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ABSTRACT

The Lax-Wendroff (LW) method is a single stage method for evolving time dependent
solutions governed by partial differential equations, in contrast to Runge-Kutta (RK)
methods that need multiple stages per time step. We develop a Lax-Wendroff Flux
Reconstruction (LWFR) method in combination with a Jacobian-free Lax-Wendroff
procedure that is applicable to general hyperbolic conservation laws. The numerical
flux is carefully constructed - a D2 dissipation scheme is introduced improving CFL
numbers and EA scheme which improves accuracy for nonlinear problems.

A subcell based limiter is developed by blending LWFR with a lower order scheme,
either first order finite volume or MUSCL-Hancock scheme. While blending with a
lower order scheme suppresses spurious oscillations, it may not guarantee admissibility
of the discrete solution, e.g., positivity property of quantities like density and pressure.
By exploiting the subcell structure and admissibility of lower order schemes, we devise
a strategy to ensure that the blended scheme is admissibility preserving for the mean
values and then use a scaling limiter to obtain admissibility at all solution points. For
MUSCL-Hancock scheme on non-cell-centered subcells, we develop a slope limiter, time
step restrictions, and suitable blending of higher order fluxes that ensures admissibility
of lower order updates and hence that of the cell averages. By using the MUSCL-
Hancock scheme on subcells and Gauss-Legendre points in flux reconstruction, we
improve small-scale resolution compared to the subcell-based RKDG blending scheme
with first order finite volume method and Gauss-Legendre-Lobatto points.

We propose a generalized admissibility framework by performing a cell average
decomposition of LWFR. By performing a flux limiting of the time averaged numerical
flux, the decomposition is used to obtain an admissibility preserving LWFR scheme.
The admissibility preservation framework is further extended to conservation laws with
source terms.

Multiderivative Runge-Kutta (MDRK) methods generalize LW and RK as they use
multiple stages and LW procedure on each stage. We extend the fourth order, two stage
MDRK scheme to FR by writing both of the stages in terms of a time averaged flux
and then use the approximate Lax-Wendroff procedure. The developments made for
LWEFR apply to MDRK by using them at each stage. Thus, accuracy and stability are
improved by EA scheme and D2 dissipation respectively. An admissibility preserving
blending scheme is developed for MDRK.

We extend the LWFR scheme to solve conservation laws on curvilinear meshes with
adaptive mesh refinement (AMR). It is proven that the proposed extension of LWFR
scheme to curvilinear grids preserves constant solution (free stream preservation) under
the standard metric identities. For curvilinear meshes, linear Fourier stability analysis
cannot be used to obtain an optimal CFL number. Thus, an embedded-error based time
step computation method is proposed for LWFR method which reduces the fine tuning
process required to select a stable CFL number using the wave speed based time step
computation. By using the BR1 scheme, LWFR on curvilinear meshes is also applied to
second order equations in conservative form like the compressible Navier-Stokes model.






CHAPTER 1

INTRODUCTION

Hyperbolic conservation laws arise as models of physical systems representing the
conservation of mass, momentum, and energy. They are routinely solved for applica-
tions like Computational Fluid Dynamics (CFD), astrophysics and weather modeling.
Thus, the development of efficient numerical methods for solving these equations is
crucial. The current state of memory-bound HPC hardware [6, 169] makes a strong case
for development of high order discrete methods. By incorporating more higher order
terms, these methods can achieve greater numerical accuracy per degree of freedom
while minimizing memory usage and data transfers. In particular, high order methods
have higher arithmetic intensity and are thus less likely to be memory-bound. The
superior accuracy, efficiency, and higher resolution of these methods also make them
a good fit for LES (Large Eddy Simulation) and DNS (Direct Numerical Simulation)
of turbulent flows. Spectral element methods like Flux Reconstruction (FR) [94] and
Discontinuous Galerkin (DG) [49] are high order methods that have been successful in
resolving advection-dominated flows [195, 141|. The neighbouring FR /DG elements are
coupled only through the numerical flux and thus the bulk of computations are local
to the element, minimizing data transfers.

In comparison to traditional semi-discrete FR/DG schemes, which mainly use
Runge-Kutta (RK) time integration, this work makes developments for Lax-Wendroff
Flux Reconstruction (LWFR) which is a spectral element solver for time dependent
PDE that performs high order evolution to the next time level in a single stage.
The single stage nature implies fewer applications of shock capturing and positivity
limiters, saving computational cost. Moreover, fewer stages minimize the interelement
communication [65], making the method a good fit for modern hardware. There are
also some order barriers in RK methods in the sense that at high orders, we need
more stages than the order of the method. The LWFR method uses a Taylor series
expansion in time and there is no order barrier as any order of accuracy can be reached
by performing Taylor’s expansion to the same and its single stage nature makes it
more efficient than RK schemes [137].

In Sections 1.1, 1.2, we do a literature review of Lax-Wendroff and Flux Reconstruc-
tion schemes respectively. In Section 1.3, we review various limiters/shock capturing
techniques used for high order methods in the literature. Section 1.4 gives an overview
of the contributions made in this thesis and Section 1.5 gives an outline of the subse-
quent chapters.

1.1. LAX-WENDROFF

In the context of hyperbolic conservation laws, the Lax-Wendroff (LW) time discretiza-
tion in conjunction with a wide range of spatial schemes has been extensively studied
in the literature. These temporal schemes are essentially based on the classical second-
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order Lax-Wendroff method [113]. The Lax-Wendroff temporal discretization, orig-
inally referred to as the Taylor-Galerkin method, was used in the continuous finite
element spatial schemes by Safian et al. [154] and Tabarrok et al. [172], followed by
further improvements in [201]. The case of discontinuous finite element spatial schemes
was studied in [44, 45]. All these methods are confined to a certain order of accuracy
in both space and time. In the finite difference framework, the LW time discretization
was originally proposed by Qui and Shu [138| with the WENO approximation of spatial
derivatives [163]. As an extension to this, a combination with the alternative WENO
method was developed in [99]. The discontinuous Galerkin spatial discretization com-
bined with the LW temporal scheme was originally proposed in [138, 137| (abbreviated
as LWDG) with an advantage of having arbitrary order of accuracy in both space
and time, in other words, with no theoretical order barrier. It was further studied
in [136], where the performance of various numerical fluxes was analyzed for the Euler
equations of compressible flows. It is observed that the LWDG schemes are more
compact and cost effective for certain problems like the two dimensional Euler system
of compressible gas dynamics, especially when nonlinear limiters are applied. In [84]
it is found that the LWDG method of [137] need not exhibit the super-convergence
property. To overcome this issue, a modified version of LWDG was proposed [84] using
the local DG framework of Cockburn et al. [53]. The resulting scheme was found to
satisfy the super-convergence property. For linear conservation laws, the stability and
accuracy properties of LWDG scheme are explored in [170] with the modified LWDG
scheme of Guo et al. [84].

Another significant contribution towards the single stage temporal discretization
was made by Toro et al., initially for linear equations in [178] and for nonlinear systems
in [175], following the idea of generalized Riemann problem (GRP) [24, 87]. These
are widely known as arbitrary high order derivative (ADER) methods. Though their
inception was in the finite volume spatial setup, later they were extended to finite
difference and discontinuous Galerkin frameworks [67]. In the sequel, several authors
have contributed to this approach with the aim of shaping up a compact single time
step scheme, see [177, 100, 66, 42] and references therein. In the flavour of ADER
methods, Dumbser et al. proposed an efficient DG spatial solver in [63] and a finite
difference WENO spatial solver in [64]. These are compact schemes that replace the
so called Cauchy-Kowalevski procedure in the original ADER scheme with an element
local space-time Galerkin predictor step and a discontinuous Galerkin corrector step,
which are also found to be suitable for stiff source terms and further studied by Gassner
et al. in [76]. These methods have been extended to the divergence free MHD problems
with a finite volume WENO spatial scheme in [21]. Through a modification of the
method in [63, 76|, Guthrey et al. in [85] proposed a regionally implicit ADER discon-
tinuous Galerkin solver which is stable for higher CFL numbers. A simplified Cauchy-
Kowalevski procedure is developed in [129] which is efficient, easier to implement for
any system, and can be used in ADER type schemes.

The generic versions of LWDG and ADER methods require the computation of
high-order flux derivatives for each hyperbolic system and may require the use of
symbolic manipulation software to perform the algebra. At higher orders of accuracy,
we need higher order derivatives which need the computation of flux Jacobian and
other higher order tensors. This increases the computational task and the process
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has to be performed for each PDE system. In order to overcome this difficulty, an
approximate procedure was originally developed in [208] in the finite difference scenario
and further studied by several other authors [114, 34, 39, 40|. These approximate
procedures for LW type solvers are found to be computationally more efficient and
easier in implementation. As a single time step method, the resulting schemes are
efficient for solving hyperbolic conservation laws. Moreover, it is independent of the
specific form of flux function in the governing equation as it is free from Jacobian and
other higher versions of derivatives.

1.2. FLUX RECONSTRUCTION

Discontinuous Galerkin (DG) is a Spectral Element Method first introduced by Reed
and Hill [145] for neutron transport equations and developed for fluid dynamics equa-
tions by Cockburn and Shu and others [49]. The DG method uses an approximate
solution which is a polynomial within each element and is allowed to be discontinuous
across interfaces.

The Flux Reconstruction (FR) method [94] is a class of discontinuous Spectral Ele-
ment Methods for the discretization of conservation laws. FR methods utilize a nodal
basis which is usually based on some solution points like Gauss points, to approximate
the solution with piecewise polynomials. The main idea is to construct a continuous
approximation of the flux utilizing a numerical flux at the cell interfaces and a correc-
tion function. The solution at the nodes is then updated by a collocation scheme in
combination with a Runge-Kutta method. The choice of the correction function affects
the accuracy and stability of the method; by properly choosing the correction function
and solution points, FR method can be shown to be equivalent to some discontinuous
Galerkin and spectral difference schemes, as shown in |94, 182|. In [189], semidiscrete
linear stability analysis of FR is performed through a broken Sobolev norm, leading to
a l-parameter family of correction functions which encompasses the stable correction
functions found in [94]. The family of stable correction functions has been extended
in [191, 182], see [182] for a review. For the 1-parameter family of correction functions
in [189], non-linear stability for E-fluxes was studied in [97] where the significance of
solution points was pointed out, with Gauss-Legendre points being the most resistant
to aliasing driven instabilities. In another study on accuracy with different choices of
solution points [196], the optimality of Gauss-Legendre points was again observed. In
the more recent works of [47, 46], a nonlinearly stable FR scheme was constructed in
split form where a key idea was the application of correction functions to the volume
terms. The long term error behaviour of FR schemes has been studied in [131, 2],
while dispersion and dissipation errors have been analyzed in [190, 5, 187|. The Flux
Reconstruction scheme has been used on curvilinear grids [195, 1, 46]. The development
of Flux Reconstruction on curvilinear grids is primarily based on its equivalence with
the DG scheme; see [105, 108] for the DG scheme on curvilinear grids. Thus, the study
of free stream conditions for the FR scheme on curvilinear grids is the same as in [105].
The computationally efficient performance of FR has been noted in [193, 121, 186],
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which is attributed to the structured computation of finite element methods suitable
for modern hardware [193|. The quadrature-free nature of FR methods together with
the ability to cast the operations as matrix-vector operations that can be performed
efficiently using optimized kernels makes these methods ideal for use on modern vector
processors [193].

1.3. SHOCK CAPTURING AND ADMISSIBILITY PRESERVATION OF
FR SCHEMES

Despite the high accuracy of high order methods, lower order methods are still rou-
tinely applied in practical applications, in part due to their robustness. Solutions to
hyperbolic conservation laws contain shocks in many problems and it is well known that
high order schemes produce spurious oscillations in those cases. These oscillations can
lead not only to incorrect solutions but can also easily generate nonphysical solutions
like negative density or pressure. In order to develop robust high order methods for
conservation laws, limiters have to be used which adaptively add numerical dissipation
in regions where the numerical solution has a high gradient, possibly because of a
shock. Some of the limiters like [62, 61, 69, 151] have inherent mechanisms that ensure
physically admissible solutions while others like [51, 110, 90] can be made admissibility
preserving by relying on the admissibility preserving in means property of the numer-
ical scheme and using the scaling limiter of [205] to guarantee admissibility of solutions.

In the pioneering work of [51, 52|, a Total Variation Bounded (TVB) limiter was
introduced which reduces the scheme to first order or linear in certain elements using a
minmod function to enforce a local TVB property. The TVB limiter does not preserve
any subcell information other than the element mean and trace values, and there have
been several works that develop limiters that are better in this regard. We now give a
literature review of limiters that preserve subcell information.

Moment limiters [31, 33, 110] can be seen as an extension of TVB limiters where
coefficients in an orthonormal basis (moments) are limited in a decreasing sequence,
from higher to lower degree. The hierarchical nature of moment limiters enables the
preservation of subcell information. Another popular strategy is the (H)WENO lim-
iting procedure [135, 20|, where the DG polynomial is substituted in troubled regions
by a reconstructed (H)WENO polynomial that is computed by a WENO procedure
using subcell and neighboring cells information. There are also the methods of artificial
viscosity where a second order diffusion term is added in elements where the solution is
non-smooth, preserving the subcell information as the high order polynomial solution
is still used. In [134], an artificial viscosity model was introduced for the Runge-
Kutta (RK) Discontinuous Galerkin (DG) method to add dissipation to the high order
method based on a modal smoothness indicator. The indicator of [134] was further
refined and detailed in [102].

There have also been several schemes that limit the solution by breaking the element
into subcells which offers some advantages over artificial viscosity methods, including
problem independence over boundary conditions and no additional time step restric-
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tions, even when high dissipation is required [90]. In [93], the modal smoothness
indicator of [134] was used to adapt local basis functions, e.g., switching to finite
volume basis in the presence of discontinuities. In [41], subcells were used to assign
different values to artificial viscosity within each element. In [165, 58|, after having
detected the troubled zones using the modal indicator of [134], cells are subdivided
into subcells, and a robust first-order finite volume scheme is performed on the sub-
grid in troubled cells. In [90], the modal smoothness indicator of [134] was used to
perform limiting by blending a high order DG scheme with Gauss-Legendre-Lobatto
(GLL) points with a lower order finite volume scheme on subcells. In [148], the method
of [90] was extended to resistive magnetohydrodynamics (MHD) and high order recon-
struction on subcells was used to improve accuracy. In [151], it was shown that the
subcell FV method of [90] can be made positivity preserving by an a posteriori mod-
ification of the blending coefficient. In [150], the subcell finite volume method of [90]
with Rusanov’s flux [152| was shown to be equivalent to the sparse Invariant Domain
Preserving method of Pazner [133].

The approaches explained above can be classified as a prior: limiters. We briefly
discuss a posteriori limiting techniques where the solution is updated to time ¢!, and
low order re-updates are conducted in the elements that fail certain carefully chosen
admissibility checks. One of these is the MOOD technique [48, 59, 60| where the local
re-updates are computed with reduced order of accuracy until the admissibility checks
pass. In [62, 61|, the subcell based technique of [165, 58] is applied in an a posteriori
fashion using 2 N 4 1 subcells for N + 1 degrees of freedom per element in the 1-D case,
using least squares approximation to convert back to a degree N polynomial. In case
the least square transformation leads to a violation of admissibility constraints, the
subcell solution values are used in the next evolution and thus the scheme is guaranteed
to not crash. In [188], the DG scheme was reformulated as subcell Finite Volume (FV)
method with appropriate subcells. An indicator was used to mark troubled subcells
and thus the solution could be modified in a very localized manner, preserving subcell
information well.

Other techniques for shock capturing exist that do not fit strictly into the aforemen-
tioned categories. In [69], positivity preservation and shock capturing were achieved
by filtering and enforcing the minimum entropy principle, while in [123], a numerical
damping term was introduced in the DG scheme to control spurious oscillations.

1.4. CONTRIBUTIONS

The goal of this thesis is the development of a high order single stage Lax-Wen-
droff scheme with novel numerical flux computation, limiters, and time stepping that
enhance accuracy, stability and performance along with extension of these develop-
ments to a wide variety of problems and on adaptively refined curvilinear meshes. The
scheme is developed to solve general convection domination problems in the conserv-
ative form and the numerical validation has been performed using compressible flows
governed by equations like Euler, Navier-Stokes, and the ten moment problem.
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Lax Wendroff Flux Reconstruction. We combine the Lax-Wendroff method for
time discretization with the FR method for spatial discretization since each of these
two methods has its advantages as discussed in Sections 1.1, 1.2. In this work, we
propose to combine the approximate LW procedure [208| with the FR scheme in space
which leads to a general method that can be applied to any PDE system unlike the
work of [122|, where the flux derivatives are computed by using the chain rule of
differentiation. The usage of the chain rule in [122] also leads to complicated tensorial
quantities, especially for large systems and high orders. In previous works like [137], the
solution at the current time level has been used to estimate the dissipative part of the
numerical flux; however, it does not lead to an upwind flux, even for the linear advection
equation. Here we propose to use the time average solution to compute the numerical
flux, which leads to an upwind scheme for linear problems, and also increases the CFL
numbers, which are comparable to other single step methods like ADER-DG scheme.
We also show that the scheme is in fact equivalent to the ADER-DG scheme for linear
problems. An interesting observation we make is that the method at fifth order has a
mild instability even though we use the CFL number determined from Fourier stability
analysis. This mild instability seems to be present even in some RKDG schemes. The
central part of the numerical flux can be computed either by extrapolating it from the
solution points to the faces or by directly estimating them at the faces by applying
the approximate Lax-Wendroff procedure. These two methods perform differently for
non-linear problems, with the extrapolation method leading to loss of convergence
rate at odd polynomial degrees and also having larger errors compared to RK scheme.
The alternate method proposed in this work performs uniformly well at all polynomial
degrees and shows comparable accuracy to RK schemes. The LW method is developed
for hyperbolic systems like FEuler equations, where many commonly used numerical
fluxes based on approximate Riemann solvers like Roe, HLL, HLLC, are used, along
with the modifications that enhance the CFL number. The method is described up to
fifth order accuracy and it is cast in terms of matrix-vector operations.

Subcell based blending limiter. The above developments were initially tested for
nonsmooth problems by using the TVB limiter [51, 52|. The TVB limiter is a simple
approach to reduce the scheme to first order or linear in FR elements using a minmod
function. It is known to have shortcomings like loss of accuracy at smooth extrema and
requirement of fine tuning of the TVBM parameter. In this work, the TVB limiter is
considered inadequate for the following key reasons - it does not preserve any subcell
information other than the element mean and trace values, and it is not provably
admissibility preserving for Lax-Wendroff schemes even when used with the scaling
limiter of Zhang and Shu [205]. Some of the works that deal with the first issue have
been discussed in Section 1.3. The second issue has been considered in [128, 199] by
modifying the numerical flux to obtain admissibility in means making the scaling
limiter applicable. In [128|, admissibility in means is obtained by limiting the numerical
flux. In [199], a third order maximum-principle satisfying Lax-Wendroff DG scheme is
constructed using the direct DG numerical flux from [43].

We develop the a priori blending limiter of [90] for LWFR as its choice of subcells
gives a natural correction to the time averaged numerical flux to obtain admissibility
preservation in means. The key idea of the blending scheme is to reduce spurious
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oscillations by using a low order scheme in regions where the solution is not smooth,
as detected by a smoothness indicator. The blending limiter by itself is not guaranteed
to control all oscillations and thus unphysical solutions may still be obtained. Thus,
we perform additional limiting to obtain a provably admissibility preserving scheme.
Special attention is also paid to improving accuracy to capture small scale structures.
We use Gauss-Legendre (GL) solution points and subcells obtained from GL quadra-
ture weights instead of the GLL points and weights used in [90]. This is because of
their accuracy advantage as observed by us, and as reported in the literature. In the
non-linear stability analysis for E-fluxes in [97], Gauss-Legendre points were found to
be the most resistant to aliasing driven instability. In another study on accuracy with
different choices of solution points [196], the optimality of Gauss-Legendre points was
again observed. In [18|, optimal convergence rates for some non-linear problems were
observed only for Gauss-Legendre solution points.

As observed in [149], accuracy can be improved by performing a high order recon-
struction on the subcells. Since LWFR is a single-stage method, we improve accuracy
by using the single-stage, second order MUSCL-Hancock scheme [185] on the subcells.
As explained in [90], for a DG method of degree N, maintaining conservation requires
the subcell sizes to be given by the N + 1 quadrature weights and the solution points
to be the solution points of DG scheme. This implies that the subcells are non-uniform
and the finite volumes are neither cell-centered nor vertex centered. Thus, as a first step
to ensuring that the blended scheme is admissible, we extend the work of [26] to obtain
admissibility preserving MUSCL-Hancock scheme on the non-cell centered grids that
occur from demanding conservation in the blending scheme. Enforcing admissibility as
in [26] requires an additional slope limiting step and we propose a problem independent
procedure to do the same.

To maintain conservation, low and high order updates need to use the same numer-
ical flux at the FR element interfaces (see Remark 5.3). This numerical flux has to
be chosen by blending between the high order time averaged flux and the low order
FV flux. Thus, as the next step to enforce admissibility of the blended Lax-Wendroff
scheme, we carefully select the blended numerical flux using a scaling procedure to
ensure that the lower order updates at solution points neighboring the interfaces are
admissible.

