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Introduction

The purpose of the present thesis is to study boundary value problems of mixed type
(Dirichlet-Neumann, Dirichlet-Robin) for various elliptic systems in fluid mechanics and the
theory of porous media. In order to do so, other types of boundary value problems (BVPs) are
also examined, concerning Dirichlet, Neumann and Robin boundary conditions.

Let ® C R",n > 2 be a Lipschitz domain, wherein a viscous incompressible fluid is located
and let I denote the boundary, I' := 9. For a given constant o > 0, the normalized Brinkman
system consists of the following equations

Au—ou—-Vr=f divu=0, in® (0.0.1)

where u is the velocity field and 7 is the pressure field of the fluid flow under consideration.
Moreover, f is called the driving force, which acts upon the fluid flow. For a = 0 the system
(0.0.1)) reduces to the normalized Stokes system consisting of the following equations

Au—-Vr=f divau=0, ind. (0.0.2)

For problems in which the inertia of the fluid is not negligible, one has to consider the
Darcy-Forchheimer-Brinkman system, given by

Au—au—klujlu—pFu-Vu-Vr=£f divu=0, in®. (0.0.3)

Note that the physical properties of the fluid and the properties of the porous medium in which
it is located are described by the parameters «, k, 3 > 0 (see Chapter 11. for a discussion of the
numerical results related to these systems and the description in [87, p. 17]).

When the nonlinear term does not appear in the expression of , i.e., the constant
B =0, we say that we consider the semilinear Darcy-Forchheimer-Brinkman system. Similarly,
in the case Kk = 0, we highlight the absence of the semilinear term by calling the system the
nonlinear Darcy-Forchheimer-Brinkman system. Another special case of system is the
well-known Navier-Stokes system obtained when o = 0 and xk = 0, i.e.,

Au—pfu-Vu—-Vr=£f divu=0, in®D. (0.0.4)

Moreover, the boundary conditions associated to the above systems can be of Dirichlet,
Neumann or Robin type over the whole boundary

yfu=h, ti(ur)=g, ti(u,7)+MTu=1 onT, (0.0.5)

where the trace operator v, the conormal derivative operator t! and a matrix value function
A are given in the sequel. Let us point out that the ”sense” in which these operators are con-
sidered, plays a fundamental role in the understanding of the various boundary value problems
throughout this thesis. On the other hand, in order to formulate mixed boundary value prob-
lems, the boundary I' of the Lipschitz domain % needs to be decomposed into two parts I'p and
I'y. The precise formulations are given in Chapter 3 and Chapter 4, respectively, depending on
the regularity of the boundary data considered.

3
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Before we begin with a brief historical overview of the scientific literature related to such
boundary value problems, let us mention the importance of these boundary problems regarding
special mixed type boundary conditions. Many engineering problems nowadays deal from the
mathematical point of view with such boundary value problems (see, e.g., [5 16l 1T} [77), 85 [86} [7]).
The flow of a fluid in a pipe is modeled often by the Navier-Stokes equations and Dirichlet type
conditions are imposed on the pipe walls, whereas the inlet of the fluid is given by Dirichlet
or Neumann boundary conditions depending on the known data, while the outlet is mostly
simulated by Neumann boundary conditions based on the pressure of the fluid. Depending on
the surface tension between the fluid and the pipe wall, an additional sliding parameter can
be imposed and leads to Robin boundary conditions. Other interesting practical applications,
which are directly related to the problems that are analyzed in this thesis, can be consulted in
[46], [76], [109], [31, 87].

Various different methods have been employed in order to study boundary value problems
in fluid mechanics, such as the variational approach [61], methods of potential theory and
boundary domain integral methods based on the parametrix (or the Levi function). We begin by
mentioning the work of Fabes, Kenig and Verchota [30], which reduces the study of the Dirichlet
and Neumann problems for the Stokes system to the analysis of some related boundary integral
equations (BIEs). They proved the well-posedness for the Regularity and Neumann problems
when the boundary data belong to LP—based spaces, with p near 2. Interpolating the weak
maximum result obtained by Dahlberg and Kenig in [24] with the result in [30], Shen obtained
in [I0T] the well-posedness result of the Dirichlet problem for the Stokes system with data in L?
whenever 2 < p < co. Mitrea and Wright [86] obtained several well-posedness results for a large
spectrum of boundary problems for the Stokes system in Lipschitz domains, with boundary
data in various spaces.

Regarding the Laplace system, I. Mitrea and M. Mitrea provided sharp well-posedness results
in [83] for the Poisson problem with mixed Dirichlet-Neumann boundary conditions on bounded
Lipschitz domains in R3, where the boundaries satisfy a special geometric condition (related
to the notion of creased Lipschitz domain), and where the data belongs to Sobolev and Besov
spaces. Pipher and Verchota [90] and Dahlberg and Kenig [22] constructed the Green function
for the biharmonic system with Dirichlet-Neumann boundary conditions in Lipschitz domains in
three dimensional Euclidean settings. Taylor, Ott and Brown in [106] studied mixed Dirichlet-
Neumann problem in LP-based Sobolev spaces for the Laplace equation in a bounded Lipschitz
domain in R™ with general decomposition of the boundary. Costabel and Stephan in [21]
analyzed mixed boundary value problems for the Laplacian in polygonal domains by using a
boundary integral approach. Precup [93] obtained existence and localization results of positive
nontrivial solutions for semilinear elliptic variational systems based on the Laplace equation.

Moreover, let us mention that similar well-posedness results were obtain for the Lamé system
by Dahlberg and Kenig in [24]. Using the well-posedness result for the mixed Dirichlet-Neumann
boundary value problem for the Lamé system obtained by Brown and Mitrea [12], Brown et al.
[13] provided well-posedness results for the mixed Dirichlet-Neumann problem for the Stokes
system on creased Lipschitz domains in R3, by reducing its study to that of a family of Fredholm
operators related to the the Lamé system and to some useful Rellich-type estimates.

The solvability of the mixed Dirichlet-Robin problem for the Brinkman system in a creased
domain with boundary data in L?-based spaces has been provided by Kohr, Lanza de Cristoforis
and Wendland in [51, Theorem 6.1]. Ott, Kim and Brown [8§] constructed the Green function
for the linear Stokes system in a Lipschitz domain in R?, by imposing some conditions on
the decomposition of the boundary. Also, we mention that the Laplace system on a Lipschitz
domain with a general decomposition of the boundary has been treated in [I06]. Boundary
integral equations for a mixed boundary value problem for the biharmonic equation has been
developed by Cakoni, Hsiao and Wendland in [I5] (see also [23]).

Combined methods, such as boundary integral methods and fixed point theorems have been
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successfully employed in the analysis of boundary value problems for linear elliptic systems
with nonlinear boundary conditions and for nonlinear elliptic systems. Recently, Kohr, Lanza
de Cristoforis and Wendland [50] applied boundary integral methods to get existence results
of nonlinear Neumann-transmission type problems for the Stokes and Brinkman systems on
Lipschitz domains and with boundary data in various LP, Sobolev, or Besov spaces. Layer
potential techniques were employed to the Stokes and Brinkman systems in [53] in order to
analyze Poisson problems for semilinear Brinkman systems on Lipschitz domains in R" with
Dirichlet or Robin boundary conditions in various Sobolev and Besov spaces. An integral
potential method for transmission problems with Lipschitz interface in R3 for the Stokes and
Darcy-Forchheimer-Brinkman systems and boundary data in weighted Sobolev spaces has been
proven in [49].

In I8, 19], Chkadua, Mikhailov and Natroshvili analysed direct segregated systems of
boundary-domain integral equations, which are equivalent to mixed Dirichlet-Neumann prob-
lem for a scalar second-order divergent elliptic partial differential equation (PDE) with variable
coefficients in interior and exterior domains in R? (see also [I7] for the mixed problems with
cracks and [80] for united boundary-domain integral equations). Moreover, Kohr, Mikhailov and
Wendland [56] obtained well-posedness of transmission problems in LP-based weighted Sobolev
spaces for the Stokes and Navier-Stokes systems with anisotropic L strongly elliptic coeffi-
cients, located in complementary Lipschitz domains of R™, (n > 3), by employing a variational
approach.

The thesis is structured into three parts. The goal of the first part is to study mixed
boundary value problems for the Brinkman and Darcy-Forchheimer-Brinkman systems on
a Lipschitz domain in the Euclidean setting. To this end, we require some well-posedness
results for some of the main boundary value problems, such as the Dirichlet, Neumann
or Robin boundary problems for the mentioned systems. In the second part, we extend
the previous results to the setting of compact Riemannian manifolds. We analyze the
well-posedness results for mixed Dirichlet-Neumann boundary value problems for the Stokes
system, the Oseen system and the Navier-Stokes system in Lipschitz domains on compact
Riemannian manifolds. Moreover, we obtain also existence and uniqueness results for the
transmission problem for the Oseen system and the Brinkman system. The last part is
concerned with numerical results related to the well-posedness results obtained in the previous
parts. We study the special case of the lid-driven cavity problem for a rectangular cavity
in two dimensions and analyze the dependence of the main physical parameters for the fluid flow.

Part I is divided into four chapters related to boundary value problems in Euclidean
settings.

e Chapter 1 is an introduction of the main definitions, notations, spaces and operators
that are needed throughout this thesis. We begin with the definitions of the Lipschitz
domain, the creased Lipschitz domain and the dissection of the boundary needed for mixed
boundary value problems. We continue with a brief presentation of the Lebesgue, Sobolev
and also Besov spaces defined on R", on Lipschitz domains, on Lipschitz boundaries and
on subsets of Lipschitz boundaries or admissible patches. Next, we introduce the trace
operators and the conormal derivative operators related to the Brinkman and Stokes
systems. Let us remark that the equivalence theorem between the non-tangential and
the Gagliardo trance operator, as well as the equivalence between the non-tangential,
canonical and classical conormal derivative operators are obtained in [41, Theorems 2.5
and 2.13].

e Chapter 2 begins with the introduction of the fundamental solution for the Brinkman
system, which enables one to define the main layer potential operators, such as the New-
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tonian, the single- and the double-layer operators. We investigate the mapping properties
of these layer potential operators in various spaces, the jump relations over the boundary
of the Lipschitz domain and the Green representation formula for the solution for the
Brinkman system, as they were obtained in [41l Section 3].

e Chapter 3 is concerned with boundary value problems of mixed Dirichlet-Neumann type
for the linear Brinkman system and the semilinear Darcy-Forchheimer-Brinkman system
on creased Lipschitz domains in R", n > 3, when the boundary data belong to L”—based
Sobolev spaces with p in a neighborhood of 2, as they have been obtained by us in
[41), Section 5 and 6]. In order to derive the well-posedness results for the two systems
under consideration, we require the well-posedness result for the Dirichlet and Neumann
boundary problems for the Brinkman system with boundary data in LP—based spaces
(for related results, we refer to [I00, Theorem 5.5, [86, Corollary 9.1.5, Theorems 9.1.4,
9.2.2 and 9.2.5] and [85, Theorem 7.1]). Special attention is given to the "meaning” of
the trace operator and the conormal derivative operator, i.e., we mention the cases when
the operators are considered in the non-tangential sense or in the Gagliadro and canonical
sense (we refer to Sections 1.5 and 1.6 of Chapter 1, or to [41), Sections 2.1 and 2.2]).

e In Chapter 4 we focus our attention on the weak solution of boundary value problems for
the Brinkman system on Lipschitz domains located in R?. Thus, we are able to consider a
variational formulation for the direct boundary integral equations derived from the mixt
boundary value problems. The main sources for this chapter are [37] and [40], but we
refer the reader also to [61], [76]. Moreover, the assumption that the boundary data
belong to some fractional Sobolev spaces enables us to study the mixed Dirichlet-Robin
boundary value problems for the nonlinear Darcy-Forchheimer-Brinkman system (cf., e.g.,
[37, Theorem 2.9], see also [40, Theorem 3.2] for the Robin problem).

Part II is structured into two chapters and present boundary value problems in fluid me-
chanics on compact Riemannian manifolds. We study mixed Dirichlet-Neumann boundary value
problems for the Stokes, Oseen and Navier-Stokes systems on an infinitely smooth, compact,
boundaryless Riemannian manifold M of dimension m > 2. However, we are restricted to the
dimension m = 2 or 3, whenever the Navier-Stokes system is involved, due to some compactness
embedding results that are required in our analysis.

The main elliptic operator that appears in the structure of the Stokes system on a compact
Riemannian manifold is

L := Def*Def = —A 4 dj — 2Ric, (0.0.6)

where Def is the deformation operator, A := —(dd + dd) is the Hodge Laplacian, which is
defined in terms of the exterior derivative operator d and the exterior co-derivative operator ¢
and where Ric is the Ricci tensor of M. Then the “incompressible” Stokes system on a smooth,
compact Riemannian manifold is given by the following linear PDE system

Lu+dr=0, du=0in29, (0.0.7)

where the unknowns u and 7w can be considered as the velocity and pressure fields of a fluid
flow in a Lipschitz domain ® C M. Similarly, for o > 0, the Brinkman system is described by
the following equations

Lu+au+dr=0, du=0, in®. (0.0.8)

For a fixed divergence-free vector field w, the non-homogeneous Oseen system consists of the
following equations
Lu+Vyu+dr=£f, du=0, inD, (0.0.9)
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where V is the Levi-Civita connection on M (for further details of these operators we refer to
Chapter 5). For > 0, the nonlinear system

Lu+f8Vyu+drn=1f, 6u=0, in®, (0.0.10)

is called the Navier-Stokes system. Here Vyu is the covariant derivative of u with respect to
u. As in the Euclidean setting, the physical properties of a fluid flow modeled by the system
are described by the constants o and S.

The study of fluid flows on compact, smooth Riemannian manifolds plays an important role
in the analysis of the fundamental equations of meteorology and oceanography as pointed out
in [I09, [71] (see also [I08, 26]). Also, other types of flow equations, e.g., the Stokes system
or the Darcy-Forchheimer-Brinkman system, can be considered over compact surfaces (e.g., on
the sphere $2?) and model flow of water or other viscous fluids, passing through porous rocks
or porous soil (cf, e.g., [55]). Mixed boundary conditions describe in a most intuitive way the
behavior of a shallow ocean, where the shore are represented by homogeneous Dirichlet condi-
tions, the inlet streams by Dirichlet or Neumann conditions and the output flow by Neumann
boundary conditions, since they are normally described by pressure outlets.

Boundary integral methods have also been used for the study of boundary value problems
for elliptic systems on compact Riemannian manifolds. Note that the Dirichlet problem for the
Stokes system on arbitary Lipschitz domains, with boundary data in L? based spaces has been
studied by Mitrea and Taylor [85]. Moreover, Dindés and Mitrea [25] studied the well-posedness
of the Poisson problem for the Stokes and Navier-Stokes systems on C' and Lipschitz domains
on compact Riemannian manifolds by using boundary integral methods.

Mitrea and Taylor [85] and Dindos and Mitrea [25] have used the theory of pseudodifferential
operators in order to show the existence of the fundamental solution for the Stokes system on
compact Riemannian manifolds. One of the main assumptions needed in order to construct the
fundamental solution for the Stokes system, is the assumption that the manifold lacks nontrivial
Killing fields (see Definition , which guarantees that the deformation operator Def given in
is invertible. The assumption that the Riemannian manifold has no nontrivial Killing
fields imposes no restrictions, since the manifold can be altered in order to satisfy this condition.
A proof of this fact can be found at the beginning or Section 3 in [85].

An alternative technique to that of Mitrea and Taylor [85] has been developed by Kohr,
Pintea and Wendland [57, Section 3] (see also [58]) in order to obtain the fundamental solution
in the general case of Agmon-Douglis-Niremberg elliptic operators on compact Riemannian
manifolds.

In their recent work, Kohr and Wendland [63] have developed the potentials theory for
the Stokes system with non-smooth coeflicients of class L on compact Riemannian manifolds,
starting from a variational method. In the particular case of the smooth coefficients, the authors
found many of the results that have been previously obtained by Mitrea, Taylor [85]. Kohr
and Wendland [62, Theorem 7.9] have obtained well-posedness results on compact Riemannian
manifolds for the nonhomogeneous Poisson problem of mixed type for the Brinkman system
with nonsmooth coefficient, when the solution belongs to some L”—based Sobolev spaces with p
in a neighborhood of 2. Kohr and Wendland [63] have recently obtained the equivalence between
some transmission problems for the Stokes system with nonsmooth coefficient in complementary
Lipschitz domains on compact Riemannian manifolds, by employing the remarkable Necas-
Babuska-Brezzi technique and by proving a well-posedness result of their mixed variational
counterparts.

Let us mention, that the study in this second part is based on a powerful approach based on
layer potential theory and indirect variational methods in order to obtain well-posedness results
for various boundary value problems.

This part of the thesis is structured into two chapters as follows:
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e Chapter 5 begins with the main geometrical definitions and concepts that are needed in
the study of boundary value problems on compact Riemannian manifolds. An important
part is the definitions of the Levi-Civita connection V, the deformation operator Def and
the second order elliptic differential operator L (see also (0.0.7))). Next, we introduce the
fundamental solution for the Stokes system and the associated layer potential operators.
The chapter ends with some original results regarding the invertibility of the single-layer
potential operator and the hypersingular potential operator obtained in [38, Theorem 4.2],
as well as some compactness properties of the double layer potential operators (cf. [38|,
Theorem 4.3]) related to a part of the boundary decomposition.

e Chapter 6 is concerned with boundary value problems for the Stokes, Oseen and Navier-
Stokes systems on compact Riemannian manifolds. In this summary, we study boundary
value problems with mixed Dirichlet-Neumann boundary conditions for the Stokes (cf.
[38, Theorem 4.1] and for the Oseen system [39]. Based on the well-posedness result for
the Oseen system, we continue with the analysis of the nonlinear Navier-Stokes system
by employing a fixed point theorem and the well-posedness result for the Oseen system.
These results are included in our paper [39)].

Part III contains the last chapter of this thesis. The purpose of this part is to give some nu-
merical examples and to describe the physical behavior of a fluid flow modeled by boundary value
problems for the nonlinear Darcy-Forchheimer-Brinkman system, for which a well-posedness re-
sult has been obtained in Chapter 4. Therefore, the analysis described in Chapter 4 represents
a mathematical background of the practical problem under consideration. The problem that
is analyzed in Chapter 7 consists of a square cavity filled with a fluid with three rigid walls
on which non-slip boundary conditions are imposed and a tangentially moving lid with unit
velocity. This problem is known in literature as the lid driven cavity flow problem, denoted by
short lid problem in this thesis.

First, we give a brief description of the two numerical methods used to analyze some bound-
ary value problems in this thesis: the central-difference method and the boundary element
method. Then we focus our attention on a special two-dimensional problem, which consists out
of a rectangular cavity filled with a porous domain in which the fluid is driven by the movement
of the upper wall.

The lid problem has been the subject of many physical, theoretical and numerical studies
since this problem has simple geometry and connects the relevant physical aspects to mathe-
matical models and computational methods. The work of U. Ghia, K. Ghia and Shin [31] uses a
strongly implicit coupled multigrid method and became a benchmark reference over the years.

Certainly, by far the most used numerical technique is the finite difference method, due to
the special geometry of the square cavity under consideration, which makes this method ideal
for this problem ([I4], [36], [99], [98]). In their work Erturk, Corke and Gokcol [28] computed
steady solutions for the lid problem in the case of the Navier-Stokes system with a Reynolds
number up to Re = 20000. Though many numerical studies were made, very few experimental
studies related to the lid problems are available in literature and we mentions those of Koseff
and Street [67], [66].

Boundary element methods have been widely used to solve different engeneering problems,
related to fluid mechanics and other areas of interest. Let us mention relevant books by Brebbia
and Telles [9], Brebbia and Wroble [89] and Katsikadelis [48], related to boundary element
methods, as well as to the Dual Reciprocity Boundary Element Method (DRBEM).

The outline of the chapter is the following:

e Chapter 7 presents the above mentioned numerical methods used in order to study
some particular problems related to mixed boundary value problems in fluid mechanics.
We start with a brief description of the non-dimensional form of the Navier-Stokes and
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continuity equations (see, e.g., [44]) and the stream function-vorticity formulation (cf.,
e.g., [60]) for the nonlinear Darcy-Forchheimer-Brinkman system, which simplifies the
numerical treatment of the equations in two dimensions. Also, we discuss the relations
of the physical properties related to the fluid and the porous domain [87]. In order to
validate the results obtained by the two numerical methods employed, central difference
(CD) method and Dual Reciprocity Boundary Element Method (DRBEM), we consider
that the fluid motion is governed by the Navier-Stokes system. In addition, we compare
the results obtained with both methods with classical results in literature. Next, we
describe some numerical results for the lid problem for the Darcy-Forchheimer-Brinkman
system in two dimensions. Dirichlet and mixed Robin-Dirichlet boundary conditions are
considered, described by the physical meaning of a sliding parameter (see, e.g., [44], [43]).
The content of this chapter is based on our results obtained in [40, Section 4] and [37,
Section 3].
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Part 1

Mixed boundary value problems for
the Brinkman and
Darcy-Forchheimer-Brinkman
systems in Euclidean setting
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Chapter 1

Geometric concepts and functional
settings

In this chapter we provide the main definitions, notations and fundamental properties that
are needed in order to define and treat boundary value problems for the Stokes, Brinkman and
Darcy-Forchheimer-Brinkman systems in the Euclidean setting that are studied in the first part
of this thesis.

