Numerical Analysis of Lattice Boltzmann Methods

for the Heat Equation on a Bounded Interval

Zur Erlangung des akademischen Grades eines
DOKTORS DER NATURWISSENSCHAFTEN
von der Fakultat fiir Mathematik der Universitat Karlsruhe genehmigte

DISSERTATION

von
Dipl.-Math. Jan-Philipp Weif}

aus Stuttgart

Tag der miindlichen Priiffung: 19. Juli 2006

Referent: Prof. Dr. Willy Dorfler
Korreferent: Prof. Dr. Vincent Heuveline






Vorwort

Diese Dissertationsschrift entstand im Rahmen meiner Tétigkeit am Institut
fiir Angewandte und Numerische Mathematik, Lehrstuhl IT, der Universitidt Karls-
ruhe (TH). Der Ansto8 zu dieser Arbeit fand sich wéhrend meiner Zeit am Fach-
bereich Mathematik der Universitat Kaiserslautern. In Zusammenarbeit mit dem
Fraunhofer Institut fiir Techno- und Wirtschaftsmathematik (ITWM) in Kaisers-
lautern nahm ich dort an der Bearbeitung eines Projektes des Bundesministeriums
fir Bildung und Forschung (BMBF) mit dem Titel Adaptive Gittersteuerung fir
Lattice-Boltzmann Verfahren zur Simulation von Fillprozessen im Gieflereibereich
teil. Ich mochte all jenen danken, die wahrend dieser Zeit zum Gelingen meiner
Arbeit beigetragen haben.

Mein besonderer Dank gilt Herrn Prof. Dr. Willy Dérfler fiir die vielen wertvollen
und hilfreichen Anregungen und die immerwéahrende Unterstiitzung in sdmtlichen
Angelegenheiten. Mein weiterer Dank gilt Herrn Prof. Dr. Vincent Heuveline fiir
die niitzlichen Hinweise und die fruchtbaren Gespriche. Den Mitarbeitern des In-
stitutes, insbesondere unserer Sekretarin Frau Kerstin Dick, danke ich fiir die an-
genehme Atmosphére und die hervorragende Zusammenarbeit.

Meine Familie, meine Freunde und meine Freundin Steffi méchte ich fiir die see-
lische, geistige und moralische Unterstiitzung, die Geduld und die wunderbare Zeit,
die ich mit Thnen verbringen durfte, an dieser Stelle in besonderem Mafle wiirdigen.

Herzlichen Dank Euch allen!

Karlsruhe, August 2006 Jan-Philipp Weif3






Contents

Introduction

List of Abbreviations

Chapter 1. From Boltzmann to Lattice Boltzmann

1.1.
1.2.
1.3.
1.4.

The Boltzmann Equation

A General Discrete Velocity Model
Examples of Discrete Velocity Models
Lattice Boltzmann Methods

Chapter 2. The Heat Equation

2.1.
2.2
2.3.
2.4.
2.5.

Definitions

The Fluid-dynamic Limit

The Heat Equation

Existence and Regularity of the Solutions
Energy Estimates

Chapter 3. The Goldstein-Taylor Model

3.1
3.2.
3.3.

The Advection System in the Diffusion Scaling
A Priori Estimates
Convergence of the Solutions of the Advection System

Chapter 4. The Telegraph Equations

4.1.
4.2.
4.3.
4.4.
4.5.

Transformation to Telegraph Equations

The Telegraph Equation

Fourier Solutions for the Telegraph Equations
Fourier Solutions for the Advection System
Energy estimates

Chapter 5. Lattice Boltzmann Schemes

o.1.
9.2
5.3.
5.4.
9.5.
5.6.
9.7.
5.7.1.
5.7.2.
5.8.
5.9.
5.10.
5.11.

Vertex Centered and Cell Centered Grids
Lattice Boltzmann Discretizations
Finite Element Methods
The Lattice Boltzmann Scaling
Boundary Conditions
Matrix Formulations for the UV-Systems
Matrix Formulations for the R.J-Systems
FD Lattice Boltzmann Schemes
FV Lattice Boltzmann Schemes
Reduction of the Boundary Values
Discrete Stability of the FD Lattice Boltzmann Solutions
Discrete Fourier Solutions for the FD Lattice Boltzmann Schemes
Discrete Fourier Solutions for the F'V Lattice Boltzmann Schemes

iii

vii

N N ==

13
15
16
24

29
29
30
34

37
37
38
41
45
46

49
49
o1
54
55
95
o7
61
61
66
68
70
7
94



ii

CONTENTS

Chapter 6. Convergence of the Lattice Boltzmann Solutions

6.1.
6.2.
6.3.

A Formal Approach
Consistency of the FD Lattice Boltzmann Schemes
Convergence of the FD Lattice Boltzmann Solutions

Chapter 7. Numerical Results

7.1.
7.2.
7.3.
7.4.
7.5.
7.6.
7.7.
7.8.

Experimental Orders of Convergence
Dependence on the Parameters
Dependence on the Initial Data
Numerical Reference Solutions
Nonsmooth Data

Lattice Boltzmann or o-Schemes?
The Advection-Diffusion Equation
The Viscous Burgers Equation

Chapter 8. Lattice Boltzmann Methods on Coupled Grids

8.1.
8.2.
8.3.
8.4.
8.5.
8.6.
8.7.
8.8.
8.9.

Overlapping Grids

Intersection Conditions

Algorithms for VC Grid Intersections

Algorithms for CC Grid Intersections

Numerical Results

Concentrated Errors

The Time Evolution Operator on Coupled Grids
LB-Algorithms on a Hierarchy of Refinement Zones
Efficiency of Local Refinements

Summary and Outlook

Bibliography

Curriculum Vitae

107
107
109
114

125
125
133
138
143
151
154
155
156

159
160
161
163
165
167
178
182
184
185

187
189
191



Introduction

The solution of fluid-dynamic equations from the viewpoint of analytical, nu-
merical and algorithmic aspects is a challenging task. In recent years, lattice Boltz-
mann methods have been developed to face this problem. The performance of the
proposed lattice Boltzmann methods renders convincing results, but less is known
about the mathematical analysis.

Fluid-dynamic equations, for example the Navier-Stokes or the Euler equations,
deal with macroscopic quantities like velocity, pressure or temperature. Lattice
Boltzmann methods follow a different approach. They treat distribution functions
that stem from a particle kinetic framework. Both approaches rely on conservation
principles, the first one on a macroscopic level, the second one on a microscopic
level. Since only macroscopic quantities, that is, physically measurable quantities,
are in the scope of the researcher’s interest, the distribution functions have to be
averaged appropriately to achieve interpretable results. With respect to specific
scalings, it turns out that the averaged quantities approximate solutions of the
fluid-dynamic equations in a certain limit; see for example Ref. [24].

It is an open question whether these different approaches can be related to each
other rigorously or if they represent two independent models. Not only owing to the
complexity of the limiting equations, the analysis of the lattice Boltzmann methods
in the multi-dimensional case is equipped with formidable difficulties. Up to now
there are only a few answers concerning essential issues like stability or convergence
of the used schemes. But the convincing results achieved so far are encouraging to
advance these methods and their analysis.

By the end of the 1980s, lattice Boltzmann methods were introduced by engi-
neers and physicists. Many papers have been written since then, but the mathe-
matical background is still obscure in many fields. Areas of application of lattice
Boltzmann methods are the simulation of incompressible flows in complex geome-
tries, for example the flow of blood in vessels, multiphase and multicomponent
fluids, free surface problems, moving boundaries, fluid-structure interactions, chem-
ical reactions, flow through porous media, suspension flows, magnetohydrodynam-
ics, semiconductor simulations, non-Newtonian fluids, large eddy and turbulence
simulations in aerodynamics, and many more.

The limiting fluid-dynamic equations are determined by the scaling and the
choice of the collision operator, where various models are possible. For this reason,
lattice Boltzmann methods are applicable to a great variety of different problems.
Although lattice Boltzmann methods are universally acclaimed for the applicability
to complex geometries and interfacial dynamics, severe problems appear in the case
of boundary conditions.

The advantages of lattice Boltzmann methods find expression in a comparably
simple explicit algorithm on uniform grids with only local interactions. The paral-
lelization of the algorithms for the speed-up of the computations is straightforward.
A great advantage is the gain of differentiated quantities without performing nu-
merical differentiations.

iii



iv INTRODUCTION

The convection step of the lattice Boltzmann method is a linear operation that
is often combined with a relaxation process. This feature allows for a multiscale
analysis. The incompressible Navier-Stokes equations can be attained in the nearly
incompressible limit. The pressure is computed by the evaluation of an equation
of state, whereas the direct numerical simulation requires the solution of a Poisson
equation for the pressure.

The lattice Boltzmann methods only utilize a minimal set of velocities in the
phase space. This greatly simplifies the kinetic processes motivated by the full
Boltzmann equation. In spite of the simplicity of the discrete models, the conver-
gence often shows a better behavior than for their continuous counterparts.

Although the lattice Boltzmann equations can be viewed as a finite difference
discretization of the fluid-dynamic equations in combination with an explicit Euler
method, they preserve much more physics than any direct discretization of the
macroscopic equations. This is owed to the higher order moments that are not
matched by the fluid-dynamic equations.

In the diffusive scaling of the lattice Boltzmann equations, a coupling of the
grid size h and the time step 7 of the form 7 ~ h? is required. Hence, many time
steps have to be performed and the computational effort grows immensely when
refining the grid. Since the lattice Boltzmann schemes are designed for uniform
grids, a local refinement of the grid is a nontrivial task. As in the boundary case,
severe problems appear at the grid intersection zones. Sophisticated algorithms
have to be applied. In order to minimize the additional effort, it is desirable to
develop a posteriori error estimation techniques to gain information, whether the
grid has to be refined globally or locally or not at all.

In this work, we consider a one-dimensional model problem with the aim to an-
swer some of the open questions concerning the numerical analysis of lattice Boltz-
mann methods. This includes a detailed analysis of the continuous limit equations.

In the first chapter of this work, we outline the passage from the full Boltz-
mann equation to the lattice Boltzmann methods. As an intermediate step, we pay
attention to the discrete velocity models that can be seen as an interface.

In Chapter 2, we set up a linear model problem in one dimension. This model
problem consists of three parts: the macroscopic limit equation, the velocity discrete
system and the discrete lattice Boltzmann equations. In this work, we examine the
convergence of the solutions of the velocity discrete system towards solutions of
the macroscopic limit equation, as well as the convergence of the lattice Boltzmann
solutions. The chosen model enables a deepened analysis of the initial boundary-
value problem for a set of different boundary conditions. In spite of its systematic
simplicity, most of the features of general lattice Boltzmann methods are covered.

The limiting fluid-dynamic equation of the model problem is the heat equation
on a bounded interval equipped with several kinds of boundary conditions. The
basic properties of the corresponding solutions are examined. The regularity of
the solutions of the limiting equations plays a decisive role for all types of con-
vergence processes. For this reason, special care is taken on this topic. Necessary
prerequisites of the data are worked out that ensure the suitable smoothness of the
solutions. These results are important for the ensuing convergence analysis.

The interface between the heat equation and the lattice Boltzmann schemes is
formed by the discrete velocity model presented in Chapter 3, namely the Goldstein-
Taylor model. We examine the behavior of the solutions in the limiting case. It
turns out that we are faced with the solution of telegraph equations that present
a singularly perturbed problem for the heat equation. The corresponding solu-
tions are dealt with in Chapter 4. With the acquired knowledge we can put up
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Fourier solutions for the Goldstein-Taylor model. The perturbation parameter of
the equations is in close correspondence with the grid size of the lattice Boltzmann
schemes.

In Chapter 5, we set up the lattice Boltzmann schemes as discretizations of
the Goldstein-Taylor model. Several types of boundary conditions are introduced.
The discrete schemes are interpreted in a finite difference as well as in a finite
volume context. We prove discrete stability estimates that are in accordance with
the continuous case. Furthermore, we present discrete Fourier solutions that give
a deep insight into the asymptotic behavior of the solutions, when the grid size
h approaches zero. The coupling of the discrete density and the discrete flux is
revealed. As observed in many applications, the choice of the initial data for the
flux is of subordinate importance. The investigation of the eigenvalue distribution
of the time evolution operator leads to the insight that problems may appear, if the
provided data hurt the smoothness prerequisites. These observations are confirmed
by numerical results reported in Chapter 7.

By following the concept of consistency and stability discussed in Chapter 6, we
prove second order convergence in terms of the discrete L>°(L?)-norms with respect
to the grid size h for fixed end times and for all types of the presented boundary
conditions. Second order convergence is also proved for the flux in the discrete
L?(L?)-norms. Further investigations lead to the conjecture that the convergence
orders can be improved for vanishing source terms and a specific choice of the
parameters.

In Chapter 7, we perform numerical experiments to confirm the theoretical re-
sults of the preceding chapters. The experiments show second order convergence
for the density and the flux. We examine the influence of the boundary and the
initial conditions and the dependence on the parameters. We find fourth order
convergence for vanishing source terms and a specific choice for the relaxation pa-
rameter. The lattice Boltzmann methods are compared to the explicit and implicit
Euler methods and to the Crank-Nicolson scheme.

Oscillations in the lattice Boltzmann solutions occur for nonsmooth initial data.
We point out that this is a consequence of the eigenvalue distribution of the discrete
time evolution operator and that there is no remedy for this disadvantage. In this
point, a discretization via the explicit Euler method appears to be superior. Similar
observations are found for the lattice Boltzmann methods for the advection-diffusion
equation. At the end of this chapter, we consider lattice Boltzmann solutions for
the viscous Burgers equation.

Lattice Boltzmann methods are designed for uniform grids. The symmetry of
the stencils is a necessary fundament for many effects. In Chapter 8, we present
algorithms for the coupling of grids with different grid sizes. The performance of
these algorithms is investigated. The grid coupling is a basic ingredient for the
construction of adaptive methods that need to be tackled in future works.
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CHAPTER 1

From Boltzmann to Lattice Boltzmann

In this introductory chapter we outline the relationship between the Boltzmann
equation and the discrete velocity models and their physical properties. For the one-
dimensional discrete velocity models, we present the equations resulting in the fluid-
dynamic limits. Lattice Boltzmann schemes are derived from the discrete velocity
models by applying discretizations with respect to the characteristic directions on
regular lattices.

1.1. The Boltzmann Equation

In a microscopic picture, we consider moving particles subject to binary colli-
sions. In a mathematical framework, the particles are modeled by a distribution
function f = f(t,x,v) that describes particles at the time ¢ at the spatial point
x = [71;22; 23] € R? having the velocity v = [v1;v2;v3] € R3. The time evolution
of the distribution function for particles with mass m subject to an external force
K is modeled by the Boltzmann equation (Ref. [9])

d 0 K
Gz = (G40 Vet 1V, ) ftao) = QU ). (LD

This equation describes the behavior of a rarefied gas. The derivatives have to be
considered with respect to time, space and velocity. We use the operators V, :=
[0/0x1;0/0x9;0/0x3] and V., := [0/Jv1;0/0ve; d/Jvs]. The binary collisions of

the particles are determined by the collision operator
ANt = [ [ Bow.e)[f@)fw) 1w f(w) dedu

with the collision kernel B. The domain of integration is the velocity space R? and
the unit sphere S2. Here, v and w denote the velocities before the collision and
v’ and w’ are the velocities after the collisions. The collision kernel describes the
probability that a particle moving with velocity v and colliding with a particle with
velocity w is reflected into the direction e := (v — v’)/|v — v’|. The velocities after
the collision are determined by the relations

v =v+ee (w—v),
w =w—ee- (w—v)
that express the conservation of energy and momentum.
Physical effects of the rarefied gas are described by macroscopic quantities that

are obtained by averaging the weighted particle distribution function. The mass
density p is defined by

plt,x) = [ [f(t,z,v)dv.
R3
The mean velocity u of the fluid is gained by setting

u(t,x) = %/RS vf(t,z,v)dv,

1



2 1. FROM BOLTZMANN TO LATTICE BOLTZMANN

and the local temperature 7' is given by

T(t,x) := 1/ v —u>f(t,x,v)dv.
P JRr3

We now disregard external forces and rewrite the Boltzmann equation in scaled
form

Ko f 0 Vaf = Q)

where k is the Mach number and e is the Knudsen number. The regime x = 1,
€ — 0 corresponds to the so-called Euler limit, whereas the scaling k = ¢ — 0 yields
the diffusive or Navier-Stokes limit. In the corresponding limits, the macroscopic
quantities fulfill equations of continuum theory up to a given order. The fluid-
dynamic limits of the Boltzmann equation are examined in Ref. [21], [2], [3] and
[12]. In both scalings we find Q(f) = 0 in the limit ¢ to zero. A distribution
function f that fulfills Q(f) = 0 is called a Mazwellian.
A function ¢ : R? — R is called a collisional invariant, if it is a solution of

[ Q@) =0.
By a manipulation of the collision operator, one finds the necessary condition
p(v) + e(w) = p(v') + p(w),
and ¢ has to be of the form
p(v) =a+b-v+ v

for @ € R and b € R3. This choice corresponds to the conservation of mass,
momentum and energy (Ref. [10]).

1.2. A General Discrete Velocity Model

The Boltzmann equation is a seven-dimensional integro-differential equation
that is difficult to handle. For this reason, discrete velocity models are introduced,
where the particles can only possess a finite number of velocities. The basis is a gas
with identical particles. Binary particle collisions result in changes of the velocity.
We follow the description in Ref. [19] and in Ref. [36].

We consider the finite velocity space

F={ug,...,up_1|u; eRYi=0,...,p—1}
with p velocities for d € {1,2,3}. The corresponding distribution functions are
fi = fi(t,x) == f(t,z,u;) forx eR, teR, i=0,...,p—1.

Other labels for the distribution functions are particle densities or populations.

For d € {2,3}, we only allow for binary collisions obeying conservation of
momentum and energy. Let u; and u; be the precollisional velocities and uj and
u; be the postcollisional velocities with 7, j, k,1 € {0,...,p—1}. The velocities have
to obey

2 2 2 2
U +Uj = U U, U U= U+ U

External forces are neglected. Mechanical considerations lead to the equations for
the ensemble F := [fo;...; fp_l]

0
<6t+ul m) fz Qz = jzklpklul u] fkfl fzfj) fOI‘Z‘:O,...,pfl.
(1.2)
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The collisions are determined by the transition probabilities pf]l The analogy to
the Boltzmann equation (1.1) is obvious. We rewrite (1.2) in matrix form by

B,
<Idat+V v )FQ(F),

where Id is the unit matrix and V is a diagonal vector matrix with coefficients
Vii:=u;—1 for i = 1,... p. The vector Q(F') has the components Q;_1(F') for
t=1,...,p

For a function ¢ : F — R, we define & : F — RP with the components
®, := p(u;—1) fori =1,...,p. For a given set of distribution functions, we define
the density

p—1
p= Z fi
1=0

and the moments

154
= - Z Dii1fi
Pizo

Multiplication of (1.2) by ®;;1 and the summation over ¢ = 0,...,p — 1 lead
to the transport equation

0

e
where we employ the scalar product (-, ) in RP. The right hand side can be trans-
formed to

(®, Zp/m w;|(frfi— fif)) (@1 + 841 — Prpy — Pipq).
_],kl

In analogy to the case with continuous velocities, we define the collisional invariants
by the relation

<I>i+<1>j—<1>k—<1>l:0.
For collisional invariants we obtain a conservation law in well-known form

o
Typical collisional invariants are the mass with ¢(u;) := 1, the components of the
velocity with ¢(u;) :=u, - e; for j € {1,...,d}, where e; is the jth unit vector in
R, and the energy with ¢(u;) := |u;|? for i =0,...,p — 1.
By defining the entropy

P F)+ (B, V- V,F)=0.

p—1
H(t) :Zfilog(fi), if fi>0fori=0,...,p—1,
=0

one can find a stability result in the form of the H-Theorem, which essentially states
that H is a monotone decreasing function in time, that is,

d
dt

and that H(t) is bounded from below; see Ref. [19].

—H(t) <
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FiGure 1.1. D3Q6-model with six velocities in three dimensions.

1.3. Examples of Discrete Velocity Models

As a first example of a three-dimensional discrete velocity model we give the
Broadwell model (Ref. [5], [6]). The particles are allowed to move along the six
directions defined by the z-, y- and z-axis according to Figure 1.1. This regular
lattice is known as the D3Q6-model with six velocities in three dimensions. In unit
scales, the equations of the Broadwell model read

Orfr + 0 fr=0(fsfa+ fsfo — 2f1f2),
Oifo — Onfo=0(fafs+ fsfo — 2f1f2),
Oifs + Oy fzs=0o(firfa+ fsfe — 2f3f4),
Ocfa — Oyfa=0(fifa+ fsfe — 2f3fa),
Oifs + 0. fs =0 (fife+ f3fa —2fs5f6),
Oifo — O=fs =o(fife + fafa — 2f5f6),

where o is the collision frequency. Furthermore, we abbreviate 0; := 9/0t, 0, =
0/0x, 0, := 0/0y and 0, := 9/0z. We find conservation of mass, momentum and
energy. By imposing the restriction that there is no dependence on the variables
y and z and setting f3 = f4 = f5 = f6, we find the one-dimensional reduced
Broadwell model with the equations

Ofr+0ufr=20(f3 — f1f2),
Oifz = Oufo=20(f3 = f1f2),
Ofs=0c(fif2— f3).

As a consequence of the reduction, we do not have conservation of energy anymore.
Conserved quantities are the density p := f1 + fao + 4f3 and the flux j := f1 — fo.
The fluid-dynamic limit of the reduced Broadwell model is examined in Ref. [7].
In many applications the quadratic collision terms are replaced by linearized
relaxation-type collision operators, where the deviations from an equilibrium state
are considered. We want to introduce these models by means of the D2Q9-model
in two dimensions with nine velocities that is displayed in Figure 1.2. We restrict
to a two-dimensional square lattice, where each node has eight neighbors: a left
and a right neighbor, an upper and a lower neighbor, and four neighbors that can
be reached over the diagonals. Including the zero velocity case, we have to consider
nine different velocities ug,...,us and the corresponding distribution functions
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FIGURE 1.2. D2Q9-model with nine velocities in two dimensions.

fo,- .., fs on this square lattice. The equations of the corresponding discrete veloc-
ity model are written as

ofi
ot

8
1
+ui-wai:;ZA¢j(f;q—fj) fori=0,...,8. (1.3)
7=0

The collision matrix A = [Aij]iyj:()’,__,g is chosen in a way that the total mass
and the total momentum are preserved. The collision frequency is expressed in
the form 1/7. Details on the collision operator and the equilibrium distributions
can be found in Ref. [30]. Due to the nonlinear computation of the equilibrium
distribution functions f;* = f;%(fo,..., fs), 5 = 0,...,8, the equations in (1.3)
form a nonlinear system.

In the limit € to zero we distinguish two kinds of scalings. The Euler scaling

dfi 1
/ +u; - Vgfi=-0Q; fori=0,...,8,
ot €
and the diffusive or Navier-Stokes scaling
ofi | wi

Asymptotic and multiscale expansions like the Hilbert or the Chapman-Enskog
expansions are used to find the compressible and the incompressible Navier-Stokes
equations in the diffusive limit (Ref. [2], [10], [24]).

The distribution functions can be described by a set of moments and the discrete
velocity model can be rewritten as a set of hierarchical equations for the moments.
For certain choices of the moments, the equations for the moments yield the fluid-
dynamic equations up to a certain order. The number of moments has to be chosen
equal to the number of discrete velocities; see Ref. [30]. Since the physical meaning
of the moments of higher order is unclear in some situations, the resulting equations
are cryptic to some extent.

In the following we restrict to one-dimensional discrete velocity models. The
goal is to find appropriate models that cover the properties of multi-dimensional
models. In one dimension we can only postulate conservation of mass and momen-
tum. Conservation of energy in addition is impossible for these models. The two
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2 1
[ ] [ ] ® ® [ ]

FIGURE 1.3. D1Q2-model with two velocities in one dimension.

velocity case with u; := 1 and us := —1 is depicted in Figure 1.3. For this spe-
cific model there is only conservation of mass. This corresponds to a nonphysical
choice of the collision operator. Hence, we are treating a fictitious gas. The general
one-dimensional scaled discrete velocity model reads

Oifr+0:f1 = q(f1, f2),
Oif2 — 0ufo = —q(f1, f2)-

We define the mass density p := f1 + f2 and the flux j := f; — fo. Conservation of
mass is given by the equation

atp + 8I.7 = 07

where j turns out to be a function of p and Jd,p in the limiting case.
In the Goldstein-Taylor model (Ref. [20], [48]), we choose the collision term

q(f1, f2) == o(f2 = fr).

This model can be seen in the framework of the relaxation-type schemes with the
equilibrium distribution f°4:= (f1 + f2)/2. The Carleman model (Ref. [8]) uses

q(fi, f2) = o(f3 = f})-
The linear Ruijgrok-Wu model (Ref. [44]) employs
q(fi, f2) == afs = Bfi for a# B
The nonlinear Ruijgrok-Wu model (Ref. [44]) uses a collision operator of the form
a(fr, f2) == afs = Bfi +vfife

An overview over the presented models and their properties can be found in Ref. [28].
The hyperbolic scaling

4l o)
Oufs = Oufo = —~alfi fo)

in the Euler limit € to zero leads to conservation laws of the form
Oep+ 0:F(p) =0,

where F' depends on the choice of the model. Macroscopic variables are the density
p:= f1+ fo and the flux j := fi — fo. In Ref. [18], the relation

j=F(p)=vp+1-1
is proved for the nonlinear Ruijgrok-Wu model in the limit € to zero for the choice

v = 2a = 28. Entropy bounds and BV-estimates on unbounded domains are
employed to prove the convergence. One gets

=5+ F@), f2= 50— Flp).

Ouf1 + 0 1

For small p we have

1
F(p) ~ =p>.
(p) = 5p

Further results can be found in Ref. [27].
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More interesting are the Navier-Stokes limits of the equations
1 1
O fr +25’xf1= :2Q(f1,f2),

1 1
Ocfo — Eaxfz = *6*211(f17f2)

in the diffusive scaling. As transformed variables we consider the density p := f1+ f2
and the flux j := (f1 — fa2)/€, where we now have

fi=gta), f=gl—c)

The diffusive limit € to zero gives rise to the relation
J= F(ﬂv Os )
The Goldstein-Taylor model yields the heat equation (Ref. [32], [35], [34])

1
Oup = 5-02p
g

in the fluid-dynamic limit with the flux j := —08,p/(20). The Carleman model
(Ref. [32], [35]) renders

For the linear Ruijgrok-Wu model the choice q(f1, f2) = o(fo — f1 + €A(f1 + f2))
renders the advection-diffusion equation

1
Op + Adzp = %agp

with the flux j := Ap—0,p/(20). For the nonlinear Ruijgrok-Wu model (Ref. [44],
[18]) we find
1, 1
J = 5[3 -
where p is a solution of the viscous Burgers equation

Owp,

1 1
0 —0.p? = —0?p.
tp+2 P 20_ zp

Most of the results in the literature are obtained in the absence of boundary con-
ditions; see for example Ref. [18]. In Ref. [45] the diffusive limit for an initial-
boundary value problem for the Goldstein-Taylor model is investigated without
giving error estimates and precise orders of convergence.

1.4. Lattice Boltzmann Methods

The general aim of the study of lattice Boltzmann methods is the solution of
incompressible Navier-Stokes like problems. The basic idea in this approach is to
model the fluid flow by a simplified time evolution of microscopic particles. The
particles in lattice Boltzmann models can only stay in the discrete nodes of a regular
lattice. In each time step the particles can move to neighboring nodes or stay where
they are. Depending on the underlying grid, only a limited number of possibilities
for the movement is given. As in the case of velocity discrete Boltzmann models,
the time evolution of the particles is described by the distribution functions f;,
i =20,...,p— 1, each one belonging to one selected velocity w;, ¢ = 0,...,p — 1.
The simplicity of lattice Boltzmann models is constituted in the discrete nature of
the particle positions, the particle velocities and the discrete time.
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Macroscopic quantities are determined by an averaging of the distribution func-
tions. The discrete density p and the discrete average velocity u are defined by

p—1 1 p—1
PiZZfi, Ui:*Zfiuzw
i=0 Pi=o

The time evolution consists of two steps: in the collision step there are interactions
between the particles in the nodes, which result in changed velocities and a redistri-
bution of the densities f;, i = 0,...,p — 1. Invariant quantities like the total mass
and the total momentum are unchanged by the collisions in the dimension d = 2 or
d = 3. In the propagation step, the particles move to the neighboring nodes. The
combination of both steps can be written in the simple form
p—1
fit+ 7@+ 71uy) = fi(t,x) + ZAij(f;q(Lm) — f;t,x)) fori=0,....,p—1.
j=0

(1.4)
These are the lattice Boltzmann equations for this specific collision model. The
evaluation is carried out only in the discrete points @ of the lattice. The collision
operator involves the collision matrix A = [Aij]i,j:(),...,pq and the local equilibrium
distributions f;q for j =0,...,p—1. In most applications the grid step and the time
step are scaled to one. But this procedure somehow obscures the inherent coupling
of space and time that is determined by the choice of the discrete velocities. Details
for the D2Q9-model with p = 9 can be found in Ref. [30]. In the same paper and in
Ref. [29], it is proved that the lattice Boltzmann equations are a second order finite
difference approximation in space and a first order explicit Euler discretization in
time for the incompressible Navier-Stokes equations.

In the historical development, the lattice Boltzmann models originate from the
theory of cellular lattice gas automata, where only Boolean states for the distribu-
tion functions are considered (Ref. [17], [16], [50], [4]). But it is clear that the
lattice Boltzmann equations (1.4) can be seen as a discretization of the discrete
velocity model (1.3) with respect to the characteristic directions determined by the
p velocities.

Severe problems for the lattice Boltzmann equations occur in the presence of
boundary conditions. At the nodes close to the boundary it is unclear how to
extract the inflow velocity distribution functions. Since the boundary conditions
are expressed in terms of macroscopic quantities, one has to provide conversion
formulas between the macroscopic quantities and the discrete distribution functions.
In most of the models, the number of distribution functions exceeds the number of
macroscopic variables. Hence, the conversion formulas do not form a closed system.
Higher order moments of the distribution functions have to be involved, although
their physical meaning is not clear in many situations. The most commonly used
boundary conditions are of periodic type or the so-called bounce-back boundary
conditions, where the outflow values are used to determine the inflow values. In
the physical interpretation this matches the case of solid walls. Review articles of
lattice Boltzmann methods can be found in Ref. [11] and in Ref. [4].

The lattice Boltzmann equations for the one-dimensional models read

filt + 7,2+ h) = fi(t,x) + q(f1, f2)(t, @),
fQ(t + T, X — h) = fg(t,$) - q(f1,f2)(t,$).

Boundary values have to be provided for f; at the left boundary and f5 at the right
boundary.



CHAPTER 2

The Heat Equation

As pointed out in the introduction, the analysis of lattice Boltzmann methods
is a challenging task that is difficult to cope with. For this reason, we restrict our
considerations to a model problem that allows for a deepened analysis. In spite
of the simplicity of the model problem, it preserves the most fundamental features
of more complex velocity models and lattice Boltzmann schemes. We focus on the
linear Goldstein-Taylor model, whose limit equation is the heat equation. At the
end of this work, we present extensions of this model, where the limiting equations
are the advection-diffusion equation and the nonlinear Burgers equation.

The fluid-dynamic limit equation of our linear model problem is the heat equa-
tion on a bounded interval. For the analysis of our model problem and a deep
understanding of the continuous and the discrete convergence processes, we need
to gain information on the behavior of the solutions of the heat equation subject
to different boundary conditions.

We start with a collection of helpful definitions. Then we give an overview
on the passage from the kinetic velocity model to the heat equation in the fluid-
dynamic limit. For the analysis, the underlying advection system is transformed
into two telegraph equations.

For the continuous and the discrete convergence processes, the regularity of
the limit equation is of particular importance. We examine the necessities for
the data to achieve the required regularity for the solutions of the heat equation.
Four different types of boundary conditions are proposed and the reduction of the
boundary values is described even for higher order derivatives. In the space-time
corners specific compatibility conditions need to be fulfilled. Solutions of the heat
equation are investigated in the classical as well as in the weak sense. Fourier
series of the solutions in terms of orthogonal eigenfunctions are presented. A priori
estimates are derived from the Fourier representations and from energy principles.

2.1. Definitions

Let Q := (z1,zr) C R be a bounded open domain and let |Q| := zg — x,
be its length. For 0 < T < oo, time-dependent partial differential equations are
considered on the space-time domain Qr := (0, 7] x 2. Let the parabolic boundary
be defined by

Ty :={(t,2) €Qr : t=0o0r x =z or x = 2R}

Partial derivatives with respect to space and time are denoted by

o . o

@U = %7 al = W for k S N,
o . o

8t = a, 8t = w for k S N,

in the classical as well as in the weak sense. The total derivative with respect to
time is given by d/dt.
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Classical solutions of the partial differential equations can be found in the spaces
of k-times continuously differentiable functions
Cr(Q) = {u: Q—>R: dLu is continuous for 0 <1 < k} for k € Ny,
C°°(Q) := Nien, C*(Q).
In the same manner, the spaces C*(Q), C*([0,T]) and C°(Qr) are defined. In
C*(Q), k < 0o, we define the norm

S !
e (my = guis, sup |okuo)]

The space of test functions with compact support is defined by

O (Q) = {ueCOO(Q) c (e e ulz) £ 0} cQ}.

For time-dependent functions, we define for k,l € Ny
CHQr) ={u:Qr - R : w,0pu,...,0%u, 0w, ..., 0 e CO(Qr)}.
For ac € (0,1) and k € Ny, we define the spaces of Holder continuous functions
Co (Q) = {u Q=R ull e < oo},
C””O‘(ﬁ) = {u:§—>R : QlEuEC‘l(ﬁ) foroglgk},
where the norms are given by

._ |u(z) — u(a’)]
Itlen@ =B @I+ o T

r#x’

)

k
il gy = D 0%l

=0

Similarly, we define the Hélder spaces C%([0,7]) and Ck*([0,T]). For time-
dependent functions defined on 7, we use

C* (Qr) ={uelC® (Qr) : |ua < oo},

Chtalta (Qr) ={ue ck! (Q7) : ullktayita < oo} -
The corresponding norms are given by
u(t, z) — u(t’, 2')|

lulle :="sup [u(t,z)] +  sup . :
“ (t,z)eQr (t,2),(t' 2" )eQr dlSt((t, $)7 (t’7 CC/))Q
(t@)#(tx")
k l
lulletaisa = llula + D 105ulla+ > 10} ulla,
=1 1=1

with dist((¢,2), (t', ")) :== ([t = ¢'| + |2 — x’|2)1/2. See Ref. [15, Chapter 3.2].
The Lebesgue spaces LP(2) with respect to the Lebesgue measure are defined
for 1 <p < oo by

LP(Q) :={u: Q=R : |Jul tr) < oo},

1/p
el = ( /Q |u|p> for 1< p < o,

llul| o< () := sup |u(z)].
ze

with the norms
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More precisely, LP () is the space of classes of equivalence of Lebesgue measurable
functions, satisfying the above norm definitions with respect to the equivalence
relation: w = v if v and v are different only on a subset of ) with Lebesgue
measure zero. For p = 2, we get the Hilbert space L?(f2) endowed with the scalar
product (-,-) defined by

(u,v) := / uv  for all u,v € L*(Q).
Q

The Lebesgue space L?(Qr) and L?((0,T)) are defined in an analogous way.
For the variational formulations of the partial differential equations under ex-
amination, we define the usual Sobolev spaces for k € Ny

H*(Q) :={u e L*(Q) : 0'u e L*(Q) for 0 <1 <k},
H3(Q) :={uec HY(Q) : u(zxr) = u(xr) = 0},

where the derivatives J,u are defined in the following weak sense. A function
u € L?(Q) has a weak derivative v =: d,u € L?(Q), if

(’LL, 8115) = _(’U7T/)) for all w € CgO(Q)

The spaces H*(£2) are Hilbert spaces with respect to the scalar products

k

(u,0)p = Y Q! (u, D).

=0

Further on, we define the symmetric bilinear forms
(u, )y := (OFu, 0%v) for all u,v € H*(Q).
The associated norms and semi-norms on H* are defined by
Jully == (u,u)}/?  for u e H*(S),
luly, := (u,u)y/? for u e H*(Q).

In H}(Q), the symmetric bilinear form (-, -); is a scalar product due to Poincaré’s
inequality

llullg < %\uh for all u € Hy(Q).

We note the conformity || - [lg =1[-[o = || - | 12(q-
In a Hilbert space V' with the scalar product (-,-)y and the associated norm
I - v, the Cauchy-Schwarz inequality

(u,v)y < |ully|lvlly  for all u,v € V
is valid. The dual space V* of V is defined by
V ={f:V-oR:vw (f,v)y. = f(v), f is linear and continuous} .

For f € V, we can define f* € V* by (f*,v)y. := (f,v)y for v € V. The norm in
V* is defined by

px 1= sup 7<f,80>v*.
0#£peV ||80||v

/]

We get | flly- = [If]ly for f € V.
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When considering space-time functions v : Q7 — R, we employ the spaces

L=((0,T); L*(2)) := {u :(0,T) — L*(Q) - tes(lépT) lu(t)|| L2 () < oo} ,

T
L*((0,T);V) := {u :(0,T) -V : / u(t)||? dt < oo},
0

C°([0,T};V) :=={u:[0,T] = V : u continuous},

where V' is a Banach space with norm || - [|y. See Ref. [22] and Ref. [40] for further
details. Let V be a closed subspace of H() with H}(Q) CV C HY(Q) and the
corresponding norm || - ||;,. We define the space

H'((0,T); V) :={u € L*((0,T); V) : dyu € L*((0,T); V*)}.

The derivative dyu in the above definition is defined in the following weak sense. A
function u € L2((0,7T); V) has a weak derivative v =: dyu € L?((0,T); V*), if

T T
/ udyp = —/ (v,9)y~ for all Y € C5°(0,T).
0 0

The above time integral is understood as a Bochner integral over functions with
values in the function space V. A scalar product in H*((0,7); V) is given by

T
(W, V) g1 go,ryv) = / ((u,v)y + (Opu, Opv)y~)  for all u,v € H((0,T); V).
0

For further reference, we refer to Ref. [49, IV.25] and Ref. [51, §23].

For a function r € C° (m) and N € N, we define the discrete grid vector
R = R(t) = [Rl(t)}lzl,...,N = [T‘(t,iL + lh]l:l,...,N € RN with h := |Q|/N Then
we define the discrete L?-norm of R by

N 1/2
[R(t)]]5 = (Z hIRz(t)|2> :
=1

In the applications we use slight changes of the definition at the boundaries.

For a prescribed time step 7, we introduce the discrete times {ty }r=o....,
t := k7 for k =0,..., M. With this definitions we introduce the discrete L>°(L?)-
norm by setting

1Rl oo (z2) = pmax [ R(tk) |2,

and the discrete L?(L?)-norm by

M 1/2
1R L2(p2) = (ZTR(tk)H%) :

k=0

We say that function f depending on a small parameter € > 0 is of order O(eP)
in the limit € to zero for p € R, if we have
lim m < 0.
e—0 €P
In the same manner, we say that a function g depending on the large value N > 0
is of the order O(N*) in the limit N to infinity for k € R, if we have
9l

lim —=- < oo.
N—oo Nk
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2.2. The Fluid-dynamic Limit

In the sequel, we outline the passage from the velocity discrete model to the
fluid-dynamic limit equation of our model problem.

The focus of our interest lies on the approximation of the density r that is
modeled by the heat equation by solutions of the velocity discrete system in the
fluid-dynamic limit. In our model problem, the latter one is a linear advection sys-
tem, namely the Goldstein-Taylor model. While the heat equation is the prototype
of a parabolic equation, the Goldstein-Taylor model turns out to be of hyperbolic
type. Hence, we are faced with a singularly perturbed limit problem.

The equations of the Goldstein-Taylor model are the starting point for our
numerical discretizations. The aim is to obtain lattice Boltzmann discretizations in
order to take advantage of all its nice properties that are pointed out in this work.

The heat equation with viscosity v reads

or —vdir=f inQr.

On a bounded interval, the heat equation has to be equipped with suited boundary
conditions. We choose, for example, Dirichlet boundary conditions

r(aL)=rp () in (0,7),
r(zg)=rp'()  in(0,7).

Furthermore, an initial condition
’I"(O, ) = TO(') in O

has to be supplied for the time-dependent problem.

The given data f, P, rB" and rq are assumed to be smooth. In addition, the
data have to fulfill compatibility conditions to ensure sufficient regularity of the
solution. The data for the heat equation are then used as data for the Goldstein-
Taylor model. The equations of the Goldstein-Taylor model in the diffusive scaling
depend on the additional small parameter e > 0. We have to examine a hyperbolic
system of the form

1 . . o 1 Ve .
Oru +281u + 52 (u® =) = 2f 5 Oz f in Qr,
1 . 1 . . _1 Ve .
atv—gamv —ﬁ(u v)—2f—|—28mf in Qr,

together with the boundary conditions
Ue(',l‘L)+U€(~,J,‘L) :,r?i(.) in (O?T)a
ue('va)+v6('axR) :Tgi(') in (OvT)a

and the initial conditions

1 Ve .
u®(0,-) = iro(-) — 58:”7"0(-) in €,

1 Ve .
UE(O, ) = 57”0(') + an’l“o() in €.

The density r, modeled by the heat equation, is approximated by
7€ = uf 4+,

when e approaches zero.
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By defining the flux j¢ := u® — v¢, the equations of the Goldstein-Taylor model
can be written as

1
8tr5+78xj5 :f in QT7
€
P 1 . .
0¢ €+ —0pr +—J =—ved, f in Qp.
€ ve

These equations, together with the given initial and boundary conditions, can be
decoupled and rewritten as two independent telegraph equations for the density
r¢i=uc +v°

ve2 0 + 0 — vOPrS = f+ve20, f + V2E0Rf  in Qr,

r(xn) =1L () in (0,7),

r(ar) =R (") in (0,7),
r(0,) =7o(") in Q,

are(0,-) = u@iro(-) + £(0,-) in Q,

and for the scaled flux k€ := j¢/e
ve?OP kS + 0k — vO?kS = —v0, f — V*€20:0,f in Qr,

Ouk(-,xr) = =02 () + f(-,21) in (0,7),
0ok (- wr) = —0rR () + f(,zR) in (0,7),
k€0, ) = —vdyro(+) in ,

9k(0,-) = —vd, (0, ) in Q.

Initial conditions for 9;r¢ and 0;k¢ have to be supplied due to the hyperbolic type
of the telegraph equations. The additional boundary conditions of Neumann type
for the scaled flux are gained from the equations of the advection system that are
extended onto the boundary. If the solutions of the advection system shall be
approximations of the solutions of the heat equation, we have to postulate k¢ =~
—v0,r¢. With this knowledge we can complete the missing initial conditions.

In the form of the telegraph equations, it is easy to discover the singularly
perturbed nature of the Goldstein-Taylor model. In the limit € to zero, we get
two heat equations for the density and the scaled flux, endowed with Dirichlet and
Neumann boundary conditions, respectively. The hyperbolic type of the differential
equations changes in the limit € to zero to parabolic type. At the same time, we
are faced with too many initial conditions.

The telegraph equations are completely solvable in terms of Fourier series, as
well as the heat equation. The solutions for the advection system are then given
by the backward transformations

1 1
ut = 5(7‘E +€k), v = 5(7‘5 — ek©).
In the limit € — 0, we prove

r¢ —r, Opr€ — O with order €2,

k¢ — —v0yr, 0.kt — —1/8%7‘ with order €
in L°°((0,7); L?(2)) and
k¢ — —v0yr, 0.kt — —u(“)ir with order €2

in L2((0,7); L3(Q))
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The advection system in the variables u¢ and v¢ is the starting point for the nu-
merical discretizations. The discretizations of the differential operators in advection
form

) 1
Oy £ ad, with a:= -
lead to lattice Boltzmann schemes. In the lattice Boltzmann discretizations the
grid size h is linked to the parameter €. This fact expresses the parabolic limit of
our discretizations.

2.3. The Heat Equation

In this section we examine the solutions of the heat equation on a bounded
interval subject to Dirichlet, Neumann, Robin or periodic boundary conditions.
The results on the solution properties are necessary for the ongoing convergence

proofs.
The heat equation with viscosity v and a source term f is given by
Lr =0 —vd?r=f in Qr. (2.1)
The initial condition is
r(0,) =7o() in Q. (2.2)

Four different types of boundary conditions are possible in our context. We can
provide Dirichlet values

r(zL)=rp () i (0,7),

| (2.3)
r(xzr) =rR(:)  in (0,7),
Neumann values
(9957"(',1]) = TEeu(.) in (OvT)7 (2 4)
or(oar) = ™) in (0,7), '
or a specific choice of Robin boundary values
1 0 .
57"('79%) - gaﬂ"('afﬂL) =) i (0,7),
(2.5)

1
§r(-,xR) + gf)mr(-, TR)= T%Ob(~) in (0,7),

where ¥ > 0 is chosen as an additional parameter that has to be determined later.
For the continuous approximation problem, ¥ is linked to the parameter € of the
Goldstein-Taylor model and to the viscosity of the heat equation. For the approx-
imation of the discrete lattice Boltzmann solutions, ¢ depends on the grid size. In
both cases, ¥ approaches zero in the limiting case. For the stability considerations
we have to be aware of this property.

In the periodic case we assume periodic initial data ry as well as a periodic
source term f. Periodic boundary conditions are then chosen by

r(zp)=7r(,zgr) in (0,7). (2.6)

Globally continuous classical solutions of the heat equation (2.1) subject to
Dirichlet boundary conditions (2.3) can only exist if the compatibility conditions

2 (0) = ro(zr), 7R(0) =ro(ar) (2.7)
for the data are fulfilled. In the Neumann case,

TEQU(O) = Ozro(xL), rge“(O) = O0zro(TR) (2.8)
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has to be postulated for the regularity up to the boundary. The necessary compat-
ibility conditions in the Robin case are
1 0, 1 0,
rRob () = 57"0(3:,;) - Eﬁxro(a%), rReb(0) = 57’0(563) + §3xro(acR). (2.9)
Furthermore, in the Dirichlet case the validity of the heat equation in the corner of
the parabolic boundary may be required, that is,

0rPH0) — vd2ro(xr) = £(0,21), 8tr]%i(0) —vd%ro(zr) = £(0,2R), (2.10)

if the differentiability of the solution at the boundary is a prerequisite. For higher
regularity of the classical solutions at the boundary,
k-1
Ofrp (0) = 0 ro(ar) = Y v/ OF TV f(0an), k=23,
1=0
k—1
OFrR (0)—v 0 ro(zp) = > V1102V (0, 2R), k=12,3,...,
1=0

(2.11)

have to hold. In the Neumann case

atrgeu(O) - V@i’ro(mL) = 0,f(0,z1), atrIN{e“(O) — yairo(xR) =0, f(0,zR)
(2.12)

and the corresponding extensions to higher orders (as in (2.11)) might be necessary.
In the Robin case

OurP(0) = & (92roln) — 90%ro(wn)) = 5 (F0,2) = V0 (0,1))

0 (0) = 5 (92ro(zr) +90Fro(xr)) = 5 (f(0,2R) + 0. (0, 2R))

N~ N

v
2
and extensions for higher orders may be imposed.

If some of the preceding compatibility conditions are not fulfilled, classical
solutions of the heat equation exist in the interior of the space-time domain due
to the smoothing property of the parabolic operator. But then, singularities in the
space-time corners may occur.

2.4. Existence and Regularity of the Solutions

In a first step we consider classical solutions of the initial-boundary value prob-
lem for the heat equation. We call r € 02’1(QT) NnCo (m) a classical solution to
the Dirichlet problem for the heat equation, if it solves (2.1), (2.2) and (2.3).

For the parabolic operator L, we have the weak maximum principle for classical
solutions:

Theorem 2.1. If Lr < 0 forr € C*>'(Qr) N CY (WT) holds in Qr, then the
mazimum of r is achieved at the parabolic boundary, that is,

max_r(t,z) = max r(t,x).
(t,x)eQr (t,z)€lr
PROOF. See Ref. [15, Theorem 2.2.6]. O

The assertion of Theorem 2.1 can be strengthened. If we have Lr < 0 in Qr,
then the maximum is achieved only at the parabolic boundary.

The weak maximum principle ensures uniqueness of the solution. It also allows
to give statements on the positivity of the solutions. For non-negative initial data
79, non-negative boundary data rP and rgi and for a non-negative source term f,
non-negativity of the solution follows by the weak maximum principle. In this case,
the non-negative minimum is achieved on the parabolic boundary. The same result
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follows in the Neumann case, if we assume rge“ >0 and rll}]eu < 0 (confer Ref. [33
Problem 8.14]).
In the Dirichlet case we define
i — L i i Tpr—T i i
rRi(t, 7)== ro(x) + Q) (r () = rR'(0)) + ) (r2'(t) = r2'(0)),
which interpolates to the initial-boundary conditions, if the compatibility conditions
(2.7) are fulfilled. Then we have the following existence result:

Theorem 2.2. Let f € C*(Qr) and rf* € C***1* (Qr) and assume the
compatibility conditions (2.10) to hold true. Then the Dirichlet problem (2.1), (2.2)
and (2.3) for the heat equation has a unique solution r € C*+o1+a (QiT) Further
on, we have the a priori estimate

I7ll2+ 0140 < CUITE l2+aita + 1 £lla)-
PROOF. See Ref. [15, Theorems 3.3.6 and 3.3.7]. O

The regularity assumption on 72! in Theorem 2.2 imposes the compatibility

conditions (2.7). With respect to the assumptions of Theorem 2.2, the heat equation
(2.1) is valid up to the boundary. Additional smoothness of the initial-boundary
data directly carries over to additional smoothness of the solution with respect to
the validity of the compatibility conditions (2.11); see Ref. [15, Theorems 3.4.10 -
3.4.12].