In [151], the blending limiter of [90] has been made admissibility preserving by
changing the blending coefficients in an a posteriori fashion. Since our choice of the
blended numerical flux implies the admissibility of lower order updates at all solution
points, we could take the same approach. In this work, we instead use the fact that,
with the blended numerical flux, admissibility of lower order scheme implies admis-
sibility in the means of the blended scheme and thus the scaling limiter of [205] can
now be used to obtain an admissibility preserving scheme. In [128], a correction has
been made to the Lax-Wendroff numerical flux enforcing the admissibility in means
property and then the scaling limiter [205] has been used to obtain an admissibility pre-
serving Lax-Wendroff scheme. Our work differs from [128] as we only target to ensure
admissibility of the lower order scheme and the admissibility in means is consequently
obtained. This implies that our correction requires less storage and does not require
additional loops, minimizing memory reads.
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Generalized admissibility preservation. The subcell based blending scheme sup-
presses spurious oscillations but also gives a natural flux limiting procedure to ensure
admissibility preservation of the LWFR scheme. We also develop a generalized fluzx
limiting process that can also be used when there is no subcell based limiting scheme.
The initial argument is similar to performing a decomposition of the cell average into
fictitious finite volume updates as in [205, 206]. The difference from [205] arises as
some of the fictitious finite volume updates involve the LW high order fluxes. Then,
it is seen that, if the LW numerical flux is limited to ensure that the updates with its
fictitious finite volume fluxes are admissible, the scheme will be admissibility preserving
in means. In addition to showing that our positivity preserving framework preserves
admissibility in the presence of shocks and rarefactions, we also introduce the first
LWEFR scheme in the presence of source terms. The approach involves adding time
averages of the sources and thus we also propose a source term limiting procedure so
that admissibility is maintained. The claim is validated on the Ten Moment equations,
which are derived by Levermore et al. [118] by taking a Gaussian closure of the kinetic
model.

Multiderivative Runge-Kutta. In [119], a two stage fourth order Multiderivative
Runge-Kutta (MDRK) scheme was introduced for solving hyperbolic conservation laws
by solving a Generalized Riemann Problem (GRP). We show the first combination
of MDRK with a Flux Reconstruction scheme by using the scheme of [119]. We also
use the construction of the numerical flux from [18]. In particular, we use the D2
dissipation and show that it leads to enhanced Fourier CFL stability limit. We also
use the EA scheme which leads to enhanced accuracy for non-linear problems when
using Gauss-Legendre solution points. We also develop admissibility preserving subcell
based blending scheme and show how it is superior to other schemes like a TVB limiter.

Adaptive, curvilinear grids and time stepping. The LWFR scheme with the
above features is further developed to incorporate three new features:

1. Ability to work on curvilinear, body-fitted grids
2. Ability to work on locally and dynamically adapted grids with hanging nodes
3. Automatic error based time step computation

Curvilinear grids are defined in terms of a tensor product polynomial map from a
reference element to the physical element. The conservation law is transformed to the
coordinates of the reference element and then the LWFR procedure is applied leading to
a collocation method that has a similar structure as on Cartesian grids. This structure
also facilitates the extension of the provably admissibility preserving subcell based
blending scheme to curvilinear grids. The FR formulation on curvilinear grids is based
on its equivalence with the DG scheme, see [105], which also obtained certain metric
identities that are required for preservation of constant solutions, that is, free stream
preservation. See references in [105] for a review of earlier studies of metric terms in
the context of other higher order schemes like finite difference schemes. The free stream
preserving conditions for the LWFR scheme are proven to be the same discrete metric
identities as that of [105]. The only requirement for the required metric identities in
two dimensions is that the mappings used to define the curvilinear elements must have
degree less than or equal to the degree of polynomials used to approximate the solution.
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In many problems, there are non-trivial and sharp solution features only in some
localized parts of the domain and these features can move with respect to time. Using a
uniform mesh to resolve small scale features is computationally expensive and adaptive
mesh refinement (AMR) is thus very useful. In this work, we perform adaptive mesh
refinement based on some local error or solution smoothness indicator. Elements with
high error indicator are flagged for refinement and those with low values are flagged
for coarsening. A consequence of this procedure is that we get non-conformal elements
with hanging nodes which is not a major problem with discontinuous Galerkin type
methods, except that one has to ensure conservation is satisfied. For discontinuous
Galerkin methods based on quadrature, conservation is ensured by performing quadra-
ture on the cell faces from the refined side of the face [155, 202]. For FR type methods
which are of collocation type, we need numerical fluxes at certain points on the element
faces, which have to be computed on a refined face without loss of accuracy and such
that conservation is also satisfied. For the LWFR scheme, we develop the Mortar
Element Method [106, 107] to compute the solution and fluxes at non-conformal faces.
The resulting method is conservative and also preserves the free-stream condition on
curvilinear, adapted grids.

The choice of time step is restricted by a CFL-type condition in order to satisfy
linear stability and some other non-linear stability requirements like maintaining pos-
itive solutions. Linear stability analysis can be performed on uniform Cartesian grids
only, leading to some CFL-type condition that depends on wave speed estimates. In
practice, these conditions are then also used for curvilinear grids but they may not
be optimal and may require tuning the time step for each problem by adding a safety
factor. Thus, automatic time step selection methods based on some error estimates
become very relevant for curvilinear grids. Error based time stepping methods are
already developed for ODE solvers; and by using a method of lines approach to con-
vert partial differential equations to a system of ordinary differential equations, error-
based time stepping schemes of ODE solvers have been applied to partial differential
equations |28, 101, 194] and recent application to CFD problems can be found in [140,
142|. The LWFR scheme makes use of a Taylor expansion in time of the time averaged
flux; by truncating the Taylor expansion at one order lower, we can obtain two levels
of approximation, whose difference is used as a local error indicator to adapt the time
step. As a consequence, the user does not need to specify a CFL number, but only needs
to give some error tolerances based on which the time step is automatically decreased
or increased.

Parabolic equations. We extend the LWFR scheme to second order parabolic equa-
tions on curvilinear meshes by making use of the BR1 scheme. The BR1 is known
to retain the superior properties of FR/DG, is applicable to underresolved turbulent
simulations [77], and was proven to be stable in |78]. We use the error based time
stepping developed for LWFR, which is especially relevant here since a Fourier CFL
stability limit of LWFR is also not known for second order PDE. The ADER schemes,
which are another class of single stage solvers have also been extended to solve second
order PDE in [75] by including additional diffusion in the numerical flux in contrast to
the BR1 scheme used here. This is the first work where any single stage method has
been combined with the BR1 scheme.
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1.5. OUTLINE

The rest of the thesis is organized as follows:

Chapter 2 introduces the basic notations to describe the relevant equations of
motion. These include first order hyperbolic systems giving the example of compress-
ible Euler’s equations, but also second order equations like compressible Navier-Stokes
equations.

Chapter 3 describes the spatial discretization using Flux Reconstruction for hyper-
bolic conservation laws. The description of finite volume and Discontinuous Galerkin
methods for hyperbolic conservation laws is also provided.

Chapter 4 describes the core Lax-Wendroff Flux Reconstruction scheme using the
approximate Lax-Wendroff procedure. The D2 dissipation to compute the dissipative
part of numerical flux is introduced along with a Fourier stability analysis showing
enhancement of CFL numbers in comparison to previous works. The computation of
EA scheme to compute the central part of numerical flux is also introduced which
enhances accuracy for nonlinear problems. The scheme is described for 1-D and 2-D
and numerically validated for accuracy and stability with various scalar problems and
Euler’s system of equations.

Chapter 5 describes the subcell based blending limiter for LWFR. In the direction
of robustness, provable admissibility preservation is obtained by careful construction
of the blended numerical fluz. In the direction of accuracy, Gauss-Legendre points are
used and MUSCL-Hancock reconstruction is performed on the subcells. An admis-
sibility preserving MUSCL-Hancock reconstruction scheme is developed for non-cell
centred grids that naturally arise as subcells to ensure the conservation property. The
claims are verified by numerical experiments on Euler’s equations. The admissibility
preservation is verified by problems that have shocks with very high pressure ratios.
The accuracy improvement is verified on problems that have small scale structures
along with strong shocks.

Chapter 6 introduces a generalized admissibility preserving framework for LWFR
schemes extending the scaling limiter of Zhang and Shu. The framework is extended to
equations with source terms maintaining admissibility. The admissibility preservation
is verified by numerical results on Ten Moment equations of gas dynamics.

Chapter 7 introduces a two stage, fourth order multiderivative Runge-Kutta
(MDRK) method in Flux Reconstruction framework by writing each stage as an evolu-
tion involving a time average flux. The time average flux is approximated by performing
the LWFR procedure at each stage. The D2 dissipation and EA flux are introduced
for MDRK enhancing stability and accuracy. The blending limiter is applied at each
stage to obtain a provably admissibility preserving scheme. The scheme and claims
are validated by a recent test suite for high order methods on Euler’s equations.

Chapter 8 extends LWFR to adaptively refined curvilinear meshes. The mortar
element method is developed for LWFR to obtain a scheme that is conservative, free
stream and admissibility preserving. A Fourier CFL stability analysis does not apply
to curvilinear meshes and thus an error based time stepping method is introduced. The
scheme is validated by numerical experiments on Compressible Euler’s equations. The
time stepping method is shown to be of superior performance in comparison to CFL
based time stepping even though it requires less fine tuning.
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Chapter 9 extends the LWFR scheme to advection-diffusion equations by using the
BR1 (Bassi-Rebay) scheme. The scheme is numerically validated through test cases of
compressible Navier Stokes equations on curvilinear meshes by comparing the obtained
numerical solutions with reference solutions.






CHAPTER 2
EQUATIONS OF MOTION

In this chapter, we give a brief overview of the PDEs of interest along with the needed
notations and definitions.

2.1. HYPERBOLIC CONSERVATION LAWS

Consider
u=u(x,t): QA xRy —Ug CR™ (2.1)

to be a vector of conserved quantities satisfying a system of equations of the form
d
8tu+Vw~f(u):8tu+Z Op, fi(u)=0 (2.2)
i=1

The set 2 CR? is the domain and U,q CR™ (2.1) is a convex open set containing the
set of physically admissible solutions of (2.2). The f(u)=(fi,..., f1) €RP*? are called
the fluxes with f; being the flux in the i*® direction. The equations (2.2) are called a
system of conservation laws. By fundamental theorem of calculus, u is a classical C*
solution to (2.2) if and only if for any open set 2’ C

a4 u(z,t)de=—[ f-ndS=-—[ fin;dS (2.3)

dt Jo oq o9/
where m = (n;)_; is the outward unit normal across 99". The equation (2.3) is called
the integral form of (2.2) and it says that rate of change of w in any volume Q' C Q
depends only on the flux through the boundary 92" which is why (2.2) is called a
conservation law. This integral form of conservation law is how the equation (2.1) is
usually derived; e.g., Euler’s equations (2.13) are derived from conservation of mass,
momentum and energy. In this work, we only deal with hyperbolic conservation laws
which are defined as follows.

DEFINITION 2.1. Let A;(u):= f/(u) be the flur Jacobians. Then the system (2.2) is
called hyperbolic if, for any w € Usa CR™ and any n € R?/{0}, the matriz

d

has m real eigenvalues \j(u) < ... <\ (u) and m linearly independent eigenvectors
{ri(u)}jL,. The eigenvalues are also called the wave speeds or characteristic speeds
associated with (2.2). If, in addition, these eigenvalues are distinct, then the system is
said to be “strictly hyperbolic”.

The pair (A\;(u),7;(u)) corresponding to A(u,n) is called the \;-characteristic field.

15
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DEFINITION 2.2. For i € {l,...,m}, the i-characteristic field of (2.2) is genuinely
nonlinear when

VAi(u) -ri(u) #0, YV € Upg (2.4)
and linearly degenerate when

VAi(u) -ri(u) =0, YV € Upg (2.5)

The Cauchy problem for the above system also requires the prescription of initial
conditions

u(x,0) =ug(x), x eR? (2.6)

where uy: R? — R™ and boundary conditions on 9f.

2.1.1. Weak formulation

In many practical problems, solutions to hyperbolic conservation laws contain non-
smooth solutions including shocks and rarefactions. In fact, it is well known that the
solutions can develop discontinuities in finite time, even when the initial condition is
smooth [115]. Thus, the class of solutions to (2.2) must be enlarged beyond the classical
C'! solutions to include discontinuous solutions. For simplicity, we take the physical
domain to be 2 =R? Then, we consider solutions in the space L®(R? x R, Uaq) of
bounded Lebesgue measure functions u: R? x R — U,q and define them to be solutions
in a weak (distributional) sense as follows.

DEFINITION 2.3. A function uw € L®(R% x Ry, Uaq) is called a weak solution of (2.2)
with initial condition uy€ L®(RY, Ung) if

) d
A Ad<u-8t¢+; flangb) dtdw—{—/l;duo(m) . ¢(w’0) de=0 (27)

for all p€ CX(RYx R,).

The weak formulation (2.7) is obtained by taking the inner product of (2.2) with
a test function ¢ € C°(IR? x R, ) and performing integration by parts in space and
time. As desired, the weak formulation allows for solutions with less regularity and
every C' solution of (2.2) satisfies (2.7). The formulation (2.7) imposes conditions on
the discontinuity, known as the Rankine-Hugoniot conditions. Let I' be a surface of the
discontinuity in R¢ x R, for the solution u, and 1= (ny,...,ng, n¢) # 0 be the normal
vector to I'. Let us denote by w4 the limits of w on either side of I"

us(x,t)= 1im+u((m,t)ieﬁ)
e—0
THEOREM 2.4. (Rankine-Hugoniot (RH) condition). Consider a u € L*(RR¢ x

Ry,Uaq) that has a surface of discontinuity T' and is smooth everywhere else. Then, u
is a solution of (2.7) if and only if it satisfies (2.2) in regions of smoothness and

d
(e =)t S (Filu) — fi(u)m=0 (2.8)

across the surface of discontinuity T'.
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In the 1-D case where dimension d=1, the I" can be parametrized as ({(t),t). Thus,
the normal in (¢, z) plane is given by nn= (1, —s) with s =d¢{/dt being the speed of
the discontinuity. Thus, the RH condition (2.8) becomes

s(uy—us) = fluy) - flu) (2.9)

2.1.2. The Riemann problem

A particularly important special case of Cauchy problem (2.6) for 1-D conservation
laws

Oru+0, fu)=0

is the Riemann problem with piecewise constant initial data

(2.10)

uy, x <0
u(e,0)=uife) ={ U0 T

where u;, u, are constant states. This is the simplest problem that can be posed for
conservation laws and is also central in the theory as it exhibits many important
features encountered with general solutions of (2.2).

X

|

Figure 2.1. Solution structure for the Riemann problem of a system of conservation laws. The

illustration is from [143].

We assume for simplicity that the 1-D system (2.2) is strictly hyperbolic (Defin-
ition 2.1) and thus has m distinct eigenvalues. This is satisfied by the compressible
Euler’s equations (2.11) in 1-D. The solution of the Riemann problem (2.10) is as in
Figure 2.1 which consists of m distinct waves emanating from the origin, corresponding
to each eigenvalue. The solutions to such problems are self-similar [115] in the sense
that w(x,t) =W (x/t). The m+ 1 states are connected by the following waves:

e Shock wave: The \-wave is a shock wave if it corresponds to a genuinely
nonlinear field (2.4) and connects two states u_ and u through a single jump
discontinuity. The discontinuity moves with speed S; satisfying 1-D RH condi-
tion (2.9) and relating to the eigenvalues by the Lax entropy condition

)\l(u_) > Sz > )\Z‘(U+)
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As shown in Figure 2.2a, the characteristic lines dx /dt = \; on both sides collide
leading to the shock wave dz /dt=S;.

e Contact wave: The \;-wave is a contact wave, if it corresponds to a linearly
degenerate field (2.5) and connects two states u_ and u, through a single jump
discontinuity. As in the case of the shock wave, the discontinuity moves with a
speed S; given by the RH condition (2.8). It additionally satisfies the parallel
characteristic condition

Ai(u-) = Si=Ai(uy)

This implies that the characteristic lines on either side of the contact line dz/
dt = S; run parallel to it, as shown in Figure 2.2b.

e Rarefaction: The \-wave corresponds to a rarefaction, if it connects two states
u_ and u, through a smooth transition in a genuinely nonlinear field. As shown
in Figure 2.2c, the characteristic lines corresponding to a rarefaction diverge
from each other, i.e.,

Ai(u-) <Ai(uy)

ty by t
S; S;
< )7 4
. s
’ U
.......... > p / ( _
U- A U,/ /s : (
U, /UL :
/ -
L x - =
(a) Shock wave (b) Contact wave (c) Rarefaction

Figure 2.2. Characteristic lines for simple waves forming the solution to a Riemann problem. The

illustration is from [143].

2.2. COMPRESSIBLE EULER’S EQUATIONS

The compressible Euler’s equations of gas dynamics in 3-D are given by

p pu
E v(E+p)

The conservative variables are thus given by w= (p, pv, E)=(p, pv1, pva, pvs, E)
where p, v, p, I/ denote the fluid density, velocity, pressure and total energy per unit
volume. For a polytropic gas, an equation of state £ = E(p,u, v, p) which leads to a
closed system is given by

_ _ P e
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where v > 1 is the adiabatic constant, which will usually be considered to be 1.4, the
typical value for air. The admissible set is given by

tha={u=(p.pv. B p>0.p= (-1 (E-Fp o) >0}
Defining the flux Jacobian A;(u)= f{(u) for i=1,2,3, we consider the matrix
A(u,n) = Ajni+ Ayng+ Asns, n = (ny,ng,n3) € R3
The eigenvalues and eigenvectors of A(u,n) are given by

)\1:7)71—&, >\2:)\3:)\3:Um /\5:vn+a

R(u,n) = (7r1,19,73,74,75)
1 1 0 0 1
v1—any U1 N9 —n3 V1 t+any
= Ug—ang Uy —nq 0 Vo + a Ny
U3—ang Vs 0 m U3+ ans

1
H—av, §|’v|2 ViNg —Vang Vsng—uving H+awv,

where v, =v-n, a=+/vp/p is the speed of sound and H = (v —1)"ta?+ |v|?/2 is the
specific enthalpy. Assuming the solution is admissible (i.e., p, p >0), the eigenvalues
are real and the corresponding eigenvectors are linearly independent. Thus, Euler’s
equations (2.11) form a hyperbolic system. In this work, we will be restricted to the
2-D compressible Euler’s equations which are given by

p pu pu
| pu 0| p+pu? 0 puv
Z il - =0 2.1
ol pv o puv +6y p+ pov? (2.13)
E (E+p)u (E+p)v

where u, v =wv1, vs.

2.3. COMPRESSIBLE NAVIER-STOKES EQUATIONS

The Euler’s equations (2.11) describe inviscid flows which do not account for viscosity
and are thus applicable where the effect of viscosity is negligible in comparison to the
advection. These advection dominated flows occur in a variety of practical problems.
However, viscous effects do become important for studying flows with boundary layers
near solid walls and the behaviour of fluids in turbulent regions. Thus, we consider the
compressible Navier-Stokes equations which are hyperbolic-parabolic in nature. The
equations are given in three dimensions as

p pv 0
ol pv |+Ve| pvv+pl |=Vg- T (2.14)
E v(E+0p) TU—Q
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with the symmetric shear stress tensor 7 and heat flux @ given by Newtonian and
Fourier constitutive relations respectively

T—/L(VT)—I—(VU)T)—%/L(V-’U)], Q=(Q1, Q2 Q3)=—rV0 (2.15)

Here, I =(0;;)1<i,j<3, i is the coefficient of dynamic viscosity and & is the coefficient of
heat conductance. The 6 denotes temperature of the flow which is obtained using the
ideal gas law p= p RO where R is the gas constant with R =c, — ¢,. The coefficient of
heat conductance can be determined from g using the relation

_1G
Pr

where Pr is the Prandtl number, which is assumed to be constant for a given gas. The
Euler’s equations (2.11) can be recovered from the Navier-Stokes equations (2.14) by
setting p=0.

An important non-dimensional number for viscous flows is the Reynolds number
given by
LU

14

Re

where L and U are the respective characteristic length and velocity scales of the flow,
v =/ po is the coefficient of kinematic viscosity given the free stream density po. The
Reynolds number can be seen as a measure of the ratio of advection and diffusion. High
Reynolds number flows are advection dominated flows, while low Reynolds number
flows are diffusion dominated.

In this work, we will be restricted to the Navier-Stokes equations in two dimensions
which are given by

p pu pu
O pu | O ptput | O] puv
otl pv or pPUV oyl p+po?
E (E+p)u (E+p)v
(2.16)
0 0
:i T11 +i T21
ox T12 oy T2
u T+ U2 T2 — Q1 Uy To1 + Uz Tz — Q2

where u, v =11, vy and from (2.15)

4 2 4 2
T11=§Maxu—§#5y"07 Ti2="Ta1 = (9yu + O v), 722:§M5yv_§ﬂax“
Qi=—K0,0, Q2=-k0,0
where 6 is the temperature specified by ideal gas law p=p R6.



CHAPTER 3
FLUX RECONSTRUCTION

In this chapter, we discuss the flux reconstruction scheme and its corresponding finite
element basis that will be used in the subsequent chapters. The same basis is used to
describe the discontinuous Galerkin method. The finite volume method is also briefly
reviewed.