We begin with the geometrical concepts and definitions of a bounded Lipschitz domain and
a bounded creased Lipschitz domain in R"™, where the boundary value problems are considered.
Note that the property of creased Lipschitz domain is needed when we consider boundary value
problems whose solution should have high regularity [I1], whereas lower regularity problems
can be considered in bounded Lipschitz domains. Next, we recall the definitions of Sobolev,
Bessel-potential and Besov spaces by following the presentations of [110], [113], [8, Sections 2-3].
Special attention is given to embedding theorems and interpolation results which are essential
for the forthcoming study.

The next sections contain known results but also original results obtained in [41, Section
1.1], which refer to the two different types of trace operators, i.e., the nontangential and the
Gagliardo trace operators, as well as the connections between them. The equivalence between
these operators has been obtained in [41, Theorem 2.5]. Moreover, we introduce the Stokes
and Brinkman operators by following [50, Section 2.2], and then we define the corresponding
conormal derivative operators. The differences between the canonical, the generalized and the
nontangential conormal derivative operators are explained in the next subsection, with emphasis
on the cases in which they are equivalent (Theorem . A part of these results constitute
original work obtained by joint work with M. Kohr, S. E. Mikhailov and W. L. Wendland in
[41] Section 1.2].

1.1 Lipschitz domains in R"

The purpose of this section is to introduce the concept of a bounded Lipschitz domain, where
we consider the main boundary value problems of this thesis. We also recall the definition of
a creased Lipschitz domain as in, e.g., [I3], [83], which plays a fundamental role for boundary
value problems whose solution should have high regularity.

1.1.1 Bounded Lipschitz domains in R"

First, we recall the definition of a bounded Lipschitz domain and describe its main charac-
teristics (cf., e.g., [83 Definition 2.1]). Any point = = (z1,z2,...,2,) € R™ can be written in
the simplified form z = (2/,x,,), where 2’ := (z1,2”) € R" ! and 2" := (29,...,2,_1) € R" 72
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1.1. Lipschitz domains in R™ 12

Definition 1.1.1. [25] Let © C R™ (n > 2) be an open, connected and bounded set and let
I' = 09. We say that © is a Lipschitz domain, if one can find M > 0 such that for each x € T’
there exists a coordinate system in R™ (isometric to the canonical one), (2/,z,) € R"! x R,
a radius r > 0, a cylinder C,(x) := {(v',yn) : |¥ — 2| <7, |yn — xn| < 2Mr}, and a Lipschitz
function ¢ : R"!' — R with [[V¢||fecgn-1) < M, such that

Cr(2) ND = {(¥,yn) : yn > ¢(¥)} N Cr(2),
Co(@) T ={(¥ s yn) 1 yn = ()} N Cr ().
In the sequel, let © C R™ (n > 3) be a bounded Lipschitz domain with connected boundary

' =09, and set D4 =D and D_ :=R"\ D.
Let k = k(I') > 1 be a fixed sufficiently large constant (see, e.g., [33]). Then the sets

(1.1.1)

Ci(x):={y € D4 : dist(z,y) < kdist(y,T"), x € T'}, (1.1.2)

are non-tangential approach cones located in ©; and ©_, respectively (see, e.g., [86]). Note
that these concepts will be needed also in the definition of the non-tangential trace operators.

1.1.2 Dissection of the boundary of a Lipschitz domain

One of the main problems of interest of this thesis is the mixed boundary value problem for
some elliptic systems. Next, we define the notion of a dissection of the boundary related to such
boundary value problems.

Since we are working with this notion only in R?, we state the definition of a boundary
dissection for a two-dimensional Lipschitz domain, since we analyze this particular case in
Chapter 4.

Definition 1.1.2. Consider a bounded Lipschitz domain ® := ®, C R? with connected bound-
ary I', which is partitioned into nonempty subsets I'p, A and I'y, such that ' =T'p UA U T'y.
Moreover, we assume that I'p and 'y are disjoint, relatively open subset of I', having A as
their common boundary points. For each x € A, we require that there exist a coordinate sys-
tem (2/,2"), a coordinate cylinder C,(x) centered in x, a Lipschitz function ¢ and a constant
M such that

Cr(x) NTp ={(,y") 1/ > My, v = ¢(y')} N Cr(2),
Co(@) NIy ={(y"y") 1y <M, y" = 6(y)} NCr(2),
(see also [88], [62] in the case of a two-dimensional Lipschitz domain with a special decomposition

of the boundary into two parts, one of them being an Ahlfors regular set). We say that I'p and
I'y determine a dissection of the boundary I'.

(1.1.3)

1.1.3 Creased Lipschitz domains in R"

We begin with the definition of special patches on the boundary I', in order to define the
notion of creased a Lipschitz domain (cf. [83, Section 2]). Note that the condition
below for a creased Lipschitz domain plays an essential role when we deal with mixed boundary
value problems whose solutions should have high regularity and accordingly for Dirichlet data
in Sobolev spaces H;(S, R™). R. M. Brown discusses this issue in [I1] for the mixed problem
for the Laplace equation.

Let us now introduce the notion of a bounded creased Lipschitz domain (cf. [83 Definition
2.3], [41), Definition 6.2]).

Definition 1.1.3. Assume that ® C R" is a bounded Lipschitz domain with connected
boundary I', and that I'p,I'y C I' are two non-empty, disjoint admissible patches such that
I'pNIy=0Ip=0ly and TpUT Ny =T. Then D is creased if

12



1.2. Sobolev and Besov spaces in R™ and in Lipschitz domains 13

(a) There exist m € N, a > 0and z; € I', i = 1,...,m, such that 09 C U"; By(z;), where
By (%) is the ball of radius a and center at z;.

(b) For any point z;, i = 1,...,m, there exist a coordinate system {z1,...,x,} with origin
at z; and a Lipschitz function ¢; from R"~! to R such that the set ©; := {(2,x,) € R" :
T, > ¢;(2')}, whose boundary I'; admits the decomposition I'; = Tp, UTy;,, is a creased
graph Lipschitz domain in the sense of Definition 6.2 in [41], and

DN BQQ(ZZ') =9;N Bga(zi), I'pn Bga(zi) = FDi N BQQ(ZZ'), I'ynN Bga(zi) = FNi N Bga(zi).
(1.1.4)

The geometric meaning of the above definition is that the admissible patches I'p and I'y
are separated by a Lipschitz interface (I'p NTy is a crease or collision manifold for ) and that
I'p and I'y meet at an angle which is strictly less than 7 (cf., e.g., [11L [83]).

A main property of a (bounded or graph) creased Lipschitz domain is the existence of a

function ¢ € C°°(®D) and of a constant § > 0 such that
p-v>dae only, p-v<—dae onlp, (1.1.5)

i.e., the scalar product ¢ - v, between ¢ and the unit normal v, changes the sign when moving
from I'p to I'y (cf., e.g., [12, (1.122)]). For further details cencerning the geometric properties
of Lipschitz domains we refer to [76], [41], [25].

1.2 Sobolev and Besov spaces in R” and in Lipschitz domains

In this section we give a brief review of some basic notation and definitions related to the
Sobolev, Bessel-potential, Sobolev-Slobodeckij and Besov spaces, with emphasis on the relations
between these spaces. The main sources used in the preparation of this chapters are [2], [4], [§],
[94], [76], [113].

1.2.1 Sobolev and Besov spaces in R”

Let k € Ny and p,p’ € (1,00) be such that % + z% = 1. Then the Sobolev space W;(R”) is
defined by (see , e.g., [94) Section 7.1]

wﬂwwz&emwﬂ:wmmmzimmmmm<m}. (1.2.1)
v<k

The Sobolev space W, *(R") is defined as the dual of Wi, (R™). It is well-known that C§°(R"™)
is dense in WI?(R”), and moreover sz (R™) can be equivalently defined as the completion of the

space of smooth functions with compact support with respect to the norm || - HWPS (n) given in
[T2.1).
For s € R, the LP-based Bessel potential spaces H,(R") and H;(R",R") are defined by
Hy(R") :={f € Z'(R") : (I - A2 f elP(RM} = {f: J°f eLP(R™)}, (1.2.2)
Hy R, R") == {f = (fi, far..., fo)  f € HY(R™), j=1,...,n}, (1.2.3)

where J* : ' (R") — '(R") is the Bessel potential operator of order s defined by (see, e.g.,
[76, Chapter 3])

Jf=F Yo' Ff), pt=(1+]¢f)5. (1.2.4)
Note that H;(IR") is a Banach space with respect to the norm (see, e.g., [4])
1 ez my=I7° fll Loy = IF (0" F )l o em)- (1.2.5)

13



1.2. Sobolev and Besov spaces in R™ and in Lipschitz domains 14

1.2.2 Sobolev and Besov spaces in Lipschitz domains

Next, we define the Sobolev and Bessel-potential spaces on Lipschitz domains. To this end,
let ® C R™ (n > 2) be a bounded Lipschitz domain, and set D, := D and D_ := R"\ D.

Let D(®4) := C§°(D+) be the space of infinitely differentiable functions with compact
support in D4, equipped with the inductive limit topology. The space D'(D4) is the space of
distributions defined as the topological dual of D(®4). Throughout this thesis the notation
(1)]x means the restriction operator to the set X C R™. This operator is often denoted by rx.

The Bessel potential spaces H, (D) and flg(@i) are defined by

H(D1) = {f € D'(Ds) : 3 F € Hi(R") such that Flo, = f}, (1.2.6)
Hy(D+) = {f € Hy(®R") :supp f C D} (1.2.7)

The Bessel potential spaces H, (D4, R") and f[; (D4,R") are defined as the spaces of vector-
valued functions (distributions) whose components belong to the spaces H, (D) and flg (D4),
respectively (see, e.g., [76]).

For any s € R, C°(Dx) is dense in Hj(D+) and the following duality relations hold (cf.,
e.g., [47, Proposition 2.9], 29, (1.9)], [84, (4.14)])

/ ~ ~ !/
(Hy(®2)) = Hy*(02). Hy*(0) = (H)(02)) - (1.28)
Here and further on, for p € (1,00) given, p’ denots the conjugate exponent given by
1 1
-+—==1 1.2.9
p v (1.29)

Similar to ([1.2.6) and (1.2.7)), for s € R and p,q € (1,00) the Besov spaces B, (D+) and
B, ,(D+,R") are defined by

B;q(@i) ={feD'(®4):3F¢ BS (R”) such that Flg, = f}, (1.2.10)
By (D4, R") :={f = (f1, fo,..., fu) s fi € By ;(Dx),j =1,...,n}, (1.2.11)
By (9+,R") == {F € B (R",R") : supp T C m} . (1.2.12)

1.2.3 Sobolev and Besov spaces on Lipschitz boundaries

The main sources in the preparation of this part are [46, Section 4.3], [113].
For s € (0,1), we can define the space H,(I') as the completion of the space

_ {f € OO0 : || F gy < oo} (1.2.13)
with respect to the norm
1
P )P g
gy = {1y + [ [ L dodr, (1.214)
/
For p € (1,00) and s € (~1,0), we have H,*(') = (Hj(T)) . Also, note that HS(T') = LP(T).
Let v = (v1,...,v,) be the outward unit normal to ©, which is defined almost everywhere

with respect to the surface measure do on I'.
Let p € (1,00), g € (1,00] and s € (0,1]. In the sequel, we need the following spaces.

LE(T, R = {v € I’(I,R") : / v-vdo = 0} ,
o0

14



1.3. The Trace operators 15

S, (D.R") = {v € H3(T'\R") - /Fv vdo = 0} ,

p,q;v

B . (I'R") = {V € By ,(I,R") : / v-vdo = 0} . (1.2.15)
’ r
Moreover, we also need the following subspaces.

S aiv (D, R = {v € H3(D,R") : div v = o} :

s i (D, RY) == {v € By (D, R") : div v =0}, (1.2.16)

Finally, let us introduce some special subspaces of locally integrable functions. Let 2
be an open set (in particular € {R"™,©,I'}). The spaces of locally integrable functions
LY (), Hz1,.(Q) and By 1,.() are defined as

loc p;loc
LY (Q,R") :={v e LP(Q,R") : v|g € LP(K,R"),VK C Q, K is compact},
piloc (2, R™) := {v € Hy(Q,R") : v|x € Hy(K,R"),VK C Q, K is compact} ,

(R := {v € B} (%, R") : v|xc € By (K, R"),¥K C Q,K is compact } . (1.2.17)

pqloc

1.3 The Trace operators

As in the previous section, let us consider ® C R™ (n > 3) be a bounded Lipschitz domain
with connected boundary T', and set D, := D and D_ :=R"\ D. Let k = (') > 1 be a fixed
sufficiently large constant. Then the non-tangential mazimal operator of an arbitrary function
u: D1 — R is defined by (see, e.g., [41], Section 2.1}, [50])

M (u)(z) = {sup|u(y)| : y € €s(z), x €T}, (1.3.1)

where €4 are non-tangential approach cones given in ((1.1.2)) located in © and ® _, respectively
(see, e.g., [86]). Moreover,

ub(z) = lim  u(y) (1.3.2)
Cioy—z

are the non-tangential limits of u with respect to ®1 at x € I'. Note that if M (u) € LP(T") for
one choice of k, then this property holds for an arbitrary choice of k (see, e.g., [(8, p 63.]). W
will use the notation €4 instead of €.+ .

A useful result for the problems we are going to investigate in this thesis is the Gagliardo
Trace Lemma that we mention below (see [20], [47, Proposition 3.3], [81, Theorem 2.3, Lemma
2.6], [79], [86, Theorem 2.5.2]).

Lemma 1.3.1. Let p € (1,00) and s € (0,1) be given. Then there exist linear and continuous

41 _
Gagliardo trace operators ~* : H; "(®+) — B, (') such that vEg = g|r for any g € O®(Dy).
These operators are surjective and have non-unique, linear and continuous right inverse opera-
tors

(v B, (M) — H;+%(©i). (1.3.3)

It is immediate that Lemma [[.3.3] remains valid also for vector-valued and matrix valued
functions. The result below is a version of Lemma for Besov spaces defined on Lipschitz
boundaries (see, e.g., [86, Theorem 2.5.2]).

Lemma 1.3.2. Let p,q € (1,00) and s € (0 1) be given. Then there exist linear and con-

tinuous gagliardo trace operators 7 : (@i) — B, (') such that vEg = glr for any
g € C®°(D4). These operators are surjectwe and have non-unique, linear and continuous right

inverse operators (y)™': By () — qu (D1).

15



1.4. The Stokes and the Brinkman operators 16

The following result answers the natural question when the nontangential trace operator
coincides with the Gagliardo trace operator [41, Theorem 2.5]

Theorem 1.3.3. Assume that ® is a bounded Lipschitz domain in R™, n > 2. Let p,q € (1,00).

L1
1) If there exists a constant s > 0 with the property that u € Byo” 9, R™) and the pointwise
P.q

nontangential trace urth exists almost everywhere on I, then the trace of Gagliardo type
v*u is defined on T’ and y"u=ug. If s € (0,1), then yTu=u, € By (T,R").

sil
(i) Moreover, if ujl, € Hp+p(F,R”) for s € (0,1], then v u € H3(T,R").

1.4 The Stokes and the Brinkman operators

Next, we define the Brinkman operator which plays a key role throughout this thesis. Recall
that .(R™,R") is the space of Schwartz functions and ./(R",R"™) stands for the space of
tempered distributions.

Let a > 0 be a given constant. Let B, denote the Brinkman operator defined such as (see,
e.g., [50, Section 2.2])

B, - ( (A&Vaﬂ) —OV ) L 7 (R, R") x #(R") = . (R", R") x .#(R") (1.4.1)

and the associated operator L, defined by
Lo(u,m):=(A—-al)u—Vr: ZR"R") x L(R",R") - Z(R",R"). (1.4.2)

For a = 0, one obtains the Stokes operator. The operators B, and By defined in (|1.4.1])
are Agmon-Douglis-Nirenberg elliptic operators (cf., e.g., [50, Lemma 2.1], [46, p. 330-331]),
Consequently, for & > 0, p,q € (1,00) and s € (0,1), these operators extend to linear and
bounded operators on Sobolev (Bessel potential) spaces, as follows

+1 +1 9 +1 9 +1 9
B, : H, "(R"R")x H, » (R") = H, * (R"R")x H, » (R"), (1.4.3)

s+t s+Ei-1 s+L1-2
Lo:H) "(R",R") x Hy * (R") = Hy * _(R",R"), (1.4.4)

or with similar definitions on Besov spaces.

Another operator that plays a main role in the definition of various boundary value problems
of Neumann, mixed, or transmission type, is the conormal derivative operator. In order to define
this operator, we introduce the following spaces. For s € R, p,q € (1,00) and ¢ > —1/p’, where
p’ is the conjugate exponent of p. Then we consider the following spaces (cf. [81, Definition
3.3])

s—&-%,t s+-—1

s+1
Hpate (@, L) = {(u,7) € H, *(D,R") x H,

1
P

(D) : Lo(u, ) =flp, f e H\(D,R")

and divu=0 in ”D}

Also let
s+it s+1 n s+i-1 ~ -~ n
B, (D, La) = {(u, ) € Bpg” (D,R") X Bpg” (D) : La(u,7) =flo, € B, (D, R")

and divu=0 in @},

where L, (u, ) is defined in (1.4.2]).
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1.5. The conormal derivative operators for the Brinkman system 17

Similar to Theorem 2.16 in [81], for p,q € (1,00) we introduce the operator E. of extension
of functions from H/(D+) by zero on R™ \ D+. Also for 0 <t < %, let E4 be the operator

defined on H;,(@i) as By = E‘i,. If —[% <t <0, then E. is defined as
(Exh,v)o, = (h,Exv)p, = (b, Exv)o,, h € H)(D1), v e H, " (Dz), (1.4.5)

where h e H)(D+),v € H;t(CDi) orhe Bl (i), ve B;fq,(gi), respectively.
Then, for —1/p’ <t < 1/p, the operators

E.:H\(Ds)— H\(Dy), Ei:B! (Di)— Bl (Dy) (1.4.6)

are bounded linear extension operators. These properties extend also to the corresponding
spaces of vector valued functions or distributions.

As in the case of the corresponding Definition 3.6 in [81], we can introduce the canonical
extension operator L, as follows (cf. Definition 2.8 in [41]).

Definition 1.4.1. Let p,q € (1,00), s € R and t > —1/p’. The operator L, which maps
(7) functions (u,m) € ﬁzzi’t(ﬁ, L) to the extension of the distribution Lo (u, 7) € H/(D,R")
to H:(D,R")
(i7) functions (u,7) € %;j;ii,(
Bt (D,R") to B, ,(D,R"),

D;L,) to the extension of the distribution L, (u,7) €

is called the canonical extension operator.

1.5 The conormal derivative operators for the Brinkman system

In this section, we introduce the conormal derivative operators that are used all along this
thesis, i.e., the classical, the nontangential, the canonical and the generalized derivative operators
and describe the relations between them.

To this end, let ® C R™ be a bounded Lipschitz domain with the boundary T'.

1.5.1 The classical conormal derivative operator

If (u,7) € CY(D4,R") x C°(D4), such that div u = 0 in D4, then the classical derivative
operator (or the traction field) for the Stokes (or Brinkman) operator is defined by the well-
known formula (i.e., the constitutive equation of viscous incompressible fluid)

55 (0, 7) := qzo(u, Ty, (1.5.1)

where
o(u,m) = (—7l+ 2E(u)) (1.5.2)

is the stress tensor, and v= v* is the outward unit normal to @, defined almost everywhere
on I'. For any function ¢ € D(R",R"), the following Green identity holds

£ (5 (u, ), @)y =2(E(u) E(@))o. + alu,@)o, — (mdiv @)o, + (Lalu, 1), @)o, . (15.3)

Formula (1.5.3)) follows by an integration by parts argument.
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1.5. The conormal derivative operators for the Brinkman system 18

1.5.2 The nontangential conormal derivative operator

If in a given point of the boundary I' there exist the non-tangential traces tft(u,ﬂ), and
if the outward unit normal v can be defined in that point, then the non-tangential conormal
derivatives are defined at this point as

tL(u, ) =civ (1.5.4)

nt “ -

1.5.3 The generalized derivative operator

Formula (1.5.3) suggests the following definition of the generalized conormal derivative in
the setting of Besov spaces, (cf., Lemma 3.2 in [20], Lemma 2.2 in [53], Definition 3.8, Theorem
3.9 in [81], Definition 6.5, Theorem 6.6 in [82], Proposition 10.2.1 in [86]).

