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Abstract

Dielectric fluids under the influence of an external electric field and temperature variations
experience a body force that is a combination of buoyancy and dielectrophoresis. The resulting
motion can be described by the so-called Thermal-Electro-Hydrodynamic (TEHD) Boussinesq
equations. In this thesis, a variational formulation for these equations is proposed, with an
emphasis on the mathematical modeling of the acting body force. Within this framework,
existence and stability of steady and unsteady solutions is shown. Moreover, uniqueness of
steady solutions under certain conditions is proven.

As second part of this thesis, a numerical method is proposed for approximately solving the
TEHD Boussinesq equations in the stationary and instationary case. The spatial discretization is
based on the conforming Finite Element Method (FEM) and temporal discretization is realized by
a variant of the Backward Differentiation Formula (BDF). In both cases, a priori error estimates
are derived and validated by numerical experiments in a 2D test problem.

Finally, the 3D flow inside a vertical annulus with applied temperature and electric potential
gradient is simulated. The formation of vortex structures is analyzed and the obtained results
are compared with experimental data. By means of the corresponding adjoint problem, the
sensitivity of solutions w.r.t. perturbations is investigated and it is numerically shown, that
steady solutions are not unique in this scenario.

Zusammenfassung

Werden dielektrische Fluide einem elektrischen Feld und Temperaturunterschieden ausgesetzt, so
wirken Auftriebskraft und dielektrophoretische Kraft. Die resultierende Stromung kann mithilfe
der sog. Thermisch-Elektrisch-Hydrodynamischen (TEHD) Boussinesq Gleichungen beschrieben
werden. In dieser Arbeit wird eine variationelle Formulierung fiir diese Gleichungen vorgeschla-
gen, wobei das Hauptaugenmerk auf der mathematischen Modellierung der vorherrschenden Vol-
umenkraft liegt. Fiir diese Formulierung wird Existenz und Stailitdt von Losungen nachgewiesen.
Weiterhin wird die Eindeutigkeit von stationaren Losungen unter gewissen Bedingungen gezeigt.

Der zweite Teil dieser Arbeit besteht in der numerischen Approximation von Losungen der
stationdren und instationdren TEHD Boussinesq Gleichungen. Die raumliche Diskretisierung
basiert hierbei auf der konformen Finiten Elemente Methode (FEM), wéhrend eine Variante der
sog. Backward Differentiation Formula (BDF) zur zeitlichen Diskretisierung verwendet wird. Im
stationéren, wie instationéren Fall werden a priori Fehlerabschatzungen fiir die vorgeschlagene
Diskretisierung hergeleitet und mittels numerischer Experimente validiert.

Abschlieflend wird die 3D Stromung in einem zylindrischen Spalt simuliert, wobei eine Potential-
und Temperaturdifferenz zwischen innerem und duflerem Zylinder angenommen wird. Die Entste-
hung von Wirbelstrukturen wird untersucht und die Simulationsergebnisse werden mit experi-
mentellen Daten verglichen. Mithilfe des zug. adjungierten Problems wird die Sensibilitat der
numerischen Losung bzgl. Storungen analysiert. Auflerdem werden numerische Losungen kon-
struiert welche zeigen, dass in diesem Szenario die Eindeutigkeit von stationdren Losungen nicht
gegeben ist.
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1. Introduction

In many technical devices, systems and facilities, fluids serve as medium for transferring ther-
mal energy. Corresponding examples range from micro channel heat exchangers in combustion
turbines, over domestic heating systems to cooling circuits in nucular power plants. The un-
derlying principles are always the same: thermal energy is transferred by molecular interaction
(conduction), by bulk motion of the fluid (convection), and by radiation, which occurs without
interaction with the fluid.

This work addresses conduction and convection, with a strong emphasis on the later one. A
simple scenario where these two mechanisms do occur is given by a vertical annulus, where a fluid
is contained between two concentric cylinders of different temperature. By means of conduction,
this temperature difference propagates through the fluid which becomes non-isothermal. As
mass density is temperature dependent, the impact of gravity varies and the fluid experiences
a spatially varying force. As result, a motion is induced in the initially resting fluid and heat
transfer by convection arises. The acting force is called buoyancy and the overall process is
denoted by natural convection, since gravity is the only external force being present. Natural
convection can be observed in nature - as driving process behind atmospheric motions, for
instance - and it is utilized to build heat exchanging systems without the need of an external
power supply. However, the strength of buoyancy cannot be controlled and in many situations,
the amount of transferred heat is not sufficiently high. This is apparent for space devices in
Earth’s orbit which do not experience any gravity at all. From a practical point of view, it is
thus desirable to have another mechanism on hand which affects the fluid motion in a comparable
way as buoyancy. Such an additional force can be obtained, if the fluid’s molecules are polar or
polarizable and if an external electric field is applied. In this situation, dielectrophoresis occurs
and the fluid experiences an additional body force.

There has been growing interest of physicists and engineers in the investigation of these di-
electrophoretic force driven flows. Physical experiments have been conducted for capacitors
filled with dielectric liquids and in zero-gravity environments provided by parabolic flights and
the International Space Station (ISS). Moreover, stability analysis and simulations have been
performed to gain more insights by theoretical means.

The underlying mathematical model is based on the Navier-Stokes equations for describing
the motion of a non-isothermal fluid. These equations are enhanced by the dielectrophoretic
(DEP) force and by Gauss’ law for describing the internal electric field and they are simplified
by using the Boussinesq approximation. The resulting equations are denoted by Thermal-FElectro-
Hydrodynamic (TEHD) Boussinesq equations and are given by [58]:

dru + (u- V)u — vAu+ Vp = a, |[VO|* VO — a,lg
V-u=0
0+ (u-V)0 — kA =0
—V - (e(0)VP) = 0.

(1.1)

To the best of the author’s knowledge, very few research has been done yet to investigate exis-
tence, stability and uniqueness for solutions of (1.1), and to analyze any discretization method
for approximating solutions of (1.1) numerically. Therefore, it is the goal of this thesis to derive
statements on well-posedness of the TEHD Boussinesq equations, to propose a discretization
scheme and to derive a priori error estimates for this discretization.
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1.1. Literature Overview

Dielectrophoretic force driven flows have been investigated by means of physical experiments in
various works. [17] is one of the first of them. The authors conduct experiments with a silicone
oil which is contained in the gap between two concentric cylinders of different temperature and
with applied alternating voltage difference. It is shown that heat transfer between the inner, hot
cylinder and the outer cooling circuit is indeed enhanced by application of an electric field. In
particular, the Nusselt number as measure for heat transfer enhancement, grows with increas-
ing voltage difference. The proposed vertical annulus as experimental geometry is investigated
by many other works. In order to observe DEP driven flow under absence of Earth’s gravity,
experiments have been conducted in parabolic flight campaigns which allow micro-gravity con-
ditions for approximately 22 s, see [18], [51], [565]. In [18], tracer particles and laser illumination
is used to visualize fluid motion on an axial cut plane. Azimuthally aligned vortices are observed
whose formation highly depends on the applied voltage and the curvature of the annulus. High
curvature destabilizes the flow, i.e. the critical voltage, above which convection cells do arise, is
decreased. Shadowgraph imaging and particle tracking as combined measurement technique is
used in [51], [54], [65]. It is observed that the fluid can undergo a helical motion under micro-
gravity conditions. In general, pure conductive, axisymmetric and non-axisymmetric states are
observed; depending on the applied voltage. A detailed overview on micro-gravity experiments
for DEP force driven flow is given by [58]. Here, experimental results for planar, cylindrical and
spherical geometry are reported for parabolic flights and long-term micro-gravity conditions on
the ISS. Experiments for the cylindrical geometry under the combined effect of gravity and DEP
force are presented in [27] and [68]. There, particle tracking and shadowgraph imaging is used
to characterize the flow field on axial cut planes and to visualize an axially averaged temper-
ature distribution. The formation of axially oriented columnar flow structures and helicoidal
flow structures is reported. Moreover, it is shown that heat transfer under natural convection is
enhanced by applying an additional electric field.

Besides experiments, linear stability analysis has been an important method for investigating
DEP force driven flows, see [48], [52], [74], [73], [76] and [81]. Most of these works consider the
vertical annulus scenario of infinite length. In this case, an analytic solution of the stationary
TEHD Boussinesq equations is known. Without gravity, this base solution exhibits no motion, i.e.
u = 0, see [81]. When gravity is axially aligned, velocity has a non-zero axial component, see [52].
By using cylindrical coordinates and exploiting symmetries, the governing equations (1.1) can be
simplified such that all occurring quantities do only depend on the radial coordinate. Starting
from this system, perturbations of the base flow are constructed in terms of axial and azimuthal
wavenumbers. Then, stability of these perturbations is analyzed by computing the eigenvalues
of the resulting systems. It is stated in [48] and [81], that the critical voltage difference highly
depends on the annulus’ curvature and the critical perturbation modes are stationary helices.

In addition, there are a few works on direct numerical simulation of system (1.1). Most of
the proposed methods are applied on the vertical annulus geometry in order to compare the
simulation results with available experimental data. In [78] and [79], the vertical annulus with
periodic boundary conditions on top and bottom is considered. The so-called gauge transform
method is used, where velocity is split according to u = a— V. This allows to derive decoupled
equations for a, ¢ and p. Spatial discretization is done by a multiplicative ansatz w.r.t. the
individual cylinder coordinates: Chebyshev polynomials are used for discretization in the radial
direction and Fourier modes are employed for the periodic axial and azimuthal direction. In this
way, the Fast Fourier Transform can be used for solving the arising algebraic equations. [53]
and [70] employ a (not further specified) finite element method based on the software Comsol
Multiphysics. In [42], [43], [44] and [82] the use of Finite Volumes is proposed for spatial dis-
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cretization. The corresponding temporal discretizations are based on a fractional step method
and Crank-Nicolson, respectively. In addition, a turbulence model is used for approximating
subgrid scales in [82].

In contrast to the TEHD Boussinesq equations, well-posedness of the standard Boussinesq
equations has been shown quite some time ago. In [56] and [57] results on existence and unique-
ness of solutions are proven for the stationary and instationary Boussinesq equations with ho-
mogenous Dirichlet boundary conditions for velocity. Both works extend the corresponding
results on the incompressible Navier-Stokes equations, see e.g. [77]. In these works, existence
is shown by considering the problem in a finite-dimensional setting, which allows the use of a
fixed-point theorem (stationary case) and existence results for systems of ordinary differential
equations (instationary case). Solutions in the original function spaces are then obtained by
a limit process. A crucial assumption in [56] and [57] concerns the Dirichlet boundary condi-
tions for temperature. It is required that corresponding boundary liftings of arbitrarily small
L3-norm can be constructed in order to show that solutions of the Boussinesq equations are
stable. Uniqueness is shown by similar arguments as for the incompressible Navier-Stokes prob-
lem. Thus, a small data condition is required in the stationary case and a temporal regularity
has to supposed in the instationary case, which is higher than provided by the existence re-
sult. Further works on well-posedness consider the cases of temperature-dependent viscosity and
thermal diffusion coefficients and non-homogenous or mixed velocity boundary conditions, see
e.g. [4], [19], [33], [47] and [61].

Many works on numerical analysis of finite element discretization of the standard Boussinesq
equations are extensions of the corresponding results on the incompressible Navier-Stokes equa-
tions. An overview on error estimates for incompressible flow problems is given in [32], [46], [41],
for instance. Early works on finite element analysis for the standard Boussinesq equations are
given by [10] and [11]. Later on, these results have been extended to the case of temperature
dependent viscosity and thermal diffusion, e.g. [3], [59], [60], [62] and [75]. The underlying
principles in the stationary case are typically very similar: first a best-approximation result
is derived by using Galerkin orthogonality, comparable to Cea’s lemma. Actual convergence
rates are then obtained by using the approximation properties of interpolation and projection
operators w.r.t. the given finite element spaces. A different principle is used in [5], where an ap-
proach based on the implicit function theorem is proposed. In [59], the use of H(div)-conforming
Brezzi-Douglas-Marini elements is proposed, which allows to obtain numerical velocities that are
exactly divergence free. An approach based on the Discontinuous Galerkin method is proposed
in [67].

The works [3] and [75] on the unsteady equations make use of the Rothe method for combining
spatial and temporal discretization. Here, the error is measured at the temporal discretization
points. Estimates are derived by using Galerkin orthogonality and approximation properties of
the underlying finite element spaces for the spatial error contributions, and by Taylor expansion
for the temporal error contributions. The application of Gronwall’s inequality is crucial in the
presented proofs.

1.2. Contributions of this Thesis

In this thesis, variational formulations of the stationary and instationary TEHD Boussinesq
equations are proposed, which allow to derive statements on well-posedness. These formulations
require a special treatment of the DEP force term Fpgp = ]V@\QVO, because it is a product of
three gradients. For the typical regularity of solutions # and ® of heat equation and Gauss’ law,
respectively, one cannot assume that Fpgp is sufficiently regular to be an element of Hfl(Q).
Thus, several modelizations of Fpgp are proposed that lead to well-defined problems. These
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models are either based on linearization, on the use of regularization operators or on cut-off
functions.

Known results on the existence and stability of solutions of the stationary Boussinesq equations
and instationary Navier-Stokes equations are then extended to the proposed problem formula-
tions. In the stationary case, a uniqueness result under a small data condition is derived.

Besides analysis, discretization schemes are proposed for solving the TEHD Boussinesq equa-
tions numerically. The spatial discretization is based on the Finite Element Method (FEM) and
for temporal discretization, a variant of the Backward Differentiation Formula (BDF) is em-
ployed. In both, stationary and instationary case, a priori error estimates are derived. In the
former case, these estimates hold under a certain small data condition. The derived convergence
rates are validated by numerical experiments.

Finally, the often considered scenario of a dielectric fluid confined in the gap between to
concentric cylinders is numerically investigated. Here, emphasis is put on the formation of
vortex structures and sensitivity of the solutions w.r.t. perturbations. To this end, the adjoint
problem of (1.1) is derived and approximately solved. By numerical means it is shown, that
solutions of the stationary problem are not unique. Moreover, different time stepping schemes
and DEP formulations are compared in the framework of this 3D flow problem.

1.3. OQOutline

In Section 2, a brief description of the TEHD Boussinesq equations (1.1) is presented and the
underlying assumptions are stated. This is followed by the derivation of the associated adjoint
problem. A variational formulation of the stationary version of (1.1) is given in Section 3
and well-posedness of this problem is shown. In Section 4, a variational formulation of the
instationary TEHD Boussinesq equations is given. Afterward, existence and stability of solutions
is proven. Section 5 is concerned with the numerical solution of the previously introduced
variational problems. First, a conforming finite element discretization for the stationary problem
is proposed and a best-approximation result is derived. This result allows to state a priori
convergence rates for the spatial error. In the second part of this section, a full discretization
in space, based on FEM, and in time, based on a BDF scheme, is proposed. Then, a priori
convergence rates are derived. Each of the Sections 3, 4 and 5 is concluded by considering the
modelization of DEP force in the respective context. Section 6 on numerical experiments is split
into two main parts. First, a 2D benchmark problem is considered to validate the previously
derived convergence rates. Then, results for DEP driven flow in a vertical annulus are presented
with emphasis on formation of vortices and adjoint sensitivity. This section is concluded with
a comparison of experimental data and simulation results. The thesis is finalized by a short
summary and outlook in Section 7.



2. Modelization of Dielectrophoretic Force Driven Flow

In this section, we give a brief overview on the underlying physical model which is basically
an extension of the well-known Boussinesq equations for modeling natural convection flow. The
physical scenario we have in mind is given by a dielectric fluid inside a closed, vertical annulus.
Its inner and outer wall are kept on fixed temperatures and an electric voltage in the range of
several kilovolts is applied between both walls, see Figure 1. This setup could be considered as an
idealized heat exchanging system. It turns out, that the superposition of gravity and DEP force
induces vertically aligned vortex structures which lead to an enhanced heat transfer between
inner and outer wall, see Section 6.3.

In the second part of this section, the adjoint TEHD Boussinesq equations are derived, in
order to investigate local sensitivity of solutions of system (2.28).

Vo

Figure 1: Schematic view on an idealized heat exchanging system. A vertical annulus is filled
with a dielectric fluid and fixed temperatures 6; and 6, are applied on the inner and outer wall.
Between both walls, an external electric voltage Vj is applied. The boundaries on top and bottom
of the annulus are assumed to be thermally and electrically insulating and g denotes gravity.

2.1. TEHD Boussinesq Equations

The state of a single-phase, non-isothermal fluid inside a closed container can be described by its
velocity u(t,x), pressure p(t,x), density p(¢,x) and temperature 0(¢,x) at time ¢ € [0,7] and at
point x € Q. Here, Q C R?, d € {2,3} describes the fixed geometry of the container. The result-
ing governing equations are derived from the basic physical principles of mass, momentum and
energy conservation and are given by the compressible Navier-Stokes equations for a Newtonian
fluid in non-conservative form, see e.g. [63]:

Op+u-Vp=—p(V-u) (2.1)
p(Ou+u-Vu)=f+ M Au+ AN+ p)V(V-u)—Vp
1
p (0 +u-Vl) = )\Z (Vu+wvu?): (Vu+ va’) (2.3)
+u(V-w)? = p(V-u) +aldd + pQ,

with dynamic viscosities A, p and thermal conduction coefficient o which themselves are tem-
perature dependent.

Here, the respective left-hand sides denote the material derivatives of p, u and 6 w.r.t. the
convection field u. The right-hand side of (2.2) collects the sum of all internal and external
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forces that act on the fluid. The external forces, also called body forces, are given by f. If the
container is placed in a gravitational field g(t,x), then the buoyancy force pg contributes to f.
The internal forces are given by the viscous forces which arise due to internal friction between
the fluid’s molecules and by spatial pressure differences within the fluid. The right-hand side
of (2.3) consists of thermal conduction, aAf, external sources of heat, p@, and internal sources
due to deformations of the fluid.

Since continuity equation (2.1), momentum equation (2.2) and energy equation (2.3) form an
under-determined system for the unknowns u, p, p, 0, they have to be accompanied with a state
equation that defines the relationship between density, pressure and temperature. Often, the
tdeal gas law is assumed, which is given by

b
p(1—25)

with adiabatic exponent 8 and specific heat capacity ¢, at constant volume.

If the considered fluid is dielectric, then its molecules are polar or can be polarized by an
applied outer electric field due to induced polarization or orientation polarization [82]. In case of
induced polarization, the electric field causes a displacement between the negative electrons and
the positive nuclei, such that the molecules become electric dipoles. Orientation polarization
takes place if the molecules are permanent dipoles, which then get aligned along the external
electric field. In any case, an internal electric field E(¢,x) is induced which is determined by
Gauss’s law,

el = (2.4)

~V - (eB) = i (2.5)

where pg(t,x) denotes the free charge density. Moreover, € = €pe, with vacuum permittivity
€g and relative permittivity €.. The later quantity becomes dependent on ¢t and x through its
temperature- and density-dependence, i.e. €. = €.(p,0).
In absence of a magnetic field, the electric field can be expressed in terms of a scalar potential
(b(t7 X)?
E=-Vo. (2.6)

In case of a non-zero electric field and free electric charges, additional electric forces arise that
act on the fluid. Their densities are given by, see e.g. [50]:

fr =fc+fpep +fEes

= ppE — %|E|2Ve + %v [p (2;)9 \EP] : (2.7)
with Coulombic force density fo, dielectrophoretic force density fppp, electrostrictive force den-
sity fgg. The Coulombic force acts on free charges within the fluid. The DEP force occurs in the
presence of non-uniform electric fields. Then, induced or permanent dipoles align along this field
and experience a resulting force that is non-zero since the electric field has different strength at
the individual poles’ position. Eletrostriction causes dielectrics to change their shape but has
no effect on the velocity field when the fluid is inside a closed container. For details see [58] and
the references therein.
The density of the resulting body force acting on the fluid is then given by

f=pg+fc+forpp +fes. (2.8)

Moreover, orientation polarization induces dielectric heating if the applied outer electric field is
alternating with some given frequency f. In this case, the term

2
LECIYE (2.9)

QpH =
i4



2 Modelization of Dielectrophoretic Force Driven Flow

enters the source term @ in the energy equation (2.3). Here, ¢, denotes the specific heat capacity
at constant pressure and c. denotes a permittivity-dependent factor, see e.g. [82] for details.
The unknowns u, § and ® are further subjected to boundary conditions on I' = 9. As
we consider a closed container with solid walls, we suppose that the fluid satisfies the no-slip
condition on the entire boundary,
u=0onT. (2.10)

Since some parts of the container’s wall are kept on some predefined temperature or electric
potential, Dirichlet boundary conditions of the form

0=0pand =®dponl'pCl (2.11)

are imposed. On the remaining part of the boundary, a certain amount of temperature or
potential may penetrate through the wall. For simplicity, we assume that that container walls
are thermally and electrically insulated, leading to the Neumann boundary conditions

VO-n=0and V& -n=0onTy=T\Tp. (2.12)

In practice, one often uses an alternating electric potential V() = v/2Vj sin(27 ft) of frequency
f which is applied between two different parts of the boundary which are separated by an
electrically insulating part. In this case, the Dirichlet boundary conditions for ® are typically of
the form

®=VyonI'p;and ®=0o0onIp> (2.13)

with I'p1 +I'po = I'p. Here, V; denotes the effective value of the electric potential, i.e.
Vo = /(V2(1)) [81].
The full system of governing equations is now given by (2.1) - (2.9) with the boundary condi-
tions (2.10) - (2.13).
At this point, several simplifications can be applied. First, we assume that the fluid is incom-
pressible, meaning that
V-u=0 (2.14)

holds everywhere on €. In this way, the third term in (2.2), as well as the second and third term
in (2.3) cancel out. The next simplification involves the Coulombic force. According to [81], the
free charge density pg is negligible at sufficiently high frequency of the alternating outer electric
field, i.e. if f > 1, ! Here, 7 denotes the charge relazation time which describes the time scale
on which charge accumulation may occur in an initially electrically neutral fluid [81]. According
to [68], f > 7 !is satisfied for typical dielectric fluids if f > 60 Hz. In this case, fo ~ 0. We
neglect dielectric heating, i.e. we consider fluids without permanent dipole moment, and heating
due to friction, i.e. the first term in (2.3).
Finally, the well-known Boussinesq Approximation is applied, see e.g. [71]. To this end, the
density is written as
p=pr+dp (2.15)

with fixed reference density p, € (0,00) and density variation dp(t,x). According to (2.4), there
holds p oc =1 for some fixed reference pressure p = p,. If the temperature 6 takes values in
a small interval [0_,0.], 6, — 6_ < 10, then the density variation is typically small compared
to the reference density, i.e. dp < p,. Therefore, p on the left-hand side of (2.2) and (2.3)
is approximated by p,. Additionally, the continuity equation (2.1) is replaced by (2.14) since
the left-hand side term 0;dp + u - Vdp is assumed to be small compared to the right-hand side
p(V ) ~ p,(V - ).
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Plugging formulation (2.15) into the buoyancy force and assuming that gravitation is constant
in space and time, yields for the pressure and bouyancy force in (2.2) and (2.8):

—Vp+pg=—Vp+pg+dpg=—Vp+dg. (2.16)

In (2.16), a generalized pressure p := p — p,g& is introduced with g(x); := g;x;. A first order
Taylor expansion applied to (2.4) yields

p(0,p) = p(0,pr) = p(0r, pr)(1 — ag(0 — 0,)) =: pr(1 — ay(0 —0,)) (2.17)

for some reference temperature 6, € [0_,0.], thermal ezpansion coefficient ag > 0 and reference
density p,. We thus replace dp by —pray(6 — 6,), resulting in an approximate buoyancy force
density

fouo = —prag(0 — 0,)g. (2.18)

In an analogous way, relative permittivity is linearized around the reference temperature and
density w.r.t. temperature, i.e.

er(p,0) = €& (pr,0) = & (pr,0r) (1 = (0 — 0;)) =: € (1 — (0 — 6r)), (2.19)
with v = —¢€, 19pe(#, p,) > 0. According to [18] and the references therein, there holds
(e —1)(er +2)

—_— 2.20
Y g 3¢, ( )
In this way, the dielectrophoretic force density can be written as
1
fppp = —5 Bl Ve~ coe ”|vq>\ vo. (2.21)

Since the electrostrictive force is a gradient field, it can be hidden inside the new generalized

pressure
1 Oe 1 Oe
b= — = E2=p—pg—-p|=) EJ 92.92
pi=p 2p<ap>9\ p—prg 2p<ap>9!! (2.22)

In this way, fpgp is the only part of fz, that actually has an impact on the velocity field. The
resulting force density is then given by

E0‘57“7

f =297 19012V — pray (0 — 6,)g. (2.23)

In the literature, an alternative formulation of (2.21) is commonly used to stress the analogy
between buoyancy and DEP force. To this end, note that fpgp can be replaced by

€0€r’Y €0€Er7Y

VO[2Ve =V ( Vo2 (0 — T)) — epery (V2OVD) (0 — 6,), (2.24)

where the first term in (2.24) can be hidden in another generalized pressure

60€r7

Pi=p— L9020 - 6,). (2.25)

Eventually, an alternative force density is obtained according to

fo = —prag(0 —0:) (g +88), (2.26)
with electric gravitiy
gr = 229V 0. (2.27)
Prlg



2 Modelization of Dielectrophoretic Force Driven Flow

By (2.26) it becomes clear that the DEP force can be considered as buoyancy force for the
artificial gravity gg.

We further neglect the temperature dependence of viscosity and thermal conduction coefficient.
Then, dividing momentum and energy equation by p, yields the final, simplified system, also
known as TEHD Boussinesq equations [58]:

dru+ (u- V)u — vAu+ p'Vp = a. [VO* VO — ay(6 — 0,)g
V-u=0

(2.28)
0+ (u-V)0 — kA =0
-V - (eoer(1 —v(0 — 6,))VP) =0
with kinematic viscosity, thermal diffusion coefficient and DEP coeeficient given by
V= 'u(er), K= a(@r)7 O 1= eoer’y. (2.29)
Pr Pr 2pr

For the remaining of this work, we simply write p instead of p1p.
In summary, the underlying physical model is an extension of the well-known Boussinesq
equations for natural convection, with additional force term fpgpp and additional variable ®.

2.2. Adjoint TEHD Boussinesq Equations

In order to obtain a better understanding of the physical behavior of DEP driven flows, we
consider the local sensitivity of a given flow state w.r.t. small perturbations. Therefore, the
goal of this section is the derivation of the adjoint problem associated to system (2.28). The
corresponding adjoint or dual solution can be interpreted as derivative of a given quantity of
interest evaluated at the primal solution, i.e. the solution of the primal problem (2.28).

First, the dual problem is derived on an abstract level, following the presentation in [37]
and [8]. Then, the concrete set of equations is plugged into the abstract framework.

Abstract Adjoint Problem

Let normed spaces W and L be given and let J: W — R denote some quantity of interest. Let
the primal problem be given in form of a variational formulation, i.e. there is a primal operator
p: W — L* and the primal solution u € W is given as solution of

p(u)(v) =0 for all ¢ € L. (2.30)

We assume that p and J are continuously Frechet-differentiable with respective derivatives at
point u € W given by J'(u): W — R and p/(u): W — L*. Then, the dual operator w.r.t. J and
p at u is defined as

(u): L - W*
pleme (231)
2= J(us) + 0 (u;-)(2)
and the dual solution z € L is given as solution of
p*(u;2)(¢) =0 forall p € W. (2.32)

The connection between dual solution and sensitivity is now given by the following considerations,
see [8]. Let P: L — L* denote a continuously Frechet-differentiable perturbation operator. For
some perturbation p € L denote with u(p) € W the solution of the perturbed problem

p(u)(¥) = =P(p)(¢) for all ¥ € L.



2 Modelization of Dielectrophoretic Force Driven Flow

Now, the derivative of J(u(p)) w.r.t. p can be stated in terms of the dual solution, for details
see [37] and [8]:

(G7)a) = (P 2),. (233

with z(p) denoting the solution of (2.32) for u = u(p). In the special case of L being a Hilbert
space with inner product (-,-);, and P being of the form P(p) = (p,-)r, there follows from (2.33):

d
(7)) =G, (2.34)
P L

and, with v denoting the solution of the unperturbed system and z its corresponding dual, a
first order Taylor expansion yields

J(u(p)) = J(u) + (z,p)L - (2.35)

According to (2.35), a dual solution of small L-norm means that any kind of perturbation of the
primal system only leads to small changes in the quantity of interest. For typical applications,
(*;+) is an integral over the space-time domain [0,7] x 2. Thus, large values of 2 at a specific
period in time I C [0,T] and in specific spatial areas Q C Q imply that perturbations in I x
may potentially lead to high variations of J. In this way, regions of low and high sensitivity of
the primal solution w.r.t. a given quantity of interest can be characterized by means of the dual
solution.

Adjoint Problem for TEHD Boussinesq Equations

Based on the abstract problem definition above, the adjoint problem of (2.28) is derived. To this
end, first the pointwise formulation (2.28) is transformed into a variational one by multiplication
with test functions, integration over Q and [0, 7] and integrating by parts:

Let 0, € H},(Q), ®, € W6(Q) denote liftings of the Dirichlet boundary conditions 6p, ®p
and ug € H}(Q2), 6y € H}5 () denote initial conditions with V-ug = 0. Then, the primal solution
u= (u,p,d,®) € W is defined as solution of (2.30) with ansatz and test spaces

W = Wy(0,T;2,2, Hy, H™Y) x L2(0,T; L) x Wo(0,T32,2, Hb, Hp') x L0, T; W5°)
L:= L*0,T; HY) x L?(0,T;L3) x L*(0,T; Hp) x L*(0,T; H})

and primal operator
T
p(u)(¥) == / (Opa, vig-1 + (u+u9) - V(u+ug),v) + v (V(u+up), Vv) dt (2.36)
0
T
+ / — (p, V- V) — (ae]V(QJ + (I)b)ysz + 6y + 9{,) — ag(9 + 6+ 6, — HT)g,v) dt
0
T
(9 ) de
0
T
+/ <6t9,T>H51 + ((u+uo)-V(9+90+9b),7) +&(V(0+00+0b),V7) dt
0

T
+ /0 cor (1= (0 + 00+ 0 — 0,)) V(@ + By), B) dt

for test functions ¢ = (v, q, 7, 8) € L. For a definition of the involved function spaces and inner
products see Section A.3 and A.4 in the Appendix.

10



2 Modelization of Dielectrophoretic Force Driven Flow

We assume that the quantity of interest is of the form
J(u) == J'(u,p,0,®) + J' (u,0)

/ / w,p, 0, ) da di + / i ((T), 0(T)) da (2.37)
Q

with continuously differentiable functions j*: R%3 — R and jf: R — R. In this way, J

covers both temporal averages and evaluations at the final time.

Actually, j° and j/ could also depend on derivatives of the primal solution components, which
is not considered here to shorten the _presentation. According to (2.31), the dualA operator
p*(u; 2)(¢) for dual solution z = (0, p, 0, P) € L and dual test function ¢ = (v,¢,7,08) € W is
then given by

p*(u;2) = py(u;s 2) + pglu; 2) + pr(u; 2) + pj(u; 2), (2.38)
with
T
po(u;2)(¢) = / OV, 0)r—1 + (V- V(u+up),a) + (u+up) - Vv,u) (2.39)

T
v(Vv,Va) — (¢,V-1a) + a4 (7g,0) dt

+
/ (IV(® + )2V, 0) + 200((V(® + By) - VA)V(O + o + 0y), ) dt
ey
T

+ u,] u+u07p79+90+0b7q>+q)b) )dt

+ (Buj’ (u(T) + 1o, 0(T) + 0o + 6),%(T))
T

/ dt+/ (Opj' (0 +ug,p,0+ 0 + 0y, @ + By, ) dt (2.40)
0

/ (8,7, 0) Vst + (V- V(0 + 00+ 0y), 0) + ((u+ug) - V7,0) dt (2.41)

(VT V) + (g5 (0 + ug, p, 0 + Oy + Oy, D + Dy), 7) dt
3 3 ((T) + o, 0(T) + 6o + 6), 7(T))

_|_
_'_
/ 06 (—YFV(® + ®), V) + eoe, (1 — y(0 + 0 + 0, — 0,))V S, VO) dt (2.42)

/ (Bp7' (0 + ug, p, 0 + 0 + Oy, ® + By), B) dt
0

If primal and dual solution are sufficiently regular, then integrating by parts, such that all dual
test functions occur without preceding differential operators, yields the following dual system in
pointwise form:
—u+u-(Vu)l —u-Va— (V-u)a—vAa—Vp+ 0Vl = f,
-V-ia
90 —u- VO — (V) — kAl + ayg - 0+ oV - (VD) — eoe,y (VD - VO)
—V - (e0er (1 — 7(0 — 6,)) VD) 4 20V - (VO - 01) VD)

(2.43)

Il
k’w k’w ;’w

11



2 Modelization of Dielectrophoretic Force Driven Flow

with fy = — wit(a,p, 6, ®), fi= —015%(u,p, 0, ®) for I € {p,0, ®}. The dual solution is subjected

to initial conditions
(T) = - lljf(u7p7 67 (I))

o>

. (2.44)
0(T) = —857 (u,p, 0, D)
and boundary conditions
a=0onTl
0=00onTp,VO-n =0onTy (2.45)
(i’:OODFD,V(i"Il:OOHFN.

One basic feature of the dual system (2.43)-(2.45) is the fact that all first order differential
operators, in particular 0;, have a reverse sign. In combination with the prescribed value for
dual velocity and dual temperature at the end of the time interval, this means that the dual
problem is posed backwards in time. In contrast, the symmetric operators in the primal system,
e.g. A, are not modified in the dual formulation. An interpretation of this fact is given by the
physical meaning of A, which corresponds to a homogeneous diffusion process. Thus, there is
no distinguished direction of information flow.

12



3. Analysis of the Stationary Problem

In this section, we consider the stationary TEHD Boussinesq equations on a bounded domain 2:

Su+ (i -V)yu—vAu+Vp=F(0,®)+ 1,
V-u=0
50+ (8- V)0 — kAO = f,
—V - (e(0)VP) = f5.

(3.1)

System (3.1) can be considered as that system, which is obtained after discretizing (2.28) in
time. Here, §, f,, f;, fs denote contributions by some outer time-stepping scheme. This
scheme may also determine the functions (u, u, 6, ®). Depending on the degree of its implicitness,
each of these variables could be either fixed or unknown. In particular, we allow the case
(1,0,0,®) = (u,u,0,®), § = 0 and fy = f, = f3 = 0, which corresponds to the stationary
version of the transient TEHD equations (2.28). Compared to (2.28), a general force term
F (0, ®) and a general permittivity e: R — (0, 00) are introduced and 0 is shifted by the constant
reference temperature 6,. The system of equations (3.1) is subjected to the boundary conditions

u=0 ondQ=Ip+ITy
0=60p onT'p, VO-n=0onTIy (3.2)
(I):(I)DOHFD, V(I)-HZOODFN.

Concerning well-posedness, we note that for given 6, the potential ® is determined by Gauss’s
law. This fact motivates proving the existence of weak solutions of (3.1) by means of a fixed-
point iteration. For this iteration, (3.1) is split into an hydrodynamical part, given by the
stationary Boussinesq equations with buoyancy being replaced by F(#, ®) and Gauss’ law with
temperature-dependent permittivity.

The existence of solutions (u, #) of the Boussinesq equations is shown by employing a Galerkin
principle combined with a fixed-point argument to a series of finite-dimensional problems. To
be more precise, we adapt the concept presented in [46] for the stationary incompressible Navier
Stokes equations. This result can be seen as generalization of [57], where existence and uniqueness
of solutions of the stationary Boussinesq equations is shown for the standard buoyancy force.

The corresponding proof requires F to satisfy some type of weak continuity property. More-
over, the proposed procedure demands stability of solutions (u, ) w.r.t. the input data. This is
established by combining ideas from the corresponding result for the stationary incompressible
Navier-Stokes equations (see e.g. [46]) with the procedure proposed in [56] and [57] to cope with
non-homogeneous Dirichlet boundary conditions for the temperature. To this end, one has to
impose the assumption that there exists a family of boundary liftings for 6p of arbitrarily small
L3-norm. Moreover, one has to require the force term F to fulfill a boundedness principle of the
form ||F(0,®)| < ap(||®]])||VE| for some non-decreasing function ap.

Eventually, a uniqueness result for the stationary TEHD equations (3.1) under rather strict
assumptions on the involved data is derived by modifying existing techniques and one obtains
the requirement that F is locally Lipschitz continuous in some sense.

Concerning the choice of F, we suggest models that are based on linearization around a smooth
reference potential or which make use of a regularization operator such as mollification. We give
a heuristic justification for the proposed procedure in case of fluids with small permittivity
variation % and for small temperature variations.

13



3 Analysis of the Stationary Problem

The outline of this chapter is as follows: In Section 3.1, the Boussinesq problem with gen-
eral force term F is formulated and the requirements posed on F are summarized. Afterward,
stability and existence of solutions are proven. In Section 3.2, the variational formulation for
the stationary TEHD Boussinesq equations is set up and well-posedness of these equations is
considered by investigating existence, stability and uniqueness of solutions. In the final Section
3.3, several modelizations of the DEP force are proposed which fit into the framework of the
previously considered general body force F.

Throughout this work, || - ||, denotes the norm associated to the Sobolev space W*? () with
WOP(Q) := LP(Q) for k € Ny, p € [1,00]. If not stated otherwise, || - || := || - [|o.2 and the inner
product on L?(€2) is denoted by (-, -). The constant in Friedrich’s inequality for H}(Q) is denoted
by co, i.e. |[v]| < co||Vv| for all v € HE(2). A detailed description of all involved functions
spaces, such as H}(Q), V(Q), L&(Q) and H},(9), is given in the Appendix, Section A.4.

As mentioned in the beginning of this section, we want to cover the cases of (3.1) being either
a fully nonlinear system or a (partially) linearized system. Therefore, the introduced variables
i, 11, 0, ® can either denote known functions, in the following called fized, or they are unknown.
The later case means that @ = @ = u, § = 6 and ® = ®. The linearized case will be used in
Section 5.2 for analyzing the proposed time discretization.

The following assumptions on the domain, boundary conditions and physical parameters are
imposed for the remaining of this work.

Assumption 3.1. (Domain and Boundary Conditions)
Let Q C R, d € {2,3} be given. Its boundary O =:T =:Tp + 'y is split into a Dirichlet part
I'p and Neumann part U'y. The corresponding Dirichlet boundary conditions for temperature and

potential are denoted by Op: I'p — R and ®p: I'p — R, respectively. The following conditions
should hold:

(i) Q2 is a bounded Lipschitz domain.

(i) A Friedrich-type inequality is satisfied for functions vanishing on I'p, i.e. there is cp > 0
such that
||| < epl|VT| for all T € HH(RQ).

(iii) There exists an extension ®, € H(Q) of ®p.

(iv) There exists a family of extensions {0p[¢]: € € (0,1)} € HY(Q) of Op with ||0p[]]03 < & for
all € € (0,1).

Assumption 3.2. (Physical Parameters)
Let 0 > 0 and v,k > 0. The permittivity e: R — [e_, e4]| as a function of temperature is assumed
to be Lipschitz continuous with constant Le and 0 < e < e4 < 00.

Remark 3.3. According to Remark 1.6 in [12], Assumption 3.1 (i7) is satisfied if the boundary
I' is piecewise smooth and the Dirichlet boundary part I'p has a positive d — 1 dimensional
measure. A more general sufficient condition implying (ii) is given by Proposition 7.5 in [21]
and Theorem A.109. According to Lemma 2 in [56], (iv) is satisfied if T is of class C!, T'p has
positive d — 1 dimensional measure, the intersection I'p NIy is a d — 2 dimensional C' manifold
and 6p € CH(T'p).

The variational formulation of (3.1) is based on the function spaces for velocity, U := H{(Q2)

14
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PR & '}
and V := V(Q) = V(Q) with V(Q) = {u € D(Q)?: V-u = 0}, for pressure, M := LZ(Q),
for temperature, © := HL () and for potential, T := H1 (). Moreover, the following bi- and
trilinear forms are used:

ay(u,v) =v(Vu,Vv), cv(u,v,w) = (u-Vv,w)
a-(0,7) =r(VO,VT), cr(u,0,7) == (u-Vo,r) (3.3)
ag(0,®,B) = (e(§)VP,VS), b(u,q) = (V-u,q).
For a precise definition of the involved Sobolev spaces see Definition A.89 and A.95.
Additionally, a set of domain dependent constants is frequently needed. Employing Friedrich’s

inequality A.106 and Assumption 3.1 (i7), the Sobolev embedding W12(2) — L%(Q), Theorem
A.92, and Holder’s inequality, the following expressions take finite values

[vllo.p [ llo.p Illo.p
K, = Ky = T K 1= ’ (3.4)
g veH}(Q) [vv|” " TEHL () vr| > " TELI(Q) I7llo,g”

for p € [1,p*],q > p and p* € [1, 0] such that —I% <1- g.
Note that Ky < ¢p according to Assumption 3.1 (i) and Ky < ¢y by Friedrich’s inequality
for H} ().

Lemma 3.4. (Properties of Trilinear Forms)
There holds

Cv(uv v, W)

K, = sup 00

<
uv,weU\{o} [Vall[Vv[[[[Vw]

cr-(u,0,7)

K, := sup <
ueU\{o}0,reo\{oy IVull[[VOl[[[ V]|

Q.

Moreover, if u € V, then for v,w € U, 7,0 € H (Q):

Cv(u> \Z W) = _Cv(uv w, V)
CT(u7 0> 7_) = —Cr (u7 T, 0)
Proof. See Lemma II.1.1 and Lemma II.1.3 in [77]. O

3.1. The Boussinesq Problem with General Force Term

In this section, we investigate the standard Boussinesq equations for natural convection with
buoyancy being replaced by a general force term F. In contrast to previuous works with general
force term, e.g. [5], F may depend on the temperature @ as an element of H'! and not as scalar
value. In this way, the formulation of F may also contain the gradient V6. Moreover, it may
take the potential ® as additional argument.

The way for setting up the variational formulation and considering well-posedness is a gen-
eralization of the approach presented in [46] for investigating the incompressible Navier-Stokes
equations. The main difficulty in doing so arises when proving stability of solutions, see Lemma
3.13. Here, we follow the idea of [57], where the standard Boussinesq equations are considered,
and assume that 6, can be chosen with arbitrarily small L3-norm.

We start with setting up the variational formulation, given by Problem 3.5. Here, an ad-
ditional coefficient A\ € [0, 1] is introduced to obtain a family of stationary problems. In this
way, Problem 3.5 fits into the framework of a suitable fixed-point theorem. In the subsequent
presentation, the problem is considered in solenoidal form.
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Problem 3.5. (Stationary Boussinesq Equations)

Let 0, € HY(Q) be a lifting of given Dirichlet boundary conditions 0p and F: © — U*, f, €
U*, f; € ©F given source terms. Let either 1 and 1 denote fixed elements of V or the unknown
velocity u. For X € [0,1] find (u,0) € V x © such that for all (v,7) € V X ©:

d(u,v) + ay(u,v) + A (ev(u,u,v) — (F(0 4 0) + fy,v)u-) =0
6(0,7) +ar(0,7) + A (6(0p, ) + ar (O, 7) + (0,0 + 0y, 7) — (fr,T)o+) = 0.

This problem can be written compactly in form of a fixed-point equation. To this end, a solution
operator for the linear, elliptic part of Problem (3.5) is used.

Definition 3.6. (Stokes Solution Operator)

Let W C U and T C O denote Hilbert spaces with inner products (-, )w = (V-,V:) and
(-, )7 == (V, V"), respectively. The solution operator for the Stokes equations in solenoidal
form, combined with an additional heat equation, is defined as

KW, T]: W*xXT* - W xT
(f,9) = (u,0)
such that for all (v,7) € W x T :
d(u,v) + ay(u,v) = —(f, v)w~
3(0,7)+ ar(0,7) = —(g,T)7~.

The remaining terms, i.e. nonlinearities, source terms and boundary contributions, are collected
in the operator .

Definition 3.7. (Non-Stokes Terms)
Let the notation and assumptions of Problem 3.5 and Definition 3.6 hold. Define

N[W,T]: W x T — W*x T*

ev(t,u, ) —F(O+0,) — £
(u,0) = <5(9b, )+ ar (0, ) + e (1, 9b+ 0, ) — fT) '

The fixed-point version of Problem 3.5 is now given as follows.

Problem 3.8. (Fized-Point Version)
Let the notation and assumptions of Problem 8.5, Definition 3.6 and Definition 3.7 hold. For
K:=KW,T], N :=N[W,T] and X € [0,1] find (uy,0) € W x T such that

(uy,0) = AC(N (up, 0y)) = AF(ay, 0y).
with fized-point operator

F=FW, T =KoN:WxT—-WxT.

In order to apply an appropriate existence theorem to Problem 3.8, one needs to show compact-
ness of F. For finite dimensional spaces, this can be accomplished by the next lemmas below.
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Lemma 3.9. (Properties of K)
Let the assumptions of Definition 3.6 hold. Then, the following statements hold.

(i) K[W,T] is well defined and linear
(ii) There exists Cxxc > 0 such that (u,0) = K[W,T|(f, g) satisfies

lullw + 0]z < Cx(lflw- + llgllr-) for all (f,9) € W* x T,

Proof. Follows by application of Lax-Milgram A.40, Friedrich’s inequalities A.106 and Assump-
tion 3.1 (7). O

Lemma 3.10. (Properties of N)

Let the assumptions of Problem 3.5 and Definition 3.7 hold. Assume that F(- + 0p): T — W*
is continuous. Then, N[W,T] is continuous w.r.t. the norms || - |wxr == ||V - ||+ ||V | and
|- llwesr= = [ - [lwe + [ - |

T*-

Proof. The proof is only presented for u = & = u. Continuity of W 3 u — c¢y(u,u,-) € W* is
shown by using standard arguments, see e.g. Lemma 16 in [46]. Analogously, W x T 5 (u,6)
cr(u,0,-) € T* is continuous. By continuity of F, N[W,T] is a composition of continuous
functions and therefore continuous as mapping on (W x T, ||-|lwx7) = (W*XT* ||-|[w+x7+). O

Lemma 3.11. (Properties of F)

Let the notation and assumptions of Problem 3.8 and of Lemma 3.9 and 3.10 hold. Then,
Problem 3.5 and 3.8 are equivalent if W x T =V x ©. Moreover, the following properties of the
fizxed-point operator F[W,T| hold:

(i) FIW,T] is continuous.

(13) FIW,T] is compact if W and T are finite dimensional, i.e. it maps bounded sets to sets
with compact closure.

