On the Acoustic Component of Active Flux Schemes for
Nonlinear Hyperbolic Conservation Laws

by

Duoming Fan

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
(Aerospace Engineering and Scientific Computing)
in the University of Michigan
2017

Doctoral Committee:

Professor Philip L. Roe, Chair

Assistant Professor Karthik Duraisamy
Associate Professor Krzysztof J. Fidkowski
Assistant Professor Eric Johnsen



Duoming Fan
dufan@umich.edu

ORCID iD: 0000-0002-3246-4315

© Duoming Fan 2017



ACKNOWLEDGMENTS

I would like to express my sincere gratitude to the people who have helped and
encouraged me through my PhD studies here at the University of Michigan. I
am foremost exceptionally grateful to my advisor, Phil Roe, for his continuous
guidance and insight into the field of CFD. Our discussions were always helpful
and usually ended with more questions than I had to begin with, but I believe this
has made me a better researcher and problem solver. And while I was impressed
by Phil’s vast knowledge of the technical, and sometimes philosophical aspects
of the field, I feel that I have been impacted more by his outlook and approach to
life outside of the academic setting. He and his wife, Jacqui, have always made
me feel very welcomed ever since the first time I met them, and I will always

remember and appreciate those warm gestures.

I would also like to thank Prof. Karthik Duraisamy, Prof. Chris Fidkowski, and
Prof. Eric Johnsen for agreeing to be on my dissertation committee, and providing
valuable and thoughtful feedback on my research. A special thanks goes out to
Chris and his student Kyle Ding for producing some of the DG results in this

thesis.

I wish to thank my parents for their constant support and care throughout my
graduate studies and beyond. I would not be who or where I am today without
their unwavering encouragement and belief in the decisions I've made. I am
also fortunate to have my boyfriend, Jimmy, share our experiences and hardships
through graduate school together. And last, but not least, I want to thank all of
my friends here in the Aerospace department who have made my journey through
PhD very fun and memorable. I will always remember those football games,
late-night karaokes, game nights, daily runs, and lots of other memories that
we have made together. There are too many of you to list here, but know that
I treasure each and every one of you and hope that we can continue to stay as

life-long friends.

i



TABLE OF CONTENTS

Acknowledgments . . . . . . .. ... ...
Listof Figures . . . . . . . . . . . . . .
Listof Tables . . . . . . . . . . . . . .
Listof Appendices . . . . . . . . . . . ...

Abstract . . . . . . . . L
Chapter

1 Introduction . . . . . . . . ..

I.1 Motivation . . . . . . . . . . . e e
1.2 Current practices of high-order methods . . . . . . ... ... ... ...
1.2.1 Discontinuous representation . . . . . . . . . . . . ... ... .
1.2.2 Riemannsolvers . . . . . ... .. .. ... .. .. ...
1.2.3 Lack of multidimensional physics . . . . ... ... ... ....
1.2.4 Separation of spaceandtime . . . . . .. ... ... .. .....
1.3 A new approach: Active Flux method . . . . . ... ... ... .....
1.3.1 Reconstruction . . . . . . . .. .. ..
1.32 Evolution . . . . . .. ...
1.3.3 Conservation . . . . . . . . . . . i
1.4 ThesiSOVEIVIEW . . . . . . . . . o o ittt e e e e

2 Linear Acoustics . . . . . . . . .

2.1 Exact solutions using spherical means . . . . .. ... ... .......
2.1.1 Spherical meansintegral . . . . . .. ... .. ... .......
2.1.2 Application of spherical means to linear acoustics equations . . .
2.1.3 Vorticity term . . . . . . . . ... e
2.2 Evaluation of one-dimensionaldata. . . . . . ... ... ... ......
2.2.1 Nonsimplewave . . . ... .. .. ... .. ...,
222 SQUArE Wave . . . ... e e e e e e e e e e e e e
2.3 Convergence and accuraCy . . . . . . . . v v v i e e e e
2.3.1 Meshrobustness . . . ... .. .. ... ... ..
2.3.2 Vorticity preservation . . . . . . . . . ..o u e e
24 Stability . . ...
2.5 Boundary considerations . . . . . . . .. .. ...

iii



25.1 Openboundary . . ... ... ... ... ... ... ..... 37

252 Flatwallboundary . . ... ... ... ... ... ...... 38

3 Nonlinear Acoustics . . . . . . . . . . . ... 43
3.1 Approximate solutions to the p-system . . . . . . . ... ... ... ... 44

3.1.1 Approximation of second-order terms . . . . . . ... ... ... 46

3.2 Convergence and accuracy . . . . . . . . . .o e e e 49

3.2.1 Radial symmetry . . . .. ... ... ... ... ... ... 49

3.2.2 Resolvingshockwaves . . . . ... ... ... .......... 55

3.3 Openboundaryresults . . .. ... .. ... ... ... .. .... 55

4 Euler Equations . . . . . . . .. ... .. 61
4.1 Lax-Wendroff approximation . . . . . . . ... ... ... .. ...... 63

4.1.1 Advectiveterms . . . . . . . . ... 65

4.1.2 Acousticterms . . . . . . . . . ... 66

4.1.3 Active Flux algorithm —Part 1 . . . . . ... .. ... ... ... 70

4.2 Obtaining third-order accuracy without bubble function . . . . . . . . .. 71

4.2.1 Changeof variables . . ... ... .. ... .. ......... 72

4.2.2 A new approach to reconciliation . . . ... ... ... ... .. 73

4.2.3 Active Flux algorithm —Part2 . . . . . .. .. ... ... .... 76

4.3 Moving vortex problem . . . . ... ..o 77

S Boundary Conditions for Euler Equations . . . . . . ... ... ..., ... .. 84
5.1 Inflow &outflow . . .. ... ... ... 84

52 Curvedwall . . . . .. . L 86

5.2.1 Gaussianbump . . . . ... 88

522 Flowpastacylinder . .. ... ... ............... 92

6 Conclusions . . . . . . .. . .. 101
6.1 Summary . . . . . ... 101

6.2 Research contributions . . . . . ... ... ... .. 102

6.3 Futurework . . . . .. . . ... .. 102
Appendices . . . . ... e e 105
Bibliography . . . . . . . ... 111

v



1.1
1.2
1.3

2.1
2.2

2.3

24

2.5

2.6

2.7

2.8

29

2.10

2.11

2.12

2.13

2.14

2.15
2.16

2.17

LIST OF FIGURES

Geometry and data storage for AF method in one-dimension. . . . . . . . . ..
Geometry and data storage for AF method in two-dimensions. . . . . . .. ..
Nomenclature for conservation stage of AF method in one-dimension (left)

and two-dimensions (right). . . . . . . .. ... L L

Sphere of influence about point xg withradius . . . . . .. ... ... ...
Integration of spherical means with radius R = ¢yAt at vertex (blue) and edge
(red) nodes inside neighboring triangular elements. . . . . .. ... ... ..
Grids used to evaluate one-dimensional problems. . . . . . .. .. ... ...
Pressure and velocity solutions for nonsimple wave problem; A = 0.04, ¢t = 6.
Pressure and velocity solutions for nonsimple wave problem; h = 0.04, t =
1140 e
Pressure and velocity solutions for square wave problem; h = 0.1, ¢ = 3.
Convergence plot of AF and DG state errors for double sine waves problem.
Convergence plot of AF and DGI1 cell-average state errors for double sine
waves problem. . . ... Lo
Grid with severely distorted elements in the North-East quadrant; used to test
tolerance of poor meshes. . . . . . . . .. ... L L Lo
Contours of pressure and speed errors for the double sine waves problem com-
puted on “torture” grid; ¢ =1.0. . . . ... ... Lo oL
Contours of cell-average pressure and speed errors for the double sine waves
problem computed on “torture” grid; ¢ =1.0. . . . ... ... ... ......
Velocity and vorticity profile along the radial direction for double sine waves
problem with stationary vortex; h = 0.05,t =2. . . ... ... ... .....
Convergence plot of AF errors for double sine waves problem with stationary
VOItEX; £ = 2. . . . e e e e e e e e
Domains of dependence bounded by characteristic speeds of cy. The blue
regions within these domains are stable, while the red regions exterior are
unstable. . ... Lo L
Relevant distances for CFL calculation. . . . . . ... ... ... ... ....
Nonsimple wave problem solved using 1-D AF method, h = 0.04, t = 4;
shows the changes in total acoustic energy of the system (left) and pressure
results deviating from the exact solution when CFL > 1 (right). . .. ... ..
Nonsimple wave problem solved using 2-D AF method, h = 0.04, ¢t = 11;
shows the changes in total acoustic energy of the system (left) and pressure
results deviating from the exact solution (right). . . . . ... ... ... ...

9

29

30



2.18

2.19

2.20

221

222

2.23
2.24

3.1
3.2
33
34
3.5
3.6
3.7
3.8
39
3.10
3.11
3.12

3.13
3.14
3.15
3.16

4.1

4.2
4.3
4.4
4.5
4.6

5.1

Three square waves problem solved using 2-D AF method, & = 0.1, t = 180;
shows the changes in total acoustic energy of the system (left) and pressure
results deviating from the exact solution (right). . . . ... ... ... .. ..
Partial discs of integration at open boundaries. The interior domain is colored
LAY, o i e e e e e e e e e e e e e e
Pressure contours for the interacting sine wave problem at ¢ = 0 (left) and
t=2(right); 80 x 80 grid. . . . . . ...
Pressure (left) and velocity (right) contours for the interacting sine wave prob-
lem at intermediate time ¢ = 0.8; 80 x 80 grid. . . .. ... ... .......
Pressure (left) and velocity (right) profiles for the interacting sine wave prob-
lemon80 x 80 grid; t =2. . . . . ...
Convergence plot of pressure, velocities, and maximum pressure peak at ¢ = 2.
Time evolution of maximum pressure peak, vorticity, and velocity magnitude;
80X 80 grid. . . . . . . e e

Discs of integration with varying local radii. . . . . . ... ... ... ....
AF solution for Gaussian pulse on coarse grid; ¢t = 1.25. . . .. ... ... ..
AF solution for Gaussian pulse on medium grid; ¢t =1.25. . . . ... ... ..
AF solution for Gaussian pulse on fine grid; ¢ = 1.25. . . . .. ... ... ..
Close-up of solutionon fine grid. . . . .. ... ... .............
Convergence plot of AF and DG solutions for Gaussian pulse problem.
Weight function used in density integral calculation. . . . ... ... ... ..
AF and DGI1 solutions for Gaussian pulse att =3.0. . . . ... ... ... ..
Close-up of AF and DGI1 solutions for Gaussian pulse att = 3.0. . . ... ..
Sub-domains used in testing open boundaries. . . . .. ... ...
Maximum percentage of solution errors at open boundaries for Gaussian pulse.
Density distribution for Gaussian pulse with open boundary condition; ¢ =
3.0, e e
AF solutions for Gaussian pulse with open BC at ¢ = 2.5 on a circular domain.
AF solutions for Gaussian pulse with open BC at ¢ = 3.0 on a circular domain.
Close-up of AF solutions att =3.0. . .. ... ... ... ..........
AF errors of solution with open boundary condition; t = 3.0. . . ... .. ..

Reconciliation between the cell-average data and the reconstructed cell aver-
agevalues. . . ... e
Convergence rate of AF results on structured grid after one period. . . . . . . .
Convergence rate of AF and DG results on structured grid after one period.
Computation time of AF and DG methods on structured grid. . . . . . ... ..
Convergence rate of AF and DG results on unstructured grid after one period. .
Computation time of AF and DG methods on unstructured grid. . . . . .. ..

Regions where point values are taken to update advective (left) and acoustic
(right) terms at an open (outflow) boundary. The interior domain is colored

LAY o o e e e e e e e e e e e

vi

42



5.2
53
54
5.5
5.6

5.7

5.8

59

5.10

5.11

5.12

5.13
5.14

5.15

5.16
5.17

6.1

Regions where point values are taken to update advective (left) and acoustic

(right) terms at an inflow boundary. The interior domain is colored gray. . . . 85

Nomenclature for curved wall boundary conditions at vertex and edge nodes.

All of the blue cells are evaluated beforered. . . . . ... ... ... .. ... 87

Density solution of Gaussian bump problem on coarse grid of 1800 elements. 89

Entropy errors of Gaussian bump problem. . . . . .. ... ... ... .... 90

AF convergence rate of entropy errors for Gaussian bump problem; s = log(p/p?).
.......................................... 90

Convergence rates of AF and DG1 methods from University of Tennessee
(UTenn) and University of Michigan (UM) [1] for Gaussian bump problem;

S=D/PY 91
Rectangular grid with structured triangular elements in the extended front half
of the domain, and symmetric elements around the cylinder. . . . . . . .. .. 92
Density distribution for flow past cylinder problem with 40 vertex nodes around
cylinder; t =50. . . . . . . . . e 93
Mach contours for flow past cylinder problem with 40 vertex nodes around
cylinder; £ =50. . . . . . . . L 94
Mach contours for flow past a cylinder with M., = 0.38 using various other
methods [45]. . . . . . 95
Drag and lift coefficients on the cylinder in time. Grids used contain 40
(coarse), 80 (medium), and 160 (fine) nodes distributed around the cylinder. . 96
Convergence plot of drag coefficienton cylinder. . . . . .. ... ... .... 96
Density profile with conservative correction terms applied at the wall boundary
with 40 vertex nodes around cylinder; ¢ =50. . . ... ... ... ...... 98
Pressure profile with conservative correction terms applied at the wall bound-
ary with 40 vertex nodes around cylinder; ¢ =50. . . ... .. ... ... .. 99
Pressure coefficient of various solutions on the cylinder. . . . . .. ... ... 99
Drag and lift coefficients on the cylinder in time with and without conservative
boundary node updates; grid with 80 vertex nodes around cylinder. . . . . . . 100
Partial spherical means integral in3-D. . . . . . ... ... ... o0, 104

vil



1.1
1.2

3.1
5.1

5.2

Al

A2

LIST OF TABLES

Coefficients and basis functions for reconstructionin 1-D. . . . . . . . . . .. 8
Coefficients and basis functions for reconstructionin2-D. . . . . . ... . .. 10
Convergence errors of scalaroutput 7. . . . . . .. ... ... 52

Solution errors from the moving vortex problem with inflow and outflow bound-

ary conditionsS. . . . ... L. . e e e e e 86
Table reproduced from Carette et al. [45]. Steady-state solution of inviscid
flow past a cylinder with M, =0.38. . . . . .. ... ... ... ....... 97
Comparison between exact integration and Laplacian approximation of spher-
ical means. The correction term i Mpg exacte — MR Laplacian- - « « =« « « « « « « . 106
Comparison between exact integration and Laplacian approximation of spher-
ical means for higherorderterms. . . . . . ... ... ... ... L. 107

viii



LIST OF APPENDICES

A Calculating spherical means using Laplacian point evaluations

B Determining modified coefficients of Euler Equations . . . . .

1X



ABSTRACT

Current numerical methods used in production-level CFD codes are found to be
lacking in many respects; they are only second-order accurate, rely on inherently
one-dimensional solvers, and are ill-equipped to handle more complex fluid flow
problems such as turbulence, aeroacoustics and vortical flows just to name a few.
Recently, a new class of third-order methods known simply as Active Flux (AF)
has been introduced to address some of these issues. The AF method is best
understood as a finite-volume method with additional degrees of freedom (DOF)
at the interface to independently evolve interface fluxes. It is a fully discrete,
maximally stable method that uses continuous data representation, and because
the interface fluxes are computed independently from the cell-average values, true
multidimensional solvers can be used.

This dissertation focuses on the development of the AF method aimed at solv-
ing conservation laws describing acoustic processes. The method is demonstrated
for linear and nonlinear acoustic equations in two-dimensions as well as for the
full Euler equations where we employ operator splitting between the advective
and acoustic processes. Given its continuous representation, the AF method eco-
nomically achieves third-order accuracy using only three DOF in two dimensions,
which is comparable to the discontinuous Galerkin method using linear recon-
struction (DG1). A direct comparison between the two methods for acoustic prob-

lems finds that the AF method is capable of matching the accuracy of DG1 with

X



a mesh spacing about three times greater and uses time steps about 2.5 times
longer. The AF solutions also display superior circular symmetry with signif-
icantly less scatter than DG1, which we attribute to the method being able to
employ truly multidimensional solvers. In addition, we find that on the same grid
and to achieve the same level of error, the computation time for the AF method is
more than one magnitude less than DG1 and approximately 3 to 5 times less than
DG with quadratic reconstruction (DG2). Finally, various boundary conditions
are introduced and developed for the AF scheme including far-field and curved

wall boundaries.
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CHAPTER 1

Introduction

1.1 Motivation

The role of computational fluid dynamics (CFD) in engineering applications nowadays
is so strong that it is considered by some to be the ‘third dimension’ in fluid dynamics,
the other two dimensions being the classical predictions of pure experiment and pure the-
ory [2]. With its ability to solve the governing equations without the use of simplified
physical models as is done with pure theory, and to include detailed physical phenomena
that may be difficult to incorporate in real-life experiments, CFD has rapidly become a pop-
ular tool in engineering analysis. The aerospace industry in particular has embraced CFD
for decades in the prediction of various fluid dynamic problems that are too complicated to
solve analytically. These predictions are then used to make decisions regarding the design
of various parts of an aircraft, and is a much cheaper option than testing numerous designs
in wind tunnel experiments.

