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Abstract

In this work we present high-order primary conservative and entropy stable schemes
for hyperbolic systems of conservation laws with geometric (k) and algebraic (p)
non-conforming rectangular meshes. Throughout we rely on summation-by-parts
(SBP) operators which discretely mimic the integration-by-parts rule to construct
stable approximations. Thus, the discrete proofs of primary conservation and en-
tropy stability can be done in a one-to-one fashion to the continuous analysis.
Here, we consider different SBP operators based on finite difference as well as dis-
continuous Galerkin approaches.

We derive non-conforming schemes by extending ideas of high-order primary con-
servative and entropy stable SBP methods on conforming meshes. Here, special
attention is given to the coupling between non-conforming elements. The coupling
is instructed to entropy stable projection operators. However, these projection op-
erators suffer from a suboptimal degree. Therefore, we develop degree preserving
SBP operators where the norm matrix has a higher degree compared to classi-
cal SBP operators. With these operators it is possible to construct entropy stable
projection operators which have the same degree as the SBP differentiation matrix.

Typically, high-order primary conservative and entropy stable schemes are semi-
discrete methods with a discretized spatial domain and assuming continuity in
time. Therefore, temporal errors are introduced when integrating the conservation
laws in time with standard methods, e.g. Runge-Kutta schemes, for which the en-
tropy can have an unpredictable temporal behaviour. Thus, we extend high-order
primary conservative and entropy stable semi-discrete methods to fully-discrete
schemes on conforming and non-conforming meshes. This results in an implicit
space-time method.

We introduce a simple mesh generation strategy to obtain quadrilateral meshes
surrounding two dimensional complex geometries. Finally, with the generated
meshes we simulate a flow around a NACAO0012 air foil to demonstrate the benefits
of considering non-conforming elements for a practical simulation.
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Kurzzusammenfassung

In dieser Arbeit priasentieren wir primér konservative und Entropie stabile Ver-
fahren hoher Ordnung zum Loésen von Systemen von hyperbolischen Erhaltungs-
gleichungen auf geometrischen (h) und algebraischen (p) nicht-konformen rechteck-
igen Gittern. Dabei verwenden wir ausschliellich summation-by-parts (SBP) Op-
eratoren, welche die partielle Integration diskret nachahmen um stabile Approxi-
mationen zu konstruieren. Dadurch konnen die Beweise von primar konservativen
und Entropie stabilen Verfahren analog zur kontinuierlichen Analyse durchgefiihrt
werden. In dieser Arbeit betrachten wir verschiedene SBP Operatoren basierend
auf finite Differenzen sowie auf unstetigen Galerkin Ansétzen.

Wir leiten nicht-konforme Verfahren her indem wir die Ansétze von primér kon-
servativen und Entropie stabilen SBP Verfahren auf konformen Gittern erweitern.
Besondere Aufmerksamkeit ist der Kopplung von nicht-konformen Gittern gewid-
met. Die Kopplung ist angewiesen auf Entropie stabile Projektionsoperatoren.
Diese Projektionsoperatoren haben allerdings einen suboptimalen Grad. Dadurch
entwickeln wir Grad erhaltene SBP Operatoren, wo die Norm Matrix eine hohere
Genauigkeit als herkdmmliche SBP Operatoren aufweist. Mit diesen Operatoren
kénnen wir Entropie stabile Projektionsoperatoren konstruieren welche denselben
Grad haben wie die SBP Differtiationsmatrix.

Gewohnlich sind primér konservative und Entropie stabile Verfahren semi-diskret
mit einer raumlichen Diskretisierung. Die Zeit hingegen wird als kontinuierlich
angenommen. Dadurch ergeben sich temporare Fehler durch die Zeitintegration
der Erhaltungsgleichungen mit Standardverfahren, wie z.B. Runge-Kutta Ver-
fahren, wodurch die Entropie einen unberechenbaren Verlauf in der Zeit annehmen
kann. Daher erweitern wir primér konservative und Entropie stabile semi-diskrete
Methoden hoher Ordnung zu voll-diskreten Verfahren auf konformen und nicht-
konformen Gittern. Die resultierenden Verfahren sind implizite Raum-Zeit Ap-
proximation. Wir fithren eine simple Strategie zur Generierung von viereckigen
Gitterelementen ein um zwei dimensionale komplexe Geometrien zu umgeben. Ab-
schliefend simulieren wir mit diesen Gittern die Stromung um einen NACA0012
Tragfliigel. Mit dieser Simulationen demonstrieren wir die Vorteile von nicht-
konformen Gittern fiir praktische Anwendungen.
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List of Symbols and Abbreviations

In this work continuous functions are denoted by capital letters with a script type,
e.g. A. Discrete approximations of continuous functions are given by lower case
letters, e.g. a. Vectors are denoted with bold letters, e.g. a = [aq, ..., ax]?, while
matrices are presented using capital letters with sans-serif font, e.g. A.

1 Vector of ones

a,b Wave speed of the linear advection equation

a, b Contravariant wave speed of the linear advection equation
ar, bp Approximated contravariant wave speeds of degree p
bn Number of boundary nodes

B Boundary condition

B Boundary matrix with B = diag(—1,0,...,0,+1)

B, The r-th Bernoulli polynomial

BrFE,, BgRE, Discrete energy growth on the boundaries

CFL Courant-Friedrichs-Lewy number

D Differentiation matrix

(DS), (DT) Space-time discretization is space and time, respectively
(Dzx), (Dy) Spatial discretization is z- and y-direction, respectively
€o Standard basis vector with eg = (1,0, ...,0)

en Standard basis vector with ey = (0,...,0,1)

E Element

& Total energy

EC Denotes a flux is entropy conservative

ES Denotes a flux is entropy stable

Eft Total energy growth

f,q Discrete physical fluxes

f,q Discrete contravariant physical fluxes

g Discrete numerical surface fluxes

f g Discrete numerical contravariant surface fluxes

f*, g7 Discrete numerical volume fluxes

f#, g* Discrete numerical contravariant volume fluxes

Alphanumeric Symbols



List of Symbols and Abbreviations

fEnt

)
»

VOO TIYT

N
b
~

tot
S

Discrete entropy flux function

Physical fluxes

Physical contravariant fluxes

Entropy flux function

Water height of the Shallow Water equations
Implicit system for space-time discretization
[dentity matrix

Discrete energy growth on an interface

Discrete entropy growth on an interface

Discrete growth of the primary quantities on an interface
Jacobian determinant

Dissipation matrix

Denotes the left element

Interpolation operator

Diagonal symmetric positive definite norm matrix
Mach number

Normal vector in two dimensional space

Number of nodes on an element in one dimension
Number of elements

Number of elements in ¢-direction

Number of elements in z-direction

Number of elements in y-direction

Number of elements on an interface with hanging corners
Error estimate

Polynomial degree

Pressure

Projection operator

Skew-symmetric SBP matrix with Q = MD
Denotes the right element

Residuum to validate primary conservation and entropy stability
Discrete entropy function

Entropy function

Surface matrix

Simultaneous approximation term

Total entropy growth

Time in physical space

Final time

Numerical solution of a scaler conservation law
Numerical solution of a system of conservation laws

Xi



List of Symbols and Abbreviations

VP

z,y
ZQ7 Z€7 Zopt

MR TN > 2

S S

N Q™ (1]

e
oy

S
3

S

~
<

DO E EEX B BS 6

Numerical surface state in time

Numerical volume state in time

Solution of a scaler conservation law

Solution of a system of conservation laws of size N,
Initial condition

Total growth of the primary quantities

Discrete Entropy variables

Entropy variables

Volume part

Coordinates in physical space

Optimized values for the construction of operators
Adiabatic coefficient for the Euler equations
Interface curves describing the surface of a curved domain
Distances

Differencing matrix

Source term for a manufactured solution
Random generated numbers

Velocity

Eigenvalue of the Jacobian flux

Coordinates in reference space

Nodal distribution in the reference space
Denotes the Mortar element

Density

Dissipation rate

Time in reference space

Interface function defined on the boundary of (2
Basis function for variational formulation

Test function for variational formulation
Function detecting badly shaped elements
Upper bound detecting badly shaped elements
Two dimensional mapping function

Entropy potential

Entropy flux potential

Quadrature weights

Physical domain

Reference space

xii



List of Symbols and Abbreviations

(UW) sy The Ly inner product

1] £, 0
<u”U>M
|||
|2

{u}

CFL
CPR
DG
DGSEM
DOFS
DP

EC
EOC
ES

FD
FEM
FV
GMRES
HGTL
HOPR
IBP
LAE
LG
LGL
MHD
ODE
PDE
SBP
SAT

The £, norm induced by (U, U) ., q,

Discrete inner product approximated with £, inner product
The discrete norm induced by (u,u),,

Euclidean vector norm

Average of two states of u

Abbreviations

Courant-Friedrichs-Lewy
Correction procedure via reconstruction
Discontinuous Galerkin
Discontinuous Galerkin Spectral Element Method
Degrees of freedom

Degree Preserving

Entropy conservative

Experimental order of convergence
Entropy stable

Finite difference

Finite element method

Finite volume

Generalized minimal residual
Hybrid Gauss-Trapezoidal-Lobatto
High Order Preprocessor
Integration-by-parts

Linear advection equation
Legendre-Gauss
Legendre-Gauss-Lobatto
Magnetohydrodynamics

Ordinary Differential Equation
Partial Differential Equation
Summation-by-parts
Simultaneous-Approximation-Term

xiii



1. Introduction

In large scale applications the effective use of computational resources is an im-
portant aspect of emerging numerical methods. In particular the distribution of
the degrees of freedom are of special interest. This makes numerical methods a
powerful tool for modelling experiments which are either too expensive or impos-
sible to perform. As the power of computers has increased drastically over the
last decades, we have come to rely on numerical schemes to simulate real world
problems based on mathematical models.

Systems of conservation laws cover a broad range of numerical applications as
they simulate the behaviour of numerous fluids. Conservation laws consists of par-
tial differential equations tracking the fluid behaviour and evolution over time on a
given spatial domain. Their solutions are quantities such as density or velocity. For
conservation laws the conserved quantities can only change in time depending on
the fluid flow into or out of the system. This is referred to as primary conservative.

For approximating the solution of partial differential equations there is a broad
range of numerical methods based on finite differences, finite volumes or finite
elements. Especially focusing on conservation laws high-order numerical methods
have been constructed to solve the mathematical model and at the same time to
discretely mimic primary conservation. Still, such numerical schemes do not neces-
sarily represent the physical behaviour of a fluid correctly. A possible explanation
for this phenomenon is that the scheme does not discretely obey the second law
of thermodynamics. Therefore, over the past years numerical schemes have been
developed which are primary conservative and at the same time discretely obey
the second law of thermodynamics. Such schemes are denoted as entropy stable.

In 1993 Carpenter et al. [12] constructed high-order, primary conservative and
energy (linear entropy) stable schemes for linear conservation laws. The method
makes use of summation-by-parts operators based on finite differences. Such op-
erators were first designed in 1974 by Kreiss and Scherer [72] and are constructed
to discretely mimic the integration-by-parts rule. Therefore, the discrete analysis
of primary conservative and energy stable schemes is done in a one-to-one fashion
to the continuous analysis. Nowadays, numerous summation-by-parts operators
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exist, e.g. operators based on discontinuous Galerkin approaches [42]. Therefore,
the method of Carpenter et al. can be interpreted as a finite difference, discon-
tinuous Galerkin or any other numerical approach by simply considering different
summation-by-parts operators. Due to the variety, summation-by-parts operators
had a great impact on numerically solving conservation laws in a stable manner.
Schemes which rely on the use of summation-by-parts operators are denoted as
summation-by-parts methods.

Designing primary conservative and entropy stable methods for non-linear prob-
lems is a complicated task. Back in 1984, Tadmor was the first to create such a
scheme based on low-order finite volume methods [112]. Extension of this work to
high-order entropy stable schemes with summation-by-parts operators have been
developed relying on split forms, e.g. [42]. However, depending on the conservation
law, finding such a split form can be cumbersome. A breakthrough on high-order
entropy stable methods is the Fluz Difference scheme developed by Fisher and
Carpenter [33] in 2013. Here, the method of Tadmor for arbitrary conservation
laws is extended to a general high-order scheme using summation-by-parts opera-
tors without considering any split forms.

All these introduced schemes rely on semi-discrete discretizations. Here, we fo-
cus on a spatial discretization and assume continuity in time. In order for the
numerical solution to discretely obey the second law of thermodynamics we need
to consider a small time step. A recent work by Friedrich et al. [38] expanded the
high-order primary conservative and entropy stable Flux Difference method to a
fully-discrete scheme without assuming exact quadrature. Thus, the physical law
is not violated despite the time step.

When applying numerical schemes to real world problems the choice and de-
sign of the mesh is an important aspect. Here, we consider multi-block meshes
with quadrilateral elements, where each element has its own nodal distribution.
Entropy stable methods like the Flux Difference scheme are typically constructed
on a conforming mesh. For such meshes the nodal distribution of each element
and the element interfaces need to coincide. However, for certain problems one is
interested in refining the mesh resolution in certain regions, e.g. at the surface of
an air foil to observe the fluid behaviour. Obtaining such conforming quadrilateral
meshes is cumbersome or even impossible. Further mesh flexibility is introduced
by considering non-conforming elements. Here, neither the nodes nor the inter-
faces of the elements must coincide. For such meshes we can arbitrary refine the
resolution of an element independent of the neighbor elements. In addition, as the
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interfaces of elements do not necessarily have to coincide, it is easier to generate
non-conforming meshes for simulating flows around complex geometries. The main
question of this work is:

Can we maintain convergence order, primary conservation and entropy stability
of a summation-by-parts scheme when focusing on non-conforming meshes?

Investigations on this topic have been done over the last years and will be pre-
sented in this work.

1.1. Goals of the Dissertation

The main goal of this dissertation is to propose high-order primary conservative
and entropy stable summation-by-parts schemes on non-conforming meshes. Fo-
cusing on linear conservation laws Mattsson and Carpenter [83] were the first to
derive such a scheme. Their method consists of projection operators connecting
the non-conforming elements. In terms of energy stability the projection operators
satisfy certain stability and accuracy conditions. However, due to these conditions
the projection operators suffer from a suboptimal degree. Therefore, the method
loses up to one order of accuracy compared with a conforming discretization. To
overcome this order loss we present a new set of degree preserving summation-by-
parts operators such that the resulting non-conforming scheme is of the same order
as the conforming scheme.

Moving on to non-linear problems, the theory on entropy stable methods on
non-conforming meshes is rare. In this dissertation we present the non-conforming
high-order primary conservative and entropy stable method by Friedrich et al. [38].
The authors were the first to derive such a scheme on Cartesian meshes where nei-
ther the nodes nor the interfaces need to coincide. The key concept of this method
is to combine the conforming Flux Difference method of Fisher and Carpenter
for non-linear problems with the non-conforming summation-by-parts method by
Mattsson and Carpenter for linear problems. Additionally, in comparison to linear
conservation laws, a special modification of the term coupling the non-conforming
elements needs to be considered.

Besides focusing on non-conforming elements in space for, e.g. simplifying
the mesh generation, we apply non-conforming elements in time on fully-discrete
schemes. Thus, we can consider different time steps for different elements gaining
additionally flexibility and at the same time still ensuring primary conservation
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and entropy stability.

Finally, in order to demonstrate the advantageous features of non-conforming
meshes, we present a simple adaptive cut cell strategy to generate non-conforming
meshes around complex geometries. Therefore, we simulate a flow around a
NACAOQ0012 air foil on a conforming and a non-conforming mesh and compare
the results.

Parts of this dissertation have been published [38, 39] or are under review [40]
in the Journal of Scientific Computing .

1.2. Outline of the Dissertation

In Chapter 2 we introduce energy stable and primary conservative summation-by-
parts methods focusing on the one and two dimensional linear advection equation.
Here, we demonstrate the features of summation-by-parts operators and introduce
different operators derived from finite differences and discontinuous Galerkin ap-
proaches. In Chapter 3 we extend the energy stable and primary conservative
method to a non-conforming mesh by introducing the method of Mattsson and
Carpenter [83]. Here, special attention is paid to the construction of projection
operators connecting non-conforming elements. As the operators have a subopti-
mal degree we introduce degree preserving summation-by-parts operators.

After introducing the linear theory we move on to non-linear conservation laws
and introduce the concept of entropy in Chapter 4. We demonstrate the addi-
tional issues for non-linear problems and derive high-order entropy stable schemes.
Here, we discuss split forms of conservation laws and introduce the Flux Difference
scheme by Fisher and Carpenter [34]. In Chapter 5 we answer the question in the
introduction and present the high-order primary conservative and entropy stable
scheme on a non-conforming mesh by Friedrich et al. [38].

Furthermore we introduce a high-order primary conservative and entropy stable
scheme based on a fully-discrete discretization in Chapter 6. This method can
be applied to conforming and non-conforming elements. Finally, we discuss the
generation of meshes in Chapter 7 and present numerical simulations.

Within each chapter, besides Chapter 7, proofs occur. Theoretical findings and
proofs will be numerically verified at the end of each chapter.



2. Energy Stable and Primary Conservative
Summation-by-Parts Methods for the
Linear Advection Equation on
Conforming Meshes

We are interested in solving hyperbolic conservation laws. To start off we focus on
one dimensional scalar conservation laws

ou  OFU)
_l’_

ot ox

with t € [0,T] C R, x € Q = [z, zg] C R and appropriate initial and boundary
conditions. Throughout this thesis we denote U as the conservative variable and
F as the physical flur. Conservation laws are primary conservative, in a sense that
the conserved solution can only change in time depending on the fluid flow into or
out of the system. Mathematically speaking, the time derivative of the integral of
U over 2 only depends on its boundary conditions and so is conserved over time
within the domain 2. This can be verified by applying Gauss’ law on (2.1)

—0, (2.1)

/ P40 = vg(1), (2:2)

where vp(7) = —F (U(7,§)) [¢£,, is purely defined on the boundary. This holds
for all hyperbolic conservatlon laws independent of the choice of the physical flux
[31].

In this chapter we set the flux to be F(U) = ald which gives us the linear
advection equation (LAE)

— 4+ a—-— =0, (2.3)

where a > 0 describes the constant wave speed. The LAE is the simplest prototype

of a hyperbolic conservation law. Later, in chapter 4, we focus on more general
systems of hyperbolic equations.



2. SBP Methods for the LAE on Conforming Meshes

Before attempting to solve (2.3) it is necessary to ensure that the model repre-
sents the physical behaviour of U correctly or, in other words, that the model is
stable. A mathematical model is said to be stable if its solution is bounded by its
initial and boundary conditions. The choice of these conditions is an important
component to ensure that the problem is well-posed [23]. For the LAE (2.3) these
are defined by

U0, z) = Uy () for x € [z, xR],

Ult,z,) =B(t)  forte[0,T]. (24)

Note, that the boundary conditions are one-sided as they are only defined on the
left boundary x . Since the LAE transports information from left to right (a > 0)
it is not instructed to a right boundary condition. Also, when considering a right
boundary condition for the LAE, then the problem is not necessarily solvable [23].

The definition of linear stability is adapted from Gustaffson [50]:

Definition 1. Linear Stability
The problem (2.3) is linearly stable if the solution is bounded by its initial and
boundary conditions

t
A My < Wl oy + K (0) [ B dr (25)
where K(t) > 0 is independent of the initial and boundary conditions and the
norm || - ||, q) is induced by the £, inner product
2
(U,W)cg(g) = /QUW ds, HUHLZQ(Q) = (U,U)cz(n)' (2.6)

Due to Definition 1 the solution is bounded and therefore it cannot "explode" in
finite time. We will show that the LAE is stable by applying the energy method.
Therefore, we multiply (2.3) with its solution ¢/ and integrate over the domain €2

ou ou
S d0+a [ UTE 0 =0, 2.7
/Qu ot o Q u Ox (2.7)
Applying the product rule and rearranging sides we get
1.0U*? 1 0U?
——— dQ) = — ——— dS). 2.
02 Ot 4 “Jo2 0z d (2:8)

Now, we apply Leibniz rule on the left hand side and integrate the right hand side.
By including the boundary condition we get

0 ey = ottt 2"~ B0 29
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As U(t,xr)? is non-negative, we get the following estimate
o %) < aB()* (2.10)

Finally, by integrating in time over (2.10) and including the initial condition (2.4)
we get

t
() 20 < Wl + @ | BE)? (2.11)

which indicates that the LAE is stable. Equation (2.11) is referred as an energy
estimate, as %Z/{2 denotes the energy for the LAE.

Remark 1. The name energy can also be found in [24, 27, 111] and is used as in
physical models the energy is typically described by a quadratic expression.

The total energy of the system is described by % |[U/ ||iQ(Q)' In other words, the
LAE is stable if its total energy is bounded by the initial and boundary conditions.
In addition, the LAE is also declared as energy stable.

In this chapter we introduce numerical methods for hyperbolic conservation laws
in one and two spatial dimensions. As for the continuous analysis above we desire
schemes which are

e Primary Conservative: The numerical approximation must discretely recover
the integral of its numerical solution over time (modulo the boundaries).

e FEnergy Stable: The numerical solution remains bounded by the initial and
boundary conditions of the problem.

e High-order: The scheme can differentiate polynomials with high degree ex-
actly; this implies that the order of the solution error is high-order.

Over the past years summation-by-parts (SBP) methods had a huge impact on
solving hyperbolic equations. The main idea of these methods is to mimic the
continuous analysis above with a set of discrete operators.

2.1. Summation-by-Parts Methods for the One Dimensional
Linear Advection Equation

Back in 1974 Kreiss and Scherer laid the foundation for SBP methods [72]. They
followed the idea of discretely applying the energy method to prove energy stability
of their scheme. Therefore, they invented finite difference (FD) based summation-
by-parts Operators (SBP Operators) which mimic the integration-by-parts (IBP)
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rule. Thus, they were able to prove discrete stability for constant-coefficient and
periodic problems without relying on differentiability or continuity of the numerical
solution. The SBP operators are introduced in Section 2.1.1. Based on the work
of Kreiss and Scherer, novel SBP methods including boundary conditions were
presented by Strand [109], Olsson [93, 94] and Nordstrom and Carpenter [89].
As an extension of SBP methods, Carpenter, Gottlieb and Abarbanel [12] intro-
duced the Simultaneous-Approximation-Term (SAT) to weakly impose boundary
conditions and to consider energy stable multi-block SBP methods based on FD
operators. This method is called the SBP-SAT scheme and is introduced in Section
2.1.2. Here, there are several extension of the SBP-SAT method to a large amount
of two and three dimensional problems by considering special SATs [13, 15, 90].
In addition, the SBP-SAT method can be applied on unstructured meshes as in
25, 55, 56, 57].

Besides of the development of energy stable FD methods, discontinuous Galer-
kin (DG) methods had a major impact in solving hyperbolic systems, which was
first introduced by Reed in 1973 [103]. This method can be interpreted as a com-
bination of finite element and finite volume schemes as they are derived from the
weak form of PDEs with basis functions and include numerical surface fluxes. The
DG method is easily applicable to high-order applications by only changing the
number of nodes within one element. Moreover, the DG method benefits from low
dispersion and dissipation errors [2]. In Section 2.1.3 we introduce the derivations
of the Discontinuous Galerkin Spectral Element Method (DGSEM) [54, 67].

Even though SBP-SAT FD methods and DGSEM follow a different motivation
they have a lot in common. In 1996 Carpenter [11] proved that under given cir-
cumstances the differentiation operator of a collocation scheme is a SBP operator.
In addition, Gassner [42] showed that the DGSEM can be interpreted as a SBP-
SAT scheme when considering Legendre-Gauss-Lobatto nodes. This enables us
to directly compare the FD and DG schemes with the SBP property within the
same framework only by exchanging the SBP operator. In addition, we introduce
a further SBP operator called Hybrid Gauss-Trapezoidal-Lobatto (HGTL) operator
in Section 2.1.4 by Fernandez [23]. With the SBP framework and operators we
numerically verify the operator properties in Section 2.3.

2.1.1. Summation-by-Parts Operators

Next, we introduce SBP operators. In essence, the goal of SBP operators is to
discretely mimic the IBP property [27, 71, 81, 82, 84]. Such operators are typically
constructed in a reference space Q = [—1,+1], e.g. [39]. Therefore, we transform



2. SBP Methods for the LAE on Conforming Meshes

the one dimensional conservation law (2.1) from Q = [z, 2] into Q with the affine

map
r — Iy,
=2—— — 1. 2.12
€y =2 (2.12)

The transformed PDE is represented by
ou n (9}"(2/1) ou 8}"( )85

— 2.1
ot or ot o8 oxr (2.13)
including 5> % — 2 with Az := xg — x; we get
ou 2 OFU)
— =0. 2.14
ot T ar e (2.14)

For numerically solving (2.14) we consider discrete operators. Therefore, we intro-
duce SBP operators.

Definition 2. Summation-by-Parts Operator .
Given a set of N + 1 nodes & = [&,... ,fN]T on the spatial domain 2 with
T
& = —1 and &y = 1. We define &F = [55,,55“\,} with £ > 0. A matrix
operator D € RINFUX(N+1) i 5 SBP operator of degree p which approximates the
first derivative 2 %¢ on the nodal distribution & in Q if

o DEF = M71QeF = k¢t k=0,1,...,p.
e M denotes the norm matrix and is symmetric positive definite.

e Q+QF =B :=diag(—1,0,...,0,1).

We consider only SBP operators where the norm matrix M is diagonal as this is
indispensable later for proving stability for non-linear problems in Chapter 4. The
norm matrix M generates a discrete Lo inner product [23, 58] and norm such that

+1

(,w)yy = wMw [ UW g = UW) ) lullf = wudy, (215)

where U, VW are continuous functions on () with their discrete projections onto the
nodes &

= [U(&),.... UEN],

T (2.16)
= W(&), .- W(En)]
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Assuming that D is of degree p, then the norm matrix M is automatically of degree
2p — 1, meaning that if = U)WV is a polynomial of degree 2p — 1, then

<uv w>M = (u7 W)ﬁg(fz) ) (2'17)

see [23, 58|. Next, we examine the SBP property MD + (I\/lD)T = B and point out
its relation to IBP. Due to IBP we know

(u, %Vf\})@(@) —uw|" - (a@Z’W>£2(Q) . (2.18)

w

o€ )LQ(Q)

Now we approximate (Z/{ , using SBP operators

(u,Dw), = uw'MDw = u"Qw = u” (B — QT) w,
= u"Bw — (Du)” Mw, (2.19)

= unwy — Uowy — (Du, w),, .

We see that (2.19) discretely mimics IBP (2.18). The terms u? MDw and v’ D" Mw

oW ou .
U, 75)52(@) and (E?W)Q(Q , respectively. The bound-

ary matrix B refers to surface evaluations of the reference space, as we include the
nodes at the surface of the reference space {§g = —1 and &y = 1.

are approximations of (

Remark 2. Another class of such operators are generalized SBP operators [23, 99],
where the surface nodes are not necessarily included. However, before the work
of Chan in 2018 [17] it was not clear whether entropy stable schemes can be
formulated using generalized SBP operators for problems like the compressible
Euler equations. Therefore, in this work we focus on SBP operators where the
surface nodes §g = —1 and £y = 1 are included.

The mimic of IBP by SBP is the key concept in Section 2.1.2 when applying the
energy method within the discrete analysis.

2.1.2. Summation-by-Parts Methods with
Simultaneous-Approximation-Term

In this section we introduce the SBP-SAT method by Carpenter et al. [12]. This
method is provably energy stable and primary conservative through the use of
SBP operators. In addition, it is applicable to multi-block discretizations, which
allows the scheme to perform on complex meshes. The SBP-SAT method is a
semi-discrete method built from the method of lines. Here, we only discretize the

10
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spatial domain and assume continuity in time. This leads to a discrete system or
ordinary differential equations (ODEs) which is solved by standard Runge-Kutta
time integration methods.

The SBP-SAT scheme was first introduced using SBP FD operators over the
whole domain 2. After describing the construction of these operators we introduce
the SBP-SAT discretization and finally, we extend this method to a multi-block
discretization.

Construction of SBP FD Operators

In this section, we explicitly construct classical SBP FD operators (M™ D) as

in [23]. Therefore we set & = [&,...,&x]" to be an uniformly distributed set of
N + 1 nodes denoted on the spatial domain 2 with
2
i =1— —1, 2.20

for:=0,...,N. The degree of D" is denoted by p and the choice of the number
of nodes N + 1 is arbitrary assuming that N is larger than a minimum number of
nodes, see [24, 27, 111]. The construction of the SBP FD operators is adapted by
[39].

The SBP FD operators consist of so called interior and boundary nodes. The
interior nodes have at least p neighbor nodes to the left and right. The derivative
on these nodes is approximated by an unique symmetric, central finite difference
formula of degree 2p. In comparison, the approximation of the derivative on the
boundary nodes is constructed by a non-symmetric finite difference stencil of degree
p. Here, we consider degrees of freedom at the boundary nodes of the operator
MFP and Q*P. Focusing on p = 2 and setting the number of boundary nodes to
bn = 2p, the operators have the following structure

2
MFP .= Ndzag (hg, ceey h,3, 1, ceey 1, hg, ce ,ho) 5 (221)
and D'P := (MFD)_1 Q"P, where the structure of QP is given in Figure 2.1. For

the classical SBP FD operators the free coefficients are calculated, such that the
matrix D™ = (M)~" Q™™ is of degree p

DP¢r = ket k=0,...,p, (2.22)
& QPEF = kMTPERY k=0,...,p, (2.23)

11
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Figure 2.1.: Structure of the SBP FD operator of degree p = 2 with free boundary
parameters. The figure is reproduced from [39].

where it is convenient to solve (2.23) as all parameters depend linearly on each
other. For degrees of p = 1,2, the operators M and Q" are fully specified, for
p = 3,4 however this is not the case [23]. For p > 5 we need to consider more
boundary nodes than 2p to ensure a diagonal positive definite norm matrix, where
the minimum number of boundary nodes is found in [3]. Here, we choose the free
parameters so that the truncation error is minimized. To do so we define

€p1 = DFEH — (p 1€, (2.24)

and then minimize
Z. =€) M ey, (2.25)

under the assumption that all entries of M*® are positive. If parameters are still
not specified, we desire to have small coefficients within Q" to avoid round-off
errors. Therefore, we calculate

Zo =1"(Q™oQ™)1, (2.26)

where o is the Hadamard product and 1 is a vector of ones of size N + 1. Again

12
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we minimize (2.26) ensuring that all entries of M* are positive. A pseudocode
description of the construction of M*, QFP is provided in Algorithm 1.

Input: N and p
Output: M and Q"
Set bn := 2p;
Solve (2.23);
while one or more entries of M*” are negative do
Set bn :=bn + 1;
Solve (2.23) again;
end
Minimize Z, in (2.25) under the constraint h; > 0 for i = 0,...,bn — 1;
Minimize Z in (2.26) under the constraint h; > 0 for i =0,...,bn — 1;

Algorithm 1: Construction of classical SBP FD operators.

From now on we denote SBP finite difference operators as FD operators.

SBP-SAT Discretization

Given a SBP operator D' with its corresponding norm matrix M we present the
SBP-SAT discretization by Carpenter et al. [12]. For a general scalar hyperbolic
conservation law the SBP-SAT discretization is defined by

A;ut = —-D""f + SAT, (2.27)
where .
u = o 5 . (2.28)

. . .. . OF(U)
The term D™ f approximates the spatial derivative of the physical flux of =5=.

The SAT term is presented as a penalty term to discretely incorporate the bound-
ary condition B. The choice of the SAT depends on the corresponding conservation
law and its boundary conditions. Focusing on the LAE (2.3) we present the SBP-
SAT discretization

Ax

W= —aD™u + a (M™) " eq (ug — B(t)), (2.29)

where eg := (1,0,...,0)" and B describes the boundary condition as in (2.4). As
the boundary conditions only depend on the left boundary, the SAT also only
refers to the left boundary. Such a SAT is known as an upwind SAT.

13
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Remark 3. In case a < 0, the SAT would only depend on the right boundary and
would be denoted as downwind SAT.

We demonstrate how the continuous energy analysis is mimicked at the semi-
discrete level with SBP operators to prove stability of semi-discrete approxima-
tions. Here, as we assume continuity in time, we discretely model (2.10). The

. . . Q TR . .
growth in the total primary quantity 7, [,F Udx is approximated by

@ Az [+1 A
o [ e = %f%:f(Lzﬁ ’
o N - N £2(9) (2.30)
~ 22 (L, uy)pyep = —xlTMFDut.
2 2
In zdldi(‘;i(];n, the growth in total energy, described by %% [|U ||22(Q) is discretely
modeled by
10 er_ OU Ax [+t oU A ou
2&W@®:/wm“:£vi%%@:£%“m) ’
o - £(2)  (2.31)
A A
~ T‘r <u,ut>MFD = iUTMFD’U,t.

With (2.30) and (2.31) we define the fundamental definition of discrete primary
conservation and discrete enerqgy stability.

Definition 3. Primary Conservative Scheme for Scalar Conservation Laws
A semi-discrete scheme for a scalar conservation law is said to be primary conser-
vative if the temporal derivative of the total discrete primary quantity is

A
TxlTMFDut = up(t), (2.32)

where vp(t) purely depends on the evaluations on the boundary of the domain.
Definition 4. Energy Stable Scheme for the LAE
A semi-discrete scheme for the one dimensional LAE is said to be energy stable

if the temporal derivative of the total discrete energy is bounded by its boundary
condition

A
TquMFDut < %B(t)z. (2.33)

Note, that Definition 4 is a discrete mimic of Definition 1 as integration in time
gives us the semi-discrete energy estimate

t
Aty ) fyeo < A2 |[u(0, ) Fyeo + [ aB(r)? dr. (2.31)

14
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In addition, Definition 3 and 4 do not rely on exact integration of the scheme.
We will prove that the SBP-SAT discretization (2.29) for the LAE is primary
conservative and energy stable.

Theorem 1. Considering SBP operators (M™ D) satisfying the SBP property
M™PD 4 (MPD™)" = B, then discretization (2.29) is primary conservative and
enerqgy stable for the LAE.

Proof. To prove primary conservation, we multiply (2.29) by 17 M

A
TxlTMFDut = —al"M*™°D"™Pu — al’eq (ug — B(t)) . (2.35)
Due to the SBP property MF°D*® = Q™ = B — Q™1 we get
A
ngMFDut = —al1"Bu + au" M D1 — a (uy — B(t)). (2.36)
Assuming that D1 = 0 (satisfied for all SBP operators of degree p > 0) we arrive
at A
TxlTMFDut = —auy + aB(t), (2.37)

which indicates that the scheme is primary conservative as the right hand side
purely depends on evaluations on the boundary [24].

Besides primary conservation, we claim that the SBP-SAT scheme is energy
stable. Applying the energy method, we first multiply (2.29) with «” M and get

A
TquMFDut = —au"M™D"™u — au’ey (ug — B(t)). (2.38)

Due to the SBP property (2.19) we know

uTMFDDFDu — u?\f o u(2) o uTDFD,TMFDu’

1 1 2.39
= 'U/TMFDDFD'U/ = iu%} — §U3 ( )
Including (2.39) in (2.38) gives us
A
—quMFDut = —gu?\, — gug + aupB(t). (2.40)
2 2 2
As for the continuous analysis we know u?\, >0,
A
TquMFDut < —%ug + aupB(t). (2.41)

15
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By completing the square we arrive at
A
TquMFDut < —% (up — B(1))? + %B(t)2 (2.42)

Due to the fact that a square of real numbers is positive we get the following
discrete estimate for (2.10)

A
TquMFDut < %B(t)?. (2.43)
]

Remark 4. The presented SBP-SAT method (2.29) is instructed to SBP operators
where the surface nodes §; = —1 and £y = +1 are included. For nodal distributions
without the surface nodes an alternative energy stable discretization is given by
the SBP CPR (correction procedure via reconstruction) method [100].

For a more flexible scheme we next consider the SBP-SAT discretization on a
multi-block mesh.

SBP-SAT Discretization on Multi-Block Meshes

When moving on to real world applications for two or three dimensional problems,
we typically consider complex meshes with numerous elements, e.g. when simu-
lating a flow surrounding an air foil. An advantageous feature of the SBP-SAT
method is that it can also be applied as a multi-block method. Multi-block methods
decompose the domain €2 into Ny non-overlapping elements

Nq
0= JE, (2.44)
q=1

On multi-block meshes we construct local nodal numerical solutions on each ele-
ment denoted by u?. The global numerical solution u is given by uniting the local
solutions

No
u=Ju’ (2.45)
q=1

For simplicity we assume all elements have the width Az. A one dimensional
multi-block mesh with two elements (left L and right R) is visualized in Figure
2.2.

The corresponding SBP-SAT discretization for a multi-block mesh with an up-
wind SAT is

gug — —aD™u? — a (M) ' g, (ug — u?\fl) : (2.46)

16
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UoulL Uﬁ
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wBull ukk

Figure 2.2.: One dimensional multi-block mesh with two elements. Here u% and uf are
both defined on the interface. However, their values differ in general due to
discontinuities or approximation errors of the solution.

with %, = B(t). Here we can see the convenience of constructing SBP operators
in a reference space as we do not have to construct an operator for each element
individually. Note, that even though u¢ and u‘]’v_l are defined on the same spatial
coordinate (see Figure 2.2 for element L and R), they do not necessarily have the
same value due to approximation errors or a discontinuous solution.

We approximate the growth in the total primary quantity % JoU d) by
0 Acc Yo
2 [ udo / 17 MFP 2.47
i s Z ER> (2.47)

Accordingly, for a multi-block discretization the growth in total energy 2 |2/ |2£z(Q)
is approximated by

Az Yo
Ly~ 55> M (249

q=1

Similar as in Section (2.1.2), we define primary conservation and discrete energy
stability for SBP methods on a multi-block mesh.

17
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Definition 5. Primary Conservative Scheme for Scalar Conservation Laws
on Multi-Block Meshes

A semi-discrete scheme on a multi-block mesh for a scalar conservation law is said
to be primary conservative if the temporal derivative of the total discrete primary
quantity is

Az Y
B T = (), (2.49)

g=1

where vg(t) purely depends on the evaluations on the boundary of the domain.

Definition 6. Energy Stable Scheme for the LAE on Multi-Block Meshes
A semi-discrete scheme on a multi-block mesh for the one dimensional LAE is said
to be energy stable if the temporal derivative of the total discrete energy is bounded
by its boundary conditions

Az Yo a
7 Z uq7TMFDug S §B(t>2 (250)

q=1

As for a single element in Section (2.1.2), we will proof that the SBP-SAT method
(2.46) is primary conservative and energy stable on a multi-block mesh.

Theorem 2. The multi-block discretization (2.46) is primary conservative and
enerqy stable for the LAE.

Proof. In order to prove primary conservation, we multiply (2.46) with 17 M

A
TxlTMFDuf = —al"M™D™Pu? — al1’e, (ug — u?{l) . (2.51)

Considering the analogous steps as in Section 2.1.2 we obtain

A
TxlTMFDuﬁ = —auly + auf; . (2.52)

Summing over all elements the terms on the interior interfaces vanish and thus
gives us

ACL’ Na N,
7 Z 1TMFD'U/,? = —CLUNQ + aB(t), (253)

q=1

which proves that the discretization is primary conservative.

18
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To verify that the SBP-SAT multi-block method is energy stable we apply the
energy method as in Section 2.1.2.

A
TxquFDug = —au?"M"°D"™Pu! — au?’e (ug - uq_l) . (2.54)

By considering the analogous derivations as in Section 2.1.2 we get

A
Sout M P = =2 () — 3 (uf)? + aufuly " (2.55)

By including this in (2.48) we arrive at

N,

Ax 2

> E u?TMPed
q=1

a No @/ 1\2 @ S a g-1\% _ @ q\2 q,4-1 (2:56)
=—gun — g (uo) + §u08(t) —I—qz:; (—2 (uN ) —3 (u$)” + augu > .
=:BT T

Next, we analyze the term BT and I'T individually, where BT refers to the values
at the boundary (boundary terms) of Q and IT refers to the interior interfaces
(interior terms). Here, BT is exactly the right hand side of (2.40) (ignoring the
element index) and thus we can recover (2.43) which gives us the estimate

BT < gB(t)Q. (2.57)
In comparison to the SBP-SAT method on a single element, the multi-block scheme

introduces the coupling term /7. To ensure that (2.10) is discretely satisfied, we
need to guarantee that I7T is non-positive. As I'T contains a binomial we get

IT= -2 (uf" —uf)” <. (2.58)

Including (2.57) and (2.58) in (2.56) we arrive at

Ng
Az ut"M™Pud < aB(t)?, (2.59)
q=1
which indicates energy stability of the multi-block SBP-SAT method. O]
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Throughout this section we considered the upwind SAT as in (2.46). However,
such SATs are not uniquely defined. An alternative SAT is the central SAT denoted
by

a _ _
SAT = D) (M1 (eo (ug —uj 1) —ey (u?\, - ug+1)> . (2.60)

Introducing a right boundary condition By (t) = U(t, xr) we get the discrete energy

equation.
Ng

Az> uMPuf = a (ufB(t) — uy*By(t)) . (2.61)
q=1
As the energy is no longer described by an inequality, such a SBP-SAT scheme
with a central SAT is denoted as energy conservative. Note, that when we consider
periodic boundary conditions B(t) = U%Q and By (t) = uj we get
Ng
Az ut"MPud =0, (2.62)
q=1
which is an useful result when verifying primary conservation and energy stabil-
ity /conservation in Section 2.3. Note that when considering a central SAT with
periodic boundary conditions we obtain from (2.53)

Az 28
7”” S 17MPud = 0. (2.63)
q=1

To summarize, we introduced the SBP-SAT method on a single element and on
a multi-block mesh. The key concept of this method lies within the construction
of the norm matrix M*® and differentiation matrix D*P. If these operators satisfy
the SBP property

MFPD™ 4 (MDY = B, (2.64)
then it is possible to mimic the continuous stability and conservation analysis
in a one-to-one fashion. This indicates stability and conservation of the scheme.

Another scheme which satisfies these properties is the Discontinuous Galerkin
Spectral Element Method (DGSEM).

2.1.3. Discontinuous Galerkin Spectral Element Method

In this section we introduce the DGSEM. The DGSEM is a special class of dis-
continuous Galerkin methods (DG methods). We first introduce the general DG
method and then describe the derivation of the DGSEM. This method is of special
interest, as it can be interpreted as a SBP-SAT method provided a non uniform
nodal distribution.
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The Discontinuous Galerkin Method

In this section we introduce the general DG method. As for the SBP-SAT method,
the DG method can be applied as a multi-block method. Thus, we subdivide the
spatial domain €2 into non-overlapping elements as in (2.44). In comparison to the
SBP-SAT method, the DG approach is derived from the weak formulation sim-
ilar to the finite element method (FEM). Both methods, DG and FEM, assume
continuity of the numerical solution on an element. However, the standard FEM
assumes continuity on the interfaces connecting two elements, which indicates
global continuity on the spatial domain 2. This is insufficient for the solutions
of hyperbolic conservation laws as these are typically discontinuous. In compar-
ison to the FEM, the DG method does not assume a continuous solution at the
interfaces. To handle discontinuities a numerical surface flux is introduced as in
the finite volume method. To derive the weak formulation we multiply (2.1) with
an arbitrary discontinuous test function ¢ := ¢(x) defined on Q = [z, zg] and
integrate over the spatial domain

/ (%Z;{ g;) ¢ dQ) = 0, (2.65)

with F := F(U). As the test function is arbitrary, (2.65) needs to be satisfied on
every element

gb dE, +/ 9 4B, =0, (2.66)
for g =1,...,Ng. For further extension it is helpful to transform (2.66) into the
reference element Q@ = [—1, +1] as in (2.12).

Az [+ oU
— —¢ dé =0, 2.67
o [ Grods+ [ S de = (2.67)

Within (2.66) or (2.67) we assume that U/ is differentiable. To weaken this as-
sumption for the DG approach, we derive the weak formulation. Assuming that
¢ € C* (E,) we apply integration by parts on (2.67) and get the weak formulation

Az 1 oU

_dg
== dé + Fo| " /_1 Fag de=0. (2.68)

When deriving the DG method we focus on (2.68) and so U is not assumed to be
differentiable on €.
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For the DGSEM we approximate U on E, by the local numerical solution ¢?. As

for the multi-block SBP-SAT method (2.45) the global numerical solution ™™ is
Na

Ut,z) = U™ (tz) = | UL, o). (2.69)

q=1

The local solution ¢4¢ is defined by a polynomial basis within )
N
Ut =3 (1), ) (2.70)
j=0

where {uf}, are time dependent coefficients. Here, {@;}) is a set of basis
functions in space. The choice of these functions depend on the considered DG
implementation. We set these functions to be continuous on [—1, 41|, which in-
dicates a continuous numerical solution within each element £,. However, this is
not assumed at the element interfaces as demonstrated in Figure 2.3.

unum

E1 EQ E3

Figure 2.3.: Discontinuous Galerkin solutions are assumed to be continuous on an ele-
ment but not on an interface.