Proof. (i) follows since F[W, T is a composition of continuous functions due to Lemma 3.9 and
3.10. If W and T are finite dimensional, (i7) follows since F[W,T] is a continuous map on a
finite dimensional Hilbert space, see Lemma A.13. To see the equivalence of Problem 3.5 and
3.8, let (uy, @) denote a solution of Problem 3.8. By definition of K[V, ©], this solution satisfies

(6(u, v) + ay(u,v)

5(0,7) + a7(9,7)> = —MN[V,0](uy,0)\)(v,7) for all (v,7) eV x©O

Inserting the definition of N[V, ©] yields the assertion. O

The problem setup is finished by stating the following conditions on the body force F. They are
chosen to ensure certain well-posedness results for the generalized Boussinesq equations, Problem
3.5.
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Assumption 3.12. (General Body Force)
Let F: HY(Q) x HY(Q) — U* satisfy the following conditions for all v € U:

(1) F is locally Lipschitz continuous: for all R > 0 there is a non-decreasing function
L%e): [0,00) — [0,00) such that
[(F(61,9) — F(62,2), v)u-| < Ly (

for all 61,05 € BR(0, HY(Q)), ® € H'(Q) and v € U.

Moreover, for all R > 0 there is Lgp) > 0 such that for all 0 € HY(Q), ®1,P5 €
Bgr(0,HY(Q)) and v € U,

2)[101 = 62l12[|Vv].

(F(6,21) ~ F(6,22). v)ur| < Ly [0]12] %1 — @all12] V]
(ii) F is bounded: There are non-decreasing functions
ag: [0,00) — [0,00) and bg: [0,00) — [0, 00),

such that

(0,®),v)u+| < ar(]
®c H(Q),veU.

s (@n)n € HY(Q) and elements 0., ®, € H'(Q) be given such that
) and ®,, — ®, in H'(Q). Then, there holds

(F 20112V V[ + b ([[@][12) V]|

for all § € HY(Q),

(7it) Let sequences (6
0, — 0, in Hl(

|<F(9*; (I)*) - F(‘gm Q)n),V>U*| =0

The local Lipschitz condition (i) is used to show uniqueness of solutions under an appropriate
small data condition and condition (ii) allows to prove stability of solutions of Problem 3.5.
Note that the growth rate of F w.r.t. || ®|12 is not restricted, while it may grow at most linearly
w.r.t. ||f]]1,2 . This is due to the fact that ||®||;» can be bounded in terms of the input data
only. Assumption (7i7) is needed in various cases to show that weak convergence of some kind of
approximate solutions translates into pointwise convergence in U* of the variational formulation.

Stability

The following lemma states that the norm of solutions of Problem (3.5) can be bounded in terms
of input parameters, boundary liftings and source terms. For this reason, it is required that the
boundary lifting 6, can be chosen in such a way that ||6;||o 3 is sufficiently small.

The subsequent result will play an important role in showing both existence (by virtue of a
fixed-point argument) and uniqueness of solutions. For the former case, it is crucial that the
stability bound is uniform w.r.t. A € [0,1].

Lemma 3.13. (Stability of Stationary Solutions)
Let A € [0,1], ® € HY(Q) and F satisfying Assumption 3.12 be given. Set F(0) := F(0,®) and
ap := ap( 2), br == br(||®||1,2). Define

d(s) = {I%S, ifu=u

oo, ifu is fized
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3 Analysis of the Stationary Problem

with K = %\/S(KQQ +1). Then, there are continuous functions
gi: RN {zy < d(x2)} — [0,00), i € {u, 0}
such that

[Vull < gu(ll0s/l0,3, ar bF, [|0b]|1,2, [|Ev [ U=, [/~
VOl < go(l|0sll0,3, ar bF, [|0sl1,2, [|£v [ U=, [/
for all solutions (u,0) of Problem 3.5 with boundary lifting 6, satisfying ||6p)|03 < d(ar). In

particular, gy and g9 do not depend on the parameter X € [0,1] and are non-decreasing in their
arqguments xo and xs. Moreover, if u = u, then g; — 0 for (x4,x5,26) — 0, i.e.

Gi — 0 for (”9b||1,27‘|fv| |f7’

Proof. Let (u,0) € V x © denote a solution of the stationary problem. Inserting v =u,7 = 0
in 3.5 and noting that, by Lemma 3.4,

@*) = Gu

U+,

U+,

U*, @*)—)0.

cv(a,u,u) =0 and ¢ (0,0 + 6p,0) = c,(0,60,,0) = —c-(0,0,0,)
since @, 1 € V, one obtains

Sllull? + v Vul* = XF (0 + 6,) + £y, u)u- (3.5)
8116112 + K|[VO|% = —X (5(6p, 0) + (Y8, VO) — (& - VO,0,) — (fr,0)0+) . (3.6)

Using the assumptions on F and Young’s inequality, (3.5) yields

v|Vul? < apy/ K3 + 1 VO||[[Vul| + (bp + ap[|6s]l1,2 + | ]lu-) [ Vull

—_——

1 2 1 2 2 2
< V V — =V .

for 61,92 > 0. (3.6) gives
K[IVOI* < &IV OV + 052 K23 6b 10,51 VOI + Kol Val[[[VO 186105 + | f-lle- VO

<k|-— = — — .
< (g 19017 + S0 ) + N (38)

1 55 s
+ (255!’#\%* - 2HV9\|2> + (2552[(22[(223,,%”33 n 2HV9!2>

for 43,04, 95,6 > 0. Rearranging terms in (3.7), (3.8) yields

or 0 2 2 7

_a_ % < Ol + 72 .

(=% = 2)|vul aF% VoI + 55 (39
1
RI[V|* < Rog HV%H2 + *K 511015 51Vl (3.10)
||fTHe* + 752K22K223||9b“(2),3-
with & = kK — /-;%3 — %4 — %5 — 3. Setting 0 = do = §, 03 = %, 04 = 05 = 06 = 7, and dividing
(3.9), (3.10) by % and %, respectlvely, yields

IVull? < C1]|Vo)* + Cs (3.11)
IV6][* < C3[[V6y|[* + Call6b]I5 3 Vall* + Cs + Cs|16515 3 (3.12)
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3 Analysis of the Stationary Problem

with constants

2 2
Cy = ﬁa%‘(KQZ +1),Ca = 3 (bp + ar||Ob/l12 + |fv]lu-)?, C3 =4

SKoKo3\ 2
.. o (Makiz)"

K

4K?2 4
Cy=—5, 052?”f7'|

K2

If 0 = u, set d(ar) = (ClC4)_% and obtain for ||0]|0,3 < d(ag) by combination of (3.11) and
(3.12),

1
1 — C1Cy|6]15 5

IVulf* < (Co+ C1 (C3lIVO]1* + Cs5 + Co0s]I5.5)) =: G-

Now, 8 can be bounded by
VO[> < Ca[|VOu||* + Call0s][5 3G + Cs + Cs 16615 5 =: G-
If u is fixed, one gets:

V6] < C3[[V8s|1* + Callb]I5 31 Va||* + Cs + Col166]15 5 =: G
|Vu|? < C1G3 + Cy =: G2.

O]

Remark 3.14. The previous proof shows that Lemma 3.13 is valid for arbitrary subspaces
W x T C V x © with functions d, gy, g¢ that are independent of the specific choice of W x T.

The next lemma bounds the variation of solutions of the Boussinesq equations w.r.t. variations
of the respective input data, i.e. the force term F and the terms @, u, 8, ®. These bounds will
be used later on for showing uniqueness of solutions.

Lemma 3.15. (Stability of Stationary Solutions w.r.t Varying Data)
Let (uy,61) and (ug,62) denote solutions of Problem 3.5 for A = 1, respective convection fields
(uy,01), (ag,v2) and external forces F1 = Fi(-,®1), Fo = Fao(-, Py) which do both satisfy
Assumption 3.12. Assume

|<F1(¢9 + 9(,) — F2(9 + 91,),W>U*|

Dp:= sup < 0.
WEV 00 IVwl[[[6 + p]l1,2

Then, the solutions satisfy

V(w1 —w2)[| < Di||V (@1 — 0g) || + D2f| V(i1 — G2)|| + D3Dp
V(01 — 02)|| < Dyf|V (01 — 12)]]

with constants {D;}}_, given by (3.19).
Proof. Inserting (uy, 61) and (ug, 62) into Problem 3.5 and subtraction yields for all (v,7) € Vx©
d(u; —ug,v) +ay(u; —ug,v)+ (a; - Vuy,v) — (az - Vug, v)

= (F1(01 +0p) — F2(02 + 6p), v)u~ (3.13)

5(91 —92,7’)4—%—(91 —92,7)+<ﬁ1-V@l,T)—(le-VHQ,T)
= — (W —w2) - VO, 7). (3.14)
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3 Analysis of the Stationary Problem

Defining w :=u; —ug, :=10] — U, U =0y — U2, ¢ := 0 — Oy and setting v=w, 7 = ¢
yields

S|wl? + v||Vw]|® + (0 Vuy, w) = (F1(0; + 6y) — Fa(6 + 6), w)u- (3.15)
Sllgl1* + klIV|* + (@- Vb1, ¢) = —(- Vb, ¢) = (- Vo, 0). (3.16)

Let Gg), Géi) denote the respective stability bounds provided by Lemma 3.13 for i € {1,2}.
Define Gy := maX{G(gl), G((f)} and R :=||0p||12 + /K3 + 1Gy. Then, local Lipschitz continuity
of Fy with constant L(F?l) = L%el) (R) yields

(F1(01 + 0p) — Fa(02 4 0y), w)us = (F1(01 + 0) — F1(02 + 0,), w)u~
+ (F1(02 + 60p) — Fa(02 + 0p), w)u~

< LYV K2 + 101 — 62)|||[ VW[ + D62 + 0|12/ Vw].

Thus, one obtains from (3.15)
_ 0
V| Vw|? < K GO |Val|Vw + Lg) /K2 + 1| Ve || Vw| (3.17)

e (G?)\/Ki 14 ||ebu1,2) vl

and from (3.16),

Kl|Vol2 < K,G ||V Vo + K|V Vo6

0.3. (3.18)

Dividing by (3.17) and (3.18) by ||[Vw|| and |[V¢||, respectively, yields the desired result with
constants

1
Dy = ~K,GW
1%

1 1
Da = e LEVIE+1 (1647 + Kolulos)

3.19)
_ (62 2 |
Dy (GG VER+1+ ||6b\|1,z>
1
Dy =+ (K-G + Kol Osllo) -
L]

Existence

Proving existence of solutions of Problem 3.5 can be achieved by application of the well-known
Galerkin principle, following the work in [57] and the procedure proposed by [46]. Hereby, the
application of the general fixed-point Theorem A.39 to a finite dimensional version of Problem
3.8 is combined with an approximation of the infinite dimensional problem by a series of finite
dimensional systems.

Lemma 3.16. (Ezistence of Solutions in Finite Dimensional Spaces)

Let W C V, T C © denote finite dimensional Hilbert spaces and ® € H'(Q) be given. Let
Assumption 3.12 hold and assume that the boundary lifting 0y, is chosen such that ||6)0,3 < d(ar)
for d, ag defined in Lemma 3.13. Then, there exists a solution (u,0) of Problem 3.8 with A =1,
i.e.

(u,0) = F[W,T](u,0).
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3 Analysis of the Stationary Problem

Proof. Follows by application of Lemma 3.13 with Remark 3.14 (uniform stability), Lemma 3.11
(compactness of FIW,T]: Y — Y with Y := W x T') and Theorem A.39. O

The following theorem is based on the existence result in [57], with a slight modification to
take into account the more general body force term F.

Theorem 3.17. (Ezistence of Solutions for Stationary Boussinesq Equations)

Let ® € HY(Q) be given, Assumption 3.12 be satisfied and assume that the boundary lifting 0y is
chosen such that ||0y|l0.3 < d(ar) for d, ax defined in Lemma 3.13. Then, there exists a solution
(u,0) € V x © of Problem 3.5 with A = 1.

Proof. The proof for the case 1 = & = u works exactly like the one presented in [57]: Since V
and © are closed subspaces of the separable normed spaces W12(Q)? and W12(Q), respectively,
they are separable as well according to Lemma A.4. Therefore, there a sequences (W) m, (Tin)m
of finite dimensional subspaces satisfying

W,CV, W, CW,1and T,, CO, T, CT Tt

with
V=|JW,and =T,
neN neN
For each n € N let (u,,0,) € W,, x T;, denote the solution of Problem 3.5 with V x © replaced
by W,, x T,,. These solutions exist due to Lemma 3.16. Moreover, they are uniformly bounded
according to Lemma 3.13 and Remark 3.14,

|Vu,|| + [[VO,] < Gu + Gy for all n € N.

Since V and © are Hilbert spaces, they are reflexive. Thus, there are (u.,0,) € V x O and a
subsequence (ug, 0x)r C (up,0y)n with uy — u, in V and 6, — 6, in © according to Theorem
A.32. Using Assumption 3.12 (7ii), one can show that (uy,6.) is indeed a solution of Problem
3.5 with A = 1. For details see [57]. The assertion for u # u or u # u follows analogously.

]

3.2. The TEHD Boussinesq Problem

In this section, we consider the problem of finding a solution (u,#, ®) of the stationary TEHD

Boussinesq equations. Existence of solutions is shown by applying a fixed-point iteration that

is alternating between solutions (u, ) of the Boussinesq Problem 3.5 and solutions ® of Gauss’

law. Afterward, we show that solutions are unique under certain restrictions onto the data.
The variational formulation for the stationary TEHD equations is given as follows.

Problem 3.18. (Stationary TEHD Equations)

Let 0, € HY(Q) and ®, € H'(Q) denote liftings of given boundary conditions and F: © x T —
U™ £, € U*, f; € ©F, fg € T be given source terms. Each of the functions u, u, 6, & can
either denote a fixed element of V, © and Y, respectively, or the unknown variable u, 6 and @,
respectively. Findu € V, 0 € ©, ® € T such that for all (v,7,) € Vx 0O x T:

6(11’ V) + aV(u7 V) + Cv(ﬁ, u, V) = <F(0 + 967 <T> + (I)b) + fVa V>U*
5O+ 0p,7)+ar(0+0p,7)+cr(Q,0+0p,7) = (fr,T)or
ag(0+ 05, @ + b, B) = (f3, B) 7=
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3 Analysis of the Stationary Problem

Existence
The following theorem states existence of solutions of Problem 3.18. Moreover, it is shown that

the H'-norm of all solutions can be bounded by the problem data.

Theorem 3.19. (Ezistence and Stability of Stationary TEHD Solutions)
Let the assumptions of Problem 8.18 and Assumption 8.12 hold. Assume that 0y is chosen such
that HebHO,B < d(aF(Ggq)b)) holds with

Goo, = \/ K5 +1Go + || P12

€4 1
Go = Z”V‘I)bH + ZHfﬁHY*-

Then, there exists a solution (u,8,®) of Problem 3.18. Further, all solutions of 3.18 satisfy

[Vul| < gu(ll0s]l0,3, a7 (Go,0,), b (Ga s, ), 106]1,2, [[fv]lUs, | frllex) = Gu
VO]l < go(l|0bllo,3; ar (Ga,a,), bR (Ga.a,), [|0bll1.2, Ifv]us, [ f-lex) = Gy
[Ve| < Ga,

with functions gu, g9 defined in Lemma 3.13.

Proof. As before, only the proof for the implicit case it = i = u, ® = ® is shown.
Problem 3.18 is split into two parts: for given ®4 € Y find (u,d) € V x O satisfying

P d(u,v) +av(u,v) +ev(u,u,v) = (F(O+ 0y, Qs + Op) + 3, v)u- =0 VveV
16O+, 7) 4+ ar(0+ 6y, 7) + cr(1, 0+ 0y, 7) — (fr, T)om =0 VYre®

and for given 0 € © find ® € Y such that

(PQ) : ag(é# + 0y, ® + Py, ﬁ) = <f5, 5>T* v e Y.

Define the following fixed-point iteration: let &y € T be arbitrary and set for n € N
- (up, 8y) denotes the solution of (P;) for &4 = @,
. if § = 0, then 0, := 6,,. Otherwise, 6,, :== 60
- ®,, denotes the solution of (P») for é# =0,

Here, Theorem 3.17 garuantees the existence of (up, 6,). Moreover, under Assumption 3.2, the
bilinear form Y x Y 3 (®, 5) — ag(6n + 0, P, ) € R is bounded and coercive. Thus, there exists
a unique solution ®,, € T of (P,) by Lax-Milgram, Theorem A.40, and it is bounded according
to

€ 1
[V@,| < fHV%H + ZHf,B’ 1 = Go.
On the other hand, for all n € N
[Vup|| < Gy and [V, < Gy,

according to Lemma 3.13 by using ||®,+®|/1,2 < Go ¢, and the monotonicity of ar, br, gu, go. As
in the proof of Theorem 3.17, there are (u., 6., ®,) € VxOx T and a subsequence (ug, 0k, ) C
(up, O, ®,)n with up, — u, in 'V, 0 — 6, in © and &, — P, in T. The compact embedding
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3 Analysis of the Stationary Problem

WL2(Q) —— L*(Q) for d € {2,3}, Theorem A.92, additionally implies u; — wu, in L*(Q)%,
Or — 0, in L*(Q) and @ — 6, in L4(Q). By Assumption 3.12 (i),

[(F (0. + 6y, D, + Dp) — F(0,, + 6y, Py, + Pp), v)u+| — 0 for all v € U.

Thus, as in the proof of Theorem 3.17, (uy, 0,) solves (P;) for ¢y = P,.
It remains to show that ®, solves (P) for

_ 0., ifh=40
a#z{_ '

0, else

In the former case, let § € Cf5(§2) be arbitrary but fixed. Then, using Hélder’s inequality and
the Lipschitz continuity of e,

|a6(9n + 60y, + Dy, B) — a5(9* + 6y, @i + Dy, B)|
< |((e(On + Op) — (0 + 05))V(Pr + Pp), VB)| + [(e(0s + 05) V(D) — ©s), V)|
< [[€(On + 0b) — (04 + Op) (©n + ®o)[[[[VBlo6 + [(e(0x + ) V(Pr — D), V)
< LGy.a,|0n — 0 (e(0x + 0p)V (P, — D), V)]
=:A,.

Here, lim, ;o0 A, = 0 since 6,, — 6, in L*(Q) and by ®,, — ®, in T, respectively. Thus,
aﬁ(e* + 0y, P + Dy, ) = <f5 B)y- for all g € CH(Q).

Since C%(Q) is dense in H} () and the linear form HAL(Q) 3 B — ag(fs + Oy, Pu + Py, 8) is
continuous, ®, solves (P,) for 6, = 0,. The case 6# = 6 follows analogously.

In order to show the stated energy norm estimate, let (u, 8, ®) € V xO x Y denote an arbitrary
solution. As before, by setting g = @,

HV@H< HV@bHJr*HfﬁHT* Go,

which implies ||® + @412 < Go.3,-
Moreover, by means of Lemma 3.13,
IVul| < gu( ap, br; [|0b]]1,2, [[fv]lu-, || flle-)
19611 < go (1650, ar b 6.2, 16 1=, 1| £ lle)

with constants ap = CLF(H‘I’ —I—(I)bHLQ) < aF(Gq)’q)b) and bp = bF(H(I)—i- ‘I’bHLQ) < bF(G<1>,<pb). Since
Ju, g are non-decreasing in their arguments xo and x3, the stated result is obtained. O

So far, the TEHD equations have been considered in solenoidal form only. By means of a stan-
dard procedure, see e.g. Lemma IX.1.2 in [28], existence of solutions for the problem in mixed
form can be shown.

Corollary 3.20. (Recovering the Pressure)
Let (u,0,®) € VO XY denote a solution of Problem 3.18. Then, there exists a pressure p € M
such that (u,p, 0, ®) satisfies for all (v,q,7,0) e Ux M x O x T:

§(u,v) + ay(1,v) + ey (,u,v) — b(v,p) = (F(0 + 0y, ® + ) + fy, v)u-
b(u,q) =0
50+ 0y, 7) +ar (04 0y, 7) + cr (0,0 + 0y, 7) = (fr, T)or
(e—l_ebv(b—i_q)b’ ) <f,3>6>
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Uniqueness

We now investigate uniqueness of solutions of the stationary TEHD Problem 3.18. To do so, we
adapt the standard procedure for showing uniqueness of stationary solutions of the incompressible
Navier Stokes equation, see e.g. [46], or of the stationary Boussinesq equations, see e.g. [57].

To this end, let the assumptions of the existence Theorem 3.19 hold and let (uy,6;,®1) and
(ug, 02, P2) denote two solutions. Using the properties of F given by Assumption 3.12 (i), there

is Lgb) > (0 such that

FO+ 60, @ D) —F(0+ 6,0 ) x
Dp:= sup |(F(0 + 0y, @1 + Dp) (0 + Op, D2 + Pp), Ww)u+|

< L®)@; — Bollya. (320
weV,0e0 ”VWHHQ—FQ},HLQ —-F H 1 2H112 ( )

Applying Lerr_m}a 3.15 with F; = F(-,®; + ®;) and introducing d, := x1 — x2 with = €
{u,0,®,u,0,0,d} yields

IVdul| < D1[[Vda|| + Da[|Vdall + Ds|[Vdg|| (3.21)
IVdg|| < Da[Vea- (3.22)

with {D;}?_; given by (3.19) and
1
D5 =~ Ly <G9(K22 +1)+ /K3 + 1||9b\|1,2> . (3.23)

Here, d, = 0 for y € {u, 0, 6, ®} if the corresponding variable y is fixed. Otherwise, there holds
da = du, dq = dp, dj = dp and dg = do, respectively. According to the assumptions and results
from Theorem 3.19, Gauss’ law implies

e_||Vds||* < (e(02 + 6,)Vde, Vda)
= —((6(91 + 91,) —€(O2+6p))V(P1 + Pp), Vds). (3.24)

If an additional regularity ®; € W13(Q) is assumed, then the previous inequality together with
HY(Q) — L%(Q) implies

e-||Vda|* < LK Vig||[|[V(®1 + p)llos]|Vda].- (3.25)
The previous estimates (3.21), (3.22) and (3.25) can be summarized as

[Vdu|| < 1|Vl + az||Vdal| + as||Vds||
V|| < cal|Vdall (3.26)
[Vdo|| < a5([[V®1llo3)[I Vg,

with constants given by

a1 =D, ag = Do, a3 = D5, ay = Dy

L. (3.27)
Oz5(8) = :K@(S + ||V(I)b”073).

Based on the set of inequalities (3.26), the following theorem yields conditions under which
uniqueness of solutions for the stationary TEHD Problem 3.18 can be guaranteed. In doing so,
one needs to differentiate w.r.t. the degree of implicitness in Problem 3.18.
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Theorem 3.21. (Uniqueness for Small Data)
Let the assumptions of Theorem 3.19 hold and constants {;}2_; be given by (3.26). Assume
that all solutions of Problem 3.18 satisfy ® € W13(Q) and that the following condition holds:
(1) ifu eV fized:
(i) if u € V fized: nothing
(i.91) ifu=u: aqg <1
(id) if it = u:
(ii.3) if 0 € © fized: oy + g < 1
(ii.ii) if 0 = 0:
(ii.3.4) if ® € Y fized: a1 +az < 1
(i1.43.43) if ® = ® : there is R > 0 such that a; + as + azagas(R) < 1 and @ €
Br(0, WH3(Q))

Then, there is at most one solution of Problem 3.18.

Proof. The assertions are proven by using (3.26) with d, = 0 if z € {u,1,0, ®} is fixed, or
dz = dy for v € {u,0,®} otherwise. In case (i), i.e. dg = 0, (3.26) directly leads to dyp =
dg = dp = dg = 0. For (i.i), dg = 0 as well, implying dy = dy = do = 0 and therefore
(uy, 01, ®1) = (ug, 02, P2). In case (i.ii), one obtains

V|| < 01| Veul,
ie. dy=0if oy < 1. In (4i.7), (3.26) leads to

IVdu|| < cr[|[Vdull + a2 V]
IVdg|| < [Vl
|Vds| < O.

Thus, uniqueness of solutions is given if a; + ag < 1. In case (4.7.7), i.e. § = 6 and dg = 0,
(3.26) leads to

[Vdull < a1[|[Vdul|| + az||Vdu||
[Vdg|| < 4| Vdul|
[Vda | < as(|[VP1]lo,3)[|Vdy]-

Now, a1 + as < 1 implies dy = 0 and consequently, dg = 0 and dg = 0. Finally, consider the
case (14.11.91), i.e. the fully implicit problem. (3.26) leads to

IVdu|| < q[|Vdul| + az|[Vdu| + azeaas ([V1]lo.3)[|Vdul
V| < || Vel
Vel < as([[V®1]lo3)[[ V-

In this case, dy = 0 if a1 + a2 < 1 and ||[V®4]jp;3 < R such that

a1+ ag + CY30£40¢5(R) < 1.
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The previous theorem shows that solutions are unique without any restriction on the problem
data only, if the convection terms in both momentum and heat equation are explicitly given.
Otherwise, uniqueness only holds under certain restrictions on the data. A closer look on the
involved constants (3.27) reveals that (a1, a2, a3, a4) tends to zero as (||6y||1,2, [|fv]|u=, || fr]le*)
tends to zero (see definition of D; in (3.19)). Thus, if the energy that is put into the system
is sufficiently small, uniqueness of solutions can be shown. This energy is given in terms of
an applied external force, temperature source terms and temperature differences between the
boundaries.

However, {ai}le are proportional to the inverse of viscosity v and thermal diffusion coefficient
K, see (3.27) and (3.19). For most practical applications, v and k tend to take values of very small
order of magnitude, e.g. for water there holds v = O (10_6) and Kk = O (10_7). In such cases,
uniqueness of solutions can only be guaranteed for very small values of [|0p]|12, i.e. for small
temperature differences across the boundary and small volumes of the considered fluid container.
Further, the constant as is proportional to Gg, which in turn is proportional to ||®||1 2 according
to Theorem 3.19. Thus, with increasing voltage differences across the boundary of the container,
the uniqueness conditions become even more restrictive.

In summary, for most applications the uniqueness statement is of little practical use as long as
the system is considered with implicit convection fields u, . However, if the instationary TEHD
system is discretized in time such that u, u are defined as numerical solution at a previous time
step, then Theorem 3.21 can be applied without any restriction. This fact is used in Section 5.2
to show uniqueness of solutions of the spatially and temporally discretized system.

3.3. Modeling of DEP Force

In this final section on the stationary TEHD system, we propose several modelizations of the
body force
Fprp + Fouo = 0| VO|?VO — a,0g (3.28)

that satisfy the main Assumption 3.12. By means of Theorem 3.19, one may state existence of
solutions u € H{(Q2), 0, ® € HY(Q) of the stationary TEHD Problem 3.18. Thus, ® solves the
Poisson equation

— V- (VD)= Ff (3.29)

with diffusion coefficient € € H' (), subjected to mixed Dirichlet-Neumann boundary conditions
and posed on a domain whose boundary is only Lipschitz. To the knowledge of the author it is
unclear, whether more that L? regularity of V® can be expected in this situation. For example,
Theorem 1 in Chapter 6.3 of [26] provides interior H?2-regularity of ® supposed that ¢ € C'1(Q).
On the other hand, H? regularity on the complete domain €2 can be shown if additionally 9Q € C?
holds and pure Dirichlet boundary conditions are assumed, see Theorem 4. Whereas the case of
pure Dirichlet conditions and smooth boundary could in principle be assured by the underlying
application, € € C1(2) cannot be simply taken as a priori assumption, since the permittivity is
temperature dependent.

In summary, it is not even guaranteed that |V®|>V@ is L'-integrable. Thus, this term is
not necessarily contained in H~!(£), meaning that (Fpgp,v)y+ is not well-defined for general
v € U. For this reason, it is necessary to replace Fprp by an expression F(6, ®) that requires
less regularity of § and ® to be an element of H=!(Q). Moreover, Assumption 3.12 requires
that the norm of F(6, ®) grows at most linearly with the norm of § and weak H'-convergence
in the arguments (6, ®) must imply pointwise convergence of F(6, ®) in U*. In order to find an
appropriate mathematical model of F pgp, we make use of the alternative DEP formulation

Fprpa = —20.(V?OV D)0, (3.30)
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3 Analysis of the Stationary Problem

which has already been introduced in Section 2.
The models that are proposed in the following, rely on the idea of either replacing the poten-
tial ® in F pgp, by some smooth, fixed function ®, or on applying a smoothing operator to ®.

Remark 3.22. When proving a priori error estimates for the fully discretized instationary TEHD
equations, Section 5.2, it will be possible to work with another model force F f, that makes use
of an cut-off operator. In this case, one can avoid the use of a predefined base potential ®q.

Definition 3.23. (Approzimations of F pgp + Fpyue based on Linearization)
Let ®g € W2°°(Q) denote a fized base potential. The standard body force with fized base potential
is defined as
Fso: H'(Q) x H(Q) — U*
(0,®) = a.(|[VO|*V0, ) — ay(fg, ).

The alternative body force with fized potential is defined as

Foo: H'(Q) x H'(Q) — U*
(0,®) = =20 (V2B VP0)0, -) — ay(0g, ).

The alternative body force with linearized potential is defined as

F.1: HY(Q) x H'(Q) — U*
(0,®) = —20.((V2DoV )0, -) — ay(fg, ).

The following Lemma shows that the previously defined approximations of Fprpp + Fy,, are
suitable for proving existence and uniqueness of stationary solutions.

Lemma 3.24. (Properties of the Body Forces)
The body forces Fso, Foo and F, 1 given by Definition 3.23 satisfy Assumption 3.12.

Proof. Assumption (i) and (i7) directly follow by the linearity of Fyso,Fq1,Fq1 w.r.t. 6 and
their growth rate w.r.t. ||®||; 2 being linearly at most. Validness of (iii) is shown for F,; only:
Let sequences (6,), C H'(Q2) and (®,), C H'() be given that converge to 0, € H'() and
®, € HY(Q), respectively, in the following sense: 6, — 6, in H*(Q) and ®, — ®, in H ().
The compact embedding H'(Q) << L*(Q), Theorem A.92, implies ,, — 6, and ®,, — ®, in
LA(Q). Additionally, [|0,]]1.2 + ||®n|l12 < K for some K > 0 and all n € N by Lemma A.33.
Then, for arbitrary v € U,

[(F(0x, @s) — F(On, ®p), v)| < [(F (i, ©s) — F(0s, ©p), v)| + [(F(0s, 1) — F(On, Pp), V)|
< 20| (V2B V(@) — 8,))0s, V)| + 20| (VEDV D, ) (A — 6,), V)|
+ ag|((6« — bn)g, V)|
< Cl(V2V(®s — 1))b:, V)| + CK||0x — Onlloall vl
+ Cl0x = Onlloallviio s-

Noting that 6, v - V2®y € L?(Q2) follows by the assumption on ®y and the Sobolev embedding
HY(Q) < L%(Q), Theorem A.92, the first term converges to 0 due to ®,, — ®, in H'. Moreover,
both other terms converge to 0 by 6,, — 6, in L. O
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3 Analysis of the Stationary Problem

A heuristic justification for the proposed approximations can be given by employing Lemma
3.15. Therefore, let F*(0,®) := ((V®)> V0, )y~ denote the straightforward model of Fpgp,
and assume that a solution (u*, 8%, ®*) of Problem 3.18 with F = F* exists with the additional
regularity 6* € L>®(Q),®* € WH6(Q). In this case, F*(6*,®*) € H~(Q). Now, let (u,0,®)
denote another solution for F = F, o. If either u and u are fixed or if the input data (parameters
{D1, Dy, D4} in (3.19)) is sufficiently small, then Lemma 3.15 yields

IV(u* —a)[[ + V(6" - 0)|| < C Dg, (3.31)

with

|(F*(0 + 0y, @* + ®p) — F o(0 + 0y, © + O), w)u-|

Dg = sup
WEV,0€0 |Vw[|| + 6
< OV(®* — @)

1,2
lo,6 ([[V(®* + ®p)llo6 + [[V(Po + Pp)llo,6) - (3.32)

Thus, the difference between both solutions is proportional to the difference between the exact
potential ®* and its approximation ®y. Such an a priori approximation ®y could be defined
as regularization of the solution ®¢y of Gauss’s law for some given reference temperature 6y €
L>(Q), i.e. Py satisfies

(e(60)V (Poo + Pp), V3) =0 for all B € . (3.33)

Further note that

HE(I) — 2
2

€

V(@1 = ®9)|| < |V (@1 + )| (3.34)

holds for potentials ®;,®y solving Gauss’s law with respective permittivities ¢) € L>(Q),
¢ > e > 0ae. If the permittivity is chosen as in [58], i.e. €(0) = €pe,(1—~0), we obtain for the
relative H!'-deviation between ®gy and the potential ®* determined by the correct temperature
0* + 0y:

B — P B — (0% + 0) 1000
IV (200 = )| _ 71160 = (0" + ) llocc. (3.35)
[V (D* + )| L —~([0* + Opl0,00

When considering dielectric fluids with permittivity of low temperature sensitivity - typical values
are y~ 1073 —10"1 K1, [58] - and temperature regimes in which the Boussinesq approximation
is fairly accurate, i.e. ||6p — (6* + 6)]|0,0 < 10 K, then the right hand side term in (3.35) is of
small order as well. If, in addition, the effect of regularization is moderate, i.e. ||V (®go — Po)]|
is small, one may conclude that the difference between (u*,0*) and (u, 6) is of moderate size. In
Section 6.3 this reasoning is substantiated by numerical experiments.

Following the previously stated idea of regularization, we propose another approximation to
Fpep, that is based on mollification of the electric potential. By replacing ® by Sy ,® (see
Definition A.110 for the mollification operator Sy ;) in the formulation of Fpgrp,, we are able to
construct a body force F = F,. that satisfies Assumption 3.12. This implies existence of a family
of solutions of Problem 3.18, {(u,, 0, ®,)},>0. Since Sy, converges pointwise to the identity
operator on LP(Q) as r — 0, see Lemma A.112, it is natural to ask whether a sequence of so-
lutions (uy,,, 0, , Py, )n with 7, — 0 converges in some sense. To answer this question, we need
to introduce another modification of Fpgp, to ensure that the associated growth parameters,
ap = ap(r) and bp = bp(r), stay bounded for » — 0.
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3 Analysis of the Stationary Problem

Definition 3.25. (Cut-Off Operator)
For K > 0 let my € L>®(R%) denote a Lipschitz continuous function with my (z) = z if |z| < K.
Define the cut-off operator
Py : LY(Q) = L®(Q)
g—MmMKgog.

By combining the previously defined operators, we may define a regularized electric gravity gg .

Definition 3.26. (Regularized Electric Gravity and DEP Force)
Let a mollifier ¢ and a cut-off function mg according to Definitions A.110 and 3.25 be given.
For r > 0 define the regularized electric gravity
gr,: H'(Q) — L3(Q)
® > g [P] = Pmy [V2Sy,r® - VSy,@].

The corresponding body force is defined by

F,: H(Q) x H(Q) — U*
(0,®) ~ —20.(0gp.,[®],) — ay(0g,-).

Lemma 3.27. (Properties of Mollified Body Force)
F, satisfies Assumption 3.12 with growth rates ap,bg being independent of r.

Proof. For ® € H(Q), note that the following estimates hold by means of Lemma A.112 and
Definition 3.25

IVSyr®lloe < Cl[VSyr®lloee < CCv(y,7)[@]

V28, @los < OIS, @oe < OO (0. 1)@ 50
gz [®]llo3 < Climgllo,cc
[Py [f1] = Pmgc[folllop < Lmgllf1 = fallop

with Ly, denoting the Lipschitz constant of mg and C denoting a generic constant that only
depends on 2 and p. The proof is abbreviated by setting the involved physical parameters to

1 and only considering the DEP part of F,, since the stated assertions easily follow for (fg,-).
Assertion (i) of Assumption 3.12 follows from the estimates

[(F-(01, @) — Fy(02, @), v)| < [|61 — O2|l|lge.+[®]l|o,3] Vo6
< CKg|mpg||o,00l01 — 02

12[| Vv

and
[(F (0, @1) — F. (0, @2), v)| < [0l[IV]l06llge[P1] — gE[P2]ll03
< KoLy 1012V V]|
(192850 (®@1 = @2)]0 VS 1

0,6

+ IV Sy (®2) [l0,61|V Sy (1 — <I>z)\|o,6)

0,6
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3 Analysis of the Stationary Problem

for arbitrary R > 0, ®;,6; € Bg(0, H}(Q)), ®,0 € H(Q),v € U and by using (3.36). Assertion
(i) follows from

|<F7‘(97¢)’V>’ = |(9gE,r[(I)]’V)’ < HgE,r[q)]

Olllv

0,3 0.6 < Cllmglocollfl1,2[V]lo.6,

i.e. bp = 0 and ar = C|mg|/p0. Finally, let weakly convergent sequences (0,,)n, (®y)n be given
with respective limits 6., ®, according to Assumption 3.12 (7i). Then,

|<F7’(9*7 (I)*) - FT(07M CI)n)’ V)’ S |<(9* - en)gE,T[(I)*]ﬂv)’ + |(6n (gE,r[(I)*] - gE,r[(I)n]) 7V)|
< Cllmxlo,0ol|0x — OnlloallVllo,6 + CLmy |0nlllIV]o6

(I92850(® = @) 06l V Sy, @ullos
\0,6)

Here, lim,, oo A, = 0 follows from ||®,, — D, |04 — 0, ||6, —0+]|0,4 — 0, the uniform boundedness
of |®y]1,2, [|0n]l1,2 and the estimates (3.36). O

+ V28 (@) [l0,61|V Sy (@4 — D)
=: A,

Due to Lemma 3.27, F,. satisfies the requirements of the existence Theorem 3.19 for all r > 0.
Under the remaining conditions of 3.19, one may now state the existence of a family of solutions
{(uy, 0y, ®,)}r>0 of Problem 3.18. Moreover, Theorem 3.19 provides energy bounds

V|| < Gu, VO] <Go, [V <Go (3.37)

with constants G; that depend on F, only via ap(r) = const, bp = 0. Thus, they are uniform
w.r.t. 7. Choosing an arbitrary sequence r, — 0 and using again the reflexivity of U,©, T (see
Theorem A.90 and A.96), one obtains functions u, € U, 0, € O, &, € T such that

u,, — Uy, 6,

—~0,, B, — b, (3.38)

n

By construction, ||gg ., [®r, +Pb][0,3 < Cllmk||o,0o and since L3(£2) is reflexive (Theorem A.84),
there additionally exists some gr € L3(£2) such that

8En ‘= 8E,r, [(I)rn] - gE (339)

For arbitrary test functions (v, 7, 3) € V x © x T of Problem 3.18, one now obtains convergence
of all bi- and trilinear forms as in the proof of Theorem 3.19, e.g. ay(u,,,v) = av(us,Vv), etc.
Moreover, the term (F,, (6, + 0, @, + ®p), v)u+ converges because of

|(0n8En, V) — (0+8E%, V)| < |(0+(8Ex — 8En), V)| + |((0r, — 0x)8En, V)|
< |(0«(gEx — 8Em), V)| + C|0r, — Oll0.4llgEnllo3]V
= A,.

06  (3.40)

Here, lim,,_,oc A, = 0 due to gg, — g, and the second term by uniform L3-boundedness of
gr.n and the compact embedding H'(Q) << L4().
These considerations are summarized by the following theorem.
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3 Analysis of the Stationary Problem

Theorem 3.28. (Ezistence of Solutions with Weak Approzimation of Electric Gravity)
Let the requirements of Theorem 3.19 and Lemma 3.27 hold. Then, there are (u,0,®,8p) €
V x O x T x L3(Q) such that for all (v,7,8) €V x O x Y:

d(u,v) +av(u,v) +cv(t,u,v) = —((0 4 0p)(2ae8E + 48), v) + (fv, v) U=
00+ 0y, 7) +ar(0+0p,7)+c (0,0 +0,,7) = (fr,T)o*
ag(f + 0y, @ + Dy, B) = (f3, B)x-

The connection between electric gravity g and electric potential ® is given in the sense that
there is a sequence (ry, ®p)n, C (0,00) x Y with

rn — 0
D, + O — O+ By in H'(Q) (3.41)
gi.r [Pn + By — Er in L3(Q),

with approximate electric gravity g, [Pn + Pp| given by Definition 3.26.

According to Theorem 3.28, we obtain a notion of a solution for the stationary TEHD equations
3.18, where the strong connection between electric gravity and potential (2.27),

gr(® + &) = V(D 4+ By) - V(O + &), (3.42)

is replaced by the weaker form (3.41).
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4. Analysis of the Instationary Problem

In this section, we consider the instationary TEHD Boussinesq equations, given by

du+ (u-V)u—vAu+Vp=F(0,?) +f,
V-u=0
00+ (u- V)0 — kA0 = f;
—V - (e(0)VP) = f5.

(4.1)

System (4.1) directly follows from the TEHD Boussinesq system (2.28) through replacing F pgp+
Fyuo by the general body force term F(0, ®), as it is done in the stationary case. In contrast
to the stationary system (3.1), (4.1) is only investigated in a completely nonlinear version. In
particular, the convection fields in momentum and heat equation are not given by predefined
functions u, u.

The instationary equations are subjected to the same boundary conditions as their stationary
counterparts, i.e.

u=0 ondQ=Ip+TIy
0=60p onT'p, VO-n=0onTy (4.2)
P=Pponlp, VP -n=0onTy.

The aim of this section consists in setting up an approriate variational formulation and defining
the notion of a weak solution for (4.1). Further, existence and stability of such solutions is shown
by the main result of this chapter, Thereom 4.3. The corresponding proof is an extension of the
proof of Theorem II1.4.1 in [77] for showing existence of weak solutions for the incompressible
Navier-Stokes equations. This result is obtained by a semi-discretization in time which leads
to a series of stationary problems. Existence of such semi-discrete solutions can be guaranteed
by the previously derived results for the stationary case. Using linear interpolation between the
associated time steps, an approximate solution that is defined for every point in the entire time
interval [0, 7] can be constructed. When the time step size k tends towards 0, one can show that
the corresponding sequence of approximate solutions converges in weak topology towards a limit
function that itself satisfies the variational formulation of the instationary system.

The outline of this section is as follows: first the variational formulation and the main result
are stated. The proof of this theorem is split into several subsections. After some preliminaries
in Section 4.1, the aforementioned semi-discrete problems are discussed in Section 4.2. In Section
4.3, the limit process for £ — 0 is investigated and the final proof of Theorem 4.3 is given. In
the concluding Section 4.4, the modeling of the DEP force is once again considered, since one
has to impose additional requirements compared to the stationary case.

For the remaining of this work, and if not stated otherwise, let ||- ||, x := || || zr(0,r;x) for some
Banach space X and p € [1,00]. Moreover, domain and physical parameters are subjected to
the previous conditions, Assumption 3.1 and 3.2, and the same function spaces U, V, M, ©, T
as defined in Section 3 are used. In addition, let Vy := V(Q), H := H(Q2) denote the closure
of {veD(Q)?: V-v=0}in H3(Q) and L%(Q), respectively, and Os := H?%(Q), see Definition
A.89 and A.95. The corresponding duals norms of these spaces naturally appear in the bounds
of the temporal variation of the semi-discrete solutions. The underlying bi- and trilinear forms
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4 Analysis of the Instationary Problem

will be the same as in Section 3, i.e.

ay(u,v) =v(Vu,Vv), cv(u,v,w) := (u-Vv,w)
a-(0,7) =k(VO, V1), cr(u,0,7) == (u-Vo,r) (4.3)
a6(97q)75) = (E(Q)V@,Vﬂ), b(“v Q) = (v -4, q)

The following notion of a weak solution is comparable to Definition 7.8 in [41]. There, the test
functions are split into purely space and time dependent contributions. The spatial variation is
done analogously to the stationary case, whereas the temporal variational formulation is posed
in C*°([0,T])*. Moreover, integration by parts w.r.t. d; is applied when deriving the weak for-
mulation from the classical formulation (4.1). Thus, dyu and 96 do not explicitly occur.

Problem 4.1. (Instationary TEHD Equations in Solenoidal Form)
Let initial conditions (ug,0p) € V x ©, boundary liftings (0, ®p) € H' () x HY(Q) source terms
fv € L*(0,T;U%), f, € L*(0,T;0%), fs € L°(0,T;Y*) and T > 0 be given. Find

uc L*(0,T; V)N L>(0,T; H)
6 € L*(0,T;0) N L>(0,T; L?)
® e L>°0,T; )

such that for all (v,7,8) € V. x O x T and ¢ € C*([0,T]) with (T) = 0:
/OT —(u, V)" + {ay(u,v) + cy(u,u, v)} o dt
_ /OT(F(G + 0, ® + ®p) + £y, v)u-1 di = (ug, v)(0) (4.4)
/OT —(0,7)% + {ar (0 + 0, 7) + cr(w, 0+ Oy, 7) } ) dt

- / (From)omtb dt — (09, 7)(0) (4.5)

T
0

T

Similar to the stationary case, the general body force F has to satisfy certain requirements. First,
since the instationary problem will be reduced to a series of stationary ones and the results of
Section 3 are reused, F has to satisfy all conditions posed in Assumption 3.12. Further, an
additional continuity result, similar to Assumption 3.12 (7i7), is needed for passing to the limit
k — 0. In Section 4.4, it is shown that the DEP models F, o, F, 0, Fq 1, given by Definition
3.23, satisfy this additional assumption as well.

Assumption 4.2. (Body Force for Instationary Problem)
Let F: HY(Q) x HY(Q) — U* satisfy Assumption 3.12 and for bounded sequences (0)n C
L2(0,T; HY), (®,)n C L>®(0,T; H) with

6, — 0 in L*(0,T; HY), 6, — 0 in L*(0,T;L?)
®, — & in L*(0,T; H')

assume that

T T
/0 (B0 (), (1)), Vyueh(2) dt — /0 (F(O(t), (1)), v)u-o(t) dt
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4 Analysis of the Instationary Problem

for all v € V() and ¢ € C*(]0,T)).

The following theorem states the existence of solutions of Problem 4.1. For solutions that are
constructed in the course of the proof of Theorem 4.3, further properties can be deduced. For
instance, these solutions turn out to be weakly differentiable w.r.t. ¢ according to Definition
A.66 and the corresponding derivatives are L'-integrable. Moreover, the norm of these solutions
can be bounded by the input data.

Theorem 4.3. (Existence of Instationary Solutions)

Let Assumption 4.2 hold and assume that the boundary lifting 0, is chosen such that ||0p0,3 is
sufficiently small in order to meet the requirements of Lemma 4.10 and 4.15. Then, there exists
a solution (u,0,®) of Problem 4.1. In addition, u and 0 are weakly differentiable w.r.t. t and
there holds w' € LY(0,T;V*), ¢ € L'(0,T;0*). Furthermore, the following estimates hold

[ullocn < Gueoln and |[uflav < Guav
[u'll2;vy < Gwavs
10/lo;z2 < Gooo,z2 and [|0]l20 < Goae
10']|2:05 < G2,
|®]2r < VTGs,

with constants G. that only depend on the problem data and which are defined in Corollary 4.17.

