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Chapter 1

Introduction

1.1 Motivation

Many Partial Differential Equations (PDEs) model problems in physics
and engineering that must satisfy bounds on some of the variables. For
instance, variables must be positive or satisfy a maximum constraint. If
one solves these PDEs numerically then it is crucial to satisfy these bounds,
otherwise the solution is not physically realizable and frequently the numer-
ical solution process will break down. In order to study bounds preserving
numerical discretizations, we will discuss in this PhD thesis two important
classes of nonlinear PDEs that have strict bounds on the solution, namely
degenerate parabolic PDEs and the hyperbolic compressible reactive Euler
equations.

Nonlinear, possibly degenerate, parabolic equations, describe many prob-
lems in science and engineering, such as radiative transport in the diffusive
limit, flow of electrons and holes in semi-conductor devices, heat and mass
transfer, combustion, flow in porous media, displacement of oil by water
in oil reservoirs and the evolution of a gas of fermionic and Bose—Einstein
particles. These phenomena are modelled for instance by the radiative
transport equation in the diffusive limit [65, [1T19], the drift-diffusion equa-
tion for semiconductors [I3], [64], the heat equation [19], the porous media
equation [2], 112} [131], the Buckley-Leverett equation [13| 73], and the non-
linear Fokker-Plank equation modelling fermion and boson gases [21] [109].
Preserving bounds on the numerical solution of these parabolic and degen-
erate parabolic equations is non-trivial, but is further complicated by the
fact that many bounds preserving numerical discretizations for parabolic
equations also have a severe time step constraint.
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A second important example of nonlinear PDEs where the solution must
satisfy bounds are the chemically reactive Euler equations, which model in-
viscid, compressible, reacting flows [10} (11, 14, 117, [118]. These equations
arise for instance in combustion problems. The study of such problems is
of great value in mitigating the risk of accidental fires, preventing the oc-
currence of gas explosions in industrial production processes, but also for
instance in the study of supernova explosions in astrophysics, and many
other applications [38, 81, 87]. It is very challenging to numerically simu-
late these problems since apart from ensuring positivity of density, pressure
and internal energy, the mass fractions of the different species must remain
in the domain [0,1]. In addition, in high speed chemically reacting flows
the reaction speed can be much larger than the gas velocity. This leads to
numerical stiffness problems caused by the chemical reactions, which is one
of the main numerical challenges when computing reacting flows. Another
important issue with the chemically reactive Euler equations is that even
a stable numerical discretization can still produce spurious unphysical so-
lutions in the reaction zone [31, BI], unless one is using a sufficiently fine
spatial-temporal resolution in the numerical simulations, with time steps
close to the very small chemical time scales, or one uses subcell resolution
to capture these local phenomena.

So far most bounds preserving numerical discretizations use explicit
time integration methods. For many PDEs, especially higher order PDEs,
the time step restriction, which is necessary to ensure stability for explicit
time integration methods, generally results in excessively small time steps
[05, 132 133, 134], e.g. 7 < ChP, with 7 the time step, C' a positive
constant, h the mesh size, and p the highest order of the spatial derivatives
in the PDEs. In addition, enforcing positivity or other bounds on the
numerical solution frequently imposes further constraints on the time step
(83, [84], 94, 131].

An alternative to time-explicit discretizations is to use implicit time
integration methods, which generally allow larger time steps, but at the
cost of solving each time step a system of algebraic equations. Since bounds
preserving numerical discretizations often use limiters, which frequently
contain switches or varying stencils, it is nontrivial to combine time-implicit
methods with bounds preserving discretizations. The study of implicit
bounds preserving numerical discretizations will be an important topic in
this thesis.

Several implicit time integration methods, such as some Diagonally Im-
plicit Runge-Kutta (DIRK) methods [0, (18] [99], are stiffly accurate [61],
which results in excellent stability properties, especially for singularly per-
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turbed problems, but solving the resulting algebraic equations can be dif-
ficult and costly. Alternatively, semi-implicit time integration methods,
such as semi-implicit Spectral Deferred Correction (SDC) methods [89],
can alleviate the complexity of the algebraic equations that must be solved
each time step, but SDC methods may not be sufficiently stable for some
strongly nonlinear problems or have a relatively severe time step constraint.
Choosing a suitable time integration method therefore is nontrivial. For
problems with strong nonlinearities such as the nonlinear Fokker-Plank
equation with a singular solution or the chemically reactive Euler equations
with stiff source terms, fully implicit time integration method is therefore
a good choice and will be extensively used in this thesis. For equations
that can separate stiff and non-stiff terms, such as the Allen-Cahn equa-
tion, semi-implicit methods are more suitable. We will use the Allen-Cahn
equation therefore as a model equation for the development and analysis of
higher order accurate discretizations using semi-implicit time integration
methods, but the Allen-Cahn equation is also interesting in its own respect.

The Allen-Cahn equation was introduced by Allen and Cahn in [6]
to describe the motion of anti-phase boundaries in crystalline solids. At
present, using the phase field method [78,[97], the Allen-Cahn equation has
been widely used to model many complicated moving interface problems,
such as the process of phase separation of a binary alloy at a fixed temper-
ature [32), [46], the mixture of two incompressible fluids, phase transitions
and interfacial dynamics in materials science [0, 32]. In particular, spe-
cial phase separations may appear on static and dynamic surfaces, such as
phase separation on lipid bilayer membranes [63, [128] and dendritic crystal
growth on curved surfaces [93]. We will analyze in this thesis the stability
and prove optimal error estimates for higher order accurate semi-implicit
numerical discretizations of the Allen-Cahn equation. The main difficulty
here consists of the nonlinear term in the Allen-Cahn equation.

1.2 Bounds preserving numerical discretizations

Typically, bounds on the numerical solution of PDEs are enforced using
limiters. The main purpose of the limiter is to locally adjust the numerical
solution such that it meets the constraints. Since developing accurate and
efficient limiters is in general non-trivial, especially for higher order accu-
rate numerical discretizations, there is a vast literature on bounds preserv-
ing limiters. In two seminal papers [133] [134] Zhang and Shu proposed lim-
iters and adjustments to the numerical discretization that preserve bounds
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for higher order accurate Discontinuus Galerkin (DG) discretizations for
conservation laws. The basic idea of these limiters is to first ensure that
the element average of the numerical solution obtained with a first order
accurate time integration method satisfies the bounds. Next, they limit the
higher order accurate polynomial solution at the quadrature points in each
element since this are the only data used in the spatial discretization, and
finally they use explicit strong stability preserving Runge-Kutta methods
to obtain also higher order accuracy in time. The approach of Zhang and
Shu provides a clear framework for many types of PDEs, such as the Euler
equations of gas dynamics [134], the compressible Navier-Stokes equations
[132] and relativistic hydrodynamics [95].

During the past few years many bounds preserving numerical discretiza-
tions for nonlinear degenerate parabolic equations, for which preserving
positivity of the numerical solution is crucial, have been proposed. In [I31],
the authors considered time-explicit Local Discontinuous Galerkin (LDG)
discretizations for the porous media equation and presented a limiter to
ensure the positivity of the solution. The authors in [84] proposed a mod-
ified limiter to preserve the maximum principle for time-explicit DG dis-
cretizations of the Fokker—Planck equation. This DG method is, however,
limited to third order accuracy. A uniformly accurate, entropy satisfying
time-explicit DG method for solving the linear Fokker—Planck equation is
presented in [85]. An important element in this algorithm is the use of a
truncation operator to ensure nonnegative solutions. In [83] the authors
developed time-explicit positivity preserving discretizations for the nonlin-
ear Fokker-Plank equation. Positivity of the numerical solution is enforced
using a reconstruction algorithm. The main disadvantage of these time-
explicit discretizations for degenerate parabolic PEDs is the severe time
constraint 7 < Ch?.

For the chemically reactive Euler equations, which model inviscid com-
pressible flows with chemical reactions, shocks and detonations, the nu-
merical solution must be physically realizable. Many attempts have been
made to ensure that the bounds on the solution, such as nonnegative den-
sity and pressure, and mass fractions between zero and one, are preserved
[36, 37, 113], and to avoid spurious phenomena [10) [IT], 108, 117, 118].
For instance, in order to avoid spurious solutions, a second order MinMax
scheme [I08], a first order random projection method [10} [I1], and Harten’s
essentially non-oscillatory (ENO) subcell resolution technique [117, [11§]
were used to discretize the reaction part of the chemically reactive Euler
equations. Using splitting methods [51], the chemically reactive Euler equa-
tions can be divided into homogeneous equations and reaction equations,
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which alleviates the stiffness problems, but the authors in [36, 37, 113] all
use time-explicit discretizations in their bounds preserving schemes.

So far, nearly all positivity or bounds preserving numerical discretiza-
tions only work in combination with explicit time discretizations, which
may result in severe time step restrictions to ensure stability of the numer-
ical discretizations. These time step restrictions can be alleviated using
time-implicit integration methods.

In [94], Qin and Shu developed an implicit positivity preserving DG
discretization for conservation laws. They use an implicit Euler time inte-
gration method and the main idea to preserve positivity is to ensure that
in each time step the Jacobian matrix is an M-matrix. This approach is,
however, not easy to generalize to higher order accuracy in time and more
complicated systems such as the chemically reactive Euler equations. The
authors in [22] proposed a new Lagrange multiplier approach to construct
semi-implicit positivity preserving schemes for parabolic type equations
and solved the Lagrange multiplier using a cut-off approach. They further
extended this approach in [23] to construct bounds preserving schemes
for a class of semilinear and quasi-linear parabolic equations. In [I11] an
alternative approach to obtain implicit bounds preserving discretizations
of PDEs was introduced, called the Karush-Kuhn-Tucker (KKT) limiter.
This method works well in combination with time-implicit discretizations.
The main idea of the KKT limiter approach is to reformulate time-implicit
numerical discretizations with bounds constraints imposed using Lagrange
multipliers as a nonlinear mixed complementarity problem. The resulting
algebraic equations are then solved using a semi-smooth Newton method.
Considering the potential of the KKT limiter approach to be combined
with higher order accurate time-implicit DG discretizations and its suit-
ability for large classes of PDEs, we will extensively investigate in this
thesis its potential to obtain accurate and efficient bounds preserving nu-
merical discretizations for degenerate parabolic PDEs and the chemically
reactive Euler equations.

1.3 Overview of main numerical techniques used
in this PhD thesis

In this section, we will give a brief summary of the main numerical tech-
niques used in this PhD thesis, namely the Local Discontinuous Galerkin
(LDG) method for spatial discretizations, the Spectral Deferred Correction
(SDC) method and the Diagonally Implicit Runge-Kutta (DIRK) method
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for time discretizations, and the Karush-Kuhn-Tucker (KKT) equations for
the solution of constrained optimization problems.

1.3.1 Local discontinuous Galerkin methods

The local discontinuous Galerkin method is an extension of the discontin-
uous Galerkin method, which is well suited for PDEs with higher order
derivatives. The DG method [34) [66] is a finite element method which uses
discontinuous, piecewise polynomials as basis functions. The DG method
results in an element-wise conservative numerical discretization, which is
particularly important for conservation laws. Due to the use of discontinu-
ous basis functions, DG methods are well suited for Ap-mesh adaptation, in
which the local mesh is refined (h-adaptation) or the polynomial order of
the basis functions is adjusted (p-adaptation), and generally achieve a high
degree of parallelization. The DG method was first proposed by Reed and
Hill in [96] for the solution of the neutron transport equation. Cockburn
et al. [25] 27, 28, 29] subsequently extended the DG method to nonlinear
hyperbolic conservation laws, which resulted in many applications, also in-
cluding bounds preserving discretizations, e.g. [95, [132] [133],[134]. The DG
method has many advantages, such as flexibility and efficiency in handling
discontinuities and complex geometries, the use of highly nonuniform and
unstructured meshes, simple choices of trial and test spaces, and excellent
parallelizability.

The LDG method was put forward by Cockburn and Shu in [30] to deal
with PDEs that contain second order spatial derivatives. The main idea
of the LDG method is to apply the DG method after rewriting the higher
order PDEs as a first order set. We refer for general information about the
LDG method for linear cases to [35 114} 125], 135] and for nonlinear cases
to [9, 56], 60, 123] [124]. The LDG method not only inherits the advantages
of the DG method, but also facilitates efficient handling of some higher
order derivative equations.

We take a two-dimensional scalar conservation law as an example to
introduce the LDG method

u+ V- -F(u)=V-(AVu), in Q x (0,7, (1.1)

with © an open bounded domain in R?, F(u) : R — R? the flux function
and A a nonnegative constant. The subscript ¢ refers to the time derivative
and V is the nabla operator. For the LDG discretization, we rewrite (|1.1|)
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as the first order system

u+ V- F(u) =V - (A4q), (1.2a)
q =Vu. (1.2b)

Let 7; be a shape-regular tessellation of €2 with convex quadrilateral
elements K, and Qk(K) denote the space of tensor product polynomials
of degree at most k on each element K. The discontinuous finite element
spaces for the LDG discretization are defined as

VE={veL*(Q): v|lg € Qu(K), VK € Tp,},
W ={w e [L*(D)]?: w|k € [Qu(K))?, VK € T},

which are allowed to have discontinuities across element interfaces. Let e
be an interior edge connected to the “left” and “right” elements denoted,
respectively, by K; and Kgr. If u is a function on K; and Kpg, we set
ul == (ulk,) |e and uf? := (u|g,)|e for the left and right trace of u at e.

The LDG discretization of is: Find wuy, € V,f,qh € Wk, such that
for all vy, € th,ph € W’fL and elements K € Tp,

/ (up)ropdK —/ F(up) - Vu,dK + F(uk ul) - vopds
K K

0K
+ / Aqp, - VupdK — Aqy, - vupds = 0, (1.3a)
K oK
/ qn - prdK +/ upV - prdK — / uppy, - vds = 0, (1.3b)
K K oK

with v the outward normal vector at 9K. Here F (uk,ult), g, and uy, are
the so-called “numerical fluxes”, which should be chosen to ensure stability.
The numerical fluxes are single-valued functions defined at the cell edge,
and are related, respectively, to the traces of up, g, on both sides of the
cell edge. The choice of numerical flux is not unique. For the convection
part, we usually choose monotone numerical fluxes satisfying the following
conditions [80] :

e Consistency: F(u,u) = F(u).

e Continuity: F (u”,u®) is at least Lipschitz continuous in both argu-

ments.

e Monotonicity: F(uX, u®) is monotone non-decreasing for the first

argument uL, and monotone non-increasing for the second argument

ull, e.g. F(1,1).
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The Lax-Friedrichs flux [29] is often be chosen for F (uk, ult), but also other
upwind schemes, for instance the Roe flux [80] or the HLLC flux [I10], are
frequently used. For more details on approximate Riemann solvers, see
[80, 107]. Regarding the diffusion part, alternating fluxes are frequently
used for g, and @y, namely q;, = g, U, = ul® or qj, = ¢, U, = ul, which
provide stable and simple numerical fluxes [111], 121] [122] 123} [125].

1.3.2 Time discretizations

In this section, we will introduce semi-implicit Spectral Deferred Correction
(SDC) methods and Diagonally Implicit Runge-Kutta (DIRK) methods.
SDC methods are well suited for PDEs for which it is easy to separate
the stiff and non-stiff terms, such as phase field problems [49], [82] and the
phase field crystal equation [59]. For PDEs that need stiffly accurate time
discretizations, such as degenerate parabolic equations and the chemically
reactive Euler equations, we choose DIRK methods.

1.3.2.1 Spectral deferred correction methods

Spectral deferred correction methods, which were first proposed by Dutt,
Greengard and Rokhlin [39], are high order accurate stable time integration
methods for stiff and non-stiff problems. Minion extended in [89] SDC
methods to semi-implicit SDC methods to solve ODEs containing both stiff
and non-stiff terms. The basic idea of the SDC method is to replace the
original ODEs by the corresponding Picard integral equation and discretize
it using a Legendre—Gauss type quadrature. The resulting system is first
solved either by the Euler forward method (for non-stiff problems) or the
Euler backward method (for stiff problems). Next the solution is iteratively
improved, with each iteration resulting in one more order of accuracy. The
SDC method is a one step method and can be easily constructed for any
order of accuracy.

We consider the following model ODE system to introduce the semi-
implicit SDC method [89]

where Fy is a non-stiff term and Fjg a stiff term, ¢ is time and the subscript
t refers to the time derivative. In semi-implicit time discretizations, the
stiff term Fg will in general be taken implicitly, and the non-stiff term Fy
explicitly since for most PDEs the non-stiff term is not the reason for severe
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time step constraints. Especially when Fy is a complicated term treating
F explicitly will make the algebraic equations that must be solved each
time step in the SDC method easier to solve.

The SDC method can be summarized as follows. The time interval
[t",t"*1] is divided into P parts with points ™, m = 0,1,..., P such
that

=m0 <l << =L
k=1,2,..., K the k-th
order approximation to u(#"™), where the points {t"™}” _  are chosen as

the Legendre-Gauss-Lobatto nodes in the time interval [t",t""!]. Suppose
Uy, is known, we calculate u,1 using Algorithm

Let 7™ = tmmFl — gmm We denote with uf , |

Algorithm 1 SDC methods

Compute the initial approximation:

1
Up, o = Un.

Form=0,1,...,P—1

1 1 n,m n,m+1 1 n,m 1
un,'m-{-l - un,m +7 (Fs(t ’ un,'m—i—l) + FN (t 7un,m))'
Compute successive corrections:

For k=1,2,...,K

k+1 _
Upg = Un-

Form=0,1,...,P—1

UI:LEJA = “ﬁtﬁ + Tn7m(FS(tn7m+17 u'erL:i;rlz+1) - FS(tn’m—i_lv qu,m«Fl))
P (B (U8 — F ()

+ I™H(Fy(t,uf) + Fy(t,u")),

m

where Fyg is treated implicitly, Fiy is treated explicitly, and I+ (Fg(t, u*) +

m

Fy(t,u")) is the integral of the P-th order interpolating polynomial using the P+1
points (t™!, Fg(t™!, ufbl) + Fy(t™, uﬁ,l))f;o over the subinterval [t"™™, M+,

. _ . K+1
Finally, up41 = U, p -

The order of accuracy of the SDC method in Algorithm (1| is min(K +
1, P +1). Compared with implicit-explicit (IMEX) methods [16], 100, 114!
115], semi-implicit SDC methods can be constructed easily and systemati-
cally for any order of accuracy.

1.3.2.2 Diagonally Implicit Runge-Kutta methods

Diagonally Implicit Runge-Kutta (DIRK) methods, which were introduced
by Butcher [18], are very useful for applications that require an implicit
time integration method.
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We give a description of the DIRK method using the following ODE,
uy = L(u,t).

Suppose that the numerical solution u™ at time ¢" is known. The numerical
solution at time ¢"*! is obtained with a DIRK method by first solving for
each DIRK stage 7,7 = 1,..., s the following equations.

i
u =y 4l Z aiy (™ " ™t i =1,2,-0 s (1.4)
j=1

Next, the solution at ¢"*! is obtained from 4" using
S
u" Tt =y 4 L Z biL(u™H 7 4 T, (1.5)
i=1
with 7771 = ¢l — 7 The coefficient matrix A = (a;;) and vectors

b= (b;),c = (¢;) describe the Runge-Kutta method and are defined in the

A
Butcher tableau L‘T For discussing the stability property of 1) 1 ,

we first define its stability function R(z) as
R(z) =1+ 207 (I —2A)71(1,..., )T,
with A and b given by the Butcher tableau.

Definition 1.3.1 ([61]). (A-stable) A time integration method, whose sta-
bility domain S = {z € C: |R(z)| < 1} satisfies

{zeC:Rez<0}CS,
is called A-stable.

Definition 1.3.2 ([61]). (L-stable) A time integration method is called
L-stable if it is A-stable and if in addition

Zlggo R(z) =0.
L-stable methods are well suited for stiff problems.
Runge-Kutta methods satisfying as; = b;, ¢ = 1,...,s are called stiffly
accurate [61], 99], which makes A-stable methods L-stable and implies that

uptt = uZH’S. DIRK methods are easy to implement since the matrix A in
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DIRK methods has a lower triangular structure, which permits solving for
each stage individually rather than all stages simultaneously. This is com-
putationally more efficient than using fully implicit Runge-Kutta methods
such as Gauss-Radau methods that solve all Runge-Kutta stages simul-
taneously [61] [74]. The disadvantage of DIRK methods compared to fully
implicit Runge-Kutta methods is that more stage equations must be solved
to obtain the same order of accuracy.

For the bounds preserving implicit discretizations, we choose the stiffly
accurate DIRK methods. The Butcher tableaus of the higher order DIRK
methods used in this dissertation are:

e Second order DIRK method [5]

(mj):( & 0>,(bj):(1_a a),(e)=(a 1), (16)

l—-a «
2
whereazl—\g.

e Third order DIRK method [99]

¥ 0 0
(aij)=| 1/2=7/2 v 0 |, (bj)=(1-6-7 6 7),
1—-6—~ & ~
(e)=(v 1/2+7/2 1), (1.7)

where v = 0.435866521508, & = 0.25(5 — 20y + 672).
e Fourth order DIRK method [99]

1/4 0 0 0 0

~1/4 1/4 0 0 0
(aij): 1/8 1/8 1/4 0 0 s

-3/2 3/4 3/2 1/4 0

0 1/6 2/3 —1/12 1/4

(bj)=(0 1/6 2/3 —-1/12 1/4),

(i))=(1/4 0 1/2 1 1).
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1.3.3 Karush-Kuhn-Tucker system

Bounds on the numerical solutions will be enforced using the Karush-Kuhn-
Tucker (KKT) equations, which are frequently used in constrained opti-
mization [40], 41, [42] [77]. Consider the following constrained optimization
problem,

min 6(U)
U
subject to U €K, (1.8)

where the objective function 6 : R” — R is defined and continuously dif-
ferentiable on the closed set K with

K := {U € R"| h(U) =0, g(U) < 0} (1.9)

and h: R® = R!, g : R* — R™ are vector-valued continuously differentiable
functions.

The general approach for the numerical treatment of is based on
Lagrange multiplier theory [41], [42] [69]. Lagrange multipliers are of great
importance for the analysis of general constrained optimization problems
(1.8) and provide efficient and powerful methods for solving such problems.
Let L(U) = VyO(U). Assume that Abadie’s constraint qualification [41]
holds at U, which means that the tangent cone of K at U € K is equal to
its linearization cone. If 6 is a convex function and K a convex set, then
there exist vectors p € R! and A € R™ such that [41], 42} 69, 90

L(U,N) = L(U) 4+ Voh(U) 1+ Vyg(U)Th = 0, (1.10a)
—h(U) =0, (1.10b)
0> g(U)LA >0, (1.10¢)

where p and A are the Lagrange multipliers used to ensure A(U) = 0 and
g(U) < 0, respectively. The compatibility condition ([1.10c)) is equal to

gj(U)go, /\j}O, and gj(U)/\ij, j:1,2,...,m.

The mixed complementarity problem is the so called the KKT system
[41].

Note that the KKT system is nonlinear and can not be solved
using standard Newton methods due to the compatibility condition .
There are many semi-smooth Newton methods available for constrained
optimization problems [41], 42 69]. In this thesis, we will use the active set
semi-smooth Newton algorithm stated in [I11], since it provides a robust
Newton method with a good mathematical foundation.
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1.4 Thesis objectives and outline

We can summarize the main research objectives that will be discussed in
this PhD thesis as:

e Developing entropy dissipative higher order accurate time implicit
bounds preserving DIRK-LDG discretizations for nonlinear degener-
ate parabolic equations.

e Theoretically analyze the unique solvability and unconditional stabil-
ity of the positivity preserving DIRK-LDG discretizations for nonlin-
ear degenerate parabolic equations.

e Developing higher order accurate time implicit bounds preserving
DIRK-DG discretizations for the chemically reactive Euler equations.

e Analyzing the stability and obtain optimal error estimates for higher
order accurate SDC-LDG discretizations for the Allen-Cahn equation.

This dissertation is organized as follows: in Chapter [2, we will develop
entropy dissipative higher order accurate time implicit positivity preserv-
ing DIRK-LDG discretizations for nonlinear degenerate parabolic equa-
tions with a gradient flow structure. Also, the theoretical analysis of the
unique solvability and unconditional entropy dissipation of the numerical
discretization will be considered. In Chapter 3] we will construct higher
order accurate time implicit bounds preserving DIRK-DG discretizations
for the reactive Euler equations modelling multispecies and multireaction
chemically reactive flows. Special attention will be given to the elimina-
tion of spurious solutions in the chemical reaction zones. In Chapter
stability and error estimates of second and third order accurate SDC-LDG
discretizations will be analyzed for the Allen-Cahn equation. Conclusions
and outlook will be given in Chapter






Chapter 2

Entropy Dissipative Higher Order
Accurate Positivity Preserving
Time-Implicit Discretizations for
Nonlinear Degenerate Parabolic
Equations

Abstract

We develop entropy dissipative higher order accurate Local Dis-
continuous Galerkin (LDG) discretizations coupled with Diagonally
Implicit Runge-Kutta (DIRK) methods for nonlinear degenerate para-
bolic equations with a gradient flow structure. Using the simple alter-
nating numerical flux, we construct DIRK-LDG discretizations that
combine the advantages of higher order accuracy, entropy dissipation
and proper long-time behavior. The implicit time-discrete methods
greatly alleviate the time-step restrictions needed for stability of the
numerical discretizations. Also, the larger time step significantly im-
proves computational efficiency. We theoretically prove unconditional
entropy dissipation of the implicit Euler-LDG discretization. Next,
in order to ensure positivity of the numerical solution, we use the
Karush-Kuhn-Tucker (KKT) limiter, which couples the positivity in-
equality constraint with higher order accurate DIRK-LDG discretiza-
tions using Lagrange multipliers. In addition, mass conservation of
the positivity limited solution is ensured by imposing a mass conserva-
tion equality constraint to the KKT equations. The unique solvabil-
ity and unconditional entropy dissipation for an implicit first order
accurate in time, but higher order accurate in space, KKT-LDG dis-
cretizations are proved, which provides a first theoretical analysis of
the KKT limiter. Finally, numerical results are shown to demonstrate

15
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the higher order accuracy and entropy dissipation of the KKT-DIRK-
LDG discretizations for problems requiring a positivity limiter.

