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Preface

During the past two decades, the discontinuous Galerkin finite element method has be-
come increasingly popular as a robust and high order numerical method for the solution
of nonlinear partial differential equations of convective or convection-dominated char-
acter. Many advancements have been made in the theoretical analysis and practical
application of the discontinuous Galerkin method to real world problems establishing
the method as a competitive alternative to other approaches, especially the finite ele-
ment and finite volume methods.

This thesis aims to present results I obtained within the last six years of my research
dealing with the discontinuous Galerkin method. The main part of the thesis consists of
five papers, three of which deal with theoretical analysis of the discontinuous Galerkin
method, namely the derivation of a priori error estimates for various problems. These
are the papers [33], 23] and [34], in chronological order. The remaining two papers deal
with the numerical simulation of compressible fluid flow in time-dependent domains and
its interaction with rigid or elastic structures. These are the papers [10] and [26]. All
the papers upon which this thesis is based were published in foreign impacted journals
in the years 2010-2014.

The thesis itself consists of an introductory Chapter 1, where the discontinuous
Galerkin method is briefly introduced and the main ideas and contributions of the
individual papers are outlined. The main part of the thesis consists of the papers
themselves in the following order:

e Chapter 2: A priori optimal order L>°(L?)-error estimates are derived for the
discontinuous Galerkin method applied to a nonlinear convection-diffusion prob-
lem with nonlinear convection as well as diffusion using a nonlinear version of the
Aubin-Nitsche technique, [33].

e Chapter 3: A priori error estimates for the space-time discontinuous Galerkin
method applied to a convection-diffusion problem with linear diffusion are derived,
[23].

e Chapter 4: A priori error estimates are derived for the discontinuous Galerkin
method applied to a convection-diffusion problem that are uniform with respect
to the diffusion parameter ¢ — 0 and valid even in the purely convective case
e =0, [34].

e Chapter 5: The arbitrary Lagrangian-Eulerian method is used to numerically
solve compressible flow problems in time dependent domains using a semi-implicit
discontinuous Galerkin method, [10].

e Chapter 6: The arbitrary Lagrangian-Eulerian formulation of flow problems is
coupled with the equations of linear elasticity in order to simulate full fluid struc-
ture interaction, specifically a model problem for the simulation of voice formation
in human vocal folds, [26].

The presented papers are included in this thesis as they were published, with only
the text style being united to conform to the style of the thesis. Therefore each of
the chapters must be, to some extent, viewed as an individual self-contained entity,
otherwise various minor collisions of notation may occur due to the diversity of concepts
and techniques covered in this thesis.

I would like to thank all my collaborators and colleagues, especially Miloslav Feis-
tauer, Jaroslava Hasnedlova née Prokopova, Karel Najzar, Adam Kosik, Jan Cesenck,



Jaromir Hordcek and others for their support, stimulating discussions and work on joint
projects.

Finally, I want to thank my family and friends for their support and encouragement,
especially my wife Monika.

Prague, August 2015

Vaclav Kucera



1. Introduction

In many areas of applied mathematics in science and engineering, one encounters the
need to solve partial differential equations of convective or convective-diffusive nature.
Perhaps the most prominent of these fields is computational fluid dynamics, which plays
an extremely important role in practical applications. Much work has been devoted to
research in this area due to the mathematically and computationally challenging nature
of the equations of fluid dynamics problems.

The area of compressible fluid dynamics is especially of interest due to the compli-
cated phenomena encountered in the governing equations and their solutions. From the
computational point of view, one of the main problems associated with compressible
fluid dynamics is the rise of discontinuities (shock waves and contact discontinuities)
or very steep gradients (internal or boundary layers) in the solutions, cf. [20], [36].
This behavior is typical of the wider class of (nonlinear) first order hyperbolic partial
differential equations and their singular perturbations by diffusion.

The presence of discontinuities in the sought solutions is problematic from the point
of view of numerical mathematics. High order numerical methods, such as the finite el-
ement method [12] in general suffer from the so-called Gibbs phenomenon manifested by
the presence of spurious oscillations, overshoots and undershoots in the numerical solu-
tion. In the finite element method, which usually uses globally continuous (conforming)
piecewise polynomial approximations, these problems are typically overcome by the use
of suitable stabilization techniques (Streamline upwind Petrov Galerkin, Galerkin least
squares, etc.) or layer adapted meshes, cf. [20], [46]. Another approach is the finite
volume method, cf. [36], [8], where piecewise constant approximations are used. Such
functions are naturally globally discontinuous on the given partition and are therefore
more suitable for the approximation of discontinuous functions. The drawback of the
finite volume method is that it is only first order accurate at most and the extension to
orders higher than quadratic using for example reconstruction operators is problematic,
[31], [36], [8].

The discontinuous Galerkin finite element method first developed for a neutron
transport equation in [45], can be viewed as a generalization of the finite element and
finite volume methods. The method uses higher order piecewise polynomial approxima-
tions that are globally discontinuous with respect to the given partition of the computa-
tional domain. The discontinuity of the discrete function space is taken into account by
the use of so-called numerical fluxes to approximate the physical fluxes through interele-
ment boundaries, similarly as in the finite volume method. This means that arbitrarily
high orders of accuracy can be obtained, while the discontinuous nature of the discrete
solution helps to alleviate the Gibbs phenomenon compared to the conforming finite
element method. Unlike the finite element method, where the Gibbs phenomenon even-
tually pollutes the entire computational domain, in the discontinuous Galerkin method
the oscillations remain localized in the vicinity of the discontinuity. They can then be
effectively removed using e.g. limiting techniques (ENO, WENO, etc., cf. [25], [37],
[36], [31]) or artificial diffusion and shock capturing techniques, cf. [21], [42], [29]. The
drawback of the discontinuous Galerkin method is the increased number of degrees of
freedom as compared to the finite element method.

The discontinuous Galerkin method was first analyzed in the papers [35], [30], [2]
and in the papers [3], [4], [6] the method is analyzed for elliptic problems. The first
three papers included in the main part of this thesis, i.e. Chapters 2, 3 and 4, deal with
the theoretical analysis of the discontinuous Galerkin method for nonlinear convection-
diffusion equations, namely a priori error estimates for smooth solutions are derived.
Many papers have been written on this subject, however the three presented papers



build on and naturally extend the results of [14], [15] and [16]. In these papers, a priori
error estimates of optimal orders in the L°°(L?)- and L?(H')-norms are derived for a
scalar nonstationary nonlinear convection-diffusion problem with linear diffusion. In
the paper [22], suboptimal L>(L?) error estimates are derived for convection-diffusion
problem with nonlinear diffusion. In the presented thesis, these results are generalized
to optimal order L°°(L?) error estimates for the nonlinear diffusion case (Chapter 2) and
the analysis of a space-time discontinuous Galerkin method for the considered problem
(Chapter 3). Finally, using the ideas of [50], in Chapter 4, error estimates for the
convection-diffusion with nonlinear convection and linear diffusion are derived that are
uniform with respect to the diffusion coefficient € > 0.

The last two chapters of this thesis deal with the practical application of the discon-
tinuous Galerkin method to the problem of simulation of compressible flow interaction
with rigid and elastic bodies. The discontinuous Galerkin method is becoming increas-
ingly popular in the computational compressible fluid dynamics community with many
groups working on the development and implementation of efficient and accurate algo-
rithms. Here we only mention, as an example, the papers [7], [9] and [48]. Chapters 5
and 6 use the semi-implicit discontinuous Galerkin scheme of [21] along with the arbi-
trary Lagrangian-Eulerian method, [40], in order to simulate compressible fluid flow in
time-dependent domains. In Chapter 5, the movement of the computational domain is
either prescribed (model of air flow through the human vocal folds) or described by a
simple system of ordinary differential equations (interaction of air flow and an elastically
supported aerodynamic profile). In the final Chapter 6, these results are generalized
to include the interaction of air flow and an isotropic elastic body described by the
equations of dynamic elasticity and generalized Hooke’s law with the aim of simulating
true fluid-structure interaction in a simplified model of the human glottis.

The five papers contained in this thesis demonstrate that the discontinuous Galerkin
method is a robust and accurate numerical method for the solution of partial differential
equations of convection-diffusion character, which has solid mathematical foundations.

1 Discontinuous Galerkin method

In this short section, we shall briefly introduce the basic concepts of the discontinuous
Galerkin method and its formulation for the type of problems considered in the main
part of this thesis. We present only the necessary minimum of notation and concepts in
order to formulate the method — many technical subtleties and notions will be omitted
for brevity, since they can be found in the subsequent chapters of the main part of the
thesis, which will be refered to frequently.

The discontinuous Galerkin method is best suited for the numerical solution of
advective or convective problems in conservative form. If, for simplicity, we consider
the scalar case, such a problem reads: Let Q € R%, d € N, be a bounded open polygonal
(polyhedral) domain with Lipschitz-continuous boundary 0. Find w :  x (0,7) — R
such that

?;;—i—divf(u):g in Q% (0,7). (1)
Since problem (1) is an evolutionary partial differential equation, it must be equipped
with an initial condition and appropriate boundary conditions, cf. [20], [36]. From the
theoretical and practical point of view, the more interesting case is when f : R — R%,
representing the convective or advective terms is nonlinear. The papers included in this
thesis are concerned with this case. Problem (1) represents a general conservation law
for the conserved quantity u and depending on the specific form of f, can describe such



phenomena as fluid flows, city traffic, electrons in semiconductors or elastic waves in
solids, cf. [36]. The function g, usually equal to zero, is a prescribed right-hand side.

In many applications, diffusion enters the process, which leads to the convection-
diffusion problem

ou

E—Fdivf(u)—aAu:g in Q x (0,7), (2)
where € > 0 represents the constant diffusion parameter. Typically in the discontinuous
Galerkin method, one is interested in the convection-dominated case ¢ < 1. From the
practical point of view, in Chapters 5 and 6 we shall be concerned with the compressible
Navier-Stokes equations, for which (2) represents a simplified model with linear diffusion
terms.

Discrete space

The discontinuous Galerkin method is similar to the finite element method in that it
uses a suitable weak form of (1), but also the finite volume method since it uses piecewise
polynomial approximations. As in both of these methods, we use a triangulation 73 of
), i.e. a partition into closed simplexes with mutually disjoint interiors. Here

h = max diam K (3)
KeT,

is the parameter used to measure the convergence rate of the method, as in the finite
volume or finite element methods, cf. [12].

Using the partition 73, the discontinuous Galerkin method seeks a suitable approx-
imation of u from the space of globally discontinuous, piecewise polynomial functions:

Definition 1. We define the discrete space of discontinuous, piecewise polynomial func-
tions

Sp ={v; v|x € PP(K),VK € Tp},
where PP(K) is the space of all polynomials on K of degree less than or equal to p.

The finite element method uses a similar function space, however with the added
assumption of continuity:

Vi, = {v € C(Q); v|x € PP(K),VK € Tp}, (4)

cf. [12]. The discontinuity of functions from S} is the main advantage of the discon-
tinuous Galerkin method applied to (1) when approximating discontinuities or steep
gradients. However, one needs to use a more complicated weak form of the governing
equation than in the finite element method. This is true especially for the diffusion
terms in (2), cf. [4].

Because we deal with discontinuous approximations, suitable notation is required.
Since this chapter is only a short introduction, we refer to Chapters 2, 3 and 4 for the full
details and technicalities of the derivation and notation. By JF},, we denote the set of all
faces (edges in 2D) of 7;,. For each I" € F,, we define an arbitrary but fixed unit normal
vector n. For v € Sy, v&) and v®) represent left and right traces of the discontinuous
function v € Sy, on a given face I' € Fj, with respect to the orientation of the normal
n. Finally, [v] = &) — v is the jump of v on T € F, and (v) = (v&) +vB) is the
average of v on I.



1.1 Discrete formulation of convective problems

Similarly as in the finite element method, the discrete formulation of problem (1) is
obtained by multiplying the equation by a test function ¢, integrating over an element
K € 75, and applying Green’s theorem. After summing over all elements, we obtain the
following, cf. [20], [21].

Definition 2. We say that u;, € C1([0,T]; S) is a discontinuous Galerkin solution of
problem (1) if for all t € (0,T) and all o5, € Sy,

d

%(Uh(t)v@h) + b, (un(t), on) = (9(2), ¢n), (5)

where the convective form by(-,-) is defined by

(o) == 3 [ fwn)-Vondo+ [ HEP P wlaas. 0
KeTy, K Fh

In the definition of b, in the second term the integration is performed over all in-
terelement faces. The function H being integrated is the so-called numerical fluz, which
approximates the physical flux f(u)-n through each edge I" using the two traces u%L), uELR)
of the discrete solution. This term arises by the element-wise application of Green’s the-
orem due to the discontinuity of up(t), pn € Sn. We note that the second term in (6) is
not present in the finite element method, since in this case uy(t), ¢ € V3 are continuous
functions and therefore [¢y] = 0. Since S}, is finite-dimensional, (5) represents a system
of ordinary differential equations, which must be equipped with an appropriate initial

condition ug € Sy.

Numerical flux

The numerical flux H is an important ingredient of the discontinuous Galerkin method
(5), (6). The concept is well known and studied in the finite volume method, therefore
one can use one of the many available constructions of numerical fluxes known from the
finite volume literature, cf. [36].

In the scalar case, H(u,v,n) is defined in R? x By, where B; = {n € R% |n| =
1}. From the analytic point of view, natural assumptions on H are the following, cf.
Chapters 2 and 3:

(H1) H(u,v,n) is Lipschitz-continuous with respect to w, v whenever f is Lipschitz-
continuous:

|H(u,v,n) — H(u*,v*,n)| < Lyg(ju—u*|+|v—v*), wu,v,u*,v*" €R, ne By.

(H2) H(u,v,n) is consistent:

H(u,u,n) =f(u)-n, veR, neBj.

(H3) H(u,v,n) is conservative:

H(u,v,n) = —H(v,u,—n), wu,v€ R, ne€ By.

Assumptions (H1), (H2) and (H3) are essential to any analysis of the discontinuous
Galerkin method and are used in Chapters 2 and 3. In Chapter 4, a more subtle
analysis of the convective terms is performed and the F-flur property is additionally
assumed. This will be discussed in more detail in Section 4 of this introduction.



1.2 Discrete formulation of convection-diffusion problems

In Section 1.1, the discontinuous Galerkin formulation of (1) is briefly outlined. How-
ever, except for Chapter 4, the bulk of this thesis deals with the convection-diffusion
case (2) either theoretically or practically. The discontinuous Galerkin discretization of
the diffusion term —eAuw is rather technical and lengthy in full detail, therefore here we
shall only introduce the final form and refer to Chapters 2, 3 and 4 for details, cf. also
the fundamental paper [4].

Definition 3. We say that u;, € C1([0,T); Sp,) is a discontinuous Galerkin solution of
problem (1) if for all t € (0,T) and all vy, € Sp,

%(Uh(t)v ©n) + bn (un(t), on) + eJn(unt), n) + can (un(t), on) = n(en)t),  (7)

where the diffusion form ap(-,-) is defined by

an(vn, on) IKEG%/KV%'V% dz — /f}{(vvh>'n[<ﬁh] dS—Q/_7:£<VSOh>'n[Uh] ds N

—/ Vvh-naphdS—@/ V- nvp dS,
FP FP

h

the interior and boundary penalty jump terms are defined by

Jn (v, pn) = /}_IU[Uh][SOh] dsS + /D ovppp dS 9)

h ]:h

and the right-hand side form is

In(n)(t) :/Qg(t)SOh d”/fN gN(t)gohdS+5/fD ocup(t)en — OV, - nup(t)ds. (10)

h h

Without going into full detail, in (8)-(10), Fi, FP and F}¥ denote the sets of edges
lying in the interior of €2, on the part of the boundary 02 corresponding to Dirichlet
boundary conditions and to Neumann boundary conditions, respectively. By up and
gn, we denote the corresponding Dirichlet and Neumann boundary data, respectively.
The parameter ¢ in (9) and (10) is constant on every edge and defined by

_Cw

I
where Cy > 0 is a suitably chosen constant. Finally, the parameter © is typically taken
as the © = 1,0, —1, leading to the symmetric, incomplete and nonsymmetric interior
penalty variants of the discontinuous Galerkin method, respectively.

As is the case with the convective form by, if we instead consider the classical
finite element case, i.e. up(t),pp € Vj, then again [up(t)] = [¢n] = 0 on each I' due
to continuity and the Dirichlet boundary condition is exactly satisfied. Therefore ay,
reduces only to its first term, J, is identically zero and [j, reduces to its first two terms,
therefore we obtain the classical weak formulation of (2), cf. [12].

As in the analysis of the finite element method, the diffusion terms Ap(v,w) :=
ap(v,w) + Jp(v,w) are shown to be elliptic and bounded in an appropriate “energy”
norm, in our case the so-called DG norm

1/2
lwlloe = (D2l + Jalw,w)) (12)
KeT,

ol VT € T, (11)

The ellipticity and boundedness of Ay holds provided the constant Cyy in (11) is large
enough, cf. Chapter 3, Section 4.2 and Chapter 2, Lemma 6 for the nonlinear version
of the diffusion term.



2 Overview of Chapter 2: Optimal L>(L?)-error estimates
for nonlinear convection-diffusion problems.

Chapter 2 consists of the paper Optimal L°(L?)-error Estimates for the DG Method Ap-
plied to Nonlinear Convection-Diffusion Problems with Nonlinear Diffusion, published
in the journal Numerical Functional Analysis and Optimization in 2010, [33]. This pa-
per deals with the analysis of a generalized version of (2) where the diffusion term is
nonlinear:

0

ai: + div £(u) — div(B(u)Vu) = g. (13)
Here (u) represents the diffusion coefficient dependent on the solution u. If G(u) := e,
a constant, we obtain problem (2) as a special case with linear diffusion. The analysis
of (13) is challenging because both the convective and diffusive terms are nonlinear.
For the analysis presented in Chapter 2, we need the following assumptions on the

nonlinearity 3:

B:R —[Bo,B1], 0<Bo<pr< oo, (14)

|ﬂ(u1)_/8(u2)| SL‘UI_UQL VU1,U2€R,
where the first assumption is used to obtain monotonicity-type estimates, while the
other induces Lipschitz continuity of the resulting forms.

Chapter 2 is concerned with the derivation of a priori error estimates for the discon-
tinuous Galerkin method applied to problem (13). The numerical scheme analyzed is
therefore (7) with the diffusion form a(-,-) modified to discretize the nonlinear diffusion
term, cf. Chapter 2 for details. If we denote the error of the method as ep, := u — up, in
a priori error analysis of evolutionary problems one is typically interested in estimates
of the type

lenllLoeo,ri2)y = sup len(t)|[r2) < CRY, (15)
te(0,7)
where p is typically p or p + 1 and C is a constant independent of h. Estimate (15)
therefore gives us the convergence rate of the method with respect to h — 0.

2.1 Aubin-Nitsche technique and the A,-projection

Problem (13) was already analyzed in the author’s doctoral thesis [32], cf. also [22].
Error estimates of the suboptimal order p = p were obtained in the general nonlinear
case (13). Furthermore, using the so-called Aubin-Nitsche technique ([5], [39]), optimal
error estimates of order © = p + 1 were obtained for problem (2), i.e. with linear
diffusion. The key problem in the application of the Aubin-Nitsche technique is that it
requires the use of a dual problem corresponding to the diffusion terms. Formulating
such a dual problem in the nonlinear case is not straightforward, since in this case, test
functions in the weak formulation will formally end up inside the nonlinearity.

In the case of linear diffusion, the dual problem which enables the analysis of the
scheme (7) is: Given z € L?(Q) find v € H}(Q2) such that

—AY =z (16)

in the weak sense. One then uses the assumption that for 2 convex, ¢ € H?(Q) and uses
this regularity to obtain the missing order of A in estimate (15). For nonlinear diffusion,
the situation is more complicated, since even if some formal form of the nonlinear dual
problem was used, results on the H?(Q) regularity of 1 are readily available only in the
linear case, cf. [24]. In order to avoid these obstacles, in Chapter 2 a linearized version



of the dual problem is used: Given z € L?(Q) and t € (0,7), find ¢(t) € H}(Q) such
that

—div(B(u(t)) V(1)) = 2. (17)

This problem is linear in 1 (¢) and if sufficient regularity of u is assumed, one can prove
that v(t) € H?(Q) using results for the Poisson problem (16), cf. Chapter 2, Lemma
9. If the “dual” problem (17) is used, one also needs the regularity of the derivative
%gt) € H?*(Q) with respect to the parameter ¢. This purely technical, yet essential result
idsw t])roved in Chapter 2, Lemma 12, using difference approximations to the derivative

" Another important ingredient in the Aubin-Nitsche technique is the use of a suitable

Ritz or Ap-projection of u(t) onto the space Sp. In the case of linear diffusion, we seek
u*(t) € Sy, such that

Ap(u*(t), on) = Ap(u(t),on) Vn € Sh, (18)

where Aj (v, w) := ap(v,w) + Jy(v, w) represents all terms related to the discretization
of the diffusion term. One then uses the dual problem to show that the error of the
Ap-projection x(t) = u(t) — u*(t) is of the order O(hP*!) in the L?(2) norm.

Without going into technical details, in Chapter 2 the Ap-projection is again con-
structed using a linearized version of the discrete form aj, where the linearization is
carried out by replacing all arguments in the function # by the exact solution wu(t),
similarly as in (17), cf. Chapter 2, Section 5.1. Finally, using the linearized “dual”
problem (17), O(hP*!) approximation properties for this linearized Ap-projection are
proved in Chapter 2, Lemmas 11 and 13.

After further technical estimates of the convection and diffusion forms b, and ay,
the final result of Chapter 2 is proved in Theorem 18, the optimal-order error estimate

llenll Loe 075220 < CRPH. (19)
We note that the final result is derived under standard regularity assumptions % €
L? (O,T; HPH(Q)), along with additional regularity assumptions required throughout
the analysis. Namely Vu(t), %(t) and V%(t) are assumed bounded in L>°(Q) for a.a.
t € (0,7). These additional regularity assumptions are not needed in the analysis of
the linear diffusion case.

3 Overview of Chapter 3: Analysis of space-time discon-
tinuous (Galerkin method.

In Chapter 3, the paper Analysis of space-time discontinuous Galerkin method for non-
linear convection-diffusion problems is presented, which was published in the journal
Numerische Mathematik in 2011, [23]. The goal of the paper is the analysis of the
space-time discontinuous Galerkin method applied to problem (2). Up to now, we have
only considered the spatial discretization of our problem. This so-called space semidis-
cretization leads to the system of ordinary differential equations (7). One can then
apply one of the many numerical methods to discretize this system with respect to
time, for example in Chapter 4, the implicit or backward Euler method is considered
and analyzed. Another possibility is to view (2) as an equation in the entire space-time
domain Q7 = Q x (0,7) and to discretize using the discontinuous Galerkin method
with respect to space and time simultaneously. This leads to the space-time discontin-
uous Galerkin method. The analysis builds on and generalizes ideas from the works [1],
[19], [47].

10



3.1 Space-time discontinuous Galerkin method

As in the previous section, we shall only outline the main points of the discrete space-
time formulation and refer to Chapter 3, Section 3 for details. We consider a time
partition of (0,7) into disjoint intervals: [0,T] = UM, T,, where I, = (ty—1,tm). We
denote 7, =ty — tym—1 and 7 = max,,—1,.. s T is the parameter with respect to which
the temporal error is measured. For every I,,, we consider a triangulation 7j, ., of 2.
Each 7}, ,, generates a different discrete space Sp,, cf. Definition 1, which we shall denote
Sﬁ,m- The approximate solution will then be sought in the space

q
Sﬁ:g _ {QD c L2(QT);90|[m(t) = Zti w;, where @; € Sz,m’ m=1,.. .,M}. (20)
=0

7=

This space is finite-dimensional and consists of piecewise polynomial functions of degree
at most p in space and ¢ in time on the space-time partition induced by all I, and 7}, ,.
Since ¢ € Sﬁﬁ is discontinuous with respect to time at each t,,, we define the one-sided
limits and jump of ¢ at ¢, as

907:5:1 = (tmi) = tiiggi So(t)7 {Qo}m = (tm+) - (tm_) . (21)

The discrete forms by, aj, J;, and [;, remain the same as in Definitions 2 and 3, however
since each I, has a different triangulation 7} ,, in general, the forms b;, etc. differ
on each I,. This is taken into account by the notation by, etc. Again, we define
Apm (v, w) 1= ap m (v, w) + Jpm (v, w). Similarly, the DG-norms (12) also depend on the
triangulation 7}, ,,, and are thus denoted || - || pg,m.

Definition 4. We say U € SZ’Z 1s the space-time discontinuous Galerkin solution of
problem (2), if for all p € S) and m =1,..., M

/] (U, 0) + Ann (U, @) + (U, 0)) dt 4 ({U}mro 0t ) = /I lum(2)dt, (22)

where Uy € Sﬁm is an approximation of the initial condition to problem (2).

The derivation of (22) follows the same lines as the derivation of (5) or (7): We
multiply (2) by a test function ¢ € Sﬁ:g, integrate over a space-time element K X I,
where K € 7y, ,,, and apply Green’s theorem in space and twice in time. The term
({U -1, @;Ln_l) plays a similar role as the numerical flux or the interior and boundary
penalty terms in the spatial discretization. Since U is discontinuous at t,,, one needs to
prescribe in some “weak” sense the “initial condition” U,  _, for U|,,. The mentioned
term does this by so-called penalization, cf. [4].

We note that in the special case ¢ = 0, (22) reduces to a variant of the implicit Euler
scheme, which is analyzed in Chapter 4.

3.2 Analysis of the space-time discontinuous Galerkin method

The goal of Chapter 3 is to derive a priori error estimates for scheme (22) in the
L2(0,T; L?(2)) and L2(0,T; H'(Q)) norms. As usual in a priori error analysis, we
split the error ¢ = U — u into two parts e = £ + 7, where £ = U — 7u € Sﬁ:g and
n = 7u— u, where w : L*(Qr) — Si is a suitably chosen projection operator. For
the purposes of Chapter 3, 7 is constructed so that

(1) (7o) (tm—) =y v(tm—), Ym=1,...,M.

23
2 Tw—uv, o )dt =0, VeSSt vm=1,... M, (23)
h,T

Im
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where II,,, is the L?(Q)-projection onto the space Sﬁ,m'

First, an “abstract” estimate of the error e is derived in Chapter 3, Section 4.
Equation (22) and the corresponding weak form of (2) are subtracted and tested by
= £. Individual terms in this error equation are estimated using their ellipticity and
boundedness properties, while special care is taken to estimate the evolutionary terms.
Specifically, an important ingredient in the analysis is the construction of = by (23).
Since then fIm (n,&")dt = 0 and (77;1,5;) = 0 where the first term if nonzero would
yield suboptimal orders of convergence when estimated directly. Finally, one obtains
estimate (47), where Hé’,}”z figures in the left-hand side, while on the right-hand side
we have terms containing the interpolation error expressed by n and | I, |€]1? dt. This
latter term is undesired and must be eliminated.

Estimation of | € |2 dt and bounds on the interpolation error.

The goal of Chapter 3, Section 4.4 is the estimation of flm ||| dt in terms of Hg,;”g and
n (Lemma 5). This is done using a classical procedure, cf. [1], in which the error equation
is tested by ¢ := &, where £ is the Lagrange interpolation of (t,, — tpm—1)&(t)/(t — tm—1)
at the right Radau quadrature points on I,,,, cf. [1]. Since the right Radau quadrature
formulas are exact for polynomials of order up to 2¢, they integrate exactly terms such
as [ € |2 dt, which can therefore be expressed as finite sums and estimated more
straightforwardly.

Combining all these estimates gives us Theorem 6, i.e. the abstract estimate (here
in simplified form):

M

e el 5 Y [ lelbamdt < CRG), (24)
m=1""m

where C is independent of h, 7 and R(n) depends only on 7.

In Chapter 3, Section 5, the quantity R(n) from (24) is estimated in terms of the
convergence parameters h and 7. For this purpose, 7 is written as n = n) +73 where
77(1) = II,,u — u and 17(2) = 7u — IL,,u = 7u — w(Il,,u) on each I,,. The estimation of
R(n) thus reduces to bounding 7 and n® in various norms.

Estimates for n(!) and n(?) are obtained using approximation properties of the L2(£2)-
projection operator II,, and the interpolation operator w. To this end, 7 is expressed
using a one-dimensional interpolation operator P,,, cf. Chapter 3, Lemma 7. Funda-
mental approximation properties of P,,, hence 7, are proven in Lemma 8 using the
theory of polynomial preserving operators, cf. [12]. For completeness, a self-contained
proof of Lemma 8 is provided in the Appendix of Chapter 3.

Finally, combining all the derived estimates gives us the main theorem of Chapter
3, Theorem 12 (here again in concise form):

M
_ €
e e+ 530 [ elbande < c0r 4 7017, (25)
m=1v-"m
Since in (25), the L?(Q) estimates are only in the endpoints ¢,,—, in Section 5.5 an
L?(Qr)-bound is derived:
lellZ2(q < C(h? +72172). (26)

The estimates (26), (25) are derived under the assumption 0 < 7,, < C*¢ and 7,,, >
Ch2,. The latter condition on 7, is not necessary if all the triangulations Thm are
identical, cf. Section 5.4.
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4 Overview of Chapter 4: Diffusion-uniform error esti-
mates for singularly perturbed problems

Chapter 4 consists of the paper On diffusion-uniform error estimates for the DG method
applied to singularly perturbed problems, published in the IMA Journal of Numerical
Analysis in 2014, [34]. This paper deals with the singularly perturbed version of problem
(2), i.e. the case when the diffusion parameter € — 0, or even ¢ = 0. The purpose of the
paper presented in Chapter 4 is to derive a priori error estimates of the type (15) which
would be uniform with respect to € — 0 and valid also in the purely convective case.
This pursuit stems from the fact that error analysis using classical techniques such as
those presented in Chapters 2 and 3 lead to estimates where the constant C' in (15)
blows up exponentially with ¢ — 0. The results and techniques if Chapter 4 generalize
those of the series of papers by Q. Zhang and C.-W. Shu starting with the paper [50].

4.1 Limitations of the classical parabolic technique

The analysis of Chapters 2 and 3 uses the so-called parabolic technique. Problem (2) is
treated primarily as a heat equation (i.e. parabolic equation without convection) with
an additional convection term. The diffusion term Ay, is elliptic in the DG-norm (12).
One can therefore use the classical ellipticity-based estimation technique for parabolic
problems, [12]. Equations (2) — in the weak form — and (7) are subtracted to obtain an
equation for the error ey, = u — up, = n+ &, where n = v — u, & = Hpu — up € Sy
with a suitable projection IIpu of u onto Sp. The error equation is then tested with
wp := £ and the proved ellipticity estimates for A, are applied along with estimates of
7 following from approximation properties of IIj,.
As for the convective terms, they are than estimated straightforwardly as

[br(w, &) = b (un, €)| < Clléllpe (WP |ul o1 + 1€l 22(0)) (27)

cf. Chapter 2, Lemma 17 and Chapter 3, Section 4.2. While the term (th]u\Hpﬂ(Q) +
€]l 12(q2)) in estimate (27) is desirable for the subsequent error analysis, the only pos-
sibility how to deal with the term ||&||pg is to “dominate” it by the elliptic terms: we
estimate using Young’s inequality

2
Cliél e (WP ulgo) + 1€llz2 ) < SIEIDe + £ (WP ulgor ) + 1€l 2)” (28)

and the unpleasant term £||£[|% is subtracted from the left-hand side elliptic term
el|€]1%; stemming from the diffusion terms. The result of this procedure is the constant
% in the remaining right-hand side terms. After the application of Gronwall’s lemma,
this results in a constant of the form exp(g) in the resulting error estimate (15). This
constant is unrealistically large for ¢ < 1 and it is not uniform with respect to ¢ — 0.
Furthermore, the analysis is not valid for € = 0. We note that in the case of nonlinear
diffusion (13), these observations are still valid, with the final constant blowing up
exponentially as By — 0, cf. (14) and Chapter 2.

4.2 The technique of Zhang and Shu

In the paper [50], the authors have managed to overcome the limitations of the parabolic
technique for high order Runge-Kutta Discontinuous Galerkin schemes. The presented
analysis is based on a more subtle estimate of the convective terms than the straight-
forward bound (27). Along with the standard properties (H1)-(H3) of the numerical
flux, the addition E-flux property is assumed:

(H4) (H(v,w,n)—f(¢g)-n)(v—w)>0, Vv, wé€R, n€ B; and all ¢ between v, w.
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This technical assumption is satisfied for all so-called monotone numerical fluxes, a prop-
erty satisfied by many numerical fluxes used in practice, e.g. Lax-Friedrichs, Godunov,
Engquist-Osher and the Roe flux with entropy fix, cf. [41], [8].

Using the E-flux condition, the following estimate can be derived:

llen(®)13

buun,€) = ba(u, &) < (14 14

) @) B+ 1€12), (29)
cf. Chapter 4, Lemma 7. The advantage of estimate (29) over (27) is that the
term h=2|ex(t)||%, can be eliminated. For if we knew a priori that the error satis-
fies ||en(t)]|co = O(h), then h=2||ep(t)]|%, = O(1) and estimate (29) reduces to the term
C(R*PTHu(t) 3541 + [|€]|?) which is ideal for the application of Gronwall’s lemma, lead-
ing to the improved estimate ||en(t)[|r2(q) = O(hP*1/2). Since the convection terms
are estimated independently of the diffusion terms, there is no need to use estimates
such as (28) involving e~!. We therefore obtain estimates which are uniform for ¢ — 0
and valid even in the limiting case ¢ = 0. In [50], the O(h) a priori assumption is
eliminated via mathematical induction for an explicit Runge-Kutta time discretization
of the discontinuous Galerkin scheme. An artefact of the technique is that the degree
of polynomial approximation must satisfy certain conditions, such as p > (1 +d)/2 in
order to carry out the induction steps.
In Chapter 4, the ideas of Zhang and Shu are generalized in the following ways:

e Estimate (29) originally derived in 1D for periodic boundary conditions is gener-
alized to R? with mixed Dirichlet-Neumann boundary conditions, cf. Chapter 4,
Lemma 7.

e The technique is applied to the space semidiscrete scheme (7), cf. Chapter 4,
Section 7, replacing the mathematical induction argument using by continuous
mathematical induction, cf. [11].

e The technique is applied to the implicit Euler scheme. To overcome fundamental
obstacles with the induction argument in case of an implicit scheme, a suitable
continuation of the discrete solution is constructed and again a continuous math-
ematical induction argument is applied to the continued version of the error, cf.
Chapter 4, Lemma 8.

e The error analysis is generalized to the case of only locally Lipschitz continuous
f, cf. Chapter 4, Lemma 9.

Due to lack of space in this introductory chapter and the technical nature of the
arguments, we only briefly outline the continuation argument from the analysis of the
implicit Euler scheme. For the purely convective case this reads: Find UZH € Sj such
that for all ¢, € Sy,

(up ™ =t on) + Tabn (w1 0n) = Taln (on) (Ens1), (30)
where 7, is the current time step. In Chapter 4, Lemma 14, it is proved that the
estimate (29) is insufficient to prove the desired error estimate. Therefore, we construct
a continuation of the discrete solution uj: For every 7 € [0,7,] find u, € S, such that
for all ¢y, € Sy,

(uT —up, cph) + 7by, (uT, cph) =Tl (gph) (tnt1)- (31)

Formally, if 7 = 0, we have u, = uj while for 7 = 7,,, we obtain u, = UZH, the solution
of (30). It can be proved (Chapter 4, Lemma 16) that between these two values u,
depends continuously on the parameter 7. Therefore, we can go continuously from ujy
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to uZH, which allows us to carry out the necessary induction steps in the Zhang-Shu

technique. The result is an error estimate of the form

ni2 2 2p+1 2 2
< C2(h?*! 4 eh® 4 72), 32
peglrallekll” < 7( € %) (32)

where the constant Cp is independent of ¢, h, 7, cf. Chapter 4, Theorem 19.

5 Overview of Chapter 5: Simulation of compressible vis-
cous flow in time-dependent domains

Chapter 5 consists of the paper Simulation of compressible viscous flow in time-dependent
domains, published in the journal Applied Mathematics and Computation in 2013, [10].
Unlike the previous three chapters, Chapters 5 and 6 deal with practical applications of
the discontinuous Galerkin method. Both these chapters deal with the numerical solu-
tion of the compressible Navier-Stokes equations in time-dependent domains with the
aid of the ALE, or Arbitrary Lagrangian-Eulerian method, cf. e.g. [40]. The resulting
equations are discretized by a semi-implicit discontinuous Galerkin scheme. In Chapter
5, the movement of the domain will be either prescribed (air flow through a channel
with moving walls) or governed by a simple system of ordinary differential equations
(flow induced airfoil vibrations).

The equations which are solved are the compressible Navier-Stokes equations written
in conservative form:

2
e )

s=1

where w : Q7 — R* represents the vector of conserved variables and fs, R, are the
so-called Euler and viscous fluxes, respectively, cf. Chapter 5, Section 2. Equation (33)
has a similar form as the scalar equation (13) and can be analogically discretized by the
discontinuous Galerkin method.

Unlike equation (13), system (33) along with suitable initial and boundary conditions
is considered on a spatial domain €; depending on time ¢ € [0,7]. This is taken into
account using the ALE method.

5.1 Arbitrary Lagrangian-Eulerian method

In the ALE method, the movement of €2; is considered with respect to a reference domain
Q. Typically Qg is the computational domain €2; taken at the initial time ¢ = 0. The
domain §2; is described using a one-to-one mapping

.At . ﬁo e ﬁt (34)
which maps points X € Qg to points * = x(X,t) = A;(X) € Q. Since the domain is
time-dependent, it is useful to define the domain velocity

2(z,t) = ( AlX (35)

)‘X A7 (T)
for t € [0,7] and & € ;. The basis of the ALE method lies in replacing the time

derivative in the governing equation (33) with the ALE derivative: For a given function
f = f(z,t) defined for € Q; and t € [0, T):

DA of

Sl @) = SHX.), (36)
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where

f(X7t) = f(-At(X)vt)? X €Qy, x= At(X)

By the application of the chain rule, one obtains the fundamental relation

A
Dth %delv( f)— fdivz, (37)

which allows us to rewrite the compressible Navier-Stokes equations in the ALE form

DAw 0g,(w) ) & IR (w, Vw)
Dt + Z Oxs wdive = Z 0w, ’ (38)

s=1 s=1

where the ALE modified inviscid fluxes are defined by

g,(w) :=fs(w) — zew, s=1,2. (39)

5.2 Discontinuous Galerkin discretization

System (38) is discretized by the discontinuous Galerkin method in space similarly as in
Section 1. At time ¢ the domain €); is partitioned into a triangulation 7p;. The discrete
solution is sought in the discontinuous Galerkin space

Shi = [Sn]?, where Sy = {v;v|x € PP(K) VK € Ty} (40)
Using these discrete spaces, we can discretize system (38) in the following way.