The proof of Theorem 4.3 is an extension to the proof of Theorem II1.4.1 in [77] and it is split
into several parts given in Section 4.1, 4.2 and 4.3. The summary of the proof is given in the
end of Section 4.3.

4.1. Preliminaries

In this section, certain preliminary results are collected which are frequently used for proving
Theorem 4.3.

Lemma 4.4. (Lemma II1.4.1 in [77])
The trilinear forms ¢y and ¢, satisfy

Ky o= sup cv(, v, W) < 00
uvev\{0},weva\{o} [ul[[VV([[lw]22
0
K9 := sup cr(u,6,7) < 00

uev\{0}.0e0\{0},re0\{0} alIVT[[[|7[l2,2

Proof. The assertion for ¢y is shown in Lemma ITI.4.1 in [77], the assertion for ¢, follows analo-
gously. O

Lemma 4.5.
Let u € L*(0,T;V) N L>(0,T;H), § € L*(0,T; H') N L>=(0,T; L?) and ® € L>(0,T; H').
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Moreover, let Assumption 4.2 hold. Then,

0,7] >t~ ay(u(t),-) is an element of L*(0,T;U*)
) is an element of L*(0,T;©%)
®(t),-) is an element of L*°(0,T;Y")

( t),-) is an element of L*(0,T;U*)
St e (u(t),0(t),-) is an element of L'(0,T;0%)

]
]
|>t—ag
]
]
15t~ F(0(t),®(t),) is an element of L*(0,T;U*).

Proof. The result for ag follows from [|ag(6,®, )|y < €1 ||V®| according to Assumption 3.2.
The assertion for ¢y is shown in Lemma II1.3.1 and II1.4.2 in [77], the assertion for ¢, follows
analogously. According to Assumption 4.2, |F(0,®,)|ju+ < ap(||®|1,2)]|0]l1,2 + or(||®]|1,2) with
non-decreasing functions ag and bg. ]

The next lemma shows that for converging sequences of velocity and temperature, the corre-
sponding convection terms converge pointwise, i.e. for a fixed choice of test functions.

Lemma 4.6. (Convergence of Convection Terms, Lemma II1.3.2 in [77])
Letu e L?(0,T;V) N L>(0,T;H) and § € L?>(0,T; H') N L>(0,T; L?). Let sequences (), C
L2(0,T;V) N L>®(0,T;H) and (0,), C L*(0,T; H') N L>(0,T; L?) be given with

u, — u in L*(0,7;V), u, — u in L*(0,T;H)
6, — 0 in L*(0,T; HY), 6,, — 0 in L*(0,T; L?).

Then, there holds for all v € C1([0,T] x Q)% and 7 € C1([0,T] x Q)
T T
/ o (W (£), p (1), v (1)) dt — / eo(u(t), u(t), v(t) dt
0
T
/0 cr(up(t), On( dt—>/ cr(u ,T(t)) dt

Proof. The assertion for ¢y is shown in Lemma II1.3.2 in [77], the assertion for ¢, follows analo-
gously. O

When deriving a semi-discrete, stationary formulation of Problem 4.1, the time-continuous source
terms £y, fr, fg need to be transformed to piecewise-constant sequences which converge towards
the original source terms as the time step size converges towards 0. This is done by taking the
average over small time intervals, as shown by the following lemmas.

Lemma 4.7. (Lemma II1.4.5 in [77])
Let X denote a Banach space and f € L?(0,T;X). Let N € N and k = % be given and define

mk
fmzzl/ f)ydte X form=1,--- N.
k Jim—1)k

Then,

N T
k ™3 3 dt.
31 < / £ dt
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Lemma 4.8. (Lemma II1.4.9 in [77])
Let X denote a Banach space and f € L*(0,T;X). For N € N and k := % let elements f™ € X
form=1,---, N be given according to Lemma 4.7. Define

N
N 0,T] = X, 6> ™ X)) (1):

m=1

Then, fx — f in L?(0,T;X) as N — oc.

4.2. Semi-Discrete Problem

In this section, a semi-discrete formulation of Problem 4.1 is considered. Following the approach
proposed in chapter I11.4 in [77], this formulation is derived by applying the implicit Euler time
stepping scheme to the continuous equations. In this way, the stability and existence results for
the stationary case, Section 3, can be reused to analyze the sequence of semi-discrete solutions.

Problem 4.9. (Semi-Discrete Problem)
Let T > 0, initial conditions (g, 0o), boundary liftings (0, ®p) and source terms fy, f-, fg be
given as in Problem 4.1. For N € N, k = % a sequence of stationary problems is given for
1<m<N:

Find (u™,0™,®™) € V x © x Y such that for all (v,7,8) € VX O x T:

1
%(um — um_l,v) +ay(u",v) + ey (U™, u", v) = (F(0™ 4 0y, " + Pp) + £, V) U+

1
%(Hm —gmt )+ ar (0™ + 6y, 7) + c (0,0 + 0, 7) = (fI, T)ox
aﬁ(gm + 0b7(bm + q)b76) - <fgLaB>T*7

where £, [T, f5" are defined according to Lemma 4.7 and (u?,6°) := (o, o).

The following lemma shows that a sequence of semi-discrete solutions exists for each N > 1.
This result is a direct consequence of the stationary existence Theorem 3.19.

Lemma 4.10. (Ezistence of Semi-Discrete Solutions)
Let Assumption 4.2 hold and assume that 0y is chosen such that ||0||o3 < d(ar(Goe,)) with d
given by Lemma 3.18 and ay given by Assumption 3.12, i.e.

1 K
d(s) = - with K = ?VG 8(K2+1)

ag: [0,00) — [0,00) non-decreasing

and
2 €4+ 1
Goo, = \/ K3 +1Go + [ Poll12,  Go = —IV®[l + —|lfsllocrr.
Then, there exists a sequence of solutions {(u™, 0™, @m)}N of Problem 4.9.

m=1
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4 Analysis of the Instationary Problem

Proof. For fixed m € {1,..., N}, the corresponding stationary equations defined in Problem 4.9
fit into the framework of Problem 3.18 with § = % and source terms (in the notation of Problem
3.18)

SN Do
fr = £ (07T 4 0)

fs = 15"

Moreover, let

1,2

o, =\ K5 +1Gg + ||

Gg = fHV%H + ZHfﬁ |

T*-

Since [|f5'[|v+ < || flloo;x+, there holds
d(ar(Gg,)) = dlar(Ge,s,)) = [[0b]|0,3-
Thus, the requirements of Theorem 3.19 are satisfied and a solution (W, 0y, @,,) exists. O

Based on the solution of Problem 4.9 for some N > 1, one may now construct associated func-
tions that are defined for all ¢ € [0, T] by using characteristic functions and linear interpolation,
see I11.4.2 in [77].

Definition 4.11. (Sequence of Approximate, Instationary Solutions)
Let the assertions of Lemma 4.10 hold. For given N € N let {(u'{, 0}, @ﬁ)}N CVxOxT

m=0
denote the sequence of semi-discrete solutions of Problem 4.9. These solutions exist according to

Lemma 4.10. Define interpolating functions

uy: [0,7) = V, un(t) =uly forte[(m—1)kmk), 1<m<N

On:[0,T) = ©, On(t) =03 forte|[(m—1)kmk),1<m<N

On:[0,T) =T, On(t) =D forte[(m—1)k,mk), 1<m<N
:[0,T) =V, continuous and piecewise linear with wy(mk) = ufy, 0 <m < N
: 10,7

NN — ©, continuous and piecewise linear with ny(mk) =63, 0 <m < N.

In addition, let functions
fy n:[0,7] — U*
f97N: [O,T] — O
fq)’N: [O,T] — T*
be given according to Lemma 4.8.
Using Lemma 4.10, we can suppose that the sequences given by Definition 4.11 do exist for all
N > 1. Moreover, the notation {(un,wn,0n,nn, PN, fv N, frn, fa,n)}y Will always refer to

Definition 4.11 and we assume that N > T, i.e. kK < 1. The next lemma shows in which sense
the constructed sequence of Definition 4.11 solves the instationary problem 4.1.
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4 Analysis of the Instationary Problem

Lemma 4.12. (Approzimate Instationary Solution)
For all (v,7,8) € VxO x 7Y and ¢ € C*([0,T]) with ¢»(T) = 0 there holds

T
LAWMﬂW+M$mNH%&WMmWWﬁ

T
_ /O (F(O + Oy Dy + By) + £y s V)us b — (ug, v)¥(0)

T
/0 —(nn, TV + {ar (08 + 6y, 7) + cr(un, On + Oy, 7)Y dt

T
—A<ﬁwmwwdt — (09, 7)(0)

T
/o {ag(On + Oy, O + Py, B)YY — (fo.n, B)x~} Y dt = 0.

Proof. Let t,, := mk. There holds

T
A ~(wa (1), V) (1) dt

N tm
= Z {/ (W§V(t)7 V)¢(t) dt — (WN(tm)’ V)w(tm) + (WN(tm—l)v V)d}(tm—l)}
m=1 tm—1
N tm
:Z;{Lﬂiwﬁ—ﬂeﬂwwwﬁ}+mmwwm
Analogously,

Moreover,

T N tm N ton
A<mmwwmwwMﬁ=§;/ o uvd= > [ @ v
tm—1 m=1"tm-1

and, analogously,
T N tm
| v nasvat =30 [ (g et a
0 m=1"tm-1

T N tm
| tanrovwae =3 [ mrve
m=1"7tm-1

(4.7)

(4.8)

(4.9)

Taking into account that uy, 0y, ® are piecewise constant, the assertion follows by multiplying
the equations in Problem 4.9 by 1, integrating over [t,,—1,t,] and summation over 1 < m <

N.
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4 Analysis of the Instationary Problem

The goal for the remainder of this subsection is to derive upper bounds on the norms of the
approximate solutions {(uy, wx,0n,nn, ®n, fv. N, fr.N, f3,5)} that are independent of £ and
N. This result will allow us to state the existence of a weakly convergent subsequence in Section
4.3. Afterward, one can pass to the limit in the variational formulation (4.7), (4.8), (4.9).

First, the following two lemmas show that these norms can be bounded by the respective
norms of the semi-discrete solutions.

Lemma 4.13. (L°°-Norm Estimation)
There holds

u H= ma uV|l and ||w H = ma ulyy
fuvlocn = o JuRl] and fwnlon = max R,
0 72 = o d r— o
102 [l oo; 2 B 16X and (|1 |oo; 2 mer{%?fm\l Nl
[®nlloor =  max H‘I’ [

me{0,...,N

Proof. The stated assertions hold due to the piecewise linear and piecewise constant in-time
definition of uy, wy, On, ny and Oy O

Lemma 4.14. (L?>-Norm Estimation)
There holds

N N
lunl3y =k [[Vui? and w3y <k [IVuf|?,
m=1 m=0
N N
Ioxl5e =k IIVER? and |Inyl5e <k IVORI
m=1 m=0
N 1 N
Wi ll3vs = Z i — w3y and [nyl3es = z > 168 — 0% I3
m=

Proof. Let ¢: [0,T] — R denote a piecewise linear function with v; := ¢ (ik) for i = 0,... N.
Then, by the Simpson quadrature rule,

k 1
/ (D)7 dt = Z/Z e (D) dt = Z 5 (W%—ﬂz + [l +4]5 (i +1/fz‘)2>

(W}z 1‘2 + ‘sz)

=2

Mz i
N |

=1

N
< kZW)z"Q'

=0

In this way, the assertions for wy and ny follow. The assertions for uy, 0x, w'y and njy, directly
follow by the fact, that these functions are piecewise constant in time. O

Now, the norm of the semi-discrete solution for some fixed N > 1 is bounded independently of
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4 Analysis of the Instationary Problem

N. The first estimate, Lemma 4.15, is a modification of Lemma 3.13 in the stationary case. The
latter one cannot be simply reused, since one has to ensure that the derived upper bounds are
uniform w.r.t. N. A comparable result is given by Lemma II1.4.4 in [77].

Lemma 4.15. (Stability of Semi-Discrete Solutions I)
Let {(u™, 6™, @m)}ﬁzo denote the sequence of semi-discrete solutions of Problem 4.9. Let As-
sumption 4.2 hold and assume that 0y is chosen such that ||6yl03 is sufficiently small, i.e.

VK 1
0 < ’
16 ]l0,3 < 8(K2 + 1)Kg ar(Ga,a,)

with Ge.3, given by Lemma 4.10.
Then there exist nonnegative constants Ge (given by Lemma 4.10) and D, {c;}i, (given by
(4.25)) that only dependent on the input data but not on N, k such that

IVe™|| < Go for m=1,...,N
a|lu™|? + ag|0™|> < D for m=1,...,N

N
Z (OélHum - um—lHQ +062H9m _9m—1H2) < D

m=1
N
B (o3| Vu™|? + ou||VO™(?) < D.
m=1
Proof. Setting 8 = ®™ in Problem 4.9 and using € € [e_, €1 ] according to Assumption 3.2 yields
V8™ < 2 (s [V + 175 ) <

(e+[[V®s|[ + [ fllooir*) = Go. (4.10)

Consequently,
H(I)m—l-(I)bHLQ SG(}@b form=1,...N, (411)

with G¢ ¢, defined in Lemma 4.10. Setting v =u'", 7 = 0™ in Problem 4.9 yields

Ly = (0™ —u™ 1 u™) + kv||Vu™|?

= K(F(0™ + 0y, @™ + By) + £, u™)y- =R (4.12)
Ly := (0™ = 0™ 1, 0™) + ks | VO™ |?
= — k(V, VO™) + ker (0™, 0™, 0y) + k(f™, 0™)ox =: Ry. (4.13)

The respective left-hand sides of (4.12) and (4.13) can be reformulated to

1 m m— m m— m
Li =5 (|l 1P = ™72+ a™ = o™ ) + kvl Vu (4.14)
1 m m— m m— m
Ly = 5 (Il6 12 =110 + 10 — 077 H|P) + ksl [ VO™ (4.15)
Using Assumption 4.2, (4.11) and Friedrich’s inequality, the right-hand side of (4.12) can be

estimated from above by

Ry SECT'||[Va™ | + kCe[[Va™[[[[V6™]] (4.16)
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4 Analysis of the Instationary Problem

with
C" = £l u-

CQ = aF\/KQZ—i-l

agp ‘= aF(Gq)@b)
bF = bF(G<I>,<1>b)-

On the other hand, Ry can be estimated from above via

Ry < EC3[[VO™[| 4 kC4l|Op[los Vo™ [[[V6™| (4.17)

with
C3" = K[|V || + || £l

04 = Kg.
Combining (4.14) and (4.16) and using Young’s inequality yields

2(Cm)2 202
0™ = ™ )2 + 0™ — 0™ kv || Vu™? < ( Vl ) k+ U%uvam”?

=Um

=: CI"k + Cgk|| VO™ ||%. (4.18)

Analogously, combination of (4.15) and (4.17) yields

077 = 1012 4 0 = 072 ko 02 < 2B 22
=:Tm
= C7'k + C’ng@bH%gHVumH% (4.19)
Combining (4.18) and (4.19) gives
C
U™ + kv|Vu™| < CI'k + i (CFk + Csk||6p]12 5| Vu™ |2 — T™) . (4.20)

Choosing 6, such that %Hﬂbﬂgﬁ < 4, (4.20) can reformulated to

C CeCT"
U™+ S kY vum)2 < k (cg” + 5T > = C'k. (4.21)
K 2 K
Combination of (4.21) and (4.19) yields
2C C
T kYO < O+ 2Ryl ok - o - o),

which can be rewritten as

FT™ 4+ FU™ + ks||[ VO™ |2 < Fi'k, (4.22)
with 00
Fl=1+ 6Ls
208
Fy = HHbHOS
2Cs

=7 jL709 ”9b||03
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4 Analysis of the Instationary Problem

Adding (4.21) and (4.22) gives
m 06 m v m||2 m||2 m m

With ay := 1+ F5, as := (% + Fl) , a3 =5, ag =k and af’ := Cg" + F3", we finally obtain
U™ + aoT™ + kas || Va™||* + kag||VO™|? < al'k. (4.23)

By carefully tracking the m-dependent contributions to af* (CT*, C§*, CL*, CF*, Cg") one can
state the existence of di,ds,ds > 0, only depending on the input data, but not on m, N and k,
such that

af < d|E7 |G + dol| 7 1E- + ds.
Thus, by virtue of Lemma 4.7 one obtains

N
k Z 0475n < lefvug;U* + dQHfTH%;@* +dsT.

m=1

Taking the sum in (4.23) for m =1,--- ,r with r € {1,--- , N}, gives

T r
arlu P+ a1 Y [lu™ — a4 agk Y [[Va”?
m=1

m=1
T '
o071+ oz > 07— 0P+ ok > VO™
m=1 m=1
< di|[fy |30 + dall fr 1150+ + ds T + axlfugl* + 2|60 (4.24)

The assertion now follows from (4.10) and (4.24) with constants given by

D = di||tv|30- + dall frl130+ + da T + aa|[uo|* + az||6o]”
ar = 1+ 4Kg[10s 5 5 (ve)
= 1+ 203 (K3 + 1) (v) ™" (1 + 4K3)65/13 5(vr) )
as = 0.5v
oy =K (4.25)
dy = 8v~" (1 + 4Kg||0u |5 5(vr) )
dy = 4r~1 (1+ 205 (K3 +1)(vk) ™! (1+ 4Kg\|9b\\a3(yﬁ)_1))
ds = 48[ VO|1* + (1 + 4KG[165[I5 5(v) ")
- (87 (aRlI6s]1T 2 + bE) + Bap (K3 + 1)[[VO|Pv ).

O]

Whereas the previous lemma provides bounds on the L?(0,T; H') and L°°(0,T; L?) norms of the
semi-discrete solution, the following lemma shows that the L?(0,7;V3) and L?(0,7;©3%) norm
of w' and 7/, respectively, can be bounded independently of N. At this point, an H?-regularity
of test functions is needed to bound the convection terms cy(u,u,-), ¢-(u,0,-) in terms of a
product of L?- and H'-norm.
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4 Analysis of the Instationary Problem

Lemma 4.16. (Stability of Semi-Discrete Solutions II, see Lemma II1.4.6 in [77])
Let the assumptions of Lemma 4.15 hold. Then, there exists a constant Ds, independent of N,
k, such that

N
1 m m— 1 m m—
e 30 (I = 4 Om - o | < Da
m=1

Proof. In the following, C' denotes a generic (varying) constant that is independent of k, m and
N. Using Lemma 4.4 and Assumption 4.2, there holds for arbitrary v € Vo,

(™ — ™ V)| < O (V™ [[| V] + [ [V a™ [ V22 + £ ][u- [V Vi)
+C (ap (9™ + Pmll12)[[6™ + Obll12[ VY| + 0p([| 27 + Pr[1,2) [V V) -

1
z

With ||®" 4+ ®p|12 < G0, for all m according to Lemma 4.15, one obtains by taking the
supremum over all v € V3 and Young’s inequality,

1 m m— m m m m m
|2 (™ =™ D < C(IVa™ P + [ PIVa™ |2 + [£7]G- + VO™ [* + 1)

Using Lemma 4.7 and 4.15, multiplication by k£ and summation for m =1,..., N, yields
Ny N N N
> I (™ — u" |3 <0 (k Do IVuT P+ kY ADIVe" P+ kY Hﬂ”l!?p)
m=1 m=1 m=1 m=1

N
+C <k: Z V6™ + T)
m=1

<C(D+D*+ ||t |3u- + D+T),

with constant D given by Lemma 4.15. Now, let 7 € O3 be arbitrary. Then, by Lemma 4.4,

1 m m— m m m
Z(@" — 8 177)\§C<(HV9 I+ IV IDIVTI+ ™[IV [ + (VO] 7ll2.2

+ 1o 1971)).

@*

Thus,

1 m m— m m m m
I (O™ = 0™ DlE < C (VO™ I* + V6% + [[a™ P(IVO™ [ + [ VOlI*) + 1 £7]16-)

and, similarly as before,
Mo
kY 10" = 0™ Dlle; < C (D + TV + D* + DTV, + || f-Ilze-) -
m=1
O

Combination of the previous lemmas now yields bounds on the sequence of approximate insta-
tionary solutions that are independent of N.
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4 Analysis of the Instationary Problem

Corollary 4.17. (Boundedness of Approzimate Instationary Sequences)
Let the assumptions of Lemma 4.15 hold. Then, there holds for all N € N

lun||oot < GuooH, [[un|l2v < Guov

IWN|looH < Guoo,Hs W |l2:v £ Guov

[Will2;vy < Gw2vy
10N llooir2 < Gooo 2 [1ON]20 < Goze
N loo;z2 < Gooor2s IMNll2:0 < Goz0
Innllze; < Gzes

HQNHOO;T < G<I>7

with constants

GuooH i= max{HuOH, Dal_l}  Gooo 12 1= max{”ﬁol, Do@l} ,

Gu,Q,V = \/||Vu0||2 + Dagl’ G9727e = \/HVHOHQ + Dazl’
Gwa,vs =/ Dy, Gpoe5 == VD2,

that are independent of k and N. Here, the constants D, Do, {ai}?zl and Gg are given by the
previous lemmas.

Proof. Follows by combination of Lemma 4.13, 4.14, 4.15 and 4.16. O

4.3. Passage to the Limit

In this section, we first show that the previously constructed sequences converge as N — oo in
various meanings. This is the result of Lemma 4.18, 4.19 and 4.20. Afterward, we investigate
how this convergence translates into convergence of the individual terms in the variational for-
mulation (4.7) - (4.9).

Lemma 4.18. (Strong Limits I, see Lemma I11.4.8 in [17])
Let the assumptions of Lemma 4.15 hold. Then, there holds

uy — wy — 0 in L*(0,T; H)
On —nn — 0 in L*(0,T; L?).

Proof. According to Lemma II1.4.8 in [77] there holds

=l :
fux = wlla = /5 (Z Ju; - u%‘ll!2> -
m=1

Thus, uy — wy — 0 follows from £ — 0 as N — oo and Lemma 4.15. x5 — ny — 0 follows
analogously. O
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Lemma 4.19. (Weak Limits)
Let the assumptions of Lemma 4.15 hold. Then, there are elementsu € L?(0,T; V)N L>(0,T; H)
withw' € L*(0,T;V3), 0 € L20,T;0)NL>®(0,T; L?) with ¢’ € L?(0,T;©3%) and ® € L>°(0,T; )
and a (not relabeled) subsequence of {(un,wn,0n,nn, PN)}y such that
uy —u in L*(0,T;V) and uy — u in L°°(0,T;H)
wy —u in L2(0,T;V) and wy = u in L*°(0,T; H)
why —u’ in L*(0,T;V3)
Oy — 0 in L*(0,T;0) and On — 0 in L>=(0,T;L?)
nv — 0 in L*(0,T;0) and ny =6 in L=(0,T;L?)
iy — 0 in L*(0,T; ©3)
Oy — @ in L20,T;Y) and ®y = & in L=(0,T; ).
Proof. By Theorem A.96, the spaces V, Vo H, 0,05, T are reflexive and separable. According
to Lemma A.24 and Lemma A.26 the same holds for V3 and ©3. Thus, all considered spaces
L?(0,T;-) are reflexive according to Theorem A.55. By the boundedness stated in Corollary
4.17 and the reflexivity of the spaces L?(0,T};-), there exist elements u,w € L2(0,T;V), gw €
L%(0,T; V%), 0,n € L*(0,T;0), gn € L?(0,T;0%) and ® € L?(0,T;Y) and corresponding subse-
quences (not relabeled) with
uy —u in L*(0,T;V)
wy —w in L*(0,T;V)
Wi — gw in L2(0,T;V3)
Oy — 60 in L?(0,T;0)
v —n in L*(0,T;0)
77?\[ — gn In L2(07T§ 03)
Oy — & in L*(0,T;7Y).

Moreover, by Lemma A.61 and the L°°(0,T};-)-boundedness, there are u,,w, € L*(0,7;H),
0.,ms € L*(0,T; L?) and ®, € L*>(0,T;Y) (and another not relabeled subsequences) such that
uy = u, in L>(0,7;H)

Wy — w, in L>°(0,T; H)

Oy = 0, in L>(0,T; L?)

N = 1. in L0, T; L)

Oy = d, in L=(0,T; 7).

The weak convergence uy — u in L2(0,T; V) implies
T T
| vt soyae— [ . a
for arbitrary f € L%(0,T;H). Due to uy Xu, in L*>(0,7;H), there holds

T T
/ (un(t), g(t)) dt —)/ (u.(t), g(t)) dt for all g € L1(0, T; H).
0 0
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4 Analysis of the Instationary Problem

Since L?(0,T;H) C L'(0,T;H), there holds u = u, in L?(0,7;H), i.e. u = u, for almost all
t € (0,7). Analogously, w = w,, 6 = 0., n = n,. A similar procedure (with both, V and H,
being replaced by T) shows that &, = ®.

Moreover, uy — Wy — u — w in L*>(0,T;H) implies X convergence in L2(0,T;H). On the
other hand, uy —wy — 0 in L?(0,T; H) according to Lemma 4.18, and therefore, uy —wy — 0.
Thus, u —w = 0. Analogously, 0 = 7.

Finally, as wy — u in L%(0,7;V) and wi — gw in L?(0,T;V3), there holds v/ = gy
according to Lemma A.75 with X =V and Y = V3. Analogously, g, = ¢'. O

Lemma 4.20. (Strong Limits II)
Let the assumptions of Lemma 4.15 hold. Then, there holds

wy — u and uy — u in L?(0,T; H)
ny — 6 and Oy — 0 in L*(0,T; L?)

for (u,0) and not relabeled subsequences of the subsequences given by Lemma 4.19.

Proof. Lemma 4.17 implies that {wxy}y is a bounded sequence in W(0,7;2,2,V, V%) = W.
According to Lemma A.74, W is reflexive and W << L?(0, T; H) according to Theorem A.71.
Thus, there exists a subsequence (not relabeled) {wy}y that converges weakly to w, in W. By
the compact embedding and Lemma A.35, wy — w, in L2(0, T; H). Moreover, weak convergence
in W implies weak convergence in L?(0,7T; V) since W C L?(0,T; V). According to Lemma 4.19,
wy — uin L?(0,T;V). Thus, w, = u. uy — u in L?(0,T; H) follows from Lemma 4.18. The
assertion for 6 follows analogously. O

For the remainder of this section, {(un, wn,On,1nn, Pn)} 5 always denotes the final subsequence
chosen in Lemma 4.20 and (u, 8, ®) denotes the weak limits introduced in Lemma 4.19. Hereby,
it is implicitly assumed that the necessary requirements, see Lemma 4.15, are satisfied.

The series of upcoming lemmas now show that all terms of the system provided by Lemma
4.12 do converge.

Lemma 4.21. (Convergence of Time Derivative)
Let (v,7) € V x © and ¢ € C*([0,T]) be arbitrary. Then,

T T
/ (wa(8), V) (e) d — / —(u(t), V) (1) dt
0 0

T T
/ —(nn (t), 7)Y (t) dt — / —(0(t), 7)Y (¢) dt.
0 0

Proof. Follows from wy — u in L?(0,T;V) and ny — 6 in L%(0,T;0). O
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Lemma 4.22. (Convergence of Bilinear Forms)
Let (v,7) € V x © and ¢ € C*([0,T) be arbitrary. Then,

T
/ ay (W (t), dt—>/ ay(u W(t)dt
0
T
/ ar(nn(t), t)dt — / a- (0 P(t) dt.
0
Proof. Follows analogously to the proof of Lemma 4.21. O

Lemma 4.23. (Convergence of Convection Terms)
Let v e V(Q), 7€ CF(Q) and p € C([0,T]) be arbitrary. Then,

T T
| et v i [ e, u. v a
T
/ cr(un(t), On (L) + Oy, 7)1p(t) dt — / c-(u ) + O, T)3(t) dt.
0
Proof. The assertion follows directly by Lemma 4.6 with v(t) := ¢ (t) v € C1([0,T] x Q)%. The

assertion for ¢, follows analogously. O

Lemma 4.24. (Convergence of Force Terms)
Let Assumption 4.2 hold. Let v € V(Q), 7,5 € CF () and ¢ € C>([0,T]) be arbitrary. Then,

T
| on (o) + o020 + @) vyu-vit e - / 0(t) + 0, B(t) + By), v) g d(t)
’ T
/O<f N (1), v)ury dt—>/ p(t) dt
/<fTN<> "ot dH/ (fr (8), T)er () dt
T
| than(®), 8yr-vie) - / Fa(t), B)reb(t) d.
0 0

Proof. The assertion for fy, f;, fg is a direct consequence of Lemma 4.8. The assertion for F
holds by Assumption 4.2. O

Lemma 4.25. (Convergence of Gauss Bilinear Form)
Let B € Cy () and ¢ € C*°([0,T]) be arbitrary. Then,

T
/0 CLB(GN(t) + Oy, PN (t) + Py, B)Y(t) dt — / ag )+ Oy, @(t) + Py, B)1)(t) dt.
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Proof. There holds

T T
/D a5 (O (£) + O, D (£) + By, B)(t) dt — /0 as(0(1) + Oy, B(t) + By, B)(1) dt

T
< / (B (t) + B6) — e(B(t) + 6,))V (D (1) + By), VA)| (1) dt

_|_

T
[ (et + 09 (@n(t) - 20, 95)600 dt\
=L+

Considering I,

T
L] < /O Lellon(#) = 0V (@n (1) + @) [[[[VBlloo|ib(2)] dt

< Le|lOn = Ollo;z2 (1PN lloosr + [[Poloor) [[VBloo |90 ]|2:r
< L(Go + [[VON IV Bllsolltll2ir 1|08 — 6|2,
= AN,

where limpy_, o, Ay = 0 since Oy — 6 according to Lemma 4.20. Moreover, let
L: L*(0,T;7) - R

T
. /0 ((e(B(t) + 0,) VB (t), VB)b(t) dt.

Since |L®| < ei||9]l2&[|VB]||®|l2;x, there holds L € L*(0,7;Y)*. Thus, Iy — 0 since &y — &
in L2(0,T; 7). O

After considering the individual terms, the validness of the complete momentum and heat equa-
tion, as well as Gauss’ law, are shown.

Lemma 4.26. (Momentum and Heat Equation)
Let Assumption 4.2 hold. Then, (u,0,®) satisfies (4.4) and (4.5) for all v € V, 7 € © and
¥ € C>([0,T).

Proof. Let C denote a generic constant that only depends on problem data. For ¢ € C*°([0,T1)
arbitrary but fixed, define the linear maps

Ly:V =R
T
Vi /0 —(u(t), v)¢'(t) + {av(u(t),v) + ev(u(t), u(t), v)} o (t) dt
T

- /O (F(O(0) + O, B(t) + By) + Fy (1), v)u-h(0) dt

— (10, v)9(0)
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and

L;:©®—R

; »—>/ 1)+ {ar(008) + 0y, 7) + e (001), 0(E) + 0y, 7)} (1) dt

A<ﬁ0,>w®ﬁ
— (60, 7)1(0).
Combining Lemma 4.12, 4.21, 4.22, 4.23 and 4.24, (4.4) and (4.5) hold for all v € V(Q), T €
Cy () and ¢ € C*°([0,T1), which is equivalent to
Lyv =0 for all v e V(Q)
L7 =0forall T € CH(Q).
Moreover, there holds for all v € V' \ {0}
\va\
<C(|
ov =
+C (||OLF(||<I> + @pl1.2) om0 + Obll2; 0 ||¢J||2;R)
+ C([1br (|9 + Poll1,2) oo ¥ [l2 + [ ll270 [1¥]|2 + [[uoll[(0)])

< 00

®)

where we used that ||®|loc.;y < 0o and the properties of ap, bp according to Assumption 4.2.
Moreover, for 7 € © \ {0}:

|LT7-‘
VT || B

C (10120119 Iz + 110 + Ollo;rr1 4]l 2)

+C ([lullzv [0+ Oollz; e [ ¥l oo + [Lf-l120-
< 0.

Vll2:r + 160][12(0)])

Thus, both Ly and L. are bounded. Since V(£2) and C%(2) are dense in V and ©, respectively,
there follows

Lyv=0forallveV
L,7=0forall T € ©.

Since v was chosen arbitrarily, the assertion follows. O

Lemma 4.27. (Gauss Law)
(u,0,®) satisfies (4.6) for all 5 € Y and ¢ € C*(]0,T)).

Proof. Combining Lemma 4.12, 4.24 and 4.25, (4.6) holds for all 5 € C%(€2) and ¥ € C*°([0, T7).
Consider the linear map for an arbitrary, fixed » € C*°([0,T7).

L: YT —-R

T
ﬁH/’ +%V@@+¢mvmwwﬁ—é<m@wnwwﬁ-
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Then,
ILA| < ex[|® + Ppllo |9 ll2 VI + [ folloorr- ¢ lr VA,

i.e. L € T*. Since LB = 0 for all 8 € CPy(2) which is dense in T by definition, (4.6) holds for
all e T. O

The proof of Theorem 4.3 is now given by combination of Lemma 4.26, 4.27 and can be completed
by the following statement.

Proof of Theorem 4.3

Let u € L2(0,T;V) N L>®(0,T;H), 6 € L*(0,T;0) N L>(0,T;L?), ® € L>¥(0,T;Y) denote
the weak limits given by Lemma 4.19. The corresponding sequences do exist and the required
stability properties hold due to Lemma 4.10, 4.15 and 4.16. Then, (u,f,®) is a solution of

Problem 4.1 by means of Lemma 4.26 and 4.27. In order to show the stated weak differentiability,
define

ha: [0,7] = V*
t—= —av(u(t),) —cv(u(t),u(t), ) + FO(t) + 0, 2(t) + Pp) + fv (1)
hg: [0,T] — ©*
Es —ar(O(8) + 03, ) — er(u(t), 0) + 05, ) + [(1).
According to Lemma 4.5, hy, € LY(0,T; V*) and hy € L'(0,T; ©*). Since (u, 6, ®) solves Problem
4.1, there holds for all (v,7) € V x © and ¢ € D(0,T)

T T
/ (u(t), V)t (t) dt = / (ha(£), V) () dt
0 0

. . (4.26)
| —tw.nev0d= [ o) me-vit)at
0 0
Using the reflexivity of V and ©, Theorem A.96, (4.26) is equivalent to
T T
| =t v @t = [ a0yt d
0 0 (4.27)

T T
/ (T, 0(t)) @l () dt = / (T, ho(t))r-3p(t) dt
0 0

for all v** € V** 7 € ©* and ¢ € D(0,T). Thus, by Theorem A.67, u' = hy, and 6’ = hy.
Moreover, u and 6 are a.e. equal to a continuous function from [0, 7] to V* and ©*, respectively.

Finally, the norm bounds for {(un,wn,0n,nnv,Pn)}n given by Corollary 4.17, the weak
convergence of these sequences towards (u,u’, 0,6 ®) stated by Lemma 4.19, together with

Lemma A.34 and A.60 on the norm of weak limits yields the stated norm estimates.
O

4.4. Modeling of DEP Force

As in the stationary case, the formulation of the DEP force has to be given in such a way,
that the requirements of the existence Theorem 4.3 are met. In Definition 3.23, we already
introduced certain formulations for F that are based on linearization around a base potential
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4 Analysis of the Instationary Problem

and showed that these forces, Fy o, Fq 0, Fq 1, satisfy the crucial Assumption 3.12 for showing
well-posedness of the stationary TEHD Boussinesq equations. In this section, we show that
F.o, Foo, Fy 1, satisfy the additional Assumption 4.2 as well.

Lemma 4.28. (Properties of DEP Force Terms, Continued)
The DEP force terms Fso, Foo and Fo 1 given by Definition 3.23, satisfy Assumption 4.2.

Proof. Due to Lemma 3.24 in only remains to show the additional requirement defined in As-
sumption 4.2. We only show the proof for F, ;. The assertion for F, o, F, o follows analogously.

To this end, let sequences (6,,)n, (®y), and elements 6, ® be given as stated in Assumption
4.2. Let v € V(Q) and ¢ € C*°([0,T]) be arbitrary. For simplicity, we set all involved physical
constants to 1. Then,

T T
/O (B (Bu (1), B (1)), V)0 h(2) d — /0 (Far (6(1), B(1)), v)u- () dt

<

T T
/0 (V2@ V (D, (t) — ®(1))0(1)), V) 1(t) dt’ +/0 [((V2RoV P, () (0n(t) — O(t)),v) 1(t)| dt

T
+ [ 1(e(0u0) ~ 6001, v) o) de
0
=0+ 1+ Is.
Concerning I, let
L: L*0,T;H") - R
T
P / ((V2@oVO(1)0(t)), v) ¥(t) dt.
0
Since

L8] < [V*®olo6]IVlo.6llllocik[0112;6 ]| ®l2; 11

L € L?*(0,T; H)* and I; — 0 by the assumption ®, — ® in L?(0,T; H'). Moreover, the second
term can be estimated from above via

Iy < [ V2®ollo,solVllo.col[9llcom | Prllg; 1 10 — Ol 2.

Then, I — 0 by the boundedness of (®,,), in L>®(0,T; H') and 6,, — 6 in L?(0,7T; L?). Analo-
gously, I3 — 0. O

We conclude this section on the instationary TEHD Boussinesq equations by reconsidering
the DEP formulation

F.(0,0) = —20.(08E,[®],-) —oy(fg,-), 7> 0, (4.28)

which is based on a regularized electric gravity gg ,[®] with regularization parameter r > 0, see
Definition 3.26. We now show that a similar procedure as presented in the end of Section 3.3 is
also possible in the instationary case, i.e. we prove existence of instationary solutions of Problem
4.1 with a weakened connection between electric gravity and potential.

First, we set F = F,_;, in the definition of the semi-discrete Problem 4.9, i.e. the regularization
parameter is set to the time step size k. Note that F, satisfies the requirements of the existence
theorem in the stationary case with r-independent growth rates ag and b according to Lemma
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4 Analysis of the Instationary Problem

3.27 for all » > 0. Thus, all existence, stability and convergence results on the semi-discrete
solutions (uy,wy, On, Ny, Py ) derived in Section 4.2 and 4.3 remain valid: Lemma 4.10 to 4.25.
Therefore, one only has to investigate convergence of the term

T
/O (Fr(On(t) + 0p, DN (t) + Pp), v)u=p(t) dt (4.29)

for v.e V(Q), ¢ € C*([0,T]) which replaces Assumption 4.2. As noted in Section 3.3, there
holds

gz, [Pn(t) + Polllos < M (4.30)
with M being independent of k, N, ¢, due to the cut-off operator in the Definition of gg . Thus,
the sequence <gE r[PN + @b])N is bounded in L?(0,7T;L3), which in turn is a reflexive Banach

N

space, Theorem A.55. Thus, there is gr € L?(0,7;L3) and a (not relabeled) subsequence such
that

8p,[Pn + @] — gp in L*(0,T; L3). (4.31)

for this subsequence, one obtains

T T
[ 0508, g ox0)+ #lvio-s) - [ 0080 uv0 @

<

T
/0 (0t)(ge(t) — gE%[CI)N(t) + @p)), v)urth(t) dt‘

_l’_

T
[ (0 ~ 00 g 2v0) + 21D V)0

<

T

/O O0)(EE(0) — gp, 2 [On (1) + ), V) v(t) di
05 = Ol 28, £ [0n + o)) laas ¥l ¥l

—: Ay (4.32)

Here, limy_,00 Axy = 0, due to (4.31) (first term) and (4.30) and Lemma 4.20 (second term).
Proceeding with Lemma 4.26, 4.27 and the proof of Theorem 4.3, the following result is obtained.

Theorem 4.29. (Ezistence of Solutions with Weak Approzimation of Electric Gravity)

Let the requirements of Theorem 4.3 and Lemma 3.27 hold. Then, there is g € L*(0,T;L3)
and (u,0,®) with regularity given by Problem 4.1 and Theorem 4.3 such that heat equation
(4.5), Gauss’ law (4.6) and the following momentum equation (4.33) are satisfied for all v € V,
P e C*([0,T)) with (T) =

T
/ —(u(), V) () + {av(u(t), v) + ey (u(t), ult), v)} o(t) dt

/ (((B0) + 06) (205 (1) + g, v) + (B, (8), VIu-Wo(8) dt = (o, v)H(0).  (4.33)
The connection between electric gravity gg and electric potential ® is given in the sense that
there is a sequence (Nln’ ®n, )n C (0,00) x L2(0,T;Y) with

T
— —0
Ny,
Dy, + By — O+ Dy in L2(0,T; HY) (4.34)

8p,r [On, + @] ~gp i L*(0,T;L%),
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4 Analysis of the Instationary Problem

with approzimate electric gravity gg k|| given by Definition 3.26.

Similar to the stationary case, the system described by Theorem 4.29 can be considered as a
weaker form of the TEHD Boussinesq equation (2.28) with alternative DEP formulation

f, = —0(20.gr[P + Dp] + ayg), (4.35)
see (2.26). Here, the strong connection between electric gravity and potential,
gp[® + By = V(P + &,) V(P + &), (4.36)

is replaced by the weaker condition (4.34).
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5. Numerical Approximation

In this section, the discretization of the stationary and instationary TEHD Boussinesq equa-
tions, system (3.1) and (4.1), is addressed. The spatial discretization is based on the conforming
Finite Element Method (FEM), whereas a variant of the Backward Differentiation Formula
(BDF) is used for temporal approximation. We derive a priori error estimates in both cases.
The result in the stationary case can be seen as direct generalization of the procedure presented
in [46] for the incompresible Navier-Stokes equations and in [11] for the standard Boussinesq
problem. The underlying approach is similar to the proof of uniqueness, Theorem 3.21. Thus,
the corresponding result only holds under a suitable smallness condition posed on the problem
data. The proposed error estimation for the instationary case is inspired by [75] where a full
discretization of the instationary Boussinesq problem with temperature dependent viscosity is
analyzed. This work is extended to take into account the DEP force and Gauss’ law and to allow
more general time stepping schemes.

The outline of this section is as follows. First, some required tools for spatial and temporal dis-
cretization are introduced. Afterward, the stationary and instationary problem are investigated
separately in Section 5.1 and 5.2. Finally, the modeling of the DEP force has to be addressed
again to cover additional aspects that come with the topic of discretization in the instationary
case. This is done in Section 5.3.

For the remainder of this section, ¢ denotes a generic constant that only depends on £,
differentiability and integrability orders via embedding constants, but not on problem-dependent
parameters such as v or k and discretization parameters such as time step size k and mesh width
h. Moreover, the notation a < b means that a < Cb for some constant C' that does not depend
on h and k. As in the previous sections, the Assumptions 3.1 and 3.2 for domain, boundary
conditions and the involved physical parameters should hold.

We start with setting up the basic tools that are needed to define the finite element discretiza-
tion. In order to avoid technical difficulties in dealing with curved boundaries, the conditions on
Q) become slightly more restrictive compared to the previous sections. Moreover, it is assumed
that all cells in the mesh can be obtained by affine transformations of a single reference cell.

Assumption 5.1. (Discretized Domain,)

Assume that € is a bounded, polyhedral domain with Lipschitz continuous boundary. For some
ho € (0,1) let a regular family of triangulations {Th}he(o,no) 0f 2 be given according to Definition
A.118. The following conditions should hold for all h € (0, ho):

(i) If d =2, then Ty, either consists of triangles or quadrilaterals only.
(ii) If d = 3, then Ty, either consists of tetrahedrons or hexahedrons only.

(iii) There exists a compact set K C R® with non-empty interior and piecewise smooth boundary
such that for all T € Ty, there is an affine map Fr(z) = Apx + by with nonsingular matriz
Ar € R such that Fr(T) = K.

(iv) T'p = UfeSh D?, where &, p denotes the set of all facets f, that have a non-empty inter-
section with Tp.

In the following, the spatial discretization parameter h, also called mesh width, denotes the
maximal cell diameter relative to the diameter of the entire domain,

b= max diam(7")

TeT, diam(Q)’ (5:1)
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5 Numerical Approximation

The subsequent definition relates the used finite element spaces for velocity, pressure, tempera-
ture and potential to some general finite element spaces. This is done to take care of additional
restrictions, such as Dirichlet boundary conditions and zero average pressure. Afterward, As-
sumption 5.3 states sufficient conditions to ensure H'-conformity, inf-sup stability, approxima-
tion properties and inverse estimates of the resulting finite element spaces.

Definition 5.2. (Discrete Ansatz Spaces)
Let Q and a corresponding family of triangulations {Tp }1, satisfy Assumption 5.1. Let Wy, Ny, Yy
denote associated finite element spaces according to Definition A.120. The velocity ansatz space

is defined by Uy, = (Wh N H&(Q))d, the pressure space by My, := Ny, N L3(RY), the temperature
and potential space by O, = Y}, := X}, with Xp, ==Y, N H(Q).

Assumption 5.3. (Finite Element Spaces)
Let Wy, Ni, and Yy, of Definition 5.2 satisfy for all h € (0, hol:

(i) Wy, C HI(Q), My, C L2(Q) and Yy C Hl(Q)
(ii) There is B > 0 such that

1
inf sup / qn(V - vp)dx > .
€My v, cU, ||VhH1,2 |Qh|| Q

(iti) There are m € N and operators Iy, € £ (H2(Q), W) N £ (H*(Q) NnH{(Q),Uy), Iy, €
L (L2(Q), Mh) such that for all integers 1 < s < m,

Hu — HUhuH + h||u - HUhqu,z < Chs+1”uH5+172 fOT‘ allu € HS+1(Q),
lp — O, pll < ch®||plls2 for all p € H*(2).

(iv) There is n € N and an operator Ilx, € L(H*(Q) N HH(Q), Xy) such that for all integers
1<s<n

10 —Tix, 0| + k)0 —TIx, 0|12 < ch*H0]lsi12 for all @ € HH(Q) N HLH(Q).
Moreover, the following stability estimate holds
HHXhHHQQ < C”9H272 f07’ all 0 € HQ(Q) N Hb(ﬂ)

(v) For all s,t € {0,1} with0<t<s<1andgq,r € [l,00] with 1 <r < g < oo there holds

_ 1_1
lanlog < b =G apller for alt uy € Uy,

1 1
16]5.q < ent (i) 104lle.r for all 6, € Xp,.

Assumption 5.3 (i) is used to obtain a conforming spatial discretization, i.e. U, C U, M}, C M,
©p C © and T}, C Y. Condition (i7) assures that the discrete velocity-pressure pair is stable,
i.e. the discretized equations for the incompressible flow part are solvable. Condition (iii) and
(iv) state the existence of operators, that allow to approximate the exact solution by an element
of the discrete ansatz space with an error that converges towards zero, as the mesh parameter h
converges to zero. Typically, these operators are projection or interpolation operators. They are
used to bound the error of the discrete solution in terms of h. The inverse estimate (v) allows to
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5 Numerical Approximation

bound the norm of a finite element function by another, weaker norm in terms of differentiability
and integrability. This goes to the expense of negative powers of h and is used to derive bounds
on the pressure error.