2.1 Introduction

Consider the following degenerate parabolic equation [13]

w =V (V@) + H@), i 0x 0T,
u(z,0) = up(x), in Q, ‘
with zero-flux boundary condition
V(p(z) + H' (u))-v=0, on 9Q x (0,71, (2.2)

where  is an open bounded domain in R%, d = 1,2, with unit outward
normal vector v at the boundary 09, u(z,t) > 0 is a nonnegative density
with time derivative denoted as w;, ¢(z) is a given potential function for
x € R f H are given functions such that

FiRY S RY, H:RY SR, fu)H"(u) >0, (2.3)

where R™ is the nonnegative real space. Here f(u)H" (u) can vanish for cer-
tain values of u, resulting in degenerate cases. The entropy corresponding

to is defined by
E(u) = /Q(wb(z') + H(u))dS. (2.4)

Multiplying (2.1) with ¢(2) + H'(u) and integrating over €, with the zero-
flux boundary condition (2.2)), together with (2.4)), we obtain that the time
derivative of the entropy satisfies

FE == [ f@IV(@) + H )P <o (25)

System (|2.1) can represent different physical problems, such as the porous
media equation [112] [I31], the nonlinear nonlocal equation with a double-
well potential [19], the nonlinear Fokker-Plank model for fermion and boson
gases [1}, 211 [109].

Recently, many numerical discretizations have been proposed for ;
e.g. mixed finite element methods [17], finite volume methods [13| 19], Dis-
continuous Galerkin (DG) methods [83] 84, [85] and LDG methods [131].
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Regarding positivity preserving discretizations, Liu and Yu developed in
[84, 5], respectively, for the linear Fokker-Plank equation a maximum pre-
serving DG scheme and an entropy satisfying DG scheme, but these dis-
cretizations can not be directly applied to the general case given by (2.1).
Liu and Wang subsequently developed in [83] an explicit Runge-Kutta (RK)
time-discrete method for in one dimension together with a positivity
preserving high order accurate DG scheme under some Courant-Friedrichs-
Lewy (CFL) constraints. For the porous media equation, an LDG dis-
cretization coupled with an explicit RK method was considered in [131],
which is similar to the DG method in [83], but it uses a special numerical
flux to ensure the non-negativity of the numerical solution. Cheng and
Shen in [22] propose a Lagrange multiplier approach to construct positiv-
ity preserving schemes for a class of parabolic equations, which is different
from , but contains the porous media equation.

For the time-step 7 and mesh size h, the condition 7 = O(h?) is needed
for stability in [83] and [I31]. These explicit time discretizations therefore
suffer from severe time step restrictions, but currently there are no feasible
positivity preserving time-implicit LDG discretizations for . In this
chapter, we present therefore higher order accurate Diagonally Implicit
Runge-Kutta (DIRK) LDG discretizations, which ensure positivity and
mass conservation of the numerical solution without the severe time step
restrictions of explicit methods.

The LDG method proposed by Cockburn and Shu in [30] has many
advantages, including high parallelizability, high order accuracy, a simple
choice of trial and test spaces and easy handling of complicated geometries.
We refer to 26, 58, 106, [135] for examples of applications of the LDG
method.

For many physical problems, it is crucial that the numerical discretiza-
tion preserves the positivity properties of the Partial Differential Equations
(PDEs). Not only is this necessary to obtain physically meaningful solu-
tions, but also negative values may result in ill-posedness of the problem
and divergence of the numerical discretization. Positivity preserving DG
methods have been extensively studied by many mathematicians. However,
most positivity preserving DG methods are combined with explicit time-
discretizations [83] 126], [133| 134], for which numerical stability frequently
imposes severe time step restrictions. These severe time-step constraints
make explicit methods impractical for parabolic PDEs, such as .

Recently, Qin and Shu extended in [94] the general framework for estab-
lishing positivity-preserving schemes, proposed in [133] 134], from explicit
to implicit time discretizations. They developed for one-dimensional con-
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servation laws a positivity preserving DG method with high-order spatial
accuracy combined with the first-order backward Euler implicit temporal
discretization. This approach requires, however, a detailed analysis of the
numerical discretization to ensure positivity and it is not straightforward
to extend this approach to higher order accurate time-implicit methods.
Huang and Shen in [67] constructed higher order linear bound preserv-
ing implicit discretizations for the Keller-Segel and Poisson-Nernst-Planck
equations. Van der Vegt, Xia and Xu proposed in [I11] the KKT lim-
iter concept to construct positivity preserving time-implicit discretizations.
The KKT limiter in [IT1] is obtained by coupling the inequality and equal-
ity constraints imposed by the physical problem with higher order accurate
DIRK-DG discretizations using Lagrange multipliers. The resulting semi-
smooth nonlinear equations are solved by an efficient active set semi-smooth
Newton method.

In this chapter, we consider a general class of nonlinear degenerate
parabolic equations given by and aim at developing higher order ac-
curate entropy dissipative and positivity preserving time-implicit LDG dis-
cretizations. For the spatial discretization, we use an LDG method with
simple alternating numerical fluxes, which results in entropy dissipation
of the semi-discrete LDG discretization. For the temporal discretization,
we consider DIRK methods, which significantly enlarge the time step for
stability. The unconditional entropy dissipation of the LDG discretization
combined with an implicit Euler time integration method is proved theo-
retically. We construct positivity preserving discretizations using the KKT
limiter by imposing the positivity constraint on the numerical discretization
using Lagrange multipliers. The unique solvability of the resulting positiv-
ity preserving KKT system is proved. We will also prove the unconditional
entropy dissipation of the positivity preserving LDG discretization when it
is combined with the backward Euler time integration method. Numerical
results are given to demonstrate the accuracy and entropy dissipation of
the higher order accurate positivity preserving DIRK-LDG discretizations.

This chapter is organized as follows. In Section we present the
semi-discrete LDG discretization with simple alternating numerical fluxes
for the nonlinear degenerate parabolic equation stated in and prove
that the numerical approximation is entropy dissipative. Higher order ac-
curate DIRK-LDG discretizations, which enlarge the stable time step to a
great extent, are discussed in Section [2.3] The unconditional entropy dissi-
pation of the implicit Euler LDG discretizations are proved in Section [2.3.1]
In order to ensure positivity of the numerical solution and mass conserva-
tion of the positivity limited numerical discretizations, we introduce in Sec-
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tion the KKT system. The higher order DIRK-LDG discretizations
with positivity and mass conservation constraints are formulated in Section
as a KKT mixed complementarity problem. The unique solvability
and unconditional entropy dissipation of the resulting algebraic system are
proved in Section In Section numerical results are provided to
demonstrate the higher order accuracy, positivity and entropy dissipation
of the positivity preserving KKT-DIRK-LDG discretizations. Concluding
remarks are given in Section

2.2 Semi-discrete LDG schemes

2.2.1 Definitions, notations

Let 75, be a shape-regular tessellation of Q C R?, d = 1,2, with line or con-
vex quadrilateral elements K. Given the reference clement K = [—1, 1],
Let Qy, (IA( ) denote the space composed of the tensor product of polynomi-
als P(K) on [—1,1] of degree at most k > 0. Here, we choose for P(K)
Legendre polynomials. The space Qi (K) is obtained by using an isopara-
metric transformation from element K to the reference element K. The
finite element spaces th and Wﬁ are defined by

VE={veL*Q): v|x € Q(K), VK € T},

Wi = {we [L*(Q)]: w|k € [Qu(K)]?, VK € Tp},
and are allowed to have discontinuities across element interfaces. Let e
be an interior edge connected to the “left” and “right” elements denoted,
respectively, by K; and Kgr. If u is a function on K; and Kpg, we set
ul == (ulk,) |e and uf? := (u|g,)|e for the left and right trace of u at e.
Note that L!(2), L?(2) and L*°(2) are standard Sobolev spaces, 1wl 20
is the L?(Q2)-norm and (-,-)q is the L?(2) inner product. For simplicity,
we denote the inner product as (u,v) := (u,v)q.

2.2.2 LDG discretization in space

For the LDG discretization of ({2.1)), we first rewrite this equation as a first
order system

Ut =V. q,
q=f(u)s,
s =Vp,

p=¢(z) + H'(u).
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Then the LDG discretization can be readily obtained by multiplying the
above equations with arbitrary test functions, integrating by parts over each
element K € 7T, and finally a summation of element and face contributions.
The LDG discretization can be stated as: find uy(t), pn € V¥, qn, s, € W¥,
such that for all p, o € V¥ and 8, € W¥, we have

(unt, p) + Li(an; p) = 0, (2.6a)
(qn,0) + Li,(up, 8n;60) = 0, (2.6b)
(81,m) + Lis (pn;m) = 0, (2.6¢)
(Ph, #) + Ly (un; @) = 0, (2.6d)
where
Li(gn; p) :==(gn, Vo) = > @ - v, p)ok. (2.7a)
KeTn
Li(un, 81:0) := — (f(up)sp, ), (2.7b)
L} (pwim) :==(on, V- 0) = > (Bnov - Mok, (2.7¢)
KeTh
Li(uni ) == — (@) + H'(un), ) - (2.7d)

Note that v is the unit outward normal vector of element K at its boundary
OK. The “hat” terms in L,lL and Lf’l are the so-called “numerical fluxes”,
whose choices play an important role in ensuring stability. We remark
that the choices for the numerical fluxes are not unique. Here we use the
alternating numerical fluxes

4, =4, D =rpr, (2.8)
or
4, =q5, Dn =Dk (2.9)

Considering the zero-flux boundary condition V(¢(z) + H'(u)) -v = 0, we
take

4, v=0, pn=(pn)™ (2.10)

at 02, where “in” refers to the value obtained by taking the boundary trace
from the inside of the domain (2.
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2.2.3 Entropy dissipation

Theorem 2.2.1. For uy(t) € Vi¥, s, € W%, the LDG scheme @)-
with f satisfying is entropy dissipative and satisfies

d

S B(w) = ~(f(u)sn,sn) <0,

which is consistent with the entropy dissipation property of the PDE
-

Proof. By taking

P = Ph, 0= —Sh, M=4qn, Y= —Up,
in (2.6a))-(2.6d)), respectively, and after integration by parts, we have

(6(@) + H'(un), une) = — (f(un)sn, sn) = (@n, Vo) + > @, v, pn)ox
KeT,

—(pn,V-qn) + Y, (Bnov - an)ox
KeT,

=— (f(un)Sh,8n) — Z (qn Vv, pn)ox

KeT,
+ > @ -vipn)ox + Y, (Bnv-an)ox. (2.11)
KeTy, KeTy,

Assume that e is an interior edge shared by elements K; and Kg, then
v = —vl. Replacing v with v* and using the numerical fluxes (2.8)), we
obtain

— > (vt Y, @ vipn)e+ Y (Bnv-an)e

KrUKRr KrLUKgr K, UKr
=— (g5 -v".pp)e + (@i V" o) + (@ - vE ph)e — (g v pR)e
+(gi - v"pf)e — (a1 - V" pR)e = 0. (2.12)

Combining ([2.11)- :2.12), using ([2.4)), boundary conditions (2.10) and the
condition on f @ , we get

d

£E(Uh) = (¢(x) + H'(up), une) = —(f (up)sn, sp) < 0.
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Remark 2.2.2. For brevity, we will only consider in the remaining article
the numerical fluxes (@ and omit the discussion of the numerical fluzes
(@, but all results also apply to the numerical fluzes (@

Remark 2.2.3. Compared to the spatial discretizations in [83, [131], we
choose the simpler alternating numerical fluzes (@ and (@/, which greatly
simplifies the theoretical analysis of the entropy dissipation property of the
LDG discretization.

2.3 Time-implicit LDG schemes

The numerical discretization of the nonlinear parabolic equations (2.1)) us-
ing explicit time discretization methods suffers from the rather severe time-
step constraint 7 = O(h?). In this section, we will discuss therefore implicit
time discretizations that will be coupled with positivity constraints in Sec-
tion 2.4

We divide the time interval [0,7] into N parts 0 = tp < t; < ... <
ty =T, with 7" = t,, —tp,—1 (n =1,2,...,N). Forn =0,1,..., N, let
up = u(-,t,) and uj, respectively, denote the exact and approximate values
of u at time ¢,.

2.3.1 Backward Euler LDG discretization

Discretizing ([2.6)) in time with the implicit Euler method gives the following
discrete system

uZ'H —up 1 )

— |+ Lulgy ) =0, (2.13a)

(477".0) + Ly (up ™, s371:60) = 0, (2.13D)
(spom) + Li (0 ™im) = 0, (2.13¢)
it @) + Ly(up s 0) = 0. (2.13d)

Define the discrete entropy as

B(ul) = /Q (WP (@) + H (1)) (2.14)

We have the following relation for the discrete entropy dissipation.

Theorem 2.3.1. For all time levels n, the numerical solutions u}, u’{“ €

th of the LDG' discretization , with boundary condition (2.10) and
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conditions on f, H stated in , satisfy the following entropy dissipation
relation

By (up ™) < Bn(up), (2.15)

which implies that the LDG discretization is unconditionally entropy dissi-
pative.

Proof. By choosing, respectively, in (2.13a])-(2.13d)) the following test func-

tions

n+1 _ un
n+1 _ n+1 n+1 _ Uy, h
p= ph ) 0 - _sh ’ n= qh ) Y= Tn+1 )

we get,

un+1 oy unJrl —um
h h 1, n+1 h h
<¢(x)7 Tn+1 + H (uh )7 Tn+1

- _ (f(uz+1)82+1,32+1) ( n+1 vpn—i-l) Z (qz-i-l v PZ—H) oK

KeTy,
AR AR S R AR B
KeTy,
=— (flup™spth syt = > (gt v ph ok
KeTy,
E @ v o+ 3 g o
KeTy KeTy,

Together with (2.12]), the numerical fluxes (2.8)) and the boundary condition
(2.10)), we obtain then

R R
(o005 (et )~ (g ).
In view of the following Taylor expansion
H(up) =H (u "H) + H (up ™) (uhy —up ™)
FGHE @ ), € e (),

2
we have, using the conditions on f, H stated in (2.3) and the definition of

Ey in (2.14)),
Ep(uy ™) = Ep(up) = (6(2), uZ“ up) + (H(up ™) — H(up), 1)

- _ TTL+1 (f(UZ+1)SZ+1 Z—&—l) 2 (HII(€n+1), (UZ_H . UZ)Q) < 0.
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2.3.2 Higher order DIRK-LDG discretizations

For higher order accurate implicit in time discretizations of system ,
we use a Diagonally Implicit Runge-Kutta (DIRK) method [61]. Assume
we know the numerical solution at time level n, we obtain the solution
at time level n + 1 with a DIRK method by solving for each DIRK stage

1,9 =1,2,--- s the following equations.
uz-ﬁ-l i -
< i m) +Zath J:p) =0, (2.16a)
(gr'".0) +L2( prLE gnthil g) = 0, (2.16b)
(5P ) + Ly (™ m) = 0, (2.16¢)
() + Li(uf ™ p) = 0, (2.16d)

Then the solution at time t,41 is
(UZH,P) (up, p —TZb Lh nHZy p). (2.17)

The coefficient matrices (a;;) in (2.16a)) and (b;) in (2.17) are defined in

the Butcher tableau. We choose for polynomials of order £ = 1,2,3
the DIRK methods introduced in Section respectively, that sat-
isfy as; = b;, i = 1,2, - -, s, which implies UZH = uZH’S. The order of
these DIRK methods is k 4+ 1. The above time discretization methods are
easy to implement since the matrix (a;;) in the DIRK methods has a lower
triangular structure, which means that we can compute the DIRK stages
one after another, starting from ¢ = 1 up to i = s. For detailed information

about the DIRK time integration method, we refer to [61].

2.4 Higher order accurate positivity preserving
DIRK-LDG discretizations

The positivity constraints on the LDG solution will be enforced by trans-
forming the DIRK-LDG equations with positivity constraints into a mixed
complementarity problem using the Karush-Kuhn-Tucker (KKT) equations
[41]. In the next sections, we will first define the positivity preserving KKT-
DIRK-LDG discretization. Next, we will consider the unique solvability
and unconditional entropy dissipation of the discrete KKT system.
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2.4.1 KKT-system

For the KKT equations [41], we define the set
K := {U € R®/| h(U) =0, g(U) <0}, (2.18)

with equality constraints h : R%f — R! and inequality constraints g :
R/ — R™ being vector-valued continuously differentiable functions. The
inequality constraints are used to ensure positivity. The equality constraint
ensures that the limited DIRK-LDG discretization is mass conservative.
Mass conservation is a property of the unlimited DIRK-LDG discretization,
but one has to ensure that this property also holds after applying the
positivity preserving limiter.

Let L be the LDG discretization for each of the DIRK stages
i1 =1,2,---,s, without a positivity preserving limiter. We assume that L
is a continuously differentiable function from K to R%7. The corresponding
KKT-system [41] then is

L(U) + Vh(U) i+ Vg0 Tx =0, (2.19a)
—h(U) =0, (2.19b)
0> g(U)LA >0, (2.19¢)

where p € R and A € R™ are the Lagrange multipliers used to ensure

h(U) = 0 and g(U) < 0, respectively, U € R%/ are the LDG coefficients
in the KKT-DIRK-LDG discretization, and V~ denotes the gradient with

respect to U. The compatibility condition 1} is equivalent to

giU)<0, X;>0, and g;(U)\;j=0, j=1,2,---m,

which can be expressed as

mln(_gj(U)7)\]) :07 .] = 1727"'7m'
The KKT-system then can be formulated as
L(U) + Vgh(U)" p+ Vg(U)TA
0=F(z) = —h(U) . (2.20)
min(—g(U), A)

Here z = (U,p,\) € Rif+Hm and f . RlofHitm _y Rdof+ltm popre.
sents the DIRK-LDG discretization combined with the positivity and mass
conservation constraints. Note, the KKT system is nonlinear and
F(z) is not continuously differentiable, as is necessary for standard Newton
methods, but semi-smooth. We will therefore solve with the active
set semi-smooth Newton method presented in [IT1].
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2.4.2 Positivity preserving LDG discretizations

In this section, we will provide the details of the higher order accurate
positivity preserving DIRK-LDG discretizations (2.16)) coupled with the
positivity and mass conservation constraints using Lagrange multipliers as

stated in (2.19).

Let Ny be the number of basis functions in one element. Let N, be
the number of elements K in the tessellation 7, of the domain Q. We
introduce the following notation for the element-wise positivity preserving
LDG solution

Nk Nk
. K
Unl =Y _UFoF, Qulx =) Q; ¢
=1 =1

with K € Ty, gij the tensor product Legendre basis functions in Qy(K),

~ ~K
and LDG coefficients UjK € R, Qj € R%. We take in each element K € T},

the test function p = (;SJK, j=1,2,---, N in the operator L} (Qn; p) stated
in ([2.7a)). Since there are Ni N, choices of p, we can define

L} (Q) = L},(Qn: p) € RV, (2.21)

with similar definitions of Lﬁ for L’fL, k =2,3,4 stated in -.

Representing the block-diagonal mass matrices for the scalar and vector
variables as M € RNeNexNiNe and M € RINeNexdNpNe - regpectively, the
operator L for DIRK stage i (i = 1,2,---,s), as stated in , can be
expressed as

~ . ~ . ~ : ~n+1,j
L(Un—i-l,z) ::M(UTL—H,Z . Un) + Tn—i—l ZaijLill(Q +1,5

=1

with LDG coefficients U5 ¢ RN#Ne  Similarly, using (2.16b)), (2.16¢)
and ([2.16d)), we have

), (2.22)

~n+1,3 ~n+1,i

o — ML (T ), (2.23a)
grtli_ M3 (B, (2.23b)
Pt — _ L (b, (2.23¢)

n+1

: o ntli St Sy
with LDG coefficients Qn ‘e RANkNe g ‘e RANkNe = prtli ¢ RNeNe,
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The constraints on the DIRK-LDG discretization can be directly im-
posed on the DG coefficients for each DIRK stage using the equality and
inequality constraints in the KKT-system . We obtain for each DIRK
stage ¢, with i = 1,2,--- | s, the LDG coefficients Untli by solving the fol-
lowing KKT system for U™+ 1,

L(fjnﬂ,i) + Vﬁh<fjn+l,i)T,u + Vﬁg((jnﬂ,z’)T/\
—h(U"TL) =0, (2.24)
min(—g(U"*1), A)

where the positivity preserving inequality constraint g(ﬁ n+14) and the mass
conservation equality constraint h(ﬁ n+1%) are defined as follows.

1. Positivity preserving inequality constraint

In each element K € Ty, we define the function g stated in as

Ny, ‘
gg((Un-‘rl,Z) = Uiy — Z Uf(’(”“’”qbf(xp), p=1,---, N, (2.25)
Jj=1

with NV, the number of Gauss-Lobatto quadrature points, and z, the
Gauss-Lobatto quadrature points where the inequality constraints
Unh(®p) > umin are imposed. The use of Gauss-Lobatto quadrature rules
ensures that the positivity constraint is also imposed in the computation
of the numerical fluxes at the element edges where Gauss-Lobatto rules
have, next to the element itself, also quadrature points. Note, the
Gauss-Lobatto quadrature points x,, are the only points used in the
LDG discretization and the positivity constraint wmi, therefore only
needs to be enforced at these points.

2. Mass conservation equality constraint

In order to ensure mass conservation of the LDG discretization when
the positivity constraint is enforced, we impose the following equality
constraint, which is obtained by setting p =1 in and using the

numerical flux (2.8)) or (2.9)

~ . : ~n+1,5
h(U”H”):Z/KUZL‘dK+7'”+IZaij > (@, T v, Dok

KeT, j=1 KeT,
OKNOONAD

Ny
-2 Zﬁf{’(nﬂ’i)/lff(x)dlf, (2.26)

KeT, j=1
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with U}’ the KKT-DIRK-LDG solution at time .

For each DIRK stage i, the KKT-system for the higher order
accurate positivity preserving LDG discretization is now defined. After
solving the KKT equations for i =1,---,s, the numerical solution
at time ¢"*1 is directly obtained from the last DIRK stage, U™ = U}' +hs
since we use DIRK methods with ag; = b;.

Remark 2.4.1. In order to ensure the positivity of the discrete initial
solution U ,? , we use the L?-projection coupled with the positivity constraint
, which is obtained by replacing U™t with U°. Mass conservation
of the positivity limited initial solution is ensured by the equality constraint

~ Nk ~
WU =" /Kuo(x)dK— > ZUJK’O/quf(x)dK.

KeTy, KeTy, j=1

The constraints on the L?-projection are imposed using KKT equations
similar to . In order to prevent pathological cases, we assume that
the limited initial solution satisfies

3 / o (@)dK > tmin.
K

1
it KeT;
h
Remark 2.4.2. We emphasize that umin must be chosen strictly positive to
ensure that the positivity of the numerical solution is not violated by errors

due to the finite precision of the computer arithmetic.

2.4.3 Unique solvability and stability of the positivity
preserving LDG discretization

In Section we have presented the positivity preserving LDG dis-
cretization for . In this section, we will consider the unique solvability
of the algebraic equations resulting from the backward Euler KKT-LDG
discretization. In the theoretical analysis we will also consider the entropy
dissipation of the positivity preserving backward Fuler LDG discretization
and use periodic boundary conditions.

With —, the positivity preserving backward Euler LDG dis-
cretization results now in the following KKT system,

LU + V(U™ + V(U TAM T = 0, (2.27a)
—h(U™Y) =0, (2.27b)
min(—g(U"1), A7) = 0. (2.27c¢)
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Here L : RVeNe s RNeNe gnd

L™ =M (T = T 4+ 7 BQ™ (2.28)
MO —c 08T (2.29)
MS™ — APt (2.30)
MP" =p(U™). (2.31)
From (2.21))-(2.23)), we obtain that
BQ" =L} Q") e RNV, (2.32)
Cy(T™HS™ = — L2 (0, 8" € RANeNe, (2.33)
AP = — L (Pt € RAINENe (2.34)
DU = — Lp(U™") e RNeNe, (2.35)
where
C(ﬁn—i—l)
Cd(fjn-‘rl) — L c RdeNeXdeNe’ (236)
C(ﬁ'n+1)
C(U™1) eRNeNe, (2.37)

The constraints h : RVeNe 5 R g : RVeNe 5 RN»Ne are defined by

Ng
WOy = S /KU’?dK_ 3 Zﬁf’(”“)/KqﬁjK(m)dK, (2.38)

KeTy, KeTy j=1
rrn r7 r7 Kne (770
g(U™) i=(gr (U)o g (U)o g e (U, -
o
gy (U™h), (2.39)

with the definition of the constraints gfj, 1 <p< Np1<j< N, given

in @22,

2.4.3.1 Auxiliary results used to prove the solvability of the
KKT-system

In this section, we will introduce some auxiliary results, which will be used
in Section [2.4.3.2|to prove the unique solvability of the KKT-system ([2.27)).
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Definition 2.4.3. [41, Sections 1.1, 3.2] Let K be given by (2.18), given a
map L : K — R%/. The Variational Inequality (VI(K, L)) is to ﬁnd Uek
such that

(y—U)LU)>0, yek. (2.40)
The solution of VI(K, L) ([2.40|) is denoted by SOL(K, L).