Definition 5. We say wy, € C*([0,T]; Sit) is a discontinuous Galerkin solution of (38)
if for allt € (0,T) and ¢}, € Sht

DA
/ oz + by (wn(t), gn) + an(wn (), 3)

KeTn (41)

+ Jh(wh(t)v Soh) + dh(wh(t)v Soh) = gh(wh(t)v Soh)'

In (41), the forms by, an, J, and [;, are vector analogies of the forms (6) and (8) —
(10). Only the convective form by, is based on the modified fluxes g, (39) instead of
the original fluxes f; of (33). The new reaction form arises due to the ALE “reaction”
term w divz and is defined as

w, ;) Z / w - ;) divz dx. (42)

KeTy:

The system of ordinary differential equations (41) is discretized with respect to time
using the semi-implicit approach of [21]. In the case of a stationary domain §2, this
is essentially the implicit Euler scheme, where the nonlinear terms are linearised with
respect to the unknown solution on the next time level 'warl using suitable properties
of the individual convective and diffusive terms. For example, in the convective terms,

the nonlinearities of the form g, ('wiﬂ) are approximated as

gs<,w;€L+1) _ (A s(wﬁ+1) - zf“ﬂ)wffl ~ (A S(ﬁﬁ—l—l) - Z?-Q—1]1)1012-&-17 (43)

where A ;(w) is the Jacobi matrix of fs(w), cf. [21] and W} is a state vector ex-
trapolated from w? and 'wk 1. The first equation in (43) follows from the first order
homogeneity of f;. Similar hnearizations can be performed for the diffusion terms and

the numerical flux, if it is suitably chosen. In Chapter 5 the Vijayasundaram numerical
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flux is used, due to its appropriate form for linearization similar to (43), cf. [21] and
[49]. Finally, the ALE derivative is approximated by a second order backward differ-
ence formula applied to the time derivative in its definition (36). The advantage of the
chosen semi-implicit scheme is its practically unconditional stability obtained with the
solution of only one linear algebraic system of equations per time level as demonstrated
in [21]. The resulting linear systems are solved using the Generalized Minimal Residual
(GMRES) method with block-diagonal preconditioning, [21].

In the second numerical experiment from Chapter 5, Section 4.2.1, we also deal with
transonic flows. Therefore it is necessary to treat the Gibbs phenomenon occurring
in the vicinity of discontinuities and steep gradients. For this purpose, we add local
element-wise and interelement artificial viscosity terms to the resulting semi-implicit
formulation, cf. Chapter 5, Section 3.3. These artificial viscosity terms are based on
the discontinuity indicator which measures the interelement jumps of density, cf. [17]
and [21].

An important ingredient in the proposed numerical method is the treatment of
boundary conditions. On artificial boundaries (inlet and outlet), transparent, non-
reflecting boundary conditions based on local linearizations of the Euler equations are
applied, cf. Chapter 5, Section 3.4 and [21]. On moving solid impermeable walls, the no
slip boundary condition for the fluid velocity v = z is prescribed, where z is interpreted
as the velocity of the moving wall.

Two numerical experiments are performed to test the described numerical method.
First, in Chapter 5, Section 4.1, air flow through a channel with moving walls is consid-
ered. The shape and movement of the channel is inspired by the human glottis and is
taken from [43]. Together with more sophisticated simulations using true fluid-structure
interaction from Chapter 6, the goal is the simulation of voice formation in human vo-
cal folds. In the case of Chapter 5, the movement of the solid walls is prescribed as
a periodic motion with frequency 100 Hz mimicking the opening and closing of the
vocal chord aperture. This movement is then simply interpolated into the domain to
obtain the ALE mapping A; also in the interior of €2;. The inlet Reynolds number is
Re = 5227, the Mach number is M;,, = 0.012, i.e. a relatively low Mach flow is con-
sidered. Complicated interacting vortical structures arise downstream from the moving
part of the channel. The results are compared to similar simulations performed in [43]
obtained by the finite volume method, cf. also [44].

In the second numerical experiment, Chapter 5, Section 4.2, a simple example of
fluid-structure interaction is presented. We consider subsonic and transonic flow around
a rigid, elastically supported NACA 0012 airfoil. The motion of the profile is governed
by a system of two nonlinear ordinary differential equations for the vertical displacement
and rotation angle of the airfoil. Similar test problems have been considered e.g. in [18].
A strong coupling iterative procedure was applied to solve the coupled system consisting
of the compressible air flow and equations describing the movement of the profile. As
in the previous test case, the movement of the boundary (profile) is interpolated to the
rest of ) to obtain A;, similarly as in [18]. In the numerical experiment, we were able
to capture the rise of the so-called flutter instability for inlet flow velocity 40 m/s. For
lower velocities the airfoil vibrations are damped.

6 Overview of Chapter 6: Discontinuous Galerkin for the
interaction of a compressible fluid and structures

Chapter 6 consists of the paper DGFEM for dynamical systems describing interaction

of compressible fluid and structures, [26], published in the Journal of Computational
and Applied Mathematics in 2013. In Chapter 5 only a simple case of fluid-structure
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interaction is considered, where the equations describing the movement of the structure
are simple ordinary differential equations. In Chapter 6 these results are extended to a
complicated fluid-structure interaction problem, where the compressible Navier-Stokes
equations are coupled with equations describing the deformation of an elastic body
governed by the generalized Hooke’s law.

6.1 Elasticity equations for the body and ALE mapping.

Similarly as in Chapter 5, we shall consider the compressible Navier-Stokes equations
in a time dependent domain €; C R?, where the ALE method will be used to describe
the domain using a mapping A; : Qo — € from a reference domain €. Along with
these equations, in Chapter 6 we shall also consider interaction of the fluid flow with an
elastic body. The elastic body will be represented by a bounded open domain Q° € R2,
which will be assumed to have a common (part of the) boundary with €y denoted by
FI{/V. For X € QF we denote the displacement of point X of the elastic body at time ¢ by
w(X,t) = (u1(X,t),uz(X,t)). Therefore at time ¢, the point X € Q° will be located
at

=X +u(X,1). (44)

As the governing equations for the motion of the elastic body we shall take the dynamical
equations for the displacement u of an isotropic elastic body

0%u; ou; 2 orh,

b i b i ij . b .

C — =0 Q 0,7 =1,2 45
° ot? toe ot = 0X; in Q7> (0,7), T (45)

where o® denotes the material density and Tibj are the components of the stress tensor
defined by the generalized Hooke’s law for isotropic bodies, cf. Chapter 6, Section 2.2.
We note that Tibj = Tf}(u) depends on the displacement u and its first derivatives via
the strain tensor. Therefore (45) represents an equation for the single unknown w. The
term Co? 85?, where C' > 0, represents the dissipative structural damping of the system,
which is natural for real bodies.

System (45) must be equipped with initial and boundary conditions. These are
taken in a standard way, cf. Chapter 6, Section 2.2, with the exception of the common
interface F%’/V between the reference fluid domain € and the elastic body Q. On FI{,V,

system (45) is equipped with the so-called transmission condition

2 2
> (X )ny(X) = =Y rf(@)ny(X), i=12 (46)
j=1 j=1
where TZ»];» are the components of the stress tensor of the fluid, cf. Chapter 6, Section 2.2.
Condition (46) prescribes the normal component of the stress tensor 7° and expresses the
force balance between the aerodynamic forces and the forces on the structure surface.
As for the Navier-Stokes equations, on the common part of the boundary F;/Vt cor-
responding to F’{,V by the mapping (44) at time t, the second transmission condition is
prescribed:
ou(X,t)
o
which corresponds to the no-slip moving wall boundary condition v = z of Chapter 5.
System (45) is used not only to describe the deformation of the elastic body, but its
stationary version is used to construct the ALE mapping A;. We seek A; : Qo — Q
expressed using a displacement vector field d:

v(x,t) = (47)

A X) =X +d(X,t), X €Qo, (48)

18



in analogy to (44). The unknown d : Qg — R? will be sought as the solution of the
artificial static elasticity problem

Za—iizo inQ, i=1,2, (49)

where 77 = 7/(d) are the components of the artificial stress tensor defined using the
generalized Hooke’s law similarly as for the elastic problem on Q. Equation (49) is
therefore a second order linear elliptic partial differential equation for the unknown d.

On T'Y,, we equip (49) with the boundary condition
d(X,t) =u(X,t). (50)

The philosophy behind this approach is that we want to “interpolate” the movement
of the boundary 0, which we know from the elastic problem (45) into the whole
fluid domain ;. This cannot be done e.g. by straightforward linear interpolation
as in Chapter 5, where the domain movement is simple and/or prescribed. For this
purpose we view {); as an elastic body with prescribed deformation of (part of) its
boundary. For small enough deformations, we can expect that similarly as for elastic
bodies, the artificial problem (49) will give us a one-to-one mapping of the reference
domain (configuration) Qg onto €.

6.2 Discretization

The fluid problem, i.e. the compressible Navier-Stokes equations in ALE form are solved
using the same semi-implicit discontinuous Galerkin method with backward difference
formula time discretization of order 2 as in Chapter 5. Using this method, the new
solution w];j'l can be found whenever the mapping Ay, , is known.

The elasticity problem (45) is discretized in space using the standard piecewise linear
conforming finite element method, i.e. a weak form of (45) is taken on the space V},
of (4) with p = 1, cf. [12]. With respect to time, the resulting second order system
of ordinary differential equations is discretized using the Newmark method, [13], which
is essentially an implicit scheme. The resulting system of linear algebraic equations is
symmetric positive definite, therefore it is solved using the conjugate gradient method.
The elasticity problem can be solved whenever the data from the boundary condition
(46) is known from the fluid simulation.

Similarly, the artificial elasticity problem (49) used for the construction of the ALE
mapping A; is solved using the piecewise linear conforming finite element method. Equa-
tion (49) is stationary and the resulting symmetric positive definite linear algebraic sys-
tem can be solved by the conjugate gradient method similarly as the systems of linear
equations arising in the Newmark method used to solve the nonstationary model (45).
The artificial elasticity problem can be solved once the data from boundary condition
(50) is available from the solution of the elasticity problem.

Since the solutions of the three individual subproblems depend on each other via
the transfer boundary conditions, some strategy is needed to solve the entire coupled
problem using the solution procedures for the three described subproblems. In Chapter
6, Section 4.2, the strong and weak coupling procedures are described. In brief form,
these can be described by the iterative procedure performed on each time level:

1. Solve elasticity problem (45) using the aerodynamic forces (46) from the previous
iteration.

2. Solve the artificial elasticity problem (49) using the displacement u from point 1.
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3. Solve the flow problem (38) using the mapping A; obtained from point 2.

The weak coupling procedure consists of performing steps 1.-3. only once per time level.
On the other hand, in the strong coupling procedure, on each time level steps 1.-3. are
repeated iteratively until some form of convergence is obtained. After that we move on
to the next time level. The advantage of the strong coupling procedure is its higher
stability and robustness, while weak coupling requires less CPU time. Our numerical
experiments show that only a few inner iterations in the strong coupling procedure
are needed to obtain convergence of the computed displacements u in point 1. of the
algorithm above.

The developed numerical method is tested on a model problem of air flow through
a channel interacting with two elastic bumps representing a simplified model of human
vocal folds. The channel is 160 mm long with the narrowest aperture 1.6 mm. The flow
parameters are the same as in the vocal fold numerical experiment of Chapter 5. Results
are compared on three successively refined meshes and for weak and strong coupling.
The results indicate that in the considered test case the differences between weak and
strong coupling are not large. To analyze the character of the resulting vocal fold
vibrations, several “sensor” points are monitored on the surface of the elastic bumps as
well as pressure in a fluid sensor point monitoring the air pressure. A Fourier analysis of
the resulting signals is performed demonstrating the presence of a dominant frequency in
these signals (approximately 439 Hz for vertical displacement of the sensors and 113 Hz
for horizontal displacement). The obtained numerical results are compared to numerical
simulations using other methods, e.g. [44], [38], and wind tunnel experiments, cf. [27]
and [28].
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Abstract

This paper is concerned with the analysis of the discontinuous Galerkin finite
element method (DGFEM) applied to the space semidiscretization of a nonstation-
ary convection-diffusion problem with nonlinear convection and nonlinear diffu-
sion. Optimal estimates in the L°°(L?)-norm are derived for the symmetric interior
penalty (SIPG) scheme in two dimensions. The error analysis is carried out for non-
conforming triangular meshes under the assumption that the exact solution of the
problem and the solution of a linearised elliptic dual problem are sufficiently regular.

Keywords: Convection-diffusion equation, nonlinear diffusion, discontinuous Galerkin
finite element method, symmetric formulation of diffusion terms, interior and bound-
ary penalty, method of lines, optimal error estimates.

1 Introduction

The numerical solution of nonstationary convection-diffusion problems plays an impor-
tant role in many areas of applied mathematics ranging from fluid dynamics and heat
transfer on one side to image processing on the other side. In the numerical treatment
of such problems many difficulties arise due to the occurrence of internal and boundary
layers, where steep gradients or discontinuities appear. Many numerical methods have
been devised to overcome such difficulties. The finite volume (FV) method, which is
often used, is based on piecewise constant approximations. It has good stability prop-
erties in the vicinity of discontinuities, however it has a low order of accuracy and its
generalization to higher order methods is rather sophisticated. On the other hand, the
finite element (FE) method with a high order of accuracy is suitable mainly for ellip-
tic problems and various stabilization techniques (e.g. streamline diffusion or Galerkin
least squares methods) must be employed to avoid spurious oscillations in the solution
of convection-diffusion problems with dominating convection.

A natural generalization of the FV and FE methods is the discontinuous Galerkin
finite element method (DGFEM). This method uses advantages of FV as well as FE
methods: it is based on piecewise polynomial but discontinuous approximations, where
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boundary fluxes are evaluated with the aid of a numerical flux. The use of discontinuous
functions allows a flexible capturing of discontinuities and steep gradients, while the use
of higher degree polynomials ensures a higher order of approximation in regions, where
the solution is smooth.

Originally, the DGFE method was proposed for the solution of a neutron transport
linear equation in [28] and analyzed theoretically in [27] and [24]. As for the numer-
ical solution of elliptic and parabolic problems, discontinuous Galerkin methods are
proposed and analysed in the pioneering works [33] and [1] with further theoretical
analysis in [4], [2] and [3]. In the following decades, the DGFE method was applied
to nonlinear conservation laws ([9], [23]) and the numerical solution of compressible
flow ([5], [6], [7], [12], [20], [32], [14], [18]) as well as incompressible viscous flow ([29],
[31]), porous media flow ([30]), shallow water flow ([10]), the Hamilton-Jacobi equations
([22]), the Schrédinger equation ([25]) and the Maxwell equations ([21]).

In this paper we are concerned with the analysis of the DGFE method applied
to the space semidiscretization of a nonstationary convection-diffusion problem with
nonlinear convection and nonlinear diffusion. The motivation to include also nonlinear
diffusion along with nonlinear convection comes from the area of numerical treatment of
compressible viscous flows governed by the compressible Navier-Stokes equations. This
system of equations, when written in conservative form contain nonlinear convective as
well as nonlinear viscous (diffusive) terms. Our scalar problem serves as a simplified
model of the compressible Navier-Stokes equations.

We extend previous work from [13], [15] and [16], where linear diffusion (and non-
linear convection) is treated. In this case, apriori estimates optimal with respect to the
order of convergence are obtained in the L?(H')— and L>(L?)—norms. As for nonlinear
diffusion, we extend the work [17], where error estimates suboptimal with respect to the
L>(L?)—norm are derived. By using a linearised elliptic dual problem we are able to
improve these estimates using the Aubin-Nitsche technique. Optimal estimates in the
L>(L?)-norm are derived for the symmetric interior penalty (SIPG) scheme in two di-
mensions. The error analysis is carried out for nonconforming triangular meshes under
the assumption that the exact solution of the problem and the solution of a linearised
elliptic dual problem are sufficiently regular.

2 Continuous problem

Let © C R? be a bounded open convex polygonal domain with Lipschitz-continuous
boundary 0Q2 and 7' > 0. Let Qr := Q x (0,7). We treat the following nonlinear
problem:

2

ou > P div(5)Va) =g in Q. ™
U‘an(QT) = up, 2)
u(m,O) — uO(x)’ = Q’ (3)

where the function 8 € C?(R)NW?2>°(R) is bounded from below and above and Lipschitz
continuous:

B:R = [fo,f1], 0<fo<pr<oo, (4)
|B(u1) — B(ug)| < Llug — ua|, Vui,uz € R. (5)
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Condition (5) implies || < L. Let g : Qr — R, up : 0% (0,T) — Rand u” : Q@ — R be
given functions, and fi, fo € C*(R) be prescribed Lipschitz-continuous fluxes. Without
loss of generality let f1(0) = f2(0) = 0.

In the following we shall use standard notation of function spaces. Let G C R? be a
bounded domain with a Lipschitz-continuous boundary G. By G we denote the closure
of G. Let k € {0,1,2,...} and p € [1,00]. We use the well-known Lebesgue and Sobolev
spaces LP(G), LP(0G), WkP(@), H*(G) = WF2(GQ), WkP(0G). By H}(G) we denote
the space formed by all functions v € H'(G) with zero traces on 9G, i.e. v|sg = 0.
Further, we use the Bochner spaces LP(0,T; X) of functions defined in (0,T") with values
in a Banach space X and the spaces C*(]0,T]; X) of k-times continuously differentiable
mappings of the interval [0, T] with values in X (see e.g. [26]). The symbols || - || x and
| - |x will denote a norm and a seminorm in a space X, respectively. By (-,) we denote
the standard L?(Q2)—scalar product.

3 Discretization

3.1 Finite element mesh

Let 7}, be a partition of the closure  of the domain  into a finite number of closed
triangles with mutually disjoint interiors. We shall call 7, a triangulation of Q. We
do not require the standard conforming properties of 75 used in the finite element
method. This means that we admit the so-called hanging nodes. We shall use the
following notation. By 0K we denote the boundary of an element K € 75 and set
hix = diam(K), h = maxge7, hix. By px we denote the radius of the largest circle
inscribed into K and by | K| we denote the area of K.

Let K,K' € T,. We say that K and K’ are neighbours, if the set 0K N OK' has
positive length. We say that I' C K is a face (or edge in R?) of K, if it is a maximal
connected open subset either of 0K NIK’, where K’ is a neighbour of K, or of 9K NoS.
By Fn we denote the system of all faces of all elements K € 7;,. Further, we define the
set of all inner faces by

Fl={TeF,; Tc}

and the set of all boundary faces by
FP={TeF,; T Con}.
Obviously, Fp, = .7:,{ U .7-",?.

For each I € F}, we define a unit normal vector np. We assume that for I € f}? the
normal nr has the same orientation as the outer normal to 9€). For each face I" € .7:}{
the orientation of nr is arbitrary but fixed. Finally, by d(I") we denote the length of
I'e F.

3.2 Spaces of discontinuous functions

Over a triangulation 7, we define the broken Sobolev spaces
H*(Q,7;) = {v; v|x € H¥(K), VK € Tp,}

equipped with the seminorm

/
liiom = (X Wlngg)
KeT,
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For each face I' € .7-",{ there exist two neighbours Klg‘), KlgR) € 7y such that ' C

KlgL) N KlgR). We use the convention that nr is the outer normal to the element KlgL)

and the inner normal to the element KlgR). For v € HY(Q,7,) and T’ € F} we introduce
the following notation:

v[%L) = the trace of v| ) on T, U\(FR) = the trace of v[ . on T,
T r
L R L R
(b = 3 (ol +olf), ol = ol — olf.

The value [v]r depends on the orientation of nr, but the values (v)r and [v]rnr are
independent of this orientation. Now, let I € .7:}? and KlgL) € 7y be such an element
that I' C aKﬁL) NoQ. For v € HY(Q,T;,) we set

up = U’%L) = v|1£R) = the trace of v on T,

KM

i.e. we define v|1(ﬂR) by extrapolation.
If []r and (-)r appear in an integral of the form [.... dS, we omit the subscript I
and write simply [-] and (-). For simplicity we shall use the following notation:

LLdS= > / ds
/]:]{ rert 7t

and similarly for F; and .7-",?.
Let p > 1 be an integer. The approximate solution will be sought in the space of
discontinuous piecewise polynomial functions

Sh = {’U; U‘K S Pp(K),VK E’Z}L},

where PP(K') denotes the space of all polynomials on K of degree < p.

3.3 Discontinuous Galerkin space semidiscretization

We introduce the following forms defined for u,v, ¢ € H?(Q,7T},), which yield the SIPG
(Symmetric Interior Penalty Galerkin) version of the DG approximation.
Symmetric diffusion form:

ap(u,v,p) = Z /Kﬂ(u)Vv-Vgod:r

KeTy,
- [ (6 -nlelds - [ (309} nle]ds
F Fh

- ﬁ(u)Vv-nsodS—/ B(u)Ve - nv dS.
FB FB

Further we define the interior and boundary penalty jump terms:
Il = [ oluliglas + [ oupds (©
7l 7P
and the symmetric right-hand side form:

()0 = [

Qg(t)cp dx — /f,? B(u)Ve -nup(t)dS + /f’? oup(t)pdS. (7)
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The parameter ¢ in (6) and (7) is constant on every edge and defined by

Cw

ﬁ’ VI eF, (8)

olr =

where Cy > 0 is a constant, which must be chosen large enough to ensure coercivity of
the diffusion form — c¢f. Lemma 6.
Finally we define the convective form

2

d

br(u,0) =— Y / > fs(u)a% de+ [ Hu®, u® n)p]ds.
KETh K s=1 s ‘7:h

The form by, approximates convective terms with the aid of a numerical flux H (u, v, n).
We assume that H has the following properties:

Assumptions (H):

(H1) H(u,v,n) is defined in R? x By, where B; = {n € R?; |n| = 1}, and is Lipschitz-
continuous with respect to u, v:

|H(u,v,n) — Hu*,v*,n)| < Cr(lu—u*|+ v —2*), VYu,v, u*, v*€R, ne By.

(H2) H(u,v,n) is consistent:

2
H(u,un) = fo(u)ns, Yu€eR, n=(n,ng) € By.
s=1

(H3) H(u,v,n) is conservative:
H(u,v,n) = —H(v,u,—n), Yu,v€R, ne€ By.
Definition 1. We say that uy, is a DGFE solution of the convection-diffusion problem
(1) - (3), if
a) up € CH([0,T); Sh),
b) %(Uh(t)7 on) + b (un(t), on) + Bodn (un(t), on) + an(un(t), un(t), ¢n)

= lh (uh(t)v (Ph) (t)v Vsﬁh € Sh7 vt € (OvT)’
¢) up(0) = uj

(9)

)

where u% denotes an Sy, approzimation of the initial condition u°.

Similarly as in [13] we can show that a sufficiently regular exact solution u of problem
(1) satisfies the identity

d

a(u(f)a ©n) + b (u(t), on) + Bodn (u(t), on) + an (u(t), u(t), on)

=lp (u(t)7 QOh) (t)7 V(Ph € Sh7 vt € (Oa T),

(10)

which implies the Galerkin orthogonality property of the error.
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4 Some necessary results and assumptions

4.1 Regularity of the exact solution

We assume that the weak solution u is sufficiently regular, namely

Ju
a 6
where p > 1 denotes the given degree of approximation. It is possible to show that,
under these conditions, u satisfies equation (1) pointwise and u € C ([0, T]; HP*(2)).
To treat the nonlinear diffusion terms, we need additional regularity assumptions
on the solution u: there exists a constant C'r < oo such that

HVU(t)HLoo(Q) < Cpg, forallte (0,T),

ou
E(t)

L?(0,T; HPT(Q)), (11)

< Cpg, foraa.te(0,7), (12)

e (8)]| ey = ]
Lo ()

HVut(t)HLoo(Q) < CR, for a.a. t € (O,T)
4.2 Geometry of the mesh

Let us consider a system {7} }1e(0,n0), ho > 0, of triangulations of the domain  with
the following properties:

Assumptions (A):
(A1) The system {7p}e(0,n,) is regular: there exists a constant C1 > 0 such that

h
p—K <Ci, VK eT, Vhe (0, h).
K

(A2) There exists a constant Cy > 0 such that
hxg <Cyd(l'), VK €T, VI COK,TeF, Vhe/(0,hp).

(A3) There exists a constant C3 > 0 such that

W < Cshg, VK eT,, Vhe (O, ho).
Let us note that we do not require the usual conforming properties from the finite
element method, particularly, hanging nodes are allowed. In the case of piecewise linear
elements (i.e. p = 1), condition (A3) reduces to the standard inverse assumption of

[8] and becomes weaker with growing p. This nonstandard assumption is needed in the
proof of Lemmas 15 and 16.

4.3 Some auxiliary results

Throughout this work we denote by C a generic constant independent of h. Now we
can state two necessary results needed in the following analysis (cf. [13] and [8]):

Lemma 2 (Multiplicative trace inequality). There exists a constant Cpy > 0 indepen-
dent of h, K such that for all K € Tp,, v € H*(K) and h € (0, ho)

loll7205) < Cu (vl L2y ol i) + hl_(leH%Q(K))'
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Lemma 3 (Inverse inequalities). There exists a constant Ct > 0 independent of h, K
such that for all K € Ty, and v € PP(K)

[0l xy < Crbi vl L2 ().

0]l o (1) < Crlig 1ol p2 i) -

Now, for v € L?(£2) we denote by II,v the L?(£2)-projection of v on Sj:
Myv € Sp,  (pv—v, 0p) =0,  Vop € Sh.

Obviously, if K € Ty, then the function I1,v|x is the L?(K)-projection of v|x on PP(K).
Let n(t) = Hpu(t) — u(t) € HP1(Q,T) for t € (0,T).
Lemma 4. There exists a constant C > 0 independent of h, K such that for all h €
(07 hO)

a) [nllr2) < ChPHul o q),

b) Inlar .z < CPP|ulgeriq),

¢) nlmzz) < CHP ol go (),

[y <15

L2(Q) ot
e) ||77||L°°(Q) < Chp|’LL|Hp+1(Q).

Hr+1(Q)’

Proof. The proof follows from standard approximation results found e.g. in [8]. O
Lemma 5 (Properties of the form J;). For all v,w € HY(Q,T},) we have

a) Jp(v,w) < (Jh(v,v))1/2(Jh(w,w))1/2,

b) Jn(n,m) < Ch?p‘“ﬁ{ml(g)-

Proof. The first inequality follows directly from the Cauchy inequality. Statement b)
follows from the multiplicative trace inequality and approximation results of Lemma 4.
O

5 Error analysis

5.1 Properties of the diffusion terms

Throughout the following analysis we shall assume that the constant Cy from (8)
satisfies

Cyw > 4(?3)2%(1 1oy, (13)

where Cjs and Cf are constants from Lemma 2 and 3, respectively.
Let us define the form

Ap(u,v,w) = ap(u, v, w) + BoJn(v,w), Yu,v,w € H*(Q,Ty),
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which is linear with respect to the second and third argument and nonlinear with respect
to the first argument. Finally, we define the following norm in H'(Q, 7p,):

1 1/2
lellpe = (5 (1wl gz + Jnlww)) .

Lemma 6 (Coercivity of Ap). Let w : Q@ — R be an arbitrary measurable function
defined almost everywhere in Q. Under assumption (13) on the constant Cyy, we have

Bollenllba < An(w, en, n) (14)
for all vy, € Sy, and h € (0, hy).

Proof. Since w is measurable, the boundedness and continuity of § imply that §(w) is
bounded from below by fyp and f(w) € L>(2). By the definition of the form A;, we get

Ah(wv ®, SD) = a‘h(wv 2 SD) + 60Jh(807 90)

= Bollelzrr 0,7, + BoTn(r ) = 2/ (B(w)Ve) - nly]| dS - 2/ |B(w) Ve - np|ds

Fl FB
> 2allelbe — 201 ( [, "G v as) ([ sletas)”
—251(/f3 d(@F)\v@Pds)”Q(/ﬁ df)r)wds)l/z,

(15)

where © > 0 is an arbitrary number. Now using in (15) the fact that for all a, 3,7,d € R,
we have 2(ay + 86) < a? + 3% ++% + 62, we get

S
Ap(w,0,9) > 26ll¢lbe — Biw — 51@%(% ©),

(16)
where
d(T’ d(l’
w :/ ()|<w>|2ds+/ ) G2 gs.
7 © 7B ©
Further using Lemmas 2 and 3, we get
1 2 Cum —1 2
vy D he [ |VelfdS < 5 > b (el o) [Vl o) + P el k)
KeT, oK KeT, (17)
CM(l + C])
< T‘SO’%{l(Q,Th)'
If we choose
0= QQCM(l +Cy),
Bo
and use condition (13), we get from (16) and (17)
A > 2 Doy e Ho > 2 18
n(w, 0, 9) = 26ollell D — ?H‘PHHl(Q,Th) - gt]h(%@) > Bollelpe- (18)
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Lemma 7 (Boundedness of Ap). Let w: Q — R be an arbitrary measurable function
defined almost everywhere in ). Then there exists a constant C > 0 independent of h
such that

Ap(w,v,0n) < C(llvllpa + hlv|g20,5,)) llenllpa, (19)
Ap(w,vn, on) < Cllonllpellenllpe- (20)

for allv € H*(Q,Ty,) and vy, o5, € Sh.

Proof. We use the fact that #(w) < 4 and proceed similarly as in [13]. O

Remark 1. The statement of Lemma 7 is valid also if we replace 3(w) by another
function from L°°(2) in the definition of Aj,. We shall use this fact in the proof of
Lemmas 8 and 13.

For each h € (0,ho) and t € [0,7] we define the function u*(t) (= wuj(t)) as the
“Ap-projection” of u(t) on Sp, i.e. a function satisfying the conditions

u*(t) € Sp,  An(u(®),u*(t),on) = An(u(t),u(t),on) Yen € Sh. (21)

For simplicity of notation, in what follows, we shall omit the argument ¢, whenever
the role of ¢ is not crucial. The existence of u* is a consequence of the Lax-Milgram
theorem, by the coercivity (Lemma 6) and boundedness (Lemma 7) of the form Aj on
the space Sj,.

First, we shall derive estimates for the functions y = v — v* and x; = % in the
norm || - ||pg and in the L?(Q2)-norm.

Lemma 8. There exists a constant C' > 0 independent of h, such that

C W |u(t) 1o+1 0, (22)
C P lue(t) 1010 (23)

Ix(®)llpe

<
Ie®lpe <

for all h € (0, ho) and for a.a. t € (0,T).

Proof. Let us set & = IIu, the L?-projection of u onto the space Sj. By the coercivity
of Ay (14) and the definition of u*, we obtain

Bolle = w’be < An(w,@—u", i —u)
= Ap(u,u—u*, 0 —u*)+ Ap(u,u* —u, 4 —u*) (24)

= Ap(u,t—u, & —u").
From Lemmas 7 and 4, b) and c¢), we obtain

Ap(u,t—u, @ — u”) C(llia — ullpe + hlé — ul g2 7;)) |16 — v*|| pa

C hPlul g lla — u*[ pe- (25)

IA A

From (24) and (25) we get
|6 — u* || pa < C hPlu| o+ (.-
Further, in virtue of the regularity of u, Lemmas 4, b) and 5, b), we have

lu —dllpe = [Inllpe < ChP|ul gr+i(q)-
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Now it is sufficient to use the triangle inequality
lu—u|pa < |lu—ilpg + [|& — v pe,

which implies (22).
Let us deal now with the norm || x¢|| pg. By differentiating (21) with respect to time,
we get

d

0= = An(u(®), X(8), on) = @n(x(®):0n) + An (u(t), xa(8), on),  Vopn € S, (26)

where
- %
3}
L, (P s [ (P05 wiass
— - 8%( )V’U dS—/fBa%(tu)Vgo-nvdS.
Since 250 — g/(y )‘9? € L>(Q) for a.a. t € (0,T), we have from Remark 1 an estimate

for ap, smular as in Lemma 7:

an(v,¢) < C(llvllpe + hlvlmm) @l pe- (28)

Now let ¢t € (0,T) be fixed. We substitute ¢y, := 4 (t) — u;(t) into (26) and use the
coercivity of Ap. Due to (26), we can write (again we omit the argument ¢)

Bollte — uillhe < An(u, i — uy, @ — uf)
= Ap(u, @ — uf, G —uf) — Ap (w,ue — uy, G — uf) — ap (v — v, 4 — uy)

= Ap(u, Uy — ug, 4y — uy) —5h(u—u*,ﬁt—uf).

(29)
From Lemmas 7 and 4, b) and c), we obtain
Ap(u, @ — g, 4 — uf) < C([[te — wellpe + hlae — wlm20.3,)) 1 — v llpa (30)
< C I lue| go+1(o e — v || p-
Similarly, due to (28)
an(u—u*, iy — uf) < C([lu— | pe + hlu — u*|g2q.z)) 4 — uf | pe (31)
< C WPl o1 it — ugl| pe-
From (29) — (31) we get
[t — uglpa < C PP |ut| gos (o)
This and the triangle inequality imply (23). O

Dual problem
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In this section we shall derive estimates for the L?(Q)—norm of x and y; using the
linearised elliptic dual problem: Given z € L?(f2), for each ¢t € (0,T) find (), such
that

—div(B(u(t)) Vi (t)) =
$(1)lon = o
The weak formulation of (32) reads: Find ¢(¢) € H(€2) such that
(ﬁ(u(t))vw(t), Vv) = (z,v), Vwve H&(Q) (33)

Lemma 9. Problem (32) has a unique weak solution 1)(t). Moreover, (t) € H?*(2)
and there exists a constant C > 0, independent of z and t, such that for allt € (0,T)

YOl r20) < CllzllL2(q)- (34)

Proof. Since B(u(t)) € L*>°(Q) for all t € (0,T"), the Lax-Milgram theorem gives us the
existence of a unique weak solution 9 (t) € H}(2) of the dual problem. Let ¢ € H}(2)
be arbitrary. We define the test function v := ¢/F(u(t)). We have

(ol —H@ L || TeBut) - o8 (u(e) Vurt
HY(Q) I} L2(9) Blu(t))? L)

< By 2H(P|’L2(Q + By 187+ LQCR)H‘PHHl < C”SOHHl(Q

2

Therefore ¥ € H}(2) for all ¢ € (0,T), and we can set v := ¥ in the weak formulation
(33):

VB(u(t)) — B’ (u(t)) Vu(t)y _ ¢
(Blu®) Vo), ) )= 50m) Yeem@.
Therefore
(V¢(t)’ VC,O) = (f7 90)’ Vp € H&(Q)v
where

1 /
[= m(z + B (u(t)Vu(t) - Vip(t)).

This means that 1 (t) € HE(Q) solves, in the weak sense, the problem

—AY(t) = f, Y(t)|oa = 0.
As the domain Q is convex it follows from [19] that ¢ (t) € H?(2) for t € (0,T) and

10 20 < ClIfllz2) < C(By Izl r2) + LORIV() 1) < Clizl 2@

Here we have used the fact that [¢[g1(q) < Cl|2]|r2(q), which follows from (33) by
setting v := 9 (t) and applying the Friedrichs inequality

By 1 liny < (290) < zll2@) ¥l 2@ < Clzlli2@lla e

]
Let us note that H2(Q) — C(£2). For convenience, we again omit ¢ in the notation.
Let 95, (= ¥3(t)) be the piecewise linear L2-projection of the function v, i.e. ¥|x €
PY(K) and
(@Zj_qﬁhv@h)LQ(K):Oy v@hEPI(K), VKE'];L
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Lemma 10. There exists a constant independent of h, such that in (0,T)

% = ¥nllpe < Chl|g2(q)-

Proof. The proof follows directly from Lemma 2 and approximation results in Lemma
4. O

Now we shall use the dual problem (32) to obtain L?-optimal error estimates for y and
Xt-

Lemma 11. There ezists a constant C > 0 such that for all h € (0,hg) and t € (0,T)
IXllz2) < CRP 'l g (q)-
Proof. We have

y 2
Il = sup 222
ser2(@) 12122 @)

The continuity of functions from the space H2(Q) yields
[Wlr=0, VL eZ. (35)

By the definition of 1/ and (35), for a fixed z € L%(Q), due to Green’s theorem, we have
(x,2) = /szd:): = —/Qdiv(ﬂ(u)vw)x dz
= 3 [ Bave-Vxdo— [ (80)Ve) nld ds - /f v as

I
KeT, fh

=Y [ swve-vyar— [ (30)ve) nidas - [ wve-nyas

I
K ETh fh

- [ Bevnlas - [ s xnvas+ s [ opnas [ ovvas

FI P
i.e.,
(Xa Z) = Ah(”ﬂva)' (36)
Further, the symmetry of Aj, and (21) give
Ah(u7 wh7 X) = Ah(u7 X wh) = Ah(uv U — U*7 wh) =0. (37)

This and Lemmas 7 and 10 imply that for a.a. ¢ € (0,7

(X, 2) = An(u, ¢ — thn, x) < C (1Y = Ynllpa + kY — Yuluz.m,)) IXlpa
< Chl| (o) PP |ul g i) < CRPYY 2] p2q) [ul o -

Hence,
, 2
HXHLQ(Q) = Ssup M < C'hp—i_l”LL|H;;;+1(Q)7
ser2(@) 12122 @)
which completes the proof of Lemma 11. O

Let us note that the assumption of the symmetry of the form Ay is crucial in the
presented proof. It enables us to exchange arguments in (37). This is the reason, why
we are unable to prove optimal error estimates for the nonsymmetric and incomplete
variants of the DG scheme (cf. [13]) using the presented technique.
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Lemma 12. Let ¢(t) be the weak solution of (32). Then, under the assumptions on
the data of the continuous problem (1), P (t) = 8%—9 € H%*(Q) for a.a. t € (0,T).
Furthermore, there exists a constant C' > 0 independent of z such that

[9e() |20 < ClizllLz(o)- (38)

Proof. For simplicity, in the following proof we shall use the notation B(-) := f(u(-)).
By formal differentiation of (32) with respect to t, we obtain the identity

—div(B(t)Vihi(t) + Be(t)Vip(t)) = 0, hi(t)]an = 0. (39)

Since we do not know apriori, whether 1, exists, we shall seek a suitable function ¥
such that it satisfies (39), i.e.

—div(B(t)V¥(t)) = div(B(t)Ve(t)), ¥(t)]on = 0. (40)

Problem (40) has the same form as the dual problem (32) with a special right-hand
side, which, as we shall show, lies in L?(£2). We can therefore apply Lemma 9, which
states that there exists a weak solution W(t) of (40), which lies in H%(Q2). Finally we
shall show that W(t) = ¢4 (t).

First we show that the right-hand side of (40) lies in L?(2) for a.a. t € (0,T):

HdiV(Bt(t)vw(t)) HL2(Q) < HVBt(t) ’ vw(t)HLQ(Q) + ”Bt(t)Aw(t)Hm(Q)
< HBt(t)HWLOO(Q)Hw(t)HH%Q) S CHBt(t)HWLOO(Q)HZHLQ(Q)’

due to (34). Since B(t) = B(u(t)), we can estimate

(41)

1Be8) |y gy = 1B (Bl 22=(c2) + IV Bel®) (s
= 18 () (1) e g + 18" () ()T () + B (W) V(D) oy (42)

< LCRr + Hﬁ”HLm(R)Cﬁ + LCR < 0o, for a.a. t € (0,T),
due to assumptions (12) and the properties of 3. We note that estimate (42) is inde-
pendent of . Hence, B; € L*°(0,T; W1°(Q)).