If the regularity of the initial-boundary data is omitted or the compatibility
conditions are not fulfilled, classical solutions still exist in the interior of the domain.
However, the boundedness of the derivatives at the boundaries does not hold any
more in general; see also Ref. [15, Theorems 3.3.5 and 3.4.9].

Weak solutions for the Dirichlet problem are sought for by considering the
variational formulation. We define the symmetric bilinear form

a(u,v) := v{u,v); for all u,v € H(Q). (2.13)

In the Dirichlet case the boundary conditions for the density r can be reduced by
subtracting

; T—Tp py TR—T p;
rPL(t, x) = q Lr%‘(t) + RQ rPi(t). (2.14)

€ €2
If the compatlblhty conditions (2.7) are fulfilled, we get vanishing boundary condi-
tions for 791 :=ry — rPL(0,-). We are then considering the solution 7P :=r — TE}%

of the heat equation with vanishing Dirichlet values and right hand side fPi R =
f — LrPL. Hence, we seek a solution 7P € L2((0,T); H}(2)) N CO([0,T]; L2(£2)) of
the heat equation such that

: Di _ ..Di _
tim [P (t,) — rBo = 0

and
d

a(rDi(t, Y,0) +a(rPi(t, ), v) = (fPL(t,-),v) for all v € Hy(Q). (2.15)

The derivative with respect to the time is meant in the weak sense. Now we have
the following weak existence result:

Theorem 2.3. For r§' € H}(Q), f € L?(Qr) and v21, rR € HY([0,
is a unique solution r = rP! Jr rPL to the Dirichlet pmblem (2.1), (2.
for the heat equation, where rP%, is given by (2.14) and rP' € L%((0,T);

C°([0,T]; L*(Q)) is a weak solutwn in the sense of (2.15).
PROOF. See Ref. [41, Theorem 7.2.1]. O

T)) there
2), (2.3)
Hg () N
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The condition r§* € H{ () requires the compatibility condition (2.7). Apart
from Theorem 2.2, the compatibility assumption (2.10) is not required in The-
orem 2.3. The regularity of the right hand side f can even be relaxed to f €
L2((0,T), H~1(Q)), where H~1(Q) is the dual space of H}(2). Since we have the
embedding H*(Q) C C*~1 (Q) for 0 < a < 1/2 (see Ref. [1, Theorem 8.13]), the
solution in Theorem 2.3 is continuous. Especially, we have

Lr

The proof of Theorem 2.3 uses the fact that there exists an orthogonal Hilbert
space basis {¢£i}k>l of H}(Q), consisting of eigenfunctions of the associated sta-
tionary eigenvalue problem

[f(z) = f(a")] = <le—a'[V2|f|y for fe HY(Q),

a(¢P v) = M\p (@D v)  for all v € HY().

The normalized eigenfunctions are given by

Di(g) = \/asin ((g(xfm)) for k=1,2,... (2.16)

and the corresponding eigenvalues are
2,2

>\k'

s
= VW for k = 1,2,.... (217)

We have orthogonality of the eigenfunctions in L?(Q) as well as in H}(Q), that is,

(BP1, PN = (6P, 6P =0 for | # k.

The solution P! in the sense of Theorem 2.3 can be written as a Fourier series
[e%e) t
GOEDY (0%32 GRe M + / (FPh(s,), @R e (=) dS) Pl(z). (218)
k=1

For the derivation of further a priori estimates for the solution of the heat
equation subject to Dirichlet boundary conditions, we need vanishing boundary
values for higher order derivatives. The procedure is as follows. The boundary
conditions for r and 9%r can be reduced at the same time by subtracting

i r — Xy i TR — X i

- $6Ly)|(£§|R =0 (0 + Q@R — f(tan) (219)

(- xéy)g'}% — ) (2R — 2 + Q) (@D (t) — f(t, 1))

for smooth right hand side f and smooth P!, B!, We obtain vanishing boundary
values for r, 927 and for the modified right hand side fP} := f — LrPL. Vanishing
boundary values for 929! require (2.10). By evaluating the Fourier series (2.18),

we get the following a priori estimates:
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Corollary 2.4. With respect to the assumptions of Theorem 2.3, with rLD}C
given in (2.19), we gain the a priori estimates

I )G < 20 + / 5Bk B ds, (220)
V[Pt )2 < 2D e 2 / 7P (s, )12 ds, (2.21)
P, )3 < 202 rDifRe 2 4y / /P (s, )[3 ds, (2.22)

where the last estimate requires 191 € HH(Q)NH?(Q) and fPh € L2((0,T); HL()).
If we have in addition the validity of (2.10), we get

t
PP < 2R e o [ s 2
0

for 02rPt € HE(Q) and fP} € L*((0,T); Hi(Q) N H%(Q)). Furthermore, we have
18P (. )llo < wlrPH(E, )2 + LR (E o (2.24)

If the initial data r5' is less regular, that is, v¥' € L*(Q) only, then there is a

H'-solution for t > 0 only. Fort — 0 there may be an initial layer. In particular,
we find

AP0 < 1B+ [ IBhs s fort >0,
(2.25)
(1) < o 01||0+u/ 7Pk(s R ds ort > 0.
Proor. Use
. © . .
1P (e, )IE < 2 (g, R 2e M

k=1
o0 t , t

w2 ([ uphen o as) ([ e as)
k=1 /0 0

g 26 2A1t Z(TD17 51)2

k=1

L' i Di\2

+)\7 Z( LR(Sa )a k ) d57
1

k=1
I/l|7‘ |l <22 01’ k )\l —2Xt
' t
+22 (/ MTE(fPE (s, ), 0012 ds) (/ e Pe(t=s) ds),
0
and z'e™® < (I/e)! for x > 0 and | € N. O

‘We made use of

Lemma 2.5. Forr € L*(Q) we have

oo

71§ =D eR)%.

k=1
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We have r € HY(Q), if and only if
° .
vlr|? = Z)\k(r, PHh2 < 0.
k=1
Furthermore, we have r € HE(Q) N H?(QY) if and only if
Vi r|3 = Z)\i(r, Ph2 < 0.
k=1

PROOF. See Ref. [33, Theorem 6.4]. O

Estimates for higher order derivatives can be achieved in the following way.
Define

ron = 0%k — rLDh% for k> 1,

where TLD}Z’% interpolates the boundary conditions of 92*r and 92*+2r instead of r
and 92r like in (2.19). The data are obtained from the differentiated heat equations
OF 'Lr = 0F 7' f and OFLr = 9 f. Now 7D} has vanishing boundary values and
it solves the heat equation with right hand side fP} o := 02 f — Lr{} o5, Which
also has vanishing boundary values. Hence, we can apply the estimates (2.20) -
(2.23) in Corollary 2.4 to 7D} and ]”,]:3}%72,f in connection with the assumption of the
compatibility conditions in (2.11).

Next, we take a look at the Neumann and the Robin problem for the heat
equation. We call r € C%1(Qr) N C* (m) a classical solution to the Neumann
problem or the Robin problem for the heat equation, if it solves (2.1), (2.2) and
(2.4) or (2.5), respectively.

The boundary conditions are reduced by subtracting

Neu (JC _ ‘TL)Q Neu (‘TR — $)2 Neu

t = t) — ———— t 2.26
TLR ( ) ) 2|Q| TR ( ) 2|Q‘ TL ( ) ( )
in the Neumann case and

T -2 +Y Rop TR =2+ U Rep

Rob = _ 2.2
TLR (t7x) |Q‘ + 219 TR (t) ‘Q| + 2,19 L (t) ( 7)
in the Robin case. The variational formulation now reads
%(r(t, D0) + a(r(t, ), ) = (fon(t,-),v) for all v € H(Q). (2.28)

In the Neumann case we take a(-,-) as in (2.13). In the Robin case we define

a(u,v) = v{u,v)1 + % (u(zp)v(xy) +u(zg)v(zg)) for all u,v € HY(Q). (2.29)

The right hand side is defined as f; 5 == fRe := f — Lri% or f, 5 := fReP .
f — LrReP . respectively. The initial condition translates to

lim [|7(¢,-) — r5C)o =0
t—0
with 78¢ = r{et == 7, — rN¥23(0,.) in the Neumann case and r5¢ := rfb =

ro — rR9P(0, ) in the Robin case.
In the Neumann case the orthogonal eigenfunctions {3}, ., which now form
a Hilbert basis in H'(Q), are given by

oR(2) = Uﬁcos <|]?;|(xxL)> for k=0,1,... (2.30)
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with the same eigenvalues as in (2.17). In the Robin case, the eigenfunctions
{oReb} j>1> Which also form a Hilbert basis in H L(Q), are given by

Rob (1) = Jerdun cos (g (x — x1)) + /e sin (up(z — x))  for k=1,2,...,

(2.31)
where p are the positive solutions of the transcendental equation
219!%
(sl = gy
and ¢y, is chosen by
Cr = 2
el o+ glal

We find

T 7

(k—1)— <ppr<k— fork=12 ...,
€2 €2

éii% Ly = kﬁ for a fixed k,

™

klirgo (Hk — (k- 1)|Q|) =0 for fixed ¥.

See also Ref. [47, Chapter 4.3]. The eigenvalues of the corresponding stationary
problem are given by V/J,%. In the Neumann and in the Robin case we have the
orthogonality of the eigenfunctions in L?(2) and in H*(2). In the H'-case, or-
thogonality has to be considered with respect to the scalar products (-,-); for the
Neumann case and a(-,-) as in (2.29) for the Robin case, respectively. Now we have
the following existence results:

Theorem 2.6. For r\** € HY(Q), f € L?(Q7) and rYeu, rRev € Hl([O,T])
4)

there is a unique solution r = rNU+rNe to the Neumann problem (2.1), (2.2), (2.

for the heat equation, where rY% is given by (2.26) and rNeu € L2((0,T); HY(2)) N

C°([0,T]; L*(Q)) is a weak solutzon in the sense of (2.28) with a(-,-) given by (2.13).
PROOF. See Ref. [41, Theorem 7.2.1]. O

Furthermore, we have

Theorem 2.7. For r§°® € HY(Q), f € L*(Qr) and r}°® rB> e H([0,T))
there is a unique solution r = r®°P 4 rRob 45 the Robin problem (2.1), (2.2), (2.5)
for the heat equation, where rReP is given by (2.27) and r®°> € L2((0,T); HY(2)) N
CY([0,T; L*(Q2)) is a weak solutzon in the sense of (2.28) with a(-,-) given by (2.29).

PROOF. See Ref. [41, Theorem 7.2.1]. O

Neu

(
)
29

Rob

The solutions r and r in the sense of the Theorems 2.6 and 2.7 can be

written as Fourier series

1 t
rNe“<t,x>=2(<r§eu, S [ e ds) o)

t
+ Z ( Neu,¢Neu — At +/ ( Pﬁu(s’ _)’d)geu)ef)\k(tfs) dS> (Zslgjeu(l’),
k=1 0

[e.°]

t
TRob Z( Rob7¢Rob —vuit +/ ( 5§b(57.)7¢50b)e—uui(t—s) ds) (bl;\ob(x).
0

k=1

From the Fourier representations of the solutions for the Neumann problem we find
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Corollary 2.8. With respect to the assumptions of Theorem 2.6, we have

el < 2y +mafo L [IARGRas a
ArNen(L, )2 < 2ujrien e / L8 (s, ) 3 ds. (2:33)

If we have the compatibility condition (2.8), then we get O,r* € HY(Q). If the
right hand side is in L*(0,T; H'(S2)), then the solution is in H?(Q), provided r*" €
H?(Q). We have

VRNt )2 < 202 N2 4 / N (s, )2 ds. (2.34)

Furthermore, the estimates (2.24) and (2.25) are valid.

Note that there is no exponential decay in L?(Q2) with respect to the initial
data as in the Dirichlet case. In Corollary 2.8 we employed

Lemma 2.9. For r € L*(Q) we have
HTH(Z) — 1 Neu 2 + i Neu
k=1
Furthermore, we have r € H*(), if and only if
vlr? = Z/\k (r, P2
We have r € H*(Q), 0,7 € HY(Q), if and only if
2‘ |2 — Z}\Q r, ¢Neu

Estimates for higher order derivatives can be achieved as follows. Define
e = 92k — rifo, for k> 1,

where r)'3,, interpolates the boundary conditions of 927 like in (2.26) by using
the known data of the differentiated heat equation 0,0F 'Lr = 8,0F ' f. Espe-
cially, we use

(x —xp)?1

7”21%:12@ r) = EETR (0uf(t,xR) — Dy (t t))

R — x)?
_ (Em)l (Duf (1) = (1))

Since now r¢" solves the heat equation with right hand side o2k f — Lrgf%‘j%,
we can apply (2.32) (with exponential decay with respect to the initial data and
constant A\ instead of max{2t, \['}, confer (2.20)) and (2.33) of Corollary 2.8.
With respect to the compatibility conditions (2.12) for k = 1 and its higher order
extensions for k > 2, we have vanishing boundary conditions for ,r5¢%(0,-) and
hence we can apply (2 34).

In the Robin case we do not have the orthogonality of the eigenfunctions with
respect to (-,-)1 (which only induces a semi-norm here), but we do have orthogo-
nality with respect to (), a(-,-) and (-, -)2. More precisely, we get
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Lemma 2.10. For r € L?(Q) we have

o0
b
171 = D (r 81>
k=1
Forr € HY(Q) we get
o0
vlr)? < a(r,r) Zl/u PrP)? < o0,

=1
where the equal sign holds for r € H}(Q). Furthermore, we have r € H2(Q) with
(r —90y7)(zr) =0 and (r + 90,7)(x R): , if and only if

oo

lrfy = () (r 65 < oo

k=1
From the Fourier representations of the solutions for the Robin problem we find

Corollary 2.11. With respect to the a,ssumptions of Theorem 2.7, we have

IR el < 24 e L [l

l/|7“ROb( )|1 < 2[1( Rob, Rob 721/;11 / ” Rob HOdS

In the case of the compatibility conditions (2.9), we have (r&°® —99,r5°P)(z1) = 0,
(r&oP + 99,78 (zr) = 0. For r§°P € H2(Q) and fRg> € L%((0,T); H*(Q)) we get

IR < e [ ol 6 s
Furthermore, the estimates (2.24) and (2.25) are valid.

Estimates for higher order derivatives can be derived by applying similar pro-
cedures as described before.
In the periodic case we seek for solutions in

HE(Q) :={uec H Q) : u(zr) = u(zgr)}.
The variational formulation is given by
d
dt
with a(,-) as in (2.13). A Hilbert basis in HL(£2), consisting of orthogonal eigen-
functions, is obtained by {¢1,:}k>0 U {1{15}101 with

2 2km
or () == chos (|Q|(:c:rL)> for k=0,1,...,

Yp (x) = ésin(??{((m—xd) for k=1,2,....

(rP(t,),v) + a(rF(t,-),v) = (f(t,-),v) for all v € HL(Q), (2.35)

The corresponding eigenvalues are given by 4\, with A\ as in (2.17).

Theorem 2.12. For rg € HL(Q) and f € L*(Q7) there is a unique solution
P e L2((0,7); HA(Q)) N C°([0,T7; L*(Q)) to the periodic problem (2.1), (2.2) and
(2.6) for the heat equation in the sense of (2.35) with a(-,-) given by (2.13).

PROOF. Since we have Hi(Q) C HL(Q) € H'(Q) we can use Ref. [41, Theorem
7.2.1]. O
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The Fourier series of the periodic solution reads
1 t
P (ta) = 5 (0 05) + [ (505 ) o o)
0
[e’s} t
+> (( OF e M 4 / (f(s,), oFye 2= ds) o (x)
k=1 0

[e'e) t
T ((To,¢£)€4/\kt+ / (f(s,7), 0 e~ A=) ds) P (z).

k=1 0

No we use
Lemma 2.13. For r € L?(Q) we have

17113 = 506507 + 7 ((r 6802 + (r,0)?)

k=1

Furthermore, we define for [ > 2

Hp(Q) = { € L2(Q) : Vrlf =D () ((r85)* + (r,9F)?) < oo} :

k=1

Due to the uniform convergence, we have 9.~ 1r(-,x1) = 9L r(-, xg) for r € H5(Q)
and [ > 1. In the periodic case there are no compatibility conditions for higher
order regularity. We find

Corollary 2.14. With respect to the assumptions of Theorem 2.12, we have
1 t
177 &)1 < 2l + max {28, 71 b [ 15,3 s,
4)\1 0

t
VPP (8, )2 < 2jrofZe=2Mt + / 1£(s, )12 ds.
0

If for 1 > 2 the right hand side is in L*(0,T; H5 '(Q)), then the solution is in
HL(Y), provided ro € H5(Q). We have

t
VIR < 2ol 4 (sl s
0

The total mass

m(t) ::/Qr(t,)

in the domain ) changes in time only due to a flux through the boundaries or the
influence of the source term. We have

d

Com(t) = v(Our(t,n) — or(t, 1)) +/Qf(t,-). (2.36)

For vanishing right hand side, the total mass is constant in the periodic case or for
vanishing Neumann boundary conditions. In the case of vanishing Robin boundary
conditions, the total mass decreases provided that r is positive at the boundary.

2.5. Energy Estimates
The energy of a solution r of the heat equation is defined by

E(t) = r(t, )2 + 20 / (s, )2 ds.
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For vanishing Dirichlet boundary conditions and vanishing right hand side, we find
the typical decay of energy, that is,

E(t) < E(0) fort>0.
More detailed, we prove the following results.

Theorem 2.15. Letr = rP', r = rNeU orr = P be the solutions as in Theorem
2.3, 2.6 or 2.12. Then we have the a priori estimate

1 T T T
@I+ 5 [ el ds+20 [ r(s < alrollf + 137 [ 17zl
(2.37)

. _ ,.Di _ N _ _ ¢Di _ 4N _
with rg = vy, 1o =19 orrqg =719 and frp = fir, for=fin or for=f If
r = 1R g5 in Theorem 2.7, then the term

o [T
7 Jo

can be added on the left hand side of (2.37). Here, 9 > 0 is the small parameter
provided by the Robin boundary conditions (2.5). Choosery = r&°® and f, , = fReP

in this case. In the Dirichlet case with r = rPi, we get in addition

Di(p |2 vr? TDi 2 d ZTDi NE
||7" ( 7)||0+2|Q|2 0 ||7" (87)||0 S+2 0 |7’ (87 )‘1

(r2(s,xL) + r2(s,xR)) ds

QQ T .
it [ @9

<|lrg'lIg + vr? ),

Proor. Multiplying the heat equation by r yields
%@7‘2 —vrd*r =rf g
Integration along € gives
%IITH% + 2|0 r(ly — 20 [rder] T < 2l7lloll frrllo-

The boundary term cancels in the Dirichlet, Neumann and periodic case. For Robin
boundary conditions, we get

2v

—QV[TamT]iLR = (r*(,z) + (-, zR)) -

Integration over [0, T] yields

T T
(D)3 + 20 / 2 < [lroll? + 2 / el F1llo- (2.39)

T T 1/2 T
/ ||r|3gT|r03+2T</ ||r||8> (/ ||fLR||8)
0 0 0
T 1/2 T 1/2
(/ ||r||3> sﬁnronowT(/o |fLR3>

Hence, we end up with

From
1/2

we get

T T
(T2 + 20 / P2 < 2o 2 + 5T / 1ol
0 0
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By the combination of the obtained results, the assertion (2.37) follows. Using
Poincaré’s inequality in the Dirichlet case on the right hand side of (2.39), we
obtain

Q2
2 [ irtolaato <22 [ itz <o [ 14 B2

Absorbing yields
2 r 2 2 |Q|2 T 2
(D)2 + v / 2 < flroll? + 20 / 1ol
0 vm= Jo

If we use Poincaré’s inequality on the left hand side of (2.39), we find

T 2 T 2 T
| v
I+ 23 [ el <ol + S [ st 2 [ el

By collecting the previous two results, the assertion (2.38) follows. O

In the Robin case the boundary conditions contribute to the decay of the energy
by the additional term on the left hand side of the above estimate. For this reason,
Robin boundary conditions are called dissipative.

Theorem 2.16. Let r = rNe" or r = rP be the solutions as in Theorem 2.6 or
2.12. Then we have the a priori estimate

1 T T
rTf 47 [ s ds e [ s
0 0

T
< Afrof? + 13T / Fonl?.

The initial data ry and the right hand side f; p has to be chosen according to the
underlying problem. In the Neumann case with r = rN°" we get in addition

Neu T 2 V7T2 ’ Neu 2d Z 4 Neu 2
T + g [ e R G

Q2
<|7'Neu|1 ‘|/|fLN§u1

ProoFr. Differentiate the heat equation with respect to x and multiply by 0,r.
Then proceed as in the proof of Theorem 2.15. O

Furthermore, we get

Theorem 2.17. Letr = 1Pl r = rNU or o = ¢P be the solutions as in Theorem
2.3, 2.6 or 2.12. Then we have the a priori estimate
T

T T
vIr(T, )2 + / 10, (s, )2 ds + 2 / Ir(s, )2 ds < 3ulrol2 + 5 / | frnl:
0 0 0
If r = rR° a5 in Theorem 2.7, then the terms

% (r*(T,z) +r*(T,zR)), g (rg(zr) + 13 (zR))

have to be added to the left and right hand side of the estimate. The initial data g
and the right hand side f;  has to be chosen according to the underlying problem.

PrOOF. Multiplying the heat equation by 0;r yields
|0yr|? — vOyrd2r = Oy fr .
Integration along € gives
200,715 + v, 0urll5 — 20 [Birdar] ¥ < 2018ur(lol| frrllo-
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The boundary term cancels in the Dirichlet, Neumann and periodic case. For Robin
boundary conditions we get
zrp _ V 2 2
721/[8,57"8%7"]5 = 53,5 (r*(zr) +7°(,2R)) -

Integration over [0,T] yields
T

T
VIr(T, )2 42 / 100 (2, )12 dt < wlrof2 +2 / 10erlloll £z llo-
0 0
Now use

vrf3 < 2010713 + 20 fLrllG.
O

Theorem 2.18. Letr = rPi, r = rNeU or 1 = P be the solutions as in Theorem
2.3, 2.6 or 2.12. Then we have the estimates

T T T

T|r(T, )3 + 20 / Hrf? <2 / Irll2 + / 211l (2.40)
T T T

VTIHT) + / Hour|2 < v / 2+ / 1 rl. (2.41)

In the Dirichlet case we find in addition

T 2
A ~ )
TP (T, |2 + v / 1P < / 5+ o PR,
0 0

If 1 = r®°P a5 in Theorem 2.7, then the term
2v
2
can be added on the left hand side of (2.40) and

s (r2(s,a:L) + (s, zR)) ds

%T (r*(T,z1) + r*(T,zR)) 19/ (s,zr) +71%(s,zR)) ds

have to be added on the left and right hand side of (2.41), respectively.

PrOOF. Upon multiplying the heat equation (2.1) by ¢r and integrating, we
get

d
t@llTH% +20t]|9prl[§ — 20t [rdur] [ F < 2|rllol| L allo-

Upon multiplying the heat equation by t0;r and integrating, the ensuing expression
yields

d TR
Vt@HazTHg + 2|0, |Ig — 20t [Bprdur] [T < 2 0er o]l frrllo-






CHAPTER 3

The Goldstein-Taylor Model

In this chapter, we study the velocity discrete system for our linear model
problem. This a linear advection system, known as the Goldstein-Taylor model.
The purpose of our investigation is to approximate the solutions of the heat equation
by solutions of the advection system under consideration. Variables in the advection
system are the distribution functions u¢ and v, which replace the notation f; and
f2 from Section 1.3 in order to avoid the lower indices. The upper index expresses
the dependence on the singular perturbation parameter in the diffusive scaling. The
distribution functions refer to particles traveling into the positive and the negative
z-direction as depicted in Figure 1.3. The density r, modeled by the heat equation,
is approximated by the macroscopic quantity r¢ := u® + v, while the flux J,r is
approximated by —(u® — v¢)/(ve), where v is the viscosity of the heat equation.

The advection system of the Goldstein-Taylor model is the starting point for
the discretizations performed in Chapter 5. The objective is to achieve lattice Boltz-
mann discretizations by exploiting the derivatives with respect to the characteristic
directions.

In the following sections we describe how the boundary conditions for the heat
equation and the corresponding initial data and the source terms have to be inter-
preted for the advection system in order to ensure the convergence of the solutions.
For the a priori estimates of the solutions, the boundary data of the advection
system have to be reduced. By employing energy principles, we prove a priori esti-
mates for the solutions of the advection system. These estimates lead to a rigorous
convergence result in terms of the perturbation parameter e.

3.1. The Advection System in the Diffusion Scaling

For a given viscosity v and the small singular perturbation parameter ¢ > 0 we
consider the Goldstein-Taylor model in the diffusive scaling with source terms f€
and g¢. This is a hyperbolic advection system with right hand side in directions
[1;1] and [1; —1], which reads

1 1 1
o + Lo, + ) = L) man,

€ 2ue? 2

1 ; : (3.1)
o~ o - L) =Ly o

The characteristics of these equations are

1
X*t(t,z):=x+at, X (t,r):=2z—at, witha:=—.
€

By defining the density r¢ := u® 4+ v¢ and the flux j¢ := u® — v¢, the advection
system (3.1) transforms to
1
Oyr® + —0,J¢ = f¢ in Qp,
i ) (3.2)
O+ =0sr° + —53°=¢° in Qp.
€ ve

29
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Initial conditions for the advection system (3.1) are supplied by
u(0,) = ug(-) in €,
vé(0,-) = v5() in Q.
Boundary conditions for the advection system (3.1) are provided at the inflow
boundaries, that is,
u(-,xrn) = ug () in (0,7),
ve(,zRr) = V(%) in (0,7).
In the sequel, we are interested in approximations of solutions of the heat equation.

For this reason we use the data of the heat equation for the advection system. Let

pPi PR pleu s pReu - pRob and rRoP he the boundary data for the heat equation
belonging to the Dirichlet, Neumann or Robin problem. The following choices for
the boundary conditions are possible for the advection system. In the Dirichlet

case (2.3) we choose density boundary conditions

ug(v) == r%i(-) — (-, zr) in (0,7),

V() =R () —u(zr) i (0,7).
In the Neumann case (2.4) we supply flux boundary conditions
ug () = op) —verp™ () in (0,7), (3.4)
v5(+) = ut (-, xR) + very®(+) in (0,7).
In the Robin case (2.5) we can define inflow boundary conditions
ug, () :=r¢) i (0,7), (35)
V() =rr() i (0,7).
In the periodic case (2.6) we use
ug, () =u(2r)  in (0,7), (36)

vR(4) == v(-, 2L) in (0,7).

Let rg be the initial data for the heat equation supplied in (2.2). Initial values
for v and v¢ are chosen by

ey 1 ve .
ug () = 57"0(') - 33#0(') in €, (3.7)

1 .
ve(+) == 51"0(-) + %8961"0(-) in Q,

if the approximation of solutions for the heat equation is the goal. This choice
corresponds to

r<(0,) =r5(-) :==ro(") in Q,

J€0,) = j55(-) := —vedyro(-) in Q.

3.2. A Priori Estimates

Stability for solutions of the advection system (3.1) in the L2-Norm is given by
the following estimates. In a first step, the boundary conditions are reduced. In the
case of density boundary conditions (3.3), we use the decompositions u¢ = uP* +

Den e _ ,,Den Den : e _ ,.Den Den e _ :Den ‘Den
urg and v = v " +oupy, and accordingly r¢ = r°°" +rp g and j¢ = 57" + 508
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where we put uPe? = (rPen 4 jPeny /2 and pPen .= (pPen — jDeny /2 For smooth
data, we simultaneously subtract the boundary values for 7€, 8,5 and 92r¢ by using

rPR (@) = TR () + ()

o 0
- Bt e = oo D)
B (m_xL)(xR—m)( — 2+ |Q) DD (1) (3.8)
6v/|Qf e o

Den — (x —xr)® 5 .Di _ (zr—=)* . _ 5.Di
ER 1) = G m) — OrR() — el ) — P (0),

where we employ the definitions

D?*rRi(t) == v rp (t) + O (t) — f(t,xr) — v D, f*(t,xRr) + vedag®(t, R),

D2rPi(t) := ve?02rPi(t) + 0urPi(t) — fo(t,xr) — ve?0, fC(t, L) + vedug®(t, 1)
We get

rPen( ) =P zR) =0 in (0,7,

&CjDen(-,xL) = &;]Den( xr) =0 in (0,7).

After reducing the boundary conditions, we have to consider the modified right
hand sides

(3.9)

1
Di = 1o - @P%—emﬁﬁ
gLD}e%n =g 8t]Den _ 18 TDen _ L -Den
obeying
Den . _ prDen . o 0 . 0 T
i (o) = for (har) = in (0,7),
Ougrz (vor) = Ougr (ar) =0 in (0, 7).
The initial conditions have to be adapted by r§°" := r§ —rPe1(0, -) and jP°" = j§ —

TLR
jPer(0,+). Compatibility conditions are requlred to assure ry%(z) = rP(xRr) =

0, 0,0 (z) = 0,38 (zr) = 0 and 2P (x1) = O2rP(zr) = 0.
In the case of flux boundary conditions (3.4), we use the decomposition u¢ =
F111+uF111 and v¢ = UFlu‘i'UEl]g, and accordlngly re = ’I"Flu-i-TFlu andj — jFlu+]F1u
We subtract the boundary values for j¢, 9,7¢ and 92j¢ by setting

r?}%(t,x) = M (eg (t,xRr) + ue28trNe“( t)+ rgeu(t))

2|9
(xR _x)2 2 Neu Neu
o210 (eg(t,zr) + ve®Oprp  (t) + 112" (1))
IER (@) =~ verien(t) - T Lver)e ) .

] &

xr—1x €T — X -INeu

( L)(zr )(x_xL+|Q|)eDQJg (t)

610
T —1 €T —x ~INeu
( La)s(nR Non— 2+ 10D (),

where we use the definitions
D2jge“(t) = 1/6282 Ne“(t) + 8,57"2“(15) + €0y (t,xR) — Ouf(t,xR),
DQjEe“(t) =ve?d?r Neu(t) + 8t7“geu(t) +€drg (t,xr) — Ouf(t,xL).
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We get
D™ (- xp) = 0™ (-, zr) =0 in (0,7T),
i) =" (2r) =0 in (0,7).
The modified right hand sides

(3.11)

1
Flu .__ pe Flu -Flu
LR *— f atr an LR>

1 1
Flu . Flu Flu -Flu
IR =9 —Ojrr — —0sT LR — VEQJLR

fulfill
0o fLR (v or) = OufL (ar) =0 in (0,T),

9iR(iee) = giR(her) =0 i (0,T).

The initial conditions have to be adapted by 7§ := 7§ — rf14(0, ) and j&™ := j§ —

jEI(0, ). Compatibility conditions are required to assure j&'(zr) = j§™"(zg) = 0,

) TFlu( ) ) ,,,Flu( ) =0 and 82 Flu( ) 82 Flu( ) = 0.

For inflow boundary conditions (3 5) we use the decompositions u¢ = u'™ +ul,
and v¢ = v + o1, We only subtract the boundary values for u¢ and v¢ at the
inflow boundaries by setting

n o L =L o o
uPr(t, ) == r(t) + [+ 2ve (rR"(8) = rE°°(1)

n TR — T
VPR (t @) = rpoP(t) — 10 + 20e (7“%0]3(15) - rgob(t)) .

Here, we use 71, = ul, + v and j1%, = ulfy — vl with
—vedy iy = j  in Qp.
We get
u™ (-, zp) =v™(,xg) =0 in (0,7). (3.12)

For the solutions 7€ and ;¢ of the transformed advection system (3.2) we define
the energy

Be(t) = [lre(t, )l + 117t )G + */ 17 (s, )13 ds.
We find a decay of the energy, that is,
E(t) < E(0) fort >0,

for vanishing boundary conditions and vanishing right hand sides. Estimates for
the distribution functions u¢ and v¢ can be gained by observing r2 + j2 = 2u2 +2v2.
More detailed, we prove

Lemma 3.1. Let r = rPen j = jDen gp p = pFlu 5 = jFlu gpp = pP 5 = 4P

be the solutions of the advection system (3.2) with reduced density boundary condi-
tions (3.9), reduced flux boundary conditions (3.11) or periodic boundary conditions
implied by (3.6). Then we have

. T T
Hr(T,~)||3+IIJ(T,-)H%+762/O 17(s,)I§ ds

T T
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If we take r = r™, j = j™ in the reduced inflow case (3.12), then the outflow values

2 T

7/ (u*(z g, s) +v*(zr,s)) ds
€Jo

can be added to the left hand side of the estimate.

PROOF. Test the equations in (3.1) with w and v, respectively. Adding the
equations leads to

B0 +0%) + L0~ 07) + o (u— 0)? = fualu0) + gpnu—v).

Integration over Qrp ylelds

1 T
I+ TN+ g [ lha =l

. - (3.13)
2 2 ve 2
< ol + ool + [ Wzalobu+ vllo+ %5 [ lawalf:
From this we find
g 2 2 v 2 o VE g 2 v
| Qi+ 1wy ) <V (ol ool + %5 [ lowal
. 1/2
+ﬁT</O ||fLR||%> .
O

Estimates for the first order derivatives in space are given in the following way.
In the case of reduced density boundary conditions (3.9), we get d,5°°" = 0 at the
boundary. In the reduced flux case (3.11), we have 9,7 = 0 at the boundary.
Then we have

Lemma 3.2. Let r = 7P, j = jP0 op ¢ = ¢Flu_ 5 = §FIU po the solutions

of the transformed advection system (3.2) with reduced denszty boundary conditions
(3.9) or reduced fluz boundary conditions (3.11). Then we have

(T, )2 + [§(T |1+—/ D ds

T
< 20r(0, )2 + 2050, )2 + 2 / gun(s, )P ds + 5T / Fon(s, ) ds

PROOF. Take the derivative with respect to x in the advection system (3.1)
and test with d,u and 0, v, respectively. Proceed as in the proof of Lemma 3.1. O

In the periodic case we have

Lemma 3.3. For the solutions r¥ and j¥ of the transformed advection system
(3.2) with periodic boundary conditions implied by (3.6), we get for k € N

PR + T |k+—/ O ds

T
<207 (0. + 21770, ) + 20 / (s ds 45T [ 15°(s, s
0 0

with the assumption that the data are sufficiently smooth.
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For positive solutions, stability estimates of another kind can be achieved by
applying the H-Theorem. Let therefore be the entropy density defined by
q° = ulogu® + vlogv® for uf v > 0.
We find

0iq¢ = Gpuc(logu + 1) + Oyv*(log v + 1)

1 V¢ u* u¢ 1
= (=¢° 1—— ) )log — + = f“(log u* + log v° + 2
(29 +2V€2( U)) og - + 5 f (logu® +logv* +2)

1
— =0, (ulogu® — v°logv®).
€

For f¢ = g¢ =0 we have due to (1 —z)logz <0
| o < @) log s () -+ vi(0) og v (0)
TL

1
- E(ue(t,xR) logu®(t,xg) + v(t, ) logve(t, xL)).

For the total entropy

we find for positive u€ and v¢ and for periodic or vanishing flux boundary conditions
and for vanishing source terms

d

—H(t) <0.

<
Hence, we have H¢(t) < H€(0) for t > 0. Since H¢(t) is bounded from below by
—2|9| /e, we have

for decreasing H€¢. This implies that lim; o, u¢ = lim;—, o, v¢ = 7¢/2 holds true,
since we have (1 —x)logz <0 for z > 0 and (1 — x)logz = 0 if and only if z = 1.
Hence, we get lim;_, o, j¢ = 0.

The total mass for solutions of the advection system is defined by

me(t) := /Qre(t, .

The change of mass is given by

d € 1 s € s € €
Gm ) = 20" (ton) — §°(tom)) + [ 7o),
€ Q
For vanishing right hand side we have conservation of mass in the vanishing flux
case and in the periodic case.

3.3. Convergence of the Solutions of the Advection System

By a reformulation of the heat equation as an advection system, we get a con-
vergence result for the solutions of the advection system (3.2) towards the density
modeled by the heat equation and its derivative.

Let 7 be a solution of the heat equation (2.1) with source term f. Define
j := —ved,r. Then the heat equation can be reformulated as an advection system
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in the diffusive scaling
1, .
Or + gazj = f>
.1 1 . .
O + —0pr +—5j = 0.
€ Ve
The transformation to the variables

wi=(r+) = o(r—)

2
yields
1 1 1 .
Opu+ =0pu + =5 (u—v) = S (f + 0j),
€ 2ve 2 (3.14)
1 1 1 . '
8t’l) - an’l) — ﬁ(u — U) = g(f — atj)

Now we have the following result.

Theorem 3.4. Let r be the solution of the heat equation (2.1) with viscosity
v, right hand side f and

i) Dirichlet boundary conditions (2.3),
ii) Neumann boundary conditions (2.4),
ili) Robin boundary conditions (2.5) with ¥ := ve,
iv) periodic boundary conditions (2.6).
We choose € as the parameter of the advection system (3.1). Define j := —ved,r.
Take u:= (r+35)/2 and v := (r — j)/2.
Let u® and v be the solutions of the advection system (3.1) with right hand
side f€ := f and ¢g¢ := —ved, f, viscosity v, and the parameter € > 0. Boundary
conditions are chosen as

i) density boundary conditions (3.3),
ii) fluz boundary conditions (3.4),
iii) inflow boundary conditions (3.5),
iv) periodic boundary conditions (3.6).
Define r¢ := u® +v°, j¢ := u® —v°. Then the errors e, :=1 —7r° and ej 1= j — j¢
can be estimated by

1 T
IIET(T,')H%HIG;‘(T,‘)II%+762/0 le; (s, -)II§ ds

T
< [ler (0,15 + lle; (0,113 +”5€4/0 10, (s,)1[5 ds.

Proor. The errors e, := u — u€ and e, := v — v¢ fulfill the advection system
(3.1) with right hand side f. := 0 and

Ge =01 — g° = —v€0y0pr + ved, [ = —v2edir.
In the Dirichlet/density case i), we have e.(-,z1) = e.(-,£g) = 0. In the Neu-
mann/flux case ii), e;(-,z1) = €;(-,zr) = 0 holds. For the Robin/inflow case iii), we

have e, (-,x1) = e,(-,xr) = 0. In the periodic case, there are e,.(-,x) = e,(-,zR)
and e;(-,xr) = e;(-,zr). The stability estimate (3.13) gives

1 T
lewl T, M+lew (TG + ez [ llew = el
1/62 T

< Neal0, )3 + w0, IE + %5 | vPeairf



36 3. THE GOLDSTEIN-TAYLOR MODEL

In the case of Robin/inflow boundary conditions, the outflow errors

1 [T 1 [T
[ dtaw s [t
€ Jo €Jo

additionally appear on the left hand side of the estimate. O

If the initial values for the advection system are chosen as in (3.7), then the
initial errors vanish, that is, e,(0,-) = ¢;(0,-) = 0 in Q. This yields convergence of
order two for the density and the e-scaled flux in the L°°((0,T); L?(£2))-norm and
third order convergence for the e-scaled flux in the L2((0,T); L?(2))-norm.

Corollary 3.5. Let the assumptions of Theorem 3.4 hold true. Choose the
ingtial conditions for r¢ and j¢ by (3.7). Then we have

1 T
leo T, B + les (T3 + 5z [ llesl < e

where the constant C' only depends on the viscosity v, the end time T and the
boundary and the initial data for the heat equation.

PROOF. By the a priori estimates for the solutions of the heat equation, the
integral expression on the right hand side is bounded by the initial and the boundary
data. O

If the initial data of the advection system are chosen by r€(0,-) = ro and
7€(0,-) = 0 in Q, then the convergence is only of order e. A convergence result of
order +/€ is obtained, if the data of a Dirichlet problem for the heat equation is
chosen to initialize the boundary values for the inflow problem, that is, one chooses

ug () =rp'()  in(0,T),
V() =rR'() i (0,T).
Furthermore, we find

Corollary 3.6. Let the assumptions of Theorem 3.4 hold true. Choose the
initial conditions by (3.7). Then we have in the cases i) and iv)

1 (7
TN+l (T + oz [ leslt < 06t
€& Jo
PrOOF. In the Dirichlet/density case i) we find 0,e;(zr) = Oze;(zr) = 0 by
the evaluation of Ose, + 0e;/e = 0. Apply Lemma 3.2 and Lemma 3.3. O

In the velocity non-discrete case, the convergence of the solutions of a Boltzmann-
like equation to the solutions of the heat equation is only of order O(e). In addition,
boundary layer correctors are required (Ref. [38]).



CHAPTER 4

The Telegraph Equations

For a deeper understanding of the solution behavior, we continue the discus-
sion of the advection system. We demonstrate that the advection system can be
transformed into two independent telegraph equations. A solution formula for the
telegraph equation on unbounded domains is presented. By an extension of the
data, this formula turns out to be applicable even in boundary cases.

The telegraph equations form a singularly perturbed problem for the heat equa-
tion. In the limit € to zero, the hyperbolic type of the telegraph equations and the
advection system changes to parabolic type. This transition is articulated in the be-
havior of the Fourier solutions for the telegraph equation that are presented in this
chapter. By back-transformations we gain Fourier representations for the solutions
of the advection system.

Energy principles for the telegraph equation render additional a priori estimates
for higher order derivatives of the solutions of the advection system.

4.1. Transformation to Telegraph Equations

The advection system in the diffusive scaling in the variables 7€ and j€ is given
by

1
Ore + E(’)TjE = f¢ in Qr, (4.1)

. 1 1 . .
atJE + *axre + 72]6 = g6 m QT. (42)
€ ve

A telegraph equation for r¢ is gained in the following way. We derive (4.1) with
respect to ¢t and (4.2) with respect to . Then we eliminate 0,,0;7¢. Furthermore,
we eliminate 0,j¢ by using (4.1). A telegraph equation for ;€ is achieved by deriving
(4.1) with respect to = and (4.2) with respect to ¢. Then we eliminate 0,0;r¢. We
get

ve2 0l + 0 — vOire = F© = f¢ + ve?0,f€ — vedrg® in Qr, (4.3)
ve2 02+ 0,5 — v02j° = G° = ve?0,9° — ved, [€ in Qr. (4.4)
Telegraph equations for u¢ and v are achieved by taking the sum and the difference
of (4.3) and (4.4).
These telegraph equations have to be equipped with initial conditions
r(0,-) =7r5(-) in Q,
J€(0,) = j5(-) in
Since we now have partial differential equations of order two with respect to time,

we need to supply initial data for 9;r¢ and 9;j¢. This is done by using (4.1) and
(4.2). We define

(4.5)

0 (0,7) = 75() = £7(0.9) — 20,5 () in

1

1 (4.6)
8tj6(0, ) = ]f() = ge(oa ) - Eazr(e)() - 762](6)() in Q.

37
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In order to ensure convergence of order two in € towards the solutions of the heat
equation, we use the data

rg =70, Jo:i= —vedyro,
fo=Ff g i=—velyf,
as in Theorem 3.4 and Corollary 3.5. Hence, we get
r$(-) = £(0,-) +vdro(-) in Q,
Ji() = —ved, £(0, ) in Q.
Periodic boundary conditions for the advection system translate to periodic bound-

ary conditions for the telegraph equations. Hence, the equations (4.3) and (4.4) have
to be solved using

(4.7)

r’(,xr) =r(-,xg) in (0,7),
jé('vxL) = jE(WIR) in (07T>
If we want to approximate the solutions of the Dirichlet problem for the heat

equation, we only know Dirichlet data for r¢. Hence, we have to solve (4.3) subject
to Dirichlet values

r(ar) =rP () in (0,T),
r°(,xRr) = rgi(-) in (0,7).

In order to obtain a solution of the advection system subject to the density boundary
conditions (3.3), we use (4.1) to determine

027 (yxp) = ef(-,xzp) — €dyrP'(-) in (0,T),
02j(xR) = €f(-,xR) — €dprRi(-) in (0,T).
Hence, equation (4.4) has to be solved in presence of Neumann boundary values.
If we want to approximate the solutions of the Neumann problem for the heat

equation, we can only provide Dirichlet data for j¢. Hence, we have to solve (4.4)
subject to the Dirichlet values

je("xL) = _V@ngeu(') in (OvT)’
§€(-, xR) = —very®(-) in (0,T).
In order to obtain a solution of the advection system subject to the flux boundary
conditions (3.4), we use (4.2) to determine
0967'6(-,;@) = 696('7xL) + %23”?%(.) + rlltleu(') in (OvT)v
o1 (-, xR) = €g(-, xR) + 2 DrR°(:) + i) in (0,T).
Hence, we have to solve a Neumann problem for (4.3).
For the inflow problem there is no information on r¢ or j¢ at the boundaries.

For u¢ and v¢ only the inflow values (and their derivatives) are known. Hence, we
cannot determine a solution of this problem by using this approach.

4.2. The Telegraph Equation
We have to consider solutions of the telegraph equation
Les€ i= ve?0f s + 0y — vdis* = h¢ in Qp. (4.8)

This equation is singularly perturbed by the small parameter €. In the limit € to
zero, we formally gain the heat equation. Initial conditions for (4.8) are given by

s900,-) = s5(+) in £,

0:s°(0,-) = s{(-) in Q. (4.9)
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We impose either Dirichlet boundary conditions
s(vap) =sp() i (0,7),
s(er) = sp(-) in (0,T),
or Neumann boundary conditions
0ps(vap) = sp™() in (0,T),
Dps (-, zr) = sR(-) in (0,T).

In the Dirichlet case, compatibility conditions for the supplied data are determined
by

solwr) =sL'(0),  si(wr) = sR'(0),
silzr) =92 (0), si(zr) = disp'(0)

and
V20D (0) + 521 (0) — vRs (1) = h(0, 31),
ve202sP1(0) + 0,5D1(0) — vd2s§(xR) = (0, zR).

Extensions are needed for the higher order derivatives. In the Neumann case we
have to impose

Ousi(wr) = s1(0),  usi(zr) = sE™(0),
055 (x1) = Opsp"(0),  Dusi(zr) = Orsi™(0)
and
ve2 0257 (0) + 957 (0) — vd3s§(2r) = 0.h(0,21),
ve202s%°1(0) 4 9,55 (0) — v92s5(xR) = 0,h(0, zR).

For the derivation of a solution formula for the telegraph equation on un-
bounded domains, we follow Ref. [31, 8.36, 9.42-9.43]. We switch to characteristic
variables by taking

1
§:= ﬁ(t + ex),
1
n ﬁ(t —€x)
We define
S(&,m) 1= 5 (veX (€ + ), ve(§ — m))e /2
and find

(36057 = 35°) (€)= H () = vt (0l ) vl = )32,

For fixed (£9,10) € Qr, we define the Riemann’s function

oo

NEOEDY L _527;;?;2_ "

n=0
This Riemann’s function obeys 0¢,x — x/4 = 0 and x = 1 along the characteristics
& =&y and n = 19. Now we apply Green’s formula

/ / (vugy — wven) d(E,m) = / (vuty d + e d€)
Dy 0Dg

tou=yx,v=295°and u =85 v =yx. We integrate over the triangular domain Dy
with vertex in (€, 1n9) and the edges £ = &, n = 1o and ¢ = 0 and its positively
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(€0,m0) .

Dy

L (&1,m0) (f0,m)

FIGURE 4.1. Integration in Dy.

oriented boundary curve 0Dy; see Figure 4.1. Initially, we assume that the charac-
teristics £ = &y and 1 = 1y do not intersect with the boundaries x = x, or x = zp.
The solution in (&y,70) is given by

5" (&m) = 35" (€m) + 55 Com) + [ [ e

1 osm)
g 5 = 5 ) —
1,70

By using the modified Bessel function
- (r/2) Ii(r) 1 = (r/2)*
Io(r) = Z ()2 Jo(r) = -9 Z

(n+1)n!

n=0

and
1

2ve2

V=S = 2y,

r=r(sy) =
we get
Theorem 4.1. In the periodic case or for x+t/e < x < xp—t/e, the solution
of the telegraph equation (4.8) in (t,z), t > 0, can be represented by

f@#ﬂi%@ﬂi*ﬁ@+ﬂﬂx+ﬁaﬁ4ﬂ”ﬂ

:er(t 5)/5 2ve? ZO TS,y d d‘f
/ / 7(t 5)/( ve )he(say) ( ( ’ )) Y
2V6 0

(t-s)/e
pie)e (4.10)

—t/(2ve?) € d
w1 [ s a0, dy

€ _t/(z 2) :C+t/€ 1
5@ [T (500 + i) 160,00 .
If we have h® > 0 in Qr, s§ > 0 in Q and s+ s§5/(2ve?) > 0 in 2, then the solution
18 mon-negative.