Using the nodal basis function and the definition of g in (2.39) and
(2.25), the inequality constraint set in (2.18]) can be written as

Ky :={U € R®T| U™ < U; UM i e {1,--- ,dof}}, (2.41)

and we write K as

N
Ky = [ Kn,. (2.42)
v=1
N ~
where K, is a subset of R"? with Z ng = dof. Thus for a vector U € K,
9=1

we write U = (Uy), where each Uy belongs to K™,

Definition 2.4.4. [41, Section 3.5.2] Let K; be given by (2.41), a map
L : K, — R%f is said to be _ _
a) a P-function on K, if for all pairs of distinct vectors U and U’ in K,

Uy — Up)T(Ly(U) — Ly(T")) > 0
 max (Uy Ug)" (Ly(U) = Ly(U")) > 0,

b) a uniformly P-function on K, if there exists a constant @ > 0 such
that for all pairs of distinct vectors U and U’ in Ky,

Uy — U, U)— Ly(T")) > w||U - U'|%
mas (Ty - T (Lo(D) - Lo(T) > w0 - T'|

Lemma 2.4.5. [/1, Proposition 3.5.10] Let K, be given by .

a) If L is a P-function on Ky, then VI(Ky, L) has at most one solution.

b) If each K, is closed convexr and L is a continuous uniformly P-
function on Ky, then the VI(Ky, L) has a unique solution.

Lemma 2.4.6. [/1, Proposition 1.3.4] Let U € SOL(K,L) solve
with K given by . If Abadie’s Constraint Qualification holds at U,

which means that the tangent cone of K at U is equal to its linearization
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cone, then there exist vectors p € R and A € R™ satisfying the KKT
system .

Conversely, if each function h; ( <j<l) s aﬁne and each function
gi (1 < i < m) is convex, and if (U u)\) satzsﬁes , then U solves
VIK, L) given by (2.40) with K given by (2.1§

2.4.3.2 Existence and uniqueness of LDG discretization with
positivity and mass conservation constraints

In this section, we will prove existence and uniqueness of the KKT system
(2.27)-(2.39) using the unique solvability conditions discussed in Section
2437

Lemma 2.4.7. For periodic boundary conditions, the matrices B in

and A in satisfy BT = A.

Proof. In order to prove the symmetry of B in (2.32)) and A in (2.34)), we
define the bilinear function a : (V¥ x W¥) x (V¥ x W¥) — R by

n n n /\n+1
a(PyLQut i p,0) =@, Vp) — Z @Qn  -v,p)ok
KeTy
— (BP0 + Y (P v 0)ox.
KeTy

Based on the definition of B in (| using - Ain using ,

we rewrite the above bilinear functlon a as follows:

Q0 =) () (P

~ ~n+1
with o, © the LDG coefficients of p,8 and P"+!, QnJr the LDG coefficients

of P I? ! ) QZH, respectively.
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Interchanging the arguments of a, we get

a(p,0; PP QrtY) =0, VPP = > (0w, PP ok
KeT,
(V@) + > (v @y ok
KeTy,
=— (PP V-0 + > (0 v, Pk
KeT,

= > O-v, PP ox + (@), V)
KeTy,

= v QN ox + Y (v Qo

KeTy, KeTy

Using equality 1' the alternating numerical fluxes for 6 and p in (i
or (2.9), and the periodic boundary conditions, we obtain

ST v PP ok — > 0w P o =Y (PE v 0)ox,

KeTy KeTy KeTy,
1 1 ~n+1
- Z P,V Qn+ oK + Z Pﬂ/ Qn+ ) - Z (Qh ' Vap)(?K-
KeTy, KeTy, KeTy,
Hence,

a(PP, Q1 p,0) = a(p,0; P, Qpt),

which implies

0 B nt1l AVNT _ om0 B T
wor( G o )@@ =@ () ) ee)
0 AT ~i1 ~ntl
=(0,0) ( B o )(P e ) (2.43)
Since (P]?H,Q"H) € VF x WF and (p,0) € V¥ x W§ are arbitrary func-

tions, relation (2.43)) implies that A = BT O]

Using (2.29 - and Lemma |2 the operator L(U™!) in

can be ertten as

L(ﬁ”_‘—l) :M(Uvn+1 B ﬁn)
+ "I BM I Cy(U M BT M D(U™HY). (2.44)
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Lemma 2.4.8. Given ﬁ”, the operator L in s a uniformly P-
function on K.

Proof. Using relation 1' for L, for arbitrary (7}”1,(7}1;1 € K, there
holds

LUF™) = L) = MUF* = U5
+ 7T BM T Cy (U )M BT M D(U )
— "M BM (U YM BT M DU, (2.45)

After subtracting and adding 7'”+1BM_1Cd(ﬁ]"H)M_lBTM_lD(ﬁ}LIH)
in (2.45)), we obtain

LOPY — LU = MU — Ut
+ " BM T Cy(Up T )M BT M (DU — D(U))
+ " BM Y (Cy(UPY) — Cy(US Y)Y M BT M~1D(UY).  (2.46)

For i € {1, -+, NyN.}, with the definition of D in (2.35) using (2.7d)), we
obtain that

(DUFH) = D)
NkNE NkNe

= [ X oty )~ | X Grie | | oo
j=1 j=1

Ny Ne
=Y (@ - O /Q H(€1) 65600, €171 € (Ut Urgh),
j=1

and write

DU — D(US™) =Dy

(&0 = U, (2.47)

Similarly, for i,7,k € {1,---, NpyN.}, from the definition of Cy in (2.33)),
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(2.36)) using (2.7b)), we obtain that

Ca(UTHY) — Ca(UF)
CUrthy — oyt

cUpth) - (U™
(CUMHY) = CUMY)

NgNe NiNe
= /Q <f ( > U}Tm) ~f ( > U}}T,sqﬁk)) ¢ $idQ2

k=1 k=1

Ny Ne
= > O - /Q F(& ) ory0id®, €54 € (URTH UL,
k=1

and write
o~ o~ NkNe ~ ~
CUPY) = U™ = D [Cop& MU = URD. (2.48)
k=1

In order to_estimate (2.46), with (2.47)-(2.48), we assume for arbitrary
U € K, in (2.41), that

C(U)y] <e,  |D0)i| < e,

|
[Cx(U)islkl <e,  |Da(U)ij| < e, iy4ik € {1,-+ NN}, (2.49)

with ¢ a positive constant, independent of U. In the remainder of this
section c is a positive constant, but not necessarily the same.

Using (2.47)-(2.48)) and assumption (2.49)), we obtain the following two

estimates

O — U BM T Cy(U M BT M (DU - D(UHY)
<|IBIIM | Ca@r D IM Y I BT ([|M Y| Dg (YT — T2

<c| Ut — U3,
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and

O — U YT BM~Y(Ca(UPT) — Co(US)M BT ML DU
NiNe _
<IBIIM Y S N, EDRlIM BT (| I|DO)
k=1

o7+ = U512
<l U7+ = UF.
Then multiplying 1) with (ﬁ}lﬂ — ﬁ?fl)T gives
(O3t~ T (L) - L)
= = U MU = U + 7O = O TBM
Ca(U7 M BT MY (D(U7H) = DOF) + 71U = U7 T
BM~HC (UMY — Co(UE )M BT M DU}
>ol| U7+ — U P = 2er™ | UPH = TP, (2.50)
where ¢ > 0 is the smallest eigenvalue of the symmetric positive mass

matrix M. o
Choosing 0 < 77! < 1o with VU}‘H, UI"IJrl € Kp, we obtain that
c

(O = U (LOF ) - LOF) 2 G107 - TP (251)
which implies that for 771 sufficiently small L(ﬁ "+1) is a uniformly func-
tion of K, O

From Lemmas [2.4.5, 2.4.6] and 2.4.8] we obtain the main result of this
section.

Theorem 2.4.9. Given the DG coefficients U™ and the positivity preserv-
ing backward Euler KKT-LDG discretization — with equality
constraint h = 0. If assumption 1s satisfied, then the KKT system
— with periodic boundary conditions has only one solution.

Corollary 2.4.10. Given the DG coefficients Un. If assumption
is satisfied, then for the degenerate parabolic equation with periodic
boundary conditions there exists only one solution satisfying the higher or-
der accurate in time, positivity preserving KKT-DIRK-LDG discretizations
(2.24)) with equality constraint h = 0.
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Proof. Since the DIRK coefficient matrix (a;;) introduced in Section m
is a lower triangular matrix, the structure of the DIRK-LDG discretizations
is similar to the structure obtained for the backward Euler LDG discretiza-
tion. The analysis therefore is completely analogous to Theorem O

2.4.3.3 Stability of the KKT-LDG discretization

Theorem 2.4.11. Given the numerical solution U] € V,{“ of the positivity
preserving backward Fuler KKT-LDG discretization -. If as-

sumption s satisfied, then the discrete entropy Ej stated in
satisfies forn=10,1,---,

EW(U;Y) < Bu(U]), (2.52)

which implies that the positivity preserving backward Euler KKT-LDG dis-
cretization with periodic boundary conditions is unconditionally entropy dis-
sipative.

Proof. From Lemma we obtain that the LDG coefficients U1 of
the positivity preserving solution U, ,?H solve

(y — U HTLO™Y) >0, Vyek, (2.53)

with L given by (2.44]) and K given by (2.18).
From assumption (2.49)), we have that there exists a positive constant
c > co > 0 such that

Ut — eM~'D(U™) e K. (2.54)

Next, we choose y = U™ — ¢eM~1D(U™!) in , which implies
—e(M' DU )T LO™Y) > 0. (2.55)
Using and the fact that ¢ > 0, we obtain that implies the

inequality
D(ﬁn+1)T(ﬁn+1 _ ﬁn)

+r" DO M BM T Cy(U T YM ' BT M D(U™ ) < 0. (2.56)
From the definition of Cy in , using and the conditions

on f stated in (2.3), we obtain that Cy(U™ 1) is symmetric positive definite.
Hence using 7"t > 0, we have

Tn+1D(ﬁn+1)TM_1BM_ICd((7n+1)M_lBTM_lD(ﬁn+1) 2 07
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which with (2.56)) yields

DOU™HT (o — o™ <. (2.57)

From the definition of D in ([2.35)) using (2.7d) and (2.57]), we obtain the
bound

(¢(@), Uy™ = Up) + (H'(Uy ™), U™ = UR) <0, (2.58)
Using the following Taylor expansion
H(Up) =HU;™) + H'(U (U] = Uit

1 n n n n n n
+ EH”(&;JFI)(U}LJFI - Uh )27 £3+1 € (Uh7Uh+1)a

we obtain that (2.58)) gives

(op(z), Up T —UP) + (HUZTY) — H(U}), 1)
#3 (G o - ) <o

which implies, using the definition of Ej in (2.14)), that
Bu(UF*Y) = Bu(U) = (6(2), Up™ — UR) + (HUE) = HOUP), 1) <0,

since (2.3) gives H”(¢5%1) > 0. This proves (2.52). O

2.5 Numerical tests

In this section, we will discuss several numerical experiments to demon-
strate the performance of the KKT-DIRK-LDG positivity preserving algo-
rithm for the degenerate parabolic equation . In the computations, we
will consider the porous medium equation, the nonlinear diffusion equation
with a double-well potential and the nonlinear Fokker-Plank equation for
fermion and boson gases. Firstly, we will present in Section the order
of accuracy of the DIRK-LDG discretizations with and without positivity
preserving limiter to investigate if the limiter negatively affects the accu-
racy of the discretizations. Next, we will present in Sections [2.5.3H2.5.5
test cases for which the positivity preserving limiter is essential. Without
the positivity constraint it is not possible to obtain a numerical solution or
only for extremely small time steps.
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In the computations, we take 7 = « - h. If the Newton method during
strongly nonlinear stages requires a large number of iterations, it is gener-

1
ally more efficient to reduce the time step to =7 and restart the Newton

iterations. When the Newton method converges well, then 7 is increased
each time step to 1.27, till the maximum predefined time step is obtained.

In order to avoid round-off effects, a positivity bound umin = 10710 is
used in the numerical simulations, except for Section where Ui, =
10~ ™. If it is not stated otherwise, the numerical results for 1D problems
are obtained on a mesh containing 100 elements and Legendre polynomials
of order 2. For 2D problems a mesh consisting of 30 x 30 square elements
and tensor product Legendre polynomial basis functions of order 2 are used.

2.5.1 Accuracy tests

For the accuracy test, we use a uniform mesh with M elements and posi-
tivity bound iy = 10~ 14,

Example 2.5.1. We consider (2.1)) on the domain © = (—1, 1) with Dirich-
let boundary conditions based on the exact solution and select the following
parameters

f(u) =u, H/(u) = u2, ¢(x) = 07 x € 0.
Then ([2.1) with a properly chosen source term has the nonnegative solution
u(x,t) = exp(—t)(1 —2*)°, 2 €Q.

We take « in the definition of the time step as a = 1. Tables
show that the DIRK-LDG discretizations with and without positivity pre-
serving limiter are convergent at the rate O(h*+1) for basis functions with
polynomial order ranging from 1 to 3. The errors and orders of accuracy
presented in Tables indicate that the positivity preserving limiter is
necessary and does not negatively affect accuracy.

2.5.2 Porous media equation

For the porous media equation, f(u)H"(u) can locally vanish, resulting in
degenerate cases [I13]. We test the asymptotic behavior of the numerical
solution and will show that the KKT limiter is necessary. The entropy
defined in , which should be non-increasing, is also computed.
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Table 2.1: Error in L®— and L'— norms for Example at time T = 1
without positivity preserving limiter.

Pr | M | [lun —upllpe(@) Order |lun —upllpi@o) Order  minuj
40 7.33E-003 - 1.03E-003 - -8.87e-005
1] 80 1.24e-003 2.56 2.27e-004 2.18  -1.08e-005
160 2.63e-004 2.24 5.44e-005 2.06 -4.41e-007
320 6.05e-005 2.12 1.35e-005 2.01 -1.57e-008
40 1.70E-003 - 8.73E-005 - -1.60e-005
21 80 1.43e-004 3.57 8.07e-006 3.44  -1.79e-007
160 1.36e-005 3.39 9.40e-007 3.10  -6.24e-009
320 1.34e-006 3.34 1.16e-007 3.02  -2.07e-010
40 1.45e-004 - 6.00e-006 - -2.14e-006
3| 80 9.87e-006 3.88 3.11e-007 4.27  -9.56e-008
160 5.51e-007 4.16 1.76e-008 4.14  -3.51e-009
320 3.50e-008 3.98 1.11e-009 3.99  -1.19e-010

Table 2.2: Error in L>*— and L'— norms for Example at time 7' = 1 with

positivity preserving limiter.

Pr | M | |lun —Ufllpe(qy Order |lup — Upllpio) Order minUy
40 7.33E-003 - 1.05E-003 - 2.05e-005
1] 80 1.24e-003 2.56 2.27e-004 2.21  8.15e-007
160 2.63e-004 2.24 5.44e-005 2.06  2.77e-008
320 6.05e-005 2.12 1.35e-005 2.01  8.55e-010
40 1.70E-003 - 8.73E-005 - 6.15e-008
21 80 1.43e-004 3.57 8.08e-006 3.43  3.03e-007
160 1.36e-005 3.39 9.40e-007 3.10  1.08e-008
320 1.34e-006 3.34 1.16e-007 3.02  4.55e-010
40 1.45e-004 - 6.02e-006 - 1.00e-014
3| 80 9.87e-006 3.88 3.13e-007 4.27  4.45e-008
160 5.51e-007 4.16 1.77e-008 4.14  1.21e-009
320 3.50e-008 3.98 1.11e-009 4.00 2.55e-011
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Example 2.5.2. In order to test degenerate cases, we choose the following
parameters in (2.1) on the domain © = (0,1) with zero-flux boundary
conditions

fu) =, H'(u) = % <u _ ;>3max <u ;) Ce)=0, e,

and initial data

1 1
u(z,0) = 3 §cos(2ﬂx), x €.

During the computations, the value of a for optimal convergence of the
semi-smooth Newton algorithm is most of the time close to 0.1. We present
the numerical solution in Figure for basis functions with polynomial
order ranging from 1 to 3 and with the KKT limiter enforced. Values of
the Lagrange multiplier A larger than 107'Y are shown in Figure which
indicate that the positivity constraint works well since it is only active at
locations where the solution is close to the minimum value. The entropy
decay using the KKT limiter and polynomial basis functions of order 3
is presented in Figure [2.2] which result is consistent with the stability
analysis. In Figure the numerical solution without KKT limiter and
for polynomial basis functions with order 3 is plotted. This computation
breaks down due to unphysical oscillations.

Example 2.5.3. We consider a 2D test case on the domain Q = (-6, 6)?
with zero-flux boundary conditions by choosing in (2.1]) the following pa-
rameters

flu)=u, H'(u)=2u, o¢x)=0 =z,

and initial data
1
u(z,0) = exp <—2|a:|2> , x el

The value of « in the definition of the time step ranges in this case be-
tween 0.1 and 1. Figure presents the numerical solution with the KKT
limiter active and also the Lagrange multiplier A\. Considering the position
of the non-zero Lagrange multipliers, we can see that the limiter also works
well in the two dimensional case since it is only active in areas where posi-
tivity must be enforced. The entropy decay is plotted in Figure 2.5, which
is consistent with the stability result of the numerical solution. Without
KKT limiter, there will be unphysical oscillations, and the computation
will break down at some point in the computations.
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Time 3 %1073 Time 3 x10°
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Figure 2.1: (Example[2.5.2) Numerical solution Uy, for different orders of polyno-
mial basis functions P;-Ps with the KKT limiter enforced and Lagrange multiplier
A (red dots).

2.5.3 Nonlinear diffusion with a double-well potential

Consider the nonlinear diffusion equation with double-well potential [72] on
the domain 2 = (—1.4, 1.4), which is obtained by choosing in ({2.1)) zero-flux
boundary conditions and the following parameters

fu)=u, H'(u)=u, ¢x)=-2"- 5% =€ Q0. (2.59)

This model is taken from [19]. We will test the evolution of the numerical
solution with and without KKT limiter, and also the decay of the entropy
(2.4). The value of a to compute the time step ranges between 0.01 to 0.1.
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108 ‘ E"TY‘OPY

S

Figure 2.2: (Example [2.5.2) Entropy Ej for P basis functions with the KKT
limiter enforced.

Time 0.29317

081

06

02

0.2

0 D.‘1 0.‘2 0‘3 0.‘4 0.‘5 0‘6 0.‘7 0.‘8 0.‘9 1
X

Figure 2.3: (Example[2.5.2) Numerical solution Uy, for Ps basis functions without

KKT limiter just before blow up.
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Time 5 Time 5

Figure 2.4: (Example [2.5.3) Numerical solution Uy, for Py basis functions with
KKT limiter enforced (Left) and Lagrange multiplier A (Right).
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Figure 2.5: (Example [2.5.3) Entropy Ej, for Py basis functions with KKT limiter
enforced.
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Example 2.5.4. We consider (4.1)) with (2.59)) and the initial data

2 2
u(z,0) = \/((]mexp <—$> , x €.

The numerical solution with the KKT limiter enforced and the values
of the Lagrange multiplier \ larger than 107!0 are shown in Figure
These results indicate that the numerical solution tends to a steady state
and that the KKT limiter is only active at places where the positivity
constraint needs to be imposed. The entropy dissipation is presented in
Figure which uniform decay coincides with our theoretical analysis.
For the numerical solution without KKT limiter, we observe that violating
the positivity constraint will result in discontinuities in the solution and a
breakdown of the computation, even for very small CFL number.

2.5.4 Nonlinear Fokker-Plank equation for fermion gases

We consider the nonlinear Fokker-Plank equation for fermion gases [13] on
the domain © = (—10,10)2, for which we select the following parameters

in 21)

1
fw =ul—w), H(u)=lg—, o@) =3P zecQ (260
together with zero-flux boundary conditions.

Example 2.5.5. We consider (2.1)) with (2.60|) and initial data

u(,0) :2\}% <eXp (—;p; _ o, 2)|2> +exp (—;L'z: ~ (2, _2)|2>
+ exp <—;\:1: - (—2,2)|2> +exp (—;kc (-2, —2)12)> L zeq.

During the computations, the value of « in the definition of the time
step ranges between 0.1 and 1, but for most time steps @« = 1. The nu-
merical solution at several time levels with the KKT limiter enforced and
the entropy dissipation are presented in Figures and respectively,
showing the time-asymptotic convergence of the numerical solution towards
a steady state. Without the KKT limiter, the computations break down,
even for very small CFL numbers.
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Time 10.2418

Figure 2.6: (Example [2.5.4) Numerical solution Uy, for Py basis functions with
KKT limiter enforced and Lagrange multiplier A (red dots).

Entropy

-0.005 b

w -0.015 |- 1

-0.025 - 1

Figure 2.7: (Example [2.5.4) Entropy Ej, for Py basis functions with KKT limiter
enforced.
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Time 0 Time 0.49611

Time 10.9604 Time 20

Figure 2.8: (Example [2.5.5) Numerical solution Uy, for Py basis functions with
KKT limiter enforced.

2.5.5 Nonlinear Fokker-Plank equation for boson gases

Example 2.5.6. We consider a nonlinear Fokker-Plank equation for boson
gases with zero-flux boundary condition on a domain 2 = (—10, 10), which
requires the following parameters in (2.1))

flw) =u(l+u®), H'(u)=log

The initial data is [13} [83]

0= (o (52 e (052). e
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Figure 2.9: (Example [2.5.5) Entropy Ej, for Py basis functions with KKT limiter

enforced.

where M > 0 is the mass of u(z,0).

For most time steps, the value of « in the definition of the time step
is 1. For the case M = 1, Figure displays the numerical solution at
various times. Also, the locations and values of the Lagrange multiplier A
and the entropy with the KKT limiter enforced are shown. The results in
Figures[2.10]and [2.11] indicate that the numerical solution tends to a steady
state, and that the Lagrange multiplier A\ is needed to ensure that the
positivity constraint is satisfied. Without KKT limiter, the computations
break down, even for very small CFL numbers.

For this model equation, there is a critical mass phenomenon [I], which
states that solutions with a large initial mass blows-up in a finite time,
while solutions with small mass at initial time will not. The numerical
solutions with sub-critical mass M =1 at times ¢ = 5 and ¢t = 10 and with
super-critical mass M = 10 at times t = 0.2 and ¢ = 1 are shown in Figure
and Figure respectively, and are in agreement with the results
shown in [I] and the numerical observation in [13, [83].

2.6 Conclusions
The main topic of this chapter is the formulation of higher order accurate

positivity preserving DIRK-LDG discretizations for the nonlinear degen-
erate parabolic equation (2.1)). The presented numerical discretizations
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Figure 2.10: (Example[2.5.6): Numerical solution U}, for Py basis functions with
KKT limiter enforced.

allow the combination of a positivity preserving limiter and time-implicit
numerical discretizations for PDEs and alleviate the time step restrictions
of currently available positivity preserving DG discretizations, which gen-
erally require the use of explicit time integration methods. For the spatial
discretization an LDG method combined with a simple alternating numer-
ical flux is used, which simplifies the theoretical analysis for the entropy
dissipation. For the temporal discretization, the implicit DIRK methods
significantly enlarge the time-step required for stability of the numerical dis-
cretization. We prove the existence, uniqueness and unconditional entropy
dissipation of the positivity preserving high order accurate KKT-LDG dis-
cretization combined with an implicit Euler time discretization. Numerical
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Figure 2.11: (Example [2.5.6): Entropy Ej for P, basis functions with KKT
limiter enforced.

results are presented to demonstrate the accuracy of the higher order ac-
curate positivity preserving KKT-DIRK-LDG discretizations, which is of

optimal order and not affected by the positivity preserving KKT limiter.
The numerical solutions satisfy the entropy decay condition.
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Figure 2.12: (Example M = 1): Numerical solution U, for P, basis
functions with KKT limiter enforced.
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Figure 2.13: (Example M = 10) Numerical solution Uj for Py basis
functions with KKT limiter enforced.



Chapter 3

Higher Order Accurate Bounds
Preserving Time-Implicit Discretizations
for the Chemically Reactive Euler
Equations

Abstract

We construct higher order accurate bounds preserving time-implicit
Discontinuous Galerkin (DG) discretizations for the reactive Euler
equations modelling multispecies and multireaction chemically reac-
tive flows. In numerical discretizations of chemically reactive flows,
the time step can be significantly limited because of the large differ-
ence between the fluid dynamics time scales and the reaction time
scales. In addition, the density and pressure should be nonnega-
tive and the mass fractions between zero and one, which imposes
constraints on the numerical solution that must be satisfied to ob-
tain physically realizable solutions. We address these issues using
the following steps. Firstly, we develop the Karush-Kuhn-Tucker
(KKT) limiter for the chemically reactive Euler equations, which im-
poses bounds on the numerical solution using Lagrange multipliers,
and solve the resulting KKT mixed complementarity problem using
a semi-smooth Newton method. The disparity in time scales is ad-
dressed using a fractional step method, separating the convection and
reaction steps, and the use of higher order accurate Diagonally Im-
plicit Runge-Kutta (DIRK) methods. Finally, Harten’s subcell reso-
lution technique is used to deal with stiff source terms in chemically
reactive flows. Numerical results are shown to demonstrate that the
bounds preserving KKT-DIRK-DG discretizations are higher order
accurate for smooth solutions and able to capture complicated stiff
multispecies and multireaction flows with discontinuities.

o1
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3.1 Introduction
Consider the one-dimensional N-species chemically reactive Euler equa-

tions [11]

{Ut +F(U)e = SU), (x,t) € 2 x (0,tr], (3.1)

U(z,0) = Up(z), x €,

with Dirichlet boundary conditions, where

p m 0
m pu? +p 0
v=| P | ro=| EIP D s = | f
1 puzl S1
rN_1 PUZN -1 SN-1

Here p is the density, u the velocity, m = pu the momentum, F the total

energy, and z; (j = 1,...,N) the mass fraction of the j-th species with
N

Z zj = 1, and r; = pz;. In the following, we compute zy always using
j=1

N-1

zNzl—sz,

J=1

which automatically ensures conservation of species. The pressure is ob-
tained from the equation of state

1
p= (Efipuzfqlpzl —...—qnpzN)(y— 1), (3.2)
where ¢; is the enthalpy of formation for the j-th species and v the ratio
of specific heat at constant pressure ¢, and constant volume c¢,. Physical
realizability requires that the density p and pressure p are nonnegative and

the mass fractions z; satisfy z; € [0,1], j = 1,..., N. The source terms
sj (j =1,...,N) describe the chemical reactions. For R reactions of the
form

/ / / /! i /!
VX1t vy, Xot .oty Xn = v X+, X+ o+ vy, X
r=1,...,R,
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for the species X; and stochiometric coefficients v}, and v7,, the rate of
production of species j for the above chemical reaction can be written as

N
kAﬂII(iZ) ], j=1,2,...,N, (3.3)

R
— no_
S5 = M] Z(Vj,r Vj,r)
r=1 k=1

where M; denotes the molar mass of the j-th species and k,(T), which is a

function of the temperature T' = P (see [117, [118]), indicates the reaction

rate. In this chapter, we take

BT, T>T,,
ke (T) =14 " " (3.4)
0, T<T,,

where for each reaction r, T, is the ignition temperature, B, and «, are
the pre-exponential factor and the index of temperature, respectively.
The system of equations generally will be stiff [31] since the
time scale of the reaction equations U; = S(U) will be an order of mag-
nitude smaller than the time scale of the homogeneous Euler equations
Ui+ F(U), = 0. This stiffness presents a serious challenge to the design of
higher order accurate and efficient numerical discretizations. In particular,
in high speed chemically reacting flows, the reaction speed can be much
faster than the gas flow, which can easily result in spurious numerical re-
sults [31), RT], including wrong propagation speeds and incorrect locations
of discontinuities. In addition, the stiff source terms in the chemically re-
active Euler equations can severely limit the time step size when explicit
time integration methods are used. A second challenge for numerical dis-
cretizations of the chemically reactive Euler equations is to ensure that
the numerical solution is physically realizable, namely density and pressure
must be nonnegative, and mass fractions should be between zero and one.
Many attempts have been made to avoid spurious phenomena when
solving the chemically reactive Euler equations [10} 1T}, 108, 117, 118] and
to ensure that the physical bounds are preserved in the numerical discretiza-
tion [30, 113]. For example, using the splitting methods discussed in [51],
the chemically reactive Euler equations can be divided into homogeneous
equations and reaction equations. In order to locate the proper position
of discontinuities in the reaction part and to avoid spurious solutions, a
second order MinMax scheme [108] and a first order random projection
method [10} [IT] were proposed, but these methods are difficult to gener-
alize to higher order accuracy. Harten’s essentially non-oscillatory (ENO)
subcell resolution technique [62], which preserves higher order accuracy,
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was utilized in [117, [IT§] for time-explicit finite difference methods in the
reaction part.

