
ALIL(I; p'=— (V¢7PI)K7
£ =, pf) g, + (W, wTuD) e opy + (TP?P%Z);Q + (W, ur(up )0y p = (Y DN e
AZ U = pr) o+ (T (@ )R
AKAi =i
CEy u’)

(¥, P1) gy
— (Ve p(u@ ) + (W, plu @ un)y — (9, Ap(u @ u)n), .
CK L) 0" = — (¢, Ap(u @ u)n >8K,L-\FD
. — (¥, Ap(up @ w)n) s 1)

l

r,(u")
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Terms in equation 6.2.10b are written as:
K; 3
AL = —(W,L)KZ_
Apiu' = (VW u)
K =i ~
AT = (P, a@n)

or\Ip T (T, n®u)

OK\I'p

. nup)

OK;NI'p + < OK;NI'p

Terms in equation 6.2.10c are written as:
K; i _
Ajiu' = — (o, V-u)Ki
Therefore, the discrete local problem in a standard element is written as:

(E.2.1a)
Al +Cl)] wi + A U+ Al p = [AS 4 Cli)| &+ AN+ £ +rl (u),

K; i K 1i_ AKi i, ¢K;
(E.2.1b) Ap,u+ A L =ALa + £,

(E.2.1c) Aliu' =0

which is then written in matrix-vector form as

(E.2.2)
(Al +cliw)]  Aly Al (w)  [|AK+ ) Al £ 4 rfSi (u)
K; K; il _ K; ~i =i K;
AL Al o |\L AL u'+| 0 [P+ f
) i
AL 0 0 p 0 0 0

where the elemental variables are obtained by inverting the matrix to the left hand side
(which is referred-to as A;)

u A+ G A% £ 4 xS )
(E2.3) {Lip=A" A’ AT 0 [P AT fr
p’ 0 0 0

Assume that the inverse of matrix A; is written as:
AR AT AR
(2.9 R VIRNIYA R

[Ag]™ TAT AT
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The variables (u’, i, p’) are written as:

r 21— Ki Ki ) Ki — Ki_ K T
wiy [T [AK G clid)] 4+ (ALK AR Al A
Lid = |[AF] ! [AS 4 Clud)| + [AJ )T AR G+ | [AL AT B
‘ i1— i i (110 i1— i K;1—1 A Ki
(E.2.5) AR AR+ Ol ()] + (AT AL [[Api]l AL

AR THES + el () + (A

+ 9 AL HES F el ()} + (AL

[AK R e (i)} + [AK) g

which is also written as:

, K/ i (7K (0N o
w) [ 25 7" (u')
(E-2.6) Lo = |Zpi(u) | @+ | Z 2 (u) | B + < zf (u)
p’ Z(a') 20 ()| z, ' (u’)

which is further simplified to:

i

(B.2.7) L =Z5(u) @ + 25 (0') p' + 2" (u)
pi

E.3 Discrete global problem

Terms in equation 6.2.11a are written as:

Ki ~i /5 =
AP = (4, pn >6Ki\6(2
7

» KT >aK \rp T @’ pr(w - ")">8Ki\r,3
Agf i = (4, /”u>aK \I'p — (P, ur(a- ")">aKi\rD

"IN >6K Ay <¢’pNn>8KmFN

pu@un)ye . o = (, Ap(u® W)
C%(ui) ' = (¢, (T ® W) pen 1 (%, p(1 = ) (u- n)) g

Terms in equation 6.2.11b are written as:

Agz ul = <$,u : n)aKi
Ki i -~
AEEZ a = —<¢,u-n>8KimFN

K; n
fg t= <¢7 up - n>8KmFD
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Tlterefore, the discrete global problem is written as:

Nel Nel
(E.3.1a) E 1{[Aau +Co(u)] u' + AL 4 [ASL + Coi(u)] T + A% pz} = § :fa
1= _

Nel Nel

K; .. K; ~iy K;
(E.3.1b) Z{Aﬁu u' A} = ; £

i=1

By inserting the solutions (u’, L) from the local problem, E.1.7 or E.2.7, into E.3.1a, and
the solution (u’) into E.3.1b, we get

(E.3.2a)

Nel
Z{[Ag +Ch(u)] Zit(u)) @+ [AS + CF (u)] Z2 (0') B+ [AL + CLi (uh)] 25 (u)
=1

+ AL ZN () Al 4 AL zgg(ui) p'+ ALzl (u)

AR Ol )] o 1 AL p%} =>

Nel Nel

K ] /\i K; K. i\ ~t K; ;
(E.3.2b) Z{AA ZA(u) 0 +AZNZ A(u') p +A§uz +AM 0= ZfA

Finally, the full global problem is written in a matrix-vector form as:

[AI? + Oz ) AL+ CL ()] 2 (u)]
K; K/ .4 ~
o |rAl Z5: (') +AL Z (W) iy
o1 [TAS +CM( Y A '
I’S’L

(E.3.3) AR ZE () + A% Agui Z/% (w) ]

- £5 —[AY +CLi(u )]ZUKZ( )~ AL} 7 (u)

K; Ki | Ki (i
f}? i Aﬁul zi(u)

which is written in simplified notation as
(E3.4) AT K () {p } L )

where A?ill denotes the assembly of all the finite element matrices/vectors into a global
matrix/vector. Simplifying furthermore yields the global system of equations which is
written as

(E.3.5) K(u) {‘:1} — F(u)
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Dans ce travail, une nouvelle méthode
Hybridizable Discontinuous Galerkin (HDG) est
utilisée pour la discrétisation spatiale. Cette
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méthodes DG-FEM satisfait la condition sans
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develop a high-order accurate method to solve
the two-phase incompressible laminar flow
problem. Three main tasks are to be achieved.
First, the method has to be energy-stable
meaning that the divergence-free condition of
the incompressible Navier-Stokes equation is
satisfied everywhere in the computational
domain. Second, the local discontinuities arising
in the two-phase flow field have to be captured
accurately. Third, the material interface between
the two fluids has to be represented accurately
in each time step.

In this work, a novel Hybridizable
Discontinuous Galerkin (HDG) method is used
for the spatial discretization. This hybrid
method that belongs to the family of DG-FEM
methods satisfies the divergence-free condition
by introducing velocity and pressure trace
variables of the same order plus a tailored
velocity and pressure approximation inside the
elements. Furthermore, the concepts of
eXtended FEM (X-FEM) are wused to
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enriching the standard FEM approximation in
elements where two fluids exist. Finally, the
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