3.1. CONSERVATION LAW

Let us consider a conservation law of the form

where u is some conserved quantity, f(wu) is the corresponding flux, together with
some initial and boundary conditions. The physically correct solution to (3.1) is going
to be in the admissible set Uaq (2.1) whose detailed discussion is in Chapter 5. In this
chapter, we focus on description of the finite element grid and basis.
We will divide the computational domain 2 into disjoint elements (2., with
Qe=[r _1,2_ 1] and Axe=x_1—2x

1 1
— = — — =
€ 2 e+2 e+2 € 2

Let us map each element to a reference element, Q. — [0, 1], by
r— €=

Inside each element, we approximate the solution by degree N >0 polynomials belonging
to the set IPy. For this, choose N + 1 distinct nodes

0<&<&i<- <& <1 (3.2)

which will be taken to be Gauss-Legendre (GL) or Gauss-Lobatto-Legendre (GLL)
nodes, and will also be referred to as solution points. There are associated quadrature
weights w; such that the quadrature rule is exact for polynomials of degree up to
2 N +1 for GL points and up to degree 2 N — 1 for GLL points. Note that the nodes
and weights we use are with respect to the interval [0, 1] whereas they are usually
defined for the interval [—1,+1]. The solution inside an element €2, is given by

N
e wn(6,1) =) uep(t) (€) (3.3)
p=0
where {/,} are degree N Lagrange polynomials given by
T ¢
61?(5): H ¢ _g € Pu, gp(&q):(;pqv 0<p<N (3.4)
g=0,q#p P >

21
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Figure (3.1a) illustrates a piecewise polynomial solution at some time ¢, with discon-
tinuities at the element boundaries. Note that the coefficients u. , which are the basic
unknowns or degrees of freedom (dof), are the solution values at the solution points.

(7 5
" f /(1), ’ f h

(a) (b)

Figure 3.1. (a) Piecewise polynomial solution at time ¢,, and (b) discontinuous and continuous flux.

The numerical method will require spatial derivatives of certain quantities. We can
compute the spatial derivatives on the reference interval using a differentiation matrix
D=[D,,| whose entries are given by

Dypg=104(&); 0<p,¢<N (3.5)

For example, we can obtain the spatial derivatives of the solution uy, at all the solution
points by a matrix-vector product as follows

e ] ]

{ aruh(EﬁN,t) J: At o UZ{ U;N J

We will use symbols in sans serif font like D, u, etc. to denote matrices or vectors
defined with respect to the solution points. The entries of the differentiation matrix
are given by

W, 1 ~
qu:_q—a PFq and Dypp=— Z Dy,
W (&= &) 4=0,q9%#p
where the W, are barycentric weights given by
1
W, = 0<p<N

HéV:(),q#p(gp_gq)’ -

Define the Vandermonde matrices corresponding to the left and right boundaries of a
cell by
Vi=[o(0),£1(0),...,x(0)]T, Vr=[lo(1), :(1),..., x(1)]" (3.6)

which is used to extrapolate the solution and/or flux to the cell faces for the compu-
tation of inter-cell fluxes.
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3.2. FINITE VOLUME METHOD

Define the cell center of an element Q.= [z, 1,7 1] as
2

+§]

xe:§(xe_%+xe+%)

In a finite volume method, the unknowns to solve for are the element averages u.(t)

(1)~ < A we, ) de,  ari—a(t)

where t" is the current time level for n > 0. Integrating the conservation law (3.1) over
the element €2, gives

du. fe-&-%_ fe—%
T AL =0 (3.7)

where f, 1~ f(u(r, 1,t)) is the numerical flur function that couples neighbouring
2 2

elements. The fundamental case is the one where the numerical flux is computed using
only the adjacent elements

fe+% = ‘f(ﬁea ﬁe—i—l) (38)

In this case, the temporal discretization of (3.7) can be performed by the forward Euler
method to get a first order accurate method

At"
—n+1 —n n._4n n
e+ = U, _A_x('fe‘i’%_fe*l)? At =1 +1—t (39)

(7
2
The choice of numerical flux (3.8) is typically made taking the specific conservation
law (3.1) into consideration. It is based on the solution of a Riemann problem (Sec-
tion 2.1.2) of the conservation law (3.1)

uy, <0
u(m,O):{ul x>0

To be precise, recalling the self-similarity of solutions of Riemann problem, we denote
the exact solution of the Riemann problem as w(z /t;u;, u,). Then, the Godunov’s flux
for (3.8) is denoted by

f(ﬂe, ae-l—l) - f(u(O; U, ﬂe—l-l))
and an approximate Riemann solver is based on
I (u, ﬂe-ﬁ-l) = f(uapprox<05 U, ﬂ'e-i-l))

Some numerical fluxes/approximate Riemann solvers for compressible Euler’s equa-
tions (2.11) like Roe, HLL and HLLC are discussed in Appendix D. A numerical
flux that applies to general conservation law is the Lax-Friedrichs flux. For a general
conservation law with uniform grid size Az = Ax, for all e, the global Lax-Friedrichs
flux [116] is given by

fe+;=%(f(ﬂe)+ f(tein)) —%(aeﬂ—m) (3.10)



24 FLux RECONSTRUCTION

In the absence of the term % (Wet1 — W), the scheme (3.9) using (3.10) becomes the

Forward Time Central Scheme (FTCS) which is unconditionally unstable. This term
is called the dissipation term as its contribution to (3.7) gives a central approximation
to (Az?/2 At) 0., u. Following a von Neumann stability analysis, the time step size
At" of the scheme (3.9, 3.10) is usually computed to satisfy

At max Alxe o(f'(@) <1

where o(A) is the maximum eigenvalue of a matrix A in absolute values. In practice,
the time step At™ is taken to be close to the CFL limit and thus corresponding to each
element e, we would like to have Az./At"~o(f'(u.)) so that (3.10) motivates the
local Lax-Friedrichs /Rusanov flux [152]

Fror = P 1) = (F(00) £ le1) = 5 A2 (e — )

¢ ' 3 (3.11)
Aepr=max{o(f'(w)), o(f'(tei1))}
A numerical flux can use more neighbouring elements and get higher order accuracy

fe—l—%: f(’aeflm ey 116717 ae? ﬁ6+17 cee ,ﬂe+l)

foua= Flule, 1. 17) + O(Aak) 12
The approach where we obtain a semidiscrete scheme by discretizing only in space (3.7)
is called the method of lines. Once a high order flux is chosen as in (3.12), in order
to get high order accuracy in time, a multistage Runge-Kutta method for solving
ODEs is used for solving the semidiscrete equation (3.7). There are many ways in
which high order accuracy in space can be obtained. For second order accuracy, a
MUSCL scheme [54] can be used that is based on performing linear reconstructions
of the solution. For higher order accuracy, piecewise parabolic [55], ENO [88] and
WENO [163] schemes can be used. While maintaining accuracy, the finite volume
methods need to be chosen to preserve the admissibility set Uaq (2.1) of the conservation
law (3.1) and thus we define admissibility preserving finite volume schemes as follows.

DEFINITION 3.1. The finite volume method with fluz approximation (3.12) is said to
be admissibility preserving iof WS j_1,Ud g, ..., e 1, U, Ugy1, - .., Up ] EUag and

A" < At (@) (3.13)

imply
i1 A" _ 4
u,” " =u, Az (feJr% fe—%) € Uqq (3.1 )

Thus, if solution at current time level is admissible at all points in the stencil and the
time step restriction (3.13) is satisfied, the finite volume evolution under forward Euler
method (3.9) will also be admissible.

A finite volume scheme using an admissibility preserving finite volume flux will
preserve admissibility of solutions if the system of ODE (3.7) is solved with a strong
stability preserving Runge-Kutta (SSPRK) method [162, 163|. This is because SSPRK
methods are convex combinations of forward euler methods in each stage [205].
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3.3. RUNGE-KuTTA DG

This section introduces the Discontinuous Galerkin (DG) method with Runge-Kutta
discretization in time. We multiply the conservation law (3.1) by a test function v € Py

and integrate over element (),
of _
/ (W * 8_> vdr=0

An integration by parts is performed on the flux derivative term to get

[ Sroda /f

fx Tetl ’t) ( +§)_f(33€,%,t)"0(33:_1):0

2

We now replace w with the numerical approximation uy, (3.3). At r==x u;, may be

+ Y
discontinuous, i.e.,

uh(xe__;’_l? t) # uh(x:_;’_l’ t)
2 2

Following the finite volume method, we will approximate the flux by a numerical flux
function (3.8) denoted as

.fﬁ.%(t) = -f(uh(xe__i_%v t)7 uh(x:—_i_%? t))

For example, the numerical flux can be taken to be f,_ 1(t) = frusarov(
2

uh(x;r 1,1)) (3.11). Thus, the semi-discrete DG scheme is given by
2

8uh / f Uh —dx
‘|‘fe+ 1(t)v (xej%)—fef%v(x: 1)=0

uh(xe__i_%a t)a

Q. (3.15)

2

The scheme (3.15) is implemented by performing quadrature in space. It is explicit in
the sense that the quadrature in the temporal derivative term will only require a local
mass matriz to be inverted. If degree N quadrature with Gauss-Legendre points is
performed, the integral on temporal derivative can be computed exactly. The integral
on the flux term cannot be performed exactly because the flux f is usually nonlinear.
We define a discontinuous flux approximation taking flux values at solution points
giving a degree N polynomial represented in Lagrange basis (3.4) as

Fo(E D) Z Fue (1) 6,() (3.16)

If quadrature is performed at the solution points, the equation (3.15) is equivalent to

8uh / 58'0
i
1(t)v(x +%)— fefév(m: %):O

Qe
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Since we use Gauss-Legendre (GL) solution points or Gauss-Lobatto-Legendre (GLL),
the integral on flux derivative is exact. Thus, we can perform an integration by parts
in space to get the strong form DG

5
Jun vdr + a5 vdz
o, Ot o, dz (3.17)
+(fop2(t) = Rz D)) vx 1) = (F_1 = Rz _))v(z 1) =0
2 2 2 2 2 2
The scheme (3.17) is equivalent to the Flux Reconstruction (FR) scheme (Section 3.4)
when GL/GLL points are used as solution and quadrature points. The proof is detailed
in Appendix B, but the crucial idea is to take the test function to be v=1¢, (3.4) and

use the identities (B.4).

3.4. RUNGE-KuUTTA FR

The Runge-Kutta Flux Reconstruction (RKFR) scheme is based on an FR spatial
discretization leading to a system of ODE followed by the application of an RK scheme
to march forward in time. The key idea is to construct a continuous polynomial approx-
imation of the flux which is then used in a collocation scheme to update the nodal
solution values. At some time ¢, we have the piecewise polynomial solution defined
inside each cell; the FR scheme can be described by the following steps.

Step 1. In each element, we construct the flux approximation by interpolating the
flux at the solution points leading to a polynomial of degree N, given by (3.16). The
flux (3.16) is in general discontinuous across the elements similar to the red curve in
Figure 3.1b.

Step 2. We build a continuous flux approximation by adding some correction terms
at the element boundaries

fh(€7 t) = fe_%(t> - fi(zs(()? t) gL(f) + fif(f? t) + fe.t,_%(t) - .ff(f(lv t) gR(é-)
where
Fora() = Flun(z 1,1), w (], 1,1))

2 2

is a numerical flux function that makes the flux unique across the cells. The continuous
flux approximation is illustrated by the black curve in Figure 3.1b. The functions g,
gr are the correction functions that must be chosen to obtain a stable scheme.

Step 3. We obtain the system of ODE by collocating the PDE at the solution points

due,p 1 Ofn
— 2P () = — — <p<
dt <t> Al'e 8&- (61?7 t)a O_p_N

which is solved in time by a Runge-Kutta scheme.

Correction functions. The correction functions gy, gr should satisfy the end point
conditions

9.(0)

) gR(O) =0
ot ) (3.18)

1
07 gR(l)
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which ensures the continuity of the flux, i.e., fh(x;r%, t)= fh(m;%, t)= fe+%(t). More-

over, we want them to be close to zero inside the element. There is a wide family of
correction functions available in the literature [94, 189]. A family of correction functions
depending on a parameter ¢ was developed in [189] based on stability in a Sobolev-
type norm. Two of these functions, the Radau and g» correction functions, are of
major interest since they correspond to commonly used DG formulations. The Radau
correction function is a polynomial of degree N 4 1 which belongs to the family of [189]
corresponding to the parameter ¢ =0 and given by

_ (=N T _
gr(§) = 1 5 Ly (26 —1)— Ly+1 (26 —1)] (3.19)
gr(§) = §[LN (26=1)+Lny1 (26 —1)]

where Ly:[—1,1] — R is the Legendre polynomial of degree N. The resulting RKFR
scheme can be shown to be identical to the nodal RKDG scheme using Gauss-Legendre

nodes for solution points and quadrature. In the general class of [189], g2 correction
function of degree N + 1 corresponds to ¢ = (QNESVJJ(Z;N!)?

coefficient of Ly; they are given by

gr(§) = #[LN(Qf—l) -

where ay is the leading

(N+1)Ln-1(26—1)+ NLny+1 (26 -1)

] (3.20)

2N+1
9r(§) = %[LN(2§_1)+(N—f‘l)LN—l(252;\[1_)'——{1—]\7[4\[4_1(25_1):|

The resulting RKFR scheme can be shown to be identical to the nodal RKDG scheme
using Gauss-Lobatto-Legendre points as solution points and for quadrature. We will
perform a Fourier stability analysis of the Lax-Wendroff scheme based on these correc-
tion functions in a later section. Note that the correction functions are usually defined

in the interval [—1, 1] but here we have written them for our reference interval which
is [0, 1].






CHAPTER 4

LAX-WENDROFF FLUX RECONSTRUCTION

4.1. INTRODUCTION

In this chapter, we introduce the Lax-Wendroff (LW) scheme with the Flux Recon-
struction (FR) method used for spatial discretization, since each of these two methods
has the advantages discussed in the introduction. In brief, the advantage of Lax-
Wendroff schemes arises from their single stage nature which minimizes interelement
communication. The Flux Reconstruction is a quadrature free, vectorized scheme that
generalizes variants of Discontinuous Galerkin and spectral difference schemes. We use
the approximate Lax-Wendroff procedure of [208] so that, unlike the work of [122], the
method does not require using chain rule which can lead to complicated Jacobians. This
chapter uses discretization of the domain and function approximation by polynomials
presented in Section 3.1 for solving the hyperbolic conservation law (3.1). The one
dimensional Runge-Kutta Flux Reconstruction (RKFR) scheme from Section 3.4 is
used for motivation as we introduce the Lax-Wendroff FR (LWFR) method in Sec-
tion 4.2.

The numerical flux used on finite element interfaces has been improved for Lax-
Wendroff schemes. We introduce a D2 dissipation numerical flux that improves Fourier
CFL stability and EA flux that improves accuracy for nonlinear problems. The descrip-
tion of the numerical flux computation and how it improves over existing methods is
presented in Section 4.3. The Fourier stability analysis in 1-D to demonstrate enhance-
ment of CFL numbers is performed in Section 4.4. In Section 4.5, the treatment
of boundary conditions is described. This chapter uses TVD limiter for problems
with nonsmooth solution and it is described in Section 4.6. Sections 4.7, 4.8 present
some numerical results in 1-D for scalar and system problems, to demonstrate the
convergence rates and effect of correction functions, solution points and numerical flux
schemes. Section 4.9 presents the LW scheme in two dimensions and Sections 4.10, 4.11
present numerical results in two dimensions. Section 4.12 presents a summary of the
new scheme.

4.2. LAX-WENDROFF FR SCHEME

In contrast to the spatial discretization described in Section 3.4, where a multistage
Runge-Kutta scheme was needed to obtain high order accuracy, the LWFR scheme
described here is a fully discrete high order scheme.

29
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The Lax-Wendroff scheme combines spatial and temporal discretization into a
single step. The starting point is a Taylor expansion in time following the Cauchy-
Kowalewski procedure where the PDE is used to rewrite some of the time deriv-
atives in the Taylor expansion as spatial derivatives. Using Taylor expansion in time
around t =t,, we can write the solution at the next time level as

N+1

un+1_un+ §

m=1

At™

— 0wt O(AV )

Since the spatial error is expected to be of O(AxN*+1), we retain terms up to O(AtV 1)
in the Taylor expansion, so that the overall accuracy is of order N + 1 both in space
and time. Using the PDE, 0;u=—0, f, we re-write time derivatives of the solution in
terms of spatial derivatives of the flux

O u=—0"" 0 f==(07""" floy m=12,. ..

so that
- Afm
urtl = un— Z W( tmfl f)r+0(AtN+2)
m=1
NoApm
= u"— At z:: (S x+O(AtN+2)
- Atg_f( ") 4 O(ALV+2) (4.1)
where
AN Al ALY
ZO T O F(w) = Flu) + -0 f(u) + T N f(u)  (4.2)

Note that F'(u™) is an approximation to the time average flux in the interval [¢,, t,, 1]
since it can be written as

1

:El:nﬂlf(u”)+(t—tn)8tf(u”)+...+ (t-

F(u") 1N tn)” O f(u™) | dt (4.3)
where the quantity inside the square brackets is the truncated Taylor expansion of the
flux f in time. Equation (4.1) is the basis for the construction of the Lax-Wendroff
method. Following the ideas in the RKFR scheme, we will first reconstruct the time
average flux F' inside each element by a continuous polynomial Fj(§). Then truncating
equation (4.1), the solution at the nodes is updated by a collocation scheme as follows

n+l__ . n At dFj

ue,p _’u’E,p Al'e dg (gp)

0<p<N (4.4)
where u, , are degrees of freedom of the approximate solution wy, (3.3) which is degree
N in each finite element and is allowed to be discontinuous across element inter-
faces (Figure 3.1a). This is the single stage Lax-Wendroff update scheme for any order
of accuracy. The major work in the above scheme is involved in the construction of
the time average flux approximation F} which is explained in subsequent sections.
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4.2.1. Conservation property

The computation of correct weak solutions for non-linear conservation laws in the
presence of discontinuous solutions requires the use of conservative numerical schemes.
The Lax-Wendroff theorem shows that if a consistent, conservative method converges,
then the limit is a weak solution. The method (4.4) is also conservative though it is
not directly apparent; to see this multiply (4.4) by the quadrature weights associated
with the solution points and sum overall the points in the e element,

N N N
n n At oF),
> wpulpt =Y WpUep ~ A wpa—g(fp)
p=0 p=0 € p=0

The correction functions are of degree N + 1 and the flux F}, is a polynomial of degree
<N + 1. If the quadrature is exact for polynomials of degree at least /N, which is true
for both GLL and GL points, then the quadrature is exact for the flux derivative term
and we can write it as an integral, which leads to

2

/ wit dy — / ufde —At[F, .~ F_1] (4.5)
Qe Qe 2

This shows that the total “mass” inside the cell changes only due to the boundary fluxes
and the scheme is hence conservative.

4.2.2. Reconstruction of the time average flux

To complete the description of the LW method (4.4), we must explain the method for
the computation of the time average flux Fj,. The flux reconstruction F,(&) for a time
interval (¢, t,+1] is performed in three steps.

Step 1. Use the approximate Lax-Wendroff procedure to compute the time average
flux F' at all the solution points

F,~F(), 0<p<N (46)
The approximate LW procedure is explained in a subsequent section.

Step 2. Build a local approximation of the time average flux inside each element by
interpolating at the solution points

N

Fi(6) =Y F.,0(¢) (4.7)

p=0

which however may not be continuous across the elements. This is illustrated in
Figure 3.1b.

Step 3. Modify the flux approximation Fy (§) so that it becomes continuous across

the elements. Let F, 1 be some numerical flux function that approximates the flux F
2

+1. Then the continuous flux approximation is given by
2

Fi(&)=| F, 1~ F(0) | 90(©) + F(&) + | F.p1 = Fi(1)] al€) (4.8)

at r=x
e
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which is illustrated in Figure 3.1b. The correction functions gy, g are chosen from the
FR literature [94, 182, 189] (Section 3.4).

Step 4. Let F denote the values of time average flux approximation at solution
points (4.6). The derivatives of the continuous flux approximation at the solution
points can be obtained as

which can also be written as

dFn=F _1b,+D,F+F, 1bg,  D=D-b;V]-bpV} (4.9)
2 2

where Vi, Vg are Vandermonde matrices defined in (3.6) and D is the differentiation
matrix defined in (3.5). The quantities D, by, br, VL, Vg can be computed once and
re-used in all subsequent computations. They do not depend on the element and
are computed on the reference element. Equation (4.9) contains terms that can be
computed inside a single cell (middle term) and those computed at the faces (first
and third terms) where it is required to use the data from two adjacent cells. The
computation of the flux derivatives can thus be performed by looping over cells and
then the faces. In the case of a system of equations, the differentiation matrices are
applied to each variable; see Appendix E for a performance efficient implementation
of these operations.

4.2.3. Direct flux reconstruction (DFR) scheme

An alternate approach to flux reconstruction which does not require the choice of a
correction function is based on the idea of direct flux reconstruction [147], which we
adopt in the Lax-Wendroff scheme as follows. Let us take the solution points to be the
N + 1 Gauss-Legendre nodes, and define

§-1=0, Evp1=1

The Lagrange polynomials corresponding to the N + 3 points {&;,i=—1,0,..., N+ 1}
are given by
) N+1
o= 11

i=—1,i#]

§—&
§— &

€ Pnyo

We approximate the continuous flux in terms of these polynomials

=
o
I
Re>
|
o~
R
~
+
[~]=
IS
!

p p(f) + Fe+% EN—H(S)
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We can compute the spatial derivatives using a differentiation matrix D € RV +D* (N +3)

Dpy=04y(&),  0<p<N, —1<q<N+1
Define by, by to be the first and last column of the matrix D and D, to be the remaining
columns
b;=D(:,-1), br=D(:,N+1), D,=D(0:N, 0:N)
The flux derivatives at all the solution points can be computed as follows

d%Fn=F, 1b,+D,F+F  1by

Note that the above equation has the same structure as (4.9) from the FR procedure
but by, bg, Dy are obtained using different idea. In this DFR approach, we cannot use
GLL points since then the boundary points £ 1 =&y, {ni1 = &y would be repeated and
the Lagrange interpolation is not well-defined; if we use GL points, the resulting scheme
is identical to the LWFR approach using Radau correction function in combination
with GL points as solution points, as shown in Appendix C.