In contrast to the heat equation, we have finite speed of information transport.
The modulus of the speed is 1/e and turns to infinity in the limit € — 0.

In Ref. [31, 9.44], the author intends to construct solutions for the initial-
boundary value problems by following the characteristics and computing surface
elements. The unknown derivatives at the boundary shall be computed by using
the derivatives given at ¢ = 0. The formula 9.44.(3) provided is obviously wrong. It
only holds in the case of the wave equation J¢, S = H, where the Riemann’s function
does not depend on £ and 7. Hence, the suggested construction of solutions for the
boundary value problems fails.
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Apart from this fact, in the homogeneous boundary case, solutions can be
gained by extensions of the data, which are described in the following. For vanishing
Dirichlet data, we use odd extensions for h¢, sj and si. We define

sg(x) == —s5(2xp —x) forzp — Q| <z < zp,
so(z) == s§(x — 2k|Q)  for zr +2(k —1)|Q <z < xg+ 2k|Q|, k € Z,

and apply the same procedure to s§ and h€(t,-). In the homogeneous Neumann
case we use even extensions, that is,

so(x) :=s5(2ep —x)  forzp —|Q <z <zp,
so(x) :=sq(x — 2k|Q) for zp+2(k —1)|Q <z < zgr+ 2k, k € Z,

and analogous extensions for s§ and hf(t,-). For vanishing Dirichlet boundary
conditions with s§(xr) = s§(zr) = sj(xr) = s{(xr) = 0 or vanishing Neumann
boundary conditions, (4.10) applies for all (¢,2) € Qr. In the homogeneous Neu-
mann case, non-negativity of the initial data implies non-negativity of the solution
in Q. In the Dirichlet case, the non-negativity of the data does not carry over
to the odd extensions. For the closely related wave equation ve?0?s — v92s = 0,
Dirichlet boundary conditions lead to a phase reversal. Hence, positive solutions
can turn into negative ones. See also Ref. [39, Chapter 4].

4.3. Fourier Solutions for the Telegraph Equations

Another possibility to present solution formulas for the homogeneous boundary
value problems is the use of Fourier series in terms of the orthogonal eigenfunctions
introduced in Section 2.4 for the solution of the heat equation.

We define p¢ := s¢e?/ (2v¢*) and consider the transformed telegraph equation

Mep© = V€28§pe _ Vaz € _ 1 2p€ — heet/(Ql/ez)

4dve
which is known as the Klein-Gordon equation with imaginary mass. Let
t
=53
By using the orthogonal eigenfunctions defined in (2.16) and (2.30), we define the
Green’s functions

. > 2
GPi(t,z,2) = Z Vf
et

k1k

e

2

sinh(a§t)op (z)pR (2),

" sinh (aft)or " (@) (2)

2ve
GNY(t,x,2) := Tar smh Z

for the Dirichlet problem and the Neumann problem. Here, we use the definition

=1 —4ve2 ) for k > 0,

where Ay = vk?m?/|Q|? are the eigenvalues of the stationary problem for the heat
equation. For small values of € and small k, the quantity oj, takes real values. For
large k, the quantity aj becomes complex. We remark that the Green’s functions
given in Ref. [37, 7.33.B.2.1 and 7.33.B.2.2] are not written down correctly.

We apply Green’s formula to the domain €2,

// (VM u — uMv)drdz = ve / (u0rv — voru)dz + l// (u0,v — vOu)dT
Q, 0 0

and take u(1,2) := p(1,2) with Mp¢ = hé'" and v(r,2) = GPi(t — 7,2,2) or
v(r,2) = GNU(t — 7,2, 2). The evaluation of the integrals and the transformation
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to s¢ = pce~*" leads to the following solution formulas. For abbreviation, we define
for k e N

bo(t) :=1—e",

ag (1) = 2L ey 0~ (e
’ 20, 20, ’
b (t) == 1 (e(az_l)te — e (gt D)t ) .
aj
Theorem 4.2. Let sP! be the solution of the telegraph equation (4.8) subject to
the initial conditions (4. 9) and vanishing Dirichlet boundary conditions sPi(-,z1) =
sDi(.,zg) = 0. Then sP' is given by
/ by (t — 7)(h(T, "), i) dT ¢ ()
(4.11)
+ a’i(t)(s(e)’ +V€22b6 6 k:l(x)7
k=1

provided that s and s{ vanish at the boundary.

The condition that sf and s{ vanish at the boundary is achieved by the fulfill-
ment of the corresponding compatibility conditions.

Neu

Theorem 4.3. A solution s, of the telegraph equation (4.8) subject to the

initial conditions (4.9) and vamshmg Neumann boundary conditions sV (-, x) =
sNeu(. zg) = 0 is given by
seNeu / be t—T he .)7 Neu) dT¢Neu( )
+ 2( 6900 " (x )"‘750( )(s1, 05 )bn " (2)
(4.12)
+Z/ be t—T hF ) Neu)d II;Ieu(I)
+ Zak 567 Neu) Neu + 1/62 Z be 8§7 Neu)qsgeu(w).
ProOF. The time kernels aj, and bj, fulfill
ve?0tal, + 0sal 4+ Mpal, =0 in (0,7),
ve2 0205, 4 0,05, + \pby =0 in (0,T)
for k € Ny, subject to the initial conditions
ag(0) =1, ve’das(0) =0,
be(0) =0, ve?0;b5(0) = 1.
The assertion of the Theorem 4.2 and 4.3 follows by direct verification. O

Furthermore, we observe
Oray, + Ay, =0 in (0,7),
ve20b5, + b, = af, in (0,7T).
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Time kernels aj,, £=0:10:100 Time kernels b5, k=0:10:100
15 - 15 c
a b
R — "%
1 1
0.5 0.5
0 ‘ ‘ ‘ — 0 ‘ ‘ :
0 1 2 3 4 5 0 1 2 3 4 5
. t x10° . t x10°"
Time kernels ay,, k=0:10:100 Time kernels bj,, k=0:10:100
15 : ;ai : : 15 : ;bi : :
___‘Iimai(sao) ___Iimbi(sao)

0 1 2 3 4 s
t x10™ t x10"*
Time kernels aj,, k=100:25:60 Time kernels bj,, k=100:25:600

£
b,

1 % 1

t ©10™ t x10™

Time kernels aj,, k=1000:50:1200 Time kernels bj,, k=1000:50:120

1 — .
0.5
0
-0.5
-1
0 1
t ©10™ t x10™

FIGURE 4.2. Time kernels of the Fourier coefficients for data € =
0.01, » = 0.1, |Q] = 1 and ng = 159.

The exponential terms with argument —(af, + 1)t decay very fast, whereas the
exponential terms with argument (af, — 1)t¢ approximate the time kernels of the
heat equation for small k.
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Since we have
. e
lim af, =1,
e—0
€
ap, —1 _

lim = _>\k
e—0 2V€2

for fixed k, we get

lim ag(t) = e" ' for t >0,

e—0

Art

lin(1) bi(t) = e~ for t > 0.

In the latter case, convergence cannot be uniform due to b, (0) = 0. Furthermore,
we find

lim Oraf,(t) = —Ape Mt for t >0,

HH(I) Obs(t) = —Age Mt for t > 0.

Hence, we formally have

lim 5?1 =sP1 lims
e—0 e—0

Neu — SNeu

€ )

where sP! and sN°" are solutions of the heat equation subject to vanishing Dirichlet
or vanishing Neumann boundary conditions.

Let
Q
ng := no(e) := {|J € Np,

2ver

where || denotes the largest integer lower or equal the real value 4. Then, for
k < ng, the time kernels aj, and bj, are positive and show an exponential decay as it
is expected for the solutions of parabolic problems. For k > ng, we have oscillating
time kernels af, and bi. They show a fast exponential decay, but there are frequent
changes in the sign; see Figure 4.2. For k > ng, we have

ai(t) = (16 sin (5£°) + cos wztf))
B
Bi(1) = = sin (55 "
B

with 3¢ :=iaf = VAveZ\, — 1 € R.

Now we consider the function
1 .
At x) == 56—”/% + af(t)sin (km(z — x1)/|Q])

for n > ng. On the interval Iy := (zr,zr + |Q|/k), the initial value Aj(0,-) is
positive. Furthermore, Af is a solution of the telegraph equation L¢Aj, = 0 with
A5 (0,-) = 0 and A§ > 0 on dIx. But for the time T} := 2ve’r/B5 > 0, we have
AS (Ty, v + |9/ (2k)) < 0, since af,(T) = —e /5 takes its negative minimum
there. Hence, non-negativity of the data does not guarantee non-negativity of the
solutions.

The initial layers of the time kernels b¥ (see Figure 4.2) express the fact that we
are examining a singularly perturbed problem. The presence of the second order
derivative in time in (4.8) requires initial conditions for d;s¢.
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4.4. Fourier Solutions for the Advection System

With the results of the previous section we can give Fourier solutions for the
advection system of the Goldstein-Taylor model.

Theorem 4.4. Let r° and j° be solutions of the advection system (4.1) and
(4.2) subject to the boundary conditions r¢(-,xr) = r¢(-,xr) = 0 and 0,j(-,x1) =
0:9(-yzr) = 0 4n (0,T). Let the initial conditions be given by (4.5) and (4.6)
with r§(xr) = r§(zr) = 0 and 0,55(zr) = Ogzj§(xr) = 0. Let F° and G be
defined in (4.3) and (4.4) with f€ and g¢ fulfilling f(-,xzr) = f°(-,zr) = 0 and
0:9°(yxp) = 0:9°(,xr) = 0 in (0,T). Then we have

“(t, x) Z/betff YF(T, ), o) dr ¢Ri ()

—|—Za (t)(r§, dR1) +V€22b6 r{, oPi(x),
k=1

1_ t 2
f(t,ml/obg(tﬂ(c:% ). 1)dr + (B )+ SO

+; /O Bt — )G (), 6N dr 6 (2)

oo oo
+ a0 ORI (@) + ve Y b (G, OR ) (@)
k=1 k=1
PROOF. Direct computation. U

In the case of density boundary conditions (3.3), the assumptions on the bound-
ary conditions of the data are achieved by subtracting rDe“ and jLD}“;in given in (3.8),
where the data have to fulfill adequate compatibility COHdlthHS

Theorem 4.5. Let r€ and j¢ be solutions of the advection system (4.1) and (4.2)
subject to the boundary conditions Oyr€(-,xr) = 0yr¢(,xr) = 0 and j°(-,zL) =
J€(,xr) = 0 in (0,T). Let the initial conditions be given by (4.5) and (4.6) with
Our§(xp) = 0r§(xr) = 0 and j§(xr) = j5(xr) = 0. Let F€ and G be defined in
(4.3) and (4.4) with fF and g¢ fulfilling Oy f€(-,x1) = Ox f(-,xr) =0 and g°(-, L) =
9¢(-,zr) =0 in ( . Then we have

“(t,2) |Q|/bo R D dr+ a5, + T 00,1

€ —r 57_. NcuTNcu
+k2_1/0bk<t J(F<(7,), oY) dr 63" ()

+ ) ag(t)(rh, or ) or " () + ve? Y b () (rf, oR )b (x),
k=1 k=1
Jtw) =37 | W= DG (), o) dr R (@)
k=1
+ Y ag(t) (6, o +ue22b€ (45, oF ) op ().
k=1
PRrROOF. Direct computation. O

In the case of flux boundary conditions (3.4), the assumptions on the boundary
conditions of the data are achieved by subtracting rFlu and JE% given in (3.10),
where the data have to fulfill adequate compatibility condltlons
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A similar representation of the solutions in terms of Fourier series can be ob-
tained for periodic boundary conditions (3.6).

4.5. Energy estimates

For the derivation of a priori estimates we employ the energy functional. Let
the total energy associated to solutions of the telegraph equation (4.8) be defined
by

Fe(t) = ve|us (1, )3 + vl|ws (1, ).

For vanishing right hand side A€ and constant Dirichlet boundary values, vanishing
Neumann boundary values or periodic boundary values, we find decay of the total
energy. More detailed, we prove

Lemma 4.6. Let s¢ be a solution of the telegraph equation (4.8) subject to
constant Dirichlet boundary values, vanishing Neumann boundary values or periodic
boundary values. Then we have

t t
Fe(t) + / 1005 (s, |12 ds < F©(0) + / Ih(s, )3 ds fort > 0.
0 0

PROOF. Due to
Oy (1/62(81586)2 + V(axse)z) = 72(8,556)2 + 200, (0,504 8%) + 20:s°h*

we find

d € € € €
7 F0) + 200t )G < 105"t )G + 1P ) G-

O

By employing the energy principle of the telegraph equation, we find a priori
estimates for the solutions of the advection system.

Corollary 4.7. Let the assumptions of Theorem 4.4 or Theorem 4.5 hold true
or consider periodic boundary conditions (3.6). Use the data given in (4.7) in order
to ensure convergence of the solutions (confer Theorem 3.4 and Corollary 3.5).
Then we get the following a priori estimates for the solutions r° and j¢ of the
advection system (4.1) and (4.2):

T
VllamTE(T’~)II§+/O 107 (s, 1§ ds + ve [ 9pr(T, )3

< U]|urg(t, ) + 26°2 0213 + 206211 0, )2
T T T
3 / 1£ (s )12 ds + 32" / 100f (s, )2 ds + 34t / 102 £ (s, )2 ds,
0 0 0

T
V102 (T, )5 +/0 1005 (s. )15 ds + ve? || 95 (T )13

< V2| 03roll§ + €0 £ (0, )5

T T
+ 2072 / 0 f (5, )||I2 ds + 2048 / 10404 f (s, -)||2 ds.
0 0
ProoOF. Apply Lemma 4.6. (|

For higher order regularity, further compatibility conditions for the data are
required. In the case of desired convergence with data chosen as in (4.7), these com-
patibility conditions have to be seen as extensions of the compatibility conditions
for the heat equation given in Section 2.3. In the case of density boundary con-
ditions, compatibility for the heat equation leads to zero boundary conditions for
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r§e" and 0,jP". Zero boundary conditions for 92rf*" require in addition 92rg = 0
at the boundary. For flux boundary conditions, compatibility for the heat equation
leads to zero boundary conditions for jt™. Zero boundary conditions for d,r§™
and 02j5™ require 92rg = 0 and vd5rg + 93 f = 0 at the boundaries. In the case of
violations, the perturbations are of orders €.

In the lattice Boltzmann community it is a widespread custom to use Hilbert
expansions or Chapman-Enskog expansions (Ref. [24]) of a function f in terms of
the small parameter €, with the aim to gain insight to the limiting behavior of the
discrete velocity models or the lattice Boltzmann schemes. One uses representations

of the form
F=> €
1=0

However, it is a well-known fact that there is no expansion for e~/ € about € = 0.
If we consider initial data, where the eigenfunctions ¢ or ¢f" are incorporated,
then the solutions of the advection system are equipped with the time kernels aj,
and by, which have parts of the form et/ (2ve?) Hence, not all terms appearing in

the solution are matched by the asymptotic expansions in e.






CHAPTER 5

Lattice Boltzmann Schemes

The goal of our study is the computation of discrete solutions of the heat
equation by using explicit lattice Boltzmann (LB) discretizations of the form

Ut+7r,2+h)=U(t,z)+QU,V)(t,x) + Fr(t, x),
Vit+71,2—h)=V(t,z)— QU V)t z)+ F_(t,x),

where @ is the collision term and F; and F_ are the source terms. This is done upon
discretizing the advection system (3.1) under consideration of the characteristic
directions. The fluid-dynamic limit, which corresponds to the limit € to zero, is
attained by choosing the fixed space-time coupling

h=~e, T=né.

The parameter  has to be chosen as a function of the viscosity of the limiting equa-
tion and the relaxation parameter of the collision term. The respective dependence
may be different for different discretizations.

In this chapter, the lattice Boltzmann discretizations are performed in a fi-
nite difference and in a finite volume context on vertex centered grids and on cell
centered grids. We are treating four different kinds of lattice Boltzmann schemes.
Finite element methods are disregarded, since their application is equipped with
additional technical difficulties. But, as a consequence, the abandonment of varia-
tional formulations is a considerable deficiency.

We present diverse boundary conditions that are chosen in accordance with
the type of the boundary conditions for the heat equation and the underlying grid
situation. The scaling of the lattice Boltzmann schemes is discussed. We identify
the Knudsen number and the Mach number, and we determine the relationship to
the numerical viscosity.

In Section 5.7, we switch to matrix formulations in terms of the macroscopic
quantities. The simultaneous reduction of the boundary values for the density
and for the flux is described. We perform a detailed eigenvalue analysis for the
time evolution matrices and we present discrete Fourier solutions for the lattice
Boltzmann schemes that reveal the coupling of the flux and the density. The
distribution of the eigenvalues gives rise to the conjecture that the lattice Boltzmann
schemes work badly in the case of nonsmooth data.

A discrete stability estimate is proved in the case of the finite difference lattice
Boltzmann schemes. This stability estimate is the basis for the convergence proofs
in Chapter 6. Stability for the finite volume lattice Boltzmann schemes is derived
from the Fourier representations.

5.1. Vertex Centered and Cell Centered Grids

For the discretization of the equations we introduce the following grid on the
interval Q := (x,xr) for N € N. We define the grid size

_

h:
N

49
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and the grid points
x:=xp+1h forl=0,... N.

The intermediate grid points x;_;/; are defined by x;_1/0 = (¥ + 21-1)/2 for
I = 1,...,N. Furthermore, we define the intervals K; := (2;_1/2,%41/2) for
Il =0,....,N and K;_y/5 = (w-1,2;) for I = 1,..., N, where we employ the
straightforward definition of grid points outside the interval Q.

By using the constant « that has to be determined later, we define the uniform
time step

h2
= 7

The time interval (0,7 is split by the intermediate times ¢y := k7 for k =0,..., M
with tpr—1 < T < tpr. We define Iy, := (tg,tg41) for K = 0,...,M — 1 and
QM = (O,tM) x €.

The discretizations are done in a finite difference (FD) or in a finite volume
(FV) context. In the FD context the discrete values UF and V¥ are interpreted as
point values in (¢, x;), that is, we use

Ulk zu(tk,:ﬂl), ‘/lk zv(tk,xl).

T

In the FV context we consider integral mean values, that is, we make use of
the approximation properties

1 Ti41/2 1 Ti41/2
of g [ e vEs g [

1—1/2 1—1/2

We introduce the rectangular cells X l’“ := I x K; and the corresponding discrete
FV space with piecewise constant functions

U f=0,...,M—1

This grid is referred to as the vertex centered finite volume grid (VCFV grid). The
domain of V}V is (0,ta) X (z, — h/2,2r + h/2). Hence, for the discretization the
data has to be extended on the boundary cells X5 and X%. Characteristic cells
Ylk and Zlk' are defined by having the basis K; at time t; and the tops K;41 and
K;_1, respectively, at time tx11. These cells are bounded by the characteristics
(x; £ sh,ty £s7) for s € (0,1) and ¢ =1 —1/2,1 + 1/2; see Figure 5.1.

In the same manner, we introduce the rectangular cells Xlkf1/2 =T X Ki_10
forl=1,...,Nand k=0,...,M — 1. Then we define the corresponding discrete
FV space with piecewise constant functions

IARE {FeL2(QM) . F(t,x) = FF for (t,z) € X} t=0,.... 1, }

Ve = {F € L*(Q) : F(t,x) = Ff' ), for (t,2) € X[ 9, 2 :10]]\(4 3 1} :
This construction is called cell centered finite volume grid (CCFV grid). Character-
istic cells Yl]i1/2 and Zzlil/z are defined by having the basis K;_;/, at time t; and
the tops Kj41/2 and K;_3/5, respectively, at time ¢;1. These cells are bounded by
the characteristics (z; £ sh,tx £ s7) for s € (0,1) and ¢ =1 —1,1. The characteristic
cells are cut off at the boundary; see Figure 5.2.

For F € VhV or F' e th we use

F* = Fxp ot F*:= Fiy,xp - fork=0,...,M—1.

In accordance with the above definitions, we call a grid designed for the ap-
plication of FD schemes a vertex centered finite difference grid (VCEFD grid), if we
evaluate the functions at the grid points x; for [ = 0,..., N. In the case of function
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FIGURE 5.1. Vertex centered finite volume grid (VCFV).
evaluations at the interval midpoints x;_;/, for [ = 1,..., N, we refer to cell cen-

tered finite difference grids (CCFD grids). Since the resulting discrete equations are
of a similar structure for finite difference methods and for finite volume methods,
we sometimes refer to vertex centered grids (VC grids) or cell centered grids (CC
grids).

5.2. Lattice Boltzmann Discretizations

In the finite difference context we discretize the advection system (3.1) by
replacing the derivatives by difference quotients, where we take care of the char-
acteristic directions. We use U ~ u(tg,z;) and V}¥ = v(tg,z;). Here, and in the
following, the upper index € for the solutions u¢ and v of the advection system is
omitted. For the time derivatives we take

k+1 k k+1 k
Uier — Ui Viel - Vit

l
8tu(tk,xl+1) ~ %, ﬁtv(tk,xl_l) ~ -
The space derivatives are replaced by using the one-sided differences
k k k k
Ui — U Vil =Vity

Opu(ty, Ti41) = Opv(ty, 1) =~

h ’ h
The collision terms u—v are evaluated in the points (tx, x;), where the characteristics
start that meet the points (tx41,2+1) for the u-equation and (¢x41,2;-1) for the
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FIGURE 5.2. Cell centered finite volume grid (CCFV).

v-equation. The source terms are evaluated along the corresponding characteristics.
We take

Fllf_i_ = f(tg + s7, 2 + sh), F/f_ = f(tg + sT,2; — sh)
for a fixed s € [0,1]. A discretization of the source term g in (3.1) is disregarded.
By caring of 1/e = v/h and replacing 1/(2ve?) by w/T with a relaxation parameter
w € (0,1), we find the VCFD lattice Boltzmann equations

UFA! :U{“—w(Ul’“—Vlk)Jrgﬂ’f+ for 1 =0,...,N —1,

(5.1)
VI = VE 4 w(UF - VF) + gFl’f_ forl=1,...,N.

The missing inflow values Ué“'l and VII\C,+1 have to be determined by the boundary
conditions. Initial values have to be supplied for UP and V;? for [ =0,..., N. Then
the lattice Boltzmann (LB) equations have to be solved for k =0,..., M — 1.

On CCFD grids we get the CCFD lattice Boltzmann equations

. T

Uit = Ulayg —w(UF 1o = VE 1) + 55’“_1/2,+ forl=1,...,N — 1,( |
5.2
-
‘/2]1—0;}2 - ‘/213_1/2 + w(Ullj-l/Q — ‘/2]_{;_1/2) + §F‘l]jr1/27— fOr l = 1, e ,N — 1
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Here, we have to determine the missing values U1/+21 and Vfﬁl /2 by an evaluation
of the given boundary conditions.
For FV discretizations we write the advection system in the form

Lt (= 1))+ 2= )t 2+ (= 1) /€)= 51t + (¢~ 14)/e)
Lottt —1)/0) — o)t — (¢~ 1)) = S F(tw— () fe).

Integration over [} yields

Wt +B) = ulty,z) — 2 / <u—v><s,X’“+>ds+§ S X8 ds
T J1,

1
v(tgr1,x — h) = v(tg, ) + d / (u— v)(s,X’“’) ds + = f(s,X’“’) ds,
T I 2 I

where we use X5% := X*k%(s 2) := x4 (s — t)/e. On VCFV grids we integrate
along K; and get

. . “’// i/

- w(tpy1,) = — u(ty, ) — — u—0)+ — 7
h K ( kol ) h K ( k ) Th Yl(c ) 2h Ylk
1 1 1
) = v+ 5 0o [

Now we replace u and v by U € V¥ and V € V}Y. We end up with the VCFV
lattice Boltzmann equations

U = UF = S (UL +UF = Vi, =V + 2R, forzzo,...,N—l,(53)

AR A (Ul+Ul1 V/“—v/il)+gﬂ’f_ forl=1,...,N,

1 1
) P — f F’t::—// f
TR v b \ZF1 )z

The values Ugf“ and V]’\C,+1 have to be computed from the boundary conditions.
On CCFV grids we integrate along K;_1/5 and K;;1/p and plug in U € th
and V € VC. Hence, we gain the CCFV lattice Boltzmann equations

where we define

k Worrk : T 1k
Uz++11/2 Ul 1y — §(Uz]11/2 +U 1y = Ve = Vi) + §Fz]i1/2,+, o)
w T :
Vzkﬁ}Q Vz+1/2 5(%’11/2 + Ulk—l/Q - Vzlfu/z - ‘/llil/Q) + §Fz]11/2,_7

forl=1,...,N—1

)

where we define

k .
Fl—1/2,+. 1/2|/ f’ Fl+1/27 |Z+1/2|//

The values Ulk/zl and Vk Ti)e have to be supplied by the evaluation of the given
boundary conditions.

In order to gain the lattice Boltzmann equations (5.1) and (5.2) by the appli-
cation of F'V methods, we have to make use of specific integration formulas for the
integrals of the collision term u — v.

From the lattice Boltzmann variables U and V;¥ we switch to the macroscopic
variables RF and JJ by taking

Ry :=Ul+ V¥, Jf=UF -V

l+1/2
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We shall find the approximation properties
2w
Rf %T(tk,l‘l), —lek %81-7‘(%,561)
for the FD schemes and

[ ), et .

Rl ~ h K 71(15167 ), h Jl ~ L X, aa:r(tkv )

for the FV schemes, where r is the solution of the heat equation with viscosity v.
While the numerical viscosity of the FD lattice Boltzmann schemes (5.1) and

(5.2) turns out to be

1

1w
Vpp ‘= % s
we find the numerical viscosity
1
VFv = %7

for the FV lattice Boltzmann schemes (5.3) and (5.4). This means that for a given
viscosity v and a given relaxation parameter w the ratio v = h?/7 has to be adapted
in order to achieve the correct numerical viscosity. Hence, for a given grid size h
there is a prescribed value for the time step 7.

Discrete stability is proved directly only for the FD lattice Boltzmann schemes
(5.1) and (5.2). We shall see that these schemes lack consistency with the equations
of the advection system (3.1). This is no failure, because the approximation of the
solutions of the advection system is not within our scope.

The stability of the FV lattice Boltzmann schemes (5.3) and (5.4) can be proved
after a detailed Fourier analysis.

The choice h = e and 7 = ve? leads to a uniform hyperbolic CFL-condition
(Courant-Friedrichs-Levi-condition, see Ref. [22, 7.2]). By using the characteris-
tic gradient a := 1/e we find a7/h = 1. On the other hand, we have parabolic
dependence in the form y7/h? = 1.

5.3. Finite Element Methods

For the technical analysis a variational formulation and the application of
Petrov-Galerkin finite element methods are favorable; see Ref. [40]. This approach
enables the introduction of a posteriori error estimation techniques.

The natural choice is the definition of space-time finite elements along the
characteristic cells with the goal to achieve the explicit lattice Boltzmann schemes
as presented in the previous section. In order to succeed, we have to choose ansatz
functions that are piecewise constant in time or we have to apply specific quadrature
formulas. These quadrature formulas and the displacement of the characteristic
cells of the u-equation and the v-equation lead to additional difficulties.

The second choice is the combination of spatial finite elements and time in-
tegration methods like the explicit Euler scheme. In general, the application of
finite element methods leads to nondiagonal mass matrices that are expected to
be positive definite. As we shall see at the end of Section 6.3, the lattice Boltz-
mann schemes give rise to a system with the central second order schemes for the
derivatives of the macroscopic quantities and a nonsymmetric mass matrix with
non-negative eigenvalues. An interpretation of this structure is still missing.

The crucial point for the discretizations under consideration is the lattice Boltz-
mann type structure. Hence, we can neglect the knowledge of details on their
respective derivations and study the lattice Boltzmann schemes in the presented
form. But it is well-known that the disregard of Hilbert space structures limits the
variety of analytical tools for the investigations of the convergence processes.
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5.4. The Lattice Boltzmann Scaling
The lattice Boltzmann equations
Uk =Uf —w(Uf - VF) forl=0,...,N -1
VAL =V oUF ~VF) forl=1,...,N

can be viewed as discretizations of the equations

size A& = 1. Setting u(t,z) = u(rt, hd) := a(t,#) and v(t,z) = v(t, hd) := d(t, 2)
with ¢ := 7t and z := h&, we find

7O + hdyu + w(u —v)=0,
TOw + hdgv — w(u — v)=0.

The diffusion scaling and the space-time coupling is attained by using 7 := ~ve? and
h := ~ye. These definitions contain two kinds of information. The characteristic
gradient h/7 = 1/e determines the structure of the characteristic grid. Secondly,
h?/T = ~ arranges the diffusive scaling. By rewriting the latter equations in the
form

edpu + Opu + i(u —v)=0,
e

€Opv + Oyv — i(u —v)=0,
ve

we can identify the Mach number € = h/v and the Knudsen number ve = h. Hence,
the parameter v determines the space-time coupling, but it can also be seen as the
ratio of the Knudsen number to the Mach number. As we shall see, the numerical
viscosity of the lattice Boltzmann schemes depends on the relaxation parameter w
and on 7.

In the applications the viscosity v and the discretization parameter NN is given.
Upon choosing the relaxation parameter w, the space-time coupling v and hence
the time step is determined.

5.5. Boundary Conditions

The missing inflow values are computed by evaluating the boundary conditions.
As in the continuous case, we prescribe periodic, density, flux or inflow boundary
conditions.

For the VC lattice Boltzmann schemes (5.1) and (5.3) boundary values have
to be prescribed for Ué““ and Vf,“. In the case of periodic boundary conditions
(2.6) for the heat equation, periodic boundary conditions for the VC schemes are

given by
k+1 k+1
UO+ = UNJr ,

VJ<€7+1 = ‘/Ok—"_l. (55)

For Dirichlet boundary conditions (2.3) for the heat equation, we prescribe
density boundary conditions on VC grids by

k41 . k41 k41
Uy ™ i=ri =V,

VEFL okl ke (5.6)
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with
rho=rPit), = rBity). (5.7)

Flux boundary conditions on VC grids are given in the case of Neumann bound-
ary conditions (2.4) for the heat equation by choosing

k1 . k1 k1
U™ =Jr +W",

Vit = phtt gk 58
with
h h
g N g N
Jr= fﬂrLeu(tk), Jp = fErRe“(tk). (5.9)
Flux boundary conditions with vanishing flux jf“ = jﬁ“ = 0 are known as

bounce-back boundary conditions, where the outflow value is used as the inflow
value.
If Robin boundary conditions (2.5) are prescribed for the heat equation, we use
inflow boundary conditions
Uyt =g, (5.10)
V]@H = v%ﬂ, .

with
ulz = TEOb(tk), vf% = T%Ob(tk). (5.11)

The parameter 9 in (2.5) has to be chosen as ¥ := h/(2w) in order to gain the
correct consistency of the boundary conditions.

On CC grids the boundary values have to be used to compute
We define the outflow values

-
Vom = V1k/2 + W(Ulk/z - Vlk/Q) + §F1k/2,—v

Uk?+1

k+1
1/2 Vit

and N_1/2°

. T
Uétcl = ka—l/z - W(Ujl%—l/z - VJI\CI—1/2) + §F11f/—1/2,+~

Then we define density boundary conditions for the CC lattice Boltzmann schemes

(5.2) and (5.4), if Dirichlet boundary conditions (2.3) for the heat equation are

prescribed. For a § € [0, 1], we define ty45 := tx + 67 and then we put

k+1._  k+8 k+1
Uip =10 = Vour » (5.12)
k+1 . k48 k+1 .
VN—1/2 =71g " —Uout>

with % and 7% given in (5.7).
Flux boundary conditions on CCFD grids can be given in the case of Neumann
boundary conditions (2.4) for the heat equation by choosing

k+1 Jots kL
Ui = (= @)™ + VT,

(5.13)
k41 k41 S
VNtl/Q = Uott -(1- W)JR+ )
with j§ and j§ given in (5.9). On CCFV grids we use instead
k+1 ._ :k+6 k
U =31 + Vija (5.14)
k+1 k S :
VNtl/Z =UN_1/2 — g
The evaluation of the boundary values is chosen at time tp,s5 := t + o7 for a

§ €10,1].
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Let the discrete mass m¥, on VC and m§, on CC grids be defined by

h N-1 h N
=1 =1

For periodic boundary conditions (5.5) or flux boundary conditions (5.8) with van-
ishing flux (that is, bounce-back boundary conditions) and for vanishing right hand
side, there is conservation of mass for the VC lattice Boltzmann schemes (5.1) and
(5.3) of the form

mb =md fork=0,...,M—1.

For vanishing flux boundary conditions (5.13) and vanishing right hand side we
have conservation of mass for the CCFD lattice Boltzmann scheme (5.2), that is,
we have

mg =md fork=0,...,M—1.

For vanishing flux boundary conditions (5.14) and vanishing right hand side, we
have conservation of mass for the CCFV lattice Boltzmann scheme (5.4).

For non-negative initial data UL, V;? and non-negative source terms Flk s Fl’f_,
the discrete solutions U, V}* of the VCFD lattice Boltzmann equations (5.1) with
periodic boundary conditions (5.5) are non-negative. For non-negative data, the
solutions of (5.1) in combination with density boundary conditions (5.6) are non-
negative, provided w > 1/2 and 7%, r% > 0. For the flux boundary conditions (5.8),
we have to impose jf > 0 and j}% < 0 in addition to the non-negativity of the
initial data and the source terms in order to assure non-negativity of the solutions
of (5.1). For the inflow boundary conditions (5.10), we have to provide u%,v% > 0.

For the CCFD lattice Boltzmann equations (5.3) in combination with flux
boundary conditions (5.13) with jf” >0, jf;r‘s < 0 and non-negative initial data
and source terms, the solutions Ulk_ 1/2 and Vl’i 1/ are non-negative.

5.6. Matrix Formulations for the UV-Systems

For an analysis of the lattice Boltzmann equations we switch to matrix formu-
lations. For the FD schemes (5.1) and (5.2) we can directly prove stability with
respect to discrete norms. For the stability of the FV schemes (5.3) and (5.4) the
analysis of Fourier representations is required.

The lattice Boltzmann equations (5.1) on VCFD grids and (5.3) on VCFV grids
can be written in matrix formulation as equation

Wkt — MW* + B¥ + 7F* fork=0,...,M —1 (5.15)

for the unknowns W*, the boundary values B* and the source terms F*. Here,
we employ the time evolution matrix M.
On VC grids we consider the unknowns W* given by

W= [V UE VUK VA UR] e RPN
and the right hand side

1

FF .=~
T2

k .pk .k .k .k . .pk gk .ok 2N
[Fl,—vF0,+3F2,—,F1,+7F3,—’""FN—2,+7FN,—aFN—1,+] € R™.
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The time evolution matrix M € R2V:2N for the lattice Boltzmann equations (5.1)
on VCFD grids in combination with periodic boundary conditions (5.5) is given by

[0 w 1-w i
w 0 0 1—w
0 0 w 1—w
l1—-w w 0 0
0 0 w 1—w
M =
l—w w 0 0
0 0 w 1—w
l—w w 0 0
1—w 0 0 w
i l—w w 0 |
(5.16)

For the lattice Boltzmann equations (5.3) on VCFV grids with periodic boundary
conditions (5.5) the time evolution matrix M € R2Y:2N results in

—w w 2—w w |
w  —w w 2—w
w  —w w 2—w
2—w w —w w
1 w  —w w 2—w
M = — .
2 .
2—w w —w w
W —w w 2—w
2—w w —w w
2—w w —w w
w 2-w w —w |
i (5.17)

The boundary values are chosen as B* := 0 in both cases.

In the density, flux or inflow boundary case on VCFD grids the time evolution
matrix M € R2V:2V for the lattice Boltzmann equations (5.1) reads

0 w 1-w i
m(w) 0 0 0
0 0 w 1—w
1l—w w 0 0
0 0 w 1—w

0 0 m(w)
i l—w w 0

(5.18)
For density boundary conditions (5.6) we choose

m(w) :=2w —1 (5.19)

and the boundary values are given by

BF .= (1—w)[0;r§;0;...;0;r§;0} e RV,
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For flux boundary conditions (5.8) we choose
m(w) =1 (5.20)
and the boundary values are given by
BF .= (1 —w)[O;jf;O;...;O;—jﬁ;O] e R?V,
For inflow boundary (5.10) conditions we choose
m(w) = w
and the boundary values are given by
BF = (1 —w)[O;ulz;O;...;O;vfz;O] e RV,

In the density, flux or inflow boundary case on VCFV grids the time evolution
matrix M € R2V:2N for the lattice Boltzmann equations (5.3) reads

mi(w) w 2-w

mo(w) —w w
w  —w w 2—-w
2—w w —w w
1 w  —w w 2—-—w
M = - .
2 "
2—w w —w w
w —w w 2—-w
2—w w —w w
w —w ma(w)
i 2-w  w m(w)]
(5.21)
For density boundary conditions (5.6) we choose
mi(w) := —2w, ma(w) = —(2 —2w) (5.22)
and the boundary values are given by
& w w w w
B” = [57"2; (1 - 5) T”Z;O; .50 (1 — 5) r%; Erﬁ] e RV,
For flux boundary conditions (5.8) we choose
mi(w):=0, ma(w):=2 (5.23)

and the boundary values are given by

BF .= [% 1% (1 - %) 1505505 — (1 - %) Ik —%J}kz] e R,

For inflow boundary (5.10) conditions we choose
my(w) = —w, ma(w) =w
and the boundary values are given by

BF .= [%ulz, (1 — %) ulz;O; .0 (1 — %) v]}%; %vﬁ] € RZV,

On CC grids with density or flux boundary conditions the lattice Boltzmann
equations (5.2) and (5.4) can be written as matrix equations

WL = MW* + B 4 7 F* fork=0,...,M —1 (5.24)
for the unknown quantities

wh = [U1k/23 V1k/2§ U§/2§ V3k/25 EER! UIIf/—1/2§ Vﬁ—l/ﬂ € R*.
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The boundary values are now evaluated at time t*+° := t* + §7 for a § € [0,1].

The time evolution matrix M € R2N:2N for the lattice Boltzmann equations (5.2)
is chosen as

M = . (5.25)

o
o

w 1—-w
l—w w 0 0
n2(w) n1(w)

For density boundary conditions (5.12) on CCFD grids we choose

n(w) == —w, ng(w):=—(1—-w), (5.26)
the right hand side
1
k
F" = 9 [ - F{C/z,szf/Q,—? F1k/27+§ F5]€/2,—§F3{€/2,+§ F7k/2,—9 e

k k k
RPN YL WRY SNERPIRRY P _FN—1/2,+] e R*
and boundary values
Bk .= [TEM'O' 'O;r?“s] e RZV,

s Uj ooy

For flux boundary conditions (5.13) on CCFD grids we choose

n(w) =w, n2(w):=1-w, (5.27)
the right hand side
1
F* = ) [Flk/Q,—; F?f€/2,_§ F1k/2,+§ F5k/2,—§ F§/2,+§F7k/2,_§ e

k k k N
s Fn_s/4; FN71/2,7; FN73/2,+; FN—1/2,+] €R?
and boundary values
B .= (1 —w) [jj]—f+6; 0;...;0; —jf;”s] € R?V,

The time evolution matrix M € R2N:2N for the lattice Boltzmann equations
(5.4) is chosen as

w o —w w 2—w
2—w w o —w w
) w  —w w 2—-w
]\4::5 . (5.28)
2—w w —w w
w o —w w 2—w
2—w w —w w

na(w) ni(w)

For density boundary conditions (5.12) on CCFV grids we choose

n(w) = 2w, n2(w):=—(2-2w), (5.29)
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the right hand side
1

k
F" = ) [ - Flk/z,—§F3k/2,—%F1k/2,+§F5I€/2,—§F§/2,+5F7k/2,_; e

s FnCsp04; F]]\C/—1/2,—; Fz’fx—g/2,+% _Fll\€f—1/2,+] e R
and boundary values
BT = [P0 0,0 00780 ] € RV,
For flux boundary conditions (5.14) on CCFV grids we choose
ni(w): =0, ne(w):=2, (5.30)
the right hand side
1
k
FY = [0y i Py 4 Fypo i By 4 Flpa, i
--';FN—5/2,+;FJI\€771/2,7§FJI§73/2$+;0] e RN

and boundary values

BFt .= [jfﬂs; 0;...;0; —jlkfﬂ e RV,

5.7. Matrix Formulations for the RJ-Systems

For further examinations we switch to the variables RF and JJ¥ describing the
density r and the flux j. This transformation is done upon multiplying the lattice

Boltzmann systems (5.15) and (5.24) by nonsingular transformation matrices T €
R2N2N

5.7.1. FD Lattice Boltzmann Schemes. In this section we consider the
systems belonging to the FD lattice Boltzmann schemes (5.1) and (5.2).
For periodic boundary conditions (5.5) on VCFD grids we use the new variables
P" .= [RF; J"] := TW" with
R = [R{;...;RY_|| eRY, JF=[JF .. s 0k ] eRV. (5.31)
A transformation of the basis results in the matrix equation

P" = KP* + rG* (5.32)

with K := TMT ™! and G* := [fk; g’ = TF*, where the transformation matrix
T € R2N:2N s defined by

1 1

T = . (5.33)

1 -1
1 -1

Then the time evolution matrix K is of block form. We obtain
1 { A 6D }

K=51_p ya

5 (5.34)
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where we define 6 := 2w — 1. The submatrices A € RV'Y and D € RV are given
by

0 1 1 0 1 -1
1 0 1 -1 0 1
A= , D:= . (5.35)
1 0 1 -1 0 1
1 1 0 1 -1 0

Furthermore, we get the transformed right hand sides

1
fr= 5[F}@_H +Ff_Ff +Ff ;.. Fk 5 +F§_]eRY,

. (5.36)
9" =5 [Fyos — i Fo = Foioo i FN oy — Fy ] €RY,

On VCFD grids with density, flux or inflow boundary conditions we have to incor-
porate the boundary values in the form

Pt .= [Rk;Jk] =TW" + Q"
Hence, we get the matrix equation
Pl - KPF 4+ CF 4+ Q' - KQF + 7GF (5.37)

with K := TMT ! and G* := [fk;gk] := TF*. Furthermore, we use Q" :=
[p*; ¢*] and C* := [c¢¥;d"] .= TB*.

For density boundary conditions (5.6) on VCFD grids the transformation ma-
trix T' € R?V:2N ig defined by

1 1
1 1
1 1
T.— | 2 (5.38)
= 1 —1 . .
1 -1
1 -1
- 2 -
We get the new variables
RF = [Rf;.. RE_ ] eRNTY JF = [Jf. . T8 ] e RV (5.39)

using
p* = [0;...;0] eRNTL gF = [rf;O;...;O;frg] e RVN*L,
The time evolution matrix K then reads

1{_A QD}

K=5|_g 4B

5 (5.40)
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with  := 2w — 1 and A € RN-LN-1 B ¢ RN+tLN+1 D ¢ RN-LN+L and
E c RVN+LN=1 given by

0 1 -1 0 1
1 0 1 -1 0 1
A = , D:= ,
1 0 1 -1 0 1
L 1 i i -1 0 1
(5.41)
[ 2 ) [0 2 i
0 1 1 1
-1 0 1 1 0 1
E = 5 B =
-1 0 1 1 0 1
-1 0 1 0 1
L _2_ L 2 -
The right hand sides take the form
1
Fr= SR+ FE Pl + By s Py + FR ] €RYT
1
9" =5 2F s Fo — Py PRy = Fyso i Py gy — Py 52PN ] € RV
(5.42)
and

k= (1—w)[rf;0;...;0;7“§] e RN,
d’ = (1—w)[O;rﬁ;O;...;O;—r%;O] e RN+

For flux boundary conditions (5.8) on VCFD grids the transformation matrix
T € R?N:2N s defined by

2
1 1
1 1
T .= SR (5.43)
1 -1
1 -1
- 1 _1 -
We get the new variables
RF = [Rf;.. R e RN Jh=[JF . 0k ] e RV (5.44)

using

p" = [jf;();...;(); fjf%] eRNFL gF = [0;...50] € RN-L,
The time evolution matrix K now reads
1 [ B HE}

K=51_D —9a

(5.45)
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with 0 == 2w —1 and A € RV-1L.N-1 B ¢ RNtLN+1 D ¢ RVN-LN+L and
E € RN*LN=1 given in (5.41). We find the right hand sides

1 ,
fk = 5[2F57;F&++F£7;Fﬁ++F§7;...;FJI§72’+-I-F]]ffﬁ;ZFff,fl,Jr] 6RN+1,
1
gk:§[Fti+_F2k,f9Flk,+_F?ﬁf9"'?Fll\€ff2,+_FJ@,f] eRV!
(5.46)
and

" = (1-w)[0;47;0;...50;—j; 0] € RNH,
dt = (l—w)[jf;();...;();jﬂ e RV L,

For inflow boundary conditions (5.10) on VCFD grids the transformation ma-
trix T € R?V:2N is defined by

1
1 1
1 1
T = SR (5.47)
1 -1
1 -1
L 1 _1 -
We get the new variables
R = [Rf;.. ;R e RN JF = [JF . ;08 ] e RV (5.48)

using

pr = [u]Z;O;...;O;Uﬂ eRNFL gF = [O;...;O} e RVN-L.
The time evolution matrix K then reads
1 { A 6D }

K=5|_E —oB

with @ := 2w — 1 and A € RVtLNHL B ¢ RN-LN-1' D ¢ RVN+LN=1 and
E c RVY-LN+L given by

(5.49)

0 1 1
2w 0 1 0 1
1 0 1 -1 0 1
A = s D:: .~. 5
1 0 1 -1 0 1
1 0 2w -1 0
i 1 0] i -1
(5.50)
[—2w 0 1 [0 1 T
-1 1 1 1
FE = s B =
-1 0 1 1 0 1
I 10 2w I 10




5.7. MATRIX FORMULATIONS FOR THE RJ-SYSTEMS 65

We find the right hand sides

fr= %[Ff_;Féer +Fy S Ff +Ff .. FN o +Fy s FN_ ] eRYTY
g" = %[Fépr —Fy _Ff, —F§ ;.. FF o, —FF_]eRV!
(5.51)
and
= —w)[O;u’z;O;...;O;vﬁ;O] e RN+,
dt = (1 —w)[ulz;O;...,O; —vﬁ] e RV 1L,
On CCFD grids we use
P* .= [R* J*] =TW"
Hence, we get the matrix equation
P = KPY + C* 4 7 GF (5.52)

with K := TMT ', C**9 .= [ck+5;dk+5] .= TB**° and G* = [fk;gk] = TF".
For the density boundary conditions (5.12) and for the flux boundary conditions
(5.13) we use the transformation matrix T € R2N:2Y defined by

1 1

T := . (5.53)

We get the unknowns
R* = [Ry p;...sRE 1)) €RN, JF = [Jf 05 5T ) €RY. (5.54)

For density boundary conditions (5.12) on CCFD grids the time evolution ma-
trix K € R2V:2N reads

1 A 6D
K_Q{—E —GB} (5.55)
with 6 := 2w — 1 and A, B, D, E € RV:Y given by
[—1 1 i [—1 1 i
1 0 1 -1 0 1
A= 5 D = 5
1 0 1 -1 0 1
i 1 —1] i -1 1]
(5.56)
1 1 T [ 1 1 T
— 0 1 1 0 1
E frd .. s B = ..
-1 0 1 1 0 1
i -1 —1] i 1 1]
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We find the right hand sides

= %[— Fiyo + Fypo s Fiypy + Fipo 5 Fipp  + Fiyp 5o
...;FJ’@_5/27+ + Fﬁ_l/g_’_; F}f;_g/z,+ - F1]\€/—1/2,+] €RY, (5.57)
9" = %[ — Flyo = Fypy Py = Fypy i Fypp = Fipp 5.
e ;F]]\€[75/2)+ - F]]\Cff]_/Q,f; F]]frf3/2,+ + Fﬁ71/2)+] eRY
and
S — [Tﬁﬂs;o; N ,O;T?é] c RN, dFto — [er;O; .0 _r§+5] e RV,

For flux boundary conditions (5.13) on CCFD grids the time evolution matrix
K ¢ R*™V:2N reads

1 [_B QE} (5.58)

K=351_D —0a

with § := 2w — 1 and A, B, D, E € RM" given in (5.56). We find the right hand
sides

1
k k k k & k: .
fr= B [F1/2,, + F3/2,7; F1/2,+ + F5/2,7; F3/2,+ n F7/2’7; o
o ;FJI\CI_5/2’+ + Fﬁ_l/z—; FI]\cf—3/2,+ + FII\€/—1/2,+] €RY, (5.59)
1 .
k k k k & . .
g" = §[F1/27_ — F¥y FEy  —FF, FE, —FF, ;..

k k k k N
i PN o — Fn_1ja i Fhgm — Fn_1ja4) €R

and
0 = (1 —w)[5510;...50, -] e RY,

d = (1-w) [jf"’é; 0;...; O;j}";‘s] e RV,

5.7.2. FV Lattice Boltzmann Schemes. In this section we examine the
discrete systems belonging to the FV lattice Boltzmann schemes (5.3) and (5.4).
While the variables R® and J* and their transformations remain unchanged in
comparison to the previous section, the time evolution matrix K and parts of the
right hand sides differ.