Definition 1.5.1. Let « > 0, s € (0,1), p,q € (1,00). Then the generalized conormal derivative
1

ST = S 1
T (D,Ly) or (u,m) € %;” (D, Ly), in the weak sense

operator t} is defined on any (u,7) € 9, 47, o div

by the formula

+ (t1(w,pif), ) = 2B E(u), E(75) 7))o + al B, (1) g)o (15.5)
— (B m,div (vF) " lo)o + <f', (’)/Jr)_1g0>33 Vo € B;:;,(F,R”) or p € B;:;(F,R”).

Lemma 1.5.2. Under the assumption of Definition the generalized conormal derivative
operators

41
th 9, 40D, La) = B, L(TLRY), t1 B

1
s+ L
+5

p,g,div

(9, La) = By (I,R"),

are linear and bounded. Moreover, the following first Green identity holds

S (u,7),yTw)p =2 <E+E(u),E(w)>g +a« <E+u,w>33 — <E+7r,div w>53 + <f',w>© (1.5.6)

_ 1
7

"D, La),

1 1 1
S-‘rg,—ﬁ —S

1+4
Y(D,La), w e Hy "

)

s+1
(D,R™) and all (u,m) € %p,qi)iiv

for all (u,m) € §

1—8

B o re
we B, (D,R").

p,div

Note that the canonical conormal derivative operators introduced in Definition [I.5.3] are
different from the generalized conormal derivative operator given in the next lemma, as described
below (cf. [53, Lemma 2.2], [81] Definition 3.1, Theorem 3.2], [82], Definition 5.2, Theorem 5.3].)

1.5.4 The canonical derivative operator

The generalized conormal derivative operator defined by formula is related to an
extension of the Brinkman operator from the domain ® to the domain boundary, where £, has
not nessasary a high regulatity (cf. [81]). Since the extensions of the operator L, from ® to R"
are non-unique, for some regularities of the corresponding spaces, it appears that the generalized
conormal derivative operator is non-unique and non-linear unless a linear relation between the
PDE solution and the extension of its right hand side is imposed. Thus, for boundary value
problems whose solution should have high regularity, we need to revise the problem setting in
order to make the conormal derivative operator insensitive to this non-uniqueness, i.e., we make
use of the uniqueness of the extension operator given in for 1/p <t < 1/p, as we have
done in [41].

Having in view formula in the classical case, we now introduce the canonical conormal
derivative in the setting of Besov spaces by following [41], Definition 2.10], [20, Lemma 3.2], [53,
Lemma 2.2], [81], Definition 3.8, Theorem 3.9], [82] Definition 6.5, Theorem 6.6], [86, Proposition
10.2.1)).
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1.5. The conormal derivative operators for the Brinkman system 19

Definition 1.5.3. Let a > 0, s € (0, 1), p, a4 € (1,00). Then the canonical conormal derivative
1
P(D,Ly), in

P (D, L), or for any (u,7) € B "ty

+
t5(u, ) is defined for any (u,7) € 9 pqdlv

P, d1v
the weak sense, by the formula

(63 (w,m), @hr =2 (ELE(), E(77) ')+ alBan, (1) )o — (Bum div((vF) "))
(1.5.7)

+(Lo(u,7), (YN lp)o, Ve le,,jps, (T,R™), or Ve B;,qu, (I',R™), respectively.
(1.5.8)

Having in view Definition [1.5.3] we obtain the following Green identities based on our result
[41, Lemma 2.11].

Lemma 1.5.4. Under the assumption of Definition[1.5.3, the conormal derivative operators

sil L
+. p’p
ta : ﬁp,div

1 1
3+7777/

(D,La) = By, (T,R), t} B "o " (D, La) = By, (T, RY),

are linear and bounded. Moreover, the following first Green formula holds

L (), v w)r=2 <E+E(u), E(W)>®+a <E+u, w>9 - <E+7T, div w>®—i—<E’+£a, W>® (1.5.9)

1

7D, RY) and all (u,m) € B

for all (u,m) € Sﬁpdw (D, Ly), w € H (D, Ly),

( ) D,q, d1v
1+
we B, J (@,R") and the second Green formula holds

= ((th () e - (65 (v a) v ue) = (La(wm),v) = (La(vig)u)  (L5.10)

+ +
S+lz_i/ l'i'i/_s:_l
for all (u,m) € 9,4, " D+, La), (v.q) € H, 4, "(D,R"), and for all (u,m) €
+7 L/ 1+L/_ 7_l
B (D, La), (v.g) €B, 7 P (D R, respectively.

The next result shows the equivalence between canonical, non-tangential conormal deriva-
tives and classical conormal derivative. This result has been obtained in Theorem 2.13 of [41].

Theorem 1.5.5. Assume that ® is a bounded domain with Lipschitz boundary T in R™ n > 2
and let D_ =R™\D . Let « >0, and p,q € (1,00). Then the following assertions hold.

s—141
(i) If s > 1 and (u,7) € B, qdw(”}Di,R") X Bpgq +”(CDi), then t&t(u, ) and t}(u,7) are
well defined and are equal th(u,7) =tSH(u,7) € LP(T,R™).

Moreover, if the non-tangential trace of the stress tensor, ot (u,m), exists almost every-
where on ', then the non-tangential conormal derivative also exists a.e. on I' and are
equal t (u,7) =t} (u,7) = tSF(u, 7) € LP(T,R").

nt,a

(17) Let 0 < s < 1 and (u,m) € B D4,Ly), for some t > —l,. If the non-tangential
mazimal function M (o (u, 7)) and the non-tangential trace of the stress tensor, o (u, ),
exist almost everywhere on T and belong to LP(T',R™™ ™), then t1(u,7) = tnta(ll,ﬂ') €

LP(T,R").

P,q, le(
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Chapter 2

Layer potential theory for Stokes
and Brinkman systems on Lipschitz
domains in R"

Layer potential theory is a powerful tool in the study of elliptic boundary value problems
(see, e.g., [], [20], [46], [60], [76], [86], [III]). In this section we recall the definition and
some properties of the potential operators for the Stokes and the Brinkman systems, i.e., the
Newtonian potential operator and the single- and double-layer potential operators.

The potential theory is based on the existence of a fundamental solution for the system under
consideration. Therefore, we begin by introducing the fundamental solution for the Brinkman
operator following the main ideas in [50], but also for the Stokes system. Many properties of
the potential operators are based on the expression of the fundamental velocity tensor and the
fundamental stress tensor, as is pointed out throughout this section. Next, we introduce the
Newtonian potential operator which defines a solution for the system under consideration driven
by an acting force. The mapping properties of the Newtonian layer potential that appear in
this thesis have been published in [41].

The following section is concerned with layer potential operators and their main proper-
ties. First, we introduce the Brinkman single-layer potential operator and discuss its mapping
properties. Special attention is devoted to the nontangential maximal operator. Second, the
double-layer potential operator is introduced, following an analogous structure as for the single-
layer operator. Afterward, we consider the jump relation across the boundary for the layer
potentials operators pointing out the difference between the nontangential and canonical ap-
proach. We end this section with some useful invertibility results.

Note that the results presented in this section represent a collection of known results, but also
many new results obtained by joint work with M. Kohr, S. E. Mikhailov and W. L. Wendland
in [41].

2.1 The fundamental solution of the Stokes and Brinkman sys-
tems in R”

In this section we present the fundamental solutions for the two considered systems, i.e.,
the fundamental solutions for the Stokes system and the Brinkman system in the n-dimensional
Euclidean space R™. These fundamental solutions play a key role in defining the layer operators,
that have an essential role in the development of the potential theory for these systems. The
main sources used in the preparation of this chapter are [50] and [51].

20



2.2. Mapping properties of the Newtonian potential for the Brinkman system 21

The fundamental solution for the Brinkman system in R"

Let GY(x,y) € ' (R" x R",R" ® R") and [1%(x,y) € %/(R" x R",R") denote the fun-
damental velocity tensor and the fundamental pressure vector for the Brinkman system in R™
(n > 2). The pair (G*(x,y),[1%(x,y)) is the fundamental solution of the Stokes system and
satisfies the equation

(Ax — ad)GY(x,y) — VxII(x,y) = dy(x)I, divxG*(x,y) =0, (2.1.1)

where 4y is the Dirac distribution with mass in y € R", while the subscript x added to an
differential operator refers to the action of that operator with respect to the variable x.

The components of the fundamental velocity tensor and the fundamental pressure vector
are given by (see, e.g., [75], (3.6)], [60, Section 3.2.1])

1 0 TiT 1 Tk
@ _ - J A _ J A - II = —— (2.1.2
5.) = - { =2 Aualy—x) + X dafaly—x]) . Tu(e) = - (212)

where A;(z) and As(z) are defined by
n_q n nq

(3)° Kza(2) | (3)°Kz(x) 1 n(3)7 Kan(2)
A = 2 2 - — — A =——4 2 2.1.3
1) rg) e 2 T e e o GV

K, is the Bessel function of the second kind and order s > 0, I' is the Gamma function, and
wy, is the surface measure of the unit sphere S*~! in R”. Equations and show
that the fundamental velocity tensor is symmetric, i.e., (G*(x,y))" = G%(y,x).

In the sequel, we use the repeated index summation convention in order to simplify the
notation. The fundamental stress tensor S*(-,-) has the components

G5 (x,y) N G (%, y)
8%5 axi ’

where ;) is the Kronecker symbol, IIj(x,y) are the components of II, and Gj(x,y) are the
components of G¥(x,y) (e.g., [50, Section 2.3]).

e(x,y) = —ILi(x,y)di + (2.1.4)

2.2 Mapping properties of the Newtonian potential for the
Brinkman system

By % we denote the convolution product. Therefore the velocity and pressure Newtonian
potential operators associated to the Brinkman system are given by

(Na;R"QO) (X) = (ga * QO) (X) = _<ga(x, ')a ¢>an (221)
(Quend) (%) = (Qarep) (x) 1= — (M x ) (%) = —(TI(x, ), @), (222)

Rn
where ¢ € D(R™,R™) and the fundamental tensor G* is presented through its components in
R12).
By using the expression ([2.2.1)), we have the following property (cf. [41, Lemma 3.1] and
also Theorem 3.10 in [75]).

Lemma 2.2.1. Let o« > 0. Then for all p,q € (1,00) and s € R the following operators

Nogn : Hi(R",R") — H3T*(R",R™), (2.2.3)
Nagn : By (R”,R") — Byt (R",R™), (2.2.4)
Ogn : H3(R",R™) — HZ1 (R™), (2.2.5)
Qpn : By ((R",R™) = B>t (R™), (2.2.6)

are linear and continuous.
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2.8. Mapping properties of the Brinkman layer potentials in Sobolev and Besov spaces 22

Consequently, we obtain the following result.

Corollary 2.2.2. Assume that © 1 C R" (n > 2) is a Lipschitz domain and let ®_ = R™"\D .
Leta >0, p € (1,00), and p* = max{2,p}. Then the Newtonian velocity and pressure potentials
satisfy the Brinkman system and the following operators

(Nago,, Qo,) : LP(D4,R") = 620, (D1, La), (2.2.7)
(Nogo_, Qo_) : LP(D_,R") = H20 100D, La), (2.2.8)
(Noo,,90,) : L%@,R”)%%;g*m(m,ca), (2.2.9)
(Noso_, Qo_) : LP(D_,R") —» B0 10D, La), (2.2.10)

are continuous.

2.3 Mapping properties of the Brinkman layer potentials in
Sobolev and Besov spaces

In this section we introduce the single- and double layer operators for the Brinkman system
and give the main properties which are needed in the study of the boundary problems in the
following sections. First, we are concerned with the mapping properties of the layer potentials
defined on LP-based Sobolev and Besov spaces, with p in a neighbourhood of 2. These properties
play a key role in the analysis of boundary problems on creased, bounded Lipschitz domains,
treated in Chapter 3. Then, we will extend these properties to Sobolev and Besov spaces with
an index s € (0,1). Such an extension is very useful in the analysis of some boundary problems,
which is developed in Chapter 4. Special attention is given to the jump relations across the
boundary for the single- and double-layer potential operators, with emphasis on the difference
between the non-tangential and Gagliardo traces and the non-tangential and canonical conormal
derivative operators. Moreover, we give the representation formula of the velocity and pressure
field in terms of layer potentials, by employing both nontangential and canonical approaches.
We end this section with some useful inveribility results for layer potentials. The results of this
section are original contributions obtained in [41].

2.3.1 The Brinkman single-layer potential and related mapping properties

From now on, in this chapter we consider the following assumption, unless stated otherwise.

Assumption 2.3.1. Let ®; C R" (n > 2) be a bounded Lipschitz domain with connected
boundary T and let ®_ := R"\ D .

Let @« > 0, s € [0,1] and p € (1,00). For a given density g € Hl‘j_l(I‘,R”), the Brinkman
velocity single-layer potential, Vg, and the corresponding scalar pressure potential, Q) g, are
given by

(Vag)(x) = (G°(x,)Ir, 8)r, (Qa8)(x) = (I(x,")|r,g)r, x € R"\T. (2.3.1)
By (2.1.1)), the pair (V,g, Q5g) satisfies the homogeneous Brinkman system in Dy,
(A —al)Vag — VQig =0, divVag=0 in R"\T. (2.3.2)

The single-layer potential can be similarly defined on Besov spaces whenever g &€
B;;l(F,R”), where s € (0,1) and p,q € (1,00). In the case of the Stokes system, i.e., for
a = 0, we use the notations Vg and Q°g, i.e.,

Vog=Vg, Qig=Q’s. (2.3.3)
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2.8. Layer potentials for the Brinkman system 23

Next, we describe the action of the nontangential maximal operator on the single-layer
potential V,g, when g € LP(I',R") and g € H, LT, R™) respectively. Moreover, we show that
the nontangential limits exist almost everywhere for the single-layer potential in both cases. We
follow the arguments developed for Lemma 3.4 in our paper [41].

Lemma 2.3.2. Under Assumption and for o> 0 and p € (1,00), we have:
(1) There exist some constants C;=Cy(T',p,a) >0, i =1,...,2, such that
1M (VVag) ey + 1M (Vag) ey + 1M (Q°8) lLe(ry < Crllgllirrprny,  (2.3.4)
for all g € LP(T',R™) and
1M (Vag) o) < Callglly1r g (2.3.5)
for all g € H1(T,R™).
(13) For any g € LP(I',R™), there exist the nontangential limits of Vo8, VV g and Q°g almost
everywhere on I' and
1(Vag)al o mys 1(VVag)ullrwrnys 1(Q°8)wllrweny < Cillglrwen.  (2:3.6)
(tit) For any g € H;l(F,R”), there exist the nontangential limits of Vg at almost all points
of I', and
[(Veg)illom) < Collgl 1z (2.3.7)
The mapping properties of the Stokes single-layer potentials in Bessel-potential and Besov
spaces on bounded Lipschitz domains, are well known and we refer to, e.g., [30], [46], [0,
Theorem 10.5.3], [85, Theorem 3.1, Proposition 3.3].
The next theorem collects the main properties of the Brinkman single-layer velocity and
pressure potential operators. We have obtained them in [41l, Theorem 3.5]. Let us mention that

some of these properties have been also obtained in [25, Proposition 3.4], [49, Lemma 3.4], [50,
Lemma 3.1], [85, Theorem 3.1], [I00, Theorems 3.4 and 3.5]).

Theorem 2.3.3. Let Assumption hold. Let p,q € (1,00), a > 0, and p* := max{2,p}.
Let t > —% be arbitrary, where % + 1% = 1. Then the following statements hold.

(i) Then the operators

1

Va’®+ : Lp(ran) - Bpp d1v(©+7Rn)7 Qs|©+ : Lp(FaRn) - Bﬁp* (®+)7 (238)
s n 1+l’t
(Valo,, Qlo.) : LP(T,RY) = B, 2o (D4, La), (2.3.9)
1 _1+l
Valo, : HyY(T,R™) — B . dw(m, "), Qo : HyY(D,R™) = B, . " (D,), (2.3.10)
(Valo,, Qo) : Hy ' R™) — % s dw(m,za), (2.3.11)

are linear and continuous.

(13) For any s € (0,1), the following operators

s5— n +3 n pn s— n +1_1 n
Vo : B (TR )%qudw(]R ,R™), Q°: BsM(ILR )—>qu100 (R™), (2.3.12)
5— n n s 5— n st5-1
Va|©+ B 1(F R )_> ‘qudlv(BDJrv}R )a (Q )|©+:Bp,q1(F’R ) - qu (©+)7 (2313)
o n s+it
(Valo,, @lo,) : Byg (DR") = B, 4 (D, La), (2.3.14)
41
5— n P n s 5— n +7_ i3]
Valo_ : By,' (TR )—>B g (®_,R ) Q°lo_ : By, (IR )->BMIOC (™), (2.3.15)
(Va|©77QS|®7) BS I(F Rn) — % qdlv ]oc(®*7£a)? (2316)

are linear and continuous.
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2.8. Layer potentials for the Brinkman system 24

2.3.2 The Brinkman double-layer potential and related mapping properties

For a given density h € H;’(I‘,R”), the velocity and pressure double-layer potentials, W ,h
and Qih, are defined by the integral representations

(W4h); /SZJ@ x,y)ve(y)hi(y)doy, ¥V xeR"\T, (2.3.17)
- / A%, y)ve(y)hi(y)doy, ¥ x € RM\T, (2.3.18)
where vy, £ = 1,...,n, are the components of the outward unit normal v to ®, which is defined

almost everywhere on I.
Similar definitions for the double-layer velocity potential and the corresponding pressure
potential apply in the case of Besov spaces for h € B, (', R"), where s € (0,1) and p, g € (1, o0).
For o = 0, we use the notations Wh and Q%h for the corresponding double-layer potentials,
ie.,

Woh = Wh, Q¢h=Q%. (2.3.19)
In view of equations (2.3.17) and (2.3.18), the pair (W5h,Q%h) satisfies the Brinkman

system in each of the domains ®, and ®_, respectively, i.e.,
(A —al)Woh —VQih =0, divWyrh=0 in R*\T. (2.3.20)

The direct value of the double-layer potential W h on the boundary is defined by the
Cauchy principal value as

(Koh)p(x) := p.v. / o (y, X)ve(y)hy (x)doy (2.3.21)

= ;1_% B0 S5y, X)ve(y)hj(x)doy ae. x €T (2.3.22)

where B.(x) denotes an open ball centered in x with radius ¢ (see, e.g., Hsiao-Wendland, [46],
or Mitrea-Wright, [86]).

Similar to the properties of the single layer potential given by Lemma , the following lemma
describes the action of the nontangential maximal operator on the double-layer potential op-
erator and states that the nontangential limits exist almost everywhere for the double-layer
potential with a density h in LP(I',R") and H(I',R") respectively (cf. [4I, Lemma 3.4]).

Lemma 2.3.4. Let Assumption be satisfied. Let « > 0 and p € (1,00) be given constants.
Then we have

(1) There exist some constants C;=Cy(T',p,a) >0, i = 1,2, such that
M (VWoh) || oy + 1M (Woh) || oy + 1M (QEh)|| 1o(r) < Cilbfl gy gey,  (2.3.23)
for allh € HY(I',R") and
[M (Wah) [[rory < Colfhl[rer ge).- (2.3.24)
for allh € LP(I',R™).

(13) For any h € LP(I',R™), there exists the nontangential limits of Wh at almost everywhere
onI' and

[(Wag)fill o rny < Chlhll Lo go)- (2.3.25)
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2.4. Properties of Brinkman layer potential operators in Sobolev and Besov spaces 25

(tit) Leth € H;(F,R”). Then there exist the nontangential limits of Woh, VW,h and Q%h
at almost all points of I' and

HWah) Loy, [(VWah) Lo, 1QER)E o an) < Collblyqrm. (2:3.26)

For the mapping properties of the double-layer potential operators for the Stokes system
(i.e., for a = 0) on bounded Lipschitz domains we refer, e.g., [30], [46], [86, Theorem 10.5.3],
[85, Theorem 3.1, Proposition 3.3].

The main properties of double-layer potential operators are summarized below. We have
proved them in [41, Theorem 3.5] (some of them are obtained in [25, Proposition 3.4], [49,
Lemma 3.4], [50, Lemma 3.1], [85, Theorem 3.1], [I00, Theorem 3.4 and 3.5]).