This is the main difference between the discontinuous Galerkin and the continu-
ous Galerkin method or FEM. As discontinuities might occur at the interface, the

+1
surface term F gb‘_l in (2.68) is not uniquely defined. This issue is not only seen

for DG methods but also for finite volume methods (FV methods). To resolve the
surface term we introduce the numerical surface flur denoted by f*. This flux
depends on the interface value of the "left" and "right" element and is defined by
(approximated) Riemann solvers [116]. A well known numerical flux is the local
Lax-Friedrichs flux

£(ufut) = ! (F™ + Fu*h) !

— max
2 2 ze{UL UR}

oF
au

(z)| (U —u"). (27
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Besides introducing the numerical solution and the numerical flux, we need a
numerical representation F¢ of the physical flux F within E,. Simply evaluating
F4 = F(UT?) can cause non-linearity within the basis functions (e.g. terms like
ﬁ) for which the numerical integration can become cumbersome and expensive.
To avoid these non-linearities we set

FU(tO =3 £(1)e4(0) 27

with time dependent coefficients {f7}.,. Note, that F¢ # F(U9) for non-linear
fluxes which introduces aliasing errors [53]. Assuming the aliasing error to be
sufficiently small and inserting the numerical solution /9, the numerical flux rep-
resentation F9¢ and the numerical surface flux f* in (2.68) and assuming the test
function ¢ to be an arbitrary linear combination of the basis functions ¢; we get
a DG formulation in the weak form

Az X ouf +1
N~ 0: d * 0
2 Zo 2 [ g de+afe,

+1 al 1 Oy
1—ajzof;1/_1 pige =0, (273

or alternatively in the inner product notation

Az N ou! +1 N 0 i
Teay (e 52)  —oem
j=0 Lo(%2)

= 2 (95 0i) gy (0) + af i
2 2 g %)

for: =0,...,N. The derivation of a DG method depends strongly on the choice
of the basis functions and the choice of the quadrature rule to approximate the
integrals. To evaluate these integrals at low cost we focus on the DGSEM imple-
mentation.

DGSEM Discretization

In this section we introduce the discretization of the DGSEM. In order to obtain
a high-order scheme, the integrals of the weak formulation are approximated with
Legendre-Gauss (LG) or Legendre-Gauss-Lobatto (LGL) quadrature [53] on 2. Let
wo, - .-, wy and &, ...,y denote the quadrature weights and nodes in [—1, +1].
We set the basis functions to be Lagrange basis polynomials of degree p. In
contrast to FD schemes, the number of points within the DGSEM is linked to
the polynomial degree by p = N. The Lagrange polynomials need to be defined
on a set of interpolation nodes. The crux of the nodal DGSEM is to collocate
the interpolation nodes with the nodes of the corresponding quadrature. The
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considered Lagrange polynomials ¢; for 7 = 0,..., N are defined by

gj(&) _ H 5_519

k=0, k#j & — &k

(2.75)

which satisfy the Kronecker delta property, i.e. ¢;(&;) = ;5. With these basis
functions the time dependent coefficients of ¢ and F9 are directly evaluated

- (2.76)
"t,&) = qu &)=Y f[l(t)o; = fi(t),

which indicates that the DGSEM is a nodal scheme as the coefficients are directly
evaluated at the nodes. The weak formulation of the DGSEM is defined by

Aa:Nau
2 2 W)

qu (42 6) y(c) = O (2.77)

for i = 0,..., N. Next, we use quadrature to evaluate the integrals within (2.77).
First we consider

(5 5 Z wkf fk Z Wi k5 ik = wz% (2‘78)

Due to collocation the integral is approximated by wyd;;. Considering the LG
quadrature the evaluation of (2.78) is an equality as the LG quadrature can inte-
grate polynomials of degree 2N + 1 exactly. Thus, {Kj}évzo is an orthogonal basis
with respect to (-,-) £3(0)" For the LGL quadrature however (2.78) is indeed an

approximation as this quadrature is only exact for polynomials of degree 2N — 1.
In [44] it is shown that an exact integration of the Lagrange basis polynomials on
LGL nodes leads to a non-orthogonal basis within (-,-), (@) and thus increases

the cost of the integral approximation. Therefore, we accept the integration error
within (2.78). This technique is also referred to as mass lumping.

For the second integral in (2.77) we get

ov;
<£j785>£2(A) ZMM (&k) éfk) ]85 (é}) (2.79)
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Note that (2.79) is exact for either LG or LGL quadrature. Including these eval-
uations in the weak formulation we obtain

Az Oul
7% ZWJ fﬂ )fi =0, (2.80)
fori=0,...,N. For a more compact notation we rewrite (2.80) in terms of norm
and differentiation matrices and define
oul
=gkl =) w= e (28))

To distinguish the norm matrices of a FD and DG scheme, we denote the norm
and differentiation matrix for the DGSEM by MP¢ and D"“. As for FD operators
the norm matrix of the DGSEM is a diagonal matrix

MP¢ = diag(wo, . .. ,wn), (2.82)

due to exact integration or mass lumping in (2.78). The spatial derivative of u; is
defined by
0 0 N

%ug = %uq & t) = ; (2.83)
for  =0,..., N. In a compact notation (2.83) is equivalent to
ai-“q D S ul, (2.84)
with
D] = 5 (é}) (2.85)
for i,7 = 0,..., N. To handle the numerical flux term we introduce the surface

matrix SP¢ and the numerical surface flux vector f*
[SDG]Z-]- - —50J£(—1) + 5N]€<+1)

. (2.86)
fr=1 Uit €=~1)),0,...,0, [ (U(t,£ = 1))]

+1
“Y; L Finally, we get the DGSEM discretization in a
compact matrix-vector notation

which gives us SP¢ f*

A
S MU 48P — DPTMPS 7 = 0. (2.87)
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Our main interest is to obtain an energy stable discretization. The SBP-SAT
method was proven to be energy stable in Section 2.1.2 by considering FD oper-
ators satisfying the SBP property (2.64). For the DGSEM, the coefficients of the
operators MP¢, DP¢ SP¢ depend on the corresponding quadrature. As mentioned
before, the LG quadrature is of higher degree than the LGL quadrature. However,
when considering the LGL nodes we obtain a SBP operator as proven in Lemma
1. The key concept of this proof is that the LGL nodes include the surface nodes
(& = —1 and & = +1) whereas the LG nodes do not.

Lemma 1. Considering the LGL nodes {&}Y., and weights {w;}Y,. Then the
norm matrix MP¢ and the differentiation matriz DP¢ satisfy the SBP property
(2.64)

QDG 4+ QDG,T — B, (2.88)

with QP¢ = MPEDPC,

Proof. First we look at a single entry of QP¢

[Q¢];; = [MP*D™];; 8§ (&) (2.89)

ol;

i af) 2(0) ®

with 7,7 =0,..., N. An entry of Q"¢ is equal to (E

agj _ W éj \ — [QPS]
@’55)@«) z 6 @) — Gl @) =), (290

as l; agj is a polynomial of degree 2N — 1. Looking at an arbitrary coefficient of

QDG + QDG,T we get

Due to IBP we arrive at

Q¢+ Q™ TL = 0, \ C(H1)(+1) — L(=1)E;(—1). (2.92)
As we consider LGL nodes we know &y = —1 and £y = +1 which gives us
Q%+ Q%] = (€l (En) — Gi(E0)s (&) = Oy — budoy.  (2.98)
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So for QP¢ + QP%T holds

—1 if i=j=0,
[QDG+QDG7T]U: +1 if i=j=N, (2.94)
0 else

which is precisely the definition of B and so we get the SBP property (2.64)
Q"¢ + Q"' = B. (2.95)
O

From now on when referring to DG operators we focus on differentiation matrices
DP¢ with their corresponding norm matrices MP¢ constructed on LGL nodes due
to the SBP property (2.64). For the LGL nodes the surface matrix S*“ reduces to
B since

[SDG]Z-J- = _50]€z<_1) + 5]\@&("‘1) = (51']\[5]\[]' — (51‘050]' = [B]ZJ . (296)
Focusing on LGL nodes (2.87) is equivalent to
A
79”MDGug £ Bf* — DPSTMPS f4 — 0, (2.97)

In order to compare the DGSEM discretization (2.97) with the SBP-SAT dis-
cretization (2.46) we rearrange the terms within the weak formulation. Due to the
SBP property (2.64) we get the so called strong formulation.

A
AT g — D1 (W) B (- 7). (2.9

Remark 5. Rearranging (2.97) to (2.98) is a discrete mimic of IBP.

To fully specify the DGSEM we need to select the numerical flux. As for SATS,
the numerical flux depends on the considered conservation law. Focusing on the

LAE we get

A
7%3 = —aD" u? — (MP%) "' B (£* — qu?). (2.99)

As the LAE transports information from left to right (a > 0) we consider the
upwind flux

£ (Ut ut) = au, (2.100)

which is equivalent to the local Lax Friedrichs flux (2.71). For the LAE with a > 0
this is the exact solution of the Riemann problem [116]. Including (2.100) in the
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T
numerical flux vector, leading to f* = a {u?{l, 0,...,0, u?\,} with u% = B(t), we
get the strong formulation for the LAE

A _ _

gug = —aD™%u? — a (M*®) " eq (uf — ul") . (2.101)

Remarkably, when comparing the discretization of the DGSEM (2.101) and the
SBP-SAT method (2.46) we have the same discretization besides different SBP
operators with their corresponding nodes. Even when considering a central nu-
merical flux f* (Z/IR, L{L> = a% the DGSEM discretization is equivalent to the

energy conservative SBP-SAT scheme with a symmetric SAT (2.60). Therefore,
the proofs of primary conservation and energy stability in Section 2.1.2 hold for
the DGSEM. This is an outstanding result as we can apply different approaches
within the same discretization only by replacing the SBP operator. Even when
considering completely new SBP operators, regardless of the fact if they are de-
rived from a weak formulation or based on finite differences, we can insert these
operators in (2.101) or (2.46) to obtain a primary conservative and energy stable
scheme. From now on, when referring to a method based on SBP operators (M, D),
we name such a scheme a SBP method. Here, (M,D) can be fintie difference or
discontinuous Galerkin operators. Different SBP operators can be found in [23].
Due to good properties as shown in the numerical results sections we describe
the Hybrid Gauss-Trapezoidal-Lobatto (HGTL) operators in Section 2.1.4 which
satisfies the SBP property (2.64).

2.1.4. Hybrid Gauss-Trapezoidal-Lobatto Operators

Finite Difference operators of degree p which satisfy the SBP property (2.64) have
the flexibility to consider an arbitrary number of nodes by increasing the num-
ber of interior points. The structure of the operator as in Figure 2.1 does not
change considering uniform distributed nodes. However, the approximation error
for high-order (p > 2) FD schemes on uniform distributed nodes is higher than on
e.g. LGL or Chebyshev nodes [27]. In comparison to the FD operators, increasing
the number of nodes for the DG operators increases the order of the approximation
which can lead to unnecessary high cost of the scheme.

In order to maintain the flexibility of a FD operator and obtain a reduced error
with no effect on the order of accuracy, Fernandez [26] developed HGTL operators.
Here, we consider equally spaced interior nodes, but non uniform distributed nodes
at the boundary. The construction of these operators is similar as for the FD
operators as in Section 2.1.2. In order to construct a SBP operator on such a
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set of nodes with a diagonal positive definite norm matrix it is essential that a
quadrature rule with positive weights exists. Deriving the optimal position of the
non uniform boundary nodes while at the same time ensuring that a quadrature
rule with positive weights exists is a difficult task [27]. Therefore, we first consider
a quadrature rule with positive weights. Quadrature rules for nodal distributions
with a non uniform distribution of nodes at the boundary and equally spaced
nodes in the interior were purposed by Alpert [4] and are denoted as Hybrid
Gauss-Trapezoidal quadrature rules. When considering this quadrature rule in the
reference space 2 = [—1,+1], the boundary points —1 and +1 are not included,
which is essential for the SBP property in this work (2.64). Therefore, Fernandez
modified these nodes by including the boundaries and denoted the new quadrature
rule as Hybrid Gauss-Trapezoidal Lobatto rule or HGTL rule. Let N + 1 denote
the number of nodes and bn the number of boundary nodes. The position of the

boundary nodes are derived by solving (2.102) for {(@;, ;) }ore? "

bn—p—l B b _ _ 1
Z @;T; = ra(bn —p ), forr=0,...2(bn—p—1),
r r+1 (2.102)
T9 =0,

where B, (-) is the r-th Bernoulli polynomial with By = 1. The first equation
within (2.102) is adapted by [4] and the second equation is to ensure that the
nodes at the boundary are included. The nodal distribution of € in [—1,+1] is
derived by transformation

2 2
& = i T L, En—i = N (N —1;) — 1, (2.103)
forv=0,...,bn —p — 1. All other nodes within &£ are assumed to be uniformly

distributed as in (2.20).

Remark 6. Note that only bn —p boundary nodes can be non uniformly distributed
as all interior nodes need p equally spaced neighbor nodes to the left and right as its
derivative is approximated via a central finite difference formula. For example, let
the boundary nodes be &, . .., &,_1. To approximate the derivative on the interior
node &, we need p equally spaced neighbors &,,—p, ..., &m4p. Therefore, the only
boundary nodes which can be distributed non uniformly are &, ..., &mn—p-1-

Rather than considering the quadrature rule of Alpert which has positive weights
up to degree 20 [4], we assume the norm matrix to have bn free coefficients (as
in (2.21) for p = 2). This gives us more degrees of freedom (DOF'S) to solve the
degree equation (2.23).
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With this nodal distribution we can construct the HGTL operators in a one-to-
one fashion to FD operators in Section 2.1.2 as presented in Algorithm 2.

Input: N and p

Output: M and Q

Set bn := 2p;

Solve (2.102) to obtain &;

Solve (2.23);

while one or more entries of M are negative or (2.23) not solvable do
Set bn := bn + 1;
Solve (2.102) and (2.23) again;

end

Minimize Z, in (2.25) under the constraint h; > 0 for i =0, ..., bn;

Minimize Zg in (2.26) under the constraint h; > 0 for i = 0,...,bn;

Algorithm 2: Construction of HGTL operators.

Up to this point we introduced SBP operators such as FD, DG and HGTL
operators. Including these operators in discretization (2.46) gives the one dimen-
sional SBP method. In real world applications one typically considers two or three
dimensional non-linear systems of conservation laws on complex geometries and
meshes. Therefore, we next introduce the SBP method for the two dimensional
linear advection equation.

2.2. Summation-by-Parts Methods for the Two Dimensional
Linear Advection Equation

In general two dimensional scalar conservation laws are defined by

ou  OFMU) , 05U

ot ox dy

with ¢ € [0,7] C R and (z,y) € Q C R% In this section we focus on the two
dimensional linear advection equation such that F(U) = ald and G(U) = WU,
where a,b > 0 denote the wave speeds
aﬂ + aaﬂ + baﬂ —
ot ox oy
To derive an energy estimate we consider Dirichlet boundary and initial conditions
UQO,z,y) =U (z,y)  for (z,y) €L,
Ut,z,y) = B(t,z,y) for t € [0,7] and (z,y) € Q7,

=0, (2.104)

0. (2.105)

(2.106)
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where Q™ = {(z,y) € 99| (any +bny < 0)} and n = (ny,n,)". Here, ny,n, are
the z and y components of the outward pointing normal to 0€2. As for the one
dimensional LAE we obtain the energy estimate

HU( Ly ||[;2 </ B(t,z,y)? |any + bny| dOQY™, (2.107)
or alternatively by integrating in time

;- )Hc2 < HUOHEQ +/ / (7,2,9)? |any + bno| drdoQ)~.  (2.108)

As the solution is bounded by the initial and boundary conditions the two di-
mensional LAE is energy stable (2.5). Here, we introduce a two dimensional SBP
discretization that remains energy stable and primary conservative. Therefore, we
subdivide € into Ny non-overlapping elements as in (2.45). Here, each element is
assumed to be a quadrilateral where in general the interfaces between elements can
be curved. As for the one dimensional case we transform the element E into the
reference space €2 := [—1,+1] x [=1,+1]. Let (z,y) denote the coordinates within
the physmal space E and (£,7n) to be the coordmates within the computational

space €2. As such, we consider a transformation ¥ : () — E such that

(2, 9)" = x(&m). (2.109)
Let X1, ..., x4 € R? describe the corners of an element £. The element is described
by curves I'q, ..., 'y representing the interface as in Figure 2.4. With the interface
curves I'y, ..., 'y we construct an interpolation between the "bottom" and "top"

curve denoted by x* and an interpolation between the "left" and "right" curve
denoted by x!" with

147

X (6.) = I (©) + LTy ),
e e (2.110)
X" (&m) == —=Ta(n) + —=Ta(n).

Simply adding x* and x'" to obtain x is insufficient, as e.g. corners do not match
# I'1(§) = x(§, —1).

Therefore, we introduce a correction term x“" defined by

2(=1); (2.111)

COT(f 77) i(Xl(l _f)(l _n)+x2(1+§>(1_7]>> (2 112)
+ i (a(L+ €)1+ 1) + xa(1 = )(L+1)). |
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@ZCD ! @:(E) R

P S)) 4
IV 11T
x(&:m) T4(n) Ta(n)
§
X2
1 I Xi—T
I i 1@
§\_ (-1 &\ [(+1 > T
n) \-1 n) \-1
Figure 2.4.: Transforming the reference space = [~1,+1] x [-1,+1] into an element
with curved interfaces.
With the correction term we define the transformation
— th + Xlr o XCOT- (2113)

Thus, we have the mapping of the physical coordinates (z,y) in terms of the
computational coordinates (£, 7)

(z,9)" = x(&mn). (2.114)

With x we transform the two dimensional conservation law (2.104) into the refer-
ence space. Assuming & = £(x,y) and n = n(z,y) we can rewrite the derivatives
of the physical fluxes by applying the chain rule

OF _0F 06 0F oy
ox  0€ Ox  On ox’
0G 0605 oG
dy 06y oy’
Note, that for reasons of simplicity we suppress the dependence of U on the physical

fluxes. As we constructed the mapping function x such that x = z(&,7) and

y =y(&,n) we do not directly obtain %, %, %v g—z. However, we can rewrite these

(2.115)

unknown terms by the inverse of the Jacobian of x as in [67]
ot on oz oy\ 7!
(& 5)-(% &) - 2119
dy

By
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Calculating the inverse matrix leads to

% @ 1 3y dy
(3% 3%) =7 ( i §§> : (2.117)
dy Oy

on o€

with the determinant J = g—zg—g — %f;%? Here, we obtain the so called metric
Oz Oz 0Oy Oy

terms 3¢ onv o¢r on- With the metric terms we rewrite the physical fluxes (2.115)

in reference coordinates as

oF (8]—" dy OF 8y>

ox o0& On  On O& (2.118)
00 _1(0G0x G0
dy (377 9 0¢ 377) '

Including (2.118) in (2.115) we obtain the two dimensional conservation law on E
transformed in the reference space €2

61/{ 8]—" oy OF0y 0Goxr 0GOox
—_t -3 =~ = 2.11
Tor Y ogon oyoc T anoe  ocon (2.119)
For a more compact notation we introduce the contravariant fluxes F and G defined
as

N 0 0
F = fafy — afx,
" g (2.120)
G = gf - @
29 85’
for which we can rewrite (2.119) by
ouU  OF 09
J* - =0. 2.121
o+ (2.121)
Note, that for (2.121) we assume that x is smooth such that 2 dgan = %.

Based on (2.121) we present a SBP discretization. It can be derived from a finite
difference perspective using SATs or from the weak formulation of the PDE. Here,
we choose the weak formulation. Thus, we approximate the conserved Vanable
U and the contravariant fluxes ]: G Wlth a set of basis functions. As such, we
consider Lagrange basis functions of degree N in each spatial direction, e.g.,

N

AU En) = Y u(t)6(€)G (), (2.122)

1,j=0

Ut &m)|,
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and similar for F and G with Nl‘i and gi;. Note, that selecting the test function
to be a product of two Lagrange functions both defined in one dimension we
obtain a tensor product basis. With this basis we can decouple the derivatives
and the numerical fluxes in each spatial direction. Therefore, we can still use the
one dimensional SBP operators as in Section 2.1. For ease of presentation we
assume that the nodal distribution within an element is the same in each spatial
direction. However, due to the tensor product decoupling we could allow the
nodal distribution to differ in - and n-direction. Using (2.122) to approximate
the solution of the conservation law, we multiply (2.121) by a test function ¢ and

integrate over the reference space

+1+1 5
// ( o Wq n %iq> & de dny =0, (2.123)
—1-1

As for the one dimensional case we represent the test function by the basis func-
tions ¢ = 2N =0 ®iili(€)0;(n) to obtain a degree N approximation U9. Note, that
0;(§)¢;(n) fori,j =0,..., N is a sufficient basis for degree N polynomials. As the
test function is an arbitrary polynomial of degree N, equation (2.123) is equivalent

to
+1+1 Ol OF1 aqu
//(‘] o ot T an>&(€>€j(n) d¢ dn =0, (2.124)

All integrals present in (2.124) are approximated with N + 1 LGL nodes and
weights, e.g.,

n,m=0 k,l=0

/ J——- (n) d§ dn ~ Z WnW ( )€z(?7m)) (&)l (Nm),

q
B ou;
—wiwj J ;

oot

(2.125)

Note, that for simplicity we suppress the time variable . When approximating
the integrals concerning the contravariant fluxes we first apply IBP to obtain a
weak formulation. To resolve discontinuities across element interfaces we introduce
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numerical surface fluxes denoted by f*, §*. The approximation is given by
- +1 +1
OF1 8]-" ‘1
GE O dedn= [ 46 ( ) i,
a 21
+1
-+ - Ol
= [t (f% N- / Fiope (©) de
21 1

A wj <f*’q(§N,77j)5iN—f (€0, m1)0i0 — ZQ’%fka>

) dn, (2.126)

with Q = MD and

/ dfdn—/e (/ 77) s,
- / () (é%!i - / Gq%fj(n) dn) a, (2120

~ W (ﬁ*’q(fi,UN)(ij (&, o) doj — ZQ13911>

In total this gives us the weak form

oul. ~
Wiij“it”JFWj (f*’q(fNJ?j)(;z‘N F2(&0, mj)6i0 — Zmek]>
(2.128)

+ w; (ﬁ*’q(§i777N)5Nj — 7"(&,m0)d0; — ZQl]gzl> =0,

and since we consider SBP operators with Qx; + Qiz = Bir we get the equivalent

two dimensional strong form
ouy; ~ . - . N .
witj iy 4 ; ([fN’? — i) 0w = [Fot = 18 60 + X Qikf§j>
k=0
(2.129)

N
o ([é?;é’ Oy — 5 — 5000+ 3 Qﬂgz) —0,
=0

with f;}’q = f*9(&,m;) and Gt = g" (&, my).
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Note, that even though we derived (2.129) using a DG formulation we can apply
the strong form discretization using an arbitrary SBP operator. Therefore, we do
not include the operator superscript DG within (2.129).

As for the one dimensional case we consider the physical fluxes for the two di-
mensional LAE defined in (2.105). We prove that discretization (2.129) is primary
conservative and energy stable for the LAE on a Cartesian mesh. For curved ele-
ments the discretization (2.129) needs to be modified to obtain a discrete primary
conservative and energy stable scheme as presented in Appendix A.1. Focusing on
a Cartesian mesh the metric terms are constant

O Ay Oz _

og 27 onp

or _Ar Oy, (2.130)
o8 27 9 7

and J = 2282 We consider a mesh on the domain Q = [z7,2x] X [yr, yo] With
Ng, and Ng, elements in z- and y-direction. In total we have Ng = Ng, Ng,
elements. Next, we define primary conservation and energy stability for the two
dimensional LAE.

Definition 7. Primary Conservative Scheme for Two Dimensional Scalar
Conservation Laws

A semi-discrete method approximating a two dimensional scalar conservation law
is said to be primary conservative if the time derivative of the total discrete primary
quantity is

Ne N oul.
Z Z Jijwiwjﬂ = UB(t), (2131)
q=11,j=0 t

where vp(t) purely depends on evaluations on the boundary of the domain.

Definition 8. Energy Stable Scheme for the Two Dimensional LAE
A semi-discrete method approximating the two dimensional LAE is said to be
energy stable if

2

No N 9 (ul Noy ~ N

PO IIPLLAC IR S

—14,j=0 2 ot mom1 2520 !

q=11i,j= ]3— J= (2.132)
Qz [; N

+ Z 5 ZwiB(tvx?z>yU)27

ne=1“ i=0
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s (2.132) approximates (2.107). Here, we define @ = 2% and b = 2% The
physical coordinats z;* refers to the z-component in the n, element on the i-th

node. The same holds for the y-component y}ly.

To prove that (2.129) conserves the primary quantity and is energy stable, we
first examine the discrete growth in the primary quantity and energy on a single
element. Therefore, we proof Lemma 2.

Lemma 2. The discrete growth of the primary quantity and energy on a single
element of discretization (2.129) are

Ouij N = - N,
Z Jijwic; ot - ij (fNj - ij) - Zwi (Fin — Gi0) » (2.133)
j=0 '

1,j=0

and

0 N - a <. a
S (2] 2] )
(2.134)

o (3] L))
_Z“i ug- — -u —|ug” — zu .
i=0 2 lin 2 1o

Note, that for clarity we suppress the element index g as we only focus on a
single element.

Proof. First, we prove (2.133). Therefore, we sum over (2.128) for i,j =0,..., N
to apply the discrete integration over the element.

a 8UU al e e ol 3
Z Jijwiw; a Z Wi (fNj5iN — fo;0i0 + Z ka‘fkj)
k=0

i,j=0 4,j=0

N N (2.135)
- > w (éfN5Nj — Giodoj + Qlj@u) :
i,j=0 1=0
Rearranging the sums over i, j, [ we obtain
8%]
ZOJZJW'L j ot ij fN] fO]+kajZOQk:'L
" ' (2.136)

— Zwi (ﬁfzv —Jio + Zgz‘l > Qlj) -
i=0 =0  j=0
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Assuming that the SBP operator is of degree p > 0, we know >N Qu = 0 as
fio D;; = 0 and thus

N 8%’]’ o Fx Fx al ~% ~ %
D Tt == > w (fs = o) = 2 woi (G — ) - (2.137)
ij=0 =0 =0

Note, that (2.137) holds for an arbitrary scalar conservation law as we did not
specify the physical flux. To prove (2.134) we first write the physical flux as

: Ay _
fij = 7f¢j = QUyj,
Az ~

9ij = 79@1 = buy;.

(2.138)

We then multiply (2.128) by u;; and sum over all nodes ¢, =0,..., N to find

N 1 0u?, N x x o x
Z Jijwiwj§ atj = — Z Wj <uNjf]t7j5iN - u[)jfgj(sio - Z Qkﬂ%]fk])
i,j=0 i.j=0 k=0
N N (2.139)
- > w (%‘N?]?N(;Nj — wiodin00; — > QujttijGa | -
i,j=0 1=0
Rearranging sums gives us
N 19u2 N R R N N
D Tzt == D w; (UNjfz*vJ' —ugifo; —ay Y. Qki“ij“kj)
i,j=0 =0 i=0 k=0
(2.140)

N N
- Z Wi (WNQZ}V - Uz‘ogfo —b Z Z Qljuz’juz’l) .

i=0 §=01=0
Due to the SBP property (2.64) we know 2Qx; = Qi — Qir + By and thus
N N N N N N N N
2 Z Z Qkiuijukj = Z Z Qkiuijukj —Z Z Qikzuijukj +Z Z Bkziuijukj- (2-141)
i=0 k=0 i=0 k=0 i=0 k=0 i=0 k=0

By rearranging indices we obtain

il 1 LY 1 1
2 2
;}%Qkiuijukj ) 2};} Briuijur; = 5“1\7]' — iuoj' (2.142)
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Therefore, we can rewrite (2.140) by

18u

N N W a W d
T i00; - , *_ 2 —uf - =
ijZO BT at ;)wj ({uf 2" ]Nj [uf 2" L)j)
’ - R (2.143)
(9] -2
> wi | ug" - su — |ug" — zu ,
i=0 2 Jiv i0
and thus gives us (2.134). O

Within the proof of Lemma 2 we were able to rewrite the volume contributions
in term surface contribution. This has been done by considering SBP operators
as they mimic the IBP rule. Note, that the proof of Lemma 2 relied on a Carte-
sian mesh. For curved meshes however, discretization (2.128) does not reduce to
surface contributions when discretely applying the energy method. This is due
to the fact that @ and b are non-constant and thus the discrete fluxes f = au
and § = bu introduce non-linear terms. The problems of discretizing hyperbolic
conservation laws with non-linear fluxes is discussed in Section 4. As mentioned
before, the discretization of (2.105) needs a slight modification. The modification
of the discretization and the proof of primary conservation and energy stability for
curved meshes is demonstrated in Appendix A.1. With Lemma 2 we finally can
prove primary conservation and energy stability for (2.129).

Theorem 3. Considering a Cartesian mesh and an upwind numerical surface flux,
then the discretization (2.129) is primary conservative and energy stable.

Proof. To obtain a primary conservative and energy stable scheme on the entire
domain we must sum all discrete growths of the primary quantity and energy on
all elements. Due to the use of SBP operators and Lemma 2, the total discrete
growths depend on the interfaces of the elements. Here, we look at the vertical
interfaces. The contribution of the horizontal interfaces is done in an analogous
fashion. We first focus on the interior interfaces, meaning that the interface con-
nects two elements as in Figure 2.5. Due to Lemma 2 the terms referring to the
interior interfaces are

N
IU; := ijfgji ij N] , (2.144)

IE, = ij (uojf _a (Uoj) ) ij (uNLJ Ny g (uﬁm)2> . (2.145)

where the superscript L and R refer to the left and right element, respectively.

Here, IU; and [ E; approximate the surface integral of %Lt’ and ;dgi
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Figure 2.5.: A single interface connecting two neighboring elements. This figure is re-
produced from [38].

interface. As we focus on a one dimensional interface (first component of u and
f* is fixed), we set
L L R R

uj = Uy, i, uj = Uy, (2.146)

and the same for f *. For a conforming mesh both elements share the same numer-
ical flux, meaning f* := f*F = f*£. So, we see directly that

N N
TU =Y wif; = > wif; =0. (2.147)
j=0 j=0

As IU; is zero, the total growth in the primary quantity (2.131) only depends on
the interfaces at the boundary of 2, which indicates primary conservation. Note,
that the derivation holds independent of the choice of the numerical surface flux.

To obtain an energy stable scheme we must specify the numerical flux function.
As for the one dimensional LAE, we consider the upwind flux

F(uf ul) = f(ut) = au®. (2.148)

Note, that the upwind flux is an exact solution to the Riemann problem as we
consider positive wave speeds. Focusing on [ E; we get

e R, L 1 Rm\2 & Lo Lyo?
IEt:aZwJ-(ujuj—z(uj))—aij(ujuj—2(uj)>,
§=0

J=0

DO |

N 2
ij (uf — uL> <0,
j=0

Ay

as @ = a=? > 0 (positive wave speed) and due to positive quadrature weights.

Secondly, we pay attention to the interfaces at the physical boundary. On the

right boundary of the domain we are not instructed to a boundary condition, see
(2.4). Including the upwind flux we get
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1 2
(uN]uNj - 5 (uff?) ) )
(2.150)

(“Nﬂ )

l\D\@z

At last, we look at the interfaces on the left boundary of the domain with the

upwind flux including the boundary condition

N
BLEt = ELZW]‘ (UOB;LB(t,ZEL,y?y) 2 (

7=0
where we assume that the interface is the n,-th interface on the left boundary. As
for the one dimensional LAE we complete the square, use the fact that a square

ugt) ) , (2.151)

of real numbers is always positive and arrive at

BLEt < Zw] t [L’L,y;ly)Q.
] 0

(2.152)

By focusing on the interior, right and left interfaces we considered all vertical
interfaces. Note, that the derivations for all horizontal interfaces is analogous. By

* Y
summing over all interfaces we obtain the discrete energy estimate

Ng N 10 ( )2 NQy a ny\2
Z Z Jz‘]wlw‘jQ py < Z Zw] t xLayjy)
q=114,j=0 ny—l
Impact vertical interfaces (2153)
Ng, b N
-+ Z Z Wz Z’sz yU)2’
nz—l

Impact horizontal interfaces

]

which is precisely the definition of energy stability
Throughout this proof we considered an upwind flux for the numerical surface

flux due to positive wave speeds, see (2.100)
Remark 7. When considering a central flux with periodic boundary conditions and
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re-deriving the proofs in Theorem 3, we obtain

Ng N ou q
> D Jijwiwj—t =0,
q=11,j=0 at

(2.154)

NQ N a(ugj)2
Z Z Jjwlw12 at - 07

q=114,57=0
which indicates primary and energy conservation.

To summarize, we extended the SBP method to the two dimensional LAE. This
method is provable primary conservative and energy stable considering arbitrary
SBP operators (FD, DG, HGTL). Due to the SBP operators we were able to
reduce volume contributions to surface contributions when discretely applying the
energy method, which is a discrete mimic of the IBP rule. In the next section we
verify primary conservation and energy stability /conservation as well as high-order
convergence and compare the error properties of the different SBP operators.

2.3. Numerical Verification of Summation-by-Parts Schemes
for the Two Dimensional Linear Advection Equation

In this section we demonstrate the convergence properties as well as primary con-
servation and energy stability of the two dimensional SBP scheme. To do so, we
focus on the LAE (2.105) on the domain © = [0, 1] x [0, 1] and set the wave speeds
to a = b = 1. We enforce periodic boundary conditions to ensure that [, df2
is constant over time. Unless stated otherwise, the upwind SAT /upwind flux is
chosen. The time step is given by the C'F'L (Courant-Friedrichs-Lewy) condition
[39]

CFL min{ 2’”, 5}
max{a,b} N+1 '~
where Az and Ay denote the width and height of an element and N + 1 denotes
the number of nodes of an element in one spatial direction. In total, an element
consists of (N +1)? nodes. For simplicity we assume that all elements have the the
same width, height and nodal distribution. To integrate the approximation in time
we use the five-stage, fourth-order low-storage Runge-Kutta method of Carpenter
and Kennedy [14] and set the final time to T'= 0.1.

At =

(2.155)

The numerical results are divided into two components. First, we compare differ-
ent SBP operators with respect to their error and time step properties. Secondly,
we verify primary conservation and energy stability of the SBP scheme.
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2.3.1. Comparison and Convergence of Summation-by-Parts Schemes

In this section we compare the error properties of the two dimensional SBP scheme
with FD, DG and HGTL operators via convergence analysis. For the convergence
study, we consider the exact solution

U0,z,y) =2+ sin (2r (z — at)) + cos (27 (y — bt)) . (2.156)
The experimental order of convergence (FOC) is determined by
log ( £zt
EOC, = %g;-;d)_l , (2.157)
log ( DOFS, )

where Lo 4 denotes the L, error and DOF'S,; denotes the total number of degrees
of freedom (DOF'S) in the domain at the d-th mesh level. Here, the Lo error is
calculated using the quadrature weights of the corresponding norm matrix

NQ N
Lo error := Z Z Jijwiw; (U(-,xf,y?) — ugj)2, (2.158)

q=11,7=0

where x! and y;? denote the components in physical space on the i- and j-th node
within the ¢-th element. For the convergence study, we increase the number of
DOF' S, by increasing the number of elements, but not the number of nodes within
an element. We note that this is an untypical approach when considering FD and
HGTL operators. As in [70], the DOF'S are increased by setting the number of
elements fix and increasing the number of nodes within the element. However,
when increasing the number of nodes for DG operators, the degree of the operator
would change in each mesh refinement step. By setting the number of nodes within
the element to be constant and increasing the number of elements, the order of the
DG scheme remains constant when refining the mesh for the convergence study. In
this section we chose the number of nodes and the elements such that the DOF'Sy
remain constant at the d-th mesh level for all SBP operators. When considering
FD or HGTL operators the d-th mesh level consists of 4% elements within the
spatial domain (27 in the z- and y-direction) and for DG operators the d-th mesh
level has 4772 elements (2912 in the 2- and y-direction). The DG operators includes
(p+1)? nodes per element (p+ 1 in the z- and y-direction). By setting the nodes
for FD and HGTL in one spatial direction to 4(p+1), the DOF'S, remain constant
at the d-th mesh level.
#FD/HGTL nodes #DG nodes

—_—~ ——
DOFS,; = \4:{/ (4(p+ 1)) =42 (p+1)2. (2.159)
#FD/HGTL elements #DG elements
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Besides calculating the error and the EOC' of the scheme, we are interested in
the maximum step. For linear problems with periodic boundary conditions it is
possible to rewrite the semi-discrete formulation in the following global form

u; = Au. (2.160)

2
Let {Ai}fV:%(N“) denote the eigenvalues of A. The low storage five-stage, fourth-
order Runge-Kutta scheme is said to be stable, in a sense that the simulation does
not crash, if the time step satisfies

1

(1 (ut) + S (e + cuADP + -

1 1 (
2 6 24
Z:RZ’(AL‘)

NAL? + (/\ZAt)5> <1, (2.161)

foralli=1,..., Ng(N +1)? [14]. To obtain the maximum time step we calculate
At such that

R;(AtY) = 1. (2.162)
The maximum time step is determined by
At = i At:}. 2.1
t= S}g(l;(r}my{ ti} (2.163)

Since the time step is dependent on the number of points of the spatial resolution
and wave speed, we normalize the maximum time step which gives us the maximum

CFL

(N + 1) max{a, b}
Az %} ’

27 2

CFL* = At

. (2.164)

min{
Finally, we solve the LAE with different sets of SBP operators with degrees of
p = 2,3,4. For all SBP operators the FOC' and the maximum CFL number is
shown in the Tables 2.1-2.3.

Focusing on p = 2 in Table 2.1 we obtain an expected EOC of p + 1 [39].
Here, in each mesh level the HGTL operator has the best error properties. The
FD operator is compatible as its maximum C'FL number is larger (2.80 > 2.77)
but also its Ly error is slightly higher. More significant is the difference towards
the DG operator, where the Ly error is about two times as large as for the error
of the HGTL operator and its maximum C'F'L number of 2.05 is noticeably smaller.

For p = 3 in Table 2.2 we also obtain an FOC' of p + 1. The maximum CF'L

number decays for all SBP operators which is excepted when increasing the degree
p. Again the FD operator has the best maximum CFL number of 2.39 whereas
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EOC and maximum CFL number for solving the LAE with DG, FD and

HGTL operators for p = 2, 3, 4.

DOFS LoDG EOCDG LoFD FEOCFD | LoHGTL | FEOCHGTL
576 9.63E-03 3.37E-03 2.25E-03
2304 1.13E-03 3.1 5.54E-04 2.6 3.80E-04 2.6
9216 1.44E-04 3.0 9.03E-05 2.6 5.85E-05 2.7
36864 1.80E-05 3.0 1.06E-05 3.1 6.90E-06 3.1
147456 | 2.25E-06 3.0 1.32E-06 3.0 8.56E-07 3.0
589824 | 2.87E-07 3.0 1.64E-07 3.0 1.07E-07 3.0
Max. CFL 2.06 Max. CFL 2.80 Max. CFL 2.77

Table 2.1.: Setting p = 2, CFL = 1, T = 0.1 and the number of nodes per element in
one dimension for FD and HGTL operators to N + 1 = 12.

DOFS LoDG EOCDG LoFD EOCFD | LoHGTL | EOCHGTL
1024 4.19E-04 4.73E-04 1.19E-04
4096 2.62E-05 4.0 3.07E-05 3.9 6.70E-06 4.2
16384 1.49E-06 4.1 2.25E-06 3.8 3.58E-07 4.2
65536 9.42E-08 4.0 1.37E-07 4.0 2.14E-08 4.1
262144 5.89E-09 4.0 8.47E-09 4.0 1.22E-09 4.1
1048576 | 3.70E-10 4.0 5.24E-10 4.0 7.55E-11 4.0
Max. CFL 1.63 Max. CFL 2.39 Max. CFL 2.35
Table 2.2.: Setting p = 3, CFL = 1, T = 0.1 and the number of nodes per element in
one dimension for FD and HGTL operators to N 4+ 1 = 16.
DOFS LoDG EOCDG LoFD EOCFD | LoHGTL | EOCHGTL
1600 1.48E-05 5.54E-05 4.43E-06
6400 4.96E-07 4.9 2.13E-06 4.7 1.43E-07 5.0
25600 1.23E-08 5.3 9.56E-08 4.5 5.94E-09 4.6
102400 4.29E-10 4.8 5.10E-09 4.2 3.21E-10 4.2
409600 1.34E-11 5.0 2.79E-10 4.2 8.74E-11 1.9
1638400 | 8.56E-13 4.0 1.36E-11 4.4 3.91E-11 1.2
Max. CFL 1.38 Max. CFL 2.16 Max. CFL 2.13

Table 2.3.: Setting p = 4, CFL =1, T = 0.1 and the number of nodes per element in
one dimension for FD and HGTL operators to N + 1 = 20.
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the DG operator has the worst (CFL* = 1.63). In comparison to Table 2.1 the
DG operator has a better error than the FD operator. Still, the error is not better
than that obtained by the HGTL operator. Comparing the HGTL and the FD
operator we notice a similar behaviour of the error properties and maximum C'F'L
number as in Table 2.1.

Next, we focus on Table 2.3 for p = 4. As in Table 2.1-2.2 the maximum CF'L
number decreases, but the relationship between these numbers for the SBP oper-
ators remain the same (FD best, DG worst). Here, the DG and HGTL operator
have similar error properties. When considering less DOF'S than 409600, the
HGTL operator is slightly better, but for more DOF'S the DG operator has the
best error properties. Both of these operators have a better error than the FD
operator (ignoring the last mesh level), but again the FD operator has the highest
maximum C'FL number of 2.16. We note that for p = 4 we do not obtain an
EOC of p+ 1. A possible explanation for this behaviour is the fourth order time
integration method. Presumably the error of time integration method dominates
the spatial error of the SBP discretization. Therefore, we set up an extra run with
CFL = 0.01 and present the results in Table 2.4

EOC for solving the LAE with with a reduced CFL number.

DOFS | L;DG | EOCDG | LoFD | EOCFD | LoHGTL | EOCHGTL
1600 | 1.48E-05 5.54E-05 4.43E-06
6400 | 4.96E-07 4.9 2.13E-06 4.7 1.43E-07 5.0
25600 | 1.24E-08 5.3 7.99E-08 4.7 5.04E-09 4.8
102400 | 4.17E-10 4.9 2.66E-09 4.9 1.97E-10 4.7

Table 2.4.: Setting p = 4, CFL = 0.01, T = 0.1 and the number of nodes per element
in one dimension for FD and HGTL operators to N + 1 = 20. We only
considered four mesh levels due to CFL = 0.01.

Due to computational effort in Table 2.4 we only considered four mesh levels.
Here, we verify a convergence order of EOC =~ p + 1. Note, that in Table 2.3 and
2.4 the L, errors for the first two mesh levels remain the same. This indicates that
the time step only effects the error for a fine mesh resolution.

To summarize, we observe that when considering FD operator the maximum
C'FL number is higher than for operators on nodes which are not uniformly dis-
tributed. However, for high-order simulations (p > 2) the DG and HGTL operators
have better error properties. For p = 3 we observe the error of the HGTL operator
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is smaller than for DG, but considering a fine mesh at p = 4, than the DG operator
has the best error. Due to the results presented in Table 2.1-2.3 we cannot claim
which operator is "the best", but we can see that all operators can be taken into
consideration when solving hyperbolic conservation laws.