4.2.4. Approximate Lax-Wendroff procedure

The time average flux at the solution points F; , must be computed using (4.2). The
usual approach is to use the PDE and replace time derivatives with spatial derivatives,
but this leads to a large amount of algebraic computations since we need to evaluate
the flux Jacobian and its higher tensor versions. To avoid this process, we follow the
ideas in 208, 34] and adopt an approximate Lax-Wendroff procedure. To present this
idea in a concise and efficient form, we introduce the notation

u™ =At" O u, fm =Atmor f. m=1,2,...
The time derivatives of the solution are computed using the PDE
u™ =—At9, fFm1), m=1,2,...
Let the vector f below contain the flux values at solution points
fo=r(u,)

The approximate Lax-Wendroff procedure uses a finite difference approximation applied
at the solution points to compute the time derivatives of the fluxes. For example,
a second order approximation is given by

g )~ LS A) - Flule,t - AD)

The arguments to the flux are in turn approximated by a Taylor expansion in time

u(EtEA) ~u (&) Lul(€,t) At
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Using this approximation at the p*™® solution point in an element, we get

I = il t) At g [F(uy+ul) = f(a, — )

w)) = (&, t) At =3 f(& 1) >~ (D),

It can be shown that the above approximation to f; is second order accurate in At. Such
approximations can be written for higher accuracy and for higher time derivatives [208,
34|, and we summarize them below at different orders of accuracy which are used
in this thesis. The neglected term in the Taylor expansion (4.2) is of O(AtV*1), and
hence the derivative approximation 9;" f must be computed to at least O(AtN+1-m)
accuracy. The Lax-Wendroff procedure is applied in each element and so for sim-
plicity of notation, we do not show the element index in the following sub-sections.

4.2.4.1. Second order scheme, N =1

The time average flux at the solution points is given by

1
—f (D)
F f+2f
where

At
1 - _
u Az,

0 = S0 (uru®) - f (u-ul)

Df

4.2.4.2. Third order scheme, N =2

The time average flux at the solution points is given by

F:f+éf(1)+%f<2)
where
u® = —AA;G Df
0 = Z[F(u+u®) - f(u-ut)
u® _ _AA;; DD

2 = f(u+u(1)+%u(2)>—2f(u)+f(u—u(1)+%u(2>)

4.2.4.3. Fourth order scheme, N =3
For the fourth order scheme, the time average flux at the solution points reads as

1 1 1
—fr—fMp—f@)p — §3)
F f—i—2f +6f +24f
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where

At
N Df

= ol FU2u®) +8 F(uru®) =8 Fu—ul) + Fu-2u)

12
At
— ——" Df®
Az Df

= f(U+u(1>+%u(2)> =2 f(u)+ f<U—u<”+%u(2>)

= _ﬂ Df®2)

Le

= Y plu2umsZ 4052 4o Jo flurums Ly L ye
) 2l 3l 2l 3l

2 flu—u®s et yo ) - plu—2umi e 2 e
5] 3l 2l 3l

4.2.4.4. Fifth order scheme, N =4

The time average flux at the solution points for the fifth order scheme takes the form

1 1 1 1
—fr—fO @ — 34 _—_§(4)
F=f 2f 6f 24f 120f

At
= AL Df

= %[_f(U—FZ u(l)) +8 f(u+u(1)) —8f(u—u(1)) 4 f(u—2u(1))]

At

— —— Df
Ar. Df
1 22 1
— E{—f<u+2u(1)+§u(2)) +16 f(u+u<1>+§u<2>) —30 f(u)
2
+16 f<u—u(1)+%u(2)> - f(u—2u(1)+%u(2))}
At
- — = Df®
Ar Df
1 22 23 1 1
- - M2 y®@LZ2 u® )= My = y®r=—uy®
= 2[f(u+2u toru +3!u ) 2f(u+u toru +3!u )
1 1 22 23
W= @ y® ) = —ouWrZ y@_2_y®
+2f(u u +2!u 3!u ) f(u 2u +2!u 3!u )}
Te
22 23 24
— M2 @z y®r2 y®
= {f(u+2u o U uttgru )
1 1 1
_ 1) (2)4 (3)4 4)
4f(u+u Fop U A gr U+ u )+6f(u)
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1 1 1
_ ot yo_t el @
4f(“ T g )

22 23 24
u—2 u(l) u(2) u(3) u(4)
+f< +57 ETT

The above set of formulae shows the sequence of steps that have to be performed to
compute the time average flux at various orders. The arguments of the fluxes used on
the right hand side in these steps are built in a sequential manner. Note that all the
equations are vectorial equations and are applied at each solution point.

4.3. NUMERICAL FLUX

The numerical flux couples the solution between two neighbouring cells in a discontin-
uous Galerkin type method. In RK methods, the numerical flux is a function of the
trace values of the solution at the faces. In the Lax-Wendroff scheme, we have con-
structed the time average flux at all the solution points inside the element and we want
to use this information to compute the time averaged numerical flux at the element
faces. The simplest numerical flux is based on Lax-Friedrich type approximation and
is given by [137]

_ Ll +
F 1__[Fe+g+Fe+%]—

1 p—
ety 2 st [un(@la tn) —wn(z ], 1, 10) (4.10)

2 8+§’ n
which consists of a central flux and a dissipative part. For linear advection equation
u; +au, =0, the coefficient in the dissipative part of the flux is taken as A , 1 =|al,
while for a non-linear PDE like Burgers’ equation, we take it to be

Ao pr=max {|f'(ad)], | f'(ae)[}

where u, is the cell average solution in element (2. at time t¢,, and will be referred
to as Rusanov or local Lax-Friedrich [152| approximation. Note that the dissipation
term in the above numerical flux is evaluated at time ¢, whereas the central part of
the flux uses the time average flux. Since the dissipation term contains the solution
difference at faces, we still expect to obtain optimal convergence rates, which is verified
in numerical experiments. This numerical flux depends on the following quantities:

{ad, uden wn (o s to) un (01 ), F o FL T

The numerical flux of the form (4.1()) leads to somewhat reduced CFL numbers as
shown by Fourier stability analysis in a later section, and also does not have upwind
property even for linear advection equation. An alternate form of the numerical flux
is obtained by evaluating the dissipation term using the time average solution, leading
to the formula

—_

1 _
+ +
where

N
Atm A ANy
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is the time average solution. In this case, the numerical flux depends on the following
e Lo - + - + :
quantities: {u?, ul 1, Ue+%, Ue+%, Fe+%, Fe+%}. We will refer to the above two forms

of dissipation as D1 and D2, respectively. The dissipation model D2 is not compu-

tationally expensive compared to the D1 model since all the quantities required to

compute the time average solution U are available during the Lax-Wendroff procedure.

Some numerical fluxes for the case of systems of hyperbolic equations are described

in Appendix D. It remains to explain how to compute Fj 1 appearing in the central
2

part of the numerical flux, which can be accomplished in two different ways, which we
term AE and EA in the next two sub-sections.

Remark 4.1. In case of constant linear advection equation, u;+au, =0, £ =aqu™
so that F.,=aU,, Then, since A\ 1= la|, the numerical flux (4.11) becomes the

upwind flux ’

Fi?(x;;,_%)? a>0
Foii=9 po +
Fh(xe+l), a<0

2

but the flux (4.10) does not have this upwind property. For a variable coefficient
advection problem with flux f=a(x)u, we get Fj =a(z,) Uy, the numerical flux (4.11)
1s

1 1 _
F. =3 [Fe% + F;;%] —5lalz )l [Uj+é — Ue%] (4.13)

which does not reduce to an upwind flux due to interpolation errors, though it will be
close to it in the well resolved cases. In this case, we can define the upwind numerical
flux as

Fe;b a(:ceJr%) >0

F .- 2 (4.14)
e+— +
2 Fe+%, a(a:e+%)<0

which is defined in terms of the time average flux only and does not make use of the
solution.

Remark 4.2. For non-linear problems, we can also consider the global Lax-Friedrich
and Roe type dissipation models which are given by

)‘eJr%:)‘:mgle/(ﬁe)L )\eJr%: ’f’(%)‘

2

respectively. In the global Lax-Friedrich flux, the maximum is taken over the whole
grid. For Burgers’ equation, we can consider an Osher type flux [74] which is given by

Fejr% Ue, Ut 1 >0
+ — —
F+1:< Fe—’% Ue, U1 <0
¢T3 — + _ _
Fe—l—%_{—Fe—l-% UEZOZ’U,e_,_l
L 0 otherwise
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4.3.1. Numerical flux — average and extrapolate to face (AE)

In each element, the time average flux F has been constructed using the Lax-Wendroff

procedure. The simplest approximation that can be used for Fi 1 in the central part
2

of the numerical flux is to extrapolate the flux F} to the faces,

+ 5.+
FeJrf Fh (err%)
We will refer to this approach with the abbreviation AE. However, as shown in the
numerical results, this approximation can lead to sub-optimal convergence rates for
some non-linear problems. Hence we propose another method for the computation of
the inter-cell flux which overcomes this problem as explained next.

4.3.2. Numerical flux — extrapolate to face and average (EA)

Instead of extrapolating the time average flux from the solution points to the faces,
we can instead build the time average flux at the faces directly using the approximate
Lax-Wendroff procedure that is used at the solution points. The flux at the faces is
constructed after the solution is evolved at all the solution points. In the following
equations, a denotes either the left face (L) or the right face (R) of a cell. For a € {L,
R}, we compute the time average flux at the faces of the e’th element by the following
steps, where we suppress the element index since all the operations are performed inside
one element.

Degree N =1 Degree N =2
U, = Vlu Uy = V:xru
uf = V/(uxu®) uf = vg(uiu<1>+%u<2>)
Y = gmu:)l— Flug)] £ = 1) = f(ug)]
1
F, = flua)+5 £ £ = Fud) =2 flua) + Flug)
F. = flun)+5 0 +5 17
Degree N =3
Uy, = VJou
uf = V[ uxuW4= u(Q)iiu(‘g))

3
ur? = V][ ut2u 1)+—U( )i%u( ))

i ;
P = o F) 8 £(d) ~ 8 Flua) + ()]
£ = Flug) =2 flua) + F(ul)

I = S =2 () +2 Fuy) — £?)

Fy = flua)+5 50+ 5 50+ 50 50
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Degree N =4
Uy = VJou
uy = Vl(u +u4— u2)i§'u()+%u()>
u? = V (ui—Zu 5 ()i%u(3)+%u(3>)
S = - ) 48 ()~ 8 Flun) + Fus)]
FE = - £ 416 £(u) =30 f(ua) +16 £ () — f (%)
I = S =2 () +2 flua) — F(ug?)

£ = [Fud?) —4 f(u +>+6f<ua> f( —> Fuz?)]

_ 1( (2 1 (@)

We see that the solution is first extrapolated to the cell faces and the same finite differ-
ence formulae for the time derivatives of the flux which are used at the solution points,
are also used at the faces. The numerical flux is Computed using the time average flux
built as above at the faces; the central part of the flux F 1 1n equations (4.10), (4.11)

are computed as

Foo=(Fa)..  Fhi= (R
We will refer to this method with the abbreviation EA.
Remark 4.3. The two methods AE and EA are different only when there are no
solution points at the faces. E.g., if we use GLL solution points, then the two methods
yield the same result since there is no interpolation error. For the constant coefficient
advection equation, the above two schemes for the numerical flux lead to the same
approximation but they differ in case of variable coefficient advection problems and
when the flux is non-linear with respect to u. The effect of this non-linearity and the
performance of the two methods are shown later using some numerical experiments.

4.4. FOURIER STABILITY ANALYSIS IN 1-D

We now perform Fourier stability analysis of the LW schemes applied to the linear
advection equation u; + a u, =0 where a is the constant advection speed. We will
assume that the advection speed a is positive and denote the CFL number by

s At
- Az
Since f™ =qu™), the time average flux at all the solution points is given by
AN
F.=aU. where U.=Tu. and T_mz_:o G (—o D)™

Then the discontinuous flux at the cell boundaries are given by

F;?(ZE:_;) = VgFea Ff?(l‘;'_%) = VgFe



40 LAX-WENDROFF FLUX RECONSTRUCTION

We can write the update equation in the form
utM=—cA_u? 1 +(I—cA)ul—cA U, (4.15)

where the matrices A_1, Ag, AL depend on the choice of the dissipation model in
the numerical flux. The EA and AE schemes for the flux are identical for this linear
problem, and hence we do not make any distinction between them for Fourier stability
analysis.

Dissipation model D1. The numerical flux is given by

F

e-l—% - %[VEF€+V2F€+1] - %a (Vgue-i-l_vgue)

Since the flux difference at the faces is

1) :%avg(T%—l)ue1—%aVLT(T—|—I)u€

2

F,_1—F(z!

e

- 1 1
Fe+%— F;‘f(a:eJr%) :EaVLT(T—I)ueH—gaVE(T—I)ue

the flux derivative at the solution points is given by
OFy = %a b VE(T+)U. 14| a DT—% abo V] (T+1) —%a bVE(T—1) |u.
S abaV (T,
Thus the matrices in (4.15) are given by
AL=gbVATH),  Au=gbaVI(T-1), A=DT—Z bV (T+1) — L baVi(T-1)

Dissipation model D2. Since a >0, the numerical flux is given by
F 1= VAiF.=aViTu,
2

and the flux differences at the face are
F,_1- F;f(x:_%) =aViTu, 1—aV[Tu, Fopr— F,f(x;r%) =0
so that the flux derivative at the solution points is given by
OcFr=(aVgTuU._1—a Vi Tu.)b,+aDTu,=a b ViTu, 1+a (DT-b V/T)u,
Thus the matrices in (4.15) are given by
A_1=b;V:T, A=DT—-b.V/T, A 1=0

The upwind character of the flux leads to A;=0 and the right cell does not appear in
the update equation.

Stability analysis. We assume a solution of the form uZ=Ujexp (ik x.) where i =
v/—1, k is the wave number and Gj € R¥*! are the Fourier amplitudes; substituting
this ansatz in (4.15), we find that the amplitudes evolve according to the equation

uptt=H(o,x) 0y, H=I—0 Ay—o A_iexp (—ik) — 0 Aj1exp (i), k=kAz
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where k is the non-dimensional wave number. The eigenvalues of H depend on the CFL
number ¢ and the non-dimensional wave number &, i.e., A= A(o, k); for stability, all the
eigenvalues of H must have magnitude less than or equal to one for all k€ [0,27], i.e.,

Ao)=max |\o,k)|<1

The CFL number is the maximum value of ¢ for which the above stability condition
is satisfied. This CFL number is determined approximately by sampling in the wave
number space; we partition x € [0,2 7] into a large number of uniformly spaced points
kp and determine
A(o) =max |\(o, K))|
P

The values of o are also sampled in some interval [0yin, Omax] and the largest value
of 07 € [Omin, Omax] for which A(o;) <1 is determined in a Python code. We start with
a large interval [Omin, Omax] and then progressively reduce the size of this interval so
that the CFL number is determined to about three decimal places. The results of this
numerical investigation of stability are shown in Table 4.1 for two correction functions
and different polynomial degrees.

N Radau Jo

D1 D2 |Ratio| D1 D2 | Ratio
0.226 [0.333| 1.47 [0.465|1.000| 2.15
0.1170.170| 1.45 [0.204(0.333| 1.63
0.072(0.103| 1.43 [0.116|0.170| 1.47
0.049 [0.069 | 1.40 [0.060|0.103| 1.72

=W N

Table 4.1. CFL numbers for 1-D LWFR using the two dissipation models and correction functions

We see that dissipation model D2 has a higher CFL number compared to dissipation
model D1. The CFL numbers for the g, correction function are also significantly
higher than those for the Radau correction function. The LWFR scheme with Radau
correction function is identical to DG scheme and the CFL numbers found here agree
with those from the ADER-DG scheme [63, 76]. The optimality of these CFL numbers
has been verified by experiment on the linear advection test case (Section 4.7.1), i.e.,
the solution eventually blows up if the time step is slightly higher than what is allowed
by the CFL condition.

4.5. BOUNDARY CONDITIONS

The boundary conditions for hyperbolic problems are usually implemented in a weak
manner through the fluxes (4.11). We explain the implementation for the 1-D scheme
which is applied to higher dimensions across normal direction. Consider a grid {Q.}2,
where €1, {2y, are the left, right boundary elements. In some cases, the boundary
conditions are enforced by the choice of ghost values which are FA}F b UA“; oL U1

for the right boundary and Fi, Ui, u, for the left boundary. Here we describe the
treatment in various cases.
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Periodic boundary.

F L, U 1, Upr = F. U/, u
+1 1 1 1
M+5’ M+§’ 5’ 5’
1?; ,l]i ,Ug — IGM' ;’IJAI ;,1LA1

The numerical flux at boundary face can now be computed with (4.11).

Dirichlet /Inflow boundary. The boundary condition on the solution can be spec-
ified only at inflow boundaries, i.e., where the characteristics are entering the domain.
For example, at the left boundary of the domain, say z;/2=0, the boundary condition
can be specified if f’>0 for a scalar problem and if eigenvalues of f’ are positive
for system of equations. Assuming this is the case for our problem, let the boundary
condition be given as u(0,t) = g(t). It will be enforced by defining an upwind numerical
flux at the boundary face, which is given by

1 tn+1

F%:F%_zﬂ ’ (g(t))dt
If the integral cannot be computed analytically, then it is approximated by quadrature
in time. From (4.3), we see that integral must be at least accurate to O(At¥ 1) which
is of the same order as the neglected terms in (4.3). In the numerical tests, we use
(N + 1)-point Gauss-Legendre quadrature which ensures the required accuracy. In
this case, we specify the numerical flux at boundary face directly, and do not need to
compute the numerical flux using (4.11).

Outflow boundary. The right boundary is an outflow boundary if eigenvalues of f’
are positive. In this case, the flux across the right boundary is computed in an upwind
manner using the interior solution, i.e., Fyr1/2= Fyq/0 where Fy; 45 is obtained
from the Lax-Wendroff procedure.

Numerical flux for boundaries. There are cases when the characteristics are a
mix of inflow and outflow, and it is known that the inflow is given by a function g(t).
In these cases, we use an upwind numerical flux like Roe (Appendix D) which will
distinguish between inflow and outflow characteristics. We explain the treatment for
the left boundary, say 1/, =0. The time averaging of inflow quantities is performed
to obtain the ghost values as follows

1 tn+1 1 tn+1
Fi~—— t))dt U ~— t)dt Uy = U
T [ fema Uieg [Cehat we=a
Then, the numerical flux at /5 is computed as in (4.11) but now with an upwind flux
from Appendix D.

Solid wall / reflective boundaries. This is a type of boundary condition for com-

pressible Euler’s equations (4.16). The velocity at a solid wall interface, say 12, is set

to zero. To satisfy the property in the numerical flux, we reflect the velocity along the

origin in the ghost values. For brevity, we define F,U,u:= Fi",U:", %, and set the
2 2

ghost values as follows

Fi =(—F,,—F, F;), U: =(U,—-U,Us), uo=(u1, —us us)
2 2
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Then, the numerical flux at x1/2 is computed as in (4.11).

4.6. TVD LIMITER

The computation of discontinuous solutions with high order methods can give oscil-
latory solutions which must be limited by some non-linear process. The a posteriori
limiters developed in the context of RKDG schemes [52, 51| can be adopted in the
framework of LWFR schemes. The limiter is applied in a post-processing step after
the solution is updated to the new time level. The limiter is thus applied only once
for each time step unlike in RKDG scheme where it has to be applied after each RK
stage update. Let uy(x) denote the solution at time ¢, 1. In element ), let the average
solution be wu,; define the backward and forward differences of the solution and cell
averages by

- + - - _
A ue—ue—uh(xe_l), A*ue—uh(xﬁl)—ue
2 2
A_'ae = U — ﬂe—la A—i_ﬂfe - ﬂe-{—l — U,

We limit the solution by comparing its variation within the cell with the difference of
the neighbouring cell averages through a limiter function,

A~ u = minmod (A~ u., A~ u., Atu,), At = minmod(Atu,, A~u,., Atu,)
which is defined for each component as

smin (|al, |b],|c|), if s=sign(a)=sign(b)=sign(c)

minmod(a, b, ¢) = { 0, otherwise

If A~u]"+ A u, or ATu]" + Atu,, then the solution is deemed to be locally oscillatory
and we modify the solution inside the cell by replacing it as a linear polynomial with
a limited slope, which is taken to be the average limited slope. The limited solution
polynomial in cell €2, is given by

A~ul + Atul”
2

Up |0, =Ue + (25_ 1)7 56 [07 1]

This limiter is known to clip smooth extrema since it cannot distinguish them from
jump discontinuities. A small modification based on the idea of TVB limiters [52]| can
be used to relax the amount of limiting that is performed which leads to improved

resolution of smooth extrema. The minmod function is replaced by

m<abc)={“’ jal < M Aa®

T minmod(a, b, ¢), otherwise

which requires the choice of a parameter M, which is an estimate of the second deriva-
tive of the solution at smooth extrema. In the case of systems of equations, the limiter
is applied to the characteristic variables, which is known to yield better control on the
spurious numerical oscillations [50|. The limiters used in this chapter are not able to
provide high order accuracy and the development of better limiters, with the idea of
a subcell based scheme, is discussed in Chapter 5.
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Remark 4.4. For Runge-Kutta FR/DG schemes with a monotone numerical flux,
the limiters of [50] can be used to obtain a Total Variation Diminishing (TVD) in
means property. Although such a property cannot be shown for the LWFR scheme,
the numerical results with the TVB limiter are similar for RKFR and LWFR schemes.