Theorem 2.3.5. Let Assumption hold. Let p,q € (1,0), a > 0, and p* := max{2,p}.
Let t > —I% be arbitrary, where % + 1% = 1. Then the following statements hold.

(i) The following operators are linear and continuous,

n 143 . L
Walo, :Hy(I,R") = B, P, (D4, R"), Qi\Q ‘H)(T,R") = B! .(D4), (23.27)
(W \@+7Qilm) HI(F R™) H‘Bpp dw(©+,c ). (2.3.28)

1
Walo, :LP(I,R™) — BY D, R, Qd|53 P(C,R™) — Bl . (D4),  (2.3.29)

p,p* le(

(Walo, Qln, ) : LP(D.R) = B) 0 (D4, La). (2.3.30)
(i7) For any s € (0,1) the following operators
s n +3 s n S+%_1
Wa|9+ :Bp,q(F’R ) pqdlv(DJﬂ ) Qd|9+:B ,q(rvR )_> Bp,q (©+)a (2331)
(Walo,, @lls. ) : By(D R — B0t (04, £,), (2.3.32)
s n + n s n s+i-1
Welo_ : By (T,R") — qudwloc(@,,R ), @lo_: By (I,R") = B, . (D),
(2.3.33)
d s n s+%,t I3}
(Wa|©_7 Qa‘@—) : -Bp,q(ra]R ) - %p7q,div;loc(©_7£0¢)' (2334)

are linear and continuous.

2.4 Properties of Brinkman layer potential operators in Sobolev
and Besov spaces

In the next section, we obtain the jump relations satisfied by the layer potentials for the
Brinkman system in the case when the trace operator and the conormal derivative operator are
considered in the non-tangential sense, as well as in the Gagliardo or canonical sense. Moreover,
we give special attention to the situations in which these notions are equivalent.

2.4.1 Jump relations of the single- and double-layer potentials

We focus our attention on the jump relations across a Lipschitz boundary for the Brinkman
layer potentials in Sobolev spaces, but also in Besov spaces. For the case of the Stokes layer
potentials we refer the reader to, e.g., [30], [46], [86, Theorem 10.5.3|, [85, Theorem 3.1, Propo-
sition 3.3]. We have obtained the result below in [41, Theorem 3.5].

First, we focus our attention to the the non-tangential case, cf. [41, Theorem 3.5] (moreover
we mention the following results [25, Proposition 3.4], [49, Lemma 3.4], [50, Lemma 3.1], [85
Theorem 3.1], [I00, Theorem 3.4 and 3.5)).
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2.4. Properties of Brinkman layer potential operators in Sobolev and Besov spaces 26

Theorem 2.4.1. Assume that © 4 is a bounded Lipschitz domain in R™ (n > 2) with connected
boundary T and ®_ = R™\D . Let p,q € (1,00), a > 0, and p* := max{2,p}. Lett > —]% be
arbitrary, where %—&—I% =1. Leth € HZ}(F, R™) and g € LP(T',R™). Then the following relations
hold almost everywhere on I,

(Vag)., = (Vag), = Vug, Vge H,'(I,R"); (2.4.1)

%h +(Wah)h = —%h 4 (Woh)o = Koh, ¥ he LP(I,R); (2.4.2)

f%g +ty (Vag, Q%g) = %g +ty (Vag. Q°g) = Kig, Vge LP(ILR"); (2.4.3)

t (Wah, Q2h) =t (Woh,Q%h) =: Dh, V he H)(I',R"); (2.4.4)

where K, is the transpose of Kq.r. Moreover, the following integral operators

Vo : LP(D,R™) = H)(I',R"), Ko : Hy(I,R") — H,(I',R"), (2.4.5)

Vo 1 HyY(T,R™) — LP(T,R"), K, : LP(T,R™) — LP(T,R"), (2.4.6)

K; : L’(T,R") — L*(I,R"), D, : H)(,R") — L*(T,R"). (2.4.7)

are linear and continuous.

The next theorem is a version of Theorem stated such that the jump realtions are
considered in the Gagliardo and canonical sense (cf. [41, Theorem 3.5]).

Theorem 2.4.2. Let Assumption hold. Let p,q € (1,00), a > 0, and p* := max{2, p}.
Let t > —Z% be arbitrary, where % + 1% = 1. Then, for h € B, (I',R") and g € Bzfql(I‘,IR{"),
s € (0,1), the following relations hold almost everywhere on T,

T (Vag) =7 (Vag) = Vag, (2.4.8)
1 1
§h +9H(Woh) = —§h +v  (Wqh) =: K, h, (2.4.9)
1 s 1 _ s %
_7g + t‘+ (Vozgv Q g) = 7g + t (Vagv Q g) = Kag7 (2410)
t+(w h,Q%h) =t (W,h,Q%h) =: D,h. (2.4.11)
In addition, the following operators
. s—1 n s n . s n s n
Vo: By, (I,R") = B (I'R"), K, : B, ([''R") = By (I, R"), (2.4.12)
K} : By '(I\R") = B '(I',R"), Dy : By (I,R") = By 1(I',R"). (2.4.13)

are linear and continuous.

Now we give the answer to the natural question whether the Gagliardo trace and the non-
tangential trace operators applied to layer-potentials are the same. We have proved the next
result in [41, Lemma 3.6].

Lemma 2.4.3. Let Assumption be satisfied. Then the following properties hold.

(i) If pe (1,00), a € (0,00), g € LP(I',R") and h € H)(T,R"), then the following equalities
hold

( ) - ( Oég)nt € Hl (F’Rn)7 (2414)
75 (Woh) = (Woh)g GHl (T, R™), (2.4.15)
t?i( ag,Qs ) =t (Vag, Q°g) € LP(T,R™), (2.4.16)
t=(Woh,Q%h) = t5 (W,h,Q%h) € LP(T,R"), (2.4.17)

with the corresponding norm estimates.
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2.4. Properties of Brinkman layer potential operators in Sobolev and Besov spaces 27

(13) If p,q € (1,00), s € (0,1), a € (0,00), g € B;gl(F,R”) and h € B, (I',R"), then the
following equalities hold

YE(Vag) = (Vag)i € By 4o (T,R"), (2.4.18)

vE(Woh) = (Woh)E € BS (T, R"), (2.4.19)

PV
with the corresponding norm estimates.
We will further need the following integral representation formula for the solution of the

homogeneous Brinkman system, in terms of the Gagliardo trace operator and the canonical
conormal derivative operator (see, e.g., [41, Lemma 3.7]).

Lemma 2.4.4. Let Assumption 1| be satisfied. Let a € (O 00), p,q € (1,00) and s € (0,1).
s+t s—1— s—1-1
If (u,m) € Hp+p(©+7Rn) x Hy, "(Dy), or (u,7) € qu (D+,R") x Bpg "(D4) and the

the pair (u, ) satisfies the Brinkman system

Au—oau—Vr=0, dvu=0 in D, (2.4.20)

then
u(x) = Vo (65 (u,7)) (x) - W (v10) (x), ¥V x €Dy, (2.4.21)
m(x) = Q" (t&(u,m) (x) - Q4 (vHu) (%), ¥ x € Dy (2.4.22)

Next, we obtain the analogous integral representation formula (the third Green identity)
(2.4.21)) in terms of the non-tangential trace and conormal derivative (cf., [41, Lemma 3.8]).

Lemma 2.4.5. Let Assumption|2.3.1 hold. Let o > 0 andp € (1,00). If M(u), M(Vu), M(7) €
LP(T"), then there exist the non-tangential limits of u, Vu and m almost everywhere on ', and
that the pair (u, ) satisfies the homogeneous Brinkman system

Au—au—Vr=0, divu=0 in D;. (2.4.23)
Then u satisfies also the following formula

u(x) = Vo (6(0,7m)) () - Wa (uf) (%), VxeD,. (2.4.24)

2.4.2 Invertibility properties of the layer potential operators

Throughout this thesis, we need some invertibility results regarding the double-layer poten-
tial operators. Note that, most of the next results are based on general properties of Fredholm
operators and have been obtained in [41, Section 4.]. Recall that the L?-based Sobolev (Bessel-
potential) space HS(D,R") is denoted for simplicity by H*(D,R").

To simplify the notations for the next theorems and in the following section for the isomor-
phism properties for certain operators on LP-based Sobolev spaces, we introduce the following
two intervals as in [41] Relations (166) and (167)],

2(n—1 (2—¢,+00) if n=3,
Ro(n,€) = ((n—i—l) —572+5> N (1,+OO), Rl(n’e) = {(2 e 2(n—1) +5) if n>3 )
7 n—3
(2.4.25)

These sets are particular cases of the following set

—5+oo) if n=3and =1,

(2 ) : L (2.4.26)
(n+1 59 — ,n129+5> (I,400) if n>3and0<6<1
[

Lemma 4.2 in [41] and [41, Lemmas A.1 and B.1(ii)] imply by interpolation the following
assertion (cf. [4I), Collorary 4.3]).
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Corollary 2.4.6. Let Assumption hold. Then for o € (0,00), there exists ¢ = ¢(I') > 0
such that for any p € Rs(n,e) and p' € Ri—s(n,e) (cf. (2.4.26) ), the operators

1

S1+ Ka s Hy(DR") = Hy (T RY), € (0,1, (2.4.27)
%11 LK H(DLRY)  H(TLRY), s € [0,1], (2.4.28)
%11 + Ko By (TR = BS (TR, se(0,1), g€ (1,00), (2.4.29)
%11 LK B (TR o B (TR, se (0,1), g€ (1,00). (2.4.30)

are isomorphisms. If ® . is of class C*, then the properties hold for all p,p’ € (1,00).

Lemma 4.4 in [4I] and [4Il, Lemmas A.1 and B.1(ii)] imply by interpolation the following
assertion as in |40, Lemma 4.5].

Corollary 2.4.7. Let Assumption hold. Then for o € (0,00), there exists ¢ = e(I') > 0
such that for any p € Rs(n,e) and p' € Ri_s(n,e), ¢f. (2.4.26), the following operators are

isomorphisms,

1

— I+ Ka: Hy, (DR") = Hy, (DR, s €[0,1], (2.4.31)
1 . _

— I+ KL Hy (DR /Ry — H*(DR") /Ry, s € [0,1], (2.4.32)
1

— oI+ Ka: By (TRY) = B (TR, s €(0,1), ¢ € (1,00), (2.4.33)
1

— SI+ KL By o(TRY) /Ry — B, o(IR") /Ry, s € (0,1), q € (1,00). (2.4.34)

If ©, is of class C1, then the properties is valid for any p,p’ € (1,00).

In the case o = 0, the statement of the lemma below has been obtained in [86, Theorem
9.1.4, Corollary 9.1.5] (see also [85, Theorem 6.1]).

Finally, by an interpolation argument based on [41, Lemmas A.1 and B.1] and Lemma 4.6
in [41], we obtain the following property (see, e.g., [41l, Corollary 4.7]).

Corollary 2.4.8. Let Assumption hold. Then for a € (0,00) and p € Rs(n,¢€), there
exists € = ¢(I') > 0 such that the following operators

. —s n 1—s n

Vo : Hp (I',R")/Rv — Hp;l, (T,R™), se]lo0,1], (2.4.35)
. P—S n 1-s n

Vo : Bp,q(I‘,R )/Rv — BWI;V(F,R ), s€(0,1), g€ (1,00). (2.4.36)

are isomorphisms. If, in addition, © is of class C1, then the property holds for any p € (1, 00).
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Chapter 3

Mixed problems for the Brinkman
and Darcy-Forchheimer-Brinkman
systems in Besov spaces on bounded

creased Lipschitz domains in
R" n>3

This chapter is concerned with boundary problems of mixed Dirichlet-Neumann type for
the linear Brinkman system and the semilinear Darcy-Forchheimer-Brinkman system on creased
Lipschitz domains in R™, where n > 3, by assuming that the boundary data belong to LP—based
Sobolev spaces with p in a neighborhood of 2, as they have been obtained by joint work with M.
Kohr, S. E. Mikhailov and W. L. Wendland in [41, Section 5 and 6]. In order to derive the well-
posedness results for the two systems under consideration, we require the well-posedness result
for the Dirichlet and Neumann boundary problems for the Brinkman system with boundary
data in LP— based spaces (for related results, we refer the reader to [100, Theorem 5.5], [86),
Corollary 9.1.5, Theorem 9.1.4, 9.2.2 and 9.2.5] and [85, Theorem 7.1]). Special attention is
given to the special cases related to different type of trace and conormal derivative operators,
i.e., to the cases when the operators are considered in the non-tangential or in the Gagliardo
trace sense (we refer to Sections 1.5 and 1.6 of Chapter 1, as well as to [41, Sections 2.1 and 2.2]).
Moreover, we emphasize the requirement of the special creased Lipschitz domain for mixed type
boundary problems, since the boundary data under consideration have high regularity.

Brown et al. in [I3, Theorem 1.1] have obtained the solvability result for the mixed Dirichlet-
Neumann problem for the Stokes system with boundary data in L2-based spaces on creased
Lipschitz domains in R™ (n > 3), by reducing such a boundary problem to the analysis of
a boundary integral equations. Moreover, the authors in [51, Theorem 6.1] have proved the
well-posedness of the mixed Dirichlet-Robin problem for the Brinkman system in a creased
Lipschitz domain with boundary data in LP-based spaces, with p in some neighbourhood of
2. Having in view the results in [I3], we show in this section the well-posedness of the mixed
Dirichlet-Neumann boundary problem for the Brinkman system in L?-based Bessel potential
spaces defined on a bounded, creased Lipschitz domain ® in R™ (n > 3) and finally extending
them to LP-based spaces for some p in the neighborhood of 2 by using the complex interpolation
theory and embedding results of Sobolev spaces.

29



3.1. Boundary problem for the Brinkman system on Lipschitz domains 30

3.1 Boundary value problems for the Brinkman system on Lip-
schitz domains in R"

In this section we analyze boundary problems of Dirichlet, Neumann and mixed Dirichlet-
Neumann type for the Brinkman system. Recall that by a creased Lipschitz domain we mean a
domain satisfying the conditions in Definition The boundary problems of this section are
analyzed for both cases when the boundary condition is considered in the non-tangential and
Gagliadro sense.

3.1.1 Mixed Dirichlet-Neumann problem for the Brinkman system with data
in L?-based spaces

We begin by stating the analog version of Assumption for mixed boundary problems.

Assumption 3.1.1. Let ® C R™ (n > 3) be a bounded, creased Lipschitz domain with con-
nected boundary I', which is decomposed in two disjoint admissible patches I'p and I'y (see

Definition [1.1.3]).

This means that I'p and I'y do not meet tangentially and moreover that, I'p and I'y are
separated by a Lipschitz interface where the angle between them is less than w. Also, let
()Irps (-)|ry denote the operator of restriction from H3(I',R"™) to HS(I'p,R™) and HS(T'n,R"),
respectively.

In this section we show the well-posedness of the mixed Dirichlet-Neumann boundary prob-
lem for the Brinkman system,

Au—au—Vr=0, diva=0 in D,
uy|rp, = ho, (3.1.1)
tit(ua 7T)|FN = 80,

where the boundary conditions are considered in the nontangential case as well as the counter-
part problem

Au—aoau—Vr=0, diva=0 in 9,
y*ulr,, = hy, (3.1.2)
t4 (0, 7)[ry = 8o,

where the trace is taken in the Gagliardo sense and the conormal derivative in the canonical
sense.

For the first problem (3.1.1]), we prove that for hy € H]}, (I'p,R™) and gy € LP(I'y,R™) given
and for some range of p, there exists an unique LP-solution of the mixed problem , ie.,
an unique pair (u,7) such that u and 7 satisfy the Brinkman system in D, there exist the
non-tangential limits of u, Vu and 7 almost everywhere of I, M (u), M (Vu), M (xw) € LP(T),
and the boundary conditions in are satisfied in the sense of non-tangential limit almost

1+1
everywhere on I'p and 'y, respectively. In addition, we show that (u,7) € B, 7 (D,R") x

1
By (D).
In the case of problem ({3.1.2)), where the boundary conditions are understood in the
Gagliardo and canonical sense, we will show that for hy € HI} (I'p,R™) and gy € LP(I'y,R"™)
1

1
given and for some range of p, there exists a unique LP-solution (u, ) € Bp,p*; (D,R™) x B; (D)
of the mixed problem (3.1.2)), which satisfy M (u), M(Vu), M (7) € LP(T).
Let us mention that, for a bounded, creased Lipschity domain, Brown [11] have proven that
the mixed problem for the Laplace equation has an unique solution, and moreover, that it’s
gradient belongs to L?(I') when the Dirichlet datum belongs to Hi(I'p) = H'(I'p) and the
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3.1. Boundary problem for the Brinkman system on Lipschitz domains 31

Neumann datum to L?(I'y). For the same class of domains, well-posedness results in a range
of LP—based spaces have been obtained in [83].

In order to show the following result obtained in [41, Theorem 6.4], we use the main ideas
of the proof of [51], Theorem 6.1].

Theorem 3.1.2. Let o € (0,00). Then under Assumption the mized Dirichlet-Neumann
boundary problem for the Brinkman system with given data (hg,go) in the space H3 (T p,R™) x
L*(Ty,R™) given by
Au—au—Vr=0 in D,
divu=0 in 9,
ur_‘l_t) ’FD =h (313)
tl—i—t(ua W)) Iry =8
M(Va), M(w), M(r) € L2(T),
has a unique solution (u,7), which satisfies the boundary conditions in the sense of non-
tangential limit almost everywhere on I'p and 'y, respectively. Moreover, (u,m) belongs to

3 1
the space Hy (D,R™) x HF (D) and there exist some constants Cpr and C depending only on
I'p, I'ny, a and n such that

1M (T oy + 1M @) oy + 1M @) oy < Cat (ol gy ey + 1800 o)
(3.1.4)

140,13 g oy * 1713 ) < € (ollrge ey + 10l zaceam) - (3.1.5)

3

22 (©7R
In the next subsection, we extend the results established in Theorem [3.1.2] to LP-based

spaces with p in some neighbourhood of 2, for the mixed boundary problem (3.1.3), with data

(ho,go) € H)(I'p,R™) x LP(Iy,R™).

141
Moreover, we show the the solution of the mixed problem (3.1.1)) belongs to Bp;f (D,R™) x

1
B) (D), where p* = max{2, p}.
In the sequel, we need the following space defined for a subset Sy C I'

H})(So,R") := {® € LP(I,R") : supp & C Sy . (3.1.6)

3.1.2 The Neumann-to-Dirichlet operator for the Brinkman system

Inspired by the work [83], where the authors study the mixed Dirichlet-Neumann boundary
problem for the Laplace equation in a creased Lipschitz domain, we introduce the Neumann-
to-Dirichlet operator Yy, which associates to the datum g € LP(I',R™), the restriction of
the non-tangential trace ur'ft to the patch I'p, where (u,7) is the unique LP-solution of the
Neumann problem with the non-tangential conormal derivative g. Thus, (u,7) satisfies the
Neumann condition almost everywhere on I' in the sense of nontangential limit, and the condi-
tions M (u), M (Vu), M(x) € LP(T), and

Tot:al = Uty (3.1.7)

Similarly, we consider Y, which associates to g € LP(I',R"), the datum y*u to the patch
I'p, where (u, ) is the unique solution of the Neumann problem with f = 0 and the canonical
conormal derivative g, i.e.,

Yog =7"ulr,. (3.1.8)

The key idea here, is the property that the invertibility of each of the Neumann-to-Dirichlet
operator Y. and T, on LP-based Sobolev spaces leads to the extension of the well-posedness
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3.1. Boundary problem for the Brinkman system on Lipschitz domains 32

result in Theorem [3.1.2] on such spaces. An intermediary step to obtain this property is given
by the following result, obtained in [41, Lemma 6.5]. Recall that Ro(n, <) is the set defined in
(2.4.25|).

Lemma 3.1.3. Let a € (0,00). Then under Assumption there exists e = e(I') > 0 such
that for any p € Ro(n,e) the following properties hold.

(1) The operators Thi.q and Yo coincide, are continuous and have the expression

1 —1
Tnt;a = Ta = (Va ] (Q]I + Kz) >

(19) The mized Dirichlet-Neumann boundary problem (3.1.1) with data (hg,go) €
H)(Tp,R") x LP(I'yn,R™) has a unique solution (u,m) such that there exist the non-
tangential limits of u, Vu and 7 almost everywhere on I', M(u), M(Vu), M () € LP(T")
and u and w satisfy the Dirichlet and Neumann boundary conditions almost everywhere
as a non-tangential limit, if and only if the operator

(3.1.9)

I'p

Yoia : HY(Tp,R") = H}(Tp,R") (3.1.10)
is an tsomorphism.
(7i7) Problem with data (ho,go) € H;(FD,]R") x LP(T'n,R™) has a unique solution
(u,m) € B;,:;*% (D,R™) x Bip* (D) if and only if the operator
Yo : H)(Tp,R") — HY(T'p,R™) (3.1.11)
is an isomorphism.