Now we can apply Lemma 9, which states that there exists a solution W(t) € H?()
of (40) and that [|W(t)||y2(n) can be estimated by the L?—norm of the right-hand side,
ie.

10 ()] g2y < CHdiv(Bt(t)Vw(t))HLz(Q) < O||zllp2(q), for a.a. t € (0,T), (43)

due to (41), (42). We note that here the constant C' is independent of t.
It remains to show that W(t) = ¢(t). Let t € (0,7) and 6 > 0 such that t+4d € (0, 7).
For f:Q x (0,7) — R we define the difference operator Dj as

ft+0) = ft)

5 .
Since () € H?(2) for all t € (0,T), we see that Dsi(t) € H?(Q) for all t € (0,7)
and 0 > 0 sufficiently small. To prove the Lemma, we need to establish the pointwise

convergence of Dsi)(t) to ¥(t) as 6 — 0.
We subtract the dual problem (32) taken at time ¢+ § and at time ¢:

Dsf(t) =

—div(B(t + §)Vy(t + 6) — B(t)Vy(t)) =0,
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and to both sides we add the term div(B(t+§)V(t)) and divide by § > 0. This yields
—div(B(t + 6)VDsip(t)) = div(DsB(t)Vip(t)). (44)
Subtracting (40) and (44) gives us
—div(B(t)V¥(t) — B(t + §)VDsy(t)) = div((B(t) — DsB(t)) Vip(t)).
Finally to both sides we add the term div(B(t)VDsv(t)), which results in
—div(B(t)V®;(t)) = gs(t), ®s(t)laa = 0, (45)

where

Ds(t) == W(t) — Dsrp(t),
g5(t) == div((B(t) — B(t + 6))VDstp(t) + (Bi(t) — DsB(t)) Vib(t)).

Again, problem (45) has the same form as the dual problem (32) with a special right-
hand side g5(t), which, as we shall show, lies in L*(Q) and [|g5(t)|| 2y — 0, as § — 0.
We can therefore apply Lemma 9, which states that ||®5()||z2() can be estimated by
195 ()|l £2()- The continuous embedding H?(2) — C(Q) gives us

125(D)llc@y < CllPs (Bl m2) < Cligs(t)ll2) — 0, as 6 =0, te€(0,T).

Hence, by the definition of ®s(t), it follows that 1, (t) exists, U(t) = ¢x(¢) and (43) gives
estimate (38).
It remains to estimate | gs(t)| z2(q). We have:

195 ()l 22(2)
< ||B(t) = B(t + 0)llweo (o) 1 Ds¥ (8| r2(0) + 1 Be(t) — Ds B(t)[lyw1.00 () 10 () | 1122 -

(46)
Since B; € L>(0,T; WH*°(Q)), we have B € C(0,T; W1>°(Q)) and thus
[B(t) — B(t+6)|lwrec() — 0, as d — 0, for all t € (0,T). (47)
Furthermore, for a.a. t € (0,T), By(t) exists and lies in W1°°(Q). Therefore
| Be(t) — DsB(t)|[w1.e0(0) — 0 as 6 — 0, for a.a. t € (0,7). (48)

Finally, we need to estimate || Ds3()|| gr2(q). Problem (44) for the unknown Ds)(t) has
the same form as the dual problem (32) taken at time ¢+ 6 with a special right-hand side
div(DsB(t)Vi(t)). We can therefore apply Lemma 9, which states that | Dst () |2 )
can be estimated by the term ||div(DsB(t)V(t)) 22(0):

D5 (t)l| 2@y < Clidiv(DsB(E)VY(t)) | r2(0) < ClDs B() oo ) 1¥(0)l| 520

< C(IBi(B)llwroe() + 1 DsB(t) = Bi(t)llwroo () 12l 220y < Cllzlz2(0),
(49)

fora.a. t € (0,7) and all § > 0 sufficiently small. Estimates (46)-(49) imply ||g5(?)||z2(0) —
0,as 0 — 0, for a.a. t € (0,7). O

38



Optimal L>(L?)-error estimates for the DG method

Lemma 13. There exists a constant C' > 0 independent of h, such that for a.a. t €
(0,T) and all h € (0, hy)

||Xt(t)||L2(Q) < Chp+1’ut(t)|Hp+1(Q).

Proof. As in the proof of Lemma 11 we can write

t),z
@l = sup Xel:2)
cer2@) zllz2

Let z € L*(Q) be arbitrary but fixed (we note that z is independent of time). Due to
(36), we have

(a0, 2) = (289 ) = S0, ) = S (wt), wi0), x(0). (50)
Differentiating identity (21) with respect to time, we get
A (u(t), (1), X(1)) = 0.
This together with (50) gives
(e0).2) = S A (), 011) — im0, X(8)) = @ (00) — (D) x(1)
(51)

0
A (u(e), S-(008) —n(0)x(0)) + A (w(2), 6(8) — n(0) (1),
where ay,(+, ) is defined by (27). We shall now estimate individual terms in (51). Since

)aﬂ(U) ’ _
ot

5’(“)?;‘ < LCR, in Qr.

we have 8%(tu) € L>(Q) for a.a. t € (0,T) and we can therefore estimate aj (v, ¢)

similarly as in the proof of Lemma 7 to obtain

an(v,¢) < C(llvllpe + hlolpz@o.g)) el

which yields
an (Y (t) = ¥n(t), x(t)) < C(I[U(t) = ¥n)lpe + Al (8) = Y (t)l g2.5)) X ®)lpc

< O 2 ey [ul o ()
(52)

From Lemma 7 we immediately see that

Ay (t), & (1) = Un(0), X(8) < CRIYB) 20,5 IX®)Ipe < CR* 2] gy ful o1 )
(53)

Similarly, we obtain

Ap (u(t),(t) — Yn(t), xe(t)) < Chl () 2.5 Ixe(®)llpa < CRP 2]l 120 [uel goe @)
(54)

Finally, we combine (51) and estimates (52)-(54), which completes the proof of Lemma
13. O
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Lemma 14. There exists a constant C > 0 independent of h, such that for all h € (0, hy)
and a.a. t € (0,T)

X))l zei) < CRPu(t)| o1 a)-

Proof. For a given h and ¢ the function x(¢) is a piecewise continuous function on a given
finite triangulation 7y, thus there exists an element K € 7}, such that ||x(t)||z~@) =
IX()l oo (k). By Lemmas 3, 4 e) and 11 we have

XN poe (i) < llw— TMpul| oo (k) + TIpu — w™ || Loo ()
< ChP|ul o1 () + Crhgt 1 pu — u*|| 2
< CWP|ul o1 () + Crhge (Ipu — ull 2y + lu — ol r2(x))
< ChPlu| go+1(0).-

O

Now we shall establish an important property of the Aj-projection u* needed in the
following analysis.

Lemma 15. There exists a constant Cf > 0 independent of h, such that for all h €
(0,hg) and a.a. t € (0,T)
V™ (t)|| o< (o) < Ck-

Proof. For a given h and t the function uj(t) is a piecewise continuous function on a
given finite triangulation 7j, thus there exists an element K € 7, such that ||Vuj; (t)[| o (0
= ||Vuj,(t) || Lo (k). Due to the second inverse inequality in Lemma 3, we have

Vs (8| poo (1) < Crhi IV us ()| 20y = Crhigt s (6) | (i)
< Crhi i (t) — u(t) sy + Crhi () s
< V2Cih i Ix(®)lpe + Crhi 1KV u(t) | oo i)
Now we can use estimate (22) and assumption (A3) on the mesh to obtain

IV (D)l oo () < Chige WP |u(t)| o () + Chighic|[Va(t)] oo (i)
< CCslul g1 () + CCr < CF,
where C%, := CCsl|u| Lo (0,7, mr+1(q)) + CCOR < 00 is a constant independent of i and t.
Il
Lemma 16. Let ( := u* —up, € Sy. There exists a constant C > 0 such that for all
h € (0,ho) and a.a. t € (0,T)
Ah (’U,, U*v C) - Ah (uhv U*a C) - lh(uv C) + lh(uha C)

3 (55)
< ChQ(p+1)|U|%{p+1(Q) + CHCH%Z(Q) + ZOHCH%G

Proof. We break down (55) into individual terms A;, defined in the sequel, and treat
them separately:

5

Ap, (U>U*> C) - Ah(uha U*v C) - lh(ua C) + lh(uh7 C) = ZAZ

i=1
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1) First term: Due to the Lipschitz continuity of § and Lemma 15

A = Z / (up))Vu* - V¢ da

KeTy,

< VUl pe@) Y / Llu — up||V¢| dz < LCR[lu — unllr2()lClrr (2.7,
KeT,

< C(lxllez) + ¢ 2@) K a @.7)-
Finally, Young’s inequality and Lemma 11 give
Bo
A1 < CRPPH V) uffn gy + ClICT2(0) + EHCHZDG'

2) Second term: Due to the Lipschitz continuity of 3, Lemma 15 and Young’s in-
equality,

Ay = /f ((B(u) = Bur)) V™) - 0[¢] dS < [[Vu" |l < (e) /f Ll —un)I[C]1 dS
g0(/ ICé@<|u—w>2d3)”2(ﬁ,C%KVCZS)”

(56)
o(Y / hachu — w2 a8) - 7u(¢. 02
KeTy,
<cy / hiclu — up? dS+ B0,
KeT,
Now we estimate by Lemma 2 and Young’s inequality
C Z / hK\u — uh|2 ds
KeTy,
<C Z hic (1w — w2yl — wnl g ) + b llu — unl|72(0))
KeT, (57)

< C(hllu = unl 2y lu = unlgr.m) + lu = unllZ2(g))
= C(hlx + Cll2@ylx + Carem) + Ix + ¢l q)

5
< Chz(pﬂ)‘“ﬁ{pﬂ(g) + CHCH%Q(Q : |C|H1 (QTh)"

Finally, combining (56) and (57) results in
Bo
Ay < PPVl ) + ClICII2 () + @HCHQDG

3) Third term: Since u is a continuous solution, we have on each interior edge [u*] =
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*

[u* — u] = —[x]. Using this and Lemma 14, we get

o= [ {000~ 3u)Ve) e as < & [ (fu—w9CIba)] as

h

<2l 3 / lu— u||V¢] dS

KeTy,

(58)
< CHPJulgoes Z/ \u—uh|2dS Z/ \VC|2dS
KeT,, KeT,,
< Clulmio (X [ w7l as) " ( / wiveras) .
KeT,

By assumption (A3), the multiplicative trace and inverse inequalities, we have

> / WPIVE2dS < Cur Y hic (VS 200 | VC i o)+ IV G2 10)) < ClSlina)-
KeTy, KeTy,

(59)
Finally, due to assumption (A3) and estimate (57), by Young’s inequality we obtain
from (58) and (59)

A3<C > / hiclu — up|* dS + ZICIZl(Q,Th)
=
2p+1) 1,12 2 Bo .2 Bo | 12
<Ch [l o) + Cliclz2 () + 41l @z + g 1 em)
ﬁo

< CWPuffy g + ClCIZ2(0) + 611 IDe-

4) Fourth term: We can proceed similarly as in the estimation of Ay to obtain

Ay = /f () = Blun)) V- n¢ dS < CHVulf, o o) + ClI¢lIZ2q) + ggucu%c-
h

5) Fifth term: We use the fact that u = up on 9

A= [ (B) = 8()) V- mu* S = 10,€) + I
h

- /f (8(w) = Auw)) V¢ - nu” —up) dS = | (B(u) = Hlun)) V¢ - n(w" —u) d5.

Now we can proceed similarly as in the estimate of As:

ﬁo

As < CRPP D |uffi g + CliCNF20) + HCHDG

From the derived estimates of A; ... A5 we get the desired estimate (55). O

Lemma 17. Let u be the solution of the continuous problem (1), uy, the solution of the
discrete problem (9), u* be defined by (21), and ¢ (= () = u* — up, € Sp. Then there
exists a constant C > 0, independent of h € (0, hg), such that

b (1, ¢) = bu(un, )| < Cli¢lpe (R ul o) + 1< L2 () - (60)
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Proof. The proof can be carried out similarly as in Lemma 4.3 from [15]. O

Theorem 18 (Main theorem). Let assumptions (H) and (A) be satisfied and let the
constant Cyy be chosen in such a way that (13) holds. Let u be the exact solution
of problem (1) satisfying the regularity condition (11) and let uy be the approximate
solution defined by (9). Then the error ep, = u — uy, satisfies the estimate

llenll Lo o,02(0) < CAP,
with a constant C' > 0 independent of h.

Proof. Let u* be the Ap, projection defined by (21) and let x and ¢ be as in Lemmas 8
- 17,i.e. x =u—u*, ( = u* —up. Then e, = u —up, = x + (. Let us subtract (9,b)
from (10), substitute ¢ € Sy, for ¢, and use the relation

(B9 (1) = 2 1) g0

Then we get

5 5 ICO ey + An (u(e) u(0), () — An(un (1), un (1), (1)
= [bn (un(0), <) = b (u(t), <0)] = (al®), CO) + I (u(0), <) = I (un(2), (1),

The convective terms on the right-hand side term can be estimated by Lemma 17 and
Young’s inequality as follows (we omit the argument )

bu(un, ¢) — br(u, ¢) < Cl¢lipa (WP ul o) + 1€ 2

Bo C
< Uelbe + 5 (WO Nl g + <1220 ) -

Bo

For the second right-hand side term in (61), by the Cauchy and Young’s inequalities
and Lemma 11, we have

|Oxts O < llxell 22 11Kl 22 @)
1 2 2 1 2(p+1)),, |2 2
< 5 (IalBagey + 1C32(@) ) < 5 (C A2 D luallypor o) + ISy -

[\

Further, we treat the diffusion terms in (61):

Ah(u7 u, C) - Ah(uhauh7C)
= Ah(“aX? C) + Ah (U7U*7 <) - Ah(uha U*v C) + Ah(’LLh, Cv C) (62)
> Ah(u7U*7C) - Ah(uhaU*aC) + ﬁOHCHQDGv

due to the coercivity of A; — Lemma 6 — and the definition of u*, c¢f. (21). Hence,
combining (61)—(62), we obtain

350

1
2= a0 Tlclbe < OROD (ol + hulin )

ro(is )chm (0,07, €) = An €)= (. C) 4 o, )
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Now we apply Lemma 16 to obtain

1d 350

1
Sdt HCHL? ot IKIhe < Ch7@HD (7 |U’%{p+1(9) + |Utﬁ{p+1(9)>

p
+c(1+ 5 1<l + RO Dl g + Cllclia + 7 1¢llbe:

Finally, by rearranging we get a.e. in (0,7)

d
¢+ Bollclibe < CAZFD (Juldpmr gy + elmes ) +c(1+ L
(63)

The integration of (63) from 0 to t € [0, 7] yields
t
160 ey + 0 [ 1CCO) B 9
t t
< ChQ(p'f'l) / |’U/(’ﬁ)|%{p+1 Q) dv +/ "l%(??)‘?{qu(ﬂ d’l9) (64)

+C<1+ /HC )17 Q)dﬁ+0h2p+1)‘u0’m“ ()

since
1C0) [ r20) < llup — ullz2e) + [IX(0) | 2(0) < C BPFHu® | o (.

Now we apply Gronwall’s Lemma (cf. [13]) to (64), which yields

¢ . 1
(P+1) oy 2L
[C(0) 20 + o /O <) he a0 < CWEWexp (C(14+ 2 )t). (6)

where C' and C are constants independent of ¢ and h. Since e, = x + ¢, to complete
the proof, it is sufficient now to combine (65) with the estimate of ||x(t)[|z2(q) from
Lemma 11. U

6 Conclusion

This paper is concerned with the analysis of the discontinuous Galerkin space semidis-
cretization of a nonstationary convection-diffusion problem with nonlinear diffusion and
nonlinear convection, equipped with Dirichlet boundary conditions and an initial condi-
tion. We have proven optimal error estimates of order O(h?*1) in the L>°(0, T’; L*(Q))-
norm for the SIPG method under the assumptions that the piecewise polynomial ap-
proximation of degree p is used, the time derivative of the exact solution is sufficiently
regular and the solution of the linearized dual problem of the form

—div(B(u®)VY(t) =2z inQ, s =0.

possesses a solution 1(t) € H?()) with a time derivative 1;(t) € H%(Q) for any z €
L?(2). This is true under additional conditions on the nonlinearity 5(-) and the exact
solution u, provided the polygonal domain € is convex.

There are several open problems connected with the analysis of optimal error esti-
mates of the DGFEM for convection-diffusion problems:
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e Derivation of optimal error estimates in the case of a weaker regularity of the exact
solution of the considered convection-diffusion problem and of the dual problem
(the case of a polygonal nonconvex domain 2 and/or mixed Dirichlet-Neumann
boundary conditions).

e The extension of the derived estimates to three spatial dimensions.

e The investigation of optimal error estimates for other variants of the DGFEM for
the diffusion terms, such as the nonsymmetric and incomplete interior penalty
Galerkin methods (NIPG and IIPG), where the presented technique cannot be
applied.
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Abstract

The paper presents the theory of the discontinuous Galerkin finite element
method for the space-time discretization of a nonlinear nonstationary convection-
diffusion initial-boundary value problem. The discontinuous Galerkin method is
applied separately in space and time using, in general, different space grids on
different time levels and different polynomial degrees p and ¢ in space and time
dicretization. In the space discretization the nonsymmetric, symmetric and in-
complete interior and boundary penalty (NIPG, SIPG, IIPG) approximation of
diffusion terms is used. The paper is concerned with the proof of error estimates in
“L2(L?)"- and “DG”-norm formed by the “L?(H')”-seminorm and penalty terms.
Special space-time interpolation and a special technique has been applied for ob-
taining optimal error estimates with respect to the time step.

Keywords: nonstationary nonlinear convection-diffusion equation; space-time dis-
continuous Galerkin finite element discretization; NIPG, SIPG and ITPG treatment
of diffusion terms; error estimates

1 Introduction

In a number of complex problems from science and technology (aerospace engineering,
turbomachinery, oil recovery, meteorology, environmental protection etc.) we meet the
requirement to apply new efficient, robust, reliable and highly accurate numerical meth-
ods. It is necessary to develop techniques that allow to realize numerical approximations
of strongly nonlinear singularly perturbed systems in domains with a complex geometry,
whose solutions contain internal or boundary layers.

An excellent candidate to overcome the mentioned difficulties is the discontinuous
Galerkin finite element (DGFE) method, which has become rather popular for the
solution of a number of problems.

The DGFE method uses piecewise polynomial approximations of the sought solution
on a finite element mesh without any requirement on the continuity between neighbour-
ing elements and can be considered as a generalization of the finite volume and finite
element methods. It allows to construct higher order schemes in a natural way and is
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suitable for the approximation of discontinuous solutions of conservation laws or solu-
tions of singularly perturbed convection-diffusion problems having steep gradients. This
method uses advantages of the finite element method and finite volume schemes with
an approximate Riemann solver and can be applied on unstructured grids, which are
generated for most complex geometries.

The original DGFE method was first used in [47] for the solution of a neutron
transport linear equation and analyzed theoretically in [44] and later in [41]. Nearly si-
multaneously the DGFE techniques were developed for the numerical solution of elliptic
problems or parabolic problems ([58], [2]). Further, the DGFE method was applied to
transport-reaction problems ([12]), nonlinear conservation laws ([16], [40]), convection-
diffusion linear or nonlinear problems ([18], [10], [18], [17], [34], [32]), compressible flow
([71, 18], [9], [20], [22], [36], [67]), simulation of compressible low Mach number flows
at incompressible limit ([24], [33]), solution of incompressible viscous flow ([53], [56]),
porous media flow ([54]), shallow water flow ([19]), the Hamilton-Jacobi equations ([38]),
the Schrédinger equation ([42]) and the Maxwell equations ([37]). Theoretical analysis
of various types of the DGFE method applied to elliptic problems can be found, e.g. in
[5], [3] and [4]. In [48], DGFE analysis is performed in the case of a parabolic problem
with a nonlinear diffusion. In [39], analysis of hp-version of the DGFE method applied
to stationary advection-diffusion-reaction equations is analyzed.

In the discretization of nonstationary problems, one often uses the space semidis-
cretization, also called the method of lines. In this approach, the DGFE discretization
with respect to space variables is applied only, whereas time remains continuous. This
leads to a large system of ordinary differential equations, which can be solved numeri-
cally by a suitable ODE solver. (See, e.g., [48], [10], [16], [25], [26], [23].) In CFD and
conservation laws, explicit schemes are often used, which are however conditionally sta-
ble. Therefore, it is suitable to apply implicit or semi-implicit methods. In [48] implicit
O-schemes are analyzed, [23] is concerned with the analysis of a semi-implicit linearized
scheme for a nonlinear convection-diffusion problem and in [22] and [33] an efficient
semi-implicit method for the solution of the compressible Euler equations was devel-
oped. However, these methods have low order of accuracy in time. As for higher-order
time discretization methods, we can mention the well-known Crank-Nicolson scheme,
which is second-order in time. In computational fluid dynamics, Runge-Kutta methods
are very popular. However, they are conditionally stable and in connection with the
DGFEM the time step is strongly limited by the CFL stability condition. An example
of unconditionally stable method is the technique using the backward difference for-
mula (BDF). It was used for the solution of compressible flow, e.g. in [22] and analyzed
theoretically in the case of a scalar nonlinear convection-diffusion equation in [27].

The numerical simulation of strongly nonstationary transient problems requires the
application of numerical schemes of high order of accuracy in space as well as in time.
In the paper [6], a time discretization of arbitrary order was proposed and analyzed.
Unfortunately, it is applicable to linear parabolic problems only. In the framework of
the space DG semidiscretization, the well-known Runge-Kutta discontinuous Galerkin
methods were developed, see e.g. [18]. They are applicable to the numerical solution of a
wide class of problems, including nonlinear conservation laws and nonlinear convection-
diffusion problems, but they are conditionally stable.

One possibility, how to construct an unconditionally stable numerical schemes of
high-order of accuracy is to use the discontinuous Galerkin discretization with respect
to both space and time. The discontinuous Galerkin time discretization was introduced
and analyzed, e.g. in [28] for the solution of ordinary differential equations. In [30],
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[29], [1], [51] and [52] the solution of parabolic problems is carried out with the aid
of conforming finite elements in space combined with the DG time discretization. See
also the monograph [55]. The works [40], and [57] apply on the other hand to the full
DG discretization in the space-time domain. This requires to construct the mesh in the
space-time cylinder, which may be quite complicated task for 3D problems.

In this paper we are concerned with the space-time discontinuous Galerkin discretiza-
tion applied separately in space and in time for the numerical solution of a nonstationary
nonlinear convection-diffusion equation. The time interval is split into subintervals and
on each time level a different space mesh may be used in general. This approach is suit-
able particularly in the case when the space mesh adaptivity is performed in the course
of increasing time. Moreover, the triangulations used for the space discretization may be
nonconforming with hanging nodes. In the discontinuous Galerkin formulation we use
the nonsymmetric, symmetric or incomplete version of the discretization of the diffusion
terms and interior and boundary penalty (i.e., NIPG, SIPG or IIPG versions). For the
space and time discretization, piecewise polynomial approximations of different degrees
p and ¢, respectively, are used. The main subject of the paper is the derivation of error
estimates of the space-time DGFE method for the nonstationary initial-boundary value
problem with nonlinear convection and linear diffusion. We do not consider a singularly
perturbed case with dominating convection, but assume that the diffusion coefficient is
a fixed positive constant of order O(1). Under the assumption that the triangulations on
all time levels are uniformly shape regular, and the exact solution has some regularity
properties, error estimates are derived for the space-time DGFE method.

The structure of the paper is as follows: First, the continuous problem is formu-
lated and the main assumptions are introduced. Further, the discontinuous Galerkin
discretization in space and time is described. In the next section, some auxiliary results
concerning properties of forms appearing in the definition of the approximate solution
are obtained and the abstract error estimate is derived. Then the error estimates of the
DG space-time discretization are proven. Finally an outlook of the future work is given.

2 Continuous problem

Let Q C IR? (d = 2 or 3) be a bounded polyhedral domain and 7 > 0. We consider the
following initial-boundary value problem: Find u : Q7 = Q x (0,7) — IR such that

Zai‘;; —cAu=g inQr=Qx(0,7), (1)
u‘aﬂx(O,T) = Uup, "
u(z,0) = u’(z), z €. (3)

We assume that € > 0 and fs € C1(R), |f}| <C, s=1,...,d. This means that the
fluxes f; are Lipschitz-continuous in IR.

Using techniques from [50], it is possible to prove the existence and uniqueness of a
weak solution to problem (1) — (3).

We use the standard notation of function spaces (see, e.g. [43]). If w is a bounded
domain, then we define the Lebesgue spaces

L>*(w) = {measurable functions ¢; [|¢||pe () = essup,e,|p(r)] < oo},

) . 5 o \1/2
L*(w) = {measurable functions ¢; [|¢[[r2() = (/ o] dm) < oo}
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and the Sobolev space

1/2

H (W) = {p € L2(w); lellmrw) = (D 1D%l320,) "~ < oo},
|or| <k
with the seminorm 12
Wl = (3 1D°¢l3a) -
|a|=k
We also use the Bochner spaces. Let X be a Banach space with a norm | - ||x and a

seminorm | - |x and let s be an integer. Then we define:

C([0,T]; X) = {¢: [0, T] — X, continuous, [|¢[|c(jo,r7,x) = s lellx < oo},
telo,

T
L*0,T;X) = {go : (0,T) — X, strongly measurable, ”SOH%Q(O T:x) = / loll% dt < oo},
o 0

0%p |2

T S
H(0,7;X) = {p € L0, T3 X); [0 0.7:3) =/0 > |50
a=0

<oo}.
X

Moreover, we set

leleqor:x) = sup lelx,
te(0,7)

T 1/2
[plr20,m5x) = (/ lol% dt) ;
0

B Thosp 2 \1/2
’SO|HS(O,T;X)—< , ot X) .

3 Discretization

3.1 Construction of a mesh in Qr

In the time interval [0,7] we shall construct a partition formed by time instants 0 =
to < -+ < tpyy = T and denote I, = (tym—1,tm), Tm = tm — tm—1. We have [0,T] =
Uf\ilfm, I, NI, =0 for m # n.

For each I,, we consider a partition 7}, of the closure Q of the domain  into a
finite number of closed d—dimensional simplices (triangles for d = 2 and tetrahedra for
d = 3) with mutually disjoint interiors. We shall call 7}, ,, a triangulation of . We
do not require the standard properties of 73, ,,, used in the finite element method. This
means that we admit the so-called hanging nodes (and in 3D also hanging edges). The
partitions 7j, ,,, are in general different for different m.

Let K,K' € Tj,,,. We say that K and K’ are neighbouring elements, if the set
0K NOK' has positive (d — 1)-dimensional measure. We say that I' C K is a face of K,
if it is a maximal connected open subset either of 9K NOK’, where K’ is a neighbouring
element to K, or of 0K NJS. By Fj, ., we denote the system of all faces of all elements
K € Tp,y,. Further, we define the set of all inner faces by f,{ym ={T' € Fpm; T CQ}
and by F,fm = {I' € Fim; I' C 0Q}the set of all boundary faces. Obviously, Fp m =
Fiton UFi -

For each I' € Fy,,, we define a unit normal vector nr. We assume that for I' € f,fm
the normal nr has the same orientation as the outer normal to 9€). For each face
I'e .’F,{’m the orientation of nr is arbitrary but fixed. See Figure 1.
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Figure 1: Example of elements K;, [ = 1,...,5, and faces I';, [ = 1,...,8, with the
corresponding normals nr,.

In our further considerations we shall use the following notation. For an element
K € Tpm we set hg = diam(K), hy = maxger, , hx, h = maxy=1_ nmhm. By px
we denote the radius of the largest d-dimensional ball inscribed into K and by |K|
we denote the d-dimensional Lebesgue measure of K. Further, by d(I') we denote the
diameter of I' € F}, ;,. Finally, we set 7 = max,,—1,... am Tm-

3.2 Forms defined on spaces of discontinuous functions

For a function ¢ defined in U%zl I,,, we denote

90%1 =@ (tmi) = t—légnl:t @(t% {So}m = (tm+) - (tm_) . (4)

Over a triangulation 7} ,, we define the broken Sobolev spaces
H*(Q, Thm) = {v;v|x € HNK) VK € Ty} (5)

equipped with the seminorm

/
vz, 750,) = ( Z |U‘§{k([{)>1 ’ (6)

KGThym

For each face I' € .7:,{ . there exist two neighbours KIQL),KIQR) € Tpm such that

I' C 8K§L) N (9K1£R). We use convention that mr is the outer normal to the element
KIEL) and the inner normal to the element KéR). For v € HY(Q, Thm) and I' € f,{’m we
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introduce the following notation:

1)|(FL) = the trace of U|K1£L) on T, (7)
U|§R) = the trace of ’U|K(R) on T,

(v)p = ) ( v +U|F >,

e = ol — ol

Now, let I € fB and K(L) € Ty,m be such an element that I' C KﬁL) N o0f). For
v € HY(Q, T ) we define v[r ) by extrapolation, i.e.

U|1(,R) — U]E,L) = the trace of 'U|K§‘L) on I (8)

If []r and (- ) appear in an integral [i.... dS, where I € f,{m, we usually omit the
subscript I' and write simply [-] and (- ). Moreover, if ' € 7P and v € HY(Q, Tp.m),

h,m
then [ vdS means [ U|§L) ds.
Let Cy > 0 be a fixed constant. We introduce the notation

h ) +h_(r

W) = % for T € Ff ., 9)
h . (x

W) = % for T € 72,

By (-, -) we denote the scalar product in L?(£2) and by || - || we denote the norm in L?(€2).
If w, ¢ € H*(Q, Tpm), we define the forms

apm (U, ) =€ Z Vu-Vedr (10)
KGIZ;L7U
. / (V) - nrfg] + 6(V) - np [@])dS
rer| ..
— ¢ Z / (V- -nro+0Ve- npru)ds,
rer?,,
Ihm (W@, ) = Z h(T" / ] dS + Z h(T /ugpdS, (11)
rerf . rerp
Ah :ahm+€Jhm7 (12)
6
bom(@ ) = — 3 /Zfs o da (13)
KETh
L) _ L
+ [ a@E ) eas+ Y [ # (@0l ) ol as
reri . rerp,,

Here H is a numerical flux. We assume that it has the following properties.
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(H1) H(u,v,n) is defined in IR? x By, where By = {n € IR%;|n| = 1}, and is Lipschitz-
continuous with respect to u, v:

|H(u,v,n) — Hu*,v*,n)| < Lg(lu—u*|+ v —v*]), wu,v,u*,v* € R, n€ By.

(H2) H(u,v,mn) is consistent:
d
H(u,u,n) = Zfs(u)ns, u€ IR, n=(ny,...,ng) € By.
s=1
(H3) H(u,v,m) is conservative:

H(u,v,n)=—H(v,u,—n), wu,v€ IR, n € By.

Finally, the right-hand side form is defined on the basis of data:

bhm() = (g,0) +2 Y (CW

- /uDgodSG/ch-npuDdS). (14)
rerf . K 0 r

In the above forms we take # = —1, § = 0, § = 1 and obtain the nonsymmetric (NIPG),
incomplete (ITPG) and symmetric (SIPG) variants of the approximation of the diffusion
terms, respectively.

In the space H'(Q, Th,m), the following norm will be used:

1/2
Ielpam = (D lelnw + Ihmle9)) (15)
KETh,m

3.3 Discrete problem

Let p, ¢ > 1 be integers. For each m = 1,..., M we define the finite-dimensional space
Shm =19 €L (Q);plx € PP(K) VK € Ty} - (16)

By II,, we denote the L?*(2)-projection on SV ie., if ¢ € L?(Q), then IL,,p € SV
and

The approximate solution will be sought in the space

q
Stt={p e L2@nisely, =X ter withgie S, m=1,.. My (9
1=0

In what follows we shall use the notation U’ = U /dt,u' = Ou/dt, DI*t = 991 /ota+L,
Definition 1. We say that the function U is an approxzimate solution of problem (1) —
(3), if U e SPd and

/I ((Ul, (10) + Ah,m(U7 SO) + bh,m(U7 (70)) dt + ({U}mflv (10:)2—1) = /I Eh,m((p) d(ﬂrg)

VoeSpt, Ym=1,...,M, Uy =Ihu’.
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It is possible to show that the exact sufficiently regular solution u satisfies the
identity

/Im ((u/7 ©) + Apm(u, @) + by m(u, cp)) dt + ({um_l}, ‘P:%—1) = /Im Ch.m (@) dt, 20)

Yoesyl, Ym=1,...,M,
if we set u(0—) = u(0).

Remark 1. It is also possible to consider ¢ = 0. In this case, scheme (19) represents
a version of the backward Euler method. Since it can be analyzed in a similar way as,
for example, in [23], we shall be concerned only with ¢ > 1.

In the error analysis we shall use the S}?-interpolation 7 of functions v € L*(Qr)
defined by
a) wvE S’ﬁ:g, (21)
b) (7o) (tm—) = v(tm—),
c) / (mv — v, *)dt =0, V@*ESZ’ZA, Vm=1,...,M.

Im

In [32], Lemma 4, it was proven that mu is uniquely determined. Moreover, by [32],
Lemma 9,
rulp, = ()], (22)

Our main goal will be the derivation of the estimation of the error e = U — u, which
can be expressed in the form

e=£+, (23)

where
E=U—-muesP, n = ru—u (24)

Then, in virtue of (19) and (20),

/ ((€, ) + Apm(&, 0))dt + ({fm_l},%f”):/ (bhm (w, @) — bpm (U, @))dt

Im m

(25)

— /[ ((77/, (,0) + Ah,m(n7 90))dt - ({n}m—la @;71)7 V(,O € Sﬁ:z

4 Abstract error estimate

In this section we shall be concerned with the derivation of error estimates in terms of
interpolation error.

4.1 Assumptions on the triangulation

In our further considerations, by C' and ¢ we shall denote positive generic constants,
independent of h, 7, K,e,u,U, which can attain different values in different places. In
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the sequel, we shall consider a system of triangulations 7, ,,, m =1,..., M, h € (0, hy),
which is shape regular and locally quasiuniform:

h

7K§CR7 KG,];L,mv mzlv"'aM7 he(()?h())v (26)
PK

hk < Cohgs, for neighbouring elements K, K’ € Ty, p,. (27)

Then there exist positive constants C'_, Cy such that

C_hgx <h(T) < Crhg, T € Fpm T CKEThm, h€ Ty, m=1,..., M. (28)

4.2 Auxiliary results

In the analysis of the DGFEM we use the following important tools.

Multiplicative trace inequality: There exists a constant Cj; > 0 independent of v, h,
K and M such that

1018201y < Car (lellzzqae) 1ol ) + B 10126, ) (29)

ve HYK), K € Thm, h € (0,hg), m=1,..., M.

Inverse inequality: There exists a constant C; > 0 independent of v, h, K and M such
that

’U|H1(K) < CIh;(1||v||L2(K)a v E PP(K)’ K e %L,ma h € (07 hO)a m=1,..., M.

(30)
(For proofs, see, e.g. [25] and [11].)
Coercivity of the form Ap, ,,: It holds
Ehep2
Apm(&,€) > §Hf||DG,m (31)
provided
Cw > 0 for NIPG, (32)
Cw > Cy (14 Cr) (1 4+ Cq) for IIPG,
Cw > QCM(l + C[) (1 + CQ) for SIPG.
(See, [31].)
Consistency of by, For any ¢ € S;'7 and k > 0,
- 1/2
Ohn (4, 0) = b (U, 0)] < Cllglem (I + 52, m)"
€ C -
< SlelBomt < (6P +52m),  (33)
where
2= S (Il + Wlnfse)- (34)

KETh,m

(The constant C' in the last expression depends, of course, on k.) The proof can be
carried out in a similar way as in [21] or [26].
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4.3 Derivation of estimates for ¢

Let us substitute ¢ := £ in (25) and analyze individual terms. A simple calculation
yields

2 [ (€ Odtr2(@nrgin) = [ GlePdE2( i) 69
I, Im

= [IEA 17 = 1165 117 +2 (651 — &mn &620)

and ) ) )
2(6h 0 =& 6h) = leh ol + I ma|” = lémaall™ (36)

Hence,

2/1 (€, &) dt +2({& m1,Eh_1) = 16nlI° = l16marll” + [HE ma]® 37)

Further, we shall be concerned with estimates of the right-hand side of (25). In the
same way as in [26], Lemma 9, using Cauchy inequality, multiplicative trace inequality
and inverse inequality, we can show that for ¢ € Sﬁ’z we have

| Apm(n, ©)| < Cacllellpgmom(n), (38)
where
o) = nlbam+ Y. hilnlheg- (39)
KeTh,m

By Young’s inequality, for k& > 0,
€
| An,m(n, 0)| < T lellbam + Cear(n). (40)

Now (25), where we set ¢ := &, relation (37) and estimates (31), (33), (40) imply
that

€l = Nemar I+ K€l + = [ Tl et (41)

Im

2e
<=2 [ 0l 9dt=2(hnrn&h) + 5 [ elBomd

C 1.
+ S Nepaero [ (st Zahm)
g I Im g
Further, we shall be concerned with the expression

/1 (', &) dt + ({n¥m-1, 0} _1)-

Integration by parts yields

[ et = ) = ) - [ € (42
Since ¢’ € 52’371 and n = mu — u, it follows from the definition of 7 that

| w¢ra=o

Im
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Thus,

| o+ (mhnergh) (43)

= (777:17551) - (77:1_17572_1) + (77:5—175;1—1) - (77;0—175:5—1) :

Further, since &,,, &, _; € Sﬁm, (21), b) and the definition of II,, imply that
(77;1’57;) =0 and (nr;flaér;fl) = 0. (44)

Moreover,

|16 1)] = O &n1 = )| = |15 {E}m1))| (45)
S (H€hmal” + ).

IN

From (43)—(45) we find that
, n 1 o 1, _ 2
| [ o 0de+ (s &) < 51 mal + Gl 0
This and (41) imply that
2
Jeal =g alP+2(1=7) [ 1€lBomat (47)
C ) e
<C [ el 2P e [ R

where
Rn() = e0%,(m) + 2% (n). (48)

In what follows, it will be necessary to estimate the terms with  and [ I, | €11% dt.

4.4 Estimation of [ ||¢||>dt

ITn
By P? we shall denote the set of polynomials in ¢ € R of degree < ¢. In the interval
(0, 1] we shall consider the Gauss—-Radau quadrature formula

g+1

1
/0 ()t~ 3 wio(9:), (49)
=1

where 0 < 91 < --- < ¥g41 = 1 are the Radau integration points and w; > 0 are the
Radau weights. (We can refer, for example, to formulas from [46], transformed from the
interval [—1,1) to (0,1].) Formula (49) is transformed to the interval (¢,,—1, %], which

yields
q+1

/I p(t)dt =~ 7y, Z wigp(tm’i), (50)
m i=1

where t™% = t,,, 1+ 7, ¥;. Formulas (49), (50) are exact for polynomials of degree < 2q.
In [1], the following result was proven:
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Lemma 1. Let p € P? and let p € P? be the Lagrange interpolation of the function
Tm D(t)/(t — tm—1) at the points t™*, i =1,...,q+ 1:

PE™) = T p(t™) /(™ = b)) = p(E™) 97, i =1, ¢+ 1.