2.3.2. Numerical Verification of Primary Conservation and Energy Stability

As was shown in Section 2.1.2, the SBP scheme is primary conservative and energy
stable. The SBP discretization is defined by

oul,
wiw;Jij—+ T L = Res(uf;), (2.165)

with

N
Res(uf;) = — w; ([f;;? — fi) v = [ ot = f&] G0+ X Qikfzj>
o (2.166)
Wi ([ﬁ:j\? — GinlOng = [Gi6" — 9] 0oj + Y le?fz) :

=0

with 4,7 =0,...,N and ¢ =1,..., Ng. We choose the numerical flux to be

U +uy*r
A TAT

f*<uRvuL) = 9

»Lal > (@ -ur)., (2.167)
with o € [0, 1] and similar for g*. Setting o = 0, we get the central flux for which
the SBP discretization remains energy conservative and for ¢ = 1 we obtain the
upwind flux/upwind SAT for which the scheme is energy stable. Here, we note
that energy conservative schemes do not necessarily represent the correct physical
behaviour of a wave as in real world application the energy must dissipate due
to discontinuities. However, just for verification that the numerical scheme is
implemented correctly, we set 0 = 0 to verify energy conservation. Therefore, we
multiply (2.165) with u{; and sum over all elements and nodes

Ng N Ng N

>0 wiwjJiud; 8t => > ulRes(u (2.168)

q=114,7=0 q=114,7=0

Similarly, primary conservation is described by

No N o No N
S5 oy 20— 3 S Res(ut). (2.169)
q=11,7=0 ot q=11,7=0
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We verify conservation of the primary quantity and energy by calculating

Ng N

Bl = Z Z uq Res(u

q=114,57=0
NQ N

UtOt Z Z Res(u

q=114,5=0

(2.170)

Here, Ef°" and U/** describe the discrete growth of the total energy and the dis-
crete growth of the total primary quantity. We consider the discontinuous initial
condition

191 if x S Y,
U(t = 2.171

with periodic boundary conditions. Here, 9; and ¢J5 are uniformly generated ran-
dom numbers in [0,1]. The random initial condition is chosen to demonstrate
conservation independent of the initial condition. We calculate (E*"); and (Uf");
for k = 1,...,1000 independently by considering a FD operator of degree p = 3
and Ng = 100 elements with (N +1) = 16 nodes (16 nodes in z- and y-direction).

Calculating the discrete growth in the total energy and the total primary
quantity

[|UE|2 | 5.51E-13
||[Ef%|2 | 7.19E-13

Table 2.5.: Calculating the growth in the total discrete primary quantity U}°* and total
discrete energy Ef°t for 1000 different random initial conditions. The growth
is presented within the euclidean norm. Here, we verify conservation of the
primary quantity and energy.

In Table 2.5 we verify primary and energy conservation. Besides only considering
random initial data, we are interested of how the total primary quantity and total
energy behave in time. Therefore we consider the initial condition

(2.172)

0 else.

2 if0.3<z<0. S3<y<O0.
u@xy:{ if0.3<2<0.7and0.3<y <07,

We set T'= 10, CFL = 1 and focus again on a FD operator of degree p = 3 with
Ng = 100 and (N + 1)* = 16%. We run the simulation twice considering either
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the central or upwind flux. The total discrete primary quantity and energy are
defined by

NQ N 1

Jtot _ ZZ ( )

q=114j= 0
o (2.173)

Utot Z Z UZJ ,

q=114,5=0

and are plotted over time in Figure 2.6 and 2.7.

0.340 0.3233795
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0.335 —  Upwind flux
205233793
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=
3
0315 & 0.3233787
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Figure 2.6.: EVOlution Of the total diS— Figure 27 A plot that demonstrates
crete energy of the solution the conservation of the
with and without dissipa- integrated conserved vari-
tion. We see that the total ables. The plot does not
discrete energy is conserved depend on the choice
when considering the cen- of the numerical surface
tral flux (o0 = 0) and that flux.
it decays using the upwind

flux (o =1).

Here, we verify that the total discrete energy is conserved when considering a
central flux. By introducing a dissipation term (o > 0) within the numerical flux,
the total discrete energy is dissipated over time. In comparison, the total discrete
primary quantity does not depend on the choice of the numerical surface flux.
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Remark 8. In this section we only focused on FD operators. However, we obtain
the same results when considering any other SBP operator.

2.4. Summary

In Section 2.1 we introduced the SBP method for the one dimensional linear ad-
vection equation. The linear advection equation is naturally primary conservative
and energy stable when considering appropriate boundary conditions, which we
demonstrated using integration-by-parts. To maintain this property within the
numerical scheme, we introduced summation-by-parts operators. These operators
are defined to discretely mimic the integration-by-parts rule. Given a summation-
by-parts operator the SBP scheme is provably primary conservative and energy
stable. Such operators can be derived from finite difference formulas or from a
weak formulation of the conservation law. In extension we introduced the two
dimensional SBP method focusing on quadrilateral elements and using the tensor
product. We implemented the SBP method and compared the numerical errors
and the maximum time step for different summation-by-parts operators. Based on
the degree of the differentiation matrix, we verified that the SBP method is high-
order. Also, we analyzed the behaviour of the total discrete primary quantity and
energy with discontinuous initial data. Since the total discrete primary quantity
remained constant and the total discrete energy did not increase, we demonstrated
that our implementation of the SBP scheme is primary conservative and energy
stable.
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3. Energy Stable and Primary Conservative
Summation-by-Parts Methods for the
Linear Advection Equation on
Non-Conforming Meshes

For two (or even three) dimensional problems the distribution of elements or, in
other words, the mesh is substantial. Many real world problems contain a wide
range of length scales. The efficient approximation of such problems necessitates
the ability to judiciously distribute degrees of freedom. Therefore, we focus on
non-conforming numerical approxrimations. Non-conforming numerical approxi-
mations offer increased flexibility for applications that require high resolution in
a localized area of the computational domain or near complex geometries. For
example, consider a flow around a cylinder as in Figure 3.1.

Figure 3.1.: A constructed non-conforming mesh to simulate a flow around a cylinder.
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3. SBP Methods for the LAE on Non-Conforming Meshes

We are interested in how fluids behave near object, e.g. near the cylinder in
Figure 3.1. In terms of computationally efficiency we desire a mesh with fine
elements at the cylinder surface and a coarse mesh at the boundary of the domain.
For more details on mesh configuration see Chapter 7. In general, designing a
conforming mesh around a geometry is cumbersome. The main difficulties occur
due to the interfaces and the nodal distributions of the elements which need to
coincide with the neighbouring element, see Figure 3.2.

Figure 3.2.: Conforming elements where the interfaces and the nodal distribution coin-
cide. The figure is reproduced from [38].

In order to overcome these problems, we consider meshes where neither the
nodal distributions of the element nor the interfaces need to coincide. Focusing
on a quadrilateral mesh, we allow the nodal distribution to differ between ele-
ments (Figure 3.3), sometimes called p refinement or algebraic non-conforming. In
addition the mesh can contain hanging corners (Figure 3.4), sometimes called h
refinement or geometric non-conforming. Combining p and h refinement we obtain
a fully h/p non-conforming approach (Figure 3.5).

In this chapter we present a primary conservative and energy stable non-conforming
SBP method. The key to the non-conforming approximation is how the numerical
fluxes or SATs between neighbor interfaces are treated. In comparison, for con-
forming approximations as in the previous chapter the interface points between
two neighboring elements coincide. This allowed for a straightforward definition
of unique numerical surface fluxes to account for how information is transferred
between neighbors. It is then possible to determine numerical surface fluxes that
guaranteed energy stability /conservation of the conforming approximation.
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3. SBP Methods for the LAE on Non-Conforming Meshes

Figure 3.3.: Neighboring elements with different nodal distributions. The figure is re-
produced from [38].

Figure 3.4.: Neighboring elements with a hanging corners. The figure is reproduced from

38)].

Figure 3.5.: Neighboring elements with a hanging corner and differing nodal distribution.
The figure is reproduced from [38].
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3. SBP Methods for the LAE on Non-Conforming Meshes

This chapter is structured as followed: First we will gather insight into the devel-
opment of non-conforming SBP methods in the past. All these methods rely on in-
terpolation /projection operators to connect different types of non-conforming ele-
ments. Based on these methods we will introduce a fully conservative (primary and
energy conservative) discretization for the LAE on algebraic or p non-conforming
elements. Next, we extend the method to geometric or A non-conforming ele-
ments. As fully conservative schemes do not reflect the actual physics of a con-
servation law, we include numerical interface dissipation and obtain an energy
stable scheme. Before, doing numerical tests, we investigate in the properties of
the interpolation/projection operators. It is worth noting, that non-conforming
approximations (in comparison to conforming approximations) are less accurate
due to the reduction of the convergence rate [39]. Therefore, we introduce a new
set of SBP operators and interpolation/projection operators, for which the optimal
convergence rate is retained. Finally, we verify the properties as primary conser-
vation, energy stability /conservation and high-order accuracy for the introduced
SBP operators.

3.1. History on Non-Conforming Summation-by-Parts Methods

In this section we introduce existing non-Conforming SBP methods. Therefore, we
focus on a simple prototype of non-conforming elements as in Figure 3.3. Here, we
have two elements where the interfaces coincide, but not the nodal distributions
(p refinement). We differ between a left element L and a right element R. In each
element we consider a different number and set of nodes. Let n”, n' denote the
set of vertical nodes of size Ny +1 and Ng + 1, respectively. For each set of nodes
we consider a different SBP operator on each element (Mz,Dy) and (Mg, Dg).
As nodal distributions do not coincide, it is not possible to do a point-to-point
transfer between the elements to evaluate the numerical flux/SAT. For the SBP-
SAT method, Mattsson and Carpenter [83] developed interpolation operators that
result in a primary conservative and energy stable scheme for linear hyperbolic
systems on Cartesian meshes. Here, the constructed operators

Prog € R(NR"FDX(NL"FD’ Pros € R(NL-H)X(1\75:4-1)7 (3'1)

interpolate the nodes from one element to the neighbouring non-conforming ele-
ment, see Figure 3.6. The subscript "L2R" denotes the interpolation from the left
to the right element. Mattsson and Carpenter were able to re-derive the proof
for primary conservation and energy stability for the SBP-SAT method for linear
systems of conservation laws provided that the interpolation operators satisfy the
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3. SBP Methods for the LAE on Non-Conforming Meshes

ul uf
4 Prar S
4
_
i
Py
A 4
4
Prar -
-
i
4 -
vy
- -

Figure 3.6.: Interpolating the nodes on the interface from one element to another.

M-compatibility condition
PTorMr = MLPpor. (3.2)

The M-compatibility condition can also be found in [16, 38, 39, 70, 80, 83, 96, 97]
and is necessary to obtain an energy stable non-conforming SBP method. To
apply the two dimensional discretization for scalar conservation laws (2.129) on a
non-conforming mesh, we need to specify the SAT /numerical flux. Let u’ denote
the solution on L over the nodes along its right interface and let u® denote the
solution on R over the nodes along its left interface (see Figure 3.6). Here, the
one dimensional vectors u” and u® are of different sizes, as we consider a non-
conforming mesh. Thus, the projection operators Pror and Pgoy are non-square
matrices. We discretize R with (2.129) and focus on the left surface. For the LAE,
Mattsson and Carpenter choose the following SAT to obtain an energy conservative
scheme

~x ~ a a
SATEC = [ E’g — fR} = §PL2R’U,L — §’U,R, (33)

where the subscript FC denotes that the SAT is energy conservative. Also, we
included the index R within the numerical flux as the numerical flux differs on the

left and right element. By rearranging (3.3) and inserting fE = au® we obtain
the following energy conservative numerical surface flux
R L
=r U+ Progu
AL (3.4)

which can be interpreted as a non-conforming central flux. To get an energy stable
scheme we include interface dissipation by

on  mn a1
s = frc — |2| (2 (Pr2rProL + Ig) u' — PLQRUL> ; (3.5)
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3. SBP Methods for the LAE on Non-Conforming Meshes

where |z denotes the identity matrix of size Ngp+1. Here, the subscript £.S denotes
that the numerical surface flux is energy stable. The flux (3.5) can be interpreted
as a non-conforming Lax-Friedrichs flux. Note, that when considering a conform-
ing mesh, meaning that Pror = Prop = Ig, we get the classical upwind flux (2.148).

Due to (3.2), the interpolation operators depend on the norm matrices. In [83]
a certain set of such interpolation operators is given for SBP FD operator. These
operators are sufficient for certain test cases, but not in general, e.g. the inter-
polation operator connecting FD operators of degree p;, = 2 and pr = 3 is not
provided. Constructing the projection operators in general is cumbersome as the
projection operators depend on at least two elements (even more for h refinement).

For DG schemes, Kopriva [66, 69] invented the so called DG Mortar method
for arbitrary conservation laws. The method is also applicable to curvilinear ele-
ments. However, for simplicity of the presentation we focus on Cartesian meshes
(@ remains constant for the left and right element). Here, the operators Prag
and Pgop are derived by a discrete Lo projection and are denoted as projection
operators. In comparison to the method of Mattsson and Carpenter, the mortar
method constructs the projection operators by first projecting the solution on the
interface nodes of the elements onto an intermediate grid and then projecting back
the numerical flux to the surface of the corresponding element as in Figure 3.7.
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Figure 3.7.: Two conforming elements with non-conforming nodal distributions and an
intermediate grid.

Here, the intermediate grid is referred to as mortar (the "cement") as it connects
adjacent elements (the "bricks"). The operators Pro= and Prez project the solu-
tion on the left and right element to the mortar, whereas Pzo;, and P=yr denote
the projection back to the element. The main advantage of this approach is that
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3. SBP Methods for the LAE on Non-Conforming Meshes

one can construct interpolation/projection operators independently of the neigh-
bouring elements as all element interfaces are projected to the same set of nodes.
This overcomes the difficulty of constructing projection operators as in the paper
of Mattsson and Carpenter. In addition, the mortar method has excellent parallel
computing properties [9, 60].

The mortar has its own set of nodes n= and a norm matrix Mz. In [69] the
nodes are typically chosen to be LG or LGL nodes. For Koprivas’ method, an
unique numerical surface flux is evaluated on the mortar. Considering the LAE
and a Lax-Friedrichs numerical flux on the mortar, then the flux is calculated by

x.= ~P EUL+P E'LLR a
f = =q L2 5 R2 — ’2| (PRQE’U,R — PLQE’U,L) . (36)
Using the back projection we get the numerical fluxes for each element
ol =P 5, fo = Poopfr=. (3.7)

The mortar method is primary conservative for all system of hyperbolic conserva-
tion laws on Cartesian or curvilinear meshes. However, the method is not necessar-
ily entropy stable/conservative (energy stable/conservative for the LAE). One rea-
son is that the projection operators to not necessarily satisfy the M-compatibility
condition (3.2) when applying a discrete projection.

A more recent non-conforming method was developed by Kozdon and Wilcox
[70]. Here, projection operators are constructed by also introducing an intermedi-
ate grid called the glue grid, as it "glues" the elements together. In addition, the
operators are constructed such that they satisfy the M-compatibility condition

P€QEME - MLPEQL (3 8)
P%QEME = MRPE2R- .

Note, that (3.8) can be satisfied independent of the neighboring element. After
deriving operators satisfying (3.8), we obtain the projection operators connecting
the left and right element by

Prar = P=2rP Loz, Pror = P=2rPRo=. (3.9)
This construction maintains the M-compatibility condition (3.2) as
PrszMR = Pzza P£2RMR = P€2EME P oz,
W—/

=MzPRraz =M_pP=2r (310)
= MLPEQLPRZE = MLPR2E-
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3. SBP Methods for the LAE on Non-Conforming Meshes

Note, that the norm matrices are symmetric and thus M7 = M. The method is
primary conservative and energy stable on Cartesian meshes for linear systems of
hyperbolic conservation laws. Here, the numerical fluxes are uniquely determined
on the glue grid as for the mortar method (3.7). To finally obtain an energy
stable/conservative scheme the SAT needs to be modified by a correction term
COR

SAT :=[f*" - ff| + COR,

_p_ = _ FR L O( R p_ R
- |:P:2Rf f } + 2 (U P:2RPR2:U ) .
Note, that after the evaluation of the numerical flux on the glue grid, the SAT
purely depends on the right element. Thus, the storage of the projection operators
can be done locally on each element without considering their neighbors. We verify
energy conservation directly by inseting the central numerical flux.

(3.11)

a . a
SATpc = [QPEZR (PR2EUR + PLQEuL> - CLUR] + 5 (uR - PEQRPRQE'U,R> ,

a a
ult = §PL2RUL - su”,

a
== PaopProz ub —
2 —— 2

N

=Pr2r

(3.12)

which is precisely the same numerical SAT as in the approach of Mattsson and
Carpenter (3.3). To include numerical dissipation we consider the Lax-Friedrichs
flux on the intermediate/glue grid as in (3.6).

In addition, Kozdon and Wilcox [70] extended their scheme to curvilinear meshes,
but due to this extension the scheme is not primary conservative. Deriving pri-
mary conservative and at the same time energy stable schemes on a non-conforming
curvilinear mesh with h/p refinement is one of today’s research topics. Focusing
on curved meshes Carpenter et al. [16] developed an energy stable and primary
conservative scheme considering p refinement by modifying the SAT. Up to now
their is no energy stable SBP method for general conservation laws considering h
refinement on a curved mesh.

In this work we aim to simulate non-linear problems on complex geometries as
in Figure 3.1. A generation of such meshes is cumbersome, especially for con-
forming meshes, as here all interfaces need to coincide. However, this is not
required for non-conforming meshes with h refinement. As we want to ensure
an energy/entropy stable simulation, we consider Cartesian meshes for element
refinement.
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3. SBP Methods for the LAE on Non-Conforming Meshes

3.2. Construction of M-Compatible Projection Operators

In this section we construct M-compatible projection operators for all introduced
SBP operators in Section 2.1. As in the last section, we purely focus on p refine-
ment as the extension for h refinement is straightforward (see Section 3.4.2). Here,
we focus on an element L and an intermediate grid = as in Figure 3.8.

>

N AN A
PSP

-

£
rSey

Figure 3.8.: Single element and an intermediate grid.

Let n” and n= denote the one dimensional set of nodes of size Ny, +1 and N=+1
in 7-direction and My and Mz denote the corresponding diagonal norm matrices.
Besides satisfying the M-compatibility condition (3.2), we also discuss the accuracy
of the projection operators Pro= and P=y;. Therefore, we define the degree of a
projection operator.

Definition 9. Degree of a Projection Operator
The projection operators Po= is of degree p, if

Proz=(n®)* = (n7)", (3.13)
for k=0,...,p.

How to construct such projection operators of high degree depends on the corre-
sponding SBP operators defined on the element L. First, we construct projection
operators for elements with DG operators.

3.2.1. Projection Operators for Discontinuous Galerkin

In this section we derive projection operators for elements with DG operators.
Therefore, we adapt the Mortar element approach of Kopriva [69]. Here, we as-
sume that the nodes on the element and on the intermediate grid/mortar are LGL
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nodes with corresponding Lagrange basis function ¢* ,E; with ¢ = 0,..., N, and

7 =0,..., N=. For the mortar method we set N= > Ny.

First, we discuss the projection from the element to the mortar (Proz). We
assume that the solution is evaluated at w = (uo,...,uy,)’ with the polynomial
ansatz U(n) = SN (4 (n)u;. We want to project w onto the mortar to obtain
u® = (ug, ... ux, )" with

zw

Note, that U(n) # U=(n) for a polynomial of higher degree as N; # N=. The
operator Pz is created by a Lo projection onto the mortar

.5), £:(2) (HH@(Q)
Z(HD (@)= z%@?’g?) (@)

i=

“ (1

(3.14)

(3.15)

for j =0,..., N=. In [69] the evaluation of the discrete inner products can be done
using exact integration or mass lumping. However, to obtain projection matrices
satisfying the M-compatibility condition (3.2), we consider LGL quadrature rules.
The L, inner product on the left hand side of (3.15) is evaluated exactly on N=+ 1
LGL nodes

(eh.65), £2(8) ZwkﬁL D) (k) ZwkzL e )0 = wTlE(nF),  (3.16)

forve =0,...,Np, 5 = 0,..., N=. Note, that this is an exact evaluation of the
L5 product due to the accuracy of the LGL quadrature (exact for polynomials of
degree 2N= — 1 and Nz > Np). The L5 product on the right hand side of (3.15) is
also evaluated on Nz+1 LGL nodes. Therefore, the inner product is approximated
by an integration rule with mass lumping, e.g. [9],

Nz N=
G e;)b(ﬂ) ~ ];)wiff(ni)ﬁﬁ(m?) = kzzowzaikajk =G5, (3.17)
for i,7 =0,..., N=. Next, we define the rectangular interpolation operator

Loz = €5 (7)), (3.18)
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with ¢ = 0,..., Ny and 7 = 0,..., N=. We rewrite (3.15) in a compact matrix-
vector notation
MELLQEU = ME’U,: <~ LLQE u=u". (319)

——

:=Proz
So the projection operator to move the solution from the element onto the mortar
is equivalent to an interpolation operator. However, this does not hold for project-
ing the solution from the mortar back to the element.

To construct the operator P=zo;, we again consider a L5 projection. Here, we as-

sume to have a discrete evaluation of the solution on the mortar u= = (u5, .. ., u]EVE)T
with UZ(n) = % (2 (n)uf and seek the solution on the element w = (uq, . .., uy, )"
with
N
=Y . (3.20)
=0
The L, projection back to the element is
= gL _ L
(U5 65) ey = U 85) 1y
N= Ny (3.21)
& =0 ur = ok ik u;,
Z:ZO ( )52( Q) ; ( J) £2(9)

for j =0,..., Np. The L5 inner product on the left hand side of (3.21) is computed
exactly using Nz + 1 LGL points. The £, inner product on the right in (3.21) is
approximated with mass lumping at N, + 1 LGL nodes. Thus, we obtain

(Mf) Zwk () k() = Witk (), (3.22)

where 1 =0,...,N=, j=0,..., Ny and

(ef,éf) o ZML ()5 () = Gy, (3.23)
for i,7 = 0,..., N. Again, we write (3.21) in a compact matrix-vector notation
which gives us _

LT, =Mzu= = Mpu. (3.24)
As I—L2E = PLZE (319) we obtain
M. PTo=Mz u® = u, (3.25)
P
=:F=2L
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where we introduce the projection operator (not an interpolation operator) from
the mortar back to the element with N;+1 nodes. With this approach we construct
projection operators satisfying the M-compatibility condition (3.2), i.e.,

PEQL = MZIP€2EME ~ MLPEQL = P%QEME (326)
To summarize, the projection operators for DG elements is constructed as followed

e The projection from the element to the mortar is given by an interpolation
using the DG ansatz PLQE = I—L2E'

e The projection back to the element is constructed by Pz, = M} 'P%,-M=.

Here, as we adapt the method of Kopriva and set the nodes on the intermediate
grid to be LGL nodes. However, in general the choice of the nodes and weights is
nearly arbitrary, provided that the degree of Mz is greater or equal to the degree
of M. For example, the nodes on the mortar/intermediate grid can be chosen to
be FD or HGTL nodes.

Besides satisfying the M-compatibility condition, we are interested in the accu-
racy of the projection operators. As we consider Ny + 1 LGL nodes, the corre-
sponding differentiation matrix Dy, is of degree p = N . Focusing on a conforming
mesh, the discretization (2.129) for the LAE can solve for polynomials of degree N,
exactly. To extend this result to a non-conforming discretization, we desire pro-
jection operators which are also of degree Ny. As the operator Ppoz is constructed
by a direct interpolation form LGL nodes to the nodes on the intermediate grid,
it is naturally an operator of degree N;. However, this does not hold for the back
projection Pzs;, as shown in Lemma 3.

Lemma 3. Assume that n* are LGL nodes of size Ni, +1. Let 9% be an arbitrary
set of nodes of size N=+ 1 with a norm matrix Mz of degree > 2Ny, — 1. Then the
projection operator P=oy, is only of degree Ny, — 1.

Proof. As m* are LGL nodes of size Ny, + 1, the corresponding norm matrix My,
is of degree 2N — 1 [24]. To obtain the degree of the projection operator we first

., where i =0,...,Npand k =0,..., N, — 1. As (EnFis a
EQ(Q)

polynomial of degree < 2Ny, — 1, the approximation using (-,-),, or (-, -),,_ are

examine (EZL, 77’“)
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both exact. Therefore,

SIAAUBIY ZML n)", (3.27)
=0 '
NE _

S Wi ) (5" (nf)
7=0

Using the definition of the projection operator Proz (3.19) we can rewrite (3.27)
in a compact matrix vector notation

PT,=M= (1) =My (n*)".
& M;'PTeMz (n ) (n ) (3.28)
& P ()" = (n*)"

for k=0,..., Np — 1. So the projection operator can only project polynomials of
degree Ny — 1 exactly. O

As we see in Lemma 3, the operator can only project polynomials up to a degree
Ny, — 1 exactly. This result is not only found for projection operators for DG
operators, but also for projection operators for FD operators as in [70, 83]. Here,
all introduced projection operators are of one degree lower than the degree of the
differentiation matrix D. A discussion on this topic can be found in Section 3.2.3

3.2.2. Projection Operators for Finite Difference and Hybrid
Gauss-Trapezoidal-Lobatto

In this section we discuss the construction of projection operators for FD and
HGTL operators. Again, we focus on an element L and an intermediate grid =
and assume that the differentiation matrix Dy, is of degree p. As for the projection
operators for DG, we want the projection operators to satisfy

Pz (n") = (v°)".
P=ar (775>l = (UL>I )

for k=0,...,pand [ =0,...,p — 1. As we need to ensure that the projection
operators satisfy the M-compatibility condition (3.2) we seek a projection operator

(3.29)
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that satisfies

Pros (ﬂL)k = (UE)ka (3.30)
1pT =\ L\! ‘
ML Pro=M= (77 ) = (77 ) )
or alternatively
Pro= ("”IL)k = (77E ky (3.31)

=\! I
PTa=M= (77“) = Mg (WL) )
fork=0,...,pand [ =0,...,p— 1.
Remark 9. When solving the system (3.31) including the condition P?,-Mz (nE)p =

My, (nL)p (the back projection should be of degree p) , then the system is not solv-
able for FD and HGTL operators presented in Section 2.1.2 and 2.1.4. This result
holds for an arbitrary choice of the intermediate grid. For more details see Section
3.2.3.

Note, that after choosing an intermediate grid with nodes and quadrature weights,
the conditions (3.31) only include the unknown projection operator Po=. We as-
sume that the construction of this operator is a dense matrix, so it introduces
(Np + 1)(N=z + 1) degrees of freedom. In general, the conditions (3.31) are insuffi-
cient to fully specify Po=. Therefore, we need to consider further conditions.

We reiterate, that for FD and HGTL operators the differentiation matrix Dy
is of degree p only at the boundary nodes. On the interior nodes however, the
operator has a degree of 2p due to a symmetric, central finite difference formula.
To establish further conditions, we set the quadrature rule on the intermediate grid
to be derived from a HGTL or FD operator. Therefore, the nodes n= also consist
of boundary and interior nodes. In order to mimic the accuracy properties of the
differentiation matrix, we set the following conditions for the projection operator:

Pz (") = ()", fork=0,...p

PLMs (%) =My ("), forl=0....p—1,

(P (0)) = ((F)) . ork=o0..2 (332
(szEME (n:)) — (ML (nL)i)i, for [=0,....2p,
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and i = bn,...,N 4+ 2 — bn. Still, (3.32) does not necessarily fully specify the
projection matrix P o=, for which we next use optimization constraints. Therefore,
we use any remaining degrees of freedom to ensure that the modulus of each
eigenvalue of the matrix

Lopt := M — P1o=MzP o= (3.33)

is as close to zero as possible [39]. We chose the optimization of minimizing the
eigenvalues of Z,,; as

Zop =My — P15=MzP 1oz = My, (I — M7 'PT,cMzPraz)

(3.34)
:ML (lL - PEQLPL2E) .

So, when Z,, ~ 0, then |, ~ Pz2;Pro= which indicates a minimization of the
projection error. Note, that optimizing the projection operators such that |, ~
P=21P 2= is the same optimization criteria as in the work of Kozdon and Wilcox [70].

3.2.3. Analysis of the Suboptimal Degree of the Projection Operators

In Section 3.2.1 and 3.2.2 it was not possible to construct projection operators of
degree p which at the same time satisfy the M-compatibility condition (3.2). Up
to now, all constructed SBP operators had norm matrices of degree 2p — 1 [23, 58].
A drawback of such operators is that it is not possible to construct Prs= and
P=or of degree p, as proven in the following theorem, where we adapt the ideas of
Lundquist and Nordstrom [80].

Theorem 4. Given a degree p SBP operator Dy with norm matrix My of degree
2p — 1. Assuming an intermediate grid with a norm matriz Mz of degree > 2p — 1
such that the matrices My, and Mz are different in terms of the norm matrices
having different errors, then it is not possible to construct M-compatible projection
operators Pro= and P=or, that are both of degree p.

Proof. We assume that it is possible to construct M-compatible operators of degree
p and seek a contradiction. Therefore, we have the degree p projection operator
Pro= and P=o;, which satisfy

(") = (n
(nE)k (,’,IL k (3.35)
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for K = 0,...,p. Focusing on the third equation and multiplying it from left by
T
((n:)p> and from the right by (nL)p we get

()" PEat (o) = () e (0
(P (7)) M0 (1) = (7)) P ()

Due to the assumptions (3.35) the projection operators are of degree p and thus

(")) Mo (@) = ((7%)") M= (n7)". (3.37)

However, the norm matrix M, cannot integrate n?” exactly. Also, if Mz is of degree
2p—1, then the right-hand side of (3.37) also does not integrate exactly. The error
terms for each quadrature rule are different, so the equality (3.37) cannot hold in
general. For the case where the degree of Mz is larger than 2p — 1, then the
equality (3.37) cannot hold since the right-hand side performs exact integration of
n??, whereas the right hand side produces a quadrature error. O

The contradiction within Theorem 4 holds due to the accuracy of the norm
matrix M. This contradiction would not occur, if M would be of degree 2p or
higher. Therefore, we construct SBP operators with norm matrices of degree > 2p
for which projection operators of degree p satisfying the M-compatibility condition
can be built. We denote such SBP operators as degree preserving as in [39]. The
construction of a SBP degree preserving, element based finite difference operator
is given in Section 3.3

Remark 10. The existence of a quadrature rule with positive weights of degree
> 2p is sufficient for the existence of a degree preserving SBP operator of degree

p [23].

3.3. Degree Preserving Operators

As shown in Section 3.2.3 it is not possible to construct M-compatible projection
operators of degree p if the norm matrix of the SBP operator is only of degree
2p — 1. Here, p refers to the degree of the differentiation matrix of the SBP
operator. In this section we explicitly construct degree preserving SBP operators
(M, D), where the degree of D is p and the degree of the norm matrix M is > 2p. As
for all other SBP operators in this work, we construct the SBP degree preserving
operator (DP operator) in a reference space €2 := [—1,1]. We construct the DP
operator in a similar fashion to the FD operators and consider an interior stencil of

66



3. SBP Methods for the LAE on Non-Conforming Meshes

degree 2p and boundary nodes with free parameters. Since the norm matrix needs
to be at least one degree higher than for the FD operators in Section 2.1.2, we
naturally need more free coefficients. These coefficients are obtained by increasing
the number of boundary nodes at least by one. For example, for p = 2 the norm
matrix M is

2
M= Sdiag (ho,... hu 1o L h, o ho), (3.38)

where N + 1 denotes the number of nodes. The upper left corner of Q has the
following structure:

G2 Q13 Q4 @5 O

N[

0

—q12 0 23 Qo4 Qo5 0

(Q)(1:5,1;7): —qi3 —q3 0 qsa g3 O 0
—qu4 —G4 —q3¢ 0 qus —35 O

—Gqi5 —q25 —(G35 —Qs 0 % 12

With these configurations we will focus on the construction of the DP operators.
As for FD operators the degrees of freedom of Q referring to the interior nodes are
the same. Here, we again consider a symmetric central difference formula. Note,
that the DP operator is element based as in [28]. By changing the number of
nodes, we must re-calculate the degrees of freedom at the boundary blocks. This
is similar to a DG operator, as the operator coefficients change by increasing or
decreasing the number of nodes.

Let &€ be an uniformly distributed set of nodes within the reference space [—1, +1]
and §, = —1, £y = +1. The free coefficients are determined by solving

Qe" =kME k=0,...,p,
gt _ =g (339
1"Mgf=>>——>— k=0,....2p+ 1.
¢ k1 b
In case of negative weights for a fixed value N, we increase the number of boundary
nodes bn to obtain more free coefficients for satisfying the property of a diagonal
norm matrix with positive weights.

By solving (3.39), the DP operator is not necessarily fully specified. As in Section

2.1.2 we construct the DP operators using the same constraints and optimization
criteria. A description of the construction is provided in Algorithm 3.
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Input: N and p

Set bn :=2p + 1;

Solve (3.39);

while one or more entries of M are negative do
Set bn:= bn—+1;

if 2on > N + 1 then

‘ Error: Chose a different /V;

else

| Solve (3.39) again;

end

end

Minimize Z, in (2.25) under the constraint h; > 0 for i = 0,...,bn — 1;

’

Minimize Zg in (2.26) under the constraint h; > 0 for i = 0,...,bn — 1;

Algorithm 3: Construction of degree preserving operators.

By following these steps we create SBP operators (M, D) where D is of degree
p and M is of degree 2p 4+ 1. Note, that as for existing SBP operators like those
in Section 2.1.2, a minimum number of nodes needs to be considered to solve for
(3.39). Creating the corresponding projection operators for the DP operators is
done in the same way as for FD and HGTL in Section 3.2.2.

3.4. Non-Conforming Discrete Analysis for the Linear
Advection Equation

In this section we discuss the construction of the non-conforming SBP scheme
and prove primary conservation for energy stability for the LAE. Again, we con-
sider discretization (2.129). As the elements are no longer conforming, we need
to choose an appropriate numerical surface flux/SAT. Here, we need to differ be-
tween elements with conforming (p refinement) and non-conforming interfaces (h
refinement). We will first describe how to determine a fully conservative scheme
for conforming interfaces, but differing nodal distribution. Then, we extend these
results to consider meshes with non-conforming interfaces (hanging corners). Fi-
nally, we determine an energy stable scheme by including interface dissipation.

As discussed in the Section 3.1, it would be efficient to store the projection
operators within the elements and to choose the SAT as in (3.11). For this ansatz,
we need to calculate the numerical surface flux on the intermediate grid. However,
when moving onto general non-linear problems in later sections, it is (up to now)
not possible to evaluate the numerical surface flux on an intermediate grid in
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a stable manner. The reason for this is that when determining the numerical
flux of the projected solution Prozu” and Prozu®, then non-linear projections get
introduced, e.g. (PLQEUL>2. A discussion on this issue is provided in Section 5.
Therefore, within the mathematical derivations we neglect the intermediate grid
and store the projection operators Pragr,Pror and the numerical surface fluxes
f*E, R for the left and right element on the interfaces. The derivations will be
consistent with the stability and conservation proofs for non-linear problems in
Section 5. In addition, the derivations in this section are more compact as we do
not consider the projection on an intermediate grid. Still, an intermediate grid
is an useful analytical tool and has been used throughout this work to construct
projection operators.

3.4.1. Non-Conforming Nodal Distributions

In this section we show how to create a fully conservative scheme on a mesh with
conforming interfaces, but non-conforming nodal distributions (p refinement). As
shown in Lemma 2 the primary quantity and energy growth is dependent on the
numerical surface fluxes at an interface. Note, that Lemma 2 refers to a single
element and thus holds for conforming and non-conforming meshes. As such, we
elect to consider all terms related to a single shared interface of a left and right
element.

The numerical approximation is primary and energy conservative provided
L gL
Mrp <1 f >
,_ R F«R G/ R ([ R)\2
1B= (uf ), = ()

_ <uL’f*,L>ML n C; <1L7 <uL>2>ML |

are both zero. Here, (3.40) and (3.41) are adapted from Section 2.2 (Equation
(2.144) and (2.145)) and rewritten in a compact matrix vector form where

10, = (1%, f*1) (3.40)

Mg’

(3.41)

£ I L L 1T
.f* - |:f]ﬁ\<[LO7"'7f]>’\<fLNL} )
FR _ [ f*R oL T
f* _{507"'7.](‘5]\713} )

and 1% and 1% describe vectors of size N, + 1 and N + 1. Within (3.40) and
(3.41), the subtractions involve two discrete inner products with differing nodal
distributions between the left and right elements. Therefore, we require projection

(3.42)
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operators that move information from the left node distribution to the right and
vice versa. The construction of these operators for FD, DG, HGTL and operators
can be found in Section 3.2 and 3.3.

Now, we address the issue of p refinement where the mesh may contain differing
nodal distributions. To do so, we consider the energy conservative fluxes in a mod-
ified way. Therefore, we introduce the projection operators within the numerical
flux

frc(uf,u) = ; (f (PR2LUR) + f(uL)> ;
~E’CR<U’R7U’L) = ; (f(uR) + f (PLQRUL)> .

We will prove that the scheme is primary and energy conservative, if the projection
operators satisfy the M-compatibility condition (3.2).

(3.43)

Theorem 5. Considering the fluzes within (3.43). The scheme is primary and
energy conservative, meaning that (3.40) and (3.41) are zero, if

ProrML = MeProp. (3.44)
Proof. First, we focus on (3.40) and include the fluxes (3.43). We get

_ ayp R a/ g L
[Ut = 5 <]_ , U >MR+ 9 <]_ ,PLQR’U, >|V|R (3 45)
a/.r R a /. .1 '
—§<1 ,PRQL’U, >|V|L —§<1 , U >ML.
Writing out the inner product we have
U, = 1% Mpu® + S18"MgP o pu”
2 2 (3.46)

— %1L’TMLPR2L’U,R — %1L’TML’U,L‘

Assuming that the projection operators can project a constant exactly, meaning
PL2R1L = ].R and PR2L1R = ].L we get

a
[Ut = 5 (1L’TP€2RMRUR -+ ]_R’TMRPLQR’U,L — lL’TMLPRQL’U,R — ].R’TPEZLML’U,L) ,
a
= 5 ]_L’T (P%:QRMR_ MLPRQL) ’U,R+ ].R’T (MRPLQR_ P£2LML) 'U,L ,
=0 =0
= ()’

(3.47)
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due to the M-compatibility equation (3.2).

Secondly, we focus on (3.41) to prove energy conservation. Including the fluxes
(3.43) we get

a

1B, = ;@R Proru’) o (ut Prau®) . .
= ;L (uR)T MzPropul — Z (uL>T MProrul. |
Rearranging terms gives us
1B, = ‘2‘ (w)" (MiPran — Pl ML) u?, s
=0, - |

again due to the M-compatibility equation (3.2). This indicates that the scheme is
primary and energy conservative when considering the energy conservative fluxes

(3.43). O

Based on this proof, we can construct energy conservative schemes on non-
conforming meshes with conforming interfaces (p refinement). To introduce addi-
tional flexibility, we next consider elements where the interfaces may not coincide
(h refinement).

3.4.2. Non-Conforming Interfaces with Hanging Corners

In Section 3.4.1 we discussed the coupling of elements with a coinciding interface
but differing nodal distributions. As such, each numerical interface flux only de-
pends on one neighboring element. For example the numerical surface flux f;é
in (3.43) only contained the projection operator Pray, so it only depends on one
neighboring element R. This is acceptable if the interfaces have no hanging corners,
however for the more general case of h refinement as in Figure 3.9 the interface
coupling requires addressing contributions from many elements. Throughout this
section we focus on discrete meshes as in Figure 3.9. For the h refinement dis-
cretization we adapt the results derived in the previous section for conforming
interfaces. Therefore, we consider all left elements as if they are one large element
L =UY% L;, where NE denotes the number of left neighbors of the right element
R. Thus, we see that L has a conforming interface with element R (red line). To
obtain the nodes of L in the reference space we first map the nodes of L; from
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A, l L
A l L,
r R AR
Ary El LnE

Figure 3.9.: h refinement with hanging corners X. The figure is reproduced from [38].

[—1,+1] to {2223) AAI;z 1 22] 0 AR - } by

AL; AL
~Li J
= Ap (ni* +1) +2) 35 (3.50)
for k=0,...,Np, and i = 1,..., N, .. Here, n¥ denotes the vertical nodes of

the element L; and A denotes its height. The nodes of L on the red line in Figure
3.9 are defined by

M= (T T )T, (3:51)

Due to (3.50) all coefficients of n’ are in the reference space [—1,+1]. The corre-
sponding norm matrix of L is given by

] Ap, Mg, 0
r 0 ALNEMLNE

With the nodes p* and the norm matrix M, we can construct projection operators
Pror, Pror which satisfy the M-compatibility condition (3.2):

PT,rMg = M Pror. (3.53)

The "large" projection operators can be interpreted into parts that contribute
from/to each of the left elements with the following block structure

Pror = |PrLi2r - .. PLNEQR} ; (3.54)
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and
Prar,

Pror = : : (3.55)
Proryg

With this new notation we get a modified M-compatibility condition
AL PR Mp, = AgMgPLog, i=1,...,NE. (3.56)

When constructing Proy, and Prog both operators are of a certain degree, say pror,
and pror (both > 0), meaning

Prar (ﬂR)k = (nL)k, for k=0,...,pror,

(3.57)

Due to (3.54) and (3.55) the subdomain operators have the following properties

Pror, (nR)k = (ﬁLi)k, fore=1,..., NEand k=0,...,pgror,

Np % % (3.58)
> Prog (ﬁL1> . (WR) , fork=0,...,prar.
i=1
Considering the special case k = 0 we get
Pror, 1% =1% fori=1,... NE,
(3.59)

Np
S Proglti =17

=1

which describes the projection of a constant from one element into another. So the
operators Prop, with ¢ = 1,..., NE are of degree pros and therefore can project
a constant exactly. In comparison, the operators Py .o for i = 1,..., NE cannot
necessarily project a constant exactly.

As in Section 3.4.1 we need to choose a numerical surface fluxes so that the
scheme is primary and energy conservative. We note that for the h non-conforming
case (just like p non-conforming) the result of Lemma 2 is still valid. Therefore,
only a non-conforming numerical surface flux is needed to construct a fully con-
servative SBP method. Therefore, we analyze all terms which are related to the
interface connecting Ly, ..., Lyg and R. Similar to (3.40) and (3.41), we arrive at
the following terms
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IU, = <1P~, f*vR> - <1Li, f*’Li>ML‘ , (3.60)

_ Z <<uLi’f*,Li v, _ dQLi <1Li’ (uLi)2>M > ’ (3.61)

which need to be zero to obtain a discretely fully conservative scheme. Note, that
due to the different heights of the subdomains L; we get different metric terms,
such that ar, # ag.

Theorem 6. Given a set of projection operators that satisfy (3.56), then the nu-
merical surface fluzes

~n ar [ p NE L
E7C = 7 u +ZPLi2Ru “, (362)
i=1
and .
v L ar, )
pot = (Prau” +ul), (3.63)
fori=1,..., NFE lead to a fully conservative scheme.

Proof. The proof is done analogously to Theorem 5. First, we prove primary
conservation. Inserting the numerical surface flux gives us

] _ R dj R NEP L;
Ug=(17, 5 U + > PrLoru
=1 Mg

NE
o ar, )
-3 (1 (P b))
A . (3.64)
_AR_RT R ar; ;1,1 R
—71 ’ MR’U, —Zil ’ MLZ-PRQL,L-U
i=1

& ag 12TM P L; = &Li 1L:T M L;
+Z? RFL2RU —27 L;w

i=1 1=1

Note, that on a Cartesian mesh ar = a% and ar, = aAQLi foralli=1,...,NE.

Therefore, using the modified M-compatibility condition (3.56) on the second and
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third summand we get

T
4R S RT r_OR & L R
IUt :?1 ’ MR’U, — ? Z PLZ.QR]_ i MR’U,
=l (3.65)
Ky, rR\T L KL, o L;
+Z 9 (PRQL,-]- ) ML,L-IU’ ‘—271 v MLZ.’U, ‘.
i=1 i=1

Due to the accuracy conditions of the projection operators (3.59) we arrive at

IUt :a?R]_R’TMR’u,R — %1R’TMR’U,R

NE ~ N
+ Z %]—Li’TMLiuLi o Z %1L¢,TML7;UL¢’ (366)
=1 =1

=0,

which proves primary conservation. To obtain energy conservation we look at
(3.61) and insert the numerical surface fluxes

1B — ar / g R NEP L ar /. R (. R\
t = ? u-,u +Z L;2RU y —2<1 ,<’U,)>MR

=1

aR rR\T & ar, L\*
= 7 (’U, ) MRPLZQR'U' — Z B (’U, l) MLZPR2L u
i=1 i=1
As the norm matrix is diagonal we know that <uR,uR>M = <1R, (uR)2> )
R Mg

Finally, due to the modified M-compatibility condition (3.56) we get
IE;, =0, (3.68)
which indicates entropy conservation. O]

Based on this proof, we can construct fully conservative schemes for meshes with
non-conforming interfaces.