1+1 1
In addition, when the solution (u, ) ewists, then it belongs to the space B, . (D,R") x B} .(D)
and there exist some constants Cpr = Cpr(o, p,I'p,T'n,n) >0, C =C(a,p,I'p,T'n,n) >0 and
C'=C'(a,p,Tp,Tn,n) >0 such that

M (V)| ey + M ()|l oy + M (7) || Loy < Cm (||h0\|H;(rD,Rn) + HgOHLP(FN,R")) ,

(3.1.12)
HHHB;;*%(@’RH) + H7T||B§p*(9) <C (HhOHH;(FD,Rn) + Hgo||Lp(rN,Rn)) ; = max{2,p},

(3.1.13)
v ull gy ey + 67 (0, ™) || o0 gy < € (||h0HH;(rD,Rn) + ”gOHLP(FN,]R”)) : (3.1.14)

3.1.3 Mixed Dirichlet-Neumann problem for the Brinkman system with data
in LP-based spaces

Now, we are able to formulate the main result of the section, which refers to the well-
posedness for the mixed Dirichlet-Neumann problem with boundary data in LP-based
Bessel potential spaces and with p in a neighborhood of 2, when the boundary conditions are
considered in the non-tangential sense. The proof of this result is a consequence of Theorem
and Lemma and has been obtained in our paper [41, Theorem 6.6(i)].
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3.1. Boundary problem for the Brinkman system on Lipschitz domains 33

Theorem 3.1.4. Let o € (0,00) and let Assumption be satisfied. Then there exists a
number € > 0 such that for any p € (2—¢,2+¢) and for all given data (h,g) € H)(Ip,R™) x
LP(T' N, R™) the mized type boundary problem for the Brinkman system

Au—aoau—Vr=0 in D,
divu=0 in 2,
ulft) Ir, =h € Hy(T'p,R") (3.1.15)
t:t(uﬂr)) ‘FN =gec Lp(FNan)a
M(Vu), M(uw), M(r) € L(T),
where the Dirichlet and Neumann boundary conditions are satisfied in the sense of mnon-

tangential limit almost everywhere on I'p and T'y, respectively, has a wunique solution
1

1+1 -
(u,m). Moreover, (u,m) € B, " (D,R") x By .(D), and there exist some constants C; =
Cij(a,p,I'p,I'n,n) >0, j=1,...,3 such that

M (Va)|lery + (1M ()| oy + [ M (7) || ey < Ch (HhHHg(FD,Rn) + HgHLP(FN,R")) , (3.1.16)

HUHB;;*%(QRn) + HWHij*(@) < Cy (HhHH;(FD,Rn) + ||gHLP(FN,Rn)) : (3.1.17)
v ull gy e mey + 168 (@, ™) || o rry) < Cs (HhHH;(FD,Rn) + HgHLp(rN,Rn)> - (3.1.18)

The next theorem is the counterpart of Theorem [3.1.4] when the trace operator is considered
in the Gagliardo sense and the conormal derivative in the canonical sense. This result refers to
the second part of Theorem 6.6 in our work [41].

Theorem 3.1.5. Let Assumption hold. Then for any o € (0,00), there exists a number
e > 0 such that for any p € (2—¢,2+¢) and for all given data (h,g) € H;(I‘D,R") x LP(T' N, R™)
the mized Dirichlet-Neumann boundary problem given by

Au—au—-—Vr=0 in D,
divu=0 in 9,

(y"u)|r, =h e H;(FD,R")
(t;‘(u, ﬂ-)) ‘FN =gc LP(PNan)a

(3.1.19)

has a unique solution (u, ) with boundary conditions taken in the Gagliadro sense. Moreover,

1+ 1
(u,m) € B, 7 (D,R") x B .(D), and there exist some constants Cj = Cj(a,p,I'p,I'n,n) >0,
7 =1,2,3 such that

1MV 2oy + 1M @) Loy + M) oy < Co (Il gy + lgllny ) s (3:1.20)

”u”B;Ij(D,R") + HT(HBEI)*(D) < 02 (HhHH;(FD,R") + HgHLp(pNRn)) , (3121)
||7+U-HH;(F,R") + [t (u, )l r(rrny) < Cs (HhHH;(FD,Rn) + ”gHLP(FN,R”)) . (3.1.22)

3.1.4 Poisson problem of mixed Dirichlet and Neumann type for the
Brinkman system with data in LP-based spaces

Using Theorem [3.1.4] we prove the well-posedness of the following Poisson problem of mixed
Dirichlet-Neumann type for the Brinkman system in a creased Lipschitz domain ®, with data
in some LP-based spaces,

Au—ou—Vr=fecLP(D R,
divu=0 in ®

(v u) [r, = ho € Hy(I'p,R?)
(tg(u, TF)) ’FN =80 € Lp(FN7R3)7

(3.1.23)
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3.2. Semilinear Problems for the Darcy-Forchheimer-Brinkman System 34

where the trace and the conormal derivative are considered in Gagliardo and canonical sense.
First, we mention the following definition.

Definition 3.1.6. By a solution of the boundary problem (3.1.23) we mean a pair (u,7) €
1

41 1
B, " (®+,R") x By .(Dy), where p* = max{2,p}, which satisfies the non-homogeneous
Brinkman system in ® 4, the Dirichlet condition on I'p in the Gagliardo trace sense, and the
Neumann condition on I'y in the canonical sense described in Definition [1.5.3

Theorem 3.1.7. Let Assumption hold. Then for any o € (0,00), there exists a number
e > 0 such that for any p € (2 —€,2 + ¢) and for all given data (f,hg,go) € LP(D,R") x
H; (Tp,R3) x LP(T'n,R3) the boundary problem (3.1.23)) has a unique solution

141 1
(u,m) € B, 7 (D,R%) x B .(D), (3.1.24)
where p* = max{2,p}. The solution satisfies the conditions
vtu e Hy(I',R?), tf(u,m) € LP(I',R?), (3.1.25)

and there exists a linear, continuous operator

1 1
Ay IP(D,R) x HX(Tp, R3) x LP(Iy, R%) = B, 7 (D,R?) x B! (D)

delivering this solution, which means that Ay(f, ho,go) = (u, 7).

3.2 Semilinear Problems for the Darcy-Forchheimer-Brinkman
System

In this section we provide a well-posedness result for the mixed Dirichlet-Neumann boundary
problem for the semilinear Darcy-Forchheimer-Brinkman system.

3.2.1 Mixed Dirichlet-Neumann problem for the semilinear Darcy-
Forchheimer-Brinkman system in Besov spaces

Next, we study the mixed Dirichlet-Neumann problem for the semilinear Darcy-Forchheimer-
Brinkman system
{ Au—au—fluu—Vr=0 in D, (3.2.1)

divu=0 in 9.

This semilinear system plays an major role in fluid mechanics, since it describes the flow in
porous media saturated with incompressible Newtonian fluids [87, p. 17]. The constants a, > 0
are related to the physical properties of such a porous medium and describe the convection of
the fluid flow.

The analysis of this problem is restricted to the three-dimensional setting, due to the fact
our arguments are based on some embedding results.

In the sequel, we extend the solvability result obtained in [51, Theorem 7.1] for with
the given data in L2?-based Sobolev spaces, to the case of LP-based Bessel potential spaces,
when the given boundary data (ho,go) belong to the space H,(I'p,R%) x LP(I'y,R?), with
p € (2—¢,24¢) and a constant € > 0 as in Theorem and this data is sufficiently small.
The next theorem has been obtained in collaboration with M. Kohr, S. Mikhailov and W.
Wendland in [41), Theorem 7.1].
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Theorem 3.2.1. Let Assumption hold. Then for all o, € (0,00), there exists € > 0
such that for any p € (2 —¢,2+¢) there exist two constants (p = (D, o, B,p) > 0 and n, =
(D, o, B,p) > 0 with the property that for all given data (ho,go) € HZ}(FD,R?’) x LP(T'y,R3)
satisfying the condition

holl 3 (rp r2) + 180Nl Lo (ry ) < Cps (32.2)

the mixzed boundary problem for the semilinear Darcy-Forchheimer-Brinkman system

Au—au—fluju—-Vr=0 in D,
divu=0 in 9,

3.2.3
(’}/+u) |FD = ho on FD ( )
(ty(w, 7)) [ry =80 on Ty
1+1 3 1
. . > - . .
has a unique solution (u,m) € B, ;& (D,R”) x By ,.(D), which satisfies
HuH 144 < Tp, (3.2.4)

P 3
B 7 (D.R3)

and the relations ytu € H}(I,R3), t1(u,m) € LP(I',R*). Moreover, the solution depends con-
tinuously on the given data, which means that there exists C = C(®,a, 5,p) > 0 such that

el g g gy I < C (|Iholl sy (rp r2) + g0l Loy ) ) - (3.2.5)

1
B Y(®R3 B? (D)
p.p p.p
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Chapter 4

Variational and potential approach
for mixed problems for the
Brinkman and the
Darcy-Forchheimer-Brinkman
systems in R?

In this chapter, we focus our attention to the weak solution of boundary problems for
the Brinkman system on Lipschitz domains of the two dimensional Euclidean space R?. We
consider a variational formulation for the related boundary integral equations derived from
the boundary value problems under consideration. As in the previous chapter, we consider
the Dirichlet, Neumann and also the Robin problem for the Brinkman system. The main
sources used in the preparation of this chapter are the papers [37] and [40], based on [61], [76].
In addition, we also analyze the mixed Dirichlet-Robin boundary problem for the nonlinear
Darcy-Forchheimer-Brinkman system (cf., e.g., [37, Theorem 2.9], see also [40, Theorem 3.2] for
the Robin problem).

We begin with a short presentation of some valuable results related to elliptic boundary
problems in two dimensional Fuclidean setting. Many authors have considered boundary prob-
lems related to fluid flow problems in two-dimensions. Two-dimensional problems are of great
interest, since many oceanographic and meteorological problems can be reduced to the study of
such problems [26], [T1]. Moreover, great efforts have been made in order to study exterior and
interior fluid flows around or inside a cylinder or another irregular domain in two dimensions
[64], [92]. In [45], Hsiao and Kress studied the two-dimensional exterior Dirichlet problem for
the Stokes system by reducing the problem to a system of Fredholm integral equations of the
second kind. Exterior two-dimensional Stokes flow problems in multiply connected domains
were studied by Power [91] by employing a completed double-layer boundary integral method.
An extention of the main results in [30], obtained in the flat, Euclidean setting to the case of
Lipschitz domains in Riemannian domains is obtained by Mitrea and Taylor in [85], where a
detailed treatment of the Stokes layer potential is presented.

A main reference throughout this chapter is the paper published by Kohr and Wendland
[61], in which they analyze direct boundary equations for the Dirichlet, the Neumann, and
the mixed boundary problem of the Stokes system in R? on Lipschitz boundaries, by employing
variational formulations. Many coerciveness properties described in the sequel for the Brinkman
system are based on the coerciveness properties proved in [61]. Based on the well-posedness of
the Dirichlet problem we construct the existence and uniqueness results of the mixed Dirichlet-
Robin problem for the nonlinear Darcy-Forchheimer-Brinkman system. This result constitutes
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4.1. Variational formulation for boundary problems for the Brinkman system 37

the theoretical foundation of the mixed boundary problems which are studied numerically in
Chapter 7.

4.1 Variational formulation for boundary value problems for the
Brinkman system

Everywhere in the section, we assume n = 2 and, in addition, we consider the following:

Assumption 4.1.1. Let ® C R? denote a bounded Lipschitz domain with connected boundary
I'=09.

Following the main outline of the previous section, we begin with the analysis of the mixt
Dirichlet-Neumann problem for the Brinkman system as in Section 3 by employing a variational
approach, based on that in [37].

4.1.1 Variational formulation of the mixed Dirichlet-Neumann problem for
the Brinkman system

Similarly to the previous subsections, we consider the following:

Assumption 4.1.2. Recall that ® C R? satisfies Assumption i.e., ® is a bounded
Lipschitz domain with connected boundary I' = 0%. In addition, let I'p, I'y be relatively open,
disjoint, non-empty subsets of I such that T' = Tp UT y (see Definition [1.1.2).

Then, we consider the mixed Dirichlet-Neumann boundary problem for the Brinkman system
Au—oau—-Vr=0in 9,
divua=0in 2,
(" Wi, =h € H2(I'p, R?),
(63 (w,m)ry =g € H 2 (I, ),

(4.1.1)

where (-)|r,, denotes the restriction operator from the Sobolev space H> (T, R?) to H2 (T'p, R?),
and (-)|r, is the restriction operator from H_%(F, R?) to H_%(FN, R2).

Before we state an equivalence theorem between the mixed problem and a system of
boundary integral equations, let us make first some observations. We reformulate the boundary
problem (4.1.1]) as a system of boundary integral equations, inspired by the main ideas in [61]
as we have done in [37] (see also [76, Theorem 7.9]). Starting with the Green representation of
a weak solution (see, e.g., [46] and [86] for a = 0)

u(z) = Va(td (u,m) = Wa(y u),  7(z) = Q4 (ta(u, 7)) — Q4 (7" ), (4.1.2)
and taking the traces from inside of ©, we obtain the following equation

Vot (u,m)) — (;H + Ka) v u=0. (4.1.3)

Now, by applying the conormal derivative operator in (4.1.2]) and by using the corresponding
jump formulas (Theorem [2.4.2)), we obtain the equation

1
(-2]1 + K;) (t(u, 7)) — Doy u = 0. (4.1.4)
The definition of the spaces H %(FD,RQ) and H 7%(I‘N,R2) imply that there exist h* €

H%(F,RQ) and g* € Hfé(F,]RQ) such that h*|p, = h and g*|r,, = g. Therefore, the trace and
conormal derivative y*tu and ¢} (u, ) for the mixed problem (4.1.1]) can be written as

(7+“) Ir =N +h, (ti(uvﬂ)) Ir=4v¢p+g" (4.1.5)
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with some unknowns ¢y € ﬁ%(f‘N,RZ) and ¢p € ﬁ_%(FD,RQ).

According to the condition (y"u,v) = 0 that should be satisfied by the trace field y*u on
I', we choose an extension h}, of the Dirichlet datum h, such that the following orthogonality
condition holds (h},,v) =0, i.e.,

1
% € Hi (T, R?). (4.1.6)
Therefore, the trace of u on I' can be written as

(fu) Ir = ¢on +hj, (4.1.7)

and by the continuity equation and the flux-divergence theorem, we deduce that the desired
density oy satisfies also the orthogonality condition

~1
(pn,v) =0, ie., ¢ € HZ (I,R?). (4.1.8)

Before we begin with the analysis of the boundary equations (4.1.3)), (4.1.4) related to
the mixed Dirichlet-Neumann problem for the Brinkman system, we introduce for clarity the
following notations. Since we are working with restrictions of the boundary, let us denote by

~ 1
VO = Voiblr,, KN :=Kiolr,, @€ H 2('p,R?), (4.1.9)
~ 1
KPo :=K,olr,, DYp:=Duplry, ¢€ H2(Ty,R?). (4.1.10)

By restricting equation - ) to I'p and equatlon ) to I'y, we obtain the system of
boundary equations with the unknowns ¢p € H~ (I“D7 Rz) and ©N € o (T, R?) in the form

VOyp — K 90N=f1 relp
o ’ 4.1.11
{ K:Vyp - DYex = fo, @€Ty (411

where (f1, f2) € H%(I’D,RQ) X H_%(FN,]R2) are given by
1 1
fr=5hp + Ky, — V78", fo=Dohp + jg" -~ KiVg" (4.1.12)

Having the above arguments, we state an equivalence theorem between the mixed Dirichlet-
Neumann boundary problem for the Brinkman system (4.1.1)) and the system of boundary
integral equations (4.1.11)). We also refer to Theorem 7.9 in [76].

Theorem 4.1.3. Let Assumption hold and let o« € (0,00). Let h € H%(F,R2) and
g E Hfé(F,Rz). Also, let g* and h}, be given by (4.1.5) and (4.1.6), respectively. Then the
following statements hold.

(i) If (u,7) € HY(D,R?) x L*(®) is a solution of {.1.1), then (Y¥p,¢n) given by
Yp :t;t(u,ﬂ') _g*a YN :7+u_ *Dv (4113)
is a solution of (4.1.11). Moreover, the solution (u,7) can be represented

u=V,(Yp+g)— Walpny +h}), 7=Qip+g’)—Qlpn+h}), (4.1.14)

(7i) If, (pNn,¥D) € I;T%(FN,]RQ) X fI%(I’D,R2) is a solution of the boundary integral equations

(4.1.11)), then the formula (4.1.14) defines a solution of (4.1.1)).
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For simplicity, we introduce the notation H for the product space
1 -
H = HZ (Ty,R?) x H™2(Tp,R%) ¢ H2(T,R%) x H2(T, R?). (4.1.15)
Let us define the bilinear form a : H X H — R as

a((en,¥p); (0, 0)) = V%p,¥) — (KEon, v) + (KN vp, o) + (-DYen,¢).  (4.1.16)

Then we consider the following variational problem for the mixed Dirichlet-Neumann bound-
ary problem for the Brinkman system (4.1.1). Find (on,1¥p) € H such that the following
equation is satisfied (see [61] for aw = 0)

a((en, ¥p); (@, ¥) =, ¥), V(e ¥) EH, (4.1.17)
where
o) = (3o 10wy, 2w+ (D + L k). )

Before we attend to study the system of integral equations (4.1.11)), we analyze the coer-
civeness properties of the associated single and double-layer potential operators.

Theorem 4.1.4. Under Assumption and for ac € (0,00), the following assertions hold.
(i) The single-layer integral operator
VP H3(Tp,R%) — H2(T'p,R2), (4.1.19)

satisfies the coerciveness inequality

(VPv,v) > VlIlG-g g, pay VY E H2(I'p,R?). (4.1.20)

(i) The hypersingular integral operator
DN : BZ(Ty,R2) — H™3(T'y,R2)/Ru, (4.1.21)

satisfies the coerciveness inequality
(~DN¢,0) = el V€ H (T, B?). (4.1.22)

i} (v )
Next we show the following well-posedness result for the variational problem (4.1.17)).

Theorem 4.1.5. Let Assumption hold and let o € (0,00). Then the variational problem
(4.1.17)) has a unique solution.

4.2 The Poisson problem with mixed boundary conditions for
the Brinkman system

The following subsection is devoted to the extension of the solvability result for the mixed
Dirichlet-Neumann problem for the homogeneous Brinkman system to the related Poisson prob-
lem using a constructive approach regarding the Newtonian layer potential (|37, Theorem 3)).
Afterward, we focus our attention to the Dirichlet-Robin boundary problem for the Brinkman
system, which plays a main role in the analysis of the nonlinear systems in the last part of
this section. The desired well-posednes result is based on the Fredholm property of the related
operator and has been obtained in our work [37, Theorem 4].
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4.2.1 The Poisson problem of mixed type for the Brinkman system with
mixed Dirichlet and Neumann boundary conditions

In this section we show the well-posedness result of the weak solution for the mixed boundary
problem of Dirichlet-Neumann type for the Brinkman system in L?-based Sobolev spaces defined
on a bounded Lipschtz domain ® in R? with connected boundary. The well-posedness result
for this problem is based on the well-posedness property obtained in the previous section, and
follows similar arguments as in [53], where the authors have studied the Poisson problem for
the Stokes and Brinkman system (see also [65, Section 4]).

For simplicity of notation, let us define the solution space X, the space of given boundary
data B and the space ) for the mixed boundary problem for the Brinkman system as

X = H'(D,R?) x L3(D), B:=H?(Tp,R%) x H 2(Ty,R?), V:=H Y(D,R?) x B. (4.2.1)

Theorem 4.2.1. Under Assumption[{.1.9 and for o € (0,00) and for all given data (h,g) € B,
the mized boundary problem of Dirichlet-Neumann type for the Brinkman system

Au—ou—Vr = f|p,

divu=0 in ®

(y*u)|rp, =h € H2(T'p,R?)