Positivity preserving DG discretizations of the chemically reactive Euler
equations were obtained in [I13] by extending the method presented in [134]
to preserve the positivity of density, pressure, and mass fractions, except
for the mass fraction zy. The basic idea in [I13] is based on the maximum-
principle-preserving technique presented in [134], but since individual mass
fractions do not satisfy a maximum principle it is not easy to extend this
approach to preserve the upper bound for the mass fractions. Using the
bounds preserving technique presented in [24], 43| [44], [86], high-order bounds
preserving DG methods for multicomponent chemical reactive flows were
established in [36], 38].

In general, explicit time discretization methods are chosen to solve
the chemically reactive Euler equations with stiff source terms, see e.g.
[108, 113}, 117, 118] 127], but these methods frequently result in severe time
step constraints to ensure stability of the numerical discretization. In [36],
the time step was enlarged by modifying the explicit exponential Runge-
Kutta (RK)/multistep time-discrete methods as in [68], but this high-order
bounds preserving DG method only works on very fine meshes. For implicit
time-discrete methods, the backward Euler method was chosen for the reac-
tion equations in [10}11], but this numerical discretization is only first order
accurate. Also, it is difficult to extend the method in [10, 1] to high-order
discretizations since the reaction operator in this numerical discretization is
highly dependent on the time discretization method. Recently, Qin and Shu
in [94] established a positivity-preserving implicit Euler DG time discretiza-
tion for one-dimensional hyperbolic conservation laws. Since no high-order
strong-stability-preserving RK method can be written as a convex combi-
nation of backward Euler methods [53], this approach can not be directly
extended to high-order methods. Van der Vegt, Xia and Xu in [I11] con-
structed a time-implicit bounds preserving DG discretization for parabolic
Partial Differential Equations (PDEs) by coupling the bounds constraints
with a higher order accurate Diagonally Implicit Runge-Kutta (DIRK) DG
discretization using Lagrange multipliers. The resulting equations are the
well-known Karush-Kuhn-Tucker (KKT) equations [41),[42] and the bounds
preserving scheme is therefore called KKT-limiter. The KKT equations are
solved using a semi-smooth Newton method, which can properly deal with
the non-smoothness of the resulting algebraic equations.

In this chapter, we will present novel time-implicit higher order ac-
curate bounds preserving DIRK-DG discretizations by extending the KKT
limiter concept proposed in [I11] to the chemically reactive Euler equations.
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We split these equations into a homogeneous part and a reaction part us-
ing fractional step methods. The higher order accurate bounds preserving
DIRK-DG discretizations for the homogeneous equations are constructed
using the KKT approach in order to ensure that the density and pressure
are positive and the mass fractions between zero and one. Also, a con-
straint projection is used to ensure that the bounds on the mass fractions
during the reaction step are obeyed.

Due to the numerical dissipation in shock-capturing schemes, the loca-
tion of discontinuities in the flow variables can be incorrect, which can acti-
vate the source term in an unphysical manner and result in incorrect shock
speeds and spurious solutions in the shock region. We address this problem
by modifying Harten’s higher order ENO subcell resolution method used
in [I17, [118).

The KKT bounds preserving limiting approach presented in this chap-
ter can be seen as a general framework to enforce bounds on the numerical
solution which can be easily adapted to other stiff and non-stiff problems
and offers great flexibility to ensure that various constraints on the ex-
act solution are preserved. Since the KKT bounds preserving limiter is
connected to the numerical discretization of the Euler equations using La-
grangian multipliers, the limiting procedure is independent of the specific
numerical discretization or flow equations. The KKT limiter thus can also
be used in combination with discretizations of the chemically reactive Euler
or Navier-Stokes equations with a general equation of state and different
reaction models. The use of DIRK methods is also interesting for possi-
ble extensions to the compressible reactive Navier-Stokes equations, which
have an additional time step constraint due to the viscous terms. Also,
implicit methods are more efficient when one is interested in steady state
solutions. An alternative to the DIRK time discretizations would be the use
of Implicit-Explicit (IMEX) time discretizations. Several IMEX schemes
can preserve positivity and Total Variation Bounded (TVB) bounds during
the time integration step, e.g. [52], 88, 103], but this does not guarantee
that these properties are preserved for the fully discrete scheme. Designing
IMEX-DG discretizations that inherently preserve bounds using the max-
imum principle preserving techniques in [132] 133] is non-trivial and still
an open question. The KKT limiter concept discussed in this chapter can,
however, also be used in combination with IMEX time discretizations, but
this is beyond the scope of this chapter.

The organization of this chapter is as follows. Using operator split-
ting techniques, we split in Section the chemically reactive Euler
equations into a homogeneous part and a reaction part. The higher or-
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der DIRK-DG discretizations for both parts are presented in Section
Further, using the KKT limiter, which is discussed in Section [3.3.1) we
present in Sections [3.3.2] and [3.3.3] respectively, higher order bounds pre-
serving DIRK-DG discretizations for the homogeneous and reaction parts
of the chemically reactive Euler equations. A semi-smooth Newton method
to solve the semi-smooth nonlinear algebraic equations resulting from the
DIRK-DG discretizations with KKT limiter is presented in Section [3.4]
The detailed algorithm, which can be seen as a template to construct time-
implicit bounds preserving schemes for chemically reactive flows, is given
in Section In Section [3.6] numerical results for both the Euler equa-
tions and the chemically reactive Euler equations are presented to show
that the bounds constraints are necessary and do not negatively affect the
higher order accuracy for smooth solutions. For discontinuous solutions,
we can see that the algorithm discussed in Section [3.5| accurately captures
discontinuities and is more robust and allows a significantly larger time
step than the algorithm presented in [36]. Concluding remarks are given in
Section In this chapter we will focus on the main idea how to develop
higher order accurate DIRK-DG discretizations combined with the bounds
preserving KKT limiter for the chemically reactive Euler equations, and
only discuss the one dimensional case.

3.2 Time-implicit DG discretizations

When computing discontinuous solutions of hyperbolic conservation laws
with inhomogeneous stiff source terms, spurious numerical results may be
produced due to the different time scales of the homogeneous part and the
chemically reactive part. In order to deal with this disparity in time scales,
we adopt in Section fractional step methods to split the chemically
reactive Euler equations into a homogeneous part and a reaction part.
In Section DIRK-DG discretizations for both parts will be presented.

3.2.1 Fractional step approach

For high speed chemically reacting flows, we use operator splitting algo-
rithms to deal with the stiffness in the equations. With these algorithms,
we split the chemically reactive Euler system into a homogeneous
Euler equation and a reaction equation

Ut +f(U)x :0, (3.5&)
U, — S(U) =0. (3.5b)
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The convection operator A represents the solution operator of (3.5a)), and
the reaction operator R is the solution operator of (3.5b)).

The time interval [0,¢7] is divided using the time steps 7" such that

n

ZT" =tr and " = ZTj. Given the solution U™ at time t", the solu-
n 7j=1

tion at time t"*! can be computed with the second order Strang-splitting
algorithm in [102] as

7.n—&-l Tn+1

Ut = A (2) RV (771 4 <2> U+ 0(r%),  (3.6)

where

Ny

Here N, =1 is the original Strang-splitting algorithm. For test cases with
fast reaction rates, IV, should be larger than one, see [118§] and also [76] for
a study of N,—values, otherwise the reaction zone will be under resolved
in time, which results in inaccurate solutions and possibly also in spurious
numerical solutions.

For third order accurate discretizations, we will use the third order
operator splitting algorithm presented in [70], but also other third order
operator splitting algorithms could be used [15, [33] 51}, [79].

3.2.2 DIRK-DG discretizations

In this section, we will summarize the DG discretization of the chemically
reactive Euler equations combined with higher order DIRK time integration
methods [61]. The numerical discretizations of will be combined in
Section [3:3.2] with the KKT limiter, resulting in bounds preserving time-
implicit DG discretizations. In order to deal with stiff source terms, we will
discuss in Section the use of Harten’s subcell resolution technique in
the numerical discretization of the reaction part.

For the DG discretization, we consider a partition of the domain 2 =
[a, b] using N, + 1 points

a:x%<x%<~-<xNe+%:b,
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and denote element K;, 1 < j < Ne as Kj = (xjf The reference

mesh size h is denoted as

%a$j+%)'

h= max |z.,1 —x. 1.
1<j<Ne’ ) J*E‘

The discontinuous finite element spaces are defined as

th = {U € L2(Q) : /U|Kj € Pk‘(KJ)v j = 17 U 7N€}7
V=)',

where P;,(K;) denote the polynomials of degree £ > 0 on each element Kj.

In the numerical discretizations, we will first consider the homogeneous
Euler equations with NN species. The DG discretization is: Find
Uy (t) € VF, such that for all Vj, € V¥

[ @ivido + @) <o (3.7)

is satisfied, where
H(Up; Vi) = /fuh Vi) dQ+Z< (1 Valz )—ﬁj_,vh(:cf )),

here we use the local Lax-Friedrichs flux [98] defined as

~

Py =F <”h(”§+;)’”h($f+;)>
=5 (F(L{h(mﬂé))qt]:(uh(xﬁé))aj <Uh( +2) Uy (z- 2)>>7

with o = ||\/vp/p + |u]HLOO($f Lt ) the maximum wave speed in the

Jjt+3’ J+%
. + IERT .
homogeneous Euler equations and T 1= lelﬁ)l( il te) at Tiyl, J =

0,--,N..

Next, we will discretize the semi-discrete formulation ([3.7)) in time using
DIRK methods. The approximate solution at time ¢" is denoted as U}’ =
Un(-,t™). Assume that we know the numerical solution at time level n,
then we can compute the solution at time level n + 1 using the following
steps. Given the Butcher tableau with matrix (a;;) and vector (b;), with
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as; =b;, 1 =1, 5. We compute the s intermediate DIRK stages i (i =

1,---,s) by solving the nonlinear equations
/ (u;LLJrLZ — U VhdQ 4 7 Z ain(U;;H’j; Vi) =0, (3.8)
Q -
7=1
for the intermediate solutions U, LI The intermediate solutions u, s

are obtained from (3.8 using a semi-smooth Newton method after they are
coupled with the bounds preserving KKT limiter, which will be discussed
in Sections and [3.4] Then the solution at time ¢ = "+ is equal to

Ut =y, (3.9)

We use the DIRK methods presented in Section[I.3.2.2] For polynomials
of order k = 1 and 2, we use, respectively, the Butcher tableaux (1.6 and
(1.7). Note these DIRK schemes satisfy ag; = b;, ¢ = 1,-- -, s and are
stiffly accurate. The order of accuracy of these DIRK methods is k + 1.
Since the matrix (a;;) in DIRK methods has a lower triangular structure,
which means a;; = 0 if 7 > ¢, DIRK methods can be easily implemented
by successively solving the DIRK stages for ¢ = 1,---,s. For detailed
information about DIRK time-discretization method, we refer to [61].

For the reaction equations , the DIRK-DG discretization can be
straightforwardly obtained by taking the L2-inner product in space with
test functions Wy, € Vﬁ combined with the DIRK time integration methods,

/Q U — U WRdQ — 77y "y /Q S WdQ = 0,
j=1

i=1,---,s, (3.10)

with the solution at time t"*! given by (3.9).

3.3 Bounds preserving DG discretization

Physical realizability requires that the solution of (3.1) has a nonnegative
density p and pressure p and that the mass fractions z; (1 < j < N) are in

N
the interval [0, 1], with Z zj = 1. In general, it is very difficult to develop
j=1
time-implicit DG discretizations of the chemically reactive Euler equations
that intrinsically satisfy these constraints. In this chapter we will therefore
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follow a different approach. Following the procedure we outlined in [ITT]
for the construction of bounds preserving DG discretizations of parabolic
PDEs using the KKT limiter concept, we impose the constraints on p, p
and z; (1 < j < N —1) explicitly using Lagrange multipliers. The resulting
KKT equations are, however, only semi-smooth and can not be solved
efficiently with standard Newton methods. We use therefore the active
set semi-smooth Newton method presented in [I11] to solve the nonlinear
algebraic equations of the KKT-DIRK-DG discretization of the chemically
reactive Euler equations with explicitly imposed bounds.

In Section [3.3.1 we will summarize the KKT equations that result
from the combination of the DIRK-DG discretization with the bounds con-
straints. Next, we will discuss in Section the constraints on p, p and
zj (1 < j < N —1) and how to impose these constraints on the stages
in the DIRK-DG discretization of the homogeneous Euler equations .
Since discontinuities that appear in the convection step will be smeared
due to numerical dissipation, this can result in incorrect shock positions
and reaction rates. We will discuss in Section [3.3.3 how to deal with this
issue and also present a constrained L?-projection to preserve the bounds
on the mass fractions z; (1 < j < N) in the reaction equations (3.10).

3.3.1 Imposing bounds on the DG discretization

The numerical solution of the DG discretization in each element K is ex-
pressed as

Ny
Ul =Y _Uf Y, (3.11)
j=1

with basis functions ¢JK € Vﬁ and DG coefficients U JK . We collect all DG

coefficients in the vector U € Rde/ , with dof the number of DG coefficients.
In order to ensure that the DG discretization satisfies the bounds on p, p
and zj (1 < j < N), we need to impose additional constraints on U. Define
the set

K :={U € R®!| ¢(U) < 0},

with ¢ : R/ — Rdof " a differentiable function with the inequality con-
straints, see Section that must be imposed on the DG coefficients U.
Denote Vi the gradient with respect to U. Let L : R%f — R4S be the
unconstrained DIRK-DG discretization —, which is continuously
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differentiable. The corresponding Karush-Kuhn-Tucker (KKT) equations
[41] are then

, (3.12a)
, (3.12b)

where A € R%!" are the Lagrange multipliers used to ensure that the con-

straint g(U) < 0 is satisfied. Here L denotes the perpendicularity between
two vectors. For the compatibility condition ([3.12h]), we have that

~

g;({U)<0, Xj>0, and g;(U)\; =0, j=1,---,dof’,
which is equivalent to
mln(—g](ﬁ),)\]) :07 lev 7d0f,'

Then with F : Rdoftdof’ _y Rdoftdof’ the KKT-system (3.12) can be
formulated as

OzF(z)z( L0, ) (3.13)

with z = (U,)). Note the KKT system is nonlinear and F(z) is
only semi-smooth [69, [42] due to the compatibility condition . This
implies that standard Newton methods, which require F' to be continu-
ously differentiable, will not be efficient to solve . In Section we
will therefore discuss the global active set semi-smooth Newton method
presented in [I11] and adapt this method to solve the bounds preserving
DIRK-DG discretization for the chemically reactive Euler equations.

Remark 3.3.1. The bounds constraints in the KKT limiter are only ac-
tive at grid points where the numerical solution does not satisfy the physical
bounds. Imposing the exact physical constraints at these nodes does not in-
fluence the numerical discretization elsewhere and preserves the conserva-
tion properties of the DG discretization. This was investigated in detail in
[111)], where it was shown that enforcing element wise conservation in the
KKT limiter, next to the physical bounds, has no effect on the numerical
solution. Hence, the conservation properties of the DG discretization, and
in particular the shock speeds and shock positions, are not affected by the
KKT limiter.
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3.3.2 Constraints on the homogeneous Euler equations

Since the density p and pressure p must be nonnegative, and mass fractions

zj (1 < j < N) must be in the interval [0, 1] and also satisfy the equality
N

constraint Z zj = 1, we need to impose these constraints explicitly in the
i=1

KKT algorgthm discussed in Section [3.3.1

Imposing these constraints at all points in an element would be pro-
hibitively expensive and also very difficult, especially for higher order ac-
curate discretizations. This is, however, not necessary since in the DG
discretization only data at the element and face quadrature points are
used. The physical constraints therefore only need to be imposed at the N,
quadrature points used in the DG discretization. These constraints then
are expressed in terms of the DG coefficients U in since these are
the unknown variables in the DG discretization. We use Gauss-Lobatto
quadrature points, which are both inside the element and at element faces.
This ensures that the bounds are also preserved in the flux calculations.

After setting the test functions V3, = ¢h € V¥, the unconstrained DIRK-
DG discretization ) for stage ¢ (i =1,---,s) can be expressed as

L) = MO =0 4 713 Jap HO™),  (3.14)
j=1

with
H(U) := H(Up: ¢1),

and mass matrix M.

Using the expression for Uy, in terms of the basis functions (3.11f), we can
explicitly express each component of Uj, in terms of the basis functions, e.g.
for the i-th DIRK stage with ngK € fo, we have for the density in element
K the expression

Ny,

ph K,(n+1 z) Z K J(n+1,1) (iL’),

with similar expressions for my, Ey, 74,1, -+ ,75,v—1. The inequality con-
straints on p,p,z; (1 < j < N) are imposed in each element K at the
quadrature points x;, 1 <1 < Ny, e

K _ K K
9, = (gpl,...,gqu).
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The bounds on the DG coefficients U1 = (prti, mrtli /E\”‘H’i, ?anrl’i
- ’?]1\1:11@) in the DIRK-DG discretization 1} can now be stated as

1. Positivity Constraints

~ i K, 1,2
g5 =pin — pp " @), 1=1,...,N,,  (3.15)

gE (@) =pin —pp T (@), =1, N, (3.16)
K,(n+1,1) (xl)

. . T, .
K (~n+li ~n+l, h,
g(zj)l(pn—l- 7177‘;1 Z) = K{(nJrl’i) y l= 17~-->NQ7
Py, (1)
j=1...,N—1, (3.17)
N-1
where we use the equation of state (3.2) and zy =1 — Z zj in (3.16) to
j=1
express the dependence of the pressure on the conservative variables.

7i. Maximum Constraints

i mei —
G5, (BT FIL R
N—1 K,(n+1,)
Thj (1)
=2 Koy, L =1L N, (3.18)
j=1 Pp (1)

Note, for the constraints on the mass fractions we impose z; > 0 (j =
N-1

1,...,N — 1) and Z zj < 1 at all quadrature points. The condition
j=1

N-1

zy=1-— Z zj will ensure then that all mass fractions are in the interval
j=1

[0,1] and total mass is conserved.

The constants pumin, Pmin are the bounds imposed on the density or
pressure. In order to prevent that the density or pressure become negative
due to small numerical truncation errors, if not stated otherwise, we set
Pmin = Pmin = 10_10-

In order to simplify notation, we combine all inequality constraints into
a single vector

9= (Gp, Gps Gors -+ Gon ) - (3.19)
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with g, = (gf 1, g,[fN ¢) and similar expressions for the other terms g, g,
,-.,0zy- For the semi-smooth Newton method discusse/c\i in Section @, it
is crucial to note that g depends on the DG coeflicient U.

For each DIRK i-stage, the KKT equations for the bounds preserving
DIRK-DG discretizations can now be expressed as

LO™1,0) = LO™H) 1 Tog(DmHHT A = 0, (3.208)
0> g(T™) LA > 0, (3.20b)
with
Vo9 (ﬁnﬂ,i) _ Aﬁig € RIVH2NGNex (N+2) Ni N
oyun+ii

Here L: RINF2NeNe , RINE2)NeNe j5 the DIRK-DG discretization (3.14),
g: RWHNeNe _y RIN+2)NgNe the inequality constraints and \ €
RV+2NeNe the Lagrange multipliers.

The KKT equations for DIRK stage ¢ can be concisely expressed as the
following system of non-smooth algebraic equations

N LT, )
0=FU""" )\ = L, 0 : 3.21
oy (rnin(—g(U"“ﬂ),A) 20

After solving with the semi-smooth Newton algorithm, discussed is
Section we obtain the DG coefficients U n+1i which gives using
the DG solution U;LL +hix Next, monotonicity of the numerical solution is
enforced by applying the TVB limiter [27, 29] to U+1’i*, which results
in the updated DG coefficients ﬁ"H’i, and after is solved for all
Runge-Kutta stages gives the numerical solution U, ;LH' .

The physical constraints are thus imposed implicitly, coupled with the
DIRK-DG discretization, whereas the monotonicity constraint is enforced
after the solution of the KKT-DIRK-DG equations for each Runge-Kutta
stage is obtained.

Solving the DIRK-DG equations without imposing the physical con-
straints coupled with the DIRK-DG discretization can easily result in un-
physical solutions and thus in the breakdown of the Newton algorithm. In-
cluding the TVB limiter as a constraint to the DIRK-DG equations would,
however, make the algorithm unnecessarily complex and is not necessary
for stability.
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3.3.3 Constraints on the reaction equations

When solving the homogeneous Euler equations , all standard shock-
capturing schemes will produce smeared discontinuities in the shock re-
gions. For stiff reaction equations, the smeared discontinuities will then
result in inaccurate shock locations. This activates the source terms in an
unphysical way, which can result in incorrect shock speeds and spurious
solutions. Since it is impractical to resolve the very small chemical reac-
tion scales, a stable and accurate algorithm must be obtained based on the
data from the shock capturing scheme. We will follow here the process
outlined in [I17) 118| 127] using the Harten’s subcell resolution technique
[62]. First, we will discuss an algorithm that can identify elements that
contain discontinuities. Next, after computing the correct shock locations
in the reaction zone, we will reconstruct the temperature, mass fractions
and density on both sides of the discontinuity using data in the neighbor-
ing elements, which are less polluted by the numerical dissipation in the
discontinuity.

In order to better explain the reaction operator, we rewrite the source
term S(U) in as S(T,p, z1,...,zn) and denote its non-zero compo-
nents s; (k=1,2,...,N).

We will use the following algorithm:

1. Identification of correct position of discontinuities

a.) We use one mass fraction to identify elements that contain true
discontinuities inside the region with the smeared discontinuities. For this
identification, we choose a mass fraction z; that has a zero value in the
left-hand side state. If there is more than one such mass fraction or none,
we choose the mass fraction with the biggest jump in the smeared discon-
tinuities.

b.) Next, we use the minmod-based discontinuity indicator [I17] on the
selected mass fraction z; to identify elements with discontinuities. Element
K, = [:cl_%,xH%], I=1,..., Ng, is identified as being in the shock domain
if |Cy| > |Cj—1] and |C}| = |Ci41]| (with at least one strict inequality), where

Cy = minmod{(Zx)i+1 — (Zr)1, (Zr)1 — (Zk)1=1}

1
with (Zg); = @ /K z,dK; the element average of the mass fraction z; in
!

element K; that is selected under 1.a. We also check whether neighboring
elements K;_1 and Kjy; also contain a discontinuity, but for simplicity of
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exposition, we assume in the remainder that this is not the case.

2. Improve accuracy of temperature, mass fractions and den-
sity in discontinuities

If element K] is identified to contain a discontinuity, we obtain modified
values of the temperature T', mass fractions zx (k = 1,2,..., N) and density
p in element K using

Z] pl+1(x§P)7 lfl' > Tty

{ﬂx) =p1(@ 1), Z(z) =palzsan), plz) =poalzsp), o <n
T(x) =p(x;T), zZi(x) =pra(x;2e), plx)
(3.22)

with pj11(z;y) the DG solution for variable y in elements Kjiq, with y
either the temperature 7', mass fractions z; (k = 1,...,N) or density
p- The position x; of the shock location is the solution of the following
conservation relation

Tt T, 1 B
/ pi—1(x; E)dx + / Ak pi+1(z; B)dx — EjAx = 0, (3.23)

1 t
l=3

where p;(x; F) is the DG solution of the energy E in element K in the
convection step and E; the average energy in element K;. The energy E is
chosen because it is a conserved variable.

It is not necessary to compute the exact shock location x; in element
K; by solving accurately. One only needs to know if a quadrature
point in element K is on the left or right side of the shock location x;
to determine if the temperature, mass fractions and density need to be
computed from either the left or right element connected to element K.
In order to decide this, we use the criterion z > x; if X(JUZ,%)X(@ <0, and
x < x¢ otherwise, where

v Tl _
x(z) = / pi—1(z; E)dz + / > pr(z; E)de — EjAx.
x, 1 T

l=3

Note, when Az is small enough then (3.23) will have a unique solution.

