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Abstract

This thesis addresses the numerical treatment of Navier—Stokes equations on evolving
surfaces, combining advanced concepts from surface fluid modeling, trace finite element
approximations, and level set equation discretization schemes. Motivated by applications
in biological membranes and thin film flows, the work focuses on the numerical simulation
of surface fluid dynamics. Two principal systems are considered: the tangential surface
Navier—Stokes system (TSNS), where the evolving surface is prescribed, and the full
surface Navier—Stokes system (SNS), where both the surface evolution and the flow are
unknowns. A major challenge in the SNS arises from the nonlinear coupling between
the velocity field and the surface geometry evolution.

The thesis provides a comprehensive review and comparison of existing derivations of the
surface Navier-Stokes equations, highlighting differences in physical principles (such as
conservation laws, thin film limits, and energetic variational approaches) and coordinate
representations (local curvilinear vs. global Cartesian). It is shown that, while the
TSNS systems derived from various approaches are equivalent, the SNS systems may
differ depending on the chosen framework.

The main goal of this thesis is the development and analysis of novel numerical methods
based on the Trace Finite Element Method (TraceFEM) for both TSNS and SNS on
evolving surfaces. TraceFEM uses a background mesh in the embedding space, allowing
for robust discretization without the need for surface triangulation or remeshing as the
surface evolves. The thesis details the construction of these methods, including stabi-
lization and extension techniques. For the TSNS, an error analysis is provided, and the
method’s accuracy and stability are demonstrated. The extension to the full SNS system
is presented, addressing the additional challenges posed by the nonlinear coupling be-
tween surface evolution and fluid flow. Additionally, an efficient narrow band method for
the level set equation is introduced to accurately represent surfaces evolved by material
flow fields. This method is crucial for the SNS system, where the surface evolution is
coupled with the fluid flow.

Numerical experiments validate the theoretical findings, demonstrating the accuracy
and efficiency of the proposed methods. This work contributes to computational fluid
dynamics by advancing methodologies for discretizing fluid flows on deformable surfaces,
paving the way for future research in this vital area of applied mathematics.
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Zusammenfassung

Diese Dissertation befasst sich mit der numerischen Behandlung von Navier—Stokes—
Gleichungen auf sich bewegenden Oberflachen, wobei Konzepte aus der Modellierung von
Oberflachenstromungen mit Trace—Finite-Elemente-Methoden und Diskretisierungsver-
fahren fiir Level-Set—Gleichungen kombiniert werden. Motiviert durch Anwendungen
in biologischen Membranen, liegt der Schwerpunkt der Arbeit auf der numerischen
Simulation von Strémungen auf deformierbaren Oberflichen. Es werden zwei Sys-
teme betrachtet: das tangentiale Oberflichen—Navier—Stokes—System (TSNS), bei dem
die Oberflichenbewegung vorgegeben ist, und das vollstindige Oberflichen—Navier—
Stokes—System (SNS), bei dem sowohl die Bewegung der Oberfliche als auch das
Geschwindigkeitsfeld auf der Oberfliche unbekannt sind. Eine wesentliche Heraus-
forderung im SNS ergibt sich aus der nichtlinearen Kopplung zwischen Geschwindigkeits-
feld und Entwicklung der Oberflaichengeometrie.

Die Arbeit bietet einen umfassenden Uberblick und Vergleich bestehender Herleitungen
des SNS, wobei unterschiedliche physikalische Prinzipien (Erhaltungssitze, Diinnschicht-
Grenzfille und energetische Variation) sowie Koordinatensysteme (lokal vs. global)
zum Zuge kommen. Es wird gezeigt, dass die aus verschiedenen Modellierungsansétzen
hergeleiteten TSNS &dquivalent sind, wéhrend die SNS voneinander abweichen kénnen.

Das Hauptziel der vorliegenden Arbeit besteht in der Entwicklung und Analyse nu-
merischer Methoden auf Grundlage der Trace-Finite-Elemente-Methode (TraceFEM).
TraceFEM verwendet ein Gitter im R3, das eine Diskretisierung erméglicht, ohne dass
eine Oberflichentriangulierung erforderlich ist. Die Konstruktion der Methoden, ein-
schliefflich Stabilisierungs- und Erweiterungstechniken, wird detailliert beschrieben. Fiir
das TSNS wird eine Fehleranalyse durchgefiihrt, welche die Genauigkeit der Meth-
ode nachweist. Eine Erweiterung auf das SNS wird vorgestellt, wobei die zusétzlichen
Herausforderungen (Kopplung zwischen Oberflichenverformung und Strémung) bertick-
sichtigt werden. Dariiber hinaus wird ein effizientes Narrow—Band—Verfahren fur die
Level-Set—Gleichung eingefiihrt, um die Deformation der Oberflache darzustellen.

Numerische Experimente validieren die theoretischen Ergebnisse und demonstrieren die
Genauigkeit und Effizienz der Methoden. Diese Arbeit leistet einen Beitrag zur nu-
merischen Stromungsmechanik, indem sie Methoden zur Diskretisierung von Stromungen
auf verformbaren Oberflichen weiterentwickelt und analysiert und damit den Weg fiir
zukiinftige Forschung in diesem Bereich ebnet.
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Chapter ].

Introduction

This doctoral thesis explores the discretization of Navier-Stokes equations on evolving
surfaces. The work combines advanced concepts from modeling of surface fluids, trace
finite element approximations, and discretization schemes for level set equations to de-
velop novel computational techniques for discretizing fluid flows on evolving manifolds
embedded in R3.

1.1 Motivation and overview

In recent years, there has been a strongly growing interest in partial differential equa-
tions (PDEs) modeling fluid flows on surfaces. This is motivated by a wide range of
applications in science and engineering, including biological membranes, surfactant dy-
namics, and thin film flows. Especially in cell and tissue biology, fluid deformable sur-
faces play an important role to model membranes and interfaces. For example, lipid
membranes and liquid crystal shells are deformable thin structures exhibiting fluidity,
cf., e.g., [Dim+06; Keb+14]. Continuum based modeling of such materials leads to sys-
tems of partial differential equations posed on two-dimensional surfaces embedded in
R3. A groundbreaking study on the mathematical modeling of surface fluids was done
in [Scr60]. Many proposed models for fluidic surfaces available in the literature involve
variants of the surface (Navier-)Stokes equations. The surface Navier-Stokes equations
are a fundamental model in fluid dynamics, describing the motion of fluids along sur-
faces or interfaces. Accurately modeling the fluid behavior is crucial for understanding
a wide range of physical phenomena, for example in the modeling of biological inter-
faces, cf. the overview paper [TMA19] and the references therein. Additionally, the
surface Navier—Stokes equations are of great interest in the field of computational fluid
dynamics, where they can be used to simulate complex fluid-structure interactions and
multiphase flows. These equations are also explored as intriguing mathematical problems
in their own right (cf. refer to [EM70; Tay92; MTO01]). Various modeling strategies and
derivations of Navier—Stokes equations on evolving surfaces have been introduced (cf.,
e.g., [AD09; EHZ07; GKL17; JOR18; Miul7; NRV19; NRV20]). We take a closer look
at existing derivation techniques for the surface Navier—Stokes equations and compare
the techniques and the resulting equations in Chapter 3.
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When considering the surface Navier—Stokes equations, we distinguish between the tan-
gential surface Navier—Stokes system (TSNS) and the (full) surface Navier—Stokes system
(SNS). While the surface is known beforehand in the TSNS (the surface may be sta-
tionary as well), the evolving surface becomes an unknown of the system in SNS and
only the initial surface is known. In the TSNS, the normal component of the velocity
(that defines the surface evolution) is known and the unknowns of the system are the
tangential velocity and the pressure. When the surface is stationary (not evolving in
time), the normal component of the velocity has to be zero. Thus, only the TSNS can
be posed on surfaces, where the surface evolution is known. In the SNS the full flow
field (tangential and normal component), the pressure, and the surface evolution are the
unknowns of the system. Since the velocity is a so-called material velocity, the movement
of the surface depends on the velocity field, defined by the PDE on the surface. This
nonlinear dependence between the surface, where the PDE is defined, and the velocity
field, that defines the surface evolution, makes the system challenging to analyse and
discretize. To the best of our knowledge there is no well-posedness result or numerical
analysis of the full surface Navier—Stokes problem.

There are multiple discretization methods for partial differential equations defined on
surfaces; examples include the trace finite element method (TraceFEM), cf. e.g., [OR17],
the surface finite element method (SFEM), cf. e.g., [DE13], and the diffuse interface
method, cf. e.g., [RV06]. For scalar surface partial differential equations, like the
Laplace-Beltrami problem, established finite element techniques and analyses of dis-
cretization errors are available (see [DDO7; Reul4; GLR18]). An overview of finite ele-
ment methods applied to scalar surface partial differential equations is given in [DE13;
BDN20]. Also, vector-valued surface PDEs, like the surface vector—Laplace system have
been studied, cf. e.g., [JR20]. Numerical simulation techniques for the TSNS and the
Stokes system on a stationary manifold have gathered significant attention in recent
years, cf. e.g., [Fril8; Ols+18; BR20; BDL20; OY19]. Some of these techniques were
adapted to the case of evolving surfaces. In [KKV23; ORZ22] the TSNS system on
an evolving (predefined) surface is discretized. However, the analysis of many of these
techniques is still an open problem. A first step was done in [ORZ22], where it is shown,
that the TSNS system on an evolving surface is well-posed.

Ounly a few numerical methods for the full surface Navier—Stokes equations (SNS) have
been proposed in the literature, cf. e.g., [NRV19; RNV20; KV23]. The main challenges
in this context are the coupling between surface geometry and fluid dynamics, the time-
dependent domains of definition, and the discretization of geometric quantities.

The goal of this thesis is the development of a novel numerical method for the surface
Navier—Stokes equations. We present a TraceFEM based discretization schemes for the
TSNS and for the SNS and give an overview of an error analysis for the TSNS method.

1.2 Navier—Stokes equations on evolving surfaces

In Chapter 3, we give a short introduction into the modeling of surface Navier—Stokes
equations posed on evolving surfaces I'(¢). There are different physical principles used
in the literature to derive surface Navier—Stokes systems. In this thesis, we will compare
different derivations of the surface Navier—Stokes equations known from the literature
and discuss the differences and similarities between them. We discuss the derivations
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given in [JOR18; GKL17; EHZ07; Miul7; NRV19]. In all derivations, the surface is
assumed to be closed, orientable, and sufficiently smooth.

The derivations in the literature can be classified by the physical principles used. We
distinguish between the following approaches:

o It is possible to obtain surface Navier—Stokes equations as a system of PDEs on a
moving material manifold by using conservation laws of mass and momentum on
the surface. This approach is used in [JOR18; EHZ07].

e Similar to the first approach, one can derive Navier—Stokes equations from con-
servation laws of mass and momentum in the volume. This leads to a system of
PDEs in a narrow band around the surface. Combing this system with a thin film

ltimit technique leads to a Navier—Stokes system on the surface. This approach is
used in [Miul7; NRV19].

e The conservation of surface mass is also used in the last physical principle. But
instead of conservation of momentum, an Onsager principle is used to combine the
variation of an action integral with the variation related to a “surface viscosity”
energy, to obtain the surface Navier-Stokes equations. This approach is used in
[GKL17].

Besides these differences in physical principles, there is also a difference in the mathemat-
ical representation of the resulting flow equations. In some papers, e.g., [EHZ07; AD09;
NRV19; NRV20], local coordinate systems (curvilinear coordinates) are used, whereas in
other literature [JOR18; GKL17; Miul7] the standard Euclidean basis of R3, in which
the evolving surface is embedded, is used. Such different coordinate systems lead to
different representations of surface differential operators such as a covariant derivative
or a surface divergence, and one has to be careful when comparing equations formu-
lated in such different coordinate systems. Both, the local curvilinear and the global
Cartesian coordinate system have attractive properties according to different applica-
tion fields. The local coordinate system can be very useful for modeling more complex
fluid properties, e.g., in certain classes of fluid membranes, cf. [EHZ07; TMA19], or in
flows of liquid crystals, cf. [NRV19; NRV20]. The representation in global Cartesian
coordinates is very convenient for the development of numerical simulation methods for
these flow equations. In Chapter 2 we will give a detailed introduction to the different
coordinate systems, derive representations of the surface differential operators in both
coordinate systems and compare them as a preparation for the comparison of the sys-
tems of Navier—Stokes equations. In Chapter 3, we will summarize five derivations of
the surface Navier—Stokes equations from [JOR18; GKL17; EHZ07; Miul7; NRV19]. We
will discuss the main ingredients and steps of the derivations and compare the result-
ing systems. Furthermore, we use a splitting of the velocity to derive the simplified
tangential Navier—Stokes systems from the surface Navier—Stokes equations for each ap-
proach. We show that the TSNS systems of all five derivations are the same (besides
their representation), but the full surface Navier—Stokes systems may differ.

The (full) surface Navier—Stokes system, that we will study throughout this thesis, is
given by the following problem.
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Problem 1.2.1: Surface Navier—Stokes equations

For given initial velocity u, initial surface I'Y c R3, viscosity coefficient g, time in-
terval [0,%enq], and force term f, find the velocity u, the pressure p, and the surface
parametrization X satisfying

ﬁ—2,u0 divp Ep(u) + Vrp - prn = £ on I'(t),
divpu=0 on I'(¢),

d
X6 =u(X(x,1),1), X(x,0)=x eI,

with T'(¢) = X(T', ).

When the evolution of the surface I'(¢) is known, also the normal component of the
velocity is (implicitly) prescribed. For this case, we apply the tangential projection P
to the system, leading to a system defining the tangential component ur of the velocity.
This leads to the tangential surface Navier—Stokes equations (TSNS). The TSNS system
is given by the following problem.

Problem 1.2.2: Tangential surface Navier—Stokes equations

For given initial value u., viscosity coefficient s, time interval [0,%enq], surface I'(t),

normal velocity uy, and force term f7, find ur and p satisfying

Pur - 2upP divp Ep(ur) + Vrp + uyHuyp = £, on I'(t),
divrur = faiv on I'(t),
ur-n=0 on I'(¢),

with f; = f7 + 2uoP divp (uyH) + unyVruy and fgiy = —unk.

We give an overview of notations that will be used throughout the whole thesis. The
main unknowns of the systems are

o u(x,t): (vector-valued) velocity with tangential and normal component (ur and
un),

o p(x,t): (scalar) pressure function,

o I'(t): surface at time ¢ (the surface is a known quantity in the TSNS).
Geometric quantities are given by

e n(x,t): (vector—valued) outward pointing normal vector of the surface,
o P(x,t): (tensor—valued) projection operator onto the tangent space of the surface,
o H(x,t): (tensor—valued) shape operator of the surface,

o K(x,t): (scalar) mean curvature of the surface.
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The input quantities are given by

e Lp: Viscosity coefficient,
o f: force term with tangential component fr,
o for SNS:
o u’, T initial values of the velocity and the surface at time ¢ = 0,

e for TSNS:

. u%: initial value of the tangential velocity,

e uy and I'(¢): normal component of the velocity and surface for all times ¢.
The surface differential operators are given by

e Vr: surface gradient operator,
o divp: surface divergence operator,
o Ep: surface rate of strain rate tensor,

o . . .
e v: material derivative of v.

Definitions of geometric quantities, surface differential operators and their relations are
given in Chapter 2.

1.3 Discretization methods

Developing robust numerical methods to simulate Navier—Stokes systems on evolving
manifolds requires careful consideration of the structure of the equations, especially the
coupling between the surface geometry evolution and the PDE on the surface, defining
the velocity. This thesis aims at advancing the state-of-the-art in surface Navier-Stokes
solvers through an innovative algorithmic approach. The main goal of this thesis is to
develop a numerical method for the surface Navier—Stokes equations based on a TraceFE
method. In Chapter 4, we summarize the main contributions to the TraceFE method
from the literature. In Chapter 5 we start with a discretization scheme for the tangential
surface Navier—Stokes equations and extend this approach for the (full) surface Navier—
Stokes equations in Chapter 7.

TraceFEM is a finite element method, based on finite element spaces V}, j, that are
constructed on a bulk mesh surrounding the surface. Thus, no surface triangulation is
needed, but a triangulation 7, of a domain  c R? that includes the surface I' c 2 is used.
In the case of an evolving surface, TraceFEM has the advantage that no remeshing needs
to be done since the surface is allowed to cut through the background mesh arbitrarily.
Functions from V}, ;, are defined on the elements that are “cut” by the surface, denoted
by
To={TeTh|TnT +0},

and not only on the surface itself. Thus, TraceFEM belongs to the class of geometrically
unfitted methods. In variational formulations of the surface PDE, we take the traces of

5
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functions from V} ;. on the surface I' and do not extend the PDE onto the cut elements.
This motivates the name TraceFEM.

Since the mesh is independent of the surface, it is not aligned and arbitrary cuts between
mesh and surface may occur. This induces instabilities that can be overcome by adding
stabilization terms to the variational formulations. We will use standard stabilization
techniques from the literature, e.g., a volume normal derivative stabilization.

To employ a TraceFEM discretization, the surface has to be represented implicitly via
a level set function. A level set function is a scalar, sufficiently smooth (in space and
time) function ¢ : Q x [0, tenq]. The surface I'(¢) is then given by the zero level set of ¢.
It holds

I(t) = {xeR? | ¢(x,t) = 0}.

Using a sufficiently accurate finite element approximation ¢ of ¢ and an isoparametric
mapping to faciliate integration over curved surface patches, cf. [Leh16], allows approx-
imating integrals over I'(¢) with high accuracy.

TraceFEM is a well-known numerical method for discretization of PDEs on stationary
surfaces. It was for example used and analysed in [ORG09; OR17]. There are some more
recent works where TraceFEM is used to discretize scalar PDEs on evolving surfaces, cf.
e.g., [ORX14; LOX18]. Also, a variant of the TraceFEM has recently been applied to
time-dependent Stokes equations on a moving domain, cf. [WRL21; BEM22]. For this
reason, Taylor-Hood finite elements or equal order finite element spaces combined with
a continuous interior penalty pressure stabilization are applied for space discretization.
We adapt these methods to vector-valued PDEs on evolving surfaces.

When the surface is evolving, the discretization of the time derivative becomes more
delicate. Time stepping schemes need the evaluation of the difference u(te) — u(ty),
where t; and ty are two different time points. This is in general not possible in the case
of evolving surfaces, since the surfaces I'(¢1) and I'(¢3) differ and the velocity u(t) is only
defined on I'(¢) by the PDE. In [LOX18], an implicit extension by a stabilization term
is used to construct an approximation to u(t;) that is well defined on the subsequent
surface I'(t2). We use this approach to obtain a well defined TraceFEM formulation for
the Navier—Stokes system on an evolving surface. This extension is used in the TSNS
and the SNS.

As described above, the surface I'(¢) is an unknown in the SNS system. In Problem 1.2.1,
the surface is defined by the parametrization X (x,t), which depends on the velocity u on
the surface. In our TraceFEM setting, we replace the third equation of the SNS system
(%X(x, t) = u(X(x,t),t)) by a level set equation. The level set equation describes the
evolution of the surface in terms of the corresponding level set function. It is given by
g—f +V¢o-u=0.

The level set equation is a pure transport equation, which depends on the velocity field
u. In contrast to the equation defining the parametrization X, the level set equation
cannot be solved on the surface only. Since the level set function has to be defined
on a neighborhood of T'(¢), the transport equation also has to be solved on a narrow
band around the surface. We denote such a sufficiently large neighborhood by €, c €.
To construct a well defined level set transport problem, the velocity field u has to be
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defined on 2, from velocity data on I'(t). As described in Chapter 7, we use an extension
algorithm to obtain a suitable velocity field on {2,.. Additionally, we need initial values
for the level set function on Q. and Dirichlet boundary values on the inflow boundary
89% c O, for each time step. To obtain these values, we need to extend the level set
function from the transport domain (the narrow band) of the previous time step to the
transport domain of the current time step. We develop a new extension method based
on a ghost penalty technique. This extension allows us to solve the level set equation in
a narrow band around the surface with high accuracy even if only low order boundary
values can be constructed.

There are different methods for solving the transport equation on {2y, with given initial
and boundary values. We will use a discontinuous Galerkin scheme from [BDF16] for
the spatial discretization of the level set equation. DG-schemes are widely used to
approximate hyperbolic PDEs like the level set equation, since they need no stabilization
and allow for higher order accuracy, cf. e.g., [BMS04; DF15; BQS10]. The full narrow-
band transport method, including the extension of the level set function, an error analysis
of this extension method, and a method to construct boundary values, is treated in
Chapter 6.

To discretize the time derivative in the Navier—Stokes equations and in the level set
equation, one can use different approaches from the literature. For example, it is possible
to apply a space-time approach, cf. [SR26], or an explicit method, e.g., a Runge Kutta
scheme. We will use a full Eulerian approach, where we discretize each time derivative
with a backward differentiation formula (BDF). BDF methods are widely used in the
literature for time discretization since they are A(a)-stable and allow for large time
steps. Since the solving of the linear system arising in the space discretization in each
time step is expensive, the possibility of relatively large time-steps is computationally
efficient.

The main challenge in the numerical simulation of the surface Navier—-Stokes equations
is the coupling between the surface geometry and the fluid dynamics. In Chapter 7, we
present a complete computational framework for the surface Navier—Stokes equations.
We combine the TraceFEM discretization of the PDE on the surface with the narrow-
band approach for the level set equation to obtain a fully Eulerian discretization for the
SNS.

We implemented the methods using the finite element library Netgen/NGSolve, cf.
[Sch97; Sch14], which provides a flexible framework for implementing finite element
methods and generate meshes. The library is extended by the add-on ngsxfem, cf.
[Leh+], which provides many useful tools suitable for the TraceFEM.

1.4 Main new results

We summarize the main contributions of this work:

e Derivation of surface differential operators in local and global coordinate systems,
including a comparison of the two representations.

o Comprehensive summary of derivations of surface Navier-Stokes equations from the
literature. The summaries include multiple mathematical frameworks and physical
principles. We compare the resulting equations.
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Development of a novel trace finite element method for spatial discretization of tan-
gential Navier-Stokes equations on evolving surfaces (TSNS) and an error analysis
for the proposed numerical scheme.

Design of an efficient narrow band level set method, including an extension method,
for evolving surface representation.

Formulation of a complete TraceFE based computational framework for the surface
Navier—Stokes equations (SNS).

Numerical experiments validating the proposed methods, including convergence
studies and simulations of specific physical phenomena.

Parts of this thesis are based on the following joint publications:

[BRS22]

[ORS24]

[ORS25]

Philip Brandner, Arnold Reusken, and Paul Schwering. On derivations of evolv-
ing surface Navier—Stokes equations. Interfaces and Free Boundaries, 24:533-563,
2022, do0i:10.4171/IFB/483.

Parts of Chapter 2 and Chapter 3 are based on this publication, where differ-
ent derivations of the surface Navier—Stokes equations are summarized and com-
pared. Tangential surface Navier—Stokes equations are derived from the full surface
Navier—Stokes equations.

Maxim A Olshanskii, Arnold Reusken, and Paul Schwering. An Eulerian finite el-
ement method for tangential Navier—Stokes equations on evolving surfaces. Math-
ematics of Computation, 93(349):2031-2065, 2024, doi:10.1090/mcom/3931.
Chapter 5 is based on this publication, where we present a TraceFEM based dis-
cretization method for the tangential surface Navier—Stokes equations. We sum-
marize the proofs for stability and optimal order convergence of the method, and
present numerical experiments to validate the theoretical results.

Maxim A Olshanskii, Arnold Reusken, and Paul Schwering. A Narrow Band Finite
Element Method for the Level Set Equation. STAM Journal on Scientific Comput-
ing, 47(2):A762-A789, 2025, do0i:10.1137/24m1674182.

Chapter 6 is based on this publication, where we present a narrow band level set
method for the level set equation. We introduce and analyse a novel level set exten-
sion method and couple it with a discontinuous Galerkin method for the transport
equation. We present various numerical experiments to validate the accuracy of
the method.

1.5 Outline of the thesis

The remainder of this thesis is organized into the following chapters:

Chapter 2: Basic Notations and Differential Operators introduces the mathemat-
ical foundations for describing evolving surfaces and geometric quantities like the
normal vector, the tangential projection, the shape operator, and the curvature.
We construct surface differential operators in two coordinate systems: local (curvi-
linear) and global (Cartesian), and show relations between the two coordinate
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systems and the corresponding surface differential operators. We present differen-
tiation and integration rules that are needed in the following chapters. The chapter
concludes with the introduction of the level set representation of the surface and
the derivation of the level set transport equation.

Chapter 3: Surface Navier—Stokes Equations presents a comprehensive overview
over five derivations of surface Navier-Stokes equations using multiple approaches,
including conservation laws, energetic variational principles, and thin film limits.
The derivations are performed in curvilinear and Cartesian coordinates. We out-
line the main concepts and steps for each derivation and compare the resulting
equations. The chapter also includes splittings of the resulting surface Navier—
Stokes systems into tangential and normal components, leading to tangential sur-
face Navier—Stokes equations. We show that all five derivations lead to the same
TSNS system, but the (full) surface Navier-Stokes systems may differ.

Chapter 4: Trace Finite Element Method summarizes the trace finite element
framework for PDEs on stationary and evolving surfaces. We recall important key
features of the TraceFEM from the literature. Topics covered include parametric
finite element spaces to obtain higher order geometry approximations, geometric
approximations via the level set function, stabilization techniques to obtain lin-
ear systems with acceptable conditioning. Furthermore, we discuss extensions of
TraceFEM to time-dependent surfaces, where the main idea is a volume normal
derivative stabilization, used as an extension to obtain well-posed systems.

Chapter 5: Discretization of Tangential Surface Navier—Stokes Fquations proposes
a numerical scheme for the tangential Navier-Stokes equations posed on an evolv-
ing surface. The method is based on the trace finite element method and the BDF
scheme introduced in Chapter 4. We give a detailed derivation of the numerical
scheme, including the variational formulation, the discretization of the surface dif-
ferential operators, and the stabilization techniques. The chapter includes a short
overview of an error analysis and stability estimates. We conclude by presenting
numerical experiments validating the theoretical results.

Chapter 6: Narrow band method for the level set equation introduces an efficient
narrow band approach for the level set equation to get a representation of the
evolving surface depending on a given flow field. The method incorporates specially
constructed boundary conditions and a discontinuous Galerkin (DG) method from
the literature for the spatial discretization, combined with a BDF scheme in time.
One main ingredient in narrow band methods is a suitable extension method for
the level set function. We present a new extension approach based on a ghost
penalty technique. We analyse the extension and show optimal order convergence
for smooth solutions. Numerical experiments showcasing the performance of the
full narrow band method on various test cases are conducted.

Chapter 7: Discretization of Surface Navier—Stokes Fquations integrates the nu-
merical techniques developed in previous chapters to obtain a complete computa-
tional framework for simulating the full surface Navier-Stokes system. We present
an extension method for the velocity based on the volume normal derivative sta-
bilization and a new method to construct a suitable normal approximation. A

9



Chapter 1. Introduction

10

main result and the goal of this thesis is a TraceFEM based algorithm detailed in
7.7.2. Numerical experiments demonstrate the method’s performance on various
test cases including convergence tests showing the reliability of the method.

Chapter 8: Summary and Outlook summarizes the key findings and contributions
of the thesis and discusses potential directions for future research.



Chapter 2

Basic Notations and Differential Operators

In this chapter, we introduce the basic notations and the differential operators used
throughout this thesis. We start with the definition of moving material surfaces and
corresponding geometric quantities. Then, we introduce local and global coordinate
systems and surface differential operators namely the surface gradient and the surface
divergence. We derive representations of surface differential operators in local and global
coordinates and show relations between them. Next, we derive the material derivative
and give representations in local and global coordinate systems. These definitions and
results are motivated by the work [BRS22]. In Sections 2.4 and 2.5, we define surface
integrals and derive some rules for integration and differentiation that will be used
throughout this thesis. Finally, we introduce an implicit representation of surfaces by
level set functions and derive the level set equation in Section 2.6.

2.1 Material surfaces

We start by outlining how evolving material surfaces are defined. A more precise formal
description of the notion “material” is given in [GM75; CM79]. Let [0,tena] be the time
interval, where tenq > 0 denotes the end time, and I'Y ¢ R? be a material, two-dimensional,
simply connected, closed, and oriented C™-hypersurface (with m > 2) embedded in R3.
Let p¥ = p°(x), x € T'?, denote a strictly positive continuous particle density distribution
on I'Y.

The initial surface I'° and its density distribution are advected by the density flow
u = u(x,t), which is a sufficiently smooth vector field. Below, we often omit the argument
(x,t). A material point z € I'’ moves in time along the trajectory with coordinates
X(z,t) which is defined by the initial value problem

X(z,0) = z,
%X(z,t) =u(X(z,t),t)  forte[0,tenal- 211)

Under mild regularity conditions, which we assume to be satisfied, the existence and
uniqueness of a solution of (2.1.1) is guaranteed. We refer to Remark 2.1.1 for a short
discussion of the well-posedness. Equation (2.1.1) leads to the following definition of a

11
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smoothly evolving material surface I'(t), given by
D(t) = {x e R* | x = X(2,1), 2T} (2.1.2)

It is evident that I'(0) = I'Y holds. We further assume that I'(¢) remains a simply con-
nected, closed, and oriented C™-hypersurface for all ¢ € [0, ¢enq]. The density distribution
on T'(t) is given by p = p(x,t) = p(X(z,1),t) with p(x,0) = p°(x).

Since we assume the surface to be orientable, there exists a uniquely defined outward
pointing normal of unit length of the surface. Following [DE13, Lemma 2.8.], the surface
normal is well defined and continuously differentiable in a neighborhood of the surface.
It is denoted by n(-,t) € C*(Ur)3, with Ur c R3 a neighborhood of T'(t). The maxi-
mal possible neighborhood where the continuously differentiable normal can be defined
depends on the curvature of the surface.

The velocity of the surface in the normal direction is given by uy = (u-n)n. Since a
tangential movement of T'(¢) like a rotation of a sphere does not change the shape of
the surface, the geometric evolution of the surface can be fully described by its normal
velocity uy. Thus, we can substitute the second equation of (2.1.1) and get trajectories
induced by the normal flow field uy, defined by

Xn(z,0) =z,

d (2.1.3)
&XN(Z,t) =uy (XN(Z, t), t) for t € [0, tenq ]

Substituting X in equation (2.1.2) with the normal trajectories X as defined in equa-
tion (2.1.3) results in the same surface I'(t), despite potential differences between the
trajectories X and X . This means that the subset I'(t) c R3 generated by advecting '
using the velocity field u is identical to that obtained by advecting I'° with the normal
velocity field uy. In general, it holds X(z,t) # Xy(z,t) for ¢t >0 and z € V.

Remark 2.1.1 (Well-posedness of the surface evolution)

The material velocity u is, in general, only defined on I'(¢), and in some applications,
also on a small time-dependent neighborhood of I'(¢). In these cases, we cannot use
the Picard-Lindel6f theorem to prove the existence of a solution of (2.1.1) (or (2.1.3)),
because it requires a globally defined velocity. However, following [Bot92] and [BPS05,
Appendix B], one can prove well-posedness of (2.1.1) and (2.1.3). They only require mild
regularity assumptions on the velocities u and uy defined on the surface I'(¢). Thus, in
the following, we assume the surface I'(¢) is uniquely defined by the material velocity u
(or uy) and the initial surface T°. &

In order to define a local representation of I'(¢) for 0 < ¢ < teng, we use the flow map
®,:T'(0) > I'(¢) of a material point defined by ®;(z) := X(z,t). In addition, we denote
a local parametrization of the initial surface I'Y by @y : R%2 o U — I'Y. More precisely, for
each point z in T'?, there exist a neighborhood V c R? of z, a base point £ € R?, and a
neighborhood U c R? of £ such that z = ®(€) and ®y(U) = V nTY. We assume that
the mapping @y : U — &y (U) c I is a diffeomorphism. Thus, the composition of &y
and ®; defines a local parametrization of I'(¢), denoted by

R(&,t) = ©:(Pu (), (2.1.4)

12
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where € = (£1,&3) is a coordinate in U. Let z = ®;(§) € I'(0) c R? be a material point
represented by coordinates & € U. Then, the position of z at time ¢ is given by R(&,1).
If the particle velocity u satisfies u-n = 0 on I'(¢) for ¢ € [0,tenq], there is no normal
velocity of the surface which means that the geometry of I'(¢) does not change over time.
But even in this case, the parametrization is a non-constant function with respect to ¢
when the flow field u is not identically zero.

We define the space-time manifold by

S= |J T@)x{t}c R? x [0, tend]-
tE[O,tend]

2.1.1 Geometric quantities

In this section, we define important geometric quantities of I'(¢), namely the projection
P on the tangential plane, the Weingarten mapping (or second fundamental form) H,
and the mean curvature k.

Definition 2.1.2

At x € I'(t), the projection P on the tangential plane, the Weingarten mapping H, and
the mean curvature x are defined by

P(x,t) :=I-n(x,t)n(x, )", H(x,t):=vn(x,t), k(x,t):=tr(H(x,t)),

respectively, where I denotes the identity operator and V the Jacobian with respect to
the Cartesian coordinates in R>.

Below, we often omit the argument (x,t) in the notation. Note, that P, H, and & are
defined in the local neighborhood Ur of I' where the normal vector n is well defined and
twice differentiable.

The tangential projection satisfies
P’=P aswellas PT =P,

where the transposed linear operator T is defined by the relation Tu-w=u- T w for
all u,w € R? according to the Euclidean inner product in R3. Since Vn is symmetric
and the identity 0 = 2V(n-n) = Vnn holds, the Weingarten mapping satisfies

H'=H and H=Vn=PvVn-=vnP =PvnP.

As H is symmetric and satisfies Hn = 0, the Weingarten mapping has three real eigen-
values, one of which is zero. Let k1 and ko denote the other two eigenvalues of H. The
mean curvature is then given by k = k1 + Ko.

For a vector field v on I'(¢), we use the notation vy = Pv for the tangential component
of v and vy = v-n for the coordinate in normal direction. Then, it holds

vV=vyr+ouyn.

13



Chapter 2. Basic Notations and Differential Operators

2.2 Coordinate systems and surface differential operators

Since the surface I'(t) (for a fixed t) is not an open subset of R?, the derivatives with re-
spect to the standard Cartesian basis are not well defined for functions that are defined on
I'(t) only. Thus, we have to define surface differential operators. We collect results con-
cerning the representations of functions and their derivatives in a local (curvilinear) and a
global (Cartesian) coordinate system. In the remainder of this section, let ¢ € [0, tcnq] be
fixed and denote the local representation of T'=T'(t) by R(€) = R(&,t), for £ e U c R?.
Without loss of generality, we assume that we have a global immersion R : U — R3
such that R(U) = I". We are interested in representations of scalar-valued functions
q:T - R, vector fields v:I' - R3, and operator-valued mappings T : T' - L(R3, R3),
where L(R3,R?) denotes the space of linear mappings R - R? as well as their surface
derivatives.

The main idea of the surface derivatives defined in the local coordinate system is to
differentiate functions defined on I' (embedded in R3) with respect to the local coordi-
nates &€ € R2. The representation of surface differential operators in the global Cartesian
coordinate system is obtained by an extension of functions off the surface and applying
the tangential projection P.

2.2.1 Coordinate systems

First, we define a local and a global coordinate systems. Most of the results presented
in this section can be found in many textbooks, cf. e.g., [Cial3; PS16]. To simplify the
notation, we use the Einstein summation convention: Using Latin indices (i, j, k, ...)
we sum over 1,2, 3, using Greek indices (o, f3,7,...) we sum over 1,2. The Cartesian
coordinates of a point € € R? in the standard basis are given by &,. Partial derivatives
with respect to these coordinates are denoted by 9, = %. We assume that the local
parametrization R is an immersion, i.e., the matrix

(91r(6) BR(€)) e R

has rank two for each € € U. Hence, the representation of each point x € R(U) by the
immersion (x = R(£)) is unambiguous. In general, it is not possible to describe the
whole surface I as an image of a single immersion R. In this case, we use a partition
of unity of several immersions. Thus, we can assume that for each x € I', there exists a
neighborhood V' c R? of x, a base point & € R? and a neighborhood U c R? of ¢ such
that x = R(§) and R(U) =V nT.

We define a global and a local basis of R?. The standard Cartesian (global) basis of
R3 is given by {e; = e!,---,e3 = e3}. The covariant (local) basis of the tangent space at
x = R(&) €T is given by

8a = 8a(£) = DaR(E) € R.

Note that g, are linearly independent since R is an immersion and tangential to the
surface at x = R(&), cf. [Cial3, Section 8.2] for a proof.

We extend this basis by the normal vector and write g3 := n. Thus, {g;,g,,83} forms
a basis of R? which is called covariant basis. This is a local basis since it depends on
the point x € I' (or & € R?). The two coordinates &, of & are called curvilinear or local
coordinates of x = R(€). See figure 2.2.1 for an illustration of the local and global bases.

14
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Figure 2.2.1: Local basis based on immersion R holding x = R(&).

We define a second (local) basis, named contravariant basis, denoted by g7 = g7(&). Tt is
uniquely defined by the relations g; gl = 5;, with the Kronecker symbol 5; The normal
vector n is part of both the covariant and the contravariant basis. It can be written as

5_ 81%8 _ g'xg’
lg1 xgal gt xg?|’

n=g;=g (2.2.1)

cf. [Cial3].
Remark 2.2.1

The sign of the outward pointing normal n is uniquely defined by the orientation of the
surface I". Since the cross-product satisfies a x b = —b x a, equation (2.2.1) defines the
order of the co- and contravariant bases. O

The vectors g;(€) and g(&) for i = 1,2,3 form a local (depending on the base point &)
basis of the (whole) space R3. We can (locally) interpret the basis functions g; and g
as functions defined on the surface by g;(x) := g;(R(&)), where x = R(§).

Now we can define representations of vector- and tensor-valued functions in different
bases. Using the tensor calculus format (cf. [Cial3, Section 8.4]) and the outer product
given by (u® v)w = (v-w)u for u,v,w € R3, we define the following representations.

Definition 2.2.2

For a vector field v : I' = R3 and an operator-valued mapping T : I' - L(R3,R3), we
introduce the representations

v=i'g; =0ig' =vie’, T=Ti(g'®g’)=T"(g;®g;)=T;(e'®e),

with 9; == v-g;, 0' == v-g', v; == v-e;, Tij =g;"(Tg;), T = g'-(Tg’), and Ti; = ei-(Te;j).
The coefficients 9; and 7; ; (0" and T*7) are called covariant (contravariant) components.
The coefficients v; and T;; are the Cartesian components.

Note that if the vector- or tensor-valued functions are smooth, all component functions
are differentiable because the basis vectors g, g’, and e; are smooth.

An important quantity of the surface is the so-called metric tensor (or first fundamen-
tal form). It behaves like the identity on the tangential plane (to the surface), see
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Remark 2.2.3. The components of the metric tensor are defined by

9ap(€) =84 (§) gp(€), for1<a,B<2. (2.2.2)

Note that they are symmetric, and they form a positive definite tensor. The contravariant
components of the metric tensor g are defined by ¢g*?(&) := g®(&) - g°(€). The metric
tensor and the local bases are related by the relations

8. =9058",  8°=9""gs  9™g,p=03, and |g; x| =/det(g),

cf. [Cial3]. Here, the metric tensor g, and its inverse g% perform basis transformations
between the co- and the contravariant basis and vice versa. To change the representation
of a given vector field, we use the relations

—nel.e = fol. e 5. = Hot.o. = el
vj=vie e =0;g e, and 0;=0,g -g;=ve g,

Tensors can also be represented using mized components (cf. [Cial3, Section 8.4]). For
a symmetric linear operator T, i.e., T = T we introduce the mixed (between covariant
and contravariant) matrix representation by

T=T/(g;®og’)=Ti(g' ®g,).

The relations sz =gl (Tg;) =g;- (Tg") hold. One can extend this definition to non-
symmetric tensors. We refer the reader to the literature for more details, e.g., [Cial3,
Section 8.4].

For a linear operator T the sum of its eigenvalues is denoted by tr('T). Since eigenvalues
are invariant under basis transformations, the trace can be written as

tr(T) =Ty =T =Ty =g; - (Tg;) =g'- (Tg') = e; - (Te;). (2.2.3)
In the case of a symmetric linear operator T, we also have tr(T) = Tf See Appendix A
for a proof.

Remark 2.2.3 (Behavior of metric tensor)

We investigate the behavior of the metric tensor g.s (go‘ ®g’ ) applied to a tangential
vector v =07g.. A simple calculation yields

9ap (ga ® gﬂ) v = (Qaﬁfﬂgﬁ : gy) gt = (gagfﬂéf) g% =0"garg" = 1"g,

=V.

This result shows that the components of the metric tensor g,5 form the identity operator
on the tangential plane. &
We represent geometric quantities of I'(¢) in local coordinate systems. Note that it
holds P(#'g,) = 9°g,,, vr = Pv = 09g,, = 0,g%, and vy = v-n = 9°
representations of geometric quantities in local coordinates. A proof can be found in
Appendix A.

= 03. We give some
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Lemma 2.2.4

The mixed components of the tangential projection in local coordinates are given by
PP-65 and Pi-=P}-o.

The components in local bases of the Weingarten mapping are given by

ﬁa[g:flga:—gg-aagﬁ:5ag3-gﬁ, ﬁézﬁfzo and ﬁﬁ:gf’“ﬁm.

The mean curvature can be represented in mixed components by x = Hj.

Note that the mixed components of H are in general not symmetric. This lemma shows,
that our definition of the Weingarten mapping is consistent with the one in [Cial3].

2.2.2 Surface differential operators

In this section, we recall several surface differential operators represented in different
bases. For fixed ¢ € [0,tenq], we again denote I' = T'(¢). Let ¢ : ' > R be a scalar
function, v : T - R3 be a (not necessarily tangential) vector field, and T : T" - L(R3,R?)
an operator-valued mapping. All are assumed to be at least C'-smooth. We will study
partial surface derivatives and surface gradients of ¢, v, and T and surface divergence
operators for v and T. We start with the derivation of the local representations of
these operators. Note that in this case, the basis used in R® depends on the (base)
point x € I'. As a next step, we define analogous gradient and divergence operators,
represented in Cartesian coordinates in R?. Then, we derive relations between local and
global representations of the operators.

Surface differential operators in curvilinear coordinates

We recall some basic differential geometry concepts, e.g., [Cial3, Chapter 8]. We start
with definitions of partial derivatives for functions defined on I'. Note that we have
representations of vector- and tensor-valued functions in curvilinear coordinates given
by v = d'g; = t;g’ and T =T (g, ® g;)= T,-j(gi ®g’). All component functions are dif-
ferentiable because the basis vectors g, and g' are smooth. Since R is an immersion,
there are uniquely defined functions §: U - R, ¥: U - R3, and T : U - L(R?,R3) such
that (&) = q(R(&)), V(&) = v(R(E)), and T(&) = T(R(&)) hold for all £ € U.

Now, we use these to define the local surface derivatives of ¢, v, and T with respect to
the curvilinear coordinates &.

Definition 2.2.5: Partial surface derivatives

The local partial derivatives 85 of a scalar function ¢, a vector field v, and an operator-
valued mapping T are defined in terms of the corresponding functions g, ¥, and T by

Ohq(x) = 0aq(€), OLv(x):=0aV(€), OnT(x)=0,T(£), withx=R(£),

where 9, denotes the derivative with respect to the Euclidean basis in R2.
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Now, we derive representations of these partial derivatives in terms of a curvilinear
coordinate system. We use the Christoffel symbols (cf. [Cial3, Theorem 8.13-1]) given
by
2/3 =g’ (9£g5 = Faa_
They can also be expressed in terms of the metric tensor (cf. [Cial3, Theorem 8.13-1,
Theorem 8.14-1]) as
g 1 agT
Tos =59 (O 9ar + 0ngsr — Or gap)-
The Christoffel symbols are also used, e.g., in [PS16, equation (2.15)], [EHZ07], and
[NNV19, equation (4)].

Representations of partial derivatives of vector fields and tensor-valued functions in terms
of a curvilinear coordinate system are given in the following theorem.

Theorem 2.2.6

Derivatives of the vectors of the covariant and contravariant bases are given by

A

Ohgs =1%s8, — Hopgs, Ohg’=-T0,87 - Hig®, 0Olgs=0Lg"=H.se” = Hlg,.

a

For a vector field v = 0;g° = 9'g;, partial derivatives have the representations

8£V = (@B‘a + ﬁaﬁ'f)ﬁ%)gﬂ + (®3|a - ﬁg@ﬁ)gg

. R 2.2.4)
A~ ~3 ~3 A (
= (h, + B59%)gg + (8%, - Hap?®)gs,
where we use the abbreviations
Opja = On0 ~Tlgty, 87, =000° +T0,87, and oy, =0, = 9505 = 850%,

Let T = T°%(g, ®gs) = Tnp(g* ® g”) be a function with values in L(R%,TT), where TT
denotes the tangent bundle of I'. For the partial derivatives, we have the representations
O =T,p, (8" ®8”) - TosHS (g @ 8°) - Tus HY (8" ® 8°)

=T (g, ®85) - T Hya(gs ® 85) - TP H 5(g, ® 83) (2:2:5)
y \8a @ 8p yal83 @ 83 78 8a ¥ 83);

where we use the abbreviations

798 - o078 % P40 1 T8 1o and Ty = 00 Tag — T Fup -4 T

A proof of (2.2.5) is given in the appendix. The rest of the theorem is taken from [Cial3,
Theorem 8.13-1].

Remark 2.2.7
For tangential vector fields v, it holds @magﬁ = Pagv, which motivates the notation 0.
O

Using these partial derivatives, we can define the surface differential operators in curvi-
linear coordinates.
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2.2. Coordinate systems and surface differential operators

Definition 2.2.8: Surface differential operators (local bases)

For a scalar function g € C*(I',R) the surface gradient is defined by

(07

Vrq:=dhqg™.

For a vector field v € Cl(f‘, R?) we define the a-th partial covariant derivative V,v and
the surface Jacobian Vv by

Vaovi=Pdlv, Vrvi=Voveg®=Pi veg®
The surface divergence of v e C1(I',R?) and T € CY(I", L(R3,R3)) are defined by
divpv == 9lv-g* = Polv-g°, divyT := (0L T) g,

respectively.

The definitions of the surface gradient, the surface Jacobian, and surface divergence
operators above do not depend on the choice of the parametrization, cf. [PS16; BRS22].
We comment on the definitions in the following remark.

Remark 2.2.9

In most literature, cf. [PSW20; PS16; NRV19], the surface Jacobian Vpv is defined
for tangential vector functions only. In this case, Vv equals the so-called covariant
derivative. However, we use the more general definition of the surface Jacobian for
general (not necessarily tangential) vector fields v.

Another natural surface differential operator for vector fields is a surface gradient of
v, defined by Vgv:=g*®dLv, cf. [PS16]. Note that it maps into the tangent bun-
dle. Tt is related to the surface Jacobian via Vrv = P?r‘gv (where we use the notation
Viv=(Vsv)T). We will use this surface gradient in the proof of Theorem 2.2.12. &

Using Theorem 2.2.6, we obtain representations of different differential operators in
covariant and contravariant bases. For example, a representation of the a-th partial
covariant derivative in the covariant basis g, in terms of (derivatives of) the contravariant
components ?° in v = @igi is given by

Vav =Poyv = (350" +T5 07+ HY0)gs = (@ﬁ'a + H0%)gg. (2.2.6)

This result shows that the notation ﬁﬁ‘a introduced in Theorem 2.2.6 is natural, in the

sense that for a tangential v, we have Vv = ﬁﬁ‘agﬁ. The relation

Vrv = 0,5(g" ® g”) (2.2.7)

holds, i.e., the covariant components of Vv are given by Uqlp- This induces an equivalent
alternative definition of the covariant derivative, that is sometimes used in the literature.

In the following lemma, we present a representation result for the divergence of a vector-
or operator-valued function. A proof is given in the appendix.
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Chapter 2. Basic Notations and Differential Operators

Lemma 2.2.10: Local coordinates of divergence operators

For v e CY(I",R?) it holds
divpv = 09, + Hyts = 0%, + K.
For T =T°%(g, ® gg) € C1(I',R**3) it holds

divpT = TT{ng = T“ﬁf[aggg, = Taﬁhgmgﬁ = Taﬂﬁaﬁg?’.

From the first equation of the lemma, we see that for a tangential vector-field v, the
divergence divrv is given by
divpv =99, (2.2.8)

Lemma 2.2.10 and equation (2.2.6) show the dependence of the surface different operators
on the geometry of the surface given by the Weingarten mapping H.

Surface differential operators in Cartesian coordinates

In this section, we recall definitions of surface differential operators in terms of repre-
sentations in the Cartesian coordinate system similar to the definitions in [JOR18]. The
partial derivatives with respect to the standard basis e, ez, e3 in R?, ie., x = z;€;, are
denoted by 0O := aixk. The gradient of a scalar function ¢ with respect to the Cartesian
coordinates is given by the column vector Vq := (9;q)e;. The Jacobian of a vector-valued
function v = v;e; is given by Vv := v ® e;. The components of the Jacobian in the
Euclidean basis are given by (Vv);; = 9;(v-e€;). Thus, it holds Vv = (Vv1|Vv2|Vv3)T.
Note that for the definitions of these differential operators, we need the functions ¢ and
v to be defined on an open subset of R? and not only on a surface I'. We emphasize the
structural analogy between Vv = 0pv ® e, and the definition of the surface Jacobian in
local components Vrv = POLv ® g® (cf. Definition 2.2.8).

In order to define a Cartesian representation of the surface differential operators, we
extend functions defined on the surface to an open neighborhood of the surface. We
define the (signed) distance function d by

inf [x-y[, xeR\G(1),

d(x.1) = yel'(t)
D=1 i x—yl xe G,
yel'(t)

where G(t) c R? is the enclosed volume of I'(t), i.e., I'(t) = OG(t) holds. Thus, the
signed distance function satisfies |d(x,t)| = dist(x,'(¢)), where dist(x,I'(¢)) denotes the
Euclidean distance from x to I'(¢). Since we assume the surface to be orientable, d is
well defined. We define a (tubular) neighborhood of the surface I'(¢) by

N2(t) = NO(D(t)) = {x e R? | dist(x,T'(t)) < &} (2.2.9)

for some § > 0. Following [DE13, Lemma 2.8.], there exists a ¢ > 0, independent of
t, such that d € C™(N2(t)) holds for some m > 1 depending on the smoothness of T.
Again, we fix t € [0, tenq] and denote I' = T'(¢). The closest point projection is implicitly
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2.2. Coordinate systems and surface differential operators

defined by p(x) := x —d(x)n(p(x)). Here, n = Vd denotes the normal that is constant
in the normal direction off the surface. Note that for 6 small enough, the decomposition
x = p(x) + d(x)n(p(x)) is unique on N?.