One example of a combination of finite element spaces that satisfies Assumption 5.3 is based
on the well-known Taylor-Hood element, see e.g. [32], for velocity and pressure.

Lemma 5.4. (Taylor-Hood Element)
Let Assumption 5.1 hold and define

Wy ={ueC@Q): u,oFr' €L VT €Ty}
N :={peC(Q): p‘TOFT_le]IlVTGE}
Y, =1{0€C(Q): 0, 0F;' €, VT € Ty},

with 1; = P;, if T consists of triangles or tetrahedrons and I; = Q; if T consists of quadrilaterals
or hexahedrons. Then, Assumption 5.3 is satisfied for m =2 and n = 2.
For the definition of P; and Q;, i € {1,2} see Definition A.1185.

Proof. The underlying Finite Element (K,P,N) of the spaces W},, Ny, Y}, is the well-known
Lagrange element which satisfies Assumption A.123 for (k,1) = (3,0), (k,I) = (2,0) and (k,1) =
(3,0), respectively. Let IIx, be given by the global interpolant 7, as in Definition A.122 w.r.t.
Y}. Using Assumption 5.1 (iv), Theorem A.124 and Corollary A.125 with (k,l,p) = (3,0,2),
IIx, is a bounded linear operator and satisfies condition (iv) for n = 2. By using the analog
interpolation operators for (W;,)? and Ny, condition (iii) holds for m = 2.

Condition (v) follows by Theorem A.126. Finally, W;,Y, C H'(Q2) due to their piecewise
smoothness and global continuity of its member functions. Condition (i7) follows from Theorem
A.127. O

When deriving a priori error estimates of finite element discretizations, convergence rates w.r.t.
the mesh width A are typically obtained by projecting the unknown, exact solution onto the
underlying finite element space. Whereas Assumption 5.3 (iii) and (iv) already provide projec-
tion operators Ily,, Iy, and Ily,, it is beneficial to use a projection operator for velocity and
pressure, that is tailored to the underlying equation. Such an operator is given by the Stokes
Projection, see e.g. [30].

Definition 5.5. (Stokes Projection)
For (u,p) € U x M with V-u =0 let (wp,r,) € Uy x My, denote the unique solution of
av(Wp,vp) — b(vi, mh) = ay(u,vy) — b(vp, p) for all v, € Uy,
b(wp,qn) =0 for all g, € My,
The Stokes Projection is defined as
Hst Ux M — Uh X Mh, (u,p) — (Wh,’l“h).

The main advantage of IIg compared to Ily, is given by the fact, that the projected velocity
wp, is discretely divergence free and no additional consistency terms will occur, when replacing
ay(u,vy) — b(vp,p) by av(wp, vy) — b(vy,ry) for deriving the error equation in the subsequent
convergence proofs. The following lemmas provide additional properties of the Stokes projection,
such as its approximation properties w.r.t. H'- and L?-norm and stability.
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Lemma 5.6. (Properties of Stokes Projection, Lemma 4.42 and 4.43 in [41])
Let Assumption 5.3 (i) and (i) hold. Then, Ilg is well-defined, linear and there holds for

(Wh, 1) =1ls(u,p)
Viu—w <cl(1+87Y inf [|[Vu-v +v7 ! inf — )
IVt - w)l < e (1467 inf IVGa-va)l+07 inf o=l
—rp| < v (14871 inf ||V(a- inf ||p —
o=l < e (v 0+ 57) ing 9= vl + inf I anl )
[Vwill < Va4 o]

Moreover, if (u,p) € (H(Q)NU) x (H(Q) NLE(Q)) for some 1 <1 < m, then

1
Ju =l < Cot ulhez + 3 lolha

Ip — 7l < Csh! (vllullig12 + plli2)

for some constant Cg that is independent of (u,p) and h.

If  possesses some additional regularity, then L2-error estimates of order h!*! can be derived
for the Stokes projection, see the following Definition 5.7 and Lemma 5.8.

Definition 5.7. (Regular Stokes Problem, Definition II.1.1 in [32])
The Stokes problem is called regular, if the mapping

(u,p) —» —vAu+ Vp

is an isomorphism from (H*(Q) N'V) x (HY(Q) N LE(Q)) onto L(12).

Lemma 5.8. (L2-Error of Stokes Projection, Theorem I1.1.9 in [32])

Let Assumption 5.8 and the requirements of Lemma 5.6 hold and assume that the Stokes problem
is regular. If (u,p) € (HTH(Q)NU) x (H(Q) N LE(Q)) for some 1 <1 < m, then (wp,rp) =
IIg(u,p) satisfies

la = w |l < Crah™ ([ullirrz + llplle) -

Remark 5.9. According to Theorem 1.5.4 in [32], the Stokes problem is regular if I' € C2.
According to Remark 1.5.6, the Stokes problem is regular if d = 2 and € is a convex polygon.

The final point in this series of preparation is concerned with the trilinear forms ¢, and c¢,. In
previous stability results, e.g. Lemma 3.13, we made use of the identities ¢y (u, w,w) = 0 and
¢r(u,0,0) =0if V-u = 0 holds. In general, these identities do not hold for discrete velocities
uy, € Uy, since the condition (V - uy,qn) = 0 for all g, € M}, does not imply V -u, = 0 a.e.,
unless V-Uj, C Mj,. In order to cope with this issue, the convection terms ¢, and ¢, are replaced
by the well-known skew symmetrized trilinear forms, see e.g. Remark 6.25 in [41],

. 1

ev(u,w,v) = B (ev(u,w,v) —cy(u,v,w)),

1 (5.2)
ér(u,0,7) = 5 (cr(w,0,7) — cr(u,7,0)),
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for formulating the discretized problem. The skew symmetrized trilinear forms satisfy the fol-
lowing identities and estimates.

Lemma 5.10. (Properties of Skew-Symmetrized Trilinear Forms)
There holds for all u,w,v € H}(Q), 0,7 € H(Q)

(1) ev(u,w,v) = —éy(u,v,w)

ii) ¢r(w,0,7) = —¢é-(u,7,0)

it) |ey(u,w,v)| < cf|Vul[[Vw([[[Vv]|

(
(
(
(v) [ér(u,8,7)] <[Vl
(
(

(
( I7/l1.2

vi) (& (u,8,7)] < el Vul|2[ul|2 6]1.2] 7|2

vii) & (w,0,7)| < ¢|Vulll[8]lo7]1,2:

and, if V-u=0,
(viii) ¢y (u, w,v) = cy(u, w,v)
(ix) ¢r(u,0,7) =cr(u,0,7),

with &y, & defined by (5.2). Additionally, if w € W13(Q) NL®(Q) and n € W13(Q) N L>(Q),
then

(@) [ev(u,w,v)| < cflul| ([[Vw
(i) [ér(u,n, 7)< ellul ([Vn]

Proof. The assertions follow by Holder’s inequality, the interpolation estimate (Theorem A.93),
the Sobolev embeddings (Theorem A.92), integration by parts,

i (u,0,7) = % </Q(u.ve)7dx—/9(u.v7)edx>

_ % (—/Q(V~u)97'da:—2/ﬂ(u-VT)Hd:C)

and the analog identity w.r.t. ¢y. O

03+ [[Wlloe) IVl1,2

0,3+ [I1llo.c0) I7ll12-

5.1. Stationary Problem

In this section, a priori error estimates are derived for a conforming finite element discretization
of the stationary TEHD Boussinesq equations. As in Section 3, the stationary system can also
be considered as time-discrete version of the instationary equations. This continuous system in
mixed form is given by Problem 5.11.

Problem 5.11. (Continuous Stationary Problem in Mixed Form)
Let (0, ®) € WH2(Q) x WL3(Q) denote boundary liftings and F: Hl(_Q) x HY(Q) — U*,
fv € U*, fr € ©%, fz € T* be given source terms. Let either i, u € U, § € ©, & € T denote
fized functions or the unknown variables u, 0, ®. Find (u,p,0,®) € U x M x © x T such that
forall (v,q,7,0) eUx M x 0O x T:
§ (0, v) + ay(u, v) + ey (@, u, v) — b(v,p) = (F(0 + 0y, ® + &) + i, v)u+
b(u,q) =0
5O+ 6p,7)+ar(0+0p,7)+ cr(0,0+0y,7) =
)

(
aﬁ(§+9b7q)+q)b7ﬁ = <f,8,5>r*~

99



5 Numerical Approximation

Compared to the previously stated stationary system, Problem 3.18, the boundary lifting ®; is
supposed to be an element of W13 instead of H' in order to derive a specific estimate from the
bilinear form ag in the proof of Lemma 5.14.

Discrete Problem

The corresponding discrete system is obtained by replacing the continuous functions spaces by
their finite dimensional counterparts as given by Definition 5.2. Moreover, the trilinear forms
¢v, ¢ are replaced by the skew-symmetrized versions éy, ¢, defined by (5.2).

Problem 5.12. (Discrete Stationary TEHD Equations)

In the setting of Problem 5.11, let either iy, @, € U, 0, € ©, &, € T denote fized vector fields
or the unknown variables uy, 0, ®p. Find (ap, pp, Op, Pr) € Uy, x My x ©p x Ty, such that for
all (Vh,qh,Th,Bh) e Uy x My, x O x Y-

(F(O + 0, P, + ®p) + fv, Va)U
0

<fTa Th>

(f3, Br)r

d (up, vp) + ayv(up, vi) + &y (ap, up, vi) — b(pp, vi)
b(qn, un)

6 (O + O, 1) + ar (O + Oy, Th) + C (Tn, On + Op, ) =
ag(On + Oy, p + Do, By) =

Ifuh, ay, Oy, ®p, are fized, suppose that they are uniformly bounded w.r.t. h, i.e. IVag ||, [[Vag] <
Gu, HVOhH < G@, HV(I)hH < Gq> for all h € (O ho]

Before turning towards the error analysis, existence and stability of solutions of the discrete sys-
tem are shown in the following Lemma 5.13. Due to the conformity of the involved finite element
spaces and the skew-symmetrized trilinear forms, the corresponding proof works analogously as
in the continuous setting.

Lemma 5.13. (Existence and Stability of Discrete Stationary TEHD Solutions)
Let the assumptions of Problem 5.12 and Assumption 3.12 and 5.3 hold. Assume that 0 satisfies

||9b||0,3 < d(ap(égq)b)) with
Gow, = /1 +cHGo + || P12

€ 1
Go 1= @12 + = sl

and d be given by Lemma 3.13. Then, there exists a solution (up,pp,0n, Pr) of Problem 5.12.
Further, there exist constants Gy, Gy, independent of h, such that all discrete solutions satisfy

IVup|| < Gu, VO] < Go, VP < Go.

Proof. Since Uy, My, O and T}, are closed subspaces of their infinite dimensional counterparts
U, M, © and T, respectively and the discrete inf-sup condition holds according to Assumption
5.3, existence and norm estimates of solutions follow analogously to the proof of Theorem 3.19 and
Corollary 3.20 with minor modifications: the skew-symmetrized trilinear forms ensure existence
and norm estimates of solutions of the Boussinesq equations for fixed potential. For proving
stability, one needs to take into account that V - uj, # 0 when estimating the term ¢ (uy, 6y, 6p,)
in the proof of Lemma 3.13. This can be done by using |¢;(up, 0, 01)| < c||Vup|| || VOl 116b]l0,3
according to Lemma 5.10. O
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Error Estimate

The main result of this section is given by Theorem 5.15 which states that the discrete solution
obtained by the standard Galerkin procedure satisfies a best-approximation property w.r.t. the
chosen ansatz space. The approach for proving this result is similar to the standard Boussinesq
case, e.g. in [11]: By using conformity, the error equation is obtained by subtracting the discrete
equations from the continuous one with test functions chosen as (v,q,7,8) = (Vi, qn, Th, Bn)-
Afterward, the individual error terms e.; can be split into discretization error d.; € Xj and
approximation error 2., € X. Then, the claimed result is obtained by bounding d. ;, in terms of
Z. h-

As this procedure requires a case-by-case analysis similar to the uniqueness Theorem 3.21, a
major of the calculation is put into a preliminary estimation given by Lemma 5.14.

Lemma 5.14. (Preliminary Error Estimation)

Let the assumptions stated in Problem 5.11 and 5.12 and in Lemma 5.13 hold. Assume that a
solution (u,p,0,®) of Problem 5.11 is given with ® € W13(Q) and let (uy, pp, 0n, ®1) denote a
solution of Problem 5.12. For arbitrary (Wp,mn, M, Vi) € Vi, X My, x Oy, x T}, define the errors

euh = U=, = (U—wp)+ (W —up) =2, +dy,
Th—pp) =: Zpp +dyp
Mh—6h) =:z9p +dgp
Up—®p) =t 2, +dgy,

6’(17}1 =u-— ﬁh
egﬁ = 0_ - e_h
e@,h = (i - éh.

Then, there exist nonnegative constants € and C., independent of h, such that the discretization
errors d.p, satisfy

IVdupnll* < (61 + €2l Vanl?) [V ul® + el Vul? [ Vean® + €2, ull° (5.3)
+ 31651010 + 0l T2l Veanl® + 51 (14 € + €l Vanl?) [[Vzg )12
+€§,2|’V€<i>,h||2

IVdppl? < (e§ + € 2 VOA|1%) (V2 1P + 5,116 + 067 2l Vel (5.4)

IVde 1, 1* < C31lIVza plI? + CE2ll V(P + @3)I[5 51 Ve 1.

Proof. Using the fact V- u = 0 with Lemma 5.10 and Assumption 5.3 (i), the following error
equations hold for all (vp, qp, T, Br) € Up X Mp, x Op x T4,

8 (dypy Vi) + av(dy Vi) = —(Ri + Ro + R3 + Ry — Rs,v3) (5.6)
8 (dp j,, ) + ar(dg p,7n) = —(Re + R, vp)
aﬁ(é + 01)7 ¢+ q>ba 5h) = a,@(éh + eba <I>h + (I)bv ﬁh)v
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with residuals

Now, all individual terms are estimated in order to bound ||Vd. 4| in terms of ||Vz. 4|

Estimation of Potential Error

Setting 8, = dg ;, in Gauss’s law, one obtains

0=ag(0+ 0y, ® + ®y,dg 1) — ag(Oh + Op, Op + By, dg )
= ag(0 + 0y, D + By, dg ) — ap(On + O, ® + By, dg 1)
+ ag(O + 05, ® + Py, dg ) — ap(On + Oy, Upy + D, dgy ;)
+ ag(Oh + O, U, + Py, dg 1) — ag(Oh + O, @5 + Py, dg )
=: L1 + Ly + Ls.

The terms L; can be estimated via

L1| = |(((0 + 0b) — (B + 00)) V(D + Dy), Vg )|
< LeKs|[Veg [ IV (@ + D)o Vg

|La| = [(e(0n + 05)V(® — W), Vg, )]
< e4||[Vzg il Vdg

Ly = (6(§h + Hb)V(\Ifh — (I)h), thb,h)
> €—HVd<I>,hH2-
Thus,

L Kg
€_

1
+5Coa V(@ + @) os | Ve

€+
IVdg pll = —[IVzgull + V(@ + o)llo3

Vel

1
= 500,1||VZ<D,h

Diffusive and Pressure Residual
Setting v, = d,, ; € V} and using dp n € My, there holds

[(R2, dyp)| < ellVayp 2,
<R3?du,h> — 0

=: Co|[Vdy Il 0l
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Moreover, with 7, = d@,h’

[(Ri, dy )| < (365 + ) [IV2u 1 Vdy i |l =2 CilIVZ 5 [ Vdy (5.12)
’<Rﬁvd0,h>\ < (50%) + R) HVZH,hHHVd@,h” = CGHVZe,hHHVda,hH- (5.13)

Convection Residual
Using Lemma 5.10 (i), (ii), (i4), (v), H'(2) < L%(Q) and Friedrich’s inequality,

‘<R47 du,h)’ = |év(eﬁ,h7 u, du,h) + Ev(ﬁhﬂ euJHdu,h)‘
< Cy (IVeanlIVullllVdyull + IVan [V, [ Vg l) (5.14)

and

|(R7,dy )| = |E-(eqn, 0 + Ob,dg ) + Cr(Tn, €0,n,dg 1)
< C7 (IVeanllllf + Oull12lIVdg |l + IVORI[V 29 4 Vg 1] - (5.15)

Force Residual

Continuing with the force term, we have
’<R5, du,h)’ < ‘(F(@ + 6y, o + (I)b) — F(Qh + 6y, o+ (I)b), du,h>U*

+ [(F(6h + 6y, D + Bp) — F (6 + O, Dp, + ), dyy 1) U
=: Ly + Ls.

Using the local Lipschitz continuity of F, Assumption 3.12 (i), and the fact that |6 + 612,
10n + 6b]|1,2 and [|®p, + Pp||1,2 are uniformly bounded w.r.t. h, according to Theorem 3.19 and

Lemma 5.13, one can state the existence of L(F?) = Lg)(H@ + Ppll1,2) > 0, Lgb) > 0 such that

0
Ly < L%)H€€7h||1,2||vdu,h”

0
< L0\ /14 & (1920l + 19y 1)) [V o

Ls < L (104 + 0u]l1.2]1® — @5 [1]| Vo |
< 1 (Go +100l112) /1 + Bl Vea nllI Tyl

Thus,
(R, dyp)l < Cs1 (V2o ull + Vg 1) VAl + C52[ Veg ullIIVdy i ll- (5.16)

Left-Hand Sides

The respective left-hand sides in (5.6)-(5.8) can be estimated from below as

0 (du,h? du,h) + aV(du,h7 du,h)
5 (dg prdg ) + ar(dgp,, dg )

v Vdy,? (5.17)

>
> k|[Vdy 1> (5.18)

Combined Estimation

.. . . . g . . 2
Combining the previous estimates (5.10) - (5.18), using Young’s inequality, ab < Sa” + 5.b%,
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with parameters €. > 0 and stability bounds G, Gy, Gg derived for the exact solution according
to Theorem 3.17, gives

€1 €2 €41 €42 €52 9
_f_ 2 a1 H42 _ d
(=355 % e IVl
1 1
< 702 v 2 702 2
= %6 iIVZyul© + 9%, Sl E
1 1 _
+ —CFVull?||Veanl” + 5——CZ[IVan|*[Vzy |
264’1 254,2

L 2 2 L o 2
+ TSJC&I (IVzeull” + Vg 1lI7) + %Cs,ﬂw%,hn .
An appropriate choice of {¢;} such that the factor on the left-hand side is positive, i.e. € « v,
yields
IVduull® < GIVZaull* + llzpnll® + €l Vul?[Veanl® + € Vanl* Vg, l? - (5.19)
+e€51 (Hvze,hHQ + HVde,hHQ) + GE,2||V6&>,hH27

with positive constants {e}. Concerning the error equation for ey, one obtains

€6 €7,1 672) 2
- - - = vd
(” 9 9 9 | 0,h||

1 1 1 .
< 3|V ll” + 5——C2110 + 6b[[3 ol Veanl? + s—CZVunl*|| V2,51
2¢€6 2e71 2€7,2

Again, choosing ¢; « k such that the factor on the left-hand side is positive yields
IVdg plI* < €1 V2pull* + €5.1110 + 05113 2l Veanll? + € ol Van|*[[Vzg |1 (5.20)
for € > 0. Combining inequalities (5.19), (5.20) and (5.9) now yields the stated assertion. [

2
1,2

By means of the inequalities (5.3)-(5.5) it is possible to bound the discretization error |Vdy ||,
IVdonll, IVde |l in terms of the approximation errors [|[Vzupll, [|zpnll, IVzonll, |V2ze.n| and
the error terms ||Vean|, [[Veanrll, [Vegpll, [Ves |- Depending on the degree of implicitness of
Problem 5.12, each of the latter terms can be either fixed, or equal to the error in the solution,
e.g. euh = €uh = Zuh + dup- In case of U, and their respective discrete counterparts being
fixed, (5.3)-(5.5) directly leads to some type of best approximation result of the discrete solution,
up to the modeling errors ||[Veall, [[Veanll, [Vegpll, [Ves pll. However, if this is not the case,
one has to impose certain smallness conditions onto the data in order to obtain a comparable
result. The following theorem collects the different possibilities.

Theorem 5.15. (Best Approximation of Finite Element Discretization)
Let the assumptions of Lemma 5.14 hold. Assume that one of the following conditions hold:

(@) [[Vull, 10+ 6,
(ii) u, 4 and uy, ay, are fized.

1,2, [|® + Ppl|1,3 are sufficiently small.

(iii) @, u, 0, ® and 6y, Wy, O, Py, are fived.
Then,
[V@—=up) [+[[VO=0) |+ V(2 -2 [ < inf [V(u—vp)|+ inf [p—all
vpEU, qn€Mp,
4+ inf ||V (6 — + inf ||V (® —
g V@ =m) |+ il (9@ )]

+0a|V (0 —wp) [| + 6allV (@ — 1) |
+35V (0= 0n) | + 03]V (2 = @p) ||,
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with 0g = 05 = dg = dg = 0 in case (i), dg = da = 1, 05 = 05 = 0 in case (ii) and dg = 05 =
d5 =05 = 1 in case (iii).

Proof. Case (i): ) )
Replace [|Vex p||* by 2[|Vdy,n||* + 2| Vzysl* for (X,Y) € {(@,u), (q,u),(0,0), (P, ®)} in the

u,
set of inequalities (5.3)-(5.5), estimate |Vua,| = [[Vag| = [[Vun| < Gy and obtain for the
velocity discretization error,
E1|Vdyull? < 2655/ Vg 4| (5.21)
T (6 + €hallVul + 265, IVl + 265165410+ 84)2) V7012
+ €5ll2p ulI°
5 (14 65+ €263 ) V20,2
+2€§,2HVZ<I>,h||2,

with
=1i= 1 - 265, Va2 — 268 165,10 + 62 (5.2

If =1 > 0, then (5.21) leads to
IV lI? < @il Vg ul* + a5l Vayll? + asliz, )l + @il Vzgull? + a3 Vg ul?, (5.23)
with @ > 0. For the temperature and potential discretization error, (5.3)-(5.5) leads to
Vg plI* < 2651110+ Opl[1 2 Ve ]I (5.24)
+2¢5 110+ 0611 2l V2 112
+ (e + 5.26%) V2

and

IVdg 1 |I* < 2C5 V(@ + )5 311V dg 1 I (5.25)
+2C55IV(® + )15 51V 291117
+ C§,1HVZ<1>,h”2-

Inserting the upper bound for ||Vd<1>7h||2 (5.25) and then for HVdaJZH2 (5.24) into (5.23), gives

E2|Vdy I < (03 + daier 1 CF
+aillzull”

+ (0f + 201G, V(@ + )3

V(@ + @3)[I5 5110 + 0515 2) I V2117 (5.26)

+ 201 C3, V(@ + B3) [R5 (65 + 652G2) ) V20,1
+ (a5 + a1 C3)) IV zp 0 1%

with
=5 = 1 — daies ;G V(@ + B,) 2410 + 65117 . (5.27)

Imposing additionally Z9 > 0, (5.26) can be written as

||Vdu,h

2 < BTHVZU,hHZ + B3| ,h”2 + 5§Hvze,h”2 + ﬂZHVch,th (5.28)
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for constants 3 > 0. Inserting this expression into (5.24) yields
Vg2 < 2654110+ 0325 (1 + B7) [V 4] (5.29)
+ (285¢51110 + 66[17 ) V2, 117
+ (5 + 52G2 + 283651110 + 6,3 2) 92,
+ (263€7 11160 + 9b||%,2) HV%,hHQ-

Finally, inserting (5.28) and (5.29) into (5.25) yields

HVdu,hH2 + HVd(a,hHQ + HVdrb,th < [ Vzy,

>+ |2 ,hH2 + Hvze,hHQ + Hvch,hHZ- (5.30)

ase (i1):
COn(—E cz)mn replace || Vex p|? by 2||[Vdys|* + 2| Vzysl? for (X,Y) € {(6,0), (®,®)} in the set of
inequalities (5.3)-(5.5) and obtains
IV ull* < (€1 + il Vanl®) Vg ull* + €51 Val®|[Veanl* + €12, 41 (5.31)
+ 51601010 + 01Tl Veanl® + €51 (1+ €6 + ol Vanl*) Vg1
+26§,2||Vd<1>,h”2+26;,2||VZ¢,}1”2
IV plI* < (€6 + €7 2 VORl*) V2 41> + €5.1110 + 0517 o[ Veanl® (5.32)
HVdcb,hH2 < 03,1 VZcb,hH2 + 203,2HV(‘I> + ‘I’b)”g,s (HVde,hH2 + HVz(,’hHQ) : (5.33)

Inserting the upper bound on [|Vdj ,[|* into the upper bound on ||[Vdy ,[|* and inserting this
new upper bound again into (5.31) finally yields

[Vl + | Vde|® + || V]|
< NVaul? + 2l + [ Vz6l* + | V2o|* + bl Veall + 0al Veal|. (5.34)

The analog result for case (i), directly follows from (5.3)-(5.5).

By means of the triangle inequality ||Vex sl < [[Vdxall + [|Vzxall, equivalence of I!- and 13-
norm and taking the infimum over all (v, qn, 7h, Bn) € Vi X My x ©p x YT}, the stated error
estimate follows from (5.30) or (5.34), respectively, however, with infy, cv, instead of infy, cu, .
The latter term can be established by a standard procedure (see e.g. Theorem II.1.1 in [32])
under the use of the discrete inf-sup condition Assumption 5.3 (i7). O

In combination with the interpolation properties of a specific finite element ansatz space and
under sufficient regularity of the respective exact solution, Theorem 5.15 immediately yields an
a priori error estimate, including h-convergence rates in H'-norm.

Corollary 5.16. (A Priori Convergence Rates)
Let the assumptions and notation of Theorem 5.15 hold and assume that the exact solution
satisfies the additional reqularity requirements

uc HT(Q), pec H(Q), 6 HT(Q), ®c HTYQ),
for some l > 1. Then,

IV (w=up) [ + V(0 = ) [| + [V (2 = @n) | < A" (ullirre + pliz + 10z + 19 ]li1,2)
+0a[|V (0 —up) || + 6allV (@ — ax) |
+ 0|V (0 = 0n) || + 65|V (@ — @4) |-
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Proof. Follows directly from Theorem 5.15 and Assumption 5.3 (ii7) and (iv) by estimating the
inf-terms from above by chosing v;, = lly, u, ¢, = Iy, p, 7, = Ilx, 0 and §;, = 1lx, ®. ]

In the fully implicit case, the proof of Theorem 5.15 imposes the following smallness conditions
on the problem data and exact solution, (5.22), (5.27):

E1=1-2¢},[|Vul? — 2¢; 165,10 + 617 <1 (5.35)
By =1—4aies 1G55IV (P + @) |§.3]10 + 05 2 < 1. (5.36)

2
0,3
A closer look onto the introduced constants reveals that

2 2 /.
v ey ocv (L) a0 (L) (G5 + o)

* —2 —1 * * =—1
€71 X K7, Cog o< Lee”", ] €595, (5.37)

with o¢ meaning equal up to a multiplicative constant coming from Friedrich’s inequality and
Sobolev emebeddings. According to Lemma 3.13 and 5.13, [|[Vu| — 0, ||@ + 6]/12 — 0 and
Go — 0 for (||6p]l1.2, | fvllus, || frllex) — 0. Thus, the stated conditions can hold if the data is
sufficiently small. However, similar to the the uniqueness Theorem 3.21, these conditions are
very restrictive due to the terms =2 and £~2. Thus, the error estimates for the fully nonlinear,
stationary system can only be applied in case of slow fluid flow, small temperature and potential
differences and small domains. However, conditions (5.35),(5.36) are not sharp and might be too
pessimistic in practice. For instance, the numerical experiments presented in Section 6.2 exhibit
the previously stated convergence rates, even though (5.35),(5.36) are not satisfied.

On the other hand, if Problem 5.11 and 5.12 are derived by discretizing the instationary system
in time with explicit convection fields @, @, @, Gy, then the best-approximation result holds
without any restriction. Thus, Theorem 5.15 and Corollary 5.16 could be used for proving a
priori convergence rates of a full discretization of the instationary equations by means of the
Rothe method.

5.2. Instationary Problem

In this section, we propose a full discretization of the instationary TEHD equations by combining
FEM and BDF with the Rothe method. We aim at deriving a priori error estimates. The error
analysis is based on the procedure presented in [75] for the instationary Boussinesq equations
with temperature dependent viscosity. However, it is modified to take into account Gauss’ law
and a general force term. Moreover, we do not restrict ourselves to a first order scheme in time.
Instead, a general approximation of the 0j-terms is considered. The main result of this section
is given by Theorem 5.24 which provides error bounds in terms of the spatial discretization
parameter h under certain conditions on the spatial regularity of the exact solution. At this
point, convergence w.r.t. the temporal discretization parameter £ and temporal regularity have
not been taken into account. This is done in Corollary 5.29, 5.30, 5.31 and 5.32, which provide
temporal convergence rates for two different time stepping schemes. According to [35], strong
temporal regularity assumptions on the exact solution may imply non-local compatibility con-
ditions for the initial data that usually cannot by checked in realistic scenarios. For this reason,
the convergence rates for each scheme are derived under two different sets of regularity condi-
tions: a set of weak conditions, that do not imply the aforementioned compatibility problems (at
the expense of reduced convergence rates), and a set of strong conditions that lead to optimal
convergence rates. We first restate the continuous instationary system with increased temporal
regularity requirements compared to Problem 4.1. This is done to obtain a set of equations that
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is pointwise well-defined for all ¢ € [0, 7.

Problem 5.17. (Continuous Instationary TEHD Equations)
Let initial conditions (ug,0p) € V x O, boundary liftings (0, ®p) € WhH(Q) x W= (Q),
body force F: HY(Q) x HY(Q) — U*, source terms fy, € C(0,T;U*), f. € C(0,T;0%), fz €
C0,7;Y*) and T > 0 be given. Find

u e L*0,T;V) with dyu € L*(0,T; H)

0 € L*(0,T;0) with 00 € L'(0,T; L?)

pe L*0,T; M)

® € L*(0,T;7),

each of these functions having pointwise well-defined values on [0,T], such that for all t € [0,T]
and (v,q,7,8) e Ux M x O x T:

)
)
(0:0(t), 7) + ar (6(t) + Op, ) + E-(u(t),0(t) + 6y, 7) = (fr (1), 7)o~
ag(0(t) + 0p, (1) + 0y, B) = (f5(t), B) 1+
u(0) = ug
6(0) = bo.

Discrete Problem

To set up the temporal discretization, let 0 = tg < t; < ... < ty = T denote an equidistant
partition of the time interval [0, T}, i.e. t; = ik with k := % and NeN. For0<m<M<N,a
space of Z-valued sequences is defined by IP(m, M;Z) := {(2"),,: n=m,...,M, 2" € Z} and
equipped with the norm

M
1l iy =k S 1271 for p € [1,00), (5.38)
n=m
(2" )nllioe (m,pr;2) = max{[|z"]|z: n=m,..., M} for p = oco. (5.39)
For a continuous function z: [0, 7] — Z let 2" := 2(t,,) and ||2][p(m,11;2) = || (2(tn), [lip(m,0152)-

Definition 5.18. (¢-Step Difference Operator)
Let ¢ € N and c € RI*!, The g-step difference operator J., applied to a sequence (2"), C Z, is

defined as
q
Je 2= Z c; 2" L
1=0
Je is called explicit, if co = 0 and Jy1 denotes the 1-step operator determined by ¢ = (1, —1).

We now define a numerical scheme for approximating the solution of Problem 5.17 and which
can be considered as modification of the one introduced in [75]. In contrast to [75], we investi-
gate a temporal scheme based on general ¢-step difference operators as given by Definition 5.18.
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Problem 5.19. (Discretized Instationary TEHD Equations)

Let ¢ > 1, initial conditions {(uﬁl, 92)};:01 and q-step difference operators Je, Ja, Jt, Jg be given.
The full discretization of Problem 5.17, is given by the following sequence of finite dimensional,
stationary problems for m € {q,...,N}: Find (u}*, p*, 0", ®7") € Uy, x My, x O, x Y, such that
for all (Vh,qh,Th,ﬁh) e Uy x My, x Op x Ty

(1 Jqul, vi) + ay (U, vi) + v (Jeul, ul, vy,) — b(vi, pit)
—(F(Je0y" + Ob, @) + Pp), vi)u+ = (£ (tm), vi)u- (5.40)
b(uy', qn) =0 (5.41)
(K~ Jabp", 7h) + ar (O + 0p,70) + & (Jeufl', 0" + Oy, 1) = (fr(tm), Th) o (5.42)
ag(Jgbp' + b, @p" + o, Br) = (f5(tm), Br)r+- (5.43)

So far, the g-step difference operators Jq, Je, Jg, Jg for 0y, convection, force and Gauss terms
have not been specified. The only requirement for proving the error estimates of Theorem 5.24
is given by Assumption 5.20.

Assumption 5.20. (Difference Operators)
The g-step difference operators introduced in Problem 5.19 should satisfy

(i) Je,Jg, Jg are explicit.
(i) Z?:l fi= 2321 gi=1.

(i1i) For each Hilbert space Z, there exists a constant o > 0 such that for each sequence (2" )m>0 C
Z there are sequences (Zm)m>q—1,(Zm)m>q C R with

(Jaz™,2")z > oJl(HzmHZZ + an) —1—7; for all m > q.

The proposed time stepping scheme is implicit in the diffusion terms in order to avoid a time
step size restriction due to the stiff nature of ODEs resulting from a conforming finite element
discretization of the Laplace terms. Due to Assumption 5.20 (i), the nonlinear terms are treated
semi-implicitly. In this way, the resulting system of algebraic equations is decoupled and can be
solved by solving a series of linear problems in each time step:

TimeLoop

given N > 0 and (u},}) for i =0,...,q— 1.

for m=g¢q...N do
solve Gauss’ law (5.43) for @}
solve Oseen equations (5.40), (5.41) for (u}*, p;*)
solve heat equation (5.42) for 6"

end for

Moreover, by Assumption 5.20 (i), the corresponding proof of a priori error estimates does not
require a time step size restriction when applying Gronwall’s inequality. Assumption 5.20 (i7)
implies Jexy, = Jgxp, = xp for the (not time-dependent) boundary liftings x, € {6y, ®p}. (7ii) is
used to obtain the L%-norm of the discretization error in the proof of Theorem 5.24.

In order to derive a priori error estimates, it will be necessary to impose some kind of Lipschitz
continuity for the general body force F. Compared to the previously stated Assumption 4.2 for
proving existence of continuous solutions, this new Assumption 5.21 is more restrictive in the
sense that ||V (6; —62)|| is replaced by the weaker term ||¢; — 62]/o,3. This modification turns out
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to be sufficient for avoiding a time step size restriction. It will be shown in Lemma 5.33 that
Assumption 5.21 is satisfied by the previously defined body forces Fy o, Fq0, Fq 1.

Assumption 5.21. (Body Force Lipschitz Continuity I)
Let F: HY(Q) x HY(Q) — U* satisfy

(1) F is Lipschitz continuous in 0: there is a non-decreasing function Lg’*): [0,00) — [0, 00)

such that for all 01, 63, ® € H(Q) and v € U,
(F (01, ®) — (62, @), v)ur| < LE ™ ([ @[11 2)l16r — Oallo s V-

) 18 locally Lipschitz continuous in ®: for a > 0 there is >0 such that for a
F is locally Lipsch &: for all R > 0 th L) > 0 such that for all
6 € H'(Q), &1, P2 € Br(0, H'(Q)) and v € U,

[(F(6, 1) — F(8, ®a), v)u+| < L7 [10])1.2]|®1 — |12/ Vv

(iii) F(0,®) =0 for all ® € H*(Q).

The introduced DEP models Fso, Fy0, Fq 1 are based on linearization around a given base
potential ®q. As pointed out in Section 3.3, this procedure can be justified in case of a small
temperature dependence of the permittivity e, since the resulting electric potential is then sub-
jected to rather small spatial and temporal variations. However, a suitable base potential might
not be available in general. In such a case, one might prefer a DEP model that does not require
a priori information but is still close to the original term |V®|?V§. This requirement can be
met by introducing a cut-off operator, that bounds the supremum norm of V®. The resulting
DEP model will be defined in detail in the upcoming Section 5.3. At this point, we only state an
alternative body force Assumption 5.22 that is tailored to this new model. For the DEP model
we have in mind, it will be necessary to bound the variation of F(6,®) w.r.t. 6 in terms of
IV (01 — 62)]|. As we will see in the proof of Theorem 5.24, a small data condition that involves
the Lipschitz constant of F w.r.t. 6 has to imposed when deriving error estimates in this case.
However, this condition turns out to be less restrictive then the one which is imposed for proving
error estimates in the stationary case, see Theorem 5.15 and the subsequent remarks.

Assumption 5.22. (Body Force Lipschitz Continuity 11)
Let F: HY(Q) x HY(Q) — U* satisfy

1) F is Lipschitz continuous in 0: there are L(G’Hl), L(Q’Lz) such that for all 01, 65, ® € H(Q
F F

and v € U,
1
(F(61,®) — F(02, @), v)u| < L& |V(01 — )| |V + L1601 — b2 | v]-

11) F s locally Lipschitz continuous in ®: for all R > 0 there is L&) > 0 such that for all
F
6 c W3(Q), &1, P5 € Br(0, H'(Q)) and v € U,

[(F(6,®1) — F(8,B2),v)u+| < L™ 10]1,5V (@1 — ®2)]|[|v]lo,s-

(iii) F(0,®) =0 for all ® € H*(Q).

The following Lemma 5.23 states that a unique discrete solution does exist and yields bounds
on the solution’s norm. The proof is similar to that of Lemma 4.10 and 4.15 which state an
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analogous result for the semi-discrete system, Problem 4.9. Here, it is crucial to obtain norm
bounds which are independent of the discretization parameters h and k.

Lemma 5.23. (Ezistence, Uniqueness and Stability of Discrete Solutions)
Let Assumptions 5.8 and 5.20 hold and assume that F satisfies either Assumption 5.21 or 5.22.
In the latter case, assume additionally that

geolfls LT < 2/une (5.44)

with ¢y denoting the constant of Friedrich’s inequality w.r.t. HY(QY). Then, there exists a unique
sequence of solutions {(u}"*, py*, 0", @?)}g:q of Problem 5.19. Moreover, this sequence of discrete

solutions is stable in the following sense: there exist constants v € (0,v), k € (0,k) and C;’u,g, Go

only depending on model parameters and the initial conditions {(uﬁl, 02, <I>Zh) g:_é, such that

[ (@R )m llioe (0,3v51.2) < Gup
(¢
[(®

DH(“?)WHZZZ(O,N;H})) + &||(0

=3

=3

Jmllie(0,3522) < Guo

=3

Jmllie 0,302y < Go

(
(
(
(

=3

)mHZZQ(QjN;HlD) < éu,0~

Proof. For fixed m € {q,...,N}, the corresponding stationary equations defined in Problem
5.19 fit into the framework of the mixed formulation of Problem 3.18 (given by Corollary 3.20)
with § = %0 and the following terms (in the notation of Problem 3.18)

(@, 1,0, ) = (Jeull, Jou), Jgbp", ®7)
F(-,) = F(J:0;" + 64, -)

q
fy = fy(tm) + 51 dup™
=1

q
fr 2 feltm) + 671 diy
=1

[z = fa(tm),

with ¢y, ¢, being replaced by &, and ¢, respectively. According to Assumption 5.20 (i), @, 1, 8
are fixed in the sense Problem 3.5, which implies d(s) = oo, where d denotes the imposed upper
bound on [|6yo,3, see Lemma 3.13. Moreover, the continuous spaces U, M, ©, T are replaced by
their finite dimensional counterparts Uy, My, ©p, Tj. These spaces are closed subspaces, the
discrete inf-sup condition holds and the trilinear forms ¢y, ¢; have the property of being skew-
symmetric. Moreover, since O, = T, = X} are finite dimensional, weak convergence implies
strong convergence w.r.t these spaces, see Lemma A.36. Additionally, we have X;, C Wh3(Q).
Therefore, the body force F(-,-) := F(Jyf* + 6y, -) with F satisfying Assumption 5.21 or 5.22
satisfies Assumption 3.12 and all the arguments used to prove Theorem 3.19, Corollary 3.20 and
Theorem 3.21 remain valid. Here, note that the following modification in the proof of Lemma
3.13 is required: the used estimate |c-(@, 0 + 6y, 0)| < c||Va||||VO||||0s]0,3 is replaced by

|er(Jeup', 0" + O, 03")| < IV Ieuwg [V 05[]0

0,3

according to Lemma 5.10. Thus, existence of a solution (u}’, pi*, 65", ®7") follows from Corollary
3.20 and uniqueness from Theorem 3.21, using ®7* € X, C Wh3(Q).
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The stability estimates follow similarly to the proof of Lemma 4.15: Let m € {g,..., N} be
arbitrary. Setting (8, = ®}" in Problem 5.19 and using € € [e_, e4] according to Assumption 3.2
yields

o1 1 -
Ve < — (exIV®sll + 1 f5(tm)llv) < — (€4 V@]l + (| fpllocir-) =2 G
Consequently,
|05 + @l < ¢ (Go + [Doll1) = G for all m € {g,..., N}. (5.45)
Setting v = uj’, 7, = 0" in Problem 5.19 yields
Ly += (Jauf! uff) + k| Vup|?
= k(F(Je0}" + Oy, D1 + @p) + £y (tm), up Yu= =: Ry (5.46)
Ly := (Jab), 05") + kk|| VO
= — kr(V6,,VO') — kc (Jeup', 0,01 ) + k(fr(tm), 01 Yo+ =: Ra. (5.47)

The respective left-hand sides of (5.46) and (5.47) can be estimated from below by means of
Assumption 5.20 (i4i),
Ly > oJy (U + U2) + T2 + kv|Vull|? (5.48)
Lo > oJy (|10 + T2) + T, + ki VO], (5.49)
for some real sequences (Un)m, (Um)m, (Ton)ms (T )m-

Using Assumption 5.21, (5.45) and Theorem A.93, the right-hand side of (5.46) can be esti-
mated from above by

Ry < okl Vui| (16 (tm) e + L& 17607 o + L 105 o)

6,% m
< ck ([1& ()l + L 16505 ) 17057 (5.50)

q
6, m m—ip i m—i|
+ ek el Vgl Y {3 v ey E
=1

with Lg)’*) = Lg’*)(éqﬁ. On the other hand, if F satisfies Assumption 5.22 instead of 5.21, then
by using similar arguments,

Ry < Kty (tn) o= [ Vug]

kL <Z{|f1IHV9m z||}+||V9b||> [zl

=1
q
0,L? m—i m
+ kL™ (Z {1561} + |reb||> Ju|
=1
6,.H 0,L2 m
<k (It o + LG V0] + co L& 10,]1) [ 7| (5.51)
q
6,H! m m—i
+ keo L ™|l | V| D 11VO5

i=1

9 m—1 m—1
+keoch L f]oc [V hHZ{ne Iz lIver=iz}-

=1
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Summing up (5.50) and (5.51), one obtains

q
ik m—int
Ry < kG IV + kGal v | S {12 ey =) } (5.52)

=1

q
+EGL V|| Y Ve,
=1

with constants that are given in by
97
G = c||fy [l + Ly 6]

Go = ch’*)\ﬂoo
Gy :=0,

0,3

if Assumption 5.21 holds and

0,.H 6,L?

G1 = [y oo + o™V, | + L& 164
1

Gy = coc3, L f o

Gy = cOLg’Hl)|f\oo,

otherwise. Using Lemma 5.10 (vi), Ry can be estimated from above via

q
m—i|| % m—i|
Ry < ck|| V]| <f~e||vab|| £ Ctm)llor + 10,2 3 {les =711 % | vy, ||2})

=1

q
m m m—i| m—i| %
< KGal| VO + kGl Vo | S {5 w5 (5.53)
=1

with constants
Gs = ckl|VO|| + cf| frlocs0rs Ga:= c|0b][1,2]€]o0-

Combining (5.48) and (5.52) and using Young’s inequality yields for arbitrary v € (0,2), 6 > 0,

—_ 2 v
o ([fup?[|* = fuyy ™ |1* + Uz = Uiim) + Upy + b (2 = ) [V

a A _ G2q & -
)kZ{Whm_’HHWhm_’H} ok [V
i=1 i=1

2G3 - 2G3q
2vv

v(2=-7)  v(EZ-n

2G3 L (k -~ 6Giq® o G2 o
< -+ _ m—1 m—1 * m—1
< Sy kS IV S N

IN

q
K m—1i 1 m—1i m—i
=Gsk+k)» {(Sqweh 12 + %G**Hveh 12 + Ggl|0} ||2} , (5.54)
=1

with constants

2G3 §G3q? G%¢?
Gy = —— 31— Gg:= 272q2’ G = L
v(2—7) V2R(2 — ) 2v
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Analogously, combination of (5.49) and (5.53) yields for arbitrary € € (0,1), o > 0,

m m— 2 m
o (15117 = 165~ H1P + Ty = Tino) + To + k(1 = €[ VO]

G3, Gl v L L
< 73 m—i m—i
< gaes S (i)

Gz m—i|2 4 o Gi¢® | mei2
< k+kz{uv 12 4+ 5L

—G7k+kz{|Vuz” 12 + Gy g 1||2} (5.55)
=1
with o2 G
_ U3 N
O1= e O 26k20

Adding (5.54) and (5.55) and summation over m =g, ..., M for arbitrary M € {q,..., N} yields

M
_ m _ 1—
o (1 I+ 168117 + U3, + Th) + b S {oIVal P+ RIORI? + (T + T}

m=q

M- M
Z {Gsallui?|I” + Goall 67117} + kY {Gs + Gr} (5.56)

m=q

(||uh 12+ 105712+ U2y + T2

+kZ{HVuhu2 ( - )Hvehrr2}.

with

A

— (31(2 ) — i) (5.57)
— <1 . ;) - iG (5.58)

If G.x < 2k, which is equivalent to (5.44), then ~,d,€,0 can be chosen such that v > 0 and
K > 0. Then, application of the discrete Gronwall inequality, Lemma A.42, to (5.56) gives

I

M
o (1 I+ 168117 + U3, + Th) + b S {oIVal P+ RIORIZ + [T+ T}

m=q

< exp (T + k)go~ ' max{Gs, Gs, 1}) (5.59)

~ [(G5 +G)T + o (Hu,q;lHQ + 08P+ U + TR )

! v in2 K G 9
‘HfE ;HVuhH + g A
i=0

Then, the stated estimate follows from (5.45) and (5.59). O
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Preliminary Error Estimate

The following Theorem 5.24 provides a basic a priori error estimate for the numerical scheme
defined by Problem 5.19. The corresponding result provides convergence rates w.r.t. the spatial
discretization parameter h. Moreover, the derived upper bounds depend on the error of the
initial conditions and the approximation properties of the temporal difference operators. At
this point, no regularity on temporal derivatives of the exact solution is imposed. Thus, no
convergence rates w.r.t. k are shown yet. This will be done in a separate step.