(62 (w,m) [y = g € H 2 (Tx, R?),

(4.2.2)

has a unique solution (u,p) € X. Moreover, there exists a linear continuous operator Ay : Y —
X delivering the solution, and, hence, a constant C = C(«a,I'p,T'n) > 0 such that

o)+ Ielz2t0) < € (1817-sc0.m0) + Wl gt ey gy * 18l o)

4.2.2 The Poisson problem for the Brinkman system with mixed Dirichlet
and Robin boundary conditions

Next, we are concerned with the mixed Dirichlet-Robin boundary problem for the Brinkman
system. Let us consider now that the boundary I' is partitioned in two non-overlapping parts
I'p anc% I'r such that ID UTr = T in analogy with Definition m i.e., now we have
B = H2(Tp,R?) x H 2(T'g,R?). Then the mixed Dirichlet-Robin boundary problem for the

Brinkman system is

Au—au— V7 =flp,

divu=0in®

(y*w)lr, = h € H(Ip, R?),

(tjy_(uv 7T)’FR + (>‘7+u)’FR gc H™ (FRaR )

(4.2.3)

where (-)|r, denotes the restriction operator from the space H 7%(1“, R?) defined on the entire
boundary to the corresponding one defined on I'p, and A € L®(I'g, R? ® R?) is a symmetric
matrix valued function, such that (as in [52, Theorem 4.1])

(v, v)r, >0, Vv € L*(Tg,R?). (4.2.4)

Theorem 4.2.2. Let Assumption [{.1.4 be satisfied. Let o € (0,00) and let A € L>®(I', R? @ R?)
be a symmetric matriz function with property (4.2.4). Then the problem (4.2.3)) has a unique
solution, which satisfies an estimate

lull s o,p2) + 17l 2o r2) < c(Ifll -1 0 g2y + I +lell, (4.2.5)

H2 (Tp,R2) _71" R2))
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4.3 Boundary value problems for the nonlinear Darcy-
Forchheimer-Brinkman system in R?

This section is devoted to the analysis of boundary value problems for the nonlinear Darcy-
Forchheimer-Brinkman system for a Lipschitz domain in R?. For the sake of completion, we
begin with the Dirichlet problem and state the well-posedness result as a particular case of
related boundary problems throughout literature. Then we provide a constructive proof for the
Neumann problem following the main ideas in [51, Theorem 4.1] and [34, Theorem 4.1]. An
existence and uniqueness results for the Robin problem is stated as in our work [34, Theorem
4.2].

Finally, we arrive at the main result of this section, which is the mixed Dirichlet-Robin
boundary problem for the nonlinear Darcy-Forchheimer-Brinkman system as an original result
published in [37]. This problem represents the theoretical foundation for the mixed boundary
problems which are studied numerically in the last part.

4.3.1 Boundary value problems of mixed Dirichlet-Robin type for the non-
linear Darcy-Forchheimer-Brinkman system

Going further, we obtain a similar existence and uniqueness result as in [5I, Theorem 7.1]
for the weak solution of the mixed Dirichlet-Robin problem , with the given data (h,g) €
B. The Darcy-Forchheimer-Brinkman system with Robin boundary conditions in Lipschitz
domains in Euclidean settings has been investigated in [52] (see also [54] and [65] for transmission
problems).

Theorem 4.3.1. Let Assumption be satisfied. Let o, 3 > 0 be given constants and A €
L>®(T,R? @ R?) is a symmetric matriz valued function with property . Then there exist
two constants Cj = C;(D,a,B) > 0, j = 1,2, with the property that for all data (f,h,g) € Y
satisfying the condition

) 1 [l Cy, (4.3.1)

€010 5 gl

1 <
H?2(I'p,R? T'g,R2) —

the mixed Dirichlet-Robin problem for the nonlinear Darcy-Forchheimer-Brinkman system
Au—au—pfu-Viu—Vr=f,
divu=0 in 9,
(v"w) |, =h € H3(Ip, R?)
1
(63 (0, m) Irp + A (v 1) [r, = g € H™2 (I, R?)

(4.3.2)

has a unique solution (u, ) € X, with the property |[ul| g1 (p r2) < Ca.
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Part 11

Mixed boundary value problems for
the Stokes and Navier-Stokes system
on compact Riemannian manifolds
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Chapter 5

Preliminary results related to
boundary value problems on
compact Riemannian manifolds

This chapter is devoted to preliminary results related to the study of boundary value prob-
lems on compact Riemannian manifolds. Therefore, for the sake of completion, we include the
definition of the smooth, compact Riemannian manifold without boundary, the Riemannian
metric, the tangent and the cotangent spaces as well as the spaces of vector functions and one
forms, based on [110], [85] and [113, Chapter 8]. Afterwards, we introduce the notion of a Lips-
chitz domain, the main Sobolev spaces, the trace and the conormal derivative operator needed
in the sequel. Let us also mention at this point, that an important condition that ensures the
invertibility of the deformation operator is the condition that the only Killing vector field is the
trivial one (see Definition [5.1.17).

Next, following the main outline as for the first part of this thesis, we introduce in the second
part of this chapter the fundamental solution for the Stokes system and the associated layer
potential operators. In the final part of this chapter, we introduce some original results regarding
the invertibility of the single-layer potential operator and the hypersingular potential operator
related to mixed boundary problems [38, Theorem 4.2] and some compactness properties of
the double layer potential operators [38, Theorem 4.3] associated to a part of the boundary
decomposition.

5.1 Functional Settings and related results to compact Rieman-
nian manifolds

In this section, we begin with a brief introduction about manifolds and the related results
needed in the sequel. Therefore, we introduce the main geometrical definitions and concept
related to compact Riemannian manifolds, such as the definitions of a smooth, compact Rie-
mannian manifold without boundary, the Riemannian metric, the tangent and the cotangent
bundles as well as the spaces of vector functions and one forms. The presentation of these
concepts is based on the books [I10], [85] and [113, Chapter 5].

In addition, we introduce the notion of a Lipschitz domain, the Sobolev spaces on compact
Riemannian manifolds, the trace and the conormal derivative operator needed in the sequel.
An important part is the definition of the Levi-Civita connection, deformation operator Def
and the second order elliptic differential operator L, which is the main elliptic operator in the
definition of the Stokes system on compact Riemannian manifolds. Note that an important
condition that ensures the invertibility of the deformation operator is the condition that the
manifold does not have any nontrivial Killing vector fields (see Definition [5.1.17).
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5.1.1 Geometric concepts related to compact Riemannian manifolds

First, we recall the definition of a compact, smooth Riemannian manifold of dimension m > 2
without boundary (M, (-,-)) by following [113, Chapter 5], [69, Chapter 1], [70] and [I12].

A Riemannian metric on a smooth manifold M is a tensor of (0,2)—type g that is symmetric,
ie, g(X,Y) = g(Y,X) and positive definite, i.e., g(X,X) > 0 for all X # 0. Working in a

coordinate frame, the Riemannian metric has the form

g:X(U)xX(U) - C*®U), g= Zgjkdwj ® dxy, = gjpdr; ® d;v (5.1.1)
j.k

Therefore, the Riemannian determines a scalar product on each tangent space 1), M, such that
for each p € M, the cotangent space can be naturally identified with the tangent space and the
cotangent bundle T*M with the tangent bundle T'M. Moreover, the space of differential one
forms A'TM is being identified with the space X(M) of smooth vector fields via the isometry
d; — gjdz; (lowering index), or its inverse dz; — ¢/'0; (raising index), where (g/!) denotes the
inverse of (g;), i.e., ¢lay = djk. Let g = det(gjr). Then the volume element in M, dvol is
given by the metric tensor of M. Therefore, in local coordinates we have dvol = /gdx . .. dzy,.

Therefore, the gradient operator grad : C*°(M) — X(M) becomes the exterior derivative

operator ‘
d:C®(M) — C>®°(M,A\'TM), given by d = 9;da’, (5.1.2)

and the divergence operator —div : X(M) — C°°(M) becomes the exterior co-derivative opera-

tor
§: C®°(M,A'TM) — C®(M), § =d*. (5.1.3)

For further details about differential geometry on Riemannian manifolds, we refer to [113]
Chapter 5], [69, Chapter 1], [70] and [112].

Lipschitz domains on compact Riemannian manifolds

Let us recall for clarity the Definition of the Lipschitz domain the Euclidean setting,
which constitutes the basis for the definition of a Lipschitz domain on compact smooth Rieman-
nian manifolds. Having the Definition we give now the definition of a Lipschitz domain
on compact Riemannian manifolds based on the Definition 3.5 in [32].

Definition 5.1.1. Let M be a compact boundaryless topological manifold of dimension n
equipped with a smooth atlas A. A Lipschitz domain on M is an open set ® C M relative to A,
if for every xg € I, there exists a local chart (U, ¢) € A with xg € U such that (U ND) C R"
is a Lipschitz domain in R”.

The following definition gives the notion of a dissection of the boundary into two parts I'p
and Iy, which is used in order to formulate mixed boundary problems on compact Riemannian
manifolds.

Definition 5.1.2. Let ® C M be a bounded Lipschitz domain with connected boundary
I' = 99. A dissection of the boundary is a decomposition into two adjacent, nonoverlapping
parts I'p, 'y with the following properties

I'=TpUTly, O'p=0ry =T'pNTy, and meas I'p > 0, meas I'y > 0. (5.1.4)

n the sequal we use Einstein summation convention.
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5.1.2 Sobolev spaces on compact Riemannian manifolds

Let s € R. The Sobolev space H*(M) is defined as the L?-based space on M, which can be
obtained by lifting the Sobolev (or Bessel potential) space

HSR™) = {(I— A)"*/2f : f € LAR™)} (5.1.5)

via a partition of unity on M and pullback on corresponding local charts. Note that the spaces
H?#(M) and H5(M) are dual to each other.

Let © := ©, C M be a Lipschitz domain and assume that M \ D := D_ is connected and
non-empty.

For s > 0, the L?-based Sobolev spaces of functions on ® are defined as

HY(®) = {flo : f € H(M)}, FI*(®) i= {f € H*(M) : suppf B}, (5.1.6)

H*(D)|o :=A{flo: f € H(D)}. (5.1.7)

Moreover, H—*(®) is the dual of the space H*(D). Note that for any s € R (see [47, Proposition
)

2.9], [84, (4.14)] N N
(HY(®)) = H*(D), H*(D) = (H*(9))" (5.1.8)

The L2-based Sobolev spaces of one forms on ® are given by

H*(D,A'TM) := H*(D) @ A'TM|p, H¥(D,AN'TM) = H¥(D) ® A'TM, (5.1.9)
H(D,A'TM)|p = H*(D)|p ® A'T M5, (5.1.10)

where the symbol ® denotes the tensor product (see [L05, Chapter 4, Section 3]).

The L2-based boundary Sobolev spaces: For s € [0,1], H*(I') and H*(I', AYT M) denote the
boundary Sobolev spaces of functions and one forms, respectively. For s € [—1,0), the space
H#(T') is the space of distributions defined on H~*(T"), i.e., H*(I') = H~*(I") . For more details
we refer to [110].

Let v = (v1,...,vy,) be the outward unit normal to I', which is defined almost everywhere
with respect to thelsurface measure do on I'. Throughout the following, we are working with the
closed subspace H; (I', A'T M) of H2 (T, AYTM) and the quotient space H 3 (T, A'TM)/Ruv of
H~2(T, A'TM), defined by

1
HE (D, A'TM) = {f € H3 (D, A'TM) : (v, f)r = 0}, (5.1.11)
H*%(F,AlTM)/]RV = {[g] =g+ Rv where g € H*%(I‘,AlTM)} . (5.1.12)

1
Note that H~2 (', A'TM)/Rv = (H2 (T, A'TM))*, (cf., e.g., [86, 5.118)).
Finally, let the space

HY (@2, A'TM) = {u € H' (D4, A'TM) : 6u =0 in Dy }, (5.1.13)
denote the space of divergence free vector fields (on forms) on .

5.1.3 The deformation operator on Sobolev spaces

A Levi-Civita connection on M is an affine connection which is compatible with the Rieman-
nian metric g and is torsion-free. A key result in the setting of Riemannian geometry asserts
that for a given Riemannian manifold (M, g) there exists a unique Levi-Civita connection V,
defined by the torsion-free condition (cf., e.g.,[I07, Proposition 11.1, Chapter 1 §11]).
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The symmetric part of VX, called the deformation of X, is denoted by Def X. Therefore,
1
(Def X)(Y, 2) = {(Vy X, Z) + (VzX,Y)}, VY, Z€X(M). (5.1.14)

The tensor field Def X can be globally represented in the equivalent form %,C xg, where Lxg is
the Lie derivative of g in the direction of X (see, e.g., [I07]). Denoting by S?T*M the set of
symmetric tensor fields of type (0,2), we have

Def : X(M) — C°°(M, S*T*M). (5.1.15)

The adjoint of Def is defined by Def*w = —divw, w € S*T*M (see, e.g., [I07]). The operator
(5.1.15) admits a linear and bounded extension

Def : HY(M,A'TM) — H~Y (M, S*T*M). (5.1.16)
Definition 5.1.3. A vector field X € X(M) which satisfies the equation
Def X =0 on M, (5.1.17)

is called a Killing field.

Throughout this chapter we assume that the only Killing vector field is the trivial one.
Altering M away from D, this condition can be realized (see, e.g., [85], [25]).
5.1.4 The Stokes and Oseen operators on a compact Riemannian manifold

In the sequel, let M be a compact, smooth Riemannian manifold without boundary and
let © 4 stand for a Lipschitz domain on M and ©®_ = M\D. Let us consider the second-order
elliptic differential operator

L:X(M)— X(M), L:=2Def*Def =—A + ds — 2Ric, (5.1.18)

where A := —(dd + dd) is the Hodge Laplacian and Ric is the Ricci tensor (see, e.g., [25, (2.6)]).
For any s € (0, 1), the operator (5.1.18) extends to a bounded linear operator (see, e.g., [68, p.
177])

L = 2Def*Def : H"2 (M, A'TM) — H*"2 (M, A'TM). (5.1.19)

The Oseen operator is a perturbation of order one of the Stokes operator, which is defined by

B, : HY(D,A'TM) x L*(®) — HY(D,A'TM) x L*(D),

(5.1.20)
L d Vo 0
e (0)+(0)

where w € HY{(D, A'TM) is a divergence free vector field, i.e.,
dw=0inD. (5.1.21)

Let us remark that for w = 0, we obtain the Stokes operator By. Throughout this part of
the thesis, we assume that the manifold M is low dimensional, i.e., dim(M) € {2,3}, whenever
we deal with the Oseen operator. Hence, the following embeddings are continuous (see, e.g.,
[53])

HY®D,A'TM) - L2(®,A'TM @ A'TM) — L2(D,A\TM) — H (D, A'TM).  (5.1.22)
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Note that (5.1.22)) and the inclusion Iflfl(@, ATM) — H (D, A'TM) show that the Oseen
operator ([5.1.20)) is well defined.

Due to the technical details, our divergence free vector field w has to satisfy the positivity
condition?
(V,u,u), >0,V uec H(D,A'TM). (5.1.23)

Note that ((5.1.22) shows that V_u € H~1(D,A'TM) = (HI(BD,AITM))/, and hence the dual
product in (5.1.23)) is well defined, for any u € H(D, A'TM).

In the complete version, we show that the gradients of some harmonic functions can play
the role of w, since they divergence free. Because constants are the only harmonic functions on
compact manifolds and our considerations require a non-zero vector field, we consider harmonic
functions on the noncompact punctured manifold M \ {zo}. Such a result has been obtained in
our paper [42, Proposition 5.4.1].

5.1.5 The trace operator and the conormal derivative operator

Similary to the first part of this thesis, we introduce the trace operators and the generalized
conormal derivative operator, which are needed in the sequel.

The trace operators on complementary Lipschitz domains. Let x € I' and let
¢4 (x) € D1 be non-tangential approach regions, i.e., some conical regions with vertex at x (see
the definition given in for the Euclidean setting). Then the non-tangential boundary
limits of a function u on I'y are defined as (see for the Euclidean setting)

(v u)(x) := yeleirin(x) u(y), x €T, (5.1.24)

(see, e.g., [85, (3.23)]). These operators extend to Sobolev spaces similar to Lemma [1.3.1 The
following variant of the trace lemma holds as well in the compact Riemannian setting (see, e.g.,
[86, Theorem 2.5.2], [85], 20]).

Lemma 5.1.4. Let s € (0,1). Then there exist two continuous linear operators

1

v H 2 (D) — H(T), (5.1.25)
such that y5u = ulp, ¥ u € C®(D4), admitting (non-unique) linear, continuous right inverses
() HD) = B (D), AN M) =6, Vo€ HYD). (5.1.26)

The result in Lemma [5.1.4] holds also for trace operators acting on spaces of one forms
E HS"'%(@i, ATM) — H*(, AYTM). Such operators are well defined, linear, bounded and
onto (see [25], 47, [84]).

Let a > 0 be given. In the sequel, we consider the special Sobolev space

H(®) = {(u,7,f) eHY(D,A'TM) x L}(D) x HYD,A'TM)|p :
(L+al)u+dr=f and du=0in D}. (5.1.27)

We denote by do the surface measure on I' and by v the outward unit conormal, which is
defined almost everywhere on I', with respect to do.

The conormal derivative for the Stokes system on compact Riemannian manifolds is defined
next (see, e.g., [81] [86, Theorem 10.4.1], [59, Lem 2.2] ). Also, let us mention that a definition
of the conormal derivative operator in the general case of Agmon-Douglis-Niremberg elliptic
operators is given in Lemma 2.4 in [5§].

2Recall that the notation (-,-)x stands for the pairing between two dual Sobolev spaces defined on X.
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Lemma 5.1.5. Let a > 0 be a given constant. Let M be a compact Riemannian manifold and
D C M be a Lipschitz domain. The conormal derivative operator

tT: H1(®) —» H2(I,A'TM),
(63 (u, ™), @), : = 2(Defu, Def((v") ' ))n + (m,6((v") '®))
—(F, (7))o + au, (7)1 ®)p, V& e H2(T,A'TM) (5.1.28)

is well-defined, linear and bounded, and is independent on the choice of the right inverse
(vH= 1 H%(F,AlTM) — HY®D,A'TM) of the non-tangential boundary trace operator v+ :
HY(D,A'TM) — H%(F,AlTM). Also, for all (u,7,f) € H1(D) and any w € HY(D,A'TM)
the following Green formula holds

5 (a,m)e, v W), = 2(Defu, Defw)g + (,0w)y — (£, W) + a{u, w)o. (5.1.29)
Lemma is a particular case with ¢ = 0 in [59, Lemma 2.2].

5.2 The fundamental solution and the layer potential theory for
the Stokes system

Mitrea and Taylor [85] and Dindos and Mitrea [25] have used the theory of pseudodiffer-
ential operators to show the existence of the fundamental solution for the Stokes system on
compact Riemannian manifolds. One of the main assumptions needed in order to construct the
fundamental solution for the Stokes system, is the assumption that the manifold lacks nontrivial
Killing fields (see Definition which guarantees that the deformation operator Def given
in is invertible.

The assumption that the Riemannian manifolds has no nontrivial Killing fields imposes no
restrictions, since the manifold can be altered in order to satisfy this condition. A demonstration
of this fact can be found at the beginning or Section 3 in [85].

An alternative technique to that of Mitrea and Taylor [85] has been developed by Kohr,
Pintea and Wendland [57, Section 3] (see also [58]) in order to obtain the fundamental solution
in the general case of Agmon-Douglis-Niremberg elliptic operators on compact Riemannian
manifolds. In [58], Kohr, Pintea and Wendland provided the proof of the invertibility of a matrix
of first- and second-order pseudodiferential operators, which special emphasis on a general
Brinkman operator. The fundamental solution of such pseudodifferential operators is provided
by the Schwartz kernels of two entries. Moreover, the authors derived layer potential theory for
a pseudodifferential Brinkman operator on Lipschitz domains in Riemannian manifolds.

In their recent work, Kohr and Wendland [63] have developed the potential theory for
the Stokes system with non-smooth coefficients of class L> on compact Riemannian manifolds,
starting from a variational method. In the particular case of the smooth coefficients, the authors
found what Mitrea, Taylor [85] have obtained before.

This section is structured as follows. We begin by introducing the fundamental solution
of the Stokes system, which enables us to define the corresponding single and double layer
potentials, based on [85], [57], [58], [62]. Afterward, we give some invertibility and compactness
properties for layer potential operators related to the mixed boundary problem for the Stokes
system, following the ideas in our work [38]. Let us also mention, that this work is inspired by
the papers [61], [76], [16].

5.2.1 The fundamental solution of the Stokes system on compact Rieman-
nian manifolds

Using the pseudodifferential theory and the Hodge decomposition, Mitrea and Taylor
in [85] have proved the existence of two operators ® € OPS *(A'TM,A'TM) and ¥ €
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OPS; (A'TM,R) whose Schwartz kernels of their inverses G(x,y) and II(x,y) determine the
fundamental solution of the Stokes operator By on M. Thus

LyG(x,y) + dxIl(x,y) = Diracy(x), 06xG(x,y) =0, (5.2.1)

where Diracy is the Dirac distribution centered at y. The differential operators with subscript
x added refers to the action of that operator on x. Let us mention that Dindo§ and Mitrea [25]
have proved the existence of an operator Y € OPSSI(M ,R) such that the following equivalence
holds

UL ="6 LU =dY"'. (5.2.2)

Let us denote by Z the Schwartz kernel of of the classical pseudodifferential operator Y, which
is the transpose of Y. By (5.2.2)) it implies that

L1 (y,x) = dxZ(x,y) (5.2.3)

(see 25, (3.22)]). Let us mentions that the fundamental solution for a pseudodifferential
Brinkman operator has also been obtained in [57].