For a smooth (scalar, vector-valued, or operator-valued) function f defined on T, we
denote its smooth extension on ./\/’fS by f¢. The specific choice of extension is not essential.
One may use a constant extension along normals, which is given by f°(x) = f(p(x)).
If 6 is small enough, the extension is well defined and smooth.

Now, we introduce surface differential operators based on the extended functions.

Definition 2.2.11: Surface differential operators (Cartesian basis)

For a scalar function g € C*(I',R) the Cartesian surface gradient is defined by
Vrq:=Pvg-.
For a vector field v e C}(TI',R3) we define the Cartesian surface Jacobian Vrv by
Vrv = PYveP.

The Cartesian surface divergence of v e C'(I',R?) and T e C}(I", L(R3,R?)) are defined
by
divp v := tr(PVv°P) = tr(Vrv), divp T :=divp (Te;) e;,

respectively. Additionally, for a scalar function ¢ € C*(I',R), the Laplace-Beltrami
operator is defined by
Arpq :=divp (Vrq) .

Note that in the literature (cf. [JOR18; Fril8; BDL20]), the representation of the surface
divergence of the operator-valued function T in Cartesian coordinates is often based on
the surface divergence of the vector field TTe;. Therefore, the surface divergence from
the literature often differs from the one in Definition 2.2.11 in case of a non-symmetric
operator T. In this work, we use the definition from [PS16], leading to a Cartesian
representation of the surface divergence based on the surface divergence of the vector
field Te;. The surface gradient and the surface Jacobian equal the ones from [JORI1S;
Miul7; GKL17]. With slight abuse of notation, we denote the extended function f¢ by
f in the remainder of this thesis.

Relations between the surface differential operators in different coordinate
systems

In this section, we derive relations between surface differential operators from Definitions
2.2.8 and 2.2.11. The results are as expected and have been used (implicitly) at several
places in the literature. We show that the surface differential operators in local and
global coordinates are identical. This is important, and it shows that one can compare
results derived in different coordinate systems. Additionally, it is important for the
numerical realization of surface differential operators since in practice, it is not obvious
how to construct the local bases and one often uses the global representation of the
surface differential operators.

21



Chapter 2. Basic Notations and Differential Operators

Moreover, the theorem shows, that the definitions of the surface differential operators in
Cartesian coordinates are independent of the choice of the extension and only depend
on the function values on the surface.

Theorem 2.2.12

Let ¢ € CY(T,R), v € CHI',R3) and T e C*(I", L(R3,R3)). The surface gradients,
Jacobians, and divergence operators defined in Definitions 2.2.8 and 2.2.11 satisfy

Vrq = /V\Fq, Vrv = /V\FV, divpv = (Tl;pv, divp T = (TRTFT.

Proof

A proof for the first equality can be found in [PS16; DE13]. For completeness, we include
an elementary proof. Using the chain rule (cf. Theorem A.1), we get

95,4(%) = Da(g o R)(€) = 0a(g" o R) (&) = Ohq“(R(£)) (0aR(£) - er) = Okq" (%) (g - €x),

where x = R(§) € I". Thus, we conclude —Pe;
—~

Vrq(x) = 9h,q(x)g” = [0ka°(x) (84 - €r) ] 8% = Ihg°(x) (g, - €x)8"
= g (x)Pey, = P[Org®(x)er] = PV¢°(x) = Vrg(x).

This proves the first equality. For vector fields, the transposed Jacobian is given by
VIve = e, ® OpvE. (2.2.10)
Using the chain rule, x = R(€) € T', and the definition 0% v(x) := 04 (v® 0 R)(&) we get

A v(x)-e; = (0ve(R(E)) - €;) (0aR(€) - er) = (pvi(x) €) (84 €k)-

Combing this with (2.2.10) and using the surface gradient of a vector valued function,
which is defined in Remark 2.2.9 by Vgv = g% ® 0% v, we obtain

Vsvei=(g*®0Lv)e; = (Ohv-e;)g” = [(pv* - e;)(ga - er)] 8

2.2.11
= (Opv®-e;)Pep =P (e ® Okv°)e; = Pvlvee,. ( )

Since the vectors e; form a basis of R?, it follows Vgv = PyTve. Using Vv = P/V\%:v
completes the proof of the relation for the surface Jacobian of v. For the surface diver-
gence of a vector function, we get

divrv =0,v-g* = 05(05v-8") = (8" - 85)(0,v-8") = [(g" ® 9, V)] -85
- 2.2, -
= (Vgvg?) “8p 2Z11) (Pviveg’) "gp = (PvIvePg') - g, = tr(PVv°P) = divp v.
For the surface divergence of T (divpT = (95T)7g®), we have
divrT -e; = (8" g5) (0, Te;) -g” = ((g" ® 05 Te;)g”) - g5 = (8" ® 0, Te;)Pg’) - Pg;

= tr (P(g" ® 0L Te;)P) = tr (PUs(Te))P) “2" tr (PVY (T%:)P) = divr(Te;).
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2.3. Moving material surfaces

2.3 Moving material surfaces

In this section, we take a closer look at the time evolution of the surface I'(¢) in R3. We
introduce a time derivative of functions defined on the time-dependent surface I'(¢) only.
The standard time derivative cannot be used: Taking a function f defined on I'(¢) only
and a point x € I'(¢), the difference f(x,t) - f(x,t +¢) is in general not defined since it
holds x ¢ I'(t + ¢) for e >0 and f(x +¢) is not well defined. Thus, the standard partial
time derivative % f is not well defined for functions solely defined on the evolving surface
I'. We will define a time derivative that takes the movement of the surface into account.
This derivative is called the material (or Lagrangian) derivative. We define the material
derivative in terms of the parametrization R(€,t) and derive a representation in terms
of Cartesian coordinates as well as another representation that shows the dependence
of the derivative of the particle trajectories defined in (2.1.1). After that, we derive the
rate of strain tensor as the time derivative of the metric tensor.

Let U c R? be an open set and & : U — I'(0) a local parametrization of the surface I'(0)
as described in Section 2.1. Let I = [0,tenq] be a time interval with end time topg > 0
sufficiently small such that for all z € ¢ (U) c IT'(0) the trajectories from (2.1.1) are well
defined and have a unique solution for ¢ € I.

We define the (local) evolving surface and the space-time manifold by

Ty(t)={xeR?|x=R({ 1), £EcU} fortel,

Sy = L%FU(t) x {t} c RY,

Note that Sy is parametrized by R:U x I - Sy, R(€,t) = (R(&,t),1).

Given the velocity u(x,t) for x € T'y(t) that defines the trajectories, we define the
corresponding velocity u(€,t) := u(R(&,t),t) for (&,t) € U x I. The following relation
holds

0
u(,t) = aR(E,t) onUx1, (2.3.1)
cf. [EHZ07, page 3]. Here, % denotes the standard time-derivative of the function
R:R%25U xI - R3.
2.3.1 The material derivative

We define the material derivative of a function defined on the surface I'(t). We start
with a definition in terms of the parametrization R(&,t), i.e., in the local coordinates &
of the surface I'(0). After that, we derive a representation of the material derivative in
terms of Cartesian coordinates.

Definition 2.3.1: The material derivative

Let f € C'(S) be a scalar or vector function and f € C'(U x I) the function defined by
F(&,t) = f(R(&,1),t) for (&,t) e U x I. The material derivative of f is defined by

Foot)= o FE D), x=R(ED).
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Chapter 2. Basic Notations and Differential Operators

We obtain a Cartesian representation of the material derivative along the same lines as
in the previous section: We extend the functions defined on the space-time manifold S
to an open neighborhood N3 defined by

NE, =N(Sp) =U N (Tu(t) x {t},

tel

where N°(I'y(t)) is the neighborhood defined in (2.2.9).

The following lemma yields a representation of the material derivative defined above in
terms of derivatives with respect to Cartesian coordinates in R? x R. The result is well-
known and easy to prove based on the application of the chain rule. For completeness,
we include an elementary proof.

Lemma 2.3.2

Let ¢ € C1(S,R) be a scalar- and v € C1(S,R?) a vector-valued functions with smooth
extensions ¢°¢ € CY(WJ,R) and v® € CY(N2,R?) satisfying ¢°Iry = ¢ and vE|pg) = V.
Then, the material derivatives of ¢ and v satisfy

L] L] a
=—q¢°+Vq°-u, and v=—v°+Vv°u onS,
=t TV ot

where u is the material velocity defining the evolution of the surface.

Proof

For (x,t) € S we write x = R(&,t). We use the chain rule (Theorem A.1 from the ap-
pendix) for the function ¢°(R(&,t),t) = (¢°0F)(t) with the auxiliary function F': I - R*,
defined by F(t) = (R(&,t),t) and get

i06.0) = 226 1) = La(R(E.0),0)
3
- kz_:lakqe(R(€7t)’ t) (%R(Ea t) ’ ek) + %QG(R(Ea t)’ t) -1

= %QC(R(E,t),t) + Vg (R(E,1), 1) - %R(Eat)~

Using x = R(&,t) and relation (2.3.1), we obtain

q(x,t) = %qe(x, t) + Vgt (x,t) -u(x,t).

The same arguments can be used to derive the relation for v. a

As can be seen in Theorem 2.2.12, the Cartesian representations of the material deriva-
tives do not depend on the choice of the extension. A constant extension along normals
may be used, but is not essential. Furthermore, the Cartesian representation of the
material derivative is independent of the choice of the local representation R. Thus,
Definition 2.3.1 does not depend on the choice of R.

Now, we show the equivalence of our definition of the material derivative from Defi-
nition 2.3.1 and the one from [PS16]. The representation from [PS16] emphasizes the
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2.3. Moving material surfaces

material derivative as a derivative along the trajectories defined by the velocity field u in
(2.1.1). Therefore, we generalize the definition of the trajectory by calling X, (¢ +s) the
trajectory on S through z € T'(¢). It is the unique C'-curve [s = X, ;(t+5)]: (=4,6) - R3
such that

Xz,t(t) =1Z,

d (2.3.2)
d—Xz,t(t+S) =u(X,(t+s),t+s) forse(=6,9),
S

holds for some § > 0. If u is a C'—velocity and ¢ > 0 is sufficiently small, there exists
a solution of (2.3.2) for each z € I'(t), see [PS16, page 79f] for a proof. The trajectory
from (2.3.2) equals the one from (2.1.1) for ¢ = 0. Now, we can give a representation
using this trajectory of the material derivative in the following lemma.

Lemma 2.3.3

Let f € C1(S) be a scalar- or vector-valued function. For the material derivative of f,
we have

}(Zat) = %f(xz,t(t+ s),t+ s) for (z,t) € S.

s=0

Proof

As in Definition 2.3.1 let f € C*(U x I) be defined by f(&,t) = f (R(&,t),t). We start
by providing a proof of a connection between the trajectory defined in (2.3.2) and the
immersion R. By construction, there exists a unique £ € U satisfying R(€,t) = z. Using
equation (2.3.1), we get

%R(E,t+s) —w(trs)=u(R(Et+s)trs) forse(-50)

for some 0 > 0. Hence, [s » R(&,t+ s)] is the trajectory through z = R(&,t) as defined
in (2.3.2). It follows for (z,t) € S that

Fla,0) = 0760 = LT t+9)] = S F (R(&1+9),1+5)

s=0

= %f (szt(t+s),t+3)

s=0
holds. |
Remark 2.3.4

Lemmas 2.3.2 and 2.3.3 show that the definition of the material derivative equals the
ones from [JOR18; GKL17; Miul7; PS16]. &

2.3.2 Time derivative of the first fundamental form

In this section, we consider a time derivative of the first fundamental form or metric
tensor g.g, that will be used in the remainder. The local bases g; and g’ introduced
in Section 2.2.1 depend on the time variable ¢. In particular, it holds g, = 0oR and
thus, g, = g8,(&,t), (§,t) € U x I. Hence, the first fundamental form g.g = gag(&,1),
cf. (2.2.2), also depends on the time variable. The change (as a function of time)
of the metric tensor is determined by the velocity field u, which determines the time

25



Chapter 2. Basic Notations and Differential Operators

dependence of the parametrization R = R(&,t) = ®4(Py(€)) via the flow map ®;. This
time derivative of the metric tensor, scaled with a factor %, is called rate of strain tensor,
and its covariant components are given by

1d

R 2.3.3
5 g (2.3.3)

EF,aB =

For a given (£,t) € S a corresponding linear operator Ep = Er(&,t) : R? » R3 is given by
Er = Br o5(g* ®g”) = E?B(ga ® gp). Since the metric tensor and thus also the rate of
strain tensor depends on the velocity u, we often write Ep = Ep(u). This operator can
also be expressed in terms of the covariant derivatives introduced in Definitions 2.2.8 or
2.2.11, as shown in the following lemma.

Lemma 2.3.5: Rate of strain

The rate of strain can be represented as

) 1 1
Er =Er(u) = Er ,5(g* ® g”) = 5(Vru+ Viu) = 5" ® Poyu+Po ueg®).

Here, the transposed of the surface gradient is denoted by V?u = (Vru)T.
Proof

Using Theorem 2.2.6 and equation (2.3.1), the following relation for the time derivative
of the metric tensor is derived. With u = @;g’ = 4'g;, it holds

Ot9ap = 0t8o "8 + 84 - 018 = 0,04 R - gs+8n- aﬁBR = gaﬁ-gﬁ +5gﬁ~ga
=9 u- gp+ 8Eu 8o = Ugig +Ugja + 2&3161'&5.

Using (ga ®g5)T = (gﬁ ®ga) and (2.2.7), we get
(tajs + 1510 ) (8% ©87) = 1oy (8% © 87 ) + oy (87 @ &%) = Vrur + Viug,

A direct calculation, using (2.2.4) and the representation of the surface Jacobian from
Definition 2.2.8, yields

A 1 ~ .
unHos(g" ©8") = 3 (unHas(g” ©8°) + uv Hop(s” ©8%))
1 1
= 3 (ga ® P (uyn) + PO (uyn) ® go‘) = §(V[‘(UNI1) + Vi(uyn)).
Putting these results together yields
. 1 . A .
Er(u) = B os(g® @ g”) = (§(UQ|5 +lgja) + UNHaB) (g*@g”)
1/, . \
= 5 (ua‘ﬁ + u5|a) (ga ® gﬁ) + uNHag (go‘ ® gﬁ)
1 1 1
=3 (VFUT + v?uT) + 3 (VF(UNI’I) + Vlif(uNn)) = 5(Vru + Vlifu).

The definition of the surface gradient 2.2.8 yields the final equality. O
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Remark 2.3.6

Lemma 2.3.5 shows that our definition of the rate of strain tensor (2.3.3) equals the one
from [PSW20, page 19], [EHZ07, equation (13)], and [JORI1S]. &

2.4 Integrals on surfaces

In this section, we introduce a surface integral for stationary and evolving surfaces.
We recall the well-known partial integration identities (divergence theorem) and the
Reynolds transport theorem.

Let v be a vector valued function defined on the surface I'. The (surface) integral of v
is defined in the usual way: We choose a fixed (not necessarily orthogonal) basis of R?,
say w1, wa, ws. For v(x) = ¢'(x)w;, we then define

ﬁv(x)ds = wifrﬁi(x)ds

and similarly for integrals on moving surfaces I'(¢) and subsets of surfaces. The results
derived below are independent of the choice of wi, wa, ws. We recall well-known inte-
gration identities, starting with the integration by parts for closed surfaces (i.e., without
boundary).

Theorem 2.4.1: Integration by parts

For a tangential vector field v € C(I")3 satisfying Pv = v and a scalar function ¢ e C*(T"),

f(divrv)qu:—fv‘quds
r r

holds. A tensor valued function T e C1(I')**? satisfying PT = TP = T and a vector
valued function w e C1(I")? satisfy

the relation

]F-(dinT)-WdS:—]F-TT:VFst,

where A : B = tr(ATB) denotes the usual scalar product on R™ ™.

Proof

The first equality is proven in [GR11, equation (14.16)]. The second result follows from
a componentwise application of the first equality and Lemma 2.5.1. It holds

_/F(divF T) -wds

@.

divr Te;)w;ds =— | Te; - Vrw; ds
r ( r

4)
—frTji(eri)j ds = —'[Ftr(TVWP) ds

- frtr (TPYwP) ds = - ﬁTT : Vrwds,

Il ot

which completes the proof. O

Using this theorem and the identity

(tr(S8"vrv) + tr(S" VL)) = S : Er(v)

N | =

1
S:Vrv= 5 (tr(STVrV) + tr(STVrv)) =
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for every symmetric matrix S = ST, we get
/F(din Er(u))-vds=- /F Er(u): Ep(v)ds.

An important tool in the derivation of Navier—Stokes equations is the transport theorem,
which is also given in [JOR18, equation (3.1)].

Theorem 2.4.2: Transport theorem
Let v(t) c T'(t) be a subdomain of the surface I'(¢) that is advected by the material

velocity u and a scalar- or vector-valued function f € C*(S). Then, it holds

d

— ds=/ .+ divruds.
& vy o T

Proof

A proof for the scalar case is given in, e.g., [DE13, Theorem 5.1]. For the vector-valued
case, the proof can easily be derived using a componentwise application of the scalar
version. m|

Using equation (2.2.3) and Lemma 2.3.5, we can rewrite divp u as
1 .
divru =tr(Vru) = tr (§(Vru + V%u)) =tr (Er(u)) = Ef (2.4.1)

where El‘}a = gaﬂﬁ’pﬁa. This relation shows the equality of Theorem 2.4.2 and the
Reynolds transport theorem from [EHZ07, equation (15)].

An important integral identity for surfaces with boundary is the divergence theorem,
taken from [GR11, equations (14.18) and (14.19)].

Theorem 2.4.3: Divergence theorem

Let v c¢ ' be a hypersurface with boundary dv. The unit outer normal to dv that is
tangential to I" is denoted by v and the surface measure on 9y by ds. It follows

prqu:/qnnderf quds for all ge C'(7),
¥ ¥ el

fdinVds:f v-vds for allvECl(’_Y)ga
Y (28]

f divp (TP) ds = fa Ty ds for all T € C1(5)33,
vy Y

2.5 Properties of surface differential operators and useful identities

We summarize some important properties and calculation rules of the surface differential
operators introduced in Section 2.2.2. The properties are used throughout the remainder
of this thesis. Again, we use the Einstein summation convention. Differential operators
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for smooth scalar functions ¢, vector-valued functions v and matrix-valued functions T
are given by

(Vrq)i = PirOkq, divr v = (Vrv)si = Pi0Opvi Py = POgvy,
(Vrv)ij = PrOviFy;, and  (divp T); = divp(Te;) = Pipoy Ty,

0

with the partial differentiation Jy = e in R3. Note that we identify functions f defined
T

on I' with their smooth extension f¢.

Lemma 2.5.1: Differentiation rules

The following identities hold for scalar functions p,q € C'(I"), vector-valued functions
v,w e C*(I")? and tensor-valued functions T € C*(I")®*3 that satisfy PT = TP = T.

(i) Vr(p-q)=Vrp-q+Vrq-p
(i) Vp(g-v) =qVrv+vrVig
(iii) Vrv =Vrvr + HUN (2.5.1)

(iv) Vp(v-w) = V%VTW + VITWTV +Vr(vony - wy)

T T
=Vrvrw + Vrwrv + oy Vrwy + wyVroy

(v) divp(qv) =Vrq-v+gdivpv (2.5.2)
(vi) divp(¢T) = ¢divp T + T? Vg (2.5.3)
(vii)  Vr(v)= (VvP),_ (2.5.4)

Here, (v;) = v-€; denotes the i-th Cartesian component of v.

A proof of this Lemma is given in Appendix A.
Remark 2.5.2

Applying (iii) on tangential functions v = vy and w = wp, we get a product rule given
by
Vr(v-w) = Vivw + Vi wv.

This relation resembles the equation
v(v-w)=vVivw+viwy,

which formulates the product rule in the Euclidean space. O

Next, we prove a different representation of the tangential projection using the closest
point projection given by p(x) = x — d(x)n(x), with d the signed distance function and
n = Vd the unit normal vector defined in a neighborhood of the surface.
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Lemma 2.5.3

The tangential projection P can be represented by the closest point projection p as
P=I-nn’ =vp-dH.

Thus, on I', it holds
P =vVp.

Proof

An elementary calculation yields

Vp(x) = V(x - d(x)n(x)) = Vx - V(d(x)n(x)) = I - n(x) v d(x) + d(x)Vn(x)
=I-n(x)n(x)" +d(x)H(x) = P(x) + d(x)H(x).

The second equation follows since d = 0 holds on T'. a

The following lemma gives a representation of the surface divergence of a vector field
that highlights the dependence on the mean curvature of the surface. In the proof, we
use the representation of the mean curvature by the surface divergence of the normal
vector field n given by x = divp(n).

Lemma 2.5.4
Let v e C1(I")? be a vector field defined on I'. Then, it holds

din V= din VT + RUN. (255)

Proof
A simple calculation yields
. . . (2.5.2) .. . .
divpu = divpup + divp(uyn) =" divpuy + uy divpn + n- Vyuy = divp up + kuy,

where we used n- Vruy = 0. O

In the derivation of the Navier—Stokes equations, we need the surface divergence of the
product of a scalar function with the tangential projection. It is given in the following
lemma.

Lemma 2.5.5

Let g € CY(T") be a scalar field and P the projection onto the tangent bundle of I'. Then
the surface divergence of the product q- P is given by

divp(¢P) = Vrg - gkn.

30



2.6. Representations of the surface: The level set function

Proof

We start with a proof of an auxiliary result. For the outer product of the normal vector
n with itself, it holds

. . ) 2.5.2 )
divp (nnT). =divp (nnTei) = divp(nn;) @52 Vrn; -n+n; divpn = kn;.
7 ———— ——
=0 =K

Using the product rule for the divergence (2.5.3) from Lemma 2.5.1 and the auxiliary
equation, we get

divp(qP) = PTqu +qdivp(P) = Vg + gdivp(I - nnT) =Vrq - gkn.

O

The identity function on I' is defined by idp : I' - R?, x = x. Applying the Laplace-
Beltrami operator and utilizing Lemma 2.5.5 yields the following corollary.

Corollary 2.5.6

The mean curvature vector kn can be represented as

KN = —Aridr.

Proof
It holds

Aridr = diVF(VFidF) = leF(PVId%P) = leF(PIP) = diVF(PQ) = leF(P) = —KnN,
where we used Lemma 2.5.5 for ¢ = 1. O

2.6 Representations of the surface: The level set function

There are different ways to represent the surface I'(¢). Given the trajectories (2.1.1)
or (2.1.3), one can use the explicit representation of I'(t) from (2.1.2) when an explicit
representation of the initial surface I'? is known. Since this is hard to realize in a
numerical setting, we use an implicit representation of the surface in this thesis given
by a level set function ¢ = ¢(x,t). This level set method is a widely used numerical
method for the representation and approximation of moving surfaces (or interfaces)
[OF03; Set96]. The method is based on the embedding of the surface as the zero level
of a higher-dimensional scalar smooth level set function, denoted by ¢. This level set
function satisfies

() = {x e R* | 6(x,) =0} for t€[0,tena].

The level set function is not unique, e.g., the zero level of ¢ = c¢ also represents the same
surface for every ¢ # 0. A special case is the signed distance function ¢(x,t) = d(x,t). We
summarize some properties of the level set function in general and the signed distance
function in particular. Following [DE13, Lemma 2.8.], there exists a tubular neighbor-
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hood N} of T'(t) with some & > 0 independent of ¢ such that d € C™(N2(t)) for some
m > 1 depending on the smoothness of S. We refer to (2.2.9) for the definition of N2.
The signed distance function fulfills the Eikonal equation given in the following lemma.
A proof is given in [AD00].

Lemma 2.6.1

The signed distance function d satisfies the Eikonal equation

IVd] =1 on N

For fixed ¢ € [0, teng], we denote I' = T'(¢) and assume that ¢ is a smooth level set function
but not necessarily a signed distance function. However, we assume that it is close to a
signed distance function in the sense that there exists a constant ¢ > 0 with |V¢| > ¢ in
some neighborhood of S.

Lemma 2.6.2

The normal n of the surface I' can be represented in terms of a level set function ¢ and
the signed distance function d as

Vo

n-= and n=Vd onl.
Vel

2.6.1 The level set function of an evolving surface

In this section, we derive a transport equation for the level set function ¢ of an evolving
surface. The surface T'(¢) is advected by the material velocity u. We derive a partial
differential equation describing the evolution of the level set function which describes
the evolution of the surface. The derivation of the equation is based on the trajectories
X(z,t) defined in (2.1.1). We assume the level set value of each particle z to remain
constant for all ¢, i.e.,

»(X(z,1),t) = p(X(z,0),0) = ¢(z,0) = const. (2.6.1)

That means that the values and especially the zero level of ¢ are transported with the
velocity u of the density flow. By differentiating equation (2.6.1), we obtain

d 0 d
=—p(X(z,t),t) = —op(X(z,t),t) + —X(z,t) - Vo (X(z,1),t
0=20(X(2,1),1) = - 0(X(2,6),8) + =-X(z.1) - Vo(X(2,),1)
(2.1.1) 0
= 5 0(X(2,1),8) + u(X(2,1),t) - VO(X(2,1), ).
Since this equation holds for all ¢ and each particle z we obtain the level set equation
0
agb +Veo-u=0 onlI'(1), (2.6.2)

which is a time-dependent advection equation and thus, a hyperbolic PDE.
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In order to derive a well-posed formulation of the level set equation, we extend the
equation to a bounded background domain ¢ R? with Lipschitz boundary 9 such
that T'(t) ¢ Q holds for all ¢ € [0,fena]. We assume that the material velocity field
u e C(Q) is defined on © (not only on I'(t)) and bounded.

Following [Ag098], boundary conditions have to be prescribed on the inflow boundary
of Q. The inflow boundary 0%, c 0f2 is the part of the boundary where the material
velocity u points into 2. That means that on the inflow boundary, information is
transported into the domain. The inflow boundary is defined as

OQin(t) := {x €00 : u(x,t) no(x)< 0} ,

where ng denotes the outward pointing normal to 9€2. As u changes in time, it is
possible, that 0, (t) is time dependent even if  is independent of time. Following
[Loc13, Theorem 3.4], the following strong formulation has a unique solution if u is
Lipschitz-continuous in 2 with respect to x and continuous in [0, tenq] with respect to t.

Problem 2.6.3

Let ¢¢ be a given initial condition defined in €2, ¢p(t) a boundary condition defined
on 00, (t) for every t € [0,tenq] and u = u(x,t) a given velocity field. The level set
transport problem can be formulated as follows: Find ¢ : Q x [0,tenq] = R differentiable
in space and time, such that

%¢+u.v¢:0 in Q x [0, tend],

$(x,0) = go(x) in Q,
o(x,t) = pp(x,t) on Qi (t) x [0, tend]-

There exists a well-posed variational formulation of Problem 2.6.3, cf. [Locl3]. A modi-

fied version of the transport equation was analysed in [BotheFrickeMaricRoismanVuckovic2023].
In Chapter 6, we introduce a method to solve the level set equation on a narrow band

around I'(¢). Thus, we construct a method that approximates the zero level of the level

set function with a material velocity that is given in a close neighborhood of the surface.

In Chapter 7, we introduce an extension of the material velocity field from the surface

to a narrow band around I'(t).
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Chapter 3

Surface Navier—Stokes Equations

This chapter is based on the article [BRS22].

3.1 Introduction

In this chapter, we focus on derivation of Navier—Stokes equations posed on evolving
surfaces. In the past decades, several derivations have been presented in the literature,
e.g., [AD09; EM70; EHZ07; GKL17; JOR18; MT01; Miul7; NRV19], which differ in the
mathematical formulations, the physical principles used in the modeling approach and
in the coordinate systems in which the resulting equations are represented. To provide
a comprehensive overview of the modeling methodologies, we systematically review five
distinct approaches from the literature for deriving the surface Navier—Stokes equations.
We can classify the approaches by the physical principles as follows: The conservation
of mass and momentum can be used as basic physical principles. One can either directly
use the conservation laws on the surface by conserving surface mass and momentum, or
one can use the conservation laws for volume mass and momentum quantities in a thin
tubular neighborhood of the surface. In the latter case, a thin film limit procedure is
applied to derive the surface Navier—Stokes equations. In [EHZ07; JOR18], the surface
mass and momentum conservation laws are used, whereas, in [Miul7; NRV19], the laws
of volume mass and momentum for a material volume (a neighborhood of the surface)
are used. Another physical principle used in the literature is the variational energy
principle, which is based on energy minimization principles, cf. [GKL17].

Furthermore, the approaches differ in the coordinate systems used to represent the re-
sulting flow equations. In some approaches, e.g., [EHZ07; NRV19], local coordinate
systems (curvilinear coordinates) are used. These coordinates are also used in [AD09;
NRV20]. In [JORI18; GKL17; Miul7], the standard Euclidean basis of R3, in which
the evolving surface is embedded, is used. Both coordinate systems are introduced and
analysed in Section 2.2.1.

The different coordinate systems lead to different representations of surface differential
operators such as a surface gradient or a surface divergence, and one has to be care-
ful when comparing equations formulated in different coordinate systems. Both the
local curvilinear and the global Cartesian coordinate system have attractive properties,
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advantages and disadvantages. The local coordinate system can be very useful for mod-
eling more complex fluid properties, e.g., in certain classes of fluid membranes [EHZ07;
TMA19] or in flows of liquid crystals [NRV19; NRV20]. The representation in global
Cartesian coordinates is very convenient for the development of numerical simulation
methods for these flow equations since a local basis is often hard to realize numerically.
Furthermore, in [EHZ07] no surface differential operators are used in the derivation. This
leads to a different looking system of equations of partial derivatives, and comparison of
the resulting equations is not straightforward.

The equations also differ in the known and unknown quantities. In [EHZ07; JOR18], the
unknowns are the evolving surface I'(¢), the surface velocity u (tangential and normal),
and the surface pressure p. In [GKL17; Miul7], the evolution of the surface I'(t) is
prescribed by the known surface velocity Vi, and the unknowns of the systems are
the velocity u, with the prescribed normal component matching the surface velocity
(u-n =Vr), and the surface pressure p. Finally, in [NRV19] the normal velocity of the
surface V1 is known, and the unknowns are the tangential velocity ur and the surface
pressure p.

The goal of this chapter is to provide a unified framework for comparing these derivations
and to show that some, but not all of them lead to the same resulting models. We
also present a splitting approach in tangential and normal components of the velocity
which shows that all five derivations yield the same tangential surface Navier—Stokes
equations. At the end of this chapter, we present the formulation of the surface Navier—
Stokes equations, for which we will develop tailor-made discretization methods in the
subsequent chapters of the thesis.

The remainder of this chapter is organized in two sections. The five derivations of surface
Navier—Stokes equations, known from the literature, are summarized in Section 3.2. In
Section 3.3, we discuss and compare these equations.

3.2 Summary of derivations of surface Navier—Stokes equations

In this section, we outline five different derivations of surface Navier—Stokes equations
known from the literature [EHZ07; JOR18; GKL17; Miul7; NRV19], which use differ-
ent physical principles and representations in different coordinate systems. In the five
subsections below we present, in a unified framework, the following derivations:

(1) In [EHZO0T], the conservation laws of surface mass and momentum quantities are
used. Surface Navier—Stokes equations in curvilinear coordinates are derived.

(2) In [JORI1S], also conservation laws of surface mass and momentum quantities are
used. Surface Navier-Stokes equations in Cartesian coordinates in R? are derived.

(3) In [GKL17], the surface mass conservation law is used and combined with a vari-
ational energy principle. The geometric evolution is prescribed, and the resulting
equations are derived in Cartesian coordinates in R3.

(4) In [Miul7], the conservation laws of volume mass and momentum quantities are
used in a thin tubular neighborhood of the (evolving) surface with known nor-
mal velocity. Combined with a thin film limit procedure, surface Navier—Stokes
equations are derived in Cartesian coordinates.
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(5) In [NRV19], the same physical principles of volume mass and momentum conserva-
tion in a thin tubular neighborhood as in [Miul7] are used. The resulting volume
Navier—Stokes equations are represented in a thin film curvilinear local coordi-
nate system. A thin film limit procedure is applied to derive tangential surface
Navier—Stokes equations in curvilinear coordinates.

Using conservation of momentum to model Navier—Stokes equations (on the surface or
in the volume) as in the approaches (1), (2), (4), and (5) is a common approach in
fluid mechanics. It is a statement of Newton’s second law of motion, which specifies
that the rate of change of momentum of a body is equal to the net force acting on the
body. Therefore, one needs an ansatz for the net force and thus the stress tensor. In the
approaches (4) and (5), one uses the standard Newtonian ansatz, and in (1) and (2), the
Boussinesq-Scriven ansatz is used. In (3), an ansatz for the viscous surface dissipation
energy is used.

Furthermore, the approaches differ in the unknowns of the derived systems. In ansatz
(1) and (2), the unknowns are the evolving surface I'(t), the surface material velocity
u (tangential and normal component), and the surface pressure p. In ansatz (3), (4)
and (5), the geometric evolution of the surface I'(¢) is prescribed. The unknowns are
the pressure p and the velocity u in ansatz (3) and (4), whereas the tangential velocity
ur and the surface pressure p are unknown in ansatz (5). In ansatz (4), an additional
unknown is the auxiliary variable p'.

We summarize the key differences of the derivations in the following table.

‘ Literature ‘ Physical Principle ‘ Coordinates ‘ Unknowns
(1) [EHZ07] Surface conservation laws Curvilinear L'(t), u, p
(2) [JOR1S] Surface conservation laws Cartesian L'(t), u, p
(3) [GKL17] Variational energy principle Cartesian u, p, p'
(4) [Miul7] Thin film limit Cartesian u, p
(5) [NNV19] Thin film limit Curvilinear ur, p

Table 3.1: Summary of derivation approaches for surface Navier—-Stokes equations.

Below we outline only the key ideas of the derivations and refer to the corresponding
papers for more details.

3.2.1 Surface mass and momentum conservation in curvilinear coordinates

In this section, we summarize the derivation of surface Navier—Stokes equations pre-
sented in [EHZ07]. In that paper, the resulting surface Navier—Stokes equations are
formulated in tensor calculus without using surface differential operators like Vi and
divp. To compare the resulting equations with those obtained in the other approaches,
we rewrite these using the differential operators represented in local bases introduced
in Section 2.2.2. The derivation is based on the conservation laws of surface mass and
momentum.

In [EHZ07], the surface is modeled as a layer of incompressible fluid of lipid molecules
which results in the presence of a director field. This gives rise to an additional term
in the momentum balance equation. In this summary, we do not take the director field
into account, and thus this additional term vanishes.
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Firstly, we assume the material surface I'(¢) to be inextensible. For a material subdomain
~(t) c T'(t) the inextensibility reads

d
— 1ds =0.
dt /;(t) ’

Applying the Leibniz integral rule and the arbitrariness of v(¢) yield

Ef, =0, (3.2.1)

A d
with Er o := %&gaﬁ the rate of strain tensor, cf. [EHZ07, equation (17)].

Next, we apply the conservation of surface mass. Let p denote the surface mass density.
Conservation of mass, the transport theorem 2.4.2 and the inextensibility (Ef’f o =0) lead

d [ ] A [ ]
0=2 ds:/ N Eaads:f ds.
dt v MO NOH

Arbitrariness of () and a smoothness assumption on p imply ,5 = 0. Hence, assuming p

to

is constant on I'(0), it follows that the surface mass density p is constant on the evolving
surface T'(¢).

The second conservation law used in [EHZO07] is the conservation of surface momentum.
It reads

d

— uds = F(~v(¢t 3.2.2

&t Sy 1= FOO) (3.2.2)
with v(¢) an arbitrary material subsurface of I' and a force F that can be decomposed
into external area forces acting on 7(¢) and internal forces acting on the boundary 9v(t).

The external forces, consisting of normal and shear stresses, are collected in the force
term f = fo‘ga + f3n. For the internal forces, the Cauchy ansatz is made, i.e., these forces
are of the form 7*? ﬁagﬁ with 7% and Do, the curvilinear coordinates of a stress tensor
and the in-plane unit normal on 9v(t), that is normal to dv(¢) but tangential to I'(t).
The total net force on y(t) can be written as

F(~(t)) = [( fdss 7% 50 5 d3. (3.2.3)
(2

ov(t)

As in [EHZ07], we apply the Leibniz rule on the left-hand side of (3.2.2) and Greens
formula on the boundary integral of the right-hand side of (3.2.3). Using E’IQ‘ o = 0, this

yields
uds = f+10% —T*°H,snds.
fv(t) ’ ORI g

Due to the arbitrariness of v(t), we obtain the following system of surface partial differ-

ential equations
p(0g) = f*+ I,
18
.  rd s on I'(t), (3.2.4)
p(6n) - - 1

which consists of two equations for the time derivative of the tangential velocity u-g°,
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for @ = 1,2, and one equation for velocity change in normal direction u-n, cf. [EHZ07,
equation (31)]. The stress tensor 7% is modeled using the Boussinesq-Scriven ansatz
can be represented by

7 = —pg®® + 20 B2P. (3.2.5)

Here, p denotes the surface pressure, pg the viscosity coefficient, and again E?ﬁ denote
the local coordinates of the rate of strain tensor, cf. (2.3.3).

The equations (3.2.1), (3.2.4), and (3.2.5) form the surface Navier—Stokes system derived
in [EHZ07] which we summarize here:

ER, =0,
p(fg)=f"+T5%  onT(¥), (3.2.6)
p(fom) = P10

Note that the evolution of the surface I'(¢) depends on the unknown velocity u as
described in (2.1.1) and (2.1.2).

To compare this surface Navier-Stokes system (3.2.6), which is formulated in terms of
curvilinear (local) coordinates, to equations derived in the sections below, we rewrite
these equations using surface differential operators from Definition 2.2.8 and represen-
tations of tensor- and vector fields that are independent of the choice of the basis. The
first equation in (3.2.6) can be rewritten using the surface divergence operator divp and
equation (2.4.1) as

B, =divru=0.

From Lemma 2.3.5, we obtain for the rate of strain tensor Ep = Egﬁ(ga ® gg) the
representation

1
Er =Er(u) = S (Vru+ Viu),
and an easy computation yields for an arbitrary vector ¢ the equation
af (

9 (8. @ 85) c = 9°" (g5-) 8 = &5 (8% 8" ) &0 = (8" - Pe) g, = &g, = P,

from which we get the representation ¢’ (ga ® gﬁ) = P. Thus, the stress tensor
T8 (ga ® gﬂ) =T can be represented as an operator by

T = —pP + 2HOEI‘-
From Lemma 2.2.10, we get that equation (3.2.4) can be rewritten as

i (5 (5o = (75 ) (- 708

= f+dinT.

Using this and the identity divp(pP) = Vrp — pkn from Lemma 2.5.5, we obtain the
following representation of the surface Navier—Stokes system (3.2.6): For a given initial
surface I'(0), viscosity pup, force term f and a constant surface mass density p, find u, p
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and I'(t), parameterized by X(x,t), cf. (2.1.2), such that

pﬁ +Vrp-pkn—2ugdivp Epu=£f  on I'(t),
diVF u=0 on F(t), (327)

%X(x,t) =u(X(x,t),t), X(x,0)=x¢eI(0).

Note that the sign of the curvature x depends on the definition of the Weingarten
mapping H. In some literature, e.g., [BRS22; NRV19], the Weingarten mapping is
defined with a minus sign, H = —Vn, which leads to a different sign of the curvature.

In Section 3.3, we will compare this system to the equations derived in the following
sections.

3.2.2 Surface mass and momentum conservation in Cartesian coordinates

We recall the model derived in [JOR18]. The equations are represented using Cartesian
coordinates in R? and the used surface differential operators (Vr and divr) are defined
in Definition 2.2.11. The material derivative u is defined in Cartesian coordinates as
formulated in Lemma 2.3.2.

As in the previous section, the modeling is based on the fundamental laws of surface
continuum mechanics (conservation of surface mass and momentum). The unknowns are
the evolving surface I'(t), the surface (tangential and normal) velocity u and the surface
pressure p. We again emphasize that the normal component of the surface velocity
governs the evolution of the surface, cf. (2.1.1), (2.1.3), and (2.1.2). Since the physical
principles are the same as in the previous section, the derivation of the equations is
similar, and we only give a short overview.

The inextensibility condition reads

d
el 1ds=0
dt [v(t) o

where 7(t) is an arbitrary material subdomain of I'(¢). Using the transport theorem
2.4.2, this implies
divru = 0. (3.2.8)

Again, we assume that the surface mass density p is constant on I'(0). The conservation
of surface mass

d

4 ds=0
dt v(t)p °

yields with the same arguments as in the previous section that p remains constant on
'(1).

The conservation of surface momentum is expressed by the equation

d
< uds = fds+f £y, d3 3.2.9
dt Sy’ (1) o) (3.2.9)

with a contact force term fz, on 0v(¢) and an area force term f. The integrals are defined
as in Section 2.4. As in [EHZ07] and in the previous section, the authors of [JOR18] use
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a Cauchy ansatz and Boussinesqg-Scriven ansatz for the contact force term:

1
fu =Tv, T=-pP +2uyEr(u), Er(u)-= i(VFu +viu). (3.2.10)

From the Divergence Theorem 2.4.3 and the identity divp(pP) = Vrp — pkn from
Lemma 2.5.5, we obtain the momentum balance for ~(t)

i/
< uds= [ fds+ Tud§:f £ + divp(T) ds
dt v’ +(8) (1) +(8) r(T)

= » f - Vrp + prn + 2p0 divp Ep(u) ds.
~y(t
Using the Leibniz rule and combining the result with (3.2.8), we obtain the following
surface Navier—Stokes system. For a given initial surface I'(0), viscosity pg, force term
f and a constant surface mass density p, find u, p and I'(¢), parameterized by X(x,1),
cf. (2.1.2), such that

pu = 2po divp Ep(u) + Vrp — prn = £ on I'(t),
diVF u=0 on F(t), (3211)

%X(x,t) =u(X(x,t),t), X(x,0)=x¢eI(0).

Note that the evolution of the surface depends on the unknown velocity u as described
in (2.1.1)-(2.1.2).

3.2.3 Energetic variational principle in Cartesian coordinates

The third derivation of surface Navier—Stokes equations is based on a variational energy
principle and is presented in [GKL17]. The equations are formulated in Cartesian coor-
dinates in R? and the surface differential operators are the same as in Definition 2.2.11.
We will briefly summarize the key aspects of the derivation.

Assuming that T'(¢) is a closed surface and that the geometric evolution in terms of the
surface normal velocity Vr is given, we note that the material velocity u satisfies

u-n="Vr. (3.2.12)

Hence, in this framework the evolution of the surface and the surface velocity are known.
The unknowns are the material velocity u, with its normal component described by
(3.2.12) and the surface pressure p.

Following a similar approach to previous sections, we use the inextensibility of the surface
and the mass conservation to obtain the following equation

divru =0, (3.2.13)

where it is established that p remains constant on S. Instead of employing a momentum
conservation ansatz as presented in prior works [EHZ07; JOR18] (cf. equations (3.2.2)
and (3.2.9)), we adopt an energetic variational approach grounded in the Least Action
and Minimum Dissipation Principles. The essential steps are outlined below.
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The action integral, representing kinetic energy, is defined by

A(X) = fte“df Lo dsd
“Jo ry 214

Here, we observe that X = X(x,t) € I'(t), with particles following trajectories starting
in x € I'(0) and the corresponding velocity field u(x,t), cf. equation (2.1.1). It is
noteworthy that both I'(¢) and u are uniquely determined by these trajectories.

The variation of the action integral with respect to the particle trajectories can be
formally expressed as

end

¢

DXA(X)(W) = / Feons - wdsdt = (FCOHSaW>
0 ING)

for an appropriately chosen class of admissible velocities w. This relation defines a

conservative force Feons, as demonstrated in [XSL14]. Under reasonable assumptions, it
has been established in [GKL17, Theorem 1.5] that

Feons = —pu (3214)

holds. Furthermore, another force, namely the dissipation force, arises from variations
related to “surface viscosity” energy, modeled by the functional

tend
Eygiss(u) = - _/0 /1:(0 pio|Er(u)|? ds dt,

where po denotes the viscosity coefficient and Ep(u) represents the rate of strain tensor
as in equation (3.2.10). Variation with respect to the velocity field u leads to the
dissipation force

DuEdiss(u)(W) = (Fdism W)7

for a “suitable” class of admissible velocities w (cf. [XSL14]). In [GKL17, Theorem 1.6],
the relation
Fdiss = 2/10 din EF(U_) (3.2.15)

is derived.

The Onsager principle (cf. [XSL14; Ons31a; Ons31b]) asserts that the system dynamics
arise from a competition between internal energy (here, kinetic energy) and dissipation.
In our setting the corresponding equation is formally given by

DXA = _DuEdiss7

cf. [GKL17, p. 385]. This relationship implies that for all admissible velocity fields w,
we have
(Fcons + Fdiss»“’) =0.

Due to the fact that we consider incompressible surface flows, we restrict to velocity
fields w satisfying divp w = 0. Based on [GKL17, Lemma 2.7], we present the following
corollary.
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3.2. Summary of derivations of surface Navier—Stokes equations

Corollary 3.2.1

Let g € C(S)? be such that (g, w) = 0 for all w e C*(S) with divpw = 0. Then there
exists p € C*(S) such that

g = Vrp - pkn.

By applying this corollary, we derive Feons+Fyiss = Vrp—prn for an appropriate (pressure)
function p. Combining this with the equations (3.2.12), (3.2.13), (3.2.14), and (3.2.15),
we obtain the following surface Navier—Stokes equations (with given normal velocity Vr,
viscosity po and a constant surface mass density p):

u-n=Vr onl(t),
pu—2uodivr Ep(u) + Vpp-psn =0 on T'(#), (3.2.16)
divpu=0  on I'(¢).

There is a subtle issue discussed in detail in [GKL17]. Since the surface normal velocity
is not an unknown in this system, (3.2.16) is generally overdetermined. Specifically,
there are four unknowns: the velocity components (essentially three unknowns) and the
pressure. However, there are five equations including the incompressibility equation and
the first equation defining the normal component uy of the velocity. To form a closed
system, these equations can be “projected” to yield a system for the tangential velocity
and pressure. This process is further elaborated in Section 3.3.

3.2.4 Thin film approach in Cartesian coordinates

An alternative method for deriving surface Navier—Stokes equations, based on a thin
film limit procedure, is presented in [Miul7].

Similar to the previous section, it is assumed that T'(¢) is a closed surface and that the
geometric evolution in terms of the normal velocity Vi of T'(t) is given.

A thin film domain Q. (t) := {x € R?| dist(x,T'(t)) < ¢} with a sufficiently small € > 0 is
defined around this surface. This domain evolves with constant thickness such that the
surface remains located in its middle. In this evolving thin film, the incompressible three-
dimensional Navier—Stokes equations with appropriate boundary conditions on 9. (t)
are applied. These equations describe mass and momentum conservation within the
volume domain Q.(¢). The limit, as the thickness approaches zero, and the resulting
surface equations are then studied. In [Miul7], these limit equations are derived using
formal asymptotic expansions (in parameter £). We outline a few key steps in this
derivation and refer to [Miul7] for further details.

The signed distance function to I'(¢) is denoted by d(-,t). For sufficiently small & > 0,
the closest point projection of x € Q.(t) given by p(x,t) =x —d(x,t)n(p(x,t),t) is well
defined. We define the space-time domain @ r and its boundary 0Q. ; by

Qer =) x{t},  9Qcr=JIN%(t) x {t}. (3.2.17)

tel tel
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The unit outward normal vector n.(x,t) and outward normal velocity V.(x,t) on 9f).
are given by

n(p,t), ifd(x,t)= e, Vo(x.t) = Vr(p,t), ifd(x,t)= e,

n.(x,t) =
8( ) _n(pat)a if d(X,t) =&, _Vf(pat)a if d(X,t) =g,

with p = p(x,t) and Vi the normal velocity of the surface I'(t).

We consider an incompressible Navier-Stokes system in ). ; with perfect slip Navier
boundary conditions:

Orue + (us . v)us + Vpe = ,UOAUE in QE,Ia

divu. =0 i ,
e i Qe (3.2.18)
u:-n.=V; on 8@5,]7
[E3(u€)ns]tan =0 on 8@6,[7

where [a]ian represents the tangential component to 99.(t) of a vector a € R?, and
the rate of strain tensor is given by Eg(u) := %(Vu +vTu). We use the notation E3 to
distinguish this three-dimensional rate of strain tensor from the surface rate of strain
tensor Er. The differential operators div and V, as referenced in Section 2.2.2, are the
standard ones in R3, and 0, is the usual time derivative. The Laplace operator is given
by Au, :=div Vu, + Vdivu.. Note that, for a solenoidal velocity field u., the Laplacian
can be represented using the rate of strain tensor by Au. = 2div(Esu.). Here, we use
the representation Au. without the rate of strain tensor since this is the one used in
[Miul7]. Note that, following the presentation in [Miul7], the density is scaled to p = 1;
however, this scaling is not essential.

The system determines the velocity u. and pressure p. of a fluid within Q. ;. To derive
equations that define the velocity of the fluid solely on I'(¢), consistent with (3.2.18)
and dependent only on values of functions on I'(t), formal asymptotic expansions are
assumed. In particular, it is assumed that, for the solution pair (u.,p.), there exist

1

vector fields u, u!, u? and scalar functions p, p' such that

w.(x,t) = u(p,t) +d(x,t)ul (p,t) + d(x,t)*u?(p,t) + r(d®), (3.2.19a)
pe(x,1) = p(p,t) + d(x,t)p' (p,t) + r(d?) (3.2.19b)

hold. Here, r(d*) = r(d(x,t)*) denotes a higher order term, cf. [Miul7].

The analysis in [Miul7] is not rigorous in the sense that it is not clear whether or under
which assumptions such expansions exist. These expansions are substituted in (3.2.18)
to derive equations for the zero order terms u and p.