Before stating Theorem 5.24, some notation has to be introduced. The exact solution at
time ¢, is denoted by (u”, p™, 0™, ®") and corresponding approximations in the underlying finite
element spaces are obtained by using the Stokes projection IIg and the projection Il ,

(wp,ry) == g(u",p"), ny :=1x,0", ¥ :=IIx, ®". (5.60)

The discretization error between these projections and the discrete solution of Problem 5.19 is

defined as

dyn=wp —wy, dpp=ry —pp, dygp =np — 0y, dgp =Ty — Pj. (5.61)
When applying the estimate stated in Assumption 5.20 (iii) for z™ = dy, and 2™ = dy,,

respectively, one further obtains real sequences (Up)n>g—1, (Tn)n>q—1, (Un)ana (Tn)an such
that the following estimates hold for all n > ¢

n n n =2
(Jady i) > o1 (ld5 1 + UR) + U, (5.62)

mn mn n =2
(Jadg p, dg.p) > 0J1(lldgulI* +T7) + T (5.63)

The error will be bounded in terms of the subsequent expressions. The first set of expressions
measures the error contributions by the ¢ initial conditions:

q—1
Ei(g)® =k Y {llu" — i, + 6" - 6;]17 2} (5.64)
n=0
[t TP 00— 0P+ U+ T
E>(q) = max{|[u" —uplji2: n=0,...,9—1} (5.65)
E3(q) = max{[|[" —6;]|: n=0,...,q—1}. (5.66)

Error contributions that arise due to the temporal discretization and which do not depend on
the spatial discretization are given by

N
E(k)?>:=kY {[o" — k" Jqu |21 o + 00" — k™' Ja0" % 5} (5.67)
n=q
N
+ kY {lu" = Jeu |+ (10" — Je0" |3 + (10" — T}
n=gq

E(k) measures how well the time derivative 0; is approximated by the finite difference k~!.Jq and
how well a function at time ¢, can be extrapolated by the function values at time t,,_q, ..., t,—1
through the operators Je, Jg, Jg. On the other hand, contributions by both temporal and spatial
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discretization are denoted by

N
E(h,k)? = PRy {7 Jau® [Fa o + K7 Jap"1F2} (5.68)

n=q

N
+h*'k Z 1E~ 1 Tab" |71 o,

n=q

with constants [, [* that describe the spatial regularity of the exact solution and the approxi-
mation quality of the finite element spaces. Finally, the term

N
Ea(h,k)* := k" [ Jady 1%, (5.69)
n=q

which involves the unknown velocity discretization error will be bounded by other terms and is
used to bound the pressure discretization error. The actual error bounds are now composed by
the previously defined terms and are separately given for velocity and temperature, pressure,
potential and Eq(k, h) according to

Eup(h,k,q) = h' + E(k) + E(h, k) + E1(q) (5.70)
g‘b(hakv(D = E3(Q) +€u,0(h7 k, Q) ( )
E(h k,q) = E(k) + E(h, k) + Ea(k, h) + Cp(h, k,q)Ews(h, k. q) (5.72)
Ealh,kyq) = k% (B(k) + E(h, k) + Cyplh,k,q) (B + Ba(q) + k™2 u0(h kyq))  (5.73)
Cp(hk,q) =1+ Ea(q) +min{h™' k" }Eap(h, k,q). (5.74)

Theorem 5.24. (Error of Numerical Scheme)
In the framework of Problem 5.19, let a solution of Problem 5.17 be given that satisfies the
following additional regularity requirements for some I > 1:

uec L™
p € L™
0 e L™
b e L™

OJEHHU
0,T; HY)

0,T; H*)

0,T; Wh)yn L>®(0,T; H*).

~~ I~ —~

Suppose that Assumption 5.8 holds with m = n = I, where m, n denote the respective finite
element approzimation orders, see (iii) and (iv). Moreover, let I* = 1 if the underlying Stokes
problem 1is regular and I* = 0, otherwise. Let further the assumptions of Lemma 5.23 hold;
in particular, assume that F satisfies Assumption 5.21 or 5.22. In the latter case, assume
additionally that the following small data condition holds:

1
cov/qlf1. L) < 2k, (5.75)
with v = V?(licé)’ k= /{ﬁ%) and cy, cp denoting the respective constants from Friedrich’s
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inequality w.r.t. H& and H1 . Then,

(0" =), i, nms) + 10" = 05),, lio(g,3;10) < Euo(hs k. q)
| (0" —up), lliz@gnmy + 10" = 60), 2Ny < Euolh, k. q)
| (Un)y oo (g, nim) + 11 (T, lliee (g, N:R) < Euo(hy K, q)
| @), lerm + 11T, e Euolhsk,q) k>

|
I (0" = Pi)n 2, vi10) < Ep(hy ks q)
Ed(h’ k) g

<
((I)n )n ||l2(q,N;H1) < 5@(h, ka q)
(

Theorem 5.24 states that the errors of velocity and temperature due to spatial discretizations,
measured in [?(H') and [°°(L?) norm, converge with rate h' for fixed time step size k. The anal-
ogous result in I2(H') holds for the potential error. Moreover, the purely temporal contributions
E(k) can be estimated by the series of corollaries in the end of this section. The remaining
terms in £, ¢ and Ep stem from errors in the initial conditions, F(q) and E3(q), and from the
mixed terms E(h, k). Depending on the temporal regularity of the exact solution, the latter ones
may contain negative powers of k as pointed out in Lemma A.81 (v) and (vi). In this case, the
resulting negative effect when decreasing k£ can be compensated by a simultaneous decay of h.
Therefore, the convergence rate w.r.t. h is, at least in theory, reduced. Concerning the pressure
error, the factor k™ 3 enters &y through the term Eq4(k, h), thus yielding a reduced convergence
rate compared to velocity, temperature and potential. Here, the term C), denotes a bound on
the [°°(H') norm of discrete velocity (5.116) and one can show that it stays bounded as h, k — 0
supposed that the exact solution is sufficiently regular and the initial conditions are chosen such
that F1(q) = O(h), see Corollary 5.30 and 5.32.

Depending on the underlying body force assumption, the small data condition (5.75) has to
be imposed. Compared to the smallness condition in the stationary case, see Theorem 5.15,
(5.75) is much weaker though, since only the square root of inverse diffusion constants enters the
condition. In Section 6.3, the validness of this assumption is shown in a practical scenario.

The underlying principle of the associated proof is inspired by comparable results on the error
of fully discretized flow problems, see e.g. [75] for the Boussinesq problem with temperature-
dependent coefficients and [41] for the incompressible Navier-Stokes equations: First, the error
is split into discretization and approximation part, denoted by d"; and 2", respectively. Then, a
corresponding error equation is derived by subtracting the discrete equatibns from the continuous
ones. Afterward, one aims to bound d.’fh in terms of z.’fh. This is done by exploiting coercivity
of ay, ar, ag to obtain H'-norms of d", and Assumption 5.20 (i) to obtain L?-norms from
the Jgq terms. Using Young’s inequality ’multiple times, the remaining d”", norms can be hidden
inside the ones on the left-hand side. The final estimate for velocity, teniperature and potential
is then obtained by employing a discrete Gronwall inequality. Afterward, it remains to bound
the pressure error by a similar argument as used in [75].

Proof. The error of the respective variables is decomposed into approximation and discretization

contributions:
eup =0 —uy =u" —wy + Wy —uy =z, +dy,
n o ._.n n o _ .n n n n o _..n m
epn =P —pp, =D =T, Ty —pp = Zp,h+dp,h

egn=0" =0y =0"—ny +np —0h =25, +dyy
€= B — B = B — WP 4 U — B = 2R, dl
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Error Equation

Subtracting the discrete equations 5.19 from the continuous ones 5.17 at each time t,, n €
{q,..., N} yields the following error equation for all (vp,qp, Th, Or) € Up X My x Op x Tp:

k= (Jady p, vi) + av(dy g, vi) = b(vi, ) = (RY + RS + Ry + Rl vi) (5.76)
b(dy s an) = (R5, qn) (5.77)
kY (Jadipy ) + ar(d5 4o mh) = (RE + B2 + R, ) (5.78)
ag(0" + Oy, @™ + Op, Br) = ap(Jgby + O, ©f + Py, Bn) (5.79)
with residuals
(RY,vp) = —(Opa™ — lewﬁ,vh)
(R, vn) = —(av(zy p, Vi) — b(Vh, 2, 1))
(Rg,vp) = —(ev(u™,u", vp) — v (Jeup, up, vp))
(R, vin) = (F(0" + O, " + ®p) — F(Jg0), + 0y, Pfp + Op), Vi) (5.80)
(B3, qn) = —b(zy b qn)
(Rg,7h) = —(0:0" — k™" Janjy, )
(R7,mh) = —ar (24,1, Th)
(RS, mh) = —(¢-(u", 0" + O, 11,) — - (Jeuy,, 0p + 60y, 71)).

Now, all individual residual terms (5.80) are considered. By definition of (w},7}') and the Stokes
projection, there holds (R%,v;) = 0 and (RZ,vy) = 0 and for residual R7 one obtains

(B, dg p)| <

onll12: (5.81)

In the following, the introduced constants {C; ;} do not depend on h and k.
Estimation of Potential Error
Setting £y, = dj ;, in Gauss’ law (5.79) gives

0= ap(0" + Oy, " + Py, dg 1,) —ag(Jgbp + Op, P + Py, dg 1)
= a5(0"+9b,<1>"+<1>b,dg7h) —ag(Jg «9"—}—91,,@”—1-(1)1),(1@ n)
+ ag(Jgh" + 6y, D" + Dy, 2,7 ) —ag(Jgby + 05, D" —i—fbb,dq, )
+ ag(Jgby + 6y, " + Dy, dg ) ag(Jgbyy + 0y, Vi + Oy, dg h)
+ ag(Jgbyy + Op, —|—<I>b,dq> n) — ag(Jgby + 0y, @f + Oy, dg, 1)

=1+ o+ J3+ Jy.
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Then, using Assumption 3.2 on ¢,

[ J1] = | ((e(
SLEHH”—

(0" + 0y) — e(Jg0" + 6,))V (D" + By), Vd3 ) |
Jg0" 19" + o100/ Vg

(Jg0" + 6) — e(Jgbp + 6,)) V(@™ + By), Vdy 1) |
= )" + Pol1,00[[ Vg |
o.0ll) 1IVdg yl

| Ja| = | ((e
< Le|| Jg (0™
< Le||® + @l soyproo (g2l + 1 Tg
\I’Z)avd%,h)’

T3] = |(e(Jgbh + 6,)V (D™ —

mn
a1l

Ty = (e(J0} + 0,)V (U} —
> e[| Vdg .

(PZ)? vd%,h)

Combining these estimates with Z?:l J; = 0 yields

L +
IVdg all < =N+ Pollocowroe (107 = Te0" Il + [ Tg2gll + [ Tedsnll) + 128 nll12
—: Cou (16" = Jg0" | + 12 1 ull) + CoallZ 2. (5.82)
According to Lemma 5.23,

|51 < G (5.83)

and, by Assumption 5.3 (iv),
1, 22 < ¢]|0l oo (5.84)
Whlliz < H‘I’ ||22 < e[ @% 22 < | ®]log; 2 (5.85)

Estimation of Body Force Residual

Residual Ry, induced by the force term F, can be decomposed into five parts:

<R2a Vh>

= (F(6" + 05, ©" + Py)

T+ (F(J0" + 6, " + B,
4 (F(J:0" + 0y, U7 + @,
+ (F(Jenp, + Op, ¥, + Py
+ (F(Jgn;, + 0y, P) + Py,

~— N — —

5
=: Z<Li,vh>-

=1

F(Jf9n + 0y, D" + (I)b),Vh>
F(ern + Oy, \I’Z + (I)b),vh>
— F(Jeny + 0, V3, + ©p),va)
— F(Jenp, + 0p, @y + Pp),vi)
F(erz + 04, (IDZ + @b),vh>

Then, by using the Lipschitz continuity of F as given by Assumption 5.21, together with the
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uniform boundedness of (5}, @7, ¥}),, given by (5.83) - (5.85),

(L1, vp)| < cL ) (|| @n ) 16" = Je0™|12]vall12
Sdﬁﬂmmmm+mmmmm_km
(by H'(Q) = L*(Q) )

‘<L2,Vh>‘ < L HJf@n
<Ly (

J

0,%
(L, vi)| < L™ ( 2) 128 all2lvalliz

0
< LY (]| ®]looiz + [Poll12) 62811 20Vl 2

[(La,vi)| < LY o nlli2llvalie

<L ( |f!1\|9|!ooH2 + 110sl11,2) 1dg pll12llvall12

0,%
(Ls, v < L@ (|97 + ®pll1.2) [|Teds 1 llo3]val1.2
<09 (i o Jed |13 | Jed? (12
<cLp™ (cCo + |@ullia) 1 Tedull2 11 ul1E o (vl

( by Theorem A.93 ) .

On the other hand, if F satisfies Assumption 5.22 instead,

1 2
(L1, vi)| < oL V(0" = Je0™) ||| Vallie + co L™ 10" — Je6™ || vallr.
(Lo, vi)| < L&) Jz0"
< CL(CD *) (
(by H2(Q) — W3 (Q) )

3) IIVZq>,h|!\|VhII1,2

6,H! 0,12
[(La, vi)| < co LNV TezgllIvallig + oL 1 ez nlIvalliz
'ID
|(La,vp)| < L ) | Jenp + Obll1,3]|Vdg,

<Ly ( )HVd allllvalie
(by H*(Q) — W1 3(9) and Hl(Q) — L5(Q))

0,H! 0,L2
[(Ls, vi)| < co L&V Tedy l1valli2 + co L™ | Tedg ol [ vall1.2-
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Using (5.82) to substitute [|[Vdg , ||, the force residual norm can be estimated from above via

(R}, vn)|

< Cy 10" — Je0"|
Va2

12+ Cap (I Jezgpllie + 28 4 ll12) (5.86)

1,2)

+ Cu3 (Cop (10" — Jg0™ | + 1 Tgzg 1|l + 1 Tgdg 1]l) + Co2llzg 5

1 1
+ Cuill Jedg |12 | J2d 1|17 2 + Cusiall Jedg pll + Caiaill Jedy 1,

l1,2-

Depending on the underlying Assumptions on F, the introduced constants take the followig form

- if Assumption 5.21 holds:
Cu,ii = Cuuii = 0.

- if Assumption 5.22 holds:
0,L2 0,H!
Cyi =0, Caii = COL%’ ), Cuiii = COL%’ ),
Estimation of Convection Residual

The convection residuals R3 and Rg can estimated as follows by using Lemma 5.10 (i) and

(i),
‘<R37 dﬁ,h)’ = |6V(un’ u”, dﬁ,h) - 5V(quzv u;LL? dﬁ,h)‘
< ’EV(un - ']Cun7 un, dﬁ,h)‘ + lév(chﬁ,hv un7 dﬁ,h)’
+ v (Jedy p, 0, dy )| + [Ev(Jeuy, 2y g, Ay )|
4
e
i=1

and

Further, by Lemma 5.10 and the Sobolev embedding Theorem A.92, H?(Q)) — C°(Q) and
H2(Q) = WH(Q),

Ky < clldyplliz [l 0" = Jeu®|]
Ky < cl|dypllie [ullamr [1ezypll2

1 1
2 [ Jedy nllf 2

Ky < clldg pllie [[uflcom [|edy p
Ky < cf|dgpllie [1Jeugllie llzgplli2

K5 < clldg plli2 10 4 0|l ooz [[u™ — Jeu™|
Ko < cl|dyplli2 10+ Oblloo;rr | ez pll1,2

1 1
K7 < clldg plli2 10+ Olloosmn [ Jedy pll2[[Jedy ullf 2

Ks <cldgplliz IJcup iz 126 l12-
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Thus,

[0 dandl (= dew] + ezl + eyl e | (5.87)
ar =031 | |ju cu cZyplli1,2 clyn clu,nll1,2 :

H u7h||172

+ C32l|Jeup]1,2]|Zg 11,2

By djl _ " Jou| + || Jez, Jed? 13 [ Jed? 12 5.88
e < Can (I = g+ el + el B el (5.89
RS

+ Cg2

Jeuy[1,2]126p[l1,2-

Estimation of Difference Quotient Residual

The residual norms of the difference quotients, R; and Rg, can be estimated via

[(R1, vi)

Vallis < [|opu” — k=M Jqu”|| 1o + k| Jazg 4l <12 (5.89)
Rg, 7 B -
W < |00 — kT a0 212 + kY[ azg 1.2 (5.90)

Left-Hand Sides

By using Assumption 5.20 (i7i) and the definition of w} by means of the Stokes projection,
the left-hand sides of (5.76),(5.78) can be estimated from below,

kfl(Jddﬁ,hv dy ) +av(dy p, dy ) — 0(dy g, dy )
_ n 152 1 n
> ok~ L1 (A ull® + Un) + 570, + T vldialis (5.91)
+ ¢
k’_l(Jddg,m dyp) + ar(dy . dgp)

_ n —1772 n
> ok~ (||dg ul* + T) + k7T, + il I 2- (5.92)

14 c%
Here, (Up)n, (Up)n, (Tn)n, (Th)n denote real sequences according to Assumption 5.20.
Application of Discrete Gronwall Inequality

Combination of the previous estimates (5.81), (5.86) - (5.92) with v, = dy, and 7, = dy,,

application of Young’s inequality ab < 2%(12 + ng for all a,b € R, € > 0 and the inequality

(" a;)® <n Y a? for a; > 0 yields for n > ¢:

w; < c(w) +wy) (5.93)
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with
1 _ _
wy = o (H@tu" —k 1Jd11n||2—1,2+k‘ 2||JdZ7$l,h||2—1,2)
+— (Clu" = Jeu[|” + C3 || ez 17 2 + Coall Jeup |17 2l 2y 1117 2)
#04 J.d” . 11?
+ 511l Je u,hH
€31€3,2
1
to (C2A110™ = Je0" (3 2 + CZ o (1 e250 172 + (128 1117 2))
1
+ *Cig (C31 (16" = T 1> + [ Jg 260 1* + 1 Tedg 1]1%) + CF 21|28 1)
1
+ Cti+ —C%.: ) 1 Jedg 1112
(64641 it 1=Cha) Ll
1 _ _
Wl = " (100" — k=1 Ja0"™ || 1 5 + k2| Jazg 117 1 2)
K
+ =25l
€7
1
— (C82,1||un — Jeu"|* + O§71|\ch”7 %2)
1 4 n 2
+ 5——Cs1l|Jedy 1l
€8,168,2
and
1 (2 =2
= ok ™y (ldi 4l + 1512 + U2+ T2) + k" (T, +T7,)
€1 €31 €& € €4, €32+ €382 2
+ (25 - S-S - S-S a1, - 2R
b (or Ty g, (0 T g
I{ _—e— — —— — —_—
If €445 > 0 is chosen such that
647 <, (5.94)
then €1, €3,1, €4, €44 o< v can be chosen such that
(25_2_63771_674_%_647“1) > .
2 2 2 2 2
On the other hand, if there is some o € (0,1) such that the condition
04 R < 0—7%3 5 €4,iii (595)

|f 3
holds, then

) C?
€44 4,414 642 4zu
(i Jed S £ &
(3 e Yttt = - (54 )wZu IR
€4, .
> - (L0 o) S
=1
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Thus, €4, > 0 can be chosen sufficiently small such that

2
er; O
- ( 2Z 264”) | Jedg 1132 > —*led I3 5.

210

In summary, if
20F
C2.i < ——\ 5.96
B g3 (99

then one can always select o € (0,1) and €4, > 0 such that both (5.94) and (5.95) do hold,
since
K 20K\
—0 fi — 1" i — (20) 7.
|f|2 €4,iii — <q|f|%> or o y €410 ( V)
Note that (5.96) is precisely the assumed condition (5.75).
Choosing the remaining €7 > 0, €6, €31 o & such that

(2r-2-T0-2)>5
2 2 2

and €32, €g2 o v such that
€32 + €82 v
= PRI
2 2qlcl3

one obtains from (5.93),

ok ™1y (|l 1% + |1 hH?+U3+T3)+k—1 (T +T7)

~ 4
- R i
+0||dG Allf 2 + Flldg ZH e — %ledﬁh’\liz
i=1
q . .
<2 {ulldiIP? + aglidg 12} + o + 8" + 4" + 07, (5.97)
with factors for n > ¢
Qu 3:C< 031 Cs 1) el

1
4 2 2 2 2 (52
ag :=c¢ <I/2/<;C4’i + VC47z‘z‘> ‘f|oo + 0;04736071’@00

and
a” 1 1 1
—_ < (= n_k—l n|2 — 2 ~ 2 n__ n|2
© < (o - ka2 (O3 G I e
1 . 1

# (F100m = K071+ S CR" — S8 - 5" I?)
571 1 2 1 2
P (2e2, + =2, | ez
PR 3’1+/<a 51 ) 1 Jezy,

1 1

+ 5042,303,1||ng%||2 + ;Cf,3C§,QHZZIZ>,hH2
V1 no|2 L n |2
T L2y Sk,
P | JazypllZ1 2 + - [ JazgpllZ12
" i D)
& 14 ’
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Multiplication of (5.97) by ko~—! and summation from n = gq, ..., M for arbitrary M € {q,..., N}
gives

2 =2
) ||2+||d9h||2+UM+TM+kZ e @7 + 1l + 5158
=q

<1<;Z {au||d
+/<Z { [

Application of the discrete Gronwall inequality, Lemma A.42, finally yields

M
1
+aglldgpl®} + kY~ {a” + 5"+ 9" + 0" (5.98)

Ky o -1 1
Sl | + 112 + 0P 4+ U2+ 72

=2 2 K\ m
! ||2+||d9hu2+UM+TM+kZ S (O TR+ 1t + SR

< exp (T2qo™ " max {au, ag}) (5.99)
N1 =2
: (kzo{a”+5”+7"+5"} +Cq_1> :
n=q

with 62_1 denoting those terms in (5.98) that correspond to time steps i < ¢ — 1 only, i.e. the
last row in (5.98).

Finite Element Approximation Error

The finite element approximation errors can be bounded by means of Assumption 5.3, Lemma
5.6, and the imposed regularity of the exact solution:

1
2 ]he < Csh! (yyuuoo;ﬁm ¥ Vupuoo;m) (5.100)
H hH < Cshl (VHu||oo;Hl+1 + ||pHoo,Hl) (5101)
|25 nll2 < Bl oo, (5.102)
|2 pll12 < chH | @] aou i (5.103)

By using the linearity of IIg and Ilx,, Assumption 5.3 and Lemma 5.6, 5.8, one obtains for an
arbitrary ¢-step difference operator Jy,

q q
o= 1> hu" = hllg(um T pt )
=0 =0
= [[Jpu" = Tlg(Jpu”, Jnp")|lp.2

. 1
< O (o + Vthp"ul,z) (5.104)

| JnZy,

D2

p7

q
Tz pllp2 = 1> hia"™ Z hillx, ="
=0

= || Jpx" — HXthx l|p,2
< || Inali41,2, (5.105)
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for x € {0,®} and p € {0,1}. Here, [* = 1 if the underlying Stokes problem is regular and p = 0.
Otherwise, [* = 0.

Final Error Estimation for Velocity, Temperature and Potential

The term £ ZnN:q {a™ 4+ " +~" 46"} in (5.99) can estimated as follows:

k N N N
- Z o < kz_: O™ — kL Tqu |2 + kY 100" — kT Jaf” ||

n=q
N N N
HEY (" = Jeu [P B> (67 = T Ty + kD> 107 — Jg6"?
= n=q n=q
= E(k)?, (5.106)
and, by means of (5.100)-(5.103), there holds
L N
- > o< h (5.107)
n=q

Using (5.104) and (5.105) with h =d,

N N N N
k — 1+20* 1+-20* l
PO 1<h2 N Jau [P e + BT " Tap" 72 + B N Jab" 17
n=q n=q n=q n=q

= E(h, k)2 (5.108)

Combination of (5.100),(5.102) and the discrete stability result, Lemma 5.23, yields

e 1 N
=z 0" < - max z calel2 k Z012
S0 s s (L Chaletalt i) lefik S Il

< B2, (5.109)

Squaring and multiplying (5.82) by k, summing over n =g, ..., N and using (5.103) gives
N N N
B Vg al? < k10" = Jgb"|* + h* + k Z I 112
n—=q n=q —
< E(k)? + 0% + B3(q +kZ|yd (e (5.110)

Using (5.106) - (5.109), the right-hand side in (5.99) is equal to the stated term &, g(h, k,q), up
to a multiplicative constant that is independent of A and k. In this way, the estimates

H( dyn), legamy +1(dgn), legaa) < Euo(hk,q) (5.111)
I (dy ) i g2y + | (dp, ) llioe (g,3,22) < Euo(hs ks Q) (5.112)
| (U, ) lico@gviry  + I (T llie(gvim)y < Euplh, K, q) (5.113)
1 (Tn), l2gnmy + 1 Tn), legam < Saolh. b g)k? (5.114)
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follow. Similarly, the square root of the right-hand side in (5.110) can be estimated from above
by Es(h, k,q) (under the use of (5.111)). Thus,

1(dg 1), le@n,at) < Ea(h,k,q) (5.115)

is obtained. The stated assertions on the complete error of velocity, temperature and potential
now follow by the decomposition e, = 2, +d7,, (5.111), (5.112), (5.115), estimations (5.100)
- (5.103) for 2™, and the triangle inequality.

Pressure Error Estimation

As next step, the pressure error dg’
holds for n > ¢ (see [75])

4% ull2 < min {ch™H|dG 411, G alli2}
< min {eh | ()., oo vy K2 (dig),, g vomn |
< min {h—l, k3 } Eao(h, k. q)
=: D(h, k,q)
by the inverse estimate, Assumption 5.3 (v), and (5.111), (5.112). Thus,
I (dip), (o vy < masx { D(h.k,q), lldi pllaz: n=0,....q = 1} = D(h, k.q).

Moreover, by

p for m > q is considered. To this end, note that there

[upllie < a2 + [lzgplle + Idg sl
1
< HuHoo;H1 + CS (”uHoo;HH'1 + VHpHoo;Hl> h’l + D(h7 k, Q)

<14 h —i—min{h*l,k*%}é’u,g(h,k,q) + max{[[u” —uj|i12: n=0,...,¢—1}

=: Cp(h7 k,q),
one obtains
| (ap),, i 0. vm1) < Cp(h, K, q). (5.116)
Now, by the discrete inf-sup condition, Assumption 5.3 (ii), and the error equation (5.76),

Blldypll < sup
ldpall < sup =0T,

sup (K7 |(Jadi Vi) + lav (A, vi)| + (R, V)|
vnets, IVl

+ RS, Vi)l + (RS, va))
< k7 Jadg ull +vIdg pllie + 1B oy + 1B g, + [1RE lug, (5.117)

| R} [|uz and ||R}|lus can be estimated from above by (5.89) and (5.86) respectively,

IR luz < [[0nu”™ = k= Jau"||—12 + k™| Jazy ]l 12 (5.118)
1R} oy < (16" = Je0"[[1,2 + (0™ — Jg0"|| (5.119)
+ | Jgzgnll + 1 Te2g 01,2 + | Tdg pll + 1|28 5112
1 1
+ I Jedg b |l + | Jedg 12| Jedg 11 £ 2 + (| Tedg 11,2
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To estimate ||R%||u;, use Lemma 5.10 (i), () with H2(Q) — C°(Q), H?(2) — W3(Q) and
the bound (5.116) to obtain

n
1Bl = sup [Vl

vheU, Va2

1 N N
< sup ———— (]cv(u” — Jeu", u", vp)| + |ev(Je (0" —up),u”, vy)|
vaeUy, Ivalli2

+ [e (Joup, u” = uf, v )

q
<l = Jew [l 22 + leleo D { Iz lnz + iy e |
=1
q .
+ leloc (Z Huz—%,z) (I, 12)
i=1
q .
< Jho = Jow| 4+ D {llzi i e + i e } (5.120)
=1

+ Cp(h, k, q) (lzn plliz + Ay plliz2) -

Squaring and multiplication by k of (5.117), summing from n = ¢,..., N, using the estimates
on the residual norms (5.118), (5.119), (5.120), the estimate of the approximation errors (5.100)
- (5.105) and the estimates of the discretization errors (5.111), (5.112) yields

N N
EY ldppl® < kY 0™ — k™ Jau”|2
n=q n=q

N
kY (I = Jou"|? (|67 — Jgb" | + ||6" — Je6" |1, }

n=q

N
+ (1+ Cplh, b, @)?) 2R D {0710+ 107172 + 10717012 + 1971712}
n=0

N
1420% . —
+ R RS Tqw P + 1 ap” P2}
n=q

+ (1+ Cy(h, b, q)? kZ{Hd alld 2+ l1d5 Al17 2}

+k 12 I Tad 41°

n=q

+ (14 Cp(h, k,9)?) Enplh, kyq)?
< E(k)?

+ Cylh, k, q)QhQZ

+ E(h, k)?

+ Cylh by 0)? (B + Er(0)?)

+ Ed( k)?
Cp(hy k, q)*Eup(hy k, q)%.
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Thus,
1 (dpn),, lizan,z2) < Ep(hs k). (5.121)

The stated assertion on ej ;, now follows from (5.121) and the triangle inequality.
Bound on Temporal Variation of Estimation Error

It remains to derive an upper bound for Eq(h,k). Setting v, = Jad;, ), in (5.76) und using
Young’s inequality yields

q
14
Y adi P < 57 i {192 + 9 di)2)

i=0
q
n |2 n||2 n||2
¢ (IR Iy, + I3 1 + 1R, ) + ¢ Idi Pl 3 o
=0
4
Summing this inequality from n = ¢, ..., N and using the previously derived bounds on {HR?HUE} X
=

(5.118), (5.119), (5.120), the approximation estimates (5.100) - (5.105) and the error estimates
for velocity and temperature, (5.111), (5.112), yields

N N
E7UY IMady ull* < (1+ Cp(hy ki, q) Z [ 4 Gallfo+ Y lloma™ — k™ Jqu (|2
n=q n=

N
+ 3 Il = Jeu"|? + 6" — Je0" [T 5 + (16" — Jg6"|*}

N

+ kT Z [ Jaz, b2 1 2
n=q

+ (1 + Cp(h, k, q)? Z{Hz

+ |2 wll? }

Tt l12e all* + 1125 4l 2

n=0

qg—1
< (1+ Cp(h, k,9)?) (k Y&uo(h, k. q) +2Hd h”l 2)

n=0
N
+ Z H@tu" - k—leunH2_1’2
N
5 Il = w4+ (167 — 0735 + 167 — Tg0"]1%)
N
+ R 2 ST qu P + [ Tap" 172 )

n=q

N
+ (14 Cy(h, K, Q)Q) h?! Z {Hun”12+1,2 + HanlZz + H9n||12+1,2 + ||(I)n||12+1,2}
n=0
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Thus,

-1 Z 1 Jadl 1 lI2 < Cplh, k, q)? (k—leu,e(h,k,q)Q + 2 +E2(q)2) (5.122)

+ kT E? (k)
+ k7L E?(h, k)
+ Cy(h, k, q)*h?.

Taking the square root in (5.122) yields the final estimate

Remark 5.25. In the previous proof, we required that Ci“-i < 2D/%|f|52q_1, see (5.96). However,

this assumption could be relaxed to CF;, < 4v&|f|;%¢~ ",

technical presentation.

to the expense of a slightly more

In the proof of Theorem 5.24, a time step size restriction when applying Gronwall’s inequality
could be avoided, since the right-hand side in (5.98) only contains terms ||y, , ||, [|dg || for n < M,
whereas the corresponding left-hand side involves ||d?, |, Hde nll- Thereby, [|dy ;| stems from
|Jedy, || which in turn arises from the convection res1dual estimation (5.87), (5.88). For this
reason, it is assumed that J¢ is an explicit difference operator. Otherwise, the right-hand side in
(5.98) would also depend on ||d}, || and a restriction of the form k < ag! would be necessary,
see Lemma A.42. An analogous argument applies for ||dj ;|| which occurs in the right-hand side
through the terms ||Jedy || and ||Jgdj , |- "

One drawback of the7presented préof lies in the exponential factor that arises due to the
application of Gronwall’s inequality. This exponent is proportional to negative powers of viscosity
and thermal diffusion and may thus take very large values for typical fluids. Strictly speaking,
one obtains an exponent Ceyp with

Cexp x T max{oy, o} < T (V73 +r 2 b2k 4 Vﬁl) ) (5.124)

The term v=3 + k=271 comes from the estimation of the convection terms éy, &, see (5.2),
(5.87) and (5.88). In [66], an approach is shown that avoids the explicit occurrence of v in
the exponential factor when deriving error estimates for the instationary incompressible Navier-
Stokes equations. This is achieved by the use of H(div)-conforming elements that yield exactly
divergence free discrete velocities in combination with Vu € L*(0,T; L*) and a W1 >-stability
assumption on the Stokes projection. Conditions for this stability are given in [30], for instance.

The term v~2x~! is actually multiplied by the constant C§,, which is introduced in the
estimation of the body force residual (5.86). As pointed out after equation (5.86), C4; = 0
if Assumption 5.22 holds. The remaining factor ! also arises due to the body force and is

multiplied by the constant

(6,L%)

. L. 2
Chis+ G o (oll™) 4 (L) (Ol + 101) L1 + Bl ) - (5125)

Thus, large values of v~ ! could be compensated if the domain has a small diameter, i.e. small
co, and if the spatial variations of temperature and potential are rather low.
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Full Error Estimate

We now consider two concrete temporal discretization schemes by choosing the difference op-
erators introduced in Problem 5.19: 1-step BDF1 (which could be considered as semi-implicit
Euler) and a 2-step BDF2 method. It is shown that the resulting difference operators for both
schemes satisfy Assumption 5.20. Moreover, the k-dependent error contributions in Theorem
5.24, E(k), E(h,k) and Eq(h,k) are bounded from above in order to derive convergence rates
w.r.t. k. This is done by using Taylor expansion under certain assumptions on the temporal
regularity of the exact solution. However, it was pointed out in [35], that too strong regularity
requirements on the solution of the incompressible Navier-Stokes equations for ¢ — 0 imply non-
local compatibility conditions on the intial data which may be uncheckable in practice. Among
others, it is critical to impose the following assumptions according to Corollary 2.1 in [35]:

HuHoo;H3 < o0
00t sgzzr < 00, Beullpzr < oo, (5.126)

Hattu||2;L2 < Q.

On the other hand, the following conditions “are optimal in the sense that higher, not time-
weighted regularity of the solution is equivalent to compatibility conditions on the problem’s
data” [24], according to Theorem 2.1 in [24] and [23]:

o € L*0,T;HY
Oyu € L2(0,T;H™Y), t20,u € L2(0, T;L?), tdyu € L2(0,T; H') (5.127)
tOyu € LZ(O, T; Hil), t% (8ttf — 6tttu) S L2(O, T, LZ),

where f denotes the entire right-hand side in the momentum equation. In (5.127), the integra-
bility of dyu and Oypu is increased by weakening the spatial regularity requirements, i.e. going
from H' over L2 to H™!, and by time-weighting, i.e. multiplication by t*. In doing so, a possibly
non-smooth behavior of the solution for ¢ — 0 can be compensated. The higher 3, the more
regular the time-weighted terms become.

The proposed time stepping schemes are based on difference operators determined by the
vectors

a(l) - (07 1)7 a(2) - (072a _1)

1
bV = (1,-1), b® = (g, -2,3). (5.128)
Here, b and b® define the standard one- and two-step backward finite differences Jq for ap-
proximating J;. The remaining difference operators Je, Jg, Jg are determined by a) and a®,
leading to the following time stepping schemes.

Definition 5.26. (BDF1 Scheme)
The 1-step BDF scheme is given by d := (1,—1), ¢:=(0,1), f:=(0,1), g:=(0,1).

Definition 5.27. (BDF2 Scheme)
The 2-step BDF scheme is given by d := (%,—2,%), c:= (0,2,-1), f := (0,2,-1), g :=
(0,2,-1).

Both, BDF1 and BDF2 are widely used for discretizing flow problems, see e.g. [75] for the use of
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BDF1 for the Boussinesq equations and [24] and [31] for the use of BDF2 for the incompressible
Navier-Stokes equations. In BDF1, the velocity u” in the convection terms ¢y, ¢, is replaced by
the first order extrapolation u”~!. In BDF2, the second order extrapolation 2u”~! — u™? is
used. The same holds for the temperature in the body force term F and in the Gauss bilinear
form ag.

It is easy to see that difference operators given by Definition 5.26 and 5.27 satisfy Assump-

tion 5.20 (7) and (i7). The stability condition (ii7) is stated by Lemma 5.28, see e.g. [75] and [24].

Lemma 5.28. (Stability of Difference Operators)
Let Z denote a Hilbert space, z € L*(0,T; Z) with 2’ € L'(0,T; Z), 2™ = z(t,) forn =0,...,N.
Then,
(i) form=1,...,N,
1 1 _
(Jpm 2", 2") = §J1HZnHQZ + §||Zn - 2",

1
27

(ii) forn=2,...,N,

ie. 0= 5, Zpy=0 and Z, = %”JbU)ZnHZ in the notation of Assumption 5.20.

1 1
(Jp 2" 2") = 11 (12"11% + 1 Tae 2" FHIZ) + ZIIZ”+1 - 22" +2"|Z,

ie. 0=1%, Zy=||Jy2 2"z and Z,, = §||z"T — 227 + 207 4.

The following corollaries now provide upper bounds for the k-dependent error contributions of
Theorem 5.24. In this way, the errors can be bounded in terms of h, k and Ej(q), [ € {1,2,3,4}.
The later terms measure the error of the ¢ initial conditions (u%, 02), 1=0,...,q—1.

For each time stepping scheme, BDF1 and BDF2, two sets of estimates are derived. One set
that only requires regularity conditions that are not stronger than the ones stated in (5.127) and
another set which may involve the critical estimates (5.126) and, in return, allows for conver-
gence rates of higher order. We start with BDF1.

Corollary 5.29. (BDF1 Scheme with Weak Regularity Requirements)
Let the assumptions of Theorem 5.24 hold with | =1 and let additionally

o e L*0,T;L%), Oyue L*(0,T;H™Y)
0 € L*(0,T; H™Y), 040 € L*(0,T; Hp).

Let the difference operators in Problem 5.19 be given according to Definition 5.26 and h, k < 1.
Then, the upper error bounds derived in Theorem 5.2/ satisfy

Eup(hyk,q) < W +k+ R R+ Ei(g)
Eo(hk,q) <t + k+hT K™Y + E1(¢) + E3(q)
Ep(h k,q) < k2 +hk™2 + W E2 + k2B (q)
+ Gyl k) (4 k4 B R 4 Bi(g))

Cplh, ) < 1+ Falg) +min{h ™ k3} (k1 + Bi(g))
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Proof. Using Lemma A.81 (i), (iii), (v) with 8 = 0, the error terms given by Theorem 5.24 can
be estimated as follows:

E(k)? < K (110003511 + 10012, )
e (Hatqu;LQ + 100112 1 + ||at9||§;L2>

and

N
E(h,k)* < 220 (kz {Ia"lly 2 + !W!?,g}) + 20013 s

n=1
< W2 ([l g+ 0l ) + P03 g

g h2l+2l*k—2 + hgl.

By Lemma 5.28 (i),

N N
_ n _ —2 oy _
Ea(h k) = k™Y [ diplP = 267 S T = k72 (Tn), [ gy < b Ews (b, k.0)”.

n=1 n=1
Thus,
Euplh k,q) < B +k+ AR + El( )
Ea(h,k)? < k+ 2% + h2420 13 L 1 B2 ().
Then, the assertion follows by plugging these estimates into the terms &,, £o, C). O

Corollary 5.30. (BDF1 Scheme with Strong Regularity Requirements)
Let the assumptions of Corollary 5.29 hold for some | > 1 and let additionally

dpu € L2(0,T; HTY) and dwp € L*(0,T; HY).
Then,

guﬁ(hv k‘, q
g@(ha kv q
gp(ha ka q

<
<k+h'+ Ei(q) + Es(q)

< k2 + Rk + kT2 Ei(q) + Co(hy k. q) (k: LR+ El(q)>

)
)
)
) < 1+ Ea(q) + min{h ™!, k*%}El(q).

Cp(h, k,q
Proof. The assertion follows analogously to Corollary 5.29, however, with

E(h, k)* < ¥+ <||atu”§;Hl+1 + HatpHin) + h”l!at@ll%;w

< h2l+2l* + h2l.

~N

according to Lemma A.81 (v) with 8 = 0. O
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The difference between Corollary 5.29 and 5.30 lies in the estimation of the term E(h, k). In
the strong regularity case, the finite difference ||k~1.Jqu"||;+12 can be estimated from above by
using [|0;u"||;4+1,2 and thereby obtaining an upper bound that only depends on h. This is not
possible in the weak regularity case, where ||k~!Jqu"||;412 is simply estimated by using the
triangle inequality. Thus one does not get rid of the preceding factor k~1. At least, this factor is
multiplied by A*t" in the final estimate, such that the negative effect of an increased temporal
resolution can be compensated by an increased spatial resolution. Apart from this factor and the
initial condition contributions, the error of velocity, temperature and potential is proportlonal
to h! + k in both cases, as expected by a first order method in time. In contrast, a factor k> is
lost for the pressure error, similar to the estimates derived in [75].
We proceed with the BDF2 scheme.

Corollary 5.31. (BDF2 Scheme with Weak Regularity Requirements)
Let the assumptions of Theorem 5.24 hold with | =1 and let additionally

du € L2(0,T;L%), t204uc L2(0,T;L?), towu € L2(0,T;H )
0,0 € L2(0,T; HY), toyd € L*(0,T; HY), 12040 € L*(0,T; H'), tdub € L*(0,T; Hy).

Let the difference operators in Problem 5.19 be given according to Definition 5.27 and h, k < 1.
Then, the upper error bounds derived in Theorem 5.2 satisfy

Euo(hyk,q) < W+ k+hTTE + Bi(g)
Eollt byg) < K+ b+ KK+ By(g) + Balo)
Ep(h,k,q) < k3 4 Bl =
FG k) (k% F AT R RS kT E (g) + Ez(Q))

Cylh, k) < 1+ Egfq) +min{h " k) (b + W4k~ + Ea(g))

Proof. Using Lemma A.81 (i7) with g = , (iv) with g =1, (vi) with 8 =0, v = 1, the error
terms given by Theorem 5.24 can be estlmated as follows:

E(k)® < K (HtatttuH%;H*l + ||t8ttt9“§;H51)
1 (0B + 120013, s + 12005, )
<K 4k
E(h,k)* < W22 (H (u"),, Hz22(17N;Hl+1) + 1 ("), ”122(17N;Hl)>
12 (1001, 11+ 180003, )
< T () g + P12 )

12 (1001, 11+ 16003, )
g h2l+2[*k72 + h2l.
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Thus,
Euo(hykyq) < W+ k+ R R+ Ei(g)
Ea(h, k)2 < kL <k2 RS 2 )
4 Cp(h,k,q)2 <h2l Lt (hm 4g2 g p2A2AT -2 E1(q)2) i Eg(q)2>

<k + PR 4 Cyhy K, q)? (k‘1h2l +k+ PP 4 kT BN (9) EQ(q)Z) .

Then, the assertion follows by plugging these estimates into the terms &,, £s, C,. O

Corollary 5.32. (BDF2 Scheme with Strong Regularity Requirements)
Let the assumptions of Corollary 5.31 hold for 1 > 1 and let additionally

dma € L2(0, T; Hl+1), toyu € L2(O, T; Hl+1), Opu € L2(O, T; Lz), O € Lz(O, T; H_l)
dp € L*(0,T; HY), tdyp € L*(0,T; H)
Oub € L*(0,T; HY), 0w € L*(0,T; Hp').

Then,

Eup(hi k,q) <K + bl + Ei(g)

Ea(h k,q) < k2 + h' 4+ F1(q) + E3(q)

E(hykyq) < K5 + WHRTE 4 (b kyq) (K2 + A3 4+ k73 B (q) + Palo))
Co(h,k,q) < 1+ Ea(q) + min{h ™, k™2 } By (q).

Proof. The assertion follows analogously to Corollary 5.31, however, with

E(k)* < K <||atttu||§;H—1 + Hat“e”g;HBl)

+ 5 (10wl g + 10u013, 1 + 190132 )
<k

B(h, k) < 242 (00 gps + 100130 + 1100 + 1600l )

02 (100013, s + 10013 1)
< h2l+2l* + h2l

by using Lemma A.81 (i), (iv), (vi) with 8 =0, v = 1. Thus,
Euo(h k,q) < b + BT + K2 + Ei(q)
Ea(h, k) < k™ (k4 REE) 4 Oy k) (B4 7 (K4 02 4 By(0)?) + Bala)?)

< k3 + k—1h21+21* + Cp(ha k’q)2 (k3 + k_1h2l 4+ k—lEl(q)Q + E2(q)2) )
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Corollary 5.31 shows that the BDF2 scheme yields the same convergence order as BDF1 in case
of weak regularity requirements. To obtain the expected second order convergence in time, see
Corollary 5.32, it is necessary to impose critical conditions, e.g. dyu € L2(0,T;L?), as stated
in (5.126). One way of coping with this issue is proposed in [36] and [24] for the incompressible
Navier-Stokes equations. There, a time-weighted error is considered and optimal order conver-
gence rates are derived.

In Section 6.2, we present numerical experiments that exhibit first and second order conver-
gence rates of both proposed schemes. Moreover, we will see that a reduced temporal regularity
for t — 0 may actually lead to an observable reduced convergence rate when the BDF2 scheme
is used.

In practice, the initial condition errors Ej(q) can be controlled in the following way: First,
(1), 6?) is computed by projecting or interpolating the analytically known functions (ug, 6) onto
the respective discrete spaces. The resulting error can be bounded in terms of A!. Then, the
remaining initial conditions (u%,@i) for i = 1,...q — 1 can be computed by using BDF1 with
time step size k2. In this way, the resulting errors can be bounded in terms of h! + k? according
to the previously derived convergence rates of BDF1.

5.3. Modeling of DEP Force

We conclude this section on discretization of the TEHD Boussinesq equations by reconsidering
the modeling of DEP force w.r.t. the requirements posed in Section 5.2. The next lemma shows
that the force terms that are defined in Section 3.3 and which are based on linearization do
actually satisfy Assumption 5.21

Lemma 5.33. (Properties of DEP Force Terms, Continued)
The DEP force terms Fs o, Fy o and Fy 1 given by Definition 3.23 satisfy Assumption 5.21.