5.2.2 The Stokes Layer potential operators and related properties

Let s € (0,1). Then for f € H*~1(I', A'T M), Vf stands for the single-layer potential with
density f for the Stokes system, and Q®f denotes its corresponding pressure potential. Then,

(VE)(x) = (G(x, ), O)r, (QF)(x) = (II(x, ), £)r, x € M\ T (5.2.4)

The non-tangential boundary traces of Vf exist almost everywhere on I' and are given by
yE(VE) (cf, e.g., [85, Theorem 3.1]).

For h € H3 (T, A'TM), Wh denotes the double-layer potential with density h for the Stokes
system, and Q%h stands for be its corresponding pressure potential. Therefore,

(Wh)(x) := (~2Def G(x, v + I (-, x)v, h>F, x € M\T, (5.2.5)
(Q%h)(x) := (—2Def T (x,-)v — E(x,)v,h)p, x € M\ T, (5.2.6)
where II7(+,x) is the transpose of II(-,x), and E(x, ) is the Schwartz kernel of the pseudodif-
ferential operator T (see (5.2.2) and (5.2.3)). The non-tangential boundary traces of Wh exist

almost everywhere on I" and are denoted by v+(Wh) and v~ (Wh), respectively. The principal
value of Wh is denoted by Kh and is defined at almost every point on x € I' by

(Kh)(x) := p.v. /F (—2[(Defy, G(x,))v]|(y) + I (y,x)v(y), h(y))do(y) (5.2.7)

= f gy 2Dy GO0 DY) + (I (v (), h(y))do(y),

where r(x,y) is the geodesic distance between x and 'y € M (cf. [85, Lemma 3.2 and Proposition
3.3]).
In view of (5.2.1)), we obtain that

L(VE) +d(Q*f) =0, §Vf =0
in M \T. (5.2.8)
L(Wh) 4+ d(Q%h) =0, §Wh =0

Therefore, the pairs (Vg, @Q°g) and (Wh, Q%h) satisfy the Stokes system in each of the domains
®, and ©_, respectively.
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The properties presented below, represent the Riemannian version of Theorem For
more details, we refer to [86, Propositions 4.2.5, 4.2.9, Corollary 4.3.2, Theorem 5.3.6, 5.4.1,
5.4.3, 10.5.3] for the Stokes system in the Euclidean setting, |25, Theorem 2.1, (3.5), Proposi-
tion 3.5], [85, Theorem 3.1, 6.1] for the Stokes system in compact Riemannian manifolds, and
[58, Theorem 4.3, 4.9, 4.11, (131), (132), (137)] for a pseudodifferential Brinkman operator in
compact Riemannian manifolds.

Theorem 5.2.1. Let © C M be a Lipschitz domain and let T be its boundary. Let s € (0,1).
Assume that £ € HS"YT,A'TM) and h € H3(T,A'TM). The following formulas hold almost
everywhere on I':

AH(VE) = 4 (VF) := Vf, (5.2.9)

~T(Wh) = (%11 +K)h, v~ (Wh) = (- %11 +K)h, (5.2.10)

D*h - D h € Ry, (5.2.11)
S 1 * — s _ 1 *

5 (VE, Q) = (- SI+K )E, £ (VE, Q) = (§]I+K )b, (5.2.12)

where DTh := t*(Wh, Q%h), and K* is the formal transpose of K, i.e.,

(K*6)(x) = p.v. [ (=2{(Detx G, y)W(x) +1L(x,y)w(x), £(¥)dor(yy). (5.2.13)
In addition,

Vv =0, Qv =cy € Rin Dy, (5.2.14)
Ker (V: H*H(T, A'TM) — H*(I, A'TM)) = Ru. (5.2.15)

5.2.3 Invertibility results of the layer potential operators associated to mixed
problems

Before we consider the mixed Dirichlet-Neumann boundary problem of the next section,
let us analyse some properties of the layer potential operators needed in the sequel. These
properties have been obtained in our work in Theorem 4.2 in [38]. They are the analogous
versions of the results in the Euclidean setting.

To this end, let us recall the the operators VP, KP K*N and DY have similar definitions
to that given in , in the case of Euclidean setting.

Theorem 5.2.2. Let ® C M be a bounded Lipschitz domain with connected boundary I as in
Definition[5.1.3. Then the following operators are invertible:

(i) The single-layer integral operator
VP H 2(Tp, A'TM) — H2(T'p, A'TM), (5.2.16)
(1i) The hypersingular integral operator
DY : [1Z (T, A'TM) — H3 (T, A'TM) /Ru. (5.2.17)

5.2.4 Compactness of operators related to mixed boundary value problems

This subsection is devoted to the compactness property of some special double-layer integral
operators, which play a major role in the analysis of the mixed Dirichlet-Neumann boundary
problem for the Stokes system on compact Riemannian manifolds studied in the next chapter.
There results are obtained in our work [38, Theorem 4.3].
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Theorem 5.2.3. Let® C M be a Lipschitz domain with boundary decomposed as in Definition
[5.1.3. Then the following operators are compact:

KD H3(Ty,A\'TM) — H?(Tp, A'TM), given by KPp = Kolr,, (5.2.18)
KN . H 3(Tp, A'TM) — H™2(T'y, A'TM), given by KN = K*|r,. (5.2.19)
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Chapter 6

Boundary value problems for the
Stokes, Oseen and Navier-Stokes
systems on compact Riemannian
manifolds

This chapter is devoted to various boundary problems, related to the Stokes, Oseen and
Navier-Stokes systems on compact Riemannian manifolds. The study of fluid flow on a com-
pact, smooth Riemannian manifolds plays an important role in the analysis to the fundamental
equations of meteorology and oceanography as pointed out in [I09, [71], where a mathematical
justification used to derive the primitive equations of the atmosphere and the ocean are derived
as model of the Navier-Stokes equations in thin spherical shells (see also [108, 26]). Also, other
types of flow equations, e.g., Stokes equations or Darcy-Forchheimer-Brinkman equations can
be considered over compact surfaces (e.g., on the sphere S?) which model the flow of water or
other Newtonian fluids, passing through porous rocks or porous soil (see, e.g., [59]).

The complete version of the thesis starts with the study of a certain transmission problem
for the Stokes system on compact Riemannian manifolds. Transmission problems have been
intensively studied over the last decades, since they describe the flow within a stationary particle
embedded into a fluid [86], [60]. Moreover, Dirichlet and Neumann boundary problems can be
viewed as limiting cases to transmission problems as explained in [86), p. 1- 10], [58, Section 6].

The second part of this chapter is concerned with mixed boundary problems for the Stokes,
Oseen and Navier-Stokes systems. Mixed boundary problems of Dirichlet-Neumann type on
compact Riemannian manifolds could resemble a mathematical model for the fluid flow in a
shallow ocean.

Kohr and Wendland [62, Theorem 7.9] have obtained well-posedness results on compact
Riemannian manifolds for the mixed type boundary conditions and nonhomogeneous Poisson
problem for the nonsmooth coefficient Brinkman system when the solution belongs to some
LP—based Sobolev spaces with p in a neighborhood of 2. Moreover, they proved in [63] the
equivalence between some transmission problems for the Stokes system with nonsmooth coeffi-
cients in complementary Lipschitz domains, by using the Necas-Babuska-Brezzi technique and
by proving a well-posedness result of their mixed variational counterparts.

The main results of this chapter are based on the paper [42], which is obtained by joint work
with M. Kohr, C. Pintea and W. L. Wendland and the paper [38]. The original results of this
chapter are obtained in [42, Theorem 4.1 and 5.1]. Moreover, Theorem is a generalization
of the well-posedness results obtained in our work [38, Theorem 4.1].
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6.1 Boundary value problems of mixed type for Lipschitz do-
mains on compact Riemannian manifolds

This section analyses the mixed Dirichlet-Neumann boundary problems for the Stokes, Oseen
and Navier Stokes systems. Let us mention that recently, Kohr and Wendland [62, Theorem
7.9] have obtained a well-posedness result for the nonhomogeneous Poisson problem with mixed
boundary conditions for L coefficient Brinkman system with the solution belongs to the space
ng(Q,AlTM) x LP(®), with p in some neighbourhood of 2, where H})’p(’}D,AlTM) is the
subspace of the space H'*(D,A'TM) (denoted by us Hj(D,A'TM)), whose elements have
zero boundary traces on some part of the boundary I'p (see, also Theorem 7.4 in [63] and
Remark 7.10 in [62]). In addition, let us mention the work of I. Mitrea and M. Mitrea [83),
Theorem 8.2], which studies the mixed boundary problems for the Laplace operator on Besov
spaces in the Euclidean setting.

Well-posedness results higher-order strongly elliptic system in an (€,d) domain in R™ with
an Ahlfors-regular part of the boundary have been obtained in [I0, Theorem 7.3]. Also, a
general well-posedness result a higher order strongly elliptic operator in Lipschitz domains in
R™ is developed by [76, Theorem 7.9] (see also [3] for the Euclidean setting). For the case mixed
boundary problems on polyhedral domains we refer to [73, Theorem 5.2] and [74].

In this section we develop a different approach by those used in [62] and [83], in order
to analyze mixed Dirichlet-Neumann problems for the Stokes system in Lipschitz domains on
compact Riemannian manifolds.

6.1.1 The mixed Dirichlet-Neumann problem for the Stokes system
We start again with the assumption of the geometrical framework we are working with.

Assumption 6.1.1. Let ® C M be a bounded Lipschitz domain with connected boundary
I' = 09, which is decomposed into two adjacent, nonoverlapping parts I'p, 'y as in Definition

0. 1.2

Note that, the positive measure of both partitions is essential to our case as will be explained
in the sequel. Then, we consider the mixed problem with Dirichlet and Neumann boundary
conditions for the Brinkman system

Lu+dr=0in D,

ou=0in 9,

v*tulp, =h € H2(Tp, A'TM),
t*(u,m)|r, =g € H 2(Tn, AITM),

(6.1.1)

where (+)|r,, (-)|r, denote the restrictions of the spaces defined on the entire boundary I" to

the corresponding ones defined on I'p and I'y, respectively.

In order to match the system composed of and to the mixed boundary problem
for the Stokes system , let us denote by h* € ﬁ%(F,AlTM) and g* € ﬁ_%(F,AlTM),
arbitrary extensions to the entire I' of the corresponding boundary data h, g. Taking h* €

1
Hj (T, A'TM) as described in (4.1.6)), it follows that the boundary data is given by
Yu=¢y+hp, t7(u,7m)=1vp+g" (6.1.2)

1
Obviously ¢y € .FNIE(FN,AITM) and Yp € IA{V%(FD,AITM), since oy =0 on I'p.

In order to prove the well-posedness of the boundary problem , we will reformulate
the problem as a system of boundary integral equations, inspired by the main ideas in [I6] for
the Laplace equation and [61] for the Stokes system. Let us mention also Theorem 7.9 in [76],
which refers to a general strongly elliptic system.
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Theorem 6.1.2. Let ®,I'p and I'y be as in Assumption and let h € H%(F,AlTM) and

ge H_%(F,AlTM). Also, consider g* and h}, given by (6.1.2)). Then, the following assertions
hold true:

(i) If (u,m) € HY(®D,A'TM) x L*(D) is a solution of (6.1.1)), then (¥p,pN) given by
Yp = t+(u,7r) - g*a YN = 7+u - *Dv (613)

is a solution of the integral equations

—VPyp+KPoy = fi, xeTp
* N N (614)
-K"%p+DVon =fo, xe€ln
where (f1, f2) are given by
1 1
fi= §h—KDh*D+VD L fo= —DNh*D+§g+K*Ng*. (6.1.5)
Moreover, the solution (u,m) can be represented by
u=W(py +hp) —V(¥p +g*), m=Q%en+hp) —Q*(¢Yp +g), (6.1.6)

(13) If, (¢n,¥D) € H%(FN,AlTM) X fI%(FD,AlTM) is a solution of the boundary integral
equations (6.1.4), then the layer representations (6.1.6|) define a solution of the Dirichlet-
Neumann problem (6.1.1)).

The system of equations (6.1.4)) can be written in matrix form as

(35) -yP KPP YD
A = . =f, 6.1.7
©N -K*¥ DV ON ( )
where f = [fy, fg}T. Let us decompose the matrix operator A as
-yb Kb -vP 0 0o KP

where ‘B is some invertible matrix operator and 33 is some compact matrix operator as we have
already proved in [38], which will imply by the Fredholm Alternative that the operator A is a
Fredholm operator of index zero. Now, we are ready to show the main theorem of this section.

Theorem 6.1.3. Under Assumption the system of integral equations (6.1.4) as a unique
- 1
solution in the space H_%(I‘D, ATM) x HZ (T, A'TM).

Theorem 6.1.4. Let ©,T'p and I'y be as in Assumption [6.1.1. Then the mized problem with
Dirichlet and Neumann conditions for the homogeneous Stokes system (6.1.1) has a unique
solution (u, ) € HY(D,A'TM) x L*(D). In addition, there is some constant C = C(I'p,T'y)
such that

lullisoaizan + I7l20) < CUOBN 3 0 v e domizny (619

Having this result, we can extend the mixed boundary problem given in Theorem to
the Poisson problem for the system using Newtonian potentials. We state the result at this
point due to its relevance in the sequel, but we omit the details of the proof for the sake of
brevity. We refer to [55, Section 3.1 and 4.2], [42, Theorem 4.1] and [50, Section 8| for the
Brinkman operator. Also, let us introduce for simplicity the notation for the given data

Bi= H(®,A'TM) x H2(Tp, A'TM) x H™2(T'n, A'TM). (6.1.10)
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Theorem 6.1.5. Let ©,'p and I'y be as in Assumption [6.1.1. Then the mized Dirichlet-
Neumann type boundary problem for the nonhomogeneous Stokes system

Lu+dr=fe H YD ATM),
ou=01in9,

v*tulp, =h € H2(Tp, A'TM),
t*(u,m)|r, =g € H 2(Ty, AITM),

(6.1.11)

has a unique solution (u,7) € HY(®D,A'TM) x L*(®). In addition, there is some constant
C =C(p,I'y) such that

luller @,a1Téy + I7llL2@) < Cll(f, h, g)|5. (6.1.12)

Remark 6.1.6. Although, the positive measure condition from is essential for our
purpose, we can eliminate one of the partitions I'y or I'p, obtaining the Dirichlet respectively
the Neumann problem. For more details we refer to [25, Theorem 6.1] for the Dirichlet problem
for the Stokes system.

6.1.2 The mixed Dirichlet-Neumann problem for the Oseen system

Before we proceed with our analysis, let us mention that Russo and Simader have shown
in [96] the well-posedness of the Oseen system in Euclidean Lipschitz domains (see, e.g., [97]).
Furthermore, Tartaglione in [104] studied very weak solutions for boundary problems for the
Stokes and Oseen in bounded and exterior domains in R™, (n = 2,3) of class C¥~1! for k > 2.

Theorem 6.1.7. Under Assumption there exists a pair (u,7) € HY(D,A'TM) x L*(D),
which satisfies the mized Dirichlet-Neumann type boundary problem for the Oseen system

Lu+V,u+dr=fin9,
ou=01in 9,

Y ulr, =h € H2(Tp, A'TM), (6.1.13)
t+(u77r)‘FN =g = Hfé(]__‘]\hAlTM)’
and the following estimate
||11||H1(®,A1TM) + ||7T||L2(@) < C||(f,h,g)5, (6.1.14)

with some positive constant C = C(I'p,T'y).

6.2 Mixed type boundary value problems for nonlinear systems
on compact Riemannian manifolds

In this section, we show a solvability result for the mixed Dirichlet-Neumann boundary
problems for the Navier-Stokes system on compact Riemannian manifolds. We give an alter-
native proof of the mixed Dirichlet-Neumann boundary problems for the Navier-Stokes system
in Lipschitz domains on compact Riemannian manifolds, by using the well-posedness result for
the Oseen system obtained in the previous section in Theorem [6.1.7] This result emphasizes
the close relation between the Oseen and Navier-Stokes systems [39, Theorems 3.6 and 4.1].

6.2.1 The mixed Dirichlet-Neumann problem for the Navier-Stokes system

This section is concerned with the mixed Dirichlet-Neumann boundary problem for the
Navier-Stokes system. We obtain a well-posedness result for the nonlinear Navier-Stokes system
proving that the solution operator for the Oseen system has a fixed point [39, Theorem 4.1].
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Theorem 6.2.1. Under Assumption and for B > 0, there exist two constants C; =
C;(T'p,T'n,B) >0, j = 1,2, with the property that for all data (f,h,g) € B satisfying

NG+ o arzany IR0 8 ) pvary T 1813 0y prgany < C1 (6.2.1)
the mixed Dirichlet-Neumann type problem for the Navier-Stokes system
Lu+ pVyu+dr=f£f, in®
du=0, in 9,
(6.2.2)

vtulp, =h € H2(Tp, A'TM),
6 (w,7m)[ry =g € H2(Dy, ATM),

has a unique solution (u,7) € HY(D,A'TM) x L*(D), such that

[ull 1o arrar) < Co.
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Chapter 7

Numerical methods results for the
lid-driven cavity flow problem filled
with a porous medium

The solvability result for the Dirichlet problem for the nonlinear Darcy-Forchheimer-
Brinkman system given in has been provided in Theorem Next we are concerning
with a computational study of such a problem in a special Lipschitz domain. Thus in this
chapter we describe some numerical methods concerning the well-known lid driven cavity flow
problem with Dirichlet and Robin boundary conditions, denoted by short in the sequel as lid
problem. The lid problem considers a square cavity consisting of three rigid walls on which
non-slip boundary conditions are imposed and a tangentially moving lid with unit velocity.
We consider that the motion of the fluid inside the square cavity is governed by the Darcy-
Forchheimer-Brinkman system. In fact, we consider only the nonlinear term Su - Vu in our
simulations, which means that we consider k = 0, @ > 0 and 8 > 0 (see the desciption in the
introduction but also, e.g., [87]).

The lid problem has been the subject to many physical, theoretical and numerical studies,
because it connects in its simple geometry all the relevant physical aspects to mathematical
models and numerical methods. Therefore, the lid problem has become a benchmark problem
for many authors who attempted to validate numerical methods (see, e.g., [1], [31]).

This chapter presents two important numerical methods used in order to study special lid
problems in fluid mechanics that are mathematically described by mixed boundary problems.
We start with a brief description of the non-dimensional equations related to such fluid flow
problems (see, e.g., [44]), as well as the stream function-vorticity formulation (see, e.g., [60]) for
the nonlinear Darcy-Forchheimer-Brinkman system. Such a formulation simplifies the numerical
treatment of the equations in the two dimensional case. The central difference (CD) method
and the Dual Reciprocity Boundary Element Method (DRBEM) considered in this chapter are
briefly analyzed in order to evaluate the stability in the particular case of the two dimensional
lid problem. In addition, we give a brief comparison of both methods for the related systems
based on (40} Section 4], [37, Section 3]), with classical results found in literature associated to
the Navier-Stokes system.

Afterwards, we discuss some numerical results for the lid driven square cavity flow problem
for the Darcy-Forchheimer-Brinkman system in two dimensions. Dirichlet and mixed Robin-
Dirichlet boundary conditions are considered. The Robin condition is described by the physical
meaning of a sliding parameter (see, e.g., [44], [43]). We describe the relation between the
geometry of the stream lines and the following parameters: the Reynolds number, the Darcy
number and the sliding parameter [87]. The results of this chapter are based on the paper [40,
Section 4] written by joint work with T. Grosan and [37, Section 3].
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7.1 The lid driven cavity flow problem. Statement and remarks

We next refer to the flow of a incompressible Newtonian fluid in a saturated porous medium
located in a square cavity of length L (a special Lipschitz domain), where some specific Dirichlet
and Robin boundary conditions are imposed. Three of the domain walls are fixed and the last
one moves with a given velocity, which is tangential to the upper boundary. Let I';,I'5,I's be
the fixed walls and T'y be the moving wall (see Figure[7.1).

Iy
P —
u=v,+ s
dy
i lu=0 u=0|T
¥
u=>0
0 X
I’y

Fig. 7.1: The geometry of the fluid domain

Having become a benchmark problem to validate and test the numerical methods proposed
by many authors throughout literature, the laminar incompressible flow in a square cavity whose
top wall moves tangential with a uniform velocity has been known as the lid problem.