In the following lemma, which is taken from [Miul7, Lemma 2.7], we give a crucial
ingredient in deriving surface Navier—Stokes equations from the Navier—Stokes system
in the thin film domain @), ;. Namely, for scalar and vector-valued functions ¢ and v on
S, we derive the derivatives of the composite functions ¢(p(x,t),t) and v(p(x,t),t) in
terms of the remainder r(d(x,t)?).
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Lemma 3.2.2

Let ¢ be a scalar and v a vector-valued function on S. The derivatives of the composite
functions ¢(p(x,t),t) and v(p(x,t),t) with respect to x and ¢ are of the form

VQ(p’ t) = qu(pv t) - dH(p7 t)qu(p, t) + T(d2)u

0a(p.1) = -a(p,1) + A Ve(p,1) - Vra(p, 1) + (),
and
VV(p,t) = (VVP)(pvt) - dVV(p,t)H(p,t) + r(dg)’

d
Ov(p, ) = v(D, 1) + dVV(p, ) Ve Vi (p, 1) + r(d?),

with p = p(x,t) and d = d(x,t) for (x,t) € Qc 1.

Substituting the expansions (3.2.19) in the Navier—Stokes equations, using Lemma 3.2.2,
and collecting zero and first order (in ¢) terms, the following result is derived in [Miul7,
Section 4].

Theorem 3.2.3

Let u. and p. satisfy the Navier-Stokes equations (3.2.18) in the moving domain (%)
with given normal velocity V. Then, the zero order velocity field u and the zero and
first order terms p and p' satisfy the following equations.

u-n="Vr,
U+ Vrp +p'n - 20 divp Ep(u) = 0, on T'(t). (3.2.20)
diVF u= 0,

Here, the surface rate of strain tensor Er is defined as in (2.3.3).

We briefly examine the result of Theorem 3.2.3. When comparing (3.2.20) with (3.2.16),
we observe that instead of —psn in (3.2.16), we now have p'n and an additional equation,
u-n = Vp, with a given Vp. Thus, in (3.2.20), we obtain a closed system for the unknowns
u,p,p'. The redundant equation u-n = Vi can be eliminated, allowing us to derive a
"projected" system for the tangential velocity and surface pressure p. This is further
elaborated in Section 3.3.

1

We indicate why in (3.2.20) the first order term p!, but no first order term u' arise.

From differentiation of the expansion (3.2.19b), we get for a fixed t € I:

Vpe(x,t) = V[p(p,t)] + V[d(x,t)p" (p,t)] + r(d)
= vrp© + Vd(x,t) p'(p,t) +d(x,t)V[p' (p,t)] +r(d) (3.2.21)
= vrp° +n(x,t)p' (p,t) +r(d),

with p = p(x,t) and d = d(x,t). For € - 0, we obtain the relation Vp. = Vrp + p'n on

45



Chapter 3. Surface Navier—-Stokes Equations

I'. Hence, we expect Vrp + p'n, and not only Vrp, to occur in (3.2.20). Analogously
to (3.2.21) we get, for € - 0, expressions for Vu. and div Vu. that contain u' and u?.
The functions u' and u?, however, do not occur in the surface Navier-Stokes system
(3.2.20). This is based on the relations (cf. [Miul7, Remark 4.5])

1
u' = -P(viu)n, u’-= 5 (HVpu + Vrul) n=0.

Therefore, in contrast to the pressure (where p* occurs), the unknowns u' and u? cor-
responding to the higher order terms in the u.-expansion can be eliminated and the
resulting system of equations (3.2.20) has unknowns u, p and p.

3.2.5 Thin film approach in curvilinear coordinates

Following a similar modeling approach to that described in the previous section, the
authors of [NRV19] derive tangential surface Navier—Stokes equations through a thin-
film limit process. Instead of Cartesian coordinates, they utilize a three-dimensional
curvilinear coordinate system specifically adapted for thin films. In the subsequent
subsections, we provide an overview of this methodology and present the derived surface
Navier—Stokes equations. Furthermore, the authors of [RNV20] claim that, along the
same lines, the full (tangential and normal) surface Navier-Stokes equations can be
derived in a curvilinear coordinate system. We will discuss this system in Section 3.3.

Consistent with the previous section, it is assumed that the evolution of I'(¢) is governed
by a given normal velocity V. Furthermore, an evolving thin film domain Q.(t) is
considered which retains a constant thickness with the surface situated at its midpoint.

Thin film curvilinear coordinate system

We introduce a surface parametrization that is based on the normal velocity field. Specif-
ically, we consider the initial value problems (2.1.1) with the velocity field u replaced
by Vrn as in (2.1.3). The corresponding flow map is denoted by ®}' (see Section 2.1).
Instead of using the parametrization in (2.1.4), we adopt R™(&,t) := ®P(Py(€)). A
natural parametrization of the thin film domain Q.(t) is then given by

R2(€,¢,t) = RP(&,1) + (n (R™(&,1),t),

with £ e U c R?, ( € (—¢,¢), and t € [0, tenq].

Building on this thin film parametrization, we introduce curvilinear coordinates and
representations of differential operators in these coordinates, analogous to Section 2.2.
Note that, in Section 2.2, we employed a two-dimensional surface parametrization with
the first fundamental form denoted by g,. In contrast, this section deals with a three-
dimensional parametrization of the tubular domain €. (¢). Similar to previous sections,
Greek letters are used to sum over indices 1 and 2, while Latin letters sum over in-
dices 1, 2, and 3. Partial derivatives with respect to the local coordinates & and ( are
denoted by 0;, i.e., 9; = % for i = 1,2, and 93 = 8%.
G; = giR?, the corresponding contravariant basis G, the metric tensor Gij = G; - Gy,
and the Christoffel symbols as I‘fj = %le(aGﬂ +5jGil —glGij). Differential symbols
in curvilinear coordinates (&,() can be defined analogously to Section 2.2.2. Let ¢ be
a scalar function, v a vector field, and T an operator-valued function defined on .(t)

We define the covariant basis
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for a fix t. All functions are sufficiently smooth. We define the gradient in terms of the
local parametrization RP. Let x € Q.(t) be given by x = R*(&,¢). In the scalar case,
we define the corresponding function g by g(&,¢) = ¢(x). Along the same lines v and T
are defined. Then, the gradient in curvilinear coordinates is given by V¢ := 8;gG' and
Vv =9;v® G and the divergence div v := 9;v- G’ and div T = (8;T)" G'.

Using the fact that these operators do not depend on the choice of the parametrization, cf.
[Cial3], one obtains the following relations with differential operators in Euclidean three-
dimensional space, for which we used the notation without the ~symbol, cf. Section 2.2.2

Vg=Vq, vv=Vv, divv=divv, divT=div(T"), (3.2.22)

with div T := div (Tei)ei the usual column-wise divergence of a tensor. Below we use
the notation without ~.

Similar to Definition 2.2.2, we define the curvilinear components of a vector field v in
the narrow band by 9; := v-G;. The components ©°, Tij, T , and TZ J for a tensor-valued
function T are defined analogously. Comparable to Theorem 2.2.6, cf. also equations
(2.2.6), (2.2.7), and (2.2.8), one can use the curvilinear coordinates to represent the
differential operators in terms of local components, e.g.,

vVij=ﬁi|j(Gz®Gﬂ), divv=d, divT=T7 G,
with
A ks G AAG LT Ak i il
) == 050; — I'; 0, o) = 0;07 + 'y 0%, T, Ik =G Ty,
ij ._J g 1j i il B Tl Tl
T|k’ = kT + T Flk + T Flk:’ Ijb]lk' = 3le] - lel_'zk - 1—; F]k

To derive the limit equation, it is beneficial to relate the three-dimensional metric tensor
Gi; to an appropriate surface metric on I'(¢). For the latter, we use the metric induced
by the parametrization R™. With a slight abuse of notation, we employ the same symbols
as in Section 2.2, such as g,g for the metric tensor induced by R™. The following useful
results can be derived for these metric tensors

Gaﬁ =0ap t 2Cﬁa6 + CQﬁa’yﬁga G33 = 1> G3a = Ga3 = 07

3.2.23
G = g*P + O(¢), G¥=1, G**=G"=0, ( )
and for the Christoffel symbols
7, =I7,+0(), r’, =18 =f7°+0(0),
35 aAﬂ (€) ;3 33a j ©) (3.2.24)
Lop=- ap +0O(0), I3 =15 =T33=0,

cf. [NRV19]. Analogous to in Section 2.3, we define the material derivative, but now
with respect to the parametrization RZ(&,(,1):

V(x,t) = 0 (€,(,t) = Ov(RME,C 1), 1), x = RME,(,t) € Q(1). (3.2.25)

For the velocity field corresponding to the parametrization R, we use the notation
a n n
wr(x,t) = &RE (&,¢,t), x=RZ(E, (1) eQ(1). (3.2.26)
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Using 2R™(&,t) = (Vin)(R™(&,1),t), it follows that wg = Vyn + O(¢) holds. The
material derivative can be reformulated in Cartesian coordinates as

v(x,t) = Ov(x,t) + Vv(x, ) Wr(x,1), xeQ(t). (3.2.27)

Note that, for the partial time derivative, the function v has to be extended off the
domain Q.(t), cf. Section 2.3. In the remainder of this section, we identify functions
defined on Q.(¢) (or I'(¢)) with their extension, such that all partial time derivatives are
well defined.

Navier—Stokes equations in thin film

In [NRV19], the authors develop a surface Ericksen-Leslie model by starting from a
simplified local three-dimensional Ericksen-Leslie model (see [NRV19, equations (B1)-
(B3)]) within the evolving thin film domain Q.(¢). We further simplify these equations by
setting A = 0 in equation (B1) and deleting (B3). The resulting Navier—Stokes equations
bear resemblance to those presented in Section 3.2.4. It is important to note, however,
that, while Cartesian coordinates are employed in Section 3.2.4, curvilinear thin film
coordinates are utilized in this section. The space-time domain is defined as in (3.2.17).

The thin film Navier—Stokes system used in [NRV19] is given by

O + VYR, = ~Vpe + poAu.  in Qa,ly

divu. =0 in ,
i Qe (3.2.28)
u.-n.==+Vp on 0Q. 1,
[E3(u5)ne]tan =0 on 8Q5,17

with V the given normal velocity of I'(¢), [-]tan the tangential component to 9Q.(t) as
in (3.2.18) and E3(u.) := %(Vue +v7Tu.) the rate of strain tensor. In [NRV19], this rate
of strain tensor is denoted by the Lie derivative of the metric tensor, £, G = Vu.+ v u..
The time derivative 00, is defined in curvilinear coordinates as in (3.2.25). As in the
previous section, we use the Laplacian Au,. instead of a representation in terms of the
rate of strain tensor Eg, similar to [NRV19]. The direction v in the directional derivative
VYR, := Vu, VR, is the relative fluid velocity defined by vg := u. — wg, with wg as in
(3.2.26). Using (3.2.27) and (3.2.22) we obtain

da. + VVRu, = dpu. + Vu. wpi + Vue (ue - wg) = diue + Vueug,

and thus this is the usual material derivative in Cartesian coordinates, in particular the
same as in (3.2.18). We conclude that the two volume Navier—Stokes systems (3.2.28)
and (3.2.18) are equal.

Tangential surface Navier—Stokes system

In [NRV19], the limit € | 0 is performed. Thus, the narrow band Q.(¢) shrinks to
the surface I'(¢). Using the curvilinear coordinate system, a tangential limit system of
(3.2.28) is derived. We give an overview over the main ingredients of the derivation.

Below, with some abuse of notation, we write u instead of u. for the velocity in the thin
film domain Q.(t). Thus, different from the notation used in the previous sections, u
now denotes a velocity defined in the volume instead of on the surface. In this section,
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we use ur to denote a tangential velocity defined only on the surface. Since we will only
derive a system for the tangential component of the velocity on the surface, this notation
is unambiguous.

The homogeneous Navier boundary condition can be rewritten as
T3 + Ugq = 0 on 0Q(1).

Using this, the covariant components of the rate of strain tensor %(ﬂjﬁ + ai‘j), Taylor
expansions, and the results in (3.2.23) and (3.2.24), the following relationships can be
obtained

’LAL3|3‘F = 0(52)7 E3a3‘r = 0(82)7

_ ) ; ; (3.2.29)
F3Eza3l = O(%), Bz .| = O0(e?),

with E3 = Ez(u), cf. [NRV19, equations (B9)-(B11), (B13)]. On the surface I" we denote
the tangential component of the velocity by ur, i.e.,

ur = (7)ag" = (ag”)|r = Pulr.
Following [NRV19, equation (B18)], it holds
ol = (TF)ajs +un Hag, (3.2.30)

which is an equivalent representation of (2.5.1) in covariant components. We aim to
derive equations for uyp and p = p.|r on the surface. We first consider the second equation
of (3.2.28).

Lemma 3.2.4

On I', the tangential velocity ur satisfies

divrur = —uyk + O(e?). (3.2.31)

Proof
Using (3.2.29) and (3.2.30), the following relation can be derived

0= (divu)|F = divp up + uyk + O(e?),
cf. [NRV19, equation (B22)]. O
We now treat the projection of the material derivative in the first equation of (3.2.28).
Lemma 3.2.5
On the surface I' it holds

P (6tﬁ 4 VVRU) = 8t(ﬁgﬂ)gﬁ + VFTUT —unVruyn + 2uyHurp.
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Proof

We start with the representation of the tangential component of the partial time deriva-
tive of the velocity field u on the surface I'. The splitting u = 4*0,RZ + Usn. and the
relation atR?‘r = upyn are used to derive

ou- ga‘r = GapOt (ﬁT : gﬁ) —un (gauN - ﬁaﬁ(@)ﬂ) (3.2.32)
=ga53t (ﬁT-gﬂ)—(UN(VFUN—HUT))-ga, o

cf. [NRV19, equation (B24)].

For the tangential component of the directional derivative V¥Y2Ru, we use the identity
VR|F = Pu|F7 equation (3.2.30), and the relation

ViTur = (Vrur)ur = (@7)° (07) 058"
to obtain
(V2] g, = Ortlagi], = 07 g,
= (@7)° (@) agp + un Has)
= [VFTUT + UNHUT] ‘8o
Combining this with (3.2.32), we receive
P (0t + V') = [(du+ V') -g,]g"
=0 (ﬁg) gz —un(Vruy - Hur) + [(VV7u)-g,]g”
=0 (ﬁg) g5~ UN(VFUN - HuT) + V?THT +uyHur

=0 (ﬁg) gsg+ VFTUT -unVrun + 2uyHur,

on I', cf. [NRV19, equation (B26)]. This completes the proof. O
For the pressure term p = p.|r in (3.2.28), we immediately obtain the following represen-
tation.

Lemma 3.2.6

It holds

PVp:=Vrp onT.

Finally, we consider the projection of the Laplacian in the first equation in (3.2.28).

Lemma 3.2.7

The tangential component of the Laplacian of the velocity field u can be represented on
the surface I' by
PAu = 2P divp(Epur + uyH) + O(e?). (3.2.33)
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Proof

Throughout this proof, we use the notations E3 = E3(u) and Er = Ep(ur). For a
solenoidal vector field, we have

PAu‘F = (Au-ga)go“F =2 (divEsu- ga)ga‘r.
Using equation (3.2.29), the following relation can be derived

(diV E3u) . ga‘r = g'B7 (Egoww + IA{agE\gwg)

r + 0(82) = 95’7 E\3a'y\,8|r + 0(62)7

cf. [NRV19, equation (B17)]. Using E;av = % ((ﬂ?)ah + (W)ﬂa), we get

— 1, . 1 A — N
E3a'y‘F = §(uoz|’y + u'y\oz) r = 5 (uTa\'y + uT'y‘Oz) + uNHa'y = EFory + uNHa'y-

Combining these results and using Lemma 2.2.10, we obtain

PAul. =2 (divE;-g,) g%
= 29" Eaon58°| + O(?)
= 29”7 (Eranjs + unHonjs) 8% + O(%)
-2 (B 4 un 1) g + O)
“2(F s+ un i) g, + O)
= 2P divp(Er + uyH) + O(£2),

which completes the proof. O
Remark 3.2.8

We observe that (3.2.33) appears to differ from the first equation of (B21) in [NRV19].
This discrepancy arises due to the use of different definitions for the surface divergence
operators when applied to operator-valued functions. Let divr denote the surface diver-
gence operator employed in [NRV19]. For an operator-valued function T, the relations
divpT = Pdivp T holds. Using this and 2Er(ur) = Vrur + VITuT, it follows that the
first identity in [NRV19, equation (B21)] and equation (3.2.33) coincide. &

Combining the results from Lemmas 3.2.5, 3.2.6, and 3.2.31, equation (3.2.33), and
performing the thin film limit € — 0, we obtain the tangential Navier—Stokes equations
on the surface I'(¢) in local coordinates

8t(ﬁ§)g5 + VFTUT —unVruy + 2uyHur = =Vrp + 2P divp (EF(U_T) + UNH) s

divpur = —unk,
(3.2.34)
cf. [NRV19, equation (B27)-(B28)].

We rewrite the time derivative to get a closed formulation independent of the choice of
the parametrization. Therefore, we use the following relation.
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Lemma 3.2.9

On the surface I'; the tangential part of the time derivative of the velocity field ur can
be represented as
PatuT = 8t(1ﬁﬁ)g5 + UNHLIT.

Proof

On the surface I'(t), we have the following relations

Oy = 0 ((ur-8°)gs) = /(T )gs + T s = O(T7" Vg + 770,05 R 5299
3.2.35
= 3y(a7")gs + TT° D50 R™ = 8y(TT" )gs + Wr” D5 (unn)

and
ﬁaﬁtﬁﬁga = fIaB (uT . gﬂ) gt = f[aﬂ (go‘ ® gﬁ) ur = Hurp. (3.2.36)

Combining these results, we obtain
3.2.35 _ 3=
Powur = (Our-g.)g" 27 (01T gy + T B (um) -] 8°

= (TT") gapg™ + 17:7[3[ (55UN) (n-g,)+uy (Eﬁn . ga) ]ga
-0 D —

3.2.36

= Aaﬁ
— — ES 3
= 8t(uT6)ga5ga + uTﬁuNHaﬁga (

) ou(a7”)gs + unHur,

which completes the proof. |

Hence, the tangential surface Navier—Stokes equations (3.2.34) posed on the surface I'(¢)
can be rewritten as

Poyur + VFTUT —unVruy +uyHup = -Vrp + 2uoP din(Ep(uT) + UNH), ( )
3.2.37
divpuy = —unk,

cf. [NRV19, equation (B30)-(B31)].

Remark 3.2.10 (Full surface Navier—Stokes system)

In a further publication (cf. [RNV20]), the authors of [NRV19] claim that, similar to
the presentation above, one can also derive a full surface Navier—Stokes system which
includes the normal velocity uy as an additional unknown. This system is given in
[RNV20, equations (2.3) - (2.5) and (2.7) - (2.8)]. Furthermore, the authors of [NRV19]
claim that the full surface Navier—Stokes system from [RNV20] is equivalent to the one
derived in [JOR18] and [EHZO07] that we presented in (3.2.11) and (3.2.16). &

3.3 Discussion of surface Navier—Stokes equations

In this section we compare the different equations and discuss a directional splitting into
an equation for the tangential and one for the normal component of the velocity. For
the surface differential operators, we use the notation without =, We recall the resulting
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3.3. Discussion of surface Navier—Stokes equations

equations from approach (1) and (2), cf. (3.2.7), (3.2.11), with p = 1:

u - 20 divp Ep(u) + Vrp — prn = f on I'(1),
divu=0 on I'(1), (3.3.1)

d

EX(X, t) =u(X(x,t),t), X(x,0)=x¢eIl(0).

In the approaches (3), (4), and (5), the evolution of the evolving surface is assumed to be
given, and thus the surface parametrization, which is an unknown in (3.3.1), is a known

quantity.
The approach (3) yields the system (3.2.16), which reads (with normalized density p = 1)

u-n=Vr onlI\(t),
u -2 divp Ep(u) + Vpp-psm =0 on T'(t), (3.3.2)
divru=0 on I'(t).

Obviously, the second and third equations of (3.3.2) coincide with the first two equations
in (3.3.1), with f = 0. Due to the fact that the normal velocity is known, (3.3.2) is an
overdetermined system. Below we derive a (closed) projected system for the tangential
velocity, cf. (3.3.8).

We recall the system of equations posed on the surface I'(¢) resulting from ansatz (4),
cf. (3.2.20)
u-n=Vr onl(),

u-2uodive Ep(u) + Vep+p'n=0  on I'(t), (3.3.3)
divu=0. onI'(¢).

Here, an additional unknown scalar function p' appears that is not present in the other
systems.

In approach (5) (only) a tangential surface Navier—-Stokes system on the surface T'(t) is
derived, given in (3.2.37), which we repeat here:

(3.3.4)

Poyur + Vrurur = -Vrp + 2uoP divr (Er (ur) + VrH) + Vr(VrVr - Hur),
diVF ur = —VFI{.

Remark 3.3.1

The systems differ in the known and unknown variables. We focus on the unknowns
of each system. In equation (3.3.1), the surface is not predetermined, resulting in both
the tangential and normal components of velocity being an unknown quantity of the
system. Conversely, in (3.3.2), (3.3.3), and (3.3.4), the evolution of the surface is given.
Since the surface velocity has to match the normal component of the material velocity,
this leads to the equation u-n = V¢ defining the normal component of the material
velocity. This equation is present in (3.3.2) and (3.3.3). In these systems, the material
velocity u is the unknown quantity and its normal component is defined by the first
equation. This indicates that these systems are overdetermined. In contrast, equation
(3.3.4) lacks an equation defining the normal component of velocity; consequently, this

93



Chapter 3. Surface Navier—-Stokes Equations

system is classified as a tangential surface Navier—Stokes system where ur is the quantity
of interest. &

In the following, we derive a splitting of the equations based on the splitting of the
velocity u = ur + uyn for (3.3.1), (3.3.2), and (3.3.3). We gain coupled equations for
ur, p (“tangential surface Navier—Stokes”) depending on the normal velocity uy and for
uy (normal velocity) depending on up. Firstly, we split the incompressibility equation
using (2.5.5) leading to

divru=0 < divpur=-unk.

Furthermore, we use the relations

Pu=ur+ (0-uzp)n+uyn, (3.3.5)
U-n=uy-up-n, (3.3.6)
n - divp Ep(u) = - tr(HVrur) — uy tr(H?), (3.3.7)

that are derived in [JORI18, Lemma 2.1, equation (3.9)]. Applying the tangential pro-
jection P to the first equation in (3.3.1) leads to

0 = P(ﬁ—2u0diVFEp(u)+vpp—p/<;n-f)
= )11.T+(I.l'llT)n-‘ruNr.l—2,[1,0PdiVFEF(ll)+Vrp—Pf

( = ) u.T + (I.l . uT)n + uNr.l - 2,[1,0P diVF (EF(UT) + uNH) +Vrp - fT.

This results in the following equation for the tangential velocity uy and the pressure p
from system (3.3.1)

u.T =fr—Vrp+2uP divp (EF(uT) + UNH) - (I.l : uT)n - uNﬁ. (338)

To get an equation for the normal velocity uy, we multiply the first equation from (3.3.1)
with n to obtain

0 = n-(ﬁ—ZuodiVFEp(u)+Vpp—p/in—f)
(3:36) UN —ur-n - 2updivp Ep(u) -n—-prk—f-n
(3.3.7) o .

= uy—ur-n+2u (tr(HVpuT) +uN tr(H2)) - pk— fN.
Thus, for the normal velocity uy, we get the equation
Uy = fn— 2#0( tr(HVrur) + uy tr(Hz)) +pK +ug - n. (3.3.9)

We used the splitting f = f7 + fyn. Note that ur denotes the material derivative (along
u) of ur and not ()7 = Pu; similarly for uyy. We call the system (3.3.8) tangential
surface Navier—Stokes equations. Note that in these equations the normal velocity uy
occurs. Obviously, the second equation in system (3.3.2) from ansatz (3) leads to the
same splitting with f =fr = fy =0.
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3.3. Discussion of surface Navier—Stokes equations

Remark 3.3.2 (Derivation of tangential Navier—Stokes equations in [GKL17])

The variational principle used in [GKL17] to derive (3.2.16) also facilitates a formulation
of a tangential surface Navier—Stokes system when the set of “admissible” velocities
w in the definitions of the terms Fions and Fyies is restricted to tangential functions
(Pw = w). This restriction results in tangential force expressions given by Fions = —pPl.l
and Fyiss = 2uoP divp Ep(u). Consequently, the momentum equation for tangential
motion aligns with the first equation presented in (3.3.8), where f7 = 0 holds. &

Remark 3.3.3

A proof of the relation
n = Hup - Viuy (3.3.10)

can be found in [JOR18, Lemma 2.2]. Inserting this relation into the normal equation
(3.3.9), one obtains that no time derivative (%) is involved in n and thus also no time
derivative is involved in the right-hand side of (3.3.9). This indicates that the equation
(3.3.9) determines the time dynamics of the normal velocity uy (-, ), and thus of the
geometric evolution of the surface I'(¢), whereas the tangential surface Navier—Stokes
equations (3.3.8) determine the time dynamics of the tangential velocity up(-,t). O

Using the same procedure as above, we split the Navier—Stokes system (3.3.3) from
ansatz (4) into tangential and normal components. Firstly, we apply the tangential
projection P to the second equation in (3.3.3). Here, the term p'Pn vanishes, and the
remaining terms are the same as in the projected version of the first equation in (3.3.1),
cf. (3.3.8). It follows that system (3.3.3) results in the same tangential surface Navier—
Stokes equations as in (3.3.8) (with fp = 0). Next, we take the scalar product of the
second equation in (3.3.3) with the normal n and get

0 = n- (1.1—2[1,0 divp EF(U) +Vrp+p1n)

u;v—r.l-uT+Vpp-n+p1(n-n)—Q,ugdierp(u)-n

Uy —n-up+p+ 210 (tr(HVpuT) +Uun tr(HQ)) .
This leads to the following equation for the normal component uy of the velocity
Uy = =20 (tr(HVFuT) +UN tr(HQ)) -pt+ n-ur.

This equals the normal velocity equation in (3.3.9) (with fy = 0) if and only if for the
first order term p' the relation p' = —px holds. Since the first order pressure term is
defined by the assumed Taylor expansion (3.2.19b), it holds p' # —pk in general.

Finally, we compare the tangential Navier—Stokes equations (3.3.8) and the tangential

equations (3.3.4) derived from ansatz (5). Using n-ur = -n-up, which follows from
n-uy =0, we rewrite the left-hand side of (3.3.8) by

u.T = Pu.T + (Il : u.T)n = Pu.T - (I.l . uT)n.

Using this relation, we rewrite the tangential momentum equation (3.3.8), with f7 =0,
as . .
Pur = - Vrp+2uPdivp (EF(UT) + UNH) —unn

3.3.10 .
( = )— Vrp + 2uoP divp (EF(UT) + uNH) —UN (HUT - VFUN) .
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Chapter 3. Surface Navier—-Stokes Equations

The right-hand side of this equation is the same as the right-hand side of (3.3.4) if the
normal component of the fluid velocity equals the velocity of the surface (uy = Vr). For
the left-hand side of system (3.3.4), we obtain

Poar + Vrurur = P(@tﬁT + Vu%uT)

G229 by + YuSur)

G20 p(gpus + vuswg + VuSur)
=  P(0u7 +uyvVurn + Vuruy)

=  P(9yuf + Vuru)

L]
= PuTa

where in the last equality we used Lemma 2.3.2. Hence, we conclude that the two
tangential momentum equations in (3.3.8) and (3.3.4) are the same (for f7 = 0).

In summary, we have demonstrated that all five derivations (1) — (5) yield identical
tangential surface Navier—Stokes equations as represented in (3.3.8). Furthermore, the
derivations from (1) — (3) result in the same expression for the normal velocity, in
particular (3.3.9).

Remark 3.3.4

In the study of fluid dynamics, particularly concerning the Navier—Stokes equations
on evolving surfaces, there exists further literature modeling similar problems besides
the presented ones. For a comprehensive discussion on these topics, one may refer to
[CCD17] and [JOR18, Section 3.2]. For stationary surfaces, foundational works include,
e.g., [EM70; Tay92; MTO1]. Furthermore, the dynamics of evolving surfaces have been
explored in detail, e.g., in [AD09]. Some, but not all, of the surface Navier—Stokes
equations from the literature, that are not mentioned in this chapter, are similar to the
ones we presented. O

3.4 Surface Navier—Stokes equations

At the end of this chapter, we present the formulation of the surface Navier—Stokes
equations, that we will use in the subsequent chapters. We will derive a discretization
method for a surface Navier—Stokes system based on (3.3.1), since it provides equations
for both the tangential and normal components of the velocity and the surface T'(¢).
In this system, all terms describe some physical quantity, in contrast to p! in equation
3.3.3 from ansatz (4). Additionally, several papers, cf. e.g., [JOR18; EHZ07; RNV20;
PSW20] have already modeled or used this system underlying its significance in recent
literature. For simplicity, we consider the density p = 1.

We revisit a simplified formulation of the surface Navier—Stokes equations, wherein we
assume that both the normal velocity uy and the surface I'(¢) are predetermined. This
system is referred as the tangential surface Navier—Stokes equations and is articulated
as follows.
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3.4. Surface Navier—Stokes equations

Problem 3.4.1: Tangential surface Navier—Stokes equations

For given initial value ur, viscosity coefficient pg, surface I'(¢), normal velocity un,
and force term fr, find uyr and p satisfying

Pu.T = 2uoP divp Er(ur) + Vrp + uyHup = f; on I'(t),
divpuy = faiv on I'(t), (3.4.1)
ur-n=0 on I'(t),

with f; = f7 + 2uoP divp (uyH) + unyVruy and fgiy = —unk.

In the following chapters, we will derive a numerical method for the full surface Navier—
Stokes system, which includes the normal velocity uy as an additional unknown. It is
given by the following problem.

Problem 3.4.2: Surface Navier—Stokes equations

For given initial values u®, T'?, viscosity coefficient p, and force term f, find u, p, and
X satisfying

u - 2po divp Ep(u) + Vrp — prn = f on I'(t),
diVF u=0 on F(t), (342)

%X(X, t) =u(X(x,t),t), X(x,0)=x¢eI(0),

with T'(¢) = X(T'%, ).

When discretizing the equations, we will describe the surface I'(¢) implicitly by a level set
function ¢(x,t), cf. Section 2.6 for further details. Thus, instead of the third equation
of Problem 3.4.2 defining the trajectories X of the surface particles, we will add the level
set equation (2.6.2) to the system. We will solve the level set equation in a sufficiently
large narrow band around I'(¢) with a reasonable extension of the velocity u off the
surface.

The system under consideration (3.4.2) exhibits a strong nonlinearity. The velocity field
u is governed by the first two equations, which depend on the surface I'(¢) and its associ-
ated geometric properties, namely the normal vector n and curvature k. Conversely, the
surface itself is described by the third equation, which incorporates the velocity u. This
interdependence establishes a strong nonlinear relationship between the surface I'(t) and
the velocity field u, rendering the solution of system (3.4.2) particularly challenging. To
date, there exists no well-posedness results for this problem in the literature. Recently, in
[ORZ22] a well-posed weak formulation of the tangential surface Navier—Stokes problem
3.4.1 was derived.

In Chapter 5, we will present and analyse a numerical method to solve system (3.4.1),
including a stability and error analysis. In Chapter 7, we will introduce a numerical
method aimed at discretizing system (3.4.2).
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Chapter 4

Trace Finite Element Method

In this chapter, we introduce the Trace finite element method (TraceFEM) for discretiz-
ing partial differential equations (PDEs) posed on surfaces. We give basic definitions
and properties of the method and discuss the construction of the finite element spaces
for a stationary surface and an Eulerian method based on the TraceFEM for evolving
surfaces. The method is based on the idea of using finite element spaces defined on a
background domain to solve PDEs on a surface by taking the traces of finite element
functions. In the following chapters, we will use a Trace finite element method to solve
the tangential surface Navier—Stokes Problem 3.4.1 and the full surface Navier—Stokes
Problem 3.4.2 on an evolving surface.

We first take a look at different approaches to solve surface PDEs from the literature. A
general overview of such finite element techniques is given in [DE13]. A well-established
finite element method, named Surface FEM, for discretizing partial differential equations
on surfaces, as initiated in [Dzi88], involves approximating the surface I with a piecewise
polygonal surface mesh I';, and employing a finite element space defined on this discrete
surface. Thus, a regular surface mesh with its nodes located on the exact surface is
used. The SurfaceFEM method and higher order versions of it were further used and
analysed, e.g., in [Dem09; Fril8] for scalar- and vector-valued problems. In the recent
paper [Reu24|, a comprehensive discretization error analysis of the Taylor-Hood-SFEM
for a Stokes problem on a time-independent surface is derived. The method has been
adapted to solve equations on evolving surfaces, cf. [EV15; KKV23; NNV19; RNV20;
RV18]. In case of a time-dependent surface, SurfaceFEM is mostly based on a La-
grangian tracking of the surface evolution. This methodology necessitates the use of
time-dependent triangulations and finite element spaces, which entails significant data
management and programming efforts. In scenarios where a surface experiences strong
deformations, topological changes, or is implicitly defined — such as being represented
as the zero level of a level set function — numerical methods that utilize a Lagrangian
framework face disadvantages and limitations. To circumvent the need for remeshing
and to advantage from the implicit definition of a surface as the zero level of a level set
function, it was initially proposed in [Ber+01] to extend the partial differential equation
from the surface to a region of positive Lebesgue measure in R?. This leads to a PDE
solved in one higher dimension using a mesh that does not need to be aligned with the
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surface. Such extension methodologies have been examined, e.g., in [Gre05] for finite
difference approximations and in [DE08; OS15] using finite element methods, including
applications to PDEs on moving surfaces. Another technique is the so-called closest
point method, which embeds surface problems within a Cartesian bulk framework; see
[PR16; RMO08]. This method utilizes the closest point projection to extend the problem
from the surface into a small neighborhood surrounding it, where standard Cartesian
finite differences are employed for discretizing differential operators. The surface PDE is
subsequently embedded and discretized within this neighborhood. Successful implemen-
tation necessitates either knowledge of or calculation of the closest point on the surface
corresponding to any given point in its vicinity. A similar approach based on extension
of the PDE was introduced in [Dec+09]. Methods that embed a surface PDE within a
bulk PDE are known to encounter specific challenges, such as requirements for artificial
boundary conditions and difficulties associated with geometrical singularities; we refer
to [Gre05] for further discussion.

In this thesis, we use a different technique for solving partial differential equations nu-
merically defined on a surface, namely the Trace finite element method (TraceFEM).
The key idea of the TraceFEM is to utilize time- and surface independent finite ele-
ment spaces induced by triangulations of an “outer” domain containing the surface to
discretize the PDE on the surface by taking the traces of finite element functions. This
motivates the name TraceFEM. The technique is considered to be part of the CutFEM
class that has originally been developed as unfitted finite element methods for interface
problems, cf. the overview paper [Bur+14]. In TraceFEM one “cuts” of the parts on both
sides of the surface and only keeps the part on the surface. In contrast to the approach
detailed, e.g., in [Gre05], we do not extend the surface partial differential equation but
instead restrict the functions defined on the background mesh to functions defined on
the discrete surface approximation. TraceFEM does not utilize a surface mesh (as it is
done in SurfaceFEM), but a background mesh that is independent of the surface I" and
does not have to be aligned with it. This is an advantage of the TraceFEM for time-
dependent surfaces, since no expensive re-meshing is needed. The method is particularly
advantageous for problems where the surface is implicitly defined by a level set function.
The asymptotic behavior of the number of unknowns in the algebraic systems arising
from TraceFEM is analogous to that in methods based on SurfaceFEM. For a detailed
comparison between SurfaceFEM and TraceFEM, we refer to [Bra+22], where a Stokes
problem on a stationary surface is solved using both finite element methods.

We give basic definitions and properties of TraceFEM mainly taken from the literature.
TraceFEM was introduced in [ORGO09] for scalar elliptic problems. Optimal order of
convergence for the TraceFEM applied on the Laplace-Beltrami problem was shown,
e.g., in [Reul4] where the geometric errors induced by the calculation of surface integrals
are neglected. In [Lehl6], the authors tackle the problem of accurately approximating
surface integrals when the surface is described via a higher order level set function. They
use a parametric mapping to calculate integrals on curved surfaces by integrating over
linear approximations leading to a computationally efficient and flexible method. We
will use this technique in the remainder of the thesis. Other integrating techniques on
surfaces are discussed in, e.g., [OS16; Say15; SW13]. The parametric TraceFEM was
used to discretize the surface Stokes problem in [JOR18] and [BR20]. TraceFEM was
also used and analysed for non-stationary surfaces. A space-time TraceFEM method for
differential equations on evolving surfaces has been introduced in [SR23] and analysed
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in [SR26]. In [HLP23] a space-time TraceFEM for a PDE on an evolving domain has
been derived. In [LOXI18], an Eulerian TraceFE method for solving a scalar partial
differential equation posed on an evolving surface is introduced. It does not utilize a
space-time approach and is further used and analysed in [WRL21; LL22; ORZ22]. The
key ingredient of this method is a stabilization technique applied in a narrow band
around the surface. We will use this Eulerian method in the following chapters.

This chapter is organized as follows. In Section 4.1 we introduce the basic definitions
and properties of the TraceFEM for solving partial differential equations on a stationary
surface. We define the finite element spaces on the background domain and the surface
approximation, and introduce a parametric mapping to calculate surface integrals ac-
curately and efficiently. In Section 4.2, we discuss stabilization techniques used in the
TraceFEM to ensure stability and solvability of the resulting linear systems. At the end
of this chapter, we extend the method to solve partial differential equations on an evolv-
ing surface. We introduce a fully Eulerian formulation of the TraceFEM and discuss an
extension technique used in the method.

4.1 Basics of the TraceFEM for stationary surfaces

We start with the basic definitions and properties of the TraceFEM for solving partial
differential equations on a stationary surface I"'.  We assume there exists a polygonal
domain © c R and an underlying sufficiently smooth level set function ¢ € C?(Q2) such
that the surface is implicitly described by the zero level

F={xeQ|o(x)=0}cQ.

This implicit description of the surface is a key assumption of the method. Note that ¢
is not necessarily a signed distance function, but it is close to a signed distance function
in the sense that there exists a constant ¢ > 0 and a tubular neighborhood ij of I" for
some ¢ > 0 such that

Vo[ ~1 and [vZ¢]<c in AP (4.1.1)

hold. This assumption on the level set function to be close to a signed distance function
can always be satisfied when the surface is sufficiently smooth, cf. [DE13, Lemma 2.8.]
and the neighborhood N’lé is sufficiently small. We assume that the level set function ¢ is
sufficiently smooth such that the geometric quantities on the surface can be represented
in terms of ¢ and its derivatives. For further details on the level set function and its
properties, we refer to Section 2.6.

We denote a family of consistent shape regular triangulations of 2 into simplices T" with
mesh size hy = diam(7T") and h = maxrer;, hr by {Th}ns0. The grid size h is assumed to
be sufficiently small such that h < é holds with d denoting the size of the neighborhood
J\/lis where the signed distance function d is smooth, cf. (2.2.9).

We define the base finite element space on the background domain 2 for some k € N as
Vi i= {q € C(Q) | g € Po(T) for all T ¢ Th}, (4.1.2)

where Py (T') denotes the space of polynomials of degree k on T. For vector-valued

functions, we define the space Vj,j = (Vh,k)g’.

element spaces independent of the surface I' and how it cuts through the mesh. We define

These are standard continuous finite
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two interpolation operators. The first one is the standard nodal interpolation operator
I ,’f into Vj, 1, or V1, respectively. The second is an Oswald-type quasi interpolation
operator, that uses L%-projections on each element T € T, and averaging over element
interfaces. It is denoted by IIF : (L2(2))! - (Vi)' with [ = 1 or [ = 3, respectively. See
[Leh16, Section 2.5] for a formal definition of the Oswald quasi interpolation operator.

Since the surface I' is an unknown in the surface Navier—Stokes equations, the exact level
set function ¢ is not known explicitly and only a discrete approximation ¢, € Vj, , with
some k4 € N of the level set function is available. We assume ¢, satisfies the following
error estimate

16 = Sl e () + IV S = Vnl poo agy S B (4.1.3)

Here and in the remainder, we use the notation a < b for the inequality a < ¢b with
a generic constant ¢ > 0 that is independent of the mesh size h and of the position
of the surface I' in the background mesh. The notations a ~ b and a 2 b are defined
along the same lines. Note that the error estimate (4.1.3) is satisfied both for the nodal
interpolation ¢p, = I ;jg ¢ and the Oswald quasi interpolation ¢p = Hf;g ¢ when the exact
level set function ¢ is given, cf. [Leh16]. The zero level of ¢y, is given by

fh:Z{X€Q|¢h(X)=O}.

We use the notation with the tilde here, because the symbol 'y, (without a tilde) will be
used for another discrete surface approximation that we will introduce in the following
section. The accuracy of the approximation ¢y, is crucial for the higher order parametric
method that we will use in the remainder. If the level set function becomes too steep
[Vor| >> 1 or too flat |Vey| << 1, it is difficult to compute the zero level of ¢ (and
thus the surface) accurately.

4.1.1 Parametric Finite Element Spaces

From (4.1.1) and (4.1.3) it follows

dist (D, T) s max |é(30)] = max|é(x) = on ()| < |6 = nl Loy S B
zel'y, zel'y, r

Thus, the discrete surface approximation I'j, represents a higher order approximation of
the exact surface I'. However, the integration over this surface is hard to realize numer-
ically for k4 > 1 and L'}, is not feasible for the TraceFEM. Instead, we aim to construct
a method where all surface integrals can be calculated using standard quadrature rules
for piecewise planar surfaces. The linear approximation of the level set function is given
by (ﬁh =1 ;1L¢h and the planar surface approximation by

= {x e Q] dn(x) = 0}.
This discrete surface satisfies
dist (T, T}™) < h?
and since it is piecewise planar, integrals on F%n can be calculated accurately using
standard quadrature rules.
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The cut elements and the domain formed by these elements are denoted by

Tio= 70 = {TeThyangnﬂ)} and Qp = Q" ::TUT T. (4.1.4)
€/

Since h is assumed to be sufficiently small, it holds Q. c J\flis.

In the following, we construct a transformation Oy that is a finite element function, such
that ©5,(I'j") ~ " holds. This transformation provides a higher order approximation of
the surface I' where integrals over the approximation can be computed efficiently using
the piecewise planar surface I‘%n. For a detailed derivation and implementation aspects
concerning the transformation, we refer to [Leh16] were the method is introduced.

We start with the construction of an ideal (and in general not available) transformation

¥ that maps the piecewise planar surface F}in onto the exact surface I'. It should satisfy

N

on=0¢poV¥ on Q.

Since we are discretizing a PDE on the surface I'; we only need to apply the transfor-
mation to the cut elements 7. and not on the whole mesh. The transformation satisfies

xel" o Oz(%h(x):(¢o\11)(x):¢(\ll(x)) < U(x)el.

Thus, we obtain \Il(l“gn) =I'. If the exact level set function ¢ were known, the trans-
formation ¥ would be constructed by defining d(x) as the smallest number in absolute
value such that

o(x + J(X)Vqﬁ(x)) = dp(x) for x € QO

holds. Taking h sufficiently small, leads to a well defined d(x). The transformation ¥
is then defined by
U(x):=x+d(x)Ve(x) for xeQyp.

Note that this mapping is not available in general since it needs the unknown exact level
set function ¢. But only replacing ¢ with the approximation ¢; will not lead to a well-
posed and efficiently computable transformation. The low order level set function qgh isin
general not smooth across mesh facets. This leads to a non smooth transformation within
the elements when replacing ¢ by ¢y, see [Leh16] for further details. For this reason,
we construct the transformation more locally on each element separately. We use the
polynomial extension &r : Py, (T) — Py, (R?) defined by (Eran)r = anr for gn € Vi,
and T' € T.. Due to this local construction, the computation of the transformation can
be done in parallel, which leads to a computationally efficient method.

Another issue is that the gradient V¢ is in general discontinuous across mesh facets.
This leads to a discontinuity which can either be handled by a projection into a finite
element space for the whole mapping ¥}, or by projecting the gradient V¢, into a vector
valued finite element space. The latter approach is used in the following and we replace
Vyp, with H’:Lg(VcZ)h)(x) in the construction of Uy,.

To construct the discrete transformation Oy, we define dj,(x) as the smallest number in
absolute value such that it holds

Erdn(x +dn(x) T (Vep) (%)) = dn(x) for xe T eTr.
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Chapter 4. Trace Finite Element Method

Then, the mapping ¥y, is defined by
Uy (x) = x + dy(x) T? (Vep)(x)  for x e T e Tr.

Note that the projection of the gradient V¢, into the vector valued finite element space
is not necessary for the construction and sometimes omitted in the literature. Since
U}, is discontinuous across mesh facets, we project it into the finite element space using
the Oswald-type projection operator HZ“’ and extend it as the identity (which is a finite
element function) outside of Q.. On the cut elements, the parametric mapping is given
by

@h = H;clg‘lfh € Vh,kg'

We define the transformed cut domain by
R == 0,(9r)
and the transformed surface by
Iy, = 0,(Th" ) = {x €O | 6 (05" (%)) = 0}.

See Figure 4.1.1 for an illustration of the transformation © applied on the piecewise
planar surface and the cut elements.

Oy,

Q.

r
Qo

lin
Fh

Figure 4.1.1: Transformation of F}in and 7 under parametric mapping ©j,.

The discrete surface satisfies
dist (T, T,) § hFo+t,

cf. [LR17, Lemma 3.8] for a proof. Thus, it defines a higher order approximation of the
exact surface I'. Using the equation

ffds: f de:f(fo@h)det(D@h)ds,

Ty Op (Ihin) Ilin
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4.1. Basics of the TraceFEM for stationary surfaces

it is possible to accurately approximate integrals over the surface I'j, only using surface
integration with respect to the low order geometry F%n and the explicitly available mesh
transformation ©p € Vp . Since the surface I‘%n is planar, these integrals can be

computed efficiently using standard quadrature rules.

The (scalar) parametric finite element space on QF is defined by
Vikeks = {20 ° 05" | an € (Vi) o, }-

We denote Vi, ik, = (V;%k,k 9)3. Note that the subscript k, indicates the dependence on
the precision of the geometric approximation. We introduce the notations Vy x := Vi k. k,
and Vp i := Vp ki, for the parametric finite element spaces, when the geometric order
k4 is clear from the context. We call the finite element space V, i, 1 , isoparametric finite

element space when k = k, holds. The parametric interpolation operator is denoted by
F: (C(Q2))! » (Whi)! for I € {1,3} and defined by the relation (Z¥q) 0 @, = I*(q 0 ©y,).

The parametric mapping 0y, is implemented in the finite element code add-on ngsxfem
[Leh+], that we will use in the following chapters.

4.1.2 Geometric quantities

We define several geometric quantities for the discrete surface approximations and cite
error estimates from the literature. A natural extension of the normal vector n is given
by the constant normal extension n® = nop with p the closest point projection defined in
Section 2.2.2. This extension can be formulated in terms of the signed distance function
d by n = Vd. Since we do not assume the level set function ¢ to be a signed distance
function, the closest point projection is not available. For this reason we use another
(smooth) extension of the normal vector which is given in terms of the exact level set
function by

o - 7000

Vo)

for x in a localized vicinity around I'. Note that in general this normal vector differs
from the natural extended normal n® outside of I' but equals it on I'. If the level set
function equals the signed distance function (¢ = d), this normal fulfills n = n® since the
signed distance function satisfies |Vd|| = 1. Based on the level set approximation, we
define the following normal approximations.

Definition 4.1.1

An approximate low-order normal is given by

nl" = ni*(T) = _Vén(x)_ for x € Q.

foéutol]
We further define a normal approximation within the transformed active domain by

V@h(x)_Tnl,i“
= - f Q.
ny (eh(x)) HV@h(X)_TU%nH Or X € dip
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Note that besides the normal ny that is computed using the level set function ¢ with
polynomial degree k4, we introduce the so called improved normal 1. As will be dis-
cussed in subsequent sections of this thesis, the normal vector nj; does not provide
sufficient accuracy to achieve optimal bounds for discretization errors when discretizing
the tangential Navier—Stokes system from Problem 3.4.1. The improved normal is given
in the following definition.

Definition 4.1.2

A higher order normal approximation is given by

1y, = M for er@,

|Vén(x)|

with ¢y, € Vh k,+1 & higher order level set approximation satisfying ||q§—<$h HL‘X’(Nlé) < hket2,

The improved normal will be used in a penalty term in Chapter 5 to obtain a tangential
velocity field, but not in the construction of the method for solving the “full” surface
Navier—Stokes problem in Chapter 7 since the solution of this problem is in general not
tangential and we do not need penalty term for the normal component.

On the cut elements 7, we introduce discrete versions of the tangential projection P,
and the Weingarten mapping H in the following definition.

Definition 4.1.3

We define discrete tangential projections given by
P, =Pu(x) :=I-np(x)nu(x)T and Pj, = Py(x) = I-1ip(x)i(x)]  for x € QF.

Utilizing both normals, we introduce two approximations of the Weingarten mapping
denoted by

Hh = th (Hﬁgilnh)Ph and ﬁh = th (Hzgﬁh)Ph‘
Using the discrete Weingarten mapping, a discrete mean curvature is defined by

kp = tr (Hy) .

We give some comments on the discrete geometric quantities.
Remark 4.1.4

Note that nli"(x) with x € ' constitutes a normal to '™ and n;, defines a normal
vector on I', for points x € I'i". Since the surface I'i" is only continuous (and not
smooth) over facets of the triangulation, its normal direction is ambiguous for x € 77 NT5
with 71,75 € T, Ty # T5. Thus, the normal ngn is discontinuous across facets of the
triangulation.

When the exact level set function ¢ is known, a possible choice for qgh is given by
o, = Ikt 1o,
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4.2. Stabilization techniques

In the definition of the discrete Weingarten mappings Hj and ﬁh, we multiply the
discrete projection Pj from the left and the right to obtain discrete analogous of the
properties Hn = 0 and PHP = H, reading Hyny, = 0 and P,H, P}, = H;, (same for Hy,).