For periodic boundary conditions (5.5) on VCFV grids we use T' as in (5.33).
We get the matrix equation (5.32) for the variables (5.31) with K given by

1 A —(1—-w)D

K=35| b (1—w)A —2widy

(5.60)

with A € RVY and D € RV given in (5.35). Furthermore, Idy denotes the
identity matrix in R™¥~. The transformed right hand sides are the same as in
(5.36).

On VCFV grids with density, flux or inflow boundary conditions we get the
matrix equation (5.37). For density boundary conditions (5.6) on VCFV grids we
use the transformation matrix T' as in (5.38) and the variables (5.39). The time
evolution matrix K then reads
1 A —(1-w)D

K==

5| “E (1-w)B - 2wkdys (5.61)
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with A € RN-LN-1 B ¢ RN+LN+L D ¢ RN-LN+1 and E € RV+TLV1 given in
(5.41). The right hand sides are given by (5.42) and

= (1—%) [rf;O;...;O;rﬂ e RV-1

d"=[—wrf; (1 — %) 0.0, — <1 - %) rhiwrf] € RVHL
For flux boundary conditions (5.8) on VCFV grids we use T € R?V:2N as in
(5.43) and the variables (5.44). The time evolution matrix K then reads
1

=

2 B ~(1-w)E }

-D (1 — w)A — 2wIdN,1 (562)

with A € RN-LN-1 B ¢ RN+LN+L D ¢ RVN-LN+L and E € RV+TLV1 given in
(5.41). We find the right hand sides given by (5.46) and

i wy . wy . .
" = [wj; (1—5) Fi05...50;— (1—5) i —wig] € RNT,
dt = (1—%) [jf;O;...;O;jﬁ] e RV L,

For inflow boundary conditions (5.10) on VCFV grids we use T as in (5.47)
and the variables (5.48). The time evolution matrix K then reads

1 A —(1-w)D
K=3 [ “E (1-w)B - wldy_, } (5.63)
with A € RN+tLN+L and E € RV-LN+1 given by
1 ;
w 0 1 —w 0 1
1 0 1 -1 0 1
1 1 -1 1
1 0 w -1 0 w
L 1 _w_

and B € RN-LN=1 D ¢ RV*LNV=1 given in (5.50). We find the right hand sides
given in (5.51) and

w w w w
ch = [EU]Z» (1 — 5) uk0;...;0; (1 — 5) v%; Evﬁ] e RN+,

dt = (1—%) [u’i;();...i);—v%] e RVL,

On CCFV grids we get the matrix equation (5.52). For the density boundary
conditions (5.12) and for the flux boundary conditions (5.14) we use the transfor-
mation matrix T defined by (5.53) and the variables (5.54).

For density boundary conditions (5.12) on CCFV grids the time evolution ma-
trix K € R?V:2N reads

1 A —(1-w)D

K=3| _E (1 —w)B —2wldy

(5.64)

with A, B, D, E € RNV given by (5.56). We find the right hand sides by (5.57)
and

k+8 k+6.0.  .(). k+5 N k+6 _ [ k4+6.0. .. k46 N
ctt :[TLJr,O,...,O,rRJr]GR , d —[TLJr,O,...,O,—?“RJr]ER .
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For flux boundary conditions (5.14) on CCFV grids the time evolution matrix
K € R?N:2N reads

1 B —(1-w)E
K= 2| -D (1-w)A—-2wldy (5.65)
with A, B, D, E € RNV given in (5.56). We find the right hand sides
1
k
P = SIS s Flpy + iy i Fap 4 Frpp s
N 4+ FE .k ] e RN
e 'N_5/2,4 N-1/2,— " N-3/2,+ ’
1
9" = 2 (= Fspai Fipo = Fyppi Faja = Frpo i
PN say = FNoaje i FN gy ] €RY
and
ck+5 _ []§+57 07 o 07 —jg+6] c RN, dk+5 — [jf-‘r&’ 0, . 70,]}’%""6] = RN

5.8. Reduction of the Boundary Values

As in the continuous case, boundary values have to be subtracted for the con-
sideration of stability properties and the usage of Fourier series.
For density boundary conditions (5.6) on VC grids we solve

—(K — Idyy)PY, = C* — (K — Idyn)Q".

We take P := [R}; J%] and we find in the VCFD case and in the VCFV case

. N
R’fa =k [;j] + ¥ [ N Z] e RN
i=1,...,N—1 i=1,...,N—1
X | (5.66)
Jk — k _ .k - RN+1.
B 2w( R—TL) Nl €
With
1 1
Gip:=G" - —(P3" = Pp)+—(Q"" - Q") (5.67)
and P4, := P* — P% the system (5.37) transforms to
Pyl = KPip+7GLp. (5.68)

In the case of flux boundary conditions (5.8) on VC grids we observe that C*
is not in the range of —(K — Idsy). But for

vo := [[Uizo,....n; [0)iz1,..,n—1] € R?Y

with —(K — IdQN)’UO =0 and
it — It
Cch:=—-(1- w)%vo in the VCFD case,

jk: _jk
Ch .= —%vo in the VCFV case

we can solve

—(K — Idon) P = CF — CF — (K — Idyy) Q.
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With P := [RY%; J%] we find in the VCFD and in the VCFV case
i2 (N —i)?
mm i [f] eet[0SF]  ae
Nlizo,..N N i=0,...,N

FRRE) 3oy

i N—i
Jh =gk {] + j¥ { } e RV,
N i=1,...,N—1 N i=1,...,N—1

Now we get

Pﬁzl =KPj,+7G}+C§,

where G% . is given in (5.67).
For inflow boundary conditions (5.10) on VC grids we solve

—(K — Idyy)PY, = CF — (K — Idyy) Q.

We take P¥ := [R}; J%] and we find in the VCFD and the VCFV case

RE, = ok [ 120 Logh [LH 20N =0 e RN+
PR N i=0,...,N " 1+ Nw i=0,...,N 7

=0,...,

1
Jh = —(k — k) [} e RV-L
1+ Nw i=1,...,.N—1

We find the equation (5.68), where G% . is given in (5.67).
For density boundary conditions (5.12) on CC grids we solve

—(K — Idyn)P% = C*.
We take P := [RY; J%] and find in the VCFD and in the VCFV case

2i—1 2(N —i)+1
R% :r%{ ] Jrrf {] e RY,
2N Jic1n 2N i=1,..,N

=1,...,

=1,...,

N |.

yeeny

1 1
J% = ——(r’fzfri) {] e RY.
2w i=1,...,.N
With
1 1
Gini=G"~ L(PE - Py + Lt - o)

and P4, := P* — P% equation (5.52) transforms to (5.68).

69

(5.69)

(5.70)

(5.71)

(5.72)

(5.73)

In the case of flux boundary conditions (5.13) on CCFD grids and (5.14) on
CCFV grids we observe again that C* is not in the range of —(K — Idsy). But for

vo == [[1iz1,...n; [0]iz1,.. ] € RPN

with —(K — IdQN)’UO =0 and

jk: _jk
Ch:=—(1- w)%vo in the VCFD case,
jk: _jk:
Ck .= —2B Ly, in the VCFV case

N

we can solve

—(K — Idyn)P% = C* - C§.
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With P% := [R%: J%] we find in both cases
o [(2i—1)? o [N —4) +1)?
RE — ik (20 —-1)7 e | LWV =)+ )7 RN
o IR [ AN i1 e AN i=1,...,N =

=l 5.74
Jho_ ok [2im1 IPSECEDES Y (5.74)
Bk 2N i=1 N I 2N i=1,...,N .

=Lyeeey [RRRE}

Now we obtain equation (5.70), where G’ , is given in (5.73).

5.9. Discrete Stability of the FD Lattice Boltzmann Solutions

In this section we consider solutions for the periodic problem on VCFD grids,
solutions for the density and flux problem on VCFD grids and CCFD grids, and
solutions for the inflow problem on VCFD grids. Stability can be proved directly
only for these schemes. We exploit the fact that in the periodic case K TKisa
diagonal matrix of a special structure. For the FV schemes this property lacks.

For vectors & = [x;]; and y = [y;]; € RE, K € N, we define the scalar product

K
i=1

All vectors in this work are understood as column vectors. For h := |Q|/K we
introduce the discrete L'-, L>°- and L?-norms

K
loll = X plail, ol = apa, [as
=

K 1/2
]l = (Z h|> = (he-2)'/”.
i=1

For a matrix N = [n;];; € REL KL € N, we define its transposed matrix
N .= [njili; € RHK. For L = K we define the spectral radius of N € R¥:X

p(IN) := max{|\| : A is an eigenvalue of N}

and we use the following matrixnorms

IN2:= /p(NTN),

K
INT = max, > g,
T =1

K
[ T?TK; ot
We have the following compatibilities
|Nx|; <|N||z|; forxecRX and e {1,2,o00}.
For the FD lattice Boltzmann schemes in Section 5.6 we find by simple computations
[Ml2 < [[M]ly = [[M]loc = 1.

Here, we used the estimate p(N) < ||[N|l2 < /|[IN|[1|[N]|oo for all N € REE,

Hence, we can derive stability estimates in the discrete L'—, L?— or L>°—norm in
the variables U* and V*. But if we switch to the variables R* and J* we find

Kl =2, [[Kllo = 2w.
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Hence, we cannot directly prove stability estimates in the discrete L' — or L>-norm
for w > 1/2.

In the periodic case (5.5) and for density boundary conditions (5.12) or flux
boundary conditions (5.13) on CCFD grids we find

KK = diag,n(1,...,1,0%,...,6%)

with 6 := 2w — 1. So we have |K||s = 1. Here, diagy(dy,...,dx) € REK is a
diagonal matrix with the diagonal entries d,...,dk.

The solution of the lattice Boltzmann systems (5.68) and (5.70) can be repre-
sented by

k—1 k—1
P o K'PY 4 Y rKEIG S O,
=0 =0

where we omit the indices LR and the last expression only appears in the flux case.
Hence, we get estimates of the form

1/2 1/2
IRH s+ 19511 < V2 (IRFIE + 119°03) = (2nP" - P¥)
02 0)12\1/2 = 12 22
<VR(IRI+1°18)"* + V2 Y~ (1513 + llg'13)
=0

k—1 k—1
<V2 (IIROIIQ + %2 + D 7l e + ZTIIngz) :
=0 =0

For flux boundary conditions (5.13) on CCFD grids we have to add the bounded
expression

k—1
Y UR*]L|
(1-w) T
2 Z

to the right hand side of the estimate. An analogous expression does not appear in
the continuous case (confer Lemma 3.1) .

We shall see that in the general case we have to adapt the choice of the discrete
norms to the underlying grid situation. For density, flux or inflow boundary con-
ditions on VCFD grids we observe that K'K is not diagonal and that in the first
two cases there are two eigenvalues larger than 1. Hence, we have || K|z > 1. But
in all three cases we can find diagonal matrices H € R?"N-2 with positive elements
such that KTHK is a diagonal matrix with positive elements. The choice of H
implies the discrete norms that have to be applied to prove discrete stability for
the given schemes.

In the periodic case or on CCFD grids we define the discrete norms for R, J €
RY by

IR|s := (hR-R)"*, || J|s:= (hd - J)"/? (5.75)

with h :=|Q|/N.
For density or flux boundary conditions on VCFD grids we use

d:=diagy,,(1/2,1,...,1,1/2) € RVFLNFL (5.76)

For density boundary conditions (5.6) on VCFD grids we define for R € RV ! and
J € RNV+!

IR|2 := (hR-R)'*, |||z := (hJ -dJ)"/*. (5.77)
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For flux boundary conditions (5.8) on VCFD grids we define for R € RV*! and
J e RV-1

IRl = (hR-dR)'*, [ T|2:= (T - J)'2. (5.78)
For inflow boundary conditions (5.10) on VCFD grids we use
e:=diagy,(2,1,...,1,2) € RNTLNFL (5.79)
and we define for R € RV*! and J € RV~!
|Rl2 = (hR-eR)'*. |||z = (hT - 3)""2. (5.80)
In all situations we choose h := |Q|/N.

Now we find
Theorem 5.1. Let [R5 J'], 1=0,...,M — 1, be the solution of

k+1
[Ijkil}: BEZH :|+T|:f§:| fork=0,....,.M — 1. (5.81)

Let the discrete norms be defined by
IR|l2 == (hR-diR)'?, | T2 = (h] - do)?

with symmetric and positive definite matrices di and do of appropriate sizes. We
assume equivalence of the norms, that is,

R-R<cR-diR<CR:-R,
J-J<dJ dod <DJ-J,

h [R] [Al DI [dy A1 Dq| R 2 2 712
5 o a1 e [ B 5] < i i

for h:=|Q|/N, ¢,C,d,D >0 and 6 := 2w — 1. Then we have

and

k—1
1
IRFIE + [[T5(15 + 2w(1 — w)= ol
=0

k—1 k—1
<2|R(I3 + 25 +2r Y7l foll3 +2r Y Tlghll3 (5.82)
=0 =0
+5C2thT||f I3 + TZTHQ*H27

=0

where we use
1 1
Fi =S Al f§ + 5 Didagp,
1 1 ..
gt =5 Dldi i + 5 Aldag(.

PrOOF. Multiply (5.81) by
h{ : 1] . [ 1 ]
Jhtl d,

k+1 k k k k
IR 4+ 1THE < [RM3 + 6% %13 + 72(1 £5115 + 72 llgs]15
k k k
+2hT R - fF 4 2hrg” - gk

We gain
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By observing 6% = 1 — 4w(1 — w) and
2

d
2h7J* - gt < 27| T allgh |z < 2(1 — )| T*E + o

2 k2

we get

IRSHE + 75 + 20(1 - )| I

k k k k
<|IREIZ + 1513 + 721 £6 113 + 7296113
2

d 20 k|2 k K
PRI 2c7||R .
+ 2wl —w) lg5llz + 2eT|[R7([2[ £ ]l2

Summation over the time intervals renders

k—1

IRF3 + [1T%]13 + 20(1 — w)% Tl
. k—1 k-1
<R+ T3 + 7D 7 folls + 7Y 7llgolls (5.83)
1=0 1=0
& ~ e - 12 S L2 v
+mT§THQ*H2+QC (;ﬂR ||2> (;Tnf*Hz) :

We apply a Gronwall-like argument. We gain

k—1 12 1/2
||Ri||§<20<27||Rl§> (Zﬂfi@) +8% fori=0,....k,

=0 =0

where S? consists of all the unmentioned terms of the right hand side in (5.83).
Adding up these terms, we get

k—1 k—1 12 /g1 1/2
SRR < 20t (zTusz> (zrm;) s

=0 =0 =0

This yields

k—1 1/2 k1 1/2
(ZﬂRln%) < 2cty, (ZTIfiI%) +1,/%8.

=0 =0

By inserting this expression into (5.83), we end up with the estimate (5.82). O

The discrete stability estimate (5.82) in Theorem 5.1 is the discrete counterpart
of the a priori estimate in Lemma 3.1.

In the next step we apply the result of Theorem 5.1 to the different grid and
boundary situations. For the boundary value problems we assume reduced bound-
ary conditions with appropriately adapted right hand sides (see Section 5.8).

Corollary 5.2. In the case of periodic boundary conditions (5.5) on VCFD
grids with A1 = A, Ay = —0A, D, = 0D and Dy, = —D with A and D given in
(5.35) we use f’g = f* and gt = g" given in (5.36). We find

1[ A 6D]'[ A 6D] [IHdx
1|-D —9A| |-D —0A]~ 0*Idy |-
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So we can apply (5.82) with di = de = Idy and the discrete norms (5.75) with
c=d=1. We get

1
LY Y, S

0
gi =GRS = Fiai i Fi = FR )
Hence, the solutions of the VCOFD lattice Boltzmann equations (5.1) with periodic

boundary conditions (5.5) are stable.

Corollary 5.3. In the case of density boundary conditions (5.6) on VCFD
grids with Ay = A, Ay = —0B, Dy, = 0D and Dy = —FE with A, B, D and E
given in (5.41) we use

fo:=f" - ~(R5" - Rp),

g* -

NE e

1 1
(J%H —Jh) + ;(Tfkfl —rf)el — ;(T?l —rh)ent,

95
with f*, g* given in (5.42) and Ry, J% as in (5.66). We find

1] A oD [Hdy_, A 0D
1|-E -6B d| |-E —0B

Idy_,
0%d

with d := diagy,(1/2,1,...,1,1/2). So we can apply (5.82) with d; = Idn_1 and
dy = d to Ry, and J% , with the discrete norms (5.77) and ¢ =1 and d = 2. We
get

1 1
Fr=GF o+ Flys 5Py + Fyoag] - — (R — Rp),

0
gl = 5[—F&+;Ffff —Ff G FN o —FN g FN ]
AR 0 k1 ok 0  k+1_ K
— ?d(JB _JB)—’—;(TL _TL)el _E(TR _TR)6N+1.

Hence, the solutions of the VCFD lattice Boltzmann equations (5.1) with density
boundary conditions (5.6) are stable.

Corollary 5.4. In the case of flux boundary conditions (5.8) on VCFD grids
with Ay = B, Ay = —0A, D, = 0FE and Dy = —D with A, B, D and E given
in (5.41) we use

7= - LRE - Rl - 2T s

1 . . 1, . )
+ -G e — — (R — iR)ent,

1
o = g" — L - ),
with f*, g* given in (5.46) and RY, J% as in (5.69). We find
1[ B 6E]'[d B 6E] [d
4|-D —0A dy_ 1| |-D —6A| 0Idy_1

with d := diagy,,(1/2,1,...,1,1/2). So we can apply (5.82) with d, = d and
dy = Idy_1 to Rk, and J* . with the discrete norms (5.78) and ¢ =2 and d = 1.
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We get

1 1
Fr= Sl e+ Pl PRy -+ Py PR — —d(R — Rp)

1-— wj?'l fjfﬂ
— 1/2;1;...;1;1/2
7_ N [ / Y ) 7 b / ]
+ b (At — iF)er — 9 (R = ik)ens
27 L L 21r R R +1
gk:Q[Fk ~Ff .. Fk_, _ —Fk }—ﬁ(ﬂ“—ﬂ)
* = gl - 1,404 N—1,— N—1,+ - B B)-

Hence, the solutions of the VCFD lattice Boltzmann equations (5.1) with flux bound-
ary conditions (5.8) are stable.

Corollary 5.5. In the case of inflow boundary conditions (5.10) on VCFD
grids with Ay = A, Ay = —0B, Dy = 0D and Dy = —FE with A, B, D and E
given in (5.50) we use

1 ) 1 . 1
fo=f"- ;(RIEH — Rp)+ ;(U’ZH —uf)er + ;(U?l —vR)enyt,
) 1
g5 =g" - —(J5" - Jp),

with f*, g* given in (5.51) and RY, J% as in (5.71). We find

1] A 6D]'[e A oD] [f
4 |—-E —-0B Idy_.| |-E —-6B| 0?Idn_1
with e := diagy,1(2,1,...,1,2) and f := diagy (202, 1,...,1,2w?). So we can
apply (5.82) with d; = e and dy = Idy_1 to R’ER and J’ER with the discrete norms
(5.80) and c =1 and d = 1. In addition we can add the outflow values
Bkl
21w S (U + V)
1=0
to the right hand side of the stability estimate (5.82). This is in accordance with
the continuous case (confer Lemma 3.1). We get

1 : :
fr= 5[2wF3i+; Ff 4+ Ff s FR_y_+Fy_ 3 2wFy ]

1.
— —diagy 4, (0.1, LO)(RE — RY)

2w w & ey 1+((N—-1Dw, &
2 (kb R ) ) e
20 (1+(N=Dw, 4iq ¢ w k41 k
- <1+Nw(”R+ —vg) + 1+NW(UL+ —ur) | en+1,
k_ bk k k k 0% rt k
g. = i[Fl,— - F1,+§---§FN—1,— - FN—1,+] - 7(']3 —Jp).

Hence, the solutions of the VCFD lattice Boltzmann equations (5.1) with inflow
boundary conditions (5.10) are stable.

Corollary 5.6. In the case of density boundary conditions (5.12) on CCFD
grids with Ay = A, As = —0B, Dy = 0D and Dy = —FE with A, B, D and E
given in (5.56) we use

1 1 1
fo=1" - ;(le;rl - Rp) + ;(TEM —rp)er + ;(T’?é —rR)en,

1 1 1
g6 =9" = —~(J5™ = ) + — (" —rb)er — (" —rR)ew,

B
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with ¥, g* given in (5.57) and RY,, J% as in (5.72). We find
1[ A 6D]'[ A 6D] _[Hy
4 |-E -6B| |-E —6B| 0’Idy |-

So we can apply (5.82) with d; = dy = Idy to RE and J¥  with the discrete
norms (5.75) and c=1 and d = 1. We get

fh= §[F1/2 g FN i+ PN _1ya] - ;(RBJrl - Rp)
1 1
" ;(rgﬂ _ 5 H)e, + ;(7’?1 _ ke,
9 .k k 0% 1 k
g: [F1/27 F1/2+7"'7FN71/2,7_FN71/2,+]_7<JB —J5)

0 0
+ ;(TEH _ 7“,’2+6)61 _ ;(r;c;rl _ TZH)eN-
Hence, the solutions of the CCFD lattice Boltzmann equations (5.2) with density
boundary conditions (5.12) are stable.

Corollary 5.7. In the case of flur boundary conditions (5.13) on CCFD grids
with A1 = B, Ay = —0A, Dy = 0F and Dy = —D with A, B, D and E given
n (5.56) we use
Ny

1 1—wijk —
k k k+1 Kk Jr —JL
=ff (R _RE) - —— 4R _JLp.
fO -f ’T( B B) T N [ ) ) ]
1—w, . . —w, . .
+——( = iher — —= (5 — iben,
1
96 =9"— ~(J" —Jp)
1 1 .
- T(J"*‘s —jk)er + T(Jﬁ*‘s — jk)en,

with f*, g* given in (5.59) and RY, J% as in (5.74). We find

1[ B 6E|'[ B 0E] [Ildy

4 |-D —6A| |-D —0A| 0’Idy |-
So we can apply (5.82) with di = dy = Idy to R}, and J%  with the discrete
norms (5.75) andc=1 and d=1. We get

1
k k+1 k
fi= [ Yo+ Flro i i Fh_1jo - + Fy_1/a4] — ;(RBJr - Rg)
_ 1—0)]%4_1 ]§+1 [1 1]
. I Do
1l-—w,. . 1
— G = e + —GRT = i en,
01 FF S FX ~ F% _ gk
gl = 2[ 12— — Y1245 N_1y2,— N—1/2,+] - (J5 B)
1-— l-—w, . .
- 79( =g e = 0GR — ik en.

Hence, the solutions of the CCFD lattice Boltzmann equations (5.2) with flux bound-
ary conditions (5.13) are stable.

For the FV lattice Boltzmann schemes in Section 5.6 we find
M1 =Ml =1+w>1, [Kl[i=|Kl|x=2

Yet we have not found a symmetric and positive definite matrix H such that
K'HK isa diagonal matrix, as in the FD case. Hence, the stability considerations
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have to be postponed until the examination of the discrete Fourier solutions of the
underlying problems.

5.10. Discrete Fourier Solutions for the FD Lattice Boltzmann Schemes

For the computation of discrete Fourier solutions we consider orthonormal bases
in RNV, We define the scaled grid points y; := mi/N for i = 0,..., N and the
intermediate scaled grid points y;_1/9 := 7(2i —1)/(2N) for i = 1,...,N. For
N =2n —1 or N = 2n we introduce

5= o L) 7= v 1]
¢ V2N [[1 i:l,...,N’ V2N L1 i:l,...,N’
§l — e |:_COS(2lyi1/2)]:| Tl o 1 [ sin(2lyi1/2)”
¢ VN [[cos(2lyi—1/2) i=1,..4,N’ *T VN [ sin(2lyi-1y2) i:l,...,N’
ot L |:-Sin(2lyi1/2):|:| T — 1 [ COS(Qlyiuz)” (5.84)
VN Lsin@lyic2)| ]y N © VN [lmcos@lyic2)] |,y N

s [RRRE

forl=1,...,n—1.

For even N = 2n we add the two basis vectors

(MR U
s 2N (71)Z+1 i:l,...,N’ s 2N 7(71)%’»1 i:l,..‘,N.
The column vectors above are composed by the indicated 2-by-1 blocks in sequence.

Using these vectors we define an orthogonal matrix § € R2V:2N with TS = Idyy
by

~0 ~1 ~1 ~n—1 ~n—1 ~n
s:=[s,8,..T,,..,8 . T. |T.,
~0 ~1 ~1 ~n—1 ~n—1 ~n
r.,s,T.,....S;, T, ,Ss}, if N =2n,
(5.85)
~0 ~1 ~1 ~n—1 ~n—1
s:=[s.S..T,,...,S. T, ,
~0 ~1 ~1 ~n—1 ~n—1
T.,8..T,,...S T ], if N =2n— 1.

Furthermore, we define for w € (0,1)

= (1—w)sin(2y), B :=(1—-w)cos(2y), Vi:= \/‘“"2f0412 (5.86)

forl =1,...,n—1. For w € [1/2,1), we find that V] is a real number for all
I=1,...,n—1. For w < 1/2, the V; are real for small values of [ and for values
close to n. For values in between, the V; are imaginary.

We find that STMS is a block-diagonal matrix with diagonal elements £1 and
46 (0 = 2w — 1) and with the 2-by-2 blocks

{51—1—(.(1 1 }, {ﬁl—'_w _al} fori=1,...,n—1
- f—w o f-w

on the diagonal. Here, M is the time evolution matrix given in (5.16), belong-
ing to the VCFD lattice Boltzmann equations (5.1) subject to periodic boundary
conditions (5.5). The eigenvalues of M are found to read

A=1, g =9,

N=6+W,

a AtV forl=1,....n—1, (5.87)
N =BV,

AN=0, N, =-1 if N=2n.

See Figure 5.3 for the cases w > 1/2 and w = 1/2. Furthermore, we get the
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D

F1GURE 5.3. Eigenvalues of M and K in the periodic VCFD case
for w =0.5, w = 0.7 and N = 50.

eigenvectors of M in the form

with

and [ > n —1* with [* := | N arcsin(w/(1 —w

~0
+:—S

~ 1

—~1

~ N

V_ = ’fz,

V, = algc —(w—=WM)T,
~1
V_i=qS,— (w+ Vl)
~1
W, =S+ (w-WT,

(

~1
W_ =S, +(w+ Vl)

—0 ~
W_:=T

co

~1

forl=1,...
~1

W, ::ss, if N = 2n,

~0 ~0 —~0 —~0
MV, =)V, MW_=\W_,

~1 +~l —~1 +~l
MV =XV, MW,=\W,,
forl=1

~1 ~1 —~1 —~1
MV_=X\V_, MW_=\xW._,
MV =\, V., MW, =)\W, it N

As V; turns imaginary for w < 1/2 for some values of [, the corresponding eigenval-
ues and eigenvectors turn complex. See Figure 5.4 for the case w < 1/2. For | <I*

= 2n.

n—1

))/(27)], the eigenvalues are real. For

the remaining values of [, the eigenvalues are located on a circle in the complex
plane with midpoint 0 and radius v1 — 2w.
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Complex eigenvalues, w = 0.4
1

I

S

E 00000 cam @ 0 coom
=m0 0—ev=d 1

Real eigenvalues, w = 0.4
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FIGURE 5.4. Eigenvalues of M and K in the periodic VCFD case

for w=0.4 and N = 80.

The eigenvectors are not orthogonal, especially we see for w > 1/2

~1 ~ 1 2 —~1
V, V_=2a2 W,

— 1
-W_ =2a}

forl=1,...,n—1.

For further examinations we introduce an orthonormal basis in RY. For even

N = 2n we use

Py
T YN N
g 2 .
s = \/;[Sln(2lyi)]i=0,...,]v—

-~n
t .

for [

For odd N = 2n — 1 we omit the vector £ . _
Employing the orthogonal transformation via T := T'/v/2 with T as in (5.33),
we get the eigenvectors of K (given in (5.34)) in the form

f )]z 0,...N—1°
\/ [cos(2ly;)]; N1
,n—1.

_ s 2 ~0 ~ 0 0
Po=TV, = ||, Q=TW_=| =,
B _met | (awcos(y) = (w— Vi) sin(w)) 7 |
i T (eusin(y) + (w — Vi) cos(m)) 3|
Bl Fv — | (ercos(u) — o+ Vsin(u) T |
| (ousin(y) + (w+ Vi) cos())
o | (crcostn) = (= VD) sin(u) 3]
’ T = (sin(u) + (@ — Vi) cos(y)) £ |
él U [ (alcos(yl)f(erVl)Sin(yl))gl_
- |~ (ausin(y) + (w+ Vi) cos(u) E |
progvt - 0] éi_fﬁﬁ_[94,lﬂv—m

(5.88)

(5.89)

with the same eigenvalues as for M. If there is a [ with (1 — w)sin(2y;) = w for
w < 1/2; that is, V; = 0, then the rank of the presented eigenvalues is only 2N — 2
(forw=1/2and N =4m, m € Nyor w < 1/2 and N = 2n — 1) or 2N — 4 (for

w < 1/2 and N = 2n). In the latter case we get V; =

V,.—1 = 0, and hence, we have
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to consider [ and n — [. In all these cases we use in addition

o1 l(sin(yl)+cos(yl))?l] 5 .1 l (sin(y) + cos(y)) &
AN — (sin(y;) — cos(y1)) t

(sin(y;) — cos(y1)) 8

oy ~1 ~1 ~1 ~1 ~1
with (K — 3Id)P; = P, = P_ and (K — 31d)Q; = Q, = Q_. This renders
two Jordan blocks of length two belonging to the eigenvalue )\l+ =\, = (. In the

case w = 1/2 and N = 4m we find

Km :[ gm]:ﬁf»f:ﬁfa’”, K® m

] = {%m] =v2Q} =v2Q", K’ F:] — 0.

0,

«[}

Forl=1,...,n— 1, we define

7 =y cos(yn) — (w F Vi) sin(y) = (2(1 - w) cos?(y) — (w F Vi) sin(y),
5 1= aysin(y) + (@ F Vi) cos(yr) = (2(1 — w) sin(y) + (w F V1)) cos(yy),

and for [ =0,...,n, we use

~1 5! ~1 0 ~ 1 Iy ~1
SD = [%:l ) SN = |::§l:| ) TN = |ﬁ)] ) TD =

Basis transformations are then given by

oy P Ll 1 e e
P, =TyN+0 Sy, P_=~Tyx+0d Sy,

1 1 1 ~1 . )
Q-Q-:’Y[-‘_SD_él—‘rTDa Q—:FYl SD_al TDa

and
~ - 1 v ~1
SN = fp + fp—a
’Yl+51 -—N 5l+ * 71+5z Y0,
1 8 ~ 5t ~1
Ty = P - L P_,
7751 -N 5l+ - 71+‘51 - 9
~1 & ~1 5F ~1
Sp = —L——Q —L——Q_,
P 7;51 ey 5l+ " 71+5z ey 51+
- +
] o ~1 o ~1
T = fQ - fQ—
b 7?51 -MN 6l+ - 71+51 -—MN 6l+
forl=1,...,n— 1. Furthermore, we find
o 1 T 1-2
% = S(1+ Ay, T ’_yl T e wBla
Y0 =0 2 Y0 =0 2w
—y 6T 1 5t 1
Do = (1-A), =B,

Yo =6 2
where we use the definitions

A= %cos@yl), B, := %sin@yl) forl=1,...,n—1.

'yf(;f - 'yf&l* 2w

(5.91)

(5.92)

(5.93)

(5.94)

The behavior of A; and B; depending on w and [ is plotted in Figure 5.5. For
w < 1/2 the values of A; and B; turn imaginary for I* < I < N/2 — [* with
[* := | Narcsin(w/(1 —w))/(2m)]. There are poles at {* and N/2 —[*. We find

lim Al =

{1 if 1 < N/4, i B
w~>1/2+ -

1 ifl> N/4, w—1/24

tan(2y;) if I < N/4,
—tan(2y;) ifl > N/4.
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Bl, w > 1/2

* ¥ o w=0.7

o-------

A
]f

oo -
Lo <

0 I* N/2 1" N/2

o~
*

N/2 = 1" NJ2

FIGURE 5.5. Behavior of A; and B; for I =0,...,N/2.

The transformation formulas only fail in the case V; = 0, which is impossible for
w > 1/2. For w = 1/2 and N = 4m we get V,,, = 0. For w < 1/2 we have
V; = 0, if [ fulfills sin(2y;) = w/(1 — w). Then the periodic matrices M and K
are not diagonalizable and there are Jordan-blocks of length two belonging to the
eigenvalue )\l+ =N

Now we find the Fourier representations for the FD lattice Boltzmann solutions.

Theorem 5.8. Assume that w € (1/2,1) and N = 2n. Let the initial values
be given by P = [R°; J°] and let the right hand side be given by G = [fl;gl] for
1=0,...,k—1. Then the discrete Fourier solution P* = [Rk; Jk] of the system

P =KP'+ G forl=0,... k-1

for the VCFD lattice Boltzmann equations (5.1) with periodic boundary conditions
(5.5) can be represented in terms of the orthogonal basis (5.88) for k > 0 as

RF = (RO .%”)20 +(—1)F (RO %’")?

+ (30+ 40008+ 50— a0 (- F)7 + (R-5) %)
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S a0 (1 F) P+ (7))
1=0 j=1
e SR a0 (1 7)o+ (59 %)
1=0 j=1
S () -0 (o) 7 - (oF) ).
1=0 j=1
T = (—0)* (JO -ZO)EO + 0" (JO 2”)%’”
+ nzll (;(1 — A (AD)F + %(1 + Aj)(Aj)’@) ((2°-7)8 +(9°-7)¥)
S (#2) P (2 7))
_’_Tkzl(_e)k—l—l( [ )%‘)_i_leek—l—l( l “t’”)“t’"
1=0 =0
XS A A (o) 7+ (o) )
1=0 j=1
S e (6 ) o #) %)
1=0 j=1
LSS (00 (1) E - () ).
1=0 j=1

where A; and Bj are defined in (5.94) and the eigenvalues )\;t are giwen in (5.87)
with (5.86). For odd N =2n — 1 the parts with £ disappear.

PROOF. The initial value P° and the right hand side G* of the problem can
be written as

P (R )T+ Y (R F) T+ (R385 + (RO-7) Th

(JO.Zj)f“;_g_(JO,gj) §®)+(JO'?)TZ7

By applying the transformation formula (5.92), we switch to an eigenvector repre-
sentation. So we can easily apply the time evolution matrix K given in (5.34) and
compute P! and all further solutions. Upon applying the transformation (5.91) we
gain the provided representation of the solution with regard to (5.93). O
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In the case w € (0,1/2) the solution representation in Theorem 5.8 remains
valid under the constraint
w
sin(2y;) # —— forl=1,...,n
1l-w
The solution representation remains real although V; and hence, the eigenvalues

and eigenvectors turn complex for some [. If there is a j with sin(2y,) = w/(1 —w),
then the jth summand takes the form

(85 + w cos(2y, kB ) ((RO -’t“j) A (RO - 5]’) rs'j)
+ Osin(2y;) kA5 ((JO ?) (JO 7 ) )
for the R-equation and
(85 — weos(2y; k85" ((7° -Zj)? +(0°5)F)
s ()7 - (7))

for the J-equation. Accordingly, we have to add corresponding terms for the right
hand sides.
For the low-frequency coefficients in the solution representation we find

0 .
Aj=1- 50 2(23/]) +00(y;) for j < N,
3(1 - w)? —w?
B; =2y, + %(2%)3 +O(y;) for j < N.
For the corresponding eigenvalues we find
1—-w
)\;r = 55 (Qyj)2 + (’)(y;-l) for 7 < N,
(AP m e tvd*m te/100° for j < N,

where we take v := (1 —w)vy/(2w) and t;, := k7 = k|Q|?/(yN?). Hence, the leading
order terms
1

S+ ANAHFE eI /90 for j < N

show the right approximation property. In contrast, we have 1 — A; = (’)(yjz) and
()\J_)k is oscillating and it decays in a fast way. Since B; and J° are of order O(h),

the terms induced by J° in the R-representation are only of order O(h?). If we
choose the initial data jo := —hd,70/(2w), we find

((79)7 (32)%) = o (0-2)7 + (1. )¥) - 00

Then the leading order coefficient in the R-representation is of the form

1 0
5(1+Aj) o —2y;B; =1+ O(y]).
In fact this does not lead to an improvement, since the middle- and high-frequency
terms are only of order h2.

The crucial term in the J-representation is B; ()\;r)k. With the background of

partial integration we find

5 (R7) - (7 7)) =5 (e ¥) + (01 #)),

where we define Dy, R® := [8,70(z;)];. Hence, J* is an approximation of —hd,r/(2w).
The choice of J plays a subordinate role.
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In the R-representation the oscillating parts ()\;)k are hidden in an order
O(h?)-term. In the J-representation the oscillating terms Bj()\;)k are apparent.
Hence, we get the wrong viscosity in the first steps. After some iterations the
oscillations faded away and the correct viscosity is reached. This can be seen in
numerical experiments (see Section 7.3).

For the special choice w = (3 —1/3)/2 and vanishing right hand side, we find an
improvement of the convergence properties in the numerical experiments. In this
case we have 3(1 — w)® = w? and hence we get B;j = 2y; + O(y7).

The behavior of the time-dependent coefficients

Rg? = %(1 + Aj)(Aj)k + %(1 — Aj)(A;)k

is examined in Figure 5.6. The poles in A; for w < 1/2 are deleted. For large time
steps only the coefficients with j close to 0 and N/2 are of significant size.

Corollary 5.9. In the case w = 1/2, N = 2n, the solution representation in
Theorem 5.8 for k > 1 simplifies to

RF = (RO .?)) o (—1)F (RO E’”)"t’”
+:z:;lcosk(29j) ((RO -Zj)? + (RO -Ej) gj)

k—1 k—1
—|—7‘Z (fl 20)10 —|—7'Z:(—1)k*l*1 (fl ;n)fn

1=0 1=0

k—1n—1

FrY0 Doty (1) 4 (5157) %),

=0 j=1

n—1 Ny By |
= -5 st ot ()P - (7))

j=1

k—2n—1

—TZZsin(?yj)cosk_l_Q(Qyj) ((fl .gj)zj _ (fj ZJ) gj) +rght.

1=0 j=1
For odd N = 2n — 1 the parts with t disappear.

Proor. We find (1 + A;)/2 =1 for j < N/4, (1+ A;)/2 =0 for j > N/4,
(1-A;)/2=0for j < N/4, (1—A;)/2 =1for j > N/4, B; = tan(2y;) for j < N/4
and B; = —tan(2y;) for j > N/4. In the case N = 4m, m € N, the solution
representation remains unchanged for j = m = N/4. ([l

In the case w = 1/2 the solution for the discrete density matches the solution
obtained from an explicit Euler scheme. We observe that for w = 1/2 the initial
values J° have no influence on the solution. The right hand side g* of the flux
equation only has an effect in the following time step.

The structure of the basis vectors # and 3 implies to interpret the repre-
sentations of the solutions in the context of VCFD grids. It turns out that the
representation of R” in terms of the odd basis vectors 3 and the representation
of J¥ in terms of the even basis vectors # is the representation of solutions of the
problem subject to vanishing density boundary conditions. By exchanging the roles

~ ~1 . . L.
of t and s” we gain solutions of the vanishing flux boundary value problem.

For an interpretation in the context of CC grids we slightly modify our ap-

proach. All the other previous computations can be applied without changes. Now
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k=1, w=07

OR;?

j
k=2 w=07

o Rk

J

j
k=20, w=0.7

o Rk

J

J

k=1 w=04

OR;?

J
k=2 w=04

o R

J

J
k=20, w=04

o R

7

J

FIGURE 5.6. Behavior of Rf for N = 200 and selected time steps k.

we define for N =2n—1or N =2n

|l

1.,
[cos(21y;)
| cos(21y;)

[sin(21y;)
|sin(21y;)

.....

~0 1

" V2N
N 1

T, = —
=%
1 1 [
T..=—
=%

Ll
vl -

 (5.95)

ool

=1,...,

,n—1.
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For even N = 2n we further define

w)

1 N R ]

c 2N [ (=) -1, N . 2N [[-(=1) T

By applying the same procedure as before, we obtain the eigenvectors of M (given
n (5.16)) in the form

,\o ~0 —~0 ~0

=5, W_:=T

~1 ~1 ~1
V, =S, — (w-W)T,
~1 ~1

V_ =aS,— w+Vl)
forl=1,....n—1,

(
(
1 1 .
W, =S+ (w-WT,,
(

1
w —alS + w—i—V}) o

~"n -~ =N ~n

V=8, W_.=T, ifN=2n,
with
~0 450 —0 0
MV, =XV, MW_=xW._,
~1 +Al —1 +/\l
MV, =)V, MW, =x\xW,,
N N . . forl=1 n—1,
MV_=X\V_, MW_=X\W._,
MV, =XV, MW" =\, W' if N=2n.

The eigenvalues /\li are the same as in (5.87). An orthonormal basis in RV for
N = 2n is now defined by

~0 1 ~
t

2
t=—[1],_; N, = \/> [cos(2lyl-_1/2)] . ,
i=1,..., N i=1,...,N
VN (5.96)

~ 2 ~n 1 1
= \/; [sm(Ql% 1/2)] ‘‘‘‘ N s = TN [(_1) Jr1]1‘:1,‘..,N’

forl=1,...,n—1.

For odd N = 2n — 1 we omit the vector 3". We get the eigenvectors of K (given
n (5.34)) by transformation via T := T /v/2 with T given in (5.33) in the form

~0 ~ ~0 [0 ~0 ~ —~0 0
+:TV:%7 Q_=TW_=| o,
- ' e
p.— gy = | (aucos(y) = (w—Vi)sin(y))t
L= TV, ‘ “ls
| (usin(y) + (w — Vi) cos()) 3|
- )
Pl vt = | (wcostu) = @+ V) sin(u) €
| (ausin(y) + (w+ Vi) cos(y)) s |
~ Py [ — (w—V))si 3]
o aw _ | (et — (= VsinGu)3|
|~ (ausin(y;) + (w — Vi) cos(yr)) ¢ |
5w | (ach)s(yl)*(W+Vl)Sin(yl))§l_7
— (ausin(y) + (w + Vi) cos(y)) t |
~n ~~n _O ~n ~==n —/S\n
L =TV, = I =TW _ = o | if N =2n
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Now we find

Theorem 5.10. Assume that w € (1/2,1) and N = 2n. Let the initial values
be given by P = [R°; J°] and let the right hand side be given by G = [fl;gl] for
1=0,....,k—1. Then the discrete Fourier solution P* = [Rk; Jk] of the system

PH KPP +rG' forl=0,...,k—1

for the VCFD lattice Boltzmann equation (5.1) with periodic boundary conditions
(5.5) can be represented in terms of the orthonormal basis (5.96). The representa-
- . ~
tion is the same as in Theorem 5.8 with & replaced by s forl=1,...n—-1,1
~ —~
replaced by t forl=0,...,n—1 and t replaced by s".
For the examination of discrete Fourier solutions for the density boundary value
problem on VCFD grids we use the orthonormal basis

.....

Si _ 1 Hs%n(lyi_uz)” , TlC = L [
VN | |sin(ly;—1/2) i=1,...,N N

X}

.....

cosglyi_l /2)} } B (5.97)

3

N

el e
|

The eigenvectors of the time evolution matrix M (given in (5.18) and (5.19)) are
then

2 0 >0 o N o N

W_=T, W, =8,

W, = a8, + (- W,
for 1

. N N =1,...,N—-1
W_=qS,+w+WV)T,,
For w € (0,1) we define
a =1 —-w)sin(y), B :=1-w)cos(y), V=4 /w?—ai (5.98)

We find the corresponding eigenvalues
Ay = —0, AL =6,
0 N (5.99)
MN=B+Vi, \y=8-V, forl=1,...,N—1

For w € (0,1/2) the values V; turn imaginary for some .
On VC grids we define two sets of basis functions:

2
.§l=y/N[Sin(lyi)]i:1 ,,,,, N1, =1, ,N—1 (5.100)

and

(5.101)

ol 2
t::\/ﬁ[cos(lyi)]izo 7777 Ny !=1,...,N—1

While {sl}l:L“_,N_l C RM! is an orthonormal set, we have to define d :=
diagpy,4(1/2,1,...,1,1/2) in order to achieve

oo 1 ifi=g
i di = BT v j=0,...,N.
0 ifi#j,
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The eigenvectors of the time evolution matrix K (given in (5.40)) are gained via
the transformation T := T'/v/2 with T given in (5.38)

X s 2 0 0 o N o o N 0
Q_:TW_: 7%0 B Q+TW+[_;¥V‘|,
- [ 2) — (w — V) sin (y,/2)) &'

o —w _ | (ereos 2~ o= Vs w/2)8]
| — (ausin (y1/2) 4 (w — Vi) cos (y1/2)) t

o — g _ | (areos(u/2) — o+ Vsin(u/2) ']
| — (ausin (y1/2) + (w + Vi) cos (y:/2)) ¢

For the representation of the discrete Fourier solutions we define
A= hd cos(y), By:= isin(yl) fori=1,...,N —1. (5.102)

Vi Vi
Theorem 5.11. Assume that w € (1/2,1). Let the initial values be given
by P° = [R°;J°] and let the right hand side be given by G' = [f';g'] for | =
0,...,k—1. Then the discrete Fourier solution P% , = [R*; J*] of the system
P = KP4+ 1Ghy forl=0,...,k—1

for the VCFD lattice Boltzmann equations (5.1) with reduced density boundary con-
ditions (5.6) can be represented in terms of the bases (5.100) and (5.101) by
N—-1

1 1 . Y 5
R =3 (G a0+ Ja-a0p)) (R -5)
j=1
0 Nle A A \- k JO d'ii] o j
o j((j)_(j))< ' )s
Jj=1
k—1N-1
£ S (S AN+ - A (58 &
e 9 J J 2 J J
k—2N-1
_ v, B (V) = 00 (gt ) &
2w = 3\ J ’

1 N\
3= AN + 50+ A ) (57 a) ¥
j=1
1 N—-1
_ J
— 5o B -0 (R &)t
j=1
= 0\ =0 = N\ N
+ TZ(—H)k_l_l (gl -dt )i + TZGk_l_l (gl -dt )i
=0 =0
k—1N-1 1 1 . .
+ry (2(1 —Aj(AHFE 4 S+ Aj)(Aj—)’”1> (gl : dt]> '
1=0 j=1
L k=2N-1 _
Jy Nk—I1— o5\ 37
_% B](()\j)k l 1_()\j)k l 1) (fl~8‘7)t,
1=0 j=1

where Aj and Bj are defined in (5.102) and the eigenvalues )\ji are given in (5.99)
with (5.98). We use d := diagy,,(1/2,1,...,1,1/2).
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Corollary 5.12. Forw = 1/2 the solution in Theorem 5.11 for k > 1 simplifies
to
N—1 k—1N—1
RN = Z cos” (y;) (RO . .%j) &+ TZ Z cos" 1 (y;) (fl . .§j) &,
j=1 1=0 j=1
N—1 A
sin(y;) ) cosF 1 (y;) (RO . §j) t gkt
j=1
k—2 N—1 .
-7 sin(y;) cos® 7172 (y;) (fl . .%j) .
j=1

(=)
<.

For w € (0,1/2) there might be values of N such that the time evolution
matrices are not diagonalizable. The comments and computations for the periodic
case apply here with slight changes.

For the flux problem on VC grids we introduce the orthonormal basis

N ]
1

°
[}

EEREE}

egmllmindll., A lmengll

forl=1,...,N—1.

—
—

We find the eigenvalues
A =1, Ay =—1

(5.104)
AN =B+Vi, A =8-V, forl=1,...,N—1

and the eigenvectors of the matrix M (given in (5.18) and (5.20))
o 0 o0 o N o N
V+:ch V_ :Ts )
o 1 ol ol
V+ = OAZSC — (w — VZ)TS,
o 1 ol o
V_=woS,- (w + VZ)TS,
The values «y, §; and V; are defined in (5.98).
Hence, we get eigenvectors of K (given in (5.45)) via transformation by T :=
T/+/2 with T given in (5.43)

} forl=1,...,N—1.

P— v = u PN v = m ,

Bl v, [ (oucos (u/2) - (@ = Vi) sin (u/2) t] |
(ausin (yi/2) + (w — Vi) cos (y1/2)) &

by [ (ercos (4/2) — (w+ Vi) sin (u/2)) ]
[(usin (41/2) + (0 + Vi) cos (41/2)) &

Theorem 5.13. Assume that w € (1/2,1). Let the initial values be given
by P° = [R°;J°] and let the right hand side be given by G = [fl;gl] forl =
0,....,k—1. Take C} := 661031 with b := —(1 —w)(j% — j%)/N. Then the discrete
Fourier solution P% » = [R*; J"] of the system

P = KP4+ 7GLp +CY forl=0,....k—1
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for the lattice Boltzmann VCFD equations (5.1) with reduced flux boundary condi-
tions (5.8) can be represented in terms of the bases (5.100) and (5.101) by

k—1

Rt — (RO : d%o) 4> i’ 4 (—1)F (RO : d%N) i
=0
N-1 1 1 ) )
+ <2(1+Aj)()\j)’“+2(1Aj)(Aj—)k> (Ro.dtj> t’

j=1
k—1 o k—1 N\ oN
w3 (1 d) Yo (1 ad )
=0 =0
k—1N-1 1 i1 1 C\k—l—1 1 o7\ 9j
r SO+ DO (1= A (5 )
=0 j=1
9 k—2N-1
J —Nk—Il— J
F oI S B (DT () (g #) E
1=0 j=1
-1
1 1 _
Jk = (2( — AN+ S (14 A45)(A; )"“) (JO 83)8]
j=1
1 N-1 .
— 9J o9
55 30 By () = (5)) (R -at’) &
j=1
k—1N-1
Fr 30 S (S0 AN S0+ A0 (o 8) &
2 7% 2 T
=0 j=1
k—2N-1
+ X B (()\-f-)kflfl _ (/\‘—)kfzq) (fl~dij) Y
2w et 3\ J ’

where A; and B; are defined in (5.102) and the eigenvalues /\;t are given in (5.104)
with (5.98). We use d := diagn,(1/2,1,...,1,1/2).