Proof. Consider Fy1: Let 61,09, ® € H'(Q2) and v € U. Then,

|(Fa,1(01,®) = Fa1(02, @), v)u+| < 20|V Pollo,co | P1,2]161 — 02
+ cagllgllocollfr — Oallos IV

6,%
— L) (||@]1.2) 161 — Ballos| VY],

lo,3/|Vv]|

thus (i) follows. Moreover, for 6, ®1, ®; € H'(Q2) there holds

[(Fa,1(0,®1) — Fo1(0, ®2), viu+| < 2ae||VZ®ol0,6]|®1 — P2[1,2(|0]1,2]|VV]]
= L)@, — Ball1.2)1001.2 Vv,

which implies (i7). The validness of (7i¢) is clear. The proof for F;, F, o follows analogously.
In the former case, use the identity

(|[V®o[* VO, v) = =(IV®[* 0,V - v) — (V [V®0|*, ).
O
Finally, we give a DEP model that satisfies the alternative Assumption 5.22 and which does

not require a priori information, such as the base potential in the definition of Fy o, F, o and
F, 1. Instead, the integrability of the electric field term |V®|? in the DEP force is increased by
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replacing |[V®|? by |mg o V®|?, where my is a cut-off function. In this way, one obtains L™
integrability instead of L? and it is possible to define a DEP model that satisfies Assumption
5.22. This is shown in the subsequent Definition 5.34 and Lemma 5.35.

Definition 5.34. (Cut-Off DEP Force)
For K > 0 let my € L®(R?) denote a Lipschitz continuous function with Lipschitz constant Ly
and |mglloeo < K. Define
For: H'(Q) x H'(Q) — U*
(0,9) = ac(|myc o VB2V, ) — ay(0g;, )

Lemma 5.35. (Properties of Cut-Off DEP Force Term)
1
The force term F i given by Definition 5.34 satisfies Assumption 5.22 with Lg’H ) = a.K? and
0,L2
Lp™ = aylglloce.

Proof. Let 61,05, ® € H'(Q) and v € U. Then,(i) follows from
< acf|lmg o VO[||o.0c|| V(81 — 62)|[|v]

+ agllgllo.coll0r — O2l[| vl
< acK?| V(01 = 02)l[[v] + agllgllo,scll62 — 02 [[v]

|<FS,K(917 (I)) - FS,K(027 (I))a V>U*

Moreover, for § € W13(Q), &1, 05 € H' () there holds

[(Fox (0, 1) — Fo (0, 2), v)u+| < e lmg 0 V1> — [mg o V||| VO] l0,3]|v] 06
< aellmg 0 V@1 + mg 0 VPso,00[[mg 0 V1 —mp o Vs
[IV8lloslvlloe
< 2K L||V(®1 — ®9)||[[ VO

0,311Vllo,6

Thus, (i7) is satisfied and (¢ii) follows trivially. O

An example of a suitable cut-off function mp is given by the metric projection of a vector w € R?
onto the ball {x € R%: |x| < K}.

Definition 5.36. (Metric Projection)
For K > 0 the metric projection is defined by

<K
mg RO RY wes 4 WIS
Klw|"'w, |w|> K.

The following Lemma 5.37 states that the previously defined cut-off function satisfies the re-
quired properties as stated in Definition 5.34.

Lemma 5.37. (Properties of Cut-Off Function)

Let mg be given by Definition 5.36. Then, |mk||o,00 = K and mg is Lipschitz continuous with
constant L = 1.
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Proof. The stated assertion ||mgl|o,.c = K is clear and the Lipschitz continuity follows from
the fact, that my can be written as mg(w) = wg where wy is the unique solution of the
minimization minyep |w — r|, with the compact and convex set B = {x € R?: |x| < K}, see
e.g. [7]. O

Regarding Assumption 5.22 only, the actual value K does not play a role in the construction of
F; k. However, according to Lemma 5.23 and Theorem 5.24, a small data condition of the form

L& < cq/un (5.129)
has to be supposed. Following Lemma 5.35, there holds L%? HY) a.K? which yields an upper
bound on K,

K< k. (5.130)
Qe

If F i is based on the metric projection mg of Definition 5.36, then the electric field at some
point = € () is not modified, as long as its magnitude is below a given threshold. Thus, the
proposed approach can be justified for practical applications, if one can give an upper bound on
max, g |E(z)| = max, g |[V®(r)|, e.g. by physical reasons. Moreover, these definitions of F,
and mpg allow to draw some conclusions about the error when F is set to the straightforward
DEP formulation

Fy(0,®) = a.(]V®|*V0,-) — a,(0g, ). (5.131)

Note that Fs does not satisfy the required Assumptions 5.21 and 5.22. However, if the computed
discrete potential is bounded according to

|V(®F + ®p)|l00c < Ky foralln=0,..., N, (5.132)

uniformly w.r.t. h and k, then the obtained discrete solution is de facto the same as if it was
computed by using F = F; i, . If, in addition, K, is small enough to fulfill (5.130), then Theorem
5.24 can be applied and the corresponding error estimates do hold. In practice, condition (5.132)
probably can not be proven in a rigorous way, since it can only be checked for certain values
of h and k. However, this uniform boundedness might be safely assumed, if a series of discrete
potentials for various discretization parameters h, k do not exhibit a significant grow in the
| - llo,co-noOrm.

Unfortunately, the new DEP model Fg i does not satisfy Assumption 3.12 and 4.2 which
are needed to show existence of solutions of the stationary and instationary TEHD Boussinesq
equations. The problem is that the weak convergence ®, — ® in H'({2) does not translate to
pointwise convergence in U* as required by Assumption 3.12 (ii4), since the term |my o V®|? is
nonlinear w.r.t. ®.
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In this section, we present numerical experiments that are obtained by solving the stationary
and instationary TEHD Boussinesq equations with the discretization proposed in Section 5. T'wo
different scenarios are considered. First, a 2D benchmark problem is solved for which an analytic
solution is known. This configuration is used to measure the error of the discrete solution and
compare the empirical convergence rates with the theoretical ones that are derived in Section
5.1 and 5.2. The second scenario is given by a cylindrical configuration which is commonly used
by engineers to investigate DEP-driven flow with physical experiments in the laboratory, see
e.g. [68]. Before we turn to the numerical results in Section 6.2 and 6.3, the underlying solution
method, implementation and computing details are given in Section 6.1.

As another preparation step, we make a note of the temperature boundary lifting 6. According
to Assumption 3.1 (iv), a family of boundary liftings {65[¢]: & € (0,1)} is supposed with the
property ||6y[¢]llo,3 < € for all € € (0,1). In case of simple geometries, such a family can be
constructed by using the following function for e € (0, %), bi, b, € R:

, e<zr<l-—e (6.1)
oe(x), 1—e<z<1

bic(x), 0<z<e
b€7bi7bo (x) =
b

with polynomials b; ¢, b, that satisfy

bi7€ S IP’;»,([O, 6]), bLE(O) =
b

Do € P3([1 — €,1]), boe(1) = ) =b (1—¢)=0. (6.2)

Then, there holds bep,p, € C%(Q) with ||bep, s,
(bi, bo) — 0.

log — 0 for € — 0 and ||[Vbep,p,/| — O for

6.1. Implementation

The discrete equations to be solved are stated in Problem 5.12 and 5.19 for the stationary
and instationary case, respectively. The spatial discretization is based on Taylor-Hood finite
elements for velocity and pressure, and continuous quadratic Lagrange elements for temperature
and potential, see Lemma 5.4. The underlying mesh consists of quadrilaterals for 2D problems
and hexahedrons for 3D problems, and is obtained from an initial coarse mesh by uniform
refinement. For the cylindrical configuration in the second scenario, we use a formulation of the
TEHD Boussinesq equations in cylindrical coordinates. Thus, the underlying domain is given
by a cuboid.

The temporal discretization makes use of the difference operators given by Definition 5.26
and 5.27, i.e. BDF1 and BDF2 schemes are applied. In addition, we consider a Crank-Nicolson
discretization of the instationary equations for the sake of comparison, see e.g. [41].

The resulting nonlinear system of algebraic equations for each time step is solved by the inexact
Newton-Raphson method with Eisenstat-Walker forcing strategy [22]. This nonlinear iteration
is terminated if the initial algebraic residual is decreased by a factor of 10710 for instationary
problems and 1075 for stationary problems. Moreover, within each iteration, the pressure is
shifted by a constant scalar to ensure prda: = 0. The arising linear systems within each
Newton iteration are solved by a preconditioned GMRES method [64]. We use a block Jacobi
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method as preconditioner whereat the inverse of each diagonal block is approximated by an
incomplete LU factorization.

As noted in Section 2.2, the dual problem (2.43) is posed backwards in time with prescribed
values at ¢ = T'. Thus, the temporal discretization can be realized in a time stepping manner,
where the solution at time ¢,y is used to calculate the solution at ¢,,. Here, the Crank-Nicolson
method is used as time stepping scheme. In each single time step, a linear system of PDEs has
to be solved. The associated spatial discretization is based on the same mesh and finite element
spaces as in the primal case and the resulting linear system of equations is solved similarly to the
primal case. Further note that the primal solution occurs in the dual formulation (2.43). Since
both systems are posed in opposite temporal directions, the primal problem has to be solved first
and the corresponding solution has to be stored at each single time step t,, n =0,..., N. Only
if this calculation is done, the dual system can be solved. As the amount of data for storing the
complete primal solution is typically very high, the solution is not kept in memory, but stored
on the hard drive by using the parallel file format HDF5.

The implementation is based on the open-source, general purpose FEM package HiFlow?
[29], which is written C++. In HiFlow?, parallelization is mainly employed for assembling and
solving linear systems and is obtained by domain decomposition of the physical domain Q2. The
partitioning of the original mesh is performed by the metis library [45] and communication
between the individual processes is based on MPI.

All simulations were performed on the HPC system bwForCluster MLS & WISO, located at
Heidelberg University and based on Intel Xeon E5 CPUs with 2.4 GHz and 20MB cache and 16
cores per node. For parallelization, we typically used 256 - 1024 cores, resulting in approximately
10,000 to 20,000 degrees of freedom per core. The application was compiled with openmpi 3.1.4
and the GNU Compiler Collection gcc 8.3.

6.2. Convergence of FEM-BDF Discretization

This section is devoted to substantiate the theoretically derived error estimates of Section 5.1 and
5.2 by numerical experiments. To this end, we consider a 2D test case where the right-hand sides
f., fr, fg in Problem 5.11 and 5.17 are constructed in such a way, that a predefined analytical
function does actually solve the equations in the classical, i.e. pointwise, sense. Hereby, T' =1
and the domain is given as unit square, Q = (0,1)? with left, right, top and bottom boundary
defined by

T, = {0} x [0,1], T, == {1} x [0, 1]
T, = [0,1] x {1}, T} := [0,1] x {0}. (6.3)

We impose Dirichlet boundary conditions for temperature and potential on the left and right
boundary, i.e. I'p := I'; + I';, and homogeneous Neumann conditions on top and bottom, i.e.
Iy =Ty+T1:

f=1only, 8=0o0onTl,
®=1onl;, =0o0nT, (6.4)

u=0onT.

Here, the reference temperature 6, is set to 0.5. The boundary liftings 6, and ®; are defined
according to Op[¢](7,y) = be(ey,1,0(x) and @4(z,y) := 1 — z, with ((§) > 0 chosen such that
105[€]1l0,3 < &, see (6.1), (6.2). In practice, the boundary conditions are imposed by explicitly
setting the degrees of freedom that are located on a boundary facet to the respective value. We
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further assume that the permittivity depends linearly on the temperature, see Section 2, and set
for some parameter v € (0,1)

1, §<0
eR—=[1-7,1, €s)=¢-31—vs, se€/(0,2), (6.5)
1_/77 §2>2

to meet the requirements of Assumption 3.2.

Moreover the stationary Problem 5.11 is considered as fully implicit, i.e. a =u, . =u, § = 0,
® = ® and without contributions from outer time stepping, i.e. § = 0. In all considered cases,
the fluid properties correspond to the liquid Wacker AK5 , which is commonly used by physical
experiments, see e.g. [51]. However, for the convergence analysis we increased the viscosity and
thermal diffusion coefficient to improve the convergence of the used linear and nonlinear algebraic
solvers. In Section 6.3, the fluid is used with its original properties. All fluid and experimental
parameters are listed in Figure 2.

In the following, the right-hand side terms fy, f-, f3 are chosen such that

W, . (t, z,y) = g(t) sin(mz)? sin(27y)

)

W, (t, 7, y) = —g(t) sin(2rz) sin(my)?

(t,,y) =
y(t2,y) =
p«(t, @,y) = g(t) cos(2my) (6.6)
Ou(t,x,y) =1 — 2+ gog(t) (1 — 4(z — 0.5)%)

O, (t,z,y) =1 —x+ go g(t) sin(mz),

solves the TEHD Boussinesq equations in strong form (2.28) with those source terms added. The
temporal factor g is either chosen as gexp(t) := exp(—10t) or as go(t) := t* for some a > 0 to
cover different temporal regularities of the exact solution. In particular, g=go =1, g9 = go =0
corresponds to the stationary case, gex, € C*([0,T]) and there holds for a € (3, 2] \ {2},

go € L®(0,T;R), g, € L=(0,T;R), g/ € L*(0,T;R)
tg" € L*(0,T;R), g7 ¢ L*(0,T;R), (6.7)

and for a € (3,00) UN,
ga € L(0,T;R), g, € L=(0,T;R), g € L*(0,T;R), g € L*(0,T;R). (6.8)

Thus, for g = gexp and g = g, with o € (%, o0) UN;, the exact solution satisfies the strong regu-
larity conditions for both, BDF1 and BDF2, assumed by Corollary 5.30 and 5.32, respectively.
On the other hand, if o € (2, 2] \ {2}, then the strong regularity conditions for BDF1 are still
satisfied, whereas the conditions for BDF2 do not hold. However, the weak conditions for BDF2
are still valid, see Corollary 5.31.

Stationary Case

We first consider error convergence of the discrete stationary solution, defined by Problem 5.12.
In this case, the corresponding exact solution, given by (6.6) with g(¢) = 1, satisfies the regularity
conditions imposed by Corollary 5.16. This a priori estimation states that the H'-error of
velocity, temperature and potential is bounded from above by a constant times h'. According
to the underlying second order Taylor-Hood elements combined with quadratic elements for
temperature and potential, we have [ = 2, supposed that the small data conditions (5.35),
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Figure 2: Left: Streamlines of exact flow field with colors indicating the velocity magnitude.
Right: Physical parameters.

(5.36) holds. These conditions, however, is not satisfied because of V% [Vul|? = 472, which
implies Z; > 1. Nevertheless, the numerical experiments still exhibit the theoretically predicted
convergence rates as shown in the following.

In Figure 3, the computed errors of the individual components are plotted over the mesh width
h for the choice F = F, 1 given by Definition 3.23 and the unmodified DEP formulation

Fy(0,®) = ae([VB]VH,-) — ay (b, ). (6.9)

In contrast to F, 1, Fs does not satisfy the required Assmption 3.12. However, both choices of
F lead to similar results.

One can observe that the velocity error converges with the theoretically predicted rate h2,
whereas temperature converges faster than expected. For large values of h, the potential error
converges with similar rate as the temperature error, but is several orders of magnitude smaller.
At a certain point, the potential error stagnates at a very low level. A possible reason is the
finite accuracy of the underlying nonlinear solver. Perhaps, the algebraic residual of Gauss’ law
is dominated by the other equations and stagnation is a result of a non-accurate solution of the
algebraic equations.

Instationary Case

We now investigate convergence in the instationary case. To this end, different configurations
are considered: the temporal factor ¢ is chosen from the set {gexp, g1.51, g2}, the temporal dis-
cretization is chosen as BDF1 or BDF2 and the DEP body force takes the forms F, ; (Definition
3.23) or F given by (6.9).

Further, the initial condition is set to the exact solution at ¢ = 0 and for the 2-step method
BDF?2, the approximate solution for the first time step is set to the exact solution at t = k.
Thus, errors induced by the initial conditions, given by Ei(q), E2(q), E3(q) in Theorem 5.24,
can be neglected.

In case of F, 1, the base potential @ is chosen as the exact potential ®, defined in (6.6).
Furthermore, F fits into the framework of F g given by Definition 5.34, if the cut-off function
is chosen as metric projection, see Definition 5.36, and if K is chosen sufficiently large to ensure
Fi (-, 7 +®y) = F, g (-, D)+ ) for the computed discrete potentials, i.e. ||[V(P}+®p)|0,00 < K.
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Figure 3: Error for g =1 and g9 = go = 0. Left: F = F, 1, right: F = F,.

On the other hand, K should be small enough such that the small data conditions supposed by
Lemma 5.23 and Theorem 5.24 are satisfied. As pointed out in the end of Section 5.3, these
conditions are of the form

2 K? < co\/Vk, (6.10)
with domain dependent constant
_1
cq = ! min{(2q(1 + @)1 +cD) 2 5, 2q‘1|f|g01} . (6.11)

As ¢g, ¢p denote the respective constants in Friedrich’s inequalities on a square domain, they
can be bounded as ¢y < 1 and ¢p < 1 according to Lemma A.107. Concerning the time stepping
contributions, ¢ and f, we have

BDF1: ¢=1,[fa =1, |flec=1
BDF2: g =2, [f]o = V5, [f|oc = 2. (6.12)

In summary, (6.11) and (6.12) lead to

1
BDF1: ¢cq > —
Q —_ ’\/g

1
BDF2: cg > —=. 6.13
02 (6.13)

Using (6.10), (6.13), ae = % and the fluid parameters, an upper for K is given by
K? < cqa 'k = cq - 4.8 -101° = 0(1019), (6.14)

which is several orders of magnitude larger than the computed values ||[V(®} + ®p)l0,00 = O(1)
and the exact value ||[V®,(t)[/0,0c = O(1). Thus, K can be chosen small enough to ensure the
validness of the small data condition (6.10) and large enough to guarantee Fy(-, ®,) = Fy g (-, Px)
and Fy(-, @} + &) = F, (-, P + &) for all considered n, h and k.

Since two discretization parameters, spatial h and temporal k, can be selected, two different
types of test series are performed: Either h is left constant, h = 278 or h is chosen to be
proportional to k, h = 1.25k. In either case, k is varied over a certain range. If h = const,
then it is chosen sufficiently small to make the temporal contributions to the error dominant.
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If h o k, the h! terms in the error estimates given by Corollaries 5.29 - 5.32 are transformed
to k. As pointed out in the stationary case, we obtain [ = 2 due to the spatial regularity
of the exact solution and due to the polynomial order of the underlying finite element space.
Thus, the temporal contributions in the derived error estimates, which are of the form k and k2,
dominate the spatial contributions k! oc k! and the observed errors should resemble the temporal
convergence order.

The results for F = Fy, g = gexp and h = const are shown in Figure 4. In this case, the exact
solution has the full regularity as required by Corollary 5.32. Further, the errors of velocity
and temperature approximation, given by || (u} —uy), |2~ 1) and || (07 = 03), llizo,n,m51)s
respectively, exhibit first (BDF1) and second order (BDF2) convergence w.r.t. k, in accordance
with Corollary 5.30 and Corollary 5.32. The same holds for h  k, see Figure 5. In each case,
the pressure error || (pi — p}r),, li2(0,n,z2) converges faster as predicted by the theory.

In fact, i1t converges with the same order as velocity and terlnperature and one does not loose
a factor k2. In the proof of Theorem 5.24, this factor k™2 stems from the term FEgq(h,k),
(5.69), which basically measures the temporal variation of the discretization error (d7. ,),. The
similar quantity E(h, k), which measures the temporal variation of the exact solution (u")p,
does not cause the occurrence of k:_%, since the temporal regularity of u could be exploited.
From a theoretical point of view, this temporal regularity could not be derived for (d}.;),. In
the underlying test problem, however, this discretization error might have a similar témporal
smoothness as the exact solution, resulting in comparable k-convergence rates for pressure and
velocity.

The potential error || (@} — @) [l2(0,n,m1) shows a behavior that deviates from the theory,
as well. After decreasing with similar rate as velocity and temperature for large k, the error
eventually stagnates for smaller & (BDF1) or even increases slightly (BDF2) for small k. This
might be due to the fact, that the potential error is several orders of magnitude smaller than
the errors in the other variables. Therefore, the contribution of Gauss’ law to the nonlinear,
algebraic residual is significantly smaller than the contributions of the other equations when
employing Newton’s method. Regarding the finite tolerance of Newton’s method, the discrete
potential may not be forced sufficiently strongly to further reduce the residual of Gauss’ law,
and thereby increase its accuracy.

When considering g = g2, one can observe pretty much the same behavior as for g = gexp, see
Figure 6 and 7. As before, the exact solution satisfies the regularity requirements supposed by
Corollary 5.30 and 5.32 and the velocity and temperature error converge with the rate that is
predicted by the theory. The only significant difference can be observed in Figure 6 (right), i.e.
when BDF2 is applied with fixed h. In contrast to the previous case, compare Figure 4 (right),
one can observe a stagnation of the velocity and temperature error around 10~4. Apparently, at
this point the spatial error contribution becomes dominant and h has to be decreased to further
reduce the errors, see Figure 7 (right).

Two more scenarios are left to consider. In Figure 8, the error is shown for g = g2, h & k and
the alternative DEP formulation F = F, ;. Compared to the analog configuration with F = Fy,
Figure 7, one can observe almost identical values for the respective errors.

Finally, Figure 9 illustrates the errors for the case F = F4, BDF2, h = const and h « k. In
contrast to Figure 6 (right) and 7 (right), the temporal factor g is set to g1.51 instead of g = go.
As pointed out in the beginning of this section, the exact solution does not satisfy the strong
regularity requirements of Corollary 5.32 any more, whereas the weaker assumptions supposed
by Corollary 5.31 do still hold. Therefore, the theory predicts a linear convergence rate w.r.t.
k. In practice, one can observe a temporal convergence order of 1.5 for velocity, temperature
and pressure and an unchanged rate of 2 for potential. Thus, the regularity condition that is
supposed for second order convergence appears not only sufficient, but also necessary. Since the
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Figure 4: Error for F = F;, g = goxp and h = const. Left: BDF1, right: BDF2.
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Figure 5: Error for F = F, g = gexp and h o< k. Left: BDF1, right: BDF2.

condition dyu, € L2(0,T; H™1) in Corollary 5.32 is violated, but not d;u, € L2(0,T; H*1), we
conclude that the overall convergence is reduced due to the purely temporal contributions E(k),
but not due to the mixed contributions E(h, k).
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Figure 6: Error for F = F;, g = g2 and h = const. Left: BDF1, right: BDF2.
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Figure 7: Error for F = F,, g = g» and h « k. Left: BDF1, right: BDF2.
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Figure 8: Error for F =F, 1, g = g2 and h < k. Left: BDF1, right: BDF2.
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Figure 9: Error for F = F,, g = g1.51 and BDF2. Left: h = const, right: h < k.

6.3. Dielectrically Driven Flow in a Vertical Annulus

In this section, simulation results are presented for a scenario that often serves as test case
for both numerical simulations and physical experiments of DEP-driven flow, see e.g. [42], [54],
[58], [68], [78], [79], [81]. In this scenario, a dielectric fluid is contained in the gap between two
concentric cylinders with inner radius r;, outer radius r, and height H:

Q={(z,y,2) eR>: rl<a® +y> <2, 0<z< H}. (6.15)

In most cases considered in the aforementioned literature, the radii are in the range of 5—20 mm
and the height is typically in the range of 3 — 30 cm.

We further assume that a temperature and potential difference is applied between the inner
and outer wall of the annulus, whereas the top and bottom plate are supposed to be thermally
and electrically insulated. In this way, the entire configuration can be considered as cylindrical
capacitor where the fluid serves as dielectric.

To be precise, the boundary I' = 992 is decomposed into the following parts:

Fi::{XGQ: x%er%:r?},Fo::{XGﬁ: x%er%:rg}
Iyi={xeQ: a3=H}, Iy :={xeQ: z3=0}. (6.16)

Dirichlet boundary conditions for temperature and potential are imposed on the inner and outer
cylinder, I'p = I';+T1',, and homogeneous Neumann conditions on top and bottom, I'y = 'y +1%,.
The Dirichlet boundary conditions are of the form

u=0 onl
=6, onI';,0 =6,onT, (6.17)
dP=VyonI;,®=0 onT,.

with inner temperature 6; := 6, + %dﬂ and outer temperature 6, := 6, — %d@. Here, 6, denotes
the reference temperature, for which the fluid’s parameters, such as viscosity, density, thermal
conduction coeflicient, etc. are known, see Figure 11.

The presented configuration is relevant from a practical point of view for several reasons. On
one hand, it can be regarded as an idealized heat exchanging system, where the fluid serves as
medium for transporting heat from an inner, hot device to an outer cooling system. In this case,
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Figure 10: Left: Schematic view on domain and boundary conditions. Right: Illustration of
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it is interesting to investigate to which extend the DEP force has an impact on the heat transfer
between inner and outer cylinder. Ideally, the DEP force would lead to enhanced heat transfer,
thus improving cooling efficiency.

On the other hand, this simple geometry offers an accessible way for analyzing DEP-driven
flow by experimental means. In these experiments, the boundary conditions for temperature and
potential can be controlled and the heat transfer can be determined by measuring the amount
of electric power that is needed to keep the temperature at the inner boundary at a constant
level, [27]. Moreover, it is possible to visualize the velocity field by means of particle tracing [18]
and Schlieren technique [20]. In addition, one can draw some conclusions on the temperature
field by using shadowgraph imaging, see e.g. [68]. In summary, experimental data is available
for this configuration, making it possible to validate numerical simulations.

Concerning numerical simulations, the cylindrical geometry can be exploited when discretizing
system (2.28) to obtain efficient solvers. Most reported numerical methods for solving the TEHD
equations in a cylindrical domain impose periodic boundary conditions in the axial direction,
see e.g. [42], [70], [78], [79]. By doing so, spectral methods can be applied and the Fast Fourier
Transform can be used for solving the resulting discretized equations. An exception is presented
in [53], where the same boundary conditions as in our case are supposed and a (not further
specified) finite element solver is used.

In the literature, the TEHD system (2.28) is typically described by a set of non-dimensional
numbers, see Table 12. Of particular interest are the thermal and electric Rayleigh numbers,
Ra and L, since they measure the strength of the buoyancy and DEP force, respectively. The
definition of L involves the electric gravity g which is defined for some base potential ®.
As base potential, one typically uses the solution of the TEHD system (2.28) in a cylinder of
infinite length and without natural gravity, g = 0. A closed analytical expression in cylindrical
coordinates is available in this case according to [81]:

o) =p0) = [ his)ds

O(p,r,2) =0(r) =0,+df (In (77))71 (In(r) — In(ry))
®(p,r,2) =®(r)=c+bln (1 —v(0(p, 7, 2) — GT)) , (6.18)

with

h(s) = —(0(s) - 9r)037«‘1’(8)?;‘1>(8)
= (v (557))
c=—bln (1 + ;’yd0> .

Later on, we make use of ® to define the linearized DEP models F.o, Foo, Fo1.

The previously described configuration is usually investigated either under standard laboratory
conditions, i.e. g corresponds to Earth’s gravity [68], in the following denoted by g, := —9.81-e,,
or under zero gravity conditions, i.e. g = 0. The latter case can be experimentally implemented
by means of a drop tower, a parabolic flight [18] or an orbital laboratory, e.g. on the ISS [58], in
ascending order w.r.t. duration of the micro gravity state.

In this subsection, we give higher priority to the standard gravity case and most presented
numerical results are obtained for a fixed temperature and potential difference, since a wide
list of parametric studies can be found in the literature, see e.g. [68], [58] and the references
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therein. Instead, we want to put emphasis on the following aspects: temporal evolution of vortex
formation, comparison of different time discretization schemes, comparison of different DEP
models, sensitivity of the solution w.r.t. the initial condition and non-uniqueness of stationary
solutions.

But before turning to the numerical results, we reconsider the small data condition that is
imposed by the convergence result Theorem 5.24. As before, this condition is of the form

2 K? < co\/Vk, (6.19)
with domain-dependent constant
_1
cq = cg! min{(2q(1 +R)(1+c3)) 2 If5 2q*1\f|g01} . (6.20)

As in the previous section, it possible to determine the domain-dependent constant due to the
relatively simple geometry. According to Lemma A.107, there holds cg, cp < ¢, with

¢ = (; (In(ry) — In(ry)) (12 — r?))% - (6.21)

Inserting the problem data, i.e. r;, 7, and the time stepping parameters according to (6.12), into
(6.20) and (6.21), leads to

BDF1: ¢ > 138.69 = <2\/vr > 6.255 - 1012

Qe
BDF2: co > 43.86 = —\/vr > 1.978 - 10'2. (6.22)
Qe

Thus, (6.19) is satisfied for

BDF1: K, <2.5-10°
BDF2: K, < 1.41-10°. (6.23)

Regarding the zero gravity solution, we obtain for the base potential V® = 0, ® e, with

— do
87«0((,0,?", Z) - 111(77)7“
67"5(907 r Z) =-b (1 - ’7(5(907T7 z) - 97"))71 787"5(()0’ r Z) (624)
Therefore,
_ ~|b]do (2 - 'yd9> -1
0rP(p,r,2)| = — < 2VodBy |r; 1 2 —~df)1 6.25
|0:®(p, 7, 2)] @ oG = 2 n(n)(2 —yd0)In | 520 (6.25)

In the following, we only consider df < 7, which implies
|0, ®(p, T, 2)] <290 - Vj.

In summary, ||[V®|o0 < K, with K, satisfying the small data condition (6.23) can be guaranteed

if the potential difference between inner and outer cylinder wall ;) satisfies

BDF1: Vp <8.62-10° V
BDF2: V, < 4.86-10% V. (6.26)
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In one of the upcoming sections, it is numerically shown that the relative difference between
"+ @, and ® is only of order O(1073). Further, we could observe that

IV (@f + @) l0,00 < 2-10° (6.27)

holds for Vo < 7-10% V. According to (6.23), (6.27) and the remarks at the end of Section
5.3, one can thus state that, at least for BDF1, the error estimates derived in Section 5.2 are
applicable for the choice F = F, for Vi < 7 -10% V. Moreover, a comparison between BDF1
and BDF2 shows that both schemes yield very similar results. For this reason, all conducted
simulations are done by using BDF2 with time step size K = 0.05 and F = F;, unless stated
otherwise.

Concerning the spatial discretization, all simulations are performed on the same mesh consist-
ing of 96,000 cells, see Figure 10; thus leading to approximately 4-10° spatial degrees of freedom.
Again, if not stated otherwise, the initial condition is set to the stationary solution of the stan-
dard Boussinesq equations for natural convection, i.e. the stationary version of system (2.28)
with a, = 0. Further, most simulations are conducted for df = 7 K and Vy = 7 - 103 V which
corresponds to a thermal Rayleigh number Ra = 23946, an electric Rayleigh number L = 15220
and a Prandtl number Pr = 61.

Temporal Evolution under Earth’s Gravity

The temporal evolution of the fluid’s velocity and temperature when both natural convection
and DEP force are active is now considered. The occurrence of stationary, axially oriented vortex
structures is reported by experiments [27], linear stability analysis [54] and simulations [42], if
the electric Rayleigh number L is in a certain range that depends on 7, A and Ra. Under this
threshold, the fluid remains in a unicellular flow state that is close to the natural convection
case. According to [27] and [70], the smaller the radius ratio 7. i.e. the larger the curvature of
the annulus, the lower the critical L becomes. For higher L, the linear stability analysis in [53]
predicts the onset of stationary, helical modes with non-zero axial wavenumber. This parameter
regime, however, is not covered by our simulations.

Our simulation results are illustrated by Figures 13, 14 and 15. In Figure 13, the temperature
isosurface {(z,y,2) € Q: 0(z,y,z) = 0,} w.r.t. the reference temperature is shown at times
t € {50,60,70,80,90,100} with colormap indicating the strength of axial vorticity. One can
observe how the initially axisymmetric temperature distribution transforms to a state where a
certain number of axially aligned plumes is present in the middle part of the annulus. Apparently,
the temperature distribution does not deviate too much from the initial state in regions close
to the top and bottom. This due to the fluid motion, which still keeps its initial characteristics
of a unicellular convection field in those regions. This effect can be seen more clearly in Figure
14, where velocity is plotted on a vertical and horizontal cut plane. Here, color indicates the
axial velocity component, i.e. red means upward movement and blue downward. Regarding the
vertical plane, one can observe how the initial, symmetric convection cell is perturbed in the
middle part of the cylinder, while it roughly keeps its shape close to top and bottom. Moreover,
the velocity on the horizontal plane clearly illustrates an alternating behavior w.r.t the azimuthal
direction. In summary, the fluid’s velocity can be considered as superposition of a main, axially
directed component, coming from natural convection, and rotational motion in the horizontal
plane.

Eventually, the instationary solution appears to converge towards a stationary state. Figure
16 illustrates different aspects of the solution at the last computed step ¢ = 200 s. Here, the
streamlines (with color encoding axial velocity) on the left-hand side indicate a helicoidal motion.
The visualization of velocity, body force, temperature and axial vorticity on the horizontal cut
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Figure 13: Temperature isosurface {§ = 6,.} for dd =7 K, V5 =7000 V, F =F, and g = g, at
multiple time instances.
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Figure 14: Velocity field for dd =7 K, V, = 7000 V, F = F; and g = g, at multiple time
instances. The color map indicates axial velocity with red / blue denoting rising / falling fluid.
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Figure 15: Temperature field for dd =7 K, V5 = 7000 V, F = F and g = g,, at multiple time
instances.
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Figure 16: Simulation state for dd =7 K, V;, =7000 V, F = F; and g = g, at t = 200 s. Left:
Temperature isosurface {# = 6,.} and streamlines with color indicating axial velocity. Middle

upper: Axial velocity at {z = 0.5H }. Right upper: Body force Fpgp + Fpuo. Middle lower:
Temperature distribution. Right lower: Axial vorticity.

113



6 Numerical Experiments

plane at z = 0.5H clearly depicts a state that is periodic in the azimuthal direction with wave
number K = 7. On one hand, the temperature plumes arise due to the counter-rotating, axially
aligned convection rolls. On the other hand, this temperature distribution with strong gradient
in radial and azimuthal direction further enhances the formation of axial vorticity, thus leading to
a self-amplifying process with exponential growth of the axial vorticity component, see Figure 17.
This can be made more clear by considering the vorticity equation: Applying the curl operator
VX to the momentum equation of (2.28) yields for the vorticity w = V x

Ow+u-Vw —w-Vu—vAw = .V ([V®|?) x V8 — a,V0 x g. (6.28)

The right-hand side terms in (6.28) denote the driving forces in the generation of vorticity.
Supposing ® ~ & = &(r), the DEP contribution to vorticity becomes

0.0
@V (IV[?) x VO ~ a,V (|[VB?) x VO = a0, (8,8(r))° | 0 (6.29)
—7‘_18@9
and regarding buoyancy force, one obtains
00
— VO xg=—ayg, | —r719,0 | . (6.30)
0

Thus, azimuthal variations of temperature, 0,6, enhance axial vorticity through DEP force and
radial vorticity through buoyancy force, which in turn contribute to these azimuthal variations
through the convection term u - V6 in the heat equation.

Actually, one might expect a similar behavior for azimuthal vorticity, which is influenced by
axial temperature variations according to (6.29). And indeed, one can observe the occurrence
of slight convection rolls which are azimuthally aligned, see the upper third of Figure 14 and 15
at t = 50 s. These rolls origin at the lower part of the annulus and then travel upwards due to
buoyancy. However, they quickly disappear with the onset of the columnar structures. This is
in contrast to the zero-gravity scenario, where those rolls are much more present.

Multiplying (6.28) by w and integrating over €2 further yields an expression for % |V x ul|? of

the form
d

dt
with contributions by the convection terms, W dissipation of vorticity, W%**, and source
terms

||W||2 = W 4 Wdiss + Wdep + Wbuo’ (6.31)

W =20, ((V|VO]* x VO),w)
W0 = 2a, (VO x g),w). (6.32)

The individual components of WP and W are plotted in Figure 17. Apparently, the ex-
ponential growth of ||(V x u).|| comes with an exponential growth of W% which is of similar
order of magnitude. In contrast, the azimuthal and radial component of WP are several or-
ders of magnitude smaller than the respective vorticity norm. It seems that for these vorticity
contributions, buoyancy force is the main driving mechanism in accordance with (6.29) and
(6.30).

To conclude the observation of vorticity, consider Figure 18 where all vorticity components
are plotted over time, now on a linear vertical axis. The period when axial and radial vorticity
become of comparable order of magnitude as the initially dominating azimuthal vorticity is
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Vorticity Contributions
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Figure 17: Temporal evolution of vorticity components and vorticity source terms for df = 7 K,
Vo=7000 V, F =F; and g = g,.

around 60 s —70 s. During this period, also the first axially aligned, columnar structures become
visible in Figure 13.
Eventually, we consider the heat transfer at the inner cylinder, which is given by

ht(0,t) := / Vo(t) -ndo. (6.33)
I

The corresponding Nusselt numbers are denoted by

Nu(t) := ht(6,t) ht(0,t)~* (6.34)
Nu®"™(t) := ht(6, t) ht(6(0), )" . (6.35)

They describe how strong the heat transfer is enhanced, compared to the initial state, Nu®™"
or to the state of pure conduction, Nu®?. Figure 18 clearly shows that the heat transfer is
enhanced by the onset of the helicoidal fluid motion at time ¢ = 62 s.

As final remark, we note that both kinetic energy and dissipation slightly decrease due the
helicoidal motion, see Figure 19.

Temporal Evolution Without Gravity

In absence of Earth’s gravity, the flow behavior significantly differs. The occurrence of axisym-
metric, azimuthally aligned vortices is reported in [18] for numerical simulations and parabolic
flight experiments. In that work, a time period of &~ 20 s is considered, which corresponds to
the duration of one micro-gravity phase during a parabolic flight. For an experimental cell of
the same geometry as we consider and dff = 10 K, the transition from a single convective flow
cell to multiple, small and azimuthally aligned convective cells is observed for V5 > 5300 V.
Moreover, it is noted that this critical voltage is significantly higher for cells of larger radii ratio
n. In the linear stability analysis of [81], three different types of disturbances are considered,
which develop into stationary convection rolls for sufficiently large L: azimuthally aligned (zero
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Figure 18: Temporal evolution of certain characteristics for df =7 K, V5 = 7000 V, F = F, and
g = g,. Left: L2-norm of vorticity components. Right: Nusselt number.
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Figure 19: Temporal evolution of certain characteristics for df =7 K, V5 = 7000 V, F = F; and
g = g,. Left: Kinetic energy and dissipation. Right: Violation of incompressibility constraint.
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azimuthal wavenumber), axially aligned (zero axial wavenumber) and helical ones (non-zero az-
imuthal and axial wavenumber). The later ones appear to yield the lowest critical L and “the
predicted critical mode is made of stationary helices”.

In our simulations, the initial condition is set tou=0,p =0, § = 0 and ® = 0, i.e. the fluid
is at rest and the temperature distribution is determined by conduction only. This corresponds
to the standard, stationary Boussinesq equations with g = 0.

Figure 22 and 23 depict the isosurface for § = 6, with additional streamlines whose color
indicate axial velocity, and the temperature distribution on an axial cut plane. After switching
on the potential difference at ¢ = 0 s, it takes around 25 s, until the first deviations from the
initial state can be observed. Azimuthally aligned convection rolls are formating, in accordance
with the only vorticity source term WP, which has non-zero azimuthal and axial component.
The first rolls have their origins at the outer regions of the annulus (without gravity, there is
no “top” and “bottom” any more), then additional ones arise and extend towards the middle
of the cylinder. This effect can be explained by (6.29): the azimuthal component of WP is
proportional to d,0. Thus, as soon as an initial temperature variation along the axial direction
is present, azimuthal vorticity and thereby axial variation of velocity is enhanced, which in
turn enhances axial variation of temperature due to the convection term u- V6. As a result,
exponential growth of ||(V x u),| can be observed, see Figure 20. Moreover, this vorticity
component is dominating the initial phase of the simulation. However, the p-invariance breaks
down around t = 40 s, starting in the middle of the cylinder, where azimuthal convection rolls
from both ends come together, and at the very outer regions. Eventually, a rather irregular flow
structure establishes and due to the non-zero axial component of WP axial vorticity takes
comparable values and even higher values as the azimuthal one for ¢ > 360 s.

Over the entire period, radial vorticity only plays a minor role, due to the absence of a
corresponding source term; a fact that is also observed for the numerical experiments in [78].
Moreover, both kinetic energy and dissipation stay on a rather constant level after the first
convection rolls have evolved, see Figure 21.

The last computed state is shown in Figure 24, which is not a stationary state yet. Thus, by
comparing this simulation with the previous one, one can conclude that the presence of gravity
has a stabilizing effect on the fluid’s motion. Compared to the standard gravity case, the Nusselt
number is of similar magnitude = 3, see Figure 20. Thus, DEP-driven flow significantly enhances
heat transfer, also in absence of gravity. Note that the heat transfer reaches its maximum at
t =~ 45 s shortly after the onset of the azimuthally aligned vortices. This peak is followed by
slow decay that correlates with the decay of azimuthal vorticity. As similar effect is observed
for the simulations in [53], where a much shorter time period and different initial conditions are
supposed in order to mimic the conditions of one micro-gravity parabola period.
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Figure 20: Temporal evolution of L2-norm of vorticity components for dd = 7 K, V, = 7000 V,
F =F; and g = 0. The dotted vertical lines at t € {27,45, 70,360} mark the onset of azimuthally
aligned vortices, peak of azimuthal vorticity, local minimum of axial vorticity and equilibrium of
azimuthal and axial vorticity.
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Figure 21: Temporal evolution of certain characteristics for df =7 K, V5 = 7000 V, F = F; and
g = 0. Left: Kinetic energy and dissipation. Right: Violation of incompressibility constraint.
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Figure 22: Simulation visualization for df =7 K, V; = 7000 V, F = F; and g = 0 at certain
time instances. Upper: Temperature isosurface {6 = 6,.} and stream lines with color indicating
axial velocity. Lower: Temperature field on axial cut plane.
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Figure 23: Simulation visualization for df =7 K, V5 = 7000 V, F = F, and g = 0 at certain
time instances. Upper: Temperature isosurface {6 = 6,.} and stream lines with color indicating
axial velocity. Lower: Temperature field on axial cut plane.
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t=6003 -1.0e-03 ) ) 1.0e-03

Figure 24: Simulation visualization for df =7 K, V5 = 7000 V, F = F4 and g = 0 at final time
t =600 s. Upper: Temperature isosurface {6 = 6,.} and stream lines with color indicating axial
velocity. Lower: Temperature field on axial cut plane.

Comparison for Different Rayleigh Numbers

We now present results for a parametric study, where df = 7 K is kept fixed and the volt-
age difference is varied over an interval Vy = 0 — 9000 V. In addition, annuli of height H €
{3 c¢m, 10 ¢m, 30 cm} are considered, yielding aspect ratios A € {6,20,60}.

Figure 25 shows the resulting Nusselt numbers and vorticity components at time ¢ = 200s,
plotted over electric Rayleigh number L. A first point to note is that in each test series, there
exists a threshold Ly, such that for all electric Rayleigh numbers L < Lg there holds:

NU(QlL, 200) = Nu(9|L:0, 200)
(V> w1, (200))i]] = I(V > wy1=0(200))e ||, 1 € {7, 2} (6.36)

This means that the solution stays close to its initial state which is given as solution of the
stationary Boussinesq equations without DEP force. This behavior could be explained by using
the uniqueness result for the stationary TEHD Boussinesq equation. According to Theorem
3.21, there exists at most one solution, provided that the problem data is sufficiently small:

a1 + ag + asagas(R) < 1, (6.37)

with constants «; defined in (3.27). Now, L — 0, i.e. Vp — 0, implies V&, — 0 and ag becoming
smaller. This further implies that as becomes smaller and a5 — 0. Thus, (6.37) becomes more
likely to hold for small L. In order to guarantee (6.37), one further has to impose that df is
sufficiently small. However, the fact that it is possible to compute stationary solutions of the
standard Boussinesq equations, might be a hint that a; and «s are indeed small enough to
satisfy (6.37). In summary, there may exist unique solutions for the stationary TEHD equations
at small L. On the other hand, if (u,p, 0, ®)(p,r, z) denotes a stationary solution of (2.28),
then (u,p,0,®)(p + dp,r, z) should be a solution as well for all dy € [0,27] according to the
p-invariance of the geometry and boundary conditions. But this is a contradiction to uniqueness
of solutions, unless (u,p, 0, ®) is azimuthally invariant. Therefore, the occurrence of axially
aligned, columnar structures is not possible for small L. In the end of the section, this reasoning
is verified by comparison with experimental data.

Apart from that, Figure (25) shows the clear trend of increasing Nusselt number, radial and
axial vorticity component and decreasing azimuthal vorticity component for increasing L and A.
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Figure 25: Left: Nusselt number for Ra = 23946 and g = g, over electric Rayleigh number L
for different aspect ratios. Right: L?-norm of vorticity components for Ra = 23946, A = 20 and
g = g, over electric Rayleigh number L.

For A =6 and A = 20 the Nusselt number grows linearly with L on the considered range:

Nug(L) = 1.20 +6.42-107° - L, L € [19880, 44729
Nugo(L) = 1.31 +9.57- 107" - L, L € [5479, 15220] (6.38)
Nugo(L) = 0.116 - L0334, L € [1242,15220].

A comparable growth of Nusselt number w.r.t. Vj is experimentally reported in [27].

The azimuthal wave number K appears to be independent of L, supposed that L > L, see
Figure 26. A similar behavior is reported by linear stability analysis in [54]. However, the
axial extent of the columnar structures increases with increasing L as depicted by Figure 27. In
addition, these structures become less regular.

Figure 28 illustrates the exponential growth of axial vorticity for different values of V4. One
can observe a significant decay in the duration that is needed for the helicoidal motion to evolve.
To be precise, there holds

V x uy (t ~ 102t for t < tf, 6.39
\ z

with ¢, denoting the end time of exponential grow as depicted in Figure 28. Here, the exponential
factor oy, shows a dependence on L that can be fairly well described by ay, o« Vi o L, see Figure
28. Here, the simulation for V; = 9000 V was not taken into account since at some point, the
Newton iteration did not converge any more. Also, as shown by 29, the violation of V -u, =0
becomes more severe by increasing V. At this point, a higher spatial resolution or the use
of stabilization techniques such as div-grad stabilization and SUPG should be considered for
simulating scenarios of large Vj.
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Figure 26: Upper: Temperature distribution on {z = 0.5H} for df =7 K, g = g, for different
potential differences Vy and time instances. Lower: Axial vorticity.
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Figure 27: Temperature isosurface {# = 6,.} for df = 7 K, g = g,, for different potential
differences V and time instances.
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Figure 28: Temporal evolution of L2-norm of axial vorticity for dd = 7 K, g = g,, and different

potential differences Vj.
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Figure 29: Left: Temporal evolution of divergence violation for df = 7 K, g = g,, and different

potential differences Vj. Right: Factor ay,, defined in (6.39), for exponential growth of axial

vorticity over voltage difference Vj.
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Comparison of Time Stepping Schemes

We now compare the simulation results that are obtained by the time stepping schemes BDF1
and BDF2, as defined in Section 5.2, and the Crank-Nicolson method. The scenario under
Earth’s gravity is simulated by using each method and for time step sizes k € {0.1,0.05,0.025}.
Thereby, the norm of axial vorticity, Nusselt number and violation of the divergence constraint
as function over time are considered as quantities of interest and plotted in Figure 31. In terms
of these quantities, all schemes yield for all time step sizes very similar results, except of two
outliers. For BDF2 with £ = 0.1 and Crank-Nicolson with k& = 0.05 a significant difference in
all quantities can be observed. Apparently, BDF2 is not stable for too large time step sizes, as
the very high values of ||V - ul|p » and Nusselt number indicate. From the literature, it is known
that both BDF1 and BDF2 are A-stable, however, with BDF2 having a smaller stability region
as BDF1.