In light of such importance in the aerospace industry, the advancement of CFD methods
has been linked closely to performance and cost. The current industry standard for CFD
applications is a second-order accurate finite volume (FV) code with a rigid code struc-
ture that only allows changes to its modules, either in spatial or temporal methodology.
The reasons for keeping this particular form of code are numerous. The first is that the
computational cost of a second-order accurate method is low enough to allow for the fast
turnaround time required for design purposes. Its order of accuracy is also sufficient enough
to solve the fluid dynamic problems that were studied in the earlier days of CFD. The code
has proven to be robust and incorporates well-developed features such as limiters and com-
pact support that allows for easy parallelization. It is also easily adapted across a wide
variety of engineering fields. But perhaps the most pragmatic reason for the rigidity of the
current CFD production codes is the extensive time investment that would be required to

make major algorithm changes. Thus, without the emergence of a new competitive method



that is robust, compact, and far more accurate and cost-efficient than the current FV code,
it is unlikely that the current landscape of CFD production codes will change.

Despite the industry’s cautious attitude towards adopting CFD methods that do not fit
into their existing framework, we believe that a well-designed third-order accurate method
may have the necessary advantages to change their view. The first issue with second-
order methods is that while they are accurate enough to compute solutions for the types
of problems that were analyzed a few decades ago, it is becoming increasingly difficult for
them to handle the complexity of fluid dynamic problems that need to be solved today. This
includes the addition of viscous effects, time-dependent physics, and three-dimensional
phenomena such as turbulence. The consequence of its relatively low order of accuracy has
not been strongly felt yet due to the massive advances in computational power and code
parallelization, but it will eventually become a bottleneck to solving even more complex
problems in the future. In addition, with the recent development of high-order methods, we
find that they are in fact more cost-efficient than lower order methods to achieve the same
level of error [1]. However, the advantages of the currently available high-order methods
are not great enough or well-established enough to tempt designers into changing their
tools, and many of these methods suffer from a lack of robustness, which is a quality that
is required in production codes.

There is some debate about the optimum order of accuracy for a numerical scheme.
Fourier analysis for the advection equation concludes that even-order schemes are prone to
exhibiting dispersive leading term errors while odd-order are prone to dissipative error [3].
Therefore, even- and odd-ordered schemes behave very differently at sharp features or
discontinuities; even-ordered schemes tend to result in much more oscillatory behavior
than odd-ordered. Practically, there is much to be gained from increasing from second- to
third-order accuracy; since the oscillations are more manageable in a third-order scheme,
its limiters would need to do less work. There is little incentive to increase to fourth-order
accuracy because it would bring the oscillations back, and the next odd-ordered scheme
at fifth-order would require significantly more memory storage and computational cost to
run. For all of the reasons given above, we believe that third-order methods are best suited

for practical CFD applications.

1.2 Current practices of high-order methods

Many high-order methods have been developed in the research community in the past two
decades, but they seem to be far from assuming any relevant role in aircraft design. We

argue that this is in part due to the fact that they retain many of the standard features of



conventional FV schemes and other part due to the inaccurate representation of the physics
behind the governing equations being solved. The following sections describe some of the
practices and beliefs of the current classes of high-order methods that may be questionable

or even unsuitable for solving multidimensional conservation laws.

1.2.1 Discontinuous representation

Since its introduction in the early 1970’s, the discontinuous Galerkin (DG) method has
received a wide reception from the CFD community to solve both compressible and in-
compressible flow problems. DG methods seek to approximate the solution in each cell
independently by using test functions that are restricted to the local elemental space. By
breaking up the data at cell interfaces and having the ability to approximate the local solu-
tion to any order of accuracy using the test functions, a highly compact high-order method
emerges. Compactness is considered to be a very important feature to both researchers and
industry alike; researchers argue that hyperbolic problems are local phenomena that should
not depend on solutions far away, and for practical applications, a compact method is easily
scalable to parallel architectures. Further favorable properties of the DG method include
being locally conservative and stable.

Despite their numerous advantages, DG methods have failed to be adopted by industry
for two main reasons. The first is a lack of robustness for nonlinear problems [4]. The
second, and perhaps more influential reason is their high memory requirement and com-
putational expense. Storing discontinuous data local to each cell means that there are two
independent values overlapping at every node along an edge, and on average six different
values at a vertex even in two-dimensions. Significant savings in memory storage could be
gained by a scheme employing continuous data instead, but that could result in the regular
Galerkin method with a global mass matrix that would cost much more to invert and solve.
In addition, savings in memory storage becomes particularly important as we move to ex-
ascale computing, where flops are cheap but memory storage is limited for each individual
processor.

From a fundamental point of view, introducing discontinuities across cells invokes the
necessity for the Riemann solver to resolve the differences. In essence, these discontinuities
are being treated by the method as actual flow features when in reality they do not corre-
spond to anything remotely resembling real flow features and result in producing numerical
artifacts. In fact, Roe demonstrates in [5] that the highly praised discontinuous nature of
DG methods is actually equivalent to the behavior of a class of continuous methods for the

one-dimensional linear advection equation. We can then argue that it is unlikely that its use



of discontinuous reconstruction is what makes the DG method somehow superior to other

methods that use continuous representation.

1.2.2 Riemann solvers

The Riemann solver was introduced in Godunov’s original shock-capturing method [6] and
has since then become the standard device which almost all CFD schemes use to resolve
solution discontinuities at the cell interface. It was surprisingly easy to extend to two- or
three-dimensions by solving the Riemann problem normal to the cell face, but it is not
without its flaws. For one, the assumption that all waves travel normal to cell interfaces
usually results in a strong nonphysical wave being generated that is dependent on the grid
geometry instead of being a real flow feature. Another shortcoming of Riemann solvers
is dealing with multidimensional low speed flows where the pressure perturbations are of
order O(M?). But because Riemann solvers assume one-dimensional wave motion, it re-
solves pressure perturbations on the order of O(1) instead. This mismatch in the order of
pressure perturbations has led to numerical difficulties for some high-order methods when
solving flow problems at low Mach numbers. The final disadvantage of Riemann solvers
that we would like to discuss is its representation of fluxes at cell interfaces. By solving the
Riemann problem normal to the interface, the resulting fluxes represent the flow through
only the cell face. However, fluxes in multidimensions have a tensorial nature and are
associated more with points and vertices than with faces, as demonstrated by some truly
multidimensional numerical methods in [7, 8, 9]. For the reasons given above, Riemann
solvers, by their one-dimensional nature, are ill-suited for solving multidimensional prob-

lems.

1.2.3 Lack of multidimensional physics

As we mentioned previously, a great majority of numerical methods for solving hyperbolic
conservation laws use Riemann solvers to resolve fluxes across cells. This includes popular
high-order methods such as DG and weighted essentially non-oscillatory (WENO) [10].
This approach generally works well for smooth problems, but when there is a shock or
discontinuity, artificial numerical features, such as carbuncles and oscillations behind an
oblique shock, can be generated if the shock is not aligned with the grid. Numerous at-
tempts have been made to mitigate these solution irregularities including using a combi-
nation of reduced-wave solvers such as HLL or Rusanov and full Riemann solvers [11],
multidimensional corner treatment (MCT) method introduced by Colella [12], and various

rotated Riemann methods [13, 14, 15] that decompose the data at the cell interface in order
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to solve two Riemann problems in different directions. While these techniques are effec-
tive at fixing the symptoms of the problem, they are often more computationally complex
and do little to address the fact that the modified solvers are still based on one-dimensional
physics.

Roe has argued in [16, 17] that multidimensional physical processes in nonlinear sys-
tems must be modeled by a numerical method that considers the proper domain of depen-
dence. For an acoustic process that is omnidirectional, this means that the method must
use information from a circular domain in two dimensions, and spherical in three, which is
fundamentally impossible for an inherently one-dimensional scheme such as the Riemann
solver to accomplish. There have been previous attempts at creating high-order schemes
without the use of Riemann solvers, the most notable being fluctuation splitting (FS) or
residual distribution (RD) methods first introduced by Roe for linear advection [18]. An
extension of the method to hyperbolic-elliptic systems by Rad has been demonstrated to
achieve third-order accuracy and be able to nearly recover potential flow around elliptical
bodies for steady state problems [19, 20]. The RD methods relies on ‘distributing’ the
solution residual to the nodes according to the type of physics involved in the process;
upwinding for advection-type process or least-squares for Cauchy-Riemann-type. Unfor-
tunately, some of the concepts of the method could not be extended to three-dimensions
and a pseudo-time stepping technique may be needed for unsteady cases [21].

Multidimensional methods that do not use Riemann solvers have also been developed
for solving acoustic equations. Most commonly, in two dimensions, the update at a point
is found by using bicharacteristics of the solution [22]. The main disadvantages of this
method are that they involve integrals that may be difficult to approximate and they are
second-order accurate at best. A more recent method has emerged that uses the Poisson
solution to derive an integral evolution formula for the scalar wave equation [23]. This
method is perhaps the most similar to ours in application, and has been shown to be both
robust and stable in two- and three-dimensions when applied to high-order polynomial

approximations on square grids [24, 25].

1.2.4 Separation of space and time

Expressing the governing equations in a semi-discrete form has been the welcomed stan-
dard in the aerospace community ever since the early 1980’s. For unsteady flows, the
evolution in time, usually by some variant of the Runge-Kutta (RK) method, is considered
separately from the spatial discretization. The advantages of this formulation are that the

methods are easy to code and the two modules consisting of spatial and temporal meth-



ods can be considered separately at different orders of accuracy. This also plays well into
industry standards due to the modular nature of the formulation. However, the major draw-
back of this separation of space and time is that there is usually a much lower limit on
stability, which becomes even more severe as the accuracy of the spatial discretization in-
creases. In addition, one advancement step in time requires a number of stages that each
need a full set of residual evaluations, which makes high-order methods computationally
expensive. Taking the DG scheme using quadratic reconstruction (DG2) as an example,
this third-order method uses RKS to evolve in time and its stability limit is a CFL number
of 1/(2p + 1) = 0.2. This means that the DG2 scheme requires approximately 25 times
more computational cost than a fully discrete, maximally stable method to complete a sin-
gle time step. It is for these reasons that we abandon the idea of using the semi-discrete
formulation in our third-order method.

Instead, we choose to go back to early CFD codes that were based on the Lax-Wendroff
method, which achieves accuracy by expanding the solution as a series in time and is fully
discrete in nature. Although several drawbacks of the original scheme, such as restrictive
stability limits and loss of accuracy for nonlinear problems, were eventually resolved, the
new forms of Lax-Wendroff schemes are seldomly used in the CFD community today be-
cause they fail to produce the necessary multidimensional features. Part of the reason for
their failure is that they frequently employed dimensional splitting, which is a very poor
form of operator splitting due to the fact that the operators do not commute [26]. More
recently, Lax-Wendroff rotated Richtmyer schemes [27, 28] have been shown to preserve
discrete vorticity in acoustic problems and are stable at the maximum CFL condition of
1.0 on square grids. The discrete vorticity is preserved by tuning the free parameters in the
two-dimensional Lax-Wendroff scheme to reflect the isotropic nature of the acoustic pro-
cess. Our method is also of the Lax-Wendroff type, but the correct physics is incorporated

using spectral integrals on unstructured grids instead.

1.3 A new approach: Active Flux method

The Active Flux (AF) method is a new class of methods that aims to resolve the issues
with current high-order methods discussed in the previous sections. It is based on Scheme
V, concluded by van Leer in his 1977 paper as the most economical of the six schemes he
constructed to achieve better than first-order convergence for the one-dimensional advec-
tion problem [29]. Scheme V introduces edge values in addition to a cell-average value
to each cell, and then uses the extra degrees of freedom to increase the accuracy of the

solution to third-order. By construction, all of van Leer’s methods are always stable up
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(a) Mapping from physical space to reference space. (b) Node placement for AF basis
functions.

Figure 1.1: Geometry and data storage for AF method in one-dimension.

to a Courant number of 1.0. Furthermore, there are many other features of Scheme V that
satisfies our criteria for building a new third-order scheme; it is fully discrete, compact, and
continuous at the cell interface which reduces memory storage and circumvents the use of
Riemann solvers. The method obtains its upwinding property by using a semi-Lagrangian
method to advance the solution.
To extend Scheme V, we consider conservation laws of the form
%*%*%*%:0 (1.1)
where u are the conservative variables. In general, we can also write Equation (1.1) in
terms of primitive variables whose behaviors are either intuitively or physically easier to
understand.
dq

Jq oq Jq
s qZ4 q“H i
o tAG B, TG

Here, A%, B?, C7 are the coefficient matrices of the primitive form of the conservation

0 (1.2)

laws. To solve the same system described by both Equation (1.1) and (1.2), all AF meth-
ods follow the same sequence of steps: Reconstruction, Evolution, and Conservation. In
the next three sections, we discuss each step in detail for the method in one- and two-

dimensions.

1.3.1 Reconstruction

The first step in an AF method is to perform a quadratic reconstruction of primitive vari-
ables q within a cell. By choosing such a reconstruction, we guarantee the scheme is exact
for quadratic data and hence achieve third-order spatial accuracy. We will start with the
reconstruction stage in one-dimension, and then progress to two-dimensions.

In general, a mapping from physical space x to reference space ¢ is required to simplify
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1 1 1 — 3¢+ 2¢?
2 Q@ 262 - ¢
3 (67— q —q) 42 +4E

Table 1.1: Coefficients and basis functions for reconstruction in 1-D.

the definition of the solution within a cell. The mapping in one-dimension is simple and
illustrated in Figure 1.1(a).
r—x 1

§= —(x — ) (1.3)

To— 11 Ax

Three data points are necessary to achieve a quadratic reconstruction in one-dimension,
and the points we pick are the two nodes at the interfaces and a node located at the middle
of the cell to represent the cell average, which is shown in Figure 1.1(b). As with standard

finite element methods, the local solution is represented as a summation of basis functions,

3

q(§) = Zczﬁbi(f) (1.4)

=1

where ¢ is the primitive variable, and the coefficients ¢ and basis functions ¢(¢) are listed

in Table 1.1. Note that interior node 3 is determined by integrating the average value in the

cell. o
1 .
i= = q(x)dx
) 1
- / a(6) e
0 (1.5)

1
= 6<Q1 +4q3 + ¢2)

This concludes the reconstruction stage for the one-dimensional AF method.
In two dimensions, assuming counterclockwise ordering of the nodes, we can map

the physical space to reference space by using a constant Jacobian matrix. Figure 1.2(a)
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(a) Mapping from physical space to reference space. (b) Node placement for AF basis
functions.

Figure 1.2: Geometry and data storage for AF method in two-dimensions.

illustrates the mapping from x = (z,y)? to & = (£,7)T. In matrix form,
x=x;+JE (1.6)

where

Tog —T1 T3 — X1

J = (L.7)
Y—Y1 Ys— U

We can also express the reference space in terms of physical coordinates by inverting the
Jacobian matrix, which is useful in situations where the solution must be solved in physical
space.

E=J ' (x—x)) (1.8)

Quadratic reconstruction in two-dimensions require only six data points, which are
naturally chosen to be the vertex and edge nodes of a cell. However, with these chosen
points, there is no guarantee that the average of the resulting reconstruction matches the
cell average of the initial and subsequent values obtained using a conservative scheme (see
Section 1.3.3). One particularly compact solution is to add a third-order bubble function
that does not influence the edge values, which is conveniently located at the centroid. The
seven data points required for the full second-order reconstruction are illustrated in Figure
1.2(b), and the coefficients and basis functions are listed in Table 1.2. We can again use the

definition of the cell average like we did with the one-dimensional AF method to determine
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1 0 1 — 36+ 282 — 3+ 4&n + 21
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3 a3 26— ¢

4 n 4n — 4n? — 4y

5 g 2 =1

6 %6 46 — 487 — 4&n

7 Tla-3le+aut) 27(én — &2 — &)

Table 1.2: Coefficients and basis functions for reconstruction in 2-D.

the appropriate coefficient for the bubble function.

—
|
o

0/ (1.9)
1
/!@@W@%

1 9

g(QQ +qu+qs) + 207
We would like to mention that although the bubble function is our first choice to reconcile
the difference between the cell average and the average of the quadratic reconstruction
using only the vertex and edge nodes, it is not the only option. Since the six points are
sufficient for a quadratic reconstruction, other methods could be developed to obtain the

correct cell average by changing the nodal values in such a way as to preserve accuracy.

1.3.2 Evolution

In the evolution stage, the interface update does not need to be conservative. In fact, as
long as the method of evolution is consistent, any convenient scheme may be used to gen-
erate a point update. This is one of the most powerful aspect of AF because it gives us
the flexibility to choose an update method that accurately describes a physical process in

multidimensions. For example, the evolution of an acoustic process is isotropic in two- and

10



three-dimensions while advection is directionally-based in any dimension. This idea of
using nonconservative update methods opens a wide range of new possibilities for solving

conservation laws.

1.3.3 Conservation

The third and final stage of the AF method is to construct average fluxes from the point
data by integrating along the edges of a cell using a sufficiently high order approximation
such as Simpsons rule. Referring to Figure 1.3, the one-dimensional average flux is simply

fip = = [f(u") +4f(u"™/?) + f(u™H)] (1.10)

=

where u are the conservative states calculated from the primitive point values. The two-
dimensional average flux can again be approximated by the two-dimensional version of

Simpsons rule.

11
§Z@+$+Q“+$ﬁ
(1.11)

(B £ T ) g

?QD =

These fluxes are then used to update the conserved cell-average in a similar fashion as
FV methods. Because we integrate around the cell in a closed loop, the leading terms in
the solution error cancel and we are left with a third-order accurate cell-average value. In

one-dimension, the cell-average is updated by

At - -
vl =u"—- —(fp—f 1.12
u u Aa:( r—1f1) (1.12)
and in two-dimensions,
At A -

't =u"— — ) (fp -0l (1.13)

Q; —

k=1

where (); is the area of the element j, and n; and [;, are the normal vector and length
associated with edge k.

One last detail worth mentioning is the fact that the cell-average data updated using
Equations (1.12) and (1.13) depict conservative states while the point data updated in the
Evolution stage most likely represent primitive states. For scalar conservation laws, it is
common to find that the conserved variables are also the primitive ones, but this is generally

not the case for nonlinear systems. The coefficient of the bubble function is expressed

11
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Figure 1.3: Nomenclature for conservation stage of AF method in one-dimension (left) and
two-dimensions (right).

using primitive cell-average, which should be computed carefully from the conservative

cell-average as to preserve the order of accuracy.