3. Modify DIRK-DG discretization for reaction step

Next, we use T, zr (k=1,...,N), p, obtained from instead of
T, z (k=1,...,N), pin the explicit parts of the DIRK-DG discretization
of the reaction step . At every DIRK stage i (i = 1,...,s), we modify
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(3.10) therefore as

/ Ut ,d0 = / UV, dQ
Q Q
i—1 » ] ] ] )
+ 7_n+1 Z aij / S(T;LHLJ, 5}7:-1-1,]7 (gl)Z—H’j, e (zN)Z—&-l,J)Vth
- Q
oy /Q ST ot )Y )T VA (3.24)

Then after modifying U}’ +15 obtained from (3.24) using Steps 1 and 2, the
solution of the reaction equations at time """ is

/ U V,dQ = / UpV,dS2

+ Tn+1 Z Qs / S n+1 % ~n+1 ) (51)Z+1’i, o (EN)Z+U)Vth' (3'25)

4. Impose constraints on the mass fractions

Finally, for the reaction equations, we apply a constrained L2-projection
of U}’;‘H computed in to obtain the DG coefficients U™ ! that also en-
sure U ;ZH satisfies the bounds on the mass fractions stated in Section
The constrained L?-projection is obtained by replacing L((A] ) in with
the L?-projection and using the same constraints on the mass fractions as
discussed in Section [3.3.2] for the KKT-DIRK-DG discretizations.

3.4 Semi-smooth Newton method

The nonlinear algebraic equations F ((7 ntLi ) , resulting from the
KKT equations (3.20), are only semi-smooth. A function F(z) is semi-
smooth at x € R? if F is locally Lipschitz continuous and directional dif-
ferentiable at = and

) F'(x 4+ h;h) — F'(x; h)
lim
z+h€Dp,|h|—0 |h

=0, (3.26)

with Dy the set of points at which F is differentiable, h € R? and F' the
directional derivative of F', see [69, Theorem 8.2]. For the rather techni-
cal definition of semi-smoothness, we refer to [42]. The semi-smoothness
of F ((7 nt1i )\) prevents the usage of a standard Newton method, which
requires F' to be continuously differentiable in order to converge. We use
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therefore the active set semi-smooth Newton method presented in [IT1]
to solve (3.21]). This semi-smooth Newton method uses the concept of a
quasi-directional derivative [69].

We assume that D ¢ R/ 4ol with dof = (N 42)NyN,, dof’ = (N +
2)NyNe, is an open set and F' : D — Rdof+dof" ig directionally differentiable
and locally Lipschitz continuous. Assume that there exists a z° € D such
that

S:={z=(z,)\) € D| |F(2)| < |F(z°)|}

is bounded. The quasi-directional derivative [69] satisfies the following
conditions.

Definition 3.4.1. G : S x Rdof+dof’ _y Rdof+dof’ ig o quasi-directional
derivative of F : D — Rdo/+dof" o g , when for all z, z* € S, the following
three conditions hold

(F(2), F'(2;d)) < (F(2),G(2;d)),

G(z;td) = tG(z;d), for all d € R0/ +dof" e G and t >0,

(F(2%), FO(z*;d")) < limsup,_, « 44+ (F'(2), G(2;d)), for all z — 27,

d— d¥,

where F’(z;d) is the directional derivative of F' at z in the direction d,

FO9(z*;d*) is the Clarke generalized directional derivative of F at z* in the
direction d*, which is defined as

F N - F
Fo(z*;d*) = lim sup (y + td7) (y)
Y=z 40+ t

The search direction d in the semi-smooth Newton method is then the
solution of the mixed linear complementarity problem

F(z)+G(z;d) =0, z€S, deRW/+dof" (3.27)

1
Given the global merit function 0(z) = §|F(z)|2, it is proven in [111] that
the use of a quasi-directional derivative ensures a bound on the Clarke

generalized directional derivative of 0(z),
0°(2*; d*) < —20(z%).

Hence the search direction d obtained from (3.27)) always provides a descent
direction for the global merit function 6(z*). If 6(z) = 0, then this also
implies F'(z) = 0.
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The crucial element in the semi-smooth Newton method is the
quasi-directional derivative G. Based on the definition of L stated in
, we take £ = (L1,La,..., Lonymnn.)” Set z = (U1 N) €
R(N+2)NkN€+(N+2)Nq ¢ and the search direction

d = (dy,dy) € RNTDNeNeH(N+2)NgNe

where
N+2)N;Ne
dy = (dpy dpmy digy dpys - dry_,) € RVFDNE
is the search direction with respect to Untli = (prtli mntli ptli
?1”“’1, . ,?";jf) and d) € RWVH2NeNe ig the search direction with respect
to A.

Based on the analysis in [I11] and using Dg,,41,,£(2)-dy = Dyni1,:L(2)-
dp-f-Dmn-o—l,iE(Z)‘dm+DEn+17i£(Z) 'dE+D2171+1,i£(Z) dy+. . +D3ﬁtlll£(z)

dzN,I )
tive

we obtain the following expression for the quasi-directional deriva-

Gi(z;d) =Dgns1:Li(2) - du + DaLi(2) - dy,
l e MN+2)NkNe7 (3.28a)
Grev 2N, (3d) = = Dguinag(U"H) - dy, 1€ a5(2),  (3.28b)
Gl+(N+2)NkNe(Z; d) :maX(—Dﬁnﬂ,igl(ﬁnH’i) ~du, (dx)),

I € Br5(2), (3.28¢)
Gl+(N+2)NkNe (2;d) = min(_Dﬁn+1,z‘gl(ﬁn+l’i) ~dy, (d\)),

I € Bas(2), (3.28d)
Gri(nroynn, (z:d) =(da), 1€ 75(2), (3.28¢)

where the following sets are used to define G(z;d)

No={jeN|1<j<n},
as(z {]GNN+2NQN6|)‘ > —gj(z) + 0},
Bis(z ) ={je MN+2)Nqu | —gj(z) =6 < \j < —gj(z) +,
Fiy(v+2)nN. (2) > 0},
Bas(z) ={j € Niw+2) Nqu | —gj(z) —d < \j < —gj(x)+0,
Fiy(v+2)nN. (2) < 0},
vs5(z) ={j € N(N+2)Nqu | Aj < —gj(x) =8} .
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Using the procedure outlined in [I11] Appendix, it can be shown that G
satisfies, for any & > 0, the conditions stated in Definition Therefore,
G provides a suitable search direction for the global semi-smooth Newton
method. In order to use the quasi-directional derivative G given by
in the semi-smooth Newton method, we introduce the following sets

Al (z,d) = {j € Bi5(2) | = Dgaragi(U"HH) - dy > (dr);},
AR (z,d) == {j € P15(2) | = Dgnyr.ag;(U™H) - dy < (d);},
AZL(z,d) := {j € B2s(2) | — D, zg]@”“ﬂ) du > ()},
AZ(z,d) = {j € Ba5(2) | = Dguanagy(U™) - dur < (dr)},
and combine these sets into
A}(z,d) :== as(z) U A}% (z,d)U A%i(z, d), (3.29a)
A%(z,d) := ~s(2) U Aéi(z, d)U A%ﬁ(z, d). (3.29b)

The quasi-directional derivative G in (3.28]) can then be written as the
Jacobi matrix R
G(z;d) = G(z)d,

with
-~ . DUn+1 z'cl( )IZEN(N+2)NI€N€ DAEI(Z)‘ZEN(NJ,Q)NkNe
G(z) =|_ U ey 5 , (3.30)
n+l, 9i( )’leAl (2,d) Ll jeN2(z,d)

where d;; is the Kronecker delta function. Hence, the equations for the
search direction d are equal to

F(2) + G(2)d = 0. (3.31)

The details of the semi-smooth Newton algorithm are given in [IT1].
During the Newton iterations both the Jacobian matrix and the
sets are continuously updated. In general, after a few iterations, the
proper sets will be obtained and the Jacobian matrix elements will only
change smoothly. The semi-smooth Newton method then closely resem-
bles a standard Newton method. It is possible that during the Newton
iterations the matrix G (z) is poorly conditioned. The linear system
is therefore solved using a minimum norm least squares method, which
basically makes the algorithm a Gauss-Newton method [69]. To further
improve the condition number, we apply simultaneously iterative row and
column scaling in the L*°-norm, which is described in detail in [7, [111].
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3.5 Algorithm for stiff multispecies detonation
problems

We split the reactive Euler equations as discussed in Section [3.2.1] into a
homogeneous part and a reaction part. The DIRK-DG discretizations for
these two parts are given in Section In order to obtain physically
relizable numerical solutions, bounds constraints using the KKT limiter are
imposed on the DIRK-DG discretization of the convection part in Section
and on the reaction part in Section [3.3.3

The chemically reactive Euler equations are now solved using the fol-
lowing steps. Assume we know the numerical solution at time ¢", then the
numerical solution at time t"*! is obtained by successively computing the
convection and reaction operators with the fractional step approach. Here
we take the fractional step method as an example to describe the
algorithm.

Algorithm 2 Bounds preserving KKT-DIRK-DG method based on split-
ting method (3.6))

Given the DG coefficients U™ at time .
Homogeneous part:
For all DIRK stages i =1,2,...,s, do
(i) Solve for a time step 7"!/2 with the semi-smooth Newton method
discussed in Section This will provide the DG coefficients Untaix,
(ii) In order to ensure monotonicity of the numerical solution, apply a TVB
limiter [27, 29] to the DG solution obtained from the DG coefficients
(7""‘%71'*, which results in the updated DG coefficients Un+3:,

end
ﬁn—&-% — ﬁn—l—%,s.
Reaction part:
For N, steps, do
(iii) Solve the DIRK-DG discretizations and of the reaction
equations with a time step T”+1/NT.
(iv) Apply the L?-projection with the mass fraction constraints enforced.
end
Homogeneous part:
(v) Repeat steps (i)-(ii).
The numerical solution U™ for the chemically reactive Euler equations at time
t"+1 using the fractional step method is obtained.

Remark 3.5.1. Algorithm [3 results in a higher order bounds preserving
DG discretization for stiff and non-stiff problems. For non-stiff problems,
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we only need to do steps (i)-(it) of Algorithm|[g for the homogeneous part.

3.6 Numerical tests

In this section, we will present tests of the bounds preserving KKT-DIRK-
DG discretizations of the chemically reactive Euler equations, both for
problems with smooth and discontinuous solutions. We will also show
test cases for the homogeneous Euler equations. In order to demonstrate
the necessity of preserving the bounds on the solution and the accuracy-
preserving property of the KKT-DIRK-DG discretizations, we will compare
for test cases with a smooth solution the minimum and maximum values of
the solution and the errors in the numerical solution of the KKT-DIRK-DG
discretization with and without bounds constraints.

The time step 7 is based on the CFL number, 7 = CFL - h/v.f, with

reference velocity vy.r = H\/vph/ Ph+ \uh\H . For numerical efficiency,
it is important to have a good balance between the number of Newton
iterations in each DIRK stage and the time step. If the Newton method
does not converge within a predefined number of iterations, we restart the
computation with time step 7/2, while if the Newton algorithm converges
well then the time step will be increased to 1.27 until the maximum CFL
number is obtained. In practice, this provides a good balance between the
number of Newton iterations and the time step size, which is constantly
adjusted to account for the dynamics in the reactive flow.

3.6.1 Euler equations

We first consider test cases of the homogeneous Euler equations.

Example 3.6.1. (Accuracy test) In order to demonstrate the necessity of
imposing bounds on the density and pressure and the higher order accuracy
of the KKT-DIRK-DG discretizations, we consider the homogeneous Euler
equations for 7 = 1.4 and the exact solution

p(x,t) = (14 0.9999sin(z — t))/10, u(x,t) =1, p(z,t) =1, x € [0, 27].

We compare numerical results of the higher order DIRK-DG discretiza-
tions with and without imposing the positivity constraints. The positivity
constraint ppiy is taken here as 10~ in order to account for small trun-
cation errors. The CFL numbers are chosen as 1 for P; polynomials, 0.5
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for P polynomials. In Tables and we present the order of ac-
curacy and the minimum value of pp, with and without the KKT limiter.
These tables show that the positivity-preserving KKT limiter preserves the
nonnegativity of the density and does not negatively affect the order of ac-
curacy. Without the KKT limiter, on relatively coarse meshes for P; basis
functions there are negative values of pp, which cases are marked with a
cross. When the mesh resolution increases or for P» basis functions, which
are more accurate, the negative density values disappear.

Table 3.1: (Example ) Accuracy test for the homogeneous Euler equa-
tions without KKT limiter at time t7 = 1, a x indicates a result with a
negative density.

N | L®(Q) norm  Order L'(Q) norm Order Minimum py,

10 X - X — X
P | 20 X X X X X
40 X X X X X
80 X X X X X
160 2.64E-005 2.01 4.54E-005 1.99  9.537068E-07
10 3.71E-004 - 5.88E-004 — 1.292250E-04

P | 20 4.98E-005 2.90 7.32E-005 3.01  6.385523E-05
40 6.40E-006 2.96 9.14E-006 3.00  2.118774E-05
80 8.11E-007 2.98 1.14E-006 3.00  1.018187E-05
160 1.02E-007 2.99 1.43E-007 2.99  1.275602E-05

Table 3.2: (Example Accuracy test for the homogeneous Euler equa-
tions with KKT limiter at time t7 = 1.

k| N. | L¥(Q) norm Order L'(Q)norm Order Minimum py,
10 6.53E-003 - 1.15E-002 - 1.000068E-14
P | 20 1.78E-003 1.88 3.13E-003 1.88  1.000025E-14
40 4.70E-004 1.92 7.09E-004 2.14  2.064498E-05
80 1.25E-004 1.91 1.89E-004 1.91  2.998577E-05
160 3.01E-005 2.05 4.63E-005 2.03  1.629531E-05
10 3.71E-004 - 6.04E-004 - 1.734736E-04
Py | 20 4.98E-005 2.90 7.32E-005 3.04  6.385523E-05
40 6.40E-006 2.96 9.14E-006 3.00  2.118774E-05
80 8.11E-007 2.98 1.14E-006 3.00 1.018187E-05
160 1.02E-007 2.99 1.43E-007 2.99  1.275602E-05

In Examples [3.6.2] and the test cases are computed using P, poly-
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nomials and the third order DIRK time-integration method [99].

Example 3.6.2. (Double rarefaction) In this test case, we consider the
homogeneous Euler equations with initial solution

(vauLapL) = (17 *2a04) in [7150]7 (PR»URJ)R) = (152304) in [07 1]

We use 200 elements, v = 1.4 and CFL = 1.2 for most time steps.
The density and pressure are shown in Figure together with the exact
solution. The positivity preserving KKT limiter works well and ensures
positivity of density and pressure. Without the KKT limiter, there will be
some unphysical negative values of the density and pressure.

Figure 3.1: (Example [3.6.2) Solution of homogeneous Euler equations at time
tr = 0.2. (a) KKT-limited numerical solution p, and exact solution p, (b) KKT-
limited numerical solution p;, and exact solution p.

Example 3.6.3. (Sedov blast wave problem [75]) Next, we consider the
homogeneous Euler equations for the initial solution

(p,u,p) = (1,0,107%) in [~1,1],

except in the central cell, where we set p = 100. These initial conditions
result in the Sedov blast wave problem.

For this case, we use 800 elements, v = 1.4 and CFL = 1 for most time
steps. Since the initial solution for this test case is related to the number
of elements, we compute the reference solutions also for 800 elements and
CFL = 0.05 using the bounds preserving DG method in [36]. Figure
shows that the bounds preserving DIRK-DG discretization ensures positiv-
ity of the density and pressure. Without the positivity constraints, there
will be some unphysical negative values of density and pressure.
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Figure 3.2: (Example Solution of the homogeneous Euler equations for the
Sedov blast wave problem at time t7 = 0.5. (a) KKT-limited numerical solution
pr, and reference solution p, (b) KKT-limited numerical solution p;, and reference
solution p.

3.6.2 Chemically reactive Euler equations

In this section, we will investigate the performance of the KKT-DIRK-
DG algorithm on the chemically reactive Euler equations. As reference
solutions, we use the algorithm in [36] with piecewise P; polynomials on
a mesh with 5000 elements for Examples and 2000 elements for
Examples [3.6.843.6.9] For the time integration of the reference solution,
we use a second-order accurate multistep time integration method with
CFL = 0.05 for Examples |3.6.5 and CFL = 0.01 for Examples [3.6.8
In the following, we compute the test cases in Examples [3.6.51{3.6.7]
with the KKT-DIRK-DG method using Algorithm [2| with P» polynomials,
the third order fractional step method [70] and the third order DIRK time-
discrete method [99]. The test cases in Examples are computed
with P; polynomials, the second order fractional step method and the
second order DIRK time-discrete method [5].

Example 3.6.4. (Accuracy test) By taking N =2andu =1, p=0, 1 =
—cr” in (3.1)), we obtain the following convection-reaction system [36]

(3.32)

Ty + 1y = —cr'.

pt+pI:07
7

The parameter ¢ is a constant and can be used to adjust the stiffness of
the equations. The equations become more stiff as ¢ increases. In this test



76 CHAPTER 3. REACTIVE EULER EQUATIONS

case, we take ¢ = 10000, which makes (|3.32
compute. The initial solutions are given as

) a very difficult test case to

p(x,0) = (2 +sin(z) + cos(x))/10, r(x,0) = (1 +sin(z))/10, = € [0,2x].

We consider second and third order accurate DIRK-DG discretizations
with and without the bounds preserving KKT limiter. We take CFL =
1 for P; polynomials and CFL = 0.5 for P polynomials. The number
of intermediate reaction steps N, = 2. The mass fraction rp,/pp should
be between zero and one. The minimum and maximum values of rp,/pp,
with and without KKT limiter, are shown in Tables 4.3 and 4.4. These
tables show that Algorithm [2{ maintains an order of accuracy O(h**+1) for
a polynomial order k& and preserves the bounds. This indicates that the
KKT limiter works properly and does not harm the accuracy. Without the
KKT limiter, the bounds are violated on relatively coarse meshes.

Table 4.3: (Example D Accuracy test of convection-reaction system 1] without KKT limiter

at time tp = 1.

Ne L°°(Q) norm Order LT (2) norm Order Minimum 7y, /pp Maximum 74 /pp,
10 5.82E-003 — 9.48E-003 — -6.210755E-02 1.031343E4-00
P, 20 1.60E-003 1.86 2.33E-003 2.02 -1.521221E-02 1.004196E4-00
40 4.38E-004 1.87 5.74E-004 2.02 -2.557660E-03 9.943711E-01
80 1.15E-004 1.93 1.43E-004 2.01 -7.806174E-04 9.925336E-01
160 2.91E-005 1.98 3.58E-005 2.00 -9.150088E-05 9.916861E-01
10 9.06E-004 - 7.70E-004 - 3.176584E-04 9.923696E-01
Py 20 1.19E-004 2.93 8.59E-005 3.16 4.304911E-04 9.917059E-01
40 1.63E-005 2.87 1.07E-005 3.01 1.010852E-04 9.918443E-01
80 2.08E-006 2.97 1.33E-006 3.01 2.563580E-07 9.916889E-01
160 2.62E-007 2.99 1.68E-007 2.98 2.756807E-05 9.916604E-01

time tp = 1.

Table 4.4: (Example l Accuracy test of convection-reaction system 1| with KKT limiter at

Ne L>®°(Q) norm Order L'(Q) norm  Order Minimum ry /pp Maximum 7, /pp
10 6.13E-003 — 1.14E-002 — 9.993497E-15 9.861364E-01
P 20 1.67E-003 1.88 2.72E-003 2.07 1.000095E-14 9.959969E-01
40 4.38E-004 1.93 6.34E-004 2.10 4.972616E-04 9.933924E-01
80 1.15E-004 1.93 1.52E-004 2.06 6.788640E-05 9.923583E-01
160 2.91E-005 1.98 3.71E-005 2.03 1.083892E-04 9.916715E-01
10 9.08E-004 - 7.87E-004 - 1.352766E-03 9.921466E-01
Py 20 1.19E-004 2.93 8.70E-005 3.18 4.833784E-04 9.916945E-01
40 1.63E-005 2.87 1.16E-005 2.91 8.211523E-05 9.914553E-01
80 2.08E-006 2.97 1.36E-006 3.09 1.964713E-06 9.916889E-01
160 2.62E-007 2.99 1.71E-007 2.99 2.794314E-05 9.916604E-01

Example 3.6.5. (Detonation in two species gas [10]) In this test case, we
consider two species in the chemically reactive Euler equations (3.1)) with

source term

s1 = —K(T)pz,
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where v = 1.2, ¢1 =50, ¢o =0 and

230.75, T > 3,
K(T) = {0 T<3

The computational domain is [0,100] and the initial solution is defined as

(2.0,4.0,40.0,0.0, 1.0), z < 10,
(pyu, D, 21, 22) = { (3.64282,6.2489, 54.8244,0.0,1.0), 10 < z < 20,
(1.0,0.0,1.0,1.0,0.0), x> 20.

The exact solution consists of a right moving detonation wave, a right
moving rarefaction wave, a right moving contact discontinuity, and a left
moving rarefaction wave before the right moving rarefaction catches the
detonation wave.

For this test case, we use 400 elements. In order to have a good bal-
ance between the number of Newton iterations and the time step, we take
the maximum CFL number as CFL = 0.1. In this test case, N, = 1 in-
termediate reaction steps already ensures the correct propagation speed of
discontinuities, but in order to obtain a more accurate numerical solution,
we take N, = 10. Figure [3.3| shows that the bounds for density, pressure
and mass fraction are preserved and all waves are captured correctly, which
implies that Algorithm [2]is able to compute the correct position and speed
of the detonation wave.

Example 3.6.6. (Two detonations in a two species gas [10]) The parame-
ters v, q1, g2, K(T') used in this test case are similar to those in Example
The computational domain is [0,100] and the initial solution is de-
fined as

(1.79463, 3.0151, 30.0, 0.0, 1.0), x < 10,
(p,u,p, z1,22) = ¢ (1.0,0.0,1.0,1.0,0.0), 10 < = < 90,
(1.79463, —8.0,21.53134,0.0,1.0), 2 > 90.

The exact solution contains a right moving detonation and a left moving
strong detonation. After some time, there is a collision between the two
detonations.

In this example, we use 400 elements and the number of intermediate
reaction steps is set to N, = 24. In order to have a good balance between
the number of Newton iterations and the time step, we take the maximum
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Figure 3.3: (Example [3.6.5) KKT-limited numerical solution of chemically re-
active Euler equations at time t7 = 8, mesh 400 elements, CFL = 0.1, N, = 10.
Reference solution at time t7 = 8, mesh 5000 elements, CFL = 0.05 obtained
using the algorithm in [36]. (a) KKT-limited numerical solution p; and reference
solution p, (b) KKT-limited numerical solution p; and reference solution p, (c-d)
KKT-limited numerical solutions (z1)n2, (22)ne and reference solutions z1, z.

CFL number as CFL = 0.1. The profiles of density, pressure, and mass
fraction are shown in Figure Clearly, the shock speed and position are
captured well. Also, the density and pressure are positive, and all mass
fractions are between zero and one.

Example 3.6.7. (Detonation wave with three species and one reaction
[11, 117]) We consider the one-step chemical model (3.1)) for a hydrogen-

oxygen mixture

2Hy + Oy — 2H50.
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"

Figure 3.4: (Example [3.6.6) KKT-limited numerical solution of chemically re-
active Euler equations at time ¢ = 6, mesh 400 elements, CFL = 0.1, N,. = 24.
Reference solution at time t7 = 6, mesh 5000 elements, CFL = 0.05 obtained
using the algorithm in [36]. (a) KKT-limited numerical solution pj, and reference
solution p, (b) KKT-limited numerical solution p; and reference solution p, (c)
KKT-limited numerical solutions (z1)n2, (22)ne and reference solutions z1, 2.

The parameters in (3.2))-(3.4) are chosen as v = 14, T} = 2, By =
105, aq = 0, ¢1 = 100, g2 = g3 = 0, My = 2, My = 32, M3 = 18.
The computational domain is [0, 50] and the initial solution is defined as

(2.0,8.0,20.0,0.0,0.0,1.0), z < 2.5,

?u7 727272 =
(P, p, 21, 22, 23) {uQuQLauaw&am,x>2@

with z; the mass fraction of Hs, zo the mass fraction of Os, and z3 the
mass fraction of HsO.

The exact solution consists of a detonation wave, followed by a contact
discontinuity and a shock, all moving to the right. In this example, we use
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400 elements and the number of intermediate reaction steps N, = 20. In
order to have a good balance between the number of Newton iterations and
the time step, we take the maximum CFL number as CFL = 0.1. Also,
in this case N, = 1 is already sufficient to obtain the correct propagation
speed of discontinuities. We compare the results with the algorithm in
[36] for the same number of elements and CFL number as used for the
KKT-DIRK-DG algorithm. The reference solution is obtained using the
algorithm in [36] on a mesh with 5000 elements and CFL = 0.05.

We observe in Figure 3.5 spurious numerical solutions when the bounds
preserving DG method in [36] is used on the same mesh and CFL number as
the KKT-DIRK-DG method. On a much finer mesh with 5000 elements,
CFL = 0.05 the results of [36] are the same as for the KKT-DIRK-DG
discretization. All discontinuities for density, pressure and mass fractions
are captured correctly by the KKT-DIRK-DG discretization on the 400
element mesh, which indicates that our algorithm is already accurate on a
considerably coarser mesh than the method presented in [36].

Example 3.6.8. (Detonation wave with four species and one reaction [1T],
117]) We consider the chemically reactive Euler equations (3.1)) with four
species and the reaction

CHy+ 209 — CO9 + 2H50.