Corollary 5.14. Forw = 1/2 the solution in Theorem 5.13 for k > 1 simplifies
to

RN = Zcosk(yj) (RO . diﬁ]) '+ TZ ZCOSk_l_l(yj) (fl : di]) t',
3=0 1=0 j=0
N—1 o
JE= 3 sin(y;) cos* " (y;) (RO dt’ ) &/ + g™
j=1
k—2 N—1

+ TZ Z sin(y;) cos* 7172 (y;) (fj . d%j) 8.

1=0 j=1
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Now we examine solutions of the density boundary value problem on CCFD
grids. To this aim, we choose the following orthonormal basis in R?Y

T2:=¢;—NH_1HM o T }HE_%”_N

~~~~~ s

gl I e P
for [ N —1.

L...,
For the time evolution matrix M (given in (5.25) and (5.26)) we find the eigenvec-
tors

W =T, W .=T,

W} ::alsis+(w_W)TjC’ } for I=1,...,N—1,
W_=aS,+ w+ V)T,
with the eigenvalues given by
Ao = —0, Ay =1,
N=B+Vi, \y=8-V, forl=1,...,N—1

The definition of oy, §; and Vj is given in (5.98).
On CC grids we consider two sets of orthonormal basis vectors in RY. We
choose the bases

2 1 -
=l . : =N . __ %
5 =4/ i [51n(lyi,1/2)]i:17”_7N, s = Wi (1) +1]i:1,...,N’ (5.107)
I=1,...,N -1,

(5.106)

-0 1 - /2
t = ﬁ [1]24:1’_“71\, , t = N [cos(lyi_l/Q)L:LMN , 1=1,...,N—1.
(5.108)

Upon transformation via T' := T'/+/2 with T given in (5.53) we find the eigenvectors
of K (given in (5.55)) by

0 o [0 N N [-3gN
Q" =TW’ :__to], Q" - W_:[ : }
A [ (o cos (y1/2) — (w — Vi) sin (y/2)) 3
e = IW = | (usin(u/2) + (@ vl>cos<yl/2>>tl]’
gt | (@rcos (1/2) - (w4 Vi) sin (1/2)) F
Q== TW== | (arsin(/2) + (@ +vl>cos<yl/2>>tl]'

We have
—0 —0 —N —N
KQ—:_QQ—v KQ— :_Q—7
KQ, =)\Q., KQ =XQ , forl=1,...,.N—1

Theorem 5.15. Assume that w € (1/2,1). Let the initial values be given by
P° = [R°; J° and let the right hand be given by G' = [f';g'] for 1 =0,... .k —1.
Then the discrete Fourier solution P% , = [R”; J¥] of the system

P = KP,p+7GY forl=0,...k—1
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for the CCFD lattice Boltzmann equations (5.2) with reduced density boundary con-
ditions (5.12) can be represented in terms of the bases (5.107) and (5.108) as

k—1
RF = (~1)* (RO .EN) N4 TZ(—l)k_l_l (fl .gN) N
1=0
N-1

i 1 <;(1+Aj)(>\j)k * %(1 Aj)(X_)k> (R°-57) &

J

- > B (0007 (5°-2)
k—1N-—1
. 1 FEVSNEEN —\yk—1-1 U5\ g
i 1=0 j=1 (2(1+A ) " 2(1 400 ) (f )
0 k—2N-1
+y\k—l—1 —\k—l—1 1\ =i
= l=0j=1B](<)\j) ~ () )(g t)s’
k—1
T =) (10 )+ 7Y (o) (gt )
(0t o S o 1)
+Ni Yo ayoryr+laga )(A)k> (JO tj)t]
= \2 ’ 2 ’
1 N—-1
— 50 2 B (W) =00 (RY-5) ¥
j=1
k—1N-1
+ry (;(1 — AN %(1 + Aj)(Aj)’f—l—1> (gl EJ) 7
=0 j=1
k—2N-1
_ i B (()\;r)kuA _ ()\j—)kflfl) (fl .gj) v
=0 j=1

where A; and B; are defined in (5.102) and the eigenvalues /\;t are given in (5.106)
with (5.98).

Corollary 5.16. Forw = 1/2 the solution in Theorem 5.15 for k > 1 simplifies
to

N k—1 N
RF = Zcosk(yj) (R0 -80) 3 + TZ Zcosk_l_l(yj) (fl -§j> 5,
j=1 1=0 j=1

N-1
Jh=— Z sin(y;) cos"*(y;) (RO -5 t + gkt
j=1
k—2 N—1

— TZ Z sin(y;) cos® 772 (y;) (_fl -§j> v

1=0 j=1
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For the solution of the flux boundary value problem on CCFD grids we define
the orthonormal basis in R?N by

s

b " (5.109)
5 _ 1 Hcos lyi—1 ” 1“—sm(lyl 1)”
¢ N || cos(ly;) T, \F sin(ly;) -t N
forl=1,...,N —

We find the eigenvalues

A =1, AL =0,
0 N (5.110)

)\f:ﬁl—‘r‘/l, )‘l =6-V, forl=1,...,N—1.

The eigenvectors of M (given in (5.25) and (5.27)) are given by
Vi = gg’ Vf = §iv7
—l — _
Vi=wS,— (w—-W)T,,
7l+ lil ( l)i } forl=1,...,N —1.
V_oi=aS,— (w+W)T,,

We get the eigenvectors of K (given in (5.58)) via transformation by T := T'//2
with T given in (5.53)

P =TV - "5] PN =TV - L?V] ,

B gt _ |(arcos(y1/2) — (w—V;)sin (yl/2))fl
P =TV = | (asin (1/2) + (@ — V) cos <yl/2>>sl] |
B g _ | (rcos (/2) — (w+ Vi)sin (u/2)) E
P=i= Vo= | (arsin (1/2) + (w + Vi) cos <yl/2>>sl]

In the case w = 1/2 and N = 2n the rank of the given eigenvectors is only 2N — 1.
We find
] _[0]_ 57 s o [t _
K{O] = {s"} =V2P| =V2P", K [0} =0.

This renders a Jordan block of length two belonging to the eigenvalue 0. Hence, K
is not diagonalizable in this case.

Theorem 5.17. Assume that w € (1/2,1). Let the initial values be given by
P° = [R%, J° and let the right hand be given by G' = [fl;gl} forl=0,...,k—1.
Take Cl = céﬁi with ch = —(1 — w)(j% — j%)/N. Then the discrete Fourier
solution P% » = [R"; J¥] of the system
P = KPP,y +7GLp +CY forl=0,....k—1

for the CCFED lattice Boltzmann equations (5.2) with reduced flux boundary condi-
tions (5.13) can be represented in terms of the bases (5.107) and (5.108) by

k—1 k—1
RE= (R E)8 40y (£8) 0+ Y di’
=0 =0

> (;(1 A"+ %(1 - Aj)(A;)k> (RO ~ij) t

j=1
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0 N-1
F LS B (O ) (0 )
j=1
k—1N-1 1 1
+r (2(1+Aj)()\;r)k_l_1+2(1—AJ)()\] et 1) (r-#)7
=0 j=1
k—2N-1
+ 277.2 Z B; ((A+)k—171 ()\]—)kflfl) (gz gj)t]’
1=0 j=1
JE=0"(J° 35 +726’f =1(g"-3V) 8N
N-1

; 1(5(1—Aj><xy>k+;<1+Aj><A ) )

+50 2 B (D - 00 (0 -7)
. kz—:lN—l <1(1_A )()\+)k -1 1(1+A )(}\ )k - 1)( l_gj)gj
Tl: 2 3 7)(A; 5 g
k—2N—1 '
+ L Bj ()\j)k—l—l o ()\;)k—l—l fl 'i] =
2w = = ( ) ( )

where A; and Bj are defined in (5.102) and the eigenvalues )\ji are given in (5.110)
with (5.98).

Corollary 5.18. Forw = 1/2 the solution in Theorem 5.17 for k > 1 simplifies

to
N-1 _ k—1N-1
RF = cos” (y;) (RO -fj) +7 cosF~1=1( (f -t )
3=0 =0 j=0
N-1 4
Jk = sin(y;) cos* 1 (y;) (RO ~fj> 5 4+ rgh !
j=1
k—2N-1 '
+ TZ Z sin(y; ) cos" 7172 (y;) (fj -f]) s
1=0 j=1

5.11. Discrete Fourier Solutions for the FV Lattice Boltzmann Schemes

In this section we consider the discrete Fourier solutions for the finite volume
lattice Boltzmann equations (5.3) and (5.4) subject to the provided boundary con-
ditions. First, we take a look at the periodic problem. We define for w € (0,1)

sp:=sin(2y;), ¢ = cos(2y;),

W, = ((Cz—(;(1—#01))2—1+w(1+cz)>1/27 (5.111)

forl=1,...,n—1. We find that STM S, with the periodic time evolution matrix
M given in (5.17) and S defined in (5.85), is a block-diagonal matrix with diagonal
elements +1 and —0 (§ = 2w — 1) and with the 2-by-2 blocks

L(l ilw)sz (1- Cj)lCl - w} ’ {ﬂ _Cl”)sl (- ;)Scll B w]
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forl=1,...,n—1 on the diagonal. We derive the eigenvalues of M

A=1 X =1-2w,
Af:cl—g(l—kcz)—i-Wz,

b forl=1,...,n—1, (5.112)
)‘l_ :leg(lJrCl)*Wl,

A, =—1 if N=2n.

Furthermore, we get the eigenvectors of M in terms of the basis (5.84)

~0 ~0 —~0 ~0

vV, =858, W_:=T,,

~1 ~1 w ~1

V, =—-58. + (5(1 +¢)— I/Vl) T,,

~1 ~1 w ~1

V_ =—-585.+ (5(1 +c)+ VVl) T,,

. o o ", forl=1,....,n—1,
4= slSS—i— <§(l+cl)—Wl> T,

—~1 ~1 ~1
_ = slSS+ (%(1+Cl)+Wl) Tm

v =T, W =8, ifN=2n

Using the monotone decreasing function f : (0,1) — (=1,1)

. 8 — (24 w)?
) = g

we find

e

)V F e - fw)

i

Hence, we see that W is a real number for [/N < arccos(f(w))/2m and imaginary
otherwise. In contrast to the FD schemes we get complex eigenvalues and complex
eigenvectors for all values of w. The complex eigenvalues are located on a circle
with midpoint —w/(2 — w) < 0 and radius 2(1 —w)/(2 — w); see Figure 5.7. In this
figure we use I* := | N arccos(f(w))/2m]. Since the modulus of the eigenvalues is
equal or less then 1 for all [ and w € (0,1), the solutions for the underlying lattice
Boltzmann schemes are stable. Increasing w raises the number of real eigenvalues,
which leads to an improvement of the convergence.
The eigenvectors are not orthogonal, especially we see

~1 o~
=2-w)sj, W, -W_=(2-w)s;

for [/N < arccos(f(w))/2r. By employing the orthogonal transformation via T :=
T /2 with T as in (5.33), we get the eigenvectors of K (given in (5.60)) in terms
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Complex eigenvalues, w = 0.8 Real eigenvalues for | < [I*, w = 0.8
1 T T

100000 """~~~ ------7

0000000 o Af

Oooo oA

o
ooo

0 o4
N g

000000
—V000000000000000000000007

16--0--o--p -5

(o] o o o
VO o -3
—0%--0--0--0---0--0. % T ___
0 4

o )\l‘“

o A~
1 *

FIGURE 5.7. Complex eigenvalues of M and K in the periodic
case for w = 0.8, w = 0.4 and N = 100.

of the basis (5.88) in the form

~0 ~ ~0 %O ~0 ~ ~0 0
P, =TV, K = ol Q_=TW_ = _%0 ,
B _ gyt [ (sin(2yl) cos(y;) — (%(1 +a)— Wl) sm(yl))Atf
Py=TVy |- (sin(2yl) sin(y;) + (%(1 +a)— Wl) cos(yl)) El_ ’
P |- (sin(2y;) cos(yi) — (£ (14 ¢1) + W) sin(yl));t4
_ _ i ~1| >
- (sm(2yl) sin(y;) + (%(1 +a)+ Wl) COS(Z/l)) S
U T [ (sin(2y;) cos(yi) — (4(1 + ;) — Wy) sin(y;)) 3
Qp=TW, |- (sin(?yl) sin(y;) + (%(1 +aq)— Wl) cos(yl))zl_ ’
5 TW/Z _ [ (sin(2y;) cos(yi) — (4(1 + ) + W) sin(y;)) ;.s;l
- T |- (sin(2y) sin(w) + (£(1+ ) + W) cos(w)) |
e R MR L A A R e

If there is a I such that 27l/N = arccos(f(w)), we have W; = 0 and hence, the rank
of the presented eigenvectors is only 2N — 2. In this case we find

P 1 [ (V1 —wecos(y) + sin(y )ZI] ’

J

J:

(
~1 1 [ (V1 —wcos(y;) + sin(y;
(
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A By

1 : 15 o Re B

o o0 Re A . 0 Re B

o Im A 10 o ¢lIm B
5 o
M\ 5 Q
O?V 7777777777777777777 M |
-5 o -5 :
| b

1% & N2 % & N/2

FIGURE 5.8. Behavior of 4; and B; for [ =0,...,N/2.

with (K — NId)P, = P, = P and (K — \Id)Q, = Q, = Q_ with A =
¢ — w(1 4+ ¢)/2. This renders two Jordan blocks of length two belonging to the
eigenvalue \;.

Fori=1,...,n—1and W; # 0 we define

(L) F W) sin(y)
= (2 cos?(y;) — (%(1 + ) F VVl)) sin(y,),

5F = sin(2y) sin(y) + (%(1 + ) F W) cos(u)
::@sm%m)+<gﬂ+%ﬂ$ﬂ%)>mﬁm)

We use (5.90) in order to define the basis transformations

i = sin(2y,) cos(yr) — (

~ Al L ~1 o~ Y
P, =Ty -4 Sy, P_=—Ty-6 Sy,
~1 P Al ~1 Y .
Q. =7%Sp—90Tp, Q_=7 Sp—96 Tp,
and
- +
~1 o ~1 v ~1
SN == — — P - — — P77
'Yl+51 y 5l+ " ’Vz+5[ y 5z+
- -6 ~1 5 ~1
N:+717+P+++717+7’
Y0 = 0 Y0 =6,
~1 8 ~1 5t ~1
SD = %Q - %Q—7
’Yl+5l -MN 51+ - ’Yz+51 - 6l+
- +
| o ~1 o ~1
TD = fQ - fQ—
71+5z -N 5z+ - 71+51 -—N 67
for {=1,...,n — 1. Furthermore, we find
Lo i 1wy
Yo =6t 2 Yo~ 2w
—; 6" 1 5o 1
L =-(1-4), —+t——==-—B8B,

Wor = e 2
where we use the definitions

A= QLVVZ(l +cos(2y)), B:= % sin(2y;) forl=1,...,n—1. (5.113)

This transformation fails in the case W; = 0, that is, there is one [ such that

T
v 6 — 9, 2w
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¢; = f(w). For this reason, we assume

2& arccos(f(w)) ¢ N. (A)

™

If the assumption (A) is not fulfilled, then the matrices M and K are not diag-
onalizable anymore, since the rank of the given eigenvectors is then only 2N — 2.
Thus we get Jordan blocks of length two.

The behavior of A; and B; depending on w and [ is plotted in Figure 5.8. The

values of A; and B; become imaginary for [ > [* := | N arccos(f(w))/(27)]. There
are poles at [*.

Theorem 5.19. Assume thatw € (0,1), N = 2n and (A). Let the initial values
be given by P = [R°; J°] and let the right hand side be given by G = [fl;gl] for
1=0,...,k—1. Then the discrete Fourier solution P* = [Rk; Jk] of the system

P = KP' ++G' forl=0,...,k—1

for the VCFV lattice Boltzmann equations (5.3) with periodic boundary conditions
(5.5) can be represented in terms of the orthonormal basis (5.88) for k > 0 by

RF = (RO .EO)%O +(—1)F (RO Z”’)Z”

IS - o (097 - (0 7))
k—1 k—1

T L r C\k=1=1 (el TNF

X (1) e e ()
k—1n-1 ) ‘

Fro AN (417 (517)F)
=0 j=1

S g (#7)7 (7))
1=0 j=1

- lgj’fkfnf% (O =00 ((¢5) F = (o 7)) #),

=0 j=1

Tk = (—g)* (JO -“t“) T+ (—1)k (JO “t’”)“t’”

k—1:1 k—1

. _o) -1 (ol Y 4 7 k==t (0 T\
73 (0) (gt)H;(” (¢-2")¢
+T§§2(1 AN (o) E + (o -7)F)



5.11. DISCRETE FOURIER SOLUTIONS FOR THE FVLB SCHEMES 99
T D %(1 + AN (o) + (o 7)F)
— o Y B (DT =0 ((£-9) F - (£1F) ).

where the eigenvalues )\f are given in (5.112) with (5.111) and A; and B, are
defined in (5.113). For odd N = 2n — 1 the parts with t" disappear.

Although the eigenvalues and the corresponding eigenvectors become complex
for large values of j, the above representations are real.
If there is a j with cos(2y,) = f(w), then we have the jth summand

(M + 2+ i) (RO Z) +(RF))
+(1—w)8jk>\?71(<J0 NJ) (JO ?) )
for the R-equation and
(= St e t) (52 7) 7 + (5°5) 7))
— sk (B3 - (BT #)

for the J-equation. Here, we use \; := ¢; — w(1 + ¢;)/2. Accordingly, we have to
add corresponding terms for the right hand sides.
For the low-frequency coefficients in the solution representation we find

1-
Ay =14 =2 (2y;)* + O(y) for j < N,
Bj =2y; + T(2yj)3 +0(y) for j < N.
For the corresponding eigenvalues we find

1 .
)\j+ =1- 5(23/]-)2 + O(y}l) for j < N,

_ 2 2 2 .
()\;,_)k ~e dvi ot /|Q| forj < N;

where we take v := v/(2w) and t := k7 = k|Q|?/(yN?). Hence, the leading order
terms

1 42 2 2 .

5(1 —|—Aj)(/\j')k ~ eI/ for j < N
show the correct approximation property. In contrast we have 1 — A; = O(yf) and
()\j_)k is oscillating and it decays very fast. Since B; and J° are of order O(h), the
terms induced by J° in the R-representation are only of order O(h?).

The decisive term in the J-representation is Bj()\j)k. With the background of

partial integration we find

5 (B-7) - (= 7)) =5 (2R ¥) + (D1 ),

where we define D, R® := [0,70(x;)];. Hence, J* is an approximation of —hd,r/(2w).
The choice of J° plays a subordinate role.

In the R-representation the oscillating parts ()\;)k are hidden in an order
O(h?)-term. In the J-representation the oscillating terms Bj()\;)]C are apparent.
Hence, we get the wrong viscosity in the first steps. After several iterations the
oscillations have faded away and the correct viscosity is reached. This can be seen
in numerical experiments.
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The behavior of the time-dependent coefficients
1 1 _
S0+ AN 4+ 50— 4)07)F

k.
R} = y
is examined in Figure 5.9. The poles in A; are deleted. For large time steps only
the coefficients with j close to 0 and N/2 are of significant size. Oscillations are
observed for large values of j.

By switching to the basis (5.95), we find

Theorem 5.20. Assume thatw € (0,1), N = 2n and (A). Let the initial values
be given by P° = [R°;J°) and let the right hand side be given by G' = [f'; g] for
1=0,....,k—1. Then the discrete Fourier solution P* = [Rk Jk] of the system

PH = KP' ++G' forl=0,...,k—1
for the VCFV lattice Boltzmann equation (5.3) with periodic boundary conditions
(5.5) can be represented in terms of the orthonormal basis (5.96). The representa-
tion is the same as in Theorem 5.19 with §' replaced by g forl=1,...n—1, Zl

replaced by # forl=0,....n—1 and i replaced by 3"
For the consideration of the boundary value problems we define for w € (0, 1)

sp:=sin(y;), ¢ = cos(y),

Wi = <<(Cl - %(1 - Cz))2 —1+w(l+ cz))l/2 (5.114)

forl=0,...,N
The eigenvectors of the time evolution matrix M (given in (5.21) and (5.22))
can be written in terms of the basis (5.97)
. . « N N
wl =1, w'=8§

o 1 ol ol
W, =s8, + (g(ucl)fwl) T,
WCZS[.§2+(§

We find the corresponding eigenvalues

Ay =—0, A\y=-1,

ol} for I=1,...,N—1.
(L) + W) T,

(5.115)

w w
)\lJr:Cl—i(l-i-Cl)—‘rWl, A;:Cl_§(1+cl>_M7

forl=1,...,N—1.

The eigenvectors of K (given in (5.61)) are found via the transformation T :=
T /+/2 with T given in (5.38) in the form

QL =rw! = | ol @Y oWt - [_i?v] ,
ool [ (sin(y;) cos(y1/2) — ($(1 + ;) — W) sin(y,/2)) &
Qo= TV | (sinan) sin/2) + (51 + @) = W) cosln/2) ]
o W [ (sin(y) cos(u/2) — (£(1+a1) + Wi) sin(y/2)) & ]
- - — (sin(yy) sin(y1/2) + (4 (1 + @) + W) COS(yl/Q))

For the representatlon of the discrete Fourier solutions we define

A= 1+cos(y)), Bi:= % sin(y;)) forli=1,...,N—1. (5.116)
l

2W(
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k=1, w=07
1
o Rf
05
0
-05
J
k=3 w=07
1
o R?
05
0
-05
J
k=5 w=07
1
o R?
05
0
-05
J
k=20, w=07
1
° R} g
05 .
0 i
-05 B
%
_10 .
J
k=30, w=0.7
1 %
: ° By
0.5 (%) ES
N5
-05 00

FIGURE 5.9. Behavior of Rf for N = 200 and selected time steps k.
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Furthermore, we assume

garccos(f(w)) ¢ N. (A)

Theorem 5.21. Assume that w € (0,1) and (A’). Let the initial values be
given by P° = [R%; J°] and let the right hand side be given by G' = [f'; g'] for
1=0,...,k—1. Then the discrete Fourier solution P, = [R": J*] of the system

P = KP,p+7GYp forl=0,...k—1

for the VCFV lattice Boltzmann equations (5.3) with reduced density boundary con-
ditions (5.6) can be represented in terms of the bases (5.100) and (5.101) by

R = N}_j (304 40050 + 50 - 40 ) (R 57) &
1w Z B (( X)) (00 dt’) &

k—1N-1 1 ] ]
Ty (2<1 AP - )00 (51 )
=0 j=1
=0

N =

k—2N-1

lfwrz Z B (( >\+ k—l—1 ()\j—)kflfl) (gl -dfgj> &

Jj=

1
’f(JO dto) 4 (—1) (Jo-d%N) i

= 1 N
+ )3 (2 Ah)E +2(1+Aj)(Aj)’“> (J0~dtj> #
| Nl . o i\
@ZB] Lo (R
=1
k— k—1
+TZ g)k—t-1 (gl ~d%0> # +TZ(—1)k_l_1 (gl . diN) i
=0 1=0

k—1N-1

+T;Z (; ;L)k—l—l_,'_%(l_’_A )( )k - 1) (gl_d%j)y

k—2 N—1 .
_i ZBJ (AR = (k1Y) (fl,gy) ¥

=0 j=1

where the eigenvalues )\j[ are given in (5.115) with (5.114) and A; and B, are
defined in (5.116). We use d := diagy,(1/2,1,...,1,1/2).

In the flux case the eigenvectors of the matrix M (given in (5.21) and (5.23))

are
vi=5, vi=T
ol l ol
V+ = SlSc - ( (1 —i—cl) WZ)T57
. N . forl=1 N-1
V_ *Slscf( (1+Cl) WZ)TS,
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The values s;, ¢; and W; are defined in (5.114). We find the eigenvalues
AN =1, Ay=-1,
)\fzcl—%(l—l-cz)—&-Wz, /\l_zcz—g(l-i-Cl)—Wu (5.117)
forl=1,...,N—1.

Hence, we get the eigenvectors of K (given in (5.62)) via transformation by
T := T/+/2 with T given in (5.43) in the form

Fo0 N
Pl =1V’ = |t PNTV]_V[t],

‘We now arrive at

Theorem 5.22. Assume that w € (0,1) and (A’). Let the initial values be
given by P° = [R°; J°] and let the right hand side be given by G' = [fl;gl] for
1=0,....,k—1. Take C) := 06153 with ¢} == —(j& — jL)/N. Then the discrete
Fourier solution P4, = [RF; J*] of the system

P = KP,Ly+7GLp +CY forl=0,....k—1

for the lattice Boltzmann VCFV equations (5.3) with reduced fluxz boundary condi-
tions (5.8) can be represented in terms of the bases (5.100) and (5.101) by

k—1
RF — (RO : di&o) 4> bt (—1)F (RO : d%N) "
=0

N—-1

1 Nk L Lok 0 ) 3
+ > (2(1+AJ)(AJ) +5(1=4)() ) (R di )t
0 N-1
_ J
+ 5 0 B ()= ()" (JO sJ)t
j=1
k—1 0 0 k—1 N N
w3 (1 d) Y (1 ad )
=0 =0
e 1 N
+r 7(1+AJ)(>\+)I€471_‘_7(1 AJ)()\‘—)kflfl (fl.d%]>ij
2 2 i
=0 j=1
0 k—2N-1
—l— —\k—I1— J
+ T B (A7 = ()17 (g 87) &,
1=0 j=1
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k—1N—1
+7‘Z (
1=0
k—

/\-‘r)k - 1+

l\D\»—t
N —

(L+ AN 1) (¢"57) &

Jj=

1
L k2Nl .
% Z Bj )\Jr k—1-1 ()\;)k—l—l) (fl-dtj) 87,
=0 j=1

where the eigenvalues )\j are given in (5.117) with (5.114) and A; and B; are
defined in (5.116). We use d := diagy,(1/2,1,...,1,1/2).

Now we examine solutions of the density boundary value problem on CCFV
grids. For the time evolution matrix M (given in (5.28) and (5.29)) we find the
eigenvectors in terms of the basis (5.105)

w' =7, W=7

W, =58, + (g(l +¢) — W)T,
w7l =W — for 1=1,...,.N—-1
W_ =58, + (51 +a) + W)T,
with the eigenvalues given by

A =0, A\y=-1,

+ w _ w
>\l :Cl_§(1+cl)+Wla )\l :Cl_§(1+cl)_m,
forl=1,...,N—1.

The definitions of s;, ¢; and W; are given in (5.114).
By transformation via T := T'/v/2 with T given in (5.53) we find the eigenvec-
tors of K (given in (5.64)) by

(5.118)

—0 - —0 [ 0 —N — =N *§N
Qu=TW-= |y @ = W:[ 0 }
a0 [ (o cos (y;/2) — (w — Vi) sin (y,/2)) &
Q:=TW, = - (o sin (y;/2) + (w W)COS(yl/m)tl],
I [ (o cos (y1/2) — (w + Vi) sin (1,/2)) &
Q. =TW._= — (aysin (y1/2) + (w + Vi) cos (y /2))#1-

We have
KQ' = Q. KQ' =-Q",
KQ, =\'Q., KQ =XxqQ, forl=1,... N—1
Theorem 5.23. Assume thatw € (0,1) and (A’). Let the initial values be given

by P = [R"; J°] and let the right hand be given by G =[flg' forl=0,...,k—1.
Then the discrete Fourier solution P% , = [R"; J¥] of the system

Pl =KP, p+ 717G, forl=0,....,k—1

for the CCFV lattice Boltzmann equations (5.4) with reduced density boundary con-
ditions (5.12) can be represented in terms of the bases (5.107) and (5.108) by

R =(-1)" (R*-3V)s +TZ yhi= 1( 7! §N>§N

N-1
+ ( (1+A)(AH" +;(1—Aj)(AJ)>(RO )

j=
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j=1

1 N-1
~ 5o 2B (A =())F) (R T

j=1
k—1N-1 1 1
+\k—l—1 k—1—1 A

Ty (2(1—Aj)(/\ P S+ AN )(g i)

=0 j=1

L k=2N-1 4
T C((\FYE—I=1 _ (y—\k—i-1 U =i\ 3

3 2 2 5 (0 MY ()

where the eigenvalues )\;t are given in (5.118) with (5.114) and A; and B; are
defined in (5.116).

The eigenvectors of M (given in (5.28) and (5.30)) are given in terms of the
basis (5.109) by

v, =5, vV.=5",

V:_ = Slgi - (%(1 +c — WZ)TIS,

, 2 ¢ forl=1,.. N-1
V_ .= SlSc — (5(1 +c — VV[)T’S7

We find the eigenvalues

AN=1, Ay=-1,

w w 5.119
>\l+=cz—§(1+cz)+Wz, )xfzcz—§(1+01)—Wl7 ( )
forl=1,...,N—1.

We get eigenvectors of K (given in (5.58)) via transformation by T' := T'/v/2 with
T given in (5.53)

0 R 7 —N =N 0
P+—TV+:_0 s :TV:|:SN:|3

I g [ (Sin(yl) cos(y;/2) — (2(1 +a)— Wl) Sln(yl/Q)) i
Py =TV, | — (sin(y) sin(y;/2) + (%2(1 + ) — Wi) cos(yi/2)) Sll ,

U gl [ (sin(y) cos(yi/2) — (4(1 4 ¢) + Wy) sin(yi/2)) ?
P=i= V== (sinn) sin(u/2) + (201 + ) + W) cos(u/2)) 51|

Theorem 5.24. Assume thatw € (0,1) and (A’). Let the initial values be given
by P° = [R®; J°] and let the right hand be given by G* = [f'; '] forl =0,... , k—1.
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Take Cl := Coﬁi with ¢ == —(j% — jL)/N. Then the discrete Fourier solution
P, = [Rk, J¥] of the system

P = KP,Ly+7GLp +Cl forl=0,....k—1

for the CCFV lattice Boltzmann equations (5.4) with reduced flux boundary condi-
tions (5.14) can be represented in terms of the bases (5.107) and (5.108) by

k—1 k-1
R = (R E) 0+ Y (7 8) 8+ Xt
1=0 =0

N-1
1 1 _ AN =
> <2(1+Aj)(/\j)’“ + 5 (L= A0 )k> (RO .tj> t
j=1
1 wN 1 . )
5 S B (A =)k (J°-F)
Jj=1
k—1N-1 1 o
+TZZ <2 1+ A)AH1 + 5(17A )()\j‘)kll) (fl.fj>fj
1=0 j=1
L ke2n-l ]
T Bg k -1 ()\;)k—l—l) (gl.gj)zj7
=0 j=1
Jh=(-1)k(J°-3Y)s +TZ ) (g M) s

where the eigenvalues )\j[ are given in (5.119) with (5.114) and A; and B; are
defined in (5.116).



CHAPTER 6

Convergence of the Lattice Boltzmann Solutions

In this chapter we prove the convergence of the FD lattice Boltzmann solutions
by following the concept of stability and consistency. Since stability estimates are
only available for the lattice Boltzmann schemes (5.1) on VCFD grids and (5.2) on
CCFD grids, we restrict our attention to these cases. For the convergence of the
FV schemes (5.3) and (5.4), one has to invoke the discrete Fourier solutions.

For a fixed end time, we prove second order convergence for the density and
the h-scaled flux in the discrete L>°(L?)-norm and third order convergence for the
h-scaled flux in the discrete L?(L?)-norm towards solutions of the heat equation
with respect to the grid size h.

Special care has to be taken at the boundaries, where the residuals do not show
the right order. This problem can be overcome, however, by methods similar to
those employed when we reduced the boundary values.

We begin with formal asymptotic expansions of the problem.

6.1. A Formal Approach

The question of the numerical viscosity of the lattice Boltzmann schemes has
first been answered by the computation of the discrete Fourier solutions. We now
wish to confirm these results with the aid of a more formal approach.

By using Taylor expansions up to second order in h for the terms uf_':ll and
vf ! in the FD lattice Boltzmann scheme (5.1) with the coupling 47 = h?, and
disregarding the indices in uf = u(tg,2;), vF := v(tg, 2;) and fF := f(ty, 1), we
gain

h? h?
h20uu + Yhou + 7?6§u +yw(u —v) = ?f,

h? h?
h20v — yhd,v + fy;@iv —yw(u —v) = ?f

Next, we plug in expansions of the form
w=u’+hul + K2+ ...,
v=20"+hol +h%%+. ...

We take r := u+ v and j := u — v. In zeroth order, we find

1 1
w =" = §TO = E(uo—i—vo) jOi=u’ =0’ =0.

In first order, we have

0’ = —w(u! —vh),
—0,0" = wu! —vh)
and hence we get
1 1 1
Jlimut = ot = =20, = —=9,0° = ——0,r°
w w 2
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Observe that the first order density term r! := u! 4+ v! is yet undetermined. Later
on the numerical convergence results imply that ' = 0. In second order, we get

1
Opu’ + yout + %83110 +yw(u? —v?) = §f7

1
0v® — O vt + %85110 —yw(u? —v?) = 5f
Taking the sum of the previous equations yields
1—
0 + 40,5 + L0200 = 90 — T X020 = .
2 2w
Hence, we find the numerical viscosity
. 1l-w
Vv =
2w K

1

for the FD lattice Boltzmann schemes. From r! = u!'4+v! = 0 we get j2 := u?—v? =

0. We formally have

Lo hy oo, B, 3
u=gr 4w817“ + 5" + O(h?),
Lo, hy o B2, 3
v=gr +4w81.r + 5" + O(h?),

which implies the approximation of the density and the flux of the orders
r=1r"4+n%? 4+ O(R?),
h
= ——0,° + O(h?).
J==5,0m + O

Here, 70 is the solution of the heat equation and 72 is an unknown function. This
result is quantified in the ensuing sections.

Using Taylor expansions up to second order in h for the terms ufjll, vlkjll in
the FV lattice Boltzmann scheme (5.3) with the coupling y7 = h? and omitting the
indices for uf, vF and fF yields

9 h? 9 w, . . h? 5. h?
h? h? h?
h?0pv — yhdyv + 7?830 - 7%(2.7 —hd.j + ?85.7) = 7f~

Using the expansions
w=u’+hut +R*Z+ ...,
v=0v"4+hvl + h%0% + ...

yields in zeroth order

In first order, we have

0 = s~ 20,0 = i
—0,0° = wjt - % j0 = wi'
and hence we gain
gt = flﬁmuo = flﬁxvo = fiaxro
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In second order, we get

; W W 1
O’ + yo,u' + %(’fcuo + ywi? + 758,@]1 + vzaijo =5/

O — 0" + SO — i + v 5 0ust — 1202 = 3 f.
Taking the sum of the previous equations yields
0”410, + SO0 + W, = O = TLOH0 = .
w

Hence, we obtain the numerical viscosity as
1

V= 2w
for the F'V lattice Boltzmann schemes. The approximation properties are the same
as in the FD case. As a consequence, the time steps for the FV schemes can
be chosen a factor 1/(1 — w) larger, so that in total fewer time steps have to be
performed.
Transformation of the heat equation (2.1) to an advection system by defining
u:=(r+7)/2, v:=(r—j)/2 with j := —h0,r/(2w) leads to

1-w 1 1, . w 9

Orut 0ot o (u—v) = 5f + 500 = ga—vdir,
1 1—w 1 1 w

0w — 20w — o) = f— 2o+ v,

TR T e (u=v) 2f 2tj+2(1—w)y ="

where we applied the couplings € := h/vy, y7 = h? and v = 2wr/(1 — w) on FD
grids. In comparison to (3.14), we see that the solution of the FD lattice Boltzmann
schemes that is consistent to the heat equation, cannot be consistent to the solutions
of the advection system (3.1).

For the FV couplings € := h/v, y7 = h? and v = 2wv, we gain

1 1 1 1
Oru + E(“)mu—i— —(u—v)==f+ gatj,

2ue? 2
1 1 1 1
0 — =00 — ——=(u—v) = =f — =07,
v € v 2ue? (u =) 2f 2 tJ

which is exactly (3.14). Hence, solutions of the FV lattice Boltzmann schemes are

consistent with the heat equation and with the advection system simultaneously.
From these formal results we now step back to a rigorous study of the conver-

gence. Let us now first consider the consistency of the lattice Boltzmann schemes.

6.2. Consistency of the FD Lattice Boltzmann Schemes

Let r be a solution of the heat equation (2.1) with viscosity v and source term
f. For a given w € (0,1) and grid size h := |Q|/N we define j := —hd,r/(2w).
Furthermore, we define rf := r(ty,z;), jF = j(tr,z;) and fF := f(ty,2;). In the
inner points we consider the residuals for the FD lattice Boltzmann schemes (5.1)
and (5.2) in the R.J-formulation implied by (5.32). The residuals read

1
k. k+1 k k k Kk
& =r" =1 — 3 (’I“H_l —2r + rl_l)

2w—1 . . T
Ty (Jzk+1 —Jzk—1) —3 (lefu + fzk—1) ; 6.1)
0t =g =t g (i i)
2w—1

t— (Gl +4i1) + 30+ g (ffa — f10) -
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In the periodic case the spatial index [ takes the values [ = 0,..., N — 1. In the
boundary case we choose [ =2,..., N —2on VC grids and [ = 3/2,...,N —3/2 on
CC grids.

By using the relations y7 = h? and v = (1 — w)y/(2w) and Taylor series
expansions, we find

6w? — 8w + 3 1 1—3w
E__ 14 4k k 2 ok 6
gl =h ( 242 a31’:7‘1 + 272 atfl + 4LU’7 8;cfl ) + O(h )1 (6 2)
5 [ —4w? +6w—3 2w —1 ’
E_ 13 3,k k 5
m = h ( 12w2 aacrl + 2(4)’)/ a”ffl > +O(h )

Here, we use the definitions 8JrF := 82r(ty, z;) for j € N and 0, fF := 0, f (1, 71).

For the boundary value problems, we have to consider in addition the residuals
at the boundary. For the VCFD lattice Boltzmann equations (5.1) with density
boundary conditions (5.6) we find

ff = r’f“ — r’f — % (r§ — 27"]1C + rf)
SR ) - S A,
oy =k — vl 5 (k- 2k k)
- % (]1’% ]J]%—Q) - % (fjlf/ Jrlef/—z) )
no =do =6 T =T+ Q=15 + g + T 63)
wh = g (k)
e Z L Gh ) (1)
Moy = 35— i+ (k- )
+ 2L G+ ) + 3+ g ().
e b UV [ | A

with 7% and r%, defined in (5.7). While the residuals &, €%, n¥ and nk_, have
the same behavior as in the inner points, we see

—4w? 4+ 6w — 3 . 2w—1
o = h’ (Wairg + %y @cf(]f) +O(h),
(6.4)

o [ —4w? 4+ 6w —3 2w—1
nk = h? (Wa;’frj’“v + o arf}“v) + O(hY).
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For the VCFD lattice Boltzmann equations (5.1) with flux boundary conditions
(5.8), we find

ko o k+1_ k _ k_  k ek k
& =mrg  —rg i g — (w157~ — TS,

1
k._ k+1 k k k k
L=y *T1*§(72*2T1+T0)

2w-—1,. . T
- (35 —it) — 5 (f5 + 13)»
2 2
1
ey = Tjk\rt11 — i1 — 5 (7"]16\/ —2rf "‘7”?\/—2)
2w—1,. . T
_T(J§_11@72)_§(f1%+f1%72)7 65)
6.5
&y = Tzk\rﬂ — iR =R+ Qw—1)j% +j112%+1 —TfN 1,

, o
nf =gt =t + 5 (12 = 16)

2w—1 . . .
w2 (JE+J§)+J{“+%(f§—f§),
77?\/—1 = J'fvtﬂ - j]]if—l + 5 (chv - TJIC\/—Q)
2w—1 . . .
+ ) (]ﬁ‘: +leir—2) + N1+ % (f]lf/ - lefr—z) ;

with j¥ and j% defined in (5.9). While the residuals &F, €5, n¥ and 9% _, have
the same behavior as in the inner points, we gain

4% + 6w — 3 2w—1
& = —n° (_]Magrg + 5 8mf(§€> +O(n),
(6.6)

4% + 6w — 3 2w—1

For the VCFD lattice Boltzmann equations (5.1) with inflow boundary condi-
tions (5.10), we find

1 2w —1
[N A L R ~ e E*l—zfﬁ
2 2 2
1
§f = r’f“ —rk— §r§ + r’f — wr]g
2w—-1 , b T ok b
L +(2W—1)UL_§ (fz +f0)7
k k1 k k k k
EN_1 = TN T TR 5 N-2 TIrN_1 — W'y
2w —1 . T
T 1@72+(2W—1)U§—§(f§+f§72)7 67
6.
E . k+1 k1 ok R, 2w—1 g k4l T ok
N =Ty TN 27”N—1+7"N+ 5 IN-17 VR 2fN—la
. ) 1
0y =gt =g+ 5rs —wrg
2w—1 . . T
+ i+ Qw = Dup + 5 (5 - f)
. . 1
Ny 1= ]J]il—i_—ll —iNo1— 57”1]6\7—2 + wriy
2w—1

+

. . T
5 JN—2 N1 — Qw— 1)k + 5 (lef/ - fﬁ;_g) )
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with u¥ and v% defined in (5.11). The parameter ¥ for the Robin boundary condi-
tion (2.5) for the heat equation has to be chosen as ¥ := h/(2w). For the residuals,

we gain
— g (P ot 2 Lo g )+ o0,
f= O(h'), &x_y = O(h"),
&= %hg < — 1J2rw62w - 3827" 2(;&]713%]%) +O(RY, (6.8)
0 = % ( —= Jfgw Soprk + QL;Wlaxff) +O(h),
M—1 = %hg < — 1;rw(;w Oari_1 + ng’ylarf}%q) +O(n*).

For the CCFD lattice Boltzmann equations (5.2) with density boundary con-
ditions (5.12), we find

1
5?/2 = T]fle T]f/z (7‘3/2 37"116/2 + 27’?) - 7’1]2+6 +77

2w—1 .
- (]3/2 Jf/z) -5 (f?lf/z - ff/Q) )
2 2
1
556\/_1/2 = Tlfvtll/g - 7’7\/_1/2 5 (QT%, - 37“116\7—1/2 + r]k\,_3/2) - g
2w —1

‘ T
B (JN 1/2 7‘7]}%—3/2) + 5 (fjlf/—l/z - fjlir—g/Q) )

. 1
U]f/z = Jffgl J1/2 (T1/2 + ’"3/2)
2w—1 . . . k 5 T
T (31/2 +J§/2) ‘|‘Jf/2_7"LJr 5 (ff/2+f§/2)a
1
N-1/2 ‘= ]N+11/2 - va71/2 5 (Tﬁvfl/z + Tﬁvf?,/z)

2w—1

t 3 (JN 1/2 +in- 3/2)"’.71\1 1/2+TR

g (fjlff—l/z + f§—3/2) )

with 75 and 7,1}6;6 defined in (5.7) and evaluated in tr1s = ty + d7 for a given
0 € [0, 1]. Taylor expansions render

5?/2 = h’2 k (h4)7

I3 = h2sh + O(hY),
N-1/2 n (6.10)

—4w? + 6w — 2w —1
My = sk < 1202 S0t} 12t 5 axff”) +O(n),
—4w? + 6w — 2w —1
7’]16\7_1/2 = h 5R+h3 ( 12w2 637’N 1/2+2wya.’rf]]§:f—l/2) +O(h4)7
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where we use the definitions

2—3w—45(1—w) h
sp = ™ (827”1/2 590 r1/2>

+ S (f1/2 - Zaacf1/2> )

2—3w—40(1—w
3’16% = ( ) (8 1/2+ 5 TN 1/2)

(6.11)

8w

1-6 h
+ D (lef/—uz + 23mlef/—1/2) .

For the CCFD lattice Boltzmann equations (5.2) with flux boundary conditions
(5.13), we find

1
k
ﬁlf/z = 7’1721 - T]f/z D) (T]:’f/Q + T]f/Q) + T]f/Q

20—1 . ) T
i — (]§/2 +Jf/2) — (1 —w)jp* - 3 <f§/2 + ff/z) .

1
51@—1/2 = 7'1k\7+11/2 7'116\7—1/2 D) (7"7\7—3/2 + 7”7\7—1/2) + TJkV—l/Q
2w—1 . . 5 T
+ 5 (‘71’3/71/2 +lei773/2> +(1- )Jf:f -3 (leif—g/Q + fﬁhlﬂ) )

o1 (6.12)

. 1 T X
77]f/2 =Ji/2 Jf/Q + 3 (7"’:;/2 - T’f/z) + 5 (f§/2 - ff/z)
2w—1 /. ) .
+ =5 (J§/2 - Jf/g) + 1 — (1= w)if ",
1 T
.k .
lekv—1/2 = JN+11/2 - .]]Iif—l/2 T3 (7116\1—1/2 - Tzk\r—3/2> T3 (lefr—l/2 - f]lir—s/z)

20—1 . .
D) (JN 12~ leir—3/2> +JJ]%—1/2 — (1 —w)jg™,

with jk+6 and j}k;‘; defined in (5.9) and evaluated in tx1s5 = t; + d7 for a given
d € [0,1]. Taylor expansions render

€l = sk + ek

—4w? + 6w 2w—1
3 k 4
—h (Waz T2+ %y aasf1/2) + O(h"),
R A
—4w? + 6w — 3 2w —1
+h? <12w283TN 12 T Mazlef/_uz) + (9(h4),
k 3.k 3,4k 4 (6.13)
ni)e = h°sp — b2t + O(h7),
NN —1y2 = hsh — WPt + O(h?),
where we use the definitions
—bw? + 15w — 12 + 126(1 — w)? (1-901-w)
k ._ 3 k
S = 1802 0 T1/2 2w’y 87Jf1/2 )
1-—
tlz = 8 63T1/2,
(6.14)
ko —5w? +15w712+125(17w) 3 1-9)1-w) k
SR = 1802 0. TN 1/2 — TaﬂﬂfN—l/Zv
1 )
t]f% = Twairécv-uz
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The residuals appear as right hand sides of the error equations. With the stability
estimates we can now prove convergence of the FD lattice Boltzmann solutions.

6.3. Convergence of the FD Lattice Boltzmann Solutions

Let r be a solution of the heat equation (2.1) in (0,%7) x Q with viscosity v,
source term f and initial value ro. Define j := —hd,r/(2w). Let P* := [R*; J¥],
k =0,...,M, be the discrete solutions of the matrix equations (5.37) and (5.52)
belonging to the FD lattice Boltzmann schemes (5.1) on VC grids and (5.2) on
CC grids with grid size h := |Q|/N and time step 7 := h?/y and the relation
v = (1 - w)y/(2w).

We define the errors

(ER); = r(ty, z1) — R,
(Eg) = j(tra) — JE.

Then the error E* := [[(ER)ZC]Z, [(E])f]l] satisfies the equation
E""! = KE* + Res"
with the residuals
= [€F:m"],

with &€ = [¢F], and n* = [nf],. In the periodic case we gain the following conver-
gence result.

Theorem 6.1. Let P* = [Rk;Jk], k=0,...,M, be the discrete solutions
belonging to the VCFED lattice Boltzmann equations (5.1) with relazation parameter
w and with periodic boundary conditions (5.5) and initial values RY = ro(x;), JP =
—h0yro(x;)/(2w) for 1l =0,...,N — 1. The right hand sides are evaluated at the
origin of the characteristics, that is, we use Flk+ = Flk_ = f(tg,x;). Then we get
the error estimate

M-1

IER 13 + 1B 13 +2w(l - w) 7| EYll5 < Kh',

-

=0

with the discrete norms defined in (5.75). The constant K only depends on the
relaxation parameter w, the end time tpr, higher order derivatives of the solution
of the heat equation and hence on the viscosity.

PROOF. According to Theorem 5.1 and Corollary 5.2, the errors obey the es-
timate

k—1
1
1IR3 + 1 ESII3 + 20(1 — w );ZTHE I3
=0

<2|ER3 + 2| E; ||2+2Z||€ ||2+22H77 I3
k—1 02

Sty )
—-> Latgi - DT ‘ E: Lpig AT ‘3
+ 2 I5A%E '3+ I5D'¢" — S A3,
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with A and D given in (5.35). The residuals £¥ = (€=, n—1 and 0¥ =
[11]1—0.....n—1 are defined in (6.1). We find

lATk_lDTk_l k ko k k

5 3 P =5 (G0 + &5 — iy +m+1]l:0,...,N—1’

1 1 1

QDTEIC - §AT77k = ) [flk—l - §lk+1 - 771k—1 - mﬁl]lzo,,,,,N,l-
With (6.2) we find

glk = O(h’4)v 77llsc = O(h?))v
51111 + §Ik+1 - 771121 + 771k+1 =0(h"),
glkfl - flk+1 - 771121 - 771k+1 = O(h3)

for | =0,...,N — 1 and periodic continuations. By keeping a factor 7 = h?/~ for
the summation over the time intervals, we find that the first sum in the estimate is
of order O(h%) and the last three sums are of order O(h*). With the choice of the
initial data, we have E% = EY = 0. O

An evaluation of the source terms along the characteristics, that is, the choice
Fl’f+ = f(tx + s7,x; + sh), Fl’f_ = f(tg + sT,x; — sh) for a given s € (0,1],
does not lead to an improvement of the convergence.

Theorem 6.2. Let P* = [Rk;Jk], k=0,...,M, be the discrete solutions
belonging to the VCFD lattice Boltzmann equations (5.1) with relazation parameter
w and with density boundary conditions (5.6) and initial values RY = ro(z;) for | =
1,...,N—1and J? = —hd,ro(x1)/(2w) for 1 =0,...,N. The right hand sides are
evaluated at the origin of the characteristics, that is, we use sz+ = Fl’t = f(tx,z1)-
Then we get the error estimate

M—1
1 i
IEZ 5+ I ES 5 + 20(1 —w)- > 7I|EY|5 < Kh?,
i=0

with the discrete norms defined in (5.77). The constant K only depends on the
relaxation parameter w, the end time tpr, higher order derivatives of the solution
of the heat equation and hence on the viscosity.

PrOOF. According to Theorem 5.1 and Corollary 5.3, the errors obey the es-
timate

k—1
1 )
k k 7
IBR[5 + 1 B35+ 20(1 —w)= > rlIE I
=0
k—1 ) k—1
<2||ERl5+21ES15+2) €15 +2) In'll3
i=0 =0
k—1 k—1
5t 1o 1 , 460* 1 | ,
Ok *ATl—*EleQ *DTl—*BTdZQ

with A, B, D and E given in (5.41) and d defined in (5.76). The residuals £¢* =
[ )i=1. 1 and 0¥ = [nf],_ .y are defined in (6.1) for I =2,...,N — 2 and in
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(6.3). We find

[ &5 — g + 15 ]

klk—l + £Zk+1 - 77?_1 + 771k+1]l:2,,,.’]v,2 )
L o — N o+ 1k i
[ —&F —nf ]
) ) ) —&§ —ng — b
gDIe" — SBldn" = o |6 — ¢ =ity =l Ly vy

k
EN—2—NN—2 — TN

L fzkvq - nzkvfl J

1 1
ZAted — ZEtdant =
p A — g Bldn

DO =

With (6.2) and (6.4) we see
g=0mY, =0k forl=1,....N—-1landl=0,...,N.
Furthermore, we obtain
& —my + 1y = O(h?),
§o1 & =iy il = O(hY) forl=2,...,N -2,
EN_o —N_o + 1 = O(hY),
and
—& —m =0(%), —& —n5 —ns = O(h?),
flk—1 - flk+1 - 771’6—1 - 771k+1 = O(hg) forl=2,...,N =2,
51127—2 - 77?\/—2 —ny = O(h?), kaV—l - 77?\7—1 = O(h%).
By keeping a factor 7 = h?/y for the summation over the time intervals, we find

that the first sum in the estimate is of order O(h®) and the last three sums are of
order O(h*). With the choice of the initial data, we have E% = EY = 0. O

Theorem 6.3. Let P* = [Rk;Jk], k=0,...,M, be the discrete solutions
belonging to the VCFD lattice Boltzmann equations (5.1) with relazation parameter
w and with fluz boundary conditions (5.8) and initial values RY = ro(z;) for | =
0,...,N and J) = —h0,ro(z;)/(2w) forl =1,...,N —1. The right hand sides are
evaluated at the origin of the characteristics, that is, we use Flk+ = Fl’t = f(tx,z1)-
Then we get the error estimate
M—1 .

IBY 13+ 1 BY I3 + 200 —w)= 3 7| B3 < Ki',

T
=0

,_\

with the discrete norms defined in (5.78). The constant K only depends on the
relazation parameter w, the end time tpr, higher order derivatives of the solution
of the heat equation and hence on the viscosity.

PrOOF. According to Theorem 5.1 and Corollary 5.4, the errors obey the es-
timate
=
IERI3 + 1 B5]3 +20(1 — w)~ ZTHEHI%
=0

< 2| B3 + 2| B3 + 22 €113 + 22 I 13

k—
20ty i 62 i
+ = Z |5 Bldg — L Dl + Z |5 Elde — L Aty

=0
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with A, B, D and E given in (5.41) and d defined in (5.76). The residuals £~ =

.....

(6.5). We find

&+t
1 po 1 g1 k k & Jrk£§ N 771226
§BTd£ — 5Dqu =3 [5171 + &G — Mg+ 771+1]1=2,4..,N—2 J
e

L EN_1— NN—1 J
1 ko1 e L ek k §§—k§§—n]§
—ETd!;“ — fATn = [51_1 — &4 — My — 77l+1]z:2 . N-2
2 2 2 k k k o

L En—2 — &N — N2 J

With (6.2) and (6.6) we find
& =0(%), & =0(n),
& =00hY, nf=0h> forl=1,...,N -1
Furthermore, we get
& =00, &+&+n =00,
Gy + & — g+t = O(RY) forl=2,... N -2,
556\772 + 51’% - 771k\’rf2 = O(hY), E?\f*l - 77116\771 = O(h?),
and
& — & —ns = O(hY),
flk—l - §Ik+1 - 771k—1 - 771k+1 =O(h%) forl=2,...,N -2,
ENo = EN — IN—2 = O(R).
The decreased order of £§ and &%, only renders the first sum to be of order O(h®),

which is of subordinate importance. Since & + n and &5, — n% _, do not show
the right behavior, we have to reduce the residuals 1} and 77?\771 by solving

—(K — IdgN)SL = [0;61],
—(K — IdgN)SR = [O;eNfl].

The solutions are obtained in the form

Sy [20e; + Oex; eq],

2(1 —w)
1

5322(1—@

[—961\7 — 20€N+1; en—_1]|-

Next, we redefine the errors according to

Ea_Fa_lwwL

I;]lk—Jlk:I _nlfSL_anflsR'

l

Then the error estimate holds for EI; and E? with residuals of expected orders and
with the additional higher order source term —(nf™ —nf)SL — (%™, —n%_,)Sg.
The last three sums in the estimate are then of order O(h?). The initial errors
vanish due to the choice of the initial data. Since the perturbations of the errors
are of order O(h?), the estimate in Theorem 6.3 remains true for Eg and E;. O
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Theorem 6.4. Let P* = [Rk;Jk], k=0,...,M, be the discrete solutions
belonging to the VCFD lattice Boltzmann equations (5.1) with relazation parameter
w and with inflow boundary conditions (5.10) and initial values R = ro(z;) for | =
0,...,N and J? = —hdyro(z;)/(2w) forl=1,...,N — 1. The right hand sides are
evaluated at the origin of the characteristics, that is, we use Fl’f+ = Fl]f, = f(tg,z1).
Then we get the error estimate

M—1
IEY I3+ 1BV I3 + 2001 - w)~ 3 rl B3 < Kht,
i=0
with the discrete norms defined in (5.80). The constant K only depends on the
relaxation parameter w, the end time tyr, higher order derivatives of the solution
of the heat equation and hence on the wviscosity.

PROOF. According to Theorem 5.1 and Corollary 5.5, the errors obey the es-
timate

k—1
1
IERI3 + 1 B5]3 +20(1 — w)= ZTHE [
=0

< 2| ERll3 + 2| E53 +22 I€"13 + 22 113

5tk i 62 i
Z ||*AJf ET?? ||2 Z ||*DT65 BTU ||2,

with A, B, D and E given in (5.50) and e defined in (5.79). The residuals £* =
[§f]l:0w,N and n* = [77lk]l:1,...7N—1 are defined in (6.1) for I =2,..., N —2 and in
(6.7). We find

2w§f + Qwr]f

266 + &5 + b

1 k 1 1 k k 0 k 2 ’22

5ATeﬁ — §ET77’C == [51_1 + & —mg T+ nl+1]l:2,.,.,N72 )
k 2 k _ k

§N72k+ 3 ZN72

L 2wEN 1 — 2wy

i . . 268 ;52 — 15

(&5 =&y =y 77l+1]z 2, N—2

1 1
—Dfet* — ~Bin* =
2 2 ;
L N2 — 2§N 77N—2 J

N |

With (6.2) and (6.8) we find
& =0, & =0,
& =00hY, nf=0m forl=1,...,N—1.
Furthermore, we obtain
2wET + 2wt = O(h?), 265 +& + 5 = O(hY),
§ 1+ —ng + i =00 forl=2,... N-2
EN—o + 26N — o = O(RY), 2wEN_, —2wnfy_; = O(h®)
and
265 — & — 5 = O(h?),
§ 1 =& —my — i = O(R®) forl=2,... N -2,
556\772 - 251’% - 771kvf2 = O(hg)-
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Since 2w&F + 2wn¥ and 2w§]’§,71 — 2w77§,71 do not show the right behavior, we have
to reduce the residuals nf and 1%, by solving

—(K - IdgN)SL = [0;61],
—(K — IdQN)SR = [O;eNfl].

The solutions are obtained by

[ 14+ 20(N +1—3i
—0 + UJ( + Z) 4+ 9(261 + 62)
S; — 1 1+ Nw i=1,...,N+1
L=57_.)) 1 )
2(1 w) —0 + e
I+ Nwl,_y N1
[ T4 20(i—1
1 0 [er(z)} —flen +2en41)
S, — 1+ Nw —1,..,N+1
R yees
2(1 —w) g 1 te
L 1+ Nw i=1,....N—1 M

We redefine the errors

—2wnk Sy — 2wk Sk.

Then the error estimate holds for E; and Elj with residuals of expected orders
and with the additional higher order source term —2w(nF™! — )8, — 2w(nk™, —

n% _1)Sgk. The first sum in the estimate is of order O(h®), the last three sums are
of order O(h*). The initial errors vanish due to the choice of the initial data. Since
the perturbations of the errors are of order O(h?®), the estimate in Theorem 6.4

remains true for Er and F ;. O

Theorem 6.5. Let P := [Rk; Jk], k=0,...,M, be the discrete solutions be-
longing to the CCFD lattice Boltzmann equations (5.2) with relaxation parameter w
and with density boundary conditions (5.12) and initial values R?_1/2 =ro(®i1-1/2)

and Jlo_l/2 = —h0yro(x1-1/2)/(2w) forl=1,...,N. The right hand sides are eval-

= FF

uated at the origin of the characteristics, that is, we use Fl’“_ Ii1/2,— =

1/2,+
f(tk,21—1/2). Then we get the error estimate
M—1
IER (15 + I BY (I3 +20(1 —w)= > || BY5 < Kh?,

-
=0

)—l

with the discrete norms defined in (5.75). The constant K only depends on the
relaxation parameter w, the end time tyr, higher order derivatives of the solution
of the heat equation and hence on the viscosity.