3.4.3. Including Dissipation within the Numerical Surface Flux

In Sections 3.4.1 and 3.4.2 we derived fully conservative schemes for the LAE on
non-conforming meshes with h/p refinement. From these results, we can include
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interface dissipation to obtain an energy stable discretization for arbitrary non-
conforming rectangular meshes. Now we focus on the general case, where we have
differing nodal distributions as well as hanging corners as in Figure 3.9. As in
Section 3.4.2 we assume that the projection operators satisfy the modified M-
compatibility condition (3.56).

Theorem 7. The non-conforming SBP scheme is primary conservative and energy
stable, for the following numerical surface fluxes

ar, ,

f 5 = EC’ - | 2L (PR2LZ~UR—ULZ>, (3.69)

xR xR |a’R‘ A p p R L; 370

ES = EC_TZ Li2R(R2LiU -—u ) (3.70)
i=1

Proof. By including dissipation we can prove primary conservation by substituting
the new fluxes (3.69) and (3.70) into (3.60)

NE
v, = (1%, ;@MR - ; (14, ~E§i>MLi (3.71)
Due to Theorem 1 we know that
(1%, *R>MR — (1%, ;@ML = 0. (3.72)

i

Therefore, 1U; reduces to

|GR|

U, = 5

Z 15T MgP L2k (PRQL uf —uh )
=1 (3.73)

Zla
TzlLi’TMLi (PRQLiuR — ’U,Li) .

Due to the modified M-compatibility condition (3.56) we arrive at

NE |~ T
U, = — Z 21 (PRQLZ.IR) MLZ- (PR2L1-'U,R — ULi)
i—1 (3.74)

1L TML (PRQL ’U,R ’U,Li) .
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As Ppor, can project a constant exactly (3.59), we find that

1U; = ]_L“TM (PRQLZ.’U,R —’U,Li)

(3.75)

1L“TML (PRgLi’U/R — ’LLL’) ,
= 07
which leads to a primary conservative scheme.

To prove energy stability we include (3.69) and (3.70) in (3.61) and adapt the
results from Theorem 1 to find that

IEt: | 2R|Z’U,RTMRPL 2R (PRQLU ’U,L>
=t (3.76)

ulsT R L;
¢ MLi (PRQLiu —Uu l).

Again, we apply the modified M-compatibility condition (3.56) and obtain

& ’sz R T R L;
ITE; = — Z N (PR2L,-U ) Mg, (PR2L1-'UI —u 1)
i=1
NE |~
a
+ Z | Li
- 2
- 2
since each My, is a symmetric positive definite matrix, so the non-conforming
scheme is energy stable. O]

’Ll,Li’TMLi (PRQLZ.’U,R — ULi) , (377)

) \NT )
- (PR2LZ~UR — UL’) Mz, (PRZLiuR — ULZ) <0,

Note, that the dissipation terms (3.69) and (3.70) are non-symmetric. An alter-
native choice would be

« «Li 0L, .

Eéalt Frc' — | 7 ~Prar, (UR - PLi2RuLZ) ) (3.78)
£ g a

Hear = T — [az] ( Z PrLi2ru ) (3.79)
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However, for (3.78) and (3.79) the proof in Theorem 7 would not hold. This is
due to the degree of the projection operators (3.59), as Pr,op cannot necessarily
project a constant exactly. Also, when considering a constant initial solution the
dissipation term for fgé ¢ would not vanish and therefore the behaviour of the
solution would become unphysical. Note, that the proof of Theorem 7 also holds
for deriving an energy stable scheme for geometric conforming interfaces but dif-
fering nodal distributions (p refinement) by setting NE = 1. Here, the choice
of the numerical surface flux (3.69),(3.70) or (3.78),(3.79) do not affect primary
conservation and energy stability nor does the solution behave unphysical.

To summarize, we derived a high-order, primary conservative and energy stable
SBP method for the LAE on general h/p non-conforming meshes. In the next
section we will numerically verify these properties.

3.5. Numerical Verification of Non-Conforming
Summation-by-Parts Schemes for the Two Dimensional
Linear Advection Equation

In this section we numerically verify properties of the non-conforming SBP scheme
as high-order, primary conservation and energy stability /conservation for the two
dimensional LAE. We set Q = [0,1] x [0,1] C R? and @ = b= 1. As in Section 2.3
we use the five-stage, fourth-order low-storage Runge-Kutta method of Carpenter
and Kennedy [14]. The explicit time step At is selected by the C'F'L condition [39]

min;{ A; : %}

max;{N; + 1} max{a, b}’
where Az; and Ay; denote the width and height of the i-th element and N; + 1
denotes the number of nodes in one dimension of the j-th element.

At :=CFL

(3.80)

In this section, we verify the experimental order of convergence as well as con-
servation of the primary quantity and energy for the h/p non-conforming SBP
scheme. To obtain the projection operators we need to choose the nodes on the
intermediate grid. Here, we consider the idea of Kopriva [69] and choose the in-
termediate grid to contain the nodes of the element with the maximum number of
nodes, denoted by n™**. For p refinement we set

n= = n"". (3.81)

We reiterate, that the choice of the nodes on the intermediate grid are nearly ar-
bitrary provided an accurate quadrature rule exists [39]. The intermediate grid
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does not affect the properties of the scheme as primary conservation, energy sta-
bility or high-order. Investigations of choosing different intermediate grids for p
refinement have been done by Friedrich et al. [39]. Here, the maximum time step
(CFL number) remained constant for different types of intermediate grids. A
slightly better £, error was obtained considering a large number of nodes on the
intermediate grid. However, this involved more computational cost. Therefore, we
chose 7% := n™* as we can simply copy the data from certain elements to the
intermediate grid and at the same time consider a "large" number of nodes.

For h refinement we consider discretizations where an element can have two
neighbors on one side as in Figure 3.10.

AL1 L1

ALZ Lo

Figure 3.10.: For h refinement we consider "two-to-one" couplings.

Therefore, we set

= AL
=T 1 max,T
nt =1 —-——=n ’ —|—1 —1

AL
(™ =T 1) =142 1) . (3.82)

With these intermediate grids we are able to construct separate projection opera-
tors as in Section 3.2 and thus, we can apply non-conforming schemes.

3.5.1. Comparison and Convergence of Summation-by-Parts Schemes

For the numerical convergence experiments, we set 7" = 0.1 and CFL = 1. We
analyze the experimental order of convergence with the energy stable numerical
surface fluxes (3.69) and (3.70). For convergence studies we consider the same
exact solution as in Section 2.3 (Equation (2.156)) with periodic boundaries. To
examine the convergence order for h/p non-conforming methods we consider a
general mesh setup that includes pure p non-conforming interfaces, pure h non-
conforming interfaces and h/p non-conforming interfaces. Therefore we define
three element types A, B, C'. Here, the mesh is prescribed in the following way
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e Elements of type A in Oy = [0, 3] x [0, 1],

e Elements of type B in Q; =[5, 1] x [0, 1],

e Elements of type C'in ©; = [5,1] x [3,1].

For each level of the convergence analysis, a single element is divided into three
sub-elements. This mesh refinement strategy is sketched in Figure 3.11.

B|B|B|B|C|C|C|C
B c B B ¢ ¢ B|B|B|B|C|C|C|C
B B C C B|B|B|B|C|C|C|C
B|B|B|B|C|C|C|C
A A A A
A A A A A A A
A A A A A A
A A A A
(a) Level 1 (b) Level 2 (c) Level 3

Figure 3.11.: Three levels of mesh refinement used to investigate the EOC for the h/p
non-conforming SBP approximation. The figure is reproduced from [38].

In Section 3.2.3, we claimed that non-conforming SBP schemes with differentia-
tion matrices of degree p and norm matrices of degree 2p — 1 suffer from order loss
(in comparison to a conforming scheme) due to projection operators of degree < p.
To increase the degree of the projection operator we introduced degree preserving
SBP operators based on finite difference stencils. In order to verify the order loss
or degree preservation we set element A, B and C to be all of the same degree p.
Therefore, we consider FD, HGTL and DP operators where

e Element A has 22 nodes in x- and y-direction,
e Element B has 24 nodes in x- and y-direction,

e Element C has 22 nodes in x- and y-direction,

and p = 2,3. With such element distributions we consider p refinement along the
line z = 1 for y € [3,1], h refinement along the line y = 3 for z € [3,1] and
h/p refinement along the line y = % for z € 0, %} In addition, we calculate the
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maximum C'F'L number as in Section 2.3. For the non-conforming SBP scheme
we obtain FOC' rates and maximum C'F'L numbers presented in Tables 3.1 and

3.2.

EOC and maximum CFL number for the non-conforming SBP
discretization with DP, FD and HGTL operators for p = 2, 3.

DOFS LoyDP EOCDP LoFD EOCFD | Lo2HGTL | FEOCHGTL
1544 3.35E-03 2.62E-03 2.60E-03
6176 7.76E-04 2.1 5.02E-04 2.4 4.59E-04 2.5
24704 8.96E-05 3.1 9.25E-05 24 8.72E-05 24
98816 1.02E-05 3.1 1.80E-05 2.4 1.73E-05 2.3
395264 1.18E-06 3.1 3.66E-06 2.3 3.58E-06 2.3
1581056 | 1.34E-07 3.1 7.64E-07 2.3 7.71E-07 2.2
Max. CFL 2.57 Max. CFL 2.57 Max. CFL 2.57

Table 3.1.: Setting p = 2 for the non-conforming SBP scheme for the LAE.

DOFS LoDP EOCDP LoFD FEOCFD | LoHGTL | EOCHGTL
1544 1.42E-03 1.72E-03 1.47E-03
6176 7.28E-05 4.3 1.45E-04 3.6 1.78E-04 3.0
24704 4.31E-06 4.1 1.43E-05 3.3 1.90E-05 3.2
98816 2.37E-07 4.2 1.58E-06 3.2 2.17E-06 3.1
395264 1.25E-08 4.2 1.78E-07 3.1 2.54E-07 3.1
1581056 | 6.43E-10 4.3 2.05E-08 3.1 3.01E-08 3.1
Max. CFL 2.25 Max. CFL 2.24 Max. CFL 2.23

Table 3.2.: Setting p = 3 for the non-conforming SBP scheme for the LAE.

In Table 3.1 with p = 2 we verify a convergence rate slightly higher than p

focusing on FD and HGTL operators. For DP operators however we obtain the
desired FOC of p + 1. This indicates, that the order reduction considering FD
and HGTL operators is presumably because of the degree of the projection op-
erators. Comparing the L, error we verify that the non-conforming scheme with
HGTL operators has a better error than using FD operators for all mesh levels,
which is the same result we obtained in Section 2.3 when considering a conforming
mesh. Considering DP operators and a coarse mesh as in mesh level one with 1544
DOF'S, we have the highest error. But as the SBP scheme using DP operators
has an EOC of p + 1 its error is best for more dense meshes (mesh level five, six
and seven). Remarkably, all three configurations have the same maximum CFL
number of CFL* = 2.57, even though the scheme with DP operators is one order
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higher.

When looking at Table 3.2 with p = 3 we observe that the maximum CFL
numbers for all three configurations are nearly the same (CFL* ~ 2.24). As ex-
pected, these C'F'L numbers are smaller than in Table 3.1 due to a higher order.
This also holds for the L, errors. In comparison to Table 3.1 the error of the
scheme considering FD operators is smaller than for HGTL operators (for mesh
level two and higher). However, the smallest error for all mesh levels is observed
when considering DP operators. In total, we observe a degree loss for FD and
HGTL operators (EOC = 3), whereas the EOC for DP operators is here even
slightly higher than p + 1 = 4.

Note, that within Table 3.1 and 3.2 we did not consider DG operators. This
is because we cannot apply p refinement and set all elements to be of the same
degree. However, for completeness and to show that non-conforming SBP schemes
with norm matrices of degree 2p — 1 lose an order, we run convergence test using
the same mesh levels as in Figure 3.11 with

e Element A with DG operators of degree py = p in z- and y-direction,

e Element B with DG operators of degree pg = p + 1 in x- and y-direction,

e Element C with DG operators of degree pc = p in z- and y-direction,

for p = 2,3. We provide the Ly errors, maximum C'F'L numbers and FOC for
the non-conforming SBP method with DG operators in Table 3.3 and 3.4. Here,
we again verify a convergence rate slightly higher than p, but not p+ 1. Also, the
maximum C'F'L numbers are smaller than for the all operators in Table 3.1 and 3.2.
This has also been observed in Section 2.3. Therefore the £, error is clearly better
when comparing it with all other operators when considering (nearly) the same
amount of DOFS. However, this result is reasonable as the non-conforming SBP
method with DG operators consists of elements with a higher polynomial degree
(p+1 in element type B) which indicates a smaller £, error and a smaller time step.

To summarize, the non-conforming SBP scheme has the flexibility to chose dif-
ferent nodal distribution as well as elements of different sizes. For classical SBP
operators with norm matrices of degree 2p — 1 the FOC' of non-conforming ap-
proximations is one degree lower compared to a conforming discretization (EOC
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EOC and maximum CFL number for the non-conforming SBP
discretization with DG operators for p = 2, 3.

DOFS LoDG FEOCDG DOFS LoDG EOCDG
136 3.47E-02 228 3.56E-03

544 5.77E-03 2.6 912 2.70E-04 3.7
2176 9.13E-04 2.7 3648 2.10E-05 3.7
8704 1.61E-04 2.5 14592 2.17E-06 3.3
34816 3.04E-05 24 58368 1.95E-07 3.5
139264 5.75E-06 24 233472 1.98E-08 3.3
557056 1.15E-06 2.3 933888 2.01E-09 3.3
2228224 | 2.30E-07 2.3 37355652 | 2.21E-10 3.2
Max. CFL 1.63 Max. CFL 1.36

Table 3.3.: Setting p = 2 for Table 3.4.: Setting p = 3 for

the non-conforming the non-conforming

SBP scheme with DG SBP scheme with DG

operators for the LAE. operators for the LAE.

of p instead of p + 1). However, when combining a non-conforming scheme with
degree preserving SBP operators, we maintain an FOC' of p + 1 on meshes with
h and p refinement. Therefore, we recommend DP operators when considering
non-conforming SBP schemes for the LAE. Note, that exchanging classical SBP
operators with degree preserving SBP operators does effect the maximum time
step for the LAE. Besides verifying the high-order property, we show that the
scheme is primary conservative and energy stable/conservative in the next section.

3.5.2. Numerical Verification of Primary Conservation and Energy Stability

This section is set up analogous to Section 2.3.2. For all upcoming tests we con-
sider the same configuration as in the last section focusing on mesh level three in
Figure 3.11(c). In order to verify that the scheme is energy stable/conservative
independent of the corresponding SBP operator we chose the following element

types

e Element A: FD operator of degree p = 1 and 12 nodes in x- and y-direction,

e Element B: HGTL operator with p = 2 and 16 nodes in z- and y-direction,
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e Element C': DP operator of degree p = 3 and 24 nodes in x- and y-direction.

Due to this setup all element types consist of a different SBP operator, a different
degree and a different number of nodes. We focus on the numerical fluxes (3.69)
and (3.70) and control the interface dissipation by introducing a parameter o > 0

, i, |
ES = Eé — 61'7| 2L ‘ (PRgLi’U,R — ’U,L1> s
(3.83)

&, R &5, R |&R| o= R L;
s = JEC —0'72 ZPLi2R (PRQLZ'U’ —Uu ) .
=1

and similar for gyg. For ¢ = 0 we proved that the scheme is energy conserva-
tive and for ¢ > 0 it remains energy stable. As in Section 2.3.2 we verify these
properties by calculating

NQN

B =" ulRes(u

q=11,j=0
No N

Ulet .= Z Z Res(u

q=11,57=0

(3.84)

where Res is defined in (2.165). In order to verify energy conservation (o = 0)
we consider random initial conditions (2.171) with periodic boundary conditions.
Again, calculating (E[°"), and (Uf*"); for k = 1,...,1000 independently we obtain
the following results

Calculating the growth in the total discrete energy and primary quantity

[|[UEY]o | 2.46E-14
[|E|y | 9.14E-12

Table 3.5.: Calculating the growth in the total discrete primary quantity Uf°' and total
discrete energy E°! for 1000 different random initial conditions for the non-
conforming SBP scheme. Here, we verify conservation of the primary quantity
and energy.

Table 3.5 verifies primary and energy conservation even though we consider an
arbitrary distribution of the element types. Next, we observe the behaviour of the
total discrete primary quantity and total discrete energy in time. Therefore, we
consider the initial condition

5 if0.3<2x<0.7and 0.3 <y <0.7,
Ut z,y) = { T =0 (3.85)

0 else.
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We set T'= 10 and C'F'L = 1 and consider the same element types as above. The
simulation is run twice considering o = 0 (energy conservative) and o = 1 (energy
stable). The total discrete primary quantity and energy is calculated analogously
as in (2.173). We plot these values over time in Figure 3.12 and 3.13 respectively.

0.7936000
o=10
2.2
— o=1
0.7935998
5 C0.7935996
E § 0.7935994
S o
< 0.7935992
1.4
0 1 2 3 4 5 6 7 8 9 10 0'7935990() 12 3 4 5 6 7 8 9 10
T T
Figure 3.12.: Evolution of the total dis- Figure 3.13.: A plot that demonstrates
crete energy of the solu- the conservation of the
tion with and without dis- integrated conserved
sipation. =~ We see that variables. The plot does
the total discrete energy is not depend on the choice
conserved when consider- of the numerical surface
ing the central flux (o = flux.

0) and that it decays using
the upwind flux (o =1).

Here, we verify energy conservation and stability depending on o as the total
discrete energy is not increasing. Also, the total discret primary quantity remains
constant independent of an energy conservative or stable surface flux.

3.6. Summary

In this chapter we derived a primary conservative and energy stable SBP method
for solving the two dimensional linear advection equation on a non-conforming
mesh considering h/p refinement. For such meshes, neither the nodal distributions
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nor the interfaces of the elements need to coincide making the mesh more flexible.
We reviewed the work on non-conforming SBP methods by considering older and
state-of-the-art schemes. All these approximations rely on projection operators.
To obtain an energy stable scheme, it is necessary that the projection operators
satisfy the M-compatibility condition (3.2). We described how to construct high-
order projection operators which at the same time satisfy this condition. However,
the M-compatibility condition violates that the projection operators are of the
same degree as the differentiation matrix of the SBP operator. This is due to the
accuracy of the norm matrix, as for classical SBP operators the degree of the norm
matrix is 2p — 1, where p denotes the degree of the differentiation matrix. In order
to obtain M-compatible projection operators of degree p, we introduced the degree
preserving SBP operators by Friedrich et al. [39], where the degree of the norm
matrix is increased to > 2p. Given a set of M-compatible projection operators
we introduced the non-conforming method by first focusing on p refinement. We
then adapt the results from p refinement to obtain an energy stable scheme even
for meshes with h refinement. At last, we implemented the non-conforming SBP
method. Here, we verified that the scheme is high-order and looked at the different
error terms and maximum CF'L numbers. We observed, that the non-conforming
SBP scheme with degree preserving operators of Friedrich et al. [39] had a higher
EOC as the classical SBP operators. Remarkably, even though the convergence
order is one order higher, the maximum time step is not affected when considering
classical SBP operators or degree preserving SBP operators. Besides analyzing
the time step and errors of the scheme, we verified numerically that the non-
conforming SBP scheme is energy stable/conservative and primary conservative
considering arbitrary random initial conditions and an arbitrary distributions of
SBP operators in the elements.
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4. Entropy Stable and Primary
Conservative Summation-by-Parts
Methods for Non-Linear Hyperbolic
Systems on Conforming Meshes

In the last two chapters we introduced SBP methods for solving the linear ad-
vection equation. These methods build the foundation of solving more complex
hyperbolic systems. In comparison to Chapter 2 and 3 we now consider a general
form of systems of hyperbolic conservation laws. In one spatial dimension a system
with Ng, equations is defined as

8ﬂ N OF(U)
ot ox

with U = [U', ..., U"P]T and similar for F. Note that, in contrast to the scalar
case, U and F are vectors as we consider a system of conservation laws. There
are several problems modeled by (4.1), e.g. the Shallow Water equations without

bottom topography
d (h 0 hv 0
a1 )+ 5 (e i) = 0): -

where h > 0 denotes the water height and v is the velocity with the gravita-
tional constant g > 0. Another representative of (4.1) are the compressible Euler

equations
p pv 0
g pv | + aa p P+ P | =|(0], (4.3)
t\e T\(E+Pw 0

where p denotes the density, v the velocity, £ the total energy, P the pressure,
where P = (v — 1)(€ — 1pv?) and ~ the adiabatic coefficient with v = 1.4.

—0, (4.1)

In contrast to the LAE, solutions of non-linear conservation laws can be dis-
continuous regardless of the initial condition. This violates the model (4.1) as it
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assumes a differentiable solution. Therefore, we seek solutions of the weak for-
mulation (e.g. (2.128)) of hyperbolic systems. However, weak solutions are not
unique and thus can behave unphysical [85]. Thus, we focus on solutions which
obey the second law of thermodynamics, saying that the total entropy of a physi-
cal system can only increase. The interpretation of the entropy is problem specific
(e.g. energy for the LAE), see [22]. We describe the entropy function by S(U).
Furthermore, we introduce entropy variables YV := (%, cee WaTSEq)T and thus we
get the relationship
NEq %
95 _ 3 05 U™ _ \;r U (4.4)
ot = ou' ot ot

The mathematical definition of S is adapted from [51].

Definition 10. Entropy Function
A scalar function § = S(U) is an entropy function if it is strongly convex and the
corresponding entropy variables satisfy the compatibility condition
@i' B a Fent
oxr Oz’

where F¢" denotes the entropy flux.

vT

(4.5)

Remark 11. Here, the entropy variables are obtained by considering a given strongly

convex entropy function. However, Mock [86] proved that a strongly convex en-

tropy function exists if the Jacobian matrix g% is symmetric positive definite and

g—i is symmetric for a given set of variables V.
Due to the convexity of S the Hessian ?;27‘2 = g% is symmetric positive definite

and thus, yields to a one-to-one mapping from the conserved variables to the
entropy variables. Typically, the entropy function and the entropy flux are denoted
as an entropy-entropy flux pair (S, F¢"). A connection between this pair and
(U, F) is given by the potential-potential flux pair (¥*, U/)[115]

v =yiy -8, (4.6)
v = VYTF - F.

With the entropy variables we can contract (4.1) with VT and get a scalar conser-
vation law for the mathematical entropy function

vTaﬂ+vTaf(u) :0’
ot |
ot Ox e
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Applying the divergence theorem over the domain 2 = [z, xg] results in a global
conservation statement for the entropy

oS dQ) + Fet

TR
=0 4.9
Q Ot ’ (4.9)

TL

so conservation laws are entropy conservative for smooth solutions. However, dis-
continuities in the form of shocks can develop in finite time for non-linear problems
despite smooth initial data. Therefore, the integral statement of (4.9) is not strictly
valid and does not account for the dissipation of the entropy at the shock [115].
From a physical point of view, the total entropy of a physical system can only
increase. In contrast, from a mathematical view we are concerned of bounding
the solution by initial and boundaries conditions in terms of stability (e.g. the
energy stability for the LAE). Therefore, we consider the mathematical entropy
to be a decreasing quantity in time. So, their is a sign issue and thus different
interpretations for mathematical and physical entropy. For more informations see
[85]. In this work we interpret the entropy mathematically. Due to dissipation in
the entropy we enforce that the entropy satisfies the entropy inequality

oS ent | TR

ey dQQ+ F o <0. (4.10)
Note, that in comparison to the LAE we avoid discussing the boundary conditions
and well-posedness. Details on well-posedness can be found in [35]. Deriving
appropriate boundaries conditions depends on the corresponding conservation laws
and have been presented in e.g. [34] for the Burgers’ equation and in [92, 95]
for the Navier-Stokes equations. However, as we consider a general system of
hyperbolic equations, we will not focus on physically relevant boundary conditions
and set the boundary conditions to be periodic, i.e. for a closed system. Therefore,
Fert(t, xp) = F(t, xg) and thus the inequality (4.10) becomes

oS

ey d) < 0. (4.11)
Note, that (4.11) is a more general definition of the energy estimate (2.11) for
the LAE (with periodic boundary conditions). For the LAE the energy estimate
(2.11) bounds the total energy and thus the solution cannot explode, for which
we denoted the LAE as energy stable. For the entropy inequality (4.11) the total
entropy cannot grow, for which we denote the hyperbolic system (4.1) as entropy
stable. As the entropy function is convex it follows that all conservative variables
are bounded under certain assumptions (e.g. positive water height A > 0 for Shal-
low Water Equations), see [115]. Thus, the continuous entropy analysis provides
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an insightful £, stability estimate for the hyperbolic system of conservation laws
[30, 52, 114]. Therefore, we are interested in discretely mimicking the inequality
(4.11).

In this chapter we introduce numerical schemes which discretely mimic the en-
tropy stability inequality (4.11). These schemes are denoted as entropy stable
schemes. Such methods were first derived in a finite volume framework by Tad-
mor in 1987 [113]. Over the ensuing years there have been numerous investigations
into entropy stable schemes [10, 33, 47, 62, 68, 102, 113, 115, 122]. We investigate
in entropy stable methods as these are more robust compared to methods that do
not consider the entropy, especially for turbulent flows [7, 46, 107, 123].

4.1. Entropy Stable Summation-by-Parts Methods for One
Dimensional Hyperbolic Systems of Conservation Laws

In this section we will introduce primary conservative and entropy stable discretiza-
tions for non-linear systems of hyperbolic conservation laws. As in Chapters 2 and
3 we use SBP operators to discretize derivatives. However, in comparison to the
chapters before, we provide a general framework as we do not focus on a specific
set of equations, but on an arbitrary non-linear hyperbolic system of conservation
laws with an entropy function S(U). Such a system can be numerically solved
by first dividing the domain €2 into Ng non-overlapping elements as in (2.45) and
performing the approximation (2.98).

3ui N i} .
wigy + 2 Quefe = i [F = F'lx = 0 [f = £, (4.12)
k=0
where u; = (ull, o ,usEq)T for i = 0,..., N and similar for f on each element.

Note, that (4.12) differs slightly from (2.98) as from now on the entries of u; refer
to the equations of the hyperbolic system. However, for scalar conservation laws
(4.12) and (2.98) are algebraically equivalent. To derive an entropy stable scheme
we first define the terms primary conservative and entropy stable.

Definition 11. Primary Conservative Schemes for One Dimensional Hy-
perbolic Systems of Conservation Laws

A semi-discrete method approximating a hyperbolic system of conservation laws
is said to be primary conservative if

Yo A X ou?
E : E bk 4.1
2 =Y o 0 (4.13)

q=1
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assuming periodic boundary conditions.

Definition 12. Entropy Stable Schemes for One Dimensional Hyperbolic
Systems of Conservation Laws

A semi-discrete method approximating a hyperbolic system of conservation laws
is said to be entropy stable if

Yo Az X 987
— i——— <0, 4.14
q=1 2 ;)w at ( )

assuming periodic boundary conditions.

Remark 12. Definition 12 is similar to the Definition (2.131) for the LAE when
considering periodic boundary conditions and setting & = %L{2. Definition 12 can
be interpreted as a generalization of the definition of energy stability for the LAE.

Here, for simplicity, we assumed that all elements have the same width and thus
Ax remains constant. Note, that in comparison to Definitions 5 and 6, we set the
boundary conditions to be periodic. For the discretization (4.12) the scheme is
primary conservative. This can be shown by re-deriving the steps of the proof of
Theorem 2 in a one-to-one fashion. However, discretization (4.12) is not entropy
stable when considering non-linear physical fluxes. Therefore, we must modify the
discretization. To do so, we introduce skew-symmetric discretizations in Section
4.1.1. An even more general entropy stable discretization is presented in Section
4.1.2. Both of these methods depend on split forms of the PDE and are equivalent
for problems as Burgers’ or Shallow Water equations, which will be demonstrated.

4.1.1. Skew-Symmetric Discretization

In this section we introduce a skew-symmetric discretization for non-linear prob-
lems. Such discretizations are entropy stable and rely on split forms of the con-
servation law. The choice of the corresponding split form is problem specific.
Therefore, we begin with the simplest prototype of a non-linear conservation law:

The Burgers’ equation.
auu 0 (1, ,
~ 4~z = 0. 4.1

8t+8x<2u> 0 (4.15)

As for the LAE, the Burgers’ equation is a scalar equation with entropy/energy of
S = %Uz. Note, that in this chapter we aim to derive entropy stable discretizations
for non-linear systems. However, in terms of simplicity and understanding the
idea of skew-symmetric discretizations based on split forms, the scalar Burgers’
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equation is sufficient. Simply discretizing the Burgers’ equation with (4.12) is not
energy stable. This can be shown analyzing

8uz N

+ Z Dy ( ) _ AT, (4.16)

where we divided (4.12) by w; for @ = 0,..., N and replaced the surface con-
tribution by an appropriate SAT. Assuming that norm matrix M is diagonal
(M;; = 6;5w;), we apply the energy method by multiplying the discretization (4.16)

with w;u; and summing over all 7 =,0,..., N
N N N N
1 0u?
sz Ui Qi ( ) = ZwiuiSATi. (4.17)
i 20 TS i=0

In the last section the discrete volume integral for the LAE reduced to surface
evaluations. However, this does not hold for non-linear flux function, as for the
Burgers’ equation the term

N N
SN wiQupug, (4.18)
=0 k=0

cannot be simplified to evaluations on the surface of the element. To overcome
this difficulty we derive a discrete skew-symmetric discretization. The main idea
is rewriting the spatial derivative a% in terms of split forms. For example, in the
work of Gassner [42] the spatial derivative of the Burgers’ flux is written as

ou 1 0U? ou
at+o‘< 8x>+(1—a) (uax>_o, (4.19)

for a € [0,1]. Note, that (4.15) and (4.19) are algebraically equivalent due to

the chain rule %%l U Discretizing (4.19) with SBP operators gives us the

discretization

8ul

N
+ Z D < ) —a) Z u;Dijpu, = SAT;, (4.20)
k=0 k=0
where the boundary term SAT remains the same as in (4.16). Note, that even
though (4.15) and (4.19) are equivalent at a continuous level, this does not hold
at a discrete level for (4.16) and (4.20). Here, for an appropriate choice of «
the discretization (4.20) is entropy stable. We show this by applying the energy
method

N 18u «

Z”12 ot 2

N N N
(1 -« Z Z uF Qiptty = ZwiuiSATi. (4.21)

=0 k=0 1=0 k=0 1=0
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Due to the SBP property (2.64) we know

N N N N N N
Z Z UiQikUi = Z Z uiBikui - Z Z U?Qikuka (4.22)

1=0 k=0 1=0 k=0 1=0 k=0

and therefore

N 10u?

Zwlz 815 ) <1 — ) Z Z u; 2Qirur = ZwiuiSATi. (4.23)

=0 k=0 1=0

Finally, by setting a = % the volume term vanishes and the discrete energy growth
reduces to evaluations at the surface of the element. Therefore, the discretization

auz

Z Dix ( uk> + = Z u;Dypuy, = SAT;, (4.24)

is entropy stable provided an appropriate numerical surface flux.

Remark 13. Discretization (4.24) is entropy conservative considering the numerical
surface flux given in [42]

Foo(u® uf) = é ((uL>2 +uluf 4 (uR)2> . (4.25)

Entropy stability is then ensured by including numerical dissipation.

Remark 14. Discretization (4.24) with the numerical surface flux (4.25) is entropy
conservative for diagonal norm matrices. For dense norm matrix an entropy con-
servative discretization has been purposed by [101].

Skew-symmetric discretizations can be found in numerous papers as in [7, 43,
47, 68, 118]. As mentioned before, the choice of the split form and the result-
ing discretization depends on the corresponding conservation law. Also, when
considering problems such as the compressible Euler equations, an explicit skew-
symmetric form to obtain an entropy stable scheme is (up to now) not known.
In order to derive an entropy stable scheme for a general system of hyperbolic
conservation laws we next introduce the SBP Fluz Difference scheme by Fisher
and Carpenter [33].

4.1.2. Summation-by-Parts Flux Difference Scheme

In the section we discuss the SBP Flux Difference method by Fisher and Car-
penter [33]. As for the skew-symmetric discretization the Flux Difference scheme
is constructed such that the discrete growth in entropy purely depends on the
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surfaces of each element. Here, results from entropy stable finite volume schemes
as in [62, 102, 112, 113, 115, 121, 122] are adapted to high-order SBP schemes.
For more details on finite volume schemes see [74]. Here, we review entropy sta-
ble/conservative finite volume schemes on a domain Q = [z, xg] C R. A semi-
discrete first order finite volume method on Ny elements with fixed width Az is
defined by

ot +A7I(fi+1_fi) =0, (4.26)
where u; = (uzl, o ,uzNEq)T and
fi= 1 (wi, ui), (4.27)

fori =2,...,Ng and f{ := f(u1), fy, 1 = f(un,) needed for primary conser-
vation [115]. As noted in [33] a finite volume method is entropy conservative if it
discretely approximates

oS
= d0 ent|”
o Bt dQd + F

In terms of deriving an entropy conserving scheme we assume that the numerical
flux satisfies

= 0. (4.28)

TL

(i uy) = F(ui, uy), (4.29)

Frui wi) = f(ui). (4.30)
Fluxes fulfilling (4.29) and (4.30) are denoted as symmetric and consistent, respec-
tively.

To obtain the discrete entropy function S we multiply (4.26) with the discrete
entropy variables v and sum over all elements

Ng Ng
T@ul 1

T p* T px* o
£ v, ot + E; (vi f (ui—‘rl)ui) -, f (ui7ui—1>) - Oa
No-1
+ (’U%Qf(UNQ) —vf flu) = Y (vig1 — ;)" f*(ui+17ui>) =0,
i=1
(4.31)
In order to include the entropy flux we use f* = v” f — U/ and get
a5, No—1
a fent ent _\II{VQ + \I’f + Z Vir1 — Uy )T f*(ul'+1, ’U,Z) . (432)
¢ %/—/ i=1
%,—/ TR
~ [, 25 4o A Fent . =(x)
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Here, the left hand side is a first order approximation of the left hand side of
(4.28). So the finite volume scheme is said to be entropy conservative if (x) = 0.
As —\IJfVQ 4 = et (\I!{H — \I!{) we get

Ng-1

(x) = Z (Vig1 — 'Ui)T frui,uw;) — (\Iff:rl — \IJ{) . (4.33)

i=1

So, in order to obtain an entropy conservative scheme, the entropy conserving flux
needs to satisfy the so called Tadmor Shuffie condition [115]

(Ui—l—l - Ui)T f*(ui+17 Uz‘) = \I’{H - Wg? (4-34)

for i = 1,..., Ng. Using a finite volume method with a numerical flux satisfy-
ing the Tadmor Shuffle condition (4.34) gives us a low-order entropy conservative
scheme. Over the last decades their have been several publications extending such
spatial methods to high-order spatial approximations with particular finite volume
reconstruction techniques, e.g. [37, 73].

In 2013, the work of Fisher and Carpenter [33] opened a new avenue for discrete
entropy analysis for arbitrary high-order SBP methods by considering low-order
entropy conservative fluxes satisfying the Tadmor Shuffle condition (4.34). Their
method is referred to as the Flur Difference method. The key concept is to rewrite
a SBP scheme into an equivalent sub-cell finite volume differencing method using
a staggered grid. Let & denote the nodes on the staggered grid with the represen-
tative flux f; for [ = 0,..., N + 1. The staggered grid consists of nodes of the size
N + 2 (one more than for the SBP operator) and is illustrated for the LGL nodes
with N = 3 in Figure 4.1

|| | | | |
O O O O
& & & & &
o &1 ) &3

Figure 4.1.: One dimensional staggered grid for four LGL nodes.

We rewrite the SBP scheme in terms of a sub-cell finite volume method by
replacing the volume integral (4.12) in terms of

N+1

N
SN Qufe =Y Dufi, (4.35)
k=0 =0
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for i = 0,..., N. Here, the differencing matrix A € RV*¥+1 is defined by

-1 1 0 ... ... 0
0 -1 1 0 ... 0

A= 0 o ] (4.36)
0 ... 0 -1 1 0
0 ... ... 0 —-11

The values of f; for I = 0,..., N + 1 on the staggered grid satisfying (4.35) are
calculated by

fo if [ =0,
fri={fot+ TiloTiso Qufi forl=1,... N, (4.37)
Fy 1= N+1.

The corresponding nodes on the staggered grid are obtained by exchanging f; with
the nodes of the SBP operator . So an algebraically equivalent discretization of
(4.12) on an element £, is given by

aui N+1 B
Wﬁﬁ"‘ Z Azk.fk :5iN [f_f*]N_5i0 [f_f*]oa (438)
k=0
of ou, 1 5. 5.
ot P F) =" - Pl - Fl (43)

for i = 0,...,N. Considering (4.37) for f, then the scheme is equivalent to the
the standard SBP discretization (4.12). As pointed out in Section 4.1.1 such a
discretization is not necessarily entropy stable/conservative. Therefore, Fisher
and Carpenter replaced f; by a symmetric numerical flux f := f* (u;, w;—,) for
Il=1,...,Nand f5 := fo, fx.1 = fv. Including this flux we obtain the modified
discretization

J

iN
Wy

T (fa - F) =

for ¢ = 0,..., N. Here, the left hand side is similar to the left hand side of the
finite volume discretization (4.26). So, (4.40) is a finite volume differencing type
where the element E is divided into NV + 1 sub-elements of size w; for: =0,..., N.
This is the crux of the Flux Difference scheme as we can use entropy conservative
numerical surface fluxes from finite volume methods and thus, set f* to satisfy
the Tadmor Shuffle condition (4.34). Note, that this modification does not effect

F - )
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primary conservation as >N w; Btl = fy — f; due to a telescopic sum. In order

to obtain the discrete growth in entropy we multiply (4.40) by w;v! and sum over
allt=0,...,N

N
+3 0 (Fra = F) =k [f = Fly—vl [F = £, (441)

1=0

tot

By applying analogous steps as for the finite volume discretization and using that
fert = w7 f — U/ we obtain

N

+ o f W] [T =R [ = Fly o [ = £

[ T — } —l—{va*—\Iff}O.

=0

ié

(4.42)

So the discrete entropy growth reduces to evaluations on the element surface. To
finally verify that the Flux Difference scheme is entropy conservative we look at
the discrete entropy growth at an interior interface denoted by I.S; with a left and
right state.

15, = (v — ") - (WP wh). (4.43)

Again, choosing f* to satisfy the Tadmor Shuffle condition (4.34), we find that
1S; = 0 and thus, we obtain an entropy conservative scheme. In addition, the
scheme remains entropy stable by including numerical dissipation at the element
interfaces as in [18, 36, 118].

The discretization (4.40) is entropy conservative for systems of hyperbolic conser-
vation laws assuming that the numerical fluxes f* and f* satisty the Tadmor Shuf-
fle condition (4.34). Many such entropy conservative numerical flux functions are
available for systems of hyperbolic conservation laws, e.g. the compressible Euler
equations [18, 62] and are denoted by f}, where the index "EC" refers to "entropy
conservation'. However, classical FV approximations (without reconstruction) are
low-order methods. Therefore, instead of directly setting f* = ff, Fisher and
Carpenter [33] modified the discretization to obtain a high-order scheme.

Focusing on (4.35) we see

1z N u OF (u;
o (.fi-i—l - fi) = kZ::O Difr = a(xu ) + O(AzPt), (4.44)
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for i =0,...,N and f defined in (4.37). Therefore, we need to choose f* so that
1 /2 = OF (u;
o (-f;-l - fz*) a(u ) + O(AzPTh. (4.45)

Additionally, in order not to violate entropy conservation, the following equation
needs to hold

Z"%T( i+l T 2*) = ' = fo (4.46)

A suitable choice for f* with i = 1,..., N has been derived by Fisher and Car-

)

penter [33]. Here, they set

N i—1
=22 2Qunfrc(w, um). (4.47)

m=t |

I
o

The equation (4.47) is a sufficient for an entropy stable/conservative scheme as
shown in Lemma 4.

Lemma 4. Considering (4.47), then

1 £k £* al *
o (.fi+1 - fi) = > 2Dy frc(wi uy), (4.48)
% =0
fori=20,...,N is a degree p approximation of %, meaning
N
OF (u;
> 2D fre(ui, uy) = a(u ) + O(AzP). (4.49)
x

=0
Additionally, (4.47) satisfies
Zwl’v (Z 2DZ]fEC(u“uJ)) = & = (4.50)
7=0
for which discretization (4.40) is entropy stable/conservative.
Proof. The proof can be found in [33]. O

Adapting the results from Lemma 4 we obtain the primary conservative, entropy
stable/conservative and high-order Flux Difference discretization

81: + ZQDikac(ui7uk) = w]j f—f ]N - Uj f—-f ]o- (4.51)

k=0
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for ¢ = 0,...,N. Remarkably, the Flux Difference discretization does not di-
rectly imply a skew-symmetric discretizations based on split forms. Therefore, the
discretization holds for a general conservation law with an entropy function S, as-
suming that a finite volume numerical flux fj- exists which satisfies the Tadmor
Shuffle condition (4.34).

Connection to Split Forms

In the previous sections we introduced the Flux Difference discretization derived
from a finite volume background. Remarkably, the discretization in certain cases
also recovers a split form like the skew-symmetric discretization in section 4.1.1.
We demonstrate this by focusing first on the Burgers’ equation. Here, an entropy
conservative flux which satisfies the Tadmor Shuffle condition (4.34) is given in
(4.25). Analyzing the volume contribution of (4.51) we get

N
Z 2Dk f o (i, uy) Z ik (Ui + ujug + u?) ;
k=0 =0
N N N (4.52)
(Z mui + u; Z leuk + ’U/? Z Dzk> .
_ k=0 k=0
The differentiation matrix is of degree p > 0, so it holds Zszo D, = 0 and thus
1
Z 2DZkaC(’u’Z’ ’U,k Z Dzkuk + 3’U,Z Z le’u,k (453)
k=0 k=0

Note that the right hand side is equivalent to the volume contribution of the skew-
symmetric discretization in (4.24). Therefore, the Flux Difference and the skew-
symmetric discretization are equivalent. So, the Flux Difference discretization can
be interpreted as a numerical approximation of the split form

1 0U> 1 ou

This result does not only hold for the Burgers’ equation, but also for other systems
of conservation laws, as e.g. for the Shallow Water equations with no bottom
topography (4.2). Here, a numerical flux satisfying the Tadmor Shuffle condition
(4.34) is given in [47] and is defined by

(1)
fic= (e e o
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where {} defines the mean of the two states, e.g. {h} = 3 (hL + hR>. With this
numerical flux the Flux Difference scheme has the following volume contribution

N
> 2D fe (i, wg),

- (4.56)
%hkyk + %hil/k + %Vlhk
:Z Di L2 + Lhiv, + Luvihgo, + Thiv? + L2k + 1gh2 )0
E—0 1"k oMb iVE o VillkVE 1"V 1Y vk 29]g

which is a discrete approximation of the split form

N
> 2D fe (s, we)

k=0
10hv 4 1 (0v oh
~ 2 Oz + 2 (hc’kc + VB:(:)
Tliom2 1 v Shv 1 (o0 20h 1om |
48&:+2<h1/8m+l/8x)+4(h6x+y8w>+23x

(4.57)

where the right hand side is equivalent to the physical flux of (4.2) due to the
product rule.

Considering different numerical fluxes based on the mean {} and its products one
can recast different split forms into the Flux Difference framework. A list of such
numerical fluxes with their corresponding approximated split forms is provided for
the compressible Euler equations in [46]. If it is possible to always recast a split
form from a numerical flux, e.g. for the compressible Euler equations using the
Ismail-Roe flux [62], is still an open question. Due to the work of Tadmor [112]
we know that a skew-symmetric form exists. However, we do not need the explicit
skew-symmetric form to obtain an entropy stable scheme.