Then
1 q+1
! ~ ~ _ - 2 . .—2 2/ 1mye
/Imppdup(tm_l)p(tm_l)—2(p () + 2w ). 6

Now, by & we shall denote the Lagrange interpolation of 7,,&(t)/(t — tm—1) at the
points #™% i = 1,...,q + 1. This means that for each 2 € Q, the function £(-,z) is a
polynomial (in ¢) of degree < ¢. In what follows we shall denote

g+1 o
€117 = 7m > it e D] (52)
i=1
Let us set ¢ := ¢ in (25). Then we get
[ @ dar g+ [ Aneda (53)
Im

(a) (b)
= ( %—17532—1) _/ (0, &)dt — <{77}m—17§~$—1> _/ A (1, €) dt
-~ 7

m m

(c) (d) (e)
[ (bran ) = (0§ ).

~~

()

In what follows, we shall analyze individual terms (a)— (f).

(a) By Fubini’s theorem and (51),

[ @oar i = [([7 elae g (54)

I'm
q+1

- [ 5 +sz e )= 5 (el + X wo el

Hence, since ﬁi_l > 1, in view of the notation (52), we get the inequality

[ (@ @ya+ (6o = 5 (160 + - 1613). (55)

Im

(b) We use the following lemma:

Lemma 2. Under assumptions (32) we have

A€ = 5 [ el it (56)

Im
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Proof. In view of (10) and (12),

/ Ahmﬁfdt—e/l

™ KeThm

e /I / (VE) -mrld] +0(VE) - nrle] ) dsar

" TeFL .

/ VE - VEdzdt

—€ /I / V¢ - npé + OVE - npg) ASdt + ¢ [ Jnm(E,€)dt.

™ TreFp Im

h,m

The expressions & |F, Ir, € r [€]r, V& and V€ are polynomials in ¢ of degree < g.

Hence, [} V¢ - VE du, JolElrElrds, [R(VE) - n[€]dS, Jpm(€,€), ete. are polynomials
in t of degree < 2gq. Therefore we can express the integrals [ 1, - dt with the aid of

the integration formula (50). We also use the relations E(™) = g(tm)9 L, VE(E™) =
VeI, [E(E™)] = [€(t™)9; 1. Then , by (10) we get

/] Ah,m(ga é) de (57)

q+1 )
—erndow( Y [ Ve Ve e (€60

=1 KETh m

—emn [ (98 ) m )+ 0(VEE™) - mrlem ) )as

rer .
—enn 3 [ (e nrm) +0vEE) - mrgen )as)
rer?
g+1
=Tm Z'ﬂ;lwz (ah,m(g(tmyi)a é(tmﬂ)) + 5Jh,m(£(tm’i)v g(tm7i))) .
i=1

In virtue of the results from [31], under assumptions (32), we have
. . . . € . .
anm (™), §™ ) +enm(EE™), 6™ ) = SIEE™ DG, i=1,...,q+1. (58)

If we use (57), (58), inequality ;' > 1 and take into account that ||§H2DG7m is a
polynomial in ¢ of degree < 2¢, we find that

q+1
~ I _ .
’ Apm(§,6)dt = §Tmzﬁi Fwg [|EE™ ) D6 m
c q+1 ' c
> Srn w6 b =5 [ lbamdt
i=1 m
what we wanted to prove. O ]

(c) By the Cauchy inequality,
(€ En)] < &l 11€5-1 - (59)
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Lemma 3. There exists a constant c1 independent of hi, T, € such that
o 2 C1 2
[y (e 131 (60)
Tm

tm,i —

Proof. The function £ is the Lagrange interpolant to 7, &(t)/(t — t;,_1) at points
tm—1+Tm i, i =1,...,q+ 1. This means that

L gamyy B or—gmi qulé”t"“) Tt = tw1 — T Vi
- Tmztmz_t Htmz_th: mz H Tm(ﬁi_ﬂ‘)
i—1 i1 J
7&1 J#i

Setting t = t,,,—1, we get

q+1 q+1

mz 1
J#l
and, thus, since 19;1 < 191_1,

B ) g+1 o+l
el = co 3o o (11 5 i) (o1
J#l

IN

IN

cws ol (15%5)

The Radau weights are defined as

19+1
— 9,
wi:/ i L dz.
0 55 Vi —0;

J#i

By [46], w* := min;—; _4+1w; > 0. Moreover, let us set

q+1 2
o v,
w** = maxi17___7q+1< ro— > )
j=1 ¢ Y

i
Hence, since w; > w*, using (54), we get
- g+1 w* g+1
&5 ]1” < C@) Y v e t"”)IIQ <01219 e[ w _7||£Hm>
=1 =1
with ¢; = C(q)w*™ /w*. O O

(d) Integration by parts implies that

[ 69+ e ) ©)

m

= —/ (0,€) At + (s &) — (1. &h 1) + (b1, €5 1) — (1, 65 )-

Im
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Since £ € P47 in virtue of (21), c),

/1 (n,&) dt = 0. (63)

Further, égl € Sﬁ,m and thus,
(1> €m) = 0. (64)
It follows from (62) - (64) that

/ (77/75) dt+({77}m—1a§:z—1):_(77;1—1’4‘::%1) < Hn;z—lH Héﬁ—l” (65)

Im

(e) We use the following lemma:

Lemma 4. If k>0, then there exists a constant C' > 0 such that
~ €
[ A &at| < 5 [ Mot Cz [ ot (66)
Proof. Using (40) with ¢ := &, we get

)/Im Ah,m(mf)dt‘ < ;/I Hfo)Gmdt+Cs/I o2 (n) dt. (67)

m m

Now we shall estimate [; ||£~H2DGm dt. The function &(t) = >0y t/, where o € S
is the Radau interpolation of the function 7, £(t)/(t — t;,—1). Hence,

Hé(tmﬂ;)H%G,m = ‘|£(tm7i)H2DG,m 191'_27 L= 17 s g 17
and Hg(t)”%G m 1s @ polynomial in ¢ of degree < 2¢. Thus, we get

q+1 q+1
SO =0 S w1 = 307 B
m =1 =1
g+1 -
S DU G Y
=1 m

Hence,
=112 2
| elbenar<c [ e, (69
From (67) and (68) we get estimate (66), which we wanted to prove. O O

(f) By (33) and (68),

- ~ € C .
A T A ey B e e O A R AT
Inm kJp, e N, I
(69)
Now we prove the desired estimate.
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Lemma 5. There exist constants C,C* > 0 such that

J v < (il + il + [ Rutmat), (70)

m

provided
0<7m <Cte. (71)

Proof. If we proceed similarly as in the proof of (68), using (52) and the inequalities
1< 79;1 < 191_1, we get

/ ]2 at
Im

(5]

q+1

TmeiHﬂtm’i)Hz < el (72)

q+1

Tmzwzugtm - /HgH?dt

Now, estimates (53), (55), (56), (59), (60), (65), (66) and (69) yield

IN

SlEnl? + 5 el + / €112,

_ c _ c 2e
< ol el [ sl Wl [+ 55 [ el
—i—C/ 1€]1% dt + Ca/ o2 (n)dt + C/ 52 (n)dt
€ Jin Im € Ji,

This, (48), (72), Young’s inequality and the choice k := 8 imply that

leall+5 [ ot + (5=~ ) [ peira (73)

3

< (sl + [l + | Butar).

Let us put C* =1/ (4C), where C is the constant from (73), and assume that (71) holds.
Then ﬁ -<C> ﬁ and (73) implies (70). O O

£

Summarizing estimates (47) with k := 8 and (70), we find that for m =1,..., M,

el +5 [ l€lbamat < (14 £ ) Neoa |+ ClltaP+.€ [ Rt (1)
I, I

m

with constants ¢, C' > 0.
Finally, we come to the abstract error estimate.

Theorem 6. Let (71) hold. Then there exist constants C,c > 0 such that the error
e = U — u satisfies the estimate for allm=1,..., M:

m
_ 3
lenl? 53 . ellbe st (75)
< Cexplct /o) (len] H2+Z [, Fatmat) +2<||77m|!2+€z | It ar).
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Proof. The application of the discrete Gronwall’s lemma to (74) gives the estimate

Jeall? + 53 [ lelba.a (76)
j=1"1i

< Coxplet/2) (|67 + X Iy I+ 3 [ R )
j=1 J=17"%

form=1,..., M. In view of the definition of U; , we have {; = 0. Now, if we use the
relation e = £ + 1 and the inequalities

lell* < 2(€)1* + lIn11%), (77)
lellbe,; < 2(1€lDe.; + Inllbe,),

from (76) we immediately get (75). O O

5 Interpolation error bounds and error estimation in terms
of h and 7

This section will be devoted to obtaining error estimates in dependence on the mesh
sizes Tp, and h,,. They will be obtained on the basis of estimate (76), the relations

€:U—u:§+?7, Tru‘_[m:ﬂ—(ﬂmu)‘]m’ (78)
0|, = (u—w)|, =" +9@, with n® = (Lpu—w)|, , 1? = (x(Iyu) — Dyu) |,
and estimates of individual terms on the right-hand side of (76) containing 7, which

will be proven in the sequel. To this end, we assume that the exact solution satisfies
the regularity condition

ue HIM(0,T; HY(Q)) N C([0, T); HPT () (79)

and that the meshes satisfy conditions (26), (27), (31) and (71).
Obviously, C([0, T]; HP*(Q)) ¢ L%(0, T; HPT1(Q)). Moreover, let

T > Ch%, m=1,..., M. 80
m

Let us note that this assumption is not necessary, if the meshes are not time-dependent,
i.e. all meshes 7, ,,, m =1,..., M, are identical.

If » > 1 is integer and p = min(r,p), then for m = 1,..., M and any v € H"1(Q)
we have the standard estimates

C R ol e (16, (81)
Chlf(MHrH(K)a

[Tl — UHL?(K)

VARVA

]Hmv — ’U‘Hl(K)

[T, v — U‘HQ(K) < Chl;(71|'U|Hr+l(K),
for K € Ty, h € (0,ho) and
a) Lol 2k < [[vllp2(xy for v € Lz(K)7 K € Thm, h € (0,h), (82)

b) ‘Hm’U’Hl(K) < C‘U’HI(K) for v € Hl(K), K € Ty m, h € (0,hg).
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It is possible to find that
DI (I,,u) = 1L, (DT ). (83)
Actually, by (17), II,u(-,t) € Sﬁm and for all ¢t € Iy,

/ (pu(z,t) — u(z, b)) p(z)dz =0, VepeSh . (84)
Q b}
The differentiation with respect to ¢ yields
/ (Dq+1(Hmu(x,t)) — Dq+1u(x,t)) p(z)de =0, Vee Sﬁm. (85)
Q b

Moreover, obviously D" (T, u(t)) € Sy ,, and thus, (83) holds.
Similarly we can prove that

DY (VI u) = VI, (D). (86)

5.1 Time interpolation

Lemma 7. Let ¢ € C((ty—1,tm), S}, ),m = 1...,M. Then for each x € K, K €
Thm, t € Ipy, m=1,..., M we have

mo(x,t) = Ppe(x,t), (87)
where Py, is defined in the following way: For w € C((tm=1,tm)),
a) PpwePi(ln), (88)

b) z (Prwo(t) — () dt =0, ¥j=0,....q—1,

¢) Ppw(tm—) = w(tm—).

Proof. Let m € {1,...,M}. From the definition of the operators 7 and P,, it follows
that for each K € 7j, ,,, the functions my and P,,¢ are on K X I,,, polynomials of degree
< gqint € I, and of degree < p in x € K. Moreover, mo(z,t;m—) = @(x,tm—) =

Pro(x,tym—) for all x € K. Obviously, condition (21), c) is equivalent to

([ et = ptapotoas) da—o (9)
Im K

Vj=0,...,q—1, VoePK), VK €Ty
Further, by (88), for any K € 7y, ,

mﬂ%ﬂ—¢@ﬁ)ﬁ&:0,Vj:Qqu—L Ve K. (90)

5\
—
sl

Let o0 € PP(K). Then (90) and Fubini’s theorem imply that

0 = /K(/Im(ﬁmgo(x,t)—cp(z,t))tjdt> o(z)dz (91)

_ Z;(Au%ﬂ%@—w%ww@m@)ﬂa
Vi=0,....q—1, VoePK), VK €T

Comparing (91) with (89) and taking into account the fact that the operator = is
uniquely determined by conditions (21), we immediately get (87).
O
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Lemma 8. Ifw € HITY(1,,), then
B 2 2q+2 +1, 112
HPmW_WHH(Im) < Cri D WHLQ(Im)’ (92)
where C' > 0 is a constant independent of w,m and Tp,.

Proof. We proceed in several steps.
1) We transform the reference interval [0, 1] onto the interval [¢,,—1, tm,] by the map-

ping
t =ty — 97, ¥ €][0,1]. (93)
If w e HiTY(I,,) and s(9) = w(ty, — I7m), then s € HI1(0,1) and
(Prn) (tm — 97,m) = (Ps)(9), (94)
where the operator P is defined by
a)  PsePY0,1), (95)
1
b) / (Ps(¥) —s()¥Wdd=0 Vji=0,...,q—1,
0
c)  Ps(0+) = s(0+).

Moreover, if we set

Zm(t) = Ppw(t) —w(t), t € (tm-1,tm), 2(9) = Ps(¥)—s(d), ¥ € (0,1), (96)
we have

2(0) = Zp(tm — 97), DT2(0) = (=) 72 DI Z (¢, — I7), O €(0,1).

(97)
By the substitution theorem,
2 1 2
||Z||L2(0,1) = aHZmHLQ(Im)y (98)
1D 22200y = Tl THIDTH Zial 2,

2) Since conditions (95), a) —c) determine the values of the operator P uniquely, it
is clear that
Pr=r for rePi0,1). (99)

Now we prove that the operator P is a continuous mapping of the space H971(0, 1) into
L?(0,1). Let u, € H?"%0,1), n = 1,2,... and u, — 0 in H4*1(0,1) as n — oo. The
continuous imbedding H971(0,1) < C([0,1]) implies that

un =0 in [0,1] (100)

and hence, by (95), c),
Py, (0) — 0. (101)

For j =0,...,g— 1 we have
1 .
/ (Puy, — up) (9) 97 dv = 0.
0
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This and (100) imply that

1 1
/Pun(ﬁ)ﬁjdﬁ:/ Up (9 d9) -0, j=0,...,q—1. (102)
0 0

Since Puy, € P?(0,1), we can write

Puy, () = jcgw 9 + (Puy)(0), ¥ € [0,1]. (103)

Integration yields
/ Puy,(9) 97 do = / S 9 QY + (Puy) (0) / P Ay (104)
0 (I 0

q
_ m 1 1 F_
= C; _— 4 Pu 0‘7, —0,..., — 1.
Using (101), (102), (104) and the fact that the matrix (ﬁj)gjzl is nonsingular (cf. [35]),
we find that ’
™
i
Thus, Pu, = 0 in [0, 1] and Pu, — 0 in L%(0,1).
3) The above results allow us to apply Theorem 3.1.4 from [11] and get the estimate

—0 for i=1,...,q as n — oo.

121l 120,10y < CIDT 2]l 12(0.1) (105)

with a constant C' > 0 independent of z € H971(0,1). This and (98) imply that

1ZmllL2(1,) < C T 2| DT Zinl| 21,0 (106)
Taking into account that D! P,w = 0, we immediately get (92). O O

In Appendix we give a direct proof of estimate (92) without the use of Theorem 3.1.4
from [11].

Lemmas 7 and 8 imply that for ¢ € H7"!(I,,, S? ) we have

2
||7T<,0($, ')_So(xa )H%ﬂ([m) < CT%Q+2“DQ+ISD(1:’ .)HL2(Im)’ WS Kv K e 771,77’” m = 1a s ,M.

(107)
5.2 Estimates of terms with 7
Our further goal is to estimate the expressions
ol [ Ul at. [ ol at [ ol at Juntnm.
By (78),
Il 7250 < 2001200y + 2002 726 (108)

1210 1) < 2000 iy + 202 By 5 = 1,2.
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Lemma 9. The following estimates hold for K € Tp, ,, m=1,..., M :

Inll? < CRP u(ty) o @),
/Im I 12yt < Ch%pm|“|%2(Im,Hp+l<K))’
/Im !n(l)!?p(K)dt < Ch%?|u|%2(1m,gp+1(}<)),
h%{/l VY Gyt < CRElulTaqr, o (icy)-
Proof. 1t is enough to use (81). O

The derivation of estimates of terms with 7(?) is more complicated.

Lemma 10. For K € T}, ,, m =1,..., M, we have

| 1P Bt < €l o
z ‘n(z)‘%l(K)dt < CTErL(qul)|u’12qu+1(Im,H1(K))7
hi/, 0P a0 dt < CTT D ulfen g, m )

(109)

(110)
(111)

(112)

(113)

(114)

Proof. a) The use of Fubini’s theorem and relations (87), (83), (107), (82), a) and (92)

yield the relations

)2 _ / / @242 ) d
/]mlln e = [ ([ n®Par)

_ /K</I |n<z>|zdt)dx:/K||15m(nmu)—nmu||§2(,m)dx

< Ot /K | D ()2, e

= Ot / ( / | DT () P )t
Im K

_ e / ( / L (D7) P )
Im K

< CTTQ,:H—Q/ (/ \Dq+1u|2dx>dt
Im NJK

2q+2,,12
= Cry ‘U‘H‘Hl(lm,LQ(K))‘
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b) Further, due to Fubini’s theorem, (87), (107), (86) and (82), b), we find that

/Im Nyt = /Im (/K ‘V (Hmu — ﬁm(nmu)) ‘de>dt
- /K (/Imjil <£j(ﬂmu) - P, (Eﬁ:j(nmu)>)2dt>dx

Crar [ 190) s

= (C 72t DIV (11,,u) 2dt)de
(]| |

Im
- 073;1“/ (/ |V (I, D7) da )t
Im K

= cnr [, (D7) g

IN

IN

2042 +1 12 _ 2q+2),,12
Cr,l /1 | D “‘Hl(K)dt_Cqu [l a1 (1, (1)

c¢) Using a similar process as in b) and (30), we find that

/ 12 |2 ydt - < 0773;1”/1 [T, (Dq+1“)ﬁf?<K)dt

Im m

IN

C r20t2p 2 /I | DT+ |? 10

2q+23 -2
= C’qu h‘K ”LL‘Hq+1(Im’H1(K)).

This yields (115). O

Finally, we shall be concerned with the estimation of |, I, Jhm(n,n) dt. It holds
Ihm(n,m) < C(Jh,m(Hmu—u,Hmu—u)+Jh7m(7r(Hmu)—Hmu,W(Hmu)—ﬂmu)). (115)

Using the multiplicative trace inequality (29) and (81), in the same way as in [21]
we get

/I T (M — u, Mpu — w) dt < C hZP\uﬁg(,m,HpH(Q)). (116)

Further, we shall estimate the expression

/ Jhm (W(Hmu) — pnu, m(Inu) — Hmu) dt.
I,

We proceed in two steps.

(I) LetT e f,{’m, i.e. I' € Q. If we set ¢ := II,,u and use the relation []—:’mgo — go] =
P[] — [¢] and estimate (107), we find that

/fm(/r[ﬂ(nmu)_nm“]{zds) dt = /FHpm[@(fC»')]—{sO(:rr,-)]Hig(Im)dS (117)

crir [ || et

IN

ds.
L2(Im)
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If we take into account that
D p(x, )] = [DIp(, )], [DTu] =0, (118)

and use Fubini’s theorem, we obtain

/Im (/F[w(nmu) — Mul? ds) dt = /F (/Im[ﬂ(ﬂmu) _ Hmu]th) 4s (119)

< Cr2at? /F ( /1 ) | DT o, 1)]| dt) S = ¢ 72+ /1 ) ( /F (DI (L0 — u))? ds) dt.

The application of the multiplicative trace inequality implies that

Z / (D (Mu — w)] 2 dS (120)
rer) .

<o [ - ntas=o S [0 - ),
KET KeTh,m

IN

¢ Z (‘DQH m“_“HL?(K)’D(]H(HWL“_“)‘HI(K)
KETh.m

_ 2
| DT (M — “)HL2(K))'
By (83),
DI (M, u — u) = I, (D) — DIy, (121)

In virtue of (79), D9ty € L?(I,,, H*(Q2)). This and the approximation properties (81)
of II,, imply that

1T (DT ) — DT | 2 g Chi | DT ul g gy, (122)
|Hm(Dq+1u) —Dq+1U|H1(K) C|DQ+1U|H1(K).
Summarizing (28), (119), (120), (121) and (122), we get

/Im h(Ir)~ /F [T (ILnu) — Hmu}2 dS) dt (123)

Feff

C r2ut2 / S g

Im KEThm

_ 2q+-2 §
= C’Tm |u’H‘I+1(Im,H1(K))'
KGTh,m

<
<

IN

(II) In what follows, we shall assume that I' € f,fm, ie. I' C 02N OK for some
K € T, and estimate the expression

B = /1 (h(F)_l/FM(Hmu)—HmuFdS) dt. (124)

Proceeding in a similar way as above, we find that

B < CrPp(T /HDQ+1 ml HL2 (125)
= O 722! / / | DI (IT,,,u)| ds) dt
Im r
- cff,gﬂh(r)l/ (/ ]Hm(Dq+1u)]2dS) dt
Im r
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If we apply the multiplicative trace inequality, we get the estimate of the part of
T (T () =T, (T u) —Ty,u) Correspondlng to ' C 9QNIK of order O (T 2q+2h )
If hx ~ Ty, we loose the order of accuracy O(72) and the resulting error estimate is of
order O(7,), which would be suboptimal. This drawback will be cured in the following
way.

Let the Dirichlet data up = up(z,t) have behaviour in ¢ as a polynomial of degree
< q. In other words, we assume that

up(x,t) = j(x) 7, (126)

M-

Jj=0

where 1; € HPYY/2(9Q) for j = 0,...,q. Hence, D7 u|yq = DT 'up = 0. This and
(125) imply that

(+) < C 72t / (h(r)—l / T, (D9 w) — D9 dS) dt. (127)
Im r
Again we use the multiplicative trace inequality and estimates (122) and get the estimate
/ h(r)l/ |7 (M) — Hmuf ds) dt < ¢ r2at? Z yu@qﬂ([m,Hl(K)).
Im FG.FB r KGIZ—h,'m
(128)

The above results can be summarized in the following way.

Lemma 11. If we consider scheme (19) and the Dirichlet data is defined by (126), then

[ Tnm(n,m)] < C Z ( 2p‘u’L2 Im HP+1(K))+T ’u‘H‘Hl(I HI(K))> (129)
KGTh,m

5.3 Main result

In this section we shall conclude the analysis of the error estimate.

Theorem 12. Let u be the exact solution of problem (1) (3) satisfying the reqularity
condition (79). Let U be the approximate solution to problem (1)-(8) obtained by
scheme (19) in the case that the Dirichlet data up is defined by (126), over spatial
meshes Tp., and time partition I,, m = 1,..., M, satisfying conditions (26), (27),
(71) and (80). Then there exist constants C, ¢ > 0 independent of h, T, m, &, u such
that

_ £
lenl?+ 53" [ el at (130)
j=1"1
= 1
< Cexp(ctm/s)(z (h§p|u|%2(lj;Hp+l(Q)) + 2q+1|u|Hq+1(I Hl(Q))) (6 + g)
j=1

+ th’“%([oyT};HPH(Q))) + CRPP2uld o a0

m

+ C{—:Z (h?p|u|%2(lj;Hp+1(Q)) + 2q+2|U|Hq+1 I; Hl(Q)))a

m=1,....,M, hE(O,ho),
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or simply,

lemll + 5 / lel2e (131)

1

< Cexp(ctm/e) ((h2p|u|i2(0,T;Hp+l(Q)) + 722wl a1 (0,151 (02))) (5 + g)

+h2p‘u|%([0’T]+Hp+1(Q))), m = 1, ceey M, h S (0, ho)

Proof. In order to prove (130), we start from (75) and estimate the terms containing 7.
In virtue of (48), (39), (34),

1.
Ry(n) =0 (m) + 57 (n) (132)
2 2 2 1
==( 22 (B + Wklnfeo) + Jamm) + = D0 (e + bl )
KEThJ‘ KeTh,j

Now, (132) together with (108) and Lemmas 9 and 10 yield the estimate

1
/I Ryt < O(e+ 1) S0 (B moorgroy + 72 il gy ) (135)
J KEThyj

This and the inequality hx < h; lead to

1
/I Ri(mdt < C(E+g> (h‘?p‘u|%2(1j7Hp+l(Q))+ 2quQ‘ququl(I Hl(Q)))‘ (134)
j

Similarly, we get
2 2042
/1 Inllpe.s dt < b ulfaq, ooy + 75 Tl e g, () (135)
J

Further, by (109) and (80),

Z ||77j ”2 < CZT] th |Hp+1( Q) < CTh2p|“|2c([0,T];Hp+l(Q))- (136)

Finally, using (76) and (134)—(136), we arrive at estimates (130) and (131), which we
wanted to prove. O O

Remark 2. As we see, estimate (130) is not uniform with respect to € — 0. Just on
the contrary, the constant in this estimate behaves as Cexp(cT'/e), which blows up to oo
as € — 0. This is a consequence of the application of Young’s inequality necessary for
the treatment of nonlinear terms, and Gronwall’s lemma. The question, how to avoid
this bad behaviour of the error estimate, remains open.

5.4 The case of identical meshes on all time levels

If all meshes 7}, ,,, m = 1..., M, are identical, which means that 7}, ,, = 7}, for all m =
., M, then all spaces Sﬁ,m and forms ay, p,, by m, - - . are also identical: Sﬁ,m = Sﬁ,
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Ahm = Ay bpm = bp, ... for all m = 1,..., M. This implies that {},,—1 € S} and by
(24), (21), a), and (17), we have (1, _;,{&}m—1) = 0. Hence,

/I (7,€)dt + ({nhm 1,65, 1) = 0. (137)

Moreover, similarly it is possible to show that the expression Z;n:1 Hn;HQ does not
appear in estimate (76) and instead of (75) we get the estimate

m
_ €
lenl?+ 53 . elibe st (138)
< Cexp(ctm/e) 2/ i) +2Hnmu2+2s§j/ Il dt, m=1,...,M.

Due to the fact that >, Hn; H does not appear in the abstract error estimate (75),
assumption (80) can be omitted in the process of the derivation of the error estimates
(130) and (131). This leads us to the following result.

Theorem 13. Let u be the exact solution of problem (1)—(3) satisfying the regularity
condition (79). Let U be the approxzimate solution to problem (1)-(8) obtained by
scheme (19) in the case that the Dirichlet data up is defined by (126), over spatial
meshes Ty, y, = Ty, for allm = 1,..., M, and time partition I,,, m = 1,..., M, satisfying
conditions (26), (27) and (71). Then there exist constants C, ¢ > 0 independent of
h, T, m, €, u such that error estimates (130) and (131) hold.

5.5 L?*(Qr)-error estimate

Finally, we shall be concerned with the L?(L?)-error estimate, i.e., the error estimate
in the norm of the space L?(Qr).

Theorem 14. Let u be the exact solution of problem (1)—(3) satisfying the reqularity
condition (79). Let U be the approximate solution to problem (1)—(8) obtained by
scheme (19) in the case that the Dirichlet data up is defined by (126), over spatial
meshes Tp, and time partition I,, m = 1,..., M, satisfying conditions (26), (27),
(71) and (80). Then there exist constants C, ¢ > 0 independent of h, T, m, €, u such
that

||e||%2(QT) <C (h2p+2 i ecT/ah2p) \u|20([o,T],Hp+1(Q)) (139)

1 (&
+ C<6 + g) <1 +e T/E> <h2p‘u’%Q(O,T;HP+1(Q)) + 72q+2\U’12qq+1(0,T;H1(Q))>
+ O ulZao 2,1 + 7l o,miz2(2) -
Proof. 1t follows from (70) that

T M
/ el < € 3 o (gl + Il + | Ramar). o

This and (77) yield
T M
JRC R SE (N TNy AR NOR
m=1 m
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Now we use (76) with m:=m —-1< M, & =0, 1, = I u’ — u® and get

el = / le ||2dt<CZTm(II?7m AP+ [ B (142)

m=1
n cecT/s(z Iny ||2+z [ i ae)) + 2l

Further, by (133), (136) and (109),

M

1
Z/I Rj(n)dt < C(s + g> (h2p|u|%2(0’T;Hp+1(Q)) + 72q+2|u|%{¢I+1(0,T;H1(Q))> , (143)
j=1"71i

M

Z HT/J_HQ < Cth’u‘%([QT}—‘,-HpJFI(Q))? (144)

j=1

11 I* < CRP 2 ulE 0,714 mro1(2))- (145)
1

/1 Rp(n) dt < 0(5 + g) (h2 [l T2, 1@y + T Nl e, Hl(Q))) - (146)

Moreover, (108), (110) and (113) imply that

M
1l1Z2 0y = Z Inll® o
(@r) )i
M
Z <h2”+2luliz(zm,m+2(n)) + 72Q+2|“|ilq+1(1mw2<9)>)

2
(h2p+2‘u|1:2 oz @) T 2‘u|Hq“(01T%L2(Q))> '

From estimates (142)—(147) we get

M
lell2(@r <C Y 7m <h2p+2’u%([0,T};HP+1) (148)
m=1

+ (E + %) (hgffu\%z(zm,hpﬂ(m) + Tﬁzq+2‘“|12LIq+1(Im7H1(ﬂ))> )
+ eTe <h2p’u%([0,T},HP+1(Q))
+ (5 + é) (h2p1u|i2(o,T;Hp+1) + 7'2q+2|u‘Hq+1(0»T;H1<Q))) )
+ C <h2p+2|u‘%2(0,T;HP+1(Q)) + TQQ+2|“|§{‘”1(O,T;L2(Q))> :
This and the relation YM_, 7,, = T yield the final estimate (139). O O

Remark 3. Similarly as in Section 5.4, it is possible to formulate the L*(L?)-error
estimate in the case of identical space meshes on all time levels without assumption

(80).
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6 Appendix: Alternative proof of Lemma 8

Here we prove Lemma 8 without the use of Theorem 3.1.4 from [11].

Lemma 15. Let s € C*°([0,1]), s(0) =0 and

1
/ Ps(x)dy =0, i=0,---,q— 1. (149)
0
Then
Isllz20,1) < C |’Dq+13”L2(0,1)7 (150)

where C' is a constant independent of the function s.

Proof. Let us develop the function with the aid of the Taylor formula with integral
remainder:

5(9(0)

s(0) =s(0)+---+ J

Vs —_ +~\q
19q 4 / us(qul)(T) dT, 9 € [07 1] (151)
0 q:

In the space L?(0,1) we choose an orthonormal system of polynomials ¢;, i =0,1,...,
such that ¢; is a polynomial of degree i and ¢;(0) # 0. (At the end of Appendix we
show how this system can be constructed.) Obviously,

1
/1913(19)d1920,i:0 q—1 = /gpl Vdy =0, i=0,...,q— 1.

0
(152)
In virtue of the properties of the system ¢;, i = 0,1,..., the expansion (151) can be

written in the form
9) = cipi(¥) + Qs@H)(T) dr, 9 €0,1], (153)
i=0 0 ¢

where ¢; are constants depending on the values s(0), s'(0), ..., s(9(0). From assumption

(151) and equivalence (152) for j =0,...,¢ — 1 we get

_ [ s — ¢ L ﬁ(ﬁ_T)qS(qH)T -
0—/0 5(0)s(9) A9 = J+/O mﬂ)/o (r) dr do.

q!

The use of Fubini’s theorem yields

1 9 _
== [ e [ U e i = (o @an s

where

1 M
/ ;i)W —-7)dd, j=0,...,q—1.

Yi(7) = J

Since ¢4(0) # 0, from the assumption that s(0) = 0 and expansion (153) we get

5 /zz} )s@ ) (7) dr
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with

—_
Q
|
—

Pg(T) = 0 (0)1;(T).

j=

©
LS
—~
o
~—
o

Substituting in expansion (153) for ¢;, i =0, ..., q, we find that

1
s(9) = / k(0,7)s@ D (7) dr, (155)
0
where
WD 4 g ()g(1) — Sy @i(i(r)  for 1> >7 >0,
k(ﬁa 7-) =
2a(0)q(7) = g 0i(9)¥i(7) for 1>7>9>0.
The function k(¥,t) is continuous on the set [0, 1] x [0, 1] and from (155) we get (150).
O O

Lemma 16. Let s € H11(0,1), s(0) = 0 and
1 .
/ Ps(¥)d¥d =0, i=0,...,q—1. (156)
0
Then
Il z20,1) < C DT sl 20,1y, (157)
where C' > 0 is a constant independent of the function s.

Proof. The space C*([0,1]) is dense in H9*1(0,1). Therefore, there exists a sequence
sn € C*°([0, 1] such that

hm ||Sn — wHHq‘H(O,l) = 0
n—oo
This and Lemma 15 imply that
Isnllrz(0.1) = sl 2201y, 1D snllr20.0) = 1D sl p20.1) as n — oo,
Isnllr2(0.1) < ClID ™ splli21), n=1,2,....
Hence, (157) holds. O O
Now, we can finish the proof of Lemma 8. Using the notation in (96), we have
z € H77(0,1), 2(0) = 0 and
1 .
/ z(¥)¥d¥v =0 forj=0,...,q—1.
0

By Lemma 16, the function z satisfies (157) (i.e. (105)) and, in virtue of (98), estimate
(106) holds, which implies estimate (92). This finishes the alternative proof of Lemma
8.

Finally, we show, how to construct in the space L?(0, 1) the system of orthonormal
polynomials ¢;, i =0,1,..., such that ¢; is a polynomial of degree ¢ satisfying ;(0) #
0. It is possible to put
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where P; is the Legendre polynomial of degree ¢, defined as

R
Pi(0) =i+ 5 grqs P =1 i=01,....

The system P, i = 0,1..., is a complete orthonormal basis in the space L?(—1,1). It

is possible to verify that ¢;, i = 0,1..., form a complete orthonormal basis in L?(0,1)
and 4
1 d ’
0i(9) = V2i + L 25 (W% =)', 9 elo,1].

Since ,

d* i i

(2 = 9)ilgg = (1)1l
for all i = 0,1,... we have

©i(0) = (—1)'V2i + 1 #0.
Conclusion

In this paper we have presented a detailed analysis of error estimates of the space-time
discontinuous Galerkin discretization of an initial-boundary value problem for a nonsta-
tionary convection-diffusion equation with nonlinear convection and Dirichlet boundary
condition. In the space discretization NIPG, IIPG and SIPG versions of the diffusion
terms with polynomial approximation of degree p > 1 is used on each time level. In
time the discontinuous approximations of degree ¢ > 1, ¢ # p in general are used.
On different time levels, different space meshes may be used. The derived estimates
in L?(H"')-norm are optimal in space and time. The error estimate in L?(L?)-norm is
optimal in time, but suboptimal in space. The technique applied in this paper can be
extended to the case the discontinuous Galerkin time semidiscretization combined with
the hp discontinuous Galerkin space discretization. Of course, the analysis of this case
would be still more technical. The error estimates have been obtained with the aid of a
”parabolic machinery” for problems with ”dominating diffusion”. This means that the
results are not applicable to conservation laws, solved by the finite difference or finite
volume methods and treated e.g. in [13] — [15].
There are the following subjects for further work:

e derivation of optimal error estimates in space and time in the case of the SIPG
method,

e numerical realization of the discrete problem and the demonstration of results by
numerical experiments,

e analysis of the effect of numerical integration in space and time integrals,
e extension of the results to problems with nonlinear convection as well as diffusion,

e analysis of the combination of the time DGFEM with other space DG discretiza-
tions, as e.g. the LDG method (cf. [10], [17]),

e application of the space-time DGFEM to the numerical solution of some techni-
cally relevant problems, as, e.g. interaction of compressible flow with structures.
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Abstract

This paper is concerned with the analysis of the discontinuous Galerkin (DG)
finite element method applied to a nonstationary nonlinear convection-diffusion
problem on quasi-uniform triangulations. Using the technique of Zhang and Shu
(2004), we prove apriori error estimates which are uniform with respect to the diffu-
sion coefficient € — 0 and valid even in the purely convective case. Zhang and Shu
perform their analysis for various explicit schemes using an argument which relies
heavily on mathematical induction. We extend the analysis to the method of lines
using continuous mathematical induction and a nonlinear Gronwall-type lemma.
For an implicit scheme, we prove that standard arguments cannot prove the desired
estimates without additional assumptions. For this purpose, we use a suitable con-
tinuation of the discrete implicit solution and again use continuous mathematical
induction to prove error estimates under a CFL-like condition. Finally, we extend
the analysis from globally Lipschitz continuous convective nonlinearities to the lo-
cally Lipschitz continuous case.

Keywords: nonlinear convection-diffusion equation; discontinuous Galerkin finite
element method; apriori error estimates; continuous mathematical induction; con-
tinuation.

1 Introduction

The numerical solution of nonstationary convection-diffusion problems plays an impor-
tant role in many areas of applied mathematics ranging from fluid dynamics and heat
transfer on one side to image processing on the other side. In the numerical treatment
of such problems many difficulties arise due to the occurrence of internal and boundary
layers, where steep gradients or discontinuities appear. Many numerical methods have
been devised to overcome such difficulties. The finite volume (FV) method, which is
often used, is based on piecewise constant approximations. It has good stability prop-
erties in the vicinity of discontinuities, however it has a low order of accuracy and its
generalization to higher order methods is rather sophisticated. On the other hand, the
finite element (FE) method with a high order of accuracy is suitable mainly for ellip-
tic problems and various stabilization techniques (e.g. streamline diffusion or Galerkin
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least squares methods) must be employed to avoid spurious oscillations in the solution
of convection-diffusion problems with dominating convection.

A natural generalization of the FV and FE methods is the discontinuous Galerkin
finite element method (DGFEM). This method uses advantages of FV as well as FE
methods: it is based on piecewise polynomial discontinuous approximations, where
boundary fluxes are evaluated with the aid of a numerical flux. The use of discontin-
uous functions allows to capture discontinuities and steep gradients, while the use of
higher degree polynomials ensures a higher order of approximation in regions, where
the solution is smooth.

Originally, the DGFEM was proposed for the solution of a neutron transport linear
equation in [35] and analyzed theoretically in [33] and [29]. As for the numerical solution
of elliptic and parabolic problems, discontinuous Galerkin methods are proposed and
analyzed in the works [42] and [1] with further theoretical analysis in [5], [2] and [3].
The DGFEM was applied to nonlinear conservation laws ([13], [28]) and the numerical
solution of compressible flow ([6], [7], [8], [15], [24], [41], [19], [23]) as well as incom-
pressible viscous flow ([36], [40]), porous media flow ([37]), shallow water flow ([14]),
the Hamilton-Jacobi equations ([27]), the Schrodinger equation ([30]) and the Maxwell
equations ([25]).