The solution obtained by Crank-Nicolson for £ = 0.05 could be a pathological case, since the
respective results for £ = 0.1 and k& = 0.025 are very close to the majority of results.

Figure 33 illustrates the iso-surface for § = 6, and axial vorticity at final time ¢t = 200 s for
all time stepping schemes and k € {0.05,0.025}. Except of the aforementioned Crank-Nicolson
/ k = 0.05 outliers, all solutions look very similar.

In Figure 30 the average CPU time for solving the arising linear systems is listed for each
method and each time step size. As usual in the context of incompressible flow problems, the
linear solver converges faster with decreasing time step size, since the well-conditioned mass
matrix arising from the finite element discretization of d;u becomes more dominant compared
to the typically ill-conditioned stiffness matrix that comes from Au. For k < 0.05, BDF2 is
apparently the fastest scheme in terms of linear systems. A clear advantage of BDF1 and BDF2
over Crank-Nicolson lies in the decoupling of the nonlinear system into three parts (momentum
/ continuity equation, heat equation, Gauss’ law) which can be solved separately. However, the
used nonlinear and linear solver are not optimized to exploit this fact. In doing so, a further
reduction of CPU time could be possible.

k | BDF1 | BDF2 | CN
0.1 | 15.95 | 1839 | 13.7
0.05 | 12,57 | 10.11 | 11.07
0.025 | 9.47 | 9.39 | 10.89

Figure 30: Average CPU time in seconds for solving the arising linear systems for different time
stepping schemes and time step sizes k.

Comparison of DEP Formulations

So far, all presented simulation results are obtained for the choice F = Fg, given by (6.9) and
which does not satisfy the requirements needed for the existence results. These conditions are
met by the linearized DEP models F, o, F, o and F, 1, introduced in Definition 3.23.

We now compare the results that are obtained by the different formulations. As base potential
in the definition of the linearized terms we set ®; = ®, where ® denotes the analytical solution
in the zero-gravity case with infinite cylinder, (6.18). In Section 3.3, the use of linearization was
motivated by the fact that small values of v in Gauss’ law and small temperature differences
df lead to a small corridor in which all possible potential solutions are contained. Figure 34
depicts the difference between ® and the potential ® which is computed in the F = Fy case
with df = 7 K and Vp = 7000 V under Earth’s gravity g,. Apparently, the relative difference
between both potentials is of order @(107%) over the entire time interval. We therefore expect

125



6 Numerical Experiments

[(V x u).| IV - ulfo,0
T T
e o Nt
G e CTTTTTT T T N ,'|‘4 /‘,l\ S :\V‘/‘ ,‘_\‘\:l MIREAT "“l'\'.l\"u\‘.\./*
=== BDF2, k=010 | [ """y
------- BDF2, k = 0.05 | |! 110
—BDF2, k=0.025 || i
---BDF1, k=010 || i
------- BDF1, k =0.05 | i e e ]
—BDF1, k=0.025 || 11
CN, k=010 ] L 1
CN, k=0.05 .1 MJ )
~CN,  k=0025 || - | | ]
100 150 0 50 100 150 200
time [s] time [s]

Figure 31: Temporal characteristics for df =7 K, Vy = 7000 V and g = g,, for different time
stepping schemes and time step sizes k. Left: L?-norm of axial vorticity. Right: Violation of
divergence constraint

fairly similar results for all considered DEP formulations. This is indeed the case, as the following
results show. According to Figure 34, the temporal evolution of axial vorticity exhibits pretty
much the same characteristics, leading to very similar columnar vortex structures in the final
state, see Figure 35. In particular, the number of those structures is the same in all cases. As
single significant difference, one can observe that the resulting flow states are slightly rotated
around the axial axis. This is illustrated in Figure 36, where the {u, = 0} level set is used to
highlight the location of the columnar structures.

In summary, one can conclude that the proposed linearized DEP models denote acceptable
substitutions of the “exact” model Fy in case of small temperature dependence of permittivity
and moderate temperature differences within the fluid. This is in agreement with the statements
in [78]. According to them, “the thermo-electric coupling can be neglected in agreement with the
linear stability theory” for “small values of v ~ 1073 — 1072 K~! and wide gaps, i.e. n < 0.6”.

Sensitivity and Non-Uniqueness of Stationary Solutions

As we will see in the end of this section, simulation results and experimental data are in good
agreement in the sense that columnar structures are present in both cases. However, the actual
number of these structure differs in some of the considered cases. In order to further investigate
this issue, we now consider the sensitivity of the solution w.r.t. perturbations by using the
adjoint framework presented in Section 2.2. For doing so, we first define the quantity of interest

uors (1) = /Q (D11, (T) — By, (T))? dx (6.40)

with Q = {(z,y,2) € Q: 0.6H < z < 0.TH}. Jyort measures the strength of axial vorticity
in a certain area of the annulus at T = 70 s, see Figure 39. The idea behind this definition
is that the formation of columnar structures is closely related to axial vorticity. Further, the
previously presented simulations under earth gravity show that the spatial distribution of axial
vorticity at ¢ = 70 s correlates with the positions of thermal plumes, see Figure 13. Regarding
the framework of Section 2.2, we have J* = 0 and J/ = Jyops.
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Figure 32: Nusselt number for df =7 K, V; = 7000 V and g = g,, for different time stepping
schemes and time step sizes k.

(1, p, B, ®) of the dual system (2.43) with zero
W(T) = duJvort(u), O(T) =0 can be interpreted
@) of the primal problem (2.28). Thus,

As pointed out in Sectlon 2.2 the solution z =
right-hand side terms 0.5 and initial conditions 1
as derivative of Jyor¢ at the solution u = (u,p, 6,

Jvort (u(p))

for small perturbations p = (du, dp, 66,6®) € L := L*(0,T;H} x L3 x H}, x H},) on the right-
hand side of (2.28). According to (6.41), perturbations at locations where the dual solution takes
large values may potentially lead to large deviations of J,.+ from the unperturbed state. On
the other hand, small dual values indicate areas of low sensitivity.

Figure 38 illustrates the temporal evolution of the logarithm of the dual solution’s magnitude.
At final time ¢ = 70 s, large dual values are restricted to the area given by €. As time evolves,
this area of influence is covering the entire annulus and the dual solution grows several orders
of magnitude. At initial time ¢ = 0 s, the largest values can be found in the lower part of the
annulus. Apparently, perturbations which originate in the lower inner part and travel upwards
due to natural convection have a larger impact than those who start in the upper outer part and

~
~

J(u) + (z,p)L- (6.41)

travel downwards.
In Figure 37, the norms of the individual dual components are plotted over time for Vy =

7000 V and V) = 4000 V. In the high voltage case, perturbations of Gauss’ law have a compa-
rable impact on axial vorticity as momentum perturbations have. Probably, the reason is the
fact that Gauss’ law perturbations lead to a perturbed potential field which in turn leads to a
perturbed DEP force term. According to (6.29), DEP force is the only source of axial vorticity.
In contrast, perturbations of heat equation and incompressibility constraint have a significantly
smaller impact.

For t &~ 55—70 s, the norms of all dual components stay approximately at their level at £ = 70 s.
This is exactly that period, when the first columnar structures become visible, see Figure 13,
and when axial vorticity reaches its final order of magnitude, see Figure 18. For ¢ < 55 s, all
dual components exhibit an exponential growth for decreasing t. Due to the resulting extremely
large values, one can conclude that even tiny perturbations at the initial stage of the simulation
may lead to large variations of the final axial vorticity. The sooner the flow state is perturbed,
the larger the impact on the final state is. On the other hand, once the columnar structures are
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Figure 33: Temperature isosurface {6 = 6,.} and axial vorticity for df =7 K, V5 = 7000 V and
g =g, at t = 200 s for different time stepping schemes and time step sizes k.
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Figure 34: Temporal characteristics for df =7 K, Vo, =7000 V, F = F; and g = g;,. Left:
Relative W '2-difference between analytic potential ® for infinite cylinder and computed potential
®. Right: L?-norm of axial vorticity for different choices of F.
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Figure 35: Temperature isosurface {§ = 6,.} for dd =7 K, V5 = 7000 V and g = g, at t = 200 s
for different choices of F.

F=F_(5,0) F=F_(a,0) F=F_(a,1)
axial velocity
-2.5e-03 0 2.4e-03
—

Figure 36: Left: Axial velocity on {z = 0.5H} for dd =7 K, V5 = 7000 V and g = g, at
t =200 s for different choices of F. Right: Comparison of {u, = 0} level set on {z = 0.5H}.
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Figure 37: Temporal evolution of norms of dual solution for dd =7 K, F =F,, g = g, and for
Vo = 7000 V (solid), and Vp = 4000 V (dashed).

almost fully developed, such severe amplification of perturbations is not given anymore.

As shown in Figure 28, the flow state for Vj = 4000 V does not exhibit a transition from its uni-
cellular initial state and its axial vorticity is zero. This matches the fact, that the corresponding
dual solution stays at a very low level, see Figure 37. Apparently, axial vorticity is insensitive
w.r.t. perturbations as long as the electric Rayleigh number is sufficiently small.

Motivated by these considerations, simulations with perturbed initial condition for tempera-
ture, 6y = 6y + 6019, are conducted for two different types of perturbations:

. Z—Z1,5
. —r sin (7 , 2 € (214,22
609 (@, r, z) := 0.1 cos(2m K ) sin <7T i > . ( Z2»J’*Z1,j) (#1522, ,  (6.42)
To =T 0, else

for j € {l,h}. Thus, the perturbation is continuous and restricted to a cross-section of the
cylinder, defined by lower and upper axial coordinate 21 ;, 22 ;. In a first scenario, [21 p,224] =
[0.1H,0.16H], i.e. the perturbation is located in the area of highest dual magnitudes. The
second scenario is defined by [z1,, 22;] = [0.92H,0.98H], where dual values are lower, but still
of order O(10°), see also Figure 39. In both cases, the azimuthal wavenumber K is set to 6.
The results of these simulations are depicted in Figure 40 and 41. For both scenarios, one can
observe that axial vorticity reaches its maximal value significantly sooner as in the unperturbed
case. Generally, it appears that the solution converges faster towards its final, stationary state
if the initial condition is perturbed in its high-sensitivity region, j = h, compared to the low-
sensitivity case, j = [. The second scenario in turn converges faster than the unperturbed case.
Furthermore, it is remarkable that the perturbed solutions exhibit an azimuthal wavenumber of
6, in contrast to 7 for the unperturbed solution.

We investigate this effect in more detail. In Figure 42, the temperature at ¢ = 100 s is visual-
ized on a horizontal cut-plane at z = 0.5H for different perturbed initial conditions. All initial
perturbations are of the form df" , however, with azimuthal wavenumbers K € {0, 3,4,5,6,7,8}.
The resulting azimuthal wave numbers at final time are K1 € {7,6,8,5,6,7,8}. In each case, the
solution appears to have reached a stationary state. Thus, we have shown numerically, that the
stationary TEHD equations exhibit several solutions, of similar shape but different amount of
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h- 'm

Figure 38: exp, := log;, <|ﬁ| + o + 10] + \<i>|) fordd =7TK,Vy=7000V,F=F, and g =g,
at different time instances.

columnar structures. According to the plots in Figure 43 and 44, several levels of heat transfer,
axial vorticity, kinetic energy and dissipation can be observed, where solutions with coinciding
wave number are on the same respective level. Interestingly, the solution for K = 5 is the only
one, whose kinetic energy in the final state is larger as in the initial state. Generally, kinetic
energy and dissipation decrease with increasing K, whereas heat transfer and vorticity increase.

In summary, one can state axial vorticity of the solution of the instationary TEHD equations is
extremely sensitive to perturbations in the initial stage of the simulation. Moreover, by suitable,
small perturbations of the initial condition, one can generate a variety of different stationary
solutions and convergence towards these stationary states is enhanced.
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Figure 39: Initial / final state of primal / dual solution for df =7 K, V;, = 7000 V, F = F; and
g = g,. Left: Temperature isosurface {6 = 6,.} of primal solution at ¢t = 70 s with axial vorticity.
The shaded part indicates the area of interest Q) in the definition of Jyops, (6.40). Second from
the left: exp, at ¢ = 70 s. Second from the right: exp, at ¢t = 0 s with shaded area indicating the
support of the initial condition perturbation d6”. Right: exp, at t = 0 s with shaded area
indicating the support of d§(").
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Figure 40: Temporal evolution of L?-norm of azimuthal and axial vorticity for df = 7 K,

Vo =7000V,F =F, and g = g, . The unperturbed solution is denoted by u; u®, u® denote
the solutions that are obtained by perturbing the initial temperature by d6(") (high sensitivity
region) and df) (low sensitivity region), respectively.
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Figure 41: Unperturbed u and perturbed solutions u”, u® for df = 7 K, V;, = 7000 V,
F =F, and g = g,,. Left: Temperature isosurface {§ = 6,.} and axial vorticity of primal solutions
at ¢t = 50 s. Right: Temperature distribution on {z = 0.5H} at ¢t = 140 s.
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Figure 42: Temperature distribution on {z = 0.5H} at ¢t = 100 s for df =7 K, V5 = 7000 V,
F=F; and g = g,. K > 0 denotes the azimuthal wavenumber of initial temperature
perturbation df™ in (6.42). K = 0 denotes the unperturbed case.
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Figure 43: Temporal characteristics of perturbed solutions for df =7 K, V;, = 7000 V, F = F,
and g = g,. u with K > 0 denotes the solution obtained for initial temperature perturbation
80" of azimuthal wavenumber K. u(® denotes the unperturbed solution. Left: Nusselt number.
Right: L2-norm of axial vorticity.
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Figure 44: Temporal characteristics of perturbed solutions for df =7 K, V;, = 7000 V, F = F;
and g = g,. u¥) with K > 0 denotes the solution obtained for initial temperature perturbation
66 of azimuthal wavenumber K. u(®) denotes the unperturbed solution. Left: Kinetic energy.
Right: Dissipation.
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Comparison with Experimental Data

We conclude this section on numerical results by comparing the simulation with experimental
data in the standard gravity case with two different configurations of df and Vj. The physi-
cal experiments were conducted by Dr. Torsten Seelig at the Lehrstuhl fir Aerodynamik und
Stromungslehre at BTU Cottbus, which is headed by Prof. Christoph Egbers, see also [68].

Two different measurement techniques are employed: By means of the so-called particle image
velocimetry (PIV) it is possible to measure the fluid’s radial and axial velocity on a vertical
cut plane. Here, particles are used that are transported by the fluid’s motion. By means of
short laser impulses, the positions of the particles can be recorded by a camera and correlation
between positions at subsequent impulses allows to compute the particle velocities. As second
technique, the so-called shadowgraph imaging is used. Here, a telecentric light is placed at the
bottom of the annulus which has transparent top and ground plate. The light is directed along
the axial axis and recorded by a camera. As the fluid’s refraction index is density-, and therefore
temperature-dependent, conclusions on the z-averaged fluid’s temperature distribution can be
drawn. For details concerning both techniques see [68]. Figure 45 depicts the experimental cell
and a schematic view on the underlying measurement techniques.

The experiments are realized in the following way: first the temperature difference df is applied
between the inner and outer cylinder. This state is kept unchanged for 60 minutes in order to
obtain a fully developed, stationary, uni-cellular flow field, which corresponds to the solution of
the stationary Boussinesq equations for natural convection. Then, the voltage difference Vj is
switched on and data is acquired for 15 minutes. In both considered cases, the experimental
data shows convergence towards a stable state, [68]. The presented data always corresponds to
the last recorded time instance.

The top row of Figure 46 shows the results of the shadowgraph measurement (left) and the
z—averaged simulated temperature distribution (right) for df = 2 K and V5 = 6000 V. The
shadowgraph image depicts the normalized light intensity, where blue / red regions refer to
locations of denser / lighter fluid compared to the reference state with V) =0 V, [68]. One can
observe a good qualitative agreement in the sense that five, equally spaced temperature plumes
are visible in both cases.

In the df = 7K, Vj = 7000 V case, the experimental data indicates the occurrence of six
thermal plumes, see the bottom row of Figure 46 (left). This is in contradiction to the sim-
ulation results, where seven plumes are visible, see Figure 16. However, it was shown in the
previous section, that the solution of the stationary TEHD Boussinesq equations is not unique
and different solutions can be generated by small perturbations of the initial condition. Figure
46 (right) illustrates the numerical solution for perturbed initial condition with azimuthal wave
K =6, (6.42). Then, experimental and simulation data show a similar qualitative agreement as
in the previous case.

One should note that the physical experiments have been repeated multiple times for the same
experimental configuration as the presented simulations and under fairly comparable laboratory
conditions. The results of these experiments did not show any variation in the azimuthal wave
number, although slight perturbations in the initial conditions can never be excluded in physical
experiments and are likely to happen. In this sense, the mathematical model (or the numerical
solution method) differs from the physical experiment, which appears to be more stable.

A more quantitative comparison is presented by Figure 48, where the flow field on a vertical
cut-plane is shown. Here, the cut-plane for the simulation data is chosen to minimize the
difference between experiment and simulation. The arrows depict the radial and axial velocity
component with red / blue indicating positive / negative axial velocity. As for the shadowgraph
measurement, one can observe a good agreement between experiment and simulation concerning
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Figure 45: Left: Experimental cell of 100 mm height. The black cylinder in the middle of the
cell corresponds to I';. The larger, transparent cylinder enclosing the black one corresponds to
Ty, [51]. Right: Schematic view on vertical annulus with required devices for PIV ( laser on the
left- and right-hand side and camera in the middle) and shadowgraph imaging (light source,
mirror and camera on top), [68].

24
28.5

21.5

Figure 46: Comparison of simulation and experimental data for F = F, and g = g,,. Upper row:
df =2 K, V5 =6000 V. Lower row: df =7 K, V5 = 7000 V. Initial temperature perturbation
dd™ with K = 6 is used for simulation. Left: Shadowgraph image with color encoding
normalized light intensity, where blue / red regions refer to locations of denser / lighter fluid
compared to the reference state. Right: z-averaged temperature field obtained by simulation.
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the qualitative flow structure. In the df = 2 K, Vp = 6000 V case, the axial velocity covers
approximately the same range of values. For df = 7 K, Vp = 7000 V the simulation seems to
slightly overestimate the magnitude of the velocity. Possible reasons for this discrepancy might be
modeling errors (Boussinesq approximation), discretization inaccuracy and measurement errors.

As final comparison, we consider the critical value of V;; at which the fluid departs from
the stable, uni-cellular convection cell which is typical for natural convection at low Rayleigh
numbers, to a state where columnar vortex structures do occur, see Figure 47. For three different
configurations, critical values obtained by experiments [68] and intervals obtained by simulations
are presented. Here, the respective lower interval bounds denote the largest considered effective
voltage, for which no transition from the uni-cellular state was observed. The respective upper
bounds denote the smallest considered effective voltage, for which this transition does occur in
the numerical simulation.

In each case, the experimentally obtained critical values are either contained in the numerical
interval, or very close to the respective upper bound.

experiment simulation
configuration shadowgraph PIV interval
I'=20,d0 = 2K | ~ 1300 ~ 1300 | (1268, 1449)
I'=20,d0 =7K | ~ 1000 ~ 1150 | (905, 1090)
I'=60,d0 =7K ~ 780 | (711,776)

Figure 47: Critical value V‘fl—v above which non-zero azimuthal wavenumbers can be observed by
shadowgraph imaging, PIV and simulation.
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Figure 48: Comparison of experimental PIV data and simulation for radial-axial velocity field
when the flow reached a stationary state, with g = g,,. Color encodes axial velocity. Left: PIV
for dd = 2 K, V = 6000 V. Second from the left: Simulation for df = 2 K, V5 = 6000 V and

F =F;. Second from the right: PIV for df =7 K, V{, = 7000 V. Right: Simulation for df =7 K,
Vo = 7000 V, F = F, and initial temperature perturbation d¢") with K = 6.
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7. Conclusion

In this thesis, we analyzed the TEHD Boussinesq equations by analytical and numerical means.
First, a variational formulation for the steady equations was given. Here, the crucial point is
the mathematical modeling of the DEP force term |V®|?2V# due to the high regularity that is
required on ® and 6 to make this term meaningful. Therefore, the DEP force is replaced by a
general force term F which should satisfy certain conditions. For such F, existence and stability
of stationary solutions of the standard Boussinesq equations, i.e. with fixed potential ®, was
shown by extending existing results given by [57]. Afterward, existence and stability of solutions
for TEHD Boussinesq equations was proven by employing a fixed-point iteration. Additionally,
we showed uniqueness of solutions under a suitable small data condition.

Existence and stability of instationary solutions was shown by extending a proof approach
given in [77] for the incompressible Navier-Stokes equations. Here, the unsteady problem is
discretized in time, leading to a sequence of N steady problems with k = % denoting the time
step size. Existence and stability of solution sequences for those steady equations follows by
the previously derived results. Unsteady solutions are then constructed by the taking the limit
k— 0.

So far, the body force F has been kept rather general. We then proposed several modelizations
of the original DEP force |V®|?V# which fit into the previously derived framework. These models
are either based on linearization around a given base potential @, or on the use of a regularization
operator. The later modelization is used to propose an alternative notion of steady and unsteady
solutions, where the strong connection between potential and electric gravity gg = V2OV, is
weakened.

The second main part of this thesis addressed the discretization of the stationary and insta-
tionary TEHD Boussinesq equations. A spatial discretization based on the conforming finite
element method and a temporal discretization based on a variant of BDF was proposed. The
main feature of the temporal discretization is the fact, that it is kept general, i.e. first and second
order methods fit into the given time stepping scheme. Moreover, this temporal scheme allows
to solve the resulting set of discretized equations in a decoupled way.

A priori error estimates were derived for the stationary and instationary problem. In the
former case, another small data condition is supposed. For the unsteady error analysis, the
proof approach given by [75] for the standard Boussinesq equations was extended to take into
account the additional Gauss’ law and DEP force. Additionally, we did not restrict ourselves to
first order in time methods.

The derived error analysis works for the same DEP modelizations, that are proposed to show
existence of solutions. Additionally, we presented another DEP formulation based on a simple
cut-off function; thus being more suitable for practical realizations. In doing so, another small
data condition has to supposed. However, this one is way less restrictive as the one that posed
for the steady problem. Indeed, we showed that this condition is satisfied for a realistic scenario
in the section on numerical experiments.

We concluded this thesis with numerical experiments. First, the theoretically derived conver-
gence rates were validated for a 2D benchmark model. Then, the 3D flow of a dielectric fluid
contained in a cylindrical gap was numerically investigated. We showed that heat transfer is en-
hanced by application of an electric field and visualized the resulting fluid states under Earth’s
gravity and zero-gravity conditions. It was pointed out that vorticity grows exponentially in
time if the fluid experiences the DEP force. We further showed that a critical voltage difference
exists, below which the fluid stays in its initial state. The results and computational effort of
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different time stepping schemes was compared. Moreover, the different DEP formulations were
compared, which showed that linearized models are a good approximation to the exact DEP
formulation, at least in the considered scenario. Afterward, we investigated the sensitivity of
the solution w.r.t. perturbation by solving the associated adjoint problem. It was pointed out
that the norm of the dual solution grows exponentially as ¢ — 0. We deduced that the resulting
fluid motion is highly sensitive w.r.t. perturbations in the initial phase of the simulation. Using
this information, we defined perturbed initial conditions and could thereby construct steady so-
lutions of different azimuthal wave numbers. Thus, the corresponding steady problem exhibits
more than one solution. Finally, we compared our numerical solution with experimental data,
provided by our project partners at BTU Cottbus, and a good agreement was found.

There are several issues where future work could lead to new contributions. A more stable
spatial discretization could lead to more accurate results and higher stability for high thermal and
electrical Rayleigh numbers. Such a discretization could be given by H(div)-conforming elements
that provide exactly divergence-free solutions of the incompressible Navier-Stokes equations,
e.g. Raviart-Thomas and Brezzi-Douglas-Marini elements, in combination with Discontinuous
Galerkin techniques, such as upwinding. By means of these elements it could also be possible,
to derive unsteady error estimates that are Reynolds-semi-robust, as it is done in [66] for the
incompressible Navier-Stokes equations.

Concerning the underlying model, one could also take into account dielectric heating, as pre-
sented in [82]. For large temperature differences, the question arises whether the Boussinesq
approximation is still accurate, or whether more advanced models, such as the Low-Mach ap-
proximation, should be used.
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A. Appendix

A.1. General functional analytic results

Throughout, let X denote a non-empty vector space over R.

Definition A.1. (Normed Space and Banach Space)
A map || -||x: X —[0,00) is called a norm on X if the following conditions are satisfied

(i) |ax||x = |a|||z||x for alla € R,z € X.
(ii) |z +yllx < llzlx +[lylx for all z,y € X.
(iii) ||z||x =0= 2z =0.

The space X equipped with norm || - || x, written as (X, || - ||x), is called normed space . If any
Cauchy sequence in (X, || - ||x) converges to an element of X, then (X, |- | x) is called Banach
space.

For R >0 and z € X let Br(z,X) :={y € X: ||z —y|x < R} denote the closed ball around
x of radius R. In the following, we will often skip the index of the norm and write simply X
instead of (X, | - ||x)-

Definition A.2. (Inner Product and Hilbert Space)
A map (-,-)x : X x X = R is called inner product on X, if
(1) (x4 By, 2)x =a(x,2)x + 6 (y,2)x forallz,y,z € X, o, 8 € R.
(1) (z,y)y = (y,x)x for allz,y € X.
(i1i) (z,x)5x >0 for allz € X.
() (z,z)y =0=2=0.
The inner product space (X, (-,)y) is called Hilbert space , if (X, | -||x) is a Banach space,
where || - || x = /(-,") x-

In the following, we will often skip the index of the inner product and denote the corresponding
Hilbert space by X or (X, | - |]).

Definition A.3. (Separable Space)
A normed space X is called separable, if it contains a countable, dense subset.

Lemma A.4. (Subspaces of Separable Spaces, Aufgabe 1.4.26 in [80])
Let X denote a separable normed space. Let U C X, U # 0 denote some subspace. Then U is
separable.

Definition A.5. (Bounded Linear Operator)
Let X, Y denote normed spaces. A map T: X — Y is called bounded linear operator, if

(i) T(ax + By) = aTx + BTy for allx,y € X, o, € R.
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(ii) There is C > 0 such that | Tx|y < C||lz||x for all z € X.
The space of all bounded linear operators from X to'Y is denoted by

LX,)Y):={T: X =Y : T is bounded and linear }.
This space is equipped with the norm

ITlzxyy:= sup || Tz|y.
zeX,||z]|x=1
If'Y is a Banach space, then L(X,Y) is a Banach space as well. If X =Y, we write L(X) :=
L(X,X).
A linear operator T € L(X,Y) is isometric, if |[Tz|y = ||z||x forallz e X. T € L(X,Y) is
an isomorphism, if T is bijective and T~ € L(Y, X).

Theorem A.6. (Closed Graf Theorem)
Let X, Y denote Banach spaces. A linear operator T: X — Y s continuous if and only if its

graph is closed in X x Y. This implies that the inverse of a bounded, bijective linear operator
T e L(X,Y) is bounded as well.

Lemma A.7. (Isometry and Closed Range)
Let X,Y denote Banach spaces and T € L(X,Y) an isometry. Then, the range T(X) is closed
mY.

Proof. Let (yn)n C T(X) with y, — v in Y and y,, = Tz, for x,, € X. Moreover,

1 = Ymlly = [[T2n — Tamlly = |20 — 2ml x.
Thus, (x,)n is a Cauchy sequence. Therefore, there exists z € X with x,, — = in X. Further,

Tz =T(lim z,) = lim Tz, = lim y, = v,
n—oo n—o0 n—o0o

ie. ye T(X). O

Definition A.8. (Embedding)
Let X, Y be normed spaces and T € L(X,Y) be injective. Then, T is called embedding. If the
identity operator Id: X — Y, x — x is an embedding, we write X — Y. In this case, there is a
constant C > 0 such that

llz|ly < Cllz|ly for all x € X.

If the embedding operator is additionally compact, we write X —— Y.

Definition A.9. (Compact Set)

Let X denote a normed space. A subset K of X is called compact, if every open covering C of
K contains a finite covering {O1,...,0n} C C such that K C Oy U...UO,. A subset C of X
is called sequentially compact, if every sequence (x,) C C possesses a subsequence converging to
some x € C. According to 2.5 in [6], K C X is compact if and only if K is sequentially compact.
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Theorem A.10. (Compact Unit Ball, Satz 1.2.7 in [80] )
Let X be a normed space. Then, B := Bx(0,1) with Bx(0,1) := {z € X : ||z|x < 1} is compact
if and only if dim X < oo.

Definition A.11. (Compact Linear Operator)

Let XY denote Banach spaces. A linear operator T: X — Y is compact if T(Bx(0,1)) is
compact in'Y. Equivalently, for any bounded sequence (xy), C X, the sequence (Txy)y, C Y
contains a converging subsequence. Moreover, a compact linear operator is bounded.

Definition A.12. (Compact Nonlinear Operator, Definition 25 in [46])
Let X denote a Hilbert space. An operator F': X — X is compact if it maps bounded sets to
sets with compact closure in X.

Lemma A.13. (Compact Operator in Finite Dimensions)
Let X denote a finite dimensional Hilbert space and F: X — X a continuous function. Then,
F' is compact.

Proof. Let M C X denote a bounded set. Then, M is closed and bounded, thus compact since
X is finite dimensional by using Theorem A.10. Let K := F(M) and C denote an open covering
of K. Since F is continuous, F~}(U) := {z € X: F(x) € U} is open for all open subset U C X.
Therefore, D := {F~1(U) : U € C} is an open cover of M. Since M is compact, there exists

Ui,...,Un € C for some m > 1 such that M ¢ F~Y(Uy)U...UF~Y(U,,). Now

F(M)c F(F Y (U)U...UF YUy))
C F(F Y U)U...UF(FYU))
=UiU...UU,,.

Therefore, C contains a finite covering of F'(M), i.e. F(M) is compact. Thus, it is also bounded,

implying that F(M) C F(M) is bounded as well. Therefore, the closure of F(M) is bounded
and closed, thus compact in X. ]

Definition A.14. (Linear Form and Dual Space)

Let X denote a normed space. A bounded linear operator from X to R is called linear form.
The space of all linear forms on X is called dual space of X. One denotes X* = L(X,R) with
associated norm

[6llx- = sup |o(z)].

zeX,||z||x=1

We will use the following notation for the dual pairing of X and X*

<¢a x>X*7X = <¢a .T>X* = <¢,.ZU> = (Z)(:C) for ¢ € X*,$ e X.
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Definition A.15. (Adjoint Operator)
Let X, Y denote normed spaces and T € L(X,Y). The adjoint of T is defined as

T Y = X* (T*y" x)x+ = (y*, Tx)y~ fory* e Y z € X.

There holds T* € E(Y*,X*) with ||T*||L(Y*,X*) < ||T”[,(X,Y)

Theorem A.16. (Schauder Theorem, Satz II1.4.4 in [80])
Let X,Y denote Banach spaces. An operator T € L(X,Y) is compact if and only if T* €
L(Y*, X*) is compact.

Lemma A.17. (Adjoint Operator and Isomorphism,)
Let X,Y denote Banach spaces and T: X — Y an isomorphism. Then, T*:Y* — X* is an
isomorphism.

Proof. Let T*y* = 0 for some y* € Y*. By definition, (y*,Tz) = 0 for all z € X. By surjectivity
of T, (y*,y) =0 forally € Y, i.e. y* =0. Thus, T* is injective. On the other hand, let 2* € X*
be arbitrary. Define (y*,y) := (z*, T 1y). Since T-! € L(Y, X), y* € Y*. Moreover, for any
z € X,

(T*y*,x) = (y*, Ta) = (&, T~ Tx) = (2", ),

ie. THy* = x*. O

Definition A.18. (Orthogonal Complement and Polar)
Let X be a Hilbert space and V. C X a subspace. The orthogonal complement and polar of V
are defined as

Vi={zeX: (z,0)y =0V eV}
Vei={g" € X*: (g,v)x» =0Yv e V}.

Definition A.19. (Reflexive Space)
Let X be a normed space. The bidual of X is defined as X** := (X*)*. For each x € X define
Jx(z): X* - R by

(Jx (), 2") x= = (¥, x)x» for all " € X™.

According to Satz II1.5.1 in [80], Jx(x) € X and Jx: X — X** is a linear isometry. The
space X is called reflexive, if Jx is surjective.

Theorem A.20. (Riesz Representation Theorem, Theorem V.3.6 in [80])
Let H denote a Hilbert space. Then, for all ¢ € H* there exists a unique g € H such that

(o, fYm= = (g, f)m for all f € H. Moreover, ||g||g = |6 m~-
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Definition A.21. (Riesz Identification)
Let H denote a Hilbert space. Define

Ju:H—H*, g— (9,")n.

According to Theorem A.20, Jy is bijective and isometric. Thus, H and H* are isomorphic,
written as H = H*. Moreover their elements are identified in the following sense: For x € H,
x € H* means that Jy(x) € H*.

Theorem A.22. (Hilbert spaces are reflexive, Korollar V.3.7 in [80])
Let X be a Hilbert space. Then X 1is reflexive.

Lemma A.23. (Subspace of Reflexive Space, Satz II1.3.4 in [80])
Let X denote a reflexive Banach space andY C X a closed subspace. Then 'Y is reflexive.

Lemma A.24. (Reflexive Dual Space, Satz II1.3.4 in [80])
Let X denote a reflexive Banach space. Then X* is reflexive.

Lemma A.25. (Theorem 2.4.6 in [16] )
Let X be a Banach space. If X* is separable, then X is separable.

Lemma A.26. (Reflexivity and Separability)
Let X denote a reflexive and separable Banach space. Then, X* is separable.

Proof. Let M C X denote a dense and countable subset. Then, M** := {Jx(x): z € M} is
countable. Let 2** € X** be arbitrary. Let x := Jy'(z**) and (z,,), C M with @, — x. Then,
there holds for (z* := Jx(xy)), C M*:

n

kk

[ =2 [ xe = [|x (2 = 20) | x+= = |2 = 2n] x = 0.

Thus, M** is dense in X** i.e. X** is separable. Using Lemma A.25, X* is separable as well. []

Lemma A.27. (Reflexivity and Isomorphism)
Let X, Y denote Banach spaces and T € L(X,Y) be an isomorphism. If X is reflexive, then Y
is reflexive.

Proof. Let Jx: X — X™ and Jy: Y — Y™ be defined according to Definition A.19. Using
Lemma A.17, T*: Y* — X* is an isomorphism. Thus, again by Lemma A.17, T**: X** — Y™**
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is an isomorphism. Define J := T**JxT ! € L(Y,Y**). Let y* € Y*, y € Y be arbitrary. Then,

T JIxT 'y, y* )y
JXT_1y7 T*y*>X**
T*y*, T_1y>X*

= y*) TT71y>Y*

*

YY)y
JY,% y*>Y** .

<Jy7 y*>Y** =

o~ o~ o~ o~~~

Thus, J = Jy and accordingly, Jy is an isomorphism since T°*, Jx,T ! are isomorphisms
) gly, p ) ) p

each. O

Theorem A.28. (Consequence of Hahn-Banach, Korollar I11.1.6 and II1.1.7 in [80])
Let X be a normed space, and x € X. Then the following assertions hold

(i) If x # 0, there exists x* € X* with (x*,z)x+ = ||z|| and ||z*| = 1.
(i) There holds

. *
&4 —x*EX@%HgKm ) T) X

Definition A.29. (Weak Convergence)
Let X be a normed space.

(i) A sequence (xy), C X converges weakly to x € X, written as x, — x, if
forallz* € X*: (x",xp)x+ — (", 2)x+ as n — 0.
(i) A sequence (z¥), C X* converges weakly* to z* € X*, written as x, = z*, if

forallx € X : (z),x)x~ = (x*,x)x+ as n — oo.

Lemma A.30. (Weak Limits are Unique)
Let z,, — x1 and x,, — x9. Then, r1 = x>.

Proof. Follows directly from Theorem A.28. O

Lemma A.31. (Weak Limits and Embedding)
Let X, Y denote Banach spaces with X — Y and x,, — x in X for some sequence (zy), C X
and x € X. Then, x, =z inY.

Proof. Let ¢ € Y* be arbitrary and define ¢ := ®|y- Then, ¢ € X*. Thus, d(xy) = gg(xn) —
¢(z), ie. xp, =z inY. O
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Theorem A.32. (Weak Convergence in Reflexive Spaces, Theorem II1.5.7 in [80])
Let X be a reflexive Banach space. Then, every bounded sequence (xy) in X has a weakly
convergent subsequence.

Lemma A.33. (Weak Convergence and Boundedness, Korollar 1V.2.3 in [80])
Let X denote a normed space and x, — x in X. Then, sup,cy ||zn||x < co.

Lemma A.34. (Weak Limits and Norm convergence)
Let X be a normed space.

(1) If x, = x in X, then ||z|| < liminf, oo ||2n]|
(i) If b = ¢ in X*, then |||l x+ < liminf, o || @nl|x-

Proof. (i). Let ¢ € X* with (¢, z) = ||z|| and ||¢||x+ < 1, by Theorem A.28. Then, the assertion
follows from

[2]] = (¢, 2) = lim inf (¢, 2,) <liminf[|p[| x|z || < Timinf ||z, .
n— 00 n—00 n—:00
(ii). Let € > 0 and = € X such that ||z|| =1 and |(¢, z) x+| > ||¢||x+ — €. Then,

m [(¢n, z) x| = [(¢, 2)x+| = [| @]l x- — €

n—oo
lim [(¢p,x)x+| < liminf ||¢y || x+ ||| = Hminf ||¢y || x
n—oo n—o0 n—oo
and therefore
16l x+ — € < liminf ||| x-.
n—oo
Since € > 0 was chosen arbitrarily, the assertion follows. O

Lemma A.35. (Weak Convergence and Compact Embedding Implies Strong Convergence)
Let X, Y denote Banach spaces and x, — x in X. If T € L(X,Y) is compact, then T(x,) —
T(z)inY.

Proof. According to Lemma A.33, the sequence (), is bounded. Thus, there is a subsequence
(zx)r C (xn)n and y € Y such that Tzy — y by compactness of T. Now, let ¢ € Y* be
arbitrary. Then, ¢ := ¥ oT € X* and therefore (Tx,) — ¥(Tz) by z, — x. Since ¥ was
chosen arbitrarily, Tz, — Tz in Y. Thus, y = Tz.

Now, assume that Tz, does not converge to y in Y. Consequently, there is 6 > 0 and a
subsequence (z;); C (zy)n such that ||Tx; — y|ly > 0 for all [. By compactness of T, there is
another subsequence (Tm,)m C (27); and z € Y with Tz, — 2. Due to ||Tzp, — y|ly > § for all
m, z # y. Addtionally, Tx,, — z. On the other hand, there still holds T'x,, — Tx = y since
Tx; — y. This is a contradiction to z # y. Therefore, Tx, = y = Tx. O

Lemma A.36. (Strong Convergence in Finite Dimensional Spaces)

Let X denote a finite dimensional Banach space and (xy), C X with ||z,||x < M for some
M > 0 and all n € N. Then, there is z* € X and a subsequence (x)r C (Tn)n Such that
zp — ¥ in X.
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Proof. As X is finite dimensional, it is isomorphic to the Hilbert space RY for some N € N
and thus reflexive by Lemma A.27. Thus, there is * € X and (xg)r C (x5)n with xp — z* by
Theorem A.32. Moreover, the identity map Id: X — X is compact since X is finite dimensional,
use Theorem A.10. Using Lemma A.35, this implies x,, — x*. O

Theorem A.37. (Banach-Alaoglu, Theorem 3.2.1 in [16])
Let X denote a separable Banach space. Then, for each bounded sequence (z)), C X* there

exists * € X* and a subsequence (7)) such that Soatin X

Definition A.38. (Gelfand Triple)
let V, H denote separable Hilbert spaces with continuous and dense embedding. Then, the Gelfand

triple is defined as
Ve HXH" < V"

Theorem A.39. (Leray-Schauder Fized-Point Theorem, Theorem 6.16 in [{6])
Let'Y be a Hilbert space and let F:Y — Y be a compact map. Consider the fixed-point problem:
Find y* € Y such that
y =Fy") (A.1)

Associate with (A.1) the family of fixed-point problems:
Find yy € Y such that
YA =AF(yr), 0 <A< L (A.2)

If there is a constant K such that all solutions of (A.2) are uniformly bounded, i.e. ||yx| <
K for all 0 < X\ <1, then there exists a solution to (A.1).

Theorem A.40. (Laz-Milgram, Satz 4.2 in [6])
Let H denote a real Hilbert space with norm ||-||g, a: Hx H — R a bilinear form andl: H — R
a linear form. Assume that there exists M, N,a > 0 such that for all u,v € H:

a(u,v) < Mlu|lgllv]a, alv,0) > alolF, H(v) < N|jv|a.
Then, there exists a unique solution u of
a(u,v) =l(v) for allv € H.

Moreover, this solution satisfies

N
lullg < —.
o

Theorem A.41. (Well-Posedness Under Inf-Sup Condition, Lemma I.4.1 in [32] )
Let (X, |- |lx) and (M,|| - ||as) denote Hilbert spaces and let a bilinear form b: X x M — R be
given which is assumed to be bounded, i.e.

b(v,p)| < M|jv]lx|lpllar for allv e X pe M.
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Define linear operators

B: X - M*, x> b(z,-)
B*: M — X*, p—b(-,p)

and a subspace V := {v € X : b(v,q) = 0 Vg € M}. Then, the following statements are
equivalent:

(1) There is > 0 such that
b
lnf ('U7p)
PEM,p#0 ye X v5£0 o]l x ||pll ar

> .
(1) B* is an isomorphism from M to V° with

| B*pllx+ > Bllpllar for all p € M.
(iii) B is an isomorphism from V+ to M* with

| Bv||ar > Bllv||x for allve V*.

Lemma A.42. (Discrete Gronwall Inequality, Lemma 5.1 and Subsequent Remark in [36])
Let k, B >0 and (a;);, (i), (ci)i, ()1 C [0,00) such that

an—Hbel < kZ'nal—Fchl—FBfornZO.
=0 =0 =0

Suppose that ky; < 1 for all | and set oy := (1 — kvy;)~t. Then,

an+kZbl < exp <k20171> (chl —I—B) forn > 0.
1=0 1=0

=0

If Y"1 mar can be replaced by ngol Yiay, then the restriction kv, < 1 is not necessary and oy
can be set to 1.

A.2. Bochner Spaces

The statements in this section are taken from [37], [38] and [77]. Let a,b € (—o0,00) and X
denote a Banach space with norm || - ||.

Definition A.43. (Continuous Functions)
A function f: [a,b] — X is continuous at some point to € [a,b], if limy, oo || f(to) — f(t)]|x =0
for all sequences (tp)n C la,b] with lim, o0 t,, = to. The space of continuous functions is defined
as

C(a,b; X) :={f:[a,b] = X, f is continuous for all ty € [a,b]}

and equipped with the norm

1fllcapx) = sup [[f(®)llx.
tela,b]
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Definition A.44. (Weakly Continuous Functions)
A function f: [a,b] — X is weakly continuous, if the function [a,b] 2 t — (&, f(t))x+ € R is
continuous for all ¢ € X*.

Definition A.45. (Simple Functions)
A function f: (a,b) — X is called simple, if it is of the form

N
) =3 exn(®)
=1

where Fy, ..., En denote Lebesque measurable subset of (a,b) and ¢1,...,cny € X.

Definition A.46. (Measurability)
A function f: (a,b) — X is called strongly measurable if there is a sequence {fn}n of simple
functions such that || f(t) — f(t)|| = 0 for n — oo for almost all t in (a,b).

Lemma A.47. (Remark in [38])
If f: (a,b) — X is strongly measurable and ¢: (a,b) — R is measurable, then ¢f: (a,b) — X is
measurable.

Definition A.48. (Integral of Simple Functions)
Let f = Zf\il cixg, (t) denote a simple function. The integral of f is defined by

N

b
/ fdt := ZCl|EZ| € X.

=1

Definition A.49. (Bochner Integral)
A strongly measurable function f: (a,b) — X is called Bochner integrable if there is a sequence
of simple functions {fn}n such that f,(t) — f(t) pointwise a.e. in (a,b) and

b
Jm [0 = fu(®llde = o

In this case, the integral of f is defined by

b b
/ f)dt == lim [ f,(t)dt.

n—oo a

Theorem A.50. (Bochner Integrability, Theorem 6.24 in [38])
A function f: (a,b) — X is Bochner integrable if and only if it is strongly measurable and

b
/Hﬂwﬁ<w-
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Definition A.51. (Bochner Space)
For p € [1,00) define

b
LP(a,b; X) :={f: (a,b) - X strongly measureable , / | f(©)]|P < oo},

b v
HfHLp(a,b;X) = (/ ‘f(t)”p) .

The space of locally integrable functions is defined by

equipped with the norm

Lp

loc

(a,b; X) :={f: (a,b) — X strongly measurbale : f € LP(a’,b'; X) for alla < a’ <b' < b}.
For p = oo define
L*>(a,b; X) := {f: (a,b) = X strongly measureable , esssupc(qp) [l f(t)]| < oo},

equipped with the norm
1f 1| zo0 (a,;%) = esssuPze(a,p) LS ()]

If there is no danger of ambiguity, we write LP(X) := LP(a,b; X) and || - [[p.x = || [|zr(a,p;x)- In
particular, this is the case for a =0 and b =T.

Theorem A.52. (Banach Space Property, Theorem 7.5.6 in [16])
If X is a Banach space, then LP(a,b; X) is a Banach space for p € [1,o].

Theorem A.53. (Approzimation of Bochner Spaces, Proposition 6.29 in [38])
Let X be a Banach space and p € [1,00). Then the space

n

{f(t) = Zciéf)i(t): neN, ¢ €X, ¢ € Ca,b)}

=1

is dense in LP(a,b; X).