4.2. Entropy Stable Summation-by-Parts Methods for Two
Dimensional Hyperbolic Systems of Conservation Laws

In this section we extend the Flux Difference discretization (4.51) to two dimen-
sional conservation laws. A two dimensional system of hyperbolic conservation
laws with Ng, equations is given by

ou oF 0gG
= _ 4.
9 + o + Dy 0, (4.58)

whereU, F,G € RVsa t € [0,T] C Rand Q C R2. As for the one dimensional case
we assume that (4.58) is equipped with periodic boundary conditions. To derive
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the discretization, we subdivide {2 in Ny non-overlapping quadrilateral elements
and focus on the transformed conservation law in Section 2.2 (Equation (2.121))

on a single element £,. Considering a mapping x : Q — E with (z,y)T = x(&,n),
where Q = [—1,4+1] x [—1, 41] describes the reference space, then the transformed
conservation law on € is defined by [67]

ou  oF  0G

—+ — 4.
J8t+8§+377 0, (4.59)
with J = g—gg—z — %i%? and the contravariant fluxes
K 1 (4.60)
G—g F%
o0& o€’

Next, we discuss the discretization of (4.59). As in Section 4.1.2 we are interested
in primary conservative and entropy stable schemes. The definition of primary
conservation and entropy stability for two dimensional hyperbolic systems is given
in Definitions 13 and 14.

Definition 13. Primary Conservative Schemes for Two Dimensional Hy-
perbolic Systems of Conservation Laws

A semi-discrete method approximating two dimensional hyperbolic systems of
conservation laws is said to be primary conservative if

NQN

Z Z Jijwiwjag;j = 0, (461)

q=114,j=0

when considering periodic boundary conditions.

Definition 14. Entropy Stable Schemes for Two Dimensional Hyperbolic
Systems of Conservation Laws

A semi-discrete method approximating two dimensional hyperbolic systems of
conservation laws is said to be entropy stable if

NQN

Z Z Jijwl-wj agt” § 0, (462)

q=11,7=0

when considering periodic boundary conditions.
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The transformed conservation law (4.59) can be solved on a single element using
a standard SBP discretization as presented in Section 2.2, which is

Ou;j = = = N -
Jijwiw;—= ot ([fNj ng} diN — |:f0j — foj:| dio + Z Qikfkj)
h=0 (4.63)
N )
+ w; ([QZ‘N — Gin] On; — [Gio — Gio) doj + Y legz'l) =0,
1=0

fori,7=0,..., N. As for the one dimensional case the discretization (4.63) is not
entropy stable due to non-linear terms. Therefore, we use the tensor product and
obtain the two dimensional Flux Difference discretization

Jijwiw; 8;? + w; ({fj‘{,] — fNj] diN — [f&} — fog} dio + 2?:0Qz‘kf# (wpj, uu)>
N
+ w; ([gfzv — Gin] Onj — 3o — Gio) S0; + 2> Qg™ (ua, Uz‘j)) =0,
- (4.64)
fori,7 =0,..., N. Here, we present the Flux Difference discretization in a general

from on a quadrilateral element. The numerical fluxes f# g* are denoted as
numerical volume fluxes whereas f*,g* are the numerical surface fluxes. The
numerical volume and surface fluxes are both symmetric and consistent (f #(a,b) =
f#(b a) and f#(a,a) = f(a) for a,b € R). Choosing different volume fluxes
f7,g" one can reconstruct different spht forms [46] For the purpose constructing
entropy stable/conservative schemes we choose f# = f}} and g% = g such
that the volume fluxes satisfy the Tadmor Shuffle conditions (4.34)
(v — )" fH#(wi,uy) = W) — 07, (4.65)

(vi — ’Uj)Tg#(Uu u;) = q’? - \i'?, ‘

with 9 9 92 5
AP A TR R TR T (4.66)

on on 3 23

The choice of the numerical surface fluxes f* and §* will be discussed later.
When focusing on a Cartesian mesh the contravariant fluxes and potentials reduce
to the physical fluxes and potentials scaled by the width and height respectively

F=2p w=Sle
4.67)
Am ~ Ax (
g U9 = —I,
g= 5 -9, B
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Therefore, we denote contravariant fluxes and potentials on Cartesian elements as
scaled flures and scaled potentials. Based on a Cartesian mesh we prove that (4.64)
is a primary conservative and entropy stable/conservative discretization. To do so,
we first derive the discrete growth in the primary quantity and entropy on a single
element in Lemma 5.

Lemma 5. The discrete growths of the primary quantities and entropy on a single
element of discretization (4.64) are

ou;; ol = = al
Z Jijwiw; 8tj - ij (.fNj - ij) - sz‘ (Gin — Gio) - (4.68)
i,j=0 §=0 i=0
and
0S;; ~ =
f T px f
ZOJle j 875 ij ([ — v ij N ['v f - }0])
ij (4.69)

Proof. We first prove (4.68). Therefore, we sum over all nodes of the Flux Differ-
ence discretization (4.64) for 7,5 =0,..., N.

N ou;
Jijwiw; —2
i,jZO o
N - - - N -
== 5 ([, = Fo o = [ = o+ 23 Quf* ()| (470
i,j=0 k=0

N N
- > w ([QZ‘N — Gin] Onj — 3o — Gio) 05 + 2> Qug™ (ua, uzg)) :

i,j=0 1=0
Rearranging the sums gives

Z Jiseo Guw

1,7=0

N _ - _ _ N N
== w; <[fz*vj' - fNj} - [fé} - ij:| +2) > Qi f* ukj;'“%’j)) (4.71)
=0

1=0 k=0

N N N
D wi ([ng — Giv] — (G50 — Gio] +2>° > Qud™ ( uil?“’ij)) :
i=0

=0 1=0
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Due to the SBP property (2.64) we know that 2Q = Q + QT + B and thus

N
23N Qi (g, wij)

k=0

N N N
Z szf ’U,k], uzg Z Z an.f ukja uij) (472)

k=0 1=0 k=0

™M=

I
o

7

M= L=

N
Il
o
i
=)

B f* (Wrj, wij)

™=

+

As f# is symmetric and consistent and due to B = diag(—1,0,...,0,+1) we obtain

N
Z szf ’U:kj, uz‘j)

™M=

2
1=0 k=0
N N N N
= Z Z sz.f ukj; uzy Z Z szf ukj’ uij) (473)
1=0 k=0 1=0 k=0
£ #

+ f7 (unj, un;) — f#(uﬂjwu%)a
:f (UNj) - f (Uo]‘) = fNj - ij,

and with an analogous derivation for the volume integral with respect to g7 we
find

N
2> Qug™ (wa, wij) = Gin — Gio- (4.74)
1=0
In total this gives
(9qu N = - - ~
Z Jijwiw; ot Z% ([fN] ng] [f(]j - ij] + fnj — ij)
R Y (4.75)

- Zwi ([@in — Gin] — [Gio — Gio] + Giv — Gio) ,

and thus we obtain (4.68)

N

ou;; = =
Z wiw; Jij atj == ij (fNj - foy) sz giv — Gio) - (4.76)

2,7=0 7=0

Next, we derive the discrete growth in entropy on an element and show that the
growth reduces to evaluations at the element surface due to the SBP property
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(2.64) and the symmetric, consistent fluxes f# and g#. Therefore, we contract

the Flux Difference discretization (4.64) with the entropy variables v;; as in [34, 45]
and sum over all nodes

70w

> ol o,
1,5=0
N

T z‘;owj ({va* - UTﬂ Nj Oin — [ f TﬂOJ‘ 5i0>
N

- > wj (2 > Qlkv”f ukj,'u,ij)> , (4.77)

2,7=0

-3 (7 8] 7 8] )

',j—o
- Z w; <QZQ3lUUg Uil;“ij)) -
1,j=0

As we focus on semi-discrete schemes we assume continuity in time. Due to the
definition of the entropy function it holds 3—” = ’UZ; 8;;3. Rearranging the sums
we obtain

0S;;

;U Jijwiwj—— 825

N _ . N N 5
:—Zw] ([UTJL‘*_'UT }N] [UTJL‘*_UT }Oj—}—QZZQlk’UUf (uk],uw)>

j=0 =0 k=0

_ al Tex T . Tex T~ dige T
Swi|[v'g —0"g|  —[0"g —v"d] +23 > Quufig” (wa,wy) |
i=0 §=01=0

Focusing on the volume contribution with respect to f# and using the SBP prop-
erty (2.64) we get

N N 3
2 Z Z Qikvf}f# (i, wij)

=0 k=0
N N N N
Qz ukj? uzg Z Z Q 'Ufk], uz]) (479)
i=0 k=0 i=0 k=0
N N
+ Z Z ukm uij) .
=0 k=0
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Due to the symmetry and consistency of f# and the definition of the boundary
matrix B we obtain

N N ~
2 Z Z Qz’kviij# (Ukj, uij)

i=0 k=0
N N ) N N
ZZZQmUZ-j;f# (wrj, uig) — > > Qi ;{ (wrj, wij)
=0 k=0 =0 k=0 (4.80)

+ oy, f (uny) — o5, f (uo)),
N N S _ _
=>_ > Qi (vij —vig) 7 (wng, wig) + vy g — vg; ;.
=0 k=0
As f# satisfies the Tadmor Shuffle condition (4.34) we arrive at

N N )
23 Quv, 7 (g, i)

1=0 k=0

N N
ZZQ ( ij _\Iji_]) +'ijfN] vg);',ij, (481)

=0 k=0

N
(‘1’{] Z Qir — Z Qikqfﬁj> + vjj\}ijj - 'vg;-foj.
k=0

Il
M1

Assuming that the differentiation matrix D is of degree p > 0 (consistency of the
differentiation matrix), then D1 = 0 < Q1 = 0 and thus Z;ICV:() Q;x = 0. Therefore
(4.81) reduces to

N N N N
2 Z Z szlvz;f ’U,k], uz] Z Z sz\Ing + v]j\}ijj - vgjf()j' (482)
=0 k=0 1=0 k=0

Due to the SBP property we know Q;i. = B;r — Qg; which yields

N N B N N
2 Z Z szvzj;f# (uk’ja um Z Z Z Z sz\Ijk]
k=0 =0

=0 k=0 =0 k=0 (483)
+ ijfNj — ’Ug;_foj.

Again, using the consistency of the differentiation matrix 3% ; Q; = 0 and due to
the definition of B we find

N N
2 Z Z sz'vgf# (ukj, 'U'z'j) = —\If + \I/ + 'UNJfN] ’Ug;-foj. (484)

=0 k=0
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Similarly, doing the same derivations for the volume contribution with respect to
g" we get

N N
2 Z Z le’l)g;g# (’U,il, u”) qji]N + \I’ + vaglN 3(;]020 (485)
§=01=0
In total, we obtain the following discrete growth in discrete entropy

0S;;
Z Jijwij—— 8t

,j=0

N ~ ~ ~ ~
_ ij ([,UTJ_-* _,UTf}Nj _ {,UTf* _UTf]oj)

7=0

+ %wﬂ ( f vjj\}ijj + Ug;foj) (4.86)
N

_ ;wi ([,UTg* _ ,UTgLN . [,UTQ* . ng}i())

+ iwi (Nng — W — vy Gin + U%ﬁ‘o) ;
i=0

which finally leads to (4.69)

N aSz] ol T £* 0 T v/
Z Jijwle ot :_ij ([’U f -V }Nj_ [’U 'f - v :|0_])
3,j=0 ];0 (487)
Y ([ofq -] - o' -] )
=0
]

In Lemma 5 we found that the growth in primary quantities and in entropy is
reduced to evaluations at the element surface when considering a Cartesian mesh.
The key of proving this result was using SBP operators and special numerical vol-
ume fluxes f# = f *o, 7 = @ for the Flux Difference discretization. However,
the proof of Lemma 5 is not valid for curvilinear elements as the non-constant
metric terms introduce further non-linearities. Therefore, a modification of the
discretization needs to be considered. The modified discretization is presented in
Appendix A.2.
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Focusing on Cartesian meshes and applying the results of Lemma 5 we prove
primary conservation and entropy stability. Therefore, we need to specify the

numerical surface fluxes f*. On a Cartesian mesh these are defined by f* = % i

and g* = %g*. The entropy stable surface fluxes fj¢ and gyq are

* » A
Frs(u”, u) = fio(u, u) - ?fK (UR B UL) )
| (4.88)
ul) = gpo(ul,u) — ?QK (’UR — ’UL) .

QES(UL

We interpret the fluxes (4.88) as a combination of an entropy conserving flux minus
a dissipation term. As pointed out in Section 4.1.2 the numerical surface fluxes
fhe and gy are entropy conservative, which will be proved later in Theorem 8.

In order to dissipate the total discrete entropy we need to consider a dissipation
term. This is indispensable for non-linear problem as these usually develop shocks
in finite time even when considering smooth initial data, for which the total entropy
should dissipate. Thus, we include an interface dissipation term in the sense of Lax-
Friedrichs. Here, Ay > 0 and )\, > 0 denote the maximum absolute eigenvalue of
the Jacobians of the physical fluxes F and G respectively to approximate the wave
speed [116]. For a classical Lax-Friedrichs dissipation term one typically includes
the jump in the conservative variables u” — u”. However, when considering the
jump in the conservative variables the numerical surface fluxes are not necessarily
entropy stable. Therefore, we introduce a positive definite dissipation matrix K to
approximate the jump in the entropy variables v® — v’

u? —ul ~ K (’UR - vL) : (4.89)

So K approximates the dissipation term of a classical Lax-Friedrichs flux. The
positive definite dissipation matrix K depends on the corresponding system of con-
servation laws. Such matrices are given for numerous conservation laws, e.g. for
the compressible Euler equations [46] or the Ideal Magnetohydrodynamics (MHD)
equations [120].

With the numerical surface fluxes (4.88) we will prove in Theorem 8 that the
two dimensional Flux Difference discretization (4.64) is primary conservative and
entropy stable.

Theorem 8. Considering a Cartesian mesh for the discretization (4.64), where
f#,g" satisfy the Tadmor Shuffle condition (4.34). Then the scheme is primary
conservative and entropy stable when using the numerical surface fluzes (4.88).
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Proof. The proof is done in a similar fashion to Theorem 3. We first sum (4.68)
and (4.69) over all elements to obtain the discrete growth of the primary quantities
and entropy. Due to Lemma 5 the total discrete growths depends on the interfaces
of the elements. We look at a vertical interior interface. The contribution for the
horizontal interfaces is done in an analogous fashion. The terms referring to a
vertical interior interfaces are

N N
IU =Y w;foi = > wifvy (4.90)
=0 j=0
N _ 5 N _ 5
IS, =" w; [0 fr — IR DI Wb ol - q:va}Nj , (4.91)
j=0 Jj=0

where the superscripts L and R refer to the left and right element, respectively.
Here, IU,; and IS, are an approximation the surface integral of %—Lt‘ and % on a
single interface. From now on we ignore the first index of the numerical surface,

entropy variables and potentials as these remain constant throughout this proof.

N N

IU =Y wifi ™ = > wifit, (4.92)
=0 =0
N _ B N 5 _

IS, =) w; [vR’Tf*’R — \Ilf’RL - wj [UL’Tf*’L — \Iff’LL , (4.93)
=0 =0

For a conforming mesh the numerical flux is unique at an interface, meaning f* :=
o = 1 which directly gives us

N N
IUt = ijf; — ijf; = 0, (494)
7=0 7=0

which indicates primary conservation. Note, that the derivation holds independent
of the choice of the numerical surface flux. For entropy stability however we need
to consider the fluxes (4.88). We focus on (4.93) and include these fluxes

N
1S, = Azyzwj ('UR’T <f§c_/\2fK (’UR—UL>> —‘Iff’R>
70 7 (4.95)

Ay ol LT * )‘f R L L
_2;%(’0 fEC_?K(’U —’U) — v .

J
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Rearranging terms gives us

Due to the Tadmor Shuffle condition (4.34) the first sum vanishes and thus

AyAs & r_ . o0\T R_ L
[St:—if]ij((v —v) K(v —v )) : (4.97)

i—0 J

The remaining term intervenes due to the dissipation term. When ignoring the
dissipation term, then /.S; = 0 and thus we obtain an entropy conservative scheme.
As we consider positive quadrature weights and K is symmetric positive definite
we arrive at

Ayrp &
ISt:—ﬁz wj ((’UR—’UL)TK(’UR—’UL)> <0. (4.98)
4 N~~~ .
—— J=0 J
N >0 >
and thus indicates entropy stability. ]

Note, that this proof relied on Cartesian quadrilateral elements. However, the
Flux Difference discretization can be applied to different geometries, e.g. triangu-
lar/tetrahedral elements [17, 20, 21].

To summarize, we extended the SBP method from linear to non-linear prob-
lems. For non-linear problems the standard SBP discretization is not entropy
stable. Therefore, we modified the SBP method by the high-order Flux Difference
discretization of Fisher and Carpenter [33]. Here, we introduced an additional
numerical flux on the volume part of the SBP method to adapt derivations from
finite volume schemes. As long as the numerical volume flux satisfies the Tadmor
Shuffle condition (4.34) we can prove that the discrete growth of entropy is reduced
to evaluations on the surface of the element. Finally, by choosing an appropriate
numerical surface fluxes we obtain a provably primary conservative and entropy
stable scheme for arbitrary SBP operators.
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4.3. Numerical Verification of Summation-by-Parts Schemes
for Non-Linear Problems

In this section we verify high-order convergence as well as primary conservation
and entropy stability /conservation of the SBP Flux Difference discretization (4.64)
for non-linear systems of conservation laws. For all numerical results presented in
this section we consider the two dimensional compressible Fuler equations

p v pV2 0

P pvi +P pUVs 0

PV + PV Vs pvi+P | T |0]|° (4.99)
& " 1/1(5 —f—P) " 1/2(5 —f—P) y 0

on @ C R* and ¢t € [0,7] C RT with & = p(v + 13) + % and the adiabatic
coefficient v = 1.4. For the Euler equations the entropy function is defined by [38]

P
S = —7_1log (m> (4.100)

The entropy variables are given by

20V
25”; , (4.101)

with 8 = 5 and s = log(P) — vlog(p). For the compressible Euler equations we
consider the Ismail and Roe entropy conserving flux for fj. and g} [62]. These
fluxes have been constructed to satisfy the Tadmor Shuffle condition (4.34) and so
they are used to obtain an entropy stable numerical scheme. We set the volume
fluxes f# = fio and g = g . The numerical surface fluxes are calculated by
(4.88)

(li — B (i +v3)
(p

* . A
f (uLauR) = fEC’(uL7uR) - O—?fK (UR - UL) )

Ag
g*<uL> U’R) = g*EC’(uL7 uR) - O—?K ( UL> )

(4.102)

where we included o € [0, 1] to control the amount of dissipation. The dissipation
matrix K can be found in [46]. The maximum eigenvalue A\; on an interface in
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y-direction is given by
Arz = max {[[1f + Lo, 11 oo |14 — € [loc}
Apr = max {[[1f + lec, [ |oo, 11" = luc } (4.103)
A =max {Arr; Arr},
where the superscript L and R refer to left and right element connected through

the vertical interface and ¢ = ,/%, see [38]. The maximum eigenvalue A, on an

interface in z-direction is obtained in a similar fashion to (4.103) by replacing the
velocity 14 by v5. The choice of ¢ in (4.102) will vary in this section. In terms of
verifying high-order convergence of the entropy stable scheme we set ¢ = 1. When
verifying entropy conservation or stability we consider 0 = 0 as well as o = 1.

As in Section 2.3 and 3.5 we use the five-stage, fourth-order low-storage Runge-
Kutta method of Carpenter and Kennedy [14]. The explicit time step At is selected
by the C'F'L condition [3§]

min;{ A;i %}

(N + 1D A\pax

where Az; and Ay; denote the width in z- and y-direction of the i-th element,
N + 1 the number of nodes and \,.x denotes the maximum eigenvalue of the flux
Jacobians Ayax = max{As, \,} over every node in the whole domain. Note, that
this C'F'L condition is equivalent to the C'F'L condition in Section 3.5 for the LAE
as Amax = max{a, b}.

At:=CFL (4.104)

In this section, we verify the EOC as well as conservation of the primary quan-
tities and entropy for the SBP scheme. In addition, we numerically demonstrate
the robustness of entropy stable schemes.

4.3.1. Comparison and Convergence of Summation-by-Parts Schemes

For the numerical convergence experiments we consider the isentropic vortex ad-
vection problem taken from [19]. Here, we set the domain to be Q = [0, 10] x [0, 10].
The initial conditions are

p T

2 1—(y—95)k(r

b | Q@)= | Ei B 5;{&27“; : (4.105)
P T
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where

T(z,y) =1- 7271%(7"2)7 (4.106)

with € = % and a = 0.5. With these initial condition the vortex is advected along
the diagonal of the domain. We impose Dirichlet boundary conditions using the
exact solution which is

U(t,z,y) =Uo(x —t,y —t). (4.107)

We run the simulation to 7" = 1 with CFL = 1. We consider SBP operators as
DG, FD and HGTL with polynomial degrees p = 2,3. As in Section 2.3.1 we focus
on different mesh levels where we increase the number of elements in each level
to obtain the FOC. We choose N +1 = 4(p + 1) nodes in one dimension and
224 clements for FD and HGTL operators in the d-th mesh level. As DG opera-
tors consist of N +1 = p + 1 nodes in one dimension we choose 22¢** elements
in the d-th mesh level. Therefore, we get DOFS; = (p + 1)?22¢** in the d-th
level and thus we can compare the errors for the DG, FD and HGTL operators
while DOFS; = (p + 1)?2%* remains constant. For systems of conservation laws
DOFS refers to the degrees of freedom per equation. Note, that we consider the
two dimensional compressible Euler equations and thus we obtain a Lo error for
all four conservative variables. In Table 4.1-4.2 we present the average Lo error in
terms of readability.

As for the results produced for the LAE in Section 2.3.1 the FD operator has
a better error than the DG operator for p = 2. When increasing the degree to
p = 3 we see that the error of the DG operator is smaller than for FD. However,
for p = 2,3 the error of the HGTL operator is smaller than for FD and DG.

For this test case the HGTL operator behaved the best. However, all schemes
have a convergence rate near p + 1 and therefore are high-order methods. This
is the same result as verified with the standard SBP discretization (4.63) for the
LAE on a conforming mesh in Section 2.3.1. Applying the same convergence test
with the standard SBP discretization for the compressible Euler equations would
also obtain a convergence rate of p + 1. However, such a scheme would not be
entropy stable.
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EOC for the SBP Flux Difference discretization with DG, FD and HGTL

operators for p = 2, 3.

DOFS | L2DG | EOCDG | LoFD | EOCFD | LoHGTL | EOCHGTL
576 1.61E-01 1.10E-01 8.71E-02
2304 | 3.51E-02 2.2 1.96E-02 2.5 1.41E-02 2.6
9216 | 6.03E-03 2.5 3.51E-03 2.5 2.42E-03 2.5
36864 | 1.07E-03 2.5 4.96E-04 2.8 3.38E-04 2.8
147456 | 2.04E-04 24 8.38E-05 2.6 5.74E-05 2.6
589824 | 3.45E-05 2.6 1.23E-05 2.8 8.24E-06 2.8

Table 4.1.: Setting p =2, T =1, CFL =1 and the number of nodes per element in one

dimension for FD and HGTL operators to N +1 = 12.

DOFS LoDG | EOCDG | LoFD | EOCFD | LoHGTL | EOCHGTL
1024 4.77E-02 5.45E-02 2.09E-02
4096 4.72E-03 3.3 5.02E-03 3.4 1.56E-03 3.7
16384 | 4.13E-04 3.5 4.03E-04 3.6 8.80E-05 4.1
65536 | 2.58E-05 4.0 2.58E-05 4.0 5.85E-06 3.9
262144 | 1.58E-06 4.0 1.81E-06 3.8 4.12E-07 3.8
1048576 | 9.87E-08 4.0 1.38E-07 3.7 2.97E-08 3.8

Table 4.2.: Setting p =3, T =1, CFL =1 and the number of nodes per element in one
dimension for FD and HGTL operators to NV + 1 = 16.

In the next section we numerically verify primary conservation as well as entropy
stability /conservation. In addition, we demonstrate the increased robustness of
entropy stable schemes by comparing a simulation with the SBP Flux Difference
discretization (4.64) and the standard SBP discretization (4.63).

4.3.2. Numerical Verification of Primary Conservation and Entropy Stability

In this section we numerically verify primary conservation and entropy stabil-
ity /conservation for the SBP Flux Difference scheme. We first demonstrate pri-
mary and entropy conservation which was the result of Theorem 8 when setting
o = 0, so the numerical surface flux reduces to the entropy conservative flux of
Ismail and Roe [62] without dissipation. We consider a mesh with 10 x 10 elements
and periodic boundary conditions. Each element is fitted with a HGTL operator
of degree p = 2 and N + 1 = 12 nodes. However, the choice of the operator is
arbitrary provided that the operator satisfies the SBP property. To calculate the
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growth in the total discrete primary quantities and entropy we rewrite the Flux
Difference discretization (4.64) by

(9'u,ij

5 = Res (u)

Jijwiwj ij o (4108)

where
Res (u)z] =W <[ﬁr] - fNj} OiN — |:f(>)kj - fo;} di0 + 2 f: Qikf# (wg, uz]))
k=0

N
—w; <[§§k1v — Gin) Oy — [Gio — Gio) Go; + 2> Qg™ (wa, uz])) :
1=0

(4.109)
The growth in the discrete entropy is computed by contracting (4.108) with the
vector of entropy variables

O
Jijwiwvi—2 = vl Res (w),

¥ 1]
ot (4.110)
& Jijwiwjﬁ = v;;Res (u)ij
as 25 = v"% (continuity in time) we obtain the temporal derivative of the

entropy at each node. As shown in Theorem 8, the scheme is primary and entropy
conservative when no interface dissipation is included, meaning that ¢ = 0. In
addition, when assuming periodic boundary conditions the terms on the boundary
of the domain vanish and thus we get

No [ N q,
> (Z Jijwiwjag;]) =0,

q=1 \1,7=0

TN o (4.111)
Do D Jywiw;—2 | =0,
g=1 \i,j=0 ot

for all time. To verify this result numerically we insert (4.108) and (4.110) and
calculate

NQ N
U/ =y (Z Res (u%)) ;
g=1 \i,j=0

(4.112)

Ne [ N
Sit=Y" (Z v/ Res (ufj)) :

q=1 \t,7=0
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We claim that with this setup the scheme is fully conservative independent of
the initial condition. Therefore, we consider randomly constructed discontinuous
initial conditions

P V11 P V2,1

wl 191,2 if v < ul _ 192’2 if £ > (4 113)
v| 19173 =Y v| 19273 Y- '

D V14 p V2.4

Here ¥, are uniformly generated random numbers in [0,1]. We calculate U/
and S/ for 1000 different initial conditions which gives us (Uf*");; and (Sf°); for
k=1,...,1000 and [ = 1,...,4. Within the euclidean norm we obtain the results
in Table 4.3.

Verification of primary and entropy conservation for the SBP Flux
Difference scheme

152 M2 | 1) 1ll2 | NUL")2,ll2 | IUE)s,ll2 | 1(UF")all2
0.63E-14 | 4.93E-15 | 2.17E-14 | 531E-14 | 818E-15

Table 4.3.: Calculating the growth of the total discrete primary quantities Uf°* and
entropy Si°® for 1000 different random initial conditions with the Flux Dif-
ference discretization. The average growth is presented within the euclidean
norm. All values are near machine precision which demonstrates primary
and entropy conservation.

In Table 4.3 we verify primary and entropy conservation. In comparison, when
considering the same setup with the standard SBP discretization (4.63) we verify
primary conservation but not entropy conservation, see Table 4.4.

Calculating the total discrete growth in the primary quantities and entropy
with the standard SBP discretization

152 M2 | 1) 1ll2 | NUL")2,ell2 | IUL")s,ell2 | 1(UF")all2
6.70E-01 | 861E-15 | 283E-14 | G6.93E-15 | 9.86E-14

Table 4.4.: Calculating the growth of the total discrete primary quantities U and
entropy St for 1000 different random initial conditions with the standard
SBP discretization. The growth is presented within the euclidean norm.
Here, we verify conservation of the primary quantities but not of the entropy.
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Next, we run a simulation in time to demonstrate the increased robustness of
the entropy stable SBP Flux Difference scheme. Therefore, we approximate the
total entropy as a function of time

No (N
StOt = Z Z Jijwiijiqj s (4114)
q=1 \4,7=0

over the time domain t € [0,7], where we choose T" = 25 and CFL = 0.5. We
adapt the discontinuous initial condition from [38]

v 0.2 ) y 10-12 _
u; =loor| MTr=v V; =|0-2| fz>v (4.115)
P 0.95 f5 1

and consider periodic boundaries. We solve the compressible Euler equations with
the Flux Difference scheme and the standard SBP method. In Figure 4.2 we plot
the temporal evolution of the total entropy for the for both schemes.

0.30

Flux Difference
— classical discretization

2

Total Entropy

0.10

0.05

0.0(
) ][)

T

Figure 4.2.: Evolution of the total discrete entropy. The SBP Flux Difference scheme
conserves the total discrete entropy whereas the entropy explodes for the
standard SBP method. At ¢ =~ 0.95 the standard SBP scheme crashes.

The Flux Difference scheme conserves the total discrete entropy. However, for
the classical SBP method we observe an unpredictable behavior of the total discrete
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entropy at t &~ 0.95 and the simulation crashes. This has been verified for CFL =
0.5; 0.25; 0.125; 0.0625 and demonstrates the enhanced robustness of entropy
conserving/stable schemes. As the Flux Difference method does not crash we
run the simulation until 7' = 25. Moreover, we also verify entropy stability by
including dissipation setting 0 = 1. For this test we use the same configuration as
for verifying entropy conservation (HGTL operator with p = 2 and N + 1 = 12)
and set CF'L = 0.5. The total discrete primary quantities and entropy for ¢ = 0
and o = 1 are plotted in Figure 4.3 and 4.4.
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Figure 4.3.: Evolution of the total Figure 4.4.: A plot that demon-

discrete entropy of the strates the discrete
solution with and with- conservation of the
out dissipation. We primary quantities.
see that the total dis- The plot does not
crete entropy is con- depend on interface
served when no inter- dissipation.

face dissipation is in-

cluded and decays with

interface dissipation.

Here, the total primary quantities are conserved while at the same time the total
entropy decays/remains constant (depending on the choice of o). We note, that
the plot of the total discrete primary quantities remains the same whether or not
interface dissipation is included.
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4.4. Summary

In this chapter we introduced primary conservative and entropy stable SBP meth-
ods for non-linear hyperbolic systems of conservation laws. For simplicity we first
focused on problems with one dimensional space. When solving such systems us-
ing standard SBP methods introduced in Chapter 2 we do not necessarily obtain
a physical relevant solution. Therefore, we seek numerical solutions which dis-
cretely obey the second law of thermodynamics. Here, we introduced the concept
of entropy stability by introducing the entropy function & which can be inter-
preted as an extension of the theory for linear stability described in Chapter 2.
The goal of the chapter was to derive high-order primary conservative and en-
tropy stable schemes. Hence, we introduced skew-symmetric discretizations based
on split forms of the corresponding conservation laws. A more general approach
deriving entropy stable schemes was given by Fisher and Carpenter [33]. They
invented the high-order Flux Difference discretization adapting knowledge from fi-
nite volume schemes and extending these results to high-order SBP methods. The
skew-symmetric and the Flux Difference discretizations are equivalent. However,
the Flux Difference method is not instructed to know the explicit split form of
the conservation laws and therefore can be applied to, e.g. the compressible Euler
equations. We applied the Flux Difference discretization to problems with a two
dimensional spatial domain and mathematically proved that this method is pri-
mary conservative and entropy stable. Next, we implemented the Flux Difference
method and applied it to the Euler equations. We observed that this method is
high-order accurate considering DG, FD and HGTL operators. Besides the high-
order property we numerically verified primary conservation and entropy stabil-
ity /conservation. In addition, we demonstrated that entropy stable/conservative
schemes are more robust by setting up runs with a discontinuous initial condition.
Here, the standard SBP scheme crashes whereas the SBP Flux Difference method
remains stable.

All the schemes and results presented in this chapter relied on a conforming

mesh. As for the LAE we will extend the Flux Difference discretization to a
non-conforming mesh in the next chapter.
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5. Entropy Stable and Primary
Conservative Summation-by-Parts
Methods for Non-Linear Hyperbolic
Systems on Non-Conforming Meshes

In this chapter we introduce an entropy stable and primary conservative SBP
method for solving non-linear systems of conservation laws on non-conforming
meshes. Solving such non-linear problems on non-conforming meshes was first
investigated for DG methods by Kopriva [69]. Kopriva introduced the mortar
method coupling non-conforming elements through an intermediate grid. The
method was provably primary conservative on curvilinear h/p non-conforming
meshes, but not entropy stable. After the breakthrough of Fisher and Carpen-
ter [33] deriving the Flux Difference discretization (4.64) in 2013, high-order en-
tropy stable become more popular for SBP methods. In 2016, Carpenter et al.
[16] were the first researchers to extend the SBP Flux Difference method to a
curvilinear p non-conforming mesh. Focusing on a Cartesian mesh, Friedrich et
al. [38] were the first to extend the SBP Flux Difference scheme on a h/p non-
conforming mesh. The investigation of primary conservative and entropy stable
SBP schemes on curvilinear meshes with h refinement is an ongoing research topic.

Here, we will introduce the entropy stable h/p non-conforming SBP method
by Friedrich et al. [38]. As described in Chapter 3, the fundamental difference
between a conforming and non-conforming scheme is the calculation of the nu-
merical surface flux. For non-conforming meshes a point-to-point transfer is not
possible and therefore projection operators must be introduced. Here, we consider
the same projection operators as in Section 3.2. Unfortunately, the construction
of non-conforming numerical surface fluxes for non-linear problems is not a sim-
ple extension of the linear surface fluxes for the LAE in (3.43). To point out the
difficulties we focus on a scalar conservation law and an algebraic non-conforming
mesh (p refinement), see Figure 5.1.
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Figure 5.1.: Non-conforming mesh with p refinement.

In Chapter 3 the construction of the numerical surface fluxes on the left and
right element f** and f*% has been done by projecting the conservative variables

from one side to another. For the scalar LAE on a conforming mesh the central

flux f5e =3 ( flul)+ f (uR)) is energy conservative. On a non-conforming mesh

the energy conservative flux for the LAE is given by

Ng
E‘éi = fEC (Z [PR?LL‘k ul?? uf) )
k=0
. N, (5.1)
gC,j = frc Uf; Z [PLQR]jk “£ .
k=0
fort=0,...,Npand j = 0,..., Ng. The key to prove energy conservation was
the M-compatibility condition (3.2)
PrerMr = MgPrag. (5.2)

This condition depends linearly on the projection operators and thus, we can recast
the proof of entropy conservation for linear problems on a conforming mesh to a
non-conforming. However, for non-linear problems we replace fp~ with a more
complicated entropy conservative numerical flux that features possible polynomial
or rational non-linearities as well as strong cross coupling between the left and
right solution states, e.g. [18, 36, 42]. This introduces complications which do not
necessarily maintain that the scheme is entropy conservative. A simple example,
consider the Burgers’ equation. For a conforming mesh the entropy conservative
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numerical flux is given by [42]
« Lootve LR Ry2
fio =& (@) +ubu 4 (w)?). (5.3)

Constructing the non-conforming numerical surface flux using (5.1) we obtain

er _ 1 N [B R & R :
ECi = G (Uz) +ui | D Prazlywy’ | + | 20 Prarly wi ,

k=0 k=0
N ) N (5.4)
R 1 - L - L\, R R\?
ECj = § > Prerljur | + | D0 [Prarljpuy | uyf + (“y)
k=0 k=0
fore=0,...,N;, and j =0,..., Ng. However, it is not obvious how to treat non-

linear projections, e.g. the operation to compute the square of 1% [Pr2g] i uk

and Zivjo [Pror];, uf will change the total discrete entropy. Recasting the entropy
conservation proof from a conforming to a non-conforming mesh as for linear prob-
lems does not work as the M-compatibility condition (5.2) depends linearly on the
projection operators and thus the non-linear projection terms within the proof do
not vanish. Therefore, we need a further modification to the surface fluxes to
guarantee entropy stability.

In Section 5.1 we introduce how such fluxes are calculated to obtain entropy
stable SBP schemes for non-conforming meshes. To conclude, we verify the theo-
retical derivations through a variety of numerical test cases in Section 5.2.

5.1. Non-Conforming Discrete Analysis for Non-Linear
Problems

This section is structured in a one-to-one fashion to Section 3.4. Throughout we
focus on a Cartesian mesh. First, in Section 5.1.1, we address the issues associ-
ated with p refinement. We build on the p refinement result to construct entropy
conservative numerical surface fluxes for h refinement in Section 5.1.2. Then, Sec-
tion 5.1.3 describes how additional dissipation can be included at non-conforming
interfaces to guarantee entropy stability.

5.1.1. Non-Conforming Nodal Distributions

In this section we introduce how to create a fully conservative scheme on a mesh
with p refinement. As shown in Chapter 4, Lemma 5, the discrete growth of the
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primary quantities and entropy on a single element reduces to

3 N
Z wazw] 825 ng (ng ij) - 2% (gin — Gio) - (5.5)

4,7=0
and
Z Jijwiw 38;5 Zw] ([ ‘ij]Nj N [vT'f* N wf}oy)
=0 (5.6)

N gwi ({ng* N \DQLN N {ng* N \IngO) '

Due to the Flux Difference form and the use of SBP operators the discrete growth
of the quantities reduce to evaluations at the element interfaces. In order to obtain
a primary and entropy conservative or, in other words, fully conservative scheme,
the terms on the interior interfaces need to vanish. These terms are defined by

Np Ny

IU, .= waf;’R — ijLf;’L, (5.7)
J=0 J=0

1Sy =Y wk {vR’Tf*’R - \Ilf’RL - > wf ['UL’Tf*’L - \Iff’LL : (5.8)
=0 =0

which are almost the same terms as in (4.92) and (4.93). However, as we consider
non-conforming elements we introduce the index L and R on N and w.

Here we address the importance of choosing an appropriate numerical surface
flux f*% and f*L. Assume we have an entropy conservative flux f. for a con-
forming mesh satisfying the Tadmor Shuffle Condition

T - -
(UR - 'vL) Fro(u® ul) = whHt _whk (5.9)

Simply applying (5.1) is insufficient for an entropy conservative scheme due to non-
linear projection terms. The key to obtain non-conforming entropy conservative
fluxes is not to project the conservative variables u but projecting the surface flux
fhe in terms of

Ngr
L
E‘C,i - Z [PR?L]ik fgC(“f? ug)v

k=0
o (5.10)

R
EC’,] Z [PL?R]jk fgC(u£7 uf)’
k=0
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fori =0,...,Nypand j =0,..., Ng. For a Cartesian mesh the scaled numerical
fluxes are given by f;éz = %fgéz and f;}g‘] = %fg’g’j. Note, that in (5.10) we
observe only linear projections.

Remark 15. Focusing on the LAE with fz(uf, u”) = 1 (f(uR) + f(uL)) we see
that (5.10) and (5.1) are equivalent as

Ngr
E"é'l,i - Z [PR?L]ik fEC’(usz ukR)7
e . (5.11)
=3 (Z [Prarly f(ufd) + f(uf) > [PRzL]ik) :
k=0 k=0

Assuming that the Proy can project a constant exactly (Zgjo Prorl;, = 1) and
including f(u) = au we get

. 1 Ngr . Ngr
Eéz ~ 9 (a Z [Pror]x g + auz‘L) = [ec (usz Z [Prar] UkR) ’ (5.12)
k=0 k=0
which is precisely (5.1). However, considering the non-linear Burgers’ equation we

notice a difference. Setting fre = & ((uL)2 + ubult + (uR)Q) in (5.10) we get

*,L 1 N2 Ak L Ak R oL R\2
BCi =g (ui)? > [Pracly + ui D [Pracly ug + Y [Procly (ug)® |- (5.13)
k=0 k=0 k=0

Again, assuming that Pro; can project a constant exactly we obtain

I 1 Ngr Ngr
BCi = § (ui)? +ul > [Prarlypue + Y [Prozly, (ui)? | - (5.14)
=0 =0

Here, (5.1) and (5.10) are nearly the same, but for (5.10) the projection operator
is outside of the square and therefore we only have a linear projection.

With this construction of a linear projection we prove that the non-conforming
SBP Flux Difference scheme is fully conservative in Theorem 9.

Theorem 9. The SBP Flux Difference discretization (4.64) with the numerical
surface fluzes (5.10) is fully conservative on an algebraic non-conforming Carte-
sian mesh, provided that f}. satisfies the Tadmor Shuffle condition (5.9) and the
projection operators satisfy the M-compatibility condition (5.2).
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Proof. First, we prove primary conservation. Therefore, equation (5.7) needs to
vanish. We include the numerical fluxes derived from (5.10) in (5.7) and obtain

NL NR
IU, = ZW > [Prar] Fro(uf,u ZW > [Protl ik fEC(u]L,ukR) (5.15)
=0 " k=0 =0 k=0

Due to M-compatibility condition (5.2) we know w/® [Prog], = wi [Pral,;. This
gives

Ngr Ny, ~ N Ngr -
IU, =% > w [Praglyy, Foc(ur, uf) = >3 wi Pragly; Fro(uf, uy), (5.16)
=0 k=0 =0 k=0

and rearranging indices we obtain
IU; =0, (5.17)
which indicates primary conservation.
Next, we show that the non-conforming scheme is entropy conservative. To do

so, I.S; needs to be zero. Therefore, we substitute the scaled fluxes from (5.10) in
(5.8).

NR i NL ~ N
IS = Y wj 0TS Prarlyy, Fro(ur, ufl) — B8
S (5.18)
A L, T Ly L f,L
= > wi v > Prarlyy, Fro(uf, wff) — UF
Jj=0 L k=0

Assuming that the projection operators can project a constant exactly, (5.18) is
equivalent to

NR [ RT Np, Ny,
15, = ZWJR v; Z[PL2R]]k Fro(uf,u ) ‘I’f’ Z[PL2R]jk]
Jj=0 L k=0 k=0
N, - N N (5.19)
- ijL v; > [PR2L]jk fEC(u]Lvuk) ‘I’f’ > [PRQL]jk
=0 | k=0 k=0
Rearranging sums we obtain
Ng N )
1S, = Z ZW [Pr2g] ]k { fEC(uka R) - \I’;‘C’R}
7=0 k=0
(5.20)
N Ng
_ZZW PRQL Jk { fEC('u’]L7uk) \IIfL}
7=0k=0
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Due to the linear dependence of the projection operators we apply the M-compatibility
condition wi [Prag], = wif [Prazl,; and find

Nr N B
1S, = >3 Wl Prarly [0 Fro(ur, uf) — BFF]
=0 k=0
N, Nn o o (5.21)
=D > wi [Prarly [Uj’ Foo(uf, wi) — v ] -
=0 k=0
By rearranging the indices we arrive at
AL R LT R G L
15, =% wit[Prarly, K'vj’ — v, ) Fro(uf, ulf) — (\I/f — 0/ )} . (5.22)
=0 k=0
Finally, as fj satisfies the Tadmor Shuffle condition (5.9) we obtain
Nr Np
IS, =3"> wl'[Prag];, 0 =0, (5.23)
=0 k=0

which indicates entropy conservation. As [1.S; and IU; are both zero we have
derived an fully conservative algebraic non-conforming SBP scheme. O]

With this proof, we can construct entropy conservative schemes on algebraic
non-conforming meshes (p refinement). To introduce additional flexibility, we next
consider geometric non-conforming discretizations (h refinement).

5.1.2. Non-Conforming Interfaces with Hanging Corners

Building on the fully conservative, algebraic non-conforming SBP method for
non-linear problems in Section 5.1.1 we now focus on handling meshes with non-
conforming interfaces (h refinement). Therefore, we focus on the same mesh setup
as in Section 3.4.2 in Figure 3.9, where we discussed h refinement for linear prob-
lems. Here, we considered an element R with height A connected to NE ele-
ments denoted by L; with height Ay, for: =1,..., NE. Following the analogous
steps as in Section 3.4.2 we obtain projection matrices satisfying the modified
M-compatibility condition

AL PR Mp, = AgMgPLog,  i=1,...,NE, (5.24)

or

ALi[PRQLi]kjwlfi = ARW?[PLiQR]jk, 1= 1,...,NE, (525)
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for j =0,...,Ngand k = 0,...,Nz,. Due to the construction of the projection
operators it holds that

Pror, 1% =1% fori=1,... NE,

NE 5.26
Y Progl® =17, (5.26)
i=1

where 1% denotes a one vector of size Nz, + 1. A component-wise expression of
(5.26) is

Ngr
> [Proru=1, fori=1,...,NE,

=0

NZE (f[PLﬂR]kl) =1,

i=1 \ =0

(5.27)

Withj:0,...,NRaHdk:0,...,NLi.