4.7. NUMERICAL RESULTS IN 1-D: SCALAR PROBLEMS

In this section, we present some numerical results to show the convergence rates and the
comparison of different scheme parameters like correction function, solution points and
dissipation model. For each problem in this section, the corresponding CFL number
is chosen from Table 4.1. Here after, when we use the CFL numbers obtained using
the Fourier stability analysis, we multiply it with a safety factor of 0.95. When D1
and D2 schemes are compared together, the CFL numbers of D1 schemes are used as
these are lower; the same CFL numbers are used for the RKFR schemes. Up to degree
N =3, RKFR schemes use Runge-Kutta time integration of order N + 1 with N +1
stages. In the N =4 case, for non-linear problems there is no five stage Runge-Kutta
method of order 5, see Chapter 32 of [35]. However, for linear, autonomous problems,
the five stage SSPRK method in [82] is fifth order accurate, and we make use of it for
the constant advection test cases with periodic boundary conditions and refer to it as
SSPRK55. For non-linear or non-periodic problems, to make a fair comparison of LW
and RK, we make use of the six stage, fifth order Runge-Kutta (RK65) time integration
introduced in [183].

The RKFR and LWFR schemes are illustrated at a high level in Algorithm 4.1 and
Algorithm 4.2, respectively, for solving a hyperbolic conservation law in a time interval
[0,T]. Here we assume that an a posteriori limiter like a TVD/TVB limiter and a
positivity limiter are applied in a post-processing step after the solution is updated.
The LWFR scheme requires the application of the limiter only once per time step
while the RKFR scheme requires multiple applications of the limiter depending on
the number of RK stages. The limiter can be costly to apply for systems of equations
where a characteristic approach and/or WENO-type limiter is used. In the present
work, we use a simple TVD/TVB limiter but use characteristic limiting for systems.

Algorithm 4.1

Runge-Kutta Flux Reconstruction

t=0;

while ¢t <7 do

for each RK stage do
Loop over cells and assemble rhs;
Loop over faces and assemble rhs;
Update solution to next RK stage;
Apply a posteriori limiter;
Apply positivity limiter;

t=t+ At;
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Algorithm 4.2

Lax-Wendroff Flux Reconstruction

t=0;

while ¢t <7 do

Loop over cells and assemble rhs;
Loop over faces and assemble rhs;
Update solution to next time step;
Apply a posteriori limiter;

Apply positivity limiter;

t=t+ At;

4.7.1. Linear advection equation: constant speed

We first consider the 1-D linear advection equation u; + a u, =0 with speed a =1 and
periodic boundary condition.

4.7.1.1. Smooth solutions

For the initial condition wu(z,0) =sin(2 7 z) with periodic boundaries on [0, 1], we
perform grid convergence studies using various parameters like correction functions
and solution points. The error norms are computed at time ¢ =2 units. In Figure 4.1
we compare the convergence behaviour for Radau and g9 correction functions and for
both choices of solution points using the D2 dissipation model. It is clear that the
errors due to Radau are consistently smaller than those with go correction function.
The choice of the solution points does not significantly affect the error in the solution.

LW, GL, D2 LW, GLL, D2

10-2 4

1044

L2 Error
-
o
&

1084

10-10

15 30 60 120 15 30 60 120
Number of cells Number of cells

(a) (b)

Figure 4.1. Error convergence for constant linear advection; (a) GL points, (b) GLL points. The
different colors correspond to degrees N =1, 2, 3,4 from top to bottom.
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Figure 4.2 shows the comparison of LW and RK schemes using Radau correction
and two types of solution points. There is a small difference in the error levels between
the two dissipation models, with the D2 model performing better for odd N. The RK
scheme has slightly smaller errors than the LW scheme. We can see this more clearly
by plotting the error norm versus time as shown in Figure 4.3, where all the four
degrees consist of the same number of total dofs which is 200. We see that the error
growth with time is higher for the LW scheme than for the RK scheme. The superior
performance of the RK scheme is already known in the literature [84] and is due to
its super-convergence properties. It is possible to construct LW schemes that are also
super-convergent as done in [84] but the resulting schemes are computationally more
expensive as they involve a stronger coupling with the neighbouring cell solutions, than
what is used in the standard LW schemes. Hence we do not pursue that approach for
our LW schemes. Note that this super-convergence occurs for constant coefficient linear
problems on uniform grids and these advantages of RK schemes are not present when
we consider non-linear problems, as shown in later results.

GL, Radau GLL, Radau
107! 4 10-1 1

10*3 4

1073 4

105

10-7 A

L2 Error

1079 4 10-9 4

10*11_ 10—11_

15 30 60 120 15 30 60 120
Number of cells Number of cells

(b) (b)

Figure 4.2. Error convergence for constant linear advection; (a) GL points , (b) GLL points. The
different colors correspond to degrees N =1, 2, 3,4 from top to bottom.

Figure 4.4 analyzes the behaviour of L? norm of the solution where we plot the
relative change in the L? norm with respect to the initial value, defined as ||u(t)||5 =

||“h(t)|‘|lfhz0!ﬁ:(o)”2. For N =1, we see that LW is less dissipative than RK and thus better

at conserving energy while for N =2, 3, RK schemes perform better. For N =4, we
see a mild instability for both LWFR and RKFR schemes. For N =4, we compare LW
with SSPRK55 which is fifth order only for linear problems and SSPRK54 [167], which
is more relevant for non-linear problems and is fourth order accurate. Choosing time
step size by CFL numbers of the LW-D1 scheme, we observe the mild instability for
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both the time integration schemes. The instability of RKDG scheme has been studied
in [198] which can be remedied by using an RK scheme with different number of stages;
however the use of six stage RK65 method with a limiter may dampen the solution
too much, as we discuss later in Figure 4.11. The solution norm grows linearly, with
a very small slope for both LW-D1 and LW-D2 (approximately 6.177e-10 and 5.415e-
10) schemes, and also for SSPRK54 and SSPRK55 (approximately 2.862e-13, 1.908e-
13) schemes. This type of mild instability for N =4 seems to be present in other single
step methods like ADER-DG schemes also.

N =1, GL, Radau N =2, GL, Radau

L2 Error
N
\
L2 Error
.

10-7 7 e /
10-°

0.0 2.5 5.0 7.5 10.0 12,5 15.0 0 2.5 5.0 7.5 10.0 125 15.0

Figure 4.3. Error versus time for constant linear advection wu; + u, = 0, initial condition
u(z,0)=sin(27x), x € [0, 1], periodic boundary conditions, for different polynomial degrees, each
with 200 degrees of freedom (dofs); GL solution points and Radau correction. (a) N =1, (b) N =
2, () N=3, (d) N=4.
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N =1, GL, Radau 10-9 N =2, GL, Radau

--- LW-D1
—-=- LW-D2
— RK

—-10-8

-1077

*
2
*

2

[lun(®)]]
I
[lun(®)]]

|
-
o
|
o

|
=N
=}

A

0.0 2.5 5.0 7.5 10.0 12,5 15.0

(a)

N =3, GL, Radau
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Figure 4.4. Semi-log plot of relative change in Ly norm versus time for constant linear advection
with the initial condition u(z,0)=sin(27mx),x € [0, 1] for different polynomial degrees, each with 200
dofs; GL solution points and Radau correction.

We now solve the problem with the same initial condition but using Dirichlet
boundary condition at the left side of the domain; the exact solution remains same as
before. The fifth order SSPRK scheme of [82] is only for autonomous systems, so here
we use RK65 [183] for N =4. Figure 4.5a shows the error convergence when we use
the CFL of LW-D1 scheme for all schemes, since this is the smallest. All the schemes
show optimal convergence rates with the LW-D2 and RK schemes showing very similar
errors. In Figure 4.5b, we perform the same error convergence study but using the
stable CFL number of each scheme; we still observe optimal convergence rates in each
scheme, but the RK scheme shows slightly larger errors at degrees N = 3,4, when
the error level has become small. The issue with RK schemes may be related with
the way Dirichlet conditions are implemented inside the RK stages as studied in [3§].
Figure 4.6 shows the time history of the relative change in L? norm of the numerical
solution; for degrees N =1, 2 the norm does not increase relative to the initial value
but for degrees N = 3,4, there is some increase in the norm at initial times for some
schemes. In Figure 4.6, we also make comparison of LW and RK for N =4, with RK
time integration performed with SSPRK54 [167]|. However, in all cases, the norm does
not grow monotonically but reaches a periodic oscillatory behaviour. Unlike the case
of periodic boundary conditions, the inflow and outflow boundary conditions may lead
to increase and decrease in energy respectively; if the two mechanisms aren’t exactly
balanced, we can observe the oscillatory behaviour in the solution norm.
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Figure 4.5. Convergence for constant linear advection with Dirichlet boundary conditions; (a) using
CFL numbers of LW-D1 for all schemes, (b) using corresponding CFL number for each scheme. The
different colors correspond to degrees N = 1, 2, 3, 4 from top to bottom.
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Figure 4.6. Semi-log plot of relative change in Lo norm versus time for constant linear advection,
with initial condition u(z,0)=sin(27x), €0, 1] together with Dirichlet boundary conditions, for
different polynomial degrees, each with 200 dofs; GL solution points and Radau correction.
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Next we perform error convergence studies for an initial condition of a wave packet
given by u(z,0) = e 1" sin (10 7 ) with periodic boundary conditions. This initial
condition has a more broadband Fourier spectrum than the previous case which had
only one Fourier mode. Figure 4.7 shows the solutions obtained for N = 3,4 and using
200 dofs in each case. The solutions are more accurate in case of N =4 compared to
N =3 showing the benefits of a higher order method. We see that RK schemes are able
to capture the peak solution more accurately than LW schemes, especially in case of
N =3, but the difference between the two schemes reduces for N =4 case. Figure 4.8
shows the error convergence plot with GL points; as before, we see that RK schemes
show smaller errors than the LW schemes due to their super-convergence property. For
odd degrees, the D2 dissipation has slightly smaller errors than the D1 model, while
for even degrees, the difference between the two models is negligible.

GL, Radau GL, Radau
1.00 --- LW-3-D2 1.00 === LW-4-D2
0.75 —+= RK-3 0.75 —-=- RK-4
0.50 —— Exact 0.50 —— Exact
0.25 0.25
S 0.001 S 0.001
-0.25 -0.25
-0.50 —-0.50
-0.75 -0.75
-1.00 ; ; : ; ; ; ; -1.00 i i i ; i i i
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

(a) )

Figure 4.7. Constant linear advection of a wave packet; solution at time t=1 with 160 dofs using
polynomial degree (a) N=3, (b) N=4.

GL, Radau GLL, Radau

L2 Error

80 160 320 640 80 160 320 640
Number of cells Number of cells

(a) (b)

Figure 4.8. Error convergence for constant linear advection of a wave packet; (a) GL points, (b)
GLL points. The different colors correspond to degrees N=1,2,3,4 from top to bottom.
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4.7.1.2. Non-smooth solutions

If the initial condition is not smooth and has a jump discontinuity, then high order
methods will generate oscillatory solutions due to the non-monotone property of the
schemes. For such problems, we need some form of limiter to control the oscillations and
we use the TVB-type limiters which are applied in an a posteriori manner as explained
in Section 4.6. Consider the initial condition consisting of a square hat function,

w(eoy={ L z €(0.25,0.75)
70, £€[0,0.25)U(0.75,1]

and which is extended by periodicity. We compute the solution up to the time ¢t =1 unit
when the solution returns to its initial position. Figure 4.9 shows the solutions obtained
with degree N =3,4 and without applying any limiter. We observe oscillations in case
of N =3 but no significant oscillations are seen for the N =4 case. The oscillations are
however localized around the discontinuity and do not corrupt the rest of the solution.
When TVB limiter is applied, these oscillations disappear as seen in Figure (4.10)
but the jumps are smeared over more cells. If we use the RK65 scheme which is fifth
order accurate but has six stages, then the results are shown in Figure (4.11) where
we observe increased smearing of the jump in the RK scheme. Overall, we see that the
limiter smears the discontinuity over a few cells in case of both LW and RK schemes;
but we also observe that the solutions obtained with the LW schemes are very similar
to the RK schemes.

8
1.0 i = 1.0
E =
0.8 0.8
0.6 0.6
3 s
0.4 0.4
0.2 o LW-3-D2 0.2 o LW-4-D2
o RK-3 o RK-4
0.0 | Eeesesemssa ] —— FExact gécﬁm 0.0) sessessead  — Bxact Poccanssss
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

X X

(a) (b)

Figure 4.9. Constant linear advection of hat profile without limiter. The solution is shown at time

t = 1 with 200 dofs using polynomial degree (a) N=3, (b) N=4.
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Figure 4.10. Constant linear advection of hat profile with TVB limiter (M =100). The solution is
shown at time t=1 and 200 dofs using polynomial degree (a) N=3, (b) N=4.
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Figure 4.11. Constant linear advection of hat profile with TVB limiter (M =100) where Runge-
Kutta time integration is performed using RK65 [183]. The solution is shown at time ¢=1 and 200
dofs using polynomial degree N =4.

We next consider a composite signal consisting of profiles with different levels of
smoothness whose initial condition is a slightly different version of [98| given by

(G (z,8,2), 0.8<2<—0.6
1, 04<2< 0.2
w(z,0)=<¢ 1—[10(x—0.1)], 0<z2<0.2
F(z,a,a), 0.4<x<0.6
\ 0, elsewhere

where G(z, 3,2) =e P02 F (2, a,a)=+/1—a?(z — a)? with the constants a = 0.5,
z=-0.7, 6=0.005, «a =10 and g = ;%g;. This initial condition is composed of the
succession of a Gaussian, rectangular, triangular and parabolic signals. We compute
the numerical solutions at ¢ =8 (after 4 periods) and for degrees N =3,4 but with 400
dofs in total for each case. The results without any limiter are shown in Figure 4.12;
the profiles which are more regular are captured accurately by the numerical schemes,
while the hat profile shows some oscillations. These oscillations are larger for N =3

than for N =4 case.
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Figure 4.12. Constant linear advection of a composite profile without limiter. The solution is
shown at time ¢=8 using 400 dofs in each case and polynomial degree (a) N=3, (b) N=4.

When the T'VB limiter is used, the corresponding solutions are shown in Figure 4.13.
Now the oscillations in the hat profile are controlled but there is more numerical
dissipation as is evident in the reduced amplitude of the smooth profiles. We observe
that the results from the LW scheme are very similar to those of the RK scheme.
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Figure 4.13. Constant linear advection of a composite profile with TVB limiter (M =50). The
solution is shown at time t=8 using 400 dofs in each case and polynomial degree (a) N=3, (b) N=4.

4.7.2. Linear equation with variable coefficient

Now we consider the linear equation with spatially varying coefficient which is given by

flz,u)=a(z)u

This problem is non-linear in the spatial variable, i.e., if Ij, is the interpolation operator,
then I, (a up) # In(a) In(up). This can lead to different behaviour of the numerical
schemes compared to the linear case, depending on AE and EA methods for the
numerical flux. To study the effect of non-linearity, we consider different types of speeds
with different degree of non-linearity from [131].

Figure 4.14 shows the error convergence for the AE and EA schemes, and for the
speed a(x) =2 with initial condition ug(z) =sin(12 (z —0.1)). The domain is [0.1,2 7]
and we use Dirichlet boundary conditions at x=0.1 and outflow condition at xt =27 so

Ut + f($7u)$:07
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that the exact solution is given by u (z,t) =e *ug(xe~"). As mentioned earlier, upwind
flux is used to enforce the boundary condition at inflow boundaries. The LW scheme
with either AE or EA method yields correct convergence rates, while the RK scheme
exhibits a small super-convergence. Figure 4.14c shows that the error levels with AE
and EA are nearly same. The non-linearity in this problem is small enough that it
does not spoil the error and convergence behaviour of the LW schemes, for both AE

and EA methods.
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Figure 4.14. Error convergence for variable linear advection with a(z)=z: (a) AE scheme, (b) EA
scheme, (c) AE vs EA.

Figure 4.15 shows the error convergence for the AE and EA schemes, and for the
non-linear speed a(x) =2, with initial condition ug(z)=cos(rx/2). The domain is [0.1,
1], and we use Dirichlet boundary conditions at x =0.1 which is an inflow boundary,
and outflow condition at x =1 so that the exact solution is given by u(x,t) =ug(x/(1+
tz))/(1+tz)% For odd degrees, the LW scheme with AE shows larger errors compared
to the RK scheme though the convergence rate is optimal. The LW scheme with EA
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shown in Figure 4.15b, is as accurate as the RK scheme at all degrees. Figure 4.15¢c
compares AE and EA schemes using GL solution points, Radau correction function
and D2 dissipation; we clearly see that EA scheme has smaller errors than AE scheme
at odd degrees, while they are very similar for even degrees. Figure 4.16 shows the error
versus time plots for degrees N =3, 4; we see that the LW and RK schemes have very
similar error levels and the superior performance of RK schemes observed for constant
linear advection is not realized in this non-linear case.

We have observed the same behaviour in all other non-linear test cases given in [131]
but the results are not shown here, i.e., the LW schemes with EA perform at par with

RK schemes for non-linear problems.
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Figure 4.15. Error convergence for variable linear advection with a(x)=2% (a) AE scheme, (b)
EA scheme, (c) AE vs EA.
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Figure 4.16. Error versus time for linear advection with wave speed a(z)=2? for different polyno-
mial degrees; GL solution points, Radau correction and polynomial degree (a) N=3, (b) N=4.

4.7.3. Inviscid Burgers’ equation

The one dimensional Burgers’ equation is a conservation law of the form w;+ f(u), =
0 with the quadratic flux f(u)=w?/2. For the smooth initial condition u (z,0) =
0.2sin (x), we compute the numerical solution at different times ¢ € {2.0,4.5,8.0} with
periodic boundary condition in the domain [0,27]. The TVB limiter with parameter
M =1 is used. A stationary discontinuity is formed at x =7 and time ¢t.=5. The
solutions are shown in Figure 4.17 for degree N =3 and compared with the results from
the RK method. We see that the discontinuity is captured accurately and without any
oscillations, and the LW results compare very well with the RK results.
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Figure 4.17. Solution of 1-D Burgers’ equation with N =3 and 100 cells at different time instants
(a) t=4.5, (b) t=8. TVB limiter (M =1) is used. The reference solution is computed using RKFR,
degree N =1, on a mesh of 3500 cells.

At time ¢t =2, the solution is still smooth and we can obtain the exact solution,
using which, error norms and convergence rates can be estimated, see Figure 4.18.
Figure 4.18a compares the error norms for the AE and EA methods for the Rusanov
numerical flux, and using GL solution points, Radau correction and D2 dissipation; at
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odd degrees, the convergence rate of AE is less than optimal and close to O(hY +1/ %),
while at even degrees, we obtain the optimal O(h"*1) rate. In Figure 4.18b, we see that
error norms of LW-EA and RK schemes are very close. In Figure 4.18c, we compare
the two correction functions using the EA scheme and Rusanov flux; it is clear that
the errors with Radau correction are significantly smaller than those with g, correction.
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Figure 4.18. Error convergence for 1-D Burgers’ equation at time t=2. (a) AE vs EA, (b) Radau
vs g2, EA scheme, (¢) LW-EA vs RK.

Next, we study the effect of different numerical fluxes in Figure 4.19 for odd degrees
N =1,3. With the AE scheme, only the global Lax-Friedrich flux is able to achieve the
correct convergence rates and has the smallest errors compared to other fluxes which is
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a surprising result since it is a very dissipative flux. When the EA scheme is used as
shown in the right of Figure 4.19, all the numerical fluxes perform very similarly and
achieve the optimal convergence rate. An examination of the error distribution in space
shows that the AE scheme in combination with any numerical flux other than global
Lax-Friedrich, produces large errors around the region of sonic points where f'(u)=0;
however this happens only for odd degrees and the reason for this behaviour is not
known at present. For initial data where the solution does not have a sonic point as
in Example 2 of [122|, we get optimal convergence rates for all degrees even with the
AE scheme.
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Figure 4.19. Error convergence for 1-D Burgers’ equation at time ¢ = 2; effect of numerical fluxes
for N=1,3. (a) AE scheme, (b) EA scheme.