Theorem A.54. (Separability Property, Korollar 2.11 in [65])
Let X be a separable Banach space. Then, for p € [1,00) the space LP(X) is separable.

Theorem A.55. (Reflexivity Property, Corollary 7.5.17 in [16])
Let X be a reflexive Banach space. Then, for p € (1,00) the space LP(X) is reflexive.

Definition A.56. (Radon-Nikodym Property, Definition 7.5.11 in [16])
A Banach Space X has the Radon Nikodym property, if every Lipschitz continuous function
f:0,1] = X, is differentiable almost everywhere.
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Theorem A.57. (Dunford-Pettis, Theorem 7.5.13 in [16])
Let X denote a Banach space. If X* is separable, then X* has the Radon-Nikodym property.

Theorem A.58. (Consequence of Dunford-Pettis, Theorem 7.5.13 in [16])
Every reflerive Banach space has the Radon-Nikodym property.

Theorem A.59. (Dual of Bochner Space, Theorem 1.3.10 in [39])
Letp € [1,00) and X denote a Banach space with X* having the Radon-Nikodym property. Then
the dual of LP(a,b; X) is isometrically isomorphic to LP" (a,b; X*), i.e. the mapping

T: LP (a,b; X*) — LP(a,b; X)*
b
g+ ¢ with <¢7 f>LP(a,b;X)* = / <g(t)7 f(t)>X* dt for f € Lp(a’ b7X)

s an isometric isomorphism.

Lemma A.60.
Let X be a reflexive Banach space. If u, — u in L>®(a,b; X*), then

]| Loo (a,p,x+) < hnfgig.}f l|wnll Loo (a,b,x+)-

Proof. Due to the assumptions on X, the space L!(a,b, X)* is isometrically isomorphic to
L>(a,b; X*), by Theorem A.58 and A.59. Let T: L*®(a,b; X*) — L'(a,b; X)* denote the
isometric isomorphism defined in Theorem A.59. Define ¢, := Tu,, ¢ = Tu € L'(a,b; X)*.
Then, u, — u is equivalent to ¢, — ¢ in L'(a,b; X)*. By Lemma A.34, have [ 1 (a,psx) <
liminfy, 00 |¢n || 11 (4,0, x)« and the assertion follows from the isometry property of T'. O

Lemma A.61. (Weak * convergence in L*°(a,b; X))
Let X denote a separable, reflexive Banach space and a sequence (up)n C L™ (a,b; X*) be given
with ||up| peo(apx+) < M for all n € N. Then, there is u € L*(a,b; X*) and a subsequence

(ug)k C (Un)n, such that uy = u in L=(a,b; X*). Moreover, there holds 1wl oo (a,p;x+) < M.

Proof. According to Theorem A.59, L>°(X*) = L'(X)*. Define ¢,, := Tu, € L*(X)* according
to the isometric isomorphism 7" defined in Theorem A.59. Since |[¢nl|r1(x)+ = [[unllLoo(@pix+) <
M and L'(X) is a separable Banach space due to Theorem A.52 and A.54, Theorem A.37 is

applicable. Thus, there is ¢ € L'(X)* and a subsequence (¢)r C (¢n)n With ¢, — ¢ in L' (X)*.
Due to Theorem A.59, there is u € L®(X*) corresponding to ¢, i.e. u =T 1¢. Thus,

b b
/ (ug (), £(£)) x+ dt—>/ (u(t), f(t))x~ dt for all f € LY(X),

i.e. u, = u. Moreover, by Lemma A.60, 1wl oo (a,p,x+) < Hminf [[up || oo (a0, x+) < M. O
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Lemma A.62. (Remark after Proposition 1.2.3 in [39])
Let f: (a,b) — X be integrable and A € L(X,Y) with Banach spaces X,Y . Then, Af: (a,b) —

Y is integrable and \ ,
A </ f(t)dt> :/ A(f(t))dt.

Lemma A.63. (Corollary 6.33 in [38])
Suppose that f: (a,b) — X is locally integrable and

b
/ o(t)f(t)dt =0 for all p € C°(a,b).

Then, f(t) =0 a.e. in (a,b).

Lemma A.64.
Let X denote a Banach space and A € L'(a,b; X*) such that

b
/ (A(t), z)x+=y(t)dt =0 for all z € X and ¢ € C°(a,b).
Then, A(t) =0 a.e. in (a,b).
Proof. Let ¢ € C(a,b) be fixed but arbitrary. Define [ := f; A(t)y(t)dt € X* and

J: X = X7 xe (L x)xe-.
Using Lemma A.62, there holds for all z € X:

b b
(I, a)xe = J(@)[]] = / J () [ Aty (1) dt = / (A(t), ) x-)(t) dt = 0.
Thus, ,
0=1= / A(t)y(t) dt in X*.

Since ¢ was chosen arbitrarily, Lemma A.63 now yields A(t) = 0 a.e. O

A.3. Vector-Valued Sobolev Spaces

The statements in this section are taken from [37], [38] and [77]. Throughout, let a,b € (—o0, c0)
and X denote a Banach space with norm || - ||. Moreover, D(a,b) := C((a,b)).

Definition A.65. (Frechet Derivative)
Let V., W denote normed spaces and U C V be open. A function f: U — W 1is Frechet
differentiable at = € U, if there is A € L(V,W) such that

i W@ +h) — f(z) — Abflw _
[ 1Ay

In this case, A is called Frechet derivative of f at x and denoted by O.f. The function f is
called Frechet differentiable on U, if f is Frechet differentiable at every point x € U and if the

mapping

0.

Df:U—=VW, z— 0.f(z)

18 continuous.
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Definition A.66. (Weak Time Derivative, Definition 6.31 in [38])
Let u,g € Llloc(a, b; X). Then, g is called weak time derivative of u, if

b b
/ w(t) ' (t)dt = — / g(B)6(t)dt for all € D(a,b).

In this case, one writes
/
diu =g oru =g.

Theorem A.67. (Characterization of Weak Time Derivative, Lemma III.1.1 in [77])
Let u,g € L'(a,b; X). Then, the following statements are equivalent

(i) g=.
(13) There exists £ € X such that

t
u(t) =¢ +/ g(s)ds, a.e.t € [a,b].
(7ii) For each ¢ € X* there holds
d , *
£<¢7 u>X* - <¢79>X* m D(avb) )

i.e.

b b
—/ <</>,U(t)>x*¢’(t)dt=/ (¢,9(t))x=(t)dt for all ¢ € D(a,b).

In this case, u is a.e. equal to a continuous function from [a,b] to X.

Lemma A.68. (Product Rule and Partial Integration)
Letu € L'(a,b; X) with derivative u' € L*(a,b; X) and ® € C*°([a,b]). Then, (®u) = & u+du’
and

b b
/ B(1) (1) dt = B(b)ub) — B(a)ua) — / &' (1)u(t) di.
Proof. Let ¢ € D(a,b) be arbitrary. Then, ® ¢ € D(a,b) and by definition of ’,
b b b
[ o@a®d=- [ ut) @) di= - [ a6 + w00 0 d.
Thus,

(u®) = u'® + ud’.

Moreover, using Theorem A.67 (i),

b b b
() (b) — (u®)(a) = / (DY (t) dt = / (W' (t) dt + / (u®') (1) dt.
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Definition A.69. (Vector-Valued Sobolev Space)
Let Xy, X1 denote Banach spaces with Xo < X1 and po, p1 € [1,00]. Define

W = W(avb;pOapl;X07Xl) = {U € Lpo(avb; X0)7 U/ S Lpl (CL, val)}a

equipped with the norm
ullw = HUHLPO(a,b;XO) + HulHLpl(a,b;Xl)-

Theorem A.70. (Banach Space Property and Continuous Injection, [69])
Let po,p1 € (1,00) and Banach spaces Xog — X — X be given. Then, W(a,b; po, p1; Xo, X1) is
a Banach space and there holds

W(a, b; po, p1; Xo, X1) = LP°(a,b; X).

Theorem A.71. (Compact injection I, Theorem II1.2.1 in [77])
Let po,p1 € (1,00) and Banach spaces Xog —— X — X be given with Xo, X1 being reflezive.
Then,

W(a, b; po, p1; Xo, Xl) ey PO (a, b; X)

Theorem A.72. (Compact injection II, Theorem 1.3 in [69])
Let po,p1 € [1,00) with po =1 if py = 1 and Banach spaces Xg —— X < X; be given. Then,

W(a, b; po, p1; Xo, X1) < LP(a, b; X).

Theorem A.73. (Hilbert Space Setting, Theorem 1.32 in [37])
Let V< H < V* denote a Gelfand triple. Then, W(a,b;2,2;V,V*) is a Hilbert space and

W(a,b;2,2;V,V*) — C(a,b; H).
In this setting, the space Wy := {v € W(a, b;2,2; V,V*): v(0) = 0} is well-defined.
Moreover, for all u,v € W(a,b;2,2;V,V*), there holds

b b
/ (! (£), o))yt = (u(b), o(b)) g — (u(a), v(a))s — / (o (8), u(t)) v-dt.

Lemma A.74. (Reflexive Property)
Let po,p1 € (1,00) and Banach spaces Xo — X be given with Xo, Xy being reflexive and
separable. Then, W(a, b;po,p1; Xo, X1) is reflexive.

Proof. Let W := W(a, b; po, p1; Xo, X1) and define

T: W — LP(a,b; Xo) x LP'(a,b; X1)
u— (u,u’).
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Then T is an isometry, Moreover, LP9(a,b; X¢) and LP'(a,b; X;) are reflexive according to The-
orem A.55 and so is LP°(a,b; Xo) X LP'(a,b; X1). Further, T (W) is closed in LPO(a,b; Xp) X
LP'(a,b; X1) by Lemma A.7. Thus, T (W) is reflexive by Lemma A.23. Since T: W — T(W) is
an isomorphism, W is reflexive as well according to Lemma A.27. O

Lemma A.75. (Weak Limit of Weakly Differentiable Sequence)
Let X — Y denote Banach spaces and a sequence (wg)r C W(a,b;1,1; X,Y) be given with
wy, — u in L'(a,b; X) and w), — g in L'(a,b;Y). Then, u € W(a,b;1,1; X,Y) with v’ = g.

Proof. By Assumption, there holds for all k£ € N:
/wk(t)d)’(t) dt = —/w;(t)gé(t) dt for all ¢ € D(a,b). (A.3)
Let ¢ € D(a,b) be arbitrary but fixed. For arbitrary f € X* and t € (a,b) define ¥(t) :=

¢'(t) f € X*. Then, ¢ € L>(a,b; X*) = (L'(a, b; X))* Using Lemma A.62, Theorem A.59 and
W — U

(. [ wn®) ) xe = [ (et w0 (Ot =y w0) iy
= Wi = (s [ ul)e @) x-
Thus,
/ wy ()¢’ (t)dt — / u(t)¢'(t)dt in X and thus in Y since X < Y and Lemma A.31 .

Analogously,
[uitvotwi~ [ gwotteiny.
Using (A.3),

/ u(t) (£)dt - / wp ()6 (t)dt = — / W (D)t — — / g()6(t)dt in Y-

By uniqueness of weak limits, Lemma A.30, and since ¢ was chosen arbitrarily, v’ = ¢g €
LY(a,b;Y). O

Lemma A.76. (Taylor Expansion I)
Leta >0,k >0 and u € L*(a,a + k; X) with v’ € L*(a,a + k; X). For B € [O,%) assume that
thu' € L?(a,a + k; X). Then,

ifa>0:
lua+ k) — u(@)|x < a k2 [P0/ 12 (000
ifa=0:
lu(k) = uw(0)]lx < (1—28)"2 k2P ||t/|| 2 o pox)-
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Proof. By Theorem A.67 there is £ € X such that
t
u(t) =¢ +/ u'(s)ds for all t € [a,a + k].
a

Setting ¢ = a yields & = u(a). Setting ¢t = a + k, taking the norm and using Holders inequality
leads to

a+t+k
Ju(a+ k) — u(@)]x < | / W/ (s) ds]|x

a+k
< / 355 (s) | x ds
a

a+k % a+k %
§</ s—%ds) </ ||sﬁu'(s)||§(ds>

a+k
/ s ds < a 2Pk for >0 and a > 0,
a

The stated result follows from

/k s ds = ;kl_% for g < 1
0 1-283 2

Lemma A.77. (Taylor Expansion II)
Leta >0,k >0 andu € L?(a,a+k; X) with ', " € L' (a,a+k; X) and t°u” € L?(a,a+k; X)

for some [ € [0, %) Then,

if a > 0:
o/ (a+ k) — k" (u(a+ k) — u(@) |l x < k20~ [t%u" | (o ainx)-

ifa=0:
_1 1
[/ (k) = k™" (uk) = u(0)) [[x < (3= 28)72 k27 [[t"u"|| 12 g3 )-

Proof. Using integration by parts, Lemma A.68 and Theorem A.67 (i),

a+k at+k
/ k=L — a)u” (1) di = K=Ykl (0 + k) — / =l (1) dt
=/ (a+k)— k! (ula+k)—u(a)).

Further, the left-hand side above can be estimated as

a+k a+k
| ke awwdix <k [ (- o et o) de

1 ath 2,—203 % B, 1"
<k ( [ —ape dt) 124 205
a

If a > 0, then

a+k
/ (t —a)’t™ 2P dt < kK*a=2",
a
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and,ifaanndﬁ<%,
/k 2428 g — s,
0 3-2p
O
Lemma A.78. (Taylor Expansion III)

Leta >0,k >0 and u € L*(a,a + 2k; X) with v/, v" € L'(a,a + 2k; X) and t°u" € L*(a,a +
2k; X) for some B €[0,3). Then,

19
ifa > 0:
lu(a +2k) — 2u(a+ k) + u(@)) | x < k% ((@+8)7 + ™) [0 |2 a2mex)
ifa=0:
lu(2k) = 2(k) + u(O)llx < k37 (143 =28)72) [0 |20 20,3)-

Proof. Using integration by parts, Lemma A.68, one may verify that

a+2k

u(a + 2k) — 2u(a + k) + u(a) = /

a+k
(a+ 2k —t)u"(t) dt + / (t —a)u”(t) dt.
a+k a

Moreover,

a+2k a+2k
|| / (a-+ 2% — )’ (1) di | x < / (a-+ 2% — )P Pu (1) x dt
a+k atk

a2k ) ) 3
— /i
JACRE TSR ﬁdt> 124 2 s ks )
a-+
3

< k2(a+ k) P00 20tk a2k x) -

IN

and
a+k a+k
| e-awodl < [ - ot Ee @l
a a L
at+k 2
< ( [ - dt) N
If a = 0, then
k 1
/ 272 gt = —— 328,
0 3—283

Otherwise,

at+k
/ (t —a)’t™ 2 dt < kPa=2.
a

O]

Lemma A.79. (Taylor Expansion IV)
Let a > 0,k > 0 and u € L?*(a,a + 2k; X) with o/, v, v € L'(a,a + 2k; X) and tPu"" €

L*(a,a + 2k; X) for some 3 € |0, g) Then,
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if a > 0:
Jo'la-+20) = 7" (Guta-+20) - 2u(a+ 0+ Ju(@) ) I
<k (@402 + 360 ) I I
if a =0:
I/ (2k) — kL <3u(2k) — 2u(k) + ;u(0)> Ix

: 1
<k2 P (1 +15 (0~ 25)_é> 170" | 20,20

Proof. Using integration by parts, Lemma A.68, one may verify that

u'(a+2k) — k! <2u(a +2k) — 2u(a + k) + ;u(a)>

a+2k 3 . otk ) )
:/Hk —(t— (a+2k)) <4k(t—(a+2k‘))+1>u (t)dH/a @(t_a)Qu (1) dt.

Moreover, there holds
a+2k 3 2
/ (t — (a + 2k))? ((t — (a+2k)) + 1) t= 28 dt <k (a+ k).
a+k 4k
If a > 0, then

atk 4,-28 1 .3 _9p
——(t—a)*t“Pdt < —ka”
/a Torz !t~ =16" ¢
and, otherwise,
k
L 4 0 1 3-28
—t dt = ———k :
/0 16k2 16(5 — 2p)
O

Lemma A.80 and A.81 are the foundation of the final error estimates given in the end of Section
5.2. Their proofs make use of the previous estimates. Similar results can be found in [24].

Lemma A.80. (Temporal Approximation)
Let difference operators be given by

a =(0,1), a® =(0,2,-1)
3 1
bV = (1,-1), b® = (2, -2 ).
( ) )7 (27 72)
Let Z denote a Hilbert space, z € L*(0,T; Z) with 2’ € L*(0,T; Z), 2" = z(t,) forn =0,...,N.
Then

(i) If P2 € L?(0,T; Z) for some 3 € [0, %), then form=1,...,N:

(A4)

1
[Ty 2"z = 112" = Jan 2"z < k2 P|t°2 |2ty )
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(i) If 2" € LY0,T; Z), t32" € L*(0,T; Z) for some B € [0, %), then form=2,...,N:
l2" = Jae ="z < k22107 2, i
(iii) If 2" € LY(0,T; Z), t°2" € L?(0,T; Z) for some 3 € [0, %), then form=1,...,N:
180" — k™ Sy 2"z < k2P0 | 2, i)
(iv) If 2", 2" € LY0,T; Z), t°2" € L*(0,T; Z) for some 3 € [0, %), then forn=2,...,N:
102" — k™ 2 2" 2 < k‘%_ﬁ||tﬂZWHL2(tn,2,tn;Z)-

(v) If 2" € LY0,T; Z), t°2', 2" € L*(0,T;Z) for some B € [0,3),7 € [0,3), then for n =
2 N:

gy

1_ 3_
[ Tp@2" 2 < k2 P12 I p2 simizy + 562102 L2000 502

Proof. (i), (it), (iit), (iv) are direct consequences of Lemma A.76, A.78, A.77 and A.79, re-

spectively. (v) follows by combination of Lemma A.76, (ii) and the identity 2" — J 22" =

J. n_ 1 n_ ,n—2 ]
b2 < 2 (Z z )

Lemma A.81. (Estimation of Temporal Error Terms)
Let the notation of Lemma A.80 hold. Then,

(i) Under the assumption of Lemma A.80 (i),
N
kYl = Jaw "% < K103 .
n=1
(ii) Under the assumption of Lemma A.80 (ii),
N
kZ Hzn - Ja(2)an2Z < k2(27ﬁ)”tﬁzu”%;Z‘
n=2
(iii) Under the assumption of Lemma A.80 (iii),
N
kY 100" =k 2"z < B3, 2.
n=1
(iv) Under the assumption of Lemma A.80 (iv),

N
kY 110" = k™ e 2" < KEPE 3 .

n=2
(v) Under the assumption of Lemma A.80 (i),

N
kY Ik w2l < k21713 .

n=1

(vi) Under the assumption of Lemma A.80 (v),
N
By Ty@2" 1% < k72072 5,7 + K202 |5,
n=2

Proof. The stated assertions follow directly from Lemma A.80. O
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A.4. Function spaces

In the following, let Q@ C R be bounded and open with Dirichlet boundary condition part
I'p € 09, where I'p is assumed to be closed.

Definition A.82. (Smooth Functions)

Let M, 0 C R with O being open, k € Ny, o € (0,1] and m € N. The following sets of smooth
functions are defined:

(i) Continuous:
C(M) :=C%M) :={u: M = R: u is continuous }.

(i) Holder continuous:
CO(M) = {u € CO%(M): sup Ju(z) = uly)| < oo} .
syeM T —y|*
(iii) Continuously differentiable:
CH(M) := {u € C°(M): w is k — times cont. differentiable}.
(iv) Hélder continuously differentiable:
CP(M) == {u e C*(M): all derivatives are in CO“(M)}.

(v) Smooth functions:
C®(M) := () C'(M).

1>1
(vi) Smooth functions with compact support:
CE(M) :={ueC®M): supp(u) CC M}.
(vit) Smooth functions with with zero trace on Dirichlet boundary:
CF (@) = {ujy: u € CF(R?), supp(u) NTp = 0}.

(viii) Test functions:
D(0) := CZ(0) and D(O) := {v,: v € DR}

Definition A.83. (Lebesgue Spaces)
Forp e [l,00) and u: Q@ — R define

1
P
lellope = ( / \u<x>|pdx> ,

]0,00,0 := esssupgeq|u(@).

The corresponding Lebesgue spaces are given as

LP(Q2) := {u: Q — R measurable , ||z|

0,p.0 < 00}

and for vector-valued functions

LP(Q) := LP(2)" := {u: Q@ — R" measurable , u; € LP(Q), i =1,...,n}.
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The scalar product of L*(2) is denoted by

(u,v)g 0 ::/Qu(:v)v(:v)dx.

Moreover,
LP

loc

(Q) := {v: Q@ = R measurable , IK CC Q,v,. € LP(K)}

and

LE(Q) == {v € LP(), / v =0}

Q
For bounded Q, L(Q) isomorphic to the quotient space L?(2) /R which is equipped with the norm
:= inf .
[ullo,2/r,0 mt [u+ cllo2,.0

For p € [1,00] let p* € [1,00] be defined such that % + 1% =1.

If there is no potential unambiguity, we write (-,-) := (-,*)s.q, || - || := || - llo,2,0 and skip the
subscript 2 in the norm notation.

Theorem A.84. (Basic Properties of LP Spaces)
(i) LP(S2
(ii) L*(

is a Banach space for p € [1,00] (Theorem 2.16 in [1])
1s a Hilbert space

(iii) LP(QY) is separable for p € [1,00) (Theorem 2.21 in [1])

(iv) LP(Q) is reflexive for p € (1,00) (Corollary 2.40 in [1])

(v) D(Q) is dense in LP(Q?) for p € [1,00) (Lemma 1.1.1 in [32]).

~— ~— ~— ~—

Theorem A.85. (Duals of LP Spaces, Theorem 2..4 in [1])
Let p € [1,00) and ¢ € LP(Q)*. Then there exists v € LP" () such that for all u € LP(Q)

(@, u) Loy = (u,v) = /Qu(:z)v(x) dzx.

Moreover, ||¢|| = ||v||p=.

Definition A.86. (Distributions, Chapter B.2 in [25] )
A linear mapping
u: D) > R, ¢ (u, G

is called a Distribution on Q, if and only if for all compact K C 2, there is an integer p and a
constant ¢ such that

¢ € DY), supp(¢) C K = [{u,¢)pr| <c  sup [0%¢(x)].
z€K,|a|<p

D'(Q) denotes the set of all distributions on .
A function f € L} (Q) can be identified with a distribution via

<f,¢>D/%/Qf(az)¢(:c)d:p.
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Definition A.87. (Distributional Derivative, Chapter B.2 in [25] )
Let u € D'(Q) and o € N& denote a multi-index. The distributional derivative 0%u € D'(Q) is
defined as

%:D(Q) = R, ¢p— (—1)%(u,0%¢)pr

Lemma A.88. (Fundamental Property, Chapter B.2 in [25])
Let f € Lj,.(Q) such that Jo fo =0 for all g € D(Q). Then, f =0 a.e. in €.

Definition A.89. (Sobolev Spaces, [25] and Chapter 1.1.1 in [32])
For k € N and p € [1,00] denote

WEP(Q) := {u e LP(Q) : 9% e LP(Q) VY |a] < k}
with the convention WOP(Q) = LP(Q2). For o € (0,1) fractional Sobolev spaces are defined as
Wor(Q) = {u e L/(Q): (u() - uy)lz -y e /@ x )}
and for s > 1, let 0 = s — |s| and define
WoP(Q) := {u € WEP(Q): 0% € WoP(Q), V]a| = [s]}.

The corresponding norms are defined as

el k,p,Q2 Z 10%ullop,0 forp € [1,00)
|| <k
l|lw||k,00,0 = max 10%ul[0,00,0 Jor p=o0

0%u 0%u(y) P
l|u HSPQ HUHLSJPQ—F Z //‘ |x—y|d+‘fp( ) dx dy for s € (0,00).
la]=s]

Furthermore, for s > 0, p € [1,00) set

WP (Q) WP (Q)

wor(@) :=D(@)" " and Wi(Q) = CF(€)

andfor%jLI%:l set
W5 (Q) == WP (Q)*.

With || - || —s p.o we denote the norm of Wy’ (Q)*. Finally, a semi-norm is given by

ulkpo = | D 10%llopa

laf=k

and for p =2 an inner product can be defined as

(U, 0)g 0.0 = /80‘ x)0%(x)dx.
lo|<k
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For p = 2 we use the notation

and skip the subscript €2 if there is no potential ambiguity.

Theorem A.90. (Basic Properties of Sobolev Spaces)
(i) WHP(Q) is a Banach space for k € N,p € [1,00] (Theorem 3.8 in [1]).
(is) Wk2(Q) is a Hilbert space for k € N.
(i4i) WkP(Q) is separable for k € N,p € [1,00) (Theorem 3.6 in [1]).
(iv) WHFP(Q) is reflevive for k € N,p € (1,00) (Theorem 3.6 in [1]).

Theorem A.91. (Approzimation by Smooth Functions, Theorem 1.1.2 in [32])
Let Q be open and Lipschitz.

(i) D(Q) is dense in WEP(Q) for k € N and p € [1,00) .
(i) Letu € WFP(Q) and @ its extension by zero outside Q. If it € WEP(RY), then u € Wg’p(ﬂ).

(ii3) If 02 is bounded and m > 1, there exists a continuous linear extension operator

P: Wkr(Q) — WEP(RY) such that Puy, =u for all u € Wkr(Q).

Theorem A.92. (Sobolev Embedding, Theorem 1.1.3 in [32])
Let Q C Rée open and Lipschitz. Let p € [1,00) and m,n € Ny with 0 < n < m. Then, the
following embeddings hold

1 1 m-—-n
WrP(Q) — W(Q if == - — >0
(€2) Q) f = _
W™P(Q) — W,21(Q) for all q € [1,00) ifl - m; n
p
1 _
W) < C(Q) ity < e

Moreover, if Q is bounded, the last inclusion holds in C™(Q2) and the emebedding of W™P(Q)
into W™ (Q) is compact for all real ¢ that satisfy

1<¢ < =2~ whend> (m—
or{ SO < oy When (m—mn)p

1<¢ < when d = (m —n)p

In addition, these compact emebddings are also valid for negative n or m.
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Theorem A.93. (Interpolation Theorem, Theorem 5.8 in [1])

Let Q) be a domain satisfying the cone condition. If mp > d, let p < q < ooy if mp = d, let
p<gqg<oo;ifmp<d,letp<q<p*= djfnp. Then there exists a constant K depending on
m,n,p,q and Q such that for all u € W™P(Q),

0 —0
lullog < Kllull pllulloy’

Theorem A.94. (Continuity of Superposition Operator, Theorem 1 in [49])
Let f € COY(R). Then the following operator is continuous

Tp: WH(G) — WHP(G)

v fou.

Definition A.95. (Function Spaces for Flow Problems, Chapter 1.1 in [77])
Spaces of functions with weak divergence are defined as

EQ) = {ue L)%, V- -ue L*(Q)}

NI

where E() is equipped with the norm ||ul|gq) == (|lu |(2)72 + (V- uH(Q)Q)
The space of divergence-free test functions is given by

V(Q) :={ueDQ)?: V-u=0}
and its closures by

H;(2) Yo (@)

V(@) =YY, vy@) = @™ H©Q) = V@)

equipped with respective inner products

(u, v)vie) = (0, v)1,2 — (1, V)2
(u>V)V2(Q) = (u?V)Q,Z - (ua V)2
(W, v)H(@) = (0, V)2

Theorem A.96. (Properties of Flow Spaces)
The spaces V(£2), Vo(Q), H(Q), HL(Q), H3(Q) are complete, reflexive and separable.

Proof. Completeness, separability, reflexivity follow since all spaces are closed subspaces of the
separable, reflexive Banach spaces H} ()4, H2(Q)¢, L2(Q)?, HY(Q), H?(), respectively, under
the use of Lemma A.4 and A.23. O
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Theorem A.97. (Standard Trace Operator, Theorem 1.1.5 in [32], Theorem 1.5.1.3 in [34] )
Let Q be a bounded Lipschitz domain and p € (1,00). Define

Y0: D() = D(0Q), v v),,.
Then, vo can be extended to a linear, bounded operator

o € LIWLP(Q), W P(5Q)).

There holds ker(vy) = Wol’p(ﬂ) and 7y 1is surjective, i.e. for all h € Wpi*’p(aﬁ) there is v €
WP(Q) such that
vov = h and [[vllip0 < Cllh] 1, 00

with C' being independent of h and v.

Theorem A.98. (Dirichlet Trace Operator)
Let Q) be a bounded Lipschitz domain with T'p C 02 having nonzero d—1 dimensional Haussdorff
measure and p € (1,00). Let

vp: D(Q) = D(p), v+ Ul -
Then, vp can be extended to a linear, bounded operator

b € LW (Q), W P(Tp)).
There holds WP () C ker(vp).

Proof. Let 4p: D(092) — D(I'p), v +— v}, - Then, yp = 4p oy and for v € D(Q) there follows
by use of Theorem A.97,

1
p**,pyrD

vl 1 pr,, = 7000
< Mool r
< ollllvllipo-

Since D(€2) is dense in WP(2), Theorem A.91, vp can be extended to a bounded operator in
1
LWP(Q), W P(Tp)). B
Moreover, there holds C%(2) C D(Q2) and ypv = 0 for all v € CF(?). Thus, CF () C
ker(yp). Since ker(yp) is closed in WP (Q) as kernel of a bounded linear operator and W;)’p Q) =

1

CI%O(Q)W Yp, there follows W5 (Q) C ker(yp). O

Theorem A.99. (Normal Trace Operator, Theorem 1.1.1, 1.1.2, 1.1.83, Remark 1.1.3 in [77])
Let Q be a bounded Lipschitz domain and p € (1,00). Define

Tn: CUQ)Y = L®(09), v — Vo ' 1
Then, vn can be extended to a linear, bounded operator

T € LIE(Q), W 22(9Q)) with ker(7n) = Eo(9).
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Moreover, for all u € E(Q) and w € W12(Q),

/u-Vw—i—/wV-u-(’ynu,’yow>_12~
Q Q ?

According to Corollary B.57 in [25], the above result can be generalized to p € [1,00).

Proposition A.100. (Characterization of H(QY), Theorem 1.2.7 in [32])
Let Q C R? be open, bounded, connected and Lipschitz. Then,
H(Q) ={ue (% V-u=0,vu=0}
H(O)' = {ue L2(Q)¢, u=Vp, pec H(Q)}

Proposition A.101. (Characterization of V(2), Theorem I1.1.6 in [77])
Let Q C R? be open and Lipschitz. Then,

V(Q) = {uecH)(Q), V-u=0}.

Proposition A.102. (De Rham, Theorem 1.2.3 in [32])
Let Q C R? be open, bounded and Lipschitz. If f € H1(Q)? satisfies

(f,v) =0 for all v € V(Q),

then there exists p € L?(Y) such that
f=Vp.

If Q) is connected, p is unique up to an additive constant.

Proposition A.103. (Bijective Gradient and Divergence Operator, Corollary 2.4 in [32])
Let Q C R? be open, bounded, connected and Lipschitz. Then,

(i) V: LE(Q) — V°(Q) is an isomorphism
(i) V-: V(Q)L — LE(Q) is an isomorphism

By Proposition A.103 and Theorem A.41 one directly obtains the following proposition.

Proposition A.104. (Inf-Sup Condition)
Let Q C R%, d > 2 be open, bounded and Lipschitz. Then, there is some 3 > 0 such that

) fQ qV - v
inf sup = > [.
9€ LB yewi 2y Vll2llall2

Theorem A.105. (Sobolev’s Inequality, Lemma 4.53.4 in [13])
Suppose Q is bounded and star-shaped w.r.t. a ball B. Let either (i) 1 < p < oo and m > % or
(i) p=1 and m > d. Then, there exists a constant C = C(Q2,d,m) such that all u € W™P(Q)
are continuous and

[ullo,00 < Cllullmp-
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Theorem A.106. (Friedrich’s Inequality for H}, Theorem 1.1.1 in [32])
Let Q) be open, bounded and connected. Then, there is Cprp > 0 such that

02 < Cpr||Vulloz for all u € Hy(9).

I

Lemma A.107. (Constant in Friedrich’s Inequality for Simple Domains)
Let

X =

Qeup = X)) (ai, b;)

i=1

Qcyl = {(1‘1,3)2,1‘3) € R3: r < \/$%+SL‘%<T‘0, 0<ZE3<H}

with a; < b;, 1 =1,...,d,0<r; <r, and H > 0. Moreover, let

d d
Tpeus = {ar} x R)(ai, bi) + {b1} x X)(as, by)

i=2 =2

'y i= {(xl,xg,xg) eR3: 0<uxz3<H, :):% +x% € {ri,ro}} .

Let €1 denote either Qeyp or Qeyr. In the former case, let I'p := I'p o and in the latter case,
I'p:=Tpey. Then, for all @ € H}(SY), there holds

10002 < e[ VOlo,2
with

Cx = Ceup := b1 — ay, if Q= Qeyp

[N

Ck = Coyl = <; (In(ry) — In(ry)) (7’3 — r?)) s if Q= Qeyr.

The same results hold for 0 € H(Q).

Proof. (1): Let Q = Qcyp and 0 € CF (). Define (21, ...,2q) =: (x1,2") and Qeyp =: (a1, b1) x .
Then, 6(a1,z') = 6(by,2’) = 0 for 2’ € . Thus, for z; € (a1,b;) and 2’ € @, (as, b;):

2
01, 2")[* =

1
/ 0z,0(s,2") ds
al
1

< (/ 1ds) . (/ab 102,65, 2")? ds>

by
< (b — al)/ |VO(s,2)|* ds.

ai
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With Fubini’s Theorem follows,

b1
|!9||3,2=/\H(a:)Ideé(bl—al)// IVO(s, ') ds dz
Q QJay
b1
Z(bl—a1)/ d:ﬂl-// |VO(s,z") |2dsdac
al /

= (b1 — a1)?|| VO[5
= CgubHVHH%,Q
(77): Let Q = Q¢ and 0 € C3(2). Consider 6 in cylindrical coordinates, i.e. 8 = 6(p,r, 2),

Vo = r‘l(‘)(p&e(p + 0,0e, + 0,0e, and O(p,r;,2) = 0(p,ro,2) = 0 for (p,2) € [0,27] x [0, H].
Then, for arbitrary ¢ € (0,27), r € (r4,75), z € (0, H), there holds

2
00, 2)* =

/ 0r0(p, s,2)ds

< (/ids) - (/ |0T0(90,8,z)|23d5>

< (In(ry) — In(ry)) - /To IVO(p,s,2)|*s ds.

i

Thus, by Fubini,
HHH%Q = / 10(p,, z)]QTdapdrdz < (In(r,) — ln(ri))/ / ’ ]VG((p,s,z)lzs ds rdpdrdz
Q QJr;
= (In(r,) —ln(ri))/ Ordr-/ IVO(p,s,2)|>s ds dyp dz
1

= (in(r) —Inra) 3 (12— 12) V013,
= CzylHVHH(Q),Q'

(7i7): By combining (i) and (iz), there holds

HQHO’Q < C*HVQHO,Q for all 8 € C%O(Q)

w2
Now, let § € HL(Q) = C%O(Q)W be arbitrary and {0,,}, C C¥(Q) with 6, — 6 in W2(Q).
Thus, [|6nllo2 = [|0]lo2 and [|[VOnllo,2 — [[VO]lo,2 and therefore,

16]l0.2 < ex[[VOllo,2-

The assertion for 6§ € H{ () follows analogously. O

Theorem A.108. (Generalized Friedrich’s Inequality, Proposition 7.1 in [21])

Let Q be open, bounded and connected and p € (1,00). Assume that (X,| - ||x) is a closed
subspace of WP (Q) that does not contain the function f = 1 and for which the restriction of the
canonical embedding W1P(Q) < LP(Q) to X is compact. Then, || - ||x is equivalent to |V - ||,.
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Theorem A.109. (Friedrich’s Inequality for H},())
Let Q C R? be open, bounded and connected. Assume that 9Q = T'n+T p with T'p having positive
(d — 1)—Hausdorff measure. Then, there is cp > 0 such that

llull2 < ep||Vulle for all u € H})(Q)

- w2

Proof. Let (X, |- |x) :== (H5(Q), - |]1,2). By definition, X = C%O(Q)W ~,and ypv = vy, for all

v € C¥(2) by definition of vp with yp € L(W2(), W%Q(FD)) denoting the boundary trace

operator w.r.t. I'p. Additionally, by Theorem A.98, X C ker(yp). Moreover, there holds
(Hp(Q)s |- 1,2) = WH(Q) == L*(Q),

where the first embedding is obvious and the second embedding follows from the Sobolev em-
bedding Theorem 4.12 in [2]. Therefore,

(Hp(Q) [l 1.2) == L*(€).

Finally, the function f: Q@ — R, x +— 1 is not contained in ker(yp), since yp(f) =1# 0on I'p
and I'p has non-zero measure. Therefore, f ¢ X. Thus Theorem A.108 yields the existence of
some C > 0 such that

[l < - M2 =1 [Ix <CJV - [|l2 on X.

O]

Definition A.110. (Mollifier, Section 1.6 in [40])
A nonnegative function 1 € C°(R?, R) with supp(v)) = B1(0,R?) and Jpa(x)dx =1 is called
mollifier. For such kind of function and t > 0 define the mollifying operator

Syt LHQ) = CZ(RY)
Frodim (Frun = [ Fe =ty

with ¥y (y) ==t~ (¥) and f denotes the extension of f by 0 outside of €.

Lemma A.111. (Properties of Convolution)
Let ¢ € C(RY), f € L} (RY), g € LP(RY) for p € [1,00) and % + 1% = 1. Then,

loc
(@) 11(g* ®)llo.co < llglloplldllop:-
(i) 5o-(f * ¢) = (f * 5= ¢).
(i) 52 (f % 6) = (f * 5225 9)-

Proof. (i) follows from

(g * &)llo,00 = sup | dg(ﬂﬂ —y)(y)dy| = sup | | g(y)o(z — y)dy|

zeR? JR z€Rd JRE
< sup [lglloplle(z = )llop = llgllopll®llop-
z€eR
(44) is shown in Lemma 1.16 in [40]. (¢iz) follows by iteratively applying (i7). O
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Lemma A.112. (Properties of Mollifiers)
Let p € [1,00) and p* such that % + 1% =1 and f € LP(Q). The following properties hold for the
operator Sy, given by Definition A.110.
(i) Syr € LILP(Q),L>()) with [|Sy ¢l < ([
(13) Syf — fin LP fort — 0.
) IVSyiflloee < Cv (@, )| fllop-
)
)

‘0717* ,Rd .

() [V2Syiflloee < Coz (¥, 1) fllogp -
(v) If fo = f in LP, then V Sy 1 fn — VSy+f in L=().

Proof. (i): Let g € LP(Q) with ||g|lo, = 1 and denote by g its extension by 0 outside of 2. Then,
by Lemma A.111 (i),

1Sy,t9ll0,00 = 1(G * Ye)llo,c0 < Gl prellVtllop ra = 19t Ra-

Since Sy ¢ is obviously linear, (z) follows.
For (ii), see e.g. Theorem 2.29 in [1]. (i) is obtained by using Lemma A.111 in

d > d >
IV Sy fllo,e = sup (Z(&&,M(m)!ﬁ) < (Z:(supl8 Syf (@)]) )

i=1 =1 *€
1
d 2
- (0007 oto )

i=1
d 2

< (Z [ £llo.p10:t6e o ) )
=1

=: Cv (¥, )| fllo,p-

(tv) follows analogously. (v) is a direct consequence of (4i7) and the linearity of Sy ;. O

A.5. Finite Element Method

The statements in this section are taken from [13]. Let Q denote a bounded domain in R¢ with
d e {2,3}.

Definition A.113. (Polynomial Spaces)

For a multiinder o € Ng let

d

laly = Zai and |a|eo := max{ay,...,aq}.
i=1

Polynomial spaces are defined as

Py := span{z®: |a|; < k}
Qp = span{z®: |a|oc < k}.

Definition A.114. (Star-Shaped Domain, Definition 4.2.2 in [13])
Q is star-shaped w.r.t. B if, for all x € Q, the closed convex hull of {x} U B is a subset of Q.
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Definition A.115. (Finite Element, Definition 3.1.1 and 3.1.2 in [13])
Let

(i) K C R? be a bounded closed set with nonempty interior and piecewise smooth boundary
(element domain ).

(i) P be a finite-dimensional space of functions on K (shape functions).
(i1i)) N ={Ny,...,Ng} be a basis of P* (nodal variables).

Then, (K, P,N) is called a Finite Element.
The basis {¢1, ..., Pk} of P with N;(¢;) = 0i; is called the nodal basis of P.

Definition A.116. (Subdivision of Q, Definition 3.3.8 in [15])
A subdivision of Q is a finite collection of element domains {K;} such that

(1) intK; NintK; = 0 if i # j.
(ii) JUK; = Q.

Definition A.117. (Triangulation, Generalization of Definition 3.8.11 in [13])
A subdivision T of a polygonal domain ) is called triangulation, if the following is satisfied:
(1) if K; N K; = {p}, then p is a vertex of both K; and K

(i1) if K;NKj, i # j consists of more than one point, then K; N K is either an edge or a facet
of K; and Kj.

Definition A.118. (Quasi-Uniform and Regular Triangulation, Definition 4.4.13 in [13])
Let {Th}ne(o,1) be a family of subdivisions of 2 such that

max{diam(K): K € T} < hdiam(9Q).
The family is said to be quasi-uniform if there is p > 0 such that
min{diam(Bg): K € T} > phdiam(Q)

for all h € (0,1], where By is the largest ball contained in K such that K is star-shaped with
respect to Bi. The family is called regular, if there is p > 0 such that for all K € Ty, and all
h € (0,1],

diam(Bg) > pdiam(K).

Definition A.119. (Affine Equivalence, Definition 3.4.1 in [13])
Let (K,P,N) denote a finite element and F(x) := Az + b with nonsingular A € R4 b c R,
For a function f: R? — R, the pull-back is defined as F*(f) = fo F and the push-forward is
defined by (F.N)(f) :== N(F*(f)). The finite element (K, P, N) is affine equivalent to (K, P, N)
if

(i) F(K) =K.
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(ii) F*P = P.
(iii) FN =N.

Definition A.120. (Finite Element Space)

Let {Th}ne(o,) be a family of triangulations of a polyhedral domain Q. Let (K,P,N) be a
reference finite element and for T € Ty let (T,Pr,Nr) be affine-equivalent to the reference
element. A corresponding family of finite element spaces is defined by

Vi i={v: Q = R, v is measurable and v, € Py VT € Tj}.

Definition A.121. (Local Interpolant, Definition 3.3.1 in [13])
Given a finite element (K, P,N) with nodal basis {¢1,...,¢r}. If vi K — R is a function for
which all N; € N are defined, then the local interpolant is defined by

k
Trv = Z N;(v)e;.
=1

Definition A.122. (Global Interpolant, Definition 3.3.9 in [13])

Let {Th}ne(o,1) denote a subdivision of Q. Assume each K € Ty, is equipped with some type of
shape functions P and nodal variables N such that (K, P,N) is a finite element. Let m be the
order of the highest partial derivatives involved in the nodal variables. For f € C™(R), the global
interpolant is defined by

Ihfik, = L, [ for all Ki € Th.

Assumption A.123. (Interpolation Estimate Assumption, see Theorem 4.4.4 in [13])
Let (K, P,N) denote a finite element satisfying

(i) K is star-shaped with respect to some ball.
(i) Pr_1 C P C WF®(K) for some integer k > 1.
(iii) N C (CY(K))" for some integer | > 0.

Theorem A.124. (Global Interpolation Estimate, Theorem 4.4.20 in [13])
Let {Th}neo,1) be a regular family of subdivisions of 2. Let (K,P,N) denote a reference finite
element satisfying Assumption A.123 for some k,l. For all T € Ty, all h € (0,1] let (T, Pr,Nr)
be affine-equivalent to the reference element. Suppose p € [1,00| and either k — 1 — g > 0 when
p>1lork—101—d>0 whenp=1.

Then there exists a constant C > 0 depending on the reference element, d,k,p and p of
Definition A.118 such that for 0 < s <k,

P

Yol =Twolf,r | < O lolipa if p € [1,00)
=

max |[v — Zpv||s,cor < C’hkfslv k00,0 Uf P = 00,
TETh
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for all v € WFP(Q). Moreover, for all 0 < s <, there holds
max [0 — Tyo|lscor < CH* " 5]0|
TeT, hUl||s,00, T > k,p,2s

for all v e WFP(Q).

Corollary A.125. (Boundedness of Global Interpolant)
Let the assumptions of Theorem A.124 hold. Then, Tj, € L(W*P(Q), WkP(Q)).

Proof. Let v € W*P(Q). Then, by Theorem A.124,

1Zhollkp < llv = Zhollkp + [lv

kp < (C+ D[vllp-

Theorem A.126. (Inverse Estimate, Theorem 4.5.11 in [13])

Let {Th}he(o,) be a quasi-uniform family of subdivisions of a polyhedral domain Q. Let (K, P,N)
be a reference finite element such that P C WHP(K) N W™4(K), where 1 <p < 00, 1 < ¢ < 00
and 0 < m < 1. ForT € Ty let (T,Pp,N7) be affine-equivalent to the reference element and
Vi = A{v: Q@ = R, v is measurable and v, € Pr VT € Tp}. Then there exists C = C(l,p,q, p)
such that for all v € Vj,:

1
P

—l4min{0,¢— 4
STl | < on™ RO NT o)gg
TET;, TeT,

1 1

?’p’T} ¥ (resp., [ZTeTh ||v||gl7q7T ) is replaced by

When p = oo (resp., ¢ = o0), then [ZTeTh lv

maxreT, [[Vllioo,r (resp., maxrer, [[vlli00,r)-

Theorem A.127. (Stability of Taylor-Hood Elements)

Let the assertions and notation of Definition A.120 hold. For a given reference element K let
an finite element space Vy = V}fl be given that is based on shaped functions Py and degrees of
freedom such that Vi, C H*(Q)). Let another finite element space My, based on shape functions
Par be given and degrees of freedom such that My, C H'(Q) holds. Then, the discrete inf-sup
condition

1
inf  sup /qh V-vy)de > 8
B S aliallanl Jo @V V) dv 2 B,

for some constant 8 that is independent of h holds in the following cases:
(i) d=2, K =1[0,1]*, Pv = Q2, Py = Qu, [14]
(it) d =3, K =[0,1, Py = Qa, Prs = Q1, [15]
(iii) d=2, K ={(z,y) € [0,1*: 0<z+y <1}, Py =Py, Py =Py, [9)
(iv) d=3, K ={(z,y,2) € [0,1]*: 0<a+4y+2z<1}, Py =Py, Py =Py, [72]
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