Next, we require a numerical surface flux to couple the elements L; for ¢ =
1,...,NE with R. In order to obtain a fully conservative scheme we focus on all
terms defined on the interface connecting L; and R. As for (5.7) and (5.8) these
terms are

Ngr NE Nz,

IU, := > wff]fk’R >3 wfiﬁ-k’L", (5.28)
=0 i=1 j=0
Ng _ ~ NE Ni; B -

IS, =) w]R {UR’Tf*’R — \Iff’R]j -3 iji [vLi’Tf*’Li — \Ilf’LiL . (5.29)
=0 i=1j=0

In order to obtain a fully conservative scheme (5.28) and (5.29) should be zero.
The appropriate numerical surface flux is given by extending the geometric non-
conforming fluxes (5.10) for non-linear problems in Section 5.1.2 by

Ng

E’é,lk = Z[PRQLi]kleC(u£i7 ulR>7
=0

NE [Nz,
7R m
RO = Y (Z[PLmQR]jleC(ulL ,Uf)) ;

m=1 \[1=0

(5.30)

for j = 0,...,Ng and k = 0,...,Ny, where ¢« = 1,...,NE. As we focus on
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Cartesian meshes we obtain the scaled fluxes by multiplying (5.30) with the cor-
responding metric terms or, in this case, with half the element height. So

px, L ALZ' *,L;

EC k= 2 EC k> ( )
5.31

Fx, R R f*,R

EC,j — 9 EC,j

Note, that as we focus on a geometric non-conforming mesh it holds Ay, # Ag.
We will show that these fluxes give us a fully conservative scheme for non-linear
problems on geometric non-conforming meshes.

Theorem 10. Consider the non-conforming fluzes (5.30) and (5.31). Then the
SBP Fluz Difference discretization (4.64) is fully conservative on a geometric non-
conforming Cartesian mesh.

Proof. As for the proof of Theorem 9 we first prove primary conservation. Inserting
the fluxes (5.30) in TU; we get

Ng NE [Ni, Ap
IU, = ZwRZ Z Priorli— fEC(ulL 7uf>
=1 =0

5.32
NENL Ng AL- _ . ( )
=3 > wi" D [Prarl; 5 =" Frc(uf' uf?).
i=1 =0 =0
Rearranging terms gives
NE Ny Nz,
IU; = > > Z 760 Proglufic(u, uf)
i=1 j=0 1=0
WE Nig Ny A . (5.33)
PRQL bl.fEC(uj 7ulR>
i=1 j=0 1=0
and by indexing we arrive at
IU, — 1NE Nr; Ng A * L; R
t = Z Z Z ( Rwl [Prorly — AL,w [PRQLi]jl) Teo(uy' up). (5.34)
i=1 j7=01=0

Finally, due to the the modified M-compatibility condition (5.27) we obtain
1 NE Nr; Ng

IU, = - ZZZOfECu],ul) 0, (5.35)

'LlelO
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for which primary conservation holds.

Focusing on entropy conservation we look at 1.5; (5.29) and include the numerical

fluxes (5.30)

ISt:

TR JR[ Z (Z[PL QR]JleC(’U,l ;U )) \I/fR

=1 \1=0

(5.36)

—fz

Ng
wy [ CEN Pras i fre (u) ) — W
=1 5=0

=0

where we rewrite the scaled entropy potentials in terms of W/-# = 25 W/%  As for
the proof of Theorem 9 we include (5.27) (sums of the projection operators are
equal to one) for the further course of the proof. Therefore, (5.36) is equivalent to

NE

JR [ Y; Z (Z[PL 2R]glec(uzL y U )) ‘I’fRZ (S[PLQR]jl)]

i=1 \ =0 i=1 \I=0

[St:

zE

i=1 j=0 =0 =0

5 Ap

2y

NL Ngr Ng

Z JL [ i TZ[PRQL ]JleC(u]L ) Uy ) \ijL Z[PRQLi]jl:| .
(5.37)

Analogously to Theorem 9 we rewrite the sums

NE Ng Nz, Ap

IS, = ZZZ*M PL2RJZ< ' Fre(ult ufl) — \ij’)

i=1j=0 1=0
NE Nz, Nk A

—222700 PRZL]Jl( v fEC(uJL’ul) \ijL)

i=1 7=01=0

(5.38)

and perform a re-indexing to find

NE Ng Ni; Ag

IS, = ZZZ*W PL2RJI( fEC(ulﬂ J) \IlfR)

i=1j=0 [=0
NENRNLZ

_2227(#1 PRZL]ZJ( fEC(“lL’ ]) quL)

i=135=01=0

(5.39)

Next, we apply the modified M-compatibility condition (5.27) and simplify to
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obtain
NE N N " .
=SS APl (0 o) Frclut uf) — (97— W) )
i=1 j=0 1=0
(5.40)
and, finally, apply the Tadmor Shuffle condition (5.9) to show the desired result
NE Ngr NL
IS, =3 Z T Pr.2rl;0 =0, (5.41)
i=1 j=0 1=0
and thus obtain entropy conservation. O

We derived a fully conservative scheme for h/p non-conforming meshes. Note,
that the proofs of Theorems 9 and 10 are general for any hyperbolic PDE with
physical fluxes f,g where we have a mathematical entropy function. Next, we
include interface dissipation to obtain an entropy stable scheme.

5.1.3. Including Dissipation within the Numerical Surface Flux

Considering shocks, the mathematical entropy should decay, which the numerical
scheme should reflect. Therefore, we modify the numerical fluxes in Section 5.1.1
and 5.1.2 by a dissipation term. This term provides an entropy stable numerical
flux which at the same time maintains primary conservative. As such, we seek a
dissipation term for the entropy stable flux such that

IUtZO,

42
IS, <0. (542)

We focus on the general h/p non-conforming mesh, where neither nodal distribu-
tion nor the interfaces coincide. Therefore, we focus on a mesh like that in Figure
3.9. We construct the entropy stable flux by combining the results of includ-
ing dissipation for non-conforming fluxes for linear problems in Section 3.4.3 and
for conforming fluxes for non-linear problems in Section 4.2. Merging the fluxes
(3.69),(3.70) and (4.88) together we have

oI A Nr .
o = Froh — ?ka (Z[PRzLi]klsz - sz) : (5.43)
=0

" 5 NE Np, Ng
Esy = FEc; — Z Z Prorliki | D ProvJimon — v | |, (5.44)

m=0
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where A; denotes the maximum eigenvalue of the Jacobian of F, see (4.103).
The positive definite dissipation matrix is constructed based on Pgor v and vl

so K=K (PRQL 'vR vL"). Again, the scaled fluxes are given by (5.31), mean-

Ap, Ar p*,R . .
ing fESk = -+ ESk and f = S fgs;- We prove primary conservation and

entropy stability in Theorem 11

Theorem 11. Consider the numerical surface fluzes (5.43) and (5.44), then we
obtain a primary conservative and entropy stable discretization on a h/p non-
conforming mesh.

Proof. In order to obtain a primary conservative and entropy stable discretization
on a h/p non-conforming mesh we need to satisfy the conditions (5.42). Therefore,
we include the scaled numerical surface fluxes of (5.43) and (5.44) in (5.28)

Jn R xR )\fAR NE NLi i R L;
IU, = ij fE’c,j - 4 Z Z[PLﬂR]lel Z [PRQLi]lm'vm -
j i=1

7=0 =0 m=0
NE NLi )\ A Ngr
L; | gxLi f2Lg R L;
- Z Z Wi ECk ™ T 4 K Z[PRQLi]kl’Ul - Uy .
=1 k=0 =0

(5.45)

As proven in the Theorem 10 the fluxes f;;g ; and f;é’k are primary conservative
and thus cancel each other out. This reduces ITU; to

NE Ng Nr; Ngr
IUt = Z Z Z ARW PL 2R ]lK (Z [PRQLi]lm’Uﬁ - ’UZLZ>

i=1j=0 1=0 m=0

(5.46)

NE Ng,
Z Z ApwiKp (Z[PRZLJM’UIR — v,f) .

i=1 k=0 =0

Applying the modified M-compatibility equation (5.25) we get

=1 3j=01=0 m=0

NE Ng Nr; Nr
1U,; = Z Z Z AL Wl PR2L ]le (Z [PR2Li]lmv7]§L - 'vlLl)
(5.47)

i=1 k=0 =0

NE Ni,;
Z Z Apwy Ky, (Z[PR2Li]klle — v,f) )
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Rearranging terms and using the fact that the projection operator Pgor, can
project a constant exactly, see (5.27), we obtain

IUt:

Finally, by re-indexing we get

IUt:

NENr; Ng
Z S ALwK (Z [Pror)imvl — ’UlL) > [Prar.ij
i=1 =0 m=0 3=0
T (5.48)
NENL
Z Z AL wlek <Z[PR2L1~]I€ZUZR — 'Ulﬁlz) .
i=1 k=0 =0
NE Nz,
Z Z Ap,w UK, (Z [PR2Li]lm’UfL - ’UlL)
i=1 =0 m=0
NE N, (5.49)
Z Z Ap,w UK (Z [PRQLi]lmUﬁ - U1L> =0,
=1 1=0 m=0

which proves that the numerical surface fluxes are primary conservative. Next, we
prove entropy stability and include the interface fluxes in (5.29). As f;é’k and

fg’g ; are provable entropy conservative we only pay attention to the dissipation
terms in (5.29).

]St:

NE [Nz, Ng
Z ARwR T Z (Z[PLZQR]]‘ZKI (Z [PRZLi]lm”ﬁ - vf))

First, we reorder the sums

[St:

=1 \ =0 m=0

NE N, ] N (5.50)
Z Z AL w,f'vk“ Z[PRQLi]kl'le — ’U]fi .
i=1 k=0 =0

NE Ngr NL Nrgr

Z > Z ArwE[Prarl v K, (Z [ProLJimv)} — ’UlL)

1=1 j=0 (=0 m=0

NENL o e (5.51)

i=1 k=0 =0

132



5. SBP Methods for Non-Linear Systems on Non-Conforming Meshes

Again, using the modified M-compatibility equation (5.25) we obtain

=1 35=0 =0 m=0

NE Ng N,
IS, =— ZZZAL Wi [Prar v Ky (Z[PR%Jlmvﬁ—’UzLi)

NE N, o o (5.52)
Z Z AL w,f'vk“ Kk Z[PRQLi]kl'le — ’U]fi .
i=1 k=0 1=0
Next, we rearrange terms
NE Ng, Ng T Ng
IS, = Z Z Apwl (Z PRQLJZj”f) Ki (Z [Pror, imvl — ’UlL)
=1 1=0 7=0 m=0 (553)

NENL T Ng
Z > Apw ( ) Ki (Z [Pror vyl — UlL) :

=1 1=0 m=0

Thus, we have the expression

NENL, Ng T Ng
IS, = Z S AL Wl (Z [Pror,|imvl — ’UlL) Ki (Z [Pror,|imvl — ’UZL) -

i=1 =0 m=0 m=0
(5.54)
Finally, as K; is a symmetric positive definite matrix we know

Nr T Nr
(Z [Pror, JimvE — ’UlL> Ki (Z [Pror, JimvE — UlL) >0, (5.55)

m=0 m=0
and as /\f,ALi,wlLi >0forl=0,...,Np,spandi=1,..., NE we obtain
1S, <0. (5.56)

Thus, the numerical surface fluxes (5.43) and (5.44) lead to a primary conservative
and entropy stable scheme for non-linear problems on A /p non-conforming meshes.
O

Note, that the proof of Theorem 11 referred to a mesh with hanging corners.
Obtaining the entropy stable flux for pure p refinement is done by setting NE = 1.
Also, we point out that the dissipation term in (5.43) and (5.44) is non-symmetric.
A discussion on non-symmetric dissipation terms can be found in Section 3.4.3 be-
neath (3.78) and (3.79).
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To summarize, in this section we derived a primary conservative and entropy
stable scheme for non-linear problems on h/p non-conforming meshes. The deriva-
tions combined the machinery for non-conforming SBP methods for the LAE in
Section 3.4 with the SBP Flux Difference scheme in Section 4.1.2. First, we de-
scribed how to create such entropy conservative non-conforming schemes on al-
gebraic non-conforming meshes. Based on these results we extended the scheme
for geometric non-conforming meshes. In order to obtain entropy stability we
introduced a dissipation term within the numerical flux.

5.2. Numerical Verification of Non-Conforming
Summation-by-Parts Schemes for Non-Linear Problems

In this section we verify properties as high-order, primary conservation and entropy
stability /conservation of the non-conforming SBP Flux Difference scheme. As in
Section 4.3 we consider the two dimensional compressible Euler equations. As in
all numerical result sections before (Section 2.3, 3.5 and 4.3), we use the five-stage,
fourth-order low-storage Runge-Kutta method of Carpenter and Kennedy[14] to
integrate in time. The time step is selected by the C'F'L condition

mini{A;i %}

maX]{Nj + 1})\max ’

At :=CFL (5.57)

where Az; and Ay; denote the width in z- and y-direction of the i-th element,
N; + 1 denotes the number of nodes in the j-th element and ..« denotes the
maximum eigenvalue of the flux Jacobians Apax = max{As, \;} over every node
in the whole domain. Note, that this C'F'L condition is equivalent to (4.104) for a
conforming mesh as N; = N would remain constant for all elements.

In order to apply the SBP Flux Difference scheme we will consider a h/p non-
conforming mesh. Therefore, we focus on meshes with a "two-to-one" coupling,
see Figure 3.10, and the same projection operators as in Section 3.5. With the
projection operators we discuss the construction of the numerical fluxes. As the
numerical volume flux is independent of the mesh structure (conforming or non-
conforming), we set f# = fi, and g% = gh.. For the numerical surface flux,
however, we need to consider projection operators for the interface coupling. We
set these fluxes to be

=0

vL; L, A, (O ,
fE’sL',Zk = Eék _‘7§Kk (Z[PRQLi]kzle—v;fl), (5.58)
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\NE Np Ng

Fiisy = fic; — o5 52 (Z [PLi2r]Ki (Z [P rarJimvhy — vlLi)) . (5.59)
i=1 \I=0 m=0

where these fluxes are equivalent to (5.43) and (5.44) with ¢ = 1. We introduced

o to switch between an entropy conservative (0 = 0) and an entropy stable scheme

(0 =1). For h refinement we have NE = 2 as we focus on a "two-to-one" coupling

and for p refinement we have NE = 1.

As for all numerical result sections before, we calculate the FOC and verify
conservation of the primary quantities and entropy for the non-conforming Flux
Difference SBP scheme. In addition, we compare this scheme with the Mortar
clement method [69] to demonstrate the enhanced robustness of entropy sta-
ble/conservative schemes.

5.2.1. Comparison and Convergence of Summation-by-Parts Schemes for
Non-Linear Problems

In this section we combine the setup of Section 3.5 and 4.3. For the convergence
study we consider the isentropic vortex advection problem (4.105) from Section
4.3 with Q = [0,10] x [0, 10], final time T" = 1 with CFL = 0.4 and Dirichlet
boundary conditions. We set ¢ = 1 to obtain an entropy stable scheme. The non-
conforming mesh for the convergence tests are adapted from Section 3.5, see Figure
3.11, with elements types A, B and C. Considering this mesh we have h,p and h/p
non-conforming interfaces. For the first test we analyse the convergence rate of
the scheme where all elements have SBP operators with a degree p differentiation
matrix. As in Section 3.5 we focus on DP, FD and HGTL operators where

e Element A has 22 nodes in z- and y-direction,
e Element B has 24 nodes in z- and y-direction,
e Element C has 22 nodes in 2- and y-direction,

and p = 2,3. As an reminder, FD and HGTL operators consist of a norm matrix
of degree 2p—1. Therefore, all projection operators are not of degree p, see Section
(3.2.3). For the DP operators however the corresponding norm matrix is of degree
2p and thus all projection operators are of degree p. Therefore, we intuitively
expect a better convergence rate for such SBP operators. We obtain the following
Ly errors and experimental convergence rates in Table 5.1 and 5.2
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EOC for the non-conforming SBP Flux Difference discretization with DP,

FD and HGTL operators for p = 2, 3.

DOFS | LoDP | EOCDP | LoFD | EOCFD | LoHGTL | EOCHGTL
1544 | 2.42E-01 6.09E-01 6.72E-01
6176 | 4.98E-02 2.3 1.65E-01 1.9 1.78E-01 1.9
24704 | 6.67E-03 2.9 2.75E-02 2.6 2.86E-02 2.6
98816 | 8.30E-04 3.0 3.61E-03 2.9 3.80E-03 2.9
395264 | 1.03E-04 3.0 4.84E-04 2.9 5.37E-04 2.8
Table 5.1.: Set p =2, CFL = 0.4 and T = 1 for the non-conforming SBP Flux Difference
scheme.
DOFS | LoDP | EOCDP | LoFD | EOCEFD | LoOHGTL | EOCHGTL
1544 | 1.06E-01 2.86E-01 2.73E-01
6176 | 1.78E-02 2.6 3.83E-02 2.9 3.79E-02 2.8
24704 | 1.45E-03 3.6 2.01E-03 4.3 1.78E-03 4.4
98816 | 8.08E-05 4.2 1.17E-04 4.1 7.38E-05 4.6
395264 | 4.34E-06 4.2 8.06E-06 3.9 5.54E-06 3.7

Table 5.2.: Set p =3, CFL = 0.4 and T = 1 for the non-conforming SBP Flux Difference
scheme.

The presented Lo errors in Table 5.1 and 5.2 are averaged errors over all four
conserved variables. Here, DOF'S refers to the degrees of freedom for each Euler
equation. As in Section 3.5 we obtain an FOC' of about p + 1 for DP operators.
The convergence rate for FD and HGTL operators are slightly smaller than p + 1
and the errors are larger as for the DP operator. A better EOC and L, error
was expected for DP operators, due to projection operators of a higher degree.
Comparing FD and HGTL we observe a slightly better error for the FD operators
for p = 2 and a better error for the HGTL operators for p = 3.

Another interesting discussion is the choice of the C'F'L number. The choice of
CFL = 0.4 was chosen as the SBP Flux Difference Scheme with DP operators of
degree p = 2,3 crashes for C'F'L = 0.5. This even happens for HGTL with p = 3.
Increasing the C'F'L number in increments of 0.1 the non-conforming SBP Flux
Difference method with FD operators crashes at CFL = 0.8 for p = 2 and at
CFL = 0.7 for p = 3. Therefore, the non-conforming scheme enjoys the flexibility
of taking bigger time steps when considering FD operators.
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For considering a mixture of polynomial degrees within the non-conforming SBP
Flux Difference scheme we focus on DG operators with the following setup

e Element A with DG operators of degree ps = p in x- and y-direction,
e Element B with DG operators of degree pg = p+ 1 in z- and y-direction,
e Element C with DG operators of degree pc = p in z- and y-direction,
for p = 2,3. The L, errors and FOC' for the non-conforming SBP Flux Difference

method with DG operators is provided in Table 5.3 and 5.4.

EOC for the non-conforming SBP Flux Difference discretization with DG
operators for p = 2, 3.

DOFS LoDG FEOCDG DOFS LoDG EOCDG
136 7.75E-02 228 1.99E-02
544 1.51E-02 2.4 912 2.32E-03 3.1
2176 3.30E-03 2.2 3648 1.95E-04 3.6
8704 7.72E-04 2.1 14592 1.71E-05 3.5
34816 1.75E-04 2.1 58368 1.68E-06 3.4
CFL=0.5 CFL=0.5
Table 5.3.: Set p = 2, CFL = 0.4 Table 5.4.: Set p = 3, CFL = 0.4
and T = 1 for the non- and T = 1 for the non-
conforming SBP Flux conforming SBP Flux
Difference scheme with Difference scheme with
DG operators. DG operators.

In Table 5.3 and 5.4 the non-conforming SBP Flux Difference scheme obtains
FEOC =~ p for an even p and EOC ~ p + % for an odd p. Not obtaining a conver-
gence rate of p + 1 matches the result for the non-conforming SBP method with
DG operators for the LAE in Section 3.5. However, the Ly error is significantly
small compared with those of the DP, FD and HGTL operator despite the fact
we have a smaller FOC'. As considering elements where the differentiation matrix
is of higher degree (element type B is of degree p + 1) a smaller error is reason-
able. More interesting is the fact that this setup, where certain DG operators
are of degree p + 1, is not restricted to a C'F'L number of 0.4 like for the DP

137



5. SBP Methods for Non-Linear Systems on Non-Conforming Meshes

and HGTL operators. When increasing the C'F'L number in increments of 0.1,
the non-conforming SBP Flux Difference scheme with DG operators crashes at
CFL=0.7for p=2and at CFL = 0.6 for p = 3.

To summarize, considering DP operators for the non-conforming SBP Flux Dif-
ference discretization we obtain an FOC =~ p + 1. For FD and HGTL operators
the EOC' is slightly smaller. However, considering the FD operators we can take
larger time steps. For DG operators the time step needs to be chosen smaller then
for the FD operators, but larger as for DP and HGTL operators. Even though
the DG operators suffer from a lose in the EOC, their Lo error is significantly
small. Due to all these different observation (FOC, Ly error and C'F'L number)
we cannot claim which operator is the "best", but all operators can be taken into
consideration for the entropy stable non-conforming SBP Flux Difference method.

5.2.2. Numerical Verification of Primary Conservation and Entropy Stability

In this section we numerically verify primary conservation and entropy stabil-
ity /conservation for the SBP Flux Difference scheme and compare this method
with the state-of-the-art Mortar element approach developed by Kopriva [69]. The
Mortar element method was constructed based on DG operators. Therefore, we
focus on such operators throughout this section.

First, we verify that the scheme is fully conservative. Therefore we set ¢ =
0 within (5.58) and (5.59). We consider the mesh in Figure 3.11(c) with DG
operators of degree py = pc = 3 and pg = 4. The methodology of verifying
that the scheme is fully conservative is done in an analogous fashion as in Section
4.3. We calculated the growth of the total discrete primary quantity U/*" and
entropy S{° by (4.112) with the random initial condition (4.113). We repeat these
calculations 1000 times and obtain (Uf*);, and (S{*'), for k = 1,...,1000 and
[ =1,...,4. Within the euclidean norm we obtain the results in Table 5.5 Here,
we verify primary and entropy conservation. In comparison, when considering the
same setup with the Mortar element method we verify primary conservation but
not entropy conservation, see Table 5.6. To demonstrate the increased robustness
of entropy stable schemes we calculate the discrete entropy in time by (4.114)
with the initial condition (4.115). We plot the total discrete entropy for the SBP
Flux Difference scheme and the Mortar element method in Figure 5.2. Here, the
SBP Flux Difference scheme conserves the total entropy. However, for the mortar
method we observe an unpredictable behavior of the entropy and note that at
t ~ 0.82 it even crashes. This has been verified for CFL = 0.5;0.25;0.125;0.0625
and demonstrates the enhanced robustness of entropy conserving/stable schemes.
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Verification of primary and entropy conservation for the non-conforming
SBP Flux Difference method

15 Ml2 | 1) 1cll2 | [1(UE")2ll2 | 1(UF*)s,:ll2 | 1(Uf*)a,ll2
6.3lc-14 | 3.98E-15 | 238E-14 | 122E-15 | 8.44F-14

Table 5.5.: Calculating the growth of the total discrete primary quantities Uf°t and
entropy Sf°t for 1000 different random initial conditions with the non-
conforming SBP Flux Difference discretization. The average growth is pre-
sented within the euclidean norm. All values are near machine precision
which demonstrates primary and entropy conservation.

Calculating the growth in the primary quantities and entropy with the
non-conforming Mortar method

152 M2 | [1W™)a:ll2 | [[(U)2,ll2 | [[(U)3,:ll2 | [1(UF)a,:ll2
136 | 3.01E-14 | 184E-14 | 230E-14 | 84IE-14

Table 5.6.: Calculating the growth of the total discrete primary quantities Uf° and
entropy St for 1000 different random initial conditions with the Mortar
method. The growth is presented within the euclidean norm. Here, we verify
conservation of the primary quantities but not of the entropy.

For the robust non-conforming SBP Flux Difference scheme we run the simulation
to T' = 25 with CFL = 0.5. Besides conservation, we also run this test case
for an entropy stable flux setting ¢ = 1. The total discrete entropy and primary
quantities of the non-conforming SBP Flux Difference scheme are plotted in Figure
5.3 and 5.4. Here, we see that the total discrete entropy is conserved when no
interface dissipation is included (o = 0) and that the total discrete entropy decays
with interface dissipation (o = 1). The total discrete primary quantities in Figure
5.4 remains constant over time no matter if dissipation is included or not. Thus
we numerically verified primary conservation and entropy stability /conservation
of the h/p non-conforming SBP Flux Difference method.

5.3. Summary
In this chapter we derived the h/p non-conforming primary conservative and en-

tropy stable SBP Flux Difference scheme for non-linear problems. The idea was to
combine the non-conforming SBP method for linear problems from Chapter 3 and
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Figure 5.2.: Evolution of the total discrete entropy. The SBP Flux Difference scheme
conserves the total discrete entropy whereas the entropy becomes unstable
for the Mortar Method at ¢ ~ 0.82.

the conforming SBP Flux Difference method for non-linear problems from Chap-
ter 4. We presented the modification to extend the projection procedure in the
context of non-conforming linear problems to non-conforming non-linear problems
in a stable manner. For linear problems the numerical surface flux was calculated
by projecting the conserved variables from the neighbors into the corresponding
element and then including this projected neighbor value into the numerical sur-
face flux (5.1). Using this strategy for non-linear problems gives us non-linear
projection terms which do not necessary lead to an entropy stable scheme. The
key of obtaining such a scheme for non-linear problems is not projecting the con-
served variables, but the numerical flux itself (5.10). Based on this modification
we only consider linear projections and thus we obtained the primary conservative
and entropy stable SBP Flux Difference scheme for h/p non-conforming meshes,
where neither the nodes nor the interface of two neighboring elements need to
coincide. We implemented the method and applied it to the two dimensional
compressible Fuler equations for different SBP operators. Here, we demonstrated
high-order accuracy of the scheme. Throughout this work, we are interested in
primary conservation and entropy stability. We demonstrate these properties for
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the non-conforming SBP Flux Difference scheme. Also, we compared this method
with the well-known Mortar element method [69], which is designed to be primary
conservative but is not entropy stable/conservative. Through numerical tests we
verified that the entropy stable SBP Flux Difference scheme is more robust. This,
again, shows the benefit of considering entropy stable schemes.
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6. Entropy Stable and Primary
Conservative Summation-by-Parts
Space-Time Methods for Non-Linear
Hyperbolic Systems

In the last chapters we derived entropy stable schemes on non-conforming meshes.
All introduced schemes were built on semi-discrete discretizations (method of
lines), where we discretized the spatial domain and assumed continuity in time.
Focusing on a one dimensional conservation law, we constructed entropy conser-
vative discretizations such that

as No Az Y asq

dQZ Z

(6.1)

Focusing on a smooth solution we know that the continuous total entropy is con-
served over time due to the fundamental theorem of calculus

/s ) dQ) = /S (6.2)

When calculating the total discrete entropy with a semi-discrete scheme we do
not necessarily obtain the discrete version of (6.2) to machine precision. For semi-
discrete discretization we get a discrete system of ODEs for the conserved variables
which are then solved by a Runge-Kutta time integration method. Due to the time
integration method we introduce temporal errors within the entropy. When nu-
merically verifying entropy conservation of a scheme we need to shrink the time
step as in [7, 10, 17, 20, 21, 36] to reduce the time integration error. So in order
to conserve the total discrete entropy we are limited to a small time step.

In this chapter we introduce a fully-discrete numerical scheme which bounds
the total discrete entropy in a space-time slab. In the literature there are high-
order entropy conservative (or stable) space-time schemes available, e.g. [29, 37],
however they assume exact integration of the variational forms in the space-time
formulation. This is problematic because aliasing errors introduced by inexact
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quadratures are unavoidable (or at least cannot be avoided in practical simula-
tions) for conservation laws like the compressible Euler equations, e.g. [46, 88].
So, the design of numerical methods that are entropy stable/conservative in a
fully-discrete space-time domain is an important step in the development of en-
tropy stable numerical methods.

Here, we introduce the SBP space-time method developed by Friedrich et al.
[40]. This scheme referred to discontinuous Galerkin operators which satisfy the
SBP property. However, it can be applied to any SBP operator. The crux is to
approximate the discrete derivative in time with SBP operators, as we previously
did in space, which leads to a fully-discrete space-time scheme. There is past work
applying SBP operators to temporal derivatives to prove energy stability for linear
problems [8, 79, 91]. Friedrich et al. [40] generalized this SBP stability analysis
to non-linear problems and derived a fully-discrete entropy analysis to approx-
imate solutions of a general non-linear conservation law with inexact numerical
integration.

6.1. Discrete Analysis for Summation-by-Parts Space-Time
Methods

In this section we derivative the SBP space-time method. As the main focus
is on the temporal discretization we consider (for simplicity) a one dimensional
conservation law

U OFU)

— =0 6.3

o Tow (6:3)
on Q = [zp,zg| and t € [0,T]. The extension to multiple spatial dimensions is

straight forward as presented in [40]. The SBP space-time method relies on the
Flux Difference discretization by Fisher and Carpenter [33]. Therefore, we review
the theory on entropy conservative finite volume schemes in Section 6.1.1. Based
on the finite volume result we derive the high order SBP space-time method in
Section 6.1.2. With the space-time method we discuss the advantages of applying
such a scheme to a non-conforming mesh in Section 6.1.3.

6.1.1. Review of Finite Volume Methods

We review the theory on entropy conservative finite volume methods. For a semi-
discrete analysis this has been done in Section 4.1.2. The semi-discrete low-order
finite volume discretization is given by integration of (6.3) in space and considering
Ng elements with the solution vector u; for j = 1,..., Ng. We obtain
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(9uj+1 1 % £\
5 T2 (i f) =0 (64)

with 7 =0,...,Ng —1 and

f; = .f*(uj+17 uj)? (65)

for j =1,...,Ng —1and f§ = f(wi) and f3, = f(un,). For simplicity we as-
sume that all elements are uniformly distributed with width Az. The semi-discrete
finite volume method (6.4) is provable entropy conservative if the numerical sur-
face flux satisfies the Tadmor Shuffle condition (5.9), see Section 4.1.2.

Fully-discrete finite volume methods are obtained by not only integrating (6.3)
in space, but also in time. We describe such a scheme by

o (W =) + 5 (00— 1) =0, (6.6)

with j =0,...,Ng —1,:=1,..., N, where N, denotes the number of elements in
time and

*

u ;= u (Wi, i), (6.7)

fori=2,...,N; and uj; = w1 ; and uy,,, ; = uy, ;. Here, we note that (6.6) is
an atypical formulation of a finite volume method as we introduced a numerical
state function for the conserved variables w* as in [49]. The origin of introducing
such states was to handle discontinuous solutions by approximating a Riemann
problem. Here, the solution to the Riemann problem is given by an upwind state,
see [116]. Even from a physical point of view this is logical as time moves linearly
forward. With the upwind state uj; = u; ; the discretization remains to be

1 1 * *
Kt (uz’+1,j+1 - ui,j+1) + Ix (.fi7j+1 - fi,j) =0, (6'8)
which is equivalent to

At
Wit1,j41 = W4 41 — Aisz: (-ﬁ:j-i-l - fifj) . (6-9)
Here (6.9) is a more commonly used description of a fully-discrete finite volume
method and can be found in e.g. [74]. Also (6.9) algebraically equivalent to the
semi-discrete formulation (6.4) when applying the explicit Euler time integration
method (index ¢ 4+ 1 on the left hand side, index i on the right hand side). Still,
for further extension we focus on discretization (6.6) with a general numerical state.
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In order to derive a fully-discrete entropy conservative scheme, we want the
scheme to mimic (6.2). Therefore, we need to specify the numerical state u*. In
the entropy analysis we contract (6.6) with the entropy variables and sum over all
nodes in space and time

N; Ng N: Nq

Ard > v (“:H,j - “’;a‘) +ALY D vy (f;j - f;j—l) = 0. (6.10)

i=1j=1 i=1j=1

Assuming that f* satisfies the Tadmor Shuffle condition (5.9) then we found in
Section 4.1.2 that

Nq

T t t
Zvi,j ('f:j - fifj—l) = 57]&]@ - 5? 5 (611)
j=1

so the sum reduces to the evaluation of the entropy flux on the boundary of the
domain. Considering periodic boundary conditions it holds f’ﬁ 0 = {j?t and thus

(6.10) reduces to

Ng | &

Az}, Z”iT,j (u;'k+1,j - Ufg) = 0. (6.12)
j=1|i=1
()

For simplicity we analyse the term within the brackets. As the second index j
remains constant we ignore it for now.

Ny
T
() =>_v (ufﬂ - u;‘)
i=1
Ne—1

= v%tuNt - Uipul - Z (Uz’+1 - Uz’)T u;.
=1

(6.13)

Next, to obtain the entropy function we use the definition of entropy potential U*
in (4.6) where ¥* = v"u — S to find

Ne—1
(¥) = Sy, + W% — S — W — 3 (v —v)" w(wigr, w). (6.14)
i=1
Finally, as U4, — 0% = S (\I/}‘H - \I/}‘) we arrive at
N1

(%) = Sy, — 51— <Z (Vi1 — )" W (wigr, w;) — (‘I’?H - ‘W)) . (6.15)

=1
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Including this in (6.12) and incorporating the index j we have

NQ Ne¢—1 T
—Az) ( > (ipry — i) W (wir g wig) — (Wl — ‘I’q{fj)>

j=1 \ i=1

No (6.16)
+ Ax Z (SNz,j - Sl,j) = 0.
j=1
Assuming that the numerical state u* satisfies the condition
Ni—1 .
Y (Wi — i) i (wig,w) = W — Y (6.17)
i=1
then (6.16) reduces to
Ng Ng
AxZSNt,j = A.CEZSL]'. (618)
j=1 j=1

which is a discrete mimic of (6.2). Thus, choosing the numerical state of the the
conservative variables to satisfy (6.17) we obtain a fully-discrete entropy conser-
vative scheme.

Obviously, the condition (6.17) is closely related to the Tadmor Shuffle condi-
tion (5.9). This is not unexpected as the derivations of the flux has been done
in a one-to-one fashion as in Section 4.1.2. Here, we denote (6.17) as the time
dependent Tadmor Shuffle condition.

A disadvantage of the fully-discrete finite volume scheme (6.10) is that we have
to solve all degrees of freedom simultaneously, as the system is fully coupled. For
the fully coupled finite volume scheme (6.10) this gives a high computational cost.
Therefore, the practicality of such an entropy conservative scheme is questionable.
In comparison, a semi-discrete scheme calculates a numerical solution time step by
time step. Thus, information is only needed from the last time step which avoids
the global coupling. In [40], Friedrich et al. developed a SBP scheme considering
numerical volume and surface states for w as for the Flux Difference method of
Fisher and Carpenter [33]. In order to calculate the numerical solution time slab
by time slab, the numerical surface state is chosen to be an upwind state. The
volume flux, however, is set to satisfy the time dependent Tadmor Shuffle condition
(6.17). Therefore, we construct a fully-discrete entropy stable scheme where the
computational cost is competitive with a semi-discrete scheme using an implicit
Runge-Kutta time integration method in time [§].
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6.1.2. Summation-by-Parts Space-Time Methods

In this section we will derive the primary conservative and entropy stable SBP
space-time scheme of Friedrich et al. [40]. Therefore, we focus on a one dimen-
sional system of conservation laws (6.3) on Q = [z, xg] with the time dimension
t € [0,7]. We treat the temporal dimension like a spatial dimension. As such,
we discretize the space-time domain [0, 7] x € into non-overlapping quadrilateral
elements is illustrated in Figure 6.1.

t

A

Figure 6.1.: Space-time discretization with red marked DOF'S on a conforming mesh in
a space-time slab. The figure is reproduced from [41].

Let N; denote the number of elements in time and Ng denote the number of
elements in space. For simplicity, we assume that all elements are distributed
uniformly with width Az and height A¢. Note, that even though we focus on a
conservation law with only one spatial dimension the space-time scheme is a two
dimensional discretization as we also discretize in time. We denote the (m,n)-th
element form =1,...,Nyand n =1,..., Ng with E,, ,, := [tim, tm+1] X [Zn, Tpia]-
We derive the space-time discretization using the DG ansatz as in [40]. Thus,
we multiply the conservation law with an arbitrary discontinuous test function
¢ := ¢(t,r) and integrate in space and time over the element E,, ,

[Emm (611 N OF(U)

ot ox

As for semi-discrete schemes we transform (6.19) from the space-time element E,, ,,

) ¢ dEpp = 0. (6.19)

into the reference space O = [—1,+1])%. The transformation is given by the affine
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maps
t—tn,
r(t) =2 —"— 1,
e (6.20)
fla) =2——" 1,
Tny1 — Tn

Note, that in comparison to a semi-discrete discretization we also transform the
time variable into the [—1 + 1]. This gives

2 ot ou 2 L oF
= Lo drd —//—ddzo. 6.21
At[1[107¢ T€+Ax —1J-1 0§¢ Tdé (6:21)
To obtain the weak formulation as in Section 2.1.3 we perform integration-by-parts
in ¢t and z to obtain
2 i +1 L 0¢
i L (el [ )

+A2x /_11 (J—'(p]f - /_11 J—'gf d§> dr = 0.

Here, we remove derivatives from U and F onto the test function ¢. For the
space-time DGSEM ansatz we approximate the solution U and the flux F on the
element F,,,, by polynomials

(6.22)

U, &) = Z wili(7)45(8),

i,j=0

F(r,6) ~ Z fz‘j&(T)fj(f),

1,j=0

(6.23)

where ¢; is a Lagrange polynomial of degree p = N defined as in (2.75). Here,
we set the nodal distribution 7; and &; for + = 0,..., N to be the LGL nodes. In
general the number of nodes can be chosen differently and, therefore, it is possible
for the Lagrange polynomials in 7- and £-directions to be polynomials of different
degrees. However, for simplicity, we set the nodes in 7- and &-direction to be the
same. To derive a space-time scheme of degree p we assume that ¢ consists of a
basis of the Lagrange polynomials in terms of

¢ = > ¢ili(T)l;(8). (6.24)

4,7=0
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As the choice of ¢;; is arbitrary we seek a numerical solution which satisfies
2 1 I4
</ ( df) () de

+A2x/< 7 /_.7-' Jdg) J(r) dr =0,

for all 4,7 = 0,..., N. Inserting the DG approximation (6.23), numerical surface
flux f* and state u* and approximating the integrals with LGL quadrature as in
Section 2.2 we obtain the implicit weak space-time discretization

2wi
Tg (uNj(SiN 'U'()J 0 — ZQlﬂ”])

2(,UZ' %
+Ax (fiNéNj Jio00; — ZQlszl> = 0.

(6.25)

(6.26)

Performing summation-by-parts we get the algebraically equivalent implicit strong
space-time formulation

. N
At ([u* — ]y, O — [u” =y 0 + ) Qilulj>
=0 (6.27)

N
=0

However, from the semi-discrete analysis we know that this discretization is not
entropy stable. Therefore, we replace the volume flux in time and space by the
numerical volume state u# and flux f#. By following the same idea as for Flux
Difference discretization (4.64) we now have

2w; N
S (= b — = B+ 2 Qu )
, - (6.28)
Wi .
F52 (18 = Al by = = Tl + 23 Qs * )| =0
1=0
where we set the numerical volume fluxes to f# = fi, and u# = u}, with
(Vi = viy)" Frc(wa,uy) = U — ¥, (6.29)
(v — )" upe(wy, uy) = ) — Wi, (6.30)
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where v represent the entropy variables and U* and ¥/ are the entropy poten-
tial and entropy flux potential. There are numerous fluxes for ff- that satisfy
(6.29) as pointed out in Section 4.1.2. Numerical volume states for which (6.30)
holds have been derived for the compressible Euler, Shallow Water and Ideal MHD
equations and can be found in [40]. The modification of including the numerical
volume flux and state does not violate the high-order accuracy as shown by Fisher
and Carpenter [33]. The surface flux will be specified later.

Next, we define primary conservation and entropy stability for a fully-discrete
system. We motivate the definition of primary conservation by focusing on the one
dimensional conservation law (6.3). Integrating in space [xr,zr| and time [0, 7]

we get
//wRaudxdt+// —dxdt—o

(6.31)
@/ —U(0, 1) dx+/ F(t,xr) — F(t,xz)) dt = 0.

Assuming periodic boundary conditions in space (F(t,xg) = F(t,x1)) we arrive

: / UT @) do = / U0, 2) de. (6.32)

L L
We want the scheme to mimic (6.32). Therefore, we need to include further
notation. As we consider N; elements in time and N elements in space, we denote
the solution on the element E,,, form =1,...,N,and n = 1,..., Ng by u™
see Figure 6.2. The definition of primary conservation for space-time methods is
given in Definition 15.

Definition 15. Primary Conservative Schemes for Space-Time Methods
A fully-discrete method approximating one dimensional hyperbolic systems of
conservation laws is primary conservative if

N, N,
e Ax X e Ar N

Z Z wiun" =Zl ij (t=0,2"(&)), (6.33)

assuming periodic boundary conditions in space. Here x" refers to a mapping from
the reference space into the physical spatial space of E} ,,.

The definition of entropy stability is done in a similar way. By contracting the
conservation law (6.3) with the entropy variables and integrating in space and time
we get

/ ST, x) — 8(0,2)) da + /0 ! (For(t,a) — Fr'(t,2s)) dt =0 (6.34)

L
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t
N
Numerical solution at t =T —
’U/Nt’l e 'U,Nt’n . ’U,Nt’NQ
um,l . ummn Um’NQ
ull uln ulNe
Initial solution U(0,-) =F >z

Figure 6.2.: Notation for space-time discretization. The figure is reproduced from [41].

Considering periodic boundary conditions in space and allowing the total entropy
to dissipate to reflect the correct physical behaviour we want the numerical scheme
to mimic

/:R S(T,x) dx < /;R S(0,z) dx. (6.35)

L

With this condition we define entropy stability for a fully-discrete scheme.

Definition 16. Entropy Stable Schemes for Space-Time Methods
A fully-discrete method approximating one dimensional hyperbolic systems of con-
servation laws is entropy stable if

N,
e Ar N

N NQ AI’ N
lez(:)szfv? < 217;)%'5@ =0,2"(&))), (6.36)
n= J= n= Jj=

assuming periodic boundary conditions in space. Again, 2" refers to a mapping
from the reference space into the physical spatial space of F ,,.
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To prove primary conservation we sum over all nodes of the space-time dis-
cretization (6.28) in order to mimic the temporal and spatial integration over the
conserved variables. Mimicking the integration over the entropy function to prove
entropy stability is done by contracting (6.28) with the entropy variables v;; and
summing over all nodes. The resulting terms are presented in Corollary 1. As we
focus on a single element we drop the indices (m,n) on u* for the sake of clarity.

Corollary 1. Summing over all nodes of (6.28) gives
Ax Y . . At Y . »
o> 2(:)%' (U’Nj - uo;‘) TS z(:)wi (fiv — fio) = 0. (6.37)
j= 1=

In addition, contracting (6.28) with the entropy variables v;; and summing over
all nodes yields

A N * u * u
ijz:(:)wj ({vT'u, - v }Nj— [vTu - ]Oj)

(6.38)
PO (ot -] o] Y=o
2 = iN i0 '
Proof. The proof follows identical steps as given for Lemma 5. O]

As for the continuous analysis the approximated integrals reduce to surface eval-
uations. It is important to note, that this happens due to SBP operators. Next,
we examine the surface contributions. Here, we need to specify the numerical sur-
face fluxes. The surface flux f* is constructed using f# and including interface
dissipation as in Chapter 4, Equation (4.88). We denote this surface flux by ff.
As time always moves forward, it is reasonable to choose u* to be an upwind
state. Therefore, we can solve for U time slab by time slab and need only store
the numerical solution at the current time slab due to the weak coupling in time.
This leads to a non fully coupled system. As we consider a SBP operator for the
time integration, the SBP space-time scheme is (from a computational efficiency
standpoint) compatible with a semi-discrete scheme with an implicit Runge-Kutta
method with N Runge-Kutta steps [8]. We denote the upwind state as uj;g.