&
In [GLR18], the following estimates regarding approximation are proven.
Lemma 4.1.5
The normal vectors n;, and 1y, satisfy the following error estimates
k = kg+1
Hn—nh”Lm(Q?) < h®  and ”n_nhHLw(Q?) <h CAES (415)

From this error estimates, the following estimates are directly obtained. It holds
k 5 kg+1
|P - Ph”Loo(Ql(:)) Sh" and |P- PhHLM(Q?) S et
The Weingarten mappings Hj, and Hj, satisfy

[H— Hu| e o2y $ 277" and - [H - Hu . ge) S 5.

We define discrete versions of the surface differential operators.

Definition 4.1.6

The discrete approximations of the surface gradient for a scalar function q € V3, ;, and a
vector valued functions v € Vy, ;. and the surface divergence for a vector valued functions
are given by

vr,q:=Prvgq, Vr,vi=PpVvP;,, and divp, v:= tr(Vphv).

4.2 Stabilization techniques

For each T € Ty, the surface element I'y := 'y, n T is either a (curved) triangle or a
quadrilateral. This surface triangulation of I'j, does not necessarily fullfil regularity
conditions; that is, the elements I'y may exhibit very small internal angles, and there
can be huge variation in the sizes of neighboring elements. This can result in occurrences
of so-called “small cuts”. A small cut is characterized by a scenario where the surface
intersects an element 71" € 7 such that I'r = I'n 7" is much smaller than the intersection
of the surface with other elements. In such cases, the condition number of the resulting
mass and stiffness matrices may blow up, leading to linear systems that are severely
ill-conditioned and difficult to solve. An illustrative example of this phenomenon can be
found in [GR11, Remark 13.2.7]. Furthermore, a formal definition of a small cut along
with a proof regarding the increase in condition number when a domain intersects with
a not aligned background mesh is provided in [Burl0, Lemma 3.1].

We introduce two stabilization techniques from the literature that will be employed to
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stabilize our method. Stabilization will be achieved through the application of a bilinear
form, which is selected to ensure optimal discretization error bounds while yielding a
bound on the condition number of the linear systems of order @(h~2). The formal
criteria governing this optimal behavior are given in [GLRI18, equation (6.8)]. Also,
the stabilization should be easy to implement and should not increase to computational
effort too much. The first stabilization technique discussed is known as “ghost penalty”
stabilization, while the second technique is referred to as “volume normal derivative”
stabilization. In each stabilization, a weight p > 0 that may depend on the mesh size
h will appear. We discuss the choice of this weight in the subsequent sections. We
will present the stabilizations for scalar functions, but they can be easily extended to
vector-valued functions.

4.2.1 Ghost penalty stabilization

The first stabilization technique is the so-called “ghost penalty” stabilization which is
introduced in [Burl0] as a stabilization mechanism for an unfitted finite element method
to discretize a PDE posed on a domain cutting through a background mesh. The au-
thors of [BHL15] were the first who used this stabilization for a TraceFEM with linear
polynomials of a surface PDE, namely the Laplace-Beltrami equation. We introduce
relevant notations. The set of active facets is given by

f,l; = {T1 NIy ‘ Tl,TQ € 7}\, Ty # TQ, meaSQ(Tl ﬂTg) > 0}

For aface F =T1nT5 € .7-'}1: , we define the facet patch wg as the union of the two elements
T1 and T5 that share the face F'. It is given by wp = T7 U T5.

There are different versions of the ghost-penalty stabilization, cf. [LO19, section 4.3]
for an overview. The first version of the ghost penalty stabilization has been proposed
n [Burl0]. It is called an lps-type (local projection stabilization) version of the ghost
penalty method. Here, the deviation from a polynomial on the facet patches wp is
penalized. The bilinear form is given by

ngPS(u v)=p Z / u -1, u ( HwFU) dx,

FeF, r

where Tl,,, : L?(wr) - Py(wr) is an L2-projection into the space of polynomials on wp
up to degree k. This stabilization only leads to optimal results for linear finite element
methods.

The most well-known version is the derivative jump version where jumps in the (higher
order) derivatives across facets are penalized. It is used in, e.g., [Bur+14; Mas+14;
SW14]. The corresponding bilinear form when polynomials of degree k are used is given

by
k h2m 1

gpyjumpuv - ] [onv] dx,
()= B3 S [ 1ol o]

where 0. is the m~th directional derivative in the direction of the facet normal np
and [] denotes the jump across the facet. The summand corresponding to m = 0 is
not required in an implementation when the bilinear form is applied on finite element
functions from Vj, ;, due to the continuity of these functions. The used higher order
derivatives in this stabilization increase the computational cost of the stabilization. For
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4.2. Stabilization techniques

that reason, we will stick to another variant of the ghost penalty methodology.

We will use the third version of the ghost penalty stabilization, the so-called “direct”
one. It has been introduced in [Prel8]. The bilinear form of the stabilization with scaling
parameter o € Z and weight constant c, > 0 is given by

s5P % (u,v) = }CL—Z > (u1 —uz)(v1 - v2) dx, (4.2.1)

FeF, }: wF

where we use the notation w; = Epnuly, for we Vi g, i =1,2, and Ep : Py(T) » Pp(R?) is
the canonical extension of a polynomial to R®. The distinct advantage of this method
is that an implementation of this bilinear form is only implicitly (through the extension
Er) depending on the polynomial degree k.

For the error analysis in Chapter 6, we need the bilinear form s¥”“ to be defined for
arbitrary functions u,v € L?(2). Therefore, we define u; = Erllr,ug,, where Iz, is the
L*(T;)-projection into Py(T;) for i = 1,2. For u € Vj, it holds Oz, = vyr,. With
this definition, the bilinear form s¥”* from (4.2.1) is well defined for arbitrary functions
u,v € L2(QF).

We will use the direct ghost penalty stabilization in Chapter 6 in the construction of an
extension operator and in Chapter 7 as a stabilization method.

4.2.2 Volume normal derivative stabilization

The second stabilization technique we will use is the so-called “volume normal derivative”
or “volume normal” stabilization. It was introduced in [Bur+18] for linear finite elements
on embedded manifolds of arbitrary codimensions and in [GLR18] for a higher order
isoparametric TraceFEM. The bilinear form of the stabilization is given by

i) = p [ (Vueng) (Vo-mp) dx
r

with ny as in Definition 4.1.1. Note that the implementation of this stabilization fits
well to the structure of many finite element codes. The bilinear form yields optimal
stabilization results not only for linear polynomial but also for higher order methods.

We briefly comment on the idea behind the normal derivative stabilization. Let u € C(T")
denote a differentiable scalar function defined on I' which is extended constantly in
normal direction. The extension is given by u®(x) = u(p(x)) with the closest point
projection p on ). It satisfies

Vu®-n=V(uop) n=[Vp(Vuop)] - n=[P(Vuop)|-n=0,

where we used the identity Vp = P from Lemma 2.5.3. Thus, functions that are constant
in normal direction are in the kernel of the bilinear form s;" when the exact normal is
used. The stabilization can be seen as a penalization leading to functions that are quasi
constant in normal direction off the surface.

Remark 4.2.1 (Full gradient stabilization)

There are more stabilization techniques available in the literature. Similar to the volume
normal derivative stabilization, there is a so-called “full gradient” stabilization. Its
surface variant was introduced in [DER14; Reul4]. The stabilization does not result in
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a uniform bound on the condition number for k£ > 1; cf. [Reul4, Remark 6.5]. Another
full gradient stabilization was introduced in [Bur+16]. It uses the full gradient in a
volume integral. It is easy to implement this stabilization, but the stabilization yields
suboptimal convergence rates for k > 1; cf. [Bur+16, Lemma 6.2, Term III] and [GLR18].

&

4.2.3 Example: The Laplace-Beltrami equation

We briefly show how the TraceFEM can be applied to the Laplace-Beltrami equation on
a surface I'. The Laplace-Beltrami operator is defined as the problem: Find u e H(T")
with [ruds =0 such that

divpVru=f on[l

holds for a right-hand side f € L*(I') with [ fds = 0. A weak formulation of this
problem is given by: Find u € H*(T") with Jruds =0 such that

frvpu.vpvds:frfvds for all v e HY(T).

This formulation is well-posed, cf. [Dzi88]. A discrete TraceFEM formulation of this
problem is given by: Find wuy, € V), with /Fh up, dsp, = 0 such that

./1" Vr,Uh - VT, Vh dsy, + sh(uh,vh) = ./1: frupdsy  for all vy, € Vh,k,

h h

with some extension f), of f defined on I';, and sj, = s}" with h S p S k™! or s, = s%p’Q
with ¢, ~ 1. In [GLR18] optimal error bounds for k = k, > 1 in the H'-norm on I' have
been shown.

4.3 TraceFEM for evolving surfaces

In this section, we introduce an Eulerian method based on a TraceFEM for evolving
surfaces. We combine a finite difference scheme in time, namely the Backwards Dif-
ferentiation Formula (BDF), with an extension of functions defined on I'(t) onto the
successive surface I'(t + At) for a time step size At > 0. We will realize the extension
using a volume normal derivative stabilization similar to the one described in the pre-
vious section. The method was introduced for a scalar problem on an evolving surface
in [LOX18] and adapted for a vector-valued PDE in [ORZ22]. It was further used for
PDEs on moving domains in [LL22; WRL21].

Firstly, we fix some notations. Let teng > 0 be a fixed end time and [0,tenq] the
time interval that is partitioned into N intervals I, = [tn-1,t,] with time steps
O=tyg<ti1 <...<tny =tend.

The time step sizes At, = t, —tn,_1 for n = 1,..., N are assumed to be fixed for all
n=1,...,N (At, = At) in this section. We note, however, that the methods introduced
are also applicable for varying time step sizes. We denote the time-dependent surface by
'™ = I'(t,) with its discrete approximation I'} = I';(¢,). The cut elements, associated
domains, and the active facets are denoted by 71, Qf, and .7-',1; ", respectively. We use
the notation f™ = f(-,t,) for time-dependent functions.
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4.3. TraceFEM for evolving surfaces

As in the previous sections, let © ¢ R? be a polygonal domain such that I'(¢) c  holds
for all ¢ € [0, tena] and {73, }rs0 denotes a consistent family of shape regular triangulations
of © that is independent of the surface I'(t).

The evolving surface I'(t) is advected by a smooth velocity field w = w(x,t). For
each time step n, let ¢} be a discrete level set approximation of ¢" which is a level
set function of the surface I'" satisfying (4.1.1) and (4.1.3) and ©} be the parametric
mapping introduced above. We assume that the surface is sufficiently regular in time
such that the level set approximation satisfies

loh™ = il L) S At|wn | Lo (@xt,.1)s (4.3.1a)
Vo™ = Vorl =) $ At(HMNHLw(QXIM) + HVwN”LW(QxI,Hl)) (4.3.1b)
forn=0,...,N -1 with wy =w-n.

In the following chapters, we will see that solving a surface Navier—Stokes system needs
significant computational effort for each time step. Consequently, we aim to avoid ex-
plicit time-stepping schemes, as they are known to require very small time steps to
maintain stability. Instead, we will employ A-stable or at least A(«)-stable Backward
Differentiation Formulas (BDF(R)), which permit the use of much larger time steps. The
literature on BDF schemes is extensive; for a comprehensive overview, see [HW96]. Our
primary focus will be on schemes of order R < 4 for discretizing the partial derivative
oru(t) = f(t,u). These schemes are defined by

n+l _ u” 1
=f(tpe1,u"),
At ( n+1 )
3un+1 —4u” + un—l
2At
11u™! - 18u™ + 9u™ ! - 2u" 2
6At

BDF(1): -

BDF(2): = f(tpe,u™),

BDF(3): = f(tpe1,u™).

In this section, we focus on the BDF(1) scheme (or implicit Euler method), but the
ideas presented below are also applicable to higher order time stepping schemes, see

n+l _ ™ needs to be

Remark 4.3.2. Note that for the time stepping, the difference u
evaluated on I'"™*1. Also for other time stepping schemes (not only for the BDF), this

difference is needed.

Given the dynamic nature of the surface, we have I'™*! # T™ and consequently, the
velocity field u”, which is defined solely on I'™, is not defined on I'"*!. As a result, the

"1 _ 4" is not well defined. To address this issue, we extend the function u”

difference u
from I'" to a neighborhood that includes I"™*!. Ensuring well-posedness of this extension
needs assumptions regarding the time-step size and the regularity of the surface I'(¢) that
we address now. As detailed in Section 2.2, there exists a constant § > 0, independent
of time, such that the signed distance function is smooth within the tubular domain
ij (t). We aim to construct a method that is well defined without using a smooth
signed distance function. We only need a normal defined in a vicinity around I'(¢). We
introduce a neighborhood O(T'(t)) of the surface I'(t) as the domain where the level set
function satisfies |V¢|| > ¢ > 0. In this neighborhood the normal vector n = V¢/|V¢| is

well defined. In general, it holds N2(t) c O(T(t)).
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Within this domain, we define an extensions operator £¢: C1(I'™) - C(O(I'™)) by

gf=f onI™,
VES) n"=0  in OT").

Thus, £°f is the constant extension in normal direction of the surface. We assume At
to be sufficiently small (compared to §), such that

e o) (4.3.2)

holds. This relation ensures the well-posedness of the difference u”*' —&£¢u™ on I'**! and
thus it also guarantees the well-posedness of the time-stepping scheme. See Figure 4.3.1
for a visualization of equation (4.3.2).

Fn+1
T

Fn

Figure 4.3.1: The neighborhood O(I'") of I'" containing the surface I'"*.

We construct a numerical analogue of the extension operator £¢ using the volume normal
derivative stabilization. To define the extension domain, we specify the thickness

On = csAt|wn || Lo (xr,)> (4.3.3)
with wy = w-n and a constant ¢s > 0. The extension elements are given by
Ts =T ={T €Ty, : |¢}(x)| < 8, for some x € T'} (4.3.4)
with the corresponding extension domain

Q== |J T (4.3.5)
TeTs

We assume the extension domain 2§, the cut domain Q?”, and the domain O(I'),
where the exact extension operator £° is defined, satisfy

QF cO(M™) and QF'coO(™).
This assumption can be ensured by choosing At and h sufficiently small.
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4.3. TraceFEM for evolving surfaces

For x € Q! it holds |¢*!(x)| S b and the level set function ¢} satisfies

(4.3.1a)
R (x)] <[oh(x) = o )+ g ()] §  Atfwn |z (@xrn,) + P
43.3
S esAt|wn || Lo xr,) (43 )5n,

for At sufficiently small and ¢g sufficiently large. This implies the crucial relation

Pt coett c Qf. (4.3.6)
Thus, when an extension &; from the surface I'} to the neighborhood (1 is performed,
the needed difference uZ*l - &puy is well defined on FZ”. Here, uj denotes a finite

element approximation of u”. See Figure 4.3.2 for a visualization of (4.3.6).

— T+l
= Fh

:I‘Z

‘ - o

Figure 4.3.2: The discrete extension domain 2§ of I'} containing the surface FZ’”.

We will define the discrete extension operator &; implicitly through a volume normal
derivative stabilization. We apply the volume normal derivative stabilization introduced
in the previous section within the extension domain €§. The bilinear form associated
with this stabilization is defined by

55 (u,v) = p/(;n (Vu-np) (Vv-ny) dx,
s

with some p > 0 that may depend on h. This stabilization is added to a finite element
weak formulation to perform the discrete extension £ in a weak form.

To illustrate the extension, we consider a scalar model problem characterized by a well
defined weak formulation. During the discretization process of the first equation of either
the Navier-Stokes system (3.4.2) or the tangential system (3.4.1), weak formulations
similar to this model problem appear. Thus, the extension technique applied in the
model problem can be directly transferred to the surface Navier—Stokes discretizations.

The model problem reads: Find u € V such that it holds

fl“(t) Jyu(t) -vds +a(u(t),v) =l(v) forallveV, (4.3.7)
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where V' is a “suitable” function space, a(-,-) represents a bilinear form, and /(-) denotes
a linear form. We assume both a(-,-) and I(-) do not contain any time derivatives of u
or v and a(u(t),v) is well defined for functions u(t) and v defined on I'(%).

We discretize the model problem (4.3.7) in time using the BDF(1) scheme and in space
using a TraceFEM. The steps to perform one time step of the discretization are summa-
rized in the following algorithm.

Algorithm 4.3.1

Input:
o up defined on QF > FE approximation of u"
o pptle Vi kg > FE approximation of ¢"*! defining I'}*!

Procedure PERFORM ONE TIME STEP
Step 1: Check if Qf”l c 2§ holds. If not — break

Step 2: dn+1 < C5AL|WN | Lo (xTnir) D> thickness of extension domain

Step 3: Define Qg:l along (4.3.4) and (4.3.5) > extension domain

Step 4: V" « Vh7k|Q?+1 > restricted FE space
n+1

Step 5: Find uf*! € V;"*! such that

n+l _ . n

Lo Pt o ds + a(urt o) + ST R o) = Uon) (43.8)
et At

holds for all vy, € Vh’”l.

end Procedure

Output:

. u’g” defined on Qg”

We comment on the steps in the algorithm. Note that it is crucial that a level set
approximation (bg‘” is available for this method. When solving the tangential Navier—
Stokes system (3.4.1) in Chapter 5 the (approximative) level set function is known for
each time step and can be used in the algorithm. In Chapter 7, when a full Navier—Stokes
system is solved, the level set function is an unknown of the system and we will provide a
method to construct an approximative level set function depending on the fluid velocity
u in Chapter 6.

In the first step of the algorithm, we check if the extension domain of the previous step
is large enough. If this is not the case, the algorithm breaks since the input function uj
is not defined on the surface FZ” and the BDF scheme is not applicable. In this case,
one can restart the algorithm with a larger ¢s. In Steps 2 — 4, the extension domain and
the restricted finite element space on this domain are defined. We use a restricted finite
element space to improve the computational efficiency. In Step 5, the solution uzﬂ of
the semi-discrete model problem (4.3.8) at time step t,41 is computed. The solution
uZ+1 holds VUZH -np ~ 0 in Qg”l when p is sufficiently large and is thus well defined
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4.3. TraceFEM for evolving surfaces

on Q*! and (due to (4.3.6)) on I''*2. Hence, u™*! serves as an appropriate input for
following time steps.

In [LOX18] the presented method is analysed and stability results and optimal error
bounds are derived for a scalar surface PDE.

Remark 4.3.2 (Higher order time derivative)

If a higher order time derivative, e.g., a BDF(R)-scheme with R > 1 is used, we need
the functions "%, i=0,...,R -1 to be defined on I'"*!. Hence, we need the domains
O(I'™%), where the exact extension operator is well defined, and the domains Qg;_ii,
where the discrete extension is performed, to satisfy

rptte N o0 and QF'c N Q57
i=0,...,R-1 i=0,...,R-1

instead of (4.3.2) and (4.3.6). &
Remark 4.3.3 (Time dependence of parametric mapping Oj)

As the surface evolves over time, it generally holds I'™ # I'™*!. Thus, the parametric
mapping O is time-dependent, and we denote the mapping at time step n by ©}.
Consequently, the finite element spaces V), ;, which depend on the mapping O}, are also
time-dependent. We denote the space at time step n by V,’;n and let uy € V,’;n be a
finite element function at time step n. It follows that uj ¢ V,]f,n .1 holds. In [LL22], a
projection operator that maps functions from V,’;n to Vf]f’n 41 is introduced and analysed.
The analysis demonstrates that the application of this projection at each time step does
not lead to suboptimal accumulation of errors. This projection will be used to project the
solutions of our system from one time step to the subsequent ones in the implementations
in Chapters 5 and 7. &

In the following Chapters 5 and 7 we will apply the introduced TraceFEM (including the
higher order parametric mapping, the BDF scheme and the extension done by the vol-
ume normal derivative stabilization) to the (tangential and full) Navier—Stokes systems
derived in Chapter 3.
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Chapter 5

‘_Discretization of Tangential Surface Navier—Stokes Equations

This chapter is based on the work [ORS24].

5.1 Introduction

In this chapter, we develop a numerical approach to solve the tangential surface Navier—
Stokes system formulated in Problem 3.4.1. The system is a simplified version of the
complete surface Navier—Stokes equations, where the normal component of the velocity
is given by the known surface velocity Vp. It can be interpreted as a PDE posed on a
passively evolving surface embedded in R3. The tangential component uz of the velocity
and the surface pressure p are the unknown quantities.

A weak variational formulation of TSNS was shown to be well-posed for any finite final
time and without smallness conditions on the data in [ORZ22]. For that variational
formulation, we introduce a discretization method based on a trace finite element method
(TraceFEM) to discretize the system in space, and a backward differentiation formula
(BDF) for the time discretization, as described in the previous chapter. The combination
of both methods leads to a fully Eulerian finite element method that does not need a
surface parametrization and uses tangential calculus in the embedding space R3.

A variant of the method under consideration has been applied to time-dependent Stokes
equations in a moving volume domain Q(t) ¢ R? in [WRL21; BFM22]. In the work by
Lehrenfeld et al. [WRL21], Taylor-Hood finite elements are employed, whereas Bur-
man et al. [BFM22] utilize equal order finite element spaces combined with continuous
interior penalty pressure stabilization for spatial discretization. Both studies present
comprehensive discretization error analyses, resulting in suboptimal error bounds for
velocity and pressure in [WRL21], and suboptimal pressure error bounds in [BFM22].
The authors of both papers attribute this suboptimality primarily to the absence of a
uniform discrete pressure stability bound, c¢f. [WRL21, Remark 5.11], [BFM22, Section
4.1].

In [ORS24], a novel argument is introduced, leading to a discrete pressure stability bound
that is uniform within the parameter range h? < At. This advancement facilitated the
derivation of error estimates for velocity and pressure that are optimal within the param-
eter range h? $ At S h. These parameter restrictions are reasonable when considering
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BDF(1) or BDF(2) time discretization methods combined with low-order finite element
pairs such as Taylor-Hood P»-P; elements. Stability results for the system under con-
sideration are proven, and optimal order error estimates are derived in an energy norm
for velocity and a special H'-type norm for pressure. This study presents the first nu-
merical analysis of fluid PDE systems posed on evolving surfaces, with results confirmed
by numerical experiments.

Recently, there has been a growing interest in the numerical analysis and computational
method development for fluid equations on surfaces; see, e.g., [RV18; Fril8; BDL20;
Bra+22; Ols+18; OY19; ORZ21; Jan+21; ORZ22; KKV23]. While many of these stud-
ies focus on method development, those addressing numerical error analysis primarily
consider the simplified case of homogeneous viscous surface fluid flow on a steady smooth
surface. Particularly relevant to the present work are the stability and error analyses
of finite element discretizations for the Stokes problem on a steady surface, presented
in [BDL20; ORZ21; Jan+21]. The authors analysed H (div)—conforming finite elements
(cf. [BDL20]), unfitted P>-P; elements (cf. [ORZ21]), and higher order Taylor-Hood
bulk elements (cf. [Jan+21]).

The latter two papers provide a comprehensive convergence analysis under the assump-
tion of exact numerical integration over the curvilinear surface. This assumption was
subsequently relaxed in [Jan+21], which also extended the analysis to higher order trace
Taylor-Hood-type elements. Additionally, in the papers [Gro+18; JR20; HLL19] the
surface FEM of Dziuk and TraceFEM for the surface vector-Laplace problem, closely
related to the surface Stokes problem, are analysed. Results from these studies are used
in our error analysis.

In [KKV23] a problem similar to the one considered in this chapter is discretized using
a SurfaceFEM. The authors also use a penalization term to obtain a tangential discrete
velocity, but they employ the penalization in the continuous system, leading to a slightly
different method. They present various numerical experiments and show numerically the
convergence of their penalization technique.

The remainder of this chapter is structured as follows. In Section 5.2 the tangential
Navier-Stokes system is repeated. In Section 5.3 the discretization method is intro-
duced, starting with the numerical time integration approach before presenting the fully
discrete method. Section 5.4 contains the main results of the error analysis, outlining
coercivity and continuity estimates for the discrete problem and demonstrating key ideas
for deriving a stability result. Substituting the continuous solution in the discrete vari-
ational formulation results in consistency terms for which bounds are derived by using
an established approach, based on discrete stability, consistency error bounds and inter-
polation error bounds. The main result of the analysis is Theorem 5.4.8, which yields
optimal order error estimates for the velocity in an energy norm and for pressure in a
special H'-type norm. We discuss the main ideas of the proof without giving all the
details. Results of numerical experiments presented in Section 5.5 illustrate the optimal
order convergence of the method.

5.2 Problem formulation

In this section, we recall the tangential surface Navier—Stokes equations that are treated
in this chapter. Consider, for ¢ € [0, fonq], a closed surface I'(t) embedded in R? as defined
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in Chapter 2, with a density distribution p(x,t) and the density flow field u(x,t), for
x € I'(t). Here, we assume that the geometric evolution of I'(¢) is known beforehand and
is determined by a given smooth velocity field w = w(x,t), which passively advects the
initial surface I'g := T'(0). This velocity field is normal to the surface, i.e., w = wyn = Vrn
holds. The surface I'(¢) is given by the image of the initial surface under the flow map
Xn(z,t), ie.,

I(t) = {x ¢ R® | x = Xn(2,t), 2Ty}, (2.1.2)

cf. Chapter 2. Here, X (2, t) represent the trajectories uniquely defined by the problem
Xn(z,0) =z,

ditXN(z,t) =w (XN(z,t),t) for t € [0, tend],

for all z € I'y, see (2.1.3). This induces the smooth space-time manifold

S= U TI@)x{t}cR.

te[ovtend]

The definitions of geometric quantities on I'(¢) (e.g., the normal n, the tangential pro-
jection P, and the Weingarten mapping H), the extension of functions off the surface ¢¢,
the differential operators (surface gradient, surface divergence, and material derivative),
and the rate-of-strain tensor Er are given in Chapter 2.

Besides the material derivative along trajectories evolved by the fluid flow u (as intro-
duced in Definition (2.3.1)), denoted by f, we also consider a second material derivative,

denoted by f, which describes the variation of f along trajectories of points on I'(¢) in-
duced by the surface flow field w. It is defined along the same lines as the representation
of the material derivative from Lemma 2.3.3. It holds

}(y7 t) = disf (Xw7y7t(t +8),t+ s)

for (y,t) €S,
s=0
for a scalar- or vector-valued function f defined on S, with X,y ; defined by equation
(2.3.2) with u replaced by w. This material derivative is also used in Section 3.2.
Similarly to the Cartesian representation of the material derivative v from Lemma 2.3.2,
the material derivative v can be represented in Cartesian coordinates as

V= ﬁve +Vv'w  on S, (5.2.1)

ot

for vector-valued functions v defined on § and extended off the surface. Again, we split
velocity fields defined on T'(¢) into tangential and normal components

v=vr+vy=vpr+oyn, withvyr=Pvandouy=v-n.

Particles on the surface must have the same normal velocity as the surface itself, since
they cannot leave the surface. Thus, the normal component of the fluid velocity u is
completely determined by the ambient flow w, i.e., uny = wy holds on T'(t). We derive
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a relation between the material derivatives v and v given by

v=v-Vviur onS.
Using this relation, we derive the following representation of the tangential component
of the material derivative of uy. It holds

Puy = P (uy + Vufur) = Puy + PyuiPur = Pup + Vrupuy. (5.2.2)

One could also consider an ambient surface velocity w that is not normal, i.e., Pw # 0,
leading to an ambient normal flow wy that moves the surface itself and a tangential
flow wp that moves the particles on the surface. The tangential flow induced by the
tangential surface Navier—Stokes equations ur also moves particles on the surface but
does not change the surface evolution. The whole tangential movement of particles on
the surface would be given by w7 + up, leading to a more complex system of equations,
which is not considered in this work. We stick to a normal ambient flow w = wyn.

Based on system (3.4.1) derived in Chapter 3 and equation (5.2.2), we obtain the fol-
lowing problem.

Problem 5.2.1: Tangential surface Navier—Stokes equations (TSNS)

For a given closed, smooth surface T'(¢) that evolves smoothly in time with surface
velocity w, viscosity po, and a (tangential) force term f7, find the velocity uy satisfying
the initial condition ur(0) = uy. and the pressure p, that satisfy

PU?T + Vrurur — 2,u0P divp EF(U_T) +Vrp + wyHur = f; on F(t),
divrur = faiv on I'(t), (5.2.3)
ur-n=0 on I'(t),

with the right-hand sides f; = f7 + 2pP divp (wyH) + wyVrwy and fgiy = —wyk. We
call this system the tangential surface Navier—Stokes equations (TSNS).

Note that wy is the material derivative of ur and not the tangential component of the
material derivative of the full velocity field u, that is Pu. The system can be regarded
as an idealized representation of the dynamics of a thin fluid layer situated within a bulk
fluid, where frictional forces between the surface and the bulk fluids are disregarded,
along with any influence of the layer on the overall flow of the bulk fluid. System (5.2.3)
can also be viewed as an auxiliary problem when directional splitting is applied to the
complete set of equations that govern the evolution of a material inextensible fluidic
surface; cf. Chapter 3 for further details.

5.3 Discretization method

In this section, we treat a discretization method for the tangential surface Navier—Stokes
system (TSNS) (5.2.3). We use a trace finite element method (TraceFEM) for the spatial
discretization, combined with a BDF scheme for the time discretization. The combina-
tion yields a fully Eulerian finite element method. The used TraceFEM is introduced in
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Chapter 4. To get a well-posed finite element formulation on the moving surface T'(t)
we use an extension via volume normal derivative stabilization in a narrow band around
the surface, cf. Section 4.3. To simplify the representation, we do not consider the para-
metric TraceFEM that is used to obtain higher order discretizations and assume that all
occurring surface integrals on discrete surfaces can be calculated sufficiently accurate.
In the implementation, we use the parametric TraceFEM introduced in Chapter 4.

Remark 5.3.1 (Generic constants)

In this chapter, some generic positive constants such as C, ¢, cg,c1, etc. appear. These
constants are independent of the discretization parameters (like h, At), the time ¢, and
the position of I' within the background mesh. However, they may depend on variables
such as wy, S, u, and the shape regularity of the mesh. To minimize repetitive usage
of these constants, we utilize the notation x < y that states that there exists a generic
constant ¢ > 0 such that the inequality = < cy holds for quantities  and y. Similarly, we
use x 2 y to indicate that there exists a constant satisfying the reverse inequality, while
the notation x ~ y means that both relations x <y and x 2 y are valid. O

We recall some notations and definitions. We assume a given sufficiently smooth level
set function ¢ = ¢(x,t) such that the surface is implicitly described by the equation

D(t):={xeR®|p(x,t) =0} for t€[0,tend].

Note that ¢ is not necessarily a signed distance function, but it is close to a signed
distance function in the sense that |Vé| ~ 1 and |[V¢| > ¢ hold with a constant ¢ > 0 in
O(S). Here, O(S) denotes a neighborhood of S. We assume that the level set function
¢ is sufficiently smooth such that the geometric quantities can be represented in terms
of ¢ and its derivatives in O(S).

In the remainder, we start with the discretization of the time derivative dyur in the
material derivative uy and introduce the time-stepping scheme. Then, we present the
spatial discretization of the tangential surface Navier—Stokes equations (5.2.3) using
TraceFEM.

5.3.1 Time-stepping scheme

We start the discretization of equation (5.2.3) by focusing on the discretization of the
time derivative Jyu?, that appears in the material derivative uOT, cf. equation (5.2.1).
For a conventional time discretization approach such as a Backward Differentiation
Formula (BDF) scheme or a Runge-Kutta method, the computation of the difference
ur(t1) —up(tz) for two distinct time points ¢1,ts € [0,tenq] is required. However, due
to the surface’s movement, this difference is in general not well defined in our context
since uyp(tz) is not defined on I'(#1) and vice versa. To address this issue, we extend
functions defined on a fixed surface I'(¢*) so that they are also well defined on the surface
at the following time point, namely T'(¢t* + At) with some At > 0. This extension al-
lows a consistent comparison between values at different time steps despite the evolving
geometry of the surface. The extension is performed using a volume normal derivative
stabilization, introduced in Chapter 4.

For simplicity, we use a uniform time step At = teT“d with some N > 0. We define time
nodes t, = nAt, I, = [ty-1,t,] and T" = T'(¢,) for 1 <n < N. If not stated otherwise,
the geometric quantities n, P, w, wy, H and « refer to the actual surface I'", i.e.,
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n=n"=n(,t,). Let u! : "1 - R? denote the function ur(-,t,-1) defined on the
surface I'(t,_1). Again, let O(I"™™!) be a sufficiently large neighborhood of I'"™"! such
that

ImcO(™ ') foralln=1,...,N (5.3.1)

holds. This assumption is crucial for the extension method. In each time step, ui’}_l

is extended constantly in normal direction in O(T"™!) off the surface. We denote the
extension by Eu%’l. Hence, Su%’l is also defined on I'", and the implicit Euler (or
BDF(1)) scheme
up-&€ u%‘l

At
is well defined on I'". We will impose the extension condition in a weak sense in the full

discrete system later. As described in Remark 4.3.2; higher order BDF schemes can be

atuT(tn) ~

applied. Since the surface velocity w is assumed to be normal, i.e., w = wyn, it holds
V(Ev)w=wyV (Ev)n =0 and thus the last term in (5.2.1) vanishes, and we have

(Sov) = % (Ev) onS. (5.3.2)

Based on this simplification of the material derivative, we introduce the normal time
derivative approximation
N uT(tn) - P(tn)EuT(tn_l)

° 0
P(&ur) = PaEuT ~ AL on I'(ty). (5.3.3)

We simplify the notations and use u} = Eur(-,t,) and p" = p(-,t,), respectively. Based
on (5.3.3) we introduce the following time discretization method for (5.2.3). Given
uOT in O(Ty), for n = 1,...,N, find u’, defined in O(I'"") and tangential to I'", i.e.,
(u?-n)|rn =0, and p™ defined on I'"” such that

n n—1
uy — Puy,

N + (Vrul)ulr ! - 24P divp Ep(u}) + Vrp" + wiyHul = £

(5.3.4a)
divp 117% = fglv

holds on I'™ and in O(I") it holds
vuln=0.  (5.3.4b)

Here, we use the notations wy; := wy(tn), fi' = £,(tn), fii, = faiv(tn)-

The time discretization employed in equation (5.3.4a) is done via a first-order Backward
Differentiation Formula (BDF(1)), which has an error of O(At). We employ a linear
approximation of the quadratic nonlinearity that maintains first-order accuracy with re-
spect to At; specifically, the term (Vruf)u} is replaced by (Vruf)uZ!. This approach
allows a straightforward extension to higher order schemes in terms of At, as further
discussed in Remark 5.3.3. The spatial discretization associated with equation (5.3.4)
will be explained in the next section.
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5.3.2 Space discretization method

We now explain the spatial discretization of (5.3.4) using a TraceFE method as described
in Chapter 4. Consider a fixed polygonal domain © c R? that strictly contains T'(¢) for
all t € [0,tenq]- Let {Th}rs0 be a family of shape-regular consistent triangulations of £,
with h = maxper, diam(7"). We repeat the definition of the standard bulk finite element
space of piecewise polynomial continuous functions of a fixed degree k > 1. Asin (4.1.2),
it is given by

Vi ={q€C(Q) | qr € P(T) for all T € Ty} (4.1.2)

The bulk velocity and pressure finite element spaces are standard Taylor—Hood spaces,
denoted by
Uy =V met, Q= Vim,  with m > 1. (5.3.5)

As described in Chapter 4, we do not need an explicit parametric representation of I'(#,,)
or the exact level set function ¢(-,t,). Instead, we use a finite element approximation
of ¢. This is a more realistic assumption, as the exact level set function is not known in
systems in which the normal component of the velocity is unknown, and finding I'(%,,)
is part of the problem. In turn, this results in approximation of all geometric quantities
involved in (5.2.3). This issue of geometry approximation is explained in the section
below.

Geometry approximation

We revisit the definitions and properties of the discrete level set function, along with
other geometric quantities as outlined in Section 4.1. To simplify the notation in this
section and throughout the subsequent error analysis, we assume that integrals over the
discrete surface approximations can be computed accurately. As discussed in Chapter 4,
this assumption is easy to satisfy for piecewise linear level set approximations. However,
it becomes more challenging in higher order cases. In our implementation, we employ
the parametric finite element technique introduced in the previous chapter to ensure
sufficiently accurate approximations of these integrals.

For any fixed ¢ € [0,tena], let ¢, = ¢p(-,t) € Vi i, be a continuous piecewise polynomial
approximation of ¢(-,t) with some k; > 1. We use the notation ¢} (x) = ¢n(x,t,) for
n=0,...,N. The discrete level set function ¢ is assumed to satisfy the approximation
properties (4.1.3) and (4.3.1). It holds

|6 = Gl L=y + hIV(D = dn) [ L=(a) s h¥*, (4.1.3)
and
I85! = PhlLee () S Atlwn | Lo (xr,) (4.3.1a)
IVon " = VohlLe) s At (”wNHLw(QXIn) + HV’wNHLoo(Qx]n)) (4.3.1D)
for n=1,...,N. Therefore, the exact level set function ¢ has to be sufficiently smooth,

i.e., ¢(-,t) € Ck*1(Q) is assumed to hold. Additionally, we assume that [V¢p| > C > 0 in
O(T'(t)) for t € [0, tend]-

The discrete Lipschitz surface I'y, » I is defined as the zero level of ¢p. It is given by
I(t) = {x e R*| ¢p,(x,t) = 0}.
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The geometric quantities on I'y, are given by the discrete normal ny, its finite element
approximation ny, the tangential projection Py, and the discrete Weingarten mapping
Hj,. They are defined in terms of the level set function ¢, and its derivatives by

ny = v¢h ﬁh = H:g—lnh Ph =I- nhn,}l;, and Hh = Vrhﬁha (536)

[Vén]’

with H:g _1nh the (componentwise) Oswald-type interpolation operator that maps into
the finite element space Vj, ;1. Moreover, we need the “improved” normal approxima-
tion Ny from Definition 4.1.2. The discrete geometric quantities satisfy the approxima-
tion properties given in Lemma 4.1.5. We emphasize that all bounds in this lemma are
uniform in ¢.

The data wy, fqiv, £+ are extended (sufficiently accurate) such that they are also defined
on I'y,. We also denote these extensions by wy, faiv, and f;.

Fully discrete method

As described in Section 5.3.1, we need to extend the functions from the surface to a
small neighborhood. For this, we use the volume normal derivative extension introduced
in Section 4.3. We recall the definitions of the cut elements from (4.1.4) and the used
narrow band around T'} =T, (¢,,) (4.3.4) — (4.3.5). They are given by

T ={TeT,|TnTh+0} and Qf= J T (4.1.4)
TeTr
and
T =T5: ={T €Ty :|¢}(x)| <6y for some xe T} and QF= |J T,
TeT
with the thickness
On = cs At|wn | Lo (ax1,) (4.3.3)

with a constant cs > 0.

We restrict the time-independent bulk spaces Ujp, and @, to the narrow bands Qf and
Qf to get the finite element spaces

Upy i={vijop [veUy} and Qp:={qap[qcQn}.

Note that the velocity space is defined on the narrow band QF, while the pressure space
is solely defined on the cut elements. Since no pressure time derivative is involved in the
system, we do not need to extend the pressure onto the next surface, and it is sufficient
to define it on the cut elements Qff. We also use the notation V', := {vjon [v € Vi }.
Now, we have all ingredients to give a full discrete approximation of the semi discrete
tangential surface Navier—Stokes system (5.3.4).

We have to consider three critical aspects: the tangentiality of u7, the constant extension
of the velocity in normal directions as specified in equation (5.3.4b), and the handling
of the nonlinear inertia term.

It is impossible to construct H'-conforming tangential finite element spaces on the sur-
face approximation. We have to weaken the tangentiality condition or the continuity.
We relax the requirement for the solution to be tangential to I'" by allowing U} to serve
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as trial and test velocity space. The tangentiality condition is weakly enforced through
a penalty approach, which is commonly used in finite element methods for vector-valued
surface partial differential equations, cf. e.g., [HLL19; Ols+18; OY19]. The penalty
term reads

re(p, vp) =7 [Fn(uh 1) (v - 1p) ds
h

with penalty parameter 7 > 0 and the improved normal 1y, from Definition 4.1.2. From
the literature, it is known that such a more accurate normal in this penalty term is
needed for optimal order discretization errors, cf. [HLL19; JR20].

Furthermore, we also relax the constraint presented in equation (5.3.4b). We employ
it weakly through a penalty (or stabilization) method that is standard in trace finite
element frameworks. This involves augmenting the discrete bilinear form with a volume
normal derivative term, as detailed in Section 4.3. The needed additional volumetric
term reads

Shu(Uh, Vi) = pu fm (Vupny,) - (Vvpng) dx,
5

scaled by the parameter p, > 0. Moreover, we also need a similar stabilization term for
the pressure, which is given by

Shp(Phy@n) = pp _/Qn (Vpn-np) (Vg -mp) dx,
r

with the stabilization parameter p, > 0. Note the difference in the stabilization terms
for the velocity and pressure: while the integral in sy is taken over the narrow band
1y, the integral in s} , I8 taken over the cut elements ).

The bilinear form s} | plays a twofold role. Firstly, due to this term, instabilities caused
by “small cuts” are damped, resulting in satisfactory conditioning of the stiffness matrix
for the velocity. Secondly, this term weakly enforces the extension condition (5.3.4Db)
with O(I™) replaced by €2f. The second stabilization term s, , is added for the purpose
of numerical stabilization of pressure, both with respect to ﬁmte element (LBB) stability
and the conditioning of the resulting matrix, c¢f. [ORZ21]. Due to these stabilizations,
the algebraic system (in each time step) is well-posed and has conditioning properties
comparable to those of a discretized linearized Navier—Stokes system in Euclidean do-
mains. For further details on the stabilization terms, the difficulties caused by small
cuts, and possible alternative stabilization techniques, we refer to Section 4.2.

The treatment of inertia also follows an established approach. We rewrite the corre-
sponding trilinear form by

1 1
fF(VruTuT)-des=5[F(VruTuT)-vT—(vaTuT)-qus—5deiVFuT(uT-vT) ds.

Using divpur = fgivy on I', the second term on the right-hand side becomes linear. The
first term is linearized using an extrapolation (in time) of the up approximations from
the previous time steps. When using a BDF(1) scheme, the extrapolation simply consists

of the last velocity approximation u%’l.

We define the bilinear form b (-,-) that covers the pressure and divergence term from
(5.3.4a) by

by (an, vn) = frn Vr,dh - Vi dsh
h
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and the antisymmetric bilinear form, which is convenient for the stability analysis of the
discretization by

n-1
n . n
ap(p, vy) = fn (— + wNHhuh) ‘Ppvipdsp
h

T At

+ 240 [Fn Er, (Pyuy) : Ep, (Ppvy) dsy
h

"2 Jry (vrh(Phuh)uzil) VAT (Vrh(thh)uZJ) -updsp,
h

1

- = fc?ivuh . Pth dSh.
2 Jry

Putting these components together leads to the following fully discrete problem for one
time step: For given uZ‘l € Ug_l find uy € Uy, py € Q}, satisfying

ap (ap, vi) + by (py, vi) + sy (g, vi) + 77 (ay, vi) = (f?,vh)F for all vy, € Uy

" (5.3.8)
b (qn, upy) + s, (PR, an) = (fginh)FZ for all gy, € Q},

where we use the notation (-, ~)p2 for the L2-scalar product over ry.

Here, we use the discrete surface differential operators from Definition 4.1.6. For ex-
ample, Vp, vy =P, Vv, Py holds. The fully discrete system (5.3.8) is consistent up to
geometric errors: If the discrete surface I'y’ and its geometric quantities are replaced by

the exact surface I'™ and geometric quantities (e.g., Hp by H), then the equations in

(5.3.8) are satisfied with u}, p, uZ’l replaced by the exact solution u”, p” and u™! of

(5.3.4).
We will comment on the choice of the parameters, pyu, pp, 7, and ¢; in the next section.

5.3.3 Discussion of the method

We summarize the parameters of the discrete formulation (5.3.8) and discuss their choice.
Besides the mesh and time step size h and At, the finite element method involves:

e py : volume normal derivative stabilization and extension parameter for the veloc-
ity,
* pp : volume normal derivative stabilization parameter for the pressure,

e 7 : penalty parameter for the tangentiality constraint,

e ¢s : narrow band parameter to define the width §,, at time ¢,,.

We assume that the mesh size and the time step size are sufficiently small, i.e., h < ¢1, and
At < ¢y with ¢1, co sufficiently small O(1) constants. The stabilization and penalization
parameters are chosen as

Pu = cpuh_l, pp=cph, and 7= crh 2, (5.3.9)
where ¢, ¢,, and c; are sufficiently large O(1) constants independent of the parameters,
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time, and position of I'y, in the mesh. The width of the narrow band is chosen as (4.3.3)
with ¢s sufficiently large.

The parameter conditions outlined in (5.3.9) are known from the literature concerning
trace finite element methods. The requirement for a sufficiently large value of c,, is
essential for achieving adequate control over the velocity extension within the narrow
band; this condition is instrumental in establishing a crucial estimate, as detailed in
Lemma 5.4.2. The parameter 7, as specified in (5.3.9), ensures that the tangentiality
condition for the discrete velocity is satisfied with sufficient accuracy. Strongly increasing
7 may result in a phenomenon known as ‘locking’

Regarding the lower bound on 4,, we note that during a time step from t,_1 to t,,
the surface I'(f) can move a maximum distance of Atsupys, |wn|ze(r()) in the nor-
mal direction. Under the assumption stated in equation (4.3.1a), it follows that the
maximum distance between I'}’ and I'}'~! is also proportional to Atsup,; |wn|| L (T (t))-
Consequently, we can select ¢5 in equation (4.3.3) such that

nept (5.3.10)

holds. This condition serves as a discrete analog of equation (5.3.1) and is critical for
ensuring the well-posedness of the finite element formulation.

The parameters 7 and d,, have to satisfy the conditions

At >2771 (5.3.11a)
At S8, 5 h. (5.3.11b)

Equation (5.3.11a) represents a technical condition necessary for establishing the stabil-
ity estimate presented in Theorem 5.4.5. The upper bound specified in (5.3.11b) for the
narrow band parameter ¢,, ensures that the complexity of the method remains optimal,
specifically that the number of active degrees of freedom is O(h™2) at each time step.
The assumptions expressed in (5.3.11) can be fulfilled by choosing At and h such that
they satisfy the scaling conditions

h? < At<h.

These scalings are reasonable. Consider Taylor-Hood elements with m = 1. For optimal
convergence of order O(h?) in the energy norm associated with equation (5.3.8), it is
necessary to set At ~ h?. In contrast, for enhanced temporal accuracy using the BDF(2)
scheme (our practical choice, as discussed in Remark 5.3.3), selecting At ~ h yields
convergence at an order of O(h?) in the energy norm, while setting At ~ h*? aligns with
achieving optimal convergence at an order of O(h?) in the velocity L2-norm.

We briefly address further aspects of the method, its adaption to the case of a level
set function that is not a signed distance function, the extension to higher order BDF
schemes, and details on the implementation of surface differential operators, in the re-
marks below.

Remark 5.3.2

In practice, we typically do not have a level set function possessing the signed distance
property. Thus, the extension does not satisfy (5.3.4b), but is approximately constant
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along the normals to the level lines, and, instead of Puy = P22 of. (5.3.2), one uses

ot
the general relation

PlolT = P(aaltT + VuTWN),

as the basis for the discretization. Hence, for the case of a general level set function, we
include the term

[F" [V(Pth)WN] -Ppvpdsy,

h

in (5.3.8). We will use this additional term in our numerical experiments. O
Remark 5.3.3

The finite element formulation (5.3.8) can be extended to higher order time discretiza-
tions using, e.g., a BDF(2) or BDF(3) method (other time discretization schemes are also
possible, but in this thesis we stick to BDF methods). The BDF(2) and BDF(3) variants
are very similar to the method introduced above. The time difference uj - uZ‘l in the

3 1
first line of (5.3.8) is then replaced by 5‘12 —2ul !+ §u2_2 for the BDF(2) method and

11 1
by —ufl - 3u} ! + §uZ‘2 — —up™® for the BDF(3) method. For the linearization of the
6 2 3

inertia term, we use 2u? ' —u?2 or 3u? ! - 3u? 2+ u?? instead of u? . All other
) h h h h h h
terms in (5.3.8) remain the same.

For BDF(2), in addition to (5.3.10), one has to guarantee that additionally QF c Q}~2
and, for BDF(3), Qf c Qg”?’ is fulfilled. For that reason, the narrow bands Qf
have to be taken broader than in the BDF(1) method. This is done by taking
On = csAt|wn || Lo xr,) R with R = 2 for BDF(2) and R = 3 for BDF(3). The choice of
the parameters py, pp, 7, and c¢; remains the same.

To use BDF(R) methods with R > 1, we also need initial values. One possibility is to
start with BDF(1) steps with a smaller time step size and then switch to BDF(R). For
simplicity, we will use a different approach. We start with initial values backwards in
time, namely u™! = u(-At),...,u 1 = u(-(R-1)At). Obviously, this is only possible
if we have an approximation of the velocity at these time points. We will use this
approach in our numerical experiments, where a manufactured solution is available. <

Remark 5.3.4

In the surface gradient operators Vr, associated with the inertia term, and the surface
rate-of-strain tensor Er, (-), we utilize projected vector fields Pv. However, differen-
tiating the projector Py, which is generally discontinuous across element faces, results
in a loss of H' conformity, as discussed in [JR20]. To circumvent the differentiation of
Pj,, we use the relation Vrvy = Vrv —vyH, and consequently we substitute Vr, Ppvy,
with Vr, vy, — (np - v, )Hp, in our method’s implementation. This adjustment avoids is-
sues related to the discontinuity of the projector while maintaining the accuracy of the
method. &
For our method, it is essential to have a sufficiently accurate finite element approximation
¢y of ¢". It is possible to obtain the level set approximation by taking the Oswald-type
interpolation of the exact level set function Hff ¢", when the exact level set function is
known. However, in some scenarios, the exact level set function may not be available.
Importantly, the method is not limited to the specific choice of ¢y, = H’Z" ¢". The discrete
level set function may be computed, e.g., using a transport method.

88



5.4. Error analysis

We summarize our discretization method in the following algorithm, where a BDF(1)
scheme is used.