1.4 Thesis overview

This dissertation focuses on the development of the Active Flux method for conservation
laws that either fully represent or contain acoustic processes. It also includes discussions
of various boundary conditions for the AF method that are scattered throughout the chap-
ters. Chapter 2 introduces the linear acoustic equations and the nonconservative update
method used in the Evolution stage of the AF scheme, as well as provides numerical results
supporting the advantages of the method. Nonlinear extensions are discussed in Chapter
3 along with open boundary conditions. Chapter 4 discusses and shows how the correct
form of operator splitting on the full Euler equations can result in an AF scheme that ac-
curately represents the physical behaviour of advective and acoustic processes in inviscid
flows. Then, boundary conditions are formulated and implemented for the Euler system
in Chapter 5. We conclude the dissertation with suggestions for future research topics in
Chapter 6.

12



CHAPTER 2

Linear Acoustics

We will start our understanding of acoustic systems by analyzing the linear acoustics equa-
tions derived by taking only the acoustic terms from the Euler equations. Linearizing the
acoustic subsystem by assuming constant coefficients py and ¢y, and relating the pressure
and density through the isentropic assumption ¢ = p/p, the acoustic portion of the Euler

equations can be written as:

X raZ ~o (2.1b)
o CO%—Z“ 0 (2.10)
a;* +CO<9£ 0 2.1d)

where the non-dimensional pressure p* = p/poci and velocity u* = u/c, are used for
visual cleaniness.
Taking the second time-derivative of Equation (2.1), it becomes obvious that both pres-

sure and velocity obey a form of the wave equation.

82 *

(’)t]; — AV =0 (2.2)
2 %

aa; — V2" = ¢5(V x V x u¥) (2.3)

We have used the vector identity V(V - u*) = V?u* + V x V x u* to show that the
velocity obeys the wave equation with an additional term that is dependent on vorticity
w = V x u*. For this subset of problems, we can find an exact solution to update the

pressure and velocity coefficients of the quadratic basis functions used in the Active Flux
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Figure 2.1: Sphere of influence about point x, with radius R.

method, which we then use to construct an average flux at each interface as previously
outlined in Section 1.3. The details for finding an analytical solution to Equation (2.1)
are discussed in Section 2.1. The rest of the chapter will explore the performance of the
AF scheme applied to various linear acoustic problems in terms of accuracy, stability, and
robustness. Finally, simple numerical conditions are applied to the acoustics solver at flat

wall boundary.

2.1 Exact solutions using spherical means

2.1.1 Spherical means integral

The spherical means of a function f at an arbitrary point (o, yo, o) is defined as the aver-

age value over the surface of a sphere of radius R.

M}%D{f}(xo,yo,zo i Rz//f xo + Rsin¢cosb,yy + Rsin¢psinb, 2.4)

2o + Rcos ¢) R*sin ¢ de df
The sphere of influence in three-dimensions is shown in Figure 2.1. Using the method of
descent, we can treat the two-dimensional spherical means as a special case where there

is no dependence on the z-coordinate. The sphere of influence then becomes a disc of

influence where the function is now averaged over the area of a disc.

27 R

MEP{f}(wo, yo) = //f (xo + 7 cosb, y0+rsm9)\/R7drd9 (2.5)
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a

Figure 2.2: Integration of spherical means with radius R = c¢oAt at vertex (blue) and edge
(red) nodes inside neighboring triangular elements.

Note that the disc and sphere of radius R is also the domain of dependence in two- and
three-dimensions.

In the Active Flux framework, the two-dimensional spherical means are integrated over
discs of radius R = c¢oAt centered at the vertex and edge nodes, as illustrated in Figure 2.2.
Partial integration of the disc is performed in each element separately, and the angular limits
of integration are set by the intersection of the integral disc with the element edges. At the
vertex nodes, we define both a starting angle 0p and a final angle 6, with the constraint
o > 0p, whereas we only require 0p for edge nodes since 6 = 0p + 7 is always implied
due to geometry.

As previously mentioned in Section 1.3, the AF solution is approximated by quadratic
reconstruction functions within each triangular element. Thus, the spherical means integral

of solution state u at node position (x,,, y,,) becomes:

9% R
1 r
Mr{u}(xn, yn) = — /u(xn+rcos«9,yn+rsin6’)—drd0
2rR VR2 — 2
0p 0 "
1 wr
=57 ul//gbZ §(xy, + 1 cosb,y, + rsinb),
=0 6 0

n(xn + 1 cosb, y, + rsind) )ﬁ dr df

(2.6)

The above integral may seem daunting at first glance. However, considering that the basis
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functions ¢;(&, n) are quadratic functions expressed in reference coordinates that correlate
linearly to the spatial coordinates x = r cos 6 and y = r sin 6 with respect to the Jacobian
matrix, we would only need to integrate at most quadratic expressions.

For example, to integrate functions that use only powers of z, the integrals that have to

be computed are all of the form

p+1 P
//r 0059 4 do 2.7

where p takes all integer values less than or equal to the order of the function. It should also
be noted that with the use of a bubble function, cubic functions will need to be integrated

in addition to quadratic. Therefore, the integrals we will need are as follows.

IO == R(eQ - 0}3)
R
L = T(sinQQ —sinfp)
73 2.8)
I, = ?(QQ — 0p + cosbgsinfg — cosfpsinbp)
4
I3 = Wfé (sinfg(3 — sin®0g) — sinfp(3 — sin fp))

Further simplifications can be made to the integrals in Equation (2.6) by using Laplacian
point evaluations in addition to some correction terms (see Appendix A for more details).
The two-dimensional spherical means integral can also be evaluated using area coordinates

instead of reference coordinates, as derived by Eymann in [30].

2.1.2 Application of spherical means to linear acoustics equations

Let the state vector be q = (p*, u*, v*, w*)T. Going back to the linear acoustics equations,

we can rewrite Equation (2.1) in its matrix form as

)
a? +eoLq=0 2.9)
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where

Equation (2.9) has a formal solution

An interesting and useful property of the gradient matrix L is that it satisfies

L'? = V°L?

q(x,t) = e “Fq(x,0)

(_C;—!Lt)pq(x 0)

(p>0)

(2.10)

(2.11)

where V? is the Laplacian operator in three-dimensional space. Note that L* # V?I, and

in fact

0 0 0
0? 0? 0?
0x? 0Oxdy 0x0z
0? 0? 0?
dxdy Oy Oydz
0? 0? 0?
020z 0yoz 022

(2.12)

Using this special property of L, we can manipulate Equation (2.11) into the summation

of even and odd terms.

a(t) =aq(0) -

p=1,3,5

(coLt)P

!

q(0)



p' p=2,4,6 p'
— q(0) — ¢ {z; %V%} coLq(0) + 2 { 3 %V%} 2L2q(0)

=q(0) +t {; @pR—Jipl)!v%} 9:q(0) + 2 {; @pR—ij)!v%} iq(0) (2.13)

The radius of the spherical means integral is R = ¢yt and we have used the fact that the
linear acoustics equations obey the time-derivatives 0;,q = —coLq and 0;,q = C%qu.

The formal solution was expanded in the above form because we noticed that the spher-
ical means formula can be written as the sum of point evaluations of increasing powers of

the Laplacian,
= 2.14
Z 2p + 1)! ( )

which corresponds to the odd terms in Equation (2.13). This follows from Darboux’s equa-

tion that the following expression holds true for any function f(x),

0. MAFY0) + 20 M {F}(x) = M, (V) (x) 2.15)

which has the formal solution

sinh(Vr)

MASY0 = 2

F(x) (2.16)

We can then substitute the expression directly into the following integral to get a term

corresponding to the even terms in Equation (2.13).

R
2 h(Vr)
= ML F)(x :_/rsm T) (x) dr
0
2coshVR —1
:msvz—sz(X)
_ S R2 2
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Hence, the formal solution to the linear acoustics system can be expressed using Equations
(2.14) and (2.17) as

q(t) = q(0) + tMr{0:q}(0) +

oﬁwl =

R
/ r M, {8uq}(0) dr (2.18)
0

and applies to all four components of q.

From a numerical analysis point of view, Equation (2.18) is quite interesting. The first
term is just the current solution, while the second and third terms are of order ¢ and 2,
respectively. This numerical form strongly resembles the Lax-Wendroff formula. In fact,
if we evaluate each term pointwise, we would recover the Lax-Wendroff finite difference

approximation.
cot

1
q(t) = q(0) +t9,q(0) + — /rdr 91q(0)
4 (2.19)

= q(0) + td,q(0) + gc?ttq(O)

However, the formula becomes exact if the terms are evaluated exactly using the spherical
means integrals in Equation (2.18).

For the first component p*, some simplification is possible since J;p* = caV?p*.

R
p*(t) = p(0) + tMp{0p"}(0) + / r M, {V?*p*}(0) dr (2.20)

Combining the first and third term gives us the well-known exact solution for the scalar

wave equation from textbooks on partial differential equations [31, 32]:

p*(t) = O, (tMgr{p*}) +tMgr{0Oip*} (2.21)

An alternate form of the above expression can be achieved by expanding the first term,
replacing the time derivative with a derivative with respect to R, and substituting the time

derivative with spatial derivatives from Equation (2.1a) , as derived by Eymann [30].

p*(t) = Mp{p"} + ROrRMp{p*} + tMr{0p"}

The same simplification process can be applied to the velocity components of q by using
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Opyu* = AV2u* 4+ 3V x V x u*, resulting in

R
u(t) = Mr{u*} + ROgMgr{u*} — RMr{Vp"} + /T’MT{V x Vxu}dr (2.23)
0

2.1.3 Vorticity term

As we can clearly see from Equation (2.23), the velocity solution contains an additional
term dependent on the curl of the flow vorticity that does not exist in the pressure solution.
At this time, we would like to prove that the spherical means integral of this vorticity term

in fact vanishes on a sphere with an arbitrary radius 7.

Claim: The integral term vanishes
R
/TMT{V XV xvidr=0
0

for arbitrary velocity field v.

Proof:  Consider the volume integral

V:// VXV xvdV
Q

where v(x) is an arbitrary velocity field. First, we apply the generalized form of Stokes’

V:///Vx(va)dV:#ﬁx(va)dS
Q

o0

theorem to get

Then, applying classical Stokes’ theorem to the above expression, it can be shown that the
flux integral of a curl field over a closed surface is zero because a closed surface has no

boundary. Thus,
V:—#Vx(vxfl)dS:—/(vxﬁ)ds:O
0 0

Now, the radial change in the volume integral is related to the spherical means integral as
follows
OV =4’ M, {V x V x v} =0
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from which it follows that M,{V x V x v} = 0 and the integral under consideration
vanishes also.

|

Hence, the vorticity of the flow field is preserved by the velocity solution in Equation

(2.23) after disregarding the last term. To summarize, the analytical solution to the linear

acoustics system described by Equation (2.9) is
q(X7 t) = MR{q}(X7 0) + RaRMR{q} (Xu O) - RMR{Lq} <X7 0) (224)

The spherical means integrals in the above equation are evaluated at each node by calculat-
ing and adding together the partial integrals from every neighboring element, as described

previously in Section 2.1.1.

2.2 Evaluation of one-dimensional data

One of the perceived strengths of using spherical means to calculate the solution to the
linear acoustics equations is that the spherical means integral naturally satisfies one-, two-
, and three-dimensional physics without additional mathematical considerations. In one

dimension, the spherical means integral is very simple:

Mal$}a) = 5, [ 1) s (2.25)
“R

Subsequently, in one-dimensional flow, the method of spherical means in fact collapses to

the method of characteristics [31].

p*(l‘, t) = % (p*(R, 0) + p*(—R, O)) - § (u*(R> O) - u*(_Rv 0)) (2.26a)
u(a, 1) = % (w*(R,0) + u*(—R, 0)) — g (p*(R,0) — p*(—R, 0)) (2.26b)

To demonstrate and verify this assertion, we will test two different sets of one-dimensional
data using the one-dimensional upwind method of characteristics proposed by Eymann in
[30] and the two-dimensional spherical means method described by Equation (2.24). These

two methods will be referred to as the 1-D and 2-D Active Flux schemes, respectively.
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2.2.1 Nonsimple wave

We used the nonsimple wave problem from [30] to assess the difference, if any, between
the results from the 1-D and 2-D Active Flux solvers on smooth data. The initial conditions

are

1 1
p(x,0) = — + 20 sin(27x)

1

— — sin(7z) (2.27)

u(z,0) = 10

o= ]

Co =
Po = 1 / 2
and the exact solution described by Equation (2.28) has a simple form due to the linear
nature of the problem.

p(x,t) = = [p(x — cot, 0) + u(x — cot, 0) + p(x + cot, 0) — u(x + cot, 0)]

(2.28)

u(z,t) = = [p(z — cot, 0) + u(x — cot, 0) — p(x + cot, 0) + u(z + cot, 0)]

N — N~

Figure 2.4 compares the exact, one-dimensional numerical, and two-dimensional nu-
merical solutions at time ¢ = 6 on the structured and unstructured grids illustrated in Figure
2.3 with 50 elements along the z-axis. All of the results generated on the two-dimensional

grids have been plotted to show the one-dimensional quality of the 2-D solution. In partic-
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(a) Structured grid. (b) Unstructured grid.

Figure 2.3: Grids used to evaluate one-dimensional problems.
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ular, the solution on the unstructured grid follows the exact solution so closely that it forms
a line of its own. We observe that, as expected, the 2-D AF solution computed on the struc-
tured grid is almost indistinguishable from the 1-D solution The deviations between the two
solutions range from 2.46 x 107°% to 8.47 x 10~*%. In addition, all three computed results
nearly match the exact solution, with the 2-D AF solution from the unstructured grid having
a maximum error of 0.0023%. These observations still hold true later into the simulation
at time t = 11.4 with deviations between the two methods ranging from 3.73 x 107%% to
0.0022%, as shown in Figure 2.5.

2.2.2 Square wave

After verifying the two AF solvers are able to produce almost identical results for smooth

data, we move onto comparing their solutions for a discontinuous problem. The initial

Non-Simple Wave (t=6) Non-Simple Wave (t=6)
0.265 T T
2D AF (un)
o 2D AF (s) 035
o 1D AF
Exact

0.26

0.3

0.255

0.25¢ 0.25

Pressure
Velocity

0.245
0.2

0.24

0.235 I I I I I I

Figure 2.4: Pressure and velocity solutions for nonsimple wave problem; h = 0.04, ¢t = 6.
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conditions for a simple square wave problem is

where the domain is z € [—5, 5], and a uniform structured grid with 100 elements along

the z-axis is used. Again, the exact solution for this problem follows the same simple form

as Equation (2.28).

Figure 2.6 compares the exact solution and computed results with no limiting at time
t = 3. The square wave has split apart into two subwaves that travel in opposite directions
until they have almost reached the boundaries. The 1-D and 2-D AF results are again
almost indistinguishable in the smooth regions of the solution. In regions close to the
discontinuities, the two computed results differ only slightly in the maximum and minimum

overshoots, with the maximum difference of 2.3% occurring at the shock fronts. Both 1-

1/2
p(z,0) =
0
u(z,0) =0
Co = 1
po=1/2

Non-Simple Wave (t=11.4)

2D AF (un)
o 2D AF (s)
o 1DAF

Exact

if —1<z<1

elsewhere
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Figure 2.6: Pressure and velocity solutions for square wave problem; A = 0.1, ¢ = 3.

D and 2-D results approximate the exact solution well given that no limiting has been

enforced, with maximum overshoots of 12.6% and 14.6%, respectively.

2.3 Convergence and accuracy

We can confirm and compare the accuracy and order of convergence of the Active Flux
method with the Discontinuous Galerkin method using linear reconstruction (DG1) by us-

ing the initial conditions proposed by Lukacova-Medivid’ova, Morton, and Warnecke [33]:

p(z,y,0) = 1 [sin(27z) + sin(27y)]

Co
u(w,y,0) =0 (230
v(z,y,0) =0
This double sine waves problem has an analytical solution of
1 . .
p(x,y,t) = — cos(2mept) [sin(27x) + sin(27y)]
Co
I
u(x,y,t) = — sin(2meot) cos(2mx) (2.31)
Co

1
v(x,y,t) = Y sin(2mcot) cos(2my)
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For our test, the sound speed is set to ¢y = 1 and a final time ¢ = 1.0, by which time the
original data should repeat itself. The Courant number is set to the maximally stable value
of 1.0.

The state errors are computed based on area integrals,

ex (1) dQ 2.32
1/2
ex ()2 A0 2.33

where q = (p,u,v) and qex are the exact solutions of the state variables as described in
Equation (2.31). Figures 2.7 and 2.8 both show that the Active Flux method converges at
third-order for all state variables, whereas DG1 converges in general at only second-order,
with the exception of cell-averaged pressure in Figure 2.8, which displays superconver-
gence for this linear problem. The AF errors are also lower than those of DGI; most
notably, the velocity errors of the AF method is more than two orders of magnitude smaller
than those of DGI.

Convergence Rate for Double Sinewaves

L2-Norm Error
o
T

— — - 3rd order
—-— 2nd order |]
-6 -DG1-p |

DG1 -u
-8 -DG1-v |3
—6—AF -p ]

AF —u
—8—AF -v

10 10
h

Figure 2.7: Convergence plot of AF and DG state errors for double sine waves problem.
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Figure 2.8: Convergence plot of AF and DGI cell-average state errors for double sine
waves problem.

2.3.1 Mesh robustness

In the construction of the Active Flux scheme, we are striving to build a method that is
based on the physics of multidimensional flow. In acoustic problems, the physics of the
flow indicates that the method should take into account flow properties from all spatial
directions surrounding a point of interest. Unlike conventional methods that generalize
multidimensional flows using only one-dimensional results, we are hoping that by mimick-
ing the physical properties of acoustic flow using the method of spherical means, we can
achieve accurate solutions regardless of the quality of mesh in multidimensions.