The parameters in (3.2)-(3.4) are chosen as v = 1.4, T} = 2, By =
105, a1 =0, ¢1 =500, ¢o = q3 = qu = 0, My = 16, My = 32, M3 =
44, M, = 18. The computational domain is [0, 10] and the initial solution
is given as

(2.0,10.0,40.0,0.0,0.2,0.475,0.325), = < 2.5,

7u7 ’Z’Z’Z7z =
(PP 21, 22, 23, 24) {(1.0,0.0,1.0,0.1,0.6,0.2,0.1), x> 25,

with z; the mass fraction of C'Hy, 25 the mass fraction of O, z3 the mass
fraction of CO,, and z4 the mass fraction of HsO.

The exact solution consists of a detonation wave followed by a contact
discontinuity and a shock, all moving to the right. In this example, we
use 300 elements and take N, = 1, CFL = 0.2. The reference solution
is obtained using the algorithm in [36] on a mesh with 2000 elements and
CFL = 0.01. Figure[3.6]shows that all shock waves and wave speeds for the
density, pressure and mass fractions are captured correctly and the bounds
preserving KKT-DIRK-DG discretization works well in this multispecies
example.
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Figure 3.5: (Example Numerical solutions of chemically reactive Euler
equations at time tp = 4, mesh 400 elements, CFL = 0.1, N,, = 20. Also shown,
solutions at time tr = 4 using the algorithm [36] on a mesh with 400 elements,
CFL = 0.1, and for 5000 elements, CFL = 0.05 (reference solution). (a) numerical
solution pp1 obtained with KKT-DIRK-DG discretization, numerical solution pps
obtained with bounds preserving DG method in [36] and reference solution p, (b)
numerical solution pp; obtained with KKT-DIRK-DG discretization, numerical
solution ppo obtained with bounds preserving DG method in [36] and reference
solution p, (c-e) numerical solutions (z1)n1, (22)r1, (23)n1 obtained with KKT-
DIRK-DG discretization, numerical solutions (z1)n2, (22)n2, (23)n2 obtained with
bounds preserving DG method in [36], and reference solutions z1, 23, 23, with
z1, 22, 23, respectively, the Hy, Oy and HyO mass fraction.
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Figure 3.6: (Example KKT-limited numerical solution of chemically re-
active Euler equations at time ¢t = 0.5, mesh 300 elements, CFL = 0.2, N,. = 1.
Reference solution at time t7 = 0.5, mesh 2000 elements, CFL = 0.01 using the
algorithm in [36]. (a) KKT-limited numerical solution pj, and reference solution p,
(b) KKT-limited numerical solution p;, and reference solution p, (c-f) KKT-limited
numerical solutions (z1)n, (22)n, (23)n, (24)r and the corresponding reference so-
lutions. Here z1, ..., 24 denote, respectively, the mass fractions of CHy, Oy, CO2
and H>O.
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Example 3.6.9. (Detonation wave with five species and two reactions
[11), 36| 117]) Consider the chemically reactive Euler equations with
a two-step chemical model with 5 species for a hydrogen-oxygen-nitrogen
mixture

Hs + 0y —20H, 20H + Hy — 2H50,

with nitrogen appearing as a catalyst. The parameters in — are
chosen as Y= 1.4, T1 == 2, T2 = 10, Bl = BQ == 106, a] = 0 = 0, q1 =
g2 = g5 = 0, q3 = —20, qq = —100, M1 = 2, MQ = 32, M3 = 17, M4 =
18, M5 = 28. The computational domain is [0, 10] and the initial solution
is given as

(2.0, 10.0,40.0,0.0,0.0,0.17,0.63,0.2), = < 2.5,

(prw,p, 21, 20, 23, 24, 25) {(1.0,0.0, 1.0,0.08,0.72,0.0,0.0,0.2), 2 > 2.5,
with z; the mass fraction of Hs, zo the mass fraction of O, z3 the mass

fraction of OH, z4 the mass fraction of H2O, and z5 the mass fraction of

Ns.

The exact solution consists of a detonation wave followed by a rarefac-
tion wave and a shock, all moving to the right. In this example, we use
500 elements and take N, = 20. For most time steps CFL = 0.1. The
reference solution is obtained using the algorithm in [36] on a mesh with
2000 elements and CFL = 0.01. Figure shows that the density and
pressure are positive, and all mass fractions are between zero and one. Al-
gorithm [2] is able to capture the correct propagation speed and position of
the detonation wave and works well in this multispecies and multireaction
example.

3.7 Conclusions

In this chapter, we propose a higher order bounds preserving time-implicit
KKT-DIRK-DG algorithm for the chemically reactive Euler equations mod-
elling multispecies and multireaction chemically reactive flows. This algo-
rithm combines several important features when solving stiff chemically
reacting gas flows, namely, higher order accuracy, preservation of the phys-
ical bounds on the density, pressure and mass fractions, good accuracy
on coarse meshes and large time steps compared to existing time explicit
methods, e.g. [36]. In addition, we can consider Algorithm [2 as a template
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(2)

Figure 3.7: (Example KKT-limited numerical solution of chemically reac-
tive Euler equations at time ¢t = 0.35, mesh 500 elements, CFL = 0.1, N,. = 20.
Reference solution at time ¢ = 0.35, mesh 2000 elements, CFL = 0.01 using the
algorithm in [36]. (a) KKT-limited numerical solution p, and reference solution
p, (b) KKT-limited numerical solution pj and reference solution p, (c-g) KKT-
limited numerical solutions (z1)n, (22)n, (23)n, (24)n, (25)n and the corresponding
reference solutions. Here 21, ..., 25 denote, respectively, the mass fractions of Hs,
OQ, OH, HQO and NQ.
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to solve both stiff and non-stiff chemically reacting gases with strict preser-
vation in the numerical solution of the physical bounds. The KKT-DIRK-
DG algorithm is already used in [IT1] for two dimensional parabolic PDEs
and extension of the algorithm to the two dimensional chemically reactive
Euler equations will be considered in future work. The extension of the
constraints imposed on the reaction equations from one to two dimensions
is discussed in [I17, 127]. A disadvantage of the presented KKT-DIRK-
DG algorithm is its dependence on operator splitting methods. Higher
order accurate splitting methods become rather involved, requiring many
intermediate steps. Numerical results demonstrate the optimal order of ac-
curacy for smooth problems and excellent preservation of the bounds when
using the KKT-DIRK-DG discretizations for the chemically reactive Fuler
equations.



Chapter 4

Stability Analysis and Error Estimates of
Local Discontinuous Galerkin Methods
with Semi-Implicit Spectral Deferred
Correction Time-Marching for the
Allen-Cahn Equation(]

Abstract

This chapter is concerned with stability and error estimates of Lo-
cal Discontinuous Galerkin (LDG) discretizations coupled with semi-
implicit Spectral Deferred Correction (SDC) time integration meth-
ods up to third order accuracy for the Allen-Cahn equation. Since
the SDC method is based on a first order convex splitting scheme,
the implicit treatment of the nonlinear terms results each time step
in a nonlinear system of equations, which increases the difficulty of
the theoretical analysis. For the LDG discretizations coupled with
second and third order accurate SDC methods, we prove the unique
solvability of the numerical solutions through a standard fixed point
argument in finite dimensional spaces. By carefully choosing the test
functions, we prove energy stability with an upper bound for the time
step that is independent of the mesh size. In addition, we derive op-
timal error estimates for the fully discrete LDG-SDC discretization.
Numerical examples are presented to illustrate our theoretical results.

!Based on: F. Yan, Y. Xu. Stability Analysis and Error Estimates of Local Dis-
continuous Galerkin Methods with Semi-Implicit Spectral Deferred Correction Time-
Marching for the Allen-Cahn Equation. Journal of Computational and Applied Mathe-
matics, 376(2020), 112857.

87
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4.1 Introduction

Let © be a bounded domain with dimension d < 3 and 0 < T < oco. We
analyze Local Discontinuous Galerkin (LDG) discretizations coupled with
semi-implicit Spectral Deferred Correction (SDC) time integration methods
for the Allen-Cahn equation

1
ut—Au—i—E—Qf(u) =0, inQx (0,77,

(4.1)
u(:z:,O) ZUO(x)v in §,
with the Neumann boundary condition
gz =0, atoQx (0,77, (4.2)

1
where f(u) = ¥'(u) and ¥(u) = Z(l — u?)?. Since Allen-Cahn equation
satisfies a maximum principle [82], the solution w in (4.1]) will take values in
a bounded interval. In the bounded interval, we take f(u) = ¥'(u), while
outside the interval, f is chosen such that f is globally derivable Lipschitz
continuous. Then we can assume,

max | f'(u)| < Cf, (4.3)
u€eR
where Cp, is a positive constant, and we might as well require Cp, > 1.

In order to describe the motion of anti-phase boundaries in crystalline
solids, Allen and Cahn [6] originally proposed the well-known Allen-Cahn
equation. Subsequently, numerous numerical studies have been devoted
to the Allen-Cahn equation, for instance, using finite difference methods
[3, 12], finite element methods [47, 48, (50} 130], Discontinuous Galerkin
(DG) methods [46], 129] and LDG methods [55]. For the time integration
first order accurate time integration methods [3|, [46 47, 130], first and
second-order accurate implicit-explicit (IMEX) methods [48], implicit Ad-
ditive Runge-Kutta (ARK) methods and Diagonally Implicit Runge-Kutta
(DIRK) methods [129] have been used. Recently, Guo et al. [55] pre-
sented LDG schemes for the Allen-Cahn equation that are coupled with
semi-implicit SDC time integration methods. The authors in [55] did not
theoretically analyze the stability and error results of the second and third
order accurate SDC-LDG discretizations.

For some Partial Differential Equations (PDEs), especially those with
nonlinear terms, we often need to use higher order accurate numerical dis-
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cretizations in space and time to get sufficiently accurate numerical solu-
tions. Recently, the stability was analyzed and error estimates were ob-
tained for LDG discretizations combined with IMEX Runge-Kutta (RK)
time discretizations up to third order accuracy for the one-dimensional
linear advection-diffusion equation [I14], the one-dimensional nonlinear
convection-diffusion equation [I15] and the multi-dimensional nonlinear
convection-diffusion equation [I16]. Stability and error estimates were ob-
tained in the sense that the time step At is only required to be upper-
bounded by a positive constant independent of the mesh size h. In [48],
the authors consider first and second-order accurate IMEX finite element
discretizations in one and multiple dimensions for the Allen-Cahn equation
and prove energy stability in a similar sense as in [I14], 115, [116]. The pur-
pose of this chapter is to study the stability and obtain error estimates for
LDG discretizations combined with second and third order accurate SDC
time integration methods for the Allen-Cahn equation.

The SDC method, as well as the integral deferred correction (InDC)
method [16], is based on low order time integration methods, followed by
iterative accuracy improvements. In comparison with RK methods, the
SDC method is easy to construct for any order of accuracy. More general
information about semi-implicit SDC methods coupled with an LDG dis-
cretization can be found in [57, 120]. Applications of the SDC method are
presented in [49, 55, (K9] [82].

The LDG method belongs to the class of DG methods. DG methods are
finite element methods with discontinuous, piecewise polynomials as basis
functions, which were first proposed by Reed and Hill in [96]. DG methods
have many advantages over other finite element methods, such as suitabil-
ity for highly nonuniform and unstructured meshes, mesh adaptation and
parallel computing. For more information, we refer to [25] 27, 28| 29]. By
extending the DG method, Cockburn and Shu in [30] introduced the LDG
method to deal with PDEs that contain second order spatial derivatives.
The idea of the LDG method is to apply the DG method after rewriting
higher order equations as a system of first order equations. We refer for gen-
eral information about the LDG method for linear cases to [26, 35], 114) [125]
and for nonlinear cases to [9, 56] [60L 1211, [122] 123] .

The main contribution of this chapter is to prove stability and error
estimates of LDG discretizations coupled with second and third order ac-
curate SDC time discretizations for the Allen-Cahn equation (4.1])-(4.2).
Since the implicit treatment of the nonlinear term > results in a nonlinear
system, we prove the unique solvability of the fully-discrete numerical dis-
cretizations by using a standard fixed point argument in finite dimensional
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spaces. Compared with Runge-Kutta type semi-implicit time integration
methods [I14], the SDC time discretization is, however, more difficult to
analyze. For the stability analysis of the third order accurate SDC-LDG
scheme and the error estimates of the second and third order accurate
SDC-LDG schemes, we will extensively use property to deal with the
nonlinear term in the Allen-Cahn equation. By a careful selection of the
test functions, energy stability and error estimates for the second and third
order accurate time-discrete LDG schemes are obtained in the sense that
the time step At requires only a positive upper bound, which is independent
of the mesh size h.

The rest of this chapter is organized as follows. In Section we
will introduce some notations, projection operators, and the SDC scheme
that will be used in the following analysis. In Section we will present
the LDG discretization combined with a second order semi-implicit SDC
method for the Allen-Cahn equation , and prove unique solvability, sta-
bility and error estimates. A similar analysis for the third order SDC-LDG
discretization will be presented in Section [£.4] In Section numerical
results are provided to verify the theoretical analysis. Concluding remarks
are given in Section [4.6]

4.2 Preliminaries

In this section, we will introduce the finite element spaces, some nota-
tions, the definition of norms, and the SDC scheme to be used later in
this chapter. We will also present some projection operators and related
interpolation properties for the finite element spaces that will be used in
the error analysis.

4.2.1 Finite element spaces

Let 73, be a regular subdivision of {2 with line, rectangular or cubic elements
K in, respectively, 1D, 2D or 3D, I' denotes the union of the boundary of
elements K € T, i.e. ' = Uger, 0K, and Qi (K) denotes the space of
tensor product polynomials of degree at most £ > 0 on each element K. In
particular, we have Qi (K) = P(K) in one dimension.

The finite element spaces th and Wﬁ are defined as

VE={veL*Q): ovlgec Quw(K), VYKEeT},
W ={we[L*(V]?: wlg e [Qu(K)¢ VK eT},
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which spaces are allowed to have discontinuities across element faces. Let
e be an interior edge shared by the “left” and “right” elements, denoted
Ky, and Kg. If u is a function on K, and Kg, we set u* = (u|k,) | and

uft = (ulkp)le.

4.2.2 Notations

For a positive integer N, let 0 =tg < t; < ... <ty =T be a given partition
T

of [0,T] with time step At = —, and ¢, = nAt, n = 0,1,...,N. Note
that u, = u(-,tn), @n = q(+, t,). We denote U,, and Q,, as the approximate
values of u and q at ¢, (n =0,1,...,N) , respectively.

For convenience in the analysis, we denote throughout this chapter by
C' a positive constant independent of A , which may depend on the solutions
of our problems.

4.2.3 Inner products and norms

The inner products are denoted by

(u,v)K:/ uvdK, (u,v)aK:/ uvds,
K 0K

(p,q)Kz/p-qu (p,q)axz/ P - qds,
K oK

for the scalar variables u, v and the vector variables p, g, respectively. For
any positive integer i, we define some norms over the domain () as
1

2

”U”L?(Q) = Z ||77||%2(K) )
KeTy

llioy = [ 32 Iy |
KeTy,

) = Imax | esssu x s
i) = puss (esssupint

where

[NIES

1
HUHLQ(K) = (77777)120 HTZHHi(K) = Z ||Da77”i2(1<)
|ov|<i

For simplicity, we denote 1] := [|nl|z2(q), (v,v) = (u,v)q.
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4.2.4 Projections and properties

In what follows, we will introduce projections for one-dimensional and
multi-dimensional problems.

e One-dimension

For all u € H'(f2), we define the interpolation operators P* as
P HY(Q) = VF,
equipped with
(P+u,v)Kj = (u,v)k;, Yo € Pro1(K;), Pru(zj_1)=u(zj_1), (44)
(Pfu,v)Kj = (w,v)K;, Vv € Pra1(Kj), P ulzy)=u(z)), (4.5)
where K; = (;_1,2;). If u € H*1(Q), there holds (see [35])
= PEull < CHF* ful s,
e Multi-dimensions

For the two-dimensional case, we describe the projection operator P~
for scalar functions as

P =P 9P,

where the subscripts  and y denote the one-dimensional projections de-

fined in on a rectangular element X ® Y = [x;_1, ;] X [y;—1, ;]
Given that 7, and 7, are the standard L? projections in the z and y

direction, respectively, the projection IIT for vector-valued functions ¢ =

(¢1(2,9), p2(x,y)) € [H'(Q))? is defined by
¢ = (Pl @ mydr,me @ B o) : [HY Q) = [Qu(X @ V)P,
which satisfies
(IT*¢ — ¢, V) oy =0, Y € Qu(X @),
and
(I @(xi1,7) = B(xi1,7)) v, wlzly,-)y, =0, Yw € Qu(X¥ ®Y),
(g y5-1) =@ i-0) -wowly ) =0, Ve Qu(X @ V).
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For the three-dimensional case, we refer to [26].
The projections defined above have the following approximation prop-
erties. If u € H*1(Q), ¢ € [H*1(Q)]?, we have (see [35])

I1P7u —ul < CHFHJul| grs (g, (4.6)
ITI7 ¢ — @] < CHF|]| g -

The projection P~ on Cartesian meshes has the following superconver-
gence property (see Lemma 3.7 in [35]).

Lemma 4.2.1. Assume n € H**2(Q), p € WP, then the projection P~
satisfies

(n—P ™0,V -p)a—(n—Pn,p-v)r| < ChFn|| ez llpllo;
with ]5*\77 = (P~

4.2.5 Spectral deferred correction scheme

Dutt, Greengard and Rokhlin in [39] constructed the SDC method to ob-
tain high order accurate stable time integration methods. Next, Minion
in [89] presented the semi-implicit SDC time integration method. Here we
will only discuss the second and third order semi-implicit SDC methods
proposed by Minion in [89].

Consider the ODE system

{ut = Fs(t,u(t)) + Fn(t,u(t)), te[0,T), (4.8)

u(0) = wo,
where Fiy is a non-stiff term and Fyg is a stiff term. For the Allen-Cahn
equation (4.1]), we have

1 1,

Fy = <u, FS:AU——QU.
€ 3

We subdivide the time interval [t,,,t,+1] using the points ¢, ,, for m =
0,1,..., P such that

t, = tn,g < tn,l <. < tmp = tn+1.

Let Aty m = thm+1 — tn,m and uﬁm denote the k-th order approximation
t0 u(tp,m). We choose the points {t, .}~ _ as the Gauss-Lobatto nodes in
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[tn, tnt1]. Starting from u,, the second and third order time accurate SDC
algorithms to calculate w41 are

e Second order accurate SDC scheme

U}L,O =Un,
Urlm :urlz,O + Aty o(Fs(tn, Uqlu) + Fn(tno, U}L,O))v
Uz g =Un,

’U,Z’l :ui}o + Atn,O(FS(tn,la u?z,l) — Fg(tn’l, u}l’l))
+ I} (Fs(t,u') + Fn(t,u")),

where I} (Fg(t,u') + Fn(t,u')) is the integral of the linear interpolating
polynomial using the two points (£, 1, Fs(tn 1, ul )+ Fy(tn,ul ), (1=0,1)
over the subinterval [ty o, 1]. 7 7

Finally, we have w41 = quJ.

e Third order accurate SDC scheme

Compute initial approximation:

1 _
U/n70 = Up.

For m=0,1

1 1 1 1
Unm+1 = Up,m + Atmm(FS (tn7m+17 un,m+1) + Fn (tn,m7 un,m))
Compute successive corrections:

For k=1,2

k+1 __
Uy =Un-

Form =0,1

Uﬁﬁﬂ :uﬁﬁ + Atnm (Fs(tnm+1, uf:;é—l—l) — Fs(tnm+1, ufz,m-i—l))

+ Aty (FN (tn,m, ufﬁ;&) = En(tnm, ufzm))
+ I (Fs(tu®) + Fy(t,ub)),

where I+ (Fs(t,u*) + Fx(t,u")) is the integral of the quadratic interpo-
lating polynomial using the three points (t,,1, Fis(tn 1, u¥ ;) + Fn(tn uflm))
(I =0,1,2) over the subinterval [t m, tnm+t1]- 7

Finally, we have w41 = u%z.
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4.3 LDG discretization combined with second
order accurate SDC time integration method

In this section, we will present the second order time accurate SDC-LDG
scheme for the Allen-Cahn equation (4.1)-(4.2) in Q € R? with d < 3.

4.3.1 Fully-discrete SDC-LDG scheme

We use the second order semi-implicit SDC method introduced in Section
for the time discretization. Then the fully-discrete SDC-LDG dis-
cretization for reads as: find Uy, 1,Upy1 € V}f, Qni1,Qny1 € Wﬁ, such
that for all v € V7 and ¢ € W’,j, we have

(Un = Uny0) i = — At[(@Qn1, V)i — (@1 - ¥, v)ok]
At

— 5—2(U,§j1 — Upn,0)k, (4.9)
(Uns1 — Unyv) g = — At[(Qny1, VU)K — (@n+1 v, 0)oK] + %[(Qn,la Vo)
. A N
— @1 v 0)ok] — 5@ Vol — (@, v, 0)ord)
At At
- g(Ui)H —Un,v)k + ?(Ug,l —Un,v)K
A A
— 2752((]’?‘)’1 —Un1,0)K — é(Uf{ —Upn,v)K, (4.10)
(Qn,17¢)K = - (Un,la % ¢)K + (Un,la v- ¢)8K7 (411)
(Qn+1a¢)K = - (Un+1a \E ¢)K + (ﬁnJrl?V : ¢)3K' (4'12)

Here v is the outward unit vector of element K at 0K. The “hat” terms at
0K in — are the so-called “numerical fluxes”, which are functions
that should be chosen to ensure stability. We remark that the selection
of the numerical fluxes is not unique. Here we make the following simple
choices:

~

Qn,l = Qﬁlv Qn+1 - Q§+17 Un,l = Uyﬁlv Unt1 = Ur%-s-l- (4-13)
In view of the boundary condition (4.2)), we take at 9€,
Qi v=0, Qu1-v=0 Uni=Un))™ UTnpr=Uns1)™, (4.14)

where (Up,1)™ and (Up,41)™ refer to values obtained from the interior of
the boundary elements.
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For convenience in the analysis, we set

Li(¢,v) == (6, Vo)k + (6" - v, v)ox,

T(v,9) == (0,V - @) + (v",v - d)ox. (4.15)
Then equations (4.9)-(4.12) can be written as
At
(Un,l - Un,’l))K :Atr—};(Qn,lv U) - ?(Ug,l - Una U)Ka (416)
At At
(Un+1 - Unav)K :AtFJ[r((QnJrlaU) - 7F;(Qn,1a U) + TF}(QM U)
At At
- ?(Uerl —Un, )k + g(USJ —Un,v)K
At o At 4
- @(Um —Un1,v)K — @(Un —Upn,v)g, (4.17)
(Qn,17¢)K :P;((Un,17¢)7 (418)
(@nt1:0)k = (Un+1,9). (4.19)

We define Fyi as

Fox(Q.U) = (Q"-v, U)ok + (Q - v, U ox — (Q-v, U)ok (4.20)
Using v = —v”, the following property for Fpr (Q,U) is easy to show.

Lemma 4.3.1. Assume e is an internal face shared by the elements K,
and Kg, then we have

FaKLﬁe(Q, U) + FaKRﬂe(Qa U) = 07 \V/Q € W;Cp Ue th'

4.3.2 Existence and uniqueness

In the following, we assume that U, and @,, are known and we will prove
existence and uniqueness of the numerical solutions at time t"*! for system

(L19)-(TT9).

Theorem 4.3.2. The second order semi-implicit SDC-LDG scheme -
4.19) is uniquely solvable if the time step satisfies the condition

£2

At < ———
< 3C, -1’

with C, the Lipschitz constant in and € the coefficient in the Allen-
Cahn equation .
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Proof. With U, and @, known, we first prove that (U, 1,Q@n,1) is well-
defined.

e Existence of (U,1,Qn 1)

Let X™ = (Up 1, At%QnJ) and S}’f = th X At%Wﬁ. After multiplying
- by At, we sum equations of | and over the elements
K € 7T, and write this expression for Gh Sy ko, Sk as

(Gr(X™),x) =0, Vx € Sf.
It is obvious that G}, is continuous.

Using Lemma 1.4 in Chapter 2 of [104], by Schauder’s fixed point theo-

rem, G,(w) = 0 has a solutionw € B, = {x = (Xl,At%XQ) €Sk |x|?=

Ix1l1? + Atllx2? < ¢%} if (Gr(x),x) > 0 for ||x|| = ¢. For more detailed
information, we refer to [45] and Chapter 13 in [105].

To prove (Gp(x),x) > 0, recalling the boundary conditions in
and Lemma there holds

ZF;((XI,)Q) = Z (—(xa, v - x2)or + (X2, VX1) Kk + (X1, ¥ - X2)ok)

_Z (X2 ¥, x1)ok + (X2, VX1)K ZT (x2,x1)- (4.21)

Then we have

(G100 X) = (1~ Unoxa) + Atlall + 55 (700) = £(0), 1)

At
+ ?(Xl —Up, x1)

1 At 1 At CLAt
> (5+ 523 ) Bl = (5 + 528 ) 1907+ Atlhal? = “ a2

2 2
1 —2CL)At 1 At
> (5+ a2 ) Il = (5 + 5 ) 1007 + Atlhal?, (022

which is positive if ||x|| is large enough, provided

62

20, —1°

At < (4.23)

e Uniqueness of (U, 1,Qx,1)
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Assuming that Uy, 1,Qy,1 and Uml,Qn,l both satisfy (]4.16[) and (]4.18[),

we have

(Un,l - 0%,11 U)K :Atl—‘}(Qn,l - Qn,l; U)

At . -
- g(f(Un,l) — f(Un1) +Uni1 —Un1,v)k,

@Qn1—Qn1,9)k =T (Uni — Uni, ).

Let ~ _
U= Un,l - Un,la ¢ = At(Qn,l - Qn,l)‘
Using (4.21)) and summation over all elements K € Ty, yields

||Un,1 - Un,l |2 + At”Qn,l - Qn,l
At - - -
+ 7(f(U7l71) - f(Un71) + Un,l - Un,la Un,l - Uy 1) =0.