PROOF. According to Theorem 5.1 and Corollary 5.6, the errors obey the es-
timate
=
IBSIZ + B3 + 20(1 - )= 3 7B 13
=0

< 2| B3 + 2|73 + QZ €" 13 + 22 I3

k—1 02

5ty i i
+— > s AT€ ETW I3 + E 5 DTE BT?? 13,
=0
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with A, B, D and E given in (5.56). The residuals £&* = [51’21/2]1:17”_71\, and
nt = [771121/2]l:1,...,N are defined in (6.1) for | =3/2,..., N —3/2 and in (6.9). We
find

) ) . _ff/z + §§/2 - 77116/2 + 77:]36/2
k k k k k k

§AT€ - §ET77 =5 [51—322 + §l+1/i - 77l—3/2k+ ’71+1/2} 2. N1

£N—3/2 - §N—1/2 —N_3/2 TIN_1/2

. _gf/z - §§/2 - nlf/2 - 77:?/2

1 1
iD]Lgk - §BT77]€ =3 [5116—3/2 - glk+1/2 - 771]6—3/2 - 771k+1/2} =2

5?\/—3/2 + 51@—1/2 - 771k\7—3/2 - 771?/—1/2
With (6.2) and (6.10) we find
1 = O0?), 1) = O(h),
§ 1 =00"Y, nfy,=0(h% forl=2,... N-1,
51@—1/2 = O(hQ)a 77?\7—1/2 = O(h2)~
Furthermore, we gain
- ff/2 + f§/2 - 77’f/2 + n§/2 = O0(h?),
ff/2 + 5?/2 - Uf/2 + 77?/2 = O(h?),
& g+ &as =M gjp T 01y =ORY) forl=3,... N2,
En_s2 +EN_12 — lIN—5/2 T MN—12 = O(B?),
5]%—3/2 - 5?\/71/2 - 77’16\/73/2 + 77?\771/2 = O(hz)v
and
- ff/z - f§/2 - 77’f/2 - n§/2 = O(h2)7
5{6/2 - §§/2 - 77;6/2 - 77§/Q = O(h2)7
51123/2 - §f+1/2 - 771123/2 - 771k+1/2 =O0(h?’) forl=3,....,N -2,
51@—5/2 - E?V—l/z - 77§€V—5/2 - 77]16\7—1/2 = O(h?),
5?\773/2 + f?\fﬂ/z - 77’12/73/2 - 77?\771/2 = O(h?).

Since the residuals at the boundaries do not show the right behavior, we have to
reduce the leading orders of ff/Q, n’f/Z, 51’%_1/2 and 771%/—1/2 by solving

—(K — Id2N>SL = [61; 61}7
—(K — IdgN)SR = [eN; —eN].
The solutions are obtained in the form

2(N—-i)+1 1t
2N i=1 N’ZW N i=1,..,N 7

.....

]
2N 1:1,...,1\/7 2w [NJ,oy N '

Ly

S =

Sr=

We redefine the errors

B [E] _ [w il

, — h?sh 8 — h?sk, Sp,
[Jlk - JlkL
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with s% and s% defined in (6.11). Then the error estimate holds for EI; and E§
with residuals of expected orders and with additional higher order source terms.
Since the perturbations of the errors are of order O(h?) and the J-component of
the corrections is of order O(h), the estimate in Theorem 6.5 remains true for Eg
and F . O

Theorem 6.6. Let P¥ := [R*;J"], k = 0,..., M, be the discrete solutions
belonging to the CCFED lattice Boltzmann equations (5.2) with relazation parameter
w and with flur boundary conditions (5.13) and initial values Rlofl/2 = ro(Z1-1/2)
and J) 12 = —h0yro(x1-1/2)/(2w) for I = 1,...,N. The right hand sides are
evaluated at the origin of the characteristics, that is, we use = FF

k _
Fljpos =00 =
J(th,m1-1/2). Then we get the error estimate

M-1 ,
T||EY|3 < Kht,
=0

-

IEX 124+ 1 EY 3 + 2w(1 — w)

with the discrete norms defined in (5.75). The constant K only depends on the
relaxation parameter w, the end time tyr, higher order derivatives of the solution
of the heat equation and hence on the viscosity.

PROOF. According to Theorem 5.1 and Corollary 5.7, the errors obey the es-
timate

k—1
1 %
IERI3 + B3 +20(1 — w)— > TIE

1=0

< 2| Eg|I3 + 2/ E] H2+2ZII£ ||2+22H17l\|2

5t k—1

+ N Bl - LD+ ZH JElE Aty
i=0
with A, B, D and E given in (5.56). The residuals &* = [51’21/2]1:17”_71\, and

0" = [0y j)iz1,.. n ave defined in (6.1) for I = 3/2,..., N —3/2 and in (6.12). We
find

X X E1)a T 572 + 11 + 135
k k k k k k

§BT€ - §DT77 =3 [51—322 + £l+l/i - ”z—?,/zk+ 771+1/2] 2N [

En—s/2 TEN—1/2 ~ IN—3/2 ~ IN—1/2

—_

) ff/2 - f§/2 + nf/Q - 77§/2
iETSk _ §AT,,71€ = 5 [5;23/2 - §f+1/2 - 771113/2 - 771111/2 =2 N—1
51@73/2 - 5]’%,1/2 - nzkvfg/z + nzkvfl/z

—_

With (6.2) and (6.13) we find
ff/Q = O(h3)7 ﬂlf/2 = O(hB)a
&y =00Y, nfy =00 forl=2... N-1
51]%—1/2 = O(hS)a 77?\7—1/2 = O(h3)~
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Furthermore, we gain
ff/z + f§/2 + 77]f/2 + 77’3?/2 = O(h?),
ff/z + f§/2 - 77;6/2 + U§/2 = O(n*),
5523/2 + flk+1/2 - 77;23/2 + 771’11/2 =O(h') forl=3,...,N -2,
gJ}il—5/2 + 57\/—1/2 - 77?\/—5/2 + 77]16\/—1/2 = o(h?),
O(h?),

51’%—3/2 + f]kv—1/2 - 7756\1—3/2 - 77?\/—1/2 =
and

ff/z - f§/2 + Uf/z - 77§/2 = O(n*),

5?/2 - f§/2 - U]f/z - 77?/2 = O(hs)a

& g — o —Mgjp = nfirj = OM®) forl=3,... N2,

556\175/2 - fzk\ﬂl/z - 77?\/75/2 - 77?\771/2 = O(h?),

gJ}if—S/Q - 57\/—1/2 - "7’16\/—3/2 + 77?\/—1/2 = O(h*).

Since the residuals at the boundaries do not show the right behavior, we have to
reduce the leading orders of ff/z, nf/2, 51@71/2 and 775\’771/2 by solving

The solutions are obtained by

s, 1wlw[(2(N—i)+1)2L:1 N;[Q(N—i)“]i_l N],

11— AN 2N
. 1iw [w [(21.41\71)2}1,_17“_,]\,; {22N1L_L“ i

T, = ﬁ [Vei;ei],

Tr= ﬁ [~fen;en].

We redefine the errors

lggl - [gg]z] — h3(sh +t8)S — B3 (sk 1) SRk + 23t T 4 2R3t TR,
7 .

~k ~k
with s¥, sk, ¢ t% defined in (6.14). Then the error estimate holds for E and E
with residuals of the expected orders and with additional higher order source terms.
Since the perturbations of the error are of order O(h3), the estimate in Theorem

6.6 remains true for Er and E;, although the R-component of the corrections is
of order O(h™1). O

The leading order of the error estimate is determined by three sums of the same
order, each one considered by itself. But it might be that there are correlations
between these sums and hence cancellations may appear. In the numerical exper-
iments we shall see that there is a specific value for the relaxation parameter w,
for which we get improved convergence results. This fact can be described in the
following way.
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In the periodic case on FD grids we define

1 [ 0A +2Idy 0D € R2V2N,

G:= - D  —A+2Idy

with the matrices A and D given in (5.35) and N = 2n or N = 2n—1. We consider
the modified lattice Boltzmann matrix equation (5.32)

G (P’““ - P’“) = G(K — Idyy)P* + rGG". (6.15)

The matrix G has the same eigenvectors as K (see (5.89)). The corresponding
eigenvalues of G are given by

HS_ = 15 /La = 07

1
" 122*(1—&-&-‘/1),

f) fori=1,...,n—1,
pr = 5o (L= B = V0,

1 1-—
/Lj; = U, = w, if N = 2n,

w w

with 6; and V; given in (5.86). The interesting fact now is to find

l—-w|A-2Idy
GK = ldzy) = == A—2Idy |

This is the canonical matrix for the determination of the second order derivatives
in combination with the numerical viscosity of the scheme. Hence, the equation
(6.15) can be seen as a discretization of the heat equation with the mass matrix
G. For w = 1/2, the R-component of the mass matrix G is the unit matrix. In
order to fit the system (6.15) into a finite element setting, we have to find discrete
basis function that render the mass matrix G and yield the central second order
derivatives in the stiffness matrix. This problem is unsolved yet.

In the case of boundary conditions, analogous mass matrices are determined by
the choice of the eigenvalues as above and with the same eigenvectors as the time
evolution matrix K.

In the periodic case the residuals of (6.15) are defined by

= 5 (b — b+t o)
s (R k2 e )
2L Gt ) — S (o — 2t k)
- i (fla+2fF + ffa) + 8% (fhg —2ffq +2fF =261+ fF))
2w&: 17’ (flo =201 + f12)
= =k (R b = k)
— o GER =t — 2 2 G - )
1—w

- (fvs — 200 +30a) + i (ffa — 1)
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If r is a solution to the heat equation, we find

202 —6w+3 ., 1—12w

k 4
=nt((1-
gl (( w) 24003 amrl + 8(4)’}/

1
£ﬁ+2@ﬁ>+om%

1—w 1
E_ 13 3,k k 5
m = h ( 8w3 8Ilrl + 4('{]2’)/6'Lfl ) + O(h )
For the special choice w = (3 — v/3)/2, the coefficient of 02rF in £ vanishes. For
schemes without source terms, the residual becomes of order O(h%). A pronounced
improvement of the convergence can be seen in the numerical experiments in Section
7.2.

It is not clear how these results can be expressed in an error estimate. For low
frequency solutions, the crucial eigenvalues u?‘ of G with | <« N/2 are of order O(1),
whereas we find y;” = O(h?) for | < N/2. Hence, the norm of the pseudo-inverse
of G is of order O(h~2).



CHAPTER 7

Numerical Results

In this chapter we want to confirm the analytical results of the previous chap-
ters by performing numerical experiments. All computations are done by using
MATLAB®; see http://www.mathworks.com.

The investigations mainly face the question of the convergence of the lattice
Boltzmann schemes. In Chapter 6, we proved second order convergence of the
lattice Boltzmann solutions towards the density r, modeled by the heat equation,
in the discrete L>°(L?)-norm and second order convergence towards the flux 9,7
in the discrete L?(L?)-norms, both considered for a fixed end time 7" with respect
to the grid size h. The numerical results imply that the second order convergence
for the flux 9,7 also holds in the discrete L°°(L?)-norm, whereas our theoretical
results in Chapter 6 only ensure first order convergence in this norm.

7.1. Experimental Orders of Convergence

In a first step, we consider known solutions for the heat equation on bounded
intervals. In our Example 1, this is the eigenfunction solution

r(t,z) == exp(—4vn?t)sin(2rz) in (0,T] x (0,1)

with the choice v = 0.1 for the viscosity. The solution up to the end time 7' = 1.0 is
plotted in Figure 7.1. For the lattice Boltzmann solutions we examine the behavior
of the errors on a sequence of grids for different kinds of boundary conditions. In
each grid point, we gain information on the discrete solution and the exact solution.

Example 1
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FIGURE 7.1. Solution 7(t,z) := exp(—4vm?t)sin(27z) in the do-
main (0,1] x (0,1) with v = 0.1.
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Exact, nodal and interpolated initial data
1 :

o Discrete solution
— Exact solution
- - -Interpolated sol.

0.5

0¢

FIGURE 7.2. Nodal values, interpolated values and exact values of
the initial data ro(z) := sin(27wz) for Example 1 with N = 10.

Hence, we can determine the nodal error. By a linear interpolation we construct
a globally continuous numerical solution. Hereby, we can determine a continuous
error function, which is denoted by the interpolated error in the sequel. Linear
interpolation turns out to be sufficient to preserve the nodal convergence properties.
In Section 8.5, we see that the interpolated errors show a better performance on
coupled grids than the nodal errors. Superconvergence properties are lost by the
linear interpolation only in the case of a specific choice for the parameters, where
the nodal errors show a convergence of fourth order. The corresponding results can
be found in Section 7.2.

In Figure 7.2 the exact, the nodal and the interpolated initial data for the
r-equation is plotted for the case N = 10. By performing several time steps, the
errors increase. The nodal and the interpolated errors at time ¢ = 0.2 are plotted in
Figure 7.3 for a grid with N = 50. The nodal error is an envelope to the interpolated
error. In each grid cell, there is a zero of the interpolated error.

From the nodal errors we can compute the discrete L2-errors introduced in
Chapter 5.9. The choice of the discrete L?-norms depends on the grid and the
employed boundary condition. For periodic boundary conditions on VC grids we
use for example

N-1 1/2
EJ]%(’I“) = (Z hlr(ty, z;) — R;C 2) ,
=0

N—1 1/2
EN(j) == (Z hlj(te, 1) — Jzk|2> :
1=0

The linear interpolants of the vector valued discrete solutions R* and J* are
denoted by I(R") and I(J*). For the indices | = 0,..., N, we have I(R)F :=
I(R")(z;) = RF and I(J)F := I(J*)(x;) = JF. By involving the linear interpolants
I(Rk), I(Jk) and a finer grid {z;}i=0,... Nx, where we introduce K — 1 additional
equidistant points in each grid cell with z;y = 2;, I = 0,..., N, we can compute
an approximation of the L?-errors by the application of the trapezoidal rule for the
integral expressions. For the indices | = 0,..., NK, we define I(R)F := I(R")(z)
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FI1GURE 7.3. Nodal errors and interpolated errors of the lattice
Boltzmann solution for the density at time ¢t = 0.2 for Example 1
with N = 50.

and I(J)¥ := I(J*)(2). We end up with the errors

NE-1 1/2
EN(r) = ( > K|T(tkazl)—f(R)f|2> :

=0

NE-1 1/2
B (j) = ( > it z) - I<J>f|2> :
1=0

We call these errors the approzimated L?-errors. In our applications, typical values
are K = 10, 20,50, 100, depending on the size of N.

In order to assess the performance of the lattice Boltzmann schemes, we ex-
amine the experimental order of convergence (EOC). The underlying assumption is
the validity of error laws of the form

Ek(r)=KINP, E}(j)=KFN1

for positive values p and ¢ and N-independent constants K* and K ch The error
constants (as well as the errors) depend on the time ¢;. In logarithmic terms the
error laws can be rewritten as linear polynomials with slopes —p and —q of the
form

log(E} (r)) = log(K}) — plog(N),
log(E%(j)) = log(K¥) — qlog(N).

We determine the errors EX (r) and EY (j) for a fixed end time t); on a sequence
of grids. Then we compute the EOCs p and g and the error constants KM and
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FIGURE 7.4. Logarithmic plot of the errors.

K JM by least square polynomial fitting. With the aid of the error laws we are able
to estimate the fitted errors for all values of NV in some limited range.

For Example 1 with end time tp; = 0.2, the logarithmic error plot for the
lattice Boltzmann solutions on VC grids with density boundary conditions on a
grid sequence with N = 100, 325,550, 775, 1000 is shown in Figure 7.4. The fitted
linear polynomials for the density r and the h-scaled flux j meet the fitting points
quite closely. The slopes —2 for the density and —3 for the h-scaled flux are obvious.
The upper time index k for the errors and the error constants are disregarded in
the following. The missing index indicates the measurement at the given end time.

We investigate the experimental orders of convergence for the FD lattice Boltz-
mann schemes (5.1) on VC grids and (5.2) on CC grids depending on different
boundary conditions. For all presented boundary conditions we proved L2-stability
for the solutions and second order convergence for the density. Initial conditions
are chosen by RY = ro(z;) and J° = —hd,ro(x;)/(2w), where the range of the in-
dices depends on the type of the grid and the boundary conditions. The initial and
boundary data are taken from the knowledge of the exact solution. For Example
1, there is no source term in the corresponding heat equation. The number of grid
points is chosen by N = 60, 145, 230, 315 and 400. For the relaxation parameter
w = 0.7 the detected values for the EOCs with respect to the discrete L2-norms
are displayed in Table 7.1. The EOCs are independent of the choice of the pre-
sented boundary conditions. We find second order convergence for the density r
and third order convergence for the h-scaled flux j. This translates to second order
convergence for the flux d,r. The error constants K, for the density errors are
of moderate size. For all types of flux boundary conditions the errors and error
constants are slightly increased. The best choice for flux boundary conditions is
(5.13) on CC grids with § = 0. The errors presented in the table are the polynomial
fitted errors on the finest grid with N = 400. The errors for the flux are smaller
by one magnitude than the errors for the density because of the h-scaling of the
flux j. The corresponding error constants are larger by factors of size 5 to 25 than
those of the r-equation.

In Table 7.2 we consider the results of the FV lattice Boltzmann schemes (5.3)
and (5.4) depending on the presented boundary conditions. All boundary conditions
are proved to render L2-stable solutions.

The results for the experimental orders of convergence are the same as for the
FD schemes. The error constants for the density are larger by a factor of up to 10,
whereas the error constants for the flux are smaller except for the last presented flux
boundary conditions. Due to the changed space-time coupling in the FV context,
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Density Flux
’ Boundary conditions \ Grid | EOC \ K, \ Ey00(r) || EOC \ K; \ Ei00(j)
Periodic (5.5) VC [2.00 | 3.67e-1 | 2.34¢-6 || 3.00 | 8.98¢0 | L.4le-7
Density (5.6) VC |[2.00 |3.67e-1|2.34e-6 || 3.00 | 8.98e0 | 1.41e-7
Flux (5.8) vC 2.00 | 1.63e0 | 1.01e-5 || 3.00 | 7.20e0 | 1.13e-7
Inflow (5.10) VC |2.08 |5.95e-1]237e-6 || 2.99 |8.63e0 | 1.41e-7

Density (5.12),0 =0 | CC | 2.00 | 3.67e-1 | 2.34e-6 | 3.00 | 8.98e0 | 1.41e-7
Density (5.12),0 =1 | CC | 2.00 | 3.67e-1 | 2.34e-6 | 3.00 | 8.98e0 | 1.41e-7
Flux (5.13),0 =0 CC |2.00 | 7.33e1|4.59-6 | 3.00 | 1.15el | 1.80e-7
Flux (5.13),0 =1 CC |2.00 |1.45e0 |9.08e-6 | 3.00 | 7.14e0 | 1.12e-7

TABLE 7.1. Example 1: Experimental orders of convergence, error
constants and fitted errors with respect to the discrete L?-norms
for the FD lattice Boltzmann schemes (5.1) and (5.2) on a sequence
of grids with N = 60, 145, 230, 315, 400 with data 7' = 0.2, » = 0.1
and w = 0.7, depending on the boundary conditions.

Density Flux
| Boundary conditions | Grid [ EOC | K, [ Euo(r) | EOC [ K; [ Ea00(j)
Periodic (5.5) VC | 2.00 | 3.23e0 | 2.00e-5 || 3.02 | 1.05e0 | 1.42¢-8
Density (5.6) VC |2.00 | 3.23¢0 | 2.00e-5 || 3.02 | 1.05e0 | 1.42¢-8
Flux (5.8) VC |2.00 | 2.67e0 | 1.65e-5 || 3.01 | 4.17e0 | 6.04e-8
Inflow (5.10) vC 1.99 | 3.09e0 | 2.00e-5 || 3.05 | 1.16e0 | 1.32e-8

Density (5.12), 6 =0 | CC | 2.00 | 3.23e0 | 2.00e-5 || 3.02 | 1.05e0 | 1.42¢-8
Density (5.12),0 =1 | CC | 2.00 | 3.23e0 | 2.00e-5 || 3.02 | 1.05e0 | 1.42e-8
Flux (5.14),0 =0 CC |2.00 |3.85e0 | 2.39e-5 || 3.00 | 6.81e0 | 1.08e-7
Flux (5.14), 0 =1 CC |2.00 |4.890 | 3.05e-5 || 3.00 | 2.44el | 3.81e-7

TABLE 7.2. Example 1: Experimental orders of convergence, error
constants and fitted errors with respect to the discrete L2-norms
for the F'V lattice Boltzmann schemes (5.3) and (5.4) on a sequence
of grids with N = 60, 145, 230, 315, 400 with data T = 0.2, v = 0.1
and w = 0.7, depending on the boundary conditions.

time steps are now larger by a factor 1/(1 —w) = 10/3. This fact finds expression
in larger errors for the density. However, the errors for the flux are smaller than
those of the FD lattice Boltzmann solutions.

We remark that although all variables in these schemes and their derivations
were interpreted in a finite volume context, all data and the errors are evaluated in
a pointwise sense and not in the mean integral sense.

In Table 7.3 we examine the experimental orders of convergence with respect to
the approximated L?-errors for the FD lattice Boltzmann schemes (5.1) and (5.2).
The results for the EOCs are the same as for the discrete L2-errors. The errors and
the error constants are more or less of the same magnitude. For the determination
of the approximated L2-errors we use K = 20 additional grid points per cell.

Qualitatively, the same results are obtained when considering the approximated
L2-errors for the FV lattice Boltzmann schemes (5.3) and (5.4); see Table 7.4.

In Example 1, we are in the situation of vanishing density boundary condi-
tions. In order to examine nonhomogeneous density boundary values, we modify
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Density Flux
’ Boundary conditions \ Grid | EOC \ K, \ Ey00(r) || EOC \ K; \ Ei00(j)
Periodic (5.5) VC |2.00 |8.34e-1|5.22e-6 || 3.00 | 4.86e0 | 7.65e-8
Density (5.6) VC | 2.00 | 8.34e-1 | 5.22e-6 || 3.00 | 4.86e0 | 7.65e-8
Flux (5.8) VC |2.00 | 1.31e0 | 8.17e-6 || 3.00 | 5.60e0 | 8.78e-8
Inflow (5.10) VC | 1.97 | 7.13e-1 | 5.19¢-6 | 2.99 | 4.56e0 | 7.64e-8

Density (5.12),0 =0 | CC | 2.00 | 8.36e-1 | 5.22e-6 | 3.09 | 8.37e0 | 7.82¢-8
Density (5.12),0 =1 | CC | 2.00 | 8.36e-1 | 5.22e-6 || 3.09 | 8.37e0 | 7.82e-8
Flux (5.13),0 =0 CC |2.00 |1.42e0 |8.98e-6 | 3.05 | 1.04el | 1.17e-7
Flux (5.13),0 =1 CC ]2.00 |1.20e0 | 7.31e-6 || 3.03 | 6.28e0 | 8.04e-8

TABLE 7.3. Example 1: Experimental orders of convergence, error
constants and fitted errors with respect to the approximated L?-
norms for the FD lattice Boltzmann schemes (5.1) and (5.2) on
a sequence of grids with N = 60, 145, 230, 315, 400 with data
T =0.2, v =0.1 and w = 0.7, depending on the boundary condi-

tions.
Density Flux
’ Boundary conditions \ Grid | EOC \ K, \ Ey400(r) || EOC \ K; \ Ey400(5)
Periodic (5.5) VC 2.00 | 4.29¢0 | 2.67e-5 || 3.00 | 6.12e0 | 9.42e-8
Density (5.6) VC 2.00 | 4.29¢0 | 2.67e-5 || 3.00 | 6.12e0 | 9.42¢-8
Flux (5.8) VC 2.00 | 3.68e0 | 2.30e-5 || 3.00 | 7.85e0 | 1.21e-7
Inflow (5.10) VC ]2.00 |4.15e0 | 2.67e-5 || 2.99 | 5.58¢0 | 9.38¢-8

Density (5.12),6 =0 | CC | 2.00 | 4.29¢0 | 2.67e-5 || 3.02 | 6.67e0 | 9.44e-8
Density (5.12), 6 =1 | CC | 2.00 | 4.29¢0 | 2.67e-5 || 3.02 | 6.67e0 | 9.44e-8
Flux (5.14),0 =0 CC |2.00 |4.87e0 | 3.03e-5 || 3.06 | 9.05e0 | 9.71e-8
Flux (5.14),0 =1 CC |2.00 |5.07e0 | 3.14e-5 || 2.99 | 2.62el | 4.29¢-7

TABLE 7.4. Example 1: Experimental orders of convergence, error
constants and fitted errors with respect to the approximated L2-
norms for the FV lattice Boltzmann schemes (5.3) and (5.4) on
a sequence of grids with N = 60, 145, 230, 315, 400 with data
T =0.2, v =0.1 and w = 0.7, depending on the boundary condi-
tions.

the solution under consideration. In Example 2, we investigate the numerical ap-
proximation of the eigenfunction solution

r(t,x) := exp(—4vr?t) cos(2mx) in (0,T] x (0,1)

subject to the choice v = 0.1. For the end time 7" = 1.0 the solution is plotted in
Figure 7.5.

As before, we use the initial conditions R) = ro(z;) and J° = —hd,ro(z;)/(2w),
where the initial and boundary data is taken from the knowledge of the exact
solution. Like in Example 1, there is no source term in the corresponding heat
equation.

The numerical results for the experimental orders of convergence are presented
in Table 7.5 for the FD lattice Boltzmann schemes (5.1) and (5.2) and in Table
7.6 for the FV lattice Boltzmann schemes (5.3) and (5.4). Both tables contain the
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FIGURE 7.5. Solution r(t,z) := exp(—4vn?)cos(27z) in the do-
main (0,1] x (0,1) with v = 0.1.

Density Flux
’ Boundary conditions \ Grid | EOC \ K, \ Ey00(r) || EOC \ K; \ Ei00(j)
Periodic (5.5) VC |2.00 |3.67c1]2.34e-6 || 3.00 | 8.98¢0 | L.4le-7
Density (5.6) VC | 2.00 |2.79-1 | 1.78¢-6 || 3.00 | 8.44e0 | 1.32e-7
Flux (5.8) VC [ 2.00 | 3.67c-1 | 2.346-6 | 3.00 | 8.98¢0 | 1.41e-7
Inflow (5.10) VC | 2.00 | 2.87e-1 | 1.78¢-6 || 3.00 | 8.56e0 | 1.33e-7

Density (5.12),6 =0 | CC | 2.00 | 3.15e-1 | 1.98e-6 || 3.00 | 7.99e0 | 1.26e-7
Density (5.12), 6 =1 | CC |2.00 | 2.27e0 | 1.39¢-5 || 3.00 | 3.98e0 | 6.16e-8
Flux (5.13),0 =0 CC |2.00 |3.67e-1|2.34e-6 || 3.00 | 8.98¢0 | 1.41e-7
Flux (5.13),0 =1 CC |2.00 |3.67e-1]|2.34e-6 || 3.00 | 8.98¢0 | 1.41e-7

TABLE 7.5. Example 2: Experimental orders of convergence, error
constants and fitted errors with respect to the discrete L2-norms
for the FD lattice Boltzmann schemes (5.1) and (5.2) on a sequence
of grids with V = 60, 145, 230, 315, 400 with data T'= 0.2, v = 0.1
and w = 0.7, depending on the boundary conditions.

results with respect to the discrete L?-norms. The results are pretty much the same
as for Example 1.

In the same manner, high-frequency eigenfunction solutions of the heat equa-
tion are suited to be the objective of the convergence investigations. Due to the
fast decay of the solutions and hence of the errors, smaller time scales or smaller
viscosities have to be used. Otherwise, we get in conflict with the machine precision
and the logarithmic error curves do no longer show linear behavior. For the initial
data ro(z) := sin(207x) on a grid with N = 100 points and viscosity v = 0.1, we
have to restrict to the end time T" = 0.05 to achieve the desired results. Within
these bounds the convergence orders are confirmed. For the high-frequency eigen-
function solutions, that is, the frequency is close to the number of the grid points,
the lattice Boltzmann solutions do not show the expected decay. Hence, there is no
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Density Flux
’ Boundary conditions \ Grid | EOC \ K, \ Ey00(r) || EOC \ K; \ Es00(j)
Periodic (5.5) VC [ 2.00 | 3.23¢0 | 2.00e5 || 3.02 | 1.05¢0 | 1.42¢-8
Density (5.6) VC [ 2.00 | 24500 | 15205 || 3.00 | 8.22¢0 | 1.280-7
Flux (5.8) VC [ 2.00 | 3.23¢0 | 2.00e5 || 3.02 | 1.05¢0 | 1.42¢-8
Tnflow (5.10) VC [ 2.01 | 25200 | 1525 || 2.98 | 7.02¢0 | 1.270-7

Density (5.12), 6 =0 | CC |2.00 | 3.13e0 | 1.95e-5 || 2.89 | 1.31el | 4.06e-7
Density (5.12),0 =1 | CC | 2.00 | 5.48¢e0 | 3.43e-5 || 2.82 | 1.62el | 7.34e-7
Flux (5.14),0 =0 CC ]2.00 |3.23¢0 | 2.00e-5 || 3.02 | 1.05e0 | 1.42¢-8
Flux (5.14),0 =1 CC ]2.00 |3.23e0 | 2.00e-5 || 3.02 | 1.05e0 | 1.42¢-8

TABLE 7.6. Example 2: Experimental orders of convergence, error
constants and fitted errors with respect to the discrete L?-norms
for the F'V lattice Boltzmann schemes (5.3) and (5.4) on a sequence
of grids with N = 60, 145, 230, 315, 400 with data 7' = 0.2, » = 0.1
and w = 0.7, depending on the boundary conditions.

convergence. This fact is subject of our investigations performed in the following
sections.

A further possibility for the computation of the unknown inflow values at the
boundary is the usage of data extrapolation from the interior of the domain. But
as expected, the obtained results are unsatisfactory, because the boundary values
are not involved into the computation. The extrapolation of either the missing
distribution function or the density leads to first order convergence for the density
and second order convergence for the h-scaled flux in the best case. Stable solutions
are only obtained in the case of inflow boundary conditions with extrapolations.
However, the performance is unsatisfactory. For Example 1, these results are gained
for linear or cubic extrapolation. For Example 2, quadratic extrapolation seems to
be more appropriate. This awareness has to be kept in mind when it comes to the
grid coupling on nonuniform grids in Chapter 8.

The examples so far are furnished with vanishing source terms in the corre-
sponding heat equation. In Example 3, we consider the time-periodic solution

r(t,x) == 256sin(4rt)z*(1 — 2)* in (0,T] x (0,1)

with nonvanishing source term. The solution up to the end time 7" = 1.0 is plotted
in Figure 7.6. By the application of the heat equation we determine the necessary
source term f. The initial and boundary data are chosen from the exact solution.
Initial values are taken in the form R) = ro(x;) and JP = —hd,ro(z;)/(2w), where
the range of [ depends on the grid and the boundary conditions.

The results of the convergence investigations for the FD lattice Boltzmann
solutions are shown in Table 7.7. For all given boundary conditions, the errors and
error constants are increased by a factor of up to 30 in comparison to the previous
examples.

The long time behavior of the error is examined in Figure 7.7, where the nodal
error of the VC lattice Boltzmann solution in x = 0.5 is displayed in the time
interval (0,50]. The number of 233100 time steps have to be computed to reach
the end time 7' = 50 on a grid with N = 100, viscosity ¥ = 0.1 and the relaxation
parameter w = 0.7. Once the error is tuned in after ¢ ~ 4.0, the amplitude of
the error in the density remains on the same level. The error for the flux behaves
similarly.
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FIGURE 7.6. Solution r(t,r) := 256 sin(4nt)z*(1 — x)* in the do-
main (0,1] x (0,1) with v = 0.1.

Density Flux
’ Boundary conditions \ Grid | EOC \ K, \ Ey0(r) || EOC \ K; \ FEu00(j)
Density (5.6) VC [2.00 |1.04el | 6.48e-5 || 3.00 | 1.79¢el | 2.77e-7
Flux (5.8) VC 2.00 | 1.07el | 6.64e-5 || 3.00 | 1.41el | 2.18e-7
Inflow (5.10) VC 2.00 | 1.05el | 6.48e-5 || 2.99 | 1.70el | 2.77e-7

Density (5.12), 6 =0 | CC |2.00 | 1.04el | 6.47e-5 || 3.00 | 1.79el | 2.77e-7
Density (5.12), 0 =1 | CC | 2.00 | 1.04el | 6.47e-5 || 3.00 | 1.79el | 2.77e-7
Flux (5.13),06 =0 CC |2.01 |1.10el | 6.64e-5 || 2.97 | 1.19el | 2.17e-7
Flux (5.13),0 =1 CC |2.01 |1.10el | 6.64e-5 || 2.97 | 1.19¢l | 2.17e-7

TABLE 7.7. Example 3: Experimental orders of convergence, error
constants and fitted errors with respect to the discrete L?-norms
for the FD lattice Boltzmann schemes (5.1) and (5.2) on a sequence
of grids with N = 60, 145, 230, 315, 400 with data 7' = 0.2, v = 0.1
and w = 0.7, depending on the boundary conditions.

7.2. Dependence on the Parameters

The performance of the lattice Boltzmann methods depends on the choice of
the relaxation parameter w. At first sight, it mainly decides on the space-time
coupling. For a prescribed viscosity we found 7/h? = (1 — w)/(2wv) for the FD
lattice Boltzmann schemes and 7/h? = 1/(2wv) for the FV lattice Boltzmann
schemes. Hence, the time step size approximates 0 when w reaches 1 in the case of
the FD lattice Boltzmann schemes. This leads to a large number of necessary time
steps for increasing w. In Table 7.8 the time step size and the number of necessary
time steps to reach the end time 7" = 0.2 on a grid with N = 400 points is shown.
The FV lattice Boltzmann schemes appear to be preferable due to the smaller time
steps.
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FI1GURE 7.7. Example 3: Long time behavior of the density error
in z = 0.5 on the time interval (0, 50].

FD lattice Boltzmann || FV lattice Boltzmann

’ w T \ #Time steps T \ #Time steps
0.2 | 1.25e-4 1601 || 1.56e-4 1281
0.3 | 7.29e-5 2743 || 1.04e-4 1921
0.4 | 4.69e-5 4267 || 7.81e-5 2560
0.5 | 3.13e-5 6400 || 6.25e-5 3201
0.6 | 2.08e-5 9601 || 5.21e-5 3840
0.7 | 1.34e-5 14934 || 4.46e-5 4480
0.8 | 7.81e-6 25600 || 3.91e-5 5121
0.9 | 3.47e-6 47601 || 3.47e-5 5760

TABLE 7.8. Dependence of the time steps on the relaxation pa-
rameter w for the FD lattice Boltzmann schemes (5.1) and (5.2)
and the FV lattice Boltzmann schemes (5.3) and (5.4) on a grid
with N = 400, viscosity ¥ = 0.1 and end time T = 0.2.

On the other hand, smaller time steps for the FD lattice Boltzmann schemes
directly lead to smaller errors, as can be seen in Table 7.9, where the discrete L2-
errors, the error constants and the experimental orders of convergence are listed
depending on w. These results are achieved by applying Example 1 with periodic
boundary conditions to grid sequences with N = 60, 145, 230, 315 and 400 on VCFD
grids. In Table 7.10 the corresponding results for the VCFV lattice Boltzmann
solutions are shown depending on w.

Taking a closer look, we find that the steps in w were chosen too large to resolve
all subtleties of the convergence process. In Figure 7.8 the logarithms of the errors
for the density and the flux are plotted with a step size Aw = 0.01 for Example 1.
Here, the vanishing right hand side in the heat equation plays a crucial role. The left
figure shows the decay of the discrete L2-errors, in the right figure the approximated
L2-errors are visualized. On the basis of the discrete L?-errors there is huge decay
of the density error for a specific choice of w. As pointed out at the end of Chapter
6, the minimal error is attained for the value w* := (3 —v/3)/2 ~ 0.63397. For this
specific value we find E1go(r) = 9.51e-8 and Fygo(j) = 1.05e-5.

In Figure 7.9 the behavior of the discrete L2-errors is plotted with w-steps of
size le-4 around the minimum.
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Density Flux
’ w EOC ‘ KT ‘ E400(7’) EOC ‘ Kj ‘ E400(j)
0.2 1201 |4.08e1 |2.45e-4 || 3.09 | 3.38¢2 | 3.00e-6
0.3 ]2.00 |1.30el | 7.99e-5 || 3.02 | 6.34el | 9.00e-7
0.4 1200 |4.86e0 |3.00e-5 || 3.00 | 2.59el | 4.17e-7
0.5]2.00 |1.69e0 | 1.04e-5 || 3.00 | 1.58el | 2.51e-7
0.6 | 2.01 |2.87e-1|1.74e-6 || 3.00 | 1.13el | 1.79e-7
0.7 2.00 |3.67e-1 | 2.34e-6 || 3.00 | 8.98e0 | 1.41e-7
0.8 2.00 |6.70e-1 | 4.24e-6 || 3.00 | 7.56e0 | 1.19e-7
0.9 ]2.00 | 7.95-1|5.02e-6 || 3.00 | 6.62e0 | 1.04e-7

TABLE 7.9. Example 1: Experimental orders of convergence, error
constants and fitted errors with respect to the discrete L2-norms
for the VCFD lattice Boltzmann scheme (5.1) on a sequence of
grids with N = 60, 145, 230, 315, 400 with data T = 0.2 and

v = 0.1, depending on w.
Density Flux
’ w EOC ‘ K,- ‘ E400(’I“) EOC ‘ Kj ‘ E400(j)
0.2 | 2.01 | 5.48¢el | 3.23e-4 || 3.13 | 4.11e2 | 3.01e-6
0.3 ]2.01 |2.19el | 1.32e-4 || 3.00 | 4.87el | 7.49e-7
0.4 | 2.00 | 1.13el | 6.90e-5 || 3.00 | 1.50el | 2.32e-7
0.5 ] 2.00 | 6.80e0 | 4.17e-5 || 2.94 | 3.22e0 | 7.23e-8
0.6 | 2.00 | 4.51e0 | 2.78e-5 || 2.86 | 3.06e-1 | 1.10e-8
0.7 | 2.00 | 3.23e0 | 2.00e-5 || 3.02 | 1.05e0 | 1.42e-8
0.8 ] 2.00 | 2.48¢0 | 1.53e-5 || 3.02 | 1.82e0 | 2.46e-8
0.9 | 2.00 | 1.99¢0 | 1.24e-5 || 3.01 | 1.94e0 | 2.88e-8

TABLE 7.10. Example 1:

Experimental orders of convergence, er-

ror constants and fitted errors with respect to the discrete L2-
norms for the VCFV lattice Boltzmann scheme (5.3) on a sequence
of grids with N = 60, 145, 230, 315, 400 with data 7" = 0.2 and

v =0.1,

depending on w.

Discrete L2-errors

—log10(£100(7))
---log10(E100(5))

Approximated L2-errors

—log19(E£100(r))
---log19(E100(5))

FicURE 7.8. Example 1: Dependence of the errors on the relax-
ation parameter w for the FD lattice Boltzmann solutions with
vanishing source term and N = 100.
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Discrete L2-errors

0.6 0.62 0.64 0.66 0.68
w

FiGURE 7.9. Example 1: Dependence of the errors on the relax-
ation parameter w for the FD lattice Boltzmann solutions with
vanishing source term and N = 100.

Discrete L2-errors

—logyo(E100(T))
---log19(E100(4))
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FiGURE 7.10. Example 3: Dependence of the errors on the re-
laxation parameter w for the FD lattice Boltzmann solutions with
nonvanishing source term and N = 100.
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FicURE 7.11. Example 1: Dependence of the errors on the re-
laxation parameter w for the FV lattice Boltzmann solutions with
vanishing source term and N = 100.

Since the decay of the errors cannot be seen in terms of the approximated L2-
errors, this is an effect owed to nodal superconvergence. The effect of improved
convergence for the specific choice of w is due to the vanishing right hand side in
the heat equation. The appearance of source terms spoils this advantage. In Figure
7.10 the error curves for the FD lattice Boltzmann solutions of Example 3 with a
nonzero source term are plotted.
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Density Flux
’ Boundary conditions \ Grid | EOC \ K, \ E400(r) || EOC \ K; \ E400(7)
Periodic (5.5) VC [ 4.00 | 9.47e0 | 3.72e-10 || 3.00 | L.0del | 1.64e-7
Density (5.6) VC [ 4.00 | 9.47¢0 | 3.720-10 || 3.00 | 1.04el | 1.64e-7
Flux (5.8) VC [ 2.00 | 1.63¢0 | 1.02e-5 || 3.00 | 8.54¢0 | 1.34e-7
Tnflow (5.10) VC [ 2.97 | 6.69c0 | 1.240-7 || 2.09 | L.0%el | L.64e-7

Density (5.12), 6 =0 | CC |4.00 | 9.47e0 | 3.72e-10 || 3.00 | 1.04el | 1.64e-7
Density (5.12), 0 =1 | CC | 4.00 | 9.47e0 | 3.72e-10 || 3.00 | 1.04el | 1.64e-7
Flux (5.13),0 =0 CC |2.00 |1.01e0 | 6.26e-6 || 3.00 | 1.40el | 2.18e-7
Flux (5.13),0 =1 CC |2.00 |1.81e0 | 1.13e-5 || 3.00 | 8.78¢e0 | 1.38e-7

TABLE 7.11. Example 1: Experimental orders of convergence, er-
ror constants and fitted errors with respect to the discrete L?-
norms for the FD lattice Boltzmann schemes (5.1) and (5.2) on
a sequence of grids with N = 60, 145, 230, 315, 400 with data
T =02 v=01and w=w":= (3 3)/2, depending on the
boundary conditions.

For the FV lattice Boltzmann solutions there is a similar effect, but here the
decay of the error can be seen for the flux and not for the density; see Figure 7.11.

For the choice w = w*, the experimental orders of convergence for the FD
lattice Boltzmann solution of Example 1 are given in Table 7.11. We find fourth
order convergence for the density in the case of periodic or density boundary con-
ditions. For the inflow boundary conditions we gain third order convergence. No
improvements can be achieved in the case of flux boundary conditions.

The situation changes, when considering Example 2 instead. From the results
given in Table 7.12, we find that the convergence behavior on VC grids remains the
same for periodic and density boundary conditions. For flux and inflow boundary
conditions on VC grids, we find an improvement. On CC grids the convergence
is of second order in the case of density boundary conditions, whereas in the case
of flux boundary conditions we find fourth order convergence. This fact implies
that the odd and even higher order derivatives of the density have to vanish at the
boundaries to achieve improvements.

In Table 7.13 the experimental convergence orders for the FV lattice Boltzmann
solutions are displayed for Example 1. For the specific choice w = w*, we get
improved convergence results for the flux. Further investigations show that the
convergence can be improved up to fifth order, when choosing a slightly smaller
value for w close to 0.6322.

Numerical examples with different viscosities cannot be compared directly. The
exponential decay of the solution changes as the viscosity is varied. For constant
VT, the solution behavior remains unchanged. Hence, we have to consider different
end times (but the same number of time steps), if we want to compare solutions
with different viscosities. The errors and the error constants are invariant as long
as VT is kept at a constant value.
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Density Flux
| Boundary conditions [ Grid [ EOC | K, | Baoo(r) [ EOC|K; | Eo(j)
Periodic (5.5) VC |4.00 |9.47e¢0 | 3.72e-10 || 3.00 | 1.04el | 1.64e-7
Density (5.6) VC |4.00 | 8.32¢0 | 3.25e-10 || 3.00 | 1.04el | 1.64e-7
Flux (5.8) VC | 4.00 |9.47e0 | 3.72e-10 || 3.00 | 1.04el | 1.64e-7
Inflow (5.10) VC |3.99 | 7.65e0 | 3.25e-10 || 3.00 | 1.04el | 1.64e-7

Density (5.12), 6 =0 | CC |2.00 | 1.84e-1 | 1.17e-6 || 3.00 | 1.10el | 1.72e-7

Density (5.12), 0 =1 | CC | 2.00 | 2.59e0 | 1.63e-5 || 3.00 | 4.22e0 | 6.46e-8

Flux (5.13),0 =0 CC [4.00 |947e0 | 3.72¢-10 || 3.00 | 1.04el | 1.64e-7

Flux (5.13),0 =1 CC [4.00 |947e0 |3.72e-10 || 3.00 | 1.04el | 1.64e-7

TABLE 7.12. Example 2: Experimental orders of convergence, er-
ror constants and fitted errors with respect to the discrete L2-
norms for the FD lattice Boltzmann schemes (5.1) and (5.2) on
a sequence of grids with N = 60, 145, 230, 315, 400 with data
T =02 v=01and w=w" := (3 —1+/3)/2, depending on the
boundary conditions.

Density Flux
| Boundary conditions | Grid [ EOC | K, | Eo(r) | EOC [ K; [ E00(j)
Periodic (5.5) VC | 2.00 |4.00e0 | 2.47e-5 || 4.07 | 1.25el | 3.26e-10
Density (5.6) VC | 2.00 | 4.00e0 | 2.47e-5 || 4.07 | 1.25el | 3.26e-10
Flux (5.8) VC | 2.00 | 3.26e0 | 2.0le-5 || 3.01 | 5.91e0 | 8.67e-8
Inflow (5.10) VC 1.99 | 3.78e0 | 2.46e-5 || 4.27 | 1.41e2 | 1.08e-9

Density (5.12), 6 =0 | CC | 2.00 | 4.00e0 | 2.47e-5 || 4.07 | 1.25el | 3.26e-10
Density (5.12),0 =1 | CC | 2.00 | 4.00e0 | 2.47e-5 || 4.07 | 1.25el | 3.26e-10
Flux (5.14),06 =0 CC |2.00 |4.53e0 | 2.78e-5 || 3.01 | 8.98e0 | 1.33e-7
Flux (5.14), 0 =1 CC |2.00 |5.57e0 | 3.48¢e-5 || 3.00 | 3.07el | 4.65e-7

TABLE 7.13. Example 1: Experimental orders of convergence, er-
ror constants and fitted errors with respect to the discrete L2-
norms for the FV lattice Boltzmann schemes (5.3) and (5.4) on
a sequence of grids with N = 60, 145, 230, 315, 400 with data
T =02 v=01and w=w" := (3 —1+/3)/2, depending on the
boundary conditions.

7.3. Dependence on the Initial Data

For the initial data there are two possible choices. The first and natural choice
are the first order initial data for the lattice Boltzmann schemes given by

0.1 h
U = %[To(ﬂiz)]l - 4g}k%ﬂ’o(ﬂﬁl)]h 1)
vO.= 5[7"0(@)}[ + @[@ﬂ’o(ﬁ)]l,

with R® = U° + V° = [ro(z;)]; and J° = U° — V° = —h/(2w)[0,70(x;));. The
indices [ take their values depending on the underlying grid. The second choice is
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Density Flux

’ Initial conditions ‘ T EOC ‘ KT ‘ E400(’I") EOC ‘ Kj ‘ E400(j)
Oth order 0.1 ]2.00 | 3.54e0 | 2.23e-5 || 3.00 | 5.07e0 | 7.92e-8
1st order 0.111.99 |267e-1|1.74e-6 || 3.00 | 1.21el | 1.90e-7
Oth order 0.2 | 2.00 | 2.20e0 | 1.38e-5 || 3.00 | 2.58e0 | 4.03e-8
1st order 0.2 12.00 |3.67e-1 | 2.34e-6 || 3.00 | 8.98¢0 | 1.41e-7
Oth order 0.5 | 2.00 | 5.01e-1 | 3.16e-6 || 3.02 | 1.89¢-2 | 2.65e-10
1st order 0.5 ]2.00 |2.85-1|1.79¢-6 || 3.00 | 3.52e0 | 5.52e-8
Oth order 1.0 | 2.00 | 3.00e-2 | 1.90e-7 || 3.00 | 1.76e-1 | 2.75e-9
1st order 1.0 | 2.00 | 7.95e-2 | 4.97¢-7 | 3.00 | 6.69e-1 | 1.05e-8

TABLE 7.14. Example 2: Experimental orders of convergence, er-
ror constants and fitted errors with respect to the discrete L2-
norms of the VCFD lattice Boltzmann scheme (5.1) on a sequence
of grids with N = 60, 145, 230, 315, 400 for w = 0.7, depending on
the initial conditions and different end times 7.

given by the zeroth order initial values

U’ = %[To(xl)]la (7.2)
VO .— %[To(xl)]lv

with R = U" + V° = [ro(;)); and J° = U" — V° = 0.

The examination of the experimental orders of convergence shows that the
initial data have no effect on the experimental orders of convergence. In Table
7.14 the results of the application of the VCFD lattice Boltzmann scheme (5.1)
to Example 2 with relaxation parameter w = 0.7 are displayed depending on the
initial conditions and different end times T'. For both types of initial conditions we
find second order convergence for the density and third order convergence for the
h-scaled flux in the discrete L?-norms.

In Figure 7.12 the nodal errors in the density are plotted up to the end time
T = 1.0 on a grid with NV = 100 points for Example 2. Here, the first order initial
conditions (7.1) are used. Up to the time ¢ =~ 0.2 the error increases, before the
exponential decay becomes effective.

In Figure 7.13 the nodal errors in the density are displayed for the zeroth order
initial conditions (7.2). Here, the exponential decay starts with the first time step,
but there is an initial layer. The sign of the error is opposite compared to the
previous choice. The nodal errors are larger by two orders of magnitudes.

The nodal errors for the flux are displayed in Figures 7.14 and 7.15. In Figure
7.14 the first order initial conditions (7.1) find application. We detect the expected
exponential decay. For zeroth order initial conditions (7.2) there is an initial layer
at ¢ = 0 that is visualized in Figure 7.15. For a finer resolution on a short time
scale the same errors are plotted in Figures 7.16 and 7.17.

The evaluation of the Fourier representations of the lattice Boltzmann solution
leads to the insight that there are initial oscillations of the error in the flux. These
oscillations can be seen in the numerical solutions in Figures 7.16 and 7.17.

For further investigations, we define the step dependent numerical viscosities

1 O O o G S
T L272h2 ||1%k—1||Oo ’ J " L27m2h2 HJk—lHOO
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FiGURE 7.12. Example 2: Error in the density with 1st order
initial conditions.

Error in the density

FicUure 7.13. Example 2: Error in the density with Oth order
initial conditions.
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Error in the flux

-5