To test the ability of the AF method to operate on a severely distorted “torture” grid,
we used the square grid (z,y) € [—1,1] shown in Figure 2.9. The grid is composed of
structured elements everywhere except in the North-East quadrant, which was deliberately
polluted with small, badly formed elements with high aspect ratios up to Rp,.x ~ 288. We
will again use the double sine waves problem described by Equation (2.31) to compare the
solutions obtained using the AF scheme and the DG1 method which uses one-dimensional
Riemann fluxes along cell edges.

Figure 2.10 shows that the AF method gave better results on the pressure predictions

with errors that are approximately two-thirds of DG1. There was a much larger difference
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Figure 2.9: Grid with severely distorted elements in the North-East quadrant; used to test
tolerance of poor meshes.

in the prediction of speed, where the AF errors were less by a factor of 20. To offer a more
fair comparison to the DG1 method, we have also plotted the cell-averaged solutions in
Figure 2.11, which shows that when integrated over each individual element, the AF and
DG1 method gave similar pressure results. However, the AF errors in speed were still less

by a factor of 4 compared to DGI.

2.3.2 Vorticity preservation

Another advantage of incorporating multidimensional physics into the AF method is that
the vorticity of the flow field is naturally preserved. Any irrotational velocities should
remain vorticity-free, while rotational velocities will not change in time given that no ad-
ditional vorticity is created within the flow field. The same problem described by Equation

(2.31) is tested with the addition of a stationary vortex centered at the origin on a square
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(a) Discontinuous Galerkin with linear reconstruction results.
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(b) Active Flux results.

Figure 2.10: Contours of pressure and speed errors for the double sine waves problem
computed on “torture” grid; ¢ = 1.0.
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(a) Discontinuous Galerkin with linear reconstruction results.
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(b) Active Flux results.

Figure 2.11: Contours of cell-average pressure and speed errors for the double sine waves
problem computed on “torture” grid; ¢ = 1.0.
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grid (z,y) € [-2,2]:

0

\

)
1.6yr(4r — 3)
u(z,y,0) = ¢ —0.8y(r — 1.5)2

v(7,9,0) = { 0.82(r — 1.5)?

0

\

ifr <0.5
if0.5 <r<1.5

elsewhere
(2.34)

(
1.6zr(—4r+3) ifr <05

if0.56 <r <15

elsewhere

Again, the original data should repeat itself at the final time of £ = 2.

Figure 2.12 reinforces the notion that the Active Flux scheme is able to preserve vor-

ticity as the velocity profile returns to its initial data after a half period across the domain.

0.451

0.4r

0.351

0.3

Velocity magnitude

0.1¢

0.051

-0.05
0

0.25r

0.2r

0.151

Double sine waves (t=2)

O initial data
AF

Vorticity

Double sine waves (t=2)

O initial data
AF

1.5}

—_

o
4

Figure 2.12: Velocity and vorticity profile along the radial direction for double sine waves
problem with stationary vortex; h = 0.05, t = 2.
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Figure 2.13: Convergence plot of AF errors for double sine waves problem with stationary
vortex; t = 2.

The vorticity is calculated as the average value in each element,
_ 1
W= — / V x vdf)
2 Jo,

1 ov  Ou
—Q—j/Qj (%‘a—z) 4

and is slightly overestimated near the origin due to the velocity being nondifferentiable

(2.35)

there. The velocity solution displays very convincing radial symmetry and the AF method

achieves third-order convergence for all states, as confirmed in Figure 2.13.

2.4 Stability

The method of spherical means is an analytical solution to the homogeneous scalar wave
problem O, u = ¢>V?u, and therefore its solution u at any given point is unique and depen-
dent only on the prescribed initial values that are within the domain (of dependence) which
is cut out by the backward characteristic ray cone through the said given point [31]. The
physical requirement for stability is that the convex hull of the point values used to update a

given point value must include this domain of dependence. We define a local Courant num-
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CoAt

(a) 1-D; bounded by characteristic lines. (b) 2-D; bounded by characteristic disc.

Figure 2.14: Domains of dependence bounded by characteristic speeds of ¢y. The blue
regions within these domains are stable, while the red regions exterior are unstable.

ber at each point of CFL; = ¢y At /|Ax;
is first violated. In one-dimension, the domain of dependence is bounded on the right and

, which equals unity when the physical requirement

left by characteristic wavespeeds of £=cy, as shown in Figure 2.14(a). To satisty the physical
domain of dependence, the maximum timestep allowed is At,,,, = min(|Az;|)/co.

In two-dimensions, to satisfy the physical domain of dependence means that no disc
centered at any point can cross over any element to which that point belongs, as demon-
strated geometrically in Figure 2.14(b). This translates to a physically-stable maximum

radius of integration R, = coAtmax, Where we can again define a CFL condition:

Aty = l”ﬂ (2.36)

Co
where [,;, is the minimum distance from a node to its opposing edges in a triangular el-
ement. Clearly, the distance from the edge midpoints are the most restrictive, and Figure
2.15(a) illustrates the various possibilities for /,,,;,,. In practice, we only need to check one
normal distance per edge [30]. Figure 2.15(b) shows how we can use the formula for the
area of a triangle to determine the shorter normal length between the edge midpoint xp and

the opposite edge point xp.

{min = Min (L) (2.37)
7\ X1 — X1

Here, S is the element area. Equations (2.36) and (2.37) give a precise upper bound on

the timestep. We will conduct numerical experiments to show that this upper bound is
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(a) Minimum distances from edge midpoints. (b) Nomenclature for minimum distance calcula-
tion.

Figure 2.15: Relevant distances for CFL calculation.

attainable.

To show numerical verification of these stability constraints, we have tested both one-
and two-dimensional Active Flux solvers using various Courant numbers on the same one-
dimensional nonsimple wave problem previously defined in Section 2.2.1. We will attempt
to increase the Courant number past its stable regime of 1 and observe the (possible) onset
of numerical instability. The measure of stability we will use is the total acoustic energy of

the system defined as
1 1
B =307 +IVP) = 507 w40 w?) 238)

Taking the time-derivative of Equation (2.38) and substituting in the acoustic equations
(2.1), it becomes clear that £* is a conserved quantity for the linear acoustic system, and

can be regarded as both an energy and entropy.

oE* d(p*u*)  O(p*v*) I(p*w*)
ot CO( o oy 1 o:

(2.39)

We may describe the method as “energy stable” if [ £*(¢) dz remains bounded.

We first observe the one-dimensional Active Flux scheme using the upwind method
of characteristics is very sensitive to the Courant number, becoming unstable as soon as
CFL > 1.0. Figure 2.16 shows that the total acoustic energy decreases at a steady rate in
the stable regime of CFL < 1.0, is conserved when CFL is at unity, and increases sharply
when CFL is larger than one. Interestingly, the same sensitivity to the Courant number
cannot be concluded for the 2-D AF scheme using spherical means. Figure 2.17 shows that
the acoustic energy does not increase before ¢ = 10 unless the Courant number is close to
1.128 on a grid size of 50 x 50.
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Figure 2.16: Nonsimple wave problem solved using 1-D AF method, h = 0.04, t = 4;
shows the changes in total acoustic energy of the system (left) and pressure results deviating
from the exact solution when CFL > 1 (right).
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Figure 2.17: Nonsimple wave problem solved using 2-D AF method, h = 0.04, ¢t = 11;
shows the changes in total acoustic energy of the system (left) and pressure results deviating
from the exact solution (right).
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The two-dimensional results may seem to be inconsistent with theory at first. How-
ever, if we consider the regions in which the data points are used to update the solutions,
the discrepancy may be explained. Figure 2.14 illustrates the theoretically stable and un-
stable regions from where the data is used to update the solution in one element. In the
one-dimensional case, as the Courant number for any given point increases past unity, the
data used to update the solution leaves the cell containing that point, and this violates the
physical domain of dependence. In addition, the other point in the cell is also evaluated
outside its own domain of dependence. This leads to the solution becoming unstable as
soon as the CFL condition is violated.

By comparison, the two-dimensional AF method uses disc-like regions to update the
solutions. The CFL condition is based on the minimum distance from an edge midpoint
to its opposing edge, which is always a shorter length than the minimum distance from a
vertex node to its opposing edge. As a result, only some of the nodes in a triangular element
may be violating its physical domain of dependence as the Courant number increases above
one. In addition, the smoothness of the initial data limits the maximum error that can be
achieved when we update using point values outside the stability regime. Hence, instability
will often be observed much later in time as the error very slowly builds up.

To verify this argument, we now test the 2-D AF method using higher frequency data.

Interacting Square Waves (t=180) Interacting Square Waves (t=180)
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Figure 2.18: Three square waves problem solved using 2-D AF method, h = 0.1, £ = 180;
shows the changes in total acoustic energy of the system (left) and pressure results deviating
from the exact solution (right).
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As a variation of the square wave problem previously defined in Section 2.2.2, the initial
data on the same structured grid now consists of three square waves of width Az = 1
centered at x = (—2.5,0,2.5) with a wave magnitude of p = 5. We notice that even with
this discontinuous data, instability only sets in after a long runtime of ¢ > 160 with a lower
Courant number of 1.06, as shown in Figure 2.18. We also observe that the stable solution
has smoothed out and decreased the amplitude of the square waves by a significant amount,
which could explain the late onset of instability. It still exhibits one-dimensional solution
in the z-direction and its acoustic energy remains bounded and decreases at a relatively
slow rate. On the other hand, the unstable solution has lost its one-dimensional quality and
its total acoustic energy increases rapidly after ¢ = 160. These results verify that instability
will eventually occur if the stability limit is violated, granted that may take a very long time

if the data is or becomes smooth.

2.5 Boundary considerations

The test problems we have considered so far have used periodic boundaries, which do not
require any additional numerical considerations, to evaluate the accuracy of the AF method.
In order to be able to test more complicated problems, we will now introduce two new types
of boundaries: open and flat wall, both of which can be implemented in the AF scheme in

a simple and natural way based on the correct physics.

2.5.1 Open boundary

Quite often, open or nonreflecting boundaries are the sources of the most significant nu-
merical errors in a computational acoustics or computational fluid dynamics method [34].
Numerous types of nonreflecting boundary conditions have been developed to cope with
the open-domain problem, including far-field asymptotic solutions, the buffer zone tech-
nique, the perfectly matched layer technique, and characteristic-based inflow and outflow
boundary conditions. The last technique is desirable for schemes with upwinding features,
and often works best when the wave angle is normal to the boundary. However, its per-
formance can deteriorate when the wave angle deviate from normal, with errors of up to
3-5% for larger angles of incidence [35, 36]. For example, Thompson showed that a trav-
eling shockwave moving at a 45° angle with respect to the x-axis produces a pressure error
of approximately 4% after the shockwave has left the domain [37].

Our approach to handling open boundaries is similar to the characteristic-based outflow

boundary condition. However, instead of applying the one-dimensional characteristics to
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multidimensions as is traditionally done [36], we will directly use the multidimensional
physics of acoustic waves. The data that influence the flow at an open boundary is simply
the point values inside the domain. As such, we need only to evaluate the spherical means
integral over the portion of the disc that is inside the domain and disregard the portion that
is outside, as illustrated in Figure 2.19 for both edge and vertex nodes. Verification of this

boundary condition will be provided later for the nonlinear acoustics system in Section 3.3.

2.5.2 Flat wall boundary

The implementation of flat wall boundaries is quite straightforward. Physically, the changes
in pressure and tangential velocity due to the external flow past a flat wall are doubled while
the normal velocity is cancelled. At a right corner, there is a stagnation point where the
velocity is zero and the changes in pressure is quadrupled. Taking these conditions into
account, we can test a more complicated problem consisting of four sinusoidal waves with
a stationary vortex as described in Equation (2.40). Each sinusoidal wave is centered at
x = %10 and y = +10, and the vortex is centered at (0, 0).

(0.5 4+ 0.5cos(0.57(x — 10)) if8 <z < 12
0.5+ 0.5cos(0.57(z + 10)) if —12 <z < -8

Ap(z,y,0) = § 0.5+ 0.5cos(0.5m(y — 10)) if 8§ <y < 12

0.5+ 0.5cos(0.57(y + 10)) if —12 <y < -8

0 elsewhere

\

Figure 2.19: Partial discs of integration at open boundaries. The interior domain is colored
gray.
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Figure 2.20: Pressure contours for the interacting sine wave problem at ¢ = 0 (left) and
t = 2 (right); 80 x 80 grid.

p(z,y,0) = 1.0 + Ap(z,y,0)

—0.0125y(r — 6)* ifr <6
u(z,y,0) =
0 elsewhere (2.40)

0.0125z(r — 6)* ifr <6
v(z,y,0) =
0 elsewhere
The sound speed is set to ¢y = 10 and the AF scheme is run until ¢ = 2, by which point the
initial data repeats itself, as shown in Figure 2.20. A snapshot of an intermediate solution
at t = 0.8 is also shown in Figure 2.21 to illustrate the symmetry and complexity of this
particular problem.

Figure 2.22 shows that the final velocity profile follows closely to the initial data, and
in fact, this problem was continued until ¢ = 40 without any further visual change in the
vorticity. However, we observe the pressure waves have decreased in amplitude. We also
note that there are oscillations in the pressure profile at the foot of the sine waves. This
effect is due to the steep gradients in the pressure data at that location. Unfortunately,
without limiting at this time, it is difficult to achieve non-oscillatory solutions with such
data. As a result, the rate of convergence for this problem is less than three for all three
states. However, the maximum pressure peaks are not as affected by the gradients and do
in fact converge at third-order, as shown in Figure 2.23. This promising result provides

incentive for us to incorporate limiting into the AF scheme in order to properly handle data
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Pressure Contours (t=0.8)

Velocity Magnitude Contours (t=0.8)

Figure 2.21: Pressure (left) and velocity (right) contours for the interacting sine wave prob-
lem at intermediate time ¢ = 0.8; 80 x 80 grid.
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Figure 2.22: Pressure (left) and velocity (right) profiles for the interacting sine wave prob-
lem on 80 x 80 grid; t = 2.

with steep gradients.

One final aspect we can test with this problem is the ability of the AF scheme to preserve
vorticity in more complex flows. The problem is run for 20 periods (t = 40) and the
maximum pressure, velocity magnitude, and vorticity are plotted in Figure 2.24. Note that

the vorticity values are computed using Equation (2.35). As expected, the pressure peaks
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Figure 2.23: Convergence plot of pressure, velocities, and maximum pressure peak att = 2.
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Interacting sinusoidal waves
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Figure 2.24: Time evolution of maximum pressure peak, vorticity, and velocity magnitude;
80 x 80 grid.

continue to decrease in time due to the lack of limiting. However, both maximum velocity
magnitude and vorticity remain constant after an initial dip at 7' = 1. These are very
convincing results suggesting that the AF scheme is capable of preserving a certain property
of the acoustic process. While it does not seem to preserve the exact initial vorticity of the
problem, the method may be preserving a discrete version of vorticity instead. This attribute
of the AF method could potentially be a large advantage when solving other hyperbolic

conservation laws where certain properties need to be preserved.
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CHAPTER 3

Nonlinear Acoustics

In this chapter, we will explore the Active Flux method applied to nonlinear acoustic waves
by studying the p-system of hyperbolic conservation laws, where pressure is a function
only of density. Note that this is not a true limit of the Euler equations, but is often used to

illustrate mathematical principles because of its simple behavior [38].

%+(%+g—:+g—f):o (3.12)
%+ag_(xp> _0 (3.1b)
%ﬁg—(j) 0 (3.10)
%*82—@ 0 (3.1d)

We then take the second time-derivatives of Equation (3.1) to obtain inhomogeneous wave

equations for the density and velocity states.

Pp " :
8_t§ 1 (p)V:p=p(V-u)’+ <p () - * <p)) Vp-Vp
P
y (3.2)
u
Sz ~ PV u=p(p)V >V xutp"(p)(V-u)Vp

The propagation of signals in Equation (3.2) takes place at a variable sound speed of
¢ = v/p'(p). We will determine p(p) by making the isentropic assumption p = Kp7,
where -y is the specific heat ratio and K is the isentropic constant. Hence, the formula for
the sound speed becomes the familiar expression ¢ = \/yp—/p Equation (3.2) can then be
re-written in terms of ¢, where the pressure derivatives p/(p) = ¢ and p”(p) = (v —1)c?/p
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have been used.

0? -2

8_255 — Vi =p(V-u) + 7 AVp-Vp
52 . 3.3)
a—;;—CQVQu—CQVxquZVZ A(V-u)Vp

Clearly, the left-hand side of Equation (3.3) is formally identical to Equation (2.2) de-
scribing linear acoustics in the special case of p = p. The only differences between the
linear and nonlinear systems are that the sound speed is no longer constant and that there
are additional second-order terms on the right-hand side of the nonlinear acoustic equa-
tions. This similarity in mathematical structure allows us to apply the same numerical
analysis to obtain an analytical solution to Equation (3.1) to be used in the Active Flux
scheme. The AF method is then compared to the first-order Discontinuous Galerkin (DGT)
method in terms of accuracy and convergence. We will end this chapter with a discussion

on the implementation of open boundaries in the AF scheme.

3.1 Approximate solutions to the p-system

Let the state vector now be q = (p, u,v,w)’. We can rewrite the p-system described by

Equation (3.1) as

dq
o Hela=0 (3.4)

where the sound speed is defined as ¢ = y/p/(p), and

1o 190 19
clxr cdy cOz
0
o 0 0 0
L= (3.5)
0
— 0 0 0
Cay
0
Co- 0 0 0

Equation (3.4) is formally identical to the linear acoustics system described by Equation
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2.9).
a(x,t) = e"*'q(x,0)

= Z ﬂq(& 0)

p!