This work is concerned with the analysis of the discontinuous Galerkin (DG) finite
element method applied to the nonstationary singularly perturbed convection-diffusion
problem defined in Q C R? with mixed boundary conditions on quasi-uniform trian-
gulations. Our aim is to derive apriori error estimates in the L°°(L?)-norm which are
uniform with respect to the diffusion coefficient € — 0 and are valid even for the limiting
case £ = 0. In the case of linear advection-diffusion this has been done e.g. in [10], [26],
[39]. In the nonlinear purely convective case, for various explicit time discretizations,
such an error analysis was presented in a series of papers of Zhang and Shu starting
with [44]. The typical result for a k-th order explicit scheme for a convective problem
is of the form:

Lemma 1. Let f € [C%(R)]? and the polynomial order used is p > (1 +d)/2. Then for
sufficiently small h and T satisfying some CFL-like condition, the error e} of the DG
scheme at time level t,, satisfies

lepllzz() < C(PH2+7%), n=0,--- N, (1)
where C' > 0 is independent of h, T, n.

The proof relies on an elegant estimate of the convective terms derived in [44]
for the 1D case for periodic or compactly supported solutions under the assumption
that the numerical flux is an E-flux. Using this estimate, if we know apriori that
lep| = O(h'*9/2),n = 0,---, N, then we may prove the improved estimate (1). A
bootstrapping argument using mathematical induction is then applied in order to elim-
inate the apriori assumption.

Since the proof relies heavily on mathematical induction, the technique cannot be
directly applied to estimates for the method of lines (no discrete structure with respect
to time) and implicit discretizations (not enough apriori information about the solution
on the next time level). This is a paradoxical situation, since the estimates per se are
simpler than for the explicit scheme (there are fewer terms to estimate), but their
rigorous application is not straightforward.

The structure of the paper is as follows. In Section 2, we introduce the continuous
problem, which we discretize in Section 3. In Section 4, we review the necessary results
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for our analysis, including properties of the numerical flux, which we assume to be an
E-fluz.

Originally, in [44] the fundamental estimates of convective terms are derived for
periodic boundary conditions or compactly supported solutions. In Section 5, we gen-
eralize these estimates to the case of mixed Dirichlet-Neumann boundary conditions for
f € (C?(R)NW?2°°(R))% Improved estimates are obtained for f € (C3(R) N W3>(R))?
and Dirichlet conditions on the whole boundary 0f2.

In Section 7, we use the estimates of the convective terms to prove similar estimates
as Lemma, 1 for the method of lines, i.e. space semidiscretization. We apply two different
techniques. First, we use the so-called continuous mathematical induction, [11], instead
of standard mathematical induction in the bootstrapping argument. This is a technique
that we shall also use in the implicit case. Alternatively, we prove the same result using
a nonlinear variant of Gronwall’s inequality. The resulting error estimate is valid only
for higher order degrees in space, i.e. p > 1+ d/2 or p > (1 4+ d)/2 if £ has higher
regularity.

In Section 8, we first prove that for the implicit scheme that an analogy of Lemma 1
cannot be obtained from the error equation and the considered estimates of its individual
terms without additional assumptions. Hence, we need to supply more information
about the properties of the problem and its (discrete) solution in order to derive the
desired error estimates. To this end, we introduce a continuation ¢ : [0,T] — L*(2)
of the error e},n = 0,---, N constructed by means of a suitable modification of the
discrete problem. By definition, estimates for this continuated solution directly imply
estimates for the original implicit solution. The fact that €; is continuous with respect
to time and that it relates to the structure of the problem allows us to prove estimates
for €, via continuous mathematical induction. These estimates directly give us the
desired estimates for e}. A principal artefact of using the estimates from [44] is that
even in the case of an implicit scheme we obtain a rather restrictive CFL-like condition
7 = O(h'*%2) and 7 = O(hU+9/2) if £ has higher regularity. Furthermore, the result is
not valid for the lowest order approximation degrees (we need p > 1+d/2 orp > (14d)/2
if f has higher regularity). Such restrictive assumptions are purely an artefact of the
proof due to the nonlinearity of the problem. For linear problems, we may expect the
standard 7 = O(h) condition in various time-discretization schemes, [10], [38].

The results of Sections 7 and 8 were derived under the assumption that the convec-
tive nonlinearities f € (C?(R) N W?2>(R))%, i.e. under global Lipschitz continuity and
boundedness. In [44], the global Lipschitz case is treated by modifying f sufficiently far
away from the compact set of values attained by u in such a way that these modified
nonlinearities are globally Lipschitz continuous and bounded. While this procedure does
not change the original problem, one obtains a completely new discrete problem and
unless the original discrete problem has a solution in L*°(Qr), one cannot guarantee
that the modified and original discrete problems have the same solution. In Section 9,
we show how to prove the error estimates from Sections 7 and 8 directly for a locally
Lipschitz f € (C%(R))? without modifying the original equation.

2 Continuous problem

Let Q ¢ R, d € N, be a bounded open polygonal (polyhedral) domain with Lipschitz-
continuous boundary 99Q. For 0 < T' < +o0, we set Qr := Q x (0,7). We treat the
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following nonlinear convection-diffusion problem. Find u : Q7 — R such that

a) % +divf(u) =cAu+g in Qr, (2)

b) tulp, o) = D (3)
ou

C) E%‘FNX(O,T) = gN, (4)

d) wu(z,0)=u"x), zeq. (5)

The diffusion coefficient £ > 0 is a given constant, g : Qr — R, up : I'p x (0,T) — R,
gn :Tn x (0,T) — R, and u® : Q — R are given functions and 9Q = I'y UT'p.

We assume that the convective fluxes f = (f1,---, fs) € (CZ(R))? = (C*(R) N
W2%(R))?, hence f and £ = (f],---, f;) are globally Lipschitz continuous. For im-
proved estimates via Lemma 8, we shall assume the continuity and boundedness of
" along with global Lipschitz continuity of £/ = (f{,---, f}), ie. f € (C}(R))? =
(C3(R) N W3(R))9. In Section 9, we shall extend the error analysis, assuming only
local Lipschitz continuity and boundedness, i.e. f € (C?(R))? and f € (C3(R))?. As
already mentioned, by /. f” and " we will denote the vector of component-wise deriva-
tives of f.

Remark 1. In [44], local Lipschitz continuity is treated by modifying f sufficiently far
away from the compact set of values attained by u in such a way that these modified
nonlinearities are globally Lipschitz continuous along with their first derivatives. It is
arqued that this procedure does not change the solution of (2). However one obtains a
completely new discrete problem. Unless one knows apriori that the original discrete
problem has a solution in L*°(Qr), one cannot guarantee that the modified and original
discrete problems have the same solution. In Section 9, we show how to prove error
estimates directly for a locally Lipschitz f without modifying the original equation.

We use standard notation of function spaces. Let G C R? be a bounded domain
with a Lipschitz-continuous boundary dG. By G we denote the closure of G. Let
k€ {0,1,2,...} and p € [1,00]. We use the standard Lebesgue and Sobolev spaces
LP(@), LP(OG), WFP(@Q), H¥(G) = W*2(G). Further, we use the Bochner spaces
LP(0,T; X) of functions defined in (0,7") with values in a Banach space X and the spaces
C*(]0,T); X) of k-times continuously differentiable mappings of [0, 7] with values in X
(see e.g. [31]). The symbols |- ||x and |-|x denote a norm and a seminorm in a space
X, respectively. By (-,-) we denote the standard L?(£2)—scalar product and by || - ||
the L2(Q)-norm. By || - ||s, We denote the L>(2)-norm. For simplicity of notation, we
shall drop the argument ) in Sobolev norms, e.g. ||-||gp+1 denotes the HPT1(Q)—norm.
We will also denote the Bochner norms over the whole interval [0,7] in concise form,
e.g. |lull oo (gr+1y denotes the L2°(0,T; HP1(€2))-norm.

3 Discretization

3.1 Finite element mesh

Let 7}, be triangulation of €, i.e. a partition of Q) into a finite number of closed simpices
with mutually disjoint interiors. We do not require the standard conforming properties
of 75, used in the finite element method, i.e. we admit so-called hanging nodes. For
K € T, we set hig = diam(K), h = maxger, hx. By px we denote the radius of the
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largest ball inscribed into K and by | K| we denote the d—dimensional Lebesgue measure
of K.

Let K,K' € 7;,. We say that K and K’ are neighbors, if the set 0K N 0K’ has
nonzero (d — 1)-dimensional measure. We say that I' C K is a face (or edge in R? and
node in R') of K, if it is a maximal connected open subset either of 9K N OK’, where
K’ is a neighbour of K, or of 0K N 0N. By Fj; we denote the system of all faces of all
elements K € 7},

Further, we define the set of all inner faces, Dirichlet boundary faces, Neumann
boundary faces and all boundary faces, respectively, as

Fl={TeF; TcQy, FP={TeF; I'clp},
FY ={TeF; Tcly}y, FE=FPur).

Obviously, Fp = .7-",{ U .7:,’19.

For each I' € Fj, we define a fixed unit normal vector np. We assume that for
I'e .7-",? the normal nr has the same orientation as the outer normal to 02. Finally, by
IT'| we denote the (d — 1)-dimensional measure of T

3.2 Spaces of discontinuous functions

Over a triangulation 7, we define the broken Sobolev spaces
H*(T,) = {v; v|x € H¥(K), VK € T;,}
equipped with the seminorm

/
iz = (X Wlge)

KeTy,

For each face I' € ]-"}{ there exist two neighbours KIEL), KIER) € 7; such that I C

KlgL) N KlgR). We use the convention that nr is the outer normal to the element KéL).

For v € H(T},) and I' € F/ we introduce:

U|1£L) = the trace of v| ) on T, U|1(“R) = the trace of v| ) on T,
r r
(wir = 3 (ol +oli), ol = olt = olt",

The value [v]r depends on the orientation of np, but the values (v)r and [v]rnr are

independent of this orientation. Now, let I' € .7:,? and KIQL) € 7Ty be such that T' C

8K1£L) N oQ. For v € HY(7;,) we set

ur = v|(FL) = the trace of v| on T,

K

the value U’%R), will be defined depending on the context by boundary conditions, cf.
Section 3.4.

If [ Jr and (-)r appear in an integral of the form [.... dS, we omit the subscript I
and write simply [-] and (- ). For simplicity we shall use the following notation:

/FI... ds = Z/F ds

rerf
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and similarly for 7y, FP, .7-",11\7 and .7-",?.
Let p > 1 be an integer. The approximate solution will be sought in the space of
discontinuous piecewise polynomial functions

Sy =A{v; v|g € PP(K),VK € T},

where PP(K') denotes the space of all polynomials on K of degree < p.

3.3 Discontinuous Galerkin space semidiscretization

We introduce the following forms defined for v, o € H?(T},).
Diffusion form:

ap(v,p) = Vu-pdz — [ (Vo) n[p]dS—0 [ (V) nv]dS
n(v, ¢ K;h/K ” /fi ” (V¥ .

—/ Vu-npdS —0 V-nvdS.
FP FP

Further we define the interior and boundary penalty jump terms:
Iiweg) = [ oluliglas+ [ ovpds @
Fl FpP
and the right-hand side form:

In(e)(t) = /Qg(t)godat—i—/]E}JLV gn(t)pdS — O o V- nup(t) dS+E/]-‘hD oup(t)edsS.
(8)

The parameter o in (7) and (8) is constant on every edge and defined by

Cw

=—, VIeF, 9

olp
where Cyy > 0 is a constant, which must be chosen large enough to ensure coercivity of
the diffusion form — c¢f. Lemma 9. Depending on the value of © in definitions (6) and
(8), we obtain the symmetric, incomplete and nonsymmetric interior penalty variants
of the diffusion a right-hand side forms, by taking © = 1,0, —1 respectively.
Finally we define the convective form

bp(v, ) = — Z / f(v)-Vodz+ [ HP, v n)p] dS+ H(w® v n)p®) 4s.
KeT, K -7:%{ -7:;?
(10)
For I' € f}? , the value v(®) is defined by boundary conditions, cf. Section 3.4. The
form by, approximates convective terms with the aid of a numerical flux H (v, w,n). We
assume that H is defined in R? x By, where B; = {n € R?; |n| = 1} and has the following
properties:

(H1) H(v,w,n) is Lipschitz-continuous with respect to v, w:
|H(v,w,n)—H@*,w*,n)| <Cr(jv—v*|+|w—w"]), Yv,w, v, w*€R, ne By.
(H2) H(v,w,n) is consistent:

H(v,v,n)=f(v)-n, YveR, ne By.
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(H3) H(v,w,n) is conservative:

H(v,w,n) = —H(w,v,—n), Yv,w R, n€ By.

(H4) H(v,w,n) is an E-flux:

(H(v,w,n) —f(g)-n)(v—w) >0, Vv,wé€R, n€ By and all ¢ between v, w.

Condition (H4) was introduced by Osher in [34], cf. also [4]. This is a generalization
of the concept of monotone numerical fluxes.

Lemma 2. Let H(v,w,n) be a nondecreasing function of its first argument, and a
nonincreasing function of its second argument (i.e. H is a monotone numerical fluz).
Furthermore, let H be consistent. Then H is an E-flux.

Proof. Without loss of generality assume that v < ¢ < w. Then we have, due to the
consistency of H,

(H(v,w,n) — £(g)-n)(v — w)
= (H(v,w,n) — H(q,w,n) + H(q,w,n) — H(q,¢,n)-n) (v —w) >0,

since H is nondecreasing in its first and nonincreasing in its second arguments. O

Remark 2. Many commonly used numerical flures are monotone, e.g. Laz-Friedrichs,
Godunov, Engquist-Osher and the Roe flux with entropy fix, cf. [4].

3.4 Boundary conditions

In the work [44], boundary conditions are avoided by assuming either periodic boundary
conditions, or compactly supported solutions (i.e. u = 0 on a neighborhood of 92). In
our work, we shall treat general Dirichlet and Neumann boundary conditions, however
there are subtleties involved.

In the definition of form by, it is necessary to specify the state v|(FR) onedges I' € F, ,? .
This is a delicate task due to the convective nature of the problem fore = 0 or e <« 1. It
is common practice to prescribe a Dirichlet boundary condition on ’inflow’ edges, where
the characteristics enter the domain and a Neumann boundary condition on ’outflow’
edges, where characteristics leave the domain. The question arises whether to define
I'p and 'y by the exact solution u or by uy. Our analysis allows for both possibilities,
our only requirement is that either f'(u(z,t)).n > 0 or f'(up(z,t))n > 0 on I'y. In
other words, I'y is (a subset of ) the outflow boundary for either the exact, or numerical
solution.

3.4.1 Boundary conditions depending on u

We assume that the sets I'p and 'y, which appear in the definition of by, are defined
by the exact solution u. Specifically, we assume that

T{) C {2 € 00 ' (u(x,t)).n > 0},

(11)
Tl .— 00\ T'y.
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The first condition in (11) is necessary in our analysis. We note that Fgf,) and F(Dt) may

depend on ¢, however for convenience we shall drop the superscript (¢) in the notation.
In (10), we define
(R) up, for ' CI'p,
vfp = (L)
vlp”, forI' C I'y.

3.4.2 Boundary conditions depending on uy

We assume that the sets I'p and 'y, which appear in the definition of b, are defined
by the approximate solution uy. Specifically, we assume that

T, € {z € 99 £ (up (2, t)).n > 0},

(12)
I, =00\ .

Again, the first condition in (12) is necessary in our analysis. As in the previous case,
F%)h and F(Dt)h may depend on t. In (10), we define

U|(R) _ up, forI' C FD,h7
r U‘%L), forI' C FN,h-

This choice is often used in practical computations, where we do not know wu in
advance and therefore cannot use the approach from section 3.4.1. On the other hand,
it may happen that I'p, as defined in (12), may contain a subset on which up is not
defined in the original continuous problem. This problem does not arise, if we have up
defined on the whole 0f, even though some parts of the boundary will belong to 'y,
e.g. when up represents some ’far-field’ state. The situation is trivial, if we prescribe a
Dirichlet boundary condition on the whole 9, i.e. 'y = 0.

Definition 1. We say that uj, € C*([0,T);S) is a DGFE solution of the convection-
diffusion problem (2) - (5), if up(0) = u?, an Sy, approzimation of the initial condition
u®, and for all t € (0,7)
d
£(Uh(t), on) +bn (un(t), on) +edn (un(t), on) +ean (un(t), on) = ln(pn) (), Ven € Sh.
(13)
Similarly as in [16] we can show that a sufficiently regular exact solution u of problem
(2) satisfies

d

T (w(t), en)+ bu(u(t), on) + edn(u(t), on)+ can(u(t), ¢n) = ln(pn) (),  (14)
for all ¢, € Sy, and for all ¢t € (0,7T), which implies the Galerkin orthogonality property
of the error.

4 Some necessary results and assumptions

4.1 Regularity of the exact solution

We assume that the weak solution u is sufficiently regular, namely

up = % € L*(0,T; HPPY(Q)), ue L0, T; Wh*(Q)), (15)

where p > 1 denotes the given degree of approximation. Under these conditions, u
satisfies equation (2) pointwise and u € C([0,T]; H?T1(Q)).
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4.2 Geometry of the mesh

We consider a system {7j,}ne(0,40), ho > 0, of quasi-uniform triangulations of Q with
the following properties:

(1) The system {7y, }pe(0,no) is regular: there exists a constant C1 > 0 such that

h
p—K <Ci, VK eT, Vhe /0, h).
K

(2) There exists a constant Cy > 0 such that

hi < Cod(T), VK €T, YT COK,T€F, Vhe(0,h).

(3) System {75} pe(0,n) Satisfies the inverse assumption: There exists a constant C3 >
0 such that

h < Cg hK, VK € ’Th, Vh € (0, ho).

4.3 Some auxiliary results

Throughout this work we denote by C' a generic constant independent of h,t,e. Now
we can state two necessary results needed in the following analysis:

Lemma 3 (Multiplicative trace inequality). There exists a constant Cpy > 0 indepen-
dent of h, K such that for all K € Tj,, v € H(K) and h € (0, ho)

1oll7205) < Cu (0] L2y [0l iy + hi 1ol 2 1)) -

Proof. Cf. [9] and [21] for a detailed proof. O

Lemma 4 (Inverse inequalities). There exists a constant C; > 0 independent of h, K
such that for all K € T, and v € PP(K)

ol ) < Crhid vl 2y,

—d/2
o]l 2oy < Crhc? (0]l 2 (xc)-

Proof. Cf. e.g. [12]. O
Now, for v € L?(2) we denote by IT,v the L?(Q)-projection of v on S:

HhU S Sh7 (Hh’l} -0, <Ph) = 07 V‘Ph c Sh-
Using this projection, we define the following quantities used in the error splitting:
mn(t) = u(t) — Myu(t) € HPYY(T,),  &a(t) = Tpu(t) — un(t) € Sy

for t € (0, 7). Then we can write the error e, as ep(t) := u(t) — un(t) = na(t) + &u(t).
For simplicity, we shall usually drop the subscript & and the argument t.
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Lemma 5. There exists a constant C > 0 independent of h, K such that for all h €
(07 hO)

a) |lna(t)]] < CRPHu(t) o,

b) nn(®)| a7,y < ChP|u(t)] o,

Onp(t) Pt ou(t)
¢) H ot H < Ch } ot lgerv’
d) ||nn(t)lloo < ChP|u(t)| o1,

e) th(t)Hoo < Ch|u(t)|wl,oo.

Proof. The proof follows from standard approximation results found e.g. in [12]. O

4.4 Properties of the numerical flux
Definition 2. For v € HY(T,) we define the function a(v) = oz(v(L),v(R)) on each
I'e Fr by
()| [o] " (H (™), 0 n) —£((v))-m), if [o] #0,
a(v)|, =
(), if [o] = 0.
Here v : 9Q — R is an arbitrarily defined but fized function. .

Lemma 6. (cf. [{4]) There exists a constant C' > 0, such that for all v € H*(7},), we
have 0 < a(v) < C and

|'((v)-n| < 2a(v) + C|[v]]. (16)
Moreover, if f € (C3(R))?, we have the estimate
£ ((v))-n[v] < 8a(v) + Cv]?. (17)

Proof. Since H is an E-flux, we have non-negativity of a(v). Assumptions (H1), (H2)
imply the boundedness of a(v). Inequality (16) is trivially satisfied if [v] = 0. Otherwise,
we have two cases:

(i) Let f'((v))-n > 0. Then

a(v) = [p] 7 (H D, B n) — £(0B)).n) + o] (D) n — £((v)) n). (18)

The first term is nonnegative due to assumption (H4). In the second term we shall use
a Taylor expansion in the point (v). We obtain
av) > [U]—l(f’(<u>)- n(® = () + =%, (@ — <v>)2) > L) -n - |y

- 9 U(L),<v> =9 )
where £ L)) < |Iflyw2.00(r) is the Lagrange form of the remainder of the Taylor expan-
sion, i.e. f;’(L)’ .y () has components (900 (2) + (1 — 94) (w(z))) for some 9, € [0, 1]
and s=1,---,d.

(1) Let f'({(v))-n < 0. Then

a(w) = [p] M (H D, B n) — £(0B).n) + [v] 7 (£(0P)- n — £((v)) n). (19)

Again, the first term is nonnegative and we use the Taylor expansion in the second:

o) 2 o] (F(0) m (o™ = (0)) + 38m g m (0 = (0))7) 2 =5 () n = o]

92



On diffusion-uniform error estimates for the DG method

Here f;/<R),<v> (z) == £ (Do) (z) + (1 — 9)(v(z))) for some 9 € [0, 1].
As for (17), this is trivially satisfied if [v] = 0. Otherwise, we have two cases:
(7) Let f'((v))-n > 0. Then we can write a(v) as in (18). The first term is nonneg-

ative and we apply a third order Taylor expansion to the second:

afv) 2 B (£((0) n(e® — () + 28 ((0) (™ — ) + 282, (o) (0)?)
= )+ () nl] + 58, o mlof? 2 S () mle] - Clol?

Again, £, < ||f[lws.0o(r) is the Lagrange form of the remainder of the Taylor ex-

) ,(v)

pansion.
(73) Let f'({(v))-n < 0. Then from (19), by use of the Taylor expansion,

(
afv) 2 o] (£ (0 = (@) + S8 () (o™ = )" + S8 (o — (0))?)

= 3 n+ () nle] = 58 0l > S () mle) — Ol

5 Analysis of the convective terms

Definition 3 (Bilinear form J,). Let v,w € H'(T;). We define

Jn(v,w) = /fl a(up)[v][w] dS—I—/FD a(up )P dS—l—;/ a(w)vPw) ds. (20)

T
Here we must interpret a(up) = a(ugL), up) on FP and a(u) = a(u), u)) on FN.

Remark 3. We define jh by (20) if we use the approach to boundary conditions outlined
in Section 8.4.1. If we proceed as in Section 3.4.2, we use instead

Jn(v,w) ::/ a(up)[v][w] dS—l—/ a(up)oBw*) dS—I—l/ a(up)vPlw) ds, (21)
Fl FP 2 JFy
L L
(L) )) on FN.

where we interpret aup) = a(u, ', uy,

Remark 4. From «(-) > 0, it follows that (jh(, -))1/2 is a seminorm on H'(T},).

Lemma 7. There exists a constant C > 0 independent of h,t,e, such that

bt €) — () < (14 L8O gmse v g - Lieo. @)
Proof. We write
b (up, €) — by (u, &) = Kze;/ u) — £(uyp))- Vfdx—/ﬂ (F(w)-n — £((up))-n)[£] dS

_/fl (f(<uh>)'n—H(ugL),ugR)’nD[g] ds — (f(“)'n—f(%(u%-u;f)))-n)g@) s

=
—/ (f(%(u%—u,(f)))‘n H(u,(l),uﬁlR),n)>§(L)dS.

#
(23)
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By the Taylor expansion of f with respect to u, we have

1

£u) — £u) = £/)é + £ ) — L1, e
£(u) — £((un)) = £'(u)(€) + £ (u)(n) — %fﬂ,<uh><€h>2, (24)
flu) — f(5(u+ ugL))) = %f’(u)ﬁ(m + %f’(u)n(L) - éf;/,u,(f) (e,gL))z,
where f73’7uh,f1;’7 (uyy 20d f" ., are the Lagrange forms of the remainder of the Taylor

U,’U,}L
expansion, i.e. f; . (2,t) has components f¢ (Jsu(x,t) + (1 —Js)un(w,t)) for some ¥, €

[0,1] and s = 1,--- ,d. Similarly, we define f"l(“h) and f;”u#).

Due to Green’s theorem, we have

> /Kf’(u).vggdx =

KeT,

_% Z /Kdiv(f’(u))f2d33+/}_l f’(u).n<£>[£]d5+;/ff f'(u)-n(g(L))QdS.

KeT, h

This and (23) — (24) implies
by (un, &) — bp(u, &) =
5> /Kdiv(f’<u>)£2 do + /f £ nio)lelas+ 5 / F'(u)-n(¢™)?ds

B
KeTy, ‘Fh

Yi Ys Y3

£y /K (u) Vende— 5 Y /K R /F F'(w)-n(€)[¢]dS

KeTy, KeTy, h

Yy Ys Ys

/ 1 /1 2
- [ rneas+ [ g, n e as

h h
Y7 Ys

) /f (£Cun)) n = Hw? u m) ) [g] s

Yy
1 1 1
_ / f/(u)n(é'(L))ZdS_/ f/(u)nn(L)g(L) dS+/ £ (L)_n(eéL))Qg(L) ds
2 ‘7:hB 2 ]:hB 8 _'].'hB u,uy,
Yio 5;;1 Q;Q
- /B (Pt up?)) n— Huf? ulf ) )™ as. (25)
‘Fh

Yis3

We shall estimate these terms individually.
(A) Term Y;: Due to the boundedness of f” and the regularity of u, we have

Vil < Cllg]*.

(B) Terms Y2, Yg: These terms cancel each other.
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(C) Terms Y3, Y10: These terms cancel each other.
(D) Term Yy4: We set ugx := ﬁfKudm. Standard approximation results, cf. [12],
imply
||u - EKHLoo(K) < ChK‘u|Loo(W1,oo) < Chg.
Furthermore, due to the definition of 7, we have Yo [, f'(iK)- VEnda = 0, since

f'(ur) V& k € PP(K). Therefore, by the Lipschitz continuity of f',Lemma 5, a) and
Young’s inequality

Vil = Z/ (F'(u) — £'(x))- Ve ]

KeT,

< Y Cllu =g e ) Crh €l 2 Il 2y < CRPPF2|u(t) [Frpes + €)%
KeTy,

(E) Term Ys5: We apply the inverse inequality, Lemma 5, a) and Young’s inequality:
51 < rlloollen||Crh S Ch “llen|ls Hr+1
Y5 < CllenllollenllCra™ 1€l < Ch™2 lenll% (CH*P 2 u(t) [ + 1€]1%) + €117

(F) Terms Y7,Y11: First we estimate f'(u)-n. Due to the Lipschitz continuity of f/
and (16), we have

On Fj :  [f'(u)-n| < [f'(u)-n — £'((un)) 0| + [£'((un))- 0l
< Clu — (up)| + 2a(up) + C\ up]| < Cllenllos + 2a(up).

On 7P+ |f'(u)n| <|f(u)n—f(3 (u+u ))-n|+ |£'(5 u—l—uﬁf) ))-n| (26)
< Cllenlloo + 2a(un).

On FY . |f'(u) n| = a(u).

By applying these estimates in Y7, Y11, Young’s inequality, the multiplicative trace and
inverse inequalities and Lemma 5, a), b), we obtain

1/2

Y7 + Y| < (/f}<?7>2 d5>1/2(/f1Q(C”ehHgo+2a(uh)2)[§]2ds)
+ </}'D (U(L))st>l/2(/fn 2(Cllenll% + 2a(up)?) (§(L))2d5>
+ (/}_N (77(L))2 dS)UQ(/}_N a(u )2(£(L))2 )1/2

< Ch2p+1|u( )‘Hp+1 + C‘|ehH2 / £2ds
KeT,

1/2

L NN oL Lol ) (e@))2 L ) (e@)2
v fLotmiras s [ atue?)as g [ o) as

h

. 1~
< CRP Hu(b)l s + Ch™lenllS €N + 7 Tn(6,€)-

We cannot estimate the term jh(ﬁ ,€), it shall be compensated by a similar term in (H).
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(G) Terms Yg,Yi12: By Young’s inequality, the multiplicative trace and inverse in-
equalities and Lemma 5, a), b), we obtain

Y5 + Y1
< CHehHoo(/]: ()2 4+ ()2 4 (¢1)? 4 (g(R))zdS+/j:B CRE (S(L))st>

h h

<cwwm§3/ hli + &S

KeTy,

< Cllenllso (Heh”L2(K)|eh|H1(K)+ hiclenl Ty + €N L2 o) €L iy + hI_{IH£H%2(K))
KETh

< Cllenlloo (CR** u(®) [3per + CHP[ut) 3per + 11" + Crh7HE]1?)
< Ch™Ylenlloo (CHPHu() Froer + lI€N17)
< C(1+h72|lenll3) (CHPHu(®) Foer + [1€]17)-

In the last inequality we have used the fact that for 2 := h™!||es |00, We have x < 1+ 22,
(H) Terms Yg,Y13: First we treat the nonlinearities arising in these terms. By the
definition of o and boundary conditions, we have

On FL: f({up)) n— H(u,(l ),ugR),n) = —a(up)[up)
= a(un)[u — un] = aup)[n] + a(up)€]

On FP: f(3(u+ u(L)))-n H(uﬁlL), ugR), n) (28)
= —a(up) (ug” —u) = a(un)n® + a(uy)e P

On 7« f(3(u+ uﬁlL)))-n H(uﬁlL),ugR), n) =f(i(u+ uELL)))n - f(ugL)).n

On the Neumann part of the boundary, we shall employ a Taylor expansion at point u:

£(3(u+ulM)) - f(u<L>):f(l< W) = £u) + £(u) — £(uf”)
. (%g )’ 4 (el — 187 () (29)
=%f’<u>n<L> %f’<u>£<L>+éf1-<e2 ) =48 ()",

where f]', £ are the Lagrange forms of the Taylor expansion remainder. By substituting
(28), (29) into the definition of Yy, Y13, we have

Yo + Vig = /f ) blle] +alw)E?ds = [ atunn e +a(un) (€4)" ds

- /F 3wy MeW) 4 5 (). n(¢W)? 4 17 (eM)?e® — Lern (M) 2™ a9
&)~ [ atwliligas - [

h
- L (e as

Apart from the first term, all terms in the last estimate may be treated similarly as in
(F) and (G), respectively. Thus

Yo + Yiz < —Jn(€,€) + C(1+ h™2llenl3) (CRHu(t) G + 1€17) + 1€, €)
—3Tn(&,€) + C(1+ 1™ lenll ) (CR* u(t) G + [1]17).

a(up)y e ds — /f A () nnPeP as
h

(30)
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As stated in (F), the term —%jh(f, €) in (30) is used to dominate the term %jh(f, €) in
(27).
The proof is completed by collecting all the estimates in (A)-(H). O

Remark 5. In the proof, we have treated boundary conditions as in Section 3.4.1. If
we wish to define boundary conditions as in 3.4.2, taking into account Remark 3, we
only need two modifications:

(i) In (26), on FYN we estimate |f'(u)-n| < |[f'(up)-n| + |f'(u) n — f'(uy)-n| <
a(up) + |len|lso and proceed similarly as on FP.

(ii) We use a Taylor expansion at uy, instead of u in (29).

We can improve estimate (22), if we suppose f € (Cg’(]R))d and I'y = (). Namely, we
obtain a factor of h=!||es||%, instead of h=2||es||%,. This improved estimate is useful in
proving the resulting estimates for lower order polynomials and with a less restrictive
CFL condition, cf. Remarks 8 and 13.

Lemma 8. Let f € (C}(R))? and Ty = 0. There exists a constant C > 0 independent
of h,t,e, such that

(& 2 ~
onons€) — () < (14 8D sz )~ STe . a0

Proof. As in the proof of the preceding lemma, we estimate individual terms in (25).
We note that if I'y = (), we only need to estimate terms Y3, Yg and Y7, the remaining
terms already satisfy the improved estimate (31). We shall treat these suboptimal terms
in more carefully than in the proof of Lemma 7:

(A) Term Y5: We write

Z/f;’uh Vel do = Z/f” Ve da + Z/f;;uh Veer — £(u) VEE dn

KeT, KeTy, KeTy,

— Z/f” Ve dr + Z/ (£, — () VESC+2A], - VE+ £, - VEN da
KeT, KeT,,
(32)

The first right-hand side integral in (32) will be estimated later along with similar terms
in (D).

As for the second right-hand side integral in (32), we estimate its individual sum-
mands:

e By definition of the Lagrange form of the remainder of the Taylor expansion,
£, (z, t) has components f”(dsu(z,t) 4+ (1 —9s)up(x,t)) for some 94 € [0,1] and

U, Up

s =1,---,d. Hence, by the Lipschitz continuity of f”, we have |f//, —f"(u)| <

U,Up

Clu— uh| = Clep|. Therefore, by the inverse inequality and Lemma 5, (e),

3 / (87, — £"(w)- VEE dz < CllenlloollEllaoCrh €]

KEeT,
< Cllenlloo(llenlloo + Inllsc)Crh~ €] (33)
< Ch™Hlenl5 1€ + Cllenllcohlu(®) lwroeh™H 1€
< ChHlenllZ €l + O+ hHlenllZ) €N,

since # < (1 + ho)(1 + h~12?) for all z > 0. Here we set 2 := ||en|co-
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e Due to the inverse inequality, we have be Lemma 5, (e)

> / 26, VEENdz < CllnllooCrh™[[€1* < Chlu(t)lwrh ™ IE[1* < C|lE]I*.
KeT, K

(34)

e By the inverse and Young’s inequalities, Lemma 5, (e), we have

3 / £ Ven?de < CllnllclnllCrie]
KeTy, K (35)

< Chlu(t)wroe WP u(t) o hHIEN < CHP 2 u(t) e + [I€]1°.

(B) Term Yg: We write
/}-1 f{L/:<Uh>' n<eh>2[§] ds
= [ Pen?as+ [, mte)ld - P ds
Fl .

~ [ '@ nierlgas
.

h

+ /f (B — () (€)% + 26T, () E)E] + £,y m(n)*[E] S

h

The first right-hand side integral in (36) will be estimated later along with similar
terms in (D).

As for the second right-hand side integral in (36), its individual summands have the
same structure as those in (32), thus their estimates are essentially similar:

e By the Lipschitz continuity of £, we have |f” (up) f”(u)] < Clep|. Therefore, by
Lemma 3,

/ﬁ (£ — £7(w))- n(&)*[€] S < Cllenllosll€lloch™ €N,

which can be further estimated as in (33)

e Due to Lemmas 3 and 5, (e)
265wy 2N [E] S < Climlloch ™ IEI* < ClIE]I*.
A

e By Lemmas 3 and 5, (e), we have

[ By m€14S < Clalch~ €] < OHF (0 s + €]
h

(C) Term Y5: For simplicity of notation, we shall remove the superscript (“) at £, ey,
and 7. We write

/! 2
FB

= / £/ (u)- ng® dS + / (£ @) —f"(w) - n& +2f" ) nné® + £ ) nn*¢dS
]:}1? FB - WUy UyUp, U,

I3 h

£ (u)-ned dS + / £’ ) neié —f"(u)-ngds
h

B B U,U
'7:71, '7:h

(37)
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The first right-hand side integral in (37) will be estimated later along with similar
terms in (D). Individual summands in the second right-hand side integral in (37) can
be estimated as in (B).

(D) Remaining terms from Y5, Yg, Y12: Again, we shall omit the superscript (©)
in quantities on I'g. First, we have due to Green’s theorem

Z/f” ) VEldr = = Z/ £ (u anyKdS—f Z/dw (" (u))€® dx

KeTy, KET KGT

. g 1 " 11
- 3/ﬂf (u)-n (D) — (1)?) dS+3/ £(u)-ne® dS — + Z / div (£ (1)) €5 da.

h KET

Thus, we may estimate the remaining terms of Y5, Y5, Y12 as

5 3 [ rw vetan g / /() n(ds + [ () nelds

2 e, 7
= [ £/ (- HED - €@ + §(e%g]) ds
Fi
A
£ (u) - 34 1349 div (£ (u))€*d
+/ff (u) ( f Sf + = Kze;/ lV )f x.
2; Z3

e Zy : Using the identity —¢ ((£1))3 — (£(®)3) 4 1(£)2[¢] = —54[¢]® and the Taylor

expansion we have
—£"(u) - n[¢] = —£"((un)) - nl€] = £, - 0(u— (un))[¢]
= £"((un)) -nn] + £ ((un)) - nlun] — £, 0w —un))[E].
Therefore, due to (17) and Lemma 5, d), we have
£ (w) - nf€]] < £ ((un)) | 2lnlloc +8a(un) + Clun]® + £, lenlloo|len] — 1]

< Cllnllse + 8a(up) + Clen]? + Cllenlloo (2llen oo + 217l )
< CR? + 8a(up) + Cllenl|5

Therefore, we may conclude using Lemma 3

1 _ _
211 < 5 [ e as + (! + on el el

h

e Zo : We use the identity —%53 + %{3 = —i§3 and by the Taylor expansion we
have
—f"(u) - n& = —f"(F(u+w,)) n&—f" n(u—F(u+up))é
(3t ) -+ (3 ) - ) 8-

Therefore
1 1
Z2 =51 o £ (5(u + un)) -nng*dS + 24/ £ (3(u+un)) -1 (u = up)* dS
1

48

h

_ / /// - ne 63 ds = Z(a) Zéb) +Z§C).
FEB
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We estimate using Lemmas 3 and 5, d)

12891 < Cllil [ 167 a5 < oW el < Clle].

fh

Now, we estimate using (17) and Lemma 3

1 1
281 < 5; [ salun€+ Clun—wPeas < o [ a(u)é?ds + ChenlEole]
FB 3JFp

Finally, due to Lemma 3

2710 [ lenllel a5 < Clleolillooh ™€)

h
< O en P 1> +Ch enlocllnllo €17 < =" lenlZ N +CP~enllcli?
< Ch M en €l + Ot + A enl 2l

where we have used the fact that @ < (1 + ho)(1 + h~'2?) for all > 0. Here we
set z := ||ep||co. This completes the estimate of Zs.

e Z3 : We estimate

|Zs] < Cliglss €N < (C + liElZ €N
< (C + 2llenllZ + 2lnlZ)IEN* < O+ A leallZ) €N

The proof is completed by collecting all the estimates in (A)-(D). O

6 Further properties of the convection and diffusion forms

Let us define the bilinear form
Ap(v,w) == ap(v,w) + Jp(v,w), Yo,w € H*(cTy),

and the following (energy) norm in H'(7p,):

1 1/2
lollpe = (5 (g, + Tn(w,w))
Lemma 9 (Ellipticity and boundedness of Ap). Let the constant Cy from (9) satisfy

>4Cy (14 Cr)  for © =1, i.e. the symmetric variant,
Cw § > 2Cy(1+Cr) for ©® =0, i.e. the incomplete variant, (38)

>0 for © = —1, i.e. the nonsymmetric variant,

where Cyr, Cr are constants from Lemmas 8 and /4, respectively. Then the form Ay is
elliptic, 7.e.
HUHQDG < Ah(’(),’l}), YORS Sha

and bounded, i.e.
Ap(v,w) < ||vlpellwlpg, Yv,w € Sp.