Algorithm 5.3.5: TraceFEM for TSNS

1l IHPUt: uO’ ¢ha ft; fdiv

2: u) < I’ e U,
31«0
4: Procedure
5: for n from 1 to NV do
6: t<—t+ At
T ¢ < approximation of ¢"
8: Qr <« {xeTeT, | TnI7 =0}
9: if n>1 and Q ¢ s then
10: break
11: end if
12: On < csAt|wn || Lo (x1,,)
13: Qs < {xeT eTy: |4 (y)| <5, for some y e T'}
14: Uy < Vimalos @ < Vimla,
15 u} € U}, pp € QF < solution of (5.3.8):
a (ugs, va) + 0y (P> Vi) + shu (Wh, Vi) + 77 (af, va) = (£7, va)p,  for all v, € U,
~bh(gn, Wh) + 5. (Ph an) = (fiiv: @n)p,  for all g € QF,
16: end for

17: end Procedure

The algorithm is stopped if the narrow band condition (5.3.10) is not fulfilled. This is a
crucial condition for the well-posedness of the method.

5.4 Error analysis

In this section, we give an overview of the error analysis of the finite element scheme
stated in (5.3.8). We show that the method is stable and convergent with optimal error
bounds. Since the analysis is technical, we do not include all details in this thesis.
Especially, the proofs concerning the stability and error estimates for the pressure are
omitted. We only give the main results and ideas of the proofs. The detailed proofs
of the stability and convergence results can be found in the corresponding publication
[ORS24].

To simplify the presentation and analysis, we assume the following properties hold
throughout this section, even if these assumptions do not hold in practice usually.
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Assumption 5.4.1

We assume that the data extensions of wy, faiv, ft are constant extensions along the
normal n. The level set function ¢ is sufficiently smooth, and it has the signed dis-
tance property. The solution of (5.2.3) is sufficiently smooth, at least u e W2 (S)3,
p e WmHL(S). We assume that the parameters are taken as in (5.3.9) and fulfill the
conditions (5.3.11) with h, At sufficiently small. As common in the analysis of incom-
pressible fluid problems, we assume a homogeneous divergence condition. The right-hand
side fqiy satisfies

fdiv =0.

In practice, one typically uses other (sufficiently smooth) data extensions and one does
not have a global signed distance function. In addition, the homogeneous divergence
condition is typically not fulfilled, since fgiy = —wyk holds on the surface I'(¢) and in
general, wy and x do not vanish.

To represent the discrete problem in a compact form, we introduce the trilinear and
bilinear forms

a"(z;u,v):=a"(u,v)+ cp(z;u,v),
with @ (u,v) := f wR,v-Hhudsh+2,ugf (Er, (Ppu): (Er, (Ppv))dsy
Ty I
+r7(,v) + sy, ,(u,v), (5.4.1)

1
cn(z;u,v) = 5 /F" [Vrh(Phu)z] vV — [Vph(th)z] -udsy,
h
b"(p,v) = /rn Vr,p- vdsy.
h

Using this, the discrete problem can be rewritten as follows (recall that fgi, = 0): given
uZ‘l € Uz_l find u} € Uy, pj € Q) such that for all (vy,qy) € Uy x QF

uZ—uZ‘l 1
—,thh) +a"(uy sup,vy) + 0" (py,ve) = (£, Ppvy)rn
( N rr (uy, hsVh) (Ph,vn) = (f; )ry (5.4.2)

0" (qn, ) = sh,(Phsqn)

holds.

We use the notation (-,-)y and | - ||y to denote the L?-scalar product and L?-norm over
a surface or volumetric domain U. We introduce the following natural energy norm for
the velocity

1 T
2 2 ~ 2 2
IVI2 = 5 IvI3y + 2001 Br, (Pav) Iy + 218 vIE, + pul vvnaldy.

With some slight abuse of notation, we reuse the notation of the velocity energy norm
for the scaled H'(%)-norm for the pressure. It is defined by

1
lall == h2 [ valap- (5.4.3)
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Note that this norm is equivalent to the scaled H'(I'(t,)) norm in the following
sense. Assume I'(t,) ¢ QF and ¢° is the normal extension of ¢ € H'(T'(¢)). Then,
hVrglrey ~ llg°lln holds.

For vector-valued functions, we define componentwise H'-norms by

3

VI ey = 21 [vilf o,y for ve H (T(tn))*,

and similarly on I'}.

We outline the structure of the error analysis. We first collect some preliminary results
and a few useful estimates, with a particular emphasis on uniformness in discretization
parameters, time, and the surface position in the bulk mesh. Using these results, it is
easy to derive suitable coercivity and continuity estimates for the trilinear form a™(-;-,-).
In Theorem 5.4.5, stability results for the discrete solution (u},p}y) of (5.4.2) are given.
The stability for the velocity is given in a natural energy norm, and a proof based on
rather straightforward arguments is given. We do not give the proof for the pressure
stability, which is given in a specific (non-standard) norm, because it is more involved
and technical. In Section 5.4.4, we study the consistency error that quantifies geometric
errors resulting from the approximation of surface and geometric quantities (normal
vectors, tangential projectors, curvatures) in the finite element formulation. We analyse
the consistency error, using some results already available in the literature on surface
vector-Laplace and Stokes problems. Finally, in Section 5.4.5, we provide discretization
error bounds. For the proof, the discretization error is split into an interpolation error
and an error component in the finite element space. Bounds for the latter can be derived
using the discrete stability, consistency error bounds, and bounds for the linearization
error. With respect to the interpolation error, a key point is that in the Euclidean setting
of this trace method, we can use a (nodal) interpolation operator on a fixed bulk mesh.
Due to this, the time differentiation and interpolation operator commute, which then
leads to optimal bounds for the difference of interpolation errors at ¢t =+¢,, and ¢t = t,,_1.

5.4.1 Preliminaries
We start with some auxiliary results from the literature. We use a lifting v¢ of functions
v defined on I'} to a neighborhood O(I'}), defined for y € O(T'}) by

vi(y)=v(x) for xeT} suchthat p"(y)=p"(x),

where p” is the closest point projection on I'. Note that the closest point projection and
thus the lifting is well defined in a neighborhood of I'". We need uniform interpolation
and Korn-type inequalities given by

1 1
||V||L4(FZ) S HVHI%Z ”v”;ﬂ(r’g) for all v e H'(I'7)3, (5.4.4)
IVl 2z opy S Iviln for all v e U7
The first equation follows from [ORZ22, Lemma 3.4] and [JR20, Lemma 5.14]. The

Korn-type inequality follows from [ORZ22, Lemma 3.2], [JR20, Lemma 5.14] and [JR20,
Lemma 5.16], cf. [ORS24] for details.

The following lemma provides a bound for the trace of a function on I'; through its trace
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on I''"! and the volume normal derivative. A proof can be found in [LOX18].

Lemma 5.4.2
The inequality

1 -_
oty < (1+ cAD) fonly s + 2 pulstFon i [

holds for all vy, € V}Z;nl.

5.4.2 Coercivity and continuity estimates

We derive coercivity and continuity estimates for the trilinear form a"(- ;-,-). The
coercivity result is given in the following lemma.

Lemma 5.4.3
For arbitrary z € L*(T'}) and v, € U} the inequality

a"(2; Vi, Vi) 2 [Valls — & | PrvnlE

holds with &, =1+ max,—o, .~ |wyH(tn)| -

Proof

From the error estimate for the discrete normal approximation (4.1.5), it follows that,
for h sufficiently small, v € R? satisfies

V2 < g VP + PRy < (1 + chFo) ([, - v + [PRv]?).
Using this inequality, ¢,(z;vp,vp) =0, the tangentiality of H (Hj = P,H,P},), and
7> 1+ ch* (for h sufficiently small and 7 defined as in (5.3.9)), we obtain for all v;, e U}
the lower estimate
ne.. _—=n _ n 2 T~ 2 1 2
a"(2;vh, vi) =@ (Vh, va) = (W Ve, Hova)ry + [vall, + 518 - viEy - S lvalr,

1
> [[vallz = (Jwi () | > + S+ ch™)) [Py,

from which the result follows. m]

A continuity result is given in the next lemma.

Lemma 5.4.4

For z e L*(I'?) and u,v € U} the uniform estimate
a"(z;u,v) £ (|Prz] pacpy + lulla vl

holds.
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Proof

For the terms in the trilinear form a(- ;-,-) that do not depend on the first argument, cf.
(5.4.1), we apply the Cauchy-Schwarz inequality which results in

[@" (w,v)| 5 ullaf]vn. (5.4.6)

We now consider the term [pn(z- Vr, Ppu)-vds,. The term [pn(z- Vi, Ppv)-uds), can
h h
be treated similarly. Using (5.4.4) and (5.4.5) we obtain

| [ [0, (Prw)a] - vdsi [Pzl pagrpy ol
h

Combining this with the same estimate for the other trilinear term and with (5.4.6) we
obtain the desired result. O

5.4.3 Stability estimate

In this section, we present stability results for the discrete velocity and pressure functions.
We only include the proof of the stability result for the velocity. For the pressure
stability result we need the technical assumptions from [ORS24, Assumption 4.1] to
hold. Using these assumptions, the velocity stability result, a suitable discrete inf-sup
property, and results taken from [ORZ21], the stability result for the pressure can be
shown, cf. [ORS24]. We define the upper bound F,, = F,,(u), ;) used in the stability
theorem below by

n
F(uj, fe) = exp(cty) (Hugig + Atlupl§ + At Y |7 II%Z) ,
k=0

with ¢ independent of h, At, and n.

Theorem 5.4.5

The discrete problem (5.4.2) has a unique solution (uj,p;) that satisfies
2 - ko k-1y2 S 2 k % 0
I+ 35 1Pk~ w12y + A 3 (Wl + 2097 -malye ) (o £0
= -

and

n h 1 1
At 1Pkl s Fr + .
; " (\/At

Proof
We test (5.4.2) with vy, =u} and gp, = pj. Adding the two identities leads to

(IPwuf s + Pauf - w7 ) + Ata” (i~ s, ufl) + Atp, | Vpf - mp [

1
2
1
2

[uf ™ I + AL(E} Prug)ry.

93



Chapter 5. Discretization of Tangential Surface Navier—Stokes Equations

We use the coercivity bound from Lemma 5.4.3 and apply Lemma 5.4.2 to obtain

—112 2
[Pau s + [ Prug — w2+ 2000 (ufl2 + oy |V} 02 )

12 1 1 12 2 2 (5.4.7)
< (Tt eAt)up™ [ + g Atpu] Vg™ -0y gy + CAt | T + ALy,
with some ¢ and C independent of h, At and n. Equation (5.3.11a) yields
1 2 2 2k 2
S Atlluyll, > uh - oafpp —c AR ug |5y (5.4.8)

Using this and
2 2 2
B = [Pyuf [ + g - | B

in (5.4.7), we obtain

3
2 -12 2 2
lwi oy + [Pruy —ay™ I + S Atlluglly + 288 pp| Vi - nplop
1
~12 —1y2 2 2
<@ rcAt)up™ ppor + SAHL Ty + CAL g 1 + At]E .

We sum up the inequalities for n =1,...,k, and with ¢* = c+ C we get

k k
k2 -12 2 2
[uf 2 + 3 Pauf - w2 + At Y (Iapl + 20, 997 - 1l )
n=1 n=1
02 1 02 b * ni2 i n (|2
<(1+ CAt)”uh”rg + §At|”uh|”0 +ALY ¢ HuhHFZ + Aty |f ||F;;
n=0 n=0

Finally, we shift the term Atc* HuﬁH%k from the right-hand side to the left-hand side and
h

apply, for At < (2¢*)7!, a discrete Gronwall inequality, which yields the desired result
for the velocity stability. a

Remark 5.4.6 (Discussion of the stability bound for the pressure)

The stability bound for the discrete pressure pj, ensures stability in an L' (H')-type norm
with a uniform constant when h? $ At holds, which is typical for practical parameter
choices for m =1 (the lowest order Taylor-Hood pair). Specifically, At ~ h? for BDF(1)
and At ~ h for BDF(R) with R > 2 are common scenarios. The stability bound can
be compared to those derived in the literature, cf. [BFM22] and [WRL21], where a
similar discretization method for the Stokes problem on moving domains is examined.
These analyses provide a uniform pressure bound in terms of At and h, but only for
the quantity At? Yot prillgk Notice the square in the scaling factor At? in this term.
Consequently, these analyses do not yield uniform bounds for At Y7, | pr”Qk in the cases
At~ h or At ~ h?. &

5.4.4 Consistency error analysis

In this section, we summarize estimates for the consistency error. The analysis employs
a standard methodology and relies on existing estimates in the literature of TraceFEM
discretizations of surface vector-Laplace and surface Stokes equations on stationary sur-
faces. To establish the consistency and error bounds, we use estimates on the derivatives
of the extended solution u®(x,t) = u(p(x),t) within the domain O(S), where again p
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denotes the closest point projection. For notational simplicity, we denote the extension
of (scalar or vector-valued) functions v defined on S by the same symbol v, i.e., with
some abuse of notation, it holds v = v°.

We define the consistency error £3(vy) collecting consistency terms due to geometric
errors, time derivative approximation, and linearization. It is given by

gn _ u” - un—l ’
c(vp) = N VI -Ppvydsy, — - u(ty) - vy ds

h

= I

Fpu [ (=) ) - v dx

= Iy
1 ny, ,n—-1 n—-1 n
+ 2 o [Vph(Phu Ju ] SV — [Vrh(Pth)u ] -u"dsy,
= Is)
_1 n..n l Ly . n n
5 Jpn [Vru"u"] v} = |Vp(Pvy)u" [-u"ds

= I32) (5.4.9)
+2p0 /r" Erp,(Ppu”): Ep, (Ppvy) dsp - 240 frn Er(u"): Ep(Pv},)ds
h

=1y

+f w?{,vh-Hhu"dsh—f w?{[vfl-Hu”ds
e rn
h

=I5

+Tfrg(ﬁh'un)(ﬁh'Vh)dsh_Tfrn(n'un)(n'vi)ds

= Ig
+/ Vrhp”~vhdsh—/ Vrpn-vflds.
ry rn

= I

We use the notation I3 := I3(1) + I3(2)-

Using this definition, we observe that the smooth solution p" =p(t,), u™ =u(t,),
u" = u(t,-1) =u(t,_1)° of (5.2.3) satisfies the identity

n _ ;n-1
/ (%) -thhds+an(u”_1;un,vh) +0"(p",vp)
b (5.4.10)

- b+ [0 vids,

n
for any v, € Uj.

In Lemma B.1 in the Appendix, we collect error bounds for the terms Iy, Is, Iy, Ig,
and I7 known from the literature. Error bounds for the terms I3 and I5 are derived
in Lemma B.2. Combining these results and equation (5.4.5) we obtain the following
corollary.
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Corollary 5.4.7

For the consistency error, the uniform estimate
IEL(v)| S (At + hF)|[vy|l,  for all vy, € UR

holds.

5.4.5 Error estimates

In this section, we derive a bound for the velocity error and the pressure error defined
by
Ep=u"-uye H'(Q5) and Ep:=p"-pjeH'(QF).

Let u? = u € UY be a suitable interpolant to u® € O(I'?). From (5.4.2) and (5.4.10), we
get the error equation for arbitrary vy, € Uj. It is given by

1
~; (Bu- Eo ' Prvi)rr + cn(Byu”, vy) +a™ (w5 B, vi) + 0" (B, vi)
¢ (5.4.11)

= E0(vn) +EF (Vn),

with the data error term
Ef(vn) = fF" 7. v ds - _/Fn(f?Ph) v dsy,.
h

We proceed by splitting the errors Ejj and E; into approximation and finite element
parts. Let u} € Uy and p} € Q) be the nodal interpolants for u” in Qf and p" in QF,
respectively. The splittings of the errors are given by

By =" -up)+(uj —up) and Ej=(p"-p7)+ 7 —pp)-
— Y—

_. —. _. ol _. o
=: euJ = eu’h =€ r = epyh

Using a”(up S ER, vy,) =a"(ey,vh) +a"(ey,, va) + cn (0 ER vy,) equation (5.4.11)

can be reformulated as
1

K(eﬁ,h —el), Ppvp)re +@"(ey p: vi) + 0" (PF = phs Vi)
¢ (5.4.12)

= Sg,(vh) + 5?(Vh) +Cn(Vh) + S?(Vh),

with the interpolation and nonlinear terms given by
n . 1 n n—1 —~n/ n ne .n
Er(va) =~ (ehr —eur, Pavi)ry —a" (el 1, va) = b"(ep 1, vh),

C" (Vi) = —ea(By 50", vi) = ca(uf S Eg, va).

Estimates for these terms are given in [ORS24, Lemma 4.12 and 4.13].

Now, we show the main result of the error analysis. Again, we only show the proof for
the velocity error. The proof of the pressure error estimate is based on the proof of the
stability result for the pressure. It can be found in [ORS24]. We assume the inequalities
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in [ORS24, Assumption 4.1] to hold.

Theorem 5.4.8

Let (u,p) be the solution of (5.2.3) and uj, py, n = 1,..., N, be the finite element
solution of (5.4.2). It holds

1 n
[ESIE, + 3AtD, (IESIE + pplnn - VES[Bn) S exp(ctn) (A% + 2D 4 B2 (5.4.13)
k=1
n
At Y [Eflln $ exp(ctn)(At+ ™ + b)), (5.4.14)
k=1

with ¢ depending on the problem data and independent of h, At, n, and the positions
of the surface in the background mesh.

Proof

We only outline the proof of the error bound for the discrete velocity. For details, see
[ORS24]. The arguments we use largely repeat those used to show the stability result in
Theorem 5.4.5 and involve estimates from Corollary 5.4.7 to bound the arising right-hand
side terms. Setting v;, = Atey, , in (5.4.12) and using Lemma 5.4.3 yields

2 12 2
[Prel sl + [Prel, - el I3 + 2Athel 2 + 280" (el €l )
12 2
< et B + eAtlel B + 288 (JE8(el ) + [EF (el )] + 1™ (elp) + [EF (el )

As in (5.4.8) we get

1 k
lew s 12“;; < HPheﬁ,hH%g + §At\||eﬁ,h!||i +cAth* el H%;;-

Using this inequality, Lemma 5.4.2, and some calculations, one gets
_ 3
letnly + IPretn - eun 7y + ALl + 28805 Vel - gy

_ . 1 B}
< el n [fpmr +cAt (Heﬁ,i\\%gl + Heﬁ,hH%g) + 5 Al -1
, (5.4.15)

+ 20 (€7 (el )| + [€8(el )]+ IC™ (el )]
+ 20 (JEF (el )| + E: ()] + " (e}
with Es(eg’h) = pp (Vp’f -1y, —Veg’h . nh)m' We estimate the terms in the last line of
T

(5.4.15). One can show the following bounds, cf. [ORS24].

The pressure error terms satisfy

1
k
IEs(epn)l S (R¥m+2 4 p2kothy 4 §ppHVeZ,h : nh”?)ga

0" (ep 0D S B el + B e -
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and the velocity error terms satisfy
1
k
€7 (el S (B2 4 1) + 1—6|||eﬁ,h|||i7
1
2, 12k 2
[Ec(ewn)l s (A7 + 170 + Tefley ulln,

1
2m+2 -1 -12 2 192 2
IC" (el )l S (h A g ) + e Ipner + A7 lledn |||n_1) * Tellewnlln:
1
2k 2
€7 (eun)l S 750 + S llewnlry,
Collecting these estimates, we obtain an upper bound (up to a constant C’) of the last
line in (5.4.15) by
€7 (eq,n)l + 1€ (e )| + IC" (e w)l + 1€ (e n)| +[Es(ep )| + 0™ (ey, 4, uT )

3 2 1 2 ~1)2 2f1 1112 2, 12k
< qolletnlln+ 5opl Ve mallay + lewn Irp-r + CRZ ey oy + A + A%

R (L g ) + (BT ) el

The first two terms in this expression can be shifted to the left in (5.4.15). Assuming h
is sufficiently small, we get

et nlty + IPreln — et [Fn + Atllel ulI7 + Atop|Vep , -0y

- - 5 -
< et Iy + eAt(lels Ip-i + letalty) + 5 Atleln I (5.4.16)

. cm(m@ # B2 L B2 (] ) + (7 hk9)|||egvh|||n).

We need an upper bound for [|ej ,[ln. For this, we use the same approach as in the proof
of Theorem 5.4.5, which is not included in this thesis. See [ORS24] for details. This
then yields

h -1 1 —12 2
lepnlln § < IPrew s —eunlry +pp2 Ve, s - nnlap + llegs -1 + lleg nlln
At
1
_ k 15
el lln + llet alln + At + A"+ B+ =2 (A7 + e plln)-
Using this, we obtain that the last term in (5.4.16) satisfies
m+1 kg n 1 n n-12 1 n 2
CONHH™ W)l < L [Pyl it Iy + 5 Aty 19 maly
1 _ _
b (Il + el l2) + OOt (A8 4 (15 + h2702) (14 g o)

for h sufficiently small. Substituting this in (5.4.16) and shifting terms from the right to
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the left-hand side, we get

7 1
lewnlfn + gAtllleﬁ,hllli + 5 At | Ve, 0y

6 .
£) + gAtlleis -1

< llegn [Py + 1 (el y 5 + el
+co At (At2 + (h%g + h2m+2) (1 + |||u2_1|||n—1)) :

We sum over n = 1,...,k, apply a discrete Gronwall inequality, and use the discrete
stability estimate At Y5 [[uf -1 < C to get

1 k
Qi = et nlfs + gAY (et all: + ol Veh - maliy ) S expleti) (AL + h¥"H2 4 1259),
n=1

The triangle inequality and standard FE interpolation properties give

1 k

k

IEy H%Z +ght §1 (|UE3|||721 +pp|VE, - nh||sgz;)
n=

1 k
<2Q + 2l ullfy + 7Y (llelalls + ool Ve maldy ) $ Qe+ CH™2.

n=1
From this, we obtain the velocity error estimate. O

Both bounds in Theorem 5.4.8 are optimal in terms of convergence order in At and h.

5.5 Numerical experiments

In this section, we present results of numerical experiments designed to validate our

method. We consider three geometry evolutions. The first one is a simple evolution,

namely that of a slowly moving sphere which does not change its shape. In the second

one, we start with an ellipsoid that deforms into a sphere. The last example is a so-

called Kite geometry with high curvature that moves slowly. In all the experiments, we

take the time interval I = [0,1] and the evolving surfaces are embedded in the domain
77

Q=[-3, §]3. Using Maple [Map], we calculate corresponding exact force terms f; and

faiv to our manufactured solutions. The viscosity is set to ug = 0.05.

The method introduced in this chapter is implemented in Netgen/NGSolve [Sch97,;
Sch14] with the add-on ngsxfem [Leh+]. For each example, an exact level set func-
tion ¢ is known and a discrete level set function ¢y, is constructed based on an Oswald
type quasi-interpolation Hf’;g in the finite element space Vj,, (cf. (4.1.2)). The used
discrete geometric quantities are defined by

Vo . VO
[varl [varl

O =107 (6(tn)), 1 =T (6(10)), mf =

kg-1
and Hj =vr,ILY "nj.

The parameter choices we use are consistent with (5.3.9). For the stabilization and the
penalization, we take py = h™!, pp=nhand 1= h=2 with h the corresponding mesh size.
As described in Chapter 4, the thickness of the narrow band €25 has to be chosen large
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Chapter 5. Discretization of Tangential Surface Navier—Stokes Equations

enough such that Qf c Qg’i holds for 7 = 1,..., R, where R is the order of the used
BDF-scheme, cf. (5.3.10). A possible choice is &, = csRAt|wN | o (oxr,), cf (4.3.3).
We approximate |wn | = (qxz,) Py the maximum of the absolute values of the linear
interpolation of w%“ at the nodes of the cut elements {}f'. In our implementation, we
check in each step whether 4, is sufficiently large such that €}t c Qg’i, i1=1,..., R, holds.

If not, we stop the calculation.

We use Taylor-Hood pairs (cf. (5.3.5)), of different orders, i.e., m = 1,2, and consider
kg =1,2,3. For the case ky > 1, the zero level of ¢} is not easy to determine, and we use
the parametric finite element technique outlined in Section 4.1. We start with a uniform
tetrahedral triangulation of 2 with maximum mesh size hg = 0.5. In each refinement
step, the mesh size is halved. For the time discretization, we use the BDF(R) schemes
with R=1,...4. As initial time step size, we chose Aty = 0.2. In each spatial refinement
step we halve the time step size in the higher order BDF-schemes, and we divide it by
four when the BDF(1) scheme is used.

For the non linear term Vr, ujuj we use a linearization of the form Vr, ujujy ~ Vujuy",
where u;," is a linear combination of the previous velocity approximations. In case of
the BDF(1) scheme, we use the first order accurate linearization (Vp, u™)u™!, cf. Sec-
tion 5.3. For higher order BDF schemes, we consider higher order accurate linearizations
given by

BDF(2): @;":=2u} ™! —u} 2,

BDF(3): " :=3u} ' —3u} 2 +u}™? (5.5.1)

BDF(4): @j;":=4u}' —6uj % +4u} 3 —u}

The error quantities we use are defined as follows. The velocity errors and pressure
errors in each time step are denoted by Ej =u" —uj and Ej =p™ —py forn=1,..., N.
The energy norms are given by

1 .

IVl = §||vH%;; + 20| Br,, (Prv) [ + 37 v[Ee + pul VVna[Fs,
1

llglln = h2 qu”Qg

Note that the norm ||-||,, for the pressure is closely related (cf. discussion below (5.4.3))
to the scaled H'(T'}) norm h|V - |, consistent with the error term ™ in (5.4.14).
This error is only of interest, when the exact pressure function is extended constantly in
normal direction off the surface. It is hard to realize manufactured solutions that have
this property. We will only measure the error in the | - [|,-norm in those experiments,
where an exact signed distance function is available and the manufactured solution can
be extended using the signed distance function.

In the velocity energy error, the term |V(up —u)np|or occurs. This term is also only
reasonable, when the exact solution is extended constant along normals, i.e., it holds
Vun = 0 on €f. Since the construction of an exact solution with this property is
difficult when no signed distance function is available, we approximate the error term by
|V (up —w)npflap ~ |[Vupng|op. This is a reasonable approximation, since a (sufficient
smooth) exact solution that is constant in normal direction, satisfies

IV (up —a)ng,| < |[Vapng, | + [Vung || < [Vupng| + [Vun| +|Va(n - ng)||

< [Vupny| + O(h*). -0
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In our experiments, we measure the following error quantities

N
(ews)” = At > [E2IR,,  (ewe)” = At Z L2,

N
2
(ep2)” =AY [Ep [P, Cpe 1= At Z & N
n=1 n=1
with || - HFn =|- ||L2(F" The pressure p is only defined up to a constant by the TSNS

equations. For that reason, we scale the pressure such that [ ppds« [p pds w0 holds.
This scaling is done by subtracting the mean value of the pressure function from itself.
The error e, is then calculated by using the scaled pressure functions p; and p.

5.5.1 Surface with constant curvature

In the first example, we consider a sphere slowly moving to the right. The exact level
set function is given by

d(x,y,2,t) = (2 +0.1-0.26)" + >+ 2° - 1

We choose a tangential divergence free velocity Uy = P(nx V) with the stream function
Y = xy — 2t. This function is added to the constant velocity u. = (0.2,0,0)7 that fits
to the desired evolution of the surface I'(t). The full velocity is given by u = Uy + u,,
holding divp u = 0. The pressure is taken as p = (x —0.2t)yz, which satisfies /F(t) pds=0
for ¢t € [0,1]. For the width of the extension domain, we take c5 = 2.5.

Low order Taylor-Hood, BDF(1)

We start with results for the BDF(1) method combined with Taylor-Hood with m =1,
thus quadratic polynomials for the velocity and linear ones for the pressure, and k; = 1
and kg = 2. The results are presented in Figure 5.5.1.

| i -1 i |
1071 4107

i 11072 E
107 1 1

i 11078 E
1073 | 4 B 1

§ 1 1074 g E
1074 | ! ! ! ] E ! ! ! E

10710 107! 10702 10710 107! 10700

Mesh size h Mesh size h
(a) kg =1 (b) ky =2

Figure 5.5.1: Errors of TSNS approximations on a sphere with m = 1, BDF(1), and
At ~ h2.

The errors in Figure 5.5.1(a) are derived by using linear polynomials for the level set
function (kg = 1). The first order convergence for the error ey shows that the geometric
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Chapter 5. Discretization of Tangential Surface Navier—Stokes Equations

error bound h*s for this term in (5.4.13) is sharp. The slightly better convergence rate
for the pressure error e, indicates that the geometric error term h¥s in (5.4.14) might
be not sharp. But it is also possible that the error behavior is pre-asymptotic. The
results in Figure 5.5.1(b) for ey and ey where k4 = 2 is used, confirm the second order
convergence predicted by Theorem 5.4.8.

Although we did not derive a bound for the L?—errors eu,2 and ey 2 in the analysis, these
errors have the expected (approximately) second order convergence in Figure 5.5.1 both
for k; = 1 and k, = 2. Due to use of a BDF(1) method and the scaling At ~ h?, this
error is optimal in the time discretization and suboptimal for the space discretization for
the velocity. The L?-error of the pressure is optimal in time and in space, since linear
polynomials are used to discretize the pressure function.

Low order Taylor-Hood, BDF(2) and BDF(3)

We claim that our theoretical analysis from Theorem 5.4.8 can be extended to higher
order time discretizations by using BDF(R) schemes with R > 1. Then, the time dis-
cretization error terms At in (5.4.13)-(5.4.14) would be replaced by Atf. Results for
the BDF(2) method are shown in Figure 5.5.2 for a piecewise linear level set function
(kg = 1) and piecewise quadratic level set function (k, = 2) and in Figure 5.5.3 for the
BDF(3) method combined with k4 = 2.

: 110t L g

107! g E B ]
5 11072 £
2| | B ]
N | 107 E
1073 :— —: 107 % é
i | 10}

10—4 E E E E
L ] 10761 E|

Mesh size h Mesh size h
(a) kg =1 (b) kg=2

Figure 5.5.2: Errors of TSNS approximations on a sphere with m =1 and BDF(2).

The asymptotic behavior for the errors ey and e, equals the behavior of the errors
when the BDF(1) method is used with At ~ h?, cf. Figure 5.5.1. These errors are optimal
and in accordance with our expectation, that the theory (Theorem 5.4.8) also holds true
for higher order time discretizations. The L2-errors for the pressure and the velocity
are slightly better in the BDF(2) case than in the BDF(1) case. For example, the error
eu,2 shows almost third order convergence, which is optimal considering the polynomials
used in space and better than expected concerning the used time discretization.

By employing the BDF(3) time integration with m =1 and k4 = 2, we achieve optimal
convergence rates of ey ~ €pe ~ O(h?) and €uz2 ~ O(h?). Additionally, the L?~pressure
error ey is slightly better than the optimal bound of O(h?).
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1072

1073
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107°

-6 | ! |
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Mesh size h

Figure 5.5.3: Errors of TSNS approximations on a sphere with m = 1, BDF(3), and
kg =2.

Higher order Taylor-Hood, BDF(3) and BDF(4)

We also present results obtained by using higher order Taylor—-Hood spaces, specifically
with m = 2 in combination with k; = 3. According to Theorem 5.4.8, our method con-
verges at the optimal rate of O(h?) for the errors eu,e and e, .. The optimal convergence
rates related to the spatial discretization in the L2—norm are given by €p2 ~ O(h?) and
€u,2 ~ O(h4)

These optimal error convergence rates can be observed in Figure 5.5.4(b), where the
BDF(4) method is employed. For the BDF(3) method, we get optimal error rates for
the errors ey, €p.e, and e, 2; however, we find slightly suboptimal convergence rates for
eu,2 due to the third-order time integration, cf. Figure 5.5.4(a).

107! % —; 1071 ; é
1072 % —; 10-2 ;, é
) 1 109) ]
| 1] ]
e} 1 w0e] |
107 1 10Tk .
1078 ; | ! ! ; 10-8 i ! ! ‘ E
10-15 10-1 10-0-5 10-15 10-1 10-0-5
Mesh size h Mesh size h
(a) BDF(3) (b) BDF4

Figure 5.5.4: Errors of TSNS approximations on a sphere with m =2 and k, = 2.
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5.5.2 Surfaces with varying curvature

In the next examples, we consider surfaces with varying curvature, namely an ellipsoid
deforming into a sphere and a Kite geometry moving to the right with a constant velocity.

In both cases, the exact tangential velocity is taken as up = P(1-2t¢,0, O)T. The normal
o
n.v¢ )
In these examples, the velocity is not (surface) divergence free, so we change the second

equation of the continuous problem (5.2.3) to divpuy = fqiy, with fgy = divpu - wyk

component is given by the relation wy = - and the pressure is chosen as p = zyz.

instead of fqiv = —wnk. The pressure is not constant in normal direction. For that
reason, we do not measure errors in the pressure norms and stick to the energy norm in
the velocity. We use cs = 3 for the choice of the narrow band thickness. We use Taylor—
Hood pairs with m = 1 and m = 2 and combine them with k; = m + 1 and BDF(R)
schemes with R = m + 1. Following the results of the previous example and the theory,
we expect optimal convergence rates for the velocity in the energy norm.

Ellipsoid to sphere
A level set function for an ellipsoid deforming into a sphere is given by
2

z
0.752

¢ =(z*+y*+ ~1)(1-t)+ (22 +y?+22-1)t for te0,1].

The results for m = 1 and m = 2 are shown in Figure 5.5.5. The optimal convergence
rates for the velocity energy error can be observed for both m = 1 and m = 2 in the
BDF(R) schemes with R = m + 1 and ky = m + 1. The results are in accordance with
the theoretical predictions and show that our method is also applicable to surfaces with
curvature that varies over time.
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Figure 5.5.5: ey, errors of TSNS approximations on a deforming ellipsoid for m € {1,2}
with BDFm and kg = m.
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Kite to right

The Kite geometry that moves to the right is described by the level set function
p=((x+01-02t)+ 25 +y>+22 - 1.

The surface is taken from [Dzi88]. Figure 5.5.6 shows the shape of the “kite”-like ge-
ometry. The surface I'(¢) is asymmetric, and its curvature varies. On the left side,
the surface exhibits a higher curvature, due to two peaks. On the right-hand side, the
surface is smoother, leading to a lower curvature x. The geometry is evolving with a
constant velocity to the right.

Figure 5.5.6: Errors in up from blue (low) to red (high) at end time point ¢ = 1 on the
kite geometry for h =274 m =1, BDF(2), and k, = 2.

In Figure 5.5.7, the velocity error in the energy norm is presented for m =1 and m = 2.
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Figure 5.5.7: ey errors of TSNS approximations on a deforming kite for m € {1,2} with
BDFm and kg, =m.
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The convergence observed at coarser mesh sizes is relatively slow, while optimal conver-
gence rates are approximately attained for finer meshes for m = 1 and m = 2. This phe-
nomenon suggests that the results obtained from the coarse meshes are pre-asymptotic.
Note that the errors are much larger than in the previous experiments.

We take a closer look at the errors and the influence of the curvature on the errors. We
fix t = teng = 1. In Figure 5.5.6, the error |[uy —uy| is shown for h = 0.0625 and m = 1.
We observe higher errors in the tips of the surface on the left side than at the tip on
the right side, which has a smaller curvature. In the flat regions, e.g., in the middle of
the picture, we observe the smallest errors. This behavior shows the influence of the
surface curvature on the quality of the discretization. We also validate the observed
error behavior by measuring [ur —uy| on the left and the right side of the surface. For
that we sample points on the left and right half of the surface respectively and evaluate
the error pointwise. We approximate the L°-norm of the error by the maximum of the
error at the sampled points for the left and the right half. These errors are displayed in
Table 5.5.8 for the different refinement levels.

m=1 m =2
h left : rate | right : rate left : rate | right : rate
5-10~ 1T 6.9-10°1 1 - 1.9.-101 1 - 6.4-10°1 1 - 1.6-101 1 -
2.5-1071 || 46-107' 1 056 | 4.7-1072 1 2 3.4-1071 1 0.92 | 1.8-1072 | 3.16
1.3-1071 || 2.2-107 1 1.08 | 9.4-1073 | 2.31 | 1.8-10"! : 0.95 | 2.1-1073 | 3.16
6.3-1072 || 5.8-1072 ' 1.93 | 2-1073 | 224 | 2.4-1072 ! 288 | 2.3-10~* ! 3.16
3.1-1072 || 6.1-1073 | 3.23 | 3.7-107*% | 243 | 1.4-1073 | 4.07 | 1.7-1075 | 3.75

Figure 5.5.8: L*-errors at the end time point (|ur - up| e (rvy) on different areas of
the sphere with m € {1,2}.

We observe that the errors on the left side are higher than on the right side, and the
convergence rates are optimal on the right side for the coarse and the fine meshes. The
convergence rates for the error on the left side are suboptimal for the coarse meshes and
optimal for the fine meshes. This indicates, that the mesh has to be sufficiently fine to
resolve the high curvature regions. The results show that the method is applicable to
surfaces with varying curvature and that the error behavior is in accordance with the
theoretical predictions.
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Chapter 6

Narrow band method for the level set equation

This chapter is based on the paper [ORS25].

6.1 Introduction

In the process of solving the surface Navier—Stokes equations on a moving surface I'(t)
the geometric evolution of I'(¢#) depends on the material velocity u and is itself an
unknown in the system. To apply a trace finite element method to solve a PDE posed
on the surface, I'(¢) has to be represented as the zero level of a level set function. Thus,
we need a method that describes the change of the level set function over time depending
on the material flow field u.

In this chapter, we introduce a narrow-band transport algorithm to describe the evolution
of the surface in terms of the level set function. The surface velocity u is extended to
a velocity field that transports the level set function and is defined in a narrow band
around the surface. For a closed hypersurface I': [0,tenq] - R? moving with speed Vi
in its normal direction, we consider the following Fulerian formulation of its evolution
in a domain Q c R? such that the surface is contained in Q for all times ¢ € [0, tend]:

% +u-Ve =0, (2.6.2)
where u: Q - R? and the surface normal velocity are related by u-n = Vi on the zero
level set of ¢. Here n denotes the outer unit normal on I'(¢). In this chapter, we assume
a given smooth velocity u defined in a sufficiently large neighborhood of the surface.

In this thesis, for the surface Navier—Stokes system, we have d = 3, where d is the
dimension of the background space in which the surface I' ¢ R? is embedded. There exists
no equivalent system with a one-dimensional surface I' ¢ R2. However, the transport
equation (2.6.2) can be applied in 2D and 3D. The method we propose is applicable in
both cases. Thus, in this section it holds d =2 or d = 3.

There are many numerical approaches in the literature to solve transport equations.
In [KMS99], a finite volume scheme for the Hamilton-Jacobi problem which includes a
transport equation is proposed. Several papers published by Sethian, e.g., [Set96; A96]
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and his monograph [Set99a] describe finite difference-based methods and their analysis.
Other authors also use finite difference methods to solve the transport equation, cf.
[OF03]. Another numerical scheme is the streamline-upwind Petrov-Galerkin (SUPG)
method, where numerical viscosity in the direction of the flow u is added to the classical
Galerkin approach to improve the stability of the method. It was developed in [BH82]
and further used and analysed for example in [JNP84].

Also, discontinuous (DG) finite element methods are known to be very suitable for
convection-dominated or pure transport problems, cf. e.g., [BMS04; DF15; FS04;
BQS10]. We use a DG scheme in space that was introduced and analysed in [BDF16].
The given analysis provides an L%—error bound (’)(hk9+%) for the space semi-discrete
scheme, where piecewise polynomials of degree k; are used. The analysis of that paper

applies also if the velocity field is not divergence-free.

For the time discretization, the authors of [BDF16] also use a discontinuous Galerkin
method. Alternatively, Runge-Kutta (RK) schemes are used for the time discretization,
cf. [MRCO06; CS89; CHS90]. In our work, we use a backward differentiation formula
(BDF) scheme. The BDF scheme was used for solving transport equations, e.g., in
[DF04]. The combination of a discontinuous Galerkin method with a BDF scheme was
analysed, e.g., in [SVDO06; vS08].

In certain applications, the underlying physics yields a velocity field u that is defined
in the whole domain 2. A prototypical example from this category is the two-phase
immiscible flow problem, where the interface evolution is determined by the continuous
flow field associated with the two fluid phases [AS14; GR11]. In these scenarios, it
can be computationally advantageous to solve the level set equation (2.6.2) within a
narrow band surrounding the interface rather than in the entire domain 2. In other
problem classes, such as the surface Navier—Stokes system (3.4.2) treated in Chapter 3,
the surface (normal) velocity is known only at the surface, necessitating the construction
of an extension velocity u. The governing partial differential equations in this model
are formulated on the evolving surface I'(¢), with the evolution of the surface geometry
being part of the unknown solution. An Eulerian numerical framework for this and
similar interface problems, such as geometric flows, typically employs a level set method
for implicit surface representation. The required velocity in the level set equation is
derived from the PDE posed on the surface. In our context, the velocity is provided by a
TraceFEM discretization of the surface PDE, and is not only defined on the surface but
also within a narrow band {25. Consequently, we focus on developing a finite element
solver for (2.6.2) that operates within a thin tube that contains the surface, termed as
"narrow band."

These locality requirements and efficiency benefits have driven advancements in narrow
band level set methods, e.g., [LDM14; NC17; Xue+21].

In this chapter, we treat a novel finite element narrow band level set method based on
a specific extension technique introduced in [ORS25]. For simplicity, we assume that
within a narrow band there is a bulk velocity u available. Narrow band methods for
(2.6.2) necessitate an extension procedure. To illustrate why, we assume that at time
tn, an approximation ¢y of ¢(-,t,) within a neighborhood Q" surrounding I'y ~ I'(¢,)
is given, and that we know beforehand that F;L”l c Q7 refer to Fig. 6.2.1. Within an
Eulerian framework, numerical time integration over [t,,t,+1] yields an approximation
gf)Z*l of ¢(+,tn+1) in Q" which defines FZ”. To proceed to the subsequent time step
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from t,41 to t,.2, one has to extend computed approximations ¢Z+1 on Q" to suitable
initial values on Q"*!, ensuring that FZ*Q c Q"1 holds.

In narrow-band methods from the existing literature, such extensions mostly rely upon
reinitialization techniques. A prominent example is the fast marching method (FMM),
initially described by Sethian [A96], which approximates the distances from points to
the given surface. The original FMM from Sethian is first-order accurate. Second-
order accurate finite difference adaptations are presented in [Set99b]. A drawback of
using re-initialization in level set methods is the difficulty in controlling the change of
the surface position. To address this issue several finite difference-based approaches
have been introduced [AS99]. Alternative strategies to extend or reinitialize a level set
function are based on employing time dependent PDEs generating stationary solutions
that satisfy the Eikonal equation, cf. [SF99; TE00]. These methods, however, have
certain disadvantages such as parameter selections and substantial computational costs
in a narrow band setting. Elliptic-PDE-based approaches [BK13; Xue+21] circumvent
temporal progressions towards stationary solutions but require nonlinear problem-solving
and the construction of artificial boundary conditions. To the best of our knowledge,
none of these techniques from the literature offer rigorous error estimates that would fit
the finite element analysis of the entire narrow band discretization method.

In this chapter another approach for the extension of qﬁ’}:” on (. is proposed. This
extension method is based on a finite element L?— or H'-projection combined with a
ghost-penalty method. The ghost-penalty method is widely used to enhance the stability
of finite element formulations [Burl0O; Bur+14]. More recently, it was also used and
analysed as an implicit extension procedure for an Eulerian finite element formulation
of PDEs posed in time-dependent domains, cf. [LO19; WRL21]. We will use the ghost-
penalty similarly as an explicit extension operator. The resulting extension procedure
can be formulated as a linear variational problem in a narrow band around the surface.
This makes it both computationally efficient and amenable to rigorous error analysis.

An important consideration in any narrow band level set method is the selection of ap-
propriate artificial boundary conditions for the level set equation at the inflow boundary
of the transport domain. The extension method we propose allows flexibility in selecting
domains for local projection and ghost-penalty stabilization. With a suitable choice of
these domains, it is possible to achieve higher order approximations of the zero level of ¢,
i.e., the surface, even when numerical boundary data possess only lower-order accuracy.

The remainder of this chapter is structured as follows. In Section 6.2, we outline our
assumptions regarding the level set function and describe the framework of the nar-
row band discretization method. Section 6.3 addresses the issue of numerical boundary
conditions at the inflow boundary of the narrow band. In Section 6.4, we explain the
methods employed for spatial and temporal discretization of the level set equation. The
extension method is explained, and accuracy bounds are derived in Section 6.5, where
we also present results from numerical experiments with this extension method. In
Section 6.6, we combine the components resulting in a narrow band algorithm for dis-
cretizing the level set equation. Finally, Section 6.7 showcases the performance of this
algorithm through numerical experiments.
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6.2 Level set equation and structure of the narrow band method

In this section, we formulate the problem that we aim to solve and provide an overview
of our narrow band level set method. We assume that the evolving surface is given by
the zero level of a sufficiently smooth level set function ¢ defined in Q x [0, tenq] with ©
a polygonal domain that contains the surface I'(¢) for ¢ € [0,tcnq]. The surface is given
by

L(t)={xeQ | o(x,t)=0}.

Here, we assume the level set function ¢ to be close to a signed distance function in the
sense that for fixed constants ¢, ¢o it fulfills

0<cy <|Vo(x,t) <o for xe O(T(t)), t€[0,tend]s

where O(T'(1)) = Q(t) := {x e R? : |¢(x,1)| < € } denotes a neighborhood of the surface,
with fixed width € > 0.

The geometric evolution of the surface is driven by the material flow field u. The

connection between the surface evolution in terms of the level set function and the

velocity u is described in Section 2.6.1. The level set function is the unique solution of
o9

—+u-Vgp=0 on |J O((t))x{t},
8t tG(O,tend]

with a suitable initial condition ¢(x,0) = ¢o(x) for x € O(T'(0)).

It is important to observe that inflow boundary conditions are unnecessary in this
setting due to the fact that the spatial boundary of the space-time neighborhood
Ute(0,tena] O(I'(t)) x {t} is a characteristic boundary. Our primary focus is the accu-
rate recovery of I'(¢) and not the accurate approximation of the function ¢ in the
entire neighborhood Uefo+,,,] O(T'(t)). Consequently, it suffices to obtain an accurate
approximation of ¢ within a smaller subdomain that contains I'(¢) for ¢ € [0, tenq]-

We outline the construction of our narrow—band method, starting with the time step-
ping procedure and the choice of the narrow bands Q7. We chose a fixed time step
size At =teng/N for some N > 0, but the method also works for varying time step sizes
with minor modifications. The time nodes are denoted by t, = Atn, n=0,..., N with
0=ty <ty <...<tn =tend- We use the notations f"(-) = f(-,t,) and I'" = I'(¢,,) for time-
dependent functions and surfaces. In the background domain 2 we assume a family of
shape regular quasi-uniform simplicial triangulations {7 },-0. The subset of simplices
that are “cut” by I'(t,) is again denoted by T ={T € Tj, | measg_1(T'nT"™) >0}. We
focus on narrow bands consisting of the “cut” elements with some layers of neighboring el-
ements added. We introduce the notation to add layers of elements to a sub-triangulation
Th € T, by

NN 1) =N(m) ={T eTp | Tnr, #0} and N7 (1) = NN (1,)), 7>2. (6.2.1)

The narrow bands 7, for 1 <n < N are defined by adding Lt layers of elements to the
“cut” elements. They are given by

e = NET(T).
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6.2. Level set equation and structure of the narrow band method

Thus, for h sufficiently small we have the embedding 7" c 2, ¢ O(I'(¢,)). The number
of element layers Ly in the narrow band has to be chosen sufficiently large (or the time
step size At sufficiently small), such that IT™*! is contained in . This is a crucial
condition for our method, and we will test it in each time step. See Fig. 6.2.1 for a 1D
illustration. In Section 6.6 we discuss how this condition is handled in our algorithm.

1+1
gz']l’r
tn+2 N/
Lnt1 f —t—t+—
tn N P
O
Q. (t)

Figure 6.2.1: Sketch of narrow band O(T'(t)) = Q(t) and successive time slabs of trans-
port domains Q. x [ty,, tn1], QT{{[I X [tn+1,tne2]

In an Eulerian framework, we (approximately) solve the level set equation on a space-
time subdomain Q7 x [tn,tn+1] and then proceed to the next space-time subdomain
Qai;'l X [tn+1, tn+2]. It is evident that for a well-posed formulation of the level set equation
on QU X [tn, tne1], we need initial data on Q7 for t = ¢, as well as boundary data on the
inflow part of the piecewise planar boundary of {27,. The inflow boundary is defined by

o 1n(15) {x ey, | u(x,t) non(x) <0} forte[ty,tn],

where non denotes the outward pointing unit normal on J€)},. For simplicity, in the
remainder we assume that the inflow boundary is constant in each time interval, i.e.,

o0 ln(15) is independent of t € [t,,t,11]. We denote Dirichlet boundary data on this
inflow boundary by ¢7,.

Given the narrow bands (. for n =0,..., N -1, that satisfy the condition I‘Z*l c OF,,
we outline the structure of our narrow band method and the following sections: As a
first step, Dirichlet boundary data ¢7, on the inflow boundary 89 " are constructed. In
Section 6.3, an approach for the constructlon is explained. Next, the level set equation

is solved on the narrow band using a Galerkin DG discretization in space combined with
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Chapter 6. Narrow band method for the level set equation

BDF in time as detailed in Section 6.4. Note that the choice of the discretization scheme
is not crucial and the narrow band algorithm is also combinable with other transport
schemes. The final extension step is performed using a ghost penalty technique, which
is explained in Section 6.5.

In Algorithm 6.2.1, we summarize the structure of one time step of the narrow band
method.

Algorithm 6.2.1: One time step structure
Input: ¢;,u" defined on 7,
Procedure

Step 1: ¢, < boundary conditions on the inflow boundary 8Q7Tb’rin
Step 2: g?)’,?l < solve level set equation on 2, x [t,, tn+1]
Step 3: "1 « extension of @7+ from Q. to Q!

end Procedure
Output: ¢'*! defined on Q'

6.3 Construction of inflow boundary data

In this section, we discuss the construction of Dirichlet boundary data used in Step 1
in Algorithm 6.2.1. To construct Dirichlet boundary data on J %’fn we use a (linear)
mapping B, that defines ¢}, = ¢}(x,t), x € IUL", t € [tn,tne1] from the previous
approximations (;S”,gbz_l, .. .,(;SZ_R”. Here, R is the number of approximations from
previous time steps that are used to construct the boundary data. The choice of R
depends on the time stepping scheme (BDF(R)) that is used. To define B,,, we give two
approaches. The first one resembles the straightforward idea used in equation (5.5.1).
It consists of a simple extrapolation (in time) of the restriction of previous level set

approximations to the inflow boundary. For a BDF(1) method, we use
¢p = Bn(dp) = ¢Z\ag¥j"- (6.3.1)

If one uses BDF(2) it is natural to incorporate information of ¢! in the boundary data.
An analogous choice of the boundary data is given by

O = Bu(0h, 0h ") 1= 200 ggmin = B gmin- (6.3.2)

These choices for the boundary data are independent of ¢ € [t,,, tn.1]. If ¢} (x) = d(x,t5)
and ¢} 1(x) = ¢(x,t,-1) for x € Q% hold, this construction yields boundary data that
are first order (for BDF(1)) or second order (for BDF(2)) accurate in At. Along the
same lines as in equation (5.5.1) one can also construct higher order accurate boundary
data for BDF(R) schemes with R > 2.