(3.6)
p=0

The gradient matrix L also satisfies the properties

LP? =Vv?LP  (p>0)

and , , )
0 0 0
2 + 8_y2 + 922 0 0 0
0 0? 0? 0?
2 0x? Oxdy O0x0z
- . @ P P
oxdy 0y*> 0yoz
0 0? 0? 0?

0x0z 0yoz 922

Following the same derivation as with the linear acoustics equations, we can expand the

formal solution as the sum of even and odd terms.

q(t) = q(0) — ¢ {Z %v%} cLq(0) + 2 {Z ((LV:!VQP} ?L*q(0) (3.7)

= @2p+1) “ (2p+2

The odd terms can again be replaced by the spherical means formula. We then note that the

second time-derivatives can be written as
Ouq + 0y(cL)q — *L*q =0 (3.8)

which can be substituted into Equation (3.7) to obtain an exact solution to Equation (3.1)

using spherical means.

c2

q(t) = q(0) + tMgr{0,q}(0) + S /er{attq + 0y(cL)q}(0)dr (3.9)

Now the only difference between the exact solution to the linear problem and Equation
(3.9) 1s the addition of the time derivative term consisting of the gradient matrix multiplied

by the sound speed. At this time, we would like to mention that for a third-order scheme,
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the fluxes are only required to be second-order accurate, which means that only the leading
nonlinear correction term is needed. Hence, the fourth term, which is of quadratic order,
need only be evaluated using the local sound speed. This means that ¢L remains a con-
stant when evaluating the integral, and thus the last term vanishes and we are left with the

following second-order solution to the nonlinear acoustics system.

R
a(t) = a(0) + (2.} (0) + 5 [ rM{2ua}0)dr (.10)

Note that this again resembles the second-order Lax-Wendroff method. Simplifying the
nonlinear acoustic solutions using Equations (3.1) and (3.2), we get the following density

and velocity evolution formulas.

R
1
p(x,t) = p(x,0) —tMg{V -u} + = / rM,{c*V?p} dr

C

0
1 i 2)c?
+—2/er {p(V-u)Z—I—%Vp-Vp} dr
0
(3.11)

R
u(x,t) = u(x,0) —tMg{Vp} + 0—12 /TMT{C2V2L1 + ¢V x V x uldr
0

R (3.12)
. 2
+ 7 ! /TMT{C—(V-U)VP} dr
0

c? p

3.1.1 Approximation of second-order terms

Recall that for a third-order scheme, only the leading nonlinear correction is needed. There-
fore, the point values are evolved according to Equations (3.11) and (3.12) by evaluating the
spherical means integral using a radius proportional to the local sound speed at each node,
R = c;it = (\/pi/pi)t, as illustrated in Figure 3.1. This is rather similar to conventional

numerical methods that use a linearized Riemann solver.

p(x,t) = p(x,0) —tMg{V -u}+ /TMT{VQp} dr
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Figure 3.1: Discs of integration with varying local radii.
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u(x,t) = u(x,0) —tMR{Vp}—l—/TMT{VQu} dr + /TMT x u}dr
0 0
R
v—1
+—— [ rM{(V-w)Vp} dr (3.13b)

0

where the crossed-out term vanishes due to the analysis given in Section 2.1.3. Note also
that the gradient of pressure can be written as a gradient of density by using the isentropic
relation, Vp = 2Vp.

The solution given by Equation (3.13) is a combination of the linear acoustics solution
described by the first lines, and second-order nonlinear terms in the second lines. These
additional terms may seem to be much more complicated to compute because they are
the product of two gradient functions and need to be integrated twice. However, some
simplifications can be made since only the leading term in these nonlinear terms needs to
be evaluated to retain second-order accuracy.

Let us start by first observing that given quadratic data for the state solutions, the state
gradients are linear functions. All of the nonlinear terms are a product of two gradient func-

tions, which results in the leading term being a constant. It then follows that the nonlinear
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terms can be approximated using two linear functions g, (=, y) and go(x, y) thusly:

rdr Me{gi(z,y)g2(z,y)} + O(R®)

St~

/TMr{gl (z,y)g2(w,y) } dr =

(3.14)

~ 1 (Ma{g} Mag2) + O(R)

2

R2
~ TMR{gl}MR{QQ}

Taking advantage of the first-order gradient terms that have already been calculated to
further reduce the computational cost of the nonlinear terms, the final form of the solution

becomes

p(x,t) = p(x,0) —tMp{V -u}+ /T’MT{VZ[)} dr

t° 2 Py —2)g
5P (Mp{V -u})” + §TMR{VP} - Mr{Vp} (3.152)
R
u(x,t) =u(x,0) —tMg{Vp} + /TMT{V211} dr
0
2 (y—1)c
+ EW)O#MR{V u}Mp{Vp} (3.15b)
We shall end this section by making the observation that Equation (3.15) is in some
ways a combination of the spherical means method and the Lax-Wendroff approximation.
The first three terms describe linear acoustics and are evaluated exactly using spherical
means, which would retain favorable wave properties such as radial symmetry and vorticity
preservation. We can also combine the first and third term using Equation (3.16) as we did

previously for the linear acoustics solution, if desired.

R
q(x) + / MV (x) dr = Me{q}(x) + RopMe{a}(x)  (3.16)

0

By comparison, to maintain second-order accuracy, the nonlinear terms need only be ap-
proximated by the leading constant, which means we can simply evaluate their point values
as we would do in the Lax-Wendroff method. However, while the data is continuous at ev-

ery nodal point in the AF method, the gradients are in general discontinuous, but this does
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not prevent us from integrating them. Hence, an average gradient value at each node is

used instead by taking advantage of the definition of the spherical means integral.

3.2 Convergence and accuracy

The Active Flux method in Equation (3.15) for the nonlinear acoustics system described
by Equation (3.1) is tested against the Discontinuous Galerkin method with linear recon-
struction (DG1) in terms of accuracy and convergence. We have chosen to compare results
with the DG1 method because it uses the same number of degrees of freedom as AF. It
has also been shown to sometimes superconverge at third-order when solution variables are
averaged or integrated, which means that, in this context, we consider it to be the closest

competitor to the AF method.

3.2.1 Radial symmetry

We would like to investigate the ability of the Active Flux method to maintain radial sym-
metry. If the solution is perfectly symmetric, a scatter plot of the solution at individual
nodal values should collapse to a single line. The initial conditions are described by Equa-
tion (3.17) and is a variant of the linear Gaussian pulse used by Eymann [30], where the
far-field density is po, = 1.0, K = 1/7v,and v = 1.4.

p(x,0) = poo + 2exp{—50(z* + y°)}

u(x,0) =0 347
v(x,0) =0

p(x,0) = Kp'(x,0)

The final time is set to ¢ = 1.25 to ensure that no shocks have yet developed. In addition,
the maximally stable Courant number of 1.0 is used for this problem.

The AF scheme is compared to the DG1 method on grids of three sizes: 40 x40 (coarse),
80 x 80 (medium), and 160 x 160 (fine). Solutions of both density and velocity magnitude
are plotted along the radial direction in Figures 3.2 to 3.4. Clearly, the AF solutions display
better radial symmetry than DG1 in all of the plots as well as show smaller magnitudes of
undershoots and overshoots, which is especially obvious on the coarse and medium size
grids. The AF method was also better at predicting the maximum density and velocity
values of 1.24 and 0.252 at around r = 1.38 on the coarser grids.

To determine the order of convergence, we computed a scalar output /(¢) consisting of
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Convergence Rate for Gaussian Pulse

10

—_
oI
(4]
T

1
IS

Density Integral Error
)

I
o

10 E
s — — —3rd order
—o— DG1
—&8— AF
10_6 2 ‘1
10 10

h Active Flux DGl1
11— Iyes]] O(AL) | [ = Ies| O(AI)
2.0000 x 107! | 2.8393 x 10~* - 2.4765 x 1073 -
1.0000 x 1071 | 7.7461 x 10~* 1.8740 | 7.7582 x 10~* 1.6745
5.0000 x 1072 | 1.1504 x 10™* 2.7513 | 1.5628 x 10~* 2.3116
3.3333 x 1072 | 3.1982 x 107> 3.1571 | — -
2.5000 x 1072 | 1.3126 x 10~>  3.0958 | 2.3918 x 10~> 2.7079

Table 3.1: Convergence errors of scalar output /.

I(t) =

Q

The weight function is radially symmetric,

128

a weighted integral of the density distribution.

/ (p(x%,1) — pro)u(x) dD

w(z,y) = —(2° + y*)? exp(—4y/22 + y?)

3
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Figure 3.6: Convergence plot of AF and DG solutions for Gaussian pulse problem.

(3.18)



and normalized, in the sense that

o0

//w(:p,y) dedy = ?8 rtexp(—4r)dr =1
0 0

0

The error in the scalar output calculated using Equation (3.18) was determined by compar-
ing with a reference solution computed using the fifth-order DG method using quadratic
reconstruction (DG2) on a 160 x 160 grid. Both Figure 3.6 and Table 3.1 show that the AF
method clearly converges at third-order while DG1 does not quite reach third-order conver-
gence. Additionally, it is relevant to note that DG1 was initially showing only second-order
convergence, and the current result was only obtained after carefully choosing the initial-
ization of the data. We did not encounter this restriction with the AF method.

In terms of the error values of the density integral output itself, the DG1 method seems
to perform almost on par with AF, which is slightly puzzling given their solutions from
Figures 3.2 to 3.5. One possible explanation for this inconsistency is to analyze the weight
function, which is plotted in Figure 3.7. The maximum value of w(r) occurs at r = 1,
which happens to be the approximate location of the minimum density. The DG1 solution
at this location is rather smooth and much closer to the AF result than at the maximum
density peak. Hence, the density integrals computed from DG1 results are comparable to

those from Active Flux.

Weight function
0.8 ‘

0.7t |
0.6t |
0.5f |
< 04t —
03t ]
0.2t |

0.1 .

Figure 3.7: Weight function used in density integral calculation.
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3.2.2 Resolving shock waves

As this problem is run for a longer time, a shock wave starts to form as the compression
wave moves out and steepens. Figure 3.8 compares the AF and DG results at ¢ = 3.0 just
after the shock has formed. We notice that there is increased scatter in the results of both
methods as shown in the closeup plot in Figure 3.9. The reason for this decrease in radial
symmetry is that with the chosen structured grid, the grid resolution varies in different
directions, which means that some regions of the shock are better resolved than others.
However, even with the increased scatter, the AF method produces a more defined shock
than DG1. The closeup plot also confirms that the peak density value from the AF method,
which ranges from 1.11 — 1.15, is a better estimate of the exact value of 1.15 than the DG1
method whose peak density ranges from 1.09 — 1.13. These results support the conclusion
that the AF method is able to represent shocks on under-resolved grids with less scatter and

better predictions of the extrema than DG1.

3.3 Open boundary results

Recall that in our brief discussion on open boundaries in Section 2.5.1, we claimed that
the boundary condition is to simply evaluate the spherical means integral over the portion
of the disc that is inside the domain and disregard the portion that is outside. We will
now demonstrate the effectiveness of this simple open boundary technique. The data is
initialized using the Gaussian pulse described by Equation (3.17) and the AF scheme is
run until ¢ = 3.5. We perform the calculation twice: once on the rectangular subdomain
with its vertical boundaries treated as open boundaries and handled as described above, and
again on the square domain where these boundaries are not present, as illustrated by the
left picture in Figure 3.10. The boundary errors are then computed by comparing the two
solutions at the vertical boundary. The maximum error norm relative to the solution at the
open boundaries for two grids of different sizes — coarse and fine — are shown in Figure
3.11.

We first observe that the errors increase as the exit angle deviates from normal with a
maximum density error of approximately 1% on the coarse grid and 1.6% on the fine grid
at the maximum exit angle of —55 degrees. These results show that while the errors do
increase from a coarse to a fine mesh, the boundary solutions are only weakly dependent
on the grid size. In addition, the density and u-velocity errors essentially stay constant
at minimum error values of 0.15% and 0.2% between exit angles of —25 and 25 degrees.

We also observe that the results are not quite symmetric about the normal angle, which is
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Figure 3.10: Sub-domains used in testing open boundaries.

especially evident in the v-velocity errors. This can be explained by considering the grids
used were comprised of elements whose diagonals were all aligned in one direction, which
means that the solutions computed along the diagonals were solved at a coarser resolution
than in other directions and would result in asymmetry at the boundary.

Looking at the density distribution at an intermediate time of ¢ = 3.0 as shown in Figure
3.12, we can see that the solution is no longer radially symmetric near the boundaries. This
suggests that the boundary errors are causing small waves to be reflected back into the
domain and interfere with the interior solution. In order to determine the magnitude of
the reflected waves, we reran the Gaussian pulse problem on a circular sub-domain with
2774 elements, as illustrated by the right picture in Figure 3.10. This will ensure that the
reflected waves are all of the same strength since the exit angle is now zero all along the
boundary. The reference solution has been kept on the same larger square domain. Note
that this is a rather severe test because the reflected waves will focus to a point as they
approach the origin.

Figure 3.13 uses arrows to show that a very small reflected wave has already developed
at t = 2.5 and at ¢ = 3, this wave is traveling towards the center of the domain (see
Figure 3.14). A closeup of the reflected wave is shown in Figure 3.15, from which solution
errors can be computed using the reference solution. Judging by Figure 3.16, a generous
estimation of the maximum amplitude of error is 0.3% for both density and velocity. This
interior error is larger than the boundary error by at most a factor of 2, which means that

the interior errors will stay within 3% even after encountering larger exit angles.
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One consequence of using this open boundary condition seems to be that there is a slight
decrease in the radial symmetry of the solutions, as shown most prominently in Figure 3.15.
The effect is not terrible, as this is a rather coarse grid, and we expect the scatter to decrease
on a finer grid. In addition, even with this small drawback, the AF method still has the
advantage that no special treatment is required for the open boundary; all that is necessary
is to limit the angles of integration when computing the spherical means, and this comes
naturally from the grid description. Finally, the nice behavior of the AF scheme at open

boundaries would allow the use of smaller domains, hence reducing computational cost.
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CHAPTER 4
Euler Equations

We have thus far seen the development of the Active Flux method for the linear and non-
linear acoustics equations. This is done as one half of our goal to develop an AF method
for the multidimensional Euler equations. Our approach to solving the Euler equations is
based on a splitting of advective and acoustic terms on the account of their very different
numerical requirements caused by the differences in their underlying physics. On the ad-
vective side, Maeng has developed and tested the AF method to solve the multidimensional
nonlinear advection equations [39]. After both halves of the Euler solver have been estab-
lished independently, we then attempt to bring them together in a manner where each term
in the Euler equations is solved using the appropriate advection or acoustics method. One
final note is that we have opted to restrict the Euler equations to two dimensions in order
to make the analysis more manageable, but the final results will be expressed in terms of
operators such as V, V- and V x that apply in all dimensions.

We begin with the conservative Euler equations in two-dimensions

ou+0,f+0,8=0 4.1)
where
P pu pu
pU pu2 +p puv
u= , f= , g= 4.2)
pu puv pv2 +p
pE pHu pHv

and F is the specific total energy and H the specific total enthalpy.

1
E= ——+§|V]2 (4.3)



H=p+? (4.4)

P
Equation (4.1) is used in the last step of the AF method where the fluxes at interfaces are
computed and used to update the cell average state. The evolution of the nodal point values,

however, uses the primitive form of the Euler equations.

pe +|v-Vpl+[pV-v [ =0
1
up +|v-Vul+| —pg =0
; 4.5)
v+ v - Vol =py =0
0
pe V- Vp|+[pPV v | =0

In this form, we are able to clearly identify that the terms in the orange box are advected
by a velocity v = (u,v)’, and the terms in the blue box are acoustic in nature.

At this point, we would like to mention that the idea of operator splitting itself is far
from original. The most common approach, for example in [40, 41, 42], has been to write

the flux as F = ¥4, + F,., in one dimension, with

pu 0
Fad = pu2 s Fac = p
ukl up

Although this makes intuitive sense, the Jacobian matrices A4 and A,. have eigenstruc-

tures that are not closely related to the physics. We have the advective Jacobian

0 1 0
OF,
A= ad—— 2 2u 0
u
—uE/p Efp u

which is nilpotent with three eigenvalues all equal to u, and two regular eigenvectors
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(0,0,1)" and (1,u, 0)T. The acoustic Jacobian, on the other hand, is

0 0 0

Aw=—7"=| (- —(y-Du -1

el 2 (1 (y— L

T
whose eigenvalues are <i@/@,0) with eigenvectors (O,M,l) and

(y=1)pu?—p
(1, u, %uQ)T. This splitting gets some things correct. A purely advective disturbance —
one that is proportional to (1, u, %u2) — does not lead to an acoustic response and will prop-
agate at the correct speed. However, the acoustic wavespeed is poorly defined, and acoustic
waves do not influence the density.

In fact, there is no satisfactory splitting of the conservative fluxes into advective and
acoustic components. The problem lies with the term in the energy equation V - (pv). This
splits into two nonconservative terms v-Vp and pV -v. The first part of these is an advective
term, and the second describes an acoustic effect. Hence, the splitting cannot result in a
conservative formulation. It is for this reason that our method employs a nonconservative
step to evaluate the fluxes.

This chapter describes in detail the process and results of applying the second-order
Lax-Wendroff method to the primitive Euler system described by Equation (4.5) to update
the nodal point values. Every acoustic term is evolved using the method of spherical means
that was developed for the nonlinear acoustic equations in Chapter 3. Similarly, every ad-
vective term is updated using the method of characteristics, details of which is not included
in this work but is the main topic of Brad Maeng’s thesis [39]. We then introduce a new
approach to achieve third-order convergence without using the bubble function, which re-
moves the need for third-order terms in the data reconstruction inside each element, but
also reduces the compactness of the method. Finally, AF results are compared to DG1 and
D@2 for the moving vortex problem in terms of accuracy, convergence, and computational

time.