Moreover, we have the estimate

Ap (nn (), €n (1)) < CRP[u(t)| o160 (1)l -
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Proof. Cf. [3] for an overview and [22] for a thorough discussion. O

Remark 6. Using Lemmas 3 and 4 it is straightforward to prove that for all vy, € Sy,
lvnllpe < CR™*|vll.

Lemma 10 (Consistency error of by). There ezists a constant Ly, > 0 independent of
u, up, h, e, such that for all v,v,w € Sy,

|bn (v, w) — b (v, w)|

_ _ _ _ 1/2 1/2
< L, (Ilo = allllwllpe + (I = olllo = ol + v = 812) 2 (el il + w]?) ).

Proof. By the definition of by, we have

br(v, ) = — Z f(v)-Vodz+ H(u™ v n)[p] dS+ f(v))n ™ ds.
reT;, VK Flurp FN

The first two integrals may be treated directly using the multiplicative trace inequality
as in [20]. As for the integral over ¥, we estimate

| /f (0P 0 = £ ) n) 0B S| < Cllo = e, ol (39)
h

These terms cannot be estimated from above directly, since ||-|| pg contains only integrals
over I'p. We must proceed as in [17] with the use of the global multiplicative trace
inequality, which, for our purposes, we write in the form

lolZ2(00) < Chr(lvllpellvll + [[0]%), Vv € S, (40)

where ') is a constant independent of h. Applying (40) to (39) gives the desired result.
O

7 Error analysis for the method of lines

We proceed in a standard way. We subtract (13) from (14) and set ¢j := &, (t) € Sh.

Since o (t) L d
(557 &) = 5 3 eI,
we get
L den @ + cAn (). 0(0)
2dt h EAR\GSh s Sh

O (t) (41)
= —eAp(mn (1), &n (1)) + b (un(t), &n(t)) — ba(u(t), &u(t)) — < ETIE fh(ﬂ)-

For the last right-hand side term, by the Cauchy and Young’s inequalities and Lemma
5, we have

()] < Il e < 3 (el + 1€12) < & (€ B2 Dl (t) By + EI?)
As for the right-hand side diffusion terms, we use Lemma 9 and Young’s inequality:

An(n,€) < C P |u(t) | Fon + 3ll€lDe-
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Finally, we use the ellipticity of A; and Lemma 7 to obtain from (41)

S + <l ®lide + (6, &(0)

len(t)I.
< © (1 ) (02 (1) s + 2Bl s + 127 ()i + € (1)]2):

Integrating from 0 to ¢ € [0,T] yields
t ~
I 1P + [ <ln@lbe + T (6n(0).09)) a0 (42

(&
<o/ Lo (21 b)) s+ 22 9) o+ N (0)2) 10

where the constant C' > 0 is independent of h,t,e. For simplicity, we assume that
€,(0) =0, ie. uf) = IIu’. Otherwise we assume e.g. [|€,(0)[? < CA?PT[u®)2,,,, and
include this term in estimate (42).

7.1 Estimates based on continuous mathematical induction

We notice that if we knew apriori that |lepllcc = O(h) then the unpleasant term
llenl|2.h~2 in (42) would be O(1). Thus we could simply apply the standard Gron-
wall inequality to obtain the desired error estimates. We state this formally:

Lemma 11. Lett € [0,T] and p > d/2. If
len (@) < R'*2, w9 € [0,1], (43)

then we have the estimate

t ~
o len(@)1P + [ cllen(@)lbe + Tulen(9): en(0)) 40 < CHOPH &), (a4
0

where Cr is a constant independent of h,t and €.

Proof. Due to the inverse inequality, Lemma 5 and assumption (43) we have

llen()lloo < Nl (9)loo + €0 () lloo < ChJu(®) w10 + Crh™*?||&n(9)] (45)
< Ch+ Crh™ 2 |len ()] + Crh~ 2 |np(9)|| < Ch+ ChP= 2 u(9) | i1 (1) < Ch,

where the constant C'is independent of h, 9, e. If we use this estimate in (42), we obtain
IO + [ len) g+ (6 (9),n9) a9
< C((W 4 eh?) [ufa sy + W2 uela gy ) +C /0 Ne@)Par  (46)
< C(h* 4 eh®) + C/Ot &R (9)]|? Ao,

where the constants C,C are independent of h,?,e. Gronwall’s inequality applied to
(46) states that there exists a constant Cp, independent of h, ¢, e, but depending expo-
nentially on T, such that

t ~ ~
max [[6(9)]2 + / lEn() e + Tn (0 (), En(1)) A9 < G (R2PH 1 ).
9€[0,¢] 0
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By Lemma 5, we have the estimate

t ~ —
mae () + / Nl () + Tn(mn(0), mu(D)) 49 < Cr (2P 4+ ™). (47)

Therefore, by the triangle inequality we obtain estimate (44) with some constant Cyp.
O

Now it remains to get rid of the apriori assumption ||ep||cc = O(h). In [44] this is
done for an explicit scheme using mathematical induction. If e} denotes the error of the
explicit DG scheme at the n-th time node t,, we get for the initial condition at least
e || = O(hPT1/2). Then it is easy to prove the following induction step:

lepll = 0012 = gl =0() = ey =0m*2).  (48)

For the method of lines we have no discrete structure with respect to time and hence
cannot use mathematical induction straightforwardly. However, we can divide [0, T into
a finite number of sufficiently small intervals [t,,t,+1] on which ”e, does not change
too much” and use induction with respect to n. This is close to the philosophy of the
so-called continuous mathematical induction introduced in [11]. This states that if ()
is a propositional function depending on ¢ € [0, 7] such that

(1) ¢(0) is true,
(79) 3do > 0: @(t) implies p(t +0), Vt € [0,T] V6 € [0,60] : t+ 6 € [0,T.

Then ¢(t) holds for all ¢ € [0,7]. Due to the simple nature of this concept, we shall
not formulate the proof of the main theorem as a continuous mathematical induction
argument, but rather prove it directly using the aforementioned partition of [0,7] and
continuity of e;, with respect to time.

Remark 7. Due to the regularity assumptions, the functions u(- ), up(-) are continuous
mappings from [0,T] to L*(Q). Since [0,T] is a compact set, ey(-) is a uniformly
continuous function from [0,T] to L*(Q). By definition,

Ve>030>0: 5,5€[0,T],|]s—5 <5 = |len(s) —en(9)| <e

Theorem 12 (Main theorem). Let p > 1+ d/2. Let hy > 0 be such that CT(hIerl/2 +

Vehy) = %hrd/Q, where Cr is the constant from Lemma 11. Then for all h € (0, hq]
we have the estimate

T
B llen ()] + /0 ellen(®) | he + Jn(en(®), en(d)) d¥ < CH(R* T 4+ eh?).  (49)
Proof. We have p > 1+ d/2, therefore hy is uniquely determined and CT(hp“/ 2 4+
VERP) < Sh1F4/2 for all b € (0, hy]. We fix an arbitrary b € (0, hy]. By Remark 7, there
exists § > 0, such that if 5,5 € [0,T], |s — §| < 6, then [len(s) — en(5)]] < %h”d/Q.

We define t; = id,i = 0,1,... and set N := max{i =0,1,...;t; < T}, tny1:=T.
This defines a partition 0 =ty < t; < --- < ty41 = T of the interval [0,7] into N + 1
intervals of length (at most) ¢.

We shall now prove by induction that for alln=1,...,N +1

tn _
e len@)2+ [ llen @)+ Tn(en(9).en() a9 < G (R +.h%). (50
in 0
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Inequality (49) is thus obtained by taking n := N + 1 in (50).
(i) n = 1: We know that |le,(0)|| = ||7,(0)|| < Cr(hP*1/2 4 \/eh?) < %th/Q. By
uniform continuity, we have for all s € [0, ¢1]

len(s)Il < len(0)[| + llen(s) — en(0)| < GAFH2 4 Jpt+4/2 = pite2,

Therefore, by Lemma 11 we obtain estimate (50) on [0,¢1], i.e. for n = 1.

(ii) Induction step: We assume that (50) holds for a general n < N + 1. Therefore
len(tn)|| < Cp(hP+1/2 4 \/enP) < %hl"’d/z. By uniform continuity, we have that for all
s € [tn, tn+1]

len(s)l < llen(tn)l| + len(s) — en(tn)l| < GhMHY2 4 GR1+42 = pitd/2,

This and the induction assumption imply that |le,(s)|| < RY™%2 for s € [0,t,] U
[tn,tnt1] = [0,tn41]. Therefore, by Lemma 11, we obtain estimate (50) on [0, t,11],
ie. for n:=n+1". O

Remark 8. If we assume f € (C3(R))? and I'y = 0, then we may use the improved
estimate of Lemma 8 which gives the more favorable factor h™' instead of h™2 in the
estimate of the convective terms. Hence in Theorem 12 we get the improved assumption
p > (14 d)/2. Furthermore, if ¢ = 0 we need to assume only p+1/2 > (1+d)/2, i.e.
p>d/2.

Remark 9. The derived estimates are suboptimal in the L°°(L?)-norm, where we would
expect an O(hPHL) convergence rate, however this estimate is valid for all ¢ > 0. For
€ > 0 also a DG energy norm is included in the estimates, which is estimated optimally.
Howewver, this estimate degenerates for € — 0 and does not hold for € = 0. For this
reason, we view the L°°(L?)-estimate as primary, even though it is suboptimal.

7.2 Estimates based on a nonlinear Gronwall’s inequality

For the method of lines we can use a more direct approach to prove Theorem 12 than
in Section 7.1, an appropriate nonlinear Gronwall-type lemma. As we prove in Lemma
14, this is not possible in the case of an implicit scheme.

Lemma 13 (Nonlinear Gronwall’s inequality). Let A(t) > 0, for all t € [0,T], and
a, B1, B2, T > 0 are constants. Let u € C’([O T1; [0, oo)) such that

0<u(t)+Alt) <a-+ /Ot (Bru(¥) + Bou(9)) dv, V¥t € [0, 7).

If the coefficients satisfy
2a32¢M7 < 4, (51)

then
u(t) + A(t) < 2ae”t, vt € [0,T). (52)

Proof. First, we assume that u(t) > 0. Defining F(t) :== a + fg (Bru(9) + Bou?(0)) A9,
we have 0 < o < F, F € C([0,T], R) and F is strictly increasing, since F’ > 0.
Since u(t) < u(t) + A(t) < F(t) for all t € [0,T], we obtain by integration

F'(t) < Bru(t) + Bou?(t) < B1F(t) 4+ BoF%(t) = / d19 < / By do,

+’YF2
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where v = 22 Gince F! > 0, F' is a bijection and we can evaluate the left-hand side
integral by substitution, while the right-hand side is simply G1t. Thus

F(t)(1 +~F(0)) Ft) __ FO)
FO)(1+~F(t)) 1+~F(t) — 14+~F(0)

From this inequality, we may express F'(t), therefore

In

< fpit et < qefit,

1
Bt Bt
u(t) + A(t) < F(t) < 1_7a651ta€ 1 < 201t

due to condition (51). Thus we have proven (52) for the case u(t) > 0.
Generally, if u(t) > 0, we define 4(t) := u(t) + § > 0 for some small 6 > 0. Then
u(t) satisfies

¢
0<a(t)+ At) < (a+9) +/ (Bra(9) + Boii®(W)) dv, V¥t € [0, 7).
0
Therefore, by (52)
ut) + A(t) < a(t) + A(t) < 2(a+ §)e,
which holds for all sufficiently small 6 > 0. By taking 6 — 0, we obtain (52). O

Alternative proof of Theorem 12. Due to the inverse inequality and Lemma 5, we
have

W2 llen(9)I% < 2072l ()3, + 202 [I€n ()13, <
Ch 2R |u(9) 1.0 + Crh 2~ Ea(9)|? < C + Ch™> & (9)I%,

where the constant C' is independent of h,¥,t,e. If we use this estimate in (42), we
obtain

t ~
MWW+AH&WWM%MMW&MM0 (53)
< C(h*F 4 ch®) + C/t (14 p2P7 170 4 en?P= 28| 16, (9)]12 + R 274 &, () ||* 9,
0

where the constants C, C' are independent of h,t,e. Now, we shall apply Lemma 13 to
(53) by setting
u(t) = &)1,
t ~
A = [ ellen(0)lbe+ Tu(n(9).6(0) .
o= C~'(h2p+1 + 5h2p),
Br:=C(1+ p2pi=d 4 €h2p_2_d) <C,
By = Ch™274,
Condition (51) can be written as
20 (h¥HL 4 eh®)Ch 27T < 0 = P L ep? 2l < 101071 0e T,

which is satisfied for sufficiently small A if p > 1+ d/2. By (52), we have

t ~ ~
€n (8117 +/0 ellén ()b + Ja (6 (9), &1 (9)) A < Op (R*FH + b)),

for some Cr independent of h,t,e. The proof is completed by taking (47) and the
triangle inequality.
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8 Error estimates for a fully implicit scheme

In this section, we shall introduce and analyze the DG scheme with a standard first
order implicit time discretization. Here we cannot use the approach of [44] for the
explicit scheme, since in Lemma 14 we prove that the first implication in the induction
step (48) does not hold. Essentially the error equation along with the estimates of
individual terms does not contain sufficient information about the problem to prove the
desired estimates.

In Section 7.1 the key ingredient was the continuity of e, with respect to time,
which guarantees that the error cannot suddenly blow up. We then use a continuous
mathematical induction argument. However, for the implicit scheme we have a discrete
temporal structure, hence no continuity. To overcome this obstacle, we introduce an
appropriate continuation of the discrete solution and error with respect to time. This
is constructed using an auxiliary problem, essentially a modification of the discrete
implicit problem. This allows us to derive error estimates for the continuated solution
and consequently for the original implicit scheme

We consider a partition 0 = to <ty <-+-<tyy1 =T of the time interval [0,7] and
set 7, = tp+1 — ty, for n =0,--- , N. The exact solution u(t,) will be approximated by
UZ € Sp.

Definition 4. We say that {u}}}gjol C Sy, is an implicit DGFE solution of the convection-
diffusion problem (2) - (5), if u) = u® € Sy, and forn=0,--- ,N

n+1 _an
<h7uh780h> + b (upt on) +eAn(uptt on) = ln(en) (tns1),  Veon € Sp. (54)

Tn
Similarly as in Section 4, we define " = u(t,) — yu(t,) € HPT(T,) and & =
pu(ty,) — up € Sp. Then we can write the error e} as e} = u(t,) — up = n + &}
To obtain error estimates for the implicit scheme, we would now subtract the equa-
tion for the exact and approximate solution

(entt = efyon) +(bn(utnrr), on) = ba(up ™, o)) + maeAn(ey ™, on)

= (u(th) —u(tn) — Taut(tnt1), SDh)

In standard approaches, we set ¢, = f,’;"H and apply the derived estimates of by, Ap,
and Lemma 17:

||£n+1H2 + H£n+1 £h||2 +Tn5||£n+1|iDG ‘i‘TnJh( n+1’£n+1) (55)
n+112
< |EM1? + CTn (1 “hh”) (R ||EH12) + Oy (eh® + RPPF2 4 72 4 || 2).

At this point, we would apply induction or some (nonlinear) discrete Gronwall lemma
to obtain the desired error estimates as in Section 7.2. However, it is simple to see that
(55) does not imply the desired error estimates without any additional assumptions and
we need to proceed more carefully in our analysis.

Lemma 14. Inequalities (55) taken for n = 0,--- , N, do not imply the desired error
estimate (73).

Proof. We take (55) on the first time level n = 0:

€417 + 164 — Q112 + rocllEnlibe + Ton (€4, €4) (56)
< 16017 + Omo (1 4+ L0 ) 041 4 eh 2) 4 (e 4 2072 1 1 2.
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Let us denote X := |le}||. We shall prove that for all h, the right-hand side of (56)
7 grows faster with respect to X” than the left-hand side as X — oo. Therefore (56)
is satisfied not only for small X = O(hPTY/2 4 \/eh? + 7), but also for arbitrary X
sufficiently large. Hence, (56) does not imply the error estimate (73) even for n = 0.
We proceed as follows: let X be sufficiently large. Then we have due to Lemmas 3,
4 and 5
1L < llepll + IImh]l < X + ChPT < 2X,  for X sufficiently large,
1A > Nlepll = Ilnpll > X — ChPT > X /2, for X sufficiently large,
I — &Il < llgall + llall < 2X + ChP*! < 38X,
I pg < ChhY|EL|| < C1h™12X,  due to Remark 6,
Jn(&hr6h) < bGP < Coh~ 14X,
lelloo > X|071/2,
where the last inequality follows directly from Holders inequality.
Applying these estimates, we can estimate the left-hand side of (56) as

LHS = |6 11% + 16 — &% + moellénlbe + 1on (64 1)
<AX? +9X% 4 1eC?h 24X 2 + 19Coh™ 14X 2.
On the other hand, we get for the right-hand side of (56)
2

et |2, X
RHS > CTO(1 l ZL' )Hg,ﬂﬁ > cm(1 + ’Q|h2)x2/4.

We want to determine, for what X is (56) satisfied, i.e. when is LHS < RHS. This
happens e.g. if

2

X
2[R

LHS < 4X? + 9X? + r0eC2h~24X? + 1Coh~14X? < Cmy (1 + >X2 /4 < RHS,

i.e. when X satisfies

2

2[R

070(1 + )X2 /4 —4X2 —9X? — 7peC?h24X2 — ryCoh~M4X2 > 0. (57)

However, the leading term X* in (57) has a positive coefficient Cro|Q2|~1h=2/4. Hence
inequality (57) — and therefore inequality (56) — is satisfied for all X sufficiently large.
([l

8.1 Auxiliary problem and continuation of the discrete solution

Problem (54) represents a nonlinear equation on each time level ¢"*! for the unknown
function uZ'H. First, we prove that uZH exists is uniquely determined and depends
continuously on 7,. To this end we define a general abstract formulation of problem

(54):

Definition 5. (Auziliary problem) Let t € [0,T],7 € [0,T] and U, € Sp. We seek
ur € Sy, such that

(wr — Un, on) + 7o (ur, on) + 7€ A (ur, 0n) = la (o) (t+7), Veon € Sp. (58)
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Remark 10. If we take 7 := 7,, Uy := up,t :=t, and define uZH = u,, the auxiliary
problem (58) reduces to equation (54), which defines the approzimate solution uZH. On
the other hand, if we take T := 0 the solution of (58) is ur = uj. In between these two
cases u,; changes continuously with 7. For that we need to assume the right-hand side

of (58) behaves ”continuously with respect to time”.

Lemma 15. Let g € C([0,T); L*(Q)), gv € C([0,T); L*(T'y)) andup € C([0,T]; L*(T'p)).
Then for all h € (0, hg) there exists a function N\, € C([0,T]; Sy) such that

In(en)(t) = (Mu(t),0n), Veon € Sh. (59)

Proof. We equip S, with the L?()-scalar product. Then [j,(-)(¢) is a linear functional
on the finite-dimensional Hilbert space Sj. Hence, [;(-)(f) is a continuous functional
and by the Riesz representation theorem there exists Ap(t) such that (59) holds. It
remains to show the continuity of A,(¢) with respect to t. Let s,t € [0,T], we estimate

[ An(t) = Au(s)|| = sup m(kh(t) — An(8), ¢n) = sup m(lh(@h)(t) —ln(en)(s))
PrESh ©RES)

< sup o Ula(®) = g()lllenll + llgn (8) = gn ()l 2y llonll z2cry)
Ph h
+elOlllup(t) = up ()l 2 p) IVenllz2rp) + eCh Hup () — up ()l 2 p) el )-

Since ¢y, € Sy, we may use the multiplicative trace and inverse inequalities. Thus

[An(t) = An(s)]| < sup o lenl (lg(®) = g() | + llgn () = gn ()| 2oy Ch ™
PhEOR
+ €|@|||UD(t) — uD(S)HLQ(FD)Ch_2 + 6C’h_2||uD(t) — UD(S)HLQ(FD)) — 0, ass—t.

O

Now we are ready to prove the basic result used in the construction of a continuation

of the discrete solution, the continuity of u, with respect to 7. We shall assume the
assumptions of Lemma 15 are satisfied from now on.

Lemma 16. There exist constants C1,Co > 0 independent of h,7,t,e, such that the
following holds. Let t € [0,T],h € (0,ho),Up € S, and 7 € [0,70), where 19 =
max{Cie, Coh}. Then u,, the solution of (58), exists, is uniquely determined, |lur||
is uniformly bounded with respect to T € [0,79) and ||ur|| depends continuously on T.

Proof. (i) Existence: We shall use the nonlinear Lax-Milgram theorem, cf. [43]. First,
we define the forms B, : Sp, x S, = R, L, : S, — R:

B (u,v) := (u,v) + 7bp(u,v) + 7€ Ap(u,v),
L;(v) := (Up,v) + 7lp(v)(t + 7).

Then problem (58) can be written as Br(ur, ) = L (¢p) for all pp € Sy. If we equip
Sy, with the L?(Q)-norm, then L, (-) is a linear functional on the finite-dimensional space
Sh, hence L; is continuous and uniformly bounded with respect to 7, i.e. ||L-|lz(s, r) <
NURIl + 7A@ < Ukl + Tl[Anllzoe(s,) < +oo, since 7 < T. In order to apply
the nonlinear Lax-Milgram theorem, it remains to prove monotonicity and Lipschitz
continuity of B, in the space Sp.
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Monotonicity: For all u,v € Sp, we have due to Lemmas 9 and 10, by Young’s
inequality
B (u,u —v) — Br(v,u — v)
> [lu—v|* + 7ellu — vlfpe — 7Ly, u = vllpallu = vl = 7Ly, [lu —v||?
> (1= 7Ly,) u = l* + 7ellu — vl he — ellu = vlpe — L, lu — vl
= (1 7oLy, — 2Lp,) u—v|*.
On the other hand, we may estimate by the inverse inequality and multiplicative trace
inequalities 7Ly, |[u — v||pe < 7Ly, Ch™!{|u — v||. Therefore
B (u,u —v) — Br(v,u —v)
2 |lu =] + reflu — vllpe — 7Ly, Ch™ |Ju = of|* = 7Ly, u — of|?
> (1 — 7oLy, — 7oLy, Ch™Y)||u — ||

Thus we have L?(Q2)-monotonicity of B;, e.g. if 19 < %Lb_hl and either 9 < 2esLb_h2 or
70 < 3L, 'C7'h.

Lipschitz continuity: For all u,v,w € S}, we have due to Lemmas 9, 10 and Remark
6

’BT(u,u—v) —BT(v,u—v)}
< lu =l + reflu = vlpg + 7Ly, lu = vlpglu = vl + 7L, u — v]|?
< (1+7eCh™2 + 7oLy, Ch™ + ToLgh)Hu — v

By the nonlinear Lax-Milgram theorem, we obtain the existence and uniqueness of
ur € Sp, the solution of (58). Moreover, ||u,|| is uniformly bounded for 7 € [0, 79), since

lurll < ClLrll2(r2(0),r) < ClIURI+ 70llL(E) ]l 2(5R)-
We note that by taking v := 0 in the monotonicity estimates of B, we may prove
Sp—coercivity, i.e. there exists some a > 0 such that

B, (u,u) = By(u,u —0) — B;(0,u —0) > a||u||2.

(ii) Continuity with respect to 7: Let 7,7 € (0,79). We subtract (58) for 7 and
7, obtaining
By (ur,on) — Br(uz, o) = Lr(pn) — Lz(on)- (60)

First, we estimate the right-hand side of (60) using the representation formula (59):

L-(on) — Lz(pn) = T(Au(t +7) = Au(t + 7),0n) + (T = 7) (At +7), 1) (61)
ST+ 7) = At + Dl lenll + 17 = T Al Loo (5, |2 ]]-
Setting ¢ := ur — uz in (60) and rearranging gives us
B (ur,ur — uz) — Br(uz, ur — uz)
= Br(us, ur — uz) — Br(uz, u; — uz) + Lr(ur — uz) — Lz (ur — uz).
Taking into account the monotonicity of B, on the left-hand side and estimating the
right-hand side by (61), Lemma 9 and 10 and the inverse inequality, we obtain

OéHUT - U%HQ
< | = 71(Cle, W) lur ]| + | Anll oo l[ur — wrll + TIAR(E +7) = An(t + 7)|[|ur — ur
CEM |- — 7|(Cle, h)llurll + [ Mnllze(sy) + ZIA(E +7) = An(t + 7)),

«

= |lur —uz|| <
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where a > 0 is the monotonicity constant of B; and C(e,h) is a constant depending
on ¢, h. It follows directly that ||uz|| — |lur|| as 7 — 7, since by the inverted triangle
inequality

lurll = lluzll] < llur —uz| — 0, as7— .

We have proved the continuity of ||u-| with respect to 7 € (0,79). It remains to prove
the continuity of ||u,| at 7 = 0. This is straightforward, since for 7 = 0, we have
ur = Up. We test (58) with ¢p := u, — Uy

|ur — Upl|? < T’lh(UT — Uh)(t)\ + T\bh(uT,uT — Uh)| + Ts\Ah(uT,uT — Uh)]
< ([l sy + C e, M llurll) lur — Unll.

This implies that ||u; — Uy|| — 0, and therefore ||u,|| — ||Un||, as 7 — 0. O

As we have seen in Remark 10, by taking Uj, := u}! in (58) we obtain u, = u}*!

for 7 := 7, and u; = uj for 7 := 0. For general 7 € [0,7,], u, depends continuously
on the parameter 7. This allows us to construct a function u, € C([0,T];Sp) which
”interpolates” the values {uZ},JLO and which is constructed using essentially the implicit
problem itself.

Definition 6 (Continuated discrete solution). Let uy, : [0, T] — Sy, be defined as follows:
For s € [tp,tny1] we set up(s) := ur, the solution of the auxiliary problem (58) with
T =8 —tn, t = lpp1 and Uy := up. Furthermore, we define €, = u — @, and
&n = pu — uy,.

Remark 11. Under the assumptions of Lemma 16, Uy, is uniquely determined, uy €
C([0,T7; Sy) and &, € C([0,T); L3(Q)), due to the reqularity (15). Also, up(t,) =

up, en(tn) = ey and §u(tn) = &, for allm = 0,--- ,N. Therefore, estimates of ép(-)
imply estimates of ey,. Finally, we note that €, = ny + &p.

8.2 Estimates based on continuous mathematical induction.

Since 1wy, is constructed using the auxiliary problem (58), which is essentially the original
implicit scheme (54) with special data, we can derive error estimates for 4y, in a standard
manner. We start by proving a discrete analogy of Lemma 11. However, first we need
some standard results concerning the approximation of time derivatives.

Lemma 17. Let uy = % € L?(0,T; L*(Q)). Let s € [tn,tni1] and oy € Sp,. Then

[ (uls) = ultn) = (s = tn)ue(s), on) | < OT*unell oo (2 lonll,
| (1(8) = M (tn), 0n) | < CTRP Hfugl| oo (g 1ol

Proof. Cf. [18]. O
Now we shall prove a discrete analogy of Lemma 11. For simplicity we assume a
uniform partition of [0,7], i.e. 7, ;=7 foralln=0,---,N.
Lemma 18. Let p > d/2. Let s € (tn,tnt1]| for somen € {0,--- ,N}. If
len(s)|l < A2 and  ||en(ty)| < W2 VE =0, 0, (62)

then we have the estimate

e len(t HQJrZ ( en ()l D + Tn (Enltr), eh(tk)))

(63)
+ (s —tn) (EHéh(s)HDG + Jn(en(s),en(s)) ) < CR(APH! 4 2h% 4+ 7%),
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where the constant Cr is independent of s,n, h, T, ¢.

Proof. Since €, = u — 1y, and 4y, is defined by the Auxiliary problem (58) with 7 =
s — ty, U, = uj, in order to obtain an equation for éj,, we subtract (58) from (14).
Furthermore, in (14) we introduce the time difference instead of the time derivative ;.
Thus ép(s) satisfies

(en(s)—en(tn), on) + (s — tn) (br(uls), on) — ba(tn(s), on)) + (s — tn)eAn(n(s), ¢n)

= (u(s) —ultn) = (s — ta)ue(s), ¢n)-
(64)

We set oy, := &, (s) and use the fact that 2(a—b, a) = ||a||?—||b||2+||a—b||?. Furthermore,
we estimate the convective terms using Lemma 7 and the diffusion terms using Lemma
9. For the remaining terms, we use Lemma 17. Thus we obtain the inequality

1€n ()I1” = €8 (Ea) 1P+ 118 (5) = En(ta) 1P+ (s = ta)ell€n(9) I e + (5 — tn) Tn(€n(s), En(s))
én(s)|?
H hgﬂ)”oo> <(h2p+1 + €h2p)‘u‘%w(Hp+l)+ (65)

+ WPV | F oo oy + T el oo 12y + th(s)W)'

gcr(1+

As in (45), we may show that from (62), it follows that ||é,(s)]|cc < Ch. Thus (65)
reduces to

€L ()12 + (5 — tn)ellén(s)[ha + (5 — tn)Jn (En(s), Enls))
< (t)|I? + C (R* T 4+ eh® + 72 + |16 (3)]1%),

which may be written as

1En ()11 < =g lén(tn) I + 1557 (B! +en® + 72). (67)

Similarly as ép(s) satisfies (64), €x(ty) satisfies the following equation for all k =
0,---,n—1:

(en(trr1)—en(te), on) + 7 (bn(utii1), on) — bu(n(tes1), on)) + TeAn(En(trsr), on)
= (u(trs1) — ultr) — Tue(tisr), on)-

(68)
We set oy, := &, (try1) and proceed similarly as in estimates (65)-(66) to obtain
1€t ) 1” + Tellén(tee) [ Da + TIn (En(tkr1)s Enlthrn)) (69)
< l&n@e)l|* + C (A + eh™ + 72 + [|En(tr ),
which we simplify to
I€n(thrD)I? < ez 1€ tII* + 755 (WP + eh® + 72). (70)

Assuming C7 < 1/2, we may define

A= h2p+l + €h2p + 7—27 B = % =1 =+ 1987_ S 1 =+ QCT S 62CT-
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Taking into account (67) and (70), we have by induction

1€n()I1* < B |€(0)])” + Bt BCTA

~ 71
< e(n—l—l)QCTBA < GQCT%A — CT(h2p+1 +€h2p + 7_2)7 ( )

since £,(0) = 0. Similarly, we obtain by induction from (70)
1€ (t)|1* < Cr(BH +eh® +72), Vk=0,--- ,n. (72)

Since &, = &, + np,, the triangle inequality and (71), (72) gives us the desired estimate
of the first left-hand side term in (63).

As for the remaining left-hand side terms in (63), we sum (66) and (69) for all
k=0, ---,n—1. After applying estimates (71) and (72), we obtain

> 7 (llént) b + T (nte),n(tr)) ) + (5 = ta) (<160 () B + T (), En(5)))

k=1
< 1€ (0)]|2 + (n + 1)C7 (RPHY 4 eh® + 72 4 Cr(hPH! 4 eh?® 4 72))
< CT(1+ Cp)(h**! +eh® + 7).

Again, we apply the triangle inequality and suitable estimates for n;, to obtain (63). O

Remark 12. The functions u(-),d(-) are continuous mappings from [0,T] to L?(€2).
Therefore, é;(-) is a uniformly continuous function from [0,T] to L?(Y). By definition,

Ve>030>0: s,5€[0,t,]s—5 <8 = |en(s)—én(3)] <e

Theorem 19 (Main theorem — implicit version). Let p > 1+ d/2. Let hy,71 > 0 be
such that C'T(h}l)H/2 +ehl +71) = %hi+d/2, where Cr is the constant from Lemma 18
and let 71 < 19, where 1y is defined in Lemma 16. Then for all h € (0,hq),7 € (0,71)
we have the estimate

N+1

max en|”® + 7(5 et + Jn(ef, el ) < CA(h?PT 4 eh? 4 12). 73
ne{07...7N+1}|’ Al ; lerlbe + Jn(er.er) ) < CF( ). (73)

Proof. We have p > 1+d/2, therefore hy,m exist and Cp(hPHY/2 4\ /ehP +7) < Jpi+d/2
for all h € (0, h1],7 € (0,71]. We fix an arbitrary h € (0,h1] and 7 € (0, 71]. By Remark
12, there exists § > 0 such that if 5,5 € [0, T, |s— 5| < & then ||é4(s) — & (5)|| < Ln!+e/2.

We define s; = id, i = 0,1,... and set M :=max{i =0,1,...;8 <T}, spyt1:=1T.
This defines a partition 0 = sg < 51 < -+ < spr41 = T of the interval [0,7] into M + 1
intervals of length (at most) 6.

We shall now prove by induction that for all i =1,..., M 4+ 1

e [en ()| < Cp (W2 4 JehP 4 7) < hITY/2, (74)
»Si

Inequality (73) is obtained by taking i := M + 1 in (74) and applying Lemma 18 with
S = tN+1 =T.
(i) i = 1: We know that [|&,(0)|| = ||7,(0)|| < Cp(hP+Y/2 4 Jeh? + 1) < %th/Q. By
uniform continuity, we have for all s € [0, s1]

len(s)ll < len(0)l] + llen(s) — en(0)l| < GA' 2 4 Jat+4/2 = pite2,
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Therefore, by Lemma 18 we obtain estimate (74) on [0, s1], i.e. for ¢ = 1.

(ii) Induction step: We assume that (74) holds for a general ¢ < M + 1. Therefore,
[én(si)|| < Cp(hPT/2 + \Jeh? + 1) < 1h1+4/2. By uniform continuity, we have that for
all s € [s;, Sit1]

len(s) < Nlgn(sa)ll + llen(s) — en(si)ll < gh' T2 4 §pIHH2 = pi+a/2,

This and the induction assumption imply that [|é,(9)|| < h'*4/2 for ¥ € [0,s;] U
[si, Sit1] = [0, si+1]. Therefore, by Lemma 18 we obtain estimate (74) on [0, s;11],
ie. for i :=i+ 1. U

Remark 13. We conclude with several remarks.

e The CFL condition required in Theorem 19 effectively imposes T = O(h'1/2).
This s rather restrictive from the perspective of an implicit scheme. This condition
arises due to the key step in our analysis, where we require C’T(th/Q—I-ﬁhp—i-T) <
%h”d/z. If we assumed higher reqularity of £ and used Lemma 8, we would obtain
the CFL condition T = O(h(*D/2) along with the less restrictive order condition
p>(1+d)/2.

e Such a restrictive CFL condition is purely an artefact of the proof due to the
nonlinearity of the problem. For linear problems, we may expect the standard
7 = O(h) condition in explicit schemes (for third-order RungeKutta schemes in
[10]) as well as in the space-time DG scheme ([38]).

e For the purely convective case € = 0, we require only CT(hp+1/2 +7) < %h1+d/2,
which leads to the order condition p > (1 + d)/2. Using Lemma 8, this improves
top>d/2.

o We have treated the simplest first order temporal discretization. Were we to ana-
lyze a scheme of kth order in time, we would require that C’T(hp+1/2+\@hp +7‘k) <
%th/Q, which leads to the less restrictive CFL condition 7 = O(hU+4/2)/k) o
7 = O(hU+D/CR)) ysing Lemma 8.

e FEssentially, we are still limited by the CFL condition T = O(max{e, h}) of Lemma
16 to guarantee existence and continuity of the continuated discrete solution.

9 From global to local Lipschitz continuity of f

Up to now, we have assumed f € (CZ(R)), i.e. global Lipschitz continuity of f and
f’. We have stated in Remark 1 that in [44], these global assumptions are replaced
by local ones by modifying f away from the set of values of u. This procedure does
not change the exact solution of the continuous problem, however, one obtains a new
discrete problem for which we cannot guarantee aprior: that it has the same solution as
the unmodified version. In this section we show how to obtain error estimates for locally
Lipschitz continuous f — without modifying the scheme — using continuous mathematical
induction.
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9.1 Basic notation and results

For simplicity we shall derive estimates for the method of lines, the implicit scheme can
be treated similarly. Let f € (C?(R))? and let uj, € C*(]0,7T];Sy) be the DG solution
of problem (2)—(5) as defined in Definition 1.

Definition 7. Let v : Qr — R be a function. We define the range of v as R(v) :=
{’U(x7t); (iL‘,t) S QT}

Definition 8. Let A C R be a closed set. We define the local generalized Lipschitz
constant of £ on A as Lg(A) == ||| (2.0 (4)ya-

Remark 14. If A C R is bounded then L¢(A) < oo. Due to the reqularity assumptions
(15), we have u € C(Qr) and thus Lg¢(R(u)) < 0o is a constant depending only on u.

Definition 9. Let h € (0,hg),t € [0.T]. We define the admissible set U (t) := {v €
Sns u(t) — ol < A1/},

In Section 7.1, we have used mathematical induction with respect to t to ensure that
(43) holds, i.e. uy(9) € UPA(Y) for ¥ € [0,1]. As a byproduct, we got the desired error
estimates. Here we shall do something similar using the fact that functions in L{ﬁd(t)
have values in some compact interval and thus we may use Lipschitz continuity of f for
such functions.

Lemma 20. Let p+ 1 > d/2. There exists a constant R > 0 independent of h such
that for all h € (0, ho)
a) R(u) C [-R, R],
b) R(v) C [=R, R], for all v such that v(t) € U(t) for all t € [0,T).
Proof. Inclusion a) is trivial due to Remark 14. As for b), let ¢t € [0,T],v(t) € U2(2).
Then due to Lemmas 4 and 5
[0(t) = u(t)l
< [lo(t) = Mpu(®)loo + [Mau(t) = u(t)]loo < Crh™"2|fo(t) = Mpu(t)|| + Chlu(t) w1
< C[hid/QHv(t) —u(t)|] + C]hid/2||u(t) — pu(t)|| + Ch()’u‘Loo(Wl,oo)
< Crh™ PRt 2 4 Crh =P ORP  u(t) o + Cholu oo (oo
< Crhg + C[hg+1_d/2|u‘Loo(Hp+1) + ChO‘U|Loo(W1,oo) =: R;.

Therefore due to a)
[o()llco < v(t) = u(®)]loo + [lu(t) oo < R,

with some constant R independent of h. U

Definition 10. We set L := Lf([—R, R]) < 00, where R is the constant from Lemma
20.