4.7.4. Non-convex problem: Buckley-Leverett equation

We Conszider the Buckley-Leverett equation w; + f(u), =0, where the flux f(u)=
4u
du?+ (1 —wu)?
numerical solution is computed up to the time ¢ =0.4 with the initial condition

is convex and concave in different regions of the solution space. The

1, xe[-1/2,0]
u(@,0)= { 0, elsewhere
At t=0.4, the characteristics that originate from the two discontinuities do not inter-
sect, and thus we only have to deal with the two uncoupled Riemann problems.
Solutions to Riemann problems for piecewise strictly convex-concave fluxes can be
computed explicitly. In case of the Buckley-Leverett model, we can split the state-
space [0, 1] into [0, upya] and [Upuek, 1] so that f is strictly convex in (0, upyex) and strictly



4.8 NUMERICAL RESULTS IN 1-D: EULER EQUATIONS

concave in (Upyck, 1). Thus, the solution to a Riemann problem with states 0,1 would
compose of a rarefaction and shock, and the exact solution corresponding to the above
defined initial condition is composed of two rarefaction-shock combinations. Since
the solution measures saturation of displacing fluid, it should lie in the interval [0, 1]
and we try to enforce this by applying a positivity preserving scaling limiter [205]. For
the LW schemes, we cannot strictly prove the positivity of the resulting scheme®! but
numerical results show that this holds in practice, with slightly reduced CFL number
compared to the Fourier CFL number. For N =4, the optimal CFL conditions preserve
the bounds, while a slightly reduced CFL of 0.079 was needed for N =3. Figure 4.20
shows the results at the final time obtained using degree N =3, 4, respectively. Since the
flux is monotone in solution space, an upwind numerical flux is used at cell interfaces,

Le, F 1= Fe:r 1. The numerical solutions are able to resolve all the waves well including
2 3

correct shock location, and they compare well with the results from the RK scheme.

GL, Radau GL, Radau

1.0 s o LW-3-D2-EA 1.0 o LW-4-D2-EA
\ o RK3 o RK4

0.8 P\ — Exact 0.8 — Exact

0.6 0.6

3 3

0.4 0.4

0.2 4 0.2

0.0 mﬁ‘ 0.0 mﬂw&

-1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00 -1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00

X X

(a) (b)

Figure 4.20. Solution of Buckley-Leverett model with TVD limiter using polynomial degrees N =3,
4 with 200 dofs in each case. A positivity preserving scaling limiter [205] has been used to keep the
solution in [0, 1].

4.8. NUMERICAL RESULTS IN 1-D: EULER EQUATIONS

As an example of a system of non-linear hyperbolic equations, we consider the one-
dimensional Euler equations of gas dynamics given by

p 3 pu
ol +8_x p+pu? |=0 (4.16)
E (E+p)u

where p,u, p and E denote the density, velocity, pressure and total energy per unit
volume of the gas, respectively. For a polytropic gas, an equation of state £ = E(p,u,

4.1. This issue is later overcome by switching to a subcell based blending limiter in Chapter 5, but also
without the blending limiter in Chapter 6.
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p) which leads to a closed system is given by

p 1 2
EF=F =—+— 4.1

where v > 1 is the adiabatic constant, which will be taken as 1.4, the value for air. The
time step size for polynomial degree N is computed as

Ax
At = in( ——— | CFL(N 4.1
CCFLmeln(l"Uel—FCe)C ( ) ( 8)
where e is the element index, v, ¢, are velocity and sound speed of element mean in
element e, CFL(N) is the optimal CFL number obtained by Fourier stability analysis
(Table 4.1) and Ccpr, <1 is a safety factor. The CFL safety factor of 0.95 is used in
all results, unless specified otherwise.

The numerical fluxes for Euler equations are explained in the Appendix D. In the
following results, wherever it is not mentioned, we use the Rusanov flux.

In the scalar results, we see that the LW scheme with Radau correction function is
superior to that with g correction function in terms of error reduction. In light of this,
for the 1-D Euler case we compare the performance of LW scheme with RK scheme
using the Radau correction function. It is also observed that the EA scheme is more
accurate than AE in the scalar case. So, for the 1-D Euler case we present only those
results obtained using EA schemes.

Note that wherever it is not specified we use the CFL numbers of Table 4.1 and
whenever we compare the numerical solutions of LW scheme with that of RK scheme,
both are run with the CFL numbers of LW scheme. Specifically, In the time integration
of the RK schemes, for degree N =1 and 2, we use (N + 1)-stage SSPRK method of
order N +1. For N =3, we use a five stage, SSPRK method of order four [167] as there
is no four stage SSPRK method. In smooth test cases and for N =4, we use a six stage
Runge-Kutta method of order five [183]. In those test cases where the solution is not
sufficiently smooth, the SSP property of the RK time integration is useful in obtaining
non-oscillatory solutions. As we do not have SSPRK method of order five with positive
coeflicients [153], we use the SSPRK method [167] of order four when N =4.

4.8.1. Smooth solution

To verify the accuracy of the proposed scheme, we solve the Euler equations (4.16, 4.17)
with a smooth initial condition

p(x,0)=1+0.5sin(27z), u(z,0)=1, p(z,0)=1

in the domain [0, 1] with periodic boundary conditions for all the variables. The corre-
sponding exact solution is a density wave, i.e., it consists of a translation of the initial
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density at constant speed of one, and is given by
p(z,1)=1+05sin(27 (z —t)),  wu(zr,t)=1,  pz,t)=1

We compute the solution up to the time ¢t =1 and estimate the error norms. The linear
nature of this test case makes EA and AE schemes equivalent, and we show only the
EA results. We plot the error in the density obtained using the LW and RK schemes
and the corresponding results are given in Figure (4.21). In each case we observe the
expected order of accuracy and the error reduction is close to that of RK scheme.
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Figure 4.21. Density error convergence for 1-D Euler’s equation at time ¢ =1. The different colors

correspond to degrees N =1,2,3,4 from top to bottom. (a) GL points, (b) GLL points.

Remark 4.5. Based on the scalar test cases and the above smooth test case for
Euler equations, in all the remaining 1-D Euler test cases, we present only the results
obtained using D2 scheme since it is advantageous in terms of having higher CFL
number and performs as well as or better than the D1 scheme.

4.8.2. Sod’s shock tube problem

The Sod’s shock tube problem [164] is a Riemann problem which models a shock tube
where gas at two different conditions initially is allowed to interact, with the formation
of shock, contact and rarefaction waves. The Euler equations (4.16) are solved with
the initial condition

(1,0,1), ifz<0.5

(p’“’p):{ (0.125,0,0.1), if 2> 0.5 (4.19)
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for which the exact solution is composed of a left rarefaction, a contact discontinuity
and a right shock wave. The approximate solution is computed in the domain [0,
1] with the outflow boundary conditions on both the ends x =0 and x=1. We run
the numerical scheme up to time ¢ =0.2 with 100 cells using the TVB limiter with
parameter M = 10. The density profile obtained using the LW and RK schemes for
N =3 and N =4 are shown in Figure 4.22 together with the exact solution. From the
plots it is visible that the results obtained using the LW scheme agree very well with
that of RK scheme.
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Figure 4.22. Numerical solutions of 1-D Euler equations (Sod’s test case) obtained by LW and RK
schemes for polynomial degree (a) N =3 and (b) N =4 using Radau correction function and GL
solution points. The solutions are shown at time ¢t =0.2 on a mesh of 100 cells with Rusanov flux
and D2 dissipation. The TVB limiter is used with the parameter M = 10.

4.8.3. Lax problem

We consider the Lax problem given in [111, 92| which solves a Riemann problem for
the system of equations (4.16) with initial condition

(0.445,0.698, 3.528), itz <0

(p’“’p):{ (0.5,0,0.571), if >0 (4.20)

where, unlike the Sod’s shock tube problem, the initial velocity is not zero. The exact
solution of this Riemann problem is known and it consists of a rarefaction, a right
moving contact discontinuity and shock. For a detailed description of this problem,
see [92]. This is a demanding test case in the sense that, high order schemes are prone to
produce oscillations near the contact discontinuity. The numerical solution is computed
up to time ¢t =1.3 in the domain [—5,5] using 100 cells and using TVB limiter with
parameter M = 1. The approximate solutions are computed for polynomial degrees
N =3 and N =4, and the corresponding density profiles are shown in Figure 4.23 along
with the exact solution. We observe that the LW scheme captures the wave structures
accurately without oscillations and the numerical solutions are very close to that of
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Figure 4.23. Numerical solutions of 1-D Euler equations (Lax’s test case) obtained by LW and
RK schemes for polynomial degree (a) N=3 and (b) N =4 with Radau correction function and GL
solution points. The solutions are computed on a mesh of 200 cells with dissipation model D2 and
Rusanov numerical flux and are shown at time t=1.3. The TVB limiter is used with parameter M =1.

4.8.4. Shu-Osher problem

This problem was developed in [163] to test the numerical scheme’s capability to
accurately capture a shock wave and its interaction with a smooth density field, which
then propagates downstream of the shock. Here, we compute the numerical solution
of (4.16) with initial condition

(p,u,p) = { (3.857143,2.629369, 10.333333), ite<—4

(1+0.2sin(5x),0,1), ifr>—4 (4.21)

prescribed in the domain [—5,5] at time ¢t =1.8. The smooth density profile passes
through the shock and appears on the other side, and its accurate computation is chal-
lenging due to numerical dissipation introduced by limiters at the shock. We discretize
the spatial domain with 400 cells and to control the spurious oscillations we use the
TVB limiter with parameter M =300 [137|. The density component of the approximate
solutions computed using LW and RK schemes for N =3 and N =4 are plotted against
a reference solution obtained using a very fine mesh, and are given in Figure 4.24. We
observe that the post shock wave patterns are accurately captured by the proposed
LW scheme. Furthermore, the enlarged plots of the oscillatory portion indicate that
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the numerical solutions corresponding to LW scheme are comparable with that of RK
schemes.
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Figure 4.24. Numerical solutions of 1-D Euler equations (Shu-Osher problem) obtained by LW
and RK schemes for (a, ¢) N=3 and (b, d) N =4 with Radau correction function and GL solution
points. The enlarged plot of the oscillatory portion is given in the bottom row. The solutions are
shown at time ¢t =1.8 on a mesh of 400 cells with dissipation model D2 and Rusanov numerical flux.
The TVB limiter is used with parameter M = 300.

4.8.5. Blast wave

In this test case the Euler equations (4.16) are solved with the initial condition

(1,0,1000), itz <0.1
(p,u,p)=1¢ (1,0,0.01), if0.1<x<0.9
(1,0,100), if £>0.9

in the domain [0, 1]. It is originally introduced in [197] to check the capability of the
numerical scheme to accurately capture the shock-shock interaction scenario. The
boundaries are set as solid walls by imposing the reflecting boundary conditions at
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x=0 and x=1. The solution consists of reflection of shocks and expansion waves off
the boundary wall and several wave interactions inside the domain. With a grid of 400
cells, we run the simulation till the time ¢ =0.038 where a high density peak profile is
produced. The TVB limiter as in [137] with parameter M =300 is used along with a
positivity preserving scaling limiter [205]. The scaling limiter is used without the flux
limiting introduced in Chapters 5, 6 and is thus not provably positive. We compare the
performance of the LW scheme with the RK scheme and analyze how well they predict
the density profile and its peak amplitude. For N =3 and N =4 cases, the results are
given in Figure 4.25 where the approximated density profiles are compared with a
reference solution computed using a very fine mesh. From the plots it is evident that
the computed density profile obtained using LW scheme are close to that of RK scheme.
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Figure 4.25. Numerical solutions of 1-D Euler equations (Blast wave) obtained by LWFR and
RKFR schemes for (a) N=3 and (b) N =4 using Radau correction function and GL solution points.
The solutions are plotted at time t=0.038 on a mesh of 400 cells with dissipation model D2 and
Rusanov numerical flux. The corresponding CFL numbers of LWFR scheme are chosen from the
Table 4.1 and kept same for the RKFR schemes. TVB limiter is used with the parameter M =300
and the EA scheme is used for numerical flux.

4.8.6. Numerical fluxes: LF, Roe, HLL and HLLC

The previous Euler results used Rusanov flux. Here, we show performance of other
numerical fluxes like HLL, HLLC, Roe and global Lax-Friedrichs which were described
for LWFR in Appendix D. Fluxes like HLL, HLLC and Roe may be desirable in some
problems due to their upwind character, unlike Lax-Friedrich/Rusanov type fluxes.
Moreover, HLLC and Roe fluxes also model the linear contact and shear waves which
can lead to better approximations of these waves. We have tested the numerical fluxes
in all the test cases, however to save space we present only the blast test case for N =3.
The results are given in Figure 4.26 which compare these fluxes with Rusanov flux.
The high density peak region is better approximated by the LW schemes using HLL,
HLLC and Roe fluxes, as compared to the Rusanov flux. The global LF flux is found to
be less accurate in this respect when compared to the Rusanov flux, which is expected
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due to the larger amount of numerical dissipation
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Figure 4.26. Numerical solutions of 1-D Euler equations (Blast wave) obtained by LW schemes
with different numerical fluxes (a) LF, (b) HLL, (¢) HLLC and (d) ROE compared with Rusanov
flux, for N =3 using Radau correction function and GL solution points. All other parameters remain

the same as in Figure 4.25.

Since HLLC and Roe schemes contain more information about the wave structure,
they are better at resolving contact discontinuities which are linearly degenerate waves
that can be severely affected by numerical dissipation. We illustrate this through two
Riemann problems containing stationary contact waves. The first one consists of an

initial density jump that leads to a stationary contact wave, with initial condition given
by,

(pulﬂz{(LOJ% ifr<0.5
ot (2,0,1), ifz>0.5
In Figure 4.27a, we show the comparison of numerical fluxes for this stationary solu-
tion test case, zoomed near the discontinuity, at ¢ =1.0 using LW schemes with D2
dissipation model for degree N =4 on a grid of 100 cells together with TVB (M =1)
limiter. As expected, we see that Roe and HLLC fluxes are able to resolve the contact

discontinuity exactly, while the other fluxes smear the jump over two cells.



4.8 NUMERICAL RESULTS IN 1-D: EULER EQUATIONS

The second Riemann problem is a tough test case with respect to maintaining
positivity of pressure and is taken from [181]. The initial condition is given by

(oo p)— § (1 —19.59745, 1000), itz <0.8
P PI=90 (1, -19.59745,0.01), if2>08

The solution develops a stationary contact at the location of the initial discontinuity
x=0.8 and a right moving shock wave. In Figure 4.27b, we show the comparison of
numerical fluxes, zoomed near the contact discontinuity, at t =0.012 obtained using
LW scheme with D2 dissipation model for polynomial degree N =4 on a grid of 100
cells and TVB (M =1) limiter. As in the previous case, the HLLC flux captures the
contact discontinuity more accurately than the other fluxes.

2.04 O Rusanov A 61 Ay é = Iél E:sanov
o LF o ©
o HLL g A o HLL
1.84 A HLLC 51 o A HLLC
o Roe o o —— Exact
—— Exact 8
4
1.6
2z z
a @
s g
o a 34
1.4 4
2 o
o 2 & g
1.2
11 A
1.0 -Hi— i s a8 A
0.400 0.425 0.450 0.475 0.500 0.525 0.550 0.575 0.600 0.76 0.78 0.80 0.82 0.84 0.86 0.88 0.90

X X

(a) (b)

Figure 4.27. Numerical solutions of 1-D Euler’s equations for (a) stationary contact test, (b) Toro’s
Test 5 obtained by LW schemes with different numerical fluxes for polynomial degree N =4 using
Radau correction function and GL solution points, TVB (M =1) limiter on a grid of 100 cells.

4.8.7. Comparison of correction functions

We compare the robustness and accuracy of the two correction functions, Radau and
g2, in the LW scheme when applied to the Euler equations (4.16) with GL solution
points. The numerical experiments are conducted for the Shu-Osher test case and
the corresponding results are obtained with the HLLC numerical flux for polynomial
degrees N =1, 2,3,4, see Figure 4.28. For this test case, it is observed that the LW
scheme with g correction function fails to work for N =1 with the optimal CFL of
Table 4.1 due to loss of positivity of pressure. So, we use a smaller CFL number of
0.44 to compute the N =1 case in Figure 4.28. For N > 2, the solutions computed
using the g, correction function are found to be close to that of Radau correction
function. However, it fails to perform consistently, as we see in the N =1 case. With
this observation and also the behaviour for other problems, we see that it is desirable
to use the Radau correction function in the LW scheme.



68 LAX-WENDROFF FLUX RECONSTRUCTION

4.50
4.251
4.00

23.75 %,

£ :
€ 350
gs.

3.251

3.001

—— Reference | — Reference
2.754 © LW-1-Radau 2.754 0O LW-2-Radau
o LWw-1-g2 o LW-2-g2

2.50 2.50
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0

4.50
4.251
4.00

23.75 %

1]
€ 350
gs.

3.251

3.001 : “ 3.00

—— Reference —— Reference
2.754 © LW-3-Radau 2.754 0O LW-4-Radau
o  LW-3-g2 o LW-4-g2

2.50 2.50
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0

Figure 4.28. Numerical solutions of 1-D Euler equations (Shu-Osher problem) for (a) N =1, (b)
N=2,(c) N=3, (d) N=4. Comparison of LW scheme with GL solution points for two correction
functions, Radau and g2, with their own CFL numbers chosen from Table 4.1, except for g5 correction
function with NV =1, where we choose CFL=0.44. The enlarged oscillatory portion of the solutions
is shown. The solutions are computed at time £ =1.8 on a mesh of 400 cells with dissipation model
D2 and HLLC numerical flux. The TVB limiter is used with parameter M = 300.

u f g
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Figure 4.29. Location of solution and flux points on a 2-D FR element for the degree N =2 case.
Numerical flux is required at the blue points on the faces.

4.9. TWwWO DIMENSIONAL SCHEME

The extension of the 1-D scheme to two dimensions is performed by applying the 1-D
ideas along each coordinate direction. Consider a 2-D conservation law of the form

U+ f(u)w+g(u)y:0 (4-22>
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where (f, g) are Cartesian components of the flux vector. Using Taylor expansion in
time, we can write the solution at t =t,, as

OF
or

oG

u" Tt =u" — At { (u™) + @(u")} + O(AtVT2)

where F', G are time average fluxes given by

N m

Tl G =30 g
We will consider a Cartesian mesh and map each element 2, to the reference ele-
ment K =[0,1] x [0,1]. Inside the reference element, the solution points are chosen
to be tensor product of 1-D solution points, which may be either GL or GLL points.
Figure 4.29 shows an example of 2-D solution points based on tensor product of 1-
D GL points. The solution inside an element (). is approximated by a tensor product
polynomial of degree N,

(z,y) € Qe Up = Z Z Ue,pg p(§) Ly(n)

p=0 ¢=0

where (£, n) are coordinates in the reference element, and ¢,(§), ¢,(n) are the 1-D
Lagrange polynomials based on the solution points. The discontinuous fluxes are
approximated by interpolating at the solution points,

N N N N
F) (&, :ZZFepq lo(m), G) (&, :ZZGqu lo(m)
p=0 ¢q=0 p=0 ¢q=0

where F; ,,, G. ,, are time average fluxes obtained from the Lax-Wendroft procedure
applied at each solution point. The continuous flux along the x and y axes are con-
structed using the one dimensional algorithm along the 1= ¢, =constant and { =¢,=
constant lines, respectively, see Figure 4.29,

[F._1
65,

G =[G, 1 ,— G(&,0)] g(n) +Gh (&) + (G2, = GL(&,1)] gr(n), 0<SP< N

F (€, &)

o~ 0 (0.8)] 9(&) + FR(€, &) + [Fpn = Fii (1,6) gr(§), 0<g< N

Note that the above equations are obtained by applying the FR idea along the hor-
izontal and vertical lines in Figure 4.29. The quantities F, 1, F, 1 are z-directional
2 2

numerical fluxes on the left and right faces, while G__1,G_ 1 are the y-directional
2 2

numerical fluxes across the bottom and top faces, respectively. The update equation
is given by a collocation procedure at each solution point,

" 1 OF; 1 G
Ue —;9—; = ue ,Pq At agh (Spv €q> 877h (5177 Sq) 0 S D, q S N (4.23)
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where the flux derivatives can be computed from

OcFi( &) = F. 1 — B (0,6) [br0 B, &) + | Foy  — B (1,6) | bR, 0<q<N

NI

0,Gr (&) =[G, 1, ~GL(&,0)[br+0,Gl(&0) + Gy, — GL(& D) | br, 0<p<N
We can cast the update equation in matrix form. For this, define the flux matrices

Fe(p7Q):Fe,pqu Ge(p7Q):Ge,pq7 ngaqu

Then we can compute the derivatives of the discontinuous flux at all the solution points
by a matrix-matrix product

O F(:)=DF..  9,Gj(:))=G.D'
where D is the 1-D differentiation matrix. Note that D acts on each component for

systems of equations, see Appendix E for its efficient implementation. The update
equation can be written in matrix form,

urtl = ure ﬁDlFﬁ_ﬁGeDI _at [bLFT_l—l—bRF: 1
Az, Aye Az L7 o3 e (4.24)
At T T |
~ iy |G 2bE 8 07

where the quantities Dy, by, bg have been defined before in the description of the 1-D
scheme in Section 4.2.2.

The time average fluxes are computed by the approximate Lax-Wendroff procedure.
To describe this, let us define the flux matrices

fe(p7Q):f(ue,pq)a ge(p7Q):g(ue,pq)7 ngaqu

The time derivatives of the solution at all solution points are obtained from the PDE
by the following matrix equation,

u(m)__ At Df(mfl)— At (m—

DT _
vk v (4.25)

and the time average solution and fluxes are given by
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The time derivatives of the fluxes fém) , gém) are approximated using finite differences
in time as in the 1-D case given in Section 4.2.4; those formulae are applied to both
components of the flux. The stable time step is determined by considering the linear
advection equation in 2-D and applying Fourier stability analysis to the LW scheme,
as described in Section 4.9.1.