4.1 Lax-Wendroff approximation

Let the primitive state vector be q = (p,u,v,p)’. We can rewrite the primitive Euler
equations as

oq+ Ad,q+ Boyq=0 (4.6)
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where

u p 0 0 v 0 p 0
1

0 w 0 - 0 v 0 O
A= P B = 1 “4.7)

0 0 0 00 v -

“ p

0 v 0 wu 0 0 vp v

so that the second time derivatives are

Ouwq + 0;A0,q + Adnq + 0,BO,q + Bdq =0 (4.8)

The Lax-Wendroff method can then be approximated to second-order accuracy using Equa-
tions (4.6) and (4.8).
n+1 n n 1 2 n
9" =q" +10q" + 5t°0uq
1
1 1
1 1
+ §t2A8x(A8xq + Bo,q) + §t238y(A8xq + Bo,q)
1
=q" -t (A + §t(6tA — A0, A— BayA)) 0.9

1
—t (B + Qt(ﬁtB — A0, B — BﬁyB)) dyq
1
+ §t2(A28mq +(BA+ AB)d,,q + B*0,,q)

=q" - t(A"0,q+ B*0,q)

1
+ §t2(A28mq +(BA+ AB)d,,q + B*0,,q) 4.9)

where the modified coefficient matrices are

1
A" = A+ | (A, - AA, - BA,) (4.10)

1
B' =B +|;{(B, ~ AB, — BB,) 4.11)

The second line in the final Equation (4.9) simply contains the second-order terms of the

solution to the linearized Euler equations. The first line consists of the first-order part
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of the solution with coefficient matrices that have been modified to include the nonlinear
terms in the boxes shown in Equations (4.10) and (4.11). In the special case of linearized
Euler equations, the terms in the boxes vanish, and the advective and acoustic terms can
be evolved separately using operator splitting. The challenge now is to determine which
process, either advective or acoustic, each second-order nonlinear term is associated with
in the full Euler equations.

Before moving onto the discussion of the nonlinear terms, we would like to mention
that there are a few different ways to perform operator splitting to the primitive Euler equa-
tions, all of which are discussed by Maeng [39]. In this work, we focus solely on the
nonsymmetric operator splitting that applies the advective operator first, followed by the
acoustic operator. The reason behind choosing this particular operator splitting is based on
the intuitive application of both advective and acoustic conditions at the boundaries, which

will be discussed further in Chapter 5.

4.1.1 Advective terms

Including only the advective terms reduces Equation (4.5) to

pr+v-Vp=0

u+v-Vu=0
4.12)

v +v-Vo=0

Pt +v- Vp =0

The second-order advective solution can be determined at

q(0,t) = q(x*,0) (4.13)

where the modified characteristic origin is defined as

*ok * 2 ]‘
X =x"+1 Q—Vp

p (4.14)

1
=—t(vI—tv-Vv)+t*—V
(v v-Vv)+ 2 P
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Applying the nonlinear advective solution to the Lax-Wendroff approximation of the Euler

equations results in the following update.

Q= q° — ¢t { (A (v Vu+ %ppx)l) uq + (B (v Vot %ppy)l) ayq}
+ %tQ {A%0,,q9+ (AB + BA)d,,q + B*0,,q}

+ t*(A**9,q + B**9,q)
(4.15)
The first line of Equation (4.15) describes the second-order solution with nonlinear advec-
tion and linear acoustics. The second line remains unchanged, and third line contains the
nonlinear terms left to evaluate, which can be simplified using the isentropic assumption

pd(c?) = (v — 1) dp to the following terms.

1 1
3P (u2 + v} + 2uyv,) — %Vp -Vp+ (V-v)(v-Vp)

1 1 1
—V'VpCQx——va — PyUz +V'V<_)px
SV V), = 5 (e — ) !
1 1 1
L9 vip), = L (pay — pyus) +v -V (;) 2,

2p ' 2p

1 2
27 (2 05+ 2ug0) = 5V Tp o+ (V- v)(v- V(o) + (7 = 1pe(V - v)?

(4.16)
Details on the derivation of Equations (4.14) and (4.15) can be found in Appendix B.

4.1.2 Acoustic terms

Taking the Euler equations to include only the acoustic terms reduces Equation (4.5) to

pt+pV-v:0
1
ut+_pz:0
i) (4.17)
v+ —py, =0
P

pe + pc?V v =0
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It is important to remember that the operator splitting method requires the second operator
to be applied to the intermediate solution computed from the first operator. This results in

some nonlinear second-order terms Aq,s being produced.

Apos = p(uozc + 1}; + 2uyv$)

1
Auos = ; (p:cux + pyvz)
| (4.18)
Av,s = E (patty + pyvy)
Apos = pc? (ui + vg + 2uyv$)
In addition, the second derivatives with respect to time of Equation (4.17) are
2 1 2
pu =V p—;Vp-Verp(V-V)
2 1 2 1
i = (V) + =V (pP), — =(V-V)pa
P P (4.19)

1 1
v = (V- v), + ;V -v(pe?)y — ;(V “V)py
2
c
pu = *Vp — ;Vp - Vp+p(V-v)?
Recall that the Lax-Wendroff approximation is of the form

1
Q" =q" +toq + §t28ﬁq

and thus many of the second-order terms in Equation (4.19) that show up in Equation (4.16)
are purely acoustic in nature.

After removing the second-order terms in Equations (4.18) and (4.19) from Equation
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(4.16), the remaining terms are

1
(V-v)(v-p) §p (u?x +U?3 + 2uyvx)
1 1
V|- z 5 Pzxly z
() gp Pt Put)
_ (4.20)
V-V(1>p -£@1L+pv)
p Y 2p =Yy Y~y
1
(V) - (o) et (u2 4 02 + 2u,m,)

Note that the terms in the first matrix in Equation (4.20) are simply the first-order terms
of the acoustic equations evaluated at the linear characteristic origin of X = —tv. To
reduce computational cost, we prefer to use the nonlinear characteristic origin x** defined
in Equation (4.14) since it includes the appropriate first-order terms and is readily available.

We have previously noted the similarity of the Active Flux acoustics scheme to the
Lax-Wendroff method in Section 2.1. Indeed, we can recover the solution to the acoustic

problem in Equation (4.17) by using the method of spherical means and a sound speed of
c? = dp/ap.

R
q" = g™ + tMr{0,q} + 6—12 /er{ﬁttq**} dr 4.21)

0
The superscript ** refers to the intermediate solution to the advection problem evaluated at
the characteristic origin x**. Note that the time-derivatives in Equation (4.21) use only the

acoustic terms in Equations (4.17) and (4.19). After some simplifications, the evaluation of

the acoustic-driven terms become

R
1
Pt = p —tp™ M{V - v*} + = /TMT{VQP} dr
0

t2 21
+ 50 (Mp{V - v})* — 3, Mal{Ve}- Me{Vp} (4.22a)

R R
Vit = v t%MR{Vp**} + /T‘MT{V2V} dr + /T’MT{V X V x v}idr
P 0 0
t2 ) 21 )
+ 5 MpiV - viMp{V(c)} + §;MR{V v} (Mp{Vp} — Mr{Vp})
(4.22b)
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R
P = g MRV v /rMT{VZp} dr
0
2, , 2P
+5pc (Mp{V -v})" = 7, r{Vp} - Mp{Vp} (4.22¢)

Using the same observations that were made to the nonlinear acoustic equations, the first
lines in Equation (4.22) describe the exact solution to the linear acoustics problem, and the
second lines contain the second-order nonlinear acoustic terms. The data used to evaluate
the second-order terms need only be accurate to the leading (constant) term, which means
that we can use either the data at the current timestep n or the intermediate solution after
the advective operator has been applied. Another observation of interest is that the last two
terms in Equation (4.22b) would cancel each other if the flow is fully isentropic, which
could lend to further simplifications.

The remaining terms in the second matrix of Equation (4.20) describe the interaction
between the advective and acoustic processes. Writing them in another form,

1
Apip = —5P (V- v)* + (uyvy — ugvy))

1
Aty = —— (Vp - Vu + py (v, — uy))

2

1p (4.23)
Av;, = _2_/) (Vp- Vv —p,(vy —uy))

1
Apip = —§p02 (V- v)? + (uyvy — ugvy))

we can interpret these interaction terms to represent some physical behavior. For exam-
ple, the density and pressure interaction terms describe the narrowing and twisting of the
streamtube due to the velocity field. The process described by the velocity interaction
terms is less clear, but it seems to involve some gyroscopic effect caused by the interaction
between the pressure and velocity fields.

These interaction terms can theoretically be computed using either point values (advec-
tive method) or spherical means (acoustic method). Preferably, the spherical means value is
used because the solution gradients are generally discontinuous at nodal points, so by com-
puting the spherical means integral, we are essentially averaging the value of the gradients

at each node.
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4.1.3 Active Flux algorithm — Part 1

Let the nodal point update be a two-step method,

q” =q" + Aquqg (4.24)
Q" =q" + Adue + Adin (4.25)

which can be implemented using the following algorithm applied at the half and full timesteps
n+1/2 and n for every vertex and edge node. Note that the equations have been discretized
in such a way that if the Euler code were applied to the linear acoustic system, the method

of spherical means would be recovered.
1. Apply nonlinear advection
Aduq = q"(x™) — q"(0) (4.26)

where the modified characteristic with pressure gradient is

2

X =X —{—%

1
Vp = —tv + 2 (V-Vv+ %Vp>

2. Apply nonlinear acoustics with corrected first-order terms

R
1
Apge = —tp™ Mp{V -v*™} + = /TMT{V2]?} dr
0

t? t*1
TP (Mp{V - v})* - EEMR{VP} - Mr{Vp} (4.27)
1 R R
AVae = 1 Mp{Vp™} + / MLV dr + / FMAY x V % v} dr
0 0
t? ) t*1 )
+ 5 MpiV - viMp{V(c)} + §;MR{V v} (Mp{Vp} — Mr{VDp})
(4.28)
R
Apge = —tp™ ™ Mp{V - v**} + /TMT{V2])} dr
0
2, , t2c?
+57pc (Mp{V -v})" = EEMR{Vp} - Mp{Vp} (4.29)
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3. Include the remaining interaction terms using spherical means.

p (Mp{ua}? + Mp{v,}* + 2Mpf{u, } Mp{v. })

Mp{p. } Mr{u.} + Mp{p,} Mr{v.}
Aqip, = —— (4.30)
Mp{p.} Mp{uy} + Mr{p,} Mr{v,}

pc* (Mp{us}? + Ma{vy}* + 2Mp{uy} Mp{v.})

This concludes the second-order nodal update portion of the Active Flux method for
the Euler equations. The next step in the method is to update the conservative cell averages
to third-order accuracy by integrating the fluxes computed at each cell interface. The cell-
average values have so far been implemented into the AF method in the form of a third-
order bubble function. However, Maeng had encountered numerical difficulties with the
bubble function that led to mesh alignment issues when solving multidimensional nonlinear
advection problems (see [39] for details). Since we aim to only use the nonsymmetric
operator splitting that applies the advective operator prior to the acoustic operator, the errors
encountered with the mesh alignment issue is unfortunately large enough to prevent third-
order convergence, especially on structured grids which favor certain directions more than
others. Therefore, in the next section, we propose a new scheme to achieve a third-order

Active Flux method without the use of a bubble function.

4.2 Obtaining third-order accuracy without bubble func-
tion

The idea behind adding a bubble function is to reconcile the third-order accurate cell-
average conservative data with the second-order nodal primitive data in order to raise the
overall convergence of the AF scheme to three. While the use of a bubble function is an ele-
gant and compact approach to achieving this reconciliation, it is by no means the only way.
In fact, we can also raise the order of accuracy of the nodal values by taking into account
the differences between the cell-average values updated using fluxes, which is third-order
accurate, and reconstructed using nodal values, which is only second-order accurate. These
reconciliation differences are local to each element, which means that they will need to be

averaged at each node depending on the number of elements that share the said node. This
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reconciliation method has the advantage that there is longer a need to evaluate any of the
expensive third-order terms. However, some compactness is lost because we now need to
share information about the local reconciliation differences across multiple nodes.

This section will discuss the new reconciliation method in detail, starting with the
change of variables from primitive state to conservative and vice versa, and ending with

the application of the method in the AF framework.

4.2.1 Change of variables

Let the conservative state vector be u = (p, pu, pv, pE)" and the primitive state vector
again be q = (p, u, v, p)T. The two sets of variables can be transformed into each other as

follows:

u=W,q (4.31a)
q=W,u (4.31b)

where the transformation matrices are given by

1 0 0 0
0O p 0 0
0
w, = 28 =
dq 0 0 p 0
0 1 1 1
(4.32)
1 0 0 0
1
0 - 0 0
W,=W, ! = P .
0 0 - 0
p
v—1 v—1
- - 1
0 5 U 5 vy

Another change of variables that may be required is the conversion of the changes in
the cell-average conservative variables to the primitive state variables while maintaining
third-order accuracy. As illustrated by the transformation matrix in Equation (4.32), with

the exception of density, the conservative states are often a product of two or more primitive
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states. Hence, changes in the conservative cell average At = (Ap, Apu, Apv, ApE)T can-
not be transformed directly to changes in the primitive cell average Aq = (Ap, Au, Av, Ap)T
using Equation (4.31b). Instead, given the evolution of the conservative cell-average values
as

T ="+ Au

the transformation must satisfy the following expression:
Aq =W, Au (4.33)

where the average values are taken from the initial data.

1 0 0 0
i 1
2 - 0 0
- Z P
W, = o ) (4.34)
2 0 = 0
Z P

v—1(pu+pv)’ pu pv
— —W—U%-—W—U%-v—l

To obtain Equations (4.33) and (4.34), we have made the assumption that the changes of
the cell-average values are small, which is generally true in a fully explicit method like
Active Flux. We now have the necessary tools to reconcile the cell-average conservative
data with the nodal data in the AF scheme.

4.2.2 A new approach to reconciliation

The naive approach to increase the AF solution to third-order accuracy is to simply rec-
oncile, using a constant correction term k..., the differences between the cell-average
conservative data U = (jp, pu, pv, pE) and the reconstructed cell-average value computed

by integrating the point-wise primitive data q = (p, u, v, p),

u= Ugug + kcorr

1 (4.35)
— —/ Wua;(z,y) dQ + keopr
Q; Jo,

where (); is the elemental area, and q; is the quadratic reconstruction of the point-wise

primitive solution within element j. As illustrated in Figure 4.1, this correction term would
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Figure 4.1: Reconciliation between the cell-average data and the reconstructed cell average
values.

bring the reconstructed conservative cell average u,,, to the same value as u. Note that
the integral in Equation (4.35) should be computed to at least third-order accuracy using
Gauss-Legendre points. However, the simplest third-order accurate quadrature does not
take contributions from data at the vertices [43]. This leaves us with some ambiguity about
the update procedure at the vertex nodes, which we have resolved by choosing to update
the vertex data by the same correction constant as for the edge data in each cell.

Unfortunately, we did not have much success in achieving clear third-order convergence
with this approach, and have seen some instability issues at small Courant numbers as well.
Rather, we propose an alternate approach to improve the order of accuracy of the nodal
solution by looking at the residuals of the cell-average and point nodal data, not simply the
solution data itself. The idea is the same as the reconciliation step described by Equation
(4.35), but we will apply it to residuals instead of the conservative solutions.

For our purposes, the residual at timestep n is defined as the difference between the

conservative solutions at timesteps n and n + 1.
" =u""t —u" (4.36)
For the cell-average conservative solution, the residual is third-order accurate due to the

integration of interface fluxes around each element.

(4.37)
- At/ —(fi+ gj) ds = O(h?)
a2

J
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Here, f and g are the x- and y-directional flux vectors in Equation (4.2). By comparison,
the residual of each nodal point is only second-order accurate,

7 =ut -l = O(h?) (4.38)

7 K3

where the conservative solution is computed by applying a change of variables, u; =
Wuqi~

Now, we will reconcile the cell-average residual with the point-wise residual in each
cell by adding a constant correction term k = (k,, kpu, k0, kpo)” to the vertex and edge

nodal values and integrating inside the element.

_ 1
kj=Tj— ) r;(§,n) dQ2
J J
6
_ 1
=T q (Z I“j,i@z‘(fﬂ)) ds2 (4.39)
779 \i=1
=T = 5Tz +rja +1j06)

Here, we have assumed that the residual function inside the cell is quadratic, although we
would like to note that it is most likely more accurate to reconstruct a higher-order function
since the residual is in conservative form. However, in practice, we have not noticed much
improvement in evaluating the integral at higher orders of accuracy, so we have opted for
the minimum second-order reconstruction.

The primitive nodal solutions are then updated to third-order accuracy by again apply-
ing a change of variables in one of two ways. The first is to use the conservative point-wise

data computed in Equation (4.38) at every node 7 of element ;.
qj; = Wy(u;; + k) (4.40)

The second choice is to recognize that k; is relatively small in magnitude since it is the
difference between two residual values that also tend to be small. Thus, we can use the

transformation matrix W, in Equation (4.34) to update the nodal point values directly.
o) = g+ Wek; (4.41)

The second method may be preferred if the AF algorithm is looped over elements because
there would be no need to store the conservative nodal point data, while the first method

might be more efficient if the algorithm is looped over nodes.

75



Clearly, this method will produce different values of k for each element surrounding a
vertex or edge node. This can be resolved by averaging all of the k; values by the number
of elements surrounding the node, which will keep the solution at third-order accuracy. As
we will see later in Section (4.3), applying this reconciliation scheme to the AF method
produces results that converge at third-order on both unstructured and structured grids, the
latter showing no sign of the mesh alignment issues that we have seen with using a bubble

function.