Now, we shall state the fundamental properties of the convective terms which we
need in our analysis. These results can be proved similarly as in the case of global prop-
erties of f, since in our analysis all the arguments of f, e.g. u, up, have values in [—R, R].
On this compact set of values, we may use Lipschitz continuity and boundedness of f
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and its derivatives. However, to proceed, we also need assumptions on the numerical
flux H which mimic those of f:

Assumption (H1)oc: H(v,w,n) is defined in R? x By, where By = {n € R?;|n| = 1},
and is Lipschitz-continuous on [—R, R| with respect to v, w:

|H(v,w,n)—H ", w* n)| < Cr(lv—v*"|+|lw—w"|), Yv,w, v, w*e€[-R,R|, n€ Bj.

In the following, we shall assume that H satisfies conditions (H1)j,¢, (H2), (H3) and
(H4). We note that (H1)j, is satisfied e.g. if H is locally Lipschitz continuous with
respect to the first two arguments.

Lemma 21. There exists a constant C > 0 such that for all v € H'(T},) which satisfy
{v(z);z € Q} C [-R, R], we have 0 < a(v) < C and

1£'((v))-n| < 2a(v) + C|[v]].

Proof. The proof is identical to that of Lemma 6, one only needs to realize that it
is possible to use L instead of [|f||yy2.00®). This is due to the fact that in the proof
of Lemma 6 one only estimates remainders in Taylor expansions, e.g. f; o) (z) with

components f”(9,0F) (x) + (1 — 9,)(v(z))) for some ¥, € [0,1] and s =1,--- ,d. Since
v has values in the interval [~ R, R], we also have 950" (z) + (1 — 95)(v(z)) € [-R, R]
and thus |£;, <U>| < L. O

Now, we shall prove the ”local” analogy of Lemma 7. Again, we usually omit the
argument t for simplicity.

Lemma 22. Let p > d/2. There exists a constant C > 0 independent of h,t,up, such
that if up(t) € UP(t), then

bn (un, €) — b (u,6) < C (R u(t) Fppr + [1€]1%) %fh@,s). (75)

Proof. The proof is identical to that of Lemma 7, only one uses L instead of [|f||yy2,00 (g)-
This is due to the fact that in the proof of Lemma 7 all arguments of f,f’ and f” lie
in the interval [— R, R]. Specifically, one uses Lipschitz continuity and boundedness for
arguments such as u, U, up, (up) or & (u+ ugf)), which all have values in [—R, R], since
u(t), up(t) € U2(L).

Furthermore, one estimates remainders in Taylor expansions, such as fqy,uhaf;/, (un)
and f;’ L) which by definition is f” evaluated at some convex combination of the

*“h

subscript arguments, e.g. Jsu(z,t) + (1 — I5)up(x,t) for some 95 € [0,1]. Hence, all
these arguments also have values in [~ R, R] and we can bound e.g. |f;, | < L. Finally,
throughout the proof one uses the properties of a(up(t)) and a(u(t)) from Lemma 21.
Both up(t) and u(t) satisfy the assumptions of this Lemma.

In such a way we obtain the same estimate as in Lemma 7,

2 ~
b, €) — by (u,€) < O(1+ L2 ) v a2, 4 )~ Lieo). (7o)

Now we use the fact that uy(t) € U(t), ie. |len(t)]| < A'F42. Since p > d/2, this
implies due to (45), that |ley(t)]|cc < Ch for some constant C' independent of h, ¢, up,(t).
Thus we may estimate h=2||ey||2, < C and (76) reduces to (75). O
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9.2 Estimates for the method of lines

Basically, we proceed as in Section 7. We subtract (13) from (14), set ¢ = &, (t) €
Sy and apply standard estimates to the evolutionary and diffusion terms. As for the
convective terms, we notice that if we know apriori that u,(9) € U (9) for ¥ € [0,1],
then we may apply Lemma 22 on this interval. By applying Gronwall’s lemma, we
obtain error estimates on [0,¢]. Finally, we use continuous mathematical induction to
gofromt=0tot="T.

Lemma 23. Lett € [0,T] and p > d/2. If up(9) € UF(Y) for all ¥ € [0,1], then we
have the estimate

t ~
Jna llen(9)])? +/ ellen()Ibg + Jn(en(9), en(9)) A9 < C3(R*PTH + ), (77)
bl 0

where Cr is a constant independent of h,t and €.
Proof. We subtract (13) from (14) and set ¢y, := &, (t) € Sp. We get
1d

2 dt

1€, ()% + eAn (& (t), & (1))
onn(t) (78)

= —cAn(nn(t), &n(t)) + bn (un(t), En(t)) — ba(u(t), En(t)) — ( 5 Sh(f))-

Now, we apply the ellipticity and boundedness of A; and Lemma 22 for the convective
terms. Finally, we obtain from (78)

d -
&Hé‘h(t)ll2 +ellén®lbe + In(ént), ()
< C(W () [Fpen + eh™u(t) [fpan + W2 ue(t) T + €0 (D7)

Integration from 0 to ¢ € [0, 7] yields

lEn(t)]2 + /O () B + T (€n(0). E0(9)) A9 < C(HPH 1 el 1 C /0 16n(9)]% 49,
(79)

where the constant C' is independent of h,¢,e. Gronwall’s inequality applied to (79)
gives us a constant Cp, independent of h,t, e, such that

t ~ ~
mase 164(9)]° + /0 NEn () + T (En(0), 64(1)) d9 < G (W) 4 eh?).

Using a similar inequality for 7, we obtain estimate (77) for some constant Cy. O

Now it remains to get rid of the apriori assumption uy,(9) € U4(9) on [0,]. As
in Section 7.1, we shall use the uniform continuity of e (-) as a function from [0,¢] to
L3(Q), cf. Remark 7.

Theorem 24 (Main theorem — local version). Let p > 1+4d/2. Then there exists hy > 0

such that C’T(hzlﬂ—l/2 + Vehl) = %hﬁdﬂ. Furthermore, for all h € (0, h1] we have the
estimate

T ~
g eI+ [ llen(lfbe + Tu(en(9).en(9)) a9 < CF (12 + eh). (30)
K 0
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Proof. We have p > 1+ d/2, therefore h; is uniquely determined and CT(hp“/ 2 4+
VEhP) < $h1F4/2 for all h € (0, hy]. We fix an arbitrary h € (0, hy]. By Remark 7, there
exists § > 0, such that if 5,5 € [0,T], |s — §| < 6, then [len(s) — ep(5)]] < %h“’d/z.

We define t; = id,i = 0,1,... and set N :=max{i =0,1,...;t; < T}, tn41 :=T.
This defines a partition 0 =ty < t1 < --+ < ty4+1 = T of the interval [0,7] into N + 1
intervals of length (at most) 6.

We shall now prove by induction that for alln=1,...,N +1

tn _

s len@? + [ elen(lbo + T (en(0) en(0)) 40 < CH(H 4 eh). - (s1)
sln 0

Inequality (80) is thus obtained by taking n:= N + 1 in (81).

(i) n = 1: We know that |le,(0)|| = ||na(0)| < Cp(hPFY/2 4 \JehP) < Lpl+d/2. By

uniform continuity, we have for all s € [0, ¢1]
len ()l < llen(O)II + llen(s) — en(0)]| < gh'F42 4 §pIFH2 = pl+a/2,

Therefore, uy(s) € U%(s) for all s € [0,¢1] and by Lemma 23 we obtain estimate (81)
on [0, tl].

(ii) Induction step: We assume that (81) holds for a general n < N + 1. Therefore
len(tn)|| < Cr(hPTY/2 4 \/ehP) < Lp1+4/2. By uniform continuity, we have that for all
S € [tn,tn+1]

len(s)l < llen(tn)l| + len(s) = en(tn)l| < GhMHY2 4 GRI+A2 = pitd/2,

This and the induction assumption imply that |les(s)|| < h'T¥2 for s € [0,t,] U
(tn,tnt1] = [0,t511]. Therefore, up(s) € UM (s) for all s € [0,t,11] and by Lemma
23, we obtain estimate (81) on [0, t;,41]- O

Remark 15. If we assume f € (C3(R))¢ then we may derive a “local” version of
estimate (17) and Lemma 8 similarly as we proved Lemmas 21 and 22. In this case,
we would define the admissible set as UM (t) := {v € Sp;|Ju(t) — v|| < KI+D/2} and in
Theorem 24 we would get the improved assumption p > (1+d)/2, orp > d/2 if e = 0.

Remark 16. Assuming only f € (C%(R))?, we may obtain error estimates for the
implicit scheme simply by ensuring that the continuated error én(t) € U(t) on [0, T].
As in Section 9.2, we first prove a "local” version of Lemma 18 under the assumption
én(¥) € UPY(Y) for all ¥ € [0,t]. Then we use continuous mathematical induction to go
fromt =0 tot="T as in Theorem 24.

10 Conclusion

We have presented an analysis of the discontinuous Galerkin finite element method for a
nonlinear singularly perturbed convection-diffusion problem on quasi-uniform triangula-
tions. Building on results from [44], which dealt with an explicit time discretization, we
proved apriori L>°(L?) error estimates independent of the diffusion coefficient ¢ > 0 for
the method of lines and a fully implicit scheme. The derived estimates are suboptimal
in the L>°(L?)-norm, but for € > 0 also a DG energy norm is included in the estimates,
which is estimated optimally, but degenerates for £ — 0.

e We have extended the key estimate of the convective term from [44] to the case of
mixed Dirichlet-Neumann conditions if f € (CZ(R))%. An improved estimate for
f € (C3(R))? is obtained for Dirichlet boundary conditions.
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e Using these estimates and the apriori assumption ||ej(t)]l«0c = O(h), we prove that
if p> 1+ d/2, then |lep||poo(r2) < Cp(hPT1/% + ehP) with Cr independent of the
diffusion coefficient . Using continuous mathematical induction we eliminate the
apriori assumption.

e We show that for the method of lines the same estimate can be obtained directly
using a nonlinear Gronwall lemma.

e For a fully implicit scheme we show that the error equation and the considered
estimates of its individual terms do not imply the desired error estimate. Hence,
more information about the discrete problem is needed to proceed with the anal-
ysis.

e Using an appropriate auxiliary problem derived from the implicit scheme, we
introduce a suitable continuation 4y with respect to time of the discrete solution
uy. Using continuous mathematical induction we prove error estimates for iy,
which imply estimates for u}.

e For the first order implicit scheme we have that if p > 1+d/2, then sup,,_ ... x |||

Cr(h?+/2 4 eh? + 1) with Cp independent of e. This is proved under the rather
restrictive CFL-like condition 7 = O(h'+%/2).

e For f € (C}(R))?%, we obtain the derived estimates under the assumption p >
(1 +d)/2 and the less restrictive CFL condition 7 = O(h(!1*49/2). For ¢ = 0 this
improves to p > d/2.

e Finally, we extend the obtained results to the locally Lipschitz case f € (C%(R))%
and f € (C3(R))? using continuous mathematical induction directly, without the
need to modify the original problem as in [44].

There are several open problems connected with the presented analysis:

e Eliminating the order condition p > 1+ d/2 and p > (1 + d)/2, respectively.

e Eliminating the unnatural CFL condition 7 = O(h'*t%2) and 7 = O(h(1+49/2),
respectively.

e Obtaining optimal error estimates of the order O(h?*+1/2 4 ¢hP*1) using some form
of the Aubin-Nitsche technique.

e The extension to nonlinear diffusion terms using e.g. the estimates derived in [32]

for a diffusion of the form —div(8(u)Vu).
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Abstract

The paper is concerned with the simulation of viscous compressible flow in time
dependent domains. The dependence on time of the domain occupied by the fluid
is taken into account with the aid of the ALE (Arbitrary Lagrangian-Eulerian) for-
mulation of the compressible Navier-Stokes equations. They are discretized by the
discontinuous Galerkin finite element method using piecewise polynomial discontin-
uous approximations. The time discretization is based on a semi-implicit linearized
scheme, which leads to the solution of a linear algebraic system on each time level.
A suitable treatment of boundary conditions and shock capturing are used, allowing
the solution of flow with a wide range of Mach numbers. The applicability of the
developed method is demonstrated by computational results obtained for compress-
ible viscous flow in a channel with moving walls and flow induced airfoil vibrations.

Keywords: compressible Navier-Stokes equations; time dependent domain; ALE
method, discontinuous Galerkin method; semi-implicit time discretization; bound-
ary conditions, shock indicator; artificial viscosity; flow in a channel with moving
walls; fluid-structure interaction, flow induced airfoil vibrations.

1 Introduction

The interaction of fluid flow with vibrating bodies plays a significant role in many
areas of science and technology. We mention, for example, development of airplanes
(vibrations of wings) or turbines (blade vibrations), some problems from civil engineer-
ing (interaction of wind with constructions as bridges, TV towers or cooling towers of
power stations), car industry (vibration of various elements of a carosery), but also in
medicine (hemodynamics or flow in the glottis with vibrating vocal folds). In a number
of these examples the moving medium is a gas, i.e. compressible flow. For low Mach
number flows incompressible models are used (as e.g. in [1], [14]), but in some cases
compressibility plays an important role.

The solution of fluid-structure interaction requires the coupling of the solution of
equations describing the fluid flow with equations describing the structural behaviour.
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Due to the deformation and/or vibrations of structures, the computational domain is
time dependent. There exist several techniques of the solution of incompressible flow
in time dependent domains. See, e.g. [1], [14] and references therein. The numerical
simulation of compressible flow is much more difficult, particularly in time dependent
domains. It is necessary to overcome difficulties caused by nonlinear convection dom-
inating over diffusion, which leads to boundary layers and wakes for large Reynolds
numbers and shock waves and contact discontinuities for high Mach numbers and in-
stabilities caused by acoustic effects for low Mach numbers.

It appears that a suitable numerical method for the solution of compressible flow
is the discontinuous Galerkin finite element method (DGFEM). It employs piecewise
polynomial approximations without any requirement on the continuity on interfaces
between neighbouring elements. The DGFEM was used for the numerical simulation
of the compressible Euler equations, for example, by Bassi and Rebay in [2], where the
space DG discretization was combined with explicit Runge-Kutta time discretization.
In [3] Baumann and Oden describe an hp version of the space DG discretization with
explicit time stepping to compressible flow. Van der Vegt and van der Ven apply space-
time discontinuous Galerkin method to the solution of the Euler equations in [15],
where the discrete problem is solved with the aid of a multigrid accelerated pseudo-
time-integration. The papers [6] and [9] are concerned with a semi-implicit DGFEM
technique for the solution of inviscid compressible flow, which is unconditionally stable.
In [11], this method was extended so that the resulting scheme is robust with respect
to the magnitude of the Mach number. The paper [5] is concerned with discontinuous
Galerkin method for viscous compressible flow.

The goal of our research is the numerical simulation of interaction of compressible
flow with structures as, e.g. flow induced airfoil vibrations or the flow past a vibrating
elastic wall. We are concerned with the generalization of the method from [11], [9] and
[5] to the solution of compressible inviscid and viscous flow in time dependent domains.
The main ingredients of the method is the discontinuous Galerkin space semidiscretiza-
tion of the governing equations written in the ALE (arbitrary Lagrangian-Eulerian, cf.
[14]) form, semi-implicit time discretization, suitable treatment of boundary conditions
and the shock capturing avoiding Gibbs phenomenon at discontinuities. Numerical
experiments prove the applicability of the method.

2 Formulation of the problem

We shall be concerned with the numerical solution of compressible flow in a bounded
domain Q; C IR? depending on time ¢ € [0,T]. Let the boundary of € consist of three
different parts: 0 = I't UT'o U T'yy,, where I'y is the inlet, I'p is the outlet and 'y,
denotes impermeable walls that may move in dependence on time.

The system describing compressible flow, consisting of the continuity equation, the
Navier-Stokes equations and the energy equation, can be written in the form

0w | §~0F.(w) _ 5~ ORs(w, V)
ot —~ ors
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where
w = (wl""vwll)T: (P,PvlaPUQ»E)T€R4a (2)
w = w(z,t), v€Q, te(0,T),
fiw) = (fir,-, fu)? = (pvi, po1vi + d1i p, PUQUi + 625 p, (B +p)vi)7,

R/(w,Vw) = (Rp,..., Ri4)T (0,7’11, T, T vl + T vg + k(‘)@/f)xl) ,

. 8’[)i ov;
Ty = Adivod; +2udi;(v), dij(v) = 2 <8xj * 81‘]@) .

We use the following notation: p — density, p — pressure, E — total energy, v = (vi,v2) —
velocity, 8 — absolute temperature, v > 1 — Poisson adiabatic constant, ¢, > 0 — specific
heat at constant volume, p > 0, A = —2u/3 — viscosity coefficients, k — heat conduction.
The vector-valued function w is called state vector, the functions f, are the so-called
inviscid fluxes and R; represent viscous terms.

The above system is completed by the thermodynamical relations

E 1

=0 =B~ plol/2), 0= (=~ 5lof) /e (3)

The resulting system is equipped with the initial condition
w(z,0) = w'(x), x €, (4)
and the following boundary conditions:
a) P’FI =pp, b) vlr, =vp = (vp1,vp2)”, (5)

0
ZT nw]—i-ka——o on I'y,

i,j=1
d = zp = velocity of i 11 09 =
) vlry, = zp = velocity of a moving wall, e) %\pwt =0 on I'y,,
00
g Tnz— , J=12, g) -~ =0onTo.
on

In order to treat the time dependence of the domain, we use the so-called arbitrary
Lagrangian-Eulerian ALE technique, see e.g. [12]. We define a reference domain g
and introduce a regular one-to-one ALE mapping of ¢ onto §);:

A : Qg — Qp, ie. X € Ypr—x=x(X,t) = A(X) € Q.

Here we use the notation X for points in g and « for points in ;.
Further, we define the domain velocity:

zZ(X,t) = aAt( ), tel0,T], X € Qy,

z(x,t) = 2(A 7 (x),t), te[0,T], =€y
and the ALE derivative of a function f = f(x,t) defined for « € ; and ¢ € [0,T]:

DA of

— ) = SX,), (6)
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where

f(X,1) = f(A(X), 1), X € Qo, &= A(X).

As a direct consequence of the chain rule we get the relation

This leads to the ALE formulation of the Navier-Stokes equations

2

DAw 0g,(w) . & ORs(w, Vw)
Dt —i—Z 9z, —i—wdlvz—z—axs , (7)

s= s=1

where
gs(w) = fs(w) —zw, s=1,2

are the ALE modified inviscid fluxes.

We see that in the ALE formulation of the Navier-Stokes equations the time deriva-
tive w/0t is replaced by the ALE derivative D4w/Dt, the inviscid fluxes f, are
replaced by the ALE modified inviscid fluxes g, and a new additional "reaction” term
w divz appears.

3 Discrete problem

3.1 Discontinuous Galerkin space semidiscretization

For the space semidiscretization we use the discontinuous Galerkin finite element method.
We construct a polygonal approximation s of the domain ;. By 7;; we denote a
partition of the closure Q; of the domain €2y, into a finite number of closed triangles
K with mutually disjoint interiors such that Qp; = |J ret,, K-

By Fpn: we denote the system of all faces of all elements K € Tp;. Further, we
introduce the set of all interior faces ]:,{t ={T € Fpns; I' € 4}, the set of all boundary
faces .7:}]; = {T' € Fiy; ' C 00} and the set of all “Dirichlet” boundary faces f}g =
{F € T}ﬁ; a Dirichlet condition is prescribed on F} . Each I" € F}; is associated with a
unit normal vector nr to I'. For I' € f}ﬁ the normal nr has the same orientation as
the outer normal to 0. We set d(I') = length of I € Fp,.

For each T" € f}{t there exist two neighbouring elements KlﬁL), KIER) € 7, such that

I' C 0K IQR)ﬂﬁK 1£L). We use the convention that K 1(~R) lies in the direction of nr and K IQL)

lies in the opposite direction to np. The elements KlgL), KIQR) are called neighbours. If

I'e ]:,ﬁ, then the element adjacent to I' will be denoted by KﬁL).
The approximate solution will be sought in the space of piecewise polynomial func-
tions

Shi =[S, with Sy = {v;v|x € P.(K) VK € Ty}, (8)

where r > 0 is an integer and P,(K) denotes the space of all polynomials on K of degree

< r. A function ¢ € Sy is, in general, discontinuous on interfaces I' € f}{t. By cp%m

and cp%R) we denote the values of ¢ on I' considered from the interior and the exterior

of KﬁL), respectively, and set

L R L R
(e)r = (@ + o) 2, [lr = ) — o, 9)
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The discrete problem is derived in the following way: We multiply system (7) by
a test function ¢, € Sp, integrate over K € Ty, apply Green’s theorem, sum over
all elements K € 7y, use the concept of the numerical flux and introduce suitable
terms mutually vanishing for a regular exact solution. In this way we get the following
identity:

DA
/ oy dr 4 bp(w, @p) + an(w, @p,) + Jn(w, @p) + da(w, @p)
KeTh:

= lh(w, pp,).
Here

bn( -y / Z dx (10)

KeTn: s=1

+ Z /H wF 7'“’1“) nr)- [¢p]r dS + Z /H wFL)’wl(“R) nr): ‘PELP) ds
rer, TeFy

is the convection form, defined with the aid of a numerical flux Hy. We require that it
is consistent with the fluxes g,:

H ’lU w, ’I’L ng U n:(n17n2)1|n|:1)7
conservative:
H,(u,w,n) = -Hy(w,u, —n),

and locally Lipschitz-continuous. The determination of the boundary state w(FR) in the
case when I' C 99, is described in Section 3.4.
Further, we define the viscous form

w, ) Z /ZR (w, Vw) 6(‘)) dx (11)

Ke?‘ht
- Z /Z (w,Vw))r(nr)s - [eplr dS
rer],
— Z /ZR (w, Vw)(nr)s - cp,(lr)dS
rerp

(we use the incomplete discretization of viscous terms - the so-called IIPG version), the
interior and boundary penalty terms and the right-hand side form, respectively,

w, @) Z/ [epplrdS + > /ow oir) ds, (12)

reri, rerf,

(w, ) Z /Zawg ‘Phr (13)

rerp
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Here o|r = Cywp/d(T) and Cy > 0 is a sufficiently large constant. The reaction form
reads

w, ;) Z / w - ;) divz dx. (14)

KeTy,:

The boundary state wp is defined on the basis of the Dirichlet boundary conditions
(5), a), b), d) and extrapolation:

1
wp = (pDnOD'UDlapDUD%CvPDQI(ﬂL) + §PD|UD|2) on I'y, (15)
wp = 'wl(ﬂL) on I'p, (16)
wp = (o), 0 2p1, o 2pa, coptt o + 2pp Ylzp) onTw,.  (17)

The approximate solution is defined as wy(t) € Sy such that

Z DAwh(t)

D Ph dz + bp(wy(t), p,) + an(wi(t), @y)
K

KeTn
+ Jh(’wh(t)a Soh) + dh(wh(t)v (Ph) = gh(wh(t)v Soh)

holds for all ), € Sp, all t € (0,7T) and w;,(0) = w? is an approximation of the initial

state wY.

3.2 Time discretization

Let us construct a partition 0 = tg < t; < ta... of the time interval [0, 7] and define
the time step 7, = ty41 — tg. We use the approximations wy(t,) = w} € Sp,,
z(t,) = 2", n =0,1,... and introduce the function ﬁJfL = wz oAy, o At_kil’ which is
defined in the domain {p, . ,. In order to approximate the ALE derivative at time #51,
we start from its definition and then use the backward difference:

DAwh( " ) o a’lbh
Dt Tylg+1) = ot
L) —@f(X)  wpt (@) — wh(a)

™ = ™ R T = Atk+1 (X) S thk+1‘

By the symbol (-,-) we shall denote the scalar product in L?*(Qp, ..)- A possible full
discretization reads: We seek wffl € Sht,,, such that for all ¢}, € Spy,,,, k=0,1,...,

k+1 ~k
wy,
(P o) + bulwf ™ on) +an(uf ™ 1) (18)

+ Jh( k+1a (‘ph) + dh(wh a(ph) = gh(werlv Qoh)

Scheme (18) is of the first-order in time. In order to increase the accuracy in the
time discretization, it is possible to use the second-order backward difference formula
(BDF) for the approximation of the ALE derivative:

DAwh

2T+ Tl k1 T TE-1 g Tk k-1
Tt(tkz-i-l)"“

T (The + Th—1) h TkTh—1 h The—1(Th + Th—1) h (19)

The problem for obtaining 'warl from (18) is equivalent to a strongly nonlinear algebraic
system and its solution is rather difficult.
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Our goal is to develop a numerical scheme, which would be accurate and robust,
with good stability properties and efficiently solvable. Therefore, we proceed similarly
as in [6] and use a partial linearization of the forms b, and aj. This approach leads
to a scheme that requires the solution of only one large sparse linear system on each
time level. The efficiency and accuracy of this technique was analyzed in [6], [9] and
[11] in the case of inviscid flow, where advantages of this method are demonstrated
by numerical experiments. Here we show that this technique can be extended to the
solution of viscous compressible flow in time-dependent domains with applications to
fluid-structure interaction.

The linearization of the first term of the form by, is based on the relations

g.(wf™) = (A} ) — ATl (A@) - Dl

where Ag(w) is the Jacobi matrix of f (w), cf. [10]. By w k“ we define the state
obtained by the extrapolation:

_ . _ Tk + Th—1 . Tk k—
zﬂ—'wz and w k“ = kT k=L 'wﬁ——k wZ ! (20)

Tk—1 Tk—1
in the case of the first-order time discretization and second-order time discretization,
respectively.

The second term of by is linearized with the aid of the Vijayasundaram numerical
flux (cf. [16]) defined in the following way. Taking into account the definition of g, we
have

Dg,(w) Df (w)

e~ Do zsl = Ag(w) — z, (21)

and can write

2 2
Py(w,n) = Z D%Q(:})ns = Z (As(w)ng — zsnsl) . (22)
s=1 s=1

By [10], this matrix is diagonalizable. It means that there exists a nonsingular matrix
T = T(w, n) such that

P, = TAT™!, I =diag(\1,...,\), (23)

where \; = A\j(w,n) are eigenvalues of the matrix P;. Now we define the ”positive”
and "negative” parts of the matrix P, by

=TAT™!, A =diag(\F,...,\]), (24)

where AT = max(),0), A~ = min(},0). Using the above concepts, we introduce the
modified Vijayasundaram numerical flux (cf. [16] or [10]) as

wr + WR (WL +WR
Hg(wL,wR,n):P;<#,n)wL+}P’g (i,n)w]g. (25)
Using the above definition of the numerical flux, we introduce the approximations

k+1(L) k+1(R)

F7nI‘)'whr "']P>;(<E pH >F7nr)th

k+1(L kE+1(R _
H,y(wii " wit ' np) ~ P} ((wh )

forI" € ]—'htk ) and
H,( E+1(L)  k+1(R) k+1(L) TR

g\Wpp » Wy ;M) A P;((wﬁ)p,np)whr + P, (<wh>F7nF)wh1“
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for I' € f}ﬁkH. In this way we get the form

Bh(wZ—H kH, ®n) (26)
oy ()
> /Z W (@) - A @)Dt () PO gy,
KeThtk-H s
w0 (@)l By (@) )l ) [y las
I‘e]—‘étk+1
+ Z / IP+ k+1 nr)w;clﬂ(L) +IP’;(<EZ“>,n )w Z (R ))'Sohds'
l“e]-‘fffk+1
For the determination of the boundary state EZH(R), if I' C 0Qpy,, ,, we refer to Section

3.4.

The linearization of the form ay, is based on the fact that Rs(wp, Vwy,) is linear in
Vw and nonlinear in w. We get the linearized viscous form

an (@, Wk ) = Z ZR W, V). 590hd (27)

KeThtkH 9
Z /Z (@, V) (nr)s - o] dS
Fef-,{tk L
> /ZR WL Vwl ) (ne)s - @ dS.
Fef-,?tk L

3.3 Artificial viscosity

In high-speed gas flow with large Mach numbers, discontinuities - called shock waves
or contact discontinuities - appear. In viscous high-speed flow these discontinuities
may be smeared due to viscosity and heat conduction. Near shock waves and contact
discontinuities, the so-called Gibbs phenomenon, manifested by nonphysical spurious
overshoots and undershoots, usually occurs in the numerical solution. In order to avoid
this undesirable phenomenon, it is necessary to apply a suitable limiting procedure.
Here we use the approach proposed in [11] based on the discontinuity indicator

ﬂma&wmwme»Kemw (28)

introduced in [7]. By [pf] we denote the jump of the function pf on the boundary 0K
and |K| denotes the area of the element K. Then we define the discrete discontinuity
indicator

GFHE)=0 if g*(K) <1, GNMK)=1 if "(K)>1, K€Ty,,, (29
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and the artificial viscosity forms

ﬁ (whawﬁ—i_l?@h _Vl Z hKGk /vwk+l'v¢hdwa (30)
KeThtk+1
L R
kit o) = Y (@) + GhEE)) /F [wi '] s S,
ef{nkﬂ

with parameters vy, v = O(1).
The resulting scheme has the following form: We seek wffl € She, 41 such that for
all Y € Shtk+1, k= 0,1,...,

wﬁ“ — W}, NPy S
<777 CPh) + by (o, wh Yen) + ah(wh?wh Yen) + Jh('wh Lon)

+ dp(w kH,S%)*‘ﬁh(’whawh a¢h)+jh(’wi7wlfb“,90h) {(w kHaSOh) (31)

in the case of the first-order time discretization. The second-order time discretization

is obtained by replacing the expression ('wﬁ+1 — Y, ¢,,)/ by the approximation (19)

and replacing wh in the forms a; and bh by 'wkH.

This method successfully overcomes problems with the Gibbs phenomenon in the
context of the semi-implicit scheme. It is important that the indicator G¥(K) vanishes
in regions, where the solution is regular and, therefore, the numerical solution does not
contain any nonphysical entropy production in these regions. If the described artificial
viscosity is not applied, then in the case of high-speed flow with shock waves and
contact discontinuities the computational process collapses, because negative values of
the approximation of the density and pressure appear.

3.4 Treatment of boundary states in the form by

+1(R)

Ifr e ]:]ngrl’ it is necessary to specify the boundary state Eir appearing in the

numerical flux H,; in the definition of the inviscid form by,. For simplicity we shall use

the notation w® for values of the function ﬁﬁ;l(R) which should be determined at

individual integration points on the face I'. Similarly, wZ) will denote the values of
—_k+1(L) . .

W, at the corresponding points.

On the inlet, which is assumed fixed, we proceed in the same way as in [11], Section

4. Using rotational invariance, we transform the Euler equations

dw = Of(w)
ot + oxs =0

s=1

to the coordinates Z1, parallel with the normal direction n = nr to 02, and Zo, tan-

gential to the boundary. In this way we obtain a system for an unknown function
g = Q(n)w, where

1, O, 0, O
_ Oa ny, na, 0

Q(n) N 07 —n2, nNi, 0 (32)
0, 0, 0, 1
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is the rotational matrix. Now we neglect the derivative with respect to T2 and linearize
the system around the state ¢'¥) = Q(n)w"). In this way we obtain the linear system

—— =0, (33)

for the vector-valued function ¢ = q(Z1,t), considered in the set (—o0,0) x (0, 00) and
equipped with the initial and boundary conditions

q(@1,0)=q", 71 <0, and q(0,t) =¢"®, t>0. (34)
The goal is to choose ¢\ in such a way that this initial-boundary value problem is well
posed, i.e. has a unique solution. The method of characteristics leads to the following
process:

Let us put ¢* = Q(n)w*, where w* is a given boundary state at the inlet. We
calculate the eigenvectors rg corresponding to the eigenvalues A\s, s = 1,...,4, of the
matrix A;(q(%)), arrange them as columns in the matrix T and calculate T~'. Now we
set

a=T"'¢", B=T"¢ (35)

and define the state ¢®) by the relations
. Qe A0
g = "yrs, v = { 5 <o (36)
s=1 Sy S N

Finally, the sought boundary state w/) is defined as
w® = Q7! (n)g™. (37)
On the impermeable moving wall we prescribe the normal component of the velocity
v-m=2zp-n, (38)

where n is the unit outer normal to I'yy, and zp is the wall velocity. This implies
that two eigenvalues of Pg(w,n) are equal to zero, one eigenvalue is positive and one
eigenvalue is negative. Then, in analogy to [10], Section 3.3.6, we should prescribe one
quantity, namely v - n, and extrapolate three quantities - tangential velocity, density
and pressure.

However, here we define the numerical flux on I'yy, as the physical flux through the
boundary with the assumption (38) taken into account. Thus, on I'yy, we write

2
ng(w)nsz(v-n—z[)-n)’w +p(0,n1,n2,v-n)7 (39)
s=1
:p(O,nl,ng,zD : n)T = Hg‘

On the outlet (which does not depend on time) the pressure is prescribed and other
variables are extrapolated. However, numerical experiments show that this treatment
of the outlet boundary conditions can lead to the reflection of a strong intensity vortex
on an artificial outlet in the numerical simulation. This problem, which does not appear
in the examples presented in Section 4, will require a special analysis in the future.
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Figure 1: Computational domain for flow in human vocal folds.

Remark 1. In practical computations, integrals appearing in the definitions of the forms
an, Eh, dpn, Jp, Jy, and Bh are evaluated with the aid of quadrature formulas.

The developed numerical scheme can also be used for the numerical solution of in-
viscid flow, if we set p=X=k=0. See [11].

The linear algebraic system equivalent to (31) is solved either by a direct solver
UMFPACK ([4]) or by the GMRES method with block diagonal preconditioning.

If we set r =0, we get a finite volume scheme.

4 Numerical experiments

In order to demonstrate the applicability of the developed method, we present here
results of two numerical experiments. In both cases piecewise quadratic finite elements
(r = 2) in the space discretization are used. For the time discretization the second-order
BDF formula from Section 3.2 is used.

4.1 Flow through a channel with moving walls

In the first example we present results of numerical experiments carried out for viscous
compressible flow in a channel with geometry from [13] inspired by the shape of the
human glottis and a part of supraglottal spaces as shown in Figure 1. The walls are
moving in order to mimic the vibrations of vocal folds during voice production. The
lower channel wall between the points A and B and the upper wall symmetric with
respect to the axis of the channel are vibrating up and down periodically with frequency
100 Hz. This movement is interpolated into the domain resulting in the ALE mapping
A

The width of the channel at the inlet (left part of the boundary) is H = 0.016
m and its length is L = 0.16 m. The width of the narrowest part of the channel (at
the point C) oscillates between 0.0004 m and 0.0028 m with frequency 100 Hz. We
consider the following input parameters and boundary conditions: magnitude of the
inlet velocity v;, = 4 m/s, the viscosity u = 15-107% kgm~!s7!, the inlet density
pin = 1.225 kgm™3, the outlet pressure po,; = 97611 Pa, the Reynolds number Re =
pinVinH /p = 5227, heat conduction coefficient k = 2.428-10"2kgms~2 K1, the specific
heat ¢, = 721.428 m?s 2 K1, the Poisson adiabatic constant v = 1.4. The inlet Mach
number is M;,, = 0.012.

In [13], the described channel flow was solved by the first-order finite volume method
under the assumption that the flow is symmetric with respect to the axis of the channel.
This means that the results presented in [13] do not reflect the behaviour of real flow.
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Figure 2: Streamlines at time instants ¢t = 2.016, 2.124, 2.448, 2.664 s.

Here, we use piecewise quadratic finite elements and we do not require the symmetry
of the flow field.

Figure 2 shows computed streamlines of the solution at different time instants
2.016, 2.124, 2.448, 2.664 s during the fourth period of the motion. In the solution
we can observe large vortex formation convected through the domain. The flow field is
neither periodic, nor axisymmetric, in spite of the fact that the computational domain
is axisymmetric and the motion of the channel walls is periodic and symmetric as well.
We can observe the so-called Coanda effect, when the main flow is attached to one of
the walls. This effect is not present in results of the paper [13]

WA lddzza

Figure 3: Computational domain for flow around a vibrating airfoil.
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4.2 Flow induced airfoil vibrations

The second example is concerned with the simulation of vibrations of elastically sup-
ported airfoil NACA 0012 induced by compressible viscous flow. The airfoil has two
degrees of freedom: the vertical displacement H (positively oriented downwards) and
the angle of rotation around an elastic axis « (positively oriented clockwise), cf. Figure
3. The motion of the airfoil is described by the system of nonlinear ordinary differential
equations for unknowns H, a:

mH + kggH + S, é cosa — Saé?sina + dygH = —L(1), (40)
SoH cos o + Iné + koo + daade = M(2).

The dot and two dots denote the first-order and second-order time derivative, respec-
tively. We use the following notation: £(t) — aerodynamic lift force (upwards positive),
M(t) — aerodynamic torsional moment (clockwise positive), m - mass of the airfoil,
S, — static moment around the elastic axis EO, I, — inertia moment around the elastic
axis EO, kygy — bending stiffness, koo — torsional stiffness, dgy — structural damping
in bending, d,o — structural damping in torsion, ¢ - length of the chord of the airfoil, {
— airfoil depth.

System (40) is equipped with the initial conditions prescribing the values H(0), «(0),
H(0),&(0). It is transformed to a first-order ODE system and solved numerically by
the fourth-order Runge-Kutta method. For the derivation of equations (40), see [14].
The aerodynamic lift force £ acting in the vertical direction and the torsional moment
M are defined by

2 2
L=—-1 Zngnde, M == l/ Z TijnjrfrtdS, (41)
Cwy j=1 Lyt i,7=1
where
ou;  Ou,
Tij = (—p + Adivv)di; + p 8$j+aﬂfi (42)
" = —(22 — xpo2), 8" =21 — TEOI1.

By 7;; we denote the components of the stress tensor, d;; denotes the Kronecker symbol,
n = (n1,n2) is the unit outer normal to 9 on 'y (pointing into the airfoil) and
xpo = (rgpo1,Tpo2) is the position of the elastic axis (lying in the interior of the
airfoil). Relations (41) and (42) define the coupling of the fluid dynamical model with
the structural model.

4.2.1 Algorithm of the flow induced airfoil vibrations simulation

In the solution of the complete coupled fluid-structure interaction problem we apply the
following algorithm:

1) Assume that the approximate solution of the discrete flow problem (31) at time
levels t;_1 and t; is known and the force £ and torsional moment M are computed
from (41).

2) Extrapolate £ and M on the time interval [tg, tx11].

3) Compute the displacement H and angle «v at time ¢, as the solution of system
(40).
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4) Determine the position of the airfoil at time #; 1, the domain €, , the ALE
mapping and the domain velocity at time tg1.

5) Solve the discrete system at time ¢ 1.

6) Compute £ and M at time ;11 and interpolate £ and M on [tg, tgi1]-

7) Is higher accuracy needed? YES: go to 3); NO: k:=k + 1, go to 2).

If in step 7) one goes to 2), the so-called loose (weak) coupling is applied. In our
numerical experiments the stronger coupling was applied with 4 — 5 loops for obtain-
ing the difference between two approximations of H and « less than 107°. The ALE
mapping and the domain velocity are computed in the same way as in [8].