FIGURE 7.14. Example 2: Error in the flux with 1st order initial conditions.

Error in the flux

0.05

FicUure 7.15. Example 2: Error in the flux with Oth order initial conditions.
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Error in the flux

FIGURE 7.16. Example 2: Error in the flux with 1st order initial
conditions on a short time scale.
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FIGURE 7.17. Example 2: Error in the flux with Oth order initial
conditions on a short time scale.
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Viscosity of the FDLB solutions Viscosity of the FVLB solutions
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FIGURE 7.18. Example 1: Numerical viscosity of the density and
the flux depending on the time steps for w = 0.95 and N = 50.

for k = 1,...,M. Here, L is the frequency of the eigenfunction solution. These
formulas are motivated by the knowledge that in each time step the eigenfunction
solution with frequency L shall decay with the rate 1 — vL?72/(yN?). The desired
values are (1 —w)vy/(2w) for the FD lattice Boltzmann solutions and ~y/(2w) for the
FV lattice Boltzmann solutions.

In Figure 7.18 the achieved values of v} and v} are plotted depending on the
time steps k. The underlying test problem is Example 1 on a VC grid with N = 50
and L = 2. The relaxation parameter is chosen as w = 0.95. We find an oscillating
behavior for the fluxes for both types of schemes. The correct numerical viscosities
are reached after some time steps, when the oscillating parts belonging to the
eigenvalue A5 have vanished (see Sections 5.10 and 5.11). The density is equipped
with the right numerical viscosity from the first time step on.

Smaller values for the relaxation parameter lead to a faster decay of the os-
cillations. By performing a Taylor series analysis of the Fourier representations of
the FD lattice Boltzmann solutions, we gain an iteration formula for the numerical
viscosities of the form

=0,
vP = (3 — 4w + 12wck) /6,

for k=0,...,M
Ck:+1 = Ckvk‘i’(].w)/(Qw)’} or 5 3 )

where v¥ is an approximation of V]’-“ /7. The results of these iterations are plotted

in Figure 7.19 depending on the relaxation parameter w € [1/2,1). For each time
step, there is a solid line approaching the right viscosity (1 —w)/(2w) for increasing
k. In the first approximation we get the lowest straight line. Most oscillations occur
close to w = 1. For w = 1/2, the right value is reached in the second time step.

All computations put forward on the previous pages are done with the choice
of the first order initial data for the flux, that is, jo := —hd,7o/(2w). If we start
with the initial data jo := 0, then the correct numerical viscosity is also reached
after some time steps. This can be seen in Figure 7.20.

7.4. Numerical Reference Solutions

If we want to apply the lattice Boltzmann schemes to further test problems,
we need numerical reference solutions in order to rate the quality of the solutions.
Numerical methods for the computation of the reference solutions are introduced
in this section.
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Viscosity of the discrete flux
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FIGURE 7.19. Numerical viscosity of the flux (FDLB) depending
on the relaxation parameter w for the first 30 time steps for N = 50.
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FIGURE 7.20. Example 1: Numerical viscosity of the density and
the flux depending on the time steps for w = 0.95 and N = 50 for
the initial condition J° = 0.

In the case of periodic, Dirichlet or Neumann boundary conditions for the heat
equation, numerical reference solutions for the density and the flux can be obtained
by solving the discrete equations

(Id — ok A)R*™ = (Id + (1 — 0)kA)RF + 7F* + ok RE™ + (1 — o)k RY,
(Id — oxB)J"™ = (Id + (1 — 0)sB)J" — %DF’C +ordE + (1 - o)k,
(7.3)

for k=0,...,M — 1 with

and o € {0,1/2,1}. The schemes in (7.3) are called the o-schemes in the following.
Here, the heat equation for the density and the additional heat equation for the flux
are discretized with one sided forward difference quotients for the time derivatives
and central difference quotients for the second order spatial derivatives. For o = 0,
this is the explicit Euler scheme, for o = 1 the scheme is recognized as the implicit
Euler scheme and for o = 1/2 we gain the well-known Crank-Nicolson scheme. In
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the latter two cases, the computational effort is increased, since we have to solve
an additional linear system of equations in each time step.
For periodic boundary conditions (2.6) on VC grids, we choose

-2 1 1 fo Ou fY
1 -2 1
A:=B:= eRNN PR = , DF* .=
1 -2 1
1 1 -2 froa Oufhi

and RY, := J% := 0.
For Dirichlet boundary conditions (2.3) for the heat equation on VC grids, we
choose

(-2 1 ] [ fE ] [}
1-2 1 0
A= e RN-LN-L FF .= , leg =11,
1-2 1 0
L 1-2] L Jlf/—l_ _Téc?,
[—2 2 1 [0, 5] [—2hdj%
1-2 1 0
B = e RVFLNTL DFF = | | Jf = :
1-2 1 0
I 22| 5 | 2ndj,

Dirichlet values for the density are given by r% := rPi(t;, x1), r% = rPi(ty, 2r) and
Neumann values for the flux are chosen by dj¥ := h(f(tx, z)—0,rP (tr, z1))/(2wr),
dj% = h(f(tr,xr) — OrPi(tx, xr))/(2wr) by invoking the heat equation.

For Dirichlet boundary conditions on CC grids, we use

-3 1 1 [ rork
1-2 1 0

A= e RV, F* .= , R’fg =11,
1-2 1 0
L 1 =3 _kaV—l/2 |27,

—1 1 1 [ 0ufl)y [—hdjk
1-2 1 0

B = eRVN DF* .= : . Jh = S I

1-2 1 0

I 1-1) N | hdjh,

with rﬂ r’fh djﬁ and dj}“z chosen as in the previous case.
For Neumann boundary conditions (2.4) on VC grids, we choose

2 b —2hdr¥
-2 1 0
A= € RNFLN+L FF .= S RY =

1—

-2
1

0

2 1
22 i 2hdrk,
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21 O ff It

1-2 1 0

B:= eRN-UNTL DFF = , Jh :
1-2 1 0

1-2 Oufh_1 ik

Neu( Neu(

Neumann values for the density are given by dr¥ :=r te, L), drg =r tk, TR)
and Dirichlet values for the flux are chosen by j% := —hrNeu(t,, x1)/(2w), j& =
—hrNeu(ty, xR)/(2w).

For Neumann boundary conditions on CC grids, we use

—1 1 i [ ff/z [—hdrk
1-2 1 0
A= e RV, FF .= , RIfB:: ,
1-2 1 0
i 1-1] Lfr /2 | hdrf,
-3 1 ] I 893f{€/2 [2)F
1-2 1 0
B = eRVYN  DF* .= ; , Jhe= |,
1-2 1 0
L 1 _3_ _81-]0]]:771/2 _2j1]i2

with drﬁ, drﬁ, jf and jf% chosen as in the previous case.

The explicit and implicit Euler schemes are known to have consistency of order
O(h? + 7). For the choice 7 ~ h?, one can prove convergence behavior of the same
order. Reduced consistency at the boundaries does not lead to a decreased order
of convergence for the presented discretizations; see Ref. [26, Chapter 5].

For the FD lattice Boltzmann schemes (5.1) and (5.2), in each timestep 4N
multiplications are required. The number of total time steps is

T vT 2w
M=|= 1l ——— N2,
M* P

Consequently, the total computational effort is of order O(N?). The FV lattice
Boltzmann schemes require 8 N multiplications in each time step. However, the
number of time steps is only

T T 9
M = LTJ +1= |Q|22wN .
Hence, the ratio of the computational costs of both approaches is 2(1 — w). The
explicit Euler method requires 6 N multiplications in each time step. If we use the
LU-factorizations of the tridiagonal system matrices (see Ref. [25]), the Crank-
Nicolson scheme and the implicit Euler scheme require 14N operations. For these
methods the choice of the time step is only restricted by stability considerations.
For all introduced numerical methods the number of degrees of freedom DOF in
space and time is given by DOF = C'N? for a given constant C. The error tolerance
tol is chosen as tol = 1/N2 ~ h2. We find the relation DOF = tol™*/2. Hence,
the decrease of the error by a factor of two requires the raise of the computational
effort by a factor of 24/2 =~ 2.8.
In Figure 7.21 the experimental orders of convergence of the explicit Euler
scheme is displayed in comparison to those of the lattice Boltzmann solutions. The
underlying test problem is Example 1. We find a slightly smaller error constant



7.4. NUMERICAL REFERENCE SOLUTIONS 147
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F1GURE 7.21. Example 1: Logarithmic error plot for the explicit
Euler scheme and the FD lattice Boltzmann scheme.

for the explicit Euler schemes. The corresponding results for the Crank-Nicolson
scheme and the implicit Euler scheme are very similar.

The consistency of the Crank-Nicolson scheme is of order O(h? + 72), if the
right hand side is evaluated at time ¢, /o instead of t5. Hence, the choice 7 ~ h
seems to be appropriate to reduce the computational effort. Less time steps have
to be performed. But due to the lack of maximum principles and L*°-stability, the
choice 7 ~ h leads to very poor results. We shall elucidate this point in a numerical
example.

Maximum principles and L*-stability for the discrete equations (7.3) can be
verified by following the concept of inverse monotone M-matrices. A matrix M =
[mi;)i; € RV is called L-matriz, if we have m;; <0 for alli # j (i,j =1,...,N)
andmy; > 0fori=1,..., N. An L-matrix M is called M-matriz, if it is nonsingular
with M~ = [m;jl]m and m;jl >0fori,j=1,...,N. Then for & < y with x,y €
RN we find M1z < M1y, where the less or equal sign has to be understood in
the componentwise sense.

The matrix M is called diagonally dominant, if we have

N
Z |m”\ < ‘m“| fori=1,...,N.
J=1,j#i

Diagonally dominant L-matrices are M-matrices (see Ref. [22]). Hence, we find
that the matrices on the left hand side of (7.3) are M-matrices (or the unit matrix)
for all given choices of A and B. Maximum principles can now be assured, if the
matrix on the right hand side is non-negative in the componentwise sense. We find
the condition 1 — (1 —o)k|m| > 0, where |m| is the modulus of the largest diagonal
entry of the corresponding matrix A or B. We find |m| = 2 or |m| = 3 in our
applications. For o € {0,1/2} we arrive at the step size restriction

T o 1
V—s < —m—.
h2 = (1 —o0)|m|
For the implicit Euler schemes with o = 1 there is no restriction on the step size,
but an equivalent choice is necessary to attain second order for the consistency and
the convergence.
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The step size restrictions have to be compared with the lattice Boltzmann
space-time coupling, where we have

1—w

, for the FD schemes,
T _ 2w

— for the FV schemes.

2w
The proof of a maximum principle can be found in Ref. [23, Section 100]. Stability
in the L*°-norm can be proved in an analogous way. See also Ref. [22].

The eigenvectors of the matrices A and B are given by (5.88) in the periodic
case, (5.100) and (5.101) in the boundary case on VC grids and (5.107) and (5.108)
in the boundary case on CC grids. The corresponding eigenvalues are 2 cos(2y;) — 2
in the periodic case and 2 cos(y;)—2 in the boundary case, where we use y; := jn/N.
Hence, we find the eigenvalues of the discrete equations (7.3) in the form

A) =142k(c; —1) foro =0,
A2 1+ k(e; — 1)
J 17H(Cj71)

1
M=e— -
7 1—-2k(c; — 1)

where we use ¢; := cos(y;). For the low-frequency eigenvalues we find

O 2 4 .
A] = 1—ky; +O(y;) for j < N and o €{0,1/2,1}.

for o =1/2,

foro =1,

The same behavior for j <« N is attained for the eigenvalues )\j+ =(1-w) +
Qw—-1+4(1- w)20§)1/2 of the FD lattice Boltzmann discretizations and /\j =
(1 —w/2)c; —w/2+ (1 —w/2)c; — w/2)? + w(l + ¢j) — 1)1/2 of the FV lattice
Boltzmann discretizations with regard to the corresponding space-time couplings.
Hence, we find in all cases the correct approximation of the time kernel of the heat
equation, that is,
(M)F = exp(—vj?nt,/|Q)?) for j < N.
The more decisive point is the decay of the high-frequency parts. Here, we find
/\9%1-4% forc=0and j = N,

1-2
A;/2%1+2: forc =1/2 and j =~ N,
1
A}%1—|—4/@ foroc =1and j~ N.

In order to achieve stability in the L?-sense, these expressions have to be larger or
equal than -1. For ¢ = 0, we have to require kK < 1/2. For ¢ = 1/2 and ¢ = 1,
we find unconditional stability with respect to the L?-norm. For the explicit Euler
schemes we observe problems in the performance for nonsmooth data and x = 1/2.
The high-frequency parts in the solution are not negligible in this case. Due to the
missing decay, these parts lead to spurious oscillations. Numerical evidence for this
phenomenon is presented in the next section.

The same problem appears for the FD lattice Boltzmann discretizations, where
the eigenvalues )\j_ tend to -1 when j approaches N. In the case of the FV lattice
Boltzmann discretizations, the eigenvalues )\;r and A; take imaginary values and
tend to -1; see Figures 5.3 and 5.7. For the choice w = 1/2, the discretization of the
density stemming from the FD lattice Boltzmann equations (5.1) and (5.2) coincides
with the explicit Euler scheme with x = 1/2. These schemes show oscillations for
nonsmooth data. Whereas the explicit Euler scheme can be cured by decreasing
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Eigenvalues A7

After 20 time steps: (A\7)*°
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FIGURE 7.22. Behavior of the eigenvalues A7 of the o-schemes for
N =100 and x = 1/2 and the behavior after k = 20 time steps.
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FIGURE 7.23. Behavior of the eigenvalues A7 of the o-schemes for
N =100 and x = 1/3 and the behavior after k = 20 time steps.

the time step in order to keep the eigenvalues away from -1, we are trapped in the
fixed space-time coupling for the lattice Boltzmann schemes.

In Figure 7.22 and 7.23 we examine the behavior of the eigenvalues of the
o-schemes (7.3) for o € {0,1/2,1}. In Figure 7.22 we choose £ = 1/2, which
corresponds to the case w = 1/2 for the FD lattice Boltzmann schemes with the
same time step. In the plot on the right hand side we see the decay after 20
time steps. This figure has to be compared with Figure 5.6 for the FD lattice
Boltzmann schemes. In Figure 7.23 we consider smaller time steps with x = 1/3.
For FD lattice Boltzmann schemes the same time step requires w = 3/4. While the
explicit Euler scheme now shows a fast decay for the high-frequency parts, the FD
lattice Boltzmann schemes are not equipped with this feature (see Figure 5.6).

Numerical reference solutions can also be computed with the aid of the two
step Du Fort-Frankel scheme

Ry = Ry 426 (RE, — RIT = Ry T+ REy) 27 ff

The Du Fort-Frankel scheme is an unconditionally stable explicit scheme that is
second order consistent to the heat equation and to the telegraph equation presented
in Chapter 4. The space-time coupling 7 ~ h? is required; see Ref. [26] and
Ref. [33].

In Example 4 we investigate the solution of the heat equation with the concen-
trated initial data

ro(x) 1= sin'?(

7wx) in Q.

149
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Example 4, Density

FIGURE 7.24. Lattice Boltzmann solution for the density with
the concentrated initial data ro(z) := sin'%(zz) in the domain
(0,1/2] x (0,1) with v = 0.1 and N = 200.

Example 4, Flux

0.1

0.05

-0.05

FIGURE 7.25. Lattice Boltzmann solution for the flux with the
initial data ro(z) := sin'*’(72) in the domain (0,1/2] x (0,1) with
v =0.1 and N = 200.

The lattice Boltzmann solutions are plotted in Figures 7.24 and 7.25.

The application of the Crank-Nicolson scheme with the space-time coupling
7 ~ h leads to wrong results. In Figure 7.26 the Crank-Nicolson solution for
Example 4 with time step 7 = 2h is plotted. At the peak there is an unphysical
oscillation. In Ref. [23, Section 100], the author attributes this behavior to the lack
of maximum principles. As for the lattice Boltzmann schemes, the coupling 7 ~ h?

is required.
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Density
0.25 : :
02
0.15}
01
0.05}
o ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 08 1
x

FI1GURE 7.26. Example 4: Crank-Nicolson solution at time ¢t = 0.1
for the time step size 7 = 2h and N = 100.

Density Flux

’ o-scheme EOC \ K, \ Ey00(r) || EOC \ K; \ Ey400(7)
Explicit Euler 2.00 | 3.83e-1 | 2.46e-6 || 3.00 | 8.34e0 | 1.32e-7
Crank-Nicolson | 2.00 | 2.94e-1 | 1.84e-6 || 3.00 | 2.38¢0 | 3.82e-8
Implicit Euler 2.00 | 9.79e-1 | 6.15e-6 || 3.00 | 6.68e0 | 1.04e-7

TABLE 7.15. Example 4: Experimental orders of convergence, er-
ror constants and fitted errors with respect to the discrete L2-
norms. The VCFD lattice Boltzmann solution are compared with
the solutions of the o-schemes on the same grid, where we use a
sequence of grids with N = 60, 145, 230, 315, 400, the end time
T =0.1and w=0.7.

In Table 7.15 we examine the error behavior of the FD lattice Boltzmann solu-
tion for Example 4. All errors are determined on the basis of the reference solutions
of the o-schemes on the same grids. We find the expected second order convergence
for the density and third order convergence for the h-scaled flux.

7.5. Nonsmooth Data

In many (multi-dimensional) applications the given data do not have the re-
quired regularity. In our test problems we consider initial data representing a shock
or a concentrated peak.

In Example 5, the initial data for the heat equation is given by the shock

ro() = 0, forze (0,zg),
T, forae [zs,1)

3

for fixed zg € (0,1). The corresponding VC lattice Boltzmann solution for the
density with vanishing density boundary conditions, xg = 0.7, v = 0.1, w = 0.7,
N = 100 and the end time 7" = 0.02 is shown in Figure 7.27. In Figure 7.28
the corresponding flux is displayed. In Figure 7.27 no oscillations are observed in
the solution for the density. The flux shows some minor initial oscillations (as for
smooth initial data).

As reference solutions we choose the Crank-Nicolson solutions on the same grid.
The errors for the density and the flux with respect to the Crank-Nicolson solutions
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Example 5, Density

2
DAL TF75
LA

77
/4

i

i
V24

FIGURE 7.27. Lattice Boltzmann solution for the density with the
initial shock in (0,0.02] x (0,1) with ¥ = 0.1, w = 0.7 and N = 200.

Example 5, Flux

-0.05

-0.15

FIGURE 7.28. Lattice Boltzmann solution for the flux with the
initial shock in (0,0.02] x (0,1) with » = 0.1, w = 0.7 and N = 200.

are displayed in Figures 7.29 and 7.30. The error in the density changes sign in

every grid point around the shock.
If we consider the errors with respect to the Crank-Nicolson solutions on the
same grid on a sequence of grids, then the experimental orders of convergence are

not the same as for smooth data. There is only first order convergence for the
Due to the missing decay of the high-frequency

density and the h-scaled flux.
parts, the lattice Boltzmann solutions are responsible for this failure.
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Example 5, Error in density

0.015

0.01

0.005

FIGURE 7.29. Error of the lattice Boltzmann solution for the den-
sity with respect to the Crank-Nicolson solution.

Example 5, Error in flux

FIGURE 7.30. Error of the lattice Boltzmann solution for the flux
with respect to the Crank-Nicolson solution.

In Example 6, we examine the lattice Boltzmann solutions, where the initial
data

T —Tg_
5K forze (rs—k,Ts),
rs —TS—K

. x -

ro(x) = S5 T for 1 € (29, 250k),

TS+K — IS

0 else,
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Example 6

0.8

FI1GURE 7.31. Crank-Nicolson solution for the density.

Density «10° Flux
0.12 T T T 3 T T
— Lattice Boltzmann — Lattice Boltzmann . _
- --Crank-Nic. - --Crank-Nic. 4 ~
0.1 2r
0.08r 1r
0.06- or
0.04r -1
0.02- ol
~o - e
) . . . . _3 . . . .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

T xT

FIGURE 7.32. Lattice Boltzmann solutions and Crank-Nicolson
solutions with the same time step size for the density and the flux
at time ¢ = 0.2 with V =100 and w = 0.7.

for K e Nand S € {K,...,N — K} find application. This is a hat function with
peak in xg and a basis of length 2Kh.

The Crank-Nicolson solution for the density with v = 0.1 and vanishing density
boundary conditions on a VC grid with N = 100 is plotted in Figure 7.31.

Taking a look at the lattice Boltzmann solutions, we find disturbing oscillations,
whereas the Crank-Nicolson solutions or the explicit Euler solutions are smooth.
In Figure 7.32 the lattice Boltzmann solutions for w = 0.7 and the Crank-Nicolson
solutions for the density and the flux are plotted at time ¢ = 0.2. In this example
we find first order convergence for the density and second order convergence for
the h-scaled flux, where the errors are taken with respect to the Crank-Nicolson
solutions on the same grids.

7.6. Lattice Boltzmann or o-Schemes?

In this section we shall briefly summarize the advantages and disadvantages of
the lattice Boltzmann schemes and compare them with the presented o-schemes.
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The first point is the fact that all lattice Boltzmann methods are explicit meth-
ods, which only work with the constraint of step size restrictions. But if we take a
look at the implicit Euler scheme, we find that due to the consistency the same step
size restriction has to be applied here. For the Crank-Nicolson schemes, larger time
step can be chosen from a theoretical point of view. However, the oscillations in the
solution show that this is not a good choice in most of the applications. Because
of the larger numerical effort of the implicit schemes, the lattice Boltzmann meth-
ods can be seen in competition with the explicit Euler scheme only. The number
of required multiplications in each time step is smaller for the lattice Boltzmann
schemes. However, the total number of timesteps may differ. For all methods the
total computational amount is of order O(N?3).

For vanishing source terms, the lattice Boltzmann schemes on VC grids are
superior due to the fourth order convergence for the density for the specific choice
of the relaxation parameter.

For the application of the explicit Euler scheme, the data of the right hand side
have to be differentiated for the flux equation. For the lattice Boltzmann methods
there is no differentiation of the source data required. For Dirichlet boundary
conditions, the heat equation as the limiting equation has to be employed for the
data of the o-schemes.

The decisive disadvantage of the lattice Boltzmann schemes is the distribution
of the eigenvalues. For all parameter choices there are eigenvalues close to -1. This
fact leads to oscillations for nonsmooth data. In the case of the explicit Euler
scheme, this effect only appears for the choice v7/h? = 1/2. For smaller time steps
this lack can be repaired. For the lattice Boltzmann schemes there is no comparable
mending. Even in the presence of transport terms this behavior does not change,
as we shall see in the next section, where we examine lattice Boltzmann methods
for the advection-diffusion equation.

7.7. The Advection-Diffusion Equation

The linear Ruijgrok-Wu model is a velocity discrete system of the form

1 A 1
O’ + —0pu’ + oo (uf — %) = - (uf + o) = of  in O,
€

2ue? 2ue
9v¢ 16 € 1 ( € e) + A( €4 e) _ lf in O (74)
v ; U 52 u® —v e u€ 4+ v°) = 5 in Qp.

As before we define the density r¢ := u® + v° and the scaled flux k¢ := (u€ — v°)/e.
The fluid-dynamic limit equation of this system is the advection-diffusion equation

oy + Adyr — vd2r = f, (7.5)

where the flux is defined by Ar — v9,r. Numerical problems for the solution of the
advection-diffusion equation appear, when the ratio A/v is large. This is known
as the convection dominated case. In typical situations boundary layers have to
be treated. In fact, in the lattice Boltzmann approach we have to treat a double
singularly perturbed problem then. In the following, we assume that the ratio A/v
is of moderate size.
The lattice-Boltzmann equations on VC grids for this advection-diffusion equa-
tion are obtained in the form
T T
UL = Ul = w(UF = V) +wAL (UF + V) + SR 1=0,.. N —1, -
VA Z VE 4 w(UF - V) — wA%(Ulk +VF) + gF/@, I=1,....N.
Boundary conditions have to be supplied for Ué”'l and V]’GH. The space-time
coupling has to be chosen of the form v = h?/7 = 2wr/(1 — w). Hence, we find
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FicURE 7.33. Eigenvalues of the time evolution matrix of the
VC lattice Boltzmann schemes for the advection-diffusion equa-
tion with v = 0.1, A = 1.0 and N = 100 in dependence on w.

wAtr/h = (1 — w)Ah/(2v). The complex eigenvalues of the corresponding time-
evolution matrix are plotted in Figure 7.33 for v = 0.1, A = 1.0 and N = 100. For
this choice of the parameters we gain L2-stable solutions. The stability gets lost,
when the local Péclet number Ah/v becomes larger (Ref. [26]).

For all values of w, there are several eigenvalues close to —1, which is also
attained as a eigenvalue. This leads to the conjecture that there is an oscillatory
behavior for the lattice Boltzmann solutions in the case of nonsmooth data.

The lattice Boltzmann solution for the advection-diffusion equation (7.5) with
A =10 and v = 0.1 for the nonsmooth initial data from Example 6 is plotted in
Figure 7.34. Taking a closer look at the solution at time ¢ = 0.02, we find the
expected oscillations in the density; see Figure 7.35.

7.8. The Viscous Burgers Equation
The nonlinear Ruijgrok-Wu model

1 1 B 1
Opuf + =0,u + s— (u —v°) — —uv" = - f in Qr,

€ 2v€? ve 2 (7.7)

1 B 1 )
Op® — —0pv" — oo (uf —v°) + —utv® = o f in O

is a velocity discrete model with the viscous Burgers equations
B, 2
Oyr + 5817“ —voir=f (7.8)

as the fluid-dynamic limit equation. The flux is defined by B/(27)r? — 1/(2w)d,r.
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Example 6 with advection

0.8
0.6
0.4

0.2

0.1

0.08

0.06 il
0.04

0.02
0.6 0.8

FIGURE 7.34. Example 6: Density solution of the advection-
diffusion equation with nonsmooth initial data.

Density

04 — Lattice Boltzmann solution
0.3
0.25
0.2}
0.15/
0.1}

0.05¢

0 0.2 0.4 0.6 0.8 1
x

FiGURE 7.35. Example 6: Oscillations in the density solution of
the advection-diffusion equation at time ¢t = 0.02.

The lattice Boltzmann equations on VC grids for the viscous Burgers equation
read

UL = UF —w(UF = Vi) + 20BLUPVE 4+ 2FF, 1=0,. N -1,
(7.9)
VA = VE +w(Uf = V) = 0BLUFVE + ZFF, 1=1.. N,

with additional boundary conditions for Ué““ and V]]\C,H. The space-time coupling
has to be chosen by v = h?/7 = 2wr/(1 — w).
As test example we consider the moving shock solution

Pt 2) = % (1 ~ tanh (2’3;_1» in (0,7] x (0,1)

of the viscous Burgers equation (7.8) with B = 1. We choose a small viscosity with
v = 0.01. The solution for the density with end time 7' = 0.5 is plotted in Figure
7.36.
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FI1GURE 7.36. Moving shock solution of the viscous Burgers equation.

Error of the moving shock solution
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FIGURE 7.37. Error of the moving shock solution of the viscous

Burgers equation.

The nodal errors of the lattice Boltzmann solution are plotted in Figure 7.37.
The error increases as the time advances. For the density boundary conditions we

find second order convergence for the density and third order convergence for the

h-scaled flux.



CHAPTER 8

Lattice Boltzmann Methods on Coupled Grids

Lattice Boltzmann methods are designed for uniform grids. The symmetry
of the grids is a basic ingredient for the performance. But due to the space-time
coupling, local refinements of the grid are desirable. This is the basis for the setup
of adaptive methods. In order to preserve the influence of the symmetry, only
refinements with locally constant grid sizes can be chosen. The grid sizes of two
neighboring grids should differ by a factor of two and the refinement zones have to
possess a minimal number of cells in their width.

At the intersections of the refinement zones with grid sizes h = h¢ and h =
hgp = he/2 intersection conditions for the distribution functions have to be pre-
scribed. Since we are interested in the approximation of the macroscopic mass
density r and its derivative d,r, we postulate the discrete continuity of U + V
and (U — V')/h at the intersections, that is, the corresponding quantities have to
coincide on the coarse and on the fine grid in selected points of the intersection
zones. Due to the approximation properties

U el — ()l
V& L))+ oD

the distribution functions v and v cannot be assumed to be continuous at the zone
intersections because of their dependence on the grid size h. The approximation
properties lead to a dependence on the grid size for the initial data and for the
inflow boundary conditions. The data for the distribution functions have to be
computed with respect to the grid size. Since the parameters v and v do not (or
should not) depend on the grid size, the relaxation parameter w does not depend
on the grid size. By refining and coarsening the grid, the grid size h changes. Since
U+V and (U —V)/h should be left unchanged, we have to rescale the distribution
functions U and V. For the refinement and the coarsening, we impose invariance
of U+ V and (U — V)/h. Hence, we get the transformation conditions

R°=U°+VvY=U"+Vv" =R",
JC=U%-VvC® =oUF —2vF=2JF.

The upper indices indicate the affiliation of the variables to the coarse grid (C) or
to the fine grid (F'). For the distribution functions we find the converse relations

U° = % (RC+J°) :% (R"+207) = gUF = %VF,
VO = % (RC - JC) :% (RF - 2JF) - —%UF + gVF,
Ut = % (RF +JF) :% (RC + ;.ﬂ’) = ZUC + ivc,
v = % (R -J7) :% (RC - ;Jc) = iUc + ZVC.

159
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(a) Single overlapping VC grids

— © f © ’ Fine grid

Tr—1 1
Coarse grid ——"F—%6—"+—6—+—6—+—6—
rr Try1/2 L1+1 Tr43/2 L142

(b) Double overlapping VC grids

— © f © ’ Fine grid
Tr—1 rr
Tr—-1 Tr-1/2 II Try1/2 T1+1 Tr43/2 142

FiGURE 8.1. Grid intersections for VC grids.

(a) Single overlapping CC grids

' ' ' ' Fine grid
)
Coarse grid ——+—6—+—o—+—o—
Tr—1 Tr-1/2 I1 Tr+1/2 TI+1

(b) Double overlapping CC grids

! ! . # Fine grid

y 4 4 4

Coarse grid —o—+—6—+—6—+—o—+—o—+—o—
Tr-2 Tr-3/2 Ti-1 Ti-1/2 Ir1 Try1/2 TI+1

FI1GURE 8.2. Grid intersections for CC grids.

For the refinement, the data for U + V and U — V have to be interpolated and
transformed. For the coarsening of the grid, the data have to be restricted to the
nodes of the coarse grid and transformed.

Due to the space time coupling 7 = h? /v, four time steps have to be performed
on grids with halved grid size in order to arrive at the same physical time that is
reached after one time step on the nonrefined grid. At the grid intersections time
interpolations are required for the intersection conditions.

In computations with a fixed end time T', a global refinement of the grid de-
creases the error by a factor of four. This result is implied by the quadratic con-
vergence with respect to the grid size that is approved from the theoretical and
experimental results in this work. However, the computational effort is raised by a
factor of eight due to the necessary space-time coupling.

8.1. Overlapping Grids

For the exchange of the data at the intersection zones, the coarse and the fine
grids have to overlap to some extent. We describe some of the possible choices.
For VC grids and for CC grids we consider single and double overlapping grids as
depicted in Figure 8.1 and in Figure 8.2.

In the situation of double overlapping grids one can restrict to the interior grid
points, where all information on the macroscopic quantities is available. On single
overlapping grids the data of both grids have to be used at the same time.
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The numerical results on single overlapping grids do not yield the desired per-
formance in all situations. For Example 8 in Section 8.5, the errors are amplified
at the intersection and the density error takes its maximum there. Similar observa-
tions are found for some of the coupling conditions on double overlapping grids. The
density intersection conditions on double overlapping grids turn out to be favorable,
since they render the expected improvement for the computations.

8.2. Intersection Conditions

For the treatment at the intersection zones, there are three possibilities to
determine the missing inflow values.

(1)

For single overlapping VC grids, the outermost points of the coarse and
the fine grid coincide. Hence, the two outflow values of the coarse and
the fine grid can be used to determine the two missing inflow values. If
the coarse grid is on the left hand side, then the outflow values U§,, and
V& . are known. The inflow values UL and Vi§ can be computed by

1 2
Ulﬁ = gvgut + gUgut’
4 1
Vig = gVOFilt - gUgut'
If the coarse grid is on the right hand side, then the inflow values V;£ and

UI?I can be determined by employing the known outflow values VOCLt and
Ugut in the form

1 2

‘/If: = gUgut + gVOCuU
4 1

UI% = gU(I):‘ut - gvgut'

See Figure 8.3.
For double overlapping VC grids, the missing inflow values on the fine
grid can be determined by using the information that is given on the
coarse grid and the other way round by restricting to interior points. For
the determination of the inflow values on the fine grid, there are three
possibilities given:

i) Determine R® on the coarse grid and use the density intersection

condition RF = RC.

ii) Determine J¢ on the coarse grid and use the flux intersection condi-
tion JE = J¢ /2.

iii) Determine R® and J¢ on the coarse grid and use the inflow in-
tersection conditions UY = RY/2 + J¢/4 or VF = RY /2 — JC /4,
respectively.

For the determination of the inflow value on the coarse grid, there are four

possibilities:
i) Determine R on the fine grid and use the density intersection con-
dition R¢ = RF.
i) Determine J£ on the fine grid and use the flux intersection condition
JC =2JF.

iii) Determine R and J* on the fine grid and use the inflow intersection
conditions UY = RF /2 + JF or V¢ = RF /2 — JF' | respectively.

iv) Determine RF and J¥ on the fine grid and update the inflow and
the outflow value on the coarse grid by using U¢ = RY' /2 + J¥ and
V¢ =RF/2-JF.
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t=0 Coarse grid Fine grid
U I 4 4 4 4 4 4
V 4 4 4 J I 4 4 4 4 4 4
Zr I
t=1/4
U S S —
\74 —_—
Fitting at the intersection
t=1/2
U S S —
Vv —
t=23/4
0 — B——F————+————
t=1
U ; ; ; | — B
VvV ; ; ; o e S
One time step on the coarse grid. Four time steps on the fine grid.

Time interpolation of the outflow value on the coarse grid at the intersection.

I Known value 0 Determine value by the intersection cond.

© Time interpolated value A Value of no interest

FicUre 8.3. Fitting at the intersections for single overlapping VC grids.

(3) For single overlapping grids, the missing inflow values can be extrapolated
from the interior of the domain.

The extrapolation of the inflow values from the interior of the domain leads to
reduced orders of convergence in the boundary situations. The same poor perfor-
mance is attained at the grid intersections. Hence, we do not pursue the approach
in (3).

On CC grids the loci of the coarse and the fine grid points do not coincide at
the intersection zone. Hence, a spatial interpolation is required. These additional
interpolations render unsatisfactory convergence results.

The general algorithm is the same for all cases. Assume that all data is given at
the lattice Boltzmann time ¢t = 0. At first, one lattice Boltzmann step is performed
on the coarse grid to arrive at lattice Boltzmann time ¢ = 1. The data from the
coarse grid at the intersection has to be interpolated in time to the intermediate
times t = 1/4, t = 1/2 and ¢t = 3/4. From this interpolated data the inflow values
on the coarse grid are determined. Now there are four lattice Boltzmann steps to
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t=0 Coarse grid
U | | | Fine grid
} % % % % U
} % % % % |4
|4 % % {
t=1/4,1/2,3/4
U
} % % % % U
= % % % % |4
|4
t=1
U % % {
} % % % % U
= % % % % |4
|4 % % =

| Known value
0 Determine value by the intersection conditions

o Time interpolated value

FIGURE 8.4. Fitting at the intersections for double overlapping
VC grids.

be done on the fine grid to arrive at the time ¢ = 1. Then the missing inflow value
on the coarse grid at the time ¢ = 1 is completed by the use of the data of the fine
grid.

8.3. Algorithms for VC Grid Intersections

In the following, capital letters U, V', R and J denote the grid functions on
the coarse grid, and small letters u, v, 7 and j denote the grid functions on the
fine grid. In the descriptions of the algorithms we distinguish if the coarse grid is
located at the left hand side of the fine grid (coarse - fine) or if it is located on the
right hand side of the fine grid (fine - coarse).

LB-algorithm for single overlapping VC grid intersections :
See Figure 8.1(a). The intersection point is ;.

(1) Let the solutions U°, V° on the coarse grid, and u°, v° on the fine grid
be given for the time ¢ = 0.

(2) Perform one LB-step on the coarse grid to get U', V', The inflow value
on the coarse grid at the intersection is missing.

(3) Interpolate the outflow values on the coarse grid to the intermediate times
t=1/4,t=1/2 and ¢t = 3/4:
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fine - coarse

VO, Vi VA k=123,

coarse - fine

U, Ul — UM k=1,2,3,

(4) Perform four LB-steps on the fine grid. Determine the inflow value on the
fine grid in each step:

coarse - fine ‘ fine - coarse
u§/4:vl;/4/3+2UIk/4/3, Ul;/4:ul;/4/3+2\/}k/4/3,
k=1,2,3,4, k=1,2,3,4.

(5) Update the unknown inflow value on the coarse grid:
coarse - fine ‘ fine - coarse

Vi = 40}/3— UL/3 | U} = dub/3 -V} /3.

LB-algorithm for double overlapping VC grid intersections:
See Figure 8.1(b). The intersection point is 2. Extend the fine grid into the coarse
grid.

(1) Let the solutions U?, V¥ on the coarse grid, and u°, v° on the fine grid
be given for the time ¢ = 0.

(2) Perform one LB-step on the coarse grid to get U 1 v, The inflow value
on the coarse grid at the intersection is missing.

(3) Restrict to the inner point x;_; (coarse - fine) or x74; (fine - coarse) of
the coarse grid.

(4) Interpolate the macroscopic values R?, J% and R!, J! to the intermediate
times ¢t =1/4, ¢t =1/2 and t = 3/4:

coarse - fine ‘ fine - coarse

&/4 k74
Ry _\,R;_,— R/, k=123, |RY,, R, — R, k=123,
T T = k=123, [ 0%, T — IS k=1,2,3.
(5) Perform four LB-steps on the fine grid. Determine the inflow value on the
fine grid in each step by using the

i) density intersection conditions
coarse - fine

Wbl R BRIk =1,2,3,4,

fine - coarse

WA ot = RV K =1,2,3,4,

ii) flux intersection conditions
coarse - fine

Wb b = Rk =1,2,3,4,

fine - coarse

k/4 k/4 k/4
ufh B = Ji 2, k=1,2,3,4,

ili) inflow intersection conditions
coarse - fine

Wk = R¥A o g ek =1,2,3,4,
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fine - coarse

k4 _ ph/a Jk/4
141 141/2 111/4 k=1,2,3,4.

(6) Determine the inflow value on the coarse grid by the macroscopic variables
r+ and j} in the inner point of the fine grid by using the
i) density intersection condition U} + V}! = r},
ii) flux intersection condition U} — V! = 2j7,
iii) inflow intersection condition U} = r}/2 + j} (coarse - fine) or V}! =
r1/2 — j1 (fine - coarse),
iv) update the inflow and outflow value on the coarse grid by taking
Ut = 13/2 -+ j} and Vi = r/2 - ji.
In both proposed algorithms we use linear time interpolations at the intersec-
tion.

8.4. Algorithms for CC Grid Intersections

LB-algorithm for single overlapping CC grid intersections:
See Figure 8.2(a). The intersection point is z7_; /5.

(1) Let the solutions UY, V¥ on the coarse grid, and u°, v° on the fine grid
be given for the time ¢ = 0.
(2) Perform one LB-step on the coarse grid to get U' and V'. The inflow
value on the coarse grid at the intersection is missing.
(3) Interpolate the outflow values on the coarse grid to the intermediate times
t=1/4,t=1/2 and t = 3/4:
coarse - fine

k/4 _
Up_1y2 Ui_1ya = Urlyye k=1,2,3,
fine - coarse
VO L VA, = VY k=1,2,3
1+1/20 Vit1/2 1+1/2° ,2,3.

(4) Perform four LB-steps on the fine grid. Determine the inflow values on
fine grid in each step:
coarse - fine

k/4 k/4 k/4 k)4 k/4 B
Ur_3/4 = = (v;” 3/a T “171/4)/3 + 4U; 1/2/3 Uy F=12,3,4
fine - coarse

k/4 k/4 k/4 k/4 k)4
ol = DB avl =l k=1,2,3.4

(5) Update the unknown inflow value on the coarse grid:
coarse - fine

V11—1/2 = 2(”}—3/4 + ”}—1/4)/3 - U11—1/2/3a

fine - coarse

U}+1/2 = 2(u}+1/4 + u}+3/4)/3 - V11+1/2/3.

LB-algorithm for double overlapping CC grid intersections:

See Figure 8.2(b). The intersection point is 27_1 /2. Extend the fine grid into the
coarse grid.

(1) Let the solutions U°, vV on the coarse grid, and u®, v° on the fine grid
be given for the time ¢ = 0.
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(2) Perform one LB-step on the coarse grid to get U', V', The inflow value
on the coarse grid at the intersection is missing.
(3) Restrict to the inner value x;_s/5 (coarse - fine) or 27,3/, (fine - coarse)

of the coarse grid.
(4) Interpolate the macroscopic quantities R°, J° and and R', J! to the in-

termediate times ¢t = 1/4, t = 1/2 and ¢ = 3/4:
coarse - fine

k/4
R?—S/Q’ R}—3/2 - R[ 3/2 k=1,2,3,

= Il k=123,

0 1
J173/27 J173/2
fine - coarse

- R1+3/27

/4 _
= Jil, k=123

R} k=1,2,3,

Ry 1+3/2

143/2°
J?+3/27 J}+3/2
(5) Perform four LB-steps on the fine grid. Determine the inflow value on the

fine grid in each step by using the

i) density intersection conditions
coarse - fine

k/4 k/4 k/4 ez RH/A _
(uplgyy T orlgpatugls )y +orl50)/2= Ry, kB=1,2,3,4,

fine - coarse

k/4 /A k/4 /A _ g/ B
(uf-l-f’)/ﬁl+ I+5/4+ul+7/4 I+7/4)/2 I+3/27 k= 17273743

ii) flux intersection condition
coarse - fine

kA k4 k/4 k/4 gk/4 B
(uplryy = vilgpatugls )y —vile ) /2= Jr g 0/2, K =1,2,3,4,

fine - coarse

k/4 k/4 /A k/4 _ gk B
(urisya = Viysya T U rs = Vikra) /2= Jris0/2, k=1,2,3,4,

iii) inflow intersection conditions
coarse - fine

k/4 k/4 _ pk/a k/4 _
(up_gy tugs ) /2= Rilg)0/2+ T g 0/4  k=1,2,3,4,

fine - coarse

k/4 7z _ phi /4 B
(Vihsja Uik /2= Rily)n/2 = Jrig)n/4 kK =1,2,3,4.

(6) Determine the inflow value on the coarse grid by the inner information of
fine grid by using the
i) density intersection conditions
coarse - fine

U11—1/2 + V11—1/2 = (u}_3/4 + 7’}—3/4 + u}_1/4 + U}—1/4)/27

fine - coarse

UI1+1/2 + V11+1/2 = (“}4-1/4 + U}+1/4 + “}+3/4 + ”}4-3/4)/2’
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ii) flux intersection conditions
coarse - fine

1 1 _ .1 1 1 1
U171/2 - V171/2 =Up_g/4 — V7374 TUT_1/4 — V1_1/4>

fine - coarse

1 1 1 o1 1 o1
Urtiyo = Vig1o = Urpija = Vip1ja T Upgsa = Vigs/a

iii) inflow intersection conditions
coarse - fine

U1171/2 = (r}73/4 + 7”}71/4)/4 + (j}73/4 +j}71/4)/2»

fine - coarse

V11+1/2 = (T}+1/4 + T}+3/4)/4 - (j}+1/4 +j}+3/4)/2v

iv) update the inflow and outflow values on the coarse grid by taking
U1171/2 = (T}73/4 + 7“}71/4)/4 + (j1173/4 + j1171/4)/2 and V11+1/2 =
1 1 1 1
(T1+1/4 + 7”1+3/4)/4 - (JI+1/4 + 31+3/4)/2~
In both proposed algorithms we use linear time interpolations at the intersec-
tion.

8.5. Numerical Results