4.2.3 Active Flux algorithm — Part 2

Let the third-order update for the nodal point solution be dependent on the difference in
residuals,
qn+1 _ qg:dl + Wqu (4.42)

where q§:d1 is the second-order accurate nodal solution from the first part of the AF al-

gorithm in Section 4.1.3. This update can be implemented using the following algorithm

applied at the end of a full timestep.

1. Compute residual of cell-average conservative state
F=—At / (fi + gj) ds (4.43)
oy

by using the solutions at timesteps n, n+ 1/2, and n+ 1 to integrate the fluxes across

each interface, as previously discussed in Section 1.3.3.
2. Compute cell-average residual from nodal solution

1
Yovg = Q_ /Q rj(gvn) d(2

779 (4.44)

= g(rj,z +Tja+Tjg)

3. Determine the difference in residual values
S
AT = — ) "(Ti — Tiaug) (4.45)

ne <
)

where ne is the number of elements that share the given node.

The first two steps are computed over all elements and the last step is finished over all

nodes. This algorithm is easy to implement and rather compact as it does not require ex-
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tensive communication between neighboring elements. In conjunction with Section 4.1.3,
the Active Flux scheme for solving the Euler equations is now complete.
4.3 Moving vortex problem

We will test the AF scheme for the Euler equations by initializing with the moving vortex
data given by Shu [44],

— 1)e? 71
p(x,0) = (poo - %—WQ)E exp(l — 7“2)) (4.46)
u(x,0) = Upo — % exp(%(l —7%)) (4.47)
v(x,0) = % exp(%(l —7%)) (4.48)
p(x,0) = p? (4.49)

where € = 5, po, = 1.0, us, = 1.0, and the domain is square (z,y) € [—5, 5] with periodic
boundaries. We chose this particular vortex because it represents a large range of Mach
numbers, from 0.1 to 0.6. The problem is run for one period, ¢ = 10, at which time the
solution returns to its initial data.

The results from the AF method are compared with those from the Discontinuous
Galerkin method with linear (DG1) and quadratic (DG2) reconstructions on structured and
unstructured grids. In terms of error calculations, due to its continuous nature, the Active
Flux error is computed based on nodes similar to finite difference errors, where nn is the

number of total nodes,

1/2
AF
L} [m Z | (£) — q; (0)] ] (4.50)

whereas the DG error is computed based on area integrals,

LP%q { /| \%m}m 4.51)
o Jo 4 |

Note that both error measurements are computed in the L, sense.

Another point of comparison is the Courant condition used by both methods. The DG
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Figure 4.2: Convergence rate of AF results on structured grid after one period.

methods use the following equation to compute the time step,

(4.52)

where ¢ denotes the element number, CFLp; = CFL(/2p + 1, and p is the order of re-
construction. The maximum wave speed |Anax| = |u| + ¢ is calculated along each edge of
element 7 and S is the elemental area. By comparison, the Courant condition used by the

AF method is described as follows,

CFL :
Atyp = —— A" 1hin (%) (4.53)

HlfiX( | >\max |z) i,edge

where CFL r = CFLg and [; cqqc 18 One edge length of element ¢. The Courant number
used in comparing the two methods is set to CFL, = 0.8.

Starting with the structured grids, we used grid sizes of n x n where n = (20, 30, 40,
60, 80, 120) for the AF and DG1 methods, and n = (10, 20, 30, 40, 60, 80) for DG2 due

to time constraints. Figure 4.2 clearly shows that the AF results converge at third-order for
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both primitive and conservative states. Comparing with the DG results in Figure 4.3, we
observe that all state variables are converging at the expected rate of p + 1 for both DG
methods. In fact, DGI1 is converging at a slightly higher rate of 2.5. The solution errors
using the AF method is always smaller than using DG1 and is approximately twice as large
as using DG2 with the same total degrees of freedom.

In terms of computational cost, we recorded the runtime, in seconds, of all three meth-
ods and compared them against the solution error, as shown in Figure 4.4. Note that both
the AF and DG codes are written in C++ by the same person, and though neither code has
been optimized for performance, the runtimes should be comparable. We observe that the
AF method once again outperforms DG1; for the same solution error, the computation time
for DG1 is more than one magnitude larger than AF. The AF method also requires less
computation time than DG2 by a factor of approximately 3 to 5 depending on the grid size.
At the finer grids, the ratio of the difference in solution error to the computational time of
the AF method seems to be about the same as DG2.

Similar observations can be made for the AF and DG solutions on unstructured grids, as
shown from Figures 4.5 and 4.6. The unstructured grids were generated by perturbing the
nodes on the structured grids. We can conclude this chapter by stating that the AF method
for the Euler equations satisfies third-order convergence for all state variables. In terms of
performance, it is more accurate than the DG1 method, and is more cost-efficient than both
DGI and DG2 schemes.
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Figure 4.3: Convergence rate of AF and DG results on structured grid after one period.
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Figure 4.4: Computation time of AF and DG methods on structured grid.
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Figure 4.5: Convergence rate of AF and DG results on unstructured grid after one period.
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Figure 4.6: Computation time of AF and DG methods on unstructured grid.
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CHAPTER 5
Boundary Conditions for Euler Equations

Thus far we have implemented and verified open and flat wall boundaries for linear and
nonlinear acoustics systems. With the Euler equations, we now need to account for the
appropriate advection conditions at the boundary. This chapter will introduce three types

of boundaries that are necessary to the Active Flux method: inflow, open, and curved wall.

5.1 Inflow & outflow

By far the most widely used inflow and outflow boundary conditions for the Euler equations
are based on the use of characteristics, usually applied in multidimensions by generalizing
the one-dimensional case [36]. We have previously shown in Section 3.3 that a similar con-
cept can be applied with great success to acoustic problems using partial spherical means
integrals. In addition, characteristic tracing has already been built into the advective solu-
tion as part of the AF method. Hence, by combining the two different boundary consider-
ations, both inflow and outflow boundaries can be solved in a very straightforward manner
using the AF scheme.

The outflow, or open boundary condition for the Euler system consists of two steps,
as illustrated in Figure 5.1. The first is to use characteristic tracing for the advective up-
date only if the characteristic origin lies within the computational domain; otherwise, the
boundary value is unchanged. The second step follows the same process as was performed
for the nonlinear acoustics system: we only integrate the spherical means for the portion
that is inside the domain. Note that we would compute this partial integration on the data
after the advective update has been performed.

The inflow boundary condition for the advective step is essentially the reverse of the
outflow. Instead of tracing the characteristic from within the domain, we now use the

prescribed data from outside the domain, as illustrated in Figure 5.2. The acoustic step still
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Figure 5.1: Regions where point values are taken to update advective (left) and acoustic
(right) terms at an open (outflow) boundary. The interior domain is colored gray.

Figure 5.2: Regions where point values are taken to update advective (left) and acoustic
(right) terms at an inflow boundary. The interior domain is colored gray.

employs the same concept as for the open boundary; we integrate only the part of the disc
that lies within the domain as to allow outgoing waves to escape.

To verify these two boundary conditions in practice, we have used the moving vortex
problem described by Equation (4.46) in Section 4.3. Instead of periodic boundaries, we
will now use inflow on the left boundary and outflow on the right, and run it until ¢ = 10.
This should result in the vortex moving completely out of the computational domain, leav-
ing behind the far-field state values of q, = (1.0, 1.0,0,1.0)T. In order to see the effects of
the new boundary conditions, we have computed the L,-norm error and maximum relative
error of the solution, as shown in Table 5.1. We observe that the behavior of the Ly-norm
error seems to suggest that the AF results are converging to a numerical solution that is not
described simply by the far-field solution. It is most likely that the solution is slightly dif-

ferent from the correct one, as if it might be the correct solution for the boundary conditions
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Lo-Norm Error

Grid size p u v D

30 x 30 | 2.19873 x 107*  2.65243 x 1073  1.39665 x 10~3 3.07816 x 1073
60 x 60 | 2.26268 x 10™* 2.64294 x 1073 1.35370 x 103 3.16822 x 1073
120 x 120 | 2.30599 x 10~  2.67363 x 1073 1.35163 x 1073 3.22973 x 1073

Maximum Relative Error
Grid size p U v P
30 x 30 | 0.0136691 0.0156261 0.0111425 0.0191905
60 x 60 | 0.0143315 0.0161398 0.0104494 0.0201212
120 x 120 | 0.0169222 0.0186734 0.0106683 0.0237708

Table 5.1: Solution errors from the moving vortex problem with inflow and outflow bound-
ary conditions.

being imposed. This would result in some waves being reflected back into the the domain.
From the computation of maximum errors, we can conclude that the solution errors caused
by the boundaries are weakly dependent on the grid size and range from 1.3% to 2.3%,

which are well within the widely accepted limit of 5%.

5.2 Curved wall

In order for a high-order method to achieve its high order of convergence at a wall boundary,
additional information is required to describe the wall geometry in more detail. A common
practice is to increase the number of spatial nodes so that curved boundaries can be recon-
structed to the required order, as is done in DG methods. For the AF method, however, this
technique is not quite desirable for a few reasons. The first is obvious; the memory stor-
age required would be higher since the number of grid nodes would be doubled if we use
quadratic reconstruction instead of linear, and this could increase the computational cost.
In terms of the AF method itself, the use of curved elements adds difficulty in the execu-
tion of both advective and acoustic schemes. For the advective solver, determining which
element the characteristic origin lies in becomes more computationally expensive because
the Jacobian is no longer a constant, while for the acoustic solver, it becomes much more
complicated to compute the spherical means integral to the required order of accuracy with

the limits of integration set as a curved edge. It is for these reasons that we choose to use
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Figure 5.3: Nomenclature for curved wall boundary conditions at vertex and edge nodes.
All of the blue cells are evaluated before red.

the radius of curvature instead to define a high-order geometry. This results in elements of
low-order geometry with a constant Jacobian but varying radii of curvature defined at every
vertex and edge nodes.

Four distinct conditions are needed in order to solve for solutions at the wall boundary.
The first is simple; because the curved wall is a streamline, our advective update using
characteristic tracing naturally satisfies the wall boundary conditions for an advection pro-
cess. We also know that entropy is advected along a streamline, hence from the advection

stage, we can determine the first boundary condition.

kY

s = log (5 ) = log p™ — vlog p** (5.1

Since this entropy value is not affected by an acoustic process, we can use Equation (5.1)
to relate the final pressure and density solutions. The three remaining conditions can be

directly imposed after the acoustics stage at vertex node v as the following,

v, -n, =0 (5.2)
Ops _ p;
on, R,
2 1/~
q Do
= 5.3
R, (exp sv) (5-3)

wy =V X v,



ox dy -

_ ov,  Ouy, (5.4)

where R is the radius of curvature and ¢ = v/u2 + v2 is the velocity magnitude. Note that
Equation (5.3) evaluated at either the vertex or edge node will be of the form A + Bp =
C’pl/ 7, which can be easily solved using an iterative scheme such as Newton’s method. In
addition, an alternative constraint will need to be considered to replace Equation (5.4) for
rotational flows.

Now consider an edge node on the curved boundary shown in Figure 5.3. We can
assume that all of the cells with vertex boundary nodes have already been updated correctly
using Equations (5.1) to (5.4). Since the edge 1-2 will not in general form part of the
boundary, we must enforce the boundary condition described by Equation (5.2) in a weak
sense by insisting that there is no flow through the arc 1-2. This is equivalent to zero mass

flow through the edge 1-e-2, which we can integrate numerically using Simpsons Rule.

2

1

/ pu, ds &~ é(plvl,n + 4peVen + pavan) =0 (5.5)
1

The resulting normal velocity will most likely be a very small but nonzero value. The other

three conditions still hold at the edge nodes.

5.2.1 Gaussian bump

This problem is aimed at testing the AF method for the computation of internal isentropic

flow with a high-order curved boundary consideration. The constant initial conditions are

Poo = 1.4
Coo = 1.0
(5.6)
My =0.5
a=20

and v = 1.4. Note that the entropy should remain a constant in the flow field. We initialize
the data on a computational domain proposed by Wang et. al [1] where the bump along the
lower wall is defined as

y = 0.0625 exp(—252?) (5.7)
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Figure 5.4: Density solution of Gaussian bump problem on coarse grid of 1800 elements.

We can explicitly compute the radius of curvature at any point along the bump using Equa-

tion (5.7).
Ly @)
B =)

The problem should be run until steady state. However, because the AF method is fully

(5.8)

explicit, its solutions are time-dependent and we would need to run the code for a very
long time in order to reach steady state. Due to time constraints, we ran the problem
until the solution residual reached 10~ in hopes of making some qualitative and possibly
quantitative observations about AF method with curved wall boundary. Figure 5.4 shows
that the density solution at the final time is close to being symmetric about the bump as
expected.

Since the complete analytical solution is unknown for this particular problem, the en-
tropy error is usually used as the indicator of solution accuracy. Looking at the relative
entropy error profile of the AF solution in Figure 5.5, we first observe that the entropy pro-
duced is very small; it is only 0.015% to 0.06% of the initial value on the coarse grid. In
addition, the maximum entropy error decreases by a factor of two when the grid is refined
once. We can also compute the total entropy error and the entropy produced along the

bump to determine whether they converge at the correct order.

1 nn

Erriou(s) = — Z |s(t) — s(0)] (5.9)
1

Erroump(s) = 29 | |s(t) — s(0)|dS (5.10)
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(a) Coarse grid of 1800 elements.
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(b) Fine grid of 7200 elements.

Figure 5.5: Entropy errors of Gaussian bump problem.
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Figure 5.6: AF convergence rate of entropy errors for Gaussian bump problem;

s = log(p/p").
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We observe from Figure 5.6 that the total entropy error is converging at only second-
order while the the error at the surface seems to converge at third-order. This could be
explained by the fact that the steady state solution has not yet been reached, thus the in-
termediate solution is resolved with some error in the total entropy. However, along the
bump, the solutions are indeed being solved with third-order accuracy with the boundary
conditions previously specified. Based on these results and given ample time, the potential
for a steady state solution to converge at third-order is high.

In terms of comparing quantitative values of the total entropy error produced, the AF
solutions can be tentatively compared to DGI steady state solutions by using the results
from [1]. Figure 5.7 shows that while the AF method only converges at second-order at
a solution residual of 1073, its total entropy errors are smaller than that of DG1 on coarse
grids. We should also note that superconvergence is usually observed for the DG method for
this problem, but in certain situations where different wall boundary conditions have been
specified, as was most likely the case with the DG1 solver from University of Tennessee,

the order of convergence may be less than 2p + 1.

Convergence Rate
10 T

Entropy Error
)

e / —— 2nd-order
. 7/ // — — —3rd-order
. , —o— AF
’ ; DG1 (UTenn)
p —4—DG1 (UM)
107° :
107 107 107"
DOF-12

Figure 5.7: Convergence rates of AF and DG1 methods from University of Tennessee
(UTenn) and University of Michigan (UM) [1] for Gaussian bump problem;

s=p/p".
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Figure 5.8: Rectangular grid with structured triangular elements in the extended front half
of the domain, and symmetric elements around the cylinder.

5.2.2 Flow past a cylinder

Next, we will explore the solution to the inviscid flow past a cylinder using the AF method.
The freestream variables are described based on the freestream Mach number M, velocity

in the z-direction u..,, and pressure p.

Coo = Uso/Mso
Poo = TPoo/Co (5.11)
K = pso/pl

where K is the isentropic constant. The initial conditions are the well-known potential flow

solutions of incompressible flow past a cylinder of radius 1., which are described as

1 2% — 2y* — R?
P(@,9,0) = poo + 5Ptz Re 1 (5.12)
2 2
— 2 Y -7
Ty
p(z,y,0) = (p(z,y,0)/K)'/ (5.15)

For this particular test, we have set M, = 0.2, uo, = 0.2, poo = 2, and R, = 0.2.
The left boundary is an inlet with freestream conditions, and the top, bottom, and right
boundaries are left open. The size of the mesh domain is generally set to ten times the

radius of the cylinder (L = 10R,) in order to reduce the impact of the inflow and outflow
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Figure 5.9: Density distribution for flow past cylinder problem with 40 vertex nodes around
cylinder; ¢t = 50.

boundary conditions. In this case, we would like to increase the domain in front of the
cylinder to 30 R, in order to ensure the streamlines are parallel as they approach the cylinder.
Hence, the problem will be solved on the extended rectangular domain of x € [—3L, L]
and y € [—L, L] as illustrated in Figure 5.8.

The inviscid flow problem uses a grid with 40 vertex nodes distributed evenly around
the cylinder and run until £ = 50, which is when the solution residual is around 1073,
While this again does not result in the steady-state solution, we can certainly make useful
observations about the qualitative accuracy of the curved wall boundary conditions. The
density distribution is shown in Figure 5.9 and displays convincing top-down and fore-
aft symmetry around the cylinder. Looking at the Mach number contours in Figure 5.10,
however, we observe that while the solution is symmetric about the horizontal axis, the
fore-aft symmetry is a bit lacking. Regardless, the AF scheme is still a huge improvement
over methods such as the matrix-distribution Lax-Wendroff Positive Streamwise Invariant
(PSI) scheme that produces a clear artificial wake behind the cylinder, and the second-order
upwind FV method that destroys the fore-aft symmetry of the solution [19]. We can also use

results of this problem from Carette et al. [45], which is shown in Figure 5.11, to compare
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Figure 5.10: Mach contours for flow past cylinder problem with 40 vertex nodes around
cylinder; ¢t = 50.

to our AF results '. Note that the results from Carette et al. uses an initial freestream Mach
number of 0.38 and a fine grid of 128 points around the cylinder. Considering the AF
solution is computed on a rather coarse grid of only 40 points around the cylinder, Figure
5.10 reinforces the fact that the AF method is capable of producing results with good fore-
aft symmetry and low numerical dissipation when compared to methods such as the simple
wave model D or schemes that use artificial dissipation.