We reiterate, that numerical volume states satisfying the time dependent Tadmor
Shuffle condition (6.17) have been derived for compressible Euler, Shallow Water
and Ideal MHD equations in [40]. In addition, Friedrich et al. have shown that
for these set of equations the upwind state satisfies the inequality

(v — vij)" W (wy, wi) < vy — v (6.39)
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With this inequality we prove entropy stability of the fully-discrete SBP space-time
method.

Theorem 12. Consider the SBP space-time scheme (6.28) with Dirichlet bound-
ary conditions in time. Assume that the temporal numerical surface fluz is the
upwind state u* = ulg satisfying the inequality (6.39) and assume that the spa-
tial numerical surface flur f* = fiq is computed as in (4.88). Then the SBP
space-time method is primary conservative and entropy stable.

Proof. For proving primary conservation we need to sum (6.37) over all elements
to find

N Ai’ N m,n,* m.n.* At N m,mn,* m,n,*
) Z (22% (uNj — Ug; ) +7Zwi (fin™" = fio™ )) =0. (6.40)
m=1n=1 7=0 1=0
Rearranging the sums gives us
2 Az X . mn
Z Z% Z (“Ng = Ug; )
met (6.41)
Nt At m,n,* m,n,*
+Z szz TN = fio"") =0.
n=1

As we focus on a conforming mesh the numerical surface flux and state are uniquely

defined on the interface and therefore, it holds wy; Lo — =ug"" form=2,... N,

and fiu" " = fi* for n = 2,..., Ng. Thus, due to telescoping we find

N, N Ny
S )+ 35 S () <0

Considering periodic boundary conditions in space we get

N,
e Ar X

Z ij N Z ij o (6.43)

As we consider an upwind state and Dirichlet boundary conditions in time we
know uy™* = upy™ and ug"* = U(0, 2) with 27 := 2"(§;) and thus, obtain

N, N,
e Axr Y R Ax XN

2 Z Wiy = 3 5 ng 73). (6.44)
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So the approximation of the spatial integral of U at ¢ = 0 is the same as the
approximated spatial integral of the numerical solution at ¢t = T". This gives us
the definition of primary conservation (6.33).

To prove entropy stability for the SBP space-time scheme we sum (6.38) over
all elements in space and time

N: Ng AI

> Z Zw] ({v u* — \IJ“} N’,n — {vTu* — \IJ“} ;Zn)

J

mNt“]‘VQl (6.45)
szzwz([w " [t - ] ) =

m=1n=1

Rearranging the sums gives

Ng AZL‘ Ny mon Ny mn
ES (z o =] - S ot -] )

m=1 1
«(DT)
Ny At N Na T m,n N T m,n (646)
* 217;)% (zjl {v f*_‘IIfLN B Z:l {v f*_‘I[fLo ) =0
::(DS)?

We next analyse (D7) and (DS)}" individually. We start with (DS)7" which is
algebraically equivalent to

09y = X e vy e

A e

. . . -1
Again, as we focus on a conforming mesh, it holds f/y" " = f™" for n =

7 K3
2,...,Ng and m = 1,...,N, and fjx'* = ZS’NQ’* due to periodic boundary
conditions in space. Thus we obtain

Ng T
DSy == (v — ol ™)" g = (vl - when )
n=2

m,1 m,Ng T m,1,x fm,1 fm,Ng
—((Uio —Uin ) i0 _<‘I’i0 — ¥in ) :

(6.48)
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Due to the proof of Theorem 8, where we showed that (4.91) is < 0, we get

_1\T _
(vzg,n N v;’r]w\}n 1) fm,n,* . (lpi‘dm,n . \IJ{],Vm,n 1) <0

2

1 No\T 1 1 F,m,N, (649)
(vi! —wi™?) fiot" = (wh™ - i) <o.
Thus, we arrive at
(DS);* > 0. (6.50)
Next, we analyse (DT');. Here, (DT) is
gl m,n Ny m,n
(DT) = 3 [otur - w7 - S [ -]
J =1 |: i|N] =9 [ :|0] (651)
T « o] Nen T w1 bn
+['v u —\I/}Nj —{'v u —\I/}Oj.
We choose Dirichlet boundary conditions such that u%’;”* = u%’;” and ué;”’* —
U, 7).
N . 1
1 - - 3 (- - (s - i)
m=2 (6.52)

N¢n, T Nen u,N¢,n 1,n,T n u,l,n
—i—[ij uy; — WUy, }— ['v UuQo,z;) - v L)j'

Assuming that the upwind state satisfies inequality (6.39), then the sum in (6.52)
is less than or equal zero. Thus, we find

(DT)! > (™ ™ = W) = (06 U (0, ) — Uit (6.53)
As the entropy is defined by S = vTu — U* (4.6) we know
(DT} > Sy5" = (vg" U (0, 27) — Uit (6.54)

In order to include the exact initial entropy at ¢ = 0 we add and subtract §(0, 27)
to obtain

(DT)} >Sy5" = S8(0,27)

(6.55)
+8(0,27) — vg" U0, 27) + Wi,
As §(0,27) = V(0,27)"U(0, z7) — ¥*(0,27), Equation (6.55) becomes
(DT)j >8y;" = S(0,27)
(6.56)

= (ot = o)) w.ap) - (v - vr(0.27))
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Here, U(0, z7}) can be interpreted as an upwind state at ¢t = 0
U0, 27) = wpg (U0,27), ug)"), (6.57)
and, therefore, due to (6.39) it holds
n T n U n u,,n
(V(0,27) = vy") U(0,27) — (*(0,27) — WG;™") < 0. (6.58)
Including this result in (6.56) we obtain
(DT)? > Syy"™ — S(0,27). (6.59)

Inserting the estimates of (DS)}", Equation (6.50), and (DT}, Equation (6.59),
in (6.46) we arrive at

Yo Az NeoAt Y
n=1 J=0 — m=1 i=0 =
>S4 =8(0,23) =0 (6.60)
NoAr X
N¢,n n
2n12jz:(:)wj (SN] S(O,l’j))

Finally, we rearrange the inequality and get

Ng N Ng N
Ax Nin Ax

Z?ijij S ZTZMJS(O’ZE;L% (661)
n=1 7=0 n=1 7=0

which is precisely the definition of entropy stability (6.36). O]

Here, we note that this proof holds independent of the size of the time step. In
comparison, a semi-discrete entropy conservative scheme needs to consider a small
time step in order to observe discrete entropy conservation in practice [118].

To summarize, we proved primary conservation and entropy stability requir-
ing a numerical flux in space fj satisfying the Tadmor Shuffle condition (5.9)
and a numerical state in time w},~ satisfying the time dependent Tadmor Shuf-
fle condition (6.17). Provided that the upwind state satisfies the time dependent
inequality (6.39) we can apply the entropy stable SBP space-time scheme to an
arbitrary conservation law. The extension to higher spatial dimension problems is
straightforward using the tensor product ansatz [40].
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Remark 16. In terms of numerical testing we are interested in deriving entropy
conservative schemes. Here, as for the semi-discrete analysis, we chose the numer-
ical surface flux to be the entropy conserving flux f* = f. and chose periodic
boundaries in space. In time we do the same approach setting u* = u}j- at all in-
terior interfaces. We note, that this choice couples all elements of the fully-discrete
system. For the numerical state at the boundary we still consider an upwind state
and Dirichlet boundary conditions. Thus, the initial condition is incorporated at
t = 0. Re-deriving the proof of Theorem 12 with these assumptions we obtain

(DS)" =0,

(DT); =Sy5" = (o™ U0, 27) — Wi

(6.62)
).

Including this in (6.46) it holds that
No Ay NV
Nt,n l,n,T n u71,n
Zl 9 2)0.1]' (SNj - (UOj U(O,ﬁj) - \Ijoj )) =0. (663)
n—= 1=

Here, vé}"’TU(O, xh) — fogj’.L" is an approximation to the entropy function at ¢ = 0.
For verifying a correct implementation of the SBP space-time method we will
numerically verify that (6.63) holds in Section 6.2.

In the next section we extend the entropy stable and primary conservative SBP
space-time scheme to a non-conforming mesh and discuss the advantages of com-
bining non-conforming elements with space-time schemes.

6.1.3. Extension to Non-Conforming Elements

In this section we extend the SBP space-time scheme to non-conforming meshes.
As described for semi-discrete schemes, non-conforming elements have the flexibil-
ity to distribute arbitrary number of nodes within an element without consider-
ing the nodal distribution of its neighbors. For fully-discrete space-time schemes
we additionally have the flexibility to chose different nodal distributions in time.
For a conservation law with one spatial dimension such a mesh is presented in
Figure 6.3. The numerical fluxes f* at the non-conforming interfaces are con-
structed as in (4.88) where we need to incorporate projection operators satisfying
the M-compatibility condition (3.2). Including these fluxes within the SBP space-
time scheme we obtain a non-conforming primary conservative and entropy stable
method. This can be proven in a one-to-one fashion by applying the proof of
Theorem 12 and using the M-compatibility condition as in the Theorem 9. Thus,
we obtain an entropy stable scheme which allows us to take a different number of
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Figure 6.3.: Example of a non-conforming mesh where the nodal distributions in time
do not coincide.

nodes in time for each element locally and thus to control the error introduced by
the time integration method.

This method is similar to the local time stepping approach investigated by Win-
ters [119], where different time steps where considered for different elements. How-
ever, the local time stepping method is more coding intensive. In comparison, a
non-conforming SBP space-time scheme is simpler to implement as we only need
to consider projection operators at non-conforming interfaces. Therefore, non-
conforming space-time methods are an attractive alternative when considering
different temporal discretizations for different elements.

6.1.4. Implicit Solver

The SBP space-time method described considers an implicit solver in each time
slab. Therefore, we rewrite discretization (6.28) with a compact notation

H(a) =0, (6.64)

with @ € RNeW+D*  The vector @ includes all degrees of freedom over the spatial
elements within a time step. Here, H(-) describes the SBP space-time discretiza-
tion. Note, that this system is non-linear as we consider non-linear physical fluxes
F. One possible solving technique is using Newton’s method

VH(@") " = —H(a"),

unJrl — ,lI]nJrl 4 ﬁ/n7

(6.65)
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where n > 0 describes the number of iteration steps. Newton’s method is in-
structed to the Jacobian VH(-) in each iteration. The evaluation of the Jacobian
can be very cumbersome for highly non-linear fluxes. To avoid these complexities
we use Jacobian-free Newton-Krylov solvers as in [6]. Newton-Krylov methods,
e.g. Generalized minimal residual method (GMRES), are not instructed to know
the analytic expression of the matrix VH(-). They only need the evaluation of the
Jacobian multiplied with a vector VH (@™)2Z. This evaluation can be approximated
using the Fréchet derivative
H(a™ +e2z) — H(a")

VH(@")Z ~ - : (6.66)

for ¢ > 0. With this approximation we do not need the explicit form of the matrix
VH. So this approach is free of the Jacobian matrix and therefore is denoted as
Jacobian-free. With this machinery we generated numerical results as presented
in the next section.

6.2. Numerical Verification of Summation-by-Parts
Space-Time Schemes

In this section we verify properties as high-order, primary conservation and en-
tropy stability of the SBP space-time scheme. We focus on the one dimensional
compressible Euler equations as defined in (4.3). For all presented results we used
the implicit solver in Section 6.1.4 with the GMRES method and ¢ = 1073, As
in all numerical result sections before we first verify high-order convergence for
different SBP operators in Section 6.2.1. Then, we numerically verify primary
conservation and entropy stability in Section 6.2.2.

6.2.1. Comparison and Convergence of Summation-by-Parts Space-Time
Schemes

To verify that the SBP space-time method is high-order we examine the conver-
gence rate to an exact solution of the PDE. Instead of deriving an exact solution
for the one dimensional compressible Euler equations we use the method of man-
ufactured solutions and introduce the resulting system

o (P o Py Gt @)

—|pv|+=—| p*+P | =G|, (6.67)
Ot\e) 92 \(g1pPw é@@
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on Q= [0,1] and t € [0, 7] with T"= 1. We set the manufactured solution to be

2 + sin (27w (x — t))
U=| 2+sin2r(xz—1t)) |. (6.68)
(2 + sin (27 (x — t)))*

This state is a smooth analytical solution of (6.67) if we consider the source term

0

¢ =™ cos (2n(z — 1)) | . (6.69)

@ cos (2m(x — t))

Due to the solution (6.68) we consider periodic boundary conditions in space and
Dirichlet boundary conditions in time. In order to avoid a global coupling of
all DOF'S we choose the temporal numerical surface state u* to be the upwind
state. The entropy stable volume state u# for the Euler equations is taken from
Friedrich et al. [40]. For the spatial volume flux f# we consider the one dimen-
sional Ismail-Roe flux [62]. The choice of the spatial surface flux f* depends on
the corresponding mesh. Here, we differ between conforming and non-conforming
meshes.

Conforming Mesh

On a conforming mesh we set the numerical surface flux f* to be (4.88) with in-
terface dissipation to obtain an entropy stable scheme. Let p denote the degree of
the SBP operators defined on N + 1 nodes in space and time. For the convergence
tests we set the number of elements in space to be equal the number of elements in
time Ng = N;. Therefore, we solve for No(N + 1) DOF'S in each time step. For
the convergence tests we set Ng = 1,2,4,8. The averaged L, errors and EOC for
FD and HGTL operators are given in Table 6.1-6.2. For p = 2 we obtain a better
Lo error for the HGTL operators. This result is the same as for the semi-discrete
schemes on a conforming mesh described in Section 2.3 and 4.3. For p = 3 we
observe an FOC' slightly higher than p 4+ 1. For p = 2 however the EFOC moves
around p+%. Supposedly, the mesh resolution needs to be more dense for the EOC
to convergence against p+ 1. Note, that we only considered four convergence runs,
whereas in the other numerical result sections for semi-discrete schemes we had
more runs for even more DOF'S. This is due to the increased CPU time for the
space-time scheme. For the SBP space-time method the CPU time is increased
due to the temporal discretization and the (non-preconditioned) implicit solver.
Therefore, we only present results for runs which have finished within 200 hours.

160



6. SBP Space-Time Methods for Non-Linear Systems

EOC for the SBP space-time discretization with FD and HGTL operators

Table 6.1.:

for p = 2,3.
DOFS | LoFD | EOCFD | LoHGTL | EOCHGTL
144 8.48E-03 4.45E-03
288 8.33E-04 3.3 5.50E-04 3.0
576 6.52E-05 3.7 4.52E-05 3.6
1152 | 1.30E-05 2.3 7.98E-06 2.5

Setting p = 2, T =1 and the number of nodes to NV 4+ 1 = 12 for the entropy

stable SBP space-time scheme.

DOFS | LoFD | EOCFD | LoHGTL | EOCHGTL
256 1.35E-03 2.84E-04
512 4.76E-05 4.8 1.37E-05 4.4
1024 | 5.37E-06 3.1 1.20E-06 3.5
2048 | 3.20E-07 4.1 5.97E-08 4.3

Table 6.2.: Setting p = 3, T'= 1 and the number of nodes to N 4+ 1 = 16 for the entropy
stable SBP space-time scheme.

The DG operator only consists of N + 1 = p + 1 nodes in one dimension.
When setting the degree of the SBP operator and the number of elements in space
and time to be the same we generate more runs when doubling the number of
DOFS. The results for DG are presented in Table 6.3 and 6.4. Here, we observe
significantly better £, errors. For p = 2 we are close to an FOC of p + 1 and for
p = 3 we hit p+ 1. Note, that for the DG operator with p = 3 we did not generate
a run for 2048 DOF'S as we did for the FD and HGTL operator due to the high
CPU time. Therefore, the run time in our code is higher for DG operators when
considering the same number of DOF'S.

Remark 17. Note, that these numbers in Table 6.3 and 6.4 differ from those in [40]
as Friedrich et al. considered the kinetic energy preserving flux by Ranocha [99].

Non-Conforming Mesh

To obtain an entropy stable flux on a non-conforming mesh we consider the surface
flux f* as in (5.43). We focus on a similar setup as for the conforming mesh by
setting the degree of the SBP operators and the number of elements in space and
time to be the same, so p remains constant and the number of elements in each
dimension are the same N, = Ng. Moreover, since we focus on a non-conforming
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EOC for the SBP space-time discretization with DG operators for p = 2, 3.

DOFS | L:DG | EOCDG DOFS | L;DG | EOCDG

18 5.98E-02 32 1.63E-02

36 9.51E-03 2.7 64 5.58E-04 4.9

72 9.74E-04 3.3 128 5.15E-05 3.4
144 1.13E-04 3.1 256 6.79E-06 2.9
288 1.60E-05 2.8 012 3.14E-07 4.4
576 2.24E-06 2.8 1024 | 2.02E-08 4.0
1152 | 3.39E-07 2.7

Table 6.4.: DG operator of degree

Table 6.3.: DG operator of degree p =3and T =1 for
p=2and T = 1 for the entropy stable SBP
the entropy stable SBP space-time scheme.

space-time scheme.

mesh we consider different nodal distributions. First, we focus on DP, FD and
HGTL operators. Let the first % spatial elements defined on the spatial domain
Q = [0, 3] consist of 22 nodes in space and of 24 nodes in time. The second half of
spatial elements defined on €2y = [%, 1] has 24 nodes in space and 22 nodes in time.
Therefore, we have non-conforming interfaces at [0,7] x {3}. The construction
of the projection operators for these interfaces can be found in Section 3.2. We
solve for DOF'S = 22 x 24Ny in each time slab. For the convergence tests we set
Ng = 2,4,8. The averaged L, errors and EOC for DP, FD and HGTL operators
are given in Table 6.5-6.6. Here, we obtain the best L5 error for the DP operators.
This result is not too surprising as the projection operators for DP operators are
of one degree higher than for FD and HGTL operators due to a norm matrix of
degree > 2p, see Section 3.2.3. The FOC for DP operators is close to p + 1.
Comparing FD and HGTL operators we obtain a better error for FD operators for
p = 2, whereas the error for HGTL operators is smaller for p = 3. For p = 2 the
FD operator is close to an EFOC of p+ 1, where the EOC of the HGTL operator is
near p + % For p = 3 however the HGTL operators obtains an FOC' of p+ 1 even
though we consider projection operators of degree p — 1, whereas the FD operator
is near an FOC' of p.

Next, we couple different polynomial degrees within the non-conforming SBP

space-time scheme considering DG operators. Let p; and p, denote the polyno-
mial degree of the DG operator in time and space, respectively. We set these
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EOC for the non-conforming SBP space-time discretization with DP, FD
and HGTL operators for p = 2, 3.

DOFS | L2DP | EOCDP | LoFD | EOCFD | LoHGTL | EOCHGTL
1056 | 2.78E-03 3.94E-03 6.00E-03
2112 | 4.59E-04 2.6 5.51E-04 2.8 1.01E-03 2.6
4224 | 6.75E-05 2.8 7.74E-05 2.8 1.65E-04 2.6

Table 6.5.: Setting p = 2 and T' = 1 for the non-conforming entropy stable SBP space-
time scheme. The errors have been produced considering the one dimensional
Euler equations and using different SBP operators.

DOFS | L2DP | EOCDP | LoFD | EOCFD | LoHGTL | EOCHGTL
1056 | 5.44E-05 1.34E-04 8.22E-05
2112 | 6.47E-06 3.1 2.61E-05 24 1.73E-05 2.2
4224 | 4.72E-07 3.8 2.89E-06 3.2 1.09E-06 4.0

Table 6.6.: Setting p = 3 and T' = 1 for the non-conforming entropy stable SBP space-
time scheme. The errors have been produced considering the one dimensional
Euler equations and using different SBP operators.

degrees for all elements in €2; to be p; = p and p, = p + 1. All elements in {2, are
set to have p = p+ 1 and p, = p. The results for non-conforming SBP space-
time scheme with DG operators for p = 2,3 and averaged L, errors are presented
in Table 6.7-6.8. For both tables we observe an FOC' of p + %, supposedly due
to projection operators of degree p — 1. The final runs for p = 2,3 consist of
DOFS = 25(p 4+ 1)p. For FD, HGTL and DP operators however, we obtained
results for DOFS = 4224, which is three times more DOF'S than 2%(p + 1)p for
p = 2,3. Therefore, the SBP space-time scheme performs faster for FD, HGTL and
DP operators. Still, we observe a better L, error when considering DG operators.
For p = 2 and DOF'S = 768 the error is smaller than for all other runs in Table
6.6 for DOF'S = 1056. This result is remarkable, as the DG space-time scheme
consists of differentiation matrices of degree p = 2 in certain elements, whereas the
differentiation matrices of the runs in Table 6.6 are all of degree p = 3. So even
though we consider certain elements with lower degree differentiation matrices and
a lower number of DOFS, the SBP space-time scheme with DG operators has a
smaller Lo error.

Here, we do not want to claim which operator is the best. The DG operator
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EOC for the non-conforming SBP space-time discretization with DG
operators for p = 2,3.

DOFS | LoDG | EOCDG DOFS | L2DG | EOCDG
24 5.96E-02 40 8.73E-03
48 6.27E-03 3.2 80 5.21E-04 4.1
96 7.43E-04 3.1 160 5.53E-05 3.2
192 9.06E-05 3.0 320 6.87E-06 3.0
384 1.37E-05 2.7 640 5.42E-07 3.7
768 2.22E-06 2.6 1280 | 4.89E-08 3.5
Table 6.7.: Non-Conforming  en- Table 6.8.: Non-conforming en-
tropy  stable  SBP tropy  stable  SBP
space-time scheme space-time scheme
with T° = 1 for the with T = 1 for the
one dimensional Euler one dimensional Euler
equations with DG equations with DG
operators and p = 2. operators and p = 3.

is the most accurate in this test, but it has the highest cost in terms of CPU
time in our implementation. The SBP space-time scheme is faster considering FD,
HGTL or DP operators, but therefore they are less accurate. This result holds for
conforming and non-conforming meshes.

6.2.2. Numerical Verification of Primary Conservation and Entropy Stability

In this section we numerically verify primary conservation and entropy stabil-
ity /conservation. Here, we purely focus on DG operators. Again, we set the
domain to be 2 = [0,1] and ¢t € [0,7] with T" = 1. The boundary conditions
are set to be periodic in space and Dirichlet in time. For all tests we consider a
non-conforming mesh with four elements in space Fj, ..., E;y. Each element E; is
defined on the spatial domain [(i — 1)%, i3] for i =1,...,4. The elements E; and
E5 consist of DG operators with degree p, = 1 in space and with degree p; = 2 in
time. For elements F3 and E, the DG operators are of degree p, = 2 in space and
with degree p, = 1 in time.

First we will perform an entropy conservation check. This is done by setting the

temporal numerical states to be u* = u# = uj and the spatial numerical fluxes
to be f* = f# = fi.. This leads to a fully coupled system. With this setup it
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should hold that
No Ag Y
a5 AT (s - (o - ), 6
n= j=0

is equal to zero, see (6.63). A scheme satisfying this condition is denoted as entropy
conservative as vé}"’TU(O, ) — \Ifgj’-l’" is a high-order approximation of Séj’-". In

addition, to verify primary conservation we define

Ng Az N
=3 = > (uy" = Ut = 0,2"()) (6.71)

which should be 0 due to the definition of primary conservation (6.33). In terms of
verifying a correct implementation we calculate AS and AU with the discontinuous
initial condition

p 1+7:1, 1 p L+, 1
vi|=11+"7v2 if x < 3’ v|=11+"722 if x> 5 (6.72)
P 1+ Y3 P 1493

Here 9, are uniformly generated random numbers in [0,0.1]. We calculate AU
and AS for 1000 different initial conditions which gives us (AU);, and (AS); for
k=1,...,1000 and [ = 1,...,3. In each run we consider three elements in space
N; = 3. Within the euclidean norm we obtain the results in Table 6.9.

Verification of primary and entropy conservation for the SBP space-time
scheme

1AS]l2 | [[(AU) 1.2 | [[(AU)2,(l2 | [[(AU)s, ]2
-1.81E-15 | 6.30266E-16 | 5.84621E-16 | 1.93807E-17

Table 6.9.: Calculating AU and AS for 1000 different random initial conditions with
the SBP space-time scheme. The average growth is presented within the
euclidean norm. All values are near machine precision which demonstrates
primary and entropy conservation.

In Table 6.9 we verify primary and entropy conservation. Finally, we will verify
entropy stability. Therefore, we consider the initial condition

p 1 1 p 1.125 1
v|=10 if v < -, v| = 1 if x> —. (6.73)
r) 1 2 P 1.1 2
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In terms of including interface dissipation we set the numerical surface state u* to
be the upwind state and f* to be calculated by (5.43). Considering N; = 128 we
calculate the total discrete primary quantity and entropy at ¢t = 0 after each time

slab by

tor Yo Agp X
SOO = Z 7 ZWJS(O,ZC?),
n=1 7=0
Ng Az N
S =2 = 2 Wi
n=1 7=0
(6.74)
tot e Z&x al n
n=1 =0
Yo Agp N

tot ,__ m,n
U= Y S0 Sl
n=1 7=0

form =1,..., N;. The plot of these quantities is given in Figure 6.4 and 6.5. Here,
we see that the total discrete entropy decays whereas the total discrete primary
quantities remain constant. This indicates that the SBP space-time scheme by
Friedrich et al. [40] is primary conservative and entropy stable.

6.3. Summary

In this chapter we presented the primary conservative and entropy stable SBP
space-time method for non-linear conservation laws first presented by Friedrich et
al. [40]. Here, special attention was given to the temporal approximation as dis-
crete entropy analysis is typically done on the semi-discrete level. The derivative
in time was approximated with a high-order differentiation matrix satisfying the
SBP property. As for the discretization in space the temporal part of the varia-
tional formulation consists of a volume and surface part. As in the Flux Difference
discretization by Fisher and Carpenter [33] we introduced numerical volume and
surface states. The volume state should satisfy a time dependent Tadmor Shuffle
condition (6.17) and the surface state is chosen to be an upwind state provided
that it satisfies the time dependent inequality (6.39). Such states have been de-
rived by Friedrich et al. [40] for the compressible Euler, Shallow Water or Ideal
MHD equations. In particular for the Euler equations we provide numerical results
to verify the proven properties as high-order, primary conservation and entropy
stability of the SBP space-time scheme. In addition, we extended the SBP space-
time scheme to a non-conforming mesh. This advantageous approach gives us the
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discrete entropy SIo tal discrete primary
for m =0,..., Ny with quantities Ut for
the SBP space-time m = 0,...,N;. These
scheme  using the remain constant over
upwind state in time time verifying that
and the Ismail-Roe the SBP space-time
flux with interface scheme is primary
dissipation in space. conservative.

flexibility of choosing different nodal distributions in space and at the same time
maintaining a high-order scheme which is primary conservative and entropy stable
as verified in the numerical result section.

Besides of these nice theoretical properties the space-time method has a draw-
back. In comparison to a semi-discrete code the SBP space-time method has a
high CPU run time. One reason for a higher run time is because the space-time
scheme is instructed to an implicit solver in each time slab. Such solvers are run
time intensive, especially without considering preconditioners. For this reason we
only presented results for the one dimensional compressible Euler equations. In
order to apply the SBP space-time method to higher dimensions, more investi-
gation is necessary to reduce the CPU time. The development of efficient high
dimensional SBP space-time schemes is left for future work. Therefore, we focus
on semi-discrete approaches in the next chapter.
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For the multitude of real world applications we want to simulate the behaviour of
fluids around complex geometries. In order to obtain such a mesh we are instructed
to the use of mesh generators. Many of these mesh generators have been developed
over the last decades. Generators relying on triangular/tetrahedral elements are
given in [48, 64, 106]. In order to apply the tensor product based SBP Flux Differ-
ence scheme we are instructed to meshes with quadrilateral/hexahedral elements.
For such meshes their are generators, e.g. HOPR (High Order Preprocessor) by
Hindenlang, Bolemann and Munz [59] or the mesh generator by Yuan and Kopriva
[124]. These generators rely on complex algorithms for the generation of meshes
[104]. In Figure 7.1 we present a conforming quadrilateral mesh around an air foil
constructed by HOPR.

Figure 7.1.: Two dimensional conforming quadrilateral mesh around an air foil con-
structed by HOPR [59]. The picture is taken from the HOPR manual.

However, the construction of these meshes, especially for three dimensional prob-
lems, can be computationally very expensive for complex geometries. Thus, it can
take more time to generate the mesh than to simulate the fluid flow [61]. Another
issue is that the resulting mesh on conforming grids is unstructured, for which
it is more complicated to find the neighbours of a given element. As described
in the chapters before, we have the theory and machinery for high-order primary
conservative and entropy stable schemes on non-conforming meshes. Therefore,
we focus on the construction of "more simpler" non-conforming meshes.
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7. Mesh Generation and Applications

A simple approach for the adaptive construction of quadrilateral meshes around
complex geometries is the Cartesian cut cell method. The conceptual idea is to
"cut" the geometry out of a Cartesian background mesh. An example focusing on
a cylinder is illustrated in Figure 7.2 and 7.3.

| &
| .

Figure 7.2.: Cartesian background Figure 7.3.: "Cut out" the subdo-
mesh considering a mains which are inside
cylinder. the cylinder.

We define Cartesian elements on all remaining subdomains in Figure 7.3. In
order to resolve the geometry surface with quadrilateral elements more refinement
is necessary. Here, we subdivide all subdomains within Figure 7.2 which interact
with the geometry by a two-refinement step [104]. Here, we again perform the
strategy cutting out subdomains if they interact with the geometry.

Figure 7.4.: Subdivide all subdo- Figure 7.5.: "Cut out" the subdo-
mains which interact mains which hit or are
with the cylinder. inside the cylinder.
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Again, we define Cartesian elements on all remaining subdomains in Figure 7.5.
Here, the meshes in Figure 7.3 and 7.5 are denoted as Cartesian cut cell meshes at
the first and second refinement level, respectively. This strategy can be repeated
recursively depending on the number of refinement levels defined by the user. In
Figure 7.6 and 7.7 we present the cut cell meshes at the third and fourth refinement
level, respectively.
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Figure 7.6.: Cartesian cut cell mesh Figure 7.7.: Cartesian cut cell mesh
at the third refinement at the fourth refine-
level. ment level.

Depending on the number of refinement levels we obtain a structured non-
conforming mesh. The structure is explained in Section 7.1.1. The resulting cut cell
mesh has a fine resolution near the surface of the geometry and a coarse resolution
else where. Such meshes are of special interest when one is purely interested in the
fluid flow around an object and not in the far field. An advantageous feature of cut
cell methods is that they are non-body-fitted [1], i.e. the volume mesh structure
is independent of the surface discretization. Thus, the mesh results in Cartesian
elements for which we can use tensor product SBP operators. Also, the cut cell
technique of generating meshes is fast and simple. Therefore, such mesh gener-
ation schemes have gained popularity over the last years as in [1, 5, 61, 63, 76, 117].

A disadvantage of Cartesian cut cell methods is that they have been designed
for low-order methods as curved surfaces of the geometries are approximated by
straight interfaces of the Cartesian elements, see Figure 7.7. In order to construct
high-order schemes on cut cell meshes, we need to pay special attention to the
subdomains interacting with the geometry surface in the final refinement level.
These subdomains are denoted as final-cut domains.

High-order cut cell methods on triangular elements have been purposed by
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[32, 87, 110]. Depending on the geometry the final-cut domains do not necessarily
have to be triangles. Therefore, depending on the element shape, new quadra-
ture rules are constructed on the curved polyhedral final-cut domains. Thus, the
final-cut domains are set to be elements. To adapt this strategy, while at the
same time ensuring an entropy stable simulation, we would need to construct
multidimensional SBP operators on these curved polyhedral final-cut domains
[25, 28, 55, 56, 57]. However, this process is cumbersome as we need to construct
such a multidimensional SBP operator for each final-cut domain individually with
arbitrary polyhedral elements.

In this work we decompose the resulting final-cut domains into curved quadrilat-
eral elements. Therefore, we do not have to construct a new set of SBP operators
and simply apply tensor product SBP operators from Section 2.1. In two dimen-
sional space the decomposition of a polyhedral domain into quadrilateral elements
is always possible [98]. In three dimensional space it is still an open question if a
polyhedral can be decomposed by hexahedral elements [77, 78, 105]. Focusing on
the cylinder as in Figure 7.7 we present the resulting mesh in Figure 7.8.

[T
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Figure 7.8.: Generated non-conforming mesh with quadrilateral elements based on the
cut cell technique. The elements at the cylinder surface are curved in order
to obtain a high-order mesh.
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Note, that the resulting mesh in Figure 7.8 is a h/p non-conforming mesh with
curved elements as the interfaces do not coincide and the nodal distribution of
each element can differ. As mentioned in Chapter 5 the development of primary
conservative and entropy stable SBP schemes with non-conforming curved inter-
faces is an ongoing research topic. Therefore, we ensure that all curved interfaces
are conforming interfaces. This can be ensured by decomposing final-cut domains
with the same SBP operator and nodes.

In this chapter we discuss the the implementation of the mesh generator in
Section 7.1. Based on this mesh generator, we apply the final simulations of this
work in Section 7.2; the flow around a NACA0012 air foil.

7.1. Mesh Generator Implementation

In this section we discuss the implementation of the mesh generation strategy based
on the cut cell approach and final-cut domain decomposition. In order to obtain a
structured cut cell mesh we first introduce the quadtree data structure in Section
7.1.1. The decomposition of the final-cut domains is discussed in Section 7.1.2.
Without any further modification we are likely to obtain badly shaped elements,
e.g. elements with a very small Jacobian. Therefore, we introduce an element
merging strategy in Section 7.1.3. Also, within the cut cell approach, we obtain
non-conforming interfaces with hanging corners, see Figure 3.9 with an arbitrary
amount of hanging corners. In theory, we know how to couple this elements to
obtain a primary conservative and entropy stable simulation. However, most open
source codes, e.g. FLUXO [46], and the self implemented code within this work
is limited to a "two-to-one" coupling, see Figure 3.10. Therefore, we propose an
additional strategy to ensure a "two-to-one" coupling in Section 7.1.4. With all
these strategies and approaches we present a set of meshes for different types of
complex geometries in Section 7.1.5.

7.1.1. Quadtree Data Structure

The adaptive cut cell mesh generation technique begins with a Cartesian back-
ground mesh. Each subdomain of the background mesh is assigned with a quadtree.
Such a tree consists of leaves with four children. Provided a subdomain of the
background mesh does not interact with the geometry, we set the subdomain to
be a Cartesian element. The quadtree of this subdomain consists of a single leaf
without any children, where the leaf is equipped with the element number. More
interesting is the structure when the subdomain of the background mesh interacts
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with the geometry. As the background subdomain is divided into four smaller
subdomains, we set the root of the quadtree to have four children where each child
is a representative of one smaller subdomain. If a smaller child subdomain hits
the geometry, we equip the corresponding leaf with another four children. Other-
wise, the smaller child subdomain does not touch the geometry and we define an
element. Therefore, the corresponding leaf does not have any children and is at-
tached with the element number (or a default value if the subdomain is completely
within the geometry). We repeat this recursive process depending on the number
of refinement levels. Thus, the height of the corresponding quadtree depends on
the number of refinement levels. An example of a mesh and its resulting quadtree
with two refinement levels is given in Figure 7.9 and 7.10.

5 \
-1
: : e o ‘ °

Figure 7.9.: Generated non- Figure 7.10.: Corresponding struc-
conforming mesh tured quadtree. The
equipped with ele- blue nodes denote the
ment/subdomain Cartesian  elements.
numbers. The red nodes denote

a curved subdomain.

Here, we need to pay special attention to the curved subdomain attached with
the number —1. The negative sign denotes that we are on a final-cut domain
where each final-cut domain is attached with a different negative number. As
such domains are not necessarily quadrilaterals, as in Figure 7.9, we decompose
the domain as described in Section 7.1.2. Therefore, during the mesh generation
process, we store all curved elements within a Curvlist. This Curvlist maps the
negative final-cut domain number to the numbers of the corresponding curved
elements. Additionally, the curved elements store the negative number of the
final-cut domain and the leaf position within the quadtree. Based on the Curvlist,
we obtain the element neighbors by simply moving along the structured quadtree,
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which is a benefit of structured meshes.

7.1.2. Final-Cut Domain Decomposition

In this section we discuss possible curved quadrilateral element decomposition
strategies of final-cut domains. Here, we make the following assumptions

e A geometry, e.g. a cylinder, is not fully inside a final-cut domain. Thus, the
geometry and the final-cut domain always intersect.

e When considering a flow around more than one geometry, e.g. air foil with
multiple components (see Section 7.1.5), we assume that only one geometry
cuts a final-cut domain.

Both of these assumptions are reasonable considering a fine mesh resolution near
the geometry surface and thus, small final-cut domains.

Within our code we implement numerous decomposition strategies depending
on how the geometry hits the final-cut domain. Here, we present some of the most
common decomposition techniques in Figure 7.11 based on a smooth geometry.

(a) One corner is covered by (b) Two corners are cov- (c) Three corners are covered

the geometry. Decompose ered by the geometry. by the geometry. Decom-
the final-cut domain into Here, a decomposition pose the final-cut domain
two curved quadrilateral of the final-cut domain into three curved quadrilat-
elements. is not necessary as the eral elements.

resulting polyhedral is a
curved quadrilateral el-
ement.

Figure 7.11.: The three most common decomposition strategies. The geometry is col-
ored grey. All resulting elements within the final-cut domain are curved
quadrilateral elements.
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For small final-cut domains the geometry generally covers one, two or three cor-
ners of the Cartesian subdomain. Depending on the the number of corners the
remaining final-cut domain represents a different type of polyhedral with five, four
or three corners. As our code is restricted to elements with four corners, we de-
compose the final-cut domains as presented in Figure 7.11 such that only curved
quadrilateral elements remain. Additionally, we implement decomposition strate-
gies when the geometry interacts with the subdomain but does not cover a single
corner or covers all corners. However, this scenario is unlikely when considering
small final-cut domains.

Remark 18. In Figure 7.11 (¢) we obtain hanging corners which can lead to h
non-conforming interfaces. However, even though the elements are curved, the
interface with the hanging corner is straight. Therefore, the metric terms on the
interface remain constant and thus, we can couple elements in an entropy stable
way as done for Cartesian elements.

Besides checking if the corners of the Cartesian subdomain are in- or outside of
the geometry, we need to check if the interfaces between two non-covered corners
are cut by the geometry. Also, it is necessary to check if a interface between two
covered corners is not fully covered by the geometry, see Figure 7.12.

4/ 2

(a) The geometry cuts an  (b) The geometry does not
interface between two fully cover an inter-
non-covered corners. face between two cov-

ered corners

Figure 7.12.: Special cases of the geometry cutting a Cartesian subdomain.

All the above presented decomposition strategies assume a smooth geometry.
For geometries with sharp corners, e.g. the tail of an air foil, we need to consider
different decomposition techniques. Within our code we implemented decomposi-
tion strategies where the final-cut domain can have up to one sharp corner. An
example is given in Figure 7.13.
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Figure 7.13.: The geometry with a sharp corner cuts the Cartesian subdomain. The
final-cut domain is decomposed into four quadrilateral elements.

In our code we stored the sharp corners in a Cornerlist. So, if a sharp corner from
the Cornerlist is within a final-cut domain, we consider a different decomposition
strategy. In this work we only considered geometries where the exact position of
a sharp corner is known. For arbitrary geometries, however, the amount of sharp
corners can be numerous and apriori not known. Algorithms for detecting sharp
corners can be found in [75, 125].

The interface curves of the remaining curved quadrilateral elements are approxi-
mated by a polynomial of degree p, where p denotes the degree of the differentiation
matrix within the curved element. For more, details see Appendix A.1. Based on
the presented strategies we obtain non-conforming meshes for flows around com-
plex geometries as a cylinder, NACAQ0012 air foil and an air foil with multiple
components. However, within this mesh generation strategy we can obtain badly
shaped elements. Therefore, we discuss the element merging technique to improve
the overall mesh quality in the next section.

7.1.3. Element Merging

For meshes with badly shaped elements a very small explicit time is necessary to
obtain a stable simulation. In this section we focus on avoiding such badly shape
elements within our mesh. Let F denote an arbitrary element. To indicate if an
element is baldy shaped, we introduce an indicator function ® with ® : £ — [0, 1].
An element is said to be badly shaped if the indicator function is smaller than a
certain tolerance ®,,;,. Mathematically speaking, an element is badly shaped if

B(E) < By (7.1)
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Here, we discuss the choice of the indicator function ®. On curved meshes the
time step is defined by the C'F'L condition

CFL Imin

At =
man{Nj + 1} )\max’

(7.2)

where J,,;, denotes the minimum Jacobian over all elements, N; + 1 denotes the
number of nodes in the j-th element and \,.x denotes the maximum eigenvalue of
the flux Jacobians over all elements. In order to increase the time step defined by
(7.2) we seek for curved elements with a large minimum Jacobian. However, small
Jacobians are indispensable when considering a fine discretization at the geometry
surface. Therefore, we define the indicator function ® by the ratio of the minimum
and maximum value of the Jacobian J(E) on the element £

min; j—o,..n J(E);;

O(E) := (7.3)

max; j—o,...,N J(E)ij .

This indicator function can also be found in the verdict library [108]. When
focusing on a Cartesian element it holds ®(£) = 1 independent of the element
size, as the Jacobian remains constant on all nodes within the element. For curved
clements it holds that ®(F) < 1.

Remark 19. Within the verdict library [108] their are numerous different types
of indicator functions based on triangular/tetrahedral or quadrilateral /hexahedral
elements.

With the indicator function (7.3) and a given limit ®,,,;, we discuss how to avoid
badly shaped elements in the mesh. Each curved element has stored the position
of the its final-cut leaf within the quadtree, see Section 7.1.1. Assuming that we
consider more than one refinement level within the mesh generation process, the
final-cut leaf always has a parent, see Figure 7.14 and 7.15. The idea of avoiding
badly shaped elements is to merge the corresponding final-cut domain with all its
siblings into one element. The new final-cut domain is stored on the parent node.
As this domain is larger than before, the corresponding decomposed elements are
more likely to have a better shape, see Figure 7.16 and 7.17. If the new elements
are still badly shaped, we apply the same strategy again by merging elements.
This recursive process is repeated until all elements are not badly shaped or until
the whole quadtree is merged together to a single root.

Remark 20. When merging a final-cut domain special attention must be paid if
the neighbor is also a final-cut domain. In order to obtain at least a "two-to-one"
coupling between the elements of these two domains, it can be necessary to merge
the neighbored final-cut domain even if it is well shaped. Even though we focus
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Figure 7.15.: The badly shaped ele-
ments are represented
by the leaf number —1
in the quadtree.

Figure 7.14.: A non-conforming
with two refinement
levels. We obtain
badly shaped ele-
ments in the final-cut
domain  with  the
number —1.

on curved elements we can handle "two-to-one" couplings in an entropy stable way
as two neighbored final-cut domains are connected by a straight line, see Remark

18.
.1 ()
6
| 2 O ©® @O ©
Figure 7.17.: Corresponding struc-
tured quadtree. The
former final-cut do-
Figure 7.16.: Generated non- main and its siblings

conforming mesh
with better shaped
elements due to the
merging procedure.
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7.1.4. Two-to-One Coupling

In this section we discuss how to ensure a "two-to-one" coupling as in Figure 3.10.
With such a coupling an element can only have up to two neighbors on an in-
terface. This simplifies the implementation of the non-conforming entropy stable
simulation. Here, the quadtree structure of the mesh is helpful to guarantee a
"two-to-one" coupling.

We demonstrate the procedure by focusing on an element F,. This element is
represented by a leaf with a corresponding height within the quadtree. Due to the
structured quadtree we can easily identify all the neighbor elements. If a neighbor
element has the same height, than F, and its neighbor element have a conform-
ing interface or, in other words, we have a "one-to-one" coupling. However, if the
height of E, and its neighbor differs by one refinement level, then the elements
are connected by a "two-to-one" coupling. Again, we can see the advantages of cut
cell mesh as the quadtree describes how elements are coupled with each other.