A second, more accurate (in At) approximation of the boundary data is obtained by
using the structure of the level set equation. For BDF(1) it is given by

O = Ba(9f ") = 0 e — (£~ 1) (0" - V67 e (6.3.3)
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6.4. Discretization of the level set equation

For ¢} = ¢" (and thus V¢} = V¢™), this choice of boundary data is second order accurate
in At. Along the same lines, one can construct higher order approximations for higher
order BDF schemes. Both options (6.3.1) and (6.3.3) are natural choices in a BDF(1)
time stepping procedure.

In Section 6.6, we will demonstrate that it is possible to achieve higher order discretiza-
tion accuracy of the level set function close the surface, even when using low-order (in
At) accurate Dirichlet boundary data. This phenomenon is related to the transport
nature of the level set problem. In the transport equation, errors occurring on a level
set defined by |¢(-,t,)| = ch do not propagate into the region formed by the level sets
where |¢(-,t)| < ch for all times ¢ > t,,.

The default boundary data operator that we use in our numerical experiments is the
one in (6.3.2) for BDF(2) or its higher order variants for other BDF(R) schemes. We
will discuss the choice of the boundary data in Section 6.7. We observe that increasing
the order (in time) of the boundary data operator does not necessarily lead to a better
approximation of the surface, but increases the computational cost. In Table 6.7.4, the
results of different boundary data operators are compared.

6.4 Discretization of the level set equation

This section introduces the method we use in step 2 of Algorithm 6.2.1. The method
discretizes the level set equation (2.6.2) on one time slab Qf, x [t,,ty+1]. For simplicity,
we drop the time slab superscript n and write Q,., ¢5, ¢p instead of ., @7, @7 in this
section. The Dirichlet boundary data ¢p is assumed to be given on the inflow boundary
iR = o™,
Tr Tr

We employ a discontinuous Galerkin (DG) method for the spatial discretization and
combine it with a backward differentiation formula (BDF) scheme for the time dis-
cretization. The DG method is detailed in [BDF16] and is briefly summarized in the
following section. Unlike most of the methods in the literature, this DG method does
not require the velocity u to be divergence-free, which is beneficial for applications that
motivated this work. See Remark 6.4.2 for a discussion of this topic.

The discontinuous finite element space is given by
Vi (1) = {0 € Lo(Q,) | ¥lr € Py, (T) VT € T, 3, (6.4.1)

where 7';er i= T, Ny, is the set of tetrahedra in the narrow band Q.
As common in DG methods, we use upwind fluxes and a suitable jump operator across
the faces in 7. The boundary of an element T € 7-’hI‘r is split into its inflow and outflow
part, given by

oT ™ (t) := {x edT : u(x,t) np(x)< 0},

OT*(t)={xedT : u(x,t) nr(x) >0},

where nr denotes the outward pointing unit normal on 7. It holds 9T = 0T~ u9T™*.

Due to the discontinuity of ¢y, € V,E,g over the faces of the tetrahedra, the values of
the finite element functions on the boundary of the tetrahedra are not uniquely defined.
More precisely, let 1" be an adjacent tetrahedron to T, such that T" and 1" are connected
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Chapter 6. Narrow band method for the level set equation

over the face F', see Figure 6.4.1 for a visualization. Then, ny denotes the normal to F'
pointing outward of T' (and into T'). For the evaluation of the finite element function ¢y,
on F', one can choose ¢h|F = ¢h|T or ¢h|F = gbh‘T.

We evaluate ¢, on F' depending on the direction of the flow field u. Since the information
is transported in the direction of the velocity field, it is a natural choice to take the
value of ¢y, that flows “into” the face. Here, “into” means that we take ¢pp = ¢pp if
the velocity u points from the tetrahedron T into F' (and thus from T into T), i.e., we
evaluate ¢p on F' as

o Sy, w-np 20, (6.42)
hlF = 4.
¢h‘f’ u-nr< 0.

To simplify the notation, we keep T as the primary tetrahedron if nothing else is stated
and write ¢y, = ¢p|r and ¢y, = P

nr

N3
~

Figure 6.4.1: Adjacent Triangles T and 7' sharing the face F.

We summarize the derivation of a semi-discrete DG finite element formulation of (2.6.2)
from [BDF16]. To obtain a weak formulation, we replace ¢ with an approximation
o, € Vh]?ngv multiply with a test function 1y, € Vﬁ?,?g, and integrate over a tetrahedron
T e 7',? with np the outward pointing normal to 0T. Since ¢p and 1, are smooth on
T, we can use Green’s formula inside T'. We replace ¢, with (6.4.2) in the boundary
integral and get

[ @rw)-onax=- [ div () éndx+ [ onnu-nrds
- - [avwendx+ [ ownunrds+ [ gpvnuenrds
Gieen fTT/Jh(u'Véﬁh) dx_/a‘Tﬁﬁhﬂ/fh(u'nT) d8+'[9T_ Gptpu-nyds

- ¢ppu-nrds

[:F¢h(u'v¢h) dX—faT_ ¢ntpn (u-nr) ds+]a:r’— oppu-nyds

ﬁwh (u : V¢h) dx - LT— <¢h - (Z)h) Lbh (u . nT) ds.

On the boundary of the computational domain 92, we cannot use the values of ¢, from
the neighboring elements (because there are no neighboring elements). Thus, we replace
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(ﬁh with the Dirichlet boundary data ¢p on 9O . We introduce the jump operator,
Tr
given by
[fn] = [¢h]|F = P — ¢hT = Qp — G-
| |

Summing over all tetrahedra in 7JTr Tn N Q. leads to the semi-discrete formulation of
(2.6.2), given by: Find ¢p(t) € V) G(QTr) that satisfies ¢y, (t,) = ¢} and

> ([ Sraxe f (w-von)dndx- [ [én]n(u-nr)ds)
TeT,™ " T AT\,
(6.4.3)

_f¢h¢h(u'nQTr)d3 = —f¢D”¢h (u‘nQTr) ds

oQin oQin

for all 1y, € V- G(Q .) for t € [tn,tn41]. Note that u and ¢p may depend on ¢. This
formulation equals the one given in [BDF16, Definition 2.4.].

To obtain a fully discrete method, we discretize the time derivative of ¢5. There are
different schemes available, e.g., in [BDF16] a discontinuous Galerkin scheme is used
for the spatial and the time discretization, in, e.g., [MRC06; DLP06] a discontinuous
Galerkin method in space is combined with a Runge-Kutta time discretization scheme.

We aim to combine the transport equation for the level set function ¢ with the surface
Navier—Stokes equation for the material velocity u. Thus, we want to minimize the
evaluations of u, since for each evaluation a computationally expensive surface PDE
has to be solved. For that reason, we use implicit BDF schemes that only need one
new evaluation of u in each time step and are easily implemented within our finite
element software. Specifically, the BDF(1) scheme (implicit Euler) leads to the following
fully discrete problem within a single time interval: For given ¢} ¢ Vi, G(QTK)7 find

Pntle Vhl?,g (€2, ) such that

n

Z ([¢n+1At By dx+/( n+1'V¢~>Z+1)¢)th _/ [0+ o ( "+1-nT)ds)

T€7—}’LI‘r T BT—\BQTr
f ¢”*1 u™t! -nQTr) ds =- / oD Y (un+1 .nQTr) ds (6.4.4)
6Qnr1n ag%m

holds for all ¢y, € V- G(Q ). The extension of this method to higher order BDF (used
in the numerical experlments in Section 6.7) is straightforward.

The extension method discussed in the next section applies to continuous finite element
functions (H'-conforming). However, from the DG method we obtain finite element
approximations that in general are discontinuous across the edges/faces of the triangu-
lation. Therefore, we use an Oswald-type quasi-interpolation operator that maps (with
optimal order of accuracy) the DG finite element functions into the H'-conforming La-
grange finite element space with the same polynomial degree. The Oswald interpolation
operator TI¥ was also used in Section 4.1. See [GE17] for further details. Using this
quasi-interpolation operator, we obtain a continuous approximation I'y(t,) of the zero
level T'(¢y,).
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Remark 6.4.1

The specific choice of the discretization method for the level set equation in step 2 of
Algorithm 6.2.1 is not crucial for the performance of our narrow band level set method.
Given that the level set equation is a pure transport equation, a finite element discon-
tinuous Galerkin (DG) technique is an appropriate choice. Related DG techniques can
be found in [SVDO06; vS08; CS89; CHS90]. Alternatively, a stabilized conforming finite
element method, such as the streamline diffusion finite element method (cf. [RST08]),
could be used. O

Remark 6.4.2 (Divergence of flow field)

In our case, the flow field u that transports the level set function is determined by the
surface Navier—Stokes equations. These equations include an inextensibility condition
(divru =0 on I'). The finite element scheme that we will introduce in the next chap-
ter, constructs approximations uy of u that are approximately constant in the normal
direction (Vuyny ~ 0) in a thin vicinity around the surface. Hence,

divuy, = tr(Vuy) ~ tr(Vu, — Vuyny, ng) =tr (Vu,Pp) = tr(Ppvu,Py) = tr (Vphuh)
—

= divp, up, » 0. ~0
Thus, the flow (which is extended constant in normal direction) is divergence-free. How-
ever, in the application of the method the inextensibility and the extension are only
enforced weakly. In addition, the divergence of the extended velocity depends strongly
on the choice of the extension method. One could also use different extension meth-
ods that do not conserve the divergence free property. Thus, the level set function is
transported by a finite element approximation of the flow field u; which does not satisfy
divuy = 0 in Q7 pointwise. For that reason, it is important to use a numerical scheme
that does not need the velocity field to be divergence-free. O

Remark 6.4.3 (Analysis of transport method)

We do not give an analysis of the method presented in (6.4.4) and refer to the literature.
In [BDF16] the semi-discrete discretization scheme (6.4.3) on a fixed polygonal domain
Q c R? (instead of our h dependent domain Q) and a fully discrete formulation us-
ing a DG method in time is analysed also for the higher order case. The fully discrete
method is similar to our method (6.4.4) in case of a first-order approximation of the time
derivative. In [BDF16, Theorem 3.6, 3.7], the authors derive a suboptimal error bound
for the L?-norm of the level set function for the semi and fully discrete formulation of
order hFo*3 . However, in their numerical experiments, they observe an optimal order
of convergence indicating that the error bounds in the analysis are not sharp. In other
literature, different discretization schemes have been analysed. A space-time discontinu-
ous Galerkin method for an advection-diffusion problem was analysed in [SVD06; vS08].
The discontinuous Galerkin method combined with a Runge-Kutta time discretization
for the transport problem in a conservative form (i.e., with a divergence-free flow field)
has been analysed, e.g., in [CS89; CHS90)]. O

6.5 Extension of the level set function

In this section we describe and analyse a particular extension method for step 3 of
Algorithm 6.2.1, the extension of ¢}*! defined on Q2 to ¢}*! defined on Q.
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One approach to extend the level set function from the literature is the so-called Fast
Marching Method (FMM), cf. [GR11; LOX18]. It uses a greedy algorithm to calculate
an approximative distance to the surface in each mesh point. The method is computa-
tionally expensive on unstructured grids and achieving higher order accuracy using the
FMM is difficult.

Thus, we will not use the FMM and propose an extension method that uses a ghost-
penalty technique. Several variants of the ghost-penalty method are known in the litera-
ture. The original version, known as local projection stabilization (LPS), was introduced
in [Burl0]. Another variant is the normal derivative jump stabilization, extensively dis-
cussed in works such as [Bur+14; BHL15; Mas+14] for its first-order version, and in
[Leh17; SW14] for higher order versions. In this work, we restrict ourselves to the so-
called “volumetric jump” or “direct” formulation of the ghost penalty stabilization. It
was derived in [Prel8] and further investigated and analysed, e.g., in [LO19; WRL21].
We refer to [LO19] for a comparison of different ghost penalty techniques. To the best
of our knowledge, there is no existing literature where the ghost penalty technique is
applied within the framework of a narrow band level set method.

We derive and analyse our extension method in a more general setting. Assume an
unknown sufficiently smooth function ¢ defined on a polygonal domain §2 with an
approximation ¢ € H 1(Qp,) that is only known in Qp c Q. We extend é from the
projection-subdomain €, to some extension-domain (g, that satisfies Qp c Qg c (.
The difference between Qp . and its extension is denoted by Qpig := Qpx\Qp,. The result
of the extension method will be a continuous finite element function ¢y, € H*(Qgy). We
will use an L?- or H'-projection inside Qp,. Thus, é and ¢, will not coincide in Qp,.
In Section 6.6, we apply this method for an extension from (27}, to Q"T;’l in step 3 of
Algorithm 6.2.1, where ¢ corresponds to a finite element approximation of the level set
function ¢".

In our setting, both domains (Q2p, and Qgy) consist of unions of simplices from 7y, more
specifically layers of tetrahedra around the surface I'j,. These form tubular neighbor-
hoods of width ~ h around I';,. We want )y to be an extension of the domain 2 by a
few additional layers of elements, cf. Fig. 6.5.1. However, this specific structure of {p,
and Qpy is not required in the analysis of the extension method. Instead, the following
more general assumption is made.

Assumption 6.5.1

We assume that 2, consists of a subset of elements 7" € T, such that it is path-connected
and such that any T c £, has a common face (3D) or edge (2D) with another 7' c Qp .
The union of simplices {dgy is such that it contains Q0 and for any T' € Qp;g there is a
path of length at most ch, with a uniform constant ¢, that is completely contained in
Qgx and connects T" with an element contained in € .

For simplicity, we identify a set of simplices with the domain defined by the union of
the elements. The space of continuous finite element functions on a triangulated domain
Th € Tp is denoted by

Vi (1) = {tbn € C(70) : Yonyp € Pr, (T) VT € 7}
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with the same k, > 1 as in (6.4.1). The set of ghost penalty faces .7-",?13 is given by
FP = {Fcal | T eQpig, F ¢ 00 u{FcdT |TeQp, TnoQp, +0}.

This definition ensures that all faces inside the “new” elements Qp;gr and their “inner
neighbors” in €1, are included. The faces on 0€Qgy are not included, since these do not
have two neighboring elements in {2gy. See Figure 6.5.1 for an illustration of 2, gy
(Qpifr), and the corresponding faces ]—',?P.

A =i
A = QPr

_ FGP
= F¢

Figure 6.5.1: Sketch of the projection domain (€p,), the extension domain (Qgx), and
the corresponding faces .7-",?13.

For a face FF=TinT5 ¢ .7-",?13, the corresponding patch is defined as w(F') = Th uT5. For
a finite element function ¢ € V1 (w(F')), we denote 9; = Er Y7, using the canonical
polynomial extension operator £ : Py, (1) = Py, (R?). The ghost penalty bilinear form
is formulated as

Sga)@ﬂ#) =y Y f (61— ¢2) (Y1 —4p2)dx, for ¢,1p € Vi (QEx), (6.5.1)

FE]'—,?Pw(F)

with a parameter 7*** > 0 and an exponent .

For the error analysis, the ghost penalty bilinear form s,(la)(-, -) has to be well defined
for function from L?(Qgy) and not only for finite element functions. For that reason,
we define v; = EF Hr, 4y, for @ = 1,2, where Il7; represents the L?(T;)-projection into
Py, (Ti), i =1,2, cf. [LO19]. If ¥ € Vj, , (Q2Ex), it holds II7,¢r, = 9r,. Consequently, this
allows to extend the bilinear form (6.5.1) to L?(Qgy) x L*(Qgx)-

This operator will be employed to define values of ¢, on the domain Qp;g. For obvious
reasons, we want to maintain proximity between values of ¢; and those of ¢ on €1, .
To achieve this, we use a projection on {)p and define the extension bilinear forms on
Vikg (Ex) X Vi, (QEx) as

a5 (Dns¥n) = (s n)ay, + 53 (S )
and a5 (on,¥n) = (6 Yn)ra, + 55 (Gns tn),
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where (-,-)QPr and (-, ')]_7QPr denote the L?- and H'-inner product on p_, respectively.
The choice of scaling with exponents o = 0 and « = 2 in these bilinear forms stems from
numerical experiments and error analysis from forthcoming sections.

The corresponding extension problems are as follows: Given a function ¢ defined on Qp,,
determine ¢, € Vi 1, (QEx) such that

ai (én, ¥n) = (6, 9n)ay, holds for all ¢y, € Vi, (), (6.5.2a)
a5 (on,vn) = (6,9n)1,0,,  holds for all ¢y, € Vi i, Qo). (6.5.2b)

The extension method from equation (6.5.2a) is illustrated in Figure 6.5.2 for a simple
2D example. The input is a level set function of a sphere on 2, (marked in blue), and
the output is the extended level set function on Qpy (marked in red). The extension
is performed with the parameters v*' = 1. We observe a smooth transition from the
known values on Qp to the extended values on Qpy.

3 I3
2 02
1
0 1
1
2 0
-1
- O
L QEx\QPr
(a) Input of extension method (b) Output of extension method

Figure 6.5.2: Example of the extension of level set function of a sphere in 2D with k4 = 1.

In Section 6.6, we apply the first extension method in the context of the narrow band
level set method, cf. step 3 of the Algorithm 6.2.1. Both formulations will be analysed
in the next section.

6.5.1 Error analysis of the extension.

In this section, we derive optimal error estimates for the extension methods on Qg in
the L?- and H'-norm denoted by | - |q,, and | -
energy norms given by ||, = /a5 (-,-) and ||| 1,4 = /a‘f‘}g(‘, -). We start the analysis by
citing useful results from the literature. In Theorem 6.5.3 we derive the error estimates
for the L2-based extension method (6.5.2a). Theorem 6.5.4 provides the error estimates
for the H'-based extension method (6.5.2b). Again, we use the notation a $ b that
means that the inequality a < ¢b holds with a constant ¢ which is independent of h and
the position of I' in the background mesh.

1,05, respectively. We also use the

In the following lemma, we summarize some useful results from [LO19]. Therefore, we
denote the Lagrange interpolation operator into the finite element space Vj, ., by I.
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Lemma 6.5.2
Up € Vik, (Qux) and ¢ € H** (Qpy) satisfy

[on B, S lnld, + st (¥, ¥n), (6.5.3)
[Vn B, S IV0RI3, + 5t (n, n), (6.5.4)

0
sO(,1) $ W2 Y120 0 (6.5.5)

0
SO ( = Inth, % = Inth) § R0 2|0 g g - (6.5.6)
Proof

See [LO19, Lemma 5.2] for the proof of inequalities (6.5.3)—(6.5.4) and [LO19, Lemma
5.5] for the proof of inequalities (6.5.5)—(6.5.6). ]

Using (6.5.3) and (6.5.4) we conclude that

(P on) 2 [nlh,,  for all vy € Vi, (i), (6.5.7)
a5 (Y, vn) 2 )Ty, for all ¥ € Vg, (Qrx) (6.5.8)

hold. Thus, the bilinear forms a$**(-,-) and ant( +) are elliptic on Vj, 1, (Qgx) and the
equations (6.5.2a) and (6.5.2b) are uniquely solvable.

For the error analysis we assume a ¢ € H**(Qpy), and ¢ used in (6.5.2) is meant to
be an approximation of this ¢ on {2 . Since ¢ is defined on Qgy, the error of interest
¢ — ¢p, is well defined on Qpy.

We start with the error analysis of the L?-based extension method (6.5.2a).

Theorem 6.5.3

Let ¢ € H**1(Qgy) be given and ¢y, € Vj, 1, (Qx) the solution of (6.5.2a). The following
stability and error estimates hold

lnlo < (1613, - 52 (6n80))* <18l (6.5.9)
|6 = dnllas, s 6= Blay, + " 1] gror g, )» (6.5.10)
S h_lHd)_QEHQPr +hkg H¢”Hkg+1(QEX)- (6.5.11)

Proof

Let ¢y, € Vh,kg(QEX) be the solution of problem (6.5.2a). Using Cauchy Schwarz and the
Binomial theorem yields

1
6012 = a5 (6, 61) = (B )0, < 18l Lol < S131R, + 5 (I9nI2 - 5 (0n,00))
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From this inequality, the stability estimate follows. Let qgh € Vh,kg(QEx) be such that

a5 (dn,¥n) = (¢,9n),, for all Yy € Vi, (Qpx).-

Hence, it holds |6 - ¢l < |on — dnlag, + ¢ - dnlay.. We derive bounds for
the two terms on the right-hand side. For the first one we use (6.5.7), the identity

a$* (op - b, ) = (6 - o, ¢h)g and the stability bound yielding

|60 =dn s, S a5 (Dn—n: dr=n) < (6=, dn—dn)a, < |6-dla, lon-dula, . (6.5.12)

To bound the second term, we use (6.5.7) and note that

|6 = Snllan, < |6 - Indllag, + |Tn¢ - dnlos,
SR Dl g oy + 10 = Pnll g, (6.5.13)
S I gy + i = Bla

holds. We need a bound for the last term (|I,¢ — ¢p|lo). Using

ai (¢ — dn, ¥n) = a5 (¢, ¥p) - ant(ﬁbhﬂ!)h)
= (6, ¥n)q,, + sV (6, 0n) - a5 (dn, ¥n)
= (¢.Un)a,, + 53 (0, 00) = (6,0,
=53 (¢,un)  for all Yy € Vig,

(6.5.14)

and the Cauchy Schwarz inequality, we get
|11¢ = dnlla = a5 (In — ¢, Ind — b)) + a5 (& = b, Incd - 1)
a5 (Ind = 6, Tnd = on) + 53 (6, Tn = n)

< Mnd = Plal Ind = dnlla + /526, 0) | 106 = i -

Dividing by |In¢ - d;h”a yields

1706 = Pnlla < |Tnd = dlla + /57 (0, 6). (6.5.15)

With the help of (6.5.6) and (6.5.5) we obtain

(6.5.14)

1106 - Bnlla < 11nd - dlo,. + /5 (Ing - 6, 1nd - 8) + /s (6,6)

< pka+l

(6.5.16)
! H‘b”H’fg“(QEx)'

Combining this estimate with the results in (6.5.12) and (6.5.13) yields the bound in
the L?-norm (6.5.10). We derive the estimate in the H'-norm. We start with the

triangle inequality ¢ — ¢n|1.0p. < |6 = dnl1.0p. + |6n = dnl1.0p, and derive bounds for
both terms. For the first term we use an interpolation property of I, ¢, a finite element
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Chapter 6. Narrow band method for the level set equation

inverse inequality, estimates (6.5.7), and (6.5.16) and get

|6~ n

196 <16 = 101,00, + 1nd = nl190m, S B 6] g ) + 17 1 Ind = dnllo,

S bt |D[ rra+1 () + W Ine - dnlla s B* 161l ko1 ()

For the second term we use a finite element inverse equality and (6.5.12) to obtain

| b1 — o

|19 S B~ Snl g, Sh TS - Sl

Combining these results yields the bound (6.5.11). ]

Now, we give an error analysis for the extension problem (6.5.2b).

Theorem 6.5.4

Let ¢ € H *1(Qg,) be given and ¢y, € Vi, (Q2Ex) the solution of (6.5.2b). The following
stability and error estimates hold

1 -
I¢nl1a < (1613 0, - 552 (60 60) ) < [l1,0,,
16 = Ghl1.08, S 16 - Blray, + B Dl g oy -

Proof

The proof uses the same arguments as the proof of Theorem 6.5.3. Again, we define gZA)h
as the solution of (6.5.2b) with ¢ replaced by ¢. Along the same lines as (6.5.12), we
obtain

l6n = dnlom S 16-2l10,.-

Applying the triangle inequality, an interpolation property of I,¢ and (6.5.8), we obtain
the estimate

|6~ én

108 <16 = In8ll 195, + 116 = Onll1.9m, S h™ 0] gy + 110 = Snl1a-

Repeating the estimates (6.5.14)—(6.5.15) with a$** and | - |, replaced by a?}f and |- 1,4,

respectively, we get
2
Lo+ Vs (6,9).

110 = dnll1a < | Ind — &

With the help of (6.5.5) and (6.5.6) we obtain

1116 - Brlla < 1106 - By, + Vs Tnd - 6, 16 - 8) + /5 (6,8) < W55 1y -

and so the desired error estimate. ]
Remark 6.5.5

We compare the results of the extension using the L?- and the H'-projection. The error
estimates in the H'-norm from Theorems 6.5.3 and 6.5.4 are independent of the choice of
the projection. Both are of the same optimal order. Besides the errors in the H'-norm,
we also obtain optimal error bounds in the L?-norm for the L2-projection, but not for
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6.5. Extension of the level set function

the H'-projection.

We compare the errors measured in the energy norm for both methods in a more re-
alistic setting. We extend a finite element function. Let b € mGg(QEX) be a given
finite element approximation of ¢ € H*s*1(Qp,). In case of the narrow band level set
algorithm, ¢, is the result of step 2 of Algorithm 6.2.1 and ¢ is the exact level set
function. The numerical solutions of (6.5.2a) and (6.5.2b) with this ¢, are denoted by
®n, d1,n € Vak, (QEx), respectively. The corresponding errors are given by

en=o¢n—¢n and e1p = o — b1

Note that €h,€1,h € Vh,kg(QEx)' For all ﬂ)h € Vh,kg(QEx) it holds

as™ (en, ¥n) = i (Gn, ¥n) — a5 (on, vn)
= (nUn)a,, + s (B tbn) = a5 (b, )
= s (dn,n) = h*s (Gn,n)
= h? (8(2)(55}1,%) + (Gn,Yn)rg, - aﬁfﬁ(%,h,%))

2 _ext
= h a?{h(el,ha,‘bh)‘
In this equation, we replace ¥y by e and use the inverse inequality
2 ext t
h*ayy (en,en) S ap” (en, en)

to get

lenll = h*afi(e1n,en) S ¢ llexn

lallenlla

and thus

la

Ién = dnlla S 60— b1

holds. Hence, measured in the energy norm | -||,, up to a constant ¢, the error using the
L?-projection is always smaller than the error using the H'-projection. O

The following reasons support the use of the L?-projection over the H'-projection in the
application of the extension method:

e The L?-projection has slightly lower computational costs than the H'-projection.

« We have optimal error bounds in the L?~ and the H'-norm for the L?-projection,
but only in the H'-norm for the H!-projection.

« The error in the energy norm is smaller (up to a constant) for the L2-projection
than for the H'-projection, see Remark (6.5.5).

Thus, in the application of the extension method in the transport algorithm, we will use
the L2-projection.

In Section 6.5.3, we present results of numerical experiments that confirm the optimal ap-
proximation properties for both extension methods (based on the L?- and H'-projection).
These numerical experiments also show that there are no significant differences in the
approximation quality between the methods based on L?- and H'-projection.
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Chapter 6. Narrow band method for the level set equation

6.5.2 Long-time behavior.

We also examine another stability aspect of the extension method. In the narrow band
level set method, the extension is applied repeatedly in each time step, cf. Section 6.2.
Thus, it is important to assess its behavior when applied repeatedly (n times). For large
n, this provides insight into the long-term behavior of the method.

In this section, we restrict the treatment to the L2-projection. Similar results hold for
the method based on H'-projection.

For a smooth given ¢, we consider qS% := I¢ and define a sequence of approximations
(¢ )nen as follows: Given ¢ € Vi, i, (€2p,) define ol e Vi, (2Ex) such that it holds

a7 wn) = (O e, + s (S5 un) = (8, vn)e,. (6.5.17)
for all ’(ﬁh € Vh,kg(QEx)-
We use the notation [¢]s = \/s}(lo)(zp,w) and note that for all 5, € Vj 1, (Qgx), the

sequence (@) )nen satisfies

(7 = o ey, + s (67 ) = 0

0 (6.5.18)
and (6 - 6%, n)a, = 3 5 (6k, vn).
k=1
In the following lemma, we show two long-time stability results.
Lemma 6.5.6
The following bounds hold with a constant ¢ independent of n and h:
[6h oy, <léhlay,: (6.5.19)
|67 = $hlley, < cmin{l, V/rh** } 6] grger gy - (6.5.20)

Proof
We replace ¢y, by ¢7*! in (6.5.17) and obtain

1
[ s, + 165715 < I9hlay, 677 oy, < S16h]0,, + Hqﬁ”“HQP,

which yields (6.5.19).

Now, we replace 1, by gf)ﬁ” — ¢} in the first identity in (6.5.18), use the Cauchy Schwarz
inequality and get

0 0
”(anJHQ _ s}(l )(¢n+1 n+1) “¢n+1 (bZH?ZPr + S( )(¢n+1, ZJrl)
=53 (o o) < llen 12l on 2
= I+ oI
This yields |¢7* s < |¢7]s and so |¢7]s < |47 [s. Hence, properties (6.5.5) and (6.5.6)
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6.5. Extension of the level set function

ply 0 kg+1
[63lls < 19" [ls < Hnd = dlls + [6]ls < ch™ ™ D] g1 - (6.5.21)

Using ¢y, = ¢l — ¢ in the second equality of (6.5.18) and ||¢7+! | < [¢7 s, we get
02 S (0) ) 4k 0
lon - <15h”QPr =" Z sy, (h, By — &)
k=1
Nk 0
<Y Ikl (Inls + 19h15)
l=1
<n max [of[s ([71s + |ohs)

1<k<n

02
< 2n|gy ;-

Combining this bound with (6.5.21) yields (6.5.20) with C\/ﬁhk9+1||¢||Hkg+1(QEx) at the

right-hand side. This can be complemented with |¢} — ¢2\\Qpr < 2H¢2H9Pr, which follows
from a triangle inequality and (6.5.19). Finally, note that the initial approximation (;52

satisfies |60, = |Tnéla,, < clél i o). 0

The result in (6.5.20) is expected to be sharp in terms of dependence on n, since the initial
growth of ||¢} — ¢2“Qpr with \/n is observed in numerical experiments, cf. Section 6.5.3.

Remark 6.5.7

We note that the choice qﬁ% = I, ¢ slightly simplified the analysis, but causes no loss of
generality. Indeed, if ¢} is the sequence defined as in (6.5.17), with some general ¢2 = ¢,
then using (6.5.9) we obtain that ¢} and ¢} stay fullfil

|65 = Shlla < |6 = Indla,, <16 -dla,, +cht*! [ &0 ereor(a, )

which shows, that they uniformly close in n. O

6.5.3 Numerical experiments with the extension method.

We present the findings from numerical experiments using the ghost penalty extension
method as defined in (6.5.2). The exact level set function in all experiments is given by
¢(x) := (v1 — 23)? + 23 + 23 — 1. The corresponding zero level set delineates a geometry
referred to as “Kite”, which has also been employed in [BR20; Dzi88]. A visualization
of this surface is provided in Figure 6.7.1.

The computational domain is chosen as 2 = [—%, 2]3, and we take a uniform tetrahedral
mesh characterized by the initial mesh size hg = 0.5. In each refinement step, the mesh
size is halved. Consistent with the error analysis, we use the parameter values a = 0
for the L2-projection and « = 2 for the H'-projection. The coefficient v*** is chosen as
v =1 if not stated otherwise. We define the domain Qp_ as the elements intersected
by the surface, denoted by Tr, along with two layers of neighboring elements added, i.e.,
Qp, =N 2(Tr). For the input function, we use an Oswald-type interpolation of ¢ in the
finite element space Vj, 1, (Q2p,) to get b= Hzg ¢. The solution derived from the extension
based on the L?-projection is denoted by ¢, (refer to equation (6.5.2a)), while that based
on the H'-projection is labeled as ¢1 5, (refer to equation (6.5.2b)). For the polynomial
degree in the finite element space Vi,k, we consider k; = 1 and kg = 2. The extension
elements are selected to include either one or two layers of neighbors surrounding €2p_,

resulting in Qpyx = N(Qp,) or Qpx = N?(Qp,).
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Chapter 6. Narrow band method for the level set equation

We investigate the L2- and the hl-errors for the L?- and the H'-projection. Since the
domains Qp_  and Qpy depend on the mesh size h, we use scaled integrals given by
$o,. fdx=[fo_ fdx/|1]3, . The error quantities read

()= ¢ @-0)dx () = ¢ v(@-0)ax
(el,Ex)2 = %EX (¢ - ¢1’h)2 dx, (ezEX)2 = %Ex \V4 ((b - ¢1,h)2 dx.

The results of the experiments with one extension layer (Qpx = N (€p,)) are shown in
Figure 6.5.3 and with two layers (Qmx = N%(Qp,)) in Figure 6.5.4.

10 F E r 1
F _- B 0 - i
/:i::if" 10 /,;:Z/’f-

10% ¥ + {10k ) §
e . |

1071 - 10 SN ]
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1077 —eo— €Ex | . . -e- eY —® CEx |
r ] -4 | X |
| - .- elvEx —m— €1 Ex 1 10 g . - |- elvEx —m— €1 Ex g
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10710 107" 10795 10710 107! 10795
Mesh size h Mesh size h
(a) kg =1 (b) ky =2

Figure 6.5.3: Ghost penalty extension of the level set function on one extension layer,
Qpx = N (Qp,).
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Figure 6.5.4: Ghost penalty extension of the level set function on two extension layers,

Qpx = N2 (Qp,).

We observe convergence rates O(h?) for the L%-errors and O(h) for the hl-errors in
the case ky = 1. For k, = 2 we observe convergence rates O(h?) for the L%-errors and
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6.5. Extension of the level set function

O(h?) for the h'-errors. These (optimal) orders of convergence are consistent with the
error analysis in Theorems 6.5.3 and 6.5.4. Note that the errors both for the L?- and
H'-projection are very similar.

Increasing the polynomial degree up to k4 = 4 in the extension method, we observe errors
close to machine accuracy (~ 107'!) for the L?~ and the H'-projection. Our method
is (close to) exact in this setting, since the exact level set function is a polynomial of
degree four in this example.

Now, we consider the repeated application of the extension method. We validate the
theoretical results from Lemma 6.5.6 and the estimate (6.5.20). We start with the initial
function ¢?9 = Hﬁgqﬁ and determine (¢} )y € Vi, (2Ex) such that

OF ey, + ss (e un) = (6, ), for all ¥y € Vig, (Qex)

holds. As in the experiments above we use the Kite-geometry and choose Qp, = N 2(Tr)
and Qpx = N?(Qp,). The polynomial degrees in the finite element space are chosen as
ky =1 and kg4 = 2 and the mesh size is taken as h = 274, The error quantities are defined
as

_ 19k -~ Shlloy, _ 195 - hllos.

eQ. = Qpx =
o e, = " (.

I

The results for 0 < n < 1000 are shown in Figure 6.5.5.
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Figure 6.5.5: Long—time behavior of extension method: Fixed mesh size h and varying
iteration number n.

For kg = 1 we observe for eq, a \/n dependence on n, consistent with (6.5.20). For
kg =2 it seems that the dependence is milder.

In the next experiment, we test the robustness of the extension procedure with respect
to the weight parameter v***. We present results using the 2D version of the Kite-
geometry, defined by the zero level of the level set function ¢(x) := (z1+23)2+23-1. The
ghost penalty technique is employed to extend the Oswald-type interpolation of ¢ from
Qp, = NY(Tr) to Qpx = N (Qp,) using polynomial degree kg, = 1. In the presented results,
the L?-projection is used, but similar outcomes are observed with the H' projection.
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Chapter 6. Narrow band method for the level set equation

We vary the parameter 4°** from 0.01 to 50, and investigate both the L?— and the
h'—errors, that are shown in Figure 6.5.6.

i 1 - epy, Y™ =50
10t | | —m ey, ¥ =10
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Figure 6.5.6: Different values for the weight parameter v*** in the level set extension
method.

We observe that the asymptotical behavior of our method does not depend on the choice
of 4*** € [0.01,50]. Furthermore, smaller values appear to perform slightly better than
larger ones. For simplicity, we will use v** = 1 for the rest of this chapter, as varying
this parameter does not significantly enhance the extension solution.

6.6 A level set narrow band algorithm

We have introduced and described all ingredients needed in the narrow band level set
transport as outlined in Algorithm 6.2.1. In this section, we discuss some implementation
aspects and present more explanation on the method. For simplicity, we assume the
velocity field u is given in a sufficiently large narrow band (cf. Remark 6.6.2).

An important aspect of the method is the choice of the domains {2}, where the level
set equation is solved in the time interval [¢,,t,.1] and the subdomain QF  where the
projection in the extension method (6.5.2) is applied. We stick to transport domains 2.
that consist of layers of elements around 7', the domain formed by the tetrahedra cut
by T, i.e., it holds Q2 = NLT(T2), with some Ly > 0. Since we use a fixed time step
size At, we have to take Qp, large enough such that 7! (the zero level of ¢y, (-, tn+1))
is included in Q7 (see Fig. 6.2.1).

Motivated by the maximal displacement of I" in one time slab I,, = [t,,t,+1] given by
Atmaxyer, |Vr| pe(r()), we choose Ly 1+4%HVF |z (0,) but at least Ly = 3. Here, V-
denotes the surface velocity (in normal direction). Since the flow u is defined in a narrow
band of the zero level set, Vi is defined on 7y.. We use an approximation of [Vr |z« (q,)
instead of [Vr|ze(ry since it is much easier to compute in our finite element software.
In each step, we check if L was taken large enough. If not, which happens only in
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6.6. A level set narrow band algorithm

very rare cases, we redo the transport step with a larger transport domain (we add one
layer). This procedure is repeated until the condition is satisfied. Using this strategy, we
observe that 3 < L < 6 holds in our experiments. Thus, we have few element layers in
the transport domain and our method is efficient and applicable with u defined “close”
to the zero level set.

At each time step, the level set equation is solved on a narrow band domain of width
~ h. The level set approximation at t = t,,+1, denoted by QEZ” and defined on Q7 is then
extended to ¢! defined on Q! using the extension method (6.5.2). There are different
possible choices for the projection domain Qg;l in the extension method. Clearly the
projection domain Qg;l has to be a subdomain of both the current transport domain 7,
where ¢~)Z+1 is given and the next transport domain Q%! where gf)Z*l has to be defined.
Thus, the maximal possible projection domain is le = Q%mQ%{l. However, this choice
leads to suboptimal results in the numerical experiments. The reason is that we do not
have access to exact boundary data on the inflow boundary 897{’;“ of .. This is a key
challenge in narrow band level set methods: obtaining accurate numerical boundary data
on the inflow boundary. An inaccuracy of boundary data at ¢ = t,, on the inflow boundary
8Q%’rin can significantly affect the solution of the level set equation in Qf, x [tn, tne1].
However, due to the transport nature of the flow, such errors remain (essentially) on
the same level line. For instance, an error at a point z on GQ%in with ¢(z,t,) = ch is
transported along a trajectory z(t) with ¢(z(t),t,) = ch for t € [t,,tn+1]. Therefore,
these boundary errors do not enter the domain {z € QY | |¢(2,tn+1)| < ch}. Although
this property does not hold exactly for the discrete approximation ¢y, it is expected to
hold approximately for an accurate discretization of the level set equation. Motivated
by this observation, we use a smaller projection domain QEI than the maximal one
QnonQutl,
Tr Tr

Obvious candidates are the domain formed by elements cut by FZ“, namely 7}””,
the “cut” elements and their direct neighbors N'U7 (T**!) with some Lp < Ly, or the
smallest set of simplices containing a level set h-tube {x € R? | [#7*1(x)| < ch}, with
some ¢ > 0. In the numerical experiments, we use Qp. = N'LT(771), since this domain
is independent of the scaling of ¢; and is easy to compute. Important effects of this
choice of the projection domain are illustrated in numerical experiments in Section 6.7,
cf. Figure 6.7.9.

If a BDF(R) scheme with R > 1 is used, we do not have enough input level set approxi-
mations for the BDF scheme in the first R—1 time steps. In this case, we use lower order
BDF schemes with smaller time steps for the first R — 1 time steps. This is a common
approach in practice and is also used in the numerical experiments in Section 6.7.

An important feature of this approach is that higher order approximations can be easily
achieved by using a higher order time and space discretization method for the level set
equation and a higher order finite element space in the extension method. Although
no rigorous error analysis of the entire algorithm is available yet, rigorous error bounds
for the three components (numerical boundary data, space and time discretization of
the level set equation, and the extension method) that form the algorithm have been
derived.

Note that in this approach, we do not use any re-initialization of the level set function. In
numerical experiments (see Section 6.7), we observed that for cases with smoothly evolv-
ing level sets, our approach appears to work satisfactory even without re-initialization.
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Chapter 6. Narrow band method for the level set equation

Summarizing, we obtain Algorithm 6.6.1.

Algorithm 6.6.1: Narrow band level set transport
1: Parameters: k;, At, h, Lp
2: ¢y <« Initialization
3: Procedure

4: for n from 1 to N do:

5 Ly < max {3,[1+ 45| Vi po (o1}

6 Qe NET(TE)

T if n>1 then

5 Qp, < NP (T2)

9: ¢y < extension step (6.5.2a) of ¢y to Qf,

10: for i from 1 to R—-1 do > for BDF(R) method
11: gbZ’i < extension step (6.5.2a) of qﬁ}:’i to Q7

12: end for

13- end if

14: @7, < determine boundary data on %™, e.g., (6.3.2) for BDF(2)

15: &, < transport step on W *[tn, tne1] using (6.4.4) and project into Vi x, (07,
16: if NEP(TE) ¢ Q7 then

17: O < N(Q7,), redo extension if n > 1 and go to line 14

18: end if

19: end for

20: end Procedure

We comment on the algorithm. In line 5, we use the rounding operator [-], since Ly has
to be an integer. The extension step in lines 7 to 13 is not used in the first time step,
since qﬁ% is given on the whole computational domain. Since ¢ will be extended to Q7
in line 9 in time step n, it has to be extended once again to Q%:l in the following step
if a BDF(R) scheme with R > 1 is used. That is why the extension of the “old” level
set approximations qﬁﬁ‘i in line 10 to 12 is needed. In line 16, we check if the transport
domain was large enough. If not, we add one layer of elements to the transport domain

and redo the transport step.
Remark 6.6.2 (Extrapolation of the velocity)

In this chapter, we assume the flow field u is known in the narrow band, but this is
usually not the case in practice. The velocity field will be determined by a surface Navier—
Stokes equation, in the next chapter. We will use TraceFEM for the discretization of
the velocity, which will lead to an approximation of the velocity field known in a narrow
band. In such cases, there is a strong coupling between the PDE on the surface (which
depends on I' and determines u) and the level set equation (which depends on u and
determines I'). To obtain a reasonable approximation of u™*! for use in (6.4.4), one
can extrapolate the velocity in time based on previous time steps, as in [EGK22]. If
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the velocity is defined in a narrow band around the surface (e.g., from TraceFEM), the
extension method (6.5.2) can extend it to a wider band, or an implicit extension can be
used as suggested in [LOX18]. &

6.7 Numerical experiments with the narrow band algorithm

We give results of numerical experiments to illustrate the performance of the nar-
row band level set algorithm from Algorithm 6.6.1. All examples are implemented in
NGSolve/netgen, cf. [Sch97; Sch14] with the add-on ngsxfem, cf. [Leh+].

We give numerical results for the level set equation (2.6.2) on narrow bands in 2D and
3D. If not stated otherwise the time interval is taken as I = [0,1]. To obtain optimal
order convergence, we use BDF(R) schemes with R =k, + 1 for the time discretization.
To get sufficiently good initial values for the BDF(2) or BDF(3) scheme, we initialize ¢
as an interpolation of the exact level set function and start with BDF(1) time steps with
a sufficiently small time step size. If not stated otherwise we start with 10 BDF(1) time
steps with time step size %, and then switch to the BDF(R) scheme with time step size
At.

In case of the BDF(2) method, for the inflow boundary condition we use (6.3.2). If
BDF(3) is used, we apply an analogous time extrapolation using the values at ¢ €
{tn,tn-1,tn-2}.

The narrow band scheme is applied on the cut elements with Ly layers of neighboring
elements added, U, := NEr (T{"), where Ly depends on At, h, and ||Vr HLoo(QF). For
the projection domain in the extension method, we use Qf =N Lp (T£), unless stated
otherwise. We use Lp € {1,2}. At each time step, we check that the projection elements
for the next time step are contained in Q7,. For the ghost penalty extension, we use the
L?-projection with o = 0 and ' = 1.

We are interested in the error quantities

N N
2
(er)? = At S §I§(¢n)2ds, (0, )= ALY j§ (6" - ¢}’ dx,
n=1 o n:IQn
h Tr
oo _ n
and ep’ = max [¢" ey,
where [¢"[ Lo (rpy is an approximation of the maximal (absolute) value of the exact level
set function ¢™ on I'}.

Note that the integrals over I'} cannot be computed exactly when using polynomials of
degree k, > 1, and standard quadrature rules cannot be applied. For this reason, we
use the so-called parametric approach described in Chapter 4 to approximate the error
quantities with sufficiently high accuracy. The quantities er and ef” are a measure for
the approximation error in I'} ~ I'(¢,).

We present results for the following test cases:

e Deforming kite. In this study, we investigate the deformation of a kite geometry
into a sphere in three-dimensional space (denoted as kite(3D)) and into a circle
in two-dimensional space (denoted as kite(2D)), as illustrated in Figure 6.7.1. We
present results for linear polynomials combined with a BDF(2) scheme, and the
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Chapter 6. Narrow band method for the level set equation

BDF(3) scheme combined with k4 = 2. Additionally, for the case of kite(2D) using
BDF(2) and kg = 1, we analyse the influence of varying inflow boundary conditions
on the results. Furthermore, we investigate the differences between using a normal
flow field (ur =0) and a flow field with a tangential component (ur # 0).

e Ball in a rotating flow field. We examine a spherical object in a rotating flow field,
represented in both three dimensions (sphere) and two dimensions (circle), which
completes a full rotation as depicted in Figure 6.7.6. The analysis includes error
quantities for BDF(2) with k, = 1 and BDF(3) with k4 = 2. In the two-dimensional
scenario, we analyse the implications of using a larger projection domain in the
extension procedure. In contrast, for the three-dimensional scenario, we focus on
investigating properties related to volume conservation.

o Strongly deforming sphere. Lastly, we explore a more complex and less smooth
example involving a sphere subjected to significant deformation into a thin tube
due to vortex flow dynamics. Various configurations are considered, and accuracy
results are presented for both BDF(2) with k; = 1 and BDF(3) with kg = 2.

The computational domain is chosen as 2 = [—%, %]d for the first two geometries and as
Q =[0,1]? for the deforming sphere example.

Deforming kite (2D, 3D)

We start with the deformation of a “Kite”-geometry into a sphere (in 3D) that was
also used in Section 6.5.3. The exact level set function of the kite is given by
¢(x,t=0)=(x1+23)%>+22-1 in 2D and ¢(x,t=0) = (21 -23)*>+22+22-1 in 3D.
We use a convex combination to deform the kite into a circle (or a sphere) with level set
function ¢(x,t=1) =22 +23 -1, or ¢(x,t=1) =22 + 23+ 23 -1 in 2D and 3D, respec-
tively. The geometry evolution for the 3D case is illustrated in Figure 6.7.1.

\k

(a)t=0 (b) t=0.5 (¢)t=1

Figure 6.7.1: Snapshots of Kite geometry deforming into a sphere. The coloring shows
the values of |uy| from blue (low) to red (high).

The velocity field u used in the level set equation has a normal component that is
determined by the level set evolution. From the transport equation (2.6.2) we get

9/t

u.n:VF:_n-qu'

To illustrate that our approach is not restricted to cases with normal velocity fields, we
add a tangential component ur to Vrn to obtain the full flow field u. The tangential
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6.7. Numerical experiments with the narrow band algorithm

component of the velocity does not change the evolution of the level set function in
(2.6.2). Thus, it should not change the accuracy of the level set approximation. We
use up = curlp(z1z223) as a tangential component with the curl operator defined as in
[BR20; Reul8] in 3D and the tangential component of (w2, -21)” in the 2D case.

The mesh size start as hg = 0.5, the initial time step size is taken as Atg = 0.1. The
mesh size h and the time step size At are halved it in each refinement step. For the
projection domain, we use one layer of neighboring elements to the cut elements, i.e.,
Op, = N(T¥). The results are shown in Fig. 6.7.2 for the 2D case and in Fig. 6.7.3 for
the 3D case.
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Mesh size h Mesh size h
(a) BDF(2), kg =1 (b) BDF(3), kg =2
Figure 6.7.2: Kite deforming to a circle in 2D.
' 10t
100 E i 1
: TS
i |10t} :
107 1 E
i ] 1072 E
102 | 1108} g
107® £ ! ! 4 107 L ! ! i
10—1.5 10—1 10—0.5 10—1.5 1071 1070.5
Mesh size h Mesh size h
(a) BDF(2), kg =1 (b) BDF(3), kg =2

Figure 6.7.3: Kite deforming to a sphere in 3D.

We observe convergence rates that are close to the optimal rates of O(h?) for k, = 1 and
O(h?3) for kg =2 for all error measures in two and three dimensions.

We examine the effect of the choice of the inflow boundary data, cf. Section 6.3. Con-
structing higher order boundary data is not straightforward. Since we are interested in
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Chapter 6. Narrow band method for the level set equation

the influence of the boundary data on the accuracy of the surface approximation and
not of the level set approximation in the whole narrow band, the more important error
measure is er, but we also display the errors eq,, - We consider the kite geometry that
deforms to a circle in 2D with BDF(2) scheme, k; = 1, and Lp = 1. For the bound-
ary data we use the first order (in time) boundary data from (6.3.1), the second order
boundary values from (6.3.2) and a fourth order version of the boundary data similar to
(6.3.3). The results are shown in Table 6.7.4.