The zero-slip condition at the nonporous walls yields that the velocity field u as well as
it’s normal derivatives vanish on the entire boundary. As it is well known, no direct boundary
conditions are provided for the vorticity © at the walls (see, e.g., [87]). However, most often
the boundary conditions for the vorticity €2 are derived from the definition given in equation

(17.2.10) below.

7.2 Non-dimensional analysis for the Darcy-Forchheimer-
Brinkman system

For the purpose of solving numerically our physical problem, it is often convenient to derive
a system of non-dimensional equations such that the length, height and velocity of the moving
wall are scaled to unity. The next subsection gives the derivation of the abstract formulation
of the non-dimensional form of the Darcy-Forchheimer-Brinkman system based on [44] pp.
307-309).

7.2.1 Non-dimensional form for the nonlinear Darcy-Forchheimer-Brinkman
system

The nonlinear Darcy-Forchheimer-Brinkman system, i.e., the nonlinear PDE system (4.3.2))
describes the flow of a incompressible, viscous fluid located in a square cavity filled with a
saturated porous medium. Under the tangential motion of the upper wall, the fluid inside the
cavity rotates until it arrives at an equilibrium state that is described by the equations in .
Different boundary conditions are imposed on the moving wall, which correspond to either the
Dirichlet conditions or to the mixed Dirichlet-Robin boundary conditions.

Let u(z,y) = (u(z,y),v(x,y)) be the velocity field of the flow and 7 = w(x,y) the cor-
responding pressure field. Then the nonlinear Darcy-Forchheimer-Brinkman system (4.3.2))
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consists of the following scalar partial differential equations

B (o RO T
T ox?  0y? au B 8y ou Ov

74_7
oy [P0, P o Ol 2 o0y
v ox?  Oy? av 81’ 6y’

= 0. (7.2.1)

Note that the constants « and 5 are related the physical properties of the Newtonian fluid and
the porous medium. We describe them in subsection [7.2.3

A main purpose of our analysis is the discretization of the fluid domain. To do so, we
consider the following dimensionless variables, which represent a scaling of the length of the
square cavity and of the velocity of the moving wall to unity, as follows (see, e.g., [40), Section

4.1))

x Y L
X=—Y==2 P=— = — 2.2
L’ L’ Up’ U= U() v Uo (722)

Then the first two equations ((7.2.1]) reduce to the non-dimensional equations

2 2

X2  oY? 6X Yy
(7.2.3)
0’V 0%V 8P oV ov
(8)(2 " aw) o ﬁ( Vaw) |
To these equations we add the non-dimensional continuity equation
ou oV
X + v — 0. (7.2.4)

Note that the scaling parameters are included also in the constants «, § from equation
(7.2.3), but we use the same notations as in ([7.2.1]) for the sake of brevity.

Non-dimensional form of the boundary conditions

In view of the above definition of the non-dimensional variables ([7.2.2)), one obtains that the
associated Dirichlet (non-slip) boundary conditions are of the analyzed lid problem have the
form (see Figure

Yfu=0onTy, i=1,2,3, (7.2.5)
vtu=Uon Iy, (7.2.6
where Uj is the velocity on the moving wall. Furthermore, we consider Robin boundary condition

for the moving wall I'y, which are expressed in terms of a sliding parameter S. Therefore, the
Robin boundary condition considered in the sequel is

d
yu = Uy + Sﬁ on I'y, (7.2.7)

which lead to the corresponding non-dimensional mixed Dirichlet-Robin boundary conditions
in terms of the stream function, given by

oV v ov 9*w
67 =0 on F]_,F?,, 87 =0 on FQ, ay =1 + Sm on F4, (728)

where W is the stream function of the flow (we refer the reader to equations ((7.2.9)) below).
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7.2.2 Stream function-vorticity formulation for the nonlinear Darcy-
Forchheimer-Brinkman system

Since we are dealing only with the two dimensional case in this chapter, we rewrite the
non-dimensional equations by using the stream function-vorticity formulation. Note that the
stream function-vorticity formulation gives a simple way to analyze boundary problems in fluid
mechanics, since the stream function represents the contours of fluid flow with the same ve-
locity (see, e.g., [44]). This approach is not limited to the two dimensional case, but since the
trajectories of of the fluid particles with the same velocity are not restricted to one plane, the
mathematical formulation becomes more complex (see, e.g., [60]).

Now, taking into account the continuity equation , we introduce the stream function
W, defined by the following equations

ov ov
hudini —— =_V. 2.
Yy U, X V. (7.2.9)
Let € be the vorticity field, given by
ov.  oU
= - . 2.1
0X oY (7.2.10)
The stream function ¥ and the vorticity €2 are related through the relation
*v 9PV
— = = . 2.11
axz " ay? (7.2.11)

By rearranging the equation ([7.2.3) and by using the expressions (7.2.9)), the vorticity €2
given by (7.2.10]), and the continuity equation (7.2.4), as well as equation ([7.2.11f), we obtain

the main equations of our numerical approach

920 020 ov of) ov of)
aX2+aY2+O‘Q:5<aYaX_aX8Y>’

(7.2.12)
02U 92U
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7.2.3 Physical properties related to the fluid flow

The physical properties of a viscous fluid and of a porous medium are described by the
following parameters (see, e.g., [87, Section 1.2, 1.5.2 and 1.5.3]):
e The Reynolds number Re, which is defined as the ratio of inertial forces to viscous forces
and, consequently, quantifies the relative importance of these two forces for the flow
conditions.

e The Darcy number Da, which represents the relative effect of the permeability of the
medium versus its cross-sectional area, and is defined as the ratio between the permeability
of the medium and the square of the diameter of the particles.

e The porosity o, which is a fraction of the volume of voids over the total volume and
represents a measure of the empty spaces in the fluid.
o The wviscosity coefficient u is related to the porosity of the medium.

The constants a and 3, which appear in the mathematical model (4.3.2)) are related by these
physical parameters through the following formulas

%
= 2.1
o' Da’ (7.2.13)
g= ¢ (7.2.14)
o

where « is called the Darcy coefficient, and 3 is the convection coefficient.

61



7.3. CD and DRBEM 62

7.3 Central difference method (CD) and Dual Reciprocity
Boundary Element Method (DRBEM)

In the complete version of this thesis, two numerical methods are described, the central
difference (CD) method and the Dual Reciprocity Boundary Element Method (DRBEM).

A detailed description of the domain discretization and the stability of the central difference
method combined with Gauss-Seidel iteration for the partial differential equations is presented.

The second numerical method considered in this thesis is the DRBEM, which can be ap-
plied to the integral form of the Darcy-Forchheimer-Brinkman system. The DRBEM method
considers a series expansion of the Poisson term for the Laplacian with respect to the radial
basis function (see, e.g., [9], [89], [35]).

7.4 Comparison of the numerical results with classical results
in literature

Next we refer to the lid problem and present the numerical results obtained in [40] by using
the central difference method, and those in [37] provided by the DRBEM. In order to validate
these numerical results, we begin the analysis with the comparison of the maximal, absolute
value of the stream function with classical results from literature, in the case when the fluid
inside the square cavity is described by the Navier-Stokes equations.

The Navier-Stokes system is first assessed in order to verify the correctness of the numerical
solution since ample results are available in literature, especially in the case Re = 100. Table
7.1 presents the results of our numerical simulations for different Reynolds numbers, and the
results obtained in [31], [95], [72] and [27].

[rmas] Re =10 Re = 100 Re = 1000
(center)
Gutt [37] 0.1001 0.1036 0.1187
(0.5175, 0.7658) | (0.6136, 0.7367) | (0.5275, 0.5715)
Gutt and Grogan [40] 0.1000 0.1034 -
(0.51, 0.77) (0.615, 0.74) ;
Ghia et al. [31] - 0.1034 0.1179
; (0.6172, 0.7344) | (0.5313, 0.5625)
Rek and Skerget [95] - - 0.113
; ; (0524,0565)
Marchi et al. [72] 0.1001 0.1035 0.1189
(0.516, 0.7646) (0.616, 0.737) (0.531, 0.565)
Erturk et al. [27] - 0.1035 0.1187
; (0.6152, 0.7363) | (0.5313, 0.5645)

Table 7.1: Comparison of our numerical result with classical results for the Navier-Stokes system.

The second approach in the validation of the numerical methods employed here requires the
comparison of the velocity profiles u along the vertical line passing through the center of the
cavity and v along the horizontal line, respectively, with the profiles given in [3I] and [95].

Let us mention that the work of U. Ghia, K. Ghia and Shin [31] studies the vorticity-stream
function formulation of the two-dimensional Navier-Stokes equations by using a coupled strongly
implicit multigrid method. Their work studies the lid problem for the very high values of the
Reynolds number up to 10.000 and has become the benchmark paper for this problem.

We also compare our numerical results with those of the paper of Rek and ékerget [95].
The authors have used BEM in their study. This comparison is important since in spite of the
singularities at two of the cavity corners which lead inevitably to errors in the computation on
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the boundary integrals, the results presented here are in good agreement with the ones obtained
by Rek and Skerget.

Comparision u-velocity along Vertical Line through Geometric Center of Cavity C ision v-velocity along Hori Line through ic Center of Cavit

* Skergetet all
* _Ghia etall.

v-velocity

04 06
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
X Y

The profile of the component u of the velocity The profile of the component v of the velocity
field along vertical line field along horizontal line

Fig. 7.2: Comparison of the velocity profiles for v and v along the vertical line and horizontal line,
respectively, passing through the geometric center of the cavity Re = 1000 with the results obtained by

[31] and [95].
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Fig. 7.3: Comparison of the profiles of the vorticity €2 along the moving boundary of the cavity Re = 100
and Re = 1000 with the results obtained by [31] and [95].

Figures show the velocity profiles for u along vertical line and v along horizontal line
for Re = 1000 passing through the geometric center of the cavity. We can observe that as the
Reynolds number increases, the primary vortex moves up in the cavity, leading to the thinning
of the boundary flow layer. For these values of the Reynolds number, the thinning is very slow,
but increases more rapid for Re > 5000 (see, e.g., [31]).

Moreover, let us remark some phenomena that appear in the case of high Reynolds number,
for which the numerical methods employed in the thesis are not adequate. We mention here
this behavior, since it will occur for lower values of the Reynolds number in the case when a
porous medium is involved, and accordingly, when the Darcy-Forchheimer-Brinkman system is
considered.

As the velocity profiles in Figure [7.2] are beginning to suggest, at large Reynolds numbers,
the near-linearity of the velocities throughout the cavity indicates the uniform vorticity region
(see, e.g., [31]). Therefore, the component u of the velocity field bends rapidly near y = 1,
whereas the velocity component v bends rapidly near x = 1.

For both values of Re = 100 and Re = 1000, the results obtained by the central difference
method and those provided by BEM are in good agreement with the results reported by U.
Ghia, K. Ghia and Shin [31] and [95].
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a) BEM mesh b) DRBEM c¢) Gauss-Seidel iteration
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Fig. 7.4: (a) Domain discretization, (b)-(c) Comparison of the fluid flow in a porous medium in the case
of the lid problem for the parameters Re = 100, Da = 0.25, ¢ = 0.2.

Thirdly, we compare the vorticity profiles along the moving boundary wall, with the results
given in [31I] and [95]. The results obtained for Re = 100 and Re = 1000, are presented in
Figure As mentioned, the singularities at the two corners appear clearly and the results are
in good agreement. Notice that for Re = 1000, the vorticity profile obtained by the BEM (for
both the simulations presented in this thesis and that obtained in [95]) is above the vorticity
profile obtained by central difference methods.

The last validation method we use requires a comparison between the numerical results
obtained by using central difference methods and the Gauss-Seidel iterative scheme for the
nonlinear Darcy-Forchheimer-Brinkman system (see [44] for more details), and the simulations
obtained by using the DRBEM approach shown in Figure[7.4] The fluid and the porous medium
parameters for the nonlinear Darcy-Forchheimer-Brinkman system are chosen as follows: Re =
100, Da = 0.25, ¢ = 0.2 and p = 1.

The results obtained in Figures (b)-(c) for the nonlinear Darcy-Forchheimer-Brinkman
system by the CD method and DRBEM are in good agreement. The difference of the maximal
absolute value of the stream function has an absolute error less than 1073, whereas the offset
of the vortex center is explained by the fact that for the BEM we have used an interpolation
procedure over a mesh of 1000 x 1000 point, whereas the discretization for the CD method has
only 201 x 201 mesh points.

7.5 Numerical results and discussion related to the lid driven
cavity flow problem filled with a porous domain

Since we have established the validation of the two methods, we now describe some numerical
results regarding the nonlinear Darcy-Forchheimer-Brinkman system for the lid problem. The
analysis begins with the case of Dirichlet boundary conditions, i.e., in the absence of the sliding
parameter. For this case, we discuss the change of the streamlines with the variation of the
Reynolds number Re between the values of 10 and 1000, for two cases when the porosity
parameter is set to ¢ = 0.2, as in [40], and ¢ = 0.5 as in [37], respectively. Afterwards, we focus
on the influence of the Darcy number Da on the streamline geometry, having Re = 100.

Next, we impose a sliding parameter on the upper moving wall which leads to a mixed
Dirichlet-Robin boundary problem for the lid problem. The physical meaning of the sliding
parameter is that not all the fluid in the neighborhood of the upper wall is engaged in the
fluid motion. Therefore, as the sliding parameter increases, we expect that the strength of the
primary vortex diminishes, a behavior that is in good agreement with the numerical results.
However, this effect is only visible in the case when the DRBEM method is used, since the CD
method is not stable for large enough values if the sliding parameter.
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7.5.1 Variation of the physical parameters for the lid driven cavity flow prob-
lem in the absence of the sliding parameter

In this subsection, we analyze the structure of the streamlines for some representative fluid
parameters (Re and Da) in the absence of the sliding parameter, i.e., S = 0 corresponding to
Dirichlet boundary conditions since we have no sliding of the fluid in the neighborhood of the
boundary.

Physical description on the variation of the Reynolds number

First, we analyze the dependency of the streamlines for Re = 10,100,1000. The Darcy
parameter is assumed to be constant and equal to Da = 0.25, as well as the viscosity coefficient

w=1.

0 0 0
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1

Ymaz| = 0.0984, [Ymaz| = 0.1066, [Ymaz| = 0.1124,
C = (0.5315, 0.7667) C = (0.6036, 0.6736) C = (0.5055, 0.5675)

Fig. 7.5: Streamlines of the fluid flow in a porous medium with porosity ¢ = 0.5, in the case of the lid
problem for Re = 10,100, 1000, obtained by using DRBEM.

As Re increases, the shortcoming of coarse meshes gradually becomes apparent, and the
first order central difference method employed is no longer convergent. Therefore, the central
difference method presented is only convergent for Reynolds numbers up to 200. However, since
the porosity parameter ¢ occurs in the calculation of the convention parameter 3, the value
¢ = 0.2 corresponds to the value of § = 1000, similarly to the case of the Navier-Stokes system
with Re = 1000. Therefore, the behavior of the streamlines change in the case of a porous
medium is similar to that for higher Reynolds numbers. The streamline contours computed for
the porosity parameter ¢ = 0.5 by using DRBEM for the lid problem with Re increasing from
10 to 1000 are shown in Figure For large Reynolds numbers, the maximum value of the
streamfunction is larger than that in the case of the Navier-Stokes system, as the convection
term has a significant role.

Physical description on the variation of the Darcy number

Now, we choose Re = 100 and p = 1, and analyze the dependency of the streamline geometry
on the variation of Da for the values of 0.25,0.025,0.0025, which are considered to be relevant
values as mentiond by Nield and Bejan [87].

Notice that for both cases ¢ = 0.2 in [40] and ¢ = 0.5 in [37], the vortex is moving to
the upper right corner of the cavity as the Darcy number decreases and that the strength of
the vortex is directly proportional to the Darcy number. This dependency of the fluid flow is
consistent with the physical behavior of the fluid [87].

For ¢ = 0.5, the effect of the Darcy number is more visible beginning with larger values.
From Figures [7.6], we observe that the primary vortex is located at a higher level in the cavity
when the porosity is ¢ = 0.5 then in the case ¢ = 0.2 in [40], and that the strength of the vortex
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is weaker for the same value of the Darcy number. Therefore, in the case ¢ = 0.5 we consider
values of the Darcy number only near the value 0.0025.

Da =0.25 Da = 0.025 Da = 0.0025
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Fig. 7.6: Streamlines of the fluid flow in a porous medium with porosity ¢ = 0.5 in the case of the lid
problem for Da = 0.25,0.025,0.0025, computed by DRBEM.

7.5.2 The lid driven cavity flow problem with a non-vanishing sliding pa-
rameter considered on the moving wall

This subsection is concerned with the mixed Dirichlet-Robin boundary problem associated
to the nonlinear Darcy-Forchheimer-Brinkman system. Thus, we consider an additional sliding
parameter imposed on the upper moving wall. A numerical study of the Navier slip condition
can be found in [43]. This condition implies that not the entire fluid located in the neighborhood
of the boundary is driven by the moving wall.

Let us mention that this kind of condition could be a particular case of a more general
interface condition that takes into account of friction, adhesion and contact with memory (see
[102] and [103]).

However, the DRBEM has provided a better convergence then in the case of central differ-
ences employed in [40], when the porosity is considered to be ¢ = 0.5, such that higher values of
the sliding parameter can be considered up to values of S = 0.1. For such values of the sliding
parameter, a change of the streamlines is well visible.
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C = (0.6036,0.6736) C = (0.6066, 0.6766) C = (0.596,0.695)

Fig. 7.7: Streamlines of the fluid flow in a porous medium with porosity ¢ = 0.5 computed by DRBEM
for the sliding parameter S = 0,0.001,0.01.

Figures [7.7] shows that the structure of the streamlines of the fluid flow changes slightly
with the increase of the sliding parameter and also the strength of the maximal absolute value
of the stream function decreases as the sliding parameter increases. This behavior is in good
agreement with the physical meaning of the parameter.
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Conclusions

This thesis studies boundary value problems of mixed type (Dirichlet-Neumann, Dirichlet-
Robin) for various elliptic systems in fluid mechanics and the theory of porous media, beginning
with the analysis in the Euclidean settings, continuing the study on Riemannian manifolds and
finally considering some numerical results regarding a special boundary problems with mixed
boundary conditions.

We start with some introductory remarks regarding the geometrical and functional settings
we are concerned in this thesis. As one of the first original results, we consider the connection
(Theorem @ between the nontangential trace and the Gagliardo trace operators and
Lemma@. Afterward, we present the connection (Theorem between the nontangential
derivative operator (Eq. , the generalized derivative operator (Definition and the
canonical derivative operators (Definition [1.5.3).

In the next chapter we present the definitions of the potential operators associated to the
Brinkman system and obtain some mapping properties of the Newtonian potential operator
(Lemma , of the single-layer potential operator (Lemma and Theorem , of
the double-layer potential operator (Lemma and Theorem and the jump relations
between them (Theorem [2.4.2).

Having the above mentioned results, the next chaper begins with the analysis of certain
boundary problems in the Euclidean setting R", with n > 3. In order to extend the mixed
Dirichlet-Neumann boundary problem to LP-based Sobolev spaces, we consider first that the
boundary data belongs to L?-based Sobolev spaces (Theorem and introduce a Dirichlet-
to-Neumann operator (Lemma which provides the desired extension in Theorem
Finally, we are able to obtain the well-posedness result for the mixed boundary problem for the
semilinear Darcy-Forchheimer-Brinkman system (Theorem .

The following chapter considers a similar outline as the previous one, but studies boundary
problems in Euclidean settings of dimension n = 2, based mainly on a combination of a potential
approach with a variational approach. The coeciveness of the associated layer potentials lead
to the well-posedness of a variational problem related to the mixed Dirichlet-Neumann problem
for the Brinkman system. Going further to the nonlinear Darcy-Forchheimer-Brinkman system,
we give a proof for the mixed Dirichlet-Robin boundary conditions (Theorem .

In the second part of this thesis, we consider boundary problems for the Stokes, Oseen and
Navier-Stokes systems on compact Riemannian manifolds. We present some original invertibility
and compactness results regarding layer potential operators in Theorem and Theorem
(23] In order to obtain a well-posedness result for the Navier-Stokes system on compact
Riemannian manifolds (Theorem , we consider the mixed Dirichlet-Neumann problem for
the Stokes system (Theorem, moving on to the Oseen system (Theorem and finally
applying a fixed point theorem we obtain the final result.

The last part of this thesis considers numerical methods and results, which correspond
to well-posedness results obtained throughout this work. The results provided by methods
employed here are compared with the existing results in the literature. Finally we discus some
numerical results for the lid driven cavity problem for the Darcy-Forchheimer-Brinkman system
in two dimensions with Dirichlet and mixed Robin-Dirichlet boundary conditions.
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