For the investigation of the performance of the proposed grid coupling algo-
rithms, we consider Example 7 given by the eigenfunction solution

r(t, x) = eVt sin(mz) in (0,7] x (0,1),

with the data v = 0.1 and 7' = 0.2. The interval (0,1) is divided at the intersection
point zy = 0.5. At the left hand side (0, x) of the interval (0,1) we define a coarse
grid with grid size h, and on the right hand side (z,1) we define a fine grid with
grid size h/2. The grids are overlapping in the single or double sense as displayed
in Figure 8.1 and Figure 8.2. On both grids we examine the experimental orders
of convergence (EOC) for the nodal L?-errors and the approximated L?-errors. We
use a grid sequence with N = 50, 134, 217, 300 and the relaxation parameter
w = 0.7 in combination with density boundary conditions for the left boundary of
the coarse grid and the right boundary of the fine grid. At the intersection point
z; = 0.5 we employ the proposed intersection conditions. For single overlapping
grids we use the continuity condition for the macroscopic quantities. For double
overlapping grids we combine the density, flux or inflow intersection conditions for
the fine grid with the density, flux, inflow or update intersection conditions for the
coarse grid. The errors on the coarse and the fine grid are computed independently.

In nearly all of the examined situations the EOCs show the expected behavior,
that is, we find second order convergence for the density and third order conver-
gence for the h-scaled flux with respect to the nodal L?-errors and the approxi-
mated L2-errors. Only for the CCFV lattice Boltzmann schemes (5.4) with density
intersection conditions we obtain weak performance. The results for the EOCs are
displayed in Tables 8.1 - 8.4. In Table 8.1 the results are listed for the VCFD lattice
Boltzmann schemes (5.1) depending on several intersection conditions. Table 8.2
contains the results for the CCFD schemes (5.2). The corresponding results for the
VCFV lattice Boltzmann schemes (5.3) and the CCFV lattice Boltzmann schemes
(5.4) are presented in Table 8.3 and in Table 8.4.

Further investigations show that the maintenance of the EOCs is not the deci-
sive criterion for the performance of the grid coupling algorithms. Computational
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Nodal L2-errors Approximated L2-errors

Coarse Grid Fine Grid Coarse Grid Fine Grid

Density ‘ Flux | Density ‘ Flux || Density ‘ Flux | Density ‘ Flux

Single overlap with continuity intersection conditions

198 [3.00] 1.98 [3.00] 200 [300] 201 [3.00

Double overlap with density/density intersection conditions

198 [3.02] 199 [3.00] 200 [3.00][] 201 [299

Double overlap with flux/flux intersection conditions

199 [3.00] 204 [301] 201 [3.00] 201 [3.02

Double overlap with inflow/inflow intersection conditions

197 [300] 198 [299 ] 200 [3.00][] 201 [299

Double overlap with density/update intersection conditions

198 [3.00] 1.99 [3.00] 200 [3.00][] 201 [299

Double overlap with flux/update intersection conditions

194 [300] 189 [299] 200 [3.00] 202 [298

Double overlap with inflow/update intersection conditions

197 [3.00] 196 [299 ] 201 [300] 202 [299

TABLE 8.1. Example 7: Experimental orders of convergence on
coupled VCFD grids. Intersection point is z; = 0.5 with data
v =0.1,T = 0.2, w = 0.7 and grid sequences with N = 50, 134,
217, 300 with respect to the nonrefined grid.

Nodal L?-errors Approximated L?-errors

Coarse Grid Fine Grid Coarse Grid Fine Grid

Density ‘ Flux | Density ‘ Flux || Density ‘ Flux | Density ‘ Flux

Single overlap with continuity intersection conditions

206 [3.00] 1.99 [299 ] 201 [301] 203 [299

Double overlap with density/density intersection conditions

2.06 [3.00] 200 [299] 201 [301] 203 [299

Double overlap with flux/flux intersection conditions

1.98 [3.00] 207 [3.02] 201 [300] 202 [304

Double overlap with inflow /inflow intersection conditions

2.08 [3.00] 200 [298] 201 [301] 203 [298

Double overlap with density/update intersection conditions

2.06 [3.00] 200 [299] 201 [301] 203 [299

Double overlap with flux/update intersection conditions

214 [3.00] 1.96 [297 ] 202 [300] 205 [296

Double overlap with inflow/update intersection conditions

200 [3.00] 1.99 [298 ] 201 [300] 204 [298

TABLE 8.2. Example 7: Experimental orders of convergence on
coupled CCFD grids. Intersection point is z; = 0.5 with data
v=0.1,T = 0.2, w = 0.7 and grid sequences with N = 50, 134,
217, 300 with respect to the nonrefined grid.
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Nodal L2-errors Approximated L2-errors

Coarse Grid Fine Grid Coarse Grid Fine Grid

Density ‘ Flux | Density ‘ Flux || Density ‘ Flux | Density ‘ Flux

Single overlap with continuity intersection conditions

2.00 [3.00] 200 [3.00] 200 [300] 200 [3.00

Double overlap with density/density intersection conditions

199 [3.00] 201 [3.00] 200 [300] 201 [3.01

Double overlap with flux/flux intersection conditions

2.00 [3.00] 202 [301] 200 [300] 201 [3.02

Double overlap with inflow/inflow intersection conditions

2.00 [3.00] 202 [301] 200 [300] 201 [3.02

Double overlap with density/update intersection conditions

2.00 [3.00] 201 [301] 200 [300] 201 [3.01

Double overlap with flux/update intersection conditions

200 [3.00 [ 202 [3.01] 201 [300] 201 [3.02

Double overlap with inflow/update intersection conditions

2.00 [3.00] 201 [301] 200 [300] 201 [3.01

TABLE 8.3. Example 7: Experimental orders of convergence on
coupled VCFV grids. Intersection point is z; = 0.5 with data
v =0.1,T =0.2, w = 0.7 and grid sequences with N = 50, 134,
217, 300 with respect to the nonrefined grid.

Nodal L?-errors Approximated L?-errors

Coarse Grid Fine Grid Coarse Grid Fine Grid

Density ‘ Flux | Density ‘ Flux || Density ‘ Flux | Density ‘ Flux

Single overlap with continuity intersection conditions

200 [3.00[ 1.99 [312] 201 [300] 201 |31l

Double overlap with density/density intersection conditions

200 [3.02] 099 [1.87] 200 [303] 1.02 | 187

Double overlap with flux/flux intersection conditions

200 [3.00[ 203 [3.02] 201 [300] 203 |3.04

Double overlap with inflow /inflow intersection conditions

2.00 [3.00] 200 [296[ 200 [301] 202 [297

Double overlap with density/update intersection conditions

200 [3.00] 099 [1.87 [ 200 [301] 102 [187

Double overlap with flux/update intersection conditions

2.01 [3.00] 205 [300] 201 [300] 203 [3.01

Double overlap with inflow/update intersection conditions

2.00 [3.00] 200 [296] 200 [301] 201 [296

TABLE 8.4. Example 7: Experimental orders of convergence on

coupled CCFV grids. Intersection point is z; = 0.5 with data

v=0.1,T = 0.2, w = 0.7 and grid sequences with N = 50, 134,
217, 300 with respect to the nonrefined grid.

169
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Nodal L2-errors
Coarse Grid Fine Grid Ratios
leallS | llesl§ | llerlly | lesl | llerl/lerl | lleslS /llesls
Single overlap with continuity intersection conditions
3.49e-6 | 1.75e-6 [ 1.71e-6 | 2.29¢-7 | 2.04 \ 7.66
Double overlap with density/density intersection conditions
3.47e-6 | 1.75e-6 [ 1.74e-6 | 2.26e-7 | 1.99 \ 7.75
Double overlap with flux/flux intersection conditions
6.75¢-6 | 1.83¢-6 [ 2.39¢-6 | 2.14e-7 | 2.83 \ 8.52
Double overlap with inflow/inflow intersection conditions
3.44e-6 | 1.75e-6 [ 1.69¢-6 | 2.26e-7 | 2.03 \ 7.76
Double overlap with density/update intersection conditions
3.46¢-6 | 1.75¢-6 [ 1.73e-6 | 2.26¢-7 | 2.00 \ 7.75
Double overlap with flux/update intersection conditions
3.23¢-6 | 1.75¢-6 | 1.45¢-6 | 2.23¢-7 | 2.23 \ 7.84
Double overlap with inflow /update intersection conditions
3.38¢-6 | 1.75¢-6 [ 1.63e-6 | 2.25¢-7 | 2.07 \ 7.78

TABLE 8.5. Example 7: Ratio of the nodal L?-errors on the cou-
pled coarse and fine VCFD grids.

advantages can only be achieved, if the errors on the fine grid decrease as implied
by the convergence orders. Since our test solution is symmetric with respect to the
grid intersection, we expect in the optimal case that the errors in the density are
smaller by a factor of four on the fine grid and the errors for the h-scaled flux are
smaller by a factor of eight. Otherwise, the additional expense for the computation
of the solutions on coupled grids is not justified.

Expressed in formulas, we wish for

lerlly _,  lleslls _
2 —4, 2 —3,
lerll5 lesllz
Here, || -||S denotes the norm on the coarse grid and || - || denotes the norm on the

fine grid. We consider the nodal L?-norms, as well as the approximated L?-norms.

The nodal L2-errors for the solutions of the VCFD lattice Boltzmann schemes
are displayed in Table 8.5 depending on the intersection conditions. While the
errors of the h-scaled flux nearly show the expected ratio, the errors for the density
only render a ratio of approximately two.

The reason for this unsatisfactory behavior is founded in the nonlocal nature of
the errors. In Figure 8.5 the errors on the uniform grid are displayed. The largest
error for the density is attained in the intersection point x;. Hence, for the refined
grid the error on the fine grid is coupled to the error on the coarse grid; see Figure
8.6. The decay of the error on the fine grid is restricted. A better result is attained
for the flux, because the flux error has a zero at the intersection point and hence the
errors are decoupled to some extent. In the error plots for the flux we use the grid
independent scaling (U — V') /h, such that these are the errors for the macroscopic
quantity that approximates d,r up to a constant.

In Table 8.6 we examine the behavior of the approximated L2-errors for the
VCFD lattice Boltzmann solutions. It is quite astonishing that the approximated
L2-errors for the density show the right decay on the finer grid. In order to clarify
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FI1GURE 8.5. Example 7: Nodal errors on a uniform grid for N = 100.
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FIGURE 8.6. Example 7: Nodal errors on coupled grids.

Approximated L2-errors

Coarse Grid Fine Grid Ratios

leallS | llesl§ | llerlly | lesl | llerl /llerl | lleslS /llesls

Single overlap with continuity intersection conditions

4.95¢-5 | 8.41e-7 [ 1.17e-5 | 1.14e-7 | 4.23 \ 7.37

Double overlap with density/density intersection conditions

4.95¢-5 | 8.41e-7 [ 1.18e-5 | 1.13e-7 | 4.20 \ 7.45

Double overlap with flux/flux intersection conditions

4.69e-5 | 9.11e-7 [ 1.48e-5 [ 1.26e-7 | 3.17 \ 7.24

Double overlap with inflow /inflow intersection conditions

4.95e-5 | 8.40e-7 [ 1.18e-5 [ 1.12¢-7 | 4.19 \ 7.48

Double overlap with density/update intersection conditions

4.95e-5 | 8.40e-7 [ 1.18e-5 [ 1.13e-7 | 4.19 \ 7.46

Double overlap with flux/update intersection conditions

4.97e-5 | 8.37e-7 [ 1.20e-5 [ 1.09¢-7 | 4.14 \ 7.64

Double overlap with inflow /update intersection conditions

4.96¢-5 | 8.39e-7 [ 1.19e-5 | 1.12¢-7 | 4.17 \ 7.52

TABLE 8.6. Example 7: Ratio of the approximated L?-errors on
the coupled coarse and fine VCFD grids.
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= Interpolated density errors - Interpolated flux errors
2x 10 i i i i 4x 10 i i i i
0 3
2
l|
Y
_4, G .........
b \
° \l‘
-l ‘l
s Ll
% 02 0.4 06 08 1 b 02 0.4 06 08 1
x x

FIGURE 8.7. Example 7: Interpolated errors on a uniform grid for

N =100.
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Ficure 8.8. Example 7: Interpolated errors on coupled grids.

this result, we regard the interpolated errors of this problem. In Figure 8.7 the in-

terpolated errors on a uniform grid are displayed. Figure 8.8 shows the interpolated

errors on the coupled grids. The decay of the errors on the finer grid is pronounced.
In Example 8, we consider the eigenfunction solution

r(t,z) == e ™ teos(rz) in (0,T] x (0,1),

with the data v = 0.1 and 7" = 0.2. This solution has a zero at the intersection
point and hence, a zero is expected for the density error at the intersection point
due to the symmetry of the problem. This fact should be expressed in a better
error decay for the density on the coupled grids. A worse performance is expected
for the flux error. The nodal errors on the uniform grid are depicted in Figure 8.9,
the nodal errors on the coupled grids can be found in Figure 8.10. The solutions are
computed with the density intersection conditions that do not ensure continuity of
the flux. Hence, the flux error shows a jump at the intersection.

In Figure 8.11 we examine the interpolated errors for the VCFD lattice Boltz-
mann solutions on a uniform grid. In Figure 8.12 the interpolated errors on the
coupled grids are displayed.

The behavior of the nodal L?-errors on the coupled grids is listed in Table
8.7. Only for the density/density intersection conditions the optimal results can
be achieved. Better results are obtained for the approximated L?-errors; see Table
8.8. The nodal errors with respect to different intersection conditions are displayed
in the Figures 8.13 - 8.19. For the continuity intersection conditions on single over-
lapping grids, the maximal density error is attained in the intersection point; see
Figure 8.13. For the flux error there is only a slight improvement on the finer grid.
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FI1GURE 8.9. Example 8: Nodal errors on a uniform grid for N = 100.
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FicURE 8.10. Example 8: Nodal errors on coupled grids.
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FicUre 8.11. Example 8: Interpolated errors on the uniform grid.

These results are quite unsatisfactory. The same has to be said for the flux/flux
intersection conditions on double overlapping grids; see Figure 8.15. A marginal
improvement for the density errors can be found in the case of the inflow/inflow
intersection conditions in Figure 8.16. By far the best results are obtained for the
density/density intersection conditions on double-overlapping grids in Figure 8.14.
The density/update intersection conditions in Figure 8.17, the flux/update inter-
section conditions in Figure 8.18 and the density /update intersection conditions in
Figure 8.19 do also not render convincing results. Hence, the favored choice are
the density/density intersection conditions on double overlapping VC grids. All of
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FIGURE 8.12. Example 8: Interpolated errors on coupled grids.

Nodal L2-errors
Coarse Grid Fine Grid Ratios
lerllS | leslS | llerll | llesls | llerlS /llerll | lleslS /les§
Single overlap with continuity intersection conditions
9.60e-6 | 1.35¢-6 [ 7.92¢-6 | 4.18¢-7 | 1.21 \ 3.23
Double overlap with density/density intersection conditions
2.75e-6 | 1.72e-6 [ 6.47e-T | 2.26e-7 | 4.24 \ 7.59
Double overlap with flux/flux intersection conditions
9.94¢-6 | 1.34¢-6 [ 8.10e-6 | 4.21¢-7 | 1.23 \ 3.18
Double overlap with inflow/inflow intersection conditions
6.12¢-6 | 1.52e-6 [ 4.22¢-6 | 3.26¢-7 | 1.45 \ 4.66
Double overlap with density/update intersection conditions
3.19e-6 | 1.84e-6 | 3.18¢-6 [ 1.55¢-7 | 1.00 | 1187
Double overlap with flux/update intersection conditions
9.58¢-6 | 1.35¢-6 | 8.43¢-6 [ 4.28¢-7 | 1.14 \ 3.16
Double overlap with inflow/update intersection conditions
2.93e-6 | 1.67¢-6 | 9.57e-7 [ 2.42¢-7 | 3.07 \ 6.89

TABLE 8.7. Example 8: Ratio of the nodal L?-errors on the cou-
pled coarse and fine VCFD grids.

the results remain unchanged, if we consider quadratic time interpolation instead
of linear time interpolation. Hence there is no need for this additional effort.

The examination of the grid coupling algorithms for the VCFV lattice Boltz-
mann scheme (5.3) leads to similar results as for the VCFD lattice Boltzmann
scheme (5.1) that has been considered so far. Example 7 serves as the test prob-
lem. The results for the decay of the nodal L?-errors can be found in Table 8.9.
The density errors decay by a factor of two, whereas the flux errors decay by a
factor of eight. For the approximated L2-errors we only find a decay of the density
errors by a factor of three; see Table 8.10. In comparison to the results in Table
8.6 for VCFD grids, this is a deterioration.

The performance of the grid coupling algorithms on CC grids turns out to be
insufficient. This has to be attributed to the additional spatial interpolations. The
results for the nodal and the approximated L2-errors on CCFD grids are presented
in Table 8.11 and in Table 8.12. The nodal L?-errors for the density on the fine
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Approximated L2-errors
Coarse Grid Fine Grid Ratios
leallS | llesl§ | llerlly | lesl | llerl/lerl | lleslS /llesls
Single overlap with continuity intersection conditions
4.90e-5 | 5.86e-7 [ 1.66e-5 | 2.93e-7 | 2.93 \ 2.00
Double overlap with density/density intersection conditions
5.04e-5 [ 8.18e-7 [ 1.25¢-5 | 1.11e-7 | 4.02 \ 7.38
Double overlap with flux/flux intersection conditions
4.90e-5 | 5.60e-7 [ 1.65e-5 | 2.96e-7 | 2.98 \ 1.96
Double overlap with inflow/inflow intersection conditions
4.95e-5 | 6.74e-7 [ 1.41e-5 | 2.03e-7 | 3.50 \ 3.35
Double overlap with density/update intersection conditions
5.13¢-5 | 9.35¢-7 [ 1.21e-5 | 6.92¢-8 | 4.23 | 1351
Double overlap with flux/update intersection conditions
4.90e-5 | 5.86e-7 | 1.67e-5 | 3.02¢-7 | 2.94 \ 1.94
Double overlap with inflow /update intersection conditions
5.03¢-5 | 7.94e-7 [ 1.27e-5 | 1.24e-7 | 3.95 \ 6.39

TABLE 8.8. Example 8: Ratio of the approximated L?-errors on
the coupled coarse and fine VCFD grids.
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FIGURE 8.13. Example 8: Nodal errors on single overlapping
VCFD grids with continuity intersection conditions.
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FicURE 8.14. Example 8: Nodal errors on double overlapping
VCFD grids with density/density intersection conditions.
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FiGURE 8.15. Example 8: Nodal errors on double overlapping
grids with flux/flux intersection conditions.
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FIGURE 8.16. Example 8: Nodal errors on double overlapping
grids with inflow/inflow intersection conditions.
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FiGURE 8.17. Example 8: Nodal errors on double overlapping
grids with density /update intersection conditions.

grid are larger than those on the coarse grid. The approximated L2?-errors for the
flux do not render the expected results.

The situation is a little bit improved for the coupled CCFV grids. The results
for the nodal and the approximated L2-errors are listed in the Table 8.13 and in
Table 8.14.

The application of quadratic or cubic data interpolation in space at the inter-
section does not render improved results.
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FiGURE 8.18. Example 8: Nodal errors on double overlapping
grids with flux/update intersection conditions.
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FicURE 8.19. Example 8: Nodal errors on double overlapping
grids with inflow/update intersection conditions.

Nodal L2-errors

Coarse Grid Fine Grid Ratios

lerllS | lesllS | llerllE | llesls | llerlS /llerll | lleslS /les1§

Single overlap with continuity intersection conditions

2.82e-6 \ 2.50e-6 \ 1.35e-5 \ 3.02e-7 \ 2.09 \ 8.27
Double overlap with density/density intersection conditions
2.79e-6 \ 2.50e-6 \ 1.37e-5 \ 3.14e-7 \ 2.04 \ 7.99
Double overlap with flux/flux intersection conditions
2.95e-6 | 2.45e-6 [ 1.24e-5 | 2.90e-7 | 2.39 \ 8.47
Double overlap with inflow/inflow intersection conditions
2.81e-6 | 2.50e-6 [ 1.38e-5 | 3.07e-7 | 2.03 \ 8.16
Double overlap with density /update intersection conditions
2.80e-6 \ 2.51e-6 \ 1.37e-5 \ 3.14e-7 \ 2.04 \ 8.00
Double overlap with flux/update intersection conditions
2.81e-6 \ 2.50e-6 \ 1.39e-5 \ 3.07e-7 \ 2.02 \ 8.14
Double overlap with inflow/update intersection conditions
2.80e-6 | 2.50e-6 [ 1.38e-5 | 3.06e-7 | 2.04 \ 8.18

TABLE 8.9. Example 7: Ratio of the nodal L2-errors on the cou-
pled coarse and fine VCFV grids.

177



178 8. LATTICE BOLTZMANN METHODS ON COUPLED GRIDS

Approximated L2-errors
Coarse Grid Fine Grid Ratios
leallS | llesl§ | llerlly | lesl | llerl/lerl | lleslS /llesls
Single overlap with continuity intersection conditions
7.98¢-5 | 1.52¢-6 | 2.59¢-5 [ 2.16e-7 | 3.08 \ 7.04
Double overlap with density/density intersection conditions
7.96e-5 [ 1.53e-6 | 2.62¢-5 | 2.24e-7 | 3.04 \ 6.81
Double overlap with flux/flux intersection conditions
8.12e-5 [ 1.47e-6 [ 2.51e-5 | 1.91e-7 | 3.24 \ 7.66
Double overlap with inflow/inflow intersection conditions
7.97e-5 [ 1.52e-6 | 2.63e-5 | 2.23e-7 | 3.02 \ 6.82
Double overlap with density/update intersection conditions
7.96¢-5 | 1.53¢-6 | 2.62¢-5 [ 2.24e-7 | 3.03 \ 6.81
Double overlap with flux/update intersection conditions
7.98¢-5 | 1.52¢-6 | 2.64e-5 [ 2.24e-7 | 3.02 \ 6.78
Double overlap with inflow/update intersection conditions
7.97¢-5 | 1.52¢-6 | 2.63e-5 [ 2.23e-7 | 3.03 \ 6.86

TABLE 8.10. Ratio of the approximated L?-errors on the coupled
coarse and fine VCFV grids.

Nodal L2-errors
Coarse Grid Fine Grid Ratios
leallS | llesl§ | llerlly | lesl | llerl /lerls | lleslS /llesls
Single overlap with continuity intersection conditions
3.43e-6 | 1.64e-6 [ 7.37e-6 | 3.00e-7 | 0.46 \ 5.46
Double overlap with density/density intersection conditions
3.49¢-6 | 1.64e-6 | 7.56¢-6 | 2.98¢-7 | 0.46 \ 5.50
Double overlap with flux/flux intersection conditions
7.50e-6 | 1.85¢-6 | 3.59¢-6 [ 2.24e-7 | 2.09 \ 8.25
Double overlap with inflow/inflow intersection conditions
3.57c-6 | 1.64e-6 [ 7.47¢-6 | 2.96¢-7 | 0.48 \ 5.53
Double overlap with density/update intersection conditions
3.50e-6 | 1.64e-6 [ 7.53¢-6 | 2.98¢-7 | 0.46 \ 5.50
Double overlap with flux/update intersection conditions
4.05¢-6 | 1.63e-6 | 6.92¢-6 | 2.88¢-7 | 0.59 \ 5.65
Double overlap with inflow/update intersection conditions
3.69¢-6 | 1.64e-6 | 7.33e-6 | 2.95¢-7 | 0.50 \ 5.54

TABLE 8.11. Ratio of the nodal L?-errors on the coupled coarse
and fine CCFD grids.

8.6. Concentrated Errors

In the problems considered so far, the error functions had a global spread.
Hence, the solutions on coupled grids suffered from global pollution errors. A con-
siderable decay of the errors can only be expected, if the refined grids are adapted
to the error distributions. In the following, we consider a test problem, where the
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Approximated L2-errors
Coarse Grid Fine Grid Ratios
leallS | llesl§ | llerlly | lesl | llerl/lerl | lleslS /llesls
Single overlap with continuity intersection conditions
5.51e-5 | 7.81e-7 [ 8.11e-6 | 1.93¢-7 | 6.79 \ 4.04
Double overlap with density/density intersection conditions
5.52¢-5 | 7.79¢-7 [ 8.17e-6 | 1.93¢-7 | 6.75 \ 4.04
Double overlap with flux/flux intersection conditions
4.67e-5 | 9.45e-7 [ 1.60e-5 | 1.51e-7 | 2.93 \ 6.26
Double overlap with inflow/inflow intersection conditions
5.52e-5 | 7.79¢-7 [ 8.20e-6 | 1.91e-7 | 6.73 \ 4.08
Double overlap with density/update intersection conditions
5.52¢-5 | 7.78¢-7 [ 8.19¢-6 | 1.93¢-7 | 6.74 \ 4.03
Double overlap with flux/update intersection conditions
5.57e-b | 7.76e-7 | 8.47e-6 | 1.82¢-7 | 6.58 \ 4.25
Double overlap with inflow/update intersection conditions
5.53¢-5 | 7.77e-7 [ 8.28e-6 | 1.89¢-7 | 6.68 \ 4.10

TABLE 8.12. Ratio of the approximated L?-errors on the coupled
coarse and fine CCFD grids.

Nodal L2-errors
Coarse Grid Fine Grid Ratios
lewllS | llesl§ | llealls | llesll5 | llewllS/llealls | lleslS/lles 5
Single overlap with continuity intersection conditions
3.33¢-5 | 2.37e-6 [ 1.07e-5 | 1.94¢-6 | 3.12 \ 1.22
Double overlap with density/density intersection conditions
3.31e-5 | 2.40e-6 [ 1.12e-4 | 3.20e-5 | 0.30 \ 0.07
Double overlap with flux/flux intersection conditions
2.90e-5 | 2.48e-6 [ 1.36e-5 | 3.02¢-7 | 2.14 \ 8.20
Double overlap with inflow/inflow intersection conditions
3.33e-5 | 2.37e-6 | 1.55e-5 [ 1.54e-6 | 2.14 \ 1.54
Double overlap with density /update intersection conditions
3.30e-5 \ 2.38e-6 \ 1.12e-4 \ 3.20e-5 \ 0.30 \ 0.07
Double overlap with flux/update intersection conditions
3.37e-5 \ 2.36e-6 \ 8.83e-6 \ 3.14e-7 \ 3.82 \ 7.52
Double overlap with inflow/update intersection conditions
3.33e-5 \ 2.37e-6 \ 1.55e-5 \ 1.54e-6 \ 2.15 \ 1.54

TABLE 8.13. Ratio of the nodal L2-errors on the coupled coarse
and fine CCFV grids.

error is mainly located on the refined grid. The initial profile with a peak is depicted
in Figure 8.20.

The lattice Boltzmann solutions for the viscosity ¥ = 0.1 and the end time
T = 0.2 are plotted in Figure 8.21 on two uniform grids with NV = 50 and N = 100.
We use the VCFD lattice Boltzmann schemes (5.1) with vanishing density boundary
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Approximated L2-errors
Coarse Grid Fine Grid Ratios
leallS | llesl§ | llerlly | lesl | llerl/lerl | lleslS /llesls
Single overlap with continuity intersection conditions
8.57e-5 | 1.39e-6 | 2.15e-5 | 1.13e-6 | 3.98 \ 1.23
Double overlap with density/density intersection conditions
8.54e-5 | 1.41e-6 [ 6.82¢-5 | 1.86e-5 | 1.25 \ 7.58
Double overlap with flux/flux intersection conditions
8.14e-5 [ 1.50e-6 [ 2.64e-5 | 2.15e-7 | 3.08 \ 6.99
Double overlap with inflow/inflow intersection conditions
8.56e-5 | 1.39e-6 [ 2.27e-5 | 8.99e-7 | 3.77 \ 1.55
Double overlap with density/update intersection conditions
8.53¢-5 | 1.40e-6 | 6.82¢-5 | 1.86¢-5 | 1.25 \ 0.08
Double overlap with flux/update intersection conditions
8.61e-5 | 1.38e-6 [ 2.19¢-5 | 2.04e-7 | 3.93 \ 6.78
Double overlap with inflow /update intersection conditions
8.56¢-5 | 1.39e-6 [ 2.27e-5 | 8.98¢-7 | 3.77 \ 1.55

TABLE 8.14. Ratio of the approximated L?-errors on the coupled
coarse and fine CCFV grids.
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FiGure 8.20. Initial profile with a concentrated peak.

conditions and density intersection conditions on double overlapping grids. As
expected, in the case of nonsmooth data, the lattice Boltzmann solutions on the
coarse grid with N = 50 show obvious oscillations. The oscillations are considerably
smaller on the finer grid with N = 100.

We define the intersection point z; = 0.4 and introduce a coarse grid on the left
hand side with grid size h = 1/50. On the right hand side of the interval we define
a finer grid with h = 1/100. The lattice Boltzmann solutions on the coupled grids
are displayed in Figure 8.22. Even on the coarse grid no oscillations are observed
in the solutions.

In the domain of the coarse grid the error is expected to be small. The main
part of the error is located in the domain of the fine grid. As time advances, a
portion of the error is transported onto the coarse grid. The nodal errors of the
density and the flux on the coarse and on the fine grid are shown in Figure 8.23.
In addition, the errors on the uniform grid with N = 100 are displayed. The errors
are measured with respect to the lattice Boltzmann solution on a uniform grid with
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FIGURE 8.21. Lattice Boltzmann solutions for the concentrated
initial peak on uniform grids.
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FIGURE 8.22. Lattice Boltzmann solutions for the concentrated
initial peak on coupled grids with h = 1/50 and h = 1/100.
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FIGURE 8.23. Errors of the lattice Boltzmann solutions for the
concentrated initial peak on coupled grids.

N = 3200 that is viewed as a proper approximation of the exact solution. The
nodal errors on the fine grid exhibit oscillations. The errors on the uniform grid are
envelopes to the errors on the fine grid. In this sense, the solutions on the coupled
grids render the optimal results. The error in the flux on the coarse grid is slightly
amplified in comparison to the one on the fine grid.
In reasonable applications, the local refinements of the grid have to be adapted
to the distribution of the errors. The grid intersections have to be kept away from
the maxima of the errors in order to avoid amplifications of the errors. However,
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Occupation pattern
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FIGURE 8.24. Occupation pattern for the time evolution matrix
on double overlapping VCFD grids with density intersection con-
ditions.

this procedure requires knowledge of the structure of the errors. For most of the
problems, this knowledge can only be gained by a posteriori error estimation tech-
niques that are not yet available in the context of lattice Boltzmann methods.

8.7. The Time Evolution Operator on Coupled Grids

On the examined coupled grids, one lattice Boltzmann step on the coarse grid
requires four lattice Boltzmann steps on the fine grid. The data have to be ex-
changed via interpolation steps. In the matrix formulation for the RJ-systems,
these steps can be combined and rewritten as a single matrix operation. The occu-
pation pattern of the time evolution matrix for the coupling of double overlapping
VCFD grids with density intersection conditions is depicted in Figure 8.24. The
nonsymmetric entries stem from the interpolation steps and the data exchange at
the intersection.

By using the MATLAB®-routine eig, we examine the eigenvectors of the time
evolution operator for double overlapping VCFD grids with density intersection
conditions. In the following figures the density component and the flux component
of the eigenvectors are plotted on the coarse and on the fine grid. For eigenvalues
close to 1, we find low-frequency eigenvectors with a global spread; see Figure 8.25.
For increasing frequencies the eigenvalues decay as expected.

Furthermore, we discover low-frequency eigenvectors that only live on the finer
grid without any interference onto the coarse grid. In Figure 8.26 one can see
that these eigenvectors have vanishing values in the grid points that stem from the
unrefined grid. This structure enables the handling of additional information on
the finer grid, which finds expression in the improved convergence on the coupled
grids.

On the coarse grid low-frequency eigenvectors can be found with eigenvalues
close to 1 —2w; see Figure 8.27. For a relaxation parameter w > 1/2, this fact leads
to fast-decaying oscillations with respect to time.
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FIGURE 8.25. Low-frequency eigenvector on the global grid for an
eigenvalue < 1.
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FIGURE 8.26. Low-frequency eigenvector on the fine grid for an
eigenvalue < 1 with vanishing values in the global grid points.
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FIGURE 8.27. Low-frequency eigenvector on the coarse grid with
an eigenvalue ~ 1 — 2w.

High-frequency eigenvectors on the coarse grid can be found with eigenvalues
close to —1. These eigenvectors are responsible for the oscillations of the solutions
for nonsmooth data.

The high-frequnecy oscillations on the fine grid are furnished with eigenvalues
close to (2w —1)2. Hence, these eigenvectors are decaying very fast and do not give
rise to spurious oscillations with respect to time.

Not all of the eigenvectors show a global behavior or are simply restricted to
the coarse or the fine grid. We also find eigenvectors with interferences between the
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FiGURE 8.28. Highly oscillating eigenvector on the coarse grid
with an eigenvalue 2 —1.
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F1GURE 8.29. Highly oscillating eigenvector on the fine grid with
an eigenvalue ~ (2w — 1)2.
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F1GURE 8.30. Eigenvector on the fine grid with transmission to
the coarse grid with an eigenvalue < 2w — 1.

coupled grids. In Figure 8.30 one of these eigenvectors is plotted. The corresponding
eigenvalue is close to 2w — 1.

8.8. LB-Algorithms on a Hierarchy of Refinement Zones

In the applications it may be required to use nested grids with multiple refine-
ment zones, where the basis is a uniform grid with grid size h¢e. Let the interval €
be divided into K subintervals 2;, ¢ = 1,..., K. Each subinterval ; is uniformly
discretized with the grid size h; and contains at least eight nodes. The grid sizes
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have to be of the form h; = h“27Pi  where p; gives the refinement level of the
subinterval €;, p; = 0,1,2,..., and hC is the grid size of the coarsest level with
p; = 0. Neighboring subintervals are allowed to differ by one level only. The lattice
Boltzmann algorithm on this hierarchy of grids can be described as follows:

Let the initial density 7, be given. Define the local fluxes ji := —h;0,7,/(2w) in
Q; fori =1,..., K. Compute the local distribution functions u{ and v} by
| .
uf)::i(ro—kjé), i=1,..., K,
i1 i .
”0:25(7’0 —Jo), it=1,...,K.

The algorithm on the hierarchy of grids then reads:

LB-Algorithm on a hierarchy of refinements:

i) Start on the intervals €; of the coarsest level with p; = 0.
ii) Perform one LB-step on all intervals of this level. Interpolate the outflow
values at the intersections to the neighboring finer grid in time.
iii) Goto the next finer level.
iv) Repeat ii) and iii) until the finest level is reached.
v) Perform four LB-steps on the finest level. Compute the missing inflow
values at the intersections by fitting the interpolated values.
vi) Goto the next coarser level. Fit the missing inflow values with the infor-
mation from the finer grid.
vii) Do one LB-step on all intervals of this level and check:

e If the number of the total LB-steps done on this level is not divisible
by four, then interpolate the data at the intersections and goto the
next finer level (if finer level exists, otherwise stay and proceed).

e If the number of the total LB-steps done on this level is divisible by
four, then goto the next coarser level and fit the missing inflow values
on the coarse grid.

viii) Repeat vii) until the coarsest level is reached again. Then goto i).

8.9. Efficiency of Local Refinements

In this closing section we want to examine the efficiency of local refinements
with respect to the premise of optimal decay of the errors on the refined grids.

We assume that the error is uniformly distributed in the interval © up to a
small domain 2, with relative width p, where the error is amplified by a factor of
f. The total operating expense on a uniform grid with N grid points and the grid
size h is given by Ag = C N3 with a constant C, due to the prescribed space-time
coupling. For a globally uniform error distribution, the domain 2,, has to be refined
with a grid size 27Ph for a p € N, where staggered grids have to be used. For the
uniform error distribution, we require f = 4? in the optimal case which leads to a
condition for p. The additional computational expense is A, = Cu8°N?® = u8P Ay.
Hence, the total expense for the local refinement is given by

A= (1—p)Ag+ A, = (1+u8)Ag = (1 + pf>?)Ao.

On a uniformly refined grid, the total effort would be 87 Aj to achieve the same
local error. Hence, the local refinement reduces the total effort by a factor of
approximately p. For an adequate performance of the adaptive algorithm s f3/? =
O(1) is required. The effect for the applications is that only refinements about
points should be used.

In the d-dimensional case with d € {2,3} we consider a rectangle or a cuboid
), with relative edge lengths p;, i = 1,...,d, and volume V,, := H‘Ll i In Q
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the local error is assumed to be amplified by a factor of f. A local refinement on
1, with grid size 27Ph leads to a decay of the local error by a factor of 4”. The
total operating expense on a uniform grid with N gridpoints in each dimension is
Ay = CN*t4, The additional effort needed to achieve a globally uniform error
distribution by applying local grid refinement is A,, = 22+9PV, Ag = f1+4/2V, A,
Hence we gain the total effort

A=1=V)Ao+ A, = 1+ V204D Ay = (1 4V, f1F2) 4.

On a uniformly refined grid, the total effort would be 22+#P A; to achieve the same
local error. Hence, the total effort is reduced by a factor of approximately V|, by
applying local refinement in €,. Therefore, appropriate choices are refinements
about lines or planes, where V), tends to zero.



Summary and Outlook

The topic of this work was the study of lattice Boltzmann methods for a one-
dimensional model problem. The analytical examinations were basically split into
three major parts.

In the first part, we considered the fluid-dynamic limit equation of the model
problem, namely the heat equation on a bounded interval subject to several types
of boundary conditions. We gave results on the classical and on the weak existence
theory. Furthermore, we proved a priori estimates for the solutions in terms of
energy estimates and by following the concept of Fourier solutions. Special care
was taken on the regularity of the solutions and the necessary assumptions on the
data.

In the second part, the interface between the fluid-dynamic limit equation and
the discrete lattice Boltzmann equations was set up by the velocity discrete system.
For our model problem, this is the Goldstein-Taylor model which forms a hyperbolic
advection system. The parabolic limit of this advection system was worked out by
the transformations to singularly perturbed telegraph equations. The presented
Fourier solutions clarified the passage from the hyperbolic nature to the parabolic
nature. A priori estimates for the solutions were given in terms of energy estimates.
With the aid of the a priori estimates we proved convergence of the solutions of
the advection system towards solutions of the heat equation in second order with
respect to the scaling factor that corresponds to the Knudsen number and the Mach
number.

In the third and major part, we derived the lattice Boltzmann schemes as
discretizations of the advection system in the diffusion scaling and performed a
detailed numerical analysis including numerical experiments. The equations were
discretized in a finite difference and in a finite volume context, following the char-
acteristic directions on vertex centered and cell centered grids. An extensive list of
boundary conditions was proposed.

For a given viscosity, the lattice Boltzmann schemes are endowed with a pre-
scribed coupling of the time step 7 and the grid size h of the form 7 = h%. Beside
the number N of grid points, the only free quantity to choose is the relaxation
parameter w of the collision term. The choice of w has a direct influence on the
distribution of the eigenvalues of the time evolution matrix. However, there is no
possibility to keep the eigenvalues away from the value —1, which turned out to be
unfavorable in the case of nonsmooth data.

A discrete Fourier analysis of the time evolution matrices in several boundary
situations was performed, which led to an insight into the structure of the discrete
solutions and the coupling of the flux and the density. A priori estimates for the
discrete solutions were found in the finite difference context. These estimates were
used to prove second order convergence of the lattice Boltzmann solutions towards
the solution of the heat equation in terms of the grid size h for a fixed end time.
Special attention was taken at the boundaries, where the residuals show decreased
consistency orders.
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The numerical results confirmed the obtained theoretical results. Second order
convergence was observed for the density and the flux for all presented boundary
conditions. The dependence on the parameters and the initial data was checked.
For vanishing source terms and a specific choice of the parameters, fourth order
convergence for the density was detected.

Oscillations in the lattice Boltzmann solutions were observed for nonsmooth
data. This behavior has to be attributed to the eigenvalues close to —1. In this
context, discretizations in connection with the explicit Euler method appeared to
be superior. Here, the space-time coupling has not to be kept at a fixed ratio.

For the application of nested grids, we provided several grid coupling algo-
rithms. On vertex centered grids, we obtained the desired improvements that enable
the reduction of the computational effort in the case of concentrated errors.

In future works, we have to face the question how our stability and convergence
results can be extended to nonlinear and multi-dimensional problems. As we have
seen, the convergence processes depend on the smoothness of the analytical solution.
But for the Navier-Stokes equations, the regularity of the solutions is an unsettled
problem.

Furthermore, the question has to be tackled how the lattice Boltzmann methods
can be included in a variational framework. An approach by Petrov-Galerkin finite
element methods would allow for a posteriori error estimation techniques that are
the basis for the introduction of adaptive methods. The space-time coupling and
the corresponding high computational costs require reductions.

A variational framework for Boltzmann-type equations with respect to veloci-
ties can be found for the semiconductor model in Ref. [46] and in Ref. [43]. Spec-
tral Galerkin methods employing Hermite polynomials up to arbitrary orders are
used and adaptive numerical implementations are introduced. The equations of
the Goldstein-Taylor model can be obtained from the semiconductor model by the
application of Gaussian quadrature formulas.

Another issue that has to be investigated in future works is the grid coupling
in the multi-dimensional case. In higher dimensions, the transformation of the
distribution functions and the macroscopic quantities do not form a closed sys-
tem. Furthermore, the requirement of overlapping grids is a challenge. For our
one-dimensional model problem, stability estimates and convergence proofs for the
coupled problem on nonuniform grids are still missing. With respect to our re-
sults, improved data interpolation formulas have to be found in the case of grid
coupling on cell centered grids. Spatial interpolations are also required in the
multi-dimensional case.

Grid coupling algorithms are proposed in Ref. [13] and Ref. [14]. In the two-
dimensional case, double overlapping grids are used, since the equilibrium distri-
butions are employed to determine the intersection conditions. Single overlapping
grids for a one-dimensional model with three velocities are the objective in Ref. [42].
Extensions are provided for the two-dimensional case.

The great advantage of lattice Boltzmann methods is its easy implementation
and the applicability to a great variety of problems. With few lines of code rea-
sonable solutions can be found, whereas standard procedures as the finite element
method applied to the classical fluid-dynamic equations require much more techni-
cal background.
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