€F eQTr

h Low Medium High Low Medium High

0.5 0.16 0.16 0.17 2.78 2.82 3.87

0.25 5.63-1072 | 5.63-1072 | 5.64-1072 1.04 1.06 2.84

0.125 1.78-1072 | 1.78-1072 | 1.78-1072 0.18 0.18 0.18
0.0625 || 7.46-1073 | 7.45-1072 | 7.47-1073 || 5.05-1072 | 5.08-1072 | 5.06-1072
0.0313 || 2.61-1073 | 2.61-1073 | 2.61-1073 1.5-1072 1.51-1072 1.5-1072
0.0156 || 7.84-107* | 7.84-10~* | 7.83-107% || 4.39-1073 | 4.42-1073 | 4.4-1073

Figure 6.7.4: Errors using different boundary values for level set equation of a kite
deforming to a circle.

We observe almost no difference in both errors for all choices of the boundary values
except that the error in the narrow band eq, is worse for the higher order boundary data
for the first two mesh refinement levels. The larger errors for the higher order boundary
data may occur because these boundary values are only higher order accurate in time
when the previous level set approximations are sufficiently accurate in the H'-norm in
space. In contrast to the medium and lower order boundary values, the gradient of the
level set approximations from previous time steps are used for the higher order boundary
We expect that for the relatively coarse mesh sizes, these gradients are not
accurate enough and thus, the boundary values are worse than the choices independent

values.

of the gradients, even if they are higher order in time. The results demonstrate that
due to the choice of a suitable (sufficiently small) projection domain in the extension
method we obtain higher order accuracy in the surface approximation even with low order
accurate inflow boundary data. Based on these results, we will stick to the “medium”
order boundary data (6.3.2) for the rest of the chapter.

As a last experiment for the kite geometry, we investigate the robustness of the method
with respect to a change in the tangential component of the flow field. The exact
transport equation (2.6.2) is independent of the tangential component of the flow field,
since ur - V¢ = 0 holds, where ur denotes the tangential component of the velocity,
cf. (2.1.1). Thus, we expect our method to be robust with respect to the choice of
the tangential component. We use the kite geometry that deforms to a circle in 2D
with BDF(2) scheme, k; = 1, and Lp = 1, but similar results hold for higher order
approximations. We compare the results for a normal flow field (uy = 0) and a flow field
with a tangential component (uy # 0). The tangential component is taken as in the
previous experiments. The norms of the different flows on the surface read
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6.7. Numerical experiments with the narrow band algorithm

Thus, we see that the tangential component has a significant impact on the L2-norm
of the flow field. The errors on the surface and in the transport domain are shown in
Figure 6.7.5.
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103 | -®- eQTr,uthOt
B -m-eq ,ur=0|
L | | | N
10—1.5 10—1 10—0.5
Mesh size h

Figure 6.7.5: Errors in the level set approximation of the Kite geometry with k, = 1
using different flow fields.

We observe that the errors are almost identical for both flow fields. This is in accordance
with our expectations, since the tangential component of the flow field does not influence
the evolution of the level set function. The results indicate that our method is robust
with respect to the choice of the tangential component of the flow field.

Ball in a rotating flow field (2D, 3D)

As the next geometry example, we consider a sphere (or circle) that makes a full ro-
tation around the origin for ¢ € [0,1]. The velocity field of the rotation is given by
u(x) = 27(~x9,21)7 in 2D and u(x) = 27 (-z2,21,0)7 in 3D. It is independent of the
time t. The exact level set function reads ¢(x,t) = (x1 — cos(2mt))? + (29 — sin(27t))? - %

in 2D and is given by ¢(x,t) = (21 — cos(2mt))? + (z2 —sin(27t))? + 23 - 3 in 3D. The ge-

ometry evolution is shown in Figure 6.7.6 in 3D.

(a) t =0.25 (b) t=0.5 (c) t=0.75

Figure 6.7.6: Snapshots of a sphere making a full rotation around the origin.
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Chapter 6. Narrow band method for the level set equation

We start with a test of the convergence rates in 2D and 3D. The coarsest mesh and time
step sizes are hg = 0.5 and At = 0.1, and we halve both in each refinement step. Again,
we use the low order level set approximation k, = 1 with BDF(2) and the higher order
approximation kg, = 2 with a BDF(3) for the time discretization. The projection domain
is chosen as Q= N'LP(T{) with two layers of elements added (Lp = 2). The results
are shown in Fig. 6.7.7 for the 2D case and in Fig. 6.7.8 for the 3D case.
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(a) kg =1 (b) kg =2

Figure 6.7.7: Errors of level set approximation of a circle rotating around the origin in
2D.
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Figure 6.7.8: Errors of level set approximation of a sphere rotating around the origin in
3D.

We observe that the asymptotic error behavior is quite similar for one dimensional and
two dimensional surfaces (embedded in R? or R3). In all simulations, we get optimal
convergence rates of O(h?) for linear polynomials (k, = 1) combined with BDF(2) and
O(h?) for quadratic polynomials (k, = 2) combined with BDF(3) for all error measures
after the second mesh refinement step. On the second mesh level (h = 0.25, At =0.05),
we observe smaller errors than expected for linear polynomials (k4 = 1) and higher errors
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6.7. Numerical experiments with the narrow band algorithm

for quadratic polynomials (k4 = 2). It seems that this behavior is pre asymptotic and the
optimal convergence rates are reached after the second refinement, leading to smaller
errors for higher order level set approximations. The results indicate that the method
also yields satisfactory results for a stronger movement of the surface.

In the next experiment, we investigate how a “too large” projection domain in the ghost
penalty extension method affects the accuracy of the discretization method. We compare
results where the projection domain consists of one layer added to the cut elements
(Qp, = N'(Tr)) with the maximal possible projection domain (% = Q% nQ%1). Again,
we use first order polynomials in space (kq = 1) and a BDF(2) method in time. We use
a smaller initial time step of Aty = 0.05 and a small time interval with I = [0,0.1].
Increasing the time step size or the end time, leads to a break of our code when the
maximal projection domain is used. The surface errors (L?- and L*-errors) for the 2D
case are shown in Figure 6.7.9.

-1
o ] w0 1
1072 E E 1072 - E
107y 1 w0 1
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1074 : ‘ R (U ‘ : 4
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Mesh size h Mesh size h
(a) L? surface errors er (b) L™ surface errors ey’

Figure 6.7.9: Errors of level set approximation of a circle rotating around the origin in
2D while using different projection domains in the extension method with k4 = 1.

We observe that using the maximal projection domain (Q% = Q% n Q%) leads to less
accurate results, and we do not obtain an (almost) optimal rate of convergence in this
case. After two refinement steps, we even lose convergence for both measured errors.
This supports our choice of Qp =N Lp (Tp) for the projection domain in the extension
method. We believe that this behavior arises because the errors caused by inexact inflow
boundary values are transported inside the transport domain and the extension with a
small projection domain neglects these errors, while the choice of the maximal projection
domain does not. For more explanation, see the heuristics discussed in Section 6.6.

In the final experiment, we investigate volume conservation in 3D. Since the velocity field
that rotates the sphere is divergence-free (divu = 0), the volume enclosed by the surface
is conserved over time in the continuous problem. We measure the enclosed volume of
the numerical approximation I'y(¢,) in each time step for the lower (k, = 1) and higher
(kg = 2) order narrow band scheme with mesh size h = 0.0625. The results are shown in
Figure 6.7.10, and show that using higher order polynomials (k4 = 2), leads to a strong
increase in the accuracy of the volume conservation. Note that we do not enforce volume
conservation by a Lagrange multiplier or a similar method.
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Figure 6.7.10: Errors in enclosed volume of level set approximation of a sphere rotating
around the origin in 3D.

Strongly deforming sphere (3D)

As a last geometry, we consider a sphere that is subjected to significant deformation into
a thin tube due to vortex flow dynamics. As an initial surface we take a sphere with
radius 0.15 centered at (0.5,0.75,0.5). A corresponding level set function is given by
d(x,t=0) = (21 -0.5)? + (22 -0.75)% + (23— 0.5)% = 0.152. The sphere is transported and
deformed by the velocity field that given by

2sin(mxe)?sin(mrxy) cos(mzy) |, te[0,tend]

~2sin(7zy )% sin(rxs) cos(mxs)
)
0

u(x,t) = cos (tﬂ

end

Due to the periodic t-behavior of this velocity field the exact surface will deform until
t = tenq/2 is reached and then return to the initial spherical shape at t = tepg. Thus, the
level set function satisfies ¢(x,t = 0) = ¢(xX,t = teng). The surface exhibits a spiral-like
deformation. Increasing tenq results in stronger deformed shapes of I'(t) at the time
point of maximal deformation (¢ = tenq/2). Similar test cases are widely used to test
interface capturing and interface tracking methods, cf. [DLP06; MRCO06]. In Figure
6.7.11 we show resulting deformations of the sphere for tenq = 2 and teng = 4.

DJL)P

(a) tena =2, t=0.5 (b) tena =2, t=1 ) tena =4, t =1 (d) tena =4, t=2

Figure 6.7.11: Snapshots of the deformation of a sphere in a vortex.
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6.7. Numerical experiments with the narrow band algorithm

We apply the transport scheme on the cut elements augmented by four layers of neigh-
boring elements, while the projection domain in the extension method consists of the
cut elements with two layers of neighboring elements added, i.e., LT =4 and Lp =2. We
use the BDF(2) and BDF(3) schemes combined with finite elements of degree k4 = 1 and
kg4 = 2, respectively. The time step size is taken as At = h. The initial mesh and time
step sizes are taken as hg = Aty = 27 = 0.0625 and are halved in each refinement step.
In this example the exact level set function is not known for ¢ ¢ {0,¢cnq}. As a measure
of accuracy we use

ler,n|* = _95 ¢*ds,
1_‘h(tend)
which quantifies the deviation of the discrete zero level set from the spherical shape at

the final time ¢ = to,q. We present results of our method applied to this deforming sphere
example for teng = 2 in Figure 6.7.12.

1072

1073

1074

| | |
10—2 10—1.8 10—1.6 10—1.4 10—1.2

Mesh size h

Figure 6.7.12:  Surface error at the end time point tenq = 2 (er ) for the strongly
deforming sphere.

We observe a convergence rate of (approximately) O(h'*®) for k, = 1 and second order
convergence for kg = 2.

We show the values of er y for different end times t¢,q in Table 6.7.13. For certain
combinations of end times tonq and refinement levels, we cannot report errors due to
insufficient mesh resolution (the surface vanishes in these examples).

tend =1 tend = 2 tend =3 tend = 4

h k=1 k=2 k=1 k=2 k=1 k=1
er.N ; rate er,.N ; rate er.N ; rate er N ; rate er.N ; rate er.N ; rate
6.3-10°2 | 42-1073 | — 21073 | - 1.2-10°2 |, - 34-10-3 ' — - = = [—
31-1072 || 1.5-1073 1 14 | 37-107* : 25 | 441073} 15 | 97-107% 1 1.8 | 99-107% 1 - | 1.6-1072 -
1.6-1072 4-107% 1 2 6.3-107% ' 25 | 1.3-1073 ! 1.8 | 24-107* ! 2 3.1-107% ' 1.7 6-107% | 1.4
7.8-1073 || 1.3-1074 | 1.6 | 1-107° | 27 | 6.1-107* 1 1.1 | 7.3-107° 1 1.7 | 1.1-107% 1.5 | 1.9-1073 | 1.6

Figure 6.7.13: Surface errors (er y) for different final times tenq for the deforming drop.

By taking sufficiently small h and k; = 1, we can handle the case tong = 4 in which a
very strong deformation occurs. For tenq = 3 and teng = 4 we do not have results for
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kg = 2 since the zero level of the level set function leaves the transport domain Q7 for
the given time step size At = h and the algorithm breaks down. As expected, the errors
are smaller for smaller t.,q values. The convergence rates in the table vary between 1
and 2 for k; = 1 and between 1.5 and 2.5 for k, = 2.

The suboptimal rates in this experiment can be explained by the rather poor mesh
resolution. We do not use an adaptive mesh refinement strategy and the mesh resolution
is too low to resolve the strong deformations of the sphere. In Figure 6.7.14 we show a
zoom of the narrow tail of the deformed sphere for tong =4, t ~ 2 and k; = 1.

Figure 6.7.14: Zoom of the narrow tail of the deformed sphere, h = 276.

The mesh shown is for h = 27 ~ 0.016 (second refinement level). The cut elements are
marked in red and the transport elements in blue. As one can see from this figure, we
have a poor resolution of the part of the surface that is most strongly deformed. Thus, the
error in the surface approximation is therefore larger than in the previous experiments.
To overcome this problem one could use an adaptive mesh refinement strategy, which is
a topic of further research. On the other hand, one may conclude that even with this
relatively poor resolution we obtain fairly good results, which indicates that our method
has good robustness properties with respect to strong shape deformations.
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Chapter 7

Discretization of Surface Navier—Stokes Equations

7.1 Introduction

In the final chapter of the thesis, we put all derived ingredients from previous chapters
together to get an algorithm that discretizes the surface Navier—Stokes equations (SNS).
We do not assume a known level set evolution or a known surface (normal) velocity and
solve the Navier—Stokes system as a free surface problem. This is a highly nonlinear
problem. Besides the nonlinearity occurring in the material derivative of the velocity
which is easy to handle, the surface Navier—Stokes equations are highly nonlinear due to
the coupling between the surface evolution and the velocity field. The surface Navier—
Stokes PDE is posed on the evolving surface I'(t), but the evolution of the surface
depends on the solution u of the SNS equations. Thus, there exists a strong coupling
between the velocity u and the surface I'(¢) making the surface Navier—Stokes system a
difficult numerical challenge.

The level set equation is solved on a transport domain €, consisting of layers of neigh-
boring elements of the cut elements. The resulting level set function is extended to the
next transport domain, using a variant of the method introduced in Chapter 6. We
introduce a new method to extend the velocity off the surface. The method is based
on the volume normal derivative stabilization introduced in Chapter 4. The surface
Navier—Stokes equations are solved using the TraceFEM method introduced in Chap-
ter 4 combined with a BDF scheme to discretize the time derivative. We also introduce
a method to construct a smooth normal approximation on the surface. The method is
based on the L2-projection of a discontinuous normal vector approximation and a ghost
penalty stabilization. We validate our algorithm in various numerical experiments.

The remainder of this chapter is organized as follows: We recall the Navier-Stokes prob-
lem and give a short overview over the algorithm in Section 7.2. In the following sections,
we introduce the velocity extension method (Section 7.3), the level set transport and ex-
tension (Section 7.4), the normal construction method (Section 7.5), and the TraceFEM
formulation for the surface Navier-Stokes equations (Section 7.6). In Section 7.7, we sum-
marize the full algorithm to solve the surface Navier-Stokes equations. Finally, we show
convergence properties of the method in numerical experiments and illustrate physical
phenomena of the numerical solution when no outer force term is acting in Section 7.8.
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7.2 Problem formulation and structure of the method

In this section, we repeat the problem formulation of the surface Navier—Stokes equations
and give an overview of the method to solve the system numerically. We outline the used
algorithm and the main components of the method.

We recall the Navier-Stokes system from Problem 3.4.2: For initial values u®, 'Y, viscos-
ity coefficient pg and force term f find the velocity u, the pressure p, and the parametriza-
tion of the surface X satisfying

u - 20 divp Ep(u) + Vrp - prn = £ on I'(t),
diVF u=_0 on F(t), (721)

%X(X, t) = u(X(x,1),t), X(x,0)=x el

In this system, the mean curvature x of the surface I'(t) occurs explicitly. This is a
geometric quantity that is hard to approximate with higher order accuracy. For exam-
ple, when a level set function ¢1 € V}, 1 of polynomial degree one is used, the canonical
normal approximation n; = % is constant on each tetrahedron T € 7;. The simplest
approximation of the mean curvature is then given by s = divy, n; = 0, since the mean
curvature consists of second derivatives of the level set function. Thus, we do not have
convergence of the mean curvature approximation when using the lowest order polyno-
mials for the level set function. It is possible to construct the mean curvature vector
kn using Lemma 2.5.6 and a weak formulation. However, this approach needs careful
stabilization and another linear system has to be solved in each time step increasing the
computational costs.

For this reason, we reformulate the surface Navier—Stokes system to avoid the explicit
use of the mean curvature. We use Lemma 2.5.5 that states

leF(pP) = va —pkn,

for a scalar function p. With this equation, we can rewrite the first equation from the
Navier-Stokes system as

l.l - 2#0 diVF E[‘(u) + din(pP) =f.

As explained in Section 2.6, we use the level set function ¢ to describe the surface I'(t).
The surface is then given by

I'(t) = {x[o(x,t) = 0}

and the last equation of the system is replaced by the level set equation describing the
evolution of the level set function given by

Q¢p+Vo-u=0,

cf. Section 2.6.1 for more details. This equation requires the velocity field u to be
defined on a neighborhood around a surface and not only on I'(¢). The surface Navier-
Stokes equations define the values of u on I'(¢), and we have some freedom to define the
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velocity field outside I'(¢). It is known from the literature, that a constant velocity along
normals to the surface is desirable for the level set equation, cf. e.g., [Set99a, Section
11.3] or [AS99]. More precisely, in [BS25] it is shown, that solving the level set transport
equation with a velocity that is constant along the surface normal and a signed distance
function as initial condition leads to a signed distance function as the solution at each
time point. Thus, it holds

at¢+v¢'u:0’

$(x,0) = d(x,0) (x,t) = d(x 1),

when the level set transport equation is solved exactly with a velocity field that is
constant in normal direction. This motivates the choice of a constant extension along
normals for u. The extension can be formulated by the equation

Vun=0 in O(T),

with O(T") being a small tubular neighborhood around I'(¢). When solving the Navier—
Stokes system, we use a TraceFEM formulation with a volume normal derivative sta-
bilization term added. This stabilization leads to a velocity field that is approximately
constant along the normal vector approximation n; on the cut domain Q.. In Sec-
tion 7.3, we introduce a method to extend the velocity from Qp to O(T"). The level set
function ¢ is then transported with this extended velocity field which is also denoted by
u.

This leads to the following Navier—Stokes problem.

Problem 7.2.1: Surface Navier—Stokes equations

For given initial values u’, ¢, viscosity coefficient pg, time interval I = [0,tena], and
force term f find u, p, and ¢ satisfying

u - 2 divp Ep(u) + divp(pP) = £ on T'(¢),
divpu=0 on I'(?),

Vun=0 in O(T),

dp+Ve-u=0 in O(T).

(7.2.2)

for t e I, with I'(¢t) = {x | ¢(x,t) = 0} and O(I") denotes a small tubular neighborhood
around I'(¢).

We emphasize that there is no well-posedness result for this problem. We even do
not have conditions that guarantee the existence of a solution to this problem. The
nonlinearity between the level set function defining the surface and the velocity field
defined on the surface makes this problem difficult to analyse. Since the system is derived
by suitable physical arguments, we expect the system to be uniquely solvable when the
initial values are chosen sufficiently smooth and the end time t.,q is small enough. In
the numerical experiments, we will show in various examples that our method converges
to a manufactured exact solution.
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Chapter 7. Discretization of Surface Navier—Stokes Equations

We give a short overview of the method to solve the surface Navier—Stokes equations
numerically. We use a fixed time step size At and time nodes t, = nAt satisfying
0=tg<ty<...<ty =tend- Again, we use the notations f"(-) = f(-,t,) and I'} = Ty (t,)
for time-dependent functions and surfaces. We assume a given polygonal background
domain  that includes the surface I'(¢) for each time point ¢ € [0,tcnq]. In this back-
ground domain €2 we use a family of shape regular quasi-uniform simplicial triangulations
{Th}rs0 with maximal mesh size h. The subset of simplices that are “cut” by I'(¢,) is
again denoted by T ={T €T | measo(TnI'™)>0}. In the development of the dis-
cretization method for the level set equation in Chapter 6, we introduced the projection
domain Qp, = NP (T;) and the transport domain Q. = N'L7(T1) consisting of T aug-
mented with layers of neighboring elements. See equation (6.2.1) for a definition of the
narrow band layers and Figure 6.5.1 for a visualization.

The level set equation is solved on €. using the DG scheme from Chapter 6. As
explained in Section 6.2, we need to extend the level set function from Qp to QF, to
construct initial and boundary values for the level set equation in the following time
step. The transport domain {1, has to be chosen large enough such that

el forall0<n< N (7.2.3)

holds. If this relation is violated, the surface leaves the transport domain, and the
algorithm breaks down. In our implementation, we check (7.2.3) in each time step.

On the surface, we use a TraceFEM as introduced in Chapter 4 to construct a velocity
field uy. The used volume normal derivative stabilization from Section 4.2, leads to
an approximation uj defined on the cut elements 77'. In Section 7.3, we introduce a
method to extend the velocity off the surface. Using this extended velocity, we solve the
level set equation. Moreover, relation (7.2.3), states that the extended velocity from the
previous time step is well defined on I'j, and thus, we can use a BDF scheme for the time
discretization in the TraceFEM to solve the PDE on the surface.

The structure of the method (for one time step) is as follows:

Algorithm 7.2.2: One time step structure
Input: ¢; defined on Q%;l, u;’ defined on Q?_l
Procedure

Step 1: ¢p,u; defined on €y, < extension of input functions

Step 2: qﬁZ’” <« solve level set equation on Q. x [ty,, tn+1]

n+1

Step 3: nj™" « smooth normal approximation

n+1

Step 4: up™" < solve Navier-Stokes system with TraceFEM on Q.

end Procedure

In step 3 of the algorithm, we construct a smooth approximation of the normal vector
n on the surface. The canonical normal approximation which was used in the previous
chapters is discontinuous across facets of the triangulation which leads to problems when
discretizing the (full) surface Navier—Stokes system.
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7.3. Velocity extension

In many transport algorithms known from the literature, one has to reinitialize the level
set function after some time steps to keep it “close” to a signed distance function. When
we start with a level set function that is close to a signed distance function in our method,
we do not need to reinitialize. Extending the velocity u constantly along the normal
vector ny, seems to be a suitable choice of the velocity to keep the level set function close
to a signed distance function. Moreover, the choice of the projection domain ) in the
level set extension method is crucial to avoid error accumulation at the boundary of the
transport domain, see Section 6.2 for more details.

7.3 Velocity extension

In this section, we introduce a method to extend the velocity which is used in Step 1
of Algorithm 7.2.2. There are different extension procedures used in the literature. It
is possible to use the extension via a ghost penalty method as in Chapter 6. Also, the
Fast Marching Method can be applied to extend a vector-valued function. As described
in Section 7.2, a velocity that is constant along the normal is desirable for the level set
transport equation. There are different ways to construct a velocity field that solves the
surface Navier-Stokes system (first two equations of (7.2.2)) and is constant in normal
direction off the surface (third equation of (7.2.2)). In Chapter 4 we introduced a
stabilization term added to the TraceFEM discretization, namely the volume normal
derivative stabilization. This term is used to stabilize the method, but it also extends
the velocity off the surface. This stabilization is achieved by adding the bilinear form

sp(u,v) = pr Vuny, - Vvny, dx
h

to the TraceFEM formulation. Here, ny is a normal vector approximation and 2, is
some domain consisting of tetrahedra that contains the surface I'. Adding this bilinear
form leads to a velocity that is approximately constant along the normal ny (in a weak
sense), cf. Section 4.2.2. This (implicit) extension method is used in Chapter 5 to extend
the velocity off the surface for the tangential surface Navier—Stokes equations.

We will use the idea of the volume normal derivative term but decouple the extension
from the surface PDE. Since the volume normal derivative stabilization is used to stabi-
lize the TraceFEM method in (7.6.2), the output of step 4 of Algorithm 7.2.2 is a velocity
field uj that is defined on the domain €} formed by the cut elements. Thus, we con-
struct a method to extend this velocity field to a domain Qg satisfying Q. ¢ Qg c (.
In Algorithm 7.2.2 the extension domain will be chosen as the subsequent transport
domain, i.e., Qgx = ..

The extension is done componentwise using the bilinear form
55 (u,v) 1= f (Vu-np)(Vu-np)dx,
QEX\QF

where ny, = Vo, /||Vor| denotes the canonical normal approximation defined on Q.

We formulate vector-valued finite element functions as u, = 3, up€; € Vi, where
(€i)i=1,2,3 denotes the standard Cartesian basis and Vj, ., the finite element space intro-
duced in Chapter 4.
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Chapter 7. Discretization of Surface Navier—Stokes Equations

The extension procedure reads: For a given ui}f‘ € Vi 1, (82), find the extended velocity
w)" € Vi o (Qux\Qp) such that for ¢ =1,2,3 it holds

SEXE u‘fllff, v)=0 for all v e Vi, (Qex\Qr), (731)

out _ _in
Upi = Upj on 0.

Remark 7.3.1 (Well-posedness of the extension problem)

In [Lou21, Section 5.1.1], it is shown that the continuous version of the extension problem
(7.3.1) can be rewritten as an anisotropic elliptic diffusion problem, that reads

{le (Tvuout) =0 in QEX\QF’ (7 3 2)

u =u"  on 9y,

with T = n®n = nn” denoting a tensor valued diffusion coefficient. Adding suitable
Neumann boundary conditions on the boundary 0Qp,\0S) makes (7.3.2) a well-posed
problem, as long as the normal vector n is unambiguously defined on Q. Since we
assume I' to be sufficiently smooth and the width of Qg scales with h, the normal
vector n is well-defined on Qg for sufficiently small values of h. &

We summarize the method in the following algorithm.

Procedure DOVELOCITYEXTENSION
Input:

e cut and extension domain: Q. c Qpy
e velocity on Qp: up € Vi, 1 (Q)
e normal on Qpy: n
Output:
o velocity on Qpx: up € Vi i, (Qpx)

end Procedure

With some abuse of notation the extended velocity will also be denoted as uy,.

We test the extension method in a numerical experiment, using a surface Stokes system
on a stationary sphere as explained in [Bra+22]. The exact velocity u (taken from
[Bra+22]) is extended constantly in normal direction off the surface. We are interested
in the quality of our extension method.

Firstly, we extend the exact velocity field u from Qp to Qpx = N () and denote
the extended velocity by u®'. We measure the difference between the exact velocity
and the extended velocity on the extension domain Qpx by eqy. = [u-u™"q. /10, -

Moreover, we consider the L?-norm of vu®**

n; which measures the normal derivative
of the extended velocity field. This quantity is denoted by eyn := |[Vu™'ny|ag /1o, -
The L?-norm on a domain U is denoted by |-||y. The scaling of the norms by the factor

|1] ey, is needed, since the extension domain gy depends on the mesh size h.

We employ a second, more realistic, test case. In Algorithm 7.2.2, our extension method
is applied to a function constructed by a TraceFE method. Thus, we use the TraceFE
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7.3. Velocity extension

method explained and analysed in [Jan+21] with P2P1-Taylor-Hood finite elements
and a level set approximation with k, = 2 to solve the surface Stokes system. The
output of the TraceFEM is given by uj. Since a volume normal derivative stabilization
term is added to the TraceFEM formulation, the velocity field uy is approximately
constant along the normal vector n; on the cut elements. Now, we use our method to

extend uy, from Qp to Qgx and denote the extended velocity by u‘fLXt. We measure the

errors G?ZEX = Ju-uPop /|1 ag, and eka := [Vusng|p, /|10, - The results of both

extension procedures are shown in Figure 7.3.1.
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Figure 7.3.1: Errors of steady surface Stokes equations using an explicit volume normal
derivative extension.

We observe optimal orders of convergence for all error quantities. The errors eq, and
egEx converge with convergence rate O(h3) and the errors eyn and e}vln converge with
convergence rate O(h?). Note that the error eyn is almost identical to the error e}vln
which indicates that the extension method works similar for the exact velocity field and
the finite element approximation constructed by the TraceFEM. We conclude, that our

method is able to extend the velocity field off the surface with optimal convergence rates.

In Chapter 5 we used the volume normal derivative stabilization to extend the velocity
field off the surface onto an extension domain implicitly in the TraceFEM formulation.
This method leads to a similar accuracy of the resulting approximation, but it is com-
putationally expensive. In our experiments, we observed that the decoupling of the
extension from the surface PDE leads to up to six times faster computations in the
example of the surface Stokes system. This is due to the fact that the explicit extension
method can be applied component wise which reduces the size of the linear system to be
solved. Moreover, the extension method can be applied to different domains without the
need of solving the surface PDE again. When using the extension via the stabilization
term added to the TraceFEM formulation, one has to solve the surface PDE again when
changing the extension domain. This is not the case when using the explicit extension
method we presented in this section. For these reasons, we use the explicit extension
method in the following experiments.
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Chapter 7. Discretization of Surface Navier—Stokes Equations

7.4 Transport and extension of the level set function

In this section, we summarize the methods to solve the level set equation on the transport
domain -, and to extend the level set function. Both methods were introduced in
Chapter 6.

Transport of the level set equation

The level set equation is solved on {1, using a DG scheme combined with a BDF method.
: . : G DG

For a BDF(1) method it reads: For given ¢} € Vh]?kg(QTr), find ¢*! e Vh *(€21,) such

that

Z (/(bm; Zw dx+f< nel qu"”)whdx _f (67 o ( n+1.nT) ds)
TeT,™ ' T o1\t
/¢n+1 n+1.nﬂﬁ) ds:—fqu@ZJh (un+1.n9%)ds
ponn o"

holds for all ¢, € V- G(Q .), cf. (6.4.4). See Section 6.4 for more details. The Dirichlet

boundary data ¢p is constructed from the previous level set functions ¢y, .. .,(bZ’R”

using a linear extrapolation as explained in (6.3.2). Here, R denotes the order of the
BDF method used in the transport scheme.

The input and output of the transport method are summarized in the following algo-
rithm.

Procedure DOTRANSPORTSTEP
Input:

e transport domain Q.

e velocity u on Q,

e previous level set functions ¢y, ..., qbZ‘R” € Vi, ()
Output:

e level set function ¢! € Vi, i, (Q,)

end Procedure

Extension of the level set equation

The extension method is introduced in Chapter 6, where a ghost penalty technique
is combined with an L?-projection. It is given in (6.5.2): For given projection and
extension domains holding € c Qg and an input function }f eVik g(QPr) defined on

Qp,, determine ¢ € V}, ,(§2Ex) that satisfies

(G5 wn)a, + sy (60" vn) = (O, ¥n)a,,  forall oy € Vi, (D),

with
$0(00) =7 ¥ [ (61-62)(r ~v2)dx.

F€.7: w(F)

148



7.4. Transport and extension of the level set function

Here, ]:SP denotes the set of facets in the extension domain Qgy, w(F') is a facet patch
and y*** > 0 a weight parameter. See Section 6.5 for more details and an error analysis
of the method.

The extended level set function does not satisfy (;Szut = gbi,? on {1p,, but the difference
|p9nt — qS}?H 12(,,) converges with optimal order. Following Lemma 6.5.6 and the results
from the numerical experiment in Figure 6.5.5, the error on the projection domain is
slowly increasing when the extension is applied multiple times. Since the extension
method will be applied in each time step of the surface Navier—Stokes algorithm 7.2.2
with an only slightly different projection domain, we expect that the use of the L2-
projection adds a small error to the level set function on the projection domain and
thus on the discrete representation of the surface. To avoid this error, we modify the
extension method. We improve the method such that gb?ft = qb}f on {p holds. We
replace the L%-projection by a Dirichlet boundary condition: the extended function
P9 should satisfy ¢9"* = }f on the boundary 0Qp, (similar to the velocity extension)
and the system is solved on the degrees of freedom on Qg N Qp, only. On the degrees
of freedom of the projection domain, the values of the input function ¢ are copied to
the extended function ¢§"*. Thus, the extended function equals the input function on
(2p, and the size of the linear system is reduced since only the DOFs on Qgy N Qp, are
involved. This extension does not need any parameter 7**. We expect that the error
analysis from Section 6.5 can be adapted to this modified extension method, leading to
optimal convergence rates.

We summarize the extension in the following algorithm.

Procedure DOLEVELSETEXTENSION
Input:

e extension domain Qpy

e projection domain Qp c Oy

o level set function ¢ € Vj, 1, (Q2p,)
Output:

e level set function qS‘;ZUt € Vi i, (QEx)

end Procedure

Again, with some abuse of notation, we will denote the input and the output of the
extension method as ¢y in the remainder.

We test the modified extension method for k4 = 1, using the kite geometry described by
the level set function ¢(x) = (x1 — x%)2 +x3+ x% —1. See Figure 6.7.1 for a visualization
of the geometry. As projection and extension domains, we use one layer of neighboring
elements to the cut elements (Qp, =N (Qp)) and three layers (Qmyx = N3(Qp)). The
input function ¢y, is given by an Oswald-type quasi interpolation of the exact level set
function ¢ on the projection domain. We perform the extension using the new method,
utilizing the Dirichlet boundary values (with the solution denoted by ¢p,q) and the old
method, utilizing the L2-projection on the projection domain (with the solution denoted

by ¢r2).
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Chapter 7. Discretization of Surface Navier—Stokes Equations

The errors of interest are given by

Bnd ~ 2 —
eBnd(W) - ”¢ n (;S”w’ €L2(w) . H(ZSL Qwa’
11 1]
with w = 0, to measure the errors on the projection domain and w = Qg \Qp, to measure
the errors on the extension domain.

We perform two tests: In the first test, we apply the extension methods once, to see if
the modified method obtains optimal order of convergence. In the second test, we apply
the extension methods 25 times, to simulate the situation of repeatedly applying the
extension method in the Navier—Stokes algorithm. A similar experiment was performed
in Section 6.5.3.

The errors are shown in Figure 7.4.1 with the left-hand plot showing the errors after a
single extension step and the right-hand plot showing the errors after 25 applications of
the extension methods.
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(a) Applied the extensions once. (b) Applied the extensions 25 times.

Figure 7.4.1: Errors of extension of the kite level set function using the L2-projection or
the boundary values with k4 = 1.

We observe optimal error convergence rates of at least O(h?) for each error quantity.
The errors obtained by the modified method (epnhq) are slightly smaller that the errors
obtained by the L?-projection method (ez2) both on the projection domain and on the
extension domain. Moreover, we observe a slight increase of the error on the extension
domain when applying the method based on the L?-projection multiple times and a
large increase of this error on the projection domain. Note that the O(h?) reference
line has the same values in both figures. Meanwhile, the errors (both on the extension
and on the projection domain) of the modified method do not increase when applying
the method repeatedly. This indicates that no error accumulates when applying the
modified extension method multiple times. Since the extension method is applied in
each time step of the Navier—Stokes algorithm and an accumulation of the error in ¢y
leads to an accumulation of an error in the position of I'},, we conclude that the modified
extension method is more suitable for our purpose. The modified extension method is
also slightly computationally cheaper since the size of the linear system is reduced.
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7.5. Improved normal approximation

7.5 Improved normal approximation

In this section, we introduce a method to construct a smooth normal approximation.
The normal vector n is a crucial quantity in the Navier—Stokes system. It is used to
construct the tangential projection P = I — nn” that is used to calculate the surface
differential operators like the surface gradient Vru = PvuP, the surface divergence
divru = tr(PvuP), and the surface rate of strain tensor Er(u) = %(Vpu +Viu).

The canonical way to approximate the normal vector is given by the normalized gradient

of the level set function, i.e.,
Von

[Vonl
This approximation is the standard normal approximation used in the literature on
TraceFEM, e.g., in [BR20]. We use it to define P}, and the surface differential operators
when solving the tangential surface Navier—Stokes system (TSNS) in Chapter 5. This
normal approximation converges with order O(hkg) in the L?-norm if the approximation

np

of the level set function converges with optimal rate of O(h*s*!) in the L?-norm.

In contrast to the TSNS system, the (full) surface Navier—Stokes equations (SNS) contain
a derivative of the tangential projector P in the term divp(pP). Thus, in the SNS system,
the discretization of P (and the normal vector n) plays a more important role. Also, if
we use a different formulation of the SNS system, e.g., the one from (7.2.1), where no
derivative of the tangential projector appears, we still need a good approximation of the
normal vector to define the mean curvature s = divr n.

In the numerical experiments, we observe that the canonical normal approximation is
not sufficiently accurate to approximate the SNS system. One reason might be that the
canonical normal approximation is discontinuous across elements of the triangulation.
We introduce a method to construct a smooth finite element approximation of the normal
vector on the surface which is more accurate than the canonical approximation.

We use an L?-projection on the surface of the canonical normal approximation and
stabilize it with a ghost penalty term. In Section 4.2, we introduced the following
notations: the canonical extension of a polynomial &7 : P,(T) — P(R?), the extensions
v; = Env|p for v e Vi k,, and the facet patch wp = T; uTy. We introduce the bilinear
form
Shn(n,v) = [Fh n-vds+pn Y, f (n1 - ng) - (v —va)dx,
Fe]-',l; wr

with .7:5 ={F =TinTy | T\,T5 € Tp.,T1 # T, measz(F) > 0}. The improved normal
approximation is given by: Find @iy € Vi, 1, (Qp) such that

Spn(0p, V) = _/1“ ny,-vds forall veVy (Qr),
h

where ny, = Vép/|Vor| denotes the canonical normal vector approximation defined on
the surface I'y,.

Note, that this normal approximation is defined on the cut domain Q. We will use it
to define the surface differential operators and the tangential projection P. Since they
are only evaluated on the surface I'y, it is sufficient to define the improved normal on
Qp.
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Chapter 7. Discretization of Surface Navier—Stokes Equations

The method for normal construction is summarized in the following algorithm.

Procedure CALCULATESURFACENORMAL

Input:
e surface I',
e discontinuous normal ny, = ngiﬁ 7 on Iy,

Output:
o fih € Vh,kg(QF)

end Procedure

We investigate the quality of our method in a numerical experiment. We employ the
introduced method and compare the quality of the “improved” normal ép := |fi;, —n|r,
with the quality of the canonical normal ey, := |nj, —n|r,, where n denotes the exact
normal. The initial mesh size is chosen as hg = 0.5 (halved in each refinement), the
polynomial degree as k, = 1, and the stabilization parameter as pn = h—13 We use the kite
and torus geometries as introduced in Sections 5.5 and 7.8. The level set approximation
used to construct the canonical normal is given by an Oswald type interpolation of the
exact level set function. The results are shown in Figure 7.5.1.
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Figure 7.5.1: FErrors of improved and canonical normal computation on a kite and a
torus geometry.

We observe optimal rates of at least O(h) for the improved and the canonical normal ap-
proximation, which is expected since the level set approximation is of order O(h?) and
the normal approximations consist of first derivatives of the level set approximation.
More interesting, we notice that the absolute errors in the improved normal approxima-
tions are indeed smaller than the absolute errors in the canonical normal approximation.
For the torus example, the error is reduced by a factor of 10 on the finest mesh level,
and we observe convergence rates of O(h?). This improvement of accuracy may be ex-
plained by the fact, that the improved normal approximation is a finite element function
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7.6. TraceFEM for the surface Navier—Stokes equations

of degree k,, while the canonical normal approximation is a piecewise polynomial of
degree k4, — 1. Thus, the improved normal approximation is continuous across facets of
the triangulation and has a higher degree. The result indicates, that our new method
is an improvement over the canonical normal approximation concerning the accuracy of
the normal vector.

In the numerical experiments in Section 7.8, we use the improved normal approximation
to construct a converging scheme for the surface Navier—Stokes equations. We observed,
that the canonical normal approximation leads to a non-converging scheme in our ex-
amples and thus, the improved normal is a crucial ingredient for the method.

7.6 TraceFEM for the surface Navier—Stokes equations

In this section, we derive a TraceFEM formulation for the surface Navier—Stokes equation
in one time step, which will be used in Step 4 of Algorithm 7.2.2. We start with the
Navier-Stokes system (7.2.2) and derive a weak formulation. By multiplying the left-
hand side of the first equation of (7.2.2) with a sufficiently smooth test function v, and
applying integration by parts, we get

fr(t)ﬁ-vds—Zuo fF(t) dinEp(u)-vds+/F(t) divp(pP) - vds

:fr(t)(atu+Vuu)-vds+2uo fr(t) Er(u): Ep(v) ds—[F(t)p P:vVrv ds (7.6.1)

=tr(PTVrv)

- [F( )(81&11 +vVuu) - v+ 2pu0Er(u) : Ep(v) - pdivr, vds.
t

To obtain a TraceFEM formulation, we use the Taylor-Hood finite element spaces Vy, 1.,
for the velocity and V}, 1, —1 for the pressure with some &, > 2. The finite element spaces
are defined as in Chapter 4. Motivated by (7.6.1), we introduce the bilinear forms

ap(Tp;up, vy) = ./r Vupty, - vy, + 2u0Er, (uy) : Ep, (vi,) ds
h

and bh(uh, Qh) = ﬁ diVl"h uy, - gp ds,
h

where Uy, is some approximation of u used to linearize the system.

As explained in Section 4.2, we need to stabilize the method to fulfill the Ladyzhenskaya—
Babuska-Brezzi (LBB) condition and to obtain a well conditioned linear system. We
use the volume normal derivative stabilizations from [Bur+18] for the velocity and the
pressure which are given by

sp(u,v) := Pu/Q vuiy, - Vviipdx and sy (p,q) = prQ (Vp-1,) (Vg-1p) dx,
r

T

with some stabilization parameters p, ~ h~™' and pp ~ h. Note, that in contrast to
Chapter 5, we apply the stabilization on the cut domain Q. only and not on an extended
domain. We perform the extension of the velocity explicitly using the method from
Section 7.3 in Step 1 of Algorithm 7.2.2.

The partial time derivative is discretized using the backward Euler method. The Trace-

153



Chapter 7. Discretization of Surface Navier—Stokes Equations

FEM formulation for BDF(1) is given by: Find (u},p}) € Vi, X Vi ky-1 such that

n—1

u} -u
h h n-1,_n n u/..n _ n
f ——"2— .vds+ap(up ,uh,vh)—bh(vh,ph)+sh(uh,vh)—f vy ds,
rn At ry

~bn(uy, qn) + 55, (P, an) =0,

(7.6.2)
holds for all (vp,qn) € Vi, gy X Vi ky—1- Note that in this equation, the surface differential
operators Vr, and divr, are defined using the normal vector 1, as constructed in the
previous section and the previous velocity uz_l has to be well defined on the surface I'}.
The extension to higher-order BDF(R) methods is possible as explained in Remark 7.6.1.

A short overview of the input and output of the TraceFEM for the surface Navier—Stokes
equations is given in the following algorithm.

Procedure DONAVIERSTOKESSTEP
Input:

e velocities from previous time steps uZ‘l, . ,uZ‘R € Vh,ku(Q’%;l
e outer force f™
e surface I'} with its cut elements 7"
e normal approximations nj and T}
Output:
° u’g € Vh,k:u (Q?)

end Procedure

Remark 7.6.1 (Higher order BDF version)

As in the TraceFEM for the tangential surface Navier—Stokes equations, cf. Re-
mark 5.3.3, the method can be extended to higher order BDF schemes to discretize
the time derivative. The time difference in (7.6.2) is then replaced by

3u” - 4u !+ un2
2At

11u™ -1 n—1 n—2_2 n—3
and Juw 4 Su 621?11 4 for BDF(3).

Jru~ for BDF(2)

For the linearization of the inertia term we replace i} = uZ‘l by
) =2up ! —u)? for BDF(2)
and T} =3up ! -3u) % +u)? for BDF(3).

Note that when a higher order BDF scheme is used, not only the velocity u” ! has to be
defined on I', but also the velocity u™2 for BDF(2) and u™ 2 and u” 3 for BDF(3) have
to be defined on I'". We will use the extension procedure from Section 7.3 to extend the
used velocities. O
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7.7 The full surface Navier—Stokes discretization method

In this section, we summarize the whole algorithm for the surface Navier—Stokes sys-
tem. We use the methods introduced in the previous sections to perform the extension,
transport the level set, construct an improved normal approximation, and solve the
Navier—Stokes system on the surface. The needed input of the method is given by

o ¢°, u%: initial level set function and velocity (defined in a neighborhood of the
initial surface),

« QcR3: polygonal domain such that I'(¢) c © holds,
o teng: end time,
o f: outer force term,

e lp: Viscosity coefficient.
The parameters of the algorithm are given by

o ky, k4: polynomial degrees for velocity and level set function,
e R: order of BDF scheme for level set equation and Navier—Stokes,

e At, h: time step and mesh size,

t
e N-= [ Z:]: number of time steps,

e Lp: layers used in projection in level set extension,
e pu and pp: stabilization parameters for velocity and pressure in TraceFEM

e pn: stabilization parameter for the normal approximation

The number of layers used to define the transport domain depends on the maximal
displacement of I' in one time step, given by Atmaxe, 1,1 1Vr(t)|L=). We choose
it as

At
Ly = max{1 + 4=~ [} -0} =0, ), 3}

to ensure that (27, is large enough to contain the surface FZ” and the projection domain
2p,. This choice is further motivated and explained in Section 6.6.

Remark 7.7.1

It is known from the literature (cf. e.g. [BR20; ORS24]), that the stabilization pa-
rameters p, and p, should be chosen as p, = cpuhf1 and p, = ¢, h and that varying
the constants c¢,,, c,, does not have a huge impact on the quality of the approxima-
tion. From numerical experiments and [Lou21], we follow that py,, should be chosen as
Pn = cpnh’?’. In the numerical experiments we will stick to the values

1

Pu:Eu pp:h7 and Pn:ﬁ,

for the stabilization parameters. &
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Chapter 7. Discretization of Surface Navier—Stokes Equations

We summarize the whole method to approximate the surface Navier—Stokes system in
the following algorithm.

Algorithm 7.7.2: Surface Navier—Stokes algorithm

1: Procedure

2: for n from 0 to N -1 do:

3 Ly « max {3, [1+ 45 [ul -0} 1o )]}

t e N

5: if n >0 then

o Qp, < NP ()

7: ¢y < DoLevelSetExtension(Q7,, Qp,, ¢})

8: u} < DoVelocityExtension(Qf, 0, uf, ny)

9: for ¢ from 1 to R—-1 do

10: "~ « DoLevelSetExtension(Q%,, Q8 , ¢7~")

11: u’};”_i - Do\/elocityE><;tension(Q%j1 = uz_i, ny;)
12: end for

i3k end if

14: 1 < extrapolation in time of uﬁl fori=n,....n-R+1

15: (;SZ” < DoTransportStep(Q,, Uy, ¢f, ..., gbZ‘RH)

16: Il {x | g™ (x) = 0}

7 e v |ver|

18: 1, < CalculateSurfaceNormal(I'*1, nf'*1)

19: u?*l « DoNavierStokesStep(uy, . .., up il gl T+l gl g,

20: end for

21: end Procedure

With some abuse of notation, we denote the extended functions by the same symbol
as the original function, e.g., ¢} denotes the level set approximation on the projection
domain €235 and the transport domain €27, in line 7 of the algorithm.

7.7.1 Illustration of the algorithm

We illustrate one time step of Algorithm 7.7.2 in the following figures using a one di-
mensional example, to provide an overview of the method and the domains used (2,
Qp,, and Q). In all figures, the z-axis denotes the space variable and the y-axis the
time variable. For each time point, the surface consists of a single point, i.e. I'(t) € R
for all ¢ € [0,tena]. We consider the case of a BDF(1) scheme and time step n > 0. The
input data of one time step is given by the level set approximation ¢; defined on the
previous transport domain fo{l and the velocity approximation uj defined on the cut
domain .
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7.7. The full surface Navier—-Stokes discretization method

We start by illustrating line 7 of the algorithm, where the level set function ¢} is extended
to the transport domain {27,. For this extension, we use the given approximation ¢ on
the projection domain €5 which is smaller than the transport domain Q’%;l, where ¢}
is defined. As explained in Chapter 6, the choice of the smaller projection domain is
important to prevent error accumulation induced by low order boundary data.

We illustrate the extension of ¢} from the projection domain (blue) to the transport
domain (red) in Figure 7.7.1.

Input

VIIIIII7727 7707777777777/
1774777777277 277727772777)

t | | (28 228 1222 V7 L4 4 e 24 |
n | T I At | i tn

Figure 7.7.1: Line 7 of Algorithm 7.7.2: Level set extension. The level set function ¢}
is extended from Qp to the transport domain €27, .

For the velocity extension, we use the maximal possible projection domain, namely the
cutted elements (2. Since no boundary values are needed in the surface Navier—Stokes
solver, we do not have to choose a smaller projection domain. The velocity extension is
shown in Figure 7.7.2.

Input Output

t t A A A A A A

1 1 1 1 1 1

1 1 1 1 1 1

I I I 1 1 1

t [ 1 1 | t [ P |- |
n I I /7 //’///’/ !”’l’/’/l’” I n I I /7 //’///’/ !///[///l/// I

172722777777 1177727777 117722777777 1177727777
V1172277777777 77777070777777 ,CE V1172207777777 7777707777777 ,CE
Z Z

Figure 7.7.2: Line 8 of Algorithm 7.7.2: Velocity extension. The velocity function uj is
extended from Qf to the transport domain 27, .

Now, we have the level set approximation ¢, and the velocity approximation u} defined
on the transport domain Q7. In line 15 of Algorithm 7.7.2, we solve the transport
equation to obtain the new level set approximation qﬁ’,?fl on the transport domain Q7.
We use an extrapolation in time of the previous level set approximations ¢y, ..., gbZ‘R”
to obtain Dirichlet boundary values. In line 14 of Algorithm 7.7.2, we extrapolate the
velocity approximations uy, ..., uZ‘R” to obtain a velocity function 1} that is used in
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Chapter 7. Discretization of Surface Navier—Stokes Equations

the transport step. The extrapolation is done by taking a linear combination of the
previous velocity approximations. In the case of a BDF(1) scheme, we simply use the
previous velocity approximation, i.e. i} =u} holds. The transport step is illustrated in
Figure 7.7.3.

Input Output ,',

tn+1 UL

_ =~ — A _ An+l
[]]-u =4 -0

Figure 7.7.3: Line 15 of Algorithm 7.7.2: Transport step. The level set approximation
gbZ*l is constructed by solving the transport equation on the transport domain Q7.

The resulting level set approximation ¢Z+1, defines the surface I‘Z” ={x| (b;l”l(x) =0}
and the cut domain Q?”. On the surface I'}?, we solve the surface Navier—Stokes system
in line 19 of Algorithm 7.7.2. This method requires the previous velocity approximation
uy given on the surface I'j. Since we extended this velocity approximation to the
transport domain Q7% (see Figure 7.7.2), it is well defined on I'7*!. The used stabilization
in the TraceFEM leads to a resulting velocity approximation uZ*l defined on the cut
domain QI+, We visualize the surface Navier—Stokes step in Figure 7.7.4.

Input Output
ATa
111
lllll
%
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n 2 ntl
///_u”' ST

Figure 7.7.4: Line 19 of Algorithm 7.7.2: Navier—Stokes step. The velocity uZ*l is
constructed by solving the surface Navier—Stokes system on the cut domain Q?J’l.