4.9.1. Fourier analysis in 2-D
Consider the linear advection equation
U+ a1 Ug + a2 uy =0 (4.26)

where (a1, as) is a constant velocity. We first write the LW scheme for (4.26) in matrix
form which helps to derive the Fourier amplification term. Let us define the matrix of
solution and flux values by

Ue(p, Q) = Ue,pq; fe(pa Q) = Q1 Ue, pq, ge<p7 Q) = A2 Ue, pq

In the Lax-Wendroff procedure, the time derivative of the solution at all the solution
points is given by (4.25)

0=y DU DT, = 1.2, N

e

where 01,05 are the CFL numbers along z, y directions, respectively, which are given by

_a1At o _agAt
Az 2T Ay,

01

Then the time average solution and fluxes are given by

N (m)
u, . .
UG:Z Tl)!’ Fe—al U€7 Ge—a2 Ue

m=0 (m

To perform the Fourier analysis, we must write the scheme (4.23) in matrix-vector form.
To do this, let us renumber the two dimensional indices (p, ¢) which denote solution
points, into the one dimensional numbering by the following transformation

k=p+(N+1)¢, 0<p,g<N
Then k takes the values 0 to M = (N +1)2—1. If ¢, € RW+D*XV+D s some quantity

defined at the solution points, we let [¢. ] € RM*! denote the same renumbered as
above. After renumbering, the matrix-matrix products become

[Ag]=Ri(A)le],  [¢A]=Ro(A)] 0]
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where
Ri(A) =1®A, Ry(A) =ATxl

with ® denoting the kronecker product. Then the renumbering of the solution time
derivatives and time average solution and fluxes are given by

[uT= (=01 Ri(D) — o2 Ry(DT))[u" V] =Hi[u" V], m=1,2....N

[[Ue]]:<z::0 %)[{ue]]::-rﬂue]]a [Fe]=ai[U.], [Ge]=as[U.]

Finally, the renumbered terms in the update equation (4.24) are given by
[DiF.] = R:i(D1)[Fc] =a1 R:(D1)T[u.], [G.D{ ] =Ro(D])[G.] =as Ro(D])T[u.]

so that the cell terms can be written as

At At
Az, Ay,

D.F+ GeDIﬂ = (01 R1(D1)T+0o9 Ro(D{)T)[u. ]

For the terms involving the numerical flux, let us consider the case a; >0, a; > 0. Let
U, U,., U, denote the solution in the elements to the left, right and bottom of the e’th
element. Then, for the upwind flux which is obtained for dissipation model D2, we can
renumber the terms involving the numerical flux as follows

At At
Axe[{bLF:_;erRF;;]] = &, b VAU abaVEU.]
= 01 Rl(bLVg)THUl]]—f—O'l R1<bRVE)T[[Ue]]
At At
Aye[{Ge;bZ+Ge+;bgﬂ - Aye[[aguvab;mguevag]]

= 3 Ra(VRb[)T[up] + 02 Ra(Vrbr)T[u]
The update equation can be written as
[uZ ' T =AQur] +AJur ]+ Ayfup]
where the coefficient matrices are given by
A=—0, Ri(b V)T, Ay=—09 Ry(Vrb[)T

Ae:] — 01 Rl(Dl)T—Ug RQ(DI)T_O_l Rl(bRVE)T—Ug RQ(VRbg)T
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Assuming a solution of the form uZ=0j exp (i (k1 ze+ k2 %)), we get the amplification
equation

[Ur ] = (Aexp (—i k1) + ActAvexp (—i ko)) [Ur | =: H (01, 09; K1, K2)[UF ]

where k1 =k; Az and ke = ko Ay. For stability, it is required that the spectral radius of
the matrix H (o4, 09; K1, k2) is less than or equal to one for all wave numbers k1, ko € [0,
2 7]. Numerically, we compute the region consisting of the pairs (o1, 03) that ensure
the stability. These regions for different degrees with dissipation model D2 are given in
Figures (4.30) and (4.31) for the Radau and g correction functions, respectively. We
set CFL=2¢, where c:=max {o: (0, 0)is a stable pair} which is the CFL limit when the
advection velocity is in the direction (1,1). These CFL numbers for different degrees
are given in Table 4.2. We see from the figures that the stable domain is bounded by
a straight line except in case of degree N =1 so that this region is given by

If the advection velocity is along the x or y axis, the CFL corresponds to that of the
1-D case, but if the velocity is at an angle to the grid, then the allowed time step is
reduced. This is because of the one dimensional numerical fluxes employed at the cell
faces which couple each cell only to its left /right and bottom/top cells, without any
coupling with the diagonal neighbours.
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Figure 4.30. Stability regions of LWFR scheme with the Radau correction function and D2 dissi-
pation model in two dimensions. (a) N=1, (b) N=2, (c) N=3, (d) N=4.
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Figure 4.31. Stability regions of LWFR scheme with go correction function and D2 dissipation
model in two dimensions. (a) N=1, (b) N=2, (¢) N=3, (d) N=4.
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N 1 2 3 4
Radau | 0.259|0.166 | 0.101 | 0.067
92 0.511]0.3480.178 | 0.108

Table 4.2. Two dimensional CFL numbers for LWFR scheme (satisfying (4.27)) with dissipation
model D2 and two correction functions.

4.10. NUMERICAL RESULTS IN 2D: SCALAR PROBLEMS

We present results to test the error convergence properties of the LW schemes for some
2-D problems and compare them to RK scheme. For each problem in this section, the
corresponding CFL numbers are chosen based on Fourier stability analysis which are
given in Table 4.2. We compare Lax-Wendroff scheme with D2 dissipation model and
Runge-Kutta schemes in this section, and the CFL numbers of the former are used for
both schemes. For the RKFR scheme, we use SSP Runge-Kutta time integration [82]
for N =1 and 2, the classical four stage Runge-Kutta method of order four for N =
3, and six-stage, fifth order Runge-Kutta (RK65) time integration for N =4 [183]
implemented in DifferentialEquations.jl [139]. All the results in this section are
produced using code written in Julia [29]; the design and optimization of the code was
inspired by Trixi.jl [141].

4.10.1. Advection of a smooth signal

We consider the advection equation in two dimensions
w V- a(z, y) u] =0, (4.28)

with two types of divergence-free advection velocity, namely a constant velocity a= (1,
1) and a variable velocity a=(—y,x). For the second velocity, the flux components are
(f,9)=(—yu,zu) so that F} is of degree N in z and GY, is of degree N in y variable.
Since F? is interpolated along x direction and GY is interpolated along y direction,
there is no interpolation error due to non-linearity of the flux and the EA and AE
schemes are equivalent. Due to this reason, we only show the results with EA scheme.
In order to verify the accuracy of the LWFR scheme we consider the equation (4.28)
with a smooth initial condition and perform the simulation for both the advection
velocities. For the velocity a = (1, 1), the characteristic curves are straight lines and
we use periodic boundary conditions on the domain [0, 1] x [0, 1] with initial condition
up(x,y) =sin (27 x)sin (27y). The error convergence plots are shown in Figure 4.32
using Radau correction function. The optimal convergence rate is attained by both LW
and RK schemes and there is no significant difference between GL and GLL points.
The errors of RK scheme are slightly smaller than those of the LW scheme, similar to
the 1-D case.

For the variable velocity a = (—y, x), the characteristic curves are circles whose
center is at the origin and we take the domain = [0, 1] x [0, 1]. The exact solution
is given by u(z, y,t) = ug(x cos(t) + ysin(t), —z sin(t) + y cos(t)) with the initial con-
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dition ug(x, y) =1+ exp(—50 ((z —1/2)*+ y?)). At the bottom and right boundaries,
we use inflow conditions while on top and left side of the boundary, we use outflow
conditions. The initial condition advects along the circular characteristic curves in
the counter clock-wise direction. A contour plot of the numerical solution is visualized
in Figure 4.33, and the error convergence analysis is made in Figure 4.34. The error
convergence agrees with the optimal convergence rates and the error values of the LW
scheme are comparable to those from the RK scheme at all orders shown in the figures.

GL, Radau GLL, Radau

10731

10-5 4

10—9 4

10-11 4

152 30? 60? 1202 152 30? 60? 1202
Number of cells Number of cells

(a) (b)

Figure 4.32. Error convergence test for 2-D linear advection equation with velocity a =(1,1) at
t =1, initial data ug (z,y) =sin (27z)sin (27y); (a) GL points, (b) GLL points. The different colors
correspond to degrees N =1,2,3,4 from top to bottom.

4.10.2. Rotation of a composite signal

In this example, we consider a classical test case [117] where the equation (4.28) is
solved with a divergence free velocity field a = (% — Y, T — %) and an initial condition
which consists of a slotted disc, a cone and a smooth hump, given as follows

uo(x,y) - Iltl(a:,y)—i-uz(x,y)—i-u;),(x,y), (I,y)E[O,l]X[O,l]
ul(:r;,y) = Z<1+COS(7TQ<Q;7?J)))

Q<xay) = Il’lin(\/(%—f)g—i-(y—g)2,7“0)/7"0, (jvg>:(025705)7 7a():()~15
1

1——\/(x—2) +(y—9)2 if (z—2)2+(y—7)2<rd

w(r.y) = GVE =2+ (=g i @ —2)+ (y—g)? <t

0 otherwise

(Z,y)=1(0.5,0.25), 719=0.15
1 if (z,y)eC
0 otherwise

ne) = {



76 LAX-WENDROFF FLUX RECONSTRUCTION

where C is a slotted disc with center at (0.5,0.75) and radius of 0.15. The initial
condition is shown in Figure 4.35a. The numerical solutions of LWFR and RKFR
after one rotation, without limiter, degree N =3 and 100 x 100 cells, are shown in
Figures 4.35b,d respectively. The same results with a TVB limiter (M = 100) are
shown in Figures 4.35c,e. Without the limiter, the solution is captured well but there
are some oscillations that take the solution outside the initial range of values. With
the TVB limiter, the oscillations are reduced though it is not completely eliminated
and results in increased numerical dissipation that smears the discontinuous profiles.
However, in all cases, LIWFR scheme performs comparably with RKFR scheme with
the same limiter settings.

Min = 1.0, Max = 1.987 Min = 1.0, Max = 1.987 Min = 1.0, Max = 1.987

0.80 0.80 0.80

=
=/

0.40
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0.20 0.40 0.60 0.80 0.20 0.40 0.60 0.80 0.20 0.40 0.60 0.80
(a) (b) (c)

Figure 4.33. Linear advection with velocity a = (—y, ) on [0, 1] x [0, 1] with inflow/outflow
boundary condition. The solutions are shown on a mesh of 50 x 50 cells with polynomial degree
N =3; (a) initial solution, (b) LWFR, t =% (c) RKFR, t = .

GL, Radau GLL, Radau

1075 4 1075 4

L2 error
L2 error
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15? 302 602 120? 15? 30 602 120?
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Figure 4.34. Error convergence test for 2-D linear advection equation with velocity a=(—y,x) at
t =7, initial data uo (z,y) =1+ exp (=50 ((x — 1/2)? + y?)) using (a) GL points, (b) GLL points.
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Figure 4.35. Numerical solutions of composite signal with velocity a = (% -y, r— %) obtained for
degree N =3 using Radau correction function and GL solution points. The solutions are plotted
after 1 period of rotation on a mesh of 100 x 100 cells; No limiter is used in (b), (c) and TVB limiter
(M =100) is used in (d), (e).

4.10.3. Inviscid Burgers’ equation

We test the accuracy and robustness of the LWFR scheme for the two dimensional
nonlinear scalar problem by considering a Burger-type equation [137]

w; + <%2)x+ <u;)y:0 (4.29)

with an initial condition u(z, y,0) = % + % sin(27 (z +y)) in the domain =0, 1] x
[0, 1]. The boundary conditions are set to be periodic in both directions. To test
the error convergence, the solutions are computed up to time ¢t =0.1 as shown in
Figure 4.36a, when the solutions are still smooth and the exact solution is available.
The error convergence results up to degree four are given in Figure 4.37 using D2
dissipation model and Radau correction function. Similar to that in the 1-D case,
the AE scheme shows optimal convergence rate for even polynomial degrees but sub-
optimal convergence rates for odd degrees. The EA scheme on the other hand shows
optimal convergence rates at all degrees and the error values are also comparable
to those of RK scheme. In order to show the robustness of the LWFR scheme, we
compute the numerical solution at time ¢ =0.2 where the solution is discontinuous. The
corresponding solution across the diagonal of the domain for mesh size 50 x 50 with
N =3 is shown in Figure 4.36b which shows that the shock is captured accurately and
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without spurious oscillations. In each case, when the interface fluxes are computed
with EA scheme, the LWFR schemes perform at par with the RKFR schemes.

o
]

LW-D2
RK

Y O
]

LW-D2
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0.6 — Exact 0.6 Reference f
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0.0 0.0
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0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
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(a) t=0.1 (b) t=0.2

Figure 4.36. Line plot across the diagonal of [0, 1] x [0, 1] of the solution of 2-D Burgers’ equation
with 50 x 50 cells and degree N =3. The reference solution for t=0.2 is computed using RKFR
scheme with degree N=1 on a mesh of 1000 x 1000 cells.
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Figure 4.37. Error convergence test for 2-D Burgers’ equation with initial condition u (z, y,0) =

i+ %sin(?w (x +y)) in the domain [0, 1] x [0, 1] comparing the two boundary fluxes of LWFR (a)

AE, (b) EA. The errors are computed at t=0.1.

4.11. NUMERICAL RESULTS IN 2-D: EULER EQUATIONS

We consider the two-dimensional Euler equations of gas dynamics (2.13). We present
results to test the accuracy and computational performance of the LW schemes for some
2-D problems and compare them to RK scheme. The time step size for polynomial
degree N is computed as

|tle| 4 Ce

vy (4.30)

- ~\ -1
At = Ccpr min ( 4 [+ Ce) CFL(N)

Ay,
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where e is the element index, (., 7.), ¢. are velocity and sound speed of element mean
in element e, CFL(N) is the optimal CFL number of the scheme and Ccpr, <1 is a
safety factor. For each problem in this section, the corresponding CFL numbers of
Lax-Wendroff schemes are chosen based on the Fourier stability analysis which are
given in Table 4.2. For a fair performance comparison, the Runge-Kutta schemes use
their optimal CFL numbers [76]. The Ccpy, is taken to be 0.98 in all results. The time
averaged flux is always computed using the EA scheme. For RKFR, we use SSP Runge-
Kutta time integration [82] for degrees N =1 and 2, the five stage SSP Runge-Kutta
method of order four for N =3 [167|, and six-stage, fifth order Runge-Kutta (RK65)
time integration for N =4 [183] implemented in DifferentialEquations.j1 [139]. We
make use of the HLLC flux with wave speeds from [23]. All the results in this section
are produced using code written in Julia [29].

4.11.1. Isentropic vortex

We perform error convergence and Wall Clock Time (WCT) analysis using the isen-
tropic vortex test case [200, 166]. This problem consists of a vortex that advects at
a constant velocity while the entropy is constant in both space and time. The initial
condition is given by

2 = B 2
p= 1——5 ol 1)exp(l—rQ)} 1, u:]\/[cosa—ﬂ(y yc)exp(l r>
Y 27 2

1—1r?

U—Msinoc—i-WeXp( >, 7‘2:(1‘—%)24‘(@—%)2

and the pressure is given by p= p?. We choose the parameters =5, M =0.5, a =
45°) (x¢, ¥.) = (0,0) and the domain is taken to be [—10,10] x [—10, 10] with periodic
boundary conditions. For this configuration, the vortex returns to its initial position
after a time interval of T'=20+/2 /M units. We run the computations up to a time
t =T when the vortex has crossed the domain once in the diagonal direction.

The L? error and Wall Clock Time (WCT) against grid resolution is shown in
Figure 4.38. We observe optimal convergence rates for all new LW schemes proposed in
this paper. The WCT scales as the total number of cells to the power of 1.5, which is
the expected rate and the LW-D2 scheme shows smallest time as seen in Figure 4.38b.
We denote by WCT(LW-D1) the Wall Clock Time corresponding to LW-D1 scheme,
and similarly for other schemes.

The WCT versus L? error comparison has been made in Figure 4.39 and the ratios
WCT(LW-D1)/WCT(LW-D2) and WCT(RK)/WCT(LW-D2) are plotted against grid
resolution in Figures 4.40a and 4.40b, respectively. We see that the newly proposed
LW-D2 scheme is more efficient in comparison to the LW-D1 scheme since it can use
a larger CFL number. As we expect from Table 4.1 comparing the CFL ratios, the
explicit time ratios of LW-D1 and LW-D2 are consistently in the range of 1.4 and 1.5
for N > 1, as shown in Figure 4.40a.

Figure 4.39 shows that LW-D2 has smaller Wall Clock Time than RK for all degrees
and Figure 4.40b shows that the WCT ratio WCT(RK)/WCT(LW-D2) is close to
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1.1,1.4,1.7 for N =1, 2, 3 respectively. Thus, the ratio improves as we increase the
degree up to 3. However, at N =4, the ratio deteriorates to approximately 1.2. The
low CFL number of LW at N =4 relative to the RK scheme plays a role in this loss of
performance. Figure 4.39 shows that when the error levels are small, the higher order
schemes are more efficient in terms of WCT than lower order methods.

GL, Radau

GL, Radau

Wall clock time [s]

104 4§

103_

102 4

100_

322 642
Number of cells

(a)

322 642 1282

Number of cells

(b)

Figure 4.38. L? error and Wall Clock Time (WCT) analysis of 2-D Euler equations (isentropic
vortex) against grid resolution comparing LW-D1, LW-D2 and RK is shown in (a) and (b) respec-
tively. The error is computed after one period. The time step size of each scheme is computed using

its optimal CFL from Fourier stability analysis.

GL, Radau

104

108

102

Wall clock time [s]

100

LW-D1
LW-D2

10-°
L? error

106

1074

Figure 4.39. Wall Clock Time (WCT) versus L? error for 2-D Euler equations (isentropic vortex)
comparing LW-D1, LW-D2 and RK for degrees N =1,2, 3,4. The different colors correspond to
different degrees, with the degree increasing from right to left. The error is computed after one
period. The time step size of each scheme is computed using its optimal CFL number from Fourier
stability analysis.
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Figure 4.40. Wall Clock Time (WCT) ratios versus grid resolution for 2-D Euler equations (isen-
tropic vortex). (a) WCT ratio of LW-D1 and LW-D2, (b) WCT ratio of RK and LW-D2. The error
is computed after one period. The time step size of each scheme is computed using its optimal CFL
number from Fourier stability analysis.

4.11.2. Double Mach reflection

We now test the double Mach reflection problem which was originally proposed by Wood-
ward and Colella [197]. The problem consists of a shock impinging on a wedge/ramp
which is inclined by 30 degrees. An equivalent problem is obtained on the rectan-
gular domain = [0, 4] x [0, 1] obtained by rotating the wedge so that the initial
condition now consists of a shock angled at 60 degrees. The solution consists of a
self similar shock structure with two triple points. Defining u, =uy(z, y,t) with prim-
itive variables given by

(8,8.25cos(Z), —8.25sin(T), 116.5) if o <G+ L2
(p7u7/U7p): 1
. y+20t
(1.4,0,0,1) fr>c+ 73

we define the initial condition to be ug(x, y) =up(x, y,0). With up, we impose inflow
boundary conditions at the left side {0} x [0, 1], outflow boundary conditions both at [0,
1/6] x {0} and {4} x [0, 1], reflecting boundary conditions at [1/6,4] x {0} and inflow
boundary conditions at the upper side [0,4] x {1}. In Figure (4.41), we compare the
density plots obtained using the LWFR and RKFR schemes for N =2 at a resolution
of 960 x 240 cells at ¢t =0.2. The non-linear TVB limiter is used with the parameter
M =100 [137]. The Lax-Wendroff solution is computed using D2 dissipation and EA
scheme. We use GL points and Radau corrector in both LW and RK schemes. We
observe similar resolution for both schemes; the similarity holds for other degrees also,
which we have not shown to save space. In Figure 4.43a, we plot grid resolution against
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the Wall Clock Time for degrees N =1, 2, 3,4 which shows the expected dependence of
time with grid size. Figure 4.43b shows the ratio of WCT for RK and LW-D2 schemes,
indicating better efficiency of LW scheme, and these results are similar to what is

observed in [137].
2247
I17.2O
11.93
l(ﬂ
1.40
2248
I'I7.2'|
11.94
[67
1.40

Figure 4.41. Density profile of numerical solutions of 2-D Euler equations (double Mach reflection

problem) at t =0.2 for N =2, with Az =Ay=1/240. Contours of 30 steps from 1.4 to 22.5 are
printed.

(b) RKFR

[
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(a) (b)

Figure 4.42. Enlarged contours of density (2-D Euler equations, double Mach reflection problem)
at t=0.2 for N =2, with Az =Ay=1/240. Contours of 30 steps from 1.4 to 22.5 are printed.
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Figure 4.43. Grid size versus WCT comparison of RK and LW schemes for 2-D Euler equations
(double Mach reflection problem). Time step of each scheme has been chosen with its optimal CFL
number from Fourier stability analysis.