)

2

Due to the Lipschitz condition (4.3)) on f, we have

At CrAt ~ ~
(145 = ) 100s = Oua P+ At1Qus = Gual? <0

which implies uniqueness of (Up1,Qn,1) if the time step satisfies the con-
dition
2

At .
SCL-1

(4.24)

Next, we will give a similar proof for the well posedness of (Uy 41, @n+1)-
¢ Existence and uniqueness of (U,+1,@n+1)

For the existence, we need to prove a condition similar to (4.22)). From
the above analysis, we know that there exist unique numerical solutions of
(4.16)) and (4.18)), then by taking v = U,,1, ¢ = Qn,1, we obtain

Ut |2 = [|Unl? + |Un.1 — Upl|? Q|
9At "
1

+ ?(f(Un,l) - f(O) + Un,l - Una Un,l) =0.

By a simple use of the Cauchy and Young inequalities, there holds

1 (1-20L)At 5 1 At )
- <=+ = ) :
<2 + 2¢2 ~\2 + 2¢2 1T (4.25)

) 102 + A @uar
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Hence, for equations (4.17) and (4.19)), similar to (4.22)), we have

(G100 X) =(x1 — U xa) + Dl — 51 @urx2) + o (@)

A A A
+ S0 = 5 (FUna)xa) + 55 (F(), )
At

At
- ?(Un,th) + 57(X17X1)
> T _ =
g (2 T2 T o > bal (252 Tz ) Unal

1 CpAt , At 5 At 5 At 2
(2+4€2>HUnH + Sl = F1@na P — 1@l

1 At 3C; At Cr At  CyAt
>(+— L >||X1||2—<Co+ rat | Co )nUnn?

2 2e2 22 4e2 g2
+ 7||X2|| - IHQnH ;

where Cj is a fixed positive constant generated by (4.25) and the last
inequality is based on (4.23]) and (4.25|).
Let

2,52

<o,
3C; — 1

then (4.23) and (4.24) are satisfied.
So if ||x|| is large enough, together with condition (4.26)), we have

(Gr(x),x) >0,

which completes the proof of the existence of the numerical solutions.
The proof of the uniqueness is similar to the proof for (U 1,Qn,1) and
we omit the details. O

At (4.26)

4.3.3 Stability

3
Theorem 4.3.3. If At < =&, numerical solutions of the second order
accurate semi-implicit SDC-LDG discretization - of the Allen-
Cahn equation satisfy the stability estimate
Sl + S 0@u I + oy U2

40T At TAtL
<exp (25 (1o + S1Qul? + Sor10717)



100 CHAPTER 4. ALLEN-CAHN EQUATION

Proof. We rewrite (4.16))-(4.19)) as the following system

At
(Un1 — Up,v) g =AtI}(Qn1,v) — —(US 1= Un, 0k, (4.27)
3At At
(Un+1 - U'rL,la U)K :AtI‘%(Qanl? U) - 71—‘—"_ (Qn 1,0 ) + 7F+ (QTH )
At 2At
= 7 U1 = Uny 0+ —5 (U = Uny 0)ic
At , 5 At
- TEQ(Un,l —Un1,0)K — % 2(U —Upn,v)K, (4.28)
(Qn,la¢)K :F[_((Un,l7¢)7 l= ]-7 27 (429)
where Qn 2 = Qn—f—la n,2 — Un—i—l- 1
Choose v = —qUnt1 + *Un,l — ZUn in (4.27) and v = Up41 in (4.28),
respectively. After summation of the above equations over all elements
1
K € Tp, and splitting v = —Unt1 + gUml — ZUn into three parts: v =
1 1
—Z(Un+1 —Upi1),v=Up1,v= Z(Un’l — Up,), we have
HUn+1||2 - ”Un||2 + ||Un+1 - Un,ln2 + ||Un,1 - Un”2
2At
(Unl_UnaUnJrl_U ||Un1_U ||2
_ ) i 4.
AT Zs (4.30)
where
& (U3 —Up,Upy1 — )—i||U2 H?Jri(U Un.1)
482 ny Un+1 n,l 22 1 ) ny Un,l
- @(U{Z’,l ~UnUni = Un) = Sl mll” + Q(Un, Unt1)
2 .3 3
+ ?(Un,l - Un7 Un—i—l) - @(Un,l - Un,h Un+1)
1
262 (U UnaUnJrl)

52 - - Z ZFK(Qn,la UnJrl -

+ - ZF th n,l —

-3 Z I (@1, Uns1) +
K

Un1) + > T5(Qn1,Unp)
K
+ZF+ (@n+1,Unt1)
ZF Qna n+1
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e Estimates for &;

3 1 7
&1=- 227 2 - ;gHUa%HHZ (Un 15 Uns1) + (Un 1:Un)
- @(Urw Un+1) — @(UmUnH) + @(Un, Un,l)

1 1
+ @(Un,la Un+1) - 7(Un7 Un)

3 2 512 _ 2 7
<= o lU2 07 = S0P + o5 (S0

+hw +1||2)

L (32 2 L0 1 /3 212 4 - 2
+ gz (SI0240P + 1021 ) + 525 (300212 + G021
S U Unit) + o (Uns Unt) 4~ (Ut Un1) — o (Un Ui
42 ny Yn+1 222 ny YUn,l 922 n,1, Un+l1 4e2 ny,Un
7 2 2 2112 1
:_@(HUnHH — 1Tl )—"_TEQ(UH,I_UTUU’H"Fl)
1 1 1
+@(U UnaU) 48 (Un+1 Un,laUn)‘i‘;(UnaUn,l_Un—l—l)
1
+7(Un>Un+1)
5)
2 2 2 2
< = g (U2l = U2 + g lUnall? + gl
)
+ gz lUns1 = Un, 2\|Un1 Unl?, (4.31)

where we have used the Cauchy and Young inequalities in the first estimate.

e Estimates for &

Recalling the boundary conditions in (4.14)), Lemma 4.3.1] and (4.29)),
with 0 < 4,7 < 2, there holds

Z Qn iy n - Z <_(Qn,iaVUn,j)K + (Qn,@ ‘v, Un,j)&K)
K K
Z( n,js V- an)8K+(Un]7v an)K+(Q 'VaUn,j)8K>
K
- - Z ;(( n,jaQn,i) = *(Qn,jaQn,i) = *(Qn,iaQn,j)v (432)

K



102 CHAPTER 4. ALLEN-CAHN EQUATION

where Q0 = Qn, Uno = U,. Using the Cauchy and Young inequalities,
we obtain that

& = (Qn1,@uir ~ @ur) -

F2Qur Quin) — 5(Qu@usn)

= QP [@uitl? + (@t~ Q@) + (@t Qui)

i(Qn,l»Qn,l _Qn)

__5 , 1 , 1 , 5

S - ZHQn,lH - §||Qn+1H + §||Qn,1 —Qul” + Z(Qn,laQnJrl)
< (1Qua I~ 1@l + 1Qu1 — QulP)

= 5 (1@na P~ 1Qul?) -

where

(@i @ur ~ @)~ [Qun?

11 3 )
S = 2 1@nill* + Z1Qni1l* = (@1, @ui)-

We set X = (Qn,1,Qn+1), and S = [, XMXTdz with
[ 11/8 —5/8
e (555, o

It is easy to prove that M is positive definite, which shows that S > 0
Inserting the estimates of &1, & into (4.30)), we obtain

3At ) N, ), (3 5At )
(1 - 22) [Un41[I” — ( + ) 1Un|l* + <4 - 452) |1Un+1 — Un |
5 3At
# (352 ) Wt = Ul + 5 (1@ua - 1@

4
sz 0l = 10z1%) <0

7At
3AtL 3  BAt
(1= 35 ) 1ol + (3 - 55 ) 10 - Oal?

(5 3At

= 2 ) 10 = Ul + @it P+ oz 102l

Then

5At TAt
(1+) IO+ SE1QuI2 + T2 (4.34)
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2
If At < 3%, the coefficients of the left hand side terms in (4.34]) are all

positive, hence we conclude that

7At

U411 + 7HQn+1H2 = lIU. all?
4At 7At
<(1+ ) U2 + fHQnHQ 21,
Qe 4o
3At 3e? 1
where o = 1 — 22 Note that At < % is equivalent to a > 10’ then
7At
1Unt1* + 7HQn+1”2

40At TAt
. <1 2 ) (w . —I!QnHZ HUZ\P) -

S8ae?

Summing the above equation from 0 to n < N yields

A
1Un+1 11 + HQn+1H2 oz Ul

40T 7At
<exp () (HUOHQ + @uczou?

812

That is
DMl + Q@ + e U2,
40T At TAL
<exr (57 ) (10nlP + S1Qul? + 10317
which completes the proof of Theorem O

Remark 4.3.4. To prove stability for the second order time accurate SDC-
LDG discretization, the choice of the test functions is non-trivial, especially
for the equations that contain nonlinear terms.

The above proof mainly contains two parts. Firstly, without loss of
generality, we choose the test functionv = Uy 1, v = Upq1 in ,
respectively. Secondly, by analyzing the energy equation obtained in the first
step, we take v = —%(Un+1—Un,1), v = Z(Un,l—Un) in (4.27) to eliminate

several terms, which simplifies the stability analysis.

Remark 4.3.5. For the nonlinear terms containing U, we use the following
inequality

1 1 3 1
(w*,0) < G2+ Slluol® < S+ 0?12 (435)
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4.3.4 FError estimates

Assume that the solution u of equation (4.1]) is sufficiently smooth and
satisfies

we L®((0,T); H*2(Q)), u; € L®((0,T); H*1(Q)),
uge € L°°((0,T); L*(Q)). (4.36)

For simplicity, we use the following notations in the error analysis

= uy — Uy = up — Pup + Pu, — Uy, := uy — Puy + Pey,,,
=qn —Qn =q, — g, +1lg, — Q) ::(In—HQn"i‘Heqn,

_RI 3

with similar relations for other variables. Here we choose

(P,I1) = (P~,P") in one dimension,
(P, 1) = (P~,II") in multi-dimensions,

which are defined in Section [4.2.4]
We rewrite the second order accurate SDC-LDG discretization for the

Allen-Cahn equation (4.1)) into a similar form as (4.27)-(4.29)), which gives

(Dtin 1, 0)i =T (@nr, v) — ;12(15;,1 — o, V), (4.37)
(@utn1,0)1¢ =T @ns1,0) = ST @1, 0) + 5T @n,0) + (0 0)i
- 0 — s O + S50 — )i
— 2%52(“%,1 — Up,1,V)K — %(ui — Up, V) K, (4.38)
(@ni, )k =T (uns @), 1=1,2, (4.39)
where
3tun,1 = W, Opny1 = un%—tum

and ||| < CA#? is the local truncation error for the second order accurate
SDC time discretization [120)].
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Subtracting (4.27))-(4.29) from (4.37)-(4.39)), we obtain the error equa-
tions
(8t(un,1 - U ) )K F (Qn 1 — Qn,hv)
1
L e U U, (440
3
(O (uns1 — Un1), )k =L je(@ns1 — Qui1,v) — 2 (@1 —Qn1,v)

1 1
+ iFf{(Qn —Qn,v) — ?(ui-&-l —un —USy,

2
+ U, v)k + ;2(“%1 — Up — (Ug,l —Un),v)K

- %(Ufh — U1 — (Upy = Unp), o)k + (4 0)K
— 5 (0 = = (U = U, o), (4.41)
(@nt — Qni: @)k =T (ung —Unp @), 1=1,2. (4.42)
By choosing
Up = Pug, (Qo,¢)x =T (Uo,9), (4.43)

it is easy to show that @ is well-defined. In addition, from the interpolation
properties of P and II, we have that

[Teg, |lo < CAFTL. (4.44)

Next, we present error estimates for the system (4.40)-(4.42)). The proof of
the error estimates follows the same line as for the stability analysis.

Theorem 4.3.6. Let u be the exact solution of the Allen-Cahn equation
—, which satisfies the smoothness assumptions , and U, be

the numerical solution of the second order accurate semi-implicit SDC-
LDG scheme -. Then forn = 1,2,..., N, there exist positive
constants h and Aty, where Aty depends on €, but is independent of h,
such that for At < Aty the error in the second order accurate SDC-LDG
discretization of the Allen-Cahn equation is bounded as

max _||e”|| < Ch*! 4+ CAt, (4.45)
nAt<T

where C depends on HUHLOO((O7T);H7€+2(Q)), HutHLoo((07T);Hk+l(Q)),
[uset|| oo (0.1);12(2))5 € and T.
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Proof. Based on relation (4.32)), with (4.42)), we obtain

Z F}(Heqmi’ Peun,j) = - Z F;((Peun,j ’ Heqn,i) = _(Qn,]
K K

—Qnj.Teg, )+ Y Tglun; — Pupy,Tleg, ), 0<i,j<2  (4.46)

K
1 3 1 . :
Let v = —ZPeun+1 + §Peum1 - ZPeun in (4.40) and v = Pe,,, ., in (4.41)),
3 1
respectively, dividing v = —ZPeun ot §Peun71 — ZPeun into three parts:

1 1
v=——(Pey,,, —Pey, ), v=Pey,,,v= Z(Peuw1 — Pey,), together with
the definition of 1T and (4.46)), we have

[Peu, i [I* = 1 Pew, |I* + [|Peu,, 1 — Peu,, [I” + [ Peu,, — Peu, |

2At
o (Peun,l - Peun7P6un+l - Peun,l) + ”Peun,l - PeunH2
4Nt 4Nt
6
=RHS =Y F;+ (.", Pey,,,), (4.47)
=1
where
2 1 1 2 2
F1=— |Heg, , " + 7 (Heg, ,, Ieq, ., —eg, ,) — < ([[Teg,, [|I” — [[Heg, |

3
2 2
+ HHeqn,l - Hean ) - HHean ” + §(H€qn,1’Heqn+l)

1
- 5 (Heqn7 HeQn+l )7

1
Fo =~ (qn,1 — Tlgn,1,1leg, ) + Z(Qn+1 —1Igni1 — (qn,1 — Hgn,1), ey, ;)

(Qn,l - HQn,l - (Qn - an)7 Heqn,l) - (qn-i-l - an+17 Heqn+1)
1

+ (Qn—‘rl - HQn—i—l; HeQn)7

N QO | =

(@n+1 — an+17Heqn,l) D)
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Fye o é(fmn,l) — F(Un1), Peu, )

+ L (Fuma) = f(Unn), Peu,,s — Peu, )

4e
_ 4%2( F(tn1) = f(Un1), P, , — Peu,)
— () = fUnr). Pea)
+ oo () = FUn1), Peu, ) = 55 (F ) = F(Un), Pea,)
Fy=- g(&Peun 1 Peu, ) + %(@P%RJ,P@MH - Peu, )
A

At
~ 2 (O¢Peu, ,, Pey, , — Pey,) — 6—2(875P6un+1,P6un+1)

2At
(atpeun 19 Peun+1 )

At
F5=— (at(un,l - Pun,l)apeun,1) - ?(at(un,l - Pun,l)vpeun,1)

1
+ *(at(un,l - Pun,l)apeun+1 - Peun,1)

+ fz (Oe(uny = Pun), Peu,y — Peu,,)
_ i(at(“ml — Puy1), Pey, , — Pey,)
ALAZ (Or(un,1 — Pun,1), Pew, , — Peu,)
— (8i(tnt1 — Puns1), Peu, ) — g(at(“”H — Pupy1), Pey,. )

2At
—5 (Ou(un1 — Pup ), Peu, ),

Fo = Z(F}(un,l — Puy,1, eg, ;)
K

- ZF}(UnH — Pupy1 — (Un,l - Pun71)7HeQn,l))
1 _
+ 1 ;(FK(“n,l — Pup1 — (un — Puy), Heqn,l)

—+ F;((un+1 - Pun—‘rlv H64n+1))

3 _ 1
~3 > (i (tns1 — Pugy,Teg, ) + Ui (Uns1 = Puni, Tleg, ).
K
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Next, we estimate each term F;, 1 <1 < 6. It is easy to see that

11 1 1 1
Fi= = g Meg, |2+ (Meg, , Tleg, ) + S Theq, |* = £liTeq, , — Teg, |

- HHean ”2 + (Heqn,l ) Heqn+1> + (Heqn,l - He(IrH Heqn+1)

~— N~

11 )
< - gHHeQn,l H2 + (H€Qn,1’HeQn+1

1 9 1 2
1 +§HH€an —§\|H€qn+1|’ :

Based on the interpolation properties of the projections P and II, as well
as the Lipschitz continuity property (4.3]) of f, there holds

5
| D Fil SCh*2 + C(|[Pewi, I” + [ Peu, . |1* + || Pew, |1?)
=2

€1
+ 5 (eg,, I* + |[eq,, ,||* + ITeq, |1%),

where C' depends on € and €; > 0 is a small enough constant generated by
Young’s inequality.

In one-dimension, Fg = 0. In multi-dimensions, using Lemma we
have

Kk €1
| Fo| < Ch*+2 4 - (Meq,.., I + | Teg, , I” + [ Teq, |-

Inserting the estimates of F;, i = 1,...,6 into (4.47)), together with the
error estimate for ™, we have

RHS <Ch*t2 + CAt* + C(|Pey, ., |I” + || Pew, . |* + || Pew, ||?)
11
8
5 1 1
+ Z(H€Qn,1>neqn+1) + g”HeanQ - §|‘H€Qn+1 H2
<Ch*T2 + CAt* + C||Pey,, ., |* + C||Peu,, — Peu, |

+e1([Heg, ,, |* + [Meg, ,|* + [Heg, |*) — —[[Heg,, I

1
+OlPenl? = (§+ ) (Meg | = Mg, [2) - 55, (449

where

55 = (5~ 261 ) Meq oI = § g Mg, + (5 = 1) Mgl
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o . 3 11 25
Similar to (4.33]), we have §S > 0 provided by <8 — 261> (8 — 61> > 61
25 — /561
ie. 0 <e < 537256 Combining (4.47)) with (4.48]), gives

1
(1= CA0Pe P = (1 CANIPe [P+ At (§ +201 ) (1T

5
— [ Heg, |I?) + (7 — CAYl|Peq,, — Pey, |> < CAt(h*2 + At?).

1
Let At < Aty < rok where Aty depends on &, but is independent of h.

Summing the above equation from 0 to n < N yields

1 n
(1 — CAL)||Pey, |1+ At | = 4 2¢1 ) |Teg,, ., |I? < CALY (242 4 Ath)
n+1 4 dn+1
=0

n
1
+ CALY " |[Pey, || + || Pey||” + At <4 + 261> | Teg, |2
=0

Using (4.43), (4.44) and Gronwall’s inequality, we have
[Peu, i 12 < C(R*FF2 4+ AtY),

which completes the proof. O

4.4 LDG discretization combined with third
order accurate SDC time integration method

In this section, we will discuss stability and error estimates of the third
order time accurate SDC-LDG scheme for the Allen-Cahn equation (4.1))-

(@.2) in @ c R? with d < 3.

4.4.1 Fully-discrete numerical scheme

We use the following numerical fluxes in the LDG discretization
Q.. =QF, U, =UL, 1=12...6 (4.49)
In view of the boundary condition (4.2]), we take

Qn, v=0, U= (U™ 1=12...6 (4.50)
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at 98, where (U, )™, | =1,...,6, refer to values obtained from the inte-
rior of the boundary elements. The numerical solutions U, ;, [ =1,...,6
correspond to ulfLm in the third order SDC discretization, with U,, 1 corre-
sponding to u}%l, U, to u}w, U,z to uful, Uy to “%,27 U, 5 to uf;,l and
Un to uf’w.

We use the third order semi-implicit SDC method introduced in Section
for the time discretization. Using , the fully-discrete third or-
der accurate SDC-LDG approximation scheme to the Allen-Cahn equation
is given as: find U, ; € Vf, Qn, €WE 1=1,2,...,6, such that, for
all v € V,f and ¢ € Wﬁ, we have

At At
(Ut = Un, 0)k =5 T (@uasv) = 55 (U2 = Un, )i, (4.51)
At At
(Un2 = Un1,0)k == T (Qn2,v) — (U5 —Un1,v)k, (4.52)
At 13At 2At
(Un,3 = Un2,v) K I (Qns,v) — TFJF (Qnz2,v) — TF+ (Qn,1,v)
? s . At 13At,
+ ﬂr (Q’m ) 7(Un,37 ) + 24¢ N2 (U )
2At 5At 5
At 1 1 7
(24U 2+ EU” 1+ —Un,v)K, (4.53)
At TAL At
(Un,4 - Un,37 ) 7F+ (Qn 4,0 ) - IFJ’_ (Qn 2,V ) + 7F (Qn 1,V )
Aty A 5 7At 5
At 1 5 1 1
+ — 62 (2Un 3 + ﬂUn,Q - éUn,l - ?Unav) ) (454)
At 13At 2At
(Un,5 - Un,47 ) 7F+ (Qn 5,V ) 24 K(Qn 4,0 ) (Qn 3,V )
At At At
+?F+ (Qn27 ) ?F—"_(Qn 1,0 )‘f’*r (Qm )
2 2(U ) 24e PYPCE (U ) ?(Un,& )K

At At At
T3 2(U3 v)K + @(UE,MU)K - @(US»U)K



4.4. LDG DISCRETIZATION COMBINED WITH THIRD ORDER

ACCURATE SDC TIME INTEGRATION METHOD 111
At 1 1 1 1 1
(24U +6Un,3+6Un,2+6Un,1 _ﬂUmv)Ka
(4.55)
At TAL At
(Ung — Unys,v) K *7F+ (Qn6;v) — ﬂlﬂr (Qn,a,v) + *F % (@Qn3,v)
At At Tt
- QF (Qna ) W(Un 67U)K + 24e Q(Un 1V )K
- ﬁ(Un,er)K + W(U U)K
At 1 1 1
n n4 — SYn3d T S, YN 5 4,
+ — 2 (2U 5 + 4U74 6U’3 24U V) K (4.56)
(Qn,l7¢)K :F[_((Un,l7¢>7 l= 17 27 ey 67 (457)

where Un+1 = Un,ﬁy Qn+1 = Qn’6.

4.4.2 Existence and Uniqueness

The proof of the well-posedness for the LDG method combined with the
third order SDC time integration method is similar to the proof in Section
for the second order discretization. We only give the main result and
skip the proof details.

Theorem 4.4.1. There exists a positive constant C1 independent of € and
2
h, such that if At < 2—, the third order accurate semi-implicit SDC-

1
LDG discretization -[4.57) for the Allen-Cahn equation is well-
defined.

4.4.3 Stability

2
Theorem 4.4.2. If At < é—, numerical solutions of the third order ac-

3
curate semi-implicit SDC-LDG discretization -(4.57) for the Allen-
Cahn equation satisfy the stability estimate

At
CallUnsr I+ S 1@ |2 + e [U2,
CsT At
<o (4F >(HU ||2+7\|Qo||2+7€2uvg||2>, (1.58)

where C3, Cy, C5 are positive constants and independent of € and h.

Proof. The proof of Theorem [£.4.2] is given in Appendix [£.A] O
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4.4.4 FError estimates

For the error estimates, we assume that the exact solution u has the fol-
lowing smoothness:

w e L0, T); HE2(Q)), up € L=((0, T); H*1(Q)),
we € L((0,T); L2(Q)). (4.59)

In Section we obtained error estimates for the second order ac-
curate SDC scheme. The same ideas can be used to obtain error estimates
for the third order accurate SDC-LDG discretization. We omit the proof
details and only give the error estimate.

Theorem 4.4.3. Let u be the exact solution of the Allen-Cahn equation

- satisfying the smoothness condition , and U, be the nu-

merical solution of the third order accurate semi-implicit SDC-LDG scheme

-. Then for n = 1,...,N, there exist positive constants h
and Atg, where Aty depends on e, but is independent of h, such that for

At < Atg the error in the third order accurate SDC-LDG discretization of
the Allen-Cahn equation is bounded as

nréltang HeuH ~N C(h‘ + 3 )7

where C' depends on |[ul| oo (0,118 +2(0))s Ul oo (0, 1541 (02))

[weree|| oo ((0,7);L2(02))s €5 T

4.5 Numerical tests

In this section, we will provide some numerical results to confirm the theo-
retical analysis. For more numerical simulations of the Allen-Cahn equation
using the SDC-LDG discretization, we refer to [55].

4.5.1 Accuracy test
We consider the Allen-Cahn equation
1
ur — Au + E—Qf(u) =g(t,xz,y), in Qx(0,7T] (4.60)

with periodic boundary condition on the domain 2 = [0,1] x [0,1]. We
take € = 0.1, and the exact solution as

u(t,z,y) = (1 +0.1sin(2n(z +y)) + 0.3sin(4n(z + y))) cos(t),
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Table 4.1: Error and order of accuracy for the second order accurate SDC-
LDG discretization at T" = 0.5.

Qn
mXxm | |lup — Uyl  Order |lup —Uyllp~q) Order
8 x 8 2.70E-002 - 5.04E-002 -
16 x 16 | 7.58E-003 1.83 1.57E-002 1.68
32 x 32 | 1.94E-003 1.97 4.11E-003 1.93
64 x 64 | 4.89E-004 1.99 1.05E-003 1.97

Table 4.2: Error and order of accuracy for the third order accurate SDC-
LDG discretization at T' = 0.5.

Qa2
mXm | |luy = Uyl  Order  |lup — Upllpo(q) Order
8 x 8 | 3.26E-003 - 7.39E-003 -
16 x 16 | 4.57E-004 2.83 1.06E-003 2.80
32 x 32 | 5.89E-005 2.96 1.37E-004 2.95
64 x 64 | 7.46E-006 2.98 1.75E-005 2.97

for which we can easily calculate the function g(t,x,y).

In the computations, a uniform rectangular mesh with m + 1 nodes in
each direction is used. The time step At is chosen as At = 0.0005 for
the LDG discretization of the Allen-Cahn equation combined with
the second and third order accurate semi-implicit SDC time integration
methods. The error and order of accuracy at time T' = 0.5 are shown in
Table and Table for, respectively, the linear and quadratic tensor
product basis functions Q11 and Qa9 .