The resulting velocity approximation uZ” and the level set approximation QSZH are used

as input in the next time step.
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7.8 Numerical experiments

In this section, we present numerical experiments to validate the method and to illustrate
some (mathematical and physical) phenomena connected to the surface Navier—Stokes
system. We start with simple validation examples, where the velocity is constant in
space and time and the surface is moved with constant speed in a constant direction.
As a next step, we consider more complex examples, where the velocity is not constant
anymore, and the surface deforms over time. In the last validation example, we solve the
Navier—Stokes system on a surface that exhibits a topological change. In all validation
examples, a manufactured solution is available, and we calculate the accuracy of our
numerical approximation.

After the validation of our algorithm, we present some examples to investigate the behav-
ior of the numerical solution of the surface Navier—Stokes system. In the first example,
in Section 7.8.3, we consider the continuous dependence of the solution on the initial
data. In the last examples, we investigate the influence of the viscosity coefficient ug on
the solution of the surface Navier—Stokes system.

Throughout all experiments, we use the parameters ky = 2 (k, = 1), kg = 1, and employ
BDF(2) time discretization schemes. To obtain the second initial values for the BDF(2)
scheme, we start with two time steps with time step size %, and apply a BDF(1) scheme.
In the extension method, we use Lp = 1. The linear system resulting from discretizing
the transport step is solved using a stabilized BCGS method with an incomplete LU
decomposition as a preconditioner. All other linear systems are solved using a direct
solver from the Intel MKL library. If not stated otherwise, the time interval is taken as
I =10,1], the evolving surfaces are embedded in the domain = [—%, %]3, the viscosity
is set to pp = 0.05. The initial mesh size is h = 0.5. The mesh size h and the time
step size At are halved in each refinement step. We implement our methods using the
finite element library Netgen/NGSolve [Sch97; Sch14] with the add-on ngsxfem [Leh+].
In the validation examples, we use Maple [Map] for computing the exact force terms
corresponding to our manufactured solutions. [Sch25] contains the code used to perform
the numerical experiments. The error metrics of interest are given by

N N
(eu)2 = At Z HUZ -u" H%Z? (61711)2 = At Z H Vl“huz - VFhunH%;p
n=1 n=1
2 N 2 2 N 2 2
(ep)” = At Y oy - p" [P, (er)” = At Y 6" [Fn /L]y,
n=1 n=1

where | - ”FZ denotes the L?-norm on the surface I'?". To construct time dependent level
set functions, we start with the following exact stationary level set functions:

* @sphere(X) = x% + a:g + x% -1,

° ¢Bicon(x) = (ﬂf% + ﬂf% - 03)2 + .’17% - 04,

Grorus(x) = (/22 + 22 - 1)? + 2% - 0.57,

° ¢Kite(X) = (—Sﬂg - SU1)2 + m% + :L‘% -1.

The first surface is a sphere, the second one is called a biconcave shape, the third one is a
torus, and the last one is called ’kite’-geometry. We construct time dependent surfaces.
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Chapter 7. Discretization of Surface Navier—Stokes Equations

The first evolutions are the ones of surfaces (sphere, biconcave shape, and torus) slowly
moving to the right and not changing the shape. In addition, we consider the evolution
of a biconcave shape and a torus transforming into a sphere. The corresponding level
set functions are given by

o ¢5-(X,1) = Psphere(®1 = 0.2¢, 2, 73),
o B~ (X,t) = dBicon(z1 — 0.2¢, 2, 23),
¢ (X,t) = Prorus (21 — 0.2¢, 22, 73),
¢B-s(x,t) = (1= 1) - dBicon(X) + T - Psphere(X),
o dros(x,t) = (1-1)  drorus(X) +t - Psphere(X).

7.8.1 Validation examples I

We start the validation with a simple case, where the exact velocity is constant, and the
exact pressure is zero. We choose a constant (in space) velocity u’ as the initial velocity
and f = 0 as the force term. It holds Vru® = Eru® = divp u® = 0. Consequently, the exact
pressure is zero (p = 0), and the velocity remains constant in both space and time, i.e.,
u(x,t) = u’ holds for all ¢>0. The exact solution of the velocity and the pressure are
independent of the initial level set function and thus also independent of the surface
and its curvature. Since the exact velocity is constant, the exact surface is transported
constantly in the direction of the (fixed) velocity.

The initial velocity u® = (0.2,0,0)” and level set functions ¢° € {dsphere, PBicon, PTorus }
lead to the corresponding exact level set functions given by ¢s_,, ¢, and ¢r_,, respec-
tively.

This system is solved exactly (apart from rounding errors) using our method. The errors
€u, €1,u, and e, are within machine accuracy limits, since the solution is contained in the
finite element spaces. The error in the level set function converges at an order between
1.5 and 2, which is nearly optimal since we use k; = 1. These results demonstrate that
our method achieves optimal accuracy for this case.

7.8.2 Validation examples 11

In the more complex validation examples, we consider three examples. The first one is
a sphere moving to the right, where a (time-dependent) divergence free manufactured
velocity field is used. The second example is a biconcave shape transforming into a
sphere, where we show that our method is able to deal with varying curvature of the
surface. The last example is a torus transforming into a sphere, where a topological
change occurs, which makes this example more challenging. In all examples, the exact
pressure is given by p(x,t) = z1xoxs.

Sphere moving to the right

We use the exact level set function ¢g_,, which describes a sphere evolving with constant
velocity to the right. The curvature of the surface remains constant in both space and
time.

We define a tangential divergence-free velocity as Uy = P(n x Vry) with the stream
function ¥ (x,t) = x129 — 2t. This function was also employed in the numerical experi-
ments presented in Chapter 5. We add the constant velocity u. = (0.2,0,0)7 that aligns
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7.8. Numerical experiments

with the desired evolution of the surface I'(¢). The full velocity is given by u = Uy + u,,
satisfying divpu = 0. We choose the initial time step size as Aty = 0.25. The results of
our method are shown in Figure 7.8.1.
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10710 107! 10795
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Figure 7.8.1: Navier—Stokes convergence test with sphere moving to the right.

The results demonstrate convergence of our method across all displayed error metrics.
The convergence orders vary between 1 and 2 for the velocity and the level set function
and between 0.5 and 1.5 for the pressure. The h'-error of the velocity is larger than the
L?-error, which is an expected behavior.

The convergence rates are not optimal, which may be due to the strong nonlinearity
between the velocity and the level set function. We use a simple extrapolation of the
velocity field for the transport step, which may not be sufficient to achieve optimal
convergence rates. The results indicate that our method is capable of solving the surface
Navier—Stokes system with a moving surface, even in the presence of strong nonlinearity.

Biconcave shape transforming into a sphere

In the next example, we present a convergence test on a surface with varying curvature.
We select the exact level set function ¢ = ¢p_g which describes a biconcave shape that
deforms into a sphere. Since the surface evolution is prescribed by the level set function
in this manufactured example, we can express the normal component of the velocity in
terms of the level set function by

(9%
n-vo

un=uy=V=-

The tangential component of the velocity is chosen as up = Pe; with e; = (1,0,0)7. This
velocity does not satisfy the divergence-free condition, i.e., divpu # 0 holds. To obtain
a closed system, we substitute the second equation (divpu = 0) of the Navier—Stokes
system (7.2.2) with the modified equation divpu = ¢ where ¢ represents the divergence
of the manufactured velocity.
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Chapter 7. Discretization of Surface Navier—Stokes Equations

The surface evolution and the velocity are shown in Figure 7.8.2.

(a) t=0 (b) t=0.5 (c)t=1

Figure 7.8.2: Snapshots of biconcave shape deforming into a sphere. The glyphs represent
the velocity field u. The coloring is done by the value of |uf2 from blue (low) to red
(high).

The initial time step size is chosen as Aty = 0.1 and halved in each refinement step.
Figure 7.8.3 displays the results of the convergence test.
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Figure 7.8.3: Navier—Stokes convergence test with a biconcave surface deforming to a
sphere.

We observe that the method is convergent with order one in all error quantities. Errors
exceed those seen previously due to varying curvature present in this example. This
experiment indicates, that the proposed method is able to approximate the solution of
the Navier—Stokes system on a surface with varying curvature.

Gradient of level set function

We use the example of the biconcave shape deforming into a sphere, to take a closer look
at the level set approximation ¢y, close to the surface. In Chapter 4, where we introduced
the TraceFEM, we discussed the necessity of a level set function that is “close” to a signed
distance function. This is important for the trace finite element method, as it allows us
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accurate determination of the zero level set and thus the surface. If the level set function
becomes too steep or too flat, the numerical approximation of the surface and surface
integrals deteriorates. In existing literature, one often employs reinitializing methods for
the level set functions after some time steps, to maintain proximity to a signed distance
function. These reinitialization techniques are often computationally expensive, and the
zero level set is often not preserved exactly during the reinitialization process. To avoid
this, we choose a tailor made velocity field extension (normal aligned), that should (as
the velocity in the transport step) keep the level set function close to a signed distance
function over time. See the explanation in Section 7.2. One way to measure the quality
of the level set function, with respect to the signed distance property, is via the Eikonal
equation
”v¢”2 = 17

which is fulfilled for signed distance functions. We measure the quality of our level set
function (in terms of approximating a signed distance function) by the following error
quantity

evori= § [Voladx, for TeT,.
T

For a level set function ¢ that fulfills the Eikonal equation, it holds eys 7 = 1 for all
TeT,.

In Figure 7.8.4, we show the maximal and minimal size of ey4 7 on the cut elements 7
and on the elements within the transport domain {2, for each time step. We use a mesh
with resolution h =275,

6<
min e min ey
_ TeTr ver TeQT, ve.r
51
max ey max e
TeTr ver TeQT, VT
4<
3<
2<
1l —
0.0 0.2 0.4 0.6 0.8 1.0

time t

Figure 7.8.4: Eikonal error eyy 7 on € and €24, over time.

The results show that the error quantity ey 7 is between 1 and 3 for all time steps on
the cut elements and between ~ 0.8 and 4 on the elements of the transport domain after
the first time step. In the literature, cf. [GR11], one usually employs reinitialization
techniques if the condition 1 < eysr < ¢ for some T with a constant ¢ € [5,10] is
violated. Thus, no reinitialization would be used in this example. We emphasize, that
the deviation of the level set function from a signed distance function is not increasing
over time. This indicates that our method is able to solve the level set equation without
the need of reinitialization, and we have a stable implementation concerning the level
set quality for this smooth example.
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Torus transforming into a sphere

In the last example with a manufactured solution, we test if our method is able to perform
topology changes. In general, a topology change is a challenging problem for numerical

methods. Surface finite element methods (SFEM), which are Lagrangian approaches,
are not suitable to discretize topology changes, since the surface mesh needs to be split
or merged. In contrast, trace finite element methods (which are Eulerian) are in general
suited for topology changes, cf. the recent paper [OR25]. We test if our method is able
to solve the Navier—Stokes system on a surface that undergoes a topology change. We
use the exact level set function ¢ = ¢r_g which describes a torus (genus 1) that deforms
into a sphere (genus 0), cf. Figure 7.8.5 for a visualization.

(a) t=0 (b) t~0.5 (c)t=1

Figure 7.8.5: Snapshots of ['j, describing a torus deforming into a sphere.

The normal component of the velocity is given by the predefined surface evolution.
Again, we choose the tangential component as up = Pe;. The initial time step size is
taken as Atg = 0.1 and the divergence free condition is again replaced as in the previous
example.

The results of the convergence test are shown in Figure 7.8.6.
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Figure 7.8.6: Navier—Stokes convergence test with a torus surface deforming to a sphere.
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Once more, we observe convergence of order close to one for the L?— error of the velocity
(ew) and the surface error (er). However, the errors in the gradient of the velocity (e u)
and in the pressure (e,) do not converge. Notably higher errors arise than in the previous
examples. We assume the loss of convergence and the higher errors are caused by the
topology change. See [OR25] for a discussion of the challenges arising from topology
changes.

7.8.3 Continuous dependence on initial values

In this section, we test the dependence of the solution on initial values. As we mentioned
when introducing the surface Navier—Stokes system, there is no theory available for the
well-posedness of the system. Thus, we do not know if the solution is continuously
depending on the initial values. If there is no continuous dependence, small perturbations
(e.g., caused by the numerical scheme), may strongly increase over time and lead to
a blow-up of the solution; thus constructing stable numerical schemes becomes more
complicated. For the surface Stokes system, it is known, that perturbations in the initial
values are damped over time. We test if similar results hold for the surface Navier—Stokes
system.

We use the three examples from the previous section. The exact level set function is taken
as ¢ € {¢s, dB_s, P15} With the exact velocity and pressure functions as described in
the previous examples. We disturb the initial level set function or the initial velocity by
adding an error with high frequency. The initial error is given by

sin(50mz1x913)
102

€Init(X) =

We run two test cases. In the first one we perturb the initial level set function. We solve
the system with the exact (¢% = ¢(0)) and the disturbed (¢, = #(0) + em;t) level set
function and the exact velocity as initial value. The error of interest is given by

€h = ‘|¢TEl)x‘|L2(ngs), forn=0,...,N,

where I'gj5 is the surface generated by the disturbed level set function ¢g;s. In Table 7.8.7,
we show the errors in the initial functions at n = 0 and the errors at the final time step
N and the growth rate (rate = eg/eg).

PS> $B-S dT-s
h 62) ) ef;] \ rate e% i eg | rate 62) ) ef;’ | rate
0.5 6.1-1073 ! 88-10% | 1.4 | 59.107% ! 83-1072 ! 14.1 | 6.98-1073 ! 1.51-1072 ! 2.2
0.25 || 51-103 ' 1.1-1073 | 0.2 | 54-1073 | 3.2.1073 | 0.6 | 7.83-1073 | 4.27-1073 ' 0.5
0.125 8:10% 1 1.5-107% 1 0.2 9-107% & 4.107% : 04 | 1.09-1072 : 11072 : 0.9
0.063 || 1.5-1072 3 4.2.1073 3 0.3 | 1.5-1072 3 6.8-1073 3 0.4 | 1.66-1072 3 6.13-1073 3 0.4
0.031 || 2.2-1072 } 1.4-1072 | 0.7 | 2.1-1072 | 1.6-1072 | 0.7 | 2.47-1072 | 1.59-1072 | 0.6

Figure 7.8.7: Comparison of the initial errors and the errors at the final time in the
geometry when perturbing the initial values.

In the second test case, we perturb the initial velocity instead of the initial level
set function. We solve the system with the exact (u}, = u") and the disturbed

(Y, = u® + emmit - (1,1,1)7) velocity as initial value and the exact level set function. The
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error of interest is given by
n n n
eu = gy —udisr2@p ), forn=0,...,N,

where ', is the surface generated using the exact initial values. We show the errors in
the initial functions at time step n = 0 and the errors at the final time step n = N and
the growth rate (rate = e’} /e%) in Table 7.8.8.

s $B-S P18
h ed | ely . rate ed ! ely . rate ed ! ely . rate
0.5 3.1002 ' 1.4-1072 ' 05 | 29-1072 ! 1.5-1072 ' 0.5 | 4.18-102 ' 0.11 ' 2.6
025 | 35-102 1 1.1072 | 03 [ 36-102 ! 1.102 | 03 | 44-102 | 1.3-1072 | 03
0125 || 5-1072 © 1.2:1072 1 0.2 | 4.6-1072 1 1.4-1072 : 0.3 | 521-1072 : 6.82-1072 : 1.3
0.063 || 4.4-1072 © 221072 | 0.5 | 4.2-1072 | 9.7-1072 | 0.2 | 5.75-1072 | 2.25-1072 | 04
0.031 || 45-1072 ! 6.1-1072 | 1.4 | 42-1072 | 32-102 ! 0.8 | 565-102 | 013 | 2.2

Figure 7.8.8: Comparison of the initial errors and the errors at the final in the velocity
time when perturbing the initial values.

From Tables 7.8.7 and 7.8.8, we observe that for most examples and mesh sizes, the
difference between the solution using the exact initial errors and the ones using the
disturbed initial errors is decreasing over time for all examples. The growth rate is
below one for almost all examples and all mesh resolutions after the first refinement.
In the examples where an increase of the error is observed, the growth rate is still not
larger than 2.2 after the first refinement, so the error does not blow up significantly.

These experiments suggest that the underlying smooth problem could possibly be well-
posed, meaning that the solution might depend continuously on the initial values.

7.8.4 Influence of the viscosity coefficient pg

We have shown, that we have a stable method to discretize the surface Navier—Stokes
system. Now, we investigate the behavior of the velocity and the surface, when no outer
force term is present, i.e., f = 0 holds. For the best of our knowledge, there are no
experimental studies available in the literature for this setting. In the related works
where the surface Navier—Stokes system is discretized, cf. [KV23; RV18], an additional
bending term is added to stabilize the system. This bending term is not present in this
section.

We investigate the influence of the viscosity coefficient pg on the solution of the surface
Navier-Stokes system. We use different initial level set functions ¢° and different initial
velocities u’ and show the resulting surfaces for different values for pg. There are no
exact solutions available in these examples, thus we can only measure the error in the
surface divergence divr, uy, of the velocity which should vanish. In each experiment in
this section, we use a mesh with a maximum mesh size of h = 27 = 0.03125 and time
step size At = 0.2-27% = 0.0125 if not stated otherwise. The viscosity coefficient g is
varied between 0.01 and 100. The time interval is taken as I = [0,1]. In all figures, the
glyphs represent the velocity field uy. The coloring is done by the value of |uy|2 from
blue (low) to red (high).

We show results for different choices of initial surfaces and velocities. The initial sur-
faces represent a sphere or a kite geometry, the corresponding level set functions are
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taken as ¢ e {dsphere, PKite }- The initial velocities are given by u’ € {uey,u.} where
ucy = (-2,21,0)T is a rotation around the zz-axis which is tangential to the sphere
(given by the zero level of ¢gphere). The discontinuous velocity u., is locally pointing to
the right for x1 > 0.5 and zero otherwise, i.e., it is given by

(0.5,0,0)T, if 21 >0.5
(0,0,0)7, else.

Example 1: Sphere with rotation

In the first test case, we choose ¢ = ®Sphere and u’=u ¢5- For this example, we examine
the convergence rates of the surface divergence in the approximated velocity field. We
investigate the L?L?—divergence error, which is given by

N
Biep = ALY [ divr, uf [ /1
n=1

In Figure 7.8.9, we show the L?L?—divergence error for initial mesh and time step sizes
ho =0.25 and Aty =0.1.
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Figure 7.8.9: L?L?-divergence error edivy. for #° = ®Sphere: u’ = uy, and p € {0.01,100}.

The results show that the divergence error is converging with convergence rate O(h),
which is expected, since we used a linear level set approximation to define I'y, and divr, .
The errors are larger for the low viscosity coefficient ug = 0.01 compared to the high
viscosity coefficient g = 100. We assume that the larger errors are caused by the higher
curvature (as shown in the following figures) that results from the lower viscosity.

The convergence of the surface divergence error suggests that our method generally
is converging to a solution of the surface Navier—Stokes system. When we combine
this finding with the validation results from previous sections, we can conclude that
our method is likely able to accurately approximate the solution of the surface Navier-
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Stokes system. Therefore, we can expect that the behavior shown in the following figures
represents this solution.

We take a look at the evolution of the surface over time. Snapshots of the surface and
the velocity field at different time steps for pg = 0.01 are shown in Figure 7.8.10 and for
o =100 in Figure 7.8.11.

Figure 7.8.11: Surface and velocity over time for ¢° = ®Spheres u = Uy, and o = 100.
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We observe that in the low viscosity case (uo = 0.01), the surface becomes “flatter” over
time, i.e., the curvature decreases close to the xs-axis and increases in regions further
away from the xs-axis. The deformation can be explained by the acting of “centrifugal-
like” forces induced by the rotation uy. The initial velocity field is tangential to the
surface, but it does not stay tangential over time and the surface is deforming. This
illustrates, that in the surface Navier—Stokes system, normal velocities can arise, even if
the initial velocity field is purely tangential.

Increasing the viscosity coefficient to pg = 100 leads to a different behavior of the surface.
We observe that the surface is only deforming very slowly, i.e., the curvature is nearly
constant over time. The velocity field is also nearly constant over time. When we
compare the initial surface with the final one, we see that the surface is a bit “flatter”
than the initial surface, but the deformation is very small.

Also, we compare the final surfaces (at ¢t = tonq = 1) for varying viscosity coefficients
o € {0.01,0.1,1,10,100}. We take a “slice” of the surface at z2 = 0 to be able to compare
different surfaces in one single plot. The results are shown in Figure 7.8.12.

— =001 —— =1 — =100
T — =01 — =10

1.01

0.51
30,01
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—~1.0 —0.5 0.0 0.5 1.0
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Figure 7.8.12: Slice of surfaces at ¢t = 1 for different viscosity coefficients pg for initial
values <z50 = ¢Sphere and u’ = Ucs.

We observe that the dependence of the surface deformation on the viscosity coefficient
is “anti-proportional” in the sense that decreasing the viscosity leads to a stronger de-
formation of the final surface. It seems like the strength of the deformation depends
continuously on the viscosity coefficient .

Example 2: Kite with rotation

In the second test case, we choose the initial values ¢° = ¢kite and u’ = u 5. The initial
velocity field u® is not tangential to the surface in this case and the initial surfaces
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has varying curvature. The results for the low viscosity case pg = 0.01 are shown in
Figure 7.8.13.

Figure 7.8.13: Surface and velocity over time for ¢° = ¢iie, u® = u s, and o = 0.01.

Increasing the viscosity coefficient to pg = 100 leads to the results shown in Figure 7.8.14.

Figure 7.8.14: Surface and velocity over time for ¢° = ¢kite, u® = u sy, and po = 100.

We observe similar behavior as in the first example. In the low viscosity case (1o = 0.01),
the surface becomes “flatter” over time, e.g. the curvature on the left side of the initial
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surface is getting smaller. We observe that the surface is rotating around the xs-axis.
This rotation was difficult to observe in the first test case, since the initial surface was
an axis-symmetric sphere. The figures indicate a local influence of the surface curvature
on the velocity field. On the left side of the initial surface, the curvature is higher than
on the right side. We see that the velocity in the regions with higher curvature behaves
differently over time from the velocity in the regions with lower curvature. While the
velocity stays close to the initial rotation in the smoother regions of I'j,, it changes
the direction in the regions with higher curvature. This indicates the influence of the
curvature on the velocity field.

In the high viscosity case (ug = 100), the surface is only slightly deformed, i.e., the
curvature is nearly constant over time. The velocity field is also nearly constant over
time. The surface is rotating around the xs-axis, but it does not deform significantly.

Example 3: Sphere with velocity pointing to the right

In the third test case, we choose ¢° = ®Sphere and u’ = u,. The velocity field u., is
locally pointing to the right for 21 > 0.5. Thus, the velocity is nonzero only on the right
side of the initial surface.

For the low viscosity coefficient po = 0.01, the results are shown in Figure 7.8.15.

Figure 7.8.15: Surface and velocity over time for ¢° = ®Spheres u’ =u_, and uo = 0.01.

We observe that the surface is moving to the right, where the far right side of the surface
is moving faster than the left side. This leads to a deformation of the surface. One can
distinguish two parts of the surface: the right part, which is moving faster to the right,
and the left part, which is almost spherical and stays nearly unchanged. The norm of
the velocity field is getting smaller over time, but the velocity still points to the right at
the right-hand side of the surface and is almost zero on the left-hand side. In another
experiment, we have seen that increasing the final time leads to a separation of the
surface into two parts, where the right smaller part is moving faster than the left part.
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The results for the high viscosity coefficient pp = 100 are shown in Figure 7.8.16.

Figure 7.8.16: Surface and velocity over time for ¢° = @Sphere; u’ =u_,, and yg = 100.

.

— >

We see that the velocity is nearly constant after a short time (the second image is taken
at the first time step at ¢ = 0.0125). After the first time step, the velocity is constantly
pointing to the right on the whole surface, and we do not see any local difference anymore.
This constant velocity field leads to a constant movement of the surface to the right and
no deformation of the surface. The surface keeps its spherical shape and is slowly moving
to the right.

Summary and heuristic explanation

We describe a heuristic that explains the behavior of the surface and the velocity in
the shown examples. Summarizing the similarities in the behavior of the solutions from
the test cases, we observe that the surface is in general deformed strongly for the small
viscosity coeflicient po = 0.01, while its shape is nearly unchanged for the large viscosity
coefficient pp = 100. For example, in the second test case (¢xkite, Ucy), the surface keeps
its kite-like shape for pg = 100 and is only rotated by the velocity field. When the small
viscosity coefficient pg = 0.01 is used, the surface is also rotated, but additionally it is
deformed strongly, such that the final surface is much “flatter” than the initial one.

The change (over time) in the velocity obtained by the surface Navier—Stokes system,
can be expressed by the first equation of (7.2.2) with f =0, given by
1.1 = 2/10 diVF Eru - diVF (pP)

Thus, for a large po > 1, the first term (divp Epu) dominates the evolution of u and
for small pg < 1, the second term (divp(pP)) dominates. We first consider the case for
high viscosity coefficients pg > 1. The dominating term is the diffusion term divr Eru,
that leads to a dissipation of the kinetic energy. In the third test case (¢sphere, U-),
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the velocity field has huge local differences at ¢t = 0, i.e., it is zero on the left-hand side
of the surface and non-zero on the right-hand side. The diffusion term smooths the
velocity field over time, such that the velocity field becomes nearly constant over the
whole surface after one time step. When the velocity field is constant (in space), it stays
unchanged by the surface Navier—Stokes system (cf. Section 7.8.1), and thus the surface
moved to the right without changing its shape. In the first two test cases, the initial
velocity field u ¢y satisfies Epuy =0, i.e., usy is a so-called “Killing vector field”. Thus,
the diffusion term divr Epu has no influence on the velocity, and it stays nearly constant
over time. This leads to a rotation of the surface around the x3-axis, which is an axis of
symmetry of the sphere (¢ = ¢sphere)-

In the case of small viscosity coefficients py << 1, the second term (divp(pP) = Vrp—pkn
with k being the mean curvature of I'(¢)) dominates the evolution of the velocity field.
It takes the surface curvature into account. Thus, we have a stronger influence of the
surface curvature on the velocity. We clearly observe this in the second test case (¢xite,
U(y), where the surface is deformed strongly, and the velocity depends on the local
curvature of the surface.
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Chapter 8

Summary and Outlook

The final chapter of this thesis is organized into two parts. In Section 8.1, we summarize
the key findings and contributions made in the research on the discretization of surface
Navier-Stokes equations. Potential future research directions and open problems are
discussed in Section 8.2.

8.1 Summary

In this doctoral thesis, we explored a TraceFEM-based discretization of Navier-Stokes
equations on evolving surfaces. Our primary focus was on the development of novel
computational techniques that integrate advanced concepts from TraceFEM for surface
PDEs, BDF methods for discrete time derivatives, DG schemes for level set transport
equations, and ghost penalty methods for extending level set functions. The motivation
for this work stemmed from the increasing relevance of modeling fluid flows on deformable
surfaces in various scientific and engineering applications, such as biological membranes.

We began by establishing the mathematical framework for describing evolving surfaces
by introducing two coordinate systems. The local (curvilinear) coordinate system is
well-suited for modeling more complex fluid properties, while the global (Cartesian)
coordinate system is more convenient for numerical computations. Both coordinate
systems are commonly used in the literature. The different bases lead to different rep-
resentations of surface differential operators, such as the surface gradient, the surface
divergence, and the covariant derivative. In Chapter 2, we provided a comprehensive
overview of these operators and demonstrated relations between them in the local and
global coordinate system. These relations are essential for comparing partial differential
equations formulated in the different coordinate systems. We also presented a level set
approach to describe evolving surfaces as the zero level of a scalar function, which is
crucial for using TraceFEM to discretize surface PDEs.

In Chapter 3, we closely examined the derivation of surface Navier—Stokes equations.
As a foundation for our numerical methods, we summarized various derivations known
from the literature and based on different physical principles, such as conservation laws
of surface mass and momentum, volume conservation laws combined with thin film limit
techniques, or an energetic variational approach. The derivations were performed using
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either local or global coordinate systems, resulting in strongly different looking equa-
tions. We summarized the main ingredients and techniques used in these derivations,
we compared the resulting equations, and highlighted their similarities and differences.

The derivations led to two systems: the tangential surface Navier-Stokes system (TSNS)
and the full surface Navier-Stokes system (SNS). The TSNS is characterized by a known
surface where only the tangential component of the velocity and the pressure are un-
known; within the SNS framework both surface geometry and flow field (including its
normal and tangential components) are unknowns. We showed that all compared deriva-
tions lead to an identical TSNS system, a result that confirms consistency across different
approaches.

Our numerical approach is based on the Trace Finite Element Method (TraceFEM), in-
troduced in Chapter 4. TraceFEM serves as a standard tool for discretizing surface PDEs
using a background mesh that does not align with the surface itself. This method al-
lows flexible handling of complex geometries without requiring remeshing when surfaces
evolve over time. We presented fundamental concepts related to TraceFEM including
definitions of finite element spaces, an isoparametric mapping to obtain higher order
surface approximations, along with construction techniques for discrete geometric quan-
tities. Due to arbitrary cuts between background mesh and surface, instabilities in the
discretization and the linear discrete systems can arise. Therefore, we introduced stabi-
lization techniques such as a volume normal derivative stabilization. We also discussed
an extension of TraceFEM to handle time-dependent surfaces using an implicit extension
procedure.

In Chapter 5, we adapted the TraceFEM framework specifically to discretizing tangential
surface Navier-Stokes equations (TSNS). We presented a novel numerical method com-
bining TraceFEM with implicit extensions alongside backward differentiation formulas
(BDF) used to discretize the time derivative. Furthermore, we summarized main results
of a full error and stability analysis, which shows optimal convergence rates in suitable
energy norms.

As described in Chapter 4, for applying TraceFEM it is very natural to represent surfaces
implicitly as the zero level set of scalar functions. In the case of the full surface Navier-
Stokes equations (SNS), the evolution of this level set function, describing the evolution
of the surface, is an unknown of the system. Thus, we need to solve a transport equation
for the level set function. In Chapter 6, we formulated a discontinuous Galerkin (DG)
method for the transport equation that is known from the literature. We explained
the need for a suitable extension method for the level set function. Since the material
velocity of the surface can only be approximated in a narrow band around the surface,
we need to extend the level set function in each time step. We introduced a new ghost
penalty technique that allows us to extend the level set function from a narrow band
around the surface to a wider domain. We presented an error and stability analysis of
the ghost penalty technique, and combined the extension method with the DG method
to obtain an efficient narrow band level set method. To demonstrate the accuracy of
our transport method, we performed several numerical experiments that validate the
theoretical results and show optimal convergence rates.

In the final Chapter 7, we combined previously developed methods into one framework
to discretize the full surface Navier-Stokes equations (SNS). The main ingredients of our
method are a TraceFEM based discretization of the surface PDE in space, a BDF method
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for the time derivative, a narrow band level set method for the evolution of the surface, a
volume normal derivative based extension method for the velocity, and a ghost penalty
based method to construct a smooth discrete normal approximation. These methods
are combined to obtain a fully discrete numerical scheme for the SNS system. The main
difficulties in the discretization arise from the highly nonlinear coupling between u and
['(t). The surface PDE posed on I'(¢) defines the velocity u, which is used in the level set
transport equation that defines the evolution of the surface I'(t). We presented various
numerical experiments to demonstrate the accuracy of our method. We observed that
our method achieves convergence for different surface geometries and flow conditions,
including geometries with a topological change. Moreover, we showcased the behavior of
the solution of the SNS system when no outer force is present. As far as we know, this
is the first time that a fully discrete numerical method for the full surface Navier-Stokes
equations based on TraceFEM has been presented. The method is capable of handling
complex geometries and evolving surfaces without requiring remeshing or reinitializing.

In summary, this work advances understanding of fluid dynamics on evolving surfaces
by providing new theoretical insights and practical computational tools. Especially, our
method to discretize the surface Navier—Stokes system, handling the strong nonlinear-
ity and the coupling of the surface PDE with the level set transport equation, forms
a new contribution in the field. The developed TraceFEM-based approach allows for
flexible and efficient simulations of fluid flows on deformable surfaces, which is crucial
for applications in various scientific and engineering domains.

8.2 Outlook

We briefly discuss a few topics that we consider to be of interest for further research in
this field.

Analysis

The authors of [ORZ22] prove the existence and uniqueness of a weak solution for the
tangential surface Navier-Stokes equations (TSNS), confirming that the TSNS system is
well-posed. There are, however, no such results for the full surface Navier-Stokes system
(SNS) in the literature. The nonlinear interaction between the surface PDE and surface
evolution presents major challenges in proving well-posedness. Future research could
focus on developing a suitable formulation of the SNS system and proving existence
and uniqueness of solutions. This would be a major step forward in understanding its
mathematical properties.

For the TSNS system, we demonstrated optimal convergence rates through error analysis
in natural energy norms in Chapter 5. However, our analysis lacks L?-error bounds for
the pressure. Experiments in Chapter 5 suggest that the pressure converges optimally in
the L?-norm, but a proof is missing. For the full surface Navier-Stokes system (SNS), an
error analysis for our TraceFEM-based discretization remains an open problem. As far
as we know, also for other discretization methods, such as surface finite element methods
(SFEM), no error analysis exists for the full SNS system.

It is well known that for unfitted finite element methods such as the TraceFEM there is
an issue with algebraic stability. For the Laplace-Beltrami equation, it is known that the
spectral condition number of the resulting stiffness matrix is bounded by O(h™?) if the
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volume normal derivative stabilization in the trace finite element formulation is used.
We expect that similar results can be derived for the trace finite element methods for
the surface Navier—Stokes system, but there is no such theoretical result available yet.

Improvement of numerical methods

The strong nonlinearity of the surface Navier-Stokes equations poses challenges for both
analysis and numerical simulation. We used a simple approach by extrapolating velocity
from previous time steps as input for the level set equation. Future research might de-
velop more advanced techniques to handle nonlinearity more effectively, such as iterating
between solving surface PDE and the level set equation.

Discretizing surface Navier-Stokes equations leads to large linear systems posing com-
putational challenges. We used direct solvers from the Intel MKL to solve the linear
systems. Due to high computational cost and memory needs, these solvers become
impractical as the size of the linear systems grows. A solution of very large sparse
systems, which is more efficient in terms of computational and memory effort, requires
the application of iterative solvers and tailor-made preconditioners. Developing suitable
preconditioners and iterative solvers specifically designed for these large systems could
significantly enhance solver efficiency and increase the applicability of the method to
larger and more complex problems.

A crucial ingredient of our algorithms is the numerical discretization of the surface
normal vector. Depending on the formulation of the problem and on the chosen dis-
cretization scheme, the approximation of the normal vector plays an import role. For
example, in the TSNS system, the normal vector approximation used for the penal-
ization of the normal component has to have a higher order of accuracy than the one
needed for the approximation of the normal vector used to define the surface differential
operators. A comprehensive study of the influence of the normal vector approximation
on the accuracy of the numerical solution (for the TSNS and for the SNS) is missing in
the literature.

While we focused on TraceFEM to discretize the PDEs on the surfaces in this thesis,
there are other tailor-made methods for surface PDEs, e.g., surface Finite Element Meth-
ods (SFEM). It would be interesting to conduct comparative studies between different
methods. Understanding their relative strengths and weaknesses when applied to evolv-
ing surfaces will improve our understanding of the problem and can help to validate the
different methods.

Other applications

Experimental validation is crucial to further extend applicability of our computational
framework. Validating numerical results against physical experiments involving fluid
flows on deformable surfaces can reveal model limitations guiding refinements in model-
ing and numerical techniques.

As a next step, one might explore the surface Navier-Stokes equations on dynamic sur-
faces within a two-phase flow context. Unfitted finite element techniques have been
employed for the numerical simulation of two-phase flows involving Navier-Stokes equa-
tions in the bulk phases, while also considering the influence of a viscous surface fluid or
the movement of a surfactant at the interface (see [GR11; RZ13]). The numerical model-
ing of comparable two-phase flow scenarios utilizing Lagrangian tracking approaches for
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the surface, such as surface finite elements and/or Arbitrary Lagrangian—Eulerian finite
element methods, has been examined in [BGN15]. Initially, it is necessary to develop a
model that connects the surface Navier-Stokes problem with the Navier-Stokes flow in
the surrounding medium.

Another extension of our model could be a two-phase surface Navier—Stokes system. One
way to model these type of systems is to couple the surface Navier-Stokes equations with
a Cahn—Hilliard equation on the surface, which describes the evolution of a phase field.
This approach has been used in [Bac+23].

In [KV23], the authors present a method for solving the surface Navier-Stokes equations
combined with a constraint for the enclosed volume. This method is based on a Lagrange
multiplier approach, which enforces the volume constraint during the simulation. Our
method does not include such a constraint, and it would be interesting to extend our
framework to incorporate a volume constraint. This could be particularly relevant for
applications where the volume of the fluid domain is critical, such as in some biological
Systems.

In conclusion, while this thesis has made a step forward in understanding and computing
fluid flows on evolving surfaces through novel methodologies, numerous challenges lie
ahead that will deepen our understanding of fluid dynamics.
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Appendix A

Chapter 2: Basic Notations and Differential Operators

Chain rule

We give a representation of the chain rule for vector-valued functions, which is known
from the literature.

Theorem A.1: Chain rule

Let U c R",V c R™ open, F : U - R™ differentiable in a € U with F(U) c V and
G : V - RP differentiable in b = F(a). Then, H := Go F : U — RP is a differentiable

function in a satisfying
V(Go F)(a) = (VG)(F(a))(VF)(a),

ie.,

) ml 9 )
%H(a) ‘e = kzl [T%G(F(a)) e] [G—%F(a) -ek:|

holds for 1<i<p, 1 <j<n.

Proof of equation (2.2.3)

We give a proof of equation (2.2.3). Let A = A;;(g' ®g’) = A¥(g; ® g;) = Aij(e; ® ej)
be a matrix. The trace of the matrix in Cartesian coordinates is defined as tr(A) = A4;;.
A direct calculation gives

tr(A) = Ag, = Ajj(ei-ep)(ej-e;) =er-[Aij(ei®@ej)e;] = e, - (Aey)
= (g'er)g;- (Ag;-e)g’) = (ex-g")(er-g))8; - (Ag’) = (g - &))g; - (Ag))
=8 (Agi)-

Analogously, we get tr(A) = g’ - Ag,. In addition, it holds
tr(A) =g’ Ag; =g - Au(g" o g')g; = g And; = A,
which completes the proof of (2.2.3).
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Proof of Lemma 2.2.4

We give a proof of Lemma 2.2.4. We start with the representation of the projection in
mixed components. Since it holds Pgg = g3 and Pn = Pgg =0, it follows

Py=g'-(Pgs)=g' g5 =05 and Py=g'-(Pg)=0.

We prove the representation of the Weingarten mapping in local components. From
Hn = 0, it follows immediately that H§ =g’ - Hg; = 0 and HZ3 = (0. Using the relation
(0in- gﬂ)gﬁ =(0ln- gﬁ)gﬁ +0ln-nn = 9. n yields

H=vVrn=g*®d,n=g"®[(9,n gs)g"] = (9,n-gs)(g" ®g")
Thus, it follows ﬁag = (0in- g5). The identities from the lemma follow from Defini-

tion 2.2.5 as well as the equation 8£gﬁ gy =0 (gﬁ -g3) —gﬁ-aggg = —gﬁ-ﬁggg). Finally,
a straight—forward computation yields

Proof of equation (2.2.5)

We give a proof of the first equality in (2.2.5). The second equality can be derived in
the same way. The product rule, (2.2.4), and the symmetry of the Christoffel symbols
yield

T = 0L Tos(g” ®8”) + Top [ (A" @8") + (8% ® O} &)
=01 Top(g” @8") + Tus [ (-T5,8" - Hye®) 98" + 8 © (-T},8" - Hg")]
= [0 T s = TupThy - T Tl | (8% ©87) - Top S (8° @ 87) - TupHl (8° @ 8°)
= Togn (8" ®8") - Tusll5 (8° © ") - Tup Y (8" ® 8°).

Proof of Lemma 2.2.10

We give a proof of Lemma 2.2.10. The first equality follows using the definition of the
divergence and Theorem 2.2.6. It holds

divrv=0,v-g" = [(@ﬁa + Hiltg) gy + (9, - Hap?”) g3] 8"

We represent T in local coordinates as T = 7%° (8, ® g8g). From the definition of the
divergence and Theorem 2.2.6, we get the following relation for the divergence of a
tensor-valued function T:
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. R o o T
divyT = (8 T)g* = [TTf(gV ®g5) - T Hor(g;085) T Hap(g, ® g3)] 8"
= I:T,“/g(gﬂ ® g’Y) - T’Y’Bﬁay(gﬂ ® gg) - T’YBE[aﬁ(gii ® g’y):l ga
=17/gs(g, 8") =T Horgp(gs &%) - 17" Hapgs (g, &%)

—— N~—— ——

o5 =0 =35

= Tcrfgﬂ - TaﬁHa/Bg?),
which proves the first equality. The second equality follows with the same arguments.

Proof of Lemma 2.5.1

We give a proof of the differential rules from Lemma 2.5.1.

Equations (i) to (iii), and (v) to (viii) are proven by direct calculations given by

(i)  Vvr(p-q)i=Pijoj(p-q) = PijOjpq + P;j0iqp = (Vrp)i- g+ (Vrq)i - p,

(i)  Vr(g:v)ij = Pir-(01g- v +q-0vg) - Pj = (Pv)i(Vrg)j +q- (Vrv)sj
= (vagq +Vrva)ij,

(iii) Vrv =Vr(vy +vyn) = Vpvy + Vp(vyn) ® Vrvr +oyVrn + PnVilfuN
=Vrvr + HUN,

(v)  divr(qv) = Pig - Orq-vi + PiOgvr - q = (Vrq) - vy +divp v- ¢ = Vrg- v + gdivr v,

(vi) divr(qT); = divp(¢Te;) ¥ Vrg- (Te;) + gdivr(Te;)
= (TTVFQ) -e; + qdivp(T);,
(vii) Vr(vi); = (vai)j = Pji, (Vi) = Pj, (V) = (VVP)ij .

Equation (iv) is proven by using the splitting w = wp + wyn. It holds
Vr(v-w); =Vr(v-(wr+wyn)); = Vr(v-wr); + Vr(on - wn )i
For the first addend, we get

Vr(v-wr); = Pijoj(v- (Pw)) = P;0;(Pv)p(Pw)y)
= Fij0;(vr)r - (Pw)g + Pij(Pv) - 0;(wr )y,
= P;;0;(vr) k Pawy + Pij0;(wr) g P
= (Vrvy)yw + (Vewr ) = (VEVEw + VEwrv);

and for the second addend, we get Vr(vy - wyn) = wyVroy + vy Vrwy using equation
(i). This completes the proof.
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Appendix B

LChapter 5: Discretization of Tangential Surface Navier—Stokes
Equations

For completeness, we proof technical auxiliary results and error estimates used in Chap-
ter 5: Discretization of Tangential Surface Navier—Stokes Equations.

B.1 Preliminaries

We give some auxiliary results that are used in the proofs below.

Differentiating the identities v/(y) = v/(p"(y)) with the lifted function v* one obtains
the useful transformation relation

vvi(y) = v (" () (P(y) - d(y)H(y)), veH'(I}), (B.1.1)

with d the signed distance function for I'".

We define B = B(x,t) = P(I - dH)P}, for x € I';(t). Geometry approximation assump-
tions from Section 5.3.2 imply that B is invertible on the range of P (for h small enough)
and the following uniform in time and discretization parameters estimates hold

IBl Lo (ry) < C, ”PhB_1P”L°°(I‘h) <C,

P,B'P-P,P ChFs*l 1 =|det(B ChFa+l (B.12)
1P WP Le(r,) < ;1= |det(B)[ [ oo (ry) <

of. [HLL19].

B.2 Proof of consistency error bounds

We give bounds for the consistency errors defined in (5.4.9). Combining these results
proves Corollary 5.4.7. All terms from (5.4.9) except I3 have been considered in con-
sistency analyses of TraceFEM in the literature, [LOX18; JR20; Jan+21]. In the next
lemma we collect results which are essentially known and then treat the term I3 in
Lemma B.2.
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Lemma B.1

The following uniform estimates hold

[11] (At +h™) |vi ey (B.2.1)
o) $ B* pu |y - Vv ap (B.2.2)
1) ¥ (Ivalg oy + A7 B - valry ) (B.2.3)
[T $ B** 7|, - var $ BRo72 |8y v (B.2.4)
|7 5 B[ va |y (B.2.5)

where kg + 1 is the order of geometry recovery defined in (4.1.3) and (5.3.6).

Proof

Componentwise application of the arguments presented in the proof of [LOX18, Lemma
11], combined with the estimate [Pj, - P|pe~rn) $ h¥s, leads to the derivation of the
bound (B.2.1). Moreover, in the same proof, the result (B.2.2) is established, using
equation (5.3.9). Recall that Er, (Pyvy) represents Er, (vp) — (np, - vi)Hp, cf. Re-
mark 5.3.4. Equation (B.2.3) can be proven by [JR20, Lemma 5.15 and equation (5.42)]
combined with norm equivalences from [JR20, Lemma 5.14] and geometric approxima-
tion inequalities from Section 5.3.2. Similarly, inequality (B.2.4) can be derived using
similar arguments, employing the second equation from (4.1.5), as outlined in the proof
of [JR20, Lemma 5.18]. The bound (B.2.5) is obtained analogously. i

The nonlinear term requires a more careful handling, which is carried out below.

Lemma B.2

It holds
|3 S (At + hky)HVhHHl(Fg) and |I5| s h*s vl meny-

Proof

We begin with the bound for I5. Using definition H = PVnP, equality Pu™ = u” and
the product rule given by V(w-n)? =w-vn +n-vw we get

frn whvh - Hu"ds = /Fn whV(Pvh-n)-uds - /;n wiyn - V(Pvi)u" ds

=[F w"NVr(vfan)~u"ds—fF w’,@n-V(Pvﬁ)unds:—/F win - v(Pvh)u"ds.
(B.2.6)

Using the definition H;, = Vp, 1y, = PhVﬁf;Ph, the transformation formula (B.1.1) ap-
plied to 0y, [df pee(rpy $ hFstl | P - Pyl pe(rr) S Rh*s, the bound for the surface measure
change in (B.1.2) and the smoothness of u we obtain

Sh|vplpn.  (B27)

b ()] o o [vh eomipan]as
h
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We apply partial integration as in (B.2.6), which yields
an why [vfl . (PVﬁ%Pu”)] ds
= [Fn whvp(vh-PoL)-utds - [Fn wh [ﬁfl : (V(Pvfl)u”)] ds.

For the first term on the right-hand side we apply partial integration and using the
identity HPﬁiHLOO(Fn) = |P(nf - n)| oo (rny S h¥s, cf. (5.3.6), we get

‘/F" whvr(vh - P - u" ds < hks Ivalrp.  (B.2.8)

= ’/F (vé - PR} dive (whu™) ds

With the results derived above we get, using again (5.3.6),

15| <

'[F wf{[n-V(PVfL)unds—/l: wiay - V(Pv)u™ ds

- ‘fr Wl (n -1 - v(Pv))u" ds

+ h* vy rp

+ 1M |V lp S B Vi oy,

which completes the proof for I5.

Now, we derive the bound for 3. Recall that the spatial-normal extension of u to O(S)
is denoted by u, too. We start with estimating the differences between the quadratic
nonlinear terms, i.e., the third and fourth terms in I3, and the corresponding linearized
ones on the eract surface at time t,,. For the fourth term in I3 we use the smoothness
of u and get

‘ff [VF(PV;;)“”] o [VF(PVﬁ)un_l] -u"ds

¢ ¢
<AL[VePV | p2ony S AtV 1 eny § At[Va] -

tn
fr [VF(Pvﬁ) uy dt] -u"ds
n t

n-1

With very similar arguments applied on the third term in I3, we obtain

S Atfva|rp.

n_.n l n_ . n-1 l
frn [Vru™u"] vhds—frn [Vru u ] v, ds

For the approximate surface Vr, P,w represents Vp, w — (n - w)Hjy,. We now compare
the linearized terms on the approzimate surface I'} (first and second one in I3) with the
corresponding ones on the exact surface. For the second term in I3 we get

‘sz [Vrh (Pth)u”—l] -u"dsy, - frn [VF(Pvfl)un—l] 0" ds

ﬁn [VFthun_l] -u” dsy, - [‘n [Vrvﬁun_l] .u"ds

h

<

=: Jl

fF;} (Vi -mp) [un_l : (Hhu")] dsp, — frﬂ (vt -n) [u”_l . (Hu”)] ds

+

= Jo

For the term J; we use Vr, v, = PthiPh, the transformation relation (B.1.1) applied
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to vp, the relation |P — Ph||Loo(F2) S hFs and the bound in (B.1.2) for the change in
surface measure. Thus, we get

J1 S WV | i eny s AP Ival i eny-

For the term Jo we proceed as in the derivation of the bound for I5. As in (B.2.6) we
obtain

/Fn(n-vﬁ) [u”f1 : (Hu")] ds =- frn(n Vi) [n- (V(Pu”fl)u")] ds. (B.2.9)

In the other term in .J, we replace n;, by n, with error bounded by Ch*s|vy, sz. With
the same arguments as in (B.2.7)—(B.2.8) the resulting term fl“;;(n vp)utt - Hyu" dsy,

can be replaced by - i (n-vé)n, - v(Pu"!)u" ds with error bounded by Ch* v, Irp.
Comparing the latter term with the one on the right-hand side in (B.2.9) we get, using
the assumption (5.3.6), a bound Ch*s Ivi|rp. Summarizing we get

Ji+Jo s hFe Vil epy-

For the remaining first term in I3 we use similar arguments. First note
‘/ [Vrh (Phun)un—l:l -vy dsy, — f [Vpununfl] . VfL ds
ry T

:

<

[Vphunun_l] vy dsy, — An [Vru"u”_l] -vfl ds

n
h

+

frn(nh -u”) [unfl : (Hth)] dsp

h

The first term of the right-hand side can be bounded by Ch*s [vilry using the same
arguments as for J; above. For the second term we also obtain such a bound using
n,-u”" = (n, -n)-u" and |0, —nfperr) $ h*s. Combining these estimates we obtain
the desired result. O
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