Two additional solution properties that are commonly analyzed are the lift and drag
forces produced on the surface of the cylinder due to the pressure distribution. The lift
and drag coefficients are computed by normalizing the respective forces with respect to the

freestream density, speed, and cylinder diameter D..

] T

IThe best results from Carette et al. make use of the “pseudo-Mach number decomposition”, which is a
technique that carefully distinguishes subsonic and supersonic flows. It therefore has something in common
with the AF method, but it was not found possible to extend to three dimensions.
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Figure 5.11: Mach contours for flow past a cylinder with M., = 0.38 using various other
methods [45].

1 ™
Cp = —/pcos@d@ (5.17)
P 5Psci De

The same inviscid problem is rerun on grids with 40, 80, and 160 vertex nodes distributed
evenly around the cylinder, and the resulting lift and drag coefficients on the cylinder plot-
ted against runtime are shown in Figure 5.12. As expected, the total lift is zero for an
inviscid flow over a top-down symmetric object such as a cylinder, and this is true for all of
the grids tested. For the drag, we observe that it has convincingly converged to a constant

value as the AF solution approaches steady state. In addition, as the grid is refined, the
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Figure 5.12: Drag and lift coefficients on the cylinder in time. Grids used contain 40
(coarse), 80 (medium), and 160 (fine) nodes distributed around the cylinder.
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Figure 5.13: Convergence plot of drag coefficient on cylinder.
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Model Scheme Cr Cp

PMA LDA —0.010689  0.000526
PMA  SUPG 0.006814  —0.001232
D LDA 0.000924 0.676016

PMA  SUPG + AV | 0.002084  0.324879

Table 5.2: Table reproduced from Carette et al. [45]. Steady-state solution of inviscid flow
past a cylinder with M, = 0.38.

numerical drag coefficient approaches the theoretical limit of zero, which indicates that the
solutions become more fore-aft symmetric around the cylinder. Comparing the drag coef-
ficient of -0.008158 on the fine grid to the values produced by Carette et al. [45], which is
shown in Table 5.2, it is clear that the AF solutions result a drag coefficient that is compa-
rable to the pseudo-Mach angle (PMA) decomposition with either LDA or SUPG scheme,
which outperforms the other two methods by an order of magnitude of three. In addition,
the lift coefficient is only —6.0787 x 1075 from the AF solutions on the fine grid, which is
much smaller than any of the lift values computed from the other methods shown in Table
5.2. This suggests that the AF method results in superior top-bottom symmetry.

Furthermore, while we do not have the exact solution for this problem to compare to,
we can still determine the order of convergence of the AF solution along the wall bound-
ary by using the drag coefficient error. Note that the exact numerical solution used is
determined by solving the problem on a very fine grid with 320 vertex nodes around the
cylinder. Figure 5.13 clearly shows that as the grid is refined, the convergence rate ap-
proaches three. These drag results are promising in establishing third-order convergence
when solving more complex flow problems using the Active Flux method.

Recall from Chapter 4 that the current AF method adds a correction term to the non-
conservative nodal solutions in order to raise the overall order of accuracy to three. The
solutions shown thus far did not have any of the curved wall boundary nodes changed using
this correction constant. Instead, only the nodes inside the domain have been updated to
third-order accuracy. Now, we would like to also update the wall boundary nodes with the
correction terms, but with an additional constraint that the velocity normal to the wall stays
zero. Figure 5.14 shows that with this new boundary update, the density profile shows that
a very small wake has developed behind the cylinder and the solution no longer displays
fore-aft symmetry. Similarly, the pressure profile also shows less fore-aft symmetry as il-
lustrated in Figure 5.15 but the pressure wake is much smaller and less noticeable than the

density. One possible explanation for this drawback is that with the additional corrections
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Figure 5.14: Density profile with conservative correction terms applied at the wall bound-
ary with 40 vertex nodes around cylinder; ¢ = 50.

to density and pressure, there is no guarantee that the conditions specified by Equations
(5.1) and (5.3) are always satisfied at the boundary. On the other hand, if we plot the
pressure coefficient in as shown in Figure 5.16, we observe that the pressure curve at its
minimum point (z = 0) is smoother with this new wall boundary update.

In terms of the effect that updating the boundary nodes has on the drag coefficient,
Figure 5.17 shows that the drag coefficient is reduced drastically with this new boundary
update on a grid with 80 nodes around the cylinder. In fact, the new value of Cp is -
0.00425, which is more than three times less than the previous value of -0.01407 shown in
Figure 5.12. Note that the lift coefficient still remains at zero.

Finally, although we were only able to tentatively identify the order of convergence for
the AF method with curved boundaries by using drag errors, we were able to conclude that
its qualitative results are very promising. The symmetry of the AF solutions across both
horizontal and vertical axes was particularly encouraging, especially when compared to
the solutions from other numerical methods. We hope to eventually develop a steady-state
AF solver in order to reduce computational time for such problems and to show stronger

third-order results.
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Figure 5.15: Pressure profile with conservative correction terms applied at the wall bound-
ary with 40 vertex nodes around cylinder; ¢ = 50.
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Figure 5.16: Pressure coefficient of various solutions on the cylinder.
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Figure 5.17: Drag and lift coefficients on the cylinder in time with and without conservative
boundary node updates; grid with 80 vertex nodes around cylinder.
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CHAPTER 6

Conclusions

6.1 Summary

This dissertation details the development of the Active Flux scheme pertaining to acoustic
systems and subsystems, as in the case with the Euler equations. The main form of the
nonconservative update in the scheme is the evaluation of spherical means integral at the
nodes, which possesses fully multidimensional properties that naturally devolves in two-
dimensions to integration over a disc, and in one-dimension to the method of characteris-
tics. The scheme is demonstrated for a linear acoustics system, the p-system of hyperbolic
conservation laws, and the acoustic portion of the full Euler equations. In addition, a new
method to reconcile the nonconservative data with the conservative cell-average data with-
out the use of a third-order bubble function is introduced in Chapter 4.

The numerical properties of the method are examined in detail in Chapter 2, includ-
ing vorticity preservation, robustness, stability, and convergence. Chapter 3 extends the
linear acoustics system to nonlinear by reducing the exact evolution formula using spher-
ical means to second-order accuracy. From the formulation of the linear and nonlinear
solutions, we notice a striking similarity to the Lax-Wendroff method. Thus, in Chapter
4, we use the second-order Lax-Wendroff method to evaluate the Euler equations. The
AF scheme is then applied differently to the advective and acoustic terms in the Euler for-
mulation and shown to converge at third-order. The end of Chapter 4 provides a direct
comparison between the AF method and DG methods using linear and quadratic recon-
structions.

Finally, numerous boundary conditions for the AF scheme have been developed through-
out this dissertation. We start with the simpler flat wall and open boundaries applied to the
linear and nonlinear acoustic equations in Chapters 2 and 3, respectively, and then move
onto the development of inflow, outflow, and curved wall boundaries for the Euler equations
in Chapter 5.
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6.2 Research contributions

The major contributions of this dissertation are:

» Extension of Eymann’s AF method for the scalar wave equation into a general frame-

work applicable to nonlinear acoustic systems.

* Development and implementation of the AF method for the full Euler equations using

nonlinear operator splitting of primitive variables.

e Use of a constant correction term instead of bubble function in the reconciliation

stage of the AF scheme to obtain third-order accuracy.

* Development of various boundary conditions for the Active Flux method including

open, flat wall, inflow, and curved wall boundaries.

6.3 Future work

The current Active Flux method for the full Euler system is capable of solving various types
of problems, which should be verified in the near future to confirm third-order convergence.
In addition, the following topics could be explored further.

» Steady state: The AF method is fully discrete, which means that its solutions are
time-dependent. As seen in Chapter 5, it is very time consuming for a problem to
reach steady state with the current AF schemes. Techniques could be developed to

somehow remove the time dependence from the steady-state solution.

* Computational efficiency: Although we have shown in Chapter 4 that the AF
method is currently more efficient than both DG1 and DG2 methods, we believe that
there are still ways to improve. One area of possible improvement is to compute the

solutions at the full timestep by using some of the data from the half timestep.

* Viscous terms:  The eventual goal is to obtain an AF method that is capable of
solving the full Navier-Stokes equations in order to accurately compute near-body
flows. An advective-diffusion scheme has already been implemented by Nishikawa
that rewrites the one-dimensional Navier-Stokes equations as a first-order order sys-
tem of hyperbolic equations [46] and could possibly be extended into multidimen-
sions. A drawback of his formulation is that it assumes steady-state calculation, so

modifications would be required for unsteady problems.
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For the acoustics solver, there are a couple of important topics still left to cover that would

be beneficial to the development of the AF method for the Euler equations.

* Multidimensional nonlinear limiting: As with any numerical method with higher
than first order accuracy, some form of nonlinear limiting is necessary for numerical
accuracy. In general, when bounds on the solution values are available, the limiter
can be designed to respect them. However, in the case of the wave equations, waves
in multidimensions may focus and produce pressure much greater than those initially
present. A promising novel limiting approach has been developed by Roe, Lung,
and Maeng [47] that takes a tentative step forward in time and reevaluates the time
derivative. This has been applied successfully to the Lax-Wendroff method and could
potentially be modified for the AF scheme.

* Three-dimensional solver for wave equations: The use of spherical means in-
tegral to solve acoustic systems of equations has the advantage of being physically
valid when extended to three-dimensions. Some simplifications could be applied if
we rotate the three-dimensional element such that one edge lies along the z-axis.
For an edge node that lies along this direction, the limits of integration for the par-
tial spherical means formula is quite simple, as illustrated in Figure 6.1(a), where
R = cAt is the radius of the sphere and the constraint Afpg = 0y — 0p > 0 always
holds true.

7r9Q

Redge{f}<x0a Yo, ZO
0 6p

2 + Rcos ¢)R?sin ¢ df d¢
(6.1)
For a vertex node, evaluating the partial integrals is a bit more complex. Referring
to Figure 6.1(b), the limits of integration in the polar direction is simply from ¢p to
¢, whereas the limits of integration in the azimuthal direction varies linearly with
¢. Let h = R6,,., be the maximum arc length B-B’ from the vertical face of the
tetrahedral element and ¢y, be the polar angle at point B’, the partial spherical means

integral at a vertex node can be evaluated as

| ¢Q 0(4)
M Senex L} (20, 90, 20) = i RQ//f(on‘l'RSiIlébCOSQ»yO‘FRSiHCéSiH@,
¢p 0

2 + Rcos ¢)R*sin ¢ df d¢
(6.2)
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(a) Edge node. (b) Vertex node.

Figure 6.1: Partial spherical means integral in 3-D.

where
S (6= 0p) if0r <0< 0
0(¢) = P (6.3)
5 nfx¢ (0@ — ) ifdn <& < g
Q — Pn

At the moment, this integral seems to be more complicated to compute than its
two-dimensional counterpart, but simplifications are most likely possible once we
systematically analyze the quadratic functions required in the three-dimensional AF
method.
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APPENDIX A

Calculating spherical means using Laplacian

point evaluations

Recall that the spherical mean formula can be written as the sum of point evaluations of

increasing powers of the Laplacian,

-3 a

Since the data is piecewise quadratic in the AF method, all powers of Laplacian beyond
the first power should vanish (i.e. p > 3 terms vanish). The spherical means can be
approximated by

R?

Mp{f}~ 9’4@ (f|p + —VQf\p + mv“ﬂp ) (A.2)

where [ is any arbitrary function within the domain, f|, is f evaluated at point p, and
0pg = 0o — 0p. We can then compare the above approximation with the general spherical

means integral in two-dimensions,

Me{f} =5 R/ /f _TerdH (A3)

A.1 Correction to the Laplacian approximation

We would like to determine the differences between the exact spherical means integral
and its Laplacian approximation. Let us first consider the spherical means of quadratic

functions in Cartesian coordinates:
f(x,y):A+Bx+Cy+Dx2+Exy+Fy2 (A4)
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Term spherical means

MR exact MR Laplacian
1 | Opg/2m Opg/2m
x| E(sinfp — sinbp) 0
y | E(cosbp — cosbq) 0
x? %(26’13@ +sin20g — sin20p)  R%0pg /6w
2y | £ (cos? Op — sin? ) 0

y? %(29PQ —sin20g +sin20p) R*0pq /67

Term correction term
Opg = ™ (edges) Opg # ™ (vertices)
1 0 (exact) 0 (exact)
z | —Zsinfdp L(sinfg — sinfp)
y | Zcosbp L(cosbp — cosbg)
r? | 0 (exact) B (sin 204 — sin 20p)
zy | 0 (exact) g;j (cos®Op — sin® f)
y* | 0 (exact) B (sin 20p — sin 26)

Table A.1: Comparison between exact integration and Laplacian approximation of spheri-
cal means. The correction term is Mg exace — MR Laplacian-

In order to solve for the spherical means exactly, we must convert to polar coordinates as-
suming the Laplacian is evaluated at point (x¢, yo) = (0,0),i.e. z = rcosf andy = rsin 6.
Then, using Equations (A.2) and (A.3), the resulting spherical means are summarized in Ta-
ble 1. Note that the Laplacian approximation gives the exact solution for both the constant

and quadratic terms when considering points along each edge of an element.

A.2 Application to basis functions

The general practice is to work in a reference space of £ € [0,1] and € [0, 1] in which
every element is transformed to a canonical triangle with node 1 starting at the origin and
each subsequent node ordered in a counterclockwise direction. The basis functions can

easily be determined in the reference space as ¢;(&,n), where j corresponds to the local
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Term spherical means

xy };—S(sin?’ g — sin® 0p)

M R ,exact M R,Laplacian
2 | £(9sinfg + sin 30 — 9sinfp — sin 30p) 0
2%y | (cos® Op — cos® Og) 0
2 0
0

Yy 128(COS 360g — 9cosbg — cos30p + 9cosbp)

| e (129PQ + 8sin20g + sin40g — 8sin20p — sin46p)  R0pg /10w

3y R—(cos Op — cos*bg) 0
2y | — (40p@ — sin 46 + sin 46p) 0
xy? fg (sin® O — sin* 0p) 0
yt | - (129PQ 8sin 20 + sin46g + 8sin 20p —sin46p) R*0pg /107

Table A.2: Comparison between exact integration and Laplacian approximation of spheri-
cal means for higher order terms.

node number. In addition, we assume the mapping Jacobian, JJ, is linear and constant, and

is defined as

— x T3 —T1 Ty — 1

JE="2= (A.5)
Ys—Y1 Ys — U1

where T = [z, y], £= [€, 1], and the subscripts 1, 3, 5 are the vertex nodes of each element.
When determining the spherical mean integral of each basis function, we simply need

to remap from the reference space to Cartesian using 5 =J 'z

Mgp{o;} = 5 R//qﬁjgn drd0*2 R//d)jxy drde (A.6)

A.3 Higher order terms

When dealing with higher-order methods, we may need to consider up to quartic func-
tions (i.e. p > 4 terms vanish). The spherical means integrals are again calculated using
Equations (A.2) and (A.3), and shown in Table 2.
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APPENDIX B

Determining modified coefficients of Euler
Equations

Given the Euler equations containing advective terms only, we are left with a nonlinear

advection system.

pr+v-Vp=0
u+v-Vu=0
(B.1)
v +v-Vo=0
pr+v-Vp=0
The second-order accurate solution to Equation (B.1) is given by Maeng [39] as
q(0,t) = q(x*,0) (B.2)
with the characteristic origin
X" = —t(vI—tv-Vv) (B.3)

Taking these advective terms into account, we can simplify the modified coefficients in
Equations (4.10) and (4.11) to

A" =A—t(v-Vu)l—tA™ (B.4)
B* =B —t(v-Vuv)l — tB* (B.5)
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where the twice-modified coefficient matrices are

WP TatavoVetipu o gpu 30
0 35Dz 25 (0)a 0 —Lv-Vo— Ly,
A** —
0 2Lp(pCQ)?J 2_1ppx zipuy
0 —3(p)+3v-VipA) + 3pctu, Spctu,  $pe — 356
(B.6)
%ppy %pvx _%pt + %V -Vp + %pvy _2ippy
0 5py 55 (PC)z Lo,
B** —
0 0 %ppy + Tlp(pcg)y —pigV -Vp— %pum
0 %pC%x _%(pCQ)t + %V : V(pcz) + %Pc%y QLppy - 2lp62py
(B.7)

We observe from Equations (B.6) and (B.7) that there is a repeated pressure gradient term
along the matrix diagonals. These pressure gradients can be interpreted as forces with an
acceleration a that displace a fluid particle from its original inertial path by an amount %at.

A modified characteristic origin is then defined as
K% * 2 1
X T=x"4+t"—Vp (B.8)
2p
and the advective solution is determined at

q(0,t) = q(x™,0) (B.9)

The modified coefficient matrix can then be expressed as
* ]' k3K >k
A :A—t(v-Vu—l—Q—px)I—tA (B.10)
p

1
B*_B—t(v.Vv+2—py>I—tB*** (B.11)
i
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where, after some simplifications, the thrice-modified coefficient matrices become

0 5+ 3V - Vp+ Spu, 30Uy — 3Pz
0 35 (P%)a 0 v-V (%) — 55Uy
A*** —
0 QLP(PCQ)Z/ 0 QLpuy
0 —3(pc?) + 3v - V(pc?) + 5pctu,  3pctuy, —5:6pa
(B.12)
0 3pv —3pe+ 5V Vp+ 5pv, —25Py
0 0 35 (P)e 55V
B = (B.13)
0 0 L(p), V-V (%) ~ L,
0 ipctv, —3(pc?): + 5v - V(pc?) + 5pctu, —3,Epy

Finally, the Lax-Wendroff approximation of the Euler equations can now be written as

Q= q' -t { (A v Vu+ ipx)l) Buq + (B (v Vo + %ppy)l) ayq}
+ %ﬂ {A%0,,q9+ (AB + BA)d,,q + B*0,,q}

+ tQ(A***&Eq + B***ﬁyq)
(B.14)
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