4.2.2 Results of numerical experiments

I) The simulation of flow induced airfoil vibrations was carried out for the following data:
m = 0.086622 kg, S, = —0.000779673 kgm, I, = 0.000487291 kg m?, kyy = 105.109
N/m, koo = 3.696682 Nm/rad, [ = 0.05 m, ¢ = 0.3 m, g = 1.8375-107° kg m~! s~ 1,
far-field density p = 1.225 kg m—3, H(0) = 0.02 m, a(0) = 6 degrees, H(0) = 0,& = 0.
We neglect the structural damping. The elastic axis is placed on the airfoil chord at
the 40% distance from the leading edge.

The computational process starts at time ¢ = —9 < 0 by the solution of the flow,
keeping the airfoil in a fixed position given by the prescribed initial translation H and
the angle of attack a. Then, at time ¢ = 0 the airfoil is released and we continue by the
solution of a complete fluid-structure interaction problem.

Figure 4 shows the displacement H and the rotation angle o in dependence on time
for the far-field velocity 10, 20, 30 and 40 m/s. The corresponding Reynolds number
was in the range 2 - 10° — 8 - 10°. We see that for the velocities 10, 20 and 30 m/s the
vibrations are damped, but for the velocity 40 m/s we get the flutter instability when
the vibration amplitudes are increasing in time. The monotonous increase and decrease
of the average values of H and «, respectively, shows that the flutter is combined with
a divergence instability in the presented example.

IT) In the above examples the flow was subsonic. The described method was also
applied to transonic flow with far-field velocity 290 m/s, far-field Mach number 0.85,
Reynolds number 5000 and initial data H(0) = 0,a(0) = 4 degrees, H(0) = &(0) =
0. In this case it was necessary to consider harder bending and torsional stiffnesses.
We set kgyg = 105109 N/m and koo = 36.956 N m/rad. Figure 5 shows the time
dependence of H and a. In Figure 6, Mach number isolines at time instants ¢ =
0.00261,0.00661,0.00831,0.00961 s are shown. We see an interesting system of shock
waves, separated boundary layer, wake moving in time and vortices leaving the airfoil.

5 Conclusion

We have presented an efficient numerical scheme for the solution of the compressible
Navier-Stokes equations in time dependent domains and the simulation of flow induced
airfoil vibrations. It is based on several important ingredients:

e the ALE method applied to the compressible Navier-Stokes equations,
e the application of the discontinuous Galerkin method for the space discretization,
e semi-implicit time discretization,

e suitable treatment of boundary conditions,
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Figure 4: Displacement H (left) and rotation angle « (right) of the airfoil in dependence
on time for far-field velocity 10, 20, 30 and 40 m/s.
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Figure 5: Displacement H (left) and rotation angle « (right) of the airfoil in dependence
on time for far-field velocity 290 m/s and far-field Mach number 0.85.

Figure 6: Flow past an airfoil: Mach number isolines for far-field velocity 290 m/s and
far-field Mach number 0.85 at time instants ¢ = 0.00261, 0.00661,0.00831, 0.00961 s,
ordered from left to right in rows.
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e artificial viscosity applied in the vicinity of discontinuities.

The developed method behaves as unconditionally stable and appears to be robust with
respect to the magnitude of the Mach number. The presented examples demonstrate
that the method can be applied to the numerical solution of compressible flow with very
low Mach numbers as well as high-speed flow with shock waves and contact discontinu-
ities.

Future work will be concentrated on the following topics:

o further analysis of the robustness and accuracy of the method with respect to the
Mach number and Reynolds number,

e investigation of various types of boundary conditions,

e the realization of a remeshing in case of closing the channel during the oscillation
period of the channel walls,

e the coupling of the developed method with the solution of elasticity equations
describing the deformation of vocal folds,

e the use of a suitable turbulence model.
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Abstract

The paper is concerned with the numerical solution of flow-induced vibrations
of elastic structures. The dependence on time of the domain occupied by the fluid
is taken into account with the aid of the ALE (Arbitrary Lagrangian-Eulerian)
formulation of the compressible Navier-Stokes equations. The deformation of the
elastic body, caused by aeroelastic forces, is described by the linear dynamical elas-
ticity equations. These two systems are coupled by transmission conditions. The
flow problem is discretized by the discontinuous Galerkin finite element method
(DGFEM) in space and by the backward difference formula (BDF) in time. The
structural problem is discretized by conforming finite elements and the Newmark
method. The fluid-structure interaction is realized via weak or strong coupling al-
gorithms. The developed technique is tested by numerical experiments and applied
to the simulation of vibrations of vocal folds during phonation onset.

Keywords: compressible Navier-Stokes equations; time dependent domain; ALE
method, discontinuous Galerkin method; semi-implicit time discretization; dynamic
elasticity equations; conforming finite elements, Newmark method; weak and strong
coupling; flow in glottis; flow-induced vibrations of vocal folds.

1 Introduction

The studies on flow-induced vibrations play an important role in a number of fields
in science and technology (e.g., vibrations of airplane wings or turbine blades, inter-
action of wind with bridges, TV towers or cooling towers of power stations) but also
in biomechanics, e.g., simulation of the vocal folds vibrations and voice production. In
all of these examples the moving medium is gas, i.e. compressible fluid. For low Mach
number flows incompressible models are used (as e.g. in [3], [15]), but in some cases
compressibility plays an important role.

The goal of our research is the numerical finite element (FE) simulation of interaction
of compressible 2D viscous flow in the glottal region with a compliant tissue of the human
vocal folds modeled by a 2D elastic layered structure. A current challenging question is
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a mathematical and physical description of the mechanism for transforming the airflow
energy in the glottis into the acoustic energy representing the voice source in humans.
The primary voice source is given by the airflow coming from the lungs that causes
self-oscillations of the vocal folds. The voice source signal travels from the glottis to
the mouth, exciting the acoustic supraglottal spaces, and becomes modified by acoustic
resonance properties of the vocal tract ([16]).

An overview [2] presents the current state of mathematical models for the human
phonation process. In current publications various simplified glottal flow models are
used. They are based on the Bernoulli equation ([16]), 1D models for an incompress-
ible inviscid fluid ([9]), 2D incompressible Navier-Stokes equations solved by the finite
volume method ([1]) or finite element method ([18]). Acoustic wave propagation in
the vocal tract is usually modelled separately using linear acoustic perturbation the-
ory ([17]). Work [14] is concerned with the finite volume solution of the Navier-Stokes
equations for a compressible fluid with prescribed periodic changes of the channel cross-
section of the glottal channel. The phonation onset was studied by using the interaction
of incompressible potential flow model with three-mass lumped model for the vibrating
vocal folds in [8] and for a 2D elastic model of the vocal folds in [19].

Only in the paper [14], the model of compressible flow is used. It is solved by the
finite volume method, but the vibrations of the moving walls are prescribed. Otherwise,
all the above mentioned papers use the model of incompressible flow. In many cases the
incompressible flow approximates the airflow well, but often the compressibility plays
important role, even in the case of low Mach number flows. It is particularly the case,
when acoustic effects as propagating pressure waves appear. In the domain representing
the vocal tract, this can happen, when the vocal folds are very close to each other and
when the voice source is generated in the glottis. Therefore, it is suitable to analyze the
compressible flow in vocal flows as well. However, it is well-known that the numerical
solution of low Mach number flow at incompressible limit is a very difficult task and
standard finite volume and finite element schemes applied to this type of flow fail. Our
goal is to develop a method, which overcomes this obstacle.

The present paper is devoted to the numerical simulation of vocal folds vibrations
induced by compressible viscous flow. The air flow is described by the compressible
Navier-Stokes equations written in the arbitrary Lagrangian-Eulerian (ALE) form in
order to take into account the time dependence of the domain occupied by the air. The
vocal folds are considered as isotropic elastic bodies. Their vibrations are described by
the linear elasticity equations. The coupled fluid-structure interaction problem repre-
sents a strongly nonlinear dynamical system, which is analyzed numerically.

The flow problem is discretized in space by the discontinuous Galerkin finite element
method (DGFEM), using piecewise polynomial approximations, in general discontinu-
ous on interfaces between neighbouring elements. The time discretization is carried out
by the backward difference formula (BDF) in time. The structural problem is approx-
imated by conforming finite elements and the Newmark method. The fluid-structure
interaction is realized via weak or strong coupling algorithms.

The main purpose of the paper is to present a numerical technique allowing the
simulation of vocal fold vibrations induced by compressible flow. The developed method
is tested on a model problem in order to show the applicability of the method to the
compressible flow in time-dependent domains and to the interaction of gas flow with
elastic bodies. The results of numerical experiments are qualitatively comparable with
results of other works (using the model of incompressible flow) and with wind tunnel
experiments.
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The contents of the paper is the following. In Section 2, the continuous fluid-
structure interaction (FSI) problem is formulated. Section 3 is concerned with the
derivation of the discrete problem. Section 4 is devoted to the realization of the coupled
FSI problem. It consists of the construction of the ALE mapping and the formulation of
the coupling algorithms. In Section 5, we present results of numerical tests showing the
applications to the simulation of flow-induced vibrations of vocal folds. In Conclusion,
subjects for future work are formulated.

2 Continuous problem

In this section we shall formulate the problem of the interaction of a compressible flow
with an elastic structure.

2.1 Formulation of the flow problem

We consider a compressible flow in a bounded domain §; C IR? depending on time
t € [0,7]. We assume that the boundary of € is formed by three disjoint parts:
0 = I'tUl'oUl'yy,, where I'; is the inlet, ' is the outlet and I'yy, denotes impermeable
walls that may move in dependence on time.

The dependence of the domain €2; on time is taken into account with the use of the
arbitrary Lagrangian-Eulerian (ALE) method, see e.g. [13]. It is based on a regular one-
to-one ALE mapping of the reference configuration {2y onto the current configuration
Qy:

Ay Zﬁo —>§t, i.e. X € ﬁo — T = iU(X,t) = .At(X) S ﬁt.

We define the domain velocity:

3(X,1) = ;At( ), tel0,T], X €, (1)
z(x,t) = 2(A Yax),t), t€[0,T], x €

and the ALE derivative of the vector function w = w(x,t) defined for x € €, and
te[0,7T):
DA dw

—w(x,t) = 5

- X, 2)

where

’lj)(X,t) = ’UJ(.At(X),t), X eQp, x= At(X)
Then, using the relations

DA X Ow;
D;DZ: ;Zz—i—div(zwi)—widivz, i=1,...,4,

we can write the governing system consisting of the continuity equation, the Navier-
Stokes equations and the energy equation in the ALE form

g (w &~ OR,(w, V)
+ Z a:ps + w leZ = ; 8—1,‘5 (3)
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See, for example [6]. Here

w = (wi,...,wy)T = (p, pv1, pvo, E)T € R, (4)
w = w(zt), xeQ, te(0,T),
g, (w) = f(w)—zw, s=12
fiw) = (fa,-- . fi)" = (pvs, pvrvi + 015 p, pUQUi + 82 p, (E +p)oi)T
Ri(w,Vw) = (Rj,...,Ru)? (O,Tﬂ, 1‘5, T U1+ T, 2 vo + k@@/aazz) ,
. dv;  Ov;
TZ-‘]/- = Adive di; + 2pd;j(v), dij(v) = 5 (8x]~ + 8;@) .

We use the following notation: p — density, p — pressure, E — total energy, v = (v, v2) —
velocity, § — absolute temperature, v > 1 — Poisson adiabatic constant, ¢, > 0 — specific
heat at constant volume, p > 0, A = —2u/3 — viscosity coefficients, k — heat conduction,
Ti‘; — components of the viscous part of the stress tensor. The vector-valued function w
is called state vector, the functions f, are the so-called inviscid fluxes and R; represent
viscous terms. The above system is completed by the thermodynamical relations

p=(=1E=goloP). 0= —(Z3lP). (5)

Cy
The resulting system is equipped with the initial condition
w(z,0) = w'(x), x € N, (6)
and the following boundary conditions:
a) ﬂ\FI =pp, b) v|r, =vp = (vp1,vp2)", (7)

Z nlv]—}—k%—o on I'y,
t,j=1
00

%‘FWt = 0 on FWt?

d) v|ry, = zp = velocity of a moving wall, e)
2
. 00
ZTZ-‘;TLZ' =0, j=1,2, g I =0on Ip,
with prescribed data pp,vp and zp.

2.2 Elasticity problem and fluid-structure interaction coupling

For the description of the deformation of an elastic structure we shall use the model of
dynamical linear elasticity formulated in a bounded open set Q° C R? representing the
elastic body, which has a common boundary with the reference domain €y occupied
by the fluid at the initial time. We denote by w(X,t) = (ui1(X,t),u2(X,1)), X =
(X1,X2) € Q t € (0,T), the displacement of the body. The equations describing the
deformation of the elastic body QP have the form

0%u; Ou; 2, ort
b 7 p Ui Tij _ : b ;o
05 +Co o e =0 inQ’"x(0,7), i=1,2. (8)

=1
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Here Tf’j are the components of the stress tensor defined by the generalized Hooke’s law

for isotropic bodies
0 = Adivudi; + 2pel;(u), i,5=1,2. (9)

By e = {eg«’j}z ._, we denote the strain tensor defined by

i,j=1
1/ 0uy ou; .
e?j(“):2<ax+an->’ i,j=1,2. (10)
J %

The Lamé coefficients A’ and u? are related to the Young modulus E° and the Poisson

ratio o as

Ebq® b EP

A+t —200 » ~ (11)

b _
A= 2(1 + o?)’

The expression C° 86? , where C' > 0, is the dissipative structural damping of the system

and o denotes the material density.
We complete the elasticity problem by initial and boundary conditions. The initial
conditions read

Jou
u(0)=0, —-(,0)=0, in Qv (12)
Further, we assume that 9Q° = F%’/V U FbD, where Fl{/v and FI]:) are two disjoints parts of
00, We assume that I’%’/V is a common part between the fluid and structure at time
t = 0. This means that FI{,V C I'y,. On FI{/V we prescribe the normal component of
the stress tensor and assume that the part Fll’) is fixed. This means that the following

boundary conditions are used:

2
Zﬂ%nj = T" on F%VX(O,T), 1=1,2, (13)
j=1

u = 0 onTY x(0,7). (14)

By T™ = (17", T3') we denote the prescribed normal component of the stress tensor.
The structural problem consists in finding the displacement w satisfying equations
(8) and the initial and boundary conditions (12) — (14).
Now we shall deal with the formulation of the coupled FSI problem. We denote the
common boundary between the fluid and the structure at time t by f‘Wt. It is given by

th:{a:ERQ; z =X +u(X,t), XEF?A/}- (15)

Thus, the domain §2; is determined by the displacement u of the part F%’/V at time t.
The ALE mapping A is constructed with the aid of a special stationary linear elasticity
problem - see Section 4.1.

If the domain §2; occupied by the fluid at time ¢ is known, we can solve the problem
describing the flow and compute the surface force acting onto the body on the interface
th, which can be transformed to the reference configuration, i.e. to the interface FI{/V.
In case of the linear elasticity model, when only small deformations are considered, we
get the transmission condition

2 2

S (X (X) = - S i@ (X), i=1,2, (16)

Jj=1 J=1
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where Ti];- are the components of the stress tensor of the fluid:
=+, ii=12, (17)
the points & and X satisfy the relation
z =X +u(X,t). (18)

and n(X) = (n1(X),n2(X)) denotes the unit outer normal to the body Q° on I'};, at
the point X. Further, the fluid velocity is defined on the moving part of the boundary
'y, by the second transmission condition

ou(X,t)

S (19)

v(x,t) = zp(x,t) =

Now we formulate the continuous FSI problem: We want to determine the domain
Q, t € (0,7] and functions w = w(x,t), * € Q, t € [0,7] and u = u(X,t), X €
ﬁb, t € [0, T satisfying equations (3), (8), the initial conditions (6), (12), the boundary
conditions (7), (13), (14) and the transmission conditions (16), (19).

This FSI problem represents a strongly nonlinear dynamical system. Theoretical
analysis of qualitative properties of this problem, as the existence, uniqueness and reg-
ularity of its solution, is open. Therefore, in the sequel we shall be concerned with its
numerical solution.

3 Discrete problem

First we describe numerical methods for the solution of separately considered flow and
structural problems.

3.1 Discretization of the flow problem
3.1.1 Space discretization

For the space semidiscretization we use the discontinuous Galerkin finite element method
(DGFEM). We construct a polygonal approximation j; of the domain ;. By 7p; we
denote a partition of the closure Q; of the domain €, into a finite number of closed
triangles K with mutually disjoint interiors such that Qp; = |J KeT,, K-

By Fp: we denote the system of all faces of all elements K € 7p;. Further, we
introduce the set of all interior faces j’-',{t ={T € Fpns; ' € 4}, the set of all boundary
faces .7-"}5 = {T € Fiy; T' C OQp:} and the set of all “Dirichlet” boundary faces f,ﬁ =
{F € f,ﬁ; a Dirichlet condition is prescribed on F} . Each I' € F}; is associated with a
unit normal vector nr to I'. For I € .7:}?; the normal nr has the same orientation as
the outer normal to 0. We set d(I') = length of I € Fp;.

For each T" € F}{t there exist two neighbouring elements KlgL), KéR) € Ty such that
I' c 8K§R) N QKIQL). We use the convention that KI(‘R) lies in the direction of nr and
KlgL) lies in the opposite direction to np. If I' € f,ﬁ, then the element adjacent to I’

will be denoted by K.
The approximate solution will be sought in the space of piecewise polynomial func-
tions

Sht = [Shtrla Wlth Sht = {’U;’U|K & PT<K) VK S %Lt}? (20)
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where r > 1 is an integer and P,(K) denotes the space of all polynomials on K of degree

< r. A function ¢ € Sy; is, in general, discontinuous on interfaces I' € f,{t. By cpl(qL)

and QO%R) we denote the values of ¢ on I' considered from the interior and the exterior

of KﬁL), respectively, and set

(o)r = (et +er™)/2, lele = of” — . (21)

The discrete problem is derived in the following way: We multiply system (3) by a

test function ¢; € Sy, integrate over K € 7y, apply Green’s theorem, sum over all

elements K € Ty, use the concept of the numerical flux and introduce suitable terms

mutually vanishing for a regular exact solution. Moreover, we carry out a linearization
of nonlinear terms. In a similar way as in [6] we define the following forms.

Convection form: We set Ag(w) = Df (w)/Dw, which is the Jacobi matrix of the

mapping f,. Then D%’Q(Uw) = Ay(w) — 2,1, and we write Py(w,n) = >22_, D%{Uw)ns =
Zi:l (As(w)ns — zsnsl). By [5], this matrix is diagonalizable. It means that there
exists a nonsingular matrix T = T(w, n) such that P, = TAT!, A = diag(A1,...,\s)
where \; = \j(w, n) are eigenvalues of the matrix P;. Further, we define the ”positive”
and "negative” parts of the matrix Py by ]P’gi = TAFT-!, RA* = diag(\T,...,\]),
where AT = max(\,0), A~ = min(),0). Now, in the same way as in [6], for Wy, wy, ¢}, €
S1: we define the linearized convection form

b (W, w, oy, (22)
2

= - wp) — zs(x)))w -8¢h x
-z f @) — =y GPea
s Y [ (G )ul?) + B () n)wl)- (o] s

rerf,
+ 2 /F (B (@), mr)wy” + By (@), mr)w)” ) @ dS.

rerf

(R)

IfT e F ,ﬁ, it is necessary to specify the boundary state w,” appearing in the numerical
flux H, in the definition of the inviscid form b,. Here we use the approach applied in
the case of inviscid flow simulation, treated in [5], using a linearized initial-boundary
value 1D Riemann problem.

Viscous form: The linearization of the viscous terms is based on the fact that
R (wp, Vwy,) is linear in Vw and nonlinear in w. We get the linearized viscous form

2

N _ 0

(@ wne) = Y [ 3 Ruf@n, Vwn) - G do (23)
KeTn: KS*I §

_ Z /FZ<RS(’wh,V’wh)>(nF)s‘[soh] ds

rerf,

2
o Z /F;Rs(whavwh)(nf‘>s'§0hds.

rerf

(We use the so-called incomplete version of the approximation of the viscous terms.)
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Interior and boundary penalty and right-hand side forms: Further, we set

(w, ) Z / - [enl dS + Z /ow pndS, (24)

rerf, rerp
(w, @) Z /Zawg p, dS. (25)
rerh

Here o|r = Cwp/d(T') and Cy > 0 is a sufficiently large constant. The boundary
state wp is defined on the basis of the Dirichlet boundary conditions (7), a), b), d) and
extrapolation:

1
wp = (pp, PDVUD1, PD’UD2,CupD9(pL) + §PD\UD\2) on I'y, (26)
wp = w(FL) on I'p, (27)
wp = (0, o 2p1, ot 2pn, copt O + 2Pr zpl) onTw, — (28)

Reaction form reads

w, @) Z / w - ;) divz de. (29)

KeTy:

3.1.2 Time discretization

Let us construct a partition 0 = t9 < t; < t2... of the time interval [0, 7] and define
the time step 7, = tg41 — tx. We use the approximations wy(t,) = w} € Sp,,
z(t,) = 2", n=0,1,..., and introduce the function ﬁ)',fb = w’fL oA o A';:«—l’ which is
defined in the domain p, . The ALE derivative at time ¢, is approximated by the

first- or second-order backward finite difference

DAwy, wit(z) — wh ()
= (@ ) & R, (30)
Dt Tk
or
DAwh 271 + Tr_1 Tk + Th—1 . Tk L
T () A — T wh Wb~ (31)
Dt T (T + Th—1) ThThk—1 The—1(Th + Th—1)

By the symbol (-, -) we shall denote the scalar product in L*(Qp, . ), i-e.

(wn, o) = / wh - o dz, (32)

Qntyyq

respectively.

In order to avoid spurious oscillations in the approximate solution in the vicinity of
discontinuities or steep gradients, we apply artificial viscosity forms introduced in [7].
They are based on the discontinuity indicator

¢ (K) = / PE2AS )/ (hie K1), K € Ty, (33)
0K

By [pF] we denote the jump of the function p¥ on the boundary K and |K| denotes the
area of the element K. Then for each K € Ty, we define the discrete discontinuity
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indicator G¥(K) = 0 if ¢*(K) < 1, G¥(K) = 1 if g¥(K) > 1 and the artificial viscosity
forms

Bh(wﬁ,wiﬂ,(ph)—yl Z hiGF (K /V'w/l€+1 Ve, dz, (34)
KEThtk+1
L R
Jih o) = Y L(CHED) + GHE)) /F [w} - [ps] dS,
E:F}I"tk+1

with parameters vy, vo = O(1).

Finally, by w’€+1 we denote the state obtained by the extrapolation:
A T + Th—1 . Tk k—
wiﬂ = w} and 'wkH Ik T Tkl l'wﬁ S wZ ! (35)
Tk—1 Tk—1

in the case of the first-order time discretization and second-order time discretization,

respectively.
The resulting scheme has the following form: For each k£ =0, 1,... we seek waH €
Sht,,, such that
E+1 ok
w wy,
(hTa Soh) + bh( k+1 k+1a Soh) + ah(wz—i_l k+17 Sah)
+ Jh(wl}i+1a(ph) +dh( a‘ph) +ﬁh(wh’wh 790h)
+ Jh(ﬁ’fw k+17‘ph) = g(’wB 7‘10h) v‘ph € Shtk+17 (36)
in the case of the first-order time discretization. In the case of the second-order time
discretization the expression (w ZH — W, @)/ is replaced by the approximation (31).

3.2 Discretization of the structural problem
3.2.1 Space semidiscretization

The space semidiscretization of the structural problem will be carried out by the con-
forming finite element method. By QI,’L we denote a polygonal approximation of the
domain ©°. We construct a triangulation T}f’ of the domain Qz formed by a finite
number of closed triangles with the following properties:

a) QZ = UKE’]}? K.

b) The intersection of two different elements K, K’ € T,f’ is either empty or a common
edge of these elements or their common vertex.

c¢) The vertices lying on 892 are elements of 9QP.

d) The set f?,v N fl]:) is formed by vertices of some elements K € 7.
Further, by F?/Vh and Fth we denote the parts of 892 approximating F?/V and FbD.
The approximate solution of the structural problem will be sought in the finite-
dimensional space X = X} x Xp, where

X, = {vh € C(@0); vnlx € Po(K), VK € T,f} (37)
and s > 1 is an integer. In X we define the subspace Vj, =V}, x V},, where
Vi = {yh € Xn;ynlge = 0} : (38)
Dh
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The derivation of the space semidiscretization can be obtained in a standard way.
Multiplying system (8) by any test function yp; € V4, ¢ = 1,2, applying Green’s theorem
and using the boundary condition (13), we obtain an identity containing the forms
defined for wy, = (up1,un2), Y, = (Yn1,Yn2) € Xp:

2
Modiv uy, divy, dX + 2 / p Y eli(un) el (y,) dX, (39)
b Qli)b

h

an(Wn, Yn) :/

@ ij=1

and
(ot = [ @ X, (e = [ v (40)
Qb Twh

We shall use the approximation T)* ~ T"™ and the notation wj, (t) = aua”t(t) and uj (t) =

2
9 gt’;(t) . Then we define the approximate solution of the structural problem as a function

t €[0,T] — up(t) € Vj, such that there exist the derivatives u} (¢), u} (t) and the identity

(1), yn)ay + (C"u),(0),yn)ey + an (D). 4n) = (TP, Yo
vyh € ‘/fu vt e (OvT)7 (41)

and the initial conditions

up(X,0)=0, u,(X,00=0, X e (42)

are satisfied.

The discrete problem (41), (42) is equivalent to the solution of a system of ordinary
differential equations. Let functions 1, ..., @, form a basis of the space V}. Then the
system of n = 2m of the vector functions (¢1,0),..., (¢m,0),(0,¢1),...,(0,¢m) form
a basis of the space V. Let us denote them by ¢q,...¢,. Then the approximate
solution uy, can be expressed in the form

n
un(t) = S i, te (0,71, (13)
j=1
Let us set p(t) = (p1(t),...,pn(t)). Using ¢;, j = 1,...,n, as test functions in (41),
we get the following system of ordinary differential equations
Mp” = G — Kp — CMyp/, (44)

where M = (m;;);;_; is the mass matrix and K = (k;;)7;_; is the stiffness matrix with
the elements m;; = (p’;, w;) and k;; = ap(p;, ;) respectively. The aerodynamic force
vector G = G(t) = (Gi(t),...,Gn(t))T has the components G;(t) = (T (t), ;)
1,...,n. System (44) is equipped with the initial conditions

Twhpy L=

pj(0)=0, pi(0)=0, j=1,...,n (45)

3.2.2 Time discretization of the structural problem

The discrete initial value problem (44), (45) is solved by the Newmark method ([4]).
We consider the partition of the time interval [0,7] formed by the time instants 0 =
to < t; < ... introduced in Section 3.1.2. Let us set p, = 0,z0 = 0,Gr = G(t1),
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and introduce the approximations p;, =~ p(tx) and q; ~ p'(tx) for k = 1,2,... . The
Newmark scheme can be written in the form

Pri1 = Pr+TEQk + T (ﬂ (M 'Gjp1 — M 'Kpgy1 — Ogitr) (46)
(53-9) (61K - Ca) ).

Qki1 = qQr+ Tk (’Y (M™'Gry1 — M Kpgi1 — Caitr) (47)
+(1—7) (M 'Gr, — M 'Kpy, — Cqy) >,

where 3,7 € R are parameters. From equation (47) we get

1

qr+1 1+ Corme ¥ O

<Qk + Tk (7 (M7 'Grp1 — M 'Kpgy1) (48)
+(1—7) (MG — M~ 'Kpy, — Cqy) ))
The substitution of (48) in (46) yields the relation which can be written in the form
I+ &M 'K) pei1 = pr + (7 — C&) qr, + &M Gy + (49)
1 _ _
+ (C(’}/ — 1) & + (2 — ﬂ) 7']?) (M 1Gk — M lek — qu) .

where we set for the sake of simplicity

Cy7 )_ pry (50)

2
&k = BT ( 14+ Cyg 1+ Cvyry

If p;, and g, are known, then p,,, is obtained from system (49) and afterwards g, is
computed from (48).

In numerical examples presented in Section 5, the parameters § = 1/4 and vy = 1/2
were used. This choice yields the Newmark method of the second order.

4 Realization of the coupled FSI problem

In this section we shall describe the algorithm of the numerical realization of the com-
plete fluid-structure interaction problem.
4.1 Construction of the ALE mapping for fluid

The ALE mapping is constructed with the aid of an artificial stationary elasticity prob-
lem. We seek d = (di,ds) defined in € as a solution of the elastostatic system

2 ory; L

E =0 inQy, 1=1,2, (51)

- al’j

7=1

where 775 are the components of the artificial stress tensor
1 /0d; 0d;

T8 = \divd 6;; + 2u%e’;, el (d :< L+ J>, i,7=1,2. 52
i ij +2pte,  eid) =3 9z, " on J (52)
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The Lamé coefficients A* and p® are related to the artificial Young modulus £ and to
the artificial Poisson number o, as in (11). The boundary conditions for d are prescribed
by

d|F[UFO = 0’ d’FWOh\FWh = 07 d(m7t) = u(m’ t)’ T e ]'_‘Wh (53)

The solution of (51) gives us the ALE mapping of Qy onto € in the form
Ai(z) =z +d(x,t), =€ Qo, (54)

for each time t.

System (51) is discretized by the conforming piecewise linear finite elements on the
mesh 7o used for computing the flow field in the beginning of the computational process
in the polygonal approximation ¢ of the domain €2g. The use of linear finite elements
is sufficient, because we need only to know the movement of the points of the mesh.

In our computations we choose the Lamé coefficients \* and u® as constants corre-
sponding to the Young modulus and Poisson ratio £* = 10000 and ¢® = 0.45.

If the displacement dj, is computed at time tj1, then in view of (54), the approxi-
mation of the ALE mapping is obtained in the form

At n(T) = +di(xz), =€ Qo (55)

The knowledge of the ALE mapping at the time instants t;_1, tg, tx+1 allows us to
approximate the domain velocity with the aid of the second-order backward difference
formula

8z — 4 A n (A (@) + Ay (AL (@)

2 (@) = et B @ e Qune (56)

4.2 Coupling procedure

In the solution of the complete coupled fluid-structure interaction problem it is necessary
to apply a suitable coupling procedure. See, e.g. [3] for a general framework. Here we
apply the following algorithm.

1. Assume that the approximate solution of the flow problem on the time level ¢ is
known as well as the deformation of the structure wuy, 4.

2. Set u% ki1 = Unk, {:=1 and apply the iterative process:

(a) Compute the stress tensor Tij; and the aerodynamical force acting on the
structure and transform it to the interface F?,Vh.
(b) Solve the elasticity problem, compute the deformation uﬁlk 41 at time tg4q

l

and approximate the domain thk+1.

(c) Determine the ALE mapping AikH ;, and approximate the domain velocity
l
Zhk+1

l

(d) Solve the flow problem on the approximation of /I

(e) If the variation of the displacement uﬁl’k 41 and ulhjk}ﬂ is larger than the
prescribed tolerance, go to a) and [ := [+ 1. Else k := k 4+ 1 and goto 2).

This represents the so-called strong coupling. If in the step e) we set k := k+ 1 and
go to 2) already in the case when [ = 1, then we get the weak (loose) coupling.
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Figure 1: Computational domain at time ¢ = 0 with a finite element mesh and the
description of its size: L; = 50 mm, L, = 15.4 mm, Lo = 94.6 mm, H = 16 mm. The
width of the channel in the narrowest part is 1.6 mm.
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Figure 2: Detail of the flow computational mesh at time ¢ = 0 near the narrowest part
of the channel and the position of some sensors used in analysis.

5 Numerical examples

In order to demonstrate the applicability of the developed method, we present here
results of some numerical experiments.

We consider a model of flow through a channel with two bumps which represent time
dependent boundaries between the flow and a simplified model of vocal folds (see Figures
1 and 2). The numerical experiments were carried out for the following data: magnitude
of the inlet velocity v;, = 4 m/s, the fluid viscosity u = 15-107% kgm~'s~!, the inlet
density p;n = 1.225 kgm™3, the outlet pressure po,; = 97611 Pa, the Reynolds number
Re = pinvin H/p = 5227, heat conduction coefficient k = 2.428 - 102kgms 2 K1, the
specific heat ¢, = 721.428 m?s 2K~!, the Poisson adiabatic constant v = 1.4. The
inlet Mach number is M;,, = 0.012. The Young modulus and the Poisson ratio have
values E? = 25000 Pa and o® = 0.4, respectively, the structural damping coefficient is
equal to the constant C' = 100 s~! and the material density p’ = 1040kgm™3 . The
quadratic (r = 2) and linear (s = 1) elements were used for the approximation of flow
and structural problem, respectively.

Figure 1 shows the situation at the initial time ¢ = 0 the flow computational mesh
consisting of 5398 elements and the structure computational mesh with 1998 elements.
In Figure 2 we see a detail of the flow mesh near the narrowest part of the channel at
the initial time and the positions of sensor points used in the analysis.

First we tested the influence of the density of the computational meshes on the
oscillations of the pressure averaged over the outlet I'p and the corresponding Fourier
analysis. We consider three successively refined meshes. Figure 3 shows the behaviour
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Figure 3: Dependence of the quantity p,, computed on three meshes: strong coupling
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4

by ‘ ‘ ‘ 10X 10
10* ] ol
8t 1

| Il
6 Wil

I | atill
aflin | I TR

Mih it | VLTI

“ | i 2 | ‘ o/ N
E AR AT - “WWA“H‘"‘WMM <
[ MM ‘\"\\‘N A U M’“V""“”V*—%Nﬂ G‘ | YA, " I "H‘ﬁ,w’\\j’\MM ‘mwy A .
% 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
flHz] f[Hz]

Figure 4: Fourier analysis of the quantity p,, computed on three meshes: strong coupling
(left), weak coupling (right).

of the quantity

pt)= [ (st = 1 [Crwnar) [ as 57

in dependence on time, computed on the flow/structure meshes with 5398 /1998 elements
(red), 10130/2806 elements (green) and 20484/4076 elements (blue) with the aid of the
strong coupling (left) and the weak coupling (right). Figure 4 shows the corresponding
Fourier analysis. During the successive mesh refinement one can observe the convergence
tendency manifested by the decrease of the magnitude of the quantity pg, fluctuations
and the decrease of the magnitude of the Fourier spectra. No peaks related to any basic
acoustic modes of vibration in the channel were identified in the spectra. The difference
between the results obtained by the strong and weak coupling is not too large. The main
difference is in a higher stability of the strong coupling during solving the problem on
a long time interval. On the other hand, the strong coupling requires naturally longer
CPU time.

Flow-induced deformations of the vocal folds model with the computational mesh
and the velocity field near the vocal folds are shown in Figure 5 at several time instants.
Similarly as in experimental study presented in [10] and [11], we can see the Coanda
effect represented by the attachment of the main stream (jet) successively to the upper
and lower wall of the glottis and formation of large scale vortices behind the glottis.
The same effects can be observed in numerical results from [12]. The character of the
vocal folds vibration can be indicated in Figure 7, which shows the displacements of
the sensor points on the vocal folds surface (marked in Figure 2) and the fluid pressure
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Figure 5: Detail of the mesh and the velocity distribution in the vicinity of the narrowest
part of the channel at time instants ¢t = 0.2056, 0.2072, 0.2088, 0.2104 s.

155



DGFEM for interaction of compressible fluid and structures

1000 T T T T T T T T 1000 T //IJ/,,/VW T T T T T
g sor . g sor \‘ .
i 0+ AW o o 0 o
g 500 | ANV A g 500 | | A
[} WV [ ‘J NSV
& -1000 | e & -1000 | UNNIAV .
o ot A\
& -1500 e & -1500 Y e

_2000 1 1 1 1 1 1 1 1 _2000 1 1 1 1 1 1 1 1

6 4 2 0 2 4 6 8 10 12 6 4 2 0 2 4 6 8 10 12
x[cm] x[cm]

Figure 6: The difference between the pressure on the centreline of the channel and the
averaged outlet pressure corresponding to time instants ¢ = 0.2072 (left) and ¢ = 0.2104
(right).

fluctuations in the middle of the gap as well as the Fourier analysis of the signals. The
vocal folds vibrations are not symmetric due to the Coanda effect and are composed of
the fundamental horizontal mode of vibration with the corresponding eigen-frequency
113 Hz and by the higher eigenmode with the eigenfrequency 439 Hz. The increase of
horizontal vibrations due to the aeroelastic instability of the system results in a fast
decrease of the glottal gap. Similarly as in [12], the displacement d, in the vertical
direction is larger than the vertical displacement d,,.

At about t = 0.2 s, when the gap is nearly closed, the fluid mesh deformation in this
region is too high and the numerical simulation stopped. The dominant peak at 439
Hz in the spectrum of the pressure signal corresponds well to the vertical oscillations
of the glottal gap, while the importance of the lower frequency 113 Hz associated with
the horizontal vocal folds motion is in the pressure fluctuations negligible. The modeled
flow-induced instability of the vocal folds is called phonation onset followed in reality by
a complete closing of the glottis and consequently by the vocal folds collisions producing
the voice source acoustic signal.

Figure 6 shows the distribution of the difference between the pressure on the cen-
treline of the channel and the averaged outlet pressure , corresponding to time instants
t = 0.2072 (maximal opening of the glottis) and t = 0.2104 (minimal opening of the glot-
tis). The inlet pressure varies approximately between 300 and 500 Pa, which corresponds
to subglottal pressure for humans during phonation. The pressure drop corresponds to
the narrowest part of the channel similarly as in the paper [12]. Pressure oscillations
behind the vocal folds are caused by propagating vortices.

6 Conclusion

We have presented a robust higher-order method for the numerical simulation of the
interaction of compressible flow with elastic structures with applications to the compu-
tation of flow-induced vibrations of vocal folds during phonation. It is based on several
important ingredients:

e the ALE method applied to the compressible Navier-Stokes equations,

e the application of the discontinuous Galerkin method for the space discretization
and semi-implicit linearized time discretization,
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Figure 7: Vibrations of sensor points lying on the boundary of the vocal folds and
the pressure oscillations in the middle of the gap (left), and the corresponding Fourier
analyses (right).

157



DGFEM for interaction of compressible fluid and structures

The

the use of conforming finite elements for the space discretization and of the New-
mark method for the time discretization of the elasticity problem,

technique for the construction of the ALE mapping,

the application of coupling algorithms for the realization of the coupled FSI prob-
lem.

numerical tests and experiments show that the developed method can be applied

to the numerical solution of the interaction of compressible flow and elastic structures

with

applications to the simulation of air flow through vocal folds.

The computational results are qualitatively similar to other computations (cf., e.g.,

[12])

and wind-tunnel experiments ([10], [11]).

Future work will be concentrated on the following topics:

further analysis of the robustness and accuracy of the method with respect to the
Mach number and Reynolds number with the use of various types of the vocal
folds geometry,

quantitative examination of the worked out technique on suitable test problems
and the comparison with results of other methods (if they are available),

investigation of various types of boundary conditions,

the realization of a remeshing in the case of closing the glottal channel during the
oscillation period of the channel walls,

the use of nonlinear elasticity models including vocal folds collision,

the use of a suitable turbulence model,

the identification of the acoustic signal.
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