Here, we discuss the issue when the element E, and its neighbor differs by more
than one refinement level. Here, we do not have a "one-to-one" and "two-to-one'
coupling, see Figure 7.18 and 7.19.

w
ﬁ& E E
y b

Figure 7.19.: The  corresponding
structured quadtree.
Here, the height of
FE, and the neighbor
elements F, and FE,
differ by two.

Figure 7.18.: Generated non-
conforming where the
element E, has more
than two neighbors
at the top interface.

In Figure 7.18 we see that £, has three neighbors at the top interface (E,, E, and
E,). Therefore, a "two-to-one" coupling is not possible. This can also be observed
by looking at the corresponding quadtree in Figure 7.19 as the leaf height of F,
and the neighbors E,, F, differ by two. Therefore, we need to modify our mesh.
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The modification is obtained by subdividing the element E, into four subelements
as in Figure 7.20 and 7.21.

E
jﬁ E, E, "
Ex Ex
EX EX
Figure 7.21.: The  corresponding
structured quadtree.
Figure 7.20.: Subdivide FE, into Here, the height of
four smaller elements. E,,,...,E;, and the
Here, we obtain a neighbor elements
mesh with a "two-to- E,, E., E, only differ
one" and "one-to-one" by one refinement
coupling. level or are the same.
Due to the subdivision we obtain four new elements E,,, ..., E,, in Figure 7.20.

We interpret this subdivision in the quadtree in Figure 7.21 by attaching four
children to the leaf of E,. Therefore, the height of E,, and the neighbor elements
E,, E, only differ by one, which indicates a "two-to-one' coupling. In addition,
the height of E,, and E, are the same, which indicates a conforming interface
("one-to-one" coupling) between the two elements, see Figure 7.20.

For this example we subdivided the element E, once into four smaller elements.
In general, a subdivision can be done multiple times depending on the height of
the element leaf and its neighbour. With this recursive process we ensure a "one-
to-one" or "two-to-one" coupling.

7.1.5. Non-Conforming Meshes for Complex Geometries

Based on the presented mesh generation strategies in Sections 7.1.1-7.1.4 we gen-
erate numerous meshes. First we present meshes around a cylinder in 2 =
[0,1] x [0,1]. The center of the cylinder is set to (%, %) with a radius of 0.15.
The Cartesian background mesh is constructed by Ng, x Ng, subdomains with
Ng, = Ng, = 4. We chose to have eight refinement levels for the mesh. On each
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element of the mesh we define DG operators of degree p = 3. To finally obtain
the resulting mesh we need to specify the limit ®,,;, in order to determine if an
element is badly shaped (7.1). Here, we generated three different meshes with
®,in = 0;0.1;0.2 in Figure 7.22
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Figure 7.22.: Generated non-conforming meshes with LGL nodes surrounding a cylinder
with three different ®,,;, values.

In Figure 7.22(a) no element merging has been done. Here, we have a very finer
resolution near the cylinder surface. However, as we set ®,,;, = 0, elements can
occur which drastically reduce the time step for explicit time marching. When
increasing ®,,,;, = 0.1 as in Figure 7.22(b) we obtain a less fine mesh at the cylin-
der surface, but therefore the elements are better shaped. Finally, considering
®,,in = 0.2 as in Figure 7.22(c) we obtain a coarse mesh with even better shaped
elements. For all the elements F in Figure 7.22(a)-(c) it holds ®(E) > @,

Next, we presented meshes around a NACA0012 air foil in Q = [—1.05,1.95] x
[—2,2]. As for the cylinder we set the Cartesian background mesh to have N, x
Ng, subdomains with Ng, = Ng, = 4. Again, we chose eight refinement levels for
the mesh and consider DG operators of degree p = 3 on each element. The three
presented meshes in Figure 7.23 are constructed by setting ®,,,;,, = 0;0.04;0.1. As
for the cylinder we obtain a very fine mesh in Figure 7.23(a), a less finer mesh in
Figure 7.23(b) and a coarse mesh in Figure 7.23(c). All three meshes consist of

well shaped elements (based on the ®,,;, value).

Finally, we present meshes around an air foil with three components. We set
1 = [—1.5,1.5] x[—3, 3]. Here, we choose a larger background mesh to ensure that
all subdomains do not cut two geometries at the same time. We set Ng, = Ng, =
20. Here, we fix the number of refinement levels to six. Considering DG operators
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Figure 7.23.: Generated non-conforming meshes with LGL nodes surrounding a
NACAOQ0012 air foil with three different ®,,,;, values.

of degree p = 3 on each element and ®,,;, = 0;0.01 we obtain the meshes in Figure
7.24(a)-(b).
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Figure 7.24.: Generated non-conforming meshes with LGL nodes surrounding air foil
with three components. Here, we considered two different ®,,,;, values.

The mesh in Figure 7.24(a) is very fine at the element surface. However, when
increasing ®,,;, to 0.01 we obtain final cut domains which consists of curved ele-
ments which are conforming with the background mesh in Figure 7.24(b). Also, our
code could not ensure that these curved elements are well shaped (some elements
E exist with ®(F) < ®,,;,). Further element merging of the final-cut domains is
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not possible as the corresponding quadtree only consists of a single root. Here,
different decomposition strategies need to be taken into account to obtain a mesh
with well shaped elements.

Here, we demonstrated the speed and the simplicity of the mesh generator. We
highlight, that all the meshes have been generated using the same code by only
changing the geometry data. This again shows that the generator is fully adaptive
independent of the corresponding geometry. For meshes, e.g. air foil with three
components, we need to consider different decomposition techniques to obtain a
mesh with well shaped element. Defining these decomposition strategies is left for
future work.

7.2. Application: Flow around a NACAQ0012 Air Foil

In this section we apply the primary conservative and entropy stable SBP Flux
Difference scheme on the generated non-conforming cut cell mesh with final-cut
domains decomposed into curved elements. Here, the discretization on Carte-
sian elements is given by (4.64), where as the discretization on curved elements
is presented in Appendix A.2. Here, we point out the advantageous features of
non-conforming meshes. Therefore, we focus on the two dimensional compressible
Euler equations defined in (4.99). The numerical volume fluxes are set to be the
Ismail-Roe fluxes and the surface fluxes are set to be the non-conforming Ismail-
Roe fluxes with interface dissipation (4.88).

For the final application, we consider the NACAQ0012 air foil. We are interested
in the fluid flow at the surface of the air foil. Therefore, the cut cell mesh with
curved elements is well suited as it has a fine resolution at the air foil surface and a
coarse resolution in the far field. We consider the domain Q = [—4;4.55] x [—4;4]
and choose the Cartesian background mesh to consist of 4 x 4 subdomains. The
number of refinement levels is set to four. We detect badly shaped elements by
choosing ®,,;, = 0.02. On all elements we consider DG operators. However, it
would be possible to consider any other SBP operator to obtain a primary con-
servative and entropy stable simulation. For all elements defined on the Cartesian
background mesh (elements at the zero-th refinement level) we set the operators
to have a degree of p = 3. All refined elements have a degree of p = 6. Thus, we
obtain a fully h/p non-conforming mesh. The resulting mesh is given in Figure
7.25. The mesh in Figure 7.25 consists of DOF'S = 1760. Here, we observe coarse
elements near the boundary of the domain and fine elements near the geometry
surface. Generating a conforming mesh with the same properties is cumbersome
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Figure 7.25.: Non-conforming mesh to simulate a flow around a NACAQ0012 air foil. The
mesh consists of DOFS = 1760.

as they are instructed to remove any hanging corners. In addition, conforming
meshes need to consider the same SBP operators with the same degree and thus,
considering lower degree SBP operators on elements in the far field is not possible.
The simplest approach of generating a conforming mesh around the NACA0012
air foil is given by considering the cut cell technique without any refinement levels.
Decomposing the final-cut domains into curved elements at the zero-th refinement
level gives us a conforming mesh as in Figure 7.26. In order to obtain the same res-
olution at the surface of the air foil as in Figure 7.25 we set the background mesh
to consist of 16 x 16 Cartesian subdomains. By defining DG operators of degree
p = 6 on each element the resolution of the surface elements in Figure 7.25 and in
Figure 7.26 are the same. Here, the conforming mesh consists of DOF'S = 12740
which is seven times more DOF'S as for the non-conforming mesh. With these
two meshes we simulate a flow around a NACAO0012 air foil.
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Figure 7.26.: Conforming mesh to simulate a flow around a NACAOQ012 air foil with
DOFS = 12740.

We set the constant initial conditions to be

1

vy | | cos(0)

o | = [ sino) | (7:4)
1

P y(Ma)?

with adiabatic coefficient v = 1.4, Mach number Ma = 0.3 and 6§ = 0.0349066.
We consider Dirichlet boundary conditions defined by (7.4). At the surface of the
air foil we define reflecting boundary conditions

reflect o~
2 |- 2(nqvy + navy )Ny (7.5)
Vs : vy — 2(nvy + novy )ng |7 :
P P~

where (p~, vy, 5, P7) denote the inner state and m = (ny,ny)7 denotes the out-
ward pointing approximated normal vector. We set T'= 0.5 and C'F'L = 1. Note,
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that we do not reach a steady state. However, reaching a steady state is not nec-
essary to demonstrate the advantages of non-conforming meshes. The simulation
results of a flow around the NACAO0012 air foil are given in Fig 7.27.

1.03
1.02

1.01

0.97

(a) Non-conforming mesh. (b) Conforming mesh.

Figure 7.27.: Plot of the density p at T'= 0.5 on two different meshes.

Here, we plotted the density with the mesh to distinguish between the con-
forming and non-conforming simulation. For both simulations we obtained the
following CPU run times

e Non-conforming simulation: 2873 seconds,
e Conforming simulation: 17632 seconds.

Here, the CPU run time for the conforming simulation is six times more expensive
than the non-conforming simulation, presumably due to the reduced number of
DOFS. A factor of six is a significant speed up which demonstrates the beneficial
properties of non-conforming meshes.

Besides focusing on the CPU run time we are interested in the fluid behaviour.
Here, comparing these two plots we notice slightly more smearing of the density
in the far field on the non-conforming mesh. This result was predictable as the
non-conforming mesh has a coarser resolution in the far field. For analyzing the
flow behaviour at the surface of the air foil we zoom in the plots of Figure 7.27.
The zoomed in plots are presented in Figure 7.28.
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(a) Density on a non-conforming mesh. (b) Density on a conforming mesh.

Figure 7.28.: Plot of the density p at T = 0.5 on two different meshes. The plot is
zoomed in on [—0.5,1.5] x [—0.75,0.75].

Here, we do not plot the interface lines of the mesh in Figure 7.28(a) and (b)
as these are the same for both meshes near the geometry surface. For both plots
we cannot see any difference in the eyeball norm, despite the fact that the non-
conforming mesh has a coarse mesh resolution is the far field. So, we obtain the
same results at the air foil surface (with the naked eye) for both meshes. However,
we generated these results more than six times faster on a non-conforming mesh.

7.3. Summary

In this chapter we introduced a modified cut cell approach for generating non-
conforming meshes around complex geometries, e.g. a cylinder or an air foil. Typ-
ically, cut cell meshes are constructed for low-order schemes on Cartesian meshes.
Therefore, we introduced curved elements near the surface of the complex geome-
try to obtain a high-order mesh representation. Here, the surface is approximated
by degree p polynomials, where p denotes the degree of the SBP operator. The cut
cell approach is advantageous, as it is a fully adaptive and fast method generating
structured meshes around complex geometries.

We discussed the implementation of the cut cell method using a quadtree which
gives a fully structured Cartesian mesh. Decomposing the final-cut domains into
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curved elements we obtained a mesh with a high-order approximation of the surface
of a complex geometry. Additionally, we introduced further mesh modification to
obtain better shaped elements and an easier implementation. With the generator
we presented non-conforming meshes around cylinders and air foils with multiple
components.

Finally, we applied the non-conforming primary conservative and entropy stable
SBP scheme to simulate a flow around a NACAO0012 air foil. Here, we consider
a conforming and a non-conforming mesh. Due to the cut cell approach the non-
conforming mesh had a coarse resolution in the far field and a fine resolution at
the geometry surface for the non-conforming mesh. As conforming meshes are less
flexible all elements are instructed to have the same fine mesh resolution. Thus, by
constructing a conforming mesh in the same simple fashion as the non-conforming
mesh, we obtain seven times more degrees of freedom. However, when comparing
the flow at the air foil surface both simulations show the same fluid behaviour, see
Figure 7.28. Comparing the CPU run time, the non-conforming simulation was
six times faster than the conforming simulation. Thus, we obtain a large reduction
of computational costs considering non-conforming elements.
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In this work we introduced high-order primary conservative and entropy stable
summation-by-parts (SBP) schemes for systems of hyperbolic conservation laws.
Such methods have been developed over the last years. However, most methods
rely on a point-to-point transfer at the interfaces between two elements for which
the mesh flexibility is limited. Therefore, we described how to extend high-order
primary conservative and entropy stable schemes to a non-conforming mesh.

This work began focusing on the simplest conservation law: the linear advec-
tion equation (or LAE). Based on the LAE we introduced finite difference SBP
operators (FD operators) and the multi-block SBP-SAT discretization to obtain a
primary conservative and energy stable scheme in Chapter 2. Besides focusing on
finite differences we introduced a discretization based on a discontinuous Galerkin
approach. Even though finite difference and discontinuous Galerkin follow a dif-
ferent motivation, both presented approaches in this work belonged to the class of
SBP schemes. This indicates the broad variety of SBP methods. Besides focusing
on FD and DG operators we introduced the HGTL operators.

We extended the SBP scheme to a h/p non-conforming mesh in Chapter 3.
As the construction of entropy stable methods on curved meshes with h non-
conforming interfaces is still not known, we purely focus on Cartesian elements. In
order to connect the non-conforming elements we introduced projection operators.
Focusing on the construction of these operators we discussed the importance of the
M-compatibility condition to ensure energy/entropy stability. Unfortunately, the
compatibility condition occurs a degree reduction of the projection operator due to
the accuracy of SBP norm matrices. Therefore, we introduced degree preserving
SBP operators for which the corresponding projection operators is of the same
degree as the differentiation matrix. Thus, considering such SBP operators the
non-conforming scheme obtained the same convergence rate as on a conforming
mesh.

For non-linear conservation laws deriving high-order primary conservative and

entropy stable schemes is more complicated, as discussed in Chapter 4. Here,
we introduced split forms and corresponding skew-symmetric discretizations. A
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breakthrough within the research field of high-order entropy stable methods is the
SBP Flux Difference method which requires no knowledge of an explicit skew-
symmetric form. However, in certain cases, as for the Burgers’ or the Shallow Wa-
ter equations, the SBP Flux Difference method recovers known skew-symmetric
discretizations. Additionally, we verified the robustness of entropy stable schemes
by comparing simulations of the SBP Flux Difference method with the standard
SBP discretization.

Next, we discussed non-conforming schemes for non-linear conservation laws.
A state-of-the-art scheme is the Mortar method which is primary conservative,
but not entropy stable. To obtain an entropy stable scheme for non-linear con-
servation laws on non-conforming meshes, we extended the SBP Flux Difference
scheme to h/p non-conforming Cartesian meshes in Chapter 5. Here, we combined
the ideas of Chapters 3 and 4. Additionally, we paid special attention to the inter-
face coupling. In order to avoid non-linear projection terms we consider pure linear
projections of the numerical surface flux. Thus, the proof of primary conservation
and entropy stability was done in a one-to-one fashion as for linear conservation
laws. Again, we demonstrated the enhanced robustness of entropy stable schemes
by comparing simulations of the non-conforming SBP Flux Difference scheme with
the Mortar method.

All presented schemes in Chapters 2-5 concerned semi-discrete schemes. Thus,
when applying time integration methods with a large time step we introduce tem-
poral errors which can lead to an unpredictable behaviour of the entropy. There-
fore, we introduced the fully-discrete space-time entropy stable method in Chapter
6. The main idea is to discretize the temporal derivative in a similar fashion as for
the SBP Flux Difference scheme specifying numerical volume and surface states
for the numerical solution. The high-order primary conservative and entropy sta-
ble SBP space-time method can be applied on conforming and non-conforming
elements. For non-conforming elements we obtain the additional flexibility to con-
sider different nodal distributions in time for different elements. Besides all these
advantageous results the SBP space-time method has high computational costs
because it is fully implicit. Thus, from a today’s point of view we recommend to
consider semi-discrete schemes.

In order to obtain non-conforming meshes around complex geometries we in-
troduced a mesh generation strategy based on a cut cell approach in Chapter 6.
By introducing conforming curved elements at the geometry surface and element
merging/refinement strategies we obtained meshes around cylinders and air foils.
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As a final application we simulated a flow around a NACAO0012 air foil using the
high-order primary conservative and entropy stable SBP Flux Difference scheme.
Here, we focused on a non-conforming as well as a conforming mesh, where both
meshes had the same refinement at the geometry surface. For both simulations we
could not see any differences of the flow behaviour near the surface of the air foil.
However, the non-conforming simulation was about six times faster and its mesh
had seven times less degrees of freedom than the conforming mesh.

8.1. Conclusion

Entropy stable schemes are beneficial as they have enhanced robustness. When
deriving high-order primary conservative and entropy stable schemes it is a suit-
able choice to consider SBP operators. These operators discretely mimic the
integration-by-parts rule. Here, we introduced FD, DG, HGTL and DP opera-
tors. All these operators had advantageous features as small errors, large stable
time steps or a higher accurate norm matrix demonstrated in Sections 2.3, 3.5, 4.3
and 6.2. The choice of the "best" operator depends on the user preferences (CPU
run time versus accuracy), problem (linear or non-linear problem) and mesh (con-
forming or non-conforming mesh). However, as long as the operators are SBP
operators we obtain a high-order primary conservative and entropy stable scheme.

At the beginning of this work, we asked the question if it is possible to maintain
the properties of a conforming SBP scheme (e.g. SBP Flux Difference scheme) as
convergence order, primary conservation and entropy stability to a non-conforming
mesh. The answer to this question is: yes!

Non-conforming elements are advantageous. We obtain the ability to arbitrary
refine elements independent of their neighbours. Therefore, we can control the
mesh resolution, e.g. a fine resolution near a geometry surface and a coarse reso-
lution in the far field as in Chapter 7. Compared with simulations on conforming
meshes the use of non-conforming methods can lead to a massive savings of CPU
time. Additionally, as the interfaces of non-conforming elements to do necessar-
ily have to coincide the issue of mesh generation becomes much simpler. Further
flexibility is given as we can switch between different SBP operators on differ-
ent elements within the same simulation. Therefore, it is reasonable to consider
non-conforming elements in future work.
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8.2. Outlook

Within all numerical schemes presented in this work we relied on the use of SBP
operators. The development of such operators is ongoing research, especially con-
structing degree preserving operators for non-conforming applications. Due to the
work of Ranocha [99] and Chan [17] it is possible to consider SBP operators where
the boundary points are not included and thus, additional degrees of freedom are
given which can be optimized.

From a practical point of view a large range of problems are defined in three
dimensional space. Therefore, further implementations must be done, e.g. for
the mesh generation strategy we need to extend the quadtree to an octree and
to consider decomposition strategies for final-cut domains in a three dimensional
domain. In general, further decomposition strategies should be considered even
for two dimensional meshes in order to obtain better shaped elements. However,
due to use of the tensor product, the theory on entropy stable schemes and non-
conforming elements does not change. Especially, the development of a higher
dimensional primary conservative and entropy stable code is necessary for space-
time applications. In order to speed up the space-time code further investigations
need to be done. A possibility is the use of suitable preconditioners to solve the
linear system for the numerical solution.

In the research field of non-conforming elements the next milestone is to derive
primary conservative and entropy stable schemes which can handle curved inter-
faces with hanging corners (h refinement). This would include further flexibility
for the mesh generation, e.g. by including a non-conforming boundary layer. Thus,
investigations on non-conforming elements is still ongoing research.
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A.1. Primary Conservative and Energy Stable Discretization
for the Linear Advection Equation on Conforming Curved
Elements

Herein, we provide a primary conservative and entropy stable discretization of
the two dimensional LAE on a curvilinear, conforming mesh. The standard SBP
discretization (2.129) is insufficient as the non-constant metric terms introduce
non-linearities as e.g. F = ald can be interpreted as a non-linear term. Therefore,
we consider a skew-symmetric discretization is in Section 4.1.1. We focus on the
transformed two dimensional conservation law (2.121) with F = alf and G = b

ou o) o)

J— =0. Al
o T o T oy (A1)
with a := %a — g—f]b and b := g—zb — g—ga. Due to the product rule an algebraically

equivalent form of (A.1) is given by

ou 1oau 1 ( o . oa\  1obd 1 [(;ou . b

J—+-—— + -0 +U= ——— + - [b—+U—]=0. A2

8t+28§+2<a8§+ ag) 28n+2<8n+ an> (A4.2)
Instead of discretizing (A.1) we focus on (A.2). Using the tensor product the two

dimensional discretization on an element with N + 1 nodes in &- and 7-direction

we get

aui-
Jijwiwja—t] + w]'(D[L')ij + wz(Dy>zg = 0, (A3)
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where u;; denotes the discrete solution for 7,5 = 0,..., N and

(DLL’ <Z szam]umj + &p Z szumj + Ui Z sz )

- (5iN[apu_f*] '—5i0[apU—f ]Oj)

. (A.4)
(Dy 5 <Z Qjm imWim T b@] Z Q]muzm + Ujj Z Q]m 1m>
— (8w [PPu— 7w — 6j0[bpu — i)
with 4,7 = 0,..., N. Here, @ and b are defined by
N oyP oxP ~ oxP oyP
P2 g———b Wi=-—"b——a. A.
T e’ " (A5)

The terms 2P, y? are physical coordinates of the curved element approximated by
a polynomial of degree p, where p denotes the degree of the differentiation matrix
D [65]. As xP,y? are of degree p we can evaluate their derivatives exactly using
the differentiation matrix D

Z Dzm mja 71; = Z Djm<xp>im>
a m=0 " (A.6)
3/1 Yji
] = Z Dzm mj7 = Z D]m zmv
on
with 4,7 = 0,...,N. In terms of readability we set z = 88—5'?7% = %ﬁ]p,yg =

%y;,yn = aa—:, which are denoted as approximated metric terms. As xP yP are
smooth functions it holds due to Schwarz’ theorem
o0y 00y
o On  On OF’
00w _ 0 0w A0
o& an - on 9

In addition, as xP, y” are of degree p an algebraically equivalent representation of

(A.7) is given by
N N

2_:0 Dirn (Y)m; = Z_:O D (e )i (A.8)
and N N
Z_:O Dim () m; = Z_:O Djim (¢ )im (A.9)
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with 4,5 = 0,..., N. The equations (A.8) and (A.9) are denoted as metric identi-
ties, and are indispensable for proving free stream preservation and energy stability
as shown below.

Remark 21. We do not consider the exact metric terms, as these can be described
by an arbitrary function (and not by a polynomial of degree p). Thus, they do not
necessarily satisfy the metric identities (A.8) and (A.9).

First, we verify that discretization (A.3) is free stream preservative, meaning that
when the initial solution is constant, then the solution should remain constant over
time. Mathematically speaking, 88;” ;i constant for
all i,7 =0,...,N. Setting all u;; = 1 we look at Dz, Dy:

(Dx <Z szamj + al] Z Qim + Z leam]> )

m=0
N
Dy)lj :i (Z Qjmb]igm + bfj Z Qjm + Z Qmefm> :
m=0 m=0 m=0

The surface terms vanish as we assume that the numerical flux is consistent, mean-
ing f*(1,1) = f(1) = a?. As we consider SBP operators of degree p > 0, we know
that >N _ Qi = 0 which yields

(A.10)

N N -
m=0

m=0

Including this in (A.3) we get

0
Jijwiw; g wj Z Qimn,; + wi Z Qjmbl, = 0. (A.12)

Since Qjm = w;Djm we divide by w;w; and obtain

3uz N -
Jij atj + Z Dimiby; + > Db, = 0. (A.13)
m=0 m=0

(A.14)
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Due to the construction of the discrete metric terms the metric identities (A.8)
and (A.9) hold and we obtain

0u ij
Y=, A.15
ot ( )
for 7,7 =0,..., N. Therefore, a constant solution remains constant over time.

Secondly we will proof conservation for the primary quantity. Therefore, we
consider discretization (A.3) and sum over all nodes i, 7 =0, ..., N to approximate

au
the integral over %7

auw N N N N
Z wale ot ij' Z(DI)U + Zw,- Z(Dy>lﬂ = 07 (A16)
1,j=0 j=0 i=0 1=0 j=0

We focus on
N

1 N
Z(D-T 5 Z (Z szam]um] + az] Z szum] + U Z szam]>
=0 =0 (A.17)
N ~ ~
— Z ((SiN[fLu — f*lnj — diolau — f*]Oj) :
i=0
Setting w.; == (ug, ..., uy;)" and @ := (dg;, .. .,ay;) we can rewrite (A.17) by
N
Loy ~T TOsA
g(m)“ "2 (17Q (@ 0 wy) + ajQu,; +ujQay) (A.18)

— [aw — f*]w; + lau — oy,
where o denotes the Hadamard product (elementwise multiplication). We focus on

the volume parts of (A.18) and as we consider SBP operators we know Q+QT = B
with B = diag(—1,...,+1) which gives us

].TQ (d:j e} u;j) = deuNj — fLOjUOj —+ (&:j O 'll,:j)T Q]. = CNLNjUNj — CNLOjUOj, (A19)

—
-0
and
&5Q’LL;j + qud;j = &?;-Q'u:j + &5QT’U,;J' = deuNj — dojUgj. (A20)
Including this in (A.18) we get
N ~ ~
;(Df’?)m’ =anjunj — ojuoj — [au — f*]nj + [au — [*]oj, (A21)

:f;/j - fgj'
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By doing the same derivations for Zj-VZO(Dy)ij we get

N
> _(Dy)ij = Gin — Fio- (A.22)
=0
All together this gives us
N ou. N 5 3 N
> i+ 3o w; (Fiy = Jo;) + Do wi (i — Gig) = 0. (A.23)
i,j=0 =0 i=0

Next, we focus on the growth of the primary quantity on the interior interfaces.
Focusing on an interface with respect to f* we get

N N
U = =Y wifuy + > wife (A.24)
=0 j=0

Note, that w; does not have a superscript index L or R as we focus on a conforming
mesh and thus all SBP operators in each element are the same. On a conforming

mesh we set f;* = N]’QJL = fgﬁ and obtain
N N
[Ut = — ijf; + Z w]'f; =0. (A25)
=0 =0

So the terms which remain to describe the growth of the primary quantity are
defined on the boundary. This indicates primary conservation. Note, that this
holds independent of the choice of the numerical surface flux.

Next, we will proof energy stability. Therefore we multiply (A.3) by the solution

u;; sum over all 4,7 = 0,..., N to approximate the integral of % (%Zﬂ)
N 9 /1 N N N N
Z Jijwiw]'a <2u22]> + Z Wi Z UU<D$)Z] + Z W; Z u”(Dy)U =0. (A26)
i,j=0 j=0 =0 =0 j=0

We focus on
N
> ug(Dx)s
i=0

1 N N N N N N
=5 (Z wij Y Qimlmjtimy + Y Wiglig D Qo + Ui D Qimamj> (A.27)
=0 m=0 =0 m=0 =0 m=0
N

— Zuij (51'N[du - f*]Nj — diplau — f*]()j) ;
i=0
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or in a more compact matrix vector notation we get

Due to the SBP property we know
~ ~ T ~ ~
uQ (@, 0 uy) + (w0 @) Qu.; = anjui, — doju;,
which leads to

g:u(Dx) _! (UQ-)TQEL.» — [1du2 - Uf*] + [1&u2 — Uf*] .
P 1) 1] :J 2] 2 Nj 2 0

2

Doing the same derivations we get

N 1 NT ~5 1~ 9 ) .
> wii(Dy)ij = 5 ('u%) Qb;. — [Qbu —ug } + {bu —ug } :
j=0 iN i0

In total this gives us

>3 sy (515)

- ij; (uQJ)T Qa.; — quf — uf*}

J=0

1 ~
+ {duQ — uf*}
Nj 2 0j

—i—iv:w-l(u?) Qb;. —{1 u2—ug] —i—[ll;uQ—ug} .
= 2 v L2 i0

Next, we focus on the volume parts of (A.32) denoted by V P, where

T Nooq T -
j= i=
Rewriting V P and using Q = MD gives us

Z w]wkukj Z kaam] + 3 Z wlwk‘uzk Z ka im-

]kO sz

(A.28)

(A.29)

(A.30)

(A.31)

(A.32)

(A.33)

(A.34)
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Rearranging the sums we get

1N N N -
m=0 m=0

4,j=0

Focusing on the term within in brackets and using a@ = y,,a — x,b and b= Teb—yea
we get

N N . N N
Z Dimdmj + Z D]mbzm = a <Z Dim<yn)mj - Z Djm(?J&)im)
m=0 m=0 m=0 m=0
N N (A.36)
+b (Z Djm (2 )im — D Dim(xn)mj> :
m=0 m=0

= 0.

as we assume that the metric terms satisfy the metric identities (A.8) and (A.9).
Therefore, we get V P = 0 and thus the discrete growth for the total energy reduces
to surface contributions

NN o [1, 1, -
523 Juwergy () = =[5 — |

1 _
+ [&u2 — uf*]
i=0 j=0 2

Ng 0 (A.37)
1- 1-
[ [ v,

Again, we focus on an interior interface. Due to the conformity of the mesh and
get

N N

1 2 ~ 1 2 N
IE, =) w; |:EI, ut)” — ot *’L} - w;j |:EI, uft)” —uftfor A.38
o= 2w [po (W) et =D [ga () et L (A)
setting f; = f;,JL = fg‘ﬁ and ignoring the first index within «”, u®,a and b (as

these are always constant) we get
IE_N 1~ L2 L f* 1~ R2 R Fx A

t—jz:%)wj(2a(u) —uf—§a<u) +u f>j. (A.39)
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Rewriting the contravariant fluxes in terms of f* and g* we obtain

2

N 1
IE, = Y w (2 (yna — ayb) (u")” = u® (g f* — l“ng*))
§=0

J

N
— D w; (; (yya — xyb) (UR)2 +u (y, "~ l‘ng*)> ;
=0

N . . (A.40)
2 2
= wj (yn (2a (uL) —ulfr — 30 (uR) + uRf*>) '
j=0 J
N 1 1
— Zw] (‘,L."7 <2b (UL)2 . U,Lg* _ 5b (UR)2 + U,Rg*)> .
Jj=0 J
We set the numerical fluxes to be
uf 4+ u* Y |a|
f*i=a _( n 7<UR_uL)’
2 f0/2 2/ 2
YL+
T (A.41)

. R+ L _ b
g = 2u —(ﬁ)’;(uR—uL).

Including these fluxes in (A.40) we get

ja] & ( v a )
PPl WA j
|b‘N 33% R L\ 2
_— w u s
> 25 y,%mg( )

(A.42)

So the scheme is provable energy stable and primary conservative on a curvilinear
mesh. To summarize, in comparison to the discretization on a Cartesian mesh,
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we considered a skew-symmetric discretization (A.3). Assuming that the discrete
metric terms satisfy the metric identities (A.8) and (A.9) we proved that the
discretization is primary conservative and energy stable.

A.2. Primary Conservative and Entropy Stable Discretization
for Hyperbolic Systems of Conservation Laws on
Conforming Curved Elements

Herein, we provide a discretization of two dimensional hyperbolic systems with
NEg4 equations on a curvilinear, conforming mesh. The standard Flux Difference
discretization (4.64) is insufficient as the non-constant metric terms introduce fur-
ther non-linearities. Therefore, we consider the two dimensional tensor product
discretization on an arbitrary element with N nodes in x- and y-direction, where
w;; denotes the discrete solution for 4, j =0,..., N (compare Appendix A.1)

Ju,
wj (‘;L] + w;(Dx);; + w;(Dy);; = 0, (A.43)

Jijwz
with
Qim (f#(uija umj) + f#(umj7 uij))
- <5ZN[JE f } 510[f - f*]Oj) )
N
(Dy)ij =3 Qm (97 (wiss wim) + G (wim, wiy) )

— (0551 — G"liv — 60l — G7Jio) -
Here, u, f and g denote vectors of size Ng,. The contravariant fluxes are defined

by

I
M=

(Daz)m .

(A.44)

f = —
P =t =g, (A.45)
9= xeg —yef,
where the approximated metric terms y,,, z,, ye, T¢ are constructed as in Appendix
A.1. Thus, they satisfy the metric identities

Z Dlm y77 Z D]m y§)2m7 (A46)
m=0
and
N N
Z Dim (y)mj = Z Djm (e ) im, (A.47)
m=0 m=0
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Within discretization (A.43) the two point volume flux is defined by

FH(Wig, ) = ()i I (Wi, wmg) — (2)1597 (Wi, my),
. , ., (A.48)
9" (Wij, Wmj) = (2¢)i @7 (Wij, Wmj) — (Ye)i F7 (Wij, wmy).

We note that in comparison to the Cartesian case the two point volume flux is not
symmetric as the metric terms refer to the first entry. Here, we set the volume
fluxes to f# = fi. and g% = gy where these fluxes satisfy the Tadmor Shuffle
condition

(V35 = Vi) Frc(ig, wmg) = (W] = W), (A49)
(Vi = Vmj)" G (Wijs wmg) = (T — V7).

where v denotes the entropy variables and W/, W9 denote the flux potentials.

First we will prove free stream preservation, see Appendix A.1. Therefore we
set all values of f and g to be constant vectors denoted by Cy and C,. Looking
at Dx, Dy we get

(Dx)ij = Y Qum (()1;C5 — (29)55Cg + (Un)miCy — (29)m;iCy) ,
m=0 (A.50)

(Dy)ij = 2_:0 Qjm ((2¢)i5Cq — (Y¢)i;Cr + (¥¢)imCq — (Ye)imCr) -

Due to consistency of the the numerical fluxes f#,g#, f*,§* the surface parts
vanish and the volume fluxes remain constant. Rewriting Q = MD we get (A.43)

= —wiw;j Y Dim (49)iCs — (29)iiCyq + (Yn)miCs — (2)m;iCly) (A.51)

m=0
N
—wiw;j > Djm ((26)i;Cq — (ye)i;Cx + (26)imCyg — (ye)imCl) -
m=0

Dividing by w;w; and rearranging terms we obtain

Jz‘ja;:j =—C5 > Dim ((Wn)i + Wn)mj — We)is — (Ye)im)
m (A.52)
-G Z_O Dim ((e)ij + (w¢)im — (2)ij — (%) myg) -

10
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As the differentiation matrix is of degree p > 0 we know ZN —o Dim = 0 and thus

ou;;
Jijaitj - C_f (Z Dzm yn Z Dzm y§ zm)

m=0 m=0

N (A.53)
(Z Dim(z¢)im Z Dim( :1:,7 ) )
Due to the metric identities (A.46) and (A.47) we obtain
aui]’
— =0 A4
at Y ( )

which indicates free stream preservation.

Secondly we will proof conservation for the primary quantities. Therefore we

sum (A.43) over all 4,j = 0,..., N to approximate the discrete integral of %—Lt’
N ou.. N N N N
> By gt + 3w S (Daky+ Y w S (Dy)y =0, (A5
i,j=0 j=0 =0 i=0  j=0

Focusing on Z” owj(Dx);; we get

N N ~ N N ~
Z(Daf)i]‘ ZZ Z Qimf#(uij7umj) + Z Z Qimf#(umjauij)
i=0

=0 m=0 =0 m=0
" (A.56)

Z(mf Flvi = 0l = Floj) -

Using the SBP property Q = B — QT we obtain

N N N _ N N _
Z(Dw>ij = Z Z Qimf#(uijaumj) - Z Z sz’f#(umja uz‘j)
i=0

o ) =0 ’fzo ) o (A.57)
+ Z Z Bz‘mf#(umj7uz‘j) —[f = FIn; +1f = Flojs
=0 m=0

By rearranging indices the two sum with Q included cancel each other out and
due to the structure of B = diag(—1,0,...,0,+1) and the consistency of f# it
remains

;(Dw)ij = flun;) — fluoy) = If = Fn; + I = Flos, (A58)

= f]tf] - fgj'

11
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By doing the same derivations for Z;VZO(Dy),»j we get

N
> (DY)ij = giv — G (A.59)

j=0

All together this gives us

N N 8u” N N N N
Z Z Jijwiw; o ij.fNj + ijfo]' - Zwiguv + Z%‘gz‘o- (A.60)
j=0 7=0 i=0 7=0

i=0 j=0

Focusing on a single interior interface we get
al AT Fx,R
[Ut:—zwjf;fj +Z“jf§j’ . (A.61)
j=0 j=0

Note, that w; does not have a superscript index L or R as we focus on a conform-
ing mesh and thus all SBP operators in each element are the same. Due to the

conforming mesh we set f NJ = foj and arrive at
N N
[Ut = — ijf; + Z wjf;‘ = 0, (A62)
= =0

which indicates primary conservation.

Next, we will proof entropy stability. Therefore we contract (A.43) by the en-
tropy variables v;; and sum over all 4,7 = 0,..., N to approximate the discrete
integral of %

Z Jijwiw; vl i 81] +Zw32v” (Dx);; +Zwlsz Dy);; =0 (A.63)

1,7=0

We focus on 31 vl (Dx);; an get

N N N N N B
S vl (Dx); =33 Qunvl £ (wig, wing) + D Y Qim0 F (Wi, wij)
=0 i=0 m=0 i=0 m=0 (A64)

(51N Tf - ’UTf*]Nj - 5z‘0[’UTf - va*]Oj) .

Mz

1=0

12



A. Appendix

Using the SBP property Q = B — QT we obtain

N N 5
Z'UZ] Dm Z Z szv”f (qua um] Z Z szvz;f#(um]a U’Z])

=0 m=0 =0 m=0

N N .
+30 D Bim0l f7 (i, wi)

i=0 m=0

. [,UTJE_ 'UTf*]Nj + ['va— UTf*]Oj-

(A.65)

Rearranging terms, using the structure of B and due to consistency of f# we get

Z% (Dx);; Z Z Qim (V35 = V)" F# (i tms) + 03, i — 05, f55- (A.66)
=0 m=0
Next, we focus on the volume part of (A.66)

N N -
Z Z sz Uzj —Umj) f#(uij,umj)7

i=0m

Qim (n)ij (Vi — V)" £ (Wi, timy) (A.67)

I
Mz
M=

@
Il
=)
3
Il
=)

T
Qim(iﬁn)ij (Vij — Vmy) g#(uij, Upnj)-

'Plﬂz |
M=

I
o

i=0 m=0

Using the Tadmor shuffle condition (A.49) we can rewrite (A.67) with the entropy
flux potentials

Z Z le vz] vm]) f#(uijaumj)a
i=0 m=0
N

3 Qun () (W = W) — () (5~ 02,,))
i=0 m=0 (A68)

N N
s (¥ 2 Q= 3 v, )
m=0 m=0
N N N
=S (¥ 3 Q= 35 Q).
=0 m=0 m=0

Il [l
ltﬂz 'Mz

13
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Assuming that >N_ Q;,, = 0 (SBP operator of degree p > 0) we get

N N T

YD Qim (vij — V)" £ (i, ),
=0 m=0

N

N
=3 (< 3 Qi+ () 3 Q).
m=0
Again, applying the SBP property we get

N N
S Qi (vij — vmg) " 7 (i), i)

i=0 m=0
N N
= Z ( Yn)ij Z Qmi¥ mg — (Yn)ij Zo Bimqunj)
=0 m=

N

N
Z ( 137] ij Z Qm'L mj (xn)ij Z_O Bzm\I]%LJ> .

0
By rearranging terms we obtain

N N -
DY Qim (Vi — vmy) I (wig, )

-
I

=0 m=0
N N ¥
= Z \IJ mj Zsz yn yn)NJ\I/N] + (yn)Oj\Ijoj
N N

-y Z Qi (y)ij + (@) NV, — (2)0; V-

(A.69)

(A.70)

(A.71)

By rewriting the potentials in terms of a contravariant potential defined by

Ul = yn\I!f —z, VY,

we get
N N F
Z Z sz vz] vmj) f (uU7 ’U/m])
=0 m=0
N N N
:Z\Ij ]Zszyn Z Z \I]{V]+qj .
m=0 m=0 =0

Including this result into (A.66) yields

ZUU Da: Z\Ij ]Zsz yn Z\Ij ]ZQT’” xn

+ 'UNijj - \IJ{VJ' - 'U()ijj + \1’03*
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Doing the same analysis for Z;V:O 'vg;.(Dy)ij leads to

va Dy);; Z\IJ ZQWJ e )ij Z\I} ZQmJ Ye )i

=0 (A.75)
+oingin — Uiy — vindi + V.
With (A.74) and (A.75) we can evaluate the total discrete entropy growth (A.63)
N
05
Z Jijwle (‘3tj

ijO

—= 3 (390 3 Ol — 3 9,3t

- ZWJ (ijfN] \Il]ij vngO] + \Il ) (A76)

=

—sz(éoq’szme xﬁ Z\Ij ZQmJ yf )
_sz(

We rearrange the volume parts and by using Q = MD we get

* T ~ T
9gin — ‘ijN VioGi0 + q’?o) :

ol 05i;
i;O Jijwle at]
N ; N N
= D wiw ¥y (Z Djim (Ye)im — D Dim(?ln)mj)
i,j=0 m=0 m=0
N N N
+ Z wiwj\Iffj (Z Dim(xr])mj — Z Djm<x§)im> (A??)
i,j=0 m=0 m=0

N
T g£x T T px T
- W ('UNijj - \IJ{V]' — vy fo; ‘I’gj)
—0

N
- Z Wi (UiTNng — Wy — 0G5 + ‘Ij{qo) :
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Due to the metric identities (A.46) and (A.47) we finally obtain

0S;;
Z Jijwij—= 815

1]0

- ij (b7 -9, - [ F - 9] ) (A.78)

_ sz ([o7g" =9 —[o"g =] ).

We see that all the Volume parts vanish and therefore te total growth in entropy
reduces to evaluations at the element surface. As we focus a conforming mesh we
consider a single interior interface and get

1S, = Zw] ({UR’Tf*’R — \iff’R]

Note, that as we are on a conforming mesh the weights w; on the left and right
element are the same and thus, they are not reliant on a superscrlpt Lor R. Setting
f; = ;,JL = fOJ and ignoring the first index within v%, U/F and v#, O/f (as
these are always constant) we arrive at

IS, = Zw] (( L)T Fr— (- \’13f7L)> . (A.80)

J

07

ol T — ] Nj) . (A.79)

Next, we rewrite the contravariant fluxes in terms of
f* = ynf* - 33779*7 (A81)
and (A.80) is equivalent to

IS, = g)wj (yn ((UR — /UL)T £ — (\ij,R _ \I/f,L)>>j
S o ()~ -9

J

(A.82)

To finalize the proof of entropy stability we need to specify the numerical surface
flux and set

Ap

sl gictuto) - ()

« » —T A
gis(u” u") = gpo(u”, u") — (n) TGK (’UR — ’UL) ,
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whereAr, A\g denote the absolute maximum eigenvalue of the Jacobian of F and G.
Here, K denotes a symmetric positive definite dissipation matrix with K (’uR — vL) ~

(uR - uL), for more information see Chapter 4. Including (A.83) in (A.80) we
get

1S, = g:wj(yn (vR vL fEc (\IvaR_\Ilva))>

J

(
(G
(

! (A.84)
+ij(n > )

-5, ( ) vRvL)TK(vRvL))j.

As f# and g7 satisfy the Tadmor Shuffle condition (A.49) we obtain

[St:—)\l%wj ((%27 ) (’UR—UL)TK(’UR—’UL))
> 5\ a |

J

)\G N x%} R T R L
_22%((M> (v =) K (v —w )) : (A.85)

n n j

in{Ar, A} & va +a; T
S e xl (v== [ )

J

J

yn—i—x?

T
As K is positive semi definite (vR — ’UL) K (vR — ’UL) > 0 and therefore

IS, < — mm{)\QF’)\G} iwj (\/yg + x%)j <<vR — ’UL)T K (’UR — vL)> E
i=0

, (A.86)

>0

<0.

This inequality holds for all interior interfaces and therefore the curvilinear dis-
cretization (A.43) is provably primary conservative and entropy stable for an ar-
bitrary conservation law. Here, it is necessary that a numerical flux exists which
satisfies the Tadmor Shuffle condition (A.49) and that the metric terms satisfy the
metric identities (A.46),(A.47).
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