Tables show that [|u, — Uyl| and ||uy, — Upl[zee(q) converge at
the rate O(h?) for the second order accurate SDC-LDG scheme using Q13
basis functions, and |[un, — Uyl and [[up — Uyl/fe(q) convergence at the
rate O(h3) for the third order accurate SDC-LDG scheme using Qoo basis
functions, which is consistent with our theoretical analysis.

4.5.2 Dependence of stability on the ¢ parameter in the
Allen-Cahn equation

Next, we study the dependence of the stability of the SDC-LDG discretiza-
tion on the parameter ¢ in the Allen-Cahn equation (4.1)). We consider a
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Table 4.3: Maximum stable time step Aty as a function of the parameter
¢ in the Allen-Cahn equation.

Q11 Q29
IS 1.00E-006 3.00E-006 4.00E-006 | 4.00E-006 6.00E-006 8.00E-006
Aty 1.482 14.149 27.295 2.321 10.208 32.5647

one-dimensional problem with periodic boundary conditions and take
u(t, z) = sin(2mwx) exp(—2t), € [0,1]

as the exact solution by choosing the appropriate source term in .

In the computations, we use 200 elements in the domain [0,1]. The
final simulation time 7" = 5000. Table [4.3] shows the maximum stable time
step Aty that can be chosen for the second order accurate semi-implicit
SDC-LDG scheme with Q71 basis functions and the third order accurate
semi-implicit SDC-LDG scheme with Qg9 basis functions. From the values
of Atg, we can observe that the time step depends on e, which confirms
the theoretical results stated in Theorems 3.3 and £.4.2

4.6 Conclusion

The semi-implicit SDC-LDG discretization provides an accurate and robust
numerical method when solving the Allen-Cahn equation. The Allen-Cahn
equation has a clear separation between stiff and non-stiff terms, which
makes the semi-implicit SDC time integration method a good choice to
solve this equation in combination with an LDG discretization. In addition,
it is easy to construct SDC time discretizations for any order of accuracy,
with the order increasing with one after each iteration. The LDG method
is easy to use in domains with a complicated geometry.

The following results were obtained for the second and third order ac-
curate SDC time integration methods combined with a LDG spatial dis-
cretization. For the nonlinear fully-discrete SDC-LDG discretization, we
proved existence and uniqueness of the numerical solutions by making use
of a standard fixed point argument in finite dimensional spaces. Stability
of the SDC-LDG discretization was proven on Cartesian meshes, in the
sense that stability is guaranteed if At < Atg, where Aty > 0 depends on
g, but is independent of h. Finally, with the above time step condition, we
obtained error estimates that show the optimal order of accuracy k + 1.
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4.A Proof of Theorem 4.4.2

Proof. For the following analysis, we set

Un,O = Una Qn,O = Qn

¢ Energy inequality

Step 1.

Choosing v in (4.51)-(4.56] respectively, as v = 2Uy 1, 2Up 2, 2Up 3, 2Up 4,
2Up 5, 2Up+1, together with (4.32]), we have

6 2
|Vl = U |Unt = Ui 1
LHS = == +> A 1Qual + U2

At —
4
Z Q'L Qn i+2 +U(Un,i+2)) +~A17 (461)
where
01(8) =15 (@n2.8) +5(@u18) — 15(@n. ) (1.62)
02(8) =15(@n2.8) — 5 (@u18) + 15(@n.9) (4.63)
03(8) =12 (@n1:9) + 5(@us.8) — - (@n2:8) + 5(@n1.9)
1
- E(Qnaqs)v (4'64)
01(#) =15(@n1.8) — 5 (@us8) + 15(@n.9) (4.65)
(4.66)
U (0) =225 (U 0,0) + 55 (Ud1,0) = ooy (U, 0), (4.67
Uo(v) =g (U3, 0) — 2 (U31,0) + 735 (U3, 0) (1.65)
13, 4, 2 1,
Us(v) =33 (U34,0) + 5 (U 3,0) = 525 (US,0) + 55 (U21,0) (4.69)
_%52([]3’ ) (4.70)
Us(v) =g (U4, 0) — o (U2 ,0) + 155 (U 0) (.71)
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and
At = (U, Unt) + = (U1, Uns) — —— (Un 2, Uns) — —=(Un1, Uns)
1 _62 ny YUn,l 22 n,1, Yn,2 1222 n,2> Yn,3 322 n,1,Yn,3
7 1
- 1252 (Un’ UTL,?)) _I_ ?(Un,Sa Un,4) + 1262 (Un72, Un74)
1 1
- @(Un,la Un,4) - 1262 (Una Un,4) - @(Un,% Un,5)
1
_7Un 7Un _7Un 7Un _7Un uUn
352( 3 Uns) 352( 2:Uns) 352( 1 Uns)
1 1
7Un;Un 7Un ;Un 7Un ;Un
+ 122 5)+ 2 (Uns, Uni1) + 155 (Un, Uns)
1 1

— @(Un,?n Un—‘,—l) - @(Un, Un+1)-
1
?(Un,ivUn,j)a 1,7 = 0,1,2,...,6 can be controlled by the

2 ~
left hand side of (4.61f) under the condition At < i, where C' is a positive

The terms

constant generated by Young’s inequality. For example
(Un3,Uns) =(Unz —Un2,Uns — Uns1) + (Un2 — Up1,Uns — Unt1)
+ (Un1 —Un,Uns —Upg1) + (Un, Ups — Up41)
+ (Unz —Un2,Upt1) + (Un2 — Up1,Upt1)
+ (Uni — Un,Upg1) + (Un, Up41)
<Unll? + 2| Ups1ll* + 2| Uns = Untall? + |Uns = Unel®
+ |Un2 = Unall? + 1Un,1 — Unll*. (4.72)

1

In the following, we denote linear combinations of — (Un,Un,j), 4,7 =
£

0,1,2,...,6 as ./42, .Ag, ./44,....

Step 2.

1
Next, choose v = —§(UH,5 — Upy1) in (4.55)). Using (4.32), we can

1
eliminate then g(ng, Q5 — Qn+1) with the following equation

1
(Un,S - Un,4a i(Un,E) - Un+1)> 1
By :=— A7 = Z(anan,S —Qni1) + Az

1 1 1
- ZQ3(Qn,5 —Qni1) + @(Us,g), Uns — Unt1) — ZU:s(Un,s — Up+1).
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After summation of B; and (4.61)), we obtain

4

LHS + B, = Z(Qi(Qn,i—i—Z) +U;(Uniy2)) + By + Ar. (4.73)
i—1

Step 3.
4 4
For the terms §(Qn,1 - Qn’ Qn,3)a §(Qn 2 — Qn 1, Qn 4) and (Qn 4 —

Qn.3,Qn+1), we have the estimate
4
§(Qn1 anQnS) 7HQn1 _Qn||2 )
4 2
§(Qn2 Qn1,Qn4) < *HQnQ Qnal* + §HQn,4H27

1 1
g(Qn4 Qn 37Qn+1 7”Qn4 Qn,3”2 + EHQn-l—le (474)
In order to eliminate the left three terms in (4.74)), we choose, respectively,
8 8 2
= (Un1—Up),v=—(Un2 —Upna),v=5Una—Upn
v 9( 1 U, ) v 9(U 2 ,1> v 3(U A4 73)
in (4.51)), (4.52)), (4.54) to obtain
(Un,l - Un; §(U'n,l - Un))
By := 0
2 At
2
- §(HQn,1II2 —1Qu]1? + 1Qn,1 — Qull®)
4
~ % 2(U —Up,Upg — Uy),
8
<Un,2 - Un,lv §(Un,2 - Un,l))

Bs :=

At
2
== 51Qn2l” = 1Qn 1" + 1@n.2 = Qnall)

4
- @(UEZQ - Un,la Un,2 - U’I’L,l)y
2
(Un,4 - Un,3a g(UnA - Un,3)>
By =

At =6
+ 1@t — QualP) + 5 9(@ns —~ Qua)

1 1
- @(US'A’ Una—Upns)+ §U2(Un,4 —U,3) + As.
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Then from (4.73]), we get

4 4 4
LHS + Z B; = Z(Qi(Qn,z‘—i—Q) +Ui(Unit2)) + Z Bj+ A (4.75)

j=1 i=1 7=1

. . 4 4 1
Adding and subtracting §(Qn1 —Qn,Qn3), §(Qn2 —Qn1,Qn4), g(QnA —

Qn.3,Qn+1) to (4.75), together with (4.74)), gives

4 4
LHS + ZBj < (Z(Qi(Qn,z’+2) +Ui(Unit2)) — %(Qn,l —QnQn3)

j=1 i=1

~5@uz @u1.@u) ~ (@i~ QuanQui))

2 2 1
+ §HQn,1 - Qn||2 + §HQn72 - Qn,ly 2 + EHQnA - Qn73H2

4
2 2 1
+ 5 1Qnsl* + 51@uall + GlIQnarl* + 3B + Ar. (4.76)
j=1

Step 4.

Next, in order to deal with terms containing @, 1 and @, 2, we choose
v in (4.51) and (4.52)), respectively, as

8
v :§(Un,3 - Un,4) + (Un,S - Un,l)p
13 1 2
v :g(Un,S - Un,?) + g(Un,iﬁ - Un,S) + g(UnA - Un,5)7

W N
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which gives

8 2
<Un,1 - Urm §(Un,3 - Un,4) + g(Un,S - Un,l))
Bs = At
13 1 2
<Un,2 - Un,l, K(Un,?; - Un,2) + g(Un,?) - Un,S) + g(Un,éL - Un,5)>
- At

(@1 5@~ Qua) + (@us— Qu)

1 - 4 1
- ? <U371 - Un7 §(Un,3 - Un,4) + g(Un,Z& - Un,l))

_ <Qn,2a %(Qn,?) - Qn,Q) + é(Qn,?; — Qn,S) -+ é(Q”,‘l — Qn,5)> _ 6%
13

1 1
1 T8(Un,3 —Unp2) + E(Un,3 —Ungs) + g(UnA - Un75)> '

<U7?:,2 —Un
Using the definitions of Q;, U; (1 < i < 4) given in (4.62)-(4.71)), the right
hand side of B; (1 < j < 5) and (4.76]), we obtain the energy inequality

4

5 5
LHS+Y Bj =) (Qi@uit2) +Us(Unit2)) + Y Bi+ A

j=1 i=1 J=1
3 5
< G+ D, (4.77)
k=1 =1

where

1 2,1 2, 1 2, T 2 1 2
Cr =5 1QnitlI* + Z11@ns° + 5 1Quall® + 15 11Qnsl° + 5 11Q@n.2l
1 5 2 9
+31@nal” + 5 lQnl”,
C2 :g(Qn,laQn,S) + §(QnaQn,4) + Z(Qn,l,Qn,E)) - E(QH,Q,QH+1)
1
+ E(Qn,laQn*Fl)v
Cs :E(Qn,AﬂQnﬁ) +(Qn3,Qns) — E(Qn,Qn,E)) - Z(Qnﬁ,QnJ’_l)

(@1 Q@ui) + 5@ Qi)
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and
D, :;?(f(Uml), Uy) + %(f(Um), Una1) — 9; (f(Un1),Unp)
o (F(Un2), Una) + A,
Dy Zé(f(UnA)a Upns) + é(f(Um), Uns) — %(f(Un), Un3),
Dy = 2 (F(Una), Unt) + 53 (F(Un2), Un) = 515 (F(Un2), Una)
+ 5 (FUn). Un),
Dy = 5 (F(Un5), Uns) + 1o (Un0),Uns) + (7 (Uns),Uns)
+ g (FUn), Ung) — 155 (F(U), Uns),
D5 = 115 (/(Un): Uns) + 263 (F(Una). Unir) = 55 (F(Uns). Uns)
- é(f(Un,g), Uns1) + ?;(f(Un,l), Un+1) + é(f(Un), Unt1)-

e Estimates for the energy inequality (4.77)

a. Estimates for B; (1 <j <5) and C; (1 <k < 3)

For Co, using the Cauchy and Young inequalities we obtain the estimate

Ca < — 24— 2, = 2, * 2
< (57 + 35) 1@ui1 1P+ 51QualP + 51QualP + 151Qual

1 , /1 1 1 , 1,
b 51@uall+ (3 + 1+ 15 ) 1Qnal? + fgl@u,

which implies that

11 5
Ci+Cy <— 2=
1+ Co 48HQn+1” +16||Qn,5

1 17
2 1 2, Ll 2
+ 1@uall + 35 1Qnl

2 )
+ 21Quall? + 1@nal® + 1o 1@l (478)
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In addition, the following lower bounds are obtained for B; (1<j5<5)

8 2 1 1 ,
(5-5-3-3)I0na-tal

5
>
ZBJ/ At
7j=1
§ 13 1 1 1 , (13 2 )
At
2 1 8 3 1
***** Un _Un 2 - o Un _Un 2
+(3 5~ 5 )10 = Unall = (34 ) 10— Ul

At
1
§”Un+1 — Unsl?

X (4.79)

Inserting LHS, C3, (4.78)) and (4.79) into (4.77)), we obtain then the esti-

mate

1 1 4
[Ursal? = 02+ 3 [Tt = Unsl? + G105 — Unall® + 51U — Vs
At
LU = U2+ 2 Uiz — U] + 2 [Uns — Ul
18 n,3 n,2 12 n,2 n,1 6 n,l n
At
1 ) . 13 , 11 , 8 )
+ 5 (1Qnet? = 1@ul?) + T2 @u sl + 15 1@usl” + 1@l
19 2 1
+ 301 @usll + 2 1QuIE + 5 S 022
i=16

1@t Qus) + (@ns.@ns) — 16(QuQ@us) — (@5 Qur)

5
22Quan@ui) + 1@ Quin) ;Dl. (4.80)

b. Estimates for D; (1 <1 <5)
For Dy, using the Lipschitz condition (4.3) of f and (4.35), we have the
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estimate
Cr 2 2 2 4
D1 <355 (10n2 = Unal + [Una = Uall? + |U[12) + 55 (F (V). Us)
1 5
+ @(f(UnQ)v Un1) + @(f(Un,2)7 Unz2) + Ag
Cr 4
T (1Un2 = Una I + 1Uny = Unl® + |Un]l*) + W(Ug Un)
+ f<U2,2,Un,1> T U V) + A
C'L 2 2 2 1 1 2 12
ST (1Un2 = UnalI> + 1Uny = Unll® + | Unl?) + 3t 12 U5l

1 o 2 112 1 22
+ (3 75) 102l + GU2P + 4.

Analogously to the estimate for D;, we obtain the estimates
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where Cs is a positive constant generated by Young’s inequality.
Inserting the estimates for D; (1 < [ < 5) and (4.72) into (4.80), with
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2

€
At < —, we obtain
C3

C3At C3At
(1= 2 Wl - (1425 )ww

1
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1
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11 19
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We denote Y = (Qn+1aQn,5aQn,47Qn,3)Qn)7 and W = fQYDYde
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D=| —25/96 —13/32  8/9 0 0
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€
It is easy to see that W is positive definite, which shows that if At < o
3

we have the estimate
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Finally, similar to the analysis of (4.34] -, we obtain
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Chapter 5

Conclusions and Outlook

In this dissertation, we study higher order accurate time-implicit Discontin-
uous Galerkin (DG) discretizations for several classes of nonlinear partial
differential equations (PDEs). The main conclusions are as follows:

e Based on the Karush-Kuhn-Tucker (KKT) limiter, which imposes
bounds on the numerical solution using Lagrange multipliers, higher
order accurate bounds preserving time-implicit Local Discontinuous
Galerkin (LDG) and DG discretizations were constructed, respec-
tively, for nonlinear degenerate parabolic equations and the chemi-
cally reactive Euler equations. Numerical results demonstrate that
the bounds preserving time-implicit discretizations are of optimal or-
der of accuracy and accurate in preserving the bounds on the nu-
merical solution, even on coarse meshes and for relatively large time
steps.

e The unique solvability and unconditional entropy dissipation of the
positivity preserving KKT-LDG discretizations were proven for non-
linear degenerate parabolic equations. This analysis gives the theo-
retical support for the use of the KKT limiter, that is, the KKT-LDG
discretizations preserve the positivity of the numerical solutions and
are numerically stable.

e Stability and error estimates for second and third order accurate
time-implicit Spectral Deferred Correction (SDC) LDG discretiza-
tions were proven for the Allen-Cahn equation. The theoretical anal-
ysis addresses the fully discrete analysis, both in space and time, of
the higher order accurate time-implicit discretizations for the Allen-
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Cahn equation. Numerical examples are presented to illustrate the
theoretical results.

Regarding bounds preserving limiters and error estimates for higher
order accurate time-implicit DG discretizations, there are several topics
that are interesting for further research:

e Proving error estimates for the higher order bounds preserving KKT-
DIRK-LDG discretizations for nonlinear degenerate parabolic PDEs.

e Developing higher order time-implicit bounds preserving discretiza-
tions for the compressible Navier-Stokes equations modelling multi-
species chemically reactive flows.

e Proving unconditional energy stability and optimal error estimates
for higher order accurate time-implicit LDG discretizations for the
Cahn-Hilliard equation. This will provide an important extension of
the results obtained in Chapter 4| for the Allen-Cahn equation.



Summary

This dissertation discusses higher order accurate time-implicit Discontin-
uous Galerkin (DG) discretizations for several classes of nonlinear Par-
tial Differential Equations (PDEs). The two main topics considered are
bounds preserving limiters combined with Diagonally Implicit Runge-Kutta
(DIRK) methods, and novel efficient higher order accurate semi-implicit
Spectral Deferred Correction (SDC) DG discretizations, including error es-
timates.

In Chapter [2| positivity constraints are imposed on time-implicit Lo-
cal Discontinuous Galerkin (LDG) discretizations of degenerate parabolic
equations using Lagrange multipliers. In addition, mass conservation of
the positivity limited solution is ensured by imposing a mass conserva-
tion equality constraint. This results in a mixed complementarity problem,
which is expressed by the Karush-Kuhn-Tucker (KKT) equations. This
approach results in a direct coupling of the bounds constraints and the DG
discretization and is well suited for time-implicit discretizations. We call
this approach to enforce bounds constraints “KKT-limiter”, which differs
significantly from frequently used limiters in combination with explicit time
integration methods that generally suffer from serious time step constraints
for parabolic or stiff hyperbolic PDEs. The KKT-DIRK-LDG discretiza-
tions preserve higher order accuracy, and allow for a significantly larger time
step than the time-explicit bounds preserving DG discretizations. We prove
entropy stability, both for the unlimited DIRK-LDG discretization and the
KKT-DIRK-LDG discretization, and unique solvability of the KKT-DIRK-
LDG discretizations. Finally, numerical results are shown which illustrate
the higher order accuracy and entropy dissipation of the positivity preserv-
ing KKT-DIRK-LDG discretizations.

In Chapter |3, we develop higher order accurate bounds preserving time-
implicit DG discretizations for the chemically reactive Euler equations.
These equations are used to describe inviscid, compressible chemically re-
acting flows, including detonations. Since in chemically reactive flows, the
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time step can be significantly limited by the large difference between the
fluid dynamics time scales and the reaction time scales, we use a fractional
step method, which separates the convection and reaction steps, and com-
bine this with higher order accurate DIRK methods for the time discretiza-
tion. In order to ensure that the density and pressure are nonnegative, and
mass fractions are in the range between zero and one, the KKT limiter is
adopted to construct bounds preserving DIRK-DG discretizations for the
reactive Euler equations. In order to deal with the stiff source terms in
chemically reactive flows, we use Harten’s subcell resolution technique in
the reaction step. This ensures proper wave speeds in the reaction zone
and improves stability. Numerical examples demonstrate that the KKT-
DIRK-DG discretization results in the correct wave speed, preserves the
physical bounds on the solution, and compares well with exact solutions
and accurate reference solutions obtained with explicit bounds preserving
discretizations for the chemically reactive Euler equations. Without the
KKT limiter, most computations break down due to unphysical solutions.

In Chapter[d] we prove stability and error estimates for second and third
order accurate semi-implicit SDC-LDG discretizations of the Allen-Cahn
equation. For the numerical discretization of this parabolic equation, im-
plicit time integration methods, which alleviate the time-step restrictions,
result in a nonlinear system of equations that must be solved each time
step. We first prove the unique solvability of the implicit SDC-LDG dis-
cretizations through a standard fixed point argument in finite dimensional
space. Next, by a careful selection of the test functions, stability and er-
ror estimates for second and third order accurate time-implicit SDC-LDG
discretizations are obtained in the sense that the time step only requires a
positive upper bound and is independent of the mesh size. Also, numerical
examples are presented that illustrate the theoretical results.



Samenvatting

Dit proefschrift bespreekt tijdsimpliciete discontinue Galerkin (DG) me-
thoden voor verschillende klassen van hogere orde niet-lineaire partiéle dif-
ferentiaalvergelijkingen (PDVs). De twee belangrijkste onderwerpen zijn
discontinue Galerkin discretizaties met limiters die de numerieke oplossing
binnen de fysische grenzen moeten houden in combinatie met diagonaal
impliciete Runge-Kutta (DIRK) tijdsintegratie methoden, en nieuwe ef-
ficiénte hogere orde nauwkeurige semi-impliciete spectral deferred correc-
tion (SDC) tijdsintegratiemethoden in combinatie met local discontinue
Galerkin (LDG) discretizaties, inclusief foutafschattingen.

In hoofdstuk [2| worden via limiters positiviteitsvoorwaarden opgelegd
aan tijdsimpliciete local discontinuous Galerkin discretizaties die met be-
hulp van Lagrange multipliers zorgen dat de numerieke oplossing van ont-
aarde parabolische vergelijkingen positief is. Bovendien wordt massabe-
houd van de numerieke discretizatie met de positiviteits limiter gegaran-
deerd door massabehoud als extra voorwaarde in de numerieke discretizatie
op te leggen. Dit resulteert in een gemengd complementariteitsprobleem
dat wordt beschreven door de Karush-Kuhn-Tucker (KKT) vergelijkingen.
Deze aanpak resulteert in een directe koppeling van de positiviteitseisen
waaraan de numerieke oplossing moet voldoen met de DG discretizatie en
is zeer geschikt voor tijdsimpliciete numerieke discretizaties. Wij noemen
deze aanpak om positiviteitseisen aan de numerieke oplossing op te leggen
"KKT-limiter”. Deze aanpak verschilt sterk van de vaak gebruikte tech-
nieken om positiviteitseisen aan de numerieke oplossing op te leggen bij
tijdsexpliciete numerieke discretizaties. De KKT-DIRK-LDG numerieke
discretizaties hebben een hogere orde nauwkeurigheid en staan een aan-
zienlijk grotere tijdstap toe dan wanneer tijdsexpliciete positiviteitbehou-
dende DG discretizaties worden gebruikt. We bewijzen entropie-stabiliteit,
zowel voor de DIRK-LDG discretizaties als voor de KKT-DIRK-LDG dis-
cretizaties, en ook de uniciteit van de oplossing van de KKT-DIRK-LDG
discretizaties. Tenslotte worden numerieke resultaten getoond die de ho-
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gere orde nauwkeurigheid, entropiedissipatie en de positiviteitbehoudende
eigenschappen van de KKT-DIRK-LDG discretizaties illustreren.

In hoofdstuk [3| ontwikkelen we hogere orde nauwkeurige tijdsimpliciete
positiviteitsbehoudende DG discretizaties voor de chemisch reactieve Euler
vergelijkingen. Deze vergelijkingen worden gebruikt om niet-visceuze, sa-
mendrukbare chemisch reagerende stromingen, inclusief detonaties, te be-
schrijven. Aangezien in stromingen met chemische reacties de tijdstap in de
numerieke tijdsdiscretizatie aanzienlijk kan worden beperkt door het grote
verschil tussen de vloeistofdynamische tijdschalen en de reactie tijdschalen
gebruiken we een fractionele stapmethode, die de convectie en reactiestap-
pen scheidt, en combineren deze methode met hogere orde nauwkeurige
DIRK tijdsintegratiemethoden. Om ervoor te zorgen dat de dichtheid en
de druk niet negatief worden, en de massafracties tussen nul en één liggen,
wordt de KKT-limiter toegepast om te zorgen dat numerieke oplossingen
van de DIRK-DG numerieke discretizaties van de reactieve Euler vergelij-
kingen aan deze fysische eisen voldoet. Om stijve brontermen in chemisch
reactieve stromingen nauwkeurig te kunnen discretizeren gebruiken we in de
reactiestap de subcelresolutie-techniek van Harten. Dit zorgt voor de juiste
golfsnelheden en reactiesnelheden in de reactiezone en verbetert de stabi-
liteit van de numerieke methode. Numerieke simulaties tonen aan dat de
KKT-DIRK-DG discretizatie resulteert in de juiste golfsnelheid, dat de nu-
merieke oplossing voldoet aan de fysische grenzen en goed overeenkomt met
exacte oplossingen en nauwkeurige referentieoplossingen die verkregen zijn
met positiviteitsbehoudende tijdsexpliciete numerieke discretizaties van de
chemisch reactieve Euler vergelijkingen. Zonder de KKT-limiter lopen de
meeste berekeningen stuk op niet-fysische oplossingen.

In hoofdstuk [4 bewijzen we de numerieke stabiliteit en geven foutschat-
tingen voor tweede en derde orde nauwkeurige semi-impliciete SDC-LDG
discretizaties van de Allen-Cahn vergelijking. Impliciete tijdsdiscretizaties
van deze parabolische vergelijking resulteren in een niet-lineair stelsel van
vergelijkingen dat elke tijdstap moet worden opgelost. Eerst bewijzen we de
uniciteit van de oplossing van de semi-impliciete SDC-LDG discretizaties
in een eindig dimensionale ruimte door middel van een standaard dekpunt
argument. Vervolgens worden door een zorgvuldige selectie van de testfunc-
ties voorwaarden voor de numerieke stabiliteit en foutschattingen voor de
tweede en derde orde nauwkeurige tijdsimpliciete SDC-LDG discretizaties
verkregen. Hierbij worden condities voor de grootte van de tijdstap afge-
leid die onafhankelijk zijn van de maaswijdte van het rekenrooster. Ook
worden numerieke simulaties gepresenteerd die de theoretische resultaten
illustreren.
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