4.12. SUMMARY

A conservative, Jacobian-free and single step, explicit Lax-Wendroff method has been
constructed in a flux reconstruction context, and its implementation has been demon-
strated for solving hyperbolic conservation laws in one and two dimensions. The
Jacobian-free property is achieved by using a finite difference approach to compute
time derivatives of the fluxes that are needed in the Taylor expansion. The method
requires only the time average flux and its corresponding numerical fluxes. It is written
in matrix-vector form that is useful for computer implementation. We have studied
the effect of two commonly used correction functions and solution points. The stable
CFL numbers are computed using Fourier stability analysis in one and two dimen-
sions. The numerical fluxes are computed using both the time average flux and the time
average solution which leads to improved CFL numbers compared to other existing
methods which use the solution at previous time level to compute the dissipative
part of the numerical flux. At fifth order (N =4), there is a mild linear instability
for periodic problems, which seems to be present in other single step methods and
also in RKDG schemes. For non-linear problems, we identify a loss of optimal con-
vergence rate when a simple average-extrapolate (AE) approach is used to compute
the central part of the numerical flux. We show that this can be improved to optimal
rates by using an extrapolate-average (EA) procedure, and the resulting schemes per-
form comparably with RK schemes in terms of their error levels. The performance
of the method is also demonstrated on 1-D and 2-D non-linear systems like Euler equa-
tions, where it is able to resolve all the waves at comparable accuracy to RK schemes.
Many commonly used numerical fluxes based on approximate Riemann solvers and
modeling even contact waves can be developed and used in these schemes. These
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studies show that the Radau correction function in combination with Gauss-Legendre
solution points and the extrapolate-average (EA) technique leads to uniformly accu-
rate LW scheme for non-linear problems. The method has a simple structure which
makes it easy to develop a general code that can be used to solve any conserva-
tion law; the user has to supply subroutines for the flux, numerical flux, and maximum
wave speed estimate used in the CFL condition.



CHAPTER 5

ADMISSIBILITY PRESERVING SUBCELL LIMITER

5.1. INTRODUCTION

In this chapter, we develop a subcell based blending limiter for Lax-Wendroftf Flux
Reconstruction (LWFR) motivated by the work of [90]. The idea is to break each
element into subcells and construct a robust low order method on the subcells. A
smoothness indicator is then used to blend the high order LWFR scheme with the low
order scheme, getting a robust limited scheme. In the development of the blending
scheme for LWFR, special attention has been paid to improving accuracy and obtaining
provable admissibility preservation. In contrast to [90], we use Gauss-Legendre solution
points because of their accuracy benefit known in the literature and also observed by us
in Chapter 4. The low order scheme on subcells is a finite volume method. A natural
choice is to use a first order finite volume method, but to enhance accuracy we develop
a MUSCL-Hancock scheme on the subcells. For admissibility preservation, we exploit
the subcell structure of the blending scheme to develop a problem independent flux
limiter that guarantees admissibility preservation in means.

The rest of this chapter is organized as follows. In Section 5.2, we formalize the
concept of admissibility of a physical and numerical (FR) solution of hyperbolic con-
servation laws (3.1). In Section 5.3, we explain the blending limiter including a review
of the smoothness indicator used in [90] and then MUSCL-Hancock reconstruction
performed on the subcells in Section 5.4. Maintaining conservation requires that at
the faces of FR elements, both the lower and high order schemes must use the same
numerical flux (see Remark 5.3). In Section 5.5, we show how to construct the numer-
ical flux to ensure admissibility preservation in means. In Section 5.6, we explain our
implementation of the Lax-Wendroff blended scheme as an algorithm. The numerical
results verifying accuracy and robustness of our scheme with 1-D and 2-D compressible
Euler equations are shown in Sections 5.7, 5.8, 5.9. Section 5.10 gives a summary of
the proposed blending scheme.

5.2. ADMISSIBILITY PRESERVATION

The solution u € R? of the conservation law (3.1) that is physically correct is assumed
to belong to an admissible set, denoted by U,q. For example, in case of compressible
flows, the density and pressure (or internal energy) must remain positive. In case of
shallow water equations, the water depth must remain positive. In most of the models
that are of interest, the admissible set is a convex subset of R?, and can be written as

Uag={u € R’ Py(u)>0,1<k <K} (5.1)

85
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Moreover, in most cases, the admissibility constraints P, are concave functions of the
conservative variables. In particular, we may have concavity of P if ;>0 for all j <k.
For Euler’s equations, K =2 and P, P, are density, pressure functions respectively; if
the density is positive then pressure is a concave function of the conserved variables.
This structure simplifies the slope and flux limiting steps to enforce admissibility (Sec-
tion 5.4.1, 5.5) and was assumed in [19]. However, there are models of interest where
the admissibility constraints are not concave functions of the conservative variables,
like ten moment equations which are considered in Chapter 6. For those models, our
admissibility enforcing procedure will instead use the following weaker assumption

Pi(u,), Pj(uy) >0, Vj<k = Pi(0u,+ (1—-0)up) >€(uq,up), Vji<k (5.2)

In case of the Ten moment problem, e3(ug, up) :%min (Ps(ug), Ps(uyp)) (see (2.9) of
[125]). Thus, although the numerical experiments in this chapter are performed on
Compressible Euler’s equations (2.13), we also discuss admissibility preservation in case
the admissibility constraints P, are not concave functions of the conservative variables.

The high order Lax-Wendroff Flux Reconstruction scheme to solve the conserva-
tion law (3.1) is as described in Chapter 4. In particular, we use the discrete scheme
described in Section 4.2 with the time averaged numerical flux constructed using the
D2 dissipation and EA flux described in Section 4.3. We define the element mean value
of the numerical solution {u. ,} (3.3) as

N
U, = E Ue,p Wp
p=0

where w, are the weights associated to the solution points (3.2). Then, looking at the
LWFR update (4.4), it is easy to show that the scheme is conservative in the sense that

At
_n+l1 -
w =g =y (B F )

(5.3)

The admissibility preserving property, also known as convex set preservation property
since U,q 1s convex, of the conservation law can be written as

u(-,to) €U - u(-,t) € Upg, t>1g (54)

and thus we define an admissibility preserving scheme to be

DEFINITION 5.1. The flux reconstruction scheme is said to be admissibility preserving if
U, EUa Ve, p — ugzleuad Ve, p

where Uqq is the admissible set of the conservation law.

To obtain an admissibility preserving scheme, we exploit the weaker admissibility
preservation in means property defined as
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DEFINITION 5.2. The flux reconstruction scheme is said to be admissibility preserving
in the means if

ug , €U Ve, p — ﬁ(’f“eb{ad Ve

where Uyq is the admissible set of the conservation law.

The focus of this chapter is to obtain the admissibility preservation in means
property for the Lax-Wendroff Flux Reconstruction scheme. Once the scheme is admis-
sibility preserving in means, the scaling limiter of [206] can be used to obtain an
admissibility preserving scheme in the sense of Definition 5.1.

5.3. ON CONTROLLING OSCILLATIONS

High order methods for hyperbolic problems necessarily produce Gibbs oscillations at
discontinuities. In particular, it was shown by Godunov [81] that an oscillation free
linear scheme can be at most first order accurate. The cure is to make the schemes
to be non-linear even in the case of linear equations. For one dimensional problems,
total variation diminishing approach provides a framework to construct non-oscillatory
schemes. This is achieved by incorporating some non-linear limiting strategy into the
scheme which locally reduces the order of the scheme when a discontinuity is detected.
In discontinuous Galerkin type methods, the limiting is performed by modifying the
solution in each element so as to ensure a TVD property for the element means, which
was a strategy introduced by Cockburn and Shu [52, 51| and used in Chapter 4, as
described in Section 4.6. In this chapter, we introduce the blending scheme, motivated
and described in Section 5.3.1.

5.3.1. Blending scheme

In Chapter 4, TVD-type limiters of [52, 51| for DG methods were used. These limiters
lose a lot of information when the limiter is active, since the polynomial solution of
degree N is replaced either by a solution of degree 1 or a constant solution if a strong
discontinuity is detected in an element. This is especially problematic near smooth
extrema which may be wrongly detected as a discontinuity. It would be desirable to
use more information inside each element while applying some limiting process. Let
us write the LWFR update equation (4.4) as

u

H,n+1:un_ At RH
€ ° Az, °

where U, is the vector of nodal values in the element. Suppose we also have a lower
order and non-oscillatory scheme available to us in the form

At
Az,

L,n+1__
c =

u u? RL (5.5)
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Then a blended scheme is given by

L nt1 At

un+1: 1 —« Hn+1+a —U _
e ( 6) 6 Axe

e

[(1 - ae) R£+Oée Rg] (56>

where a. € [0, 1] must be chosen based on some local smoothness indicator. If a,=0
then we obtain the high order LWFR scheme, while if a, =1 then the scheme becomes
the low order scheme that is less oscillatory. In subsequent sections, we explain the
details of the lower order scheme and the design of smoothness indicators. The lower
order scheme will either be a first order finite volume scheme (Section 5.3.3) or a high
resolution scheme based on MUSCL-Hancock idea (Section 5.4). In either case, the
common structure of the low order scheme can be explained as follows.

Fey gy f: f3 i e
® GL nodes
® ® ® ) ® = F'R element
= Subcells
T 1 Tyl
(a)
-1 ; 5 +1
ke fs /3 f7 e
® GLL nodes
® ® ) = F'R element
= Subcells

\4,_‘

Figure 5.1. Subcells used by lower order scheme for degree N =4 using (a) Gauss-Legendre (GL)
solution points, (b) Gauss-Legendre-Lobatto (GLL) solution points

Let us subdivide each element €2, into IV + 1 subcells associated to the solution
points {5, p=0,1,..., N} of the LWFR scheme. Thus, we will have NV + 2 subfaces

denoted by {:B;r%,p: —1,0,..., N} with a:e_%: ~1and $N+l—xe+7 For maintaining
a conservative scheme, the p** subcell is chosen so that
p+l_$p 1 =wp Az, 0<p<N (5.7)
2

where w, is the p*™® quadrature weight associated with the solution points. Figure 5.1
gives an illustration of the subcells for degree N =4 case. The low order scheme is
obtained by updating the solution in each of the subcells by a finite volume scheme,

At

L,n+1 n €

? — —_— - F

’U,e70 ue70 wD Al‘e [fl 67%]

wbntt = oyn At g L~ fr ), 1<pSN-d (5.8)
e,p e,p wy AZL’@ p+* - '

At

Ln+1 n €

ue7N o UE7N N 'U}N Al’e [Fe+% N fN 1]
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The inter-element fluxes F, 1 used in the low order scheme are same as those used in
2

the high order LWFR scheme in equation (4.8). The lower order fluxes f; L1 will be
2

taken to be admissibility preserving finite volume fluxes (Definition 3.1). The element
mean value obtained by the low order scheme satisfies

N

At

w =Y w e - e (R - Fy) 59
p=0 ‘

which is identical to the update equation by the LWFR scheme given in equation (5.3).
The element mean in the blended scheme evolves according to

,a;l-‘rl — (1 _ae) (ae)H7n+1+Oée (,ae)L,n-i-l
At At
= (1-ac) {ue —A—%(Fﬁ;—Fe_;)}rae[ue BV = A R GRT)

At
W Ry Fery m By

and hence the blended scheme is also conservative; all three schemes, i.e., lower order,
LWFR and the blended scheme, predict the same mean value.
The inter-element flux F, 1 is used both in the low and high order schemes. To
2

achieve high order accuracy in smooth regions, this flux needs to be high order accurate,
however it may produce numerical oscillations near discontinuities when used in the low
order scheme. A natural choice to balance accuracy and spurious oscillations is to take

Fi=(-a,1) FeLféJraH% o1 €[0,1] (5.11)

1
= )
e+2 e+2

where Fjﬁ is the high order inter-element time-averaged numerical flux of the LWFR
2
scheme (4.8) and f, 1 is an admissibility preserving low order flux (Definition 3.1)
2

at the face 1 shared between FR elements and subcells (5.14, 5.20). The blending
2

coefficient ar_, 1 will be based on a local smoothness indicator which will bias the flux

+
2
towards the lower order flux f, 1 near regions of lower solution smoothness. However,
2

to enforce admissibility in means (Definition 5.2), the flux has to be further corrected,
as explained in Section 5.5.

Remark 5.3.

a) It is essential to use the same inter-element flux in both the low and high order
schemes in order to have conservation. Suppose we use numerical fluxes FeL+ 1,
2

Fi 1 in the low and high order schemes, respectively; then the element mean
2

in the blended scheme will become
At

—n+1__ =n
u, " =u, N

For conservation the flux leaving element €2, through z,
bouring element €24, i.e.,

(1= Bt oY) = (1 - o) BY

e 1
2

L
+ Fe_%)]
41 must enter the neigh-
2

_ H L _(1_ H L
(1 oze)Fe+%+ozeFe+% (1 ae+1)Fe+%+ae+1F'e+%
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e, (Qe— Qet1) F;I:Ll = (e — Qet1) Fﬁl which must hold for all values of «,
2 2

@41 and hence we need F* , =F7
ets ets
b) The contribution to RY, R of the flux F 1 has coefficients given by
2

AA—; gr(&n) respectively, as can be seen from (5.8, 8.28). If we use g correction

wy Az’

functions with Gauss-Legendre-Lobatto solution points, we have from (B.6),
gr(&n) =En(1) /wn=1/wy. Thus, the coefficient is the same for both higher and
lower order residuals and we add the contribution without a blending coefficient.
This is different from the case of Gauss-Legendre solution points where the
coefficients disagree as 1/wy # n(1) /wy = gr(&n) (B.6).

5.3.2. Smoothness indicator

The numerical approximation of the PDE solution is in the form of piecewise polyno-
mials of degree N. The polynomial can be written in terms of an orthogonal basis like
Legendre polynomials. The smoothness of the solution can be assessed by analyzing the
decay of the coefficients of the orthogonal expansion, a technique originally proposed
by Persson and Peraire [134] and subsequently refined by Kléckner et al. [102] and
Henemann et al. [90]. For a scalar problem, the solution w itself can be used to design
a smoothness indicator. For a system of PDE, we can use any one or all components
of the solution vector. Alternatively, some derived quantity that can indicate the
smoothness of all solution components can be chosen. For the Euler equations, a good
choice seems to be the product of density and pressure [90].

Let ¢ = q(u) be the quantity used to measure the solution smoothness. We first
project this onto Legendre polynomials,

N 1
WO=Y GLEE-1), €l g [ aw©) L1
j=0 0
The Legendre coefficients ¢; are computed using the quadrature induced by the solu-
tion points,

N
4= Z q(Ue,q) Lj (28— 1) w,

q=0

Then the energy contained in the highest modes relative to the total energy of the
polynomial is computed as follows,

X1 i
[E =max - (5.12)
N—1.2'~~N
Zj:gl QJ2 Zj:o q]2

The N*'* Legendre coefficient gy of a function which is in the Sobolev space H? decays
as O(1/N?) (see Chapter 5, Section 5.4.2 of [37]). We consider smooth functions to be
those whose Legendre coefficients gy decay at a rate proportional to 1/ N? or faster
so that their squares decay proportional to 1/N* [134] or faster. Thus, the following
dimensionless threshold for smoothness is proposed in [90]

T(N)=a-107¢N+D*
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where parameters a :% and ¢=1.8 are obtained through numerical experiments. To

convert the highest mode energy indicator I and threshold value T into a value in [0,
1], the logistic function (Figure 5.2) is used

~ 1
a(E> = s
1+exp (—5 (E-T))
Blending coefficient function
1.0‘ 1
081 — 3
—_— 4
0.6 1
s
0.4 1
0.21
0.0 1

0.00 0.01 0.02 0.03 0.04 0.05
/a3

Figure 5.2. Logistic function used to map energy to a smoothness coefficient « € [0, 1] shown for
various solution polynomial degrees V.

The sharpness factor s was chosen to be s =9.21024 so that blending coefficient
equals @ =0.0001 when highest energy indicator [E=0. In regions where a=0or a=1,
computational cost can be saved by performing only the lower order or higher order
scheme respectively. Thus, the values of « are clipped as

0, if & < Omin
Qe 1= d7 if O4rnin§@§1_arnin
1,  ifl—amn<d

with o, =0.001. Finally, since shocks can spread to the neighbouring cells as time
advances, some smoothening of « is performed as

chnal: max {Oée,%aE} (5.13)

Ee&

where & denotes the set of elements sharing a face with €.

5.3.3. First order blending

The lower order scheme is taken to be a first order finite volume scheme, for which the
subcell fluxes in (5.8) are given by

f;+% = f(te,p, e p11)
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At the interfaces that are shared with FR elements, we define the lower order flux used
in computing inter-element flux (Section 5.5) as

fe+%: .f(ue,NvueJrl,O) (514)

In this chapter, the numerical flux f(-,-) is taken to be Rusanov’s flux [152], which is
the same flux used by the higher order scheme at the element interfaces.

5.4. HIGHER ORDER BLENDING

The MUSCL-Hancock scheme is a single-stage and second order accurate scheme,
originally introduced in [185], and proven to be robust under appropriate slope restric-
tions [26]. We can expect better accuracy by blending the LWFR scheme with the
MUSCL-Hancock scheme. Following the slope correction procedure of Berthon [26],
the MUSCL-Hancock scheme can mimic the admissible set preservation of the solu-
tions of conservation laws (5.4). The extension of Berthon’s work to non-cell centered
grids (G.3) which arise in the blending scheme is given in Theorem 5.4 whose proof is
given in Appendix G. In this section, we give algorithmic details of the 1-D procedure
and details of the 2-D procedure can be found in Appendix G.6.

Essentially, the MUSCL-Hancock scheme provides a high order estimate of the

subcell fluxes f; L1 used in the low order scheme (5.8) and we now explain the proce-
2

dure for estimating these fluxes. The procedure below can be used for any choice of
solution points. However, in this thesis, all results with MUSCL-Hancock scheme have
been generated using Gauss-Legendre solution points. To simplify the notation, let us
suppress the element index e and set

1

_ae—1 e _ _ e+l _ e+l
U_s=uUy_ |, U_1=Uy , {Up=U, O0<pSN} uypi=ug, Uvpo=uj

Using the mid-point rule in time to integrate the conservation law (3.1) over the space-
time element [v, 1,2 1] x [t", t" 1, we get
2 2

n n At n-&-l TL-&-l
wit =g — o (- £) (5.15)
p
where
n+i nti 4 n+l7,
fp_i_g:f(up—f » Uy : ) (516>

is obtained from a numerical flux function. The numerical flux in (5.16) is taken to be
Rusanov’s flux [152] in this work, but any admissibility preserving finite volume flux

1
(Definition 3.1) can be used. The uZJrE’i denote the approximations of solutions in
subcell p at right, left faces respectively, evolved to time level n + % Aiming to first
approximate the solution at t” on the faces, we create a linear approximation of the
solution in each subcell as

ry(x) =up + (z — xp) Oy, 0, =minmod (S A uy, Ay, BA_u,) (5.17)
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where, for hy =z, — 2,1, ha=2p11 — 2,>!
Apu,="2217% A g, =t Tt
ha hy
ho ha — hy hi
Acy=———-—"——ul |+ uy + u;)
CPT hy(hidhy) PV hihy P hy(ha+hy) P!

The A4 u, are forward and backward approximations of slope respectively, and A, u,
is the second order approximation of the slope. The value [ is chosen to lie between
1 and 2; for =1, we reduce to the minmod limiter and 3 =2 corresponds to the
MC (monotonized central-difference) limiter of van Leer [184|. A higher value of 3
tips the slope closer to the second order approximation, gaining accuracy but also
increasing the risk of spurious oscillations. For all results in this chapter, the choice of
(8=2— «. is made. Thus, 8 will be close to 2 in regions where smoothness indicator
only detects mild irregularities in the solution, while it will be near 1 in regions with
strong discontinuities. With the linear reconstructions, we can define

u;"_:r;}(xp_%):ug—i-ép(xp_%—xp), ult

y o =rp(T :ug—i-ép(prr%—xp) (5.18)

p+§)
Using the conservation law, we approximate the temporal derivatives as

Flup™) = Fluy™)

xXr 11— X 1
pt3 P—5

n.__ __
atup =

and finally use Taylor’s expansion to evolve the face values in time as

1 1
n+s,— _ JAN n+-
27— g™ n 27

u, =u, + 5 Oy uy, u,

+_ug’++%&gu; (5.19)

At the interfaces shared with the FR elements, the lower 1order flux used in computing
inter-element flux (Section 5.5) is given by f, 1= f;Jr?; the dependence on neigh-
2

+7
bouring states can be made explicit as ’

fe+l: f(u]c;/—lvulez\fau8+17u§+1) (520>

For admissibility of the lower order method, we rely on the following generalization of
Berthon [26], proved in Appendix G.

THEOREM 5.4. Consider a conservation law of the form (3.1) which preserves the
admissible set Unq (5.4). Let {uy}, be the approzimate solution at time level n and
assume that u, € Uaq for all p. Consider conservative reconstructions

uy =g+ (xp+%_xp>5p’ u, =up (xpfé_xp)ép
Define u;’i by
P g =2t (5:21)

5.1. In case of Gauss-Legendre-Lobatto points, the slope 6, =0 is used in (5.17) whenever h; =0 or ho=0.
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where

Assume that the slope 8, is chosen so that
Uy €U (5.22)

Then, assuming that the first order finite volume flux used in (5.16) is admissibility pre-
serving (Definition 3.1), under appropriate time step restrictions ( G.10, G.13, G.19),
the updated solution wy*" defined by the MUSCL-Hancock procedure (5.15) is in Unq.

5.4.1. Slope limiting in practice

A problem-independent procedure for slope limiting to ensure admissibility preserva-
tion is proposed, in contrast to the original procedure for Euler’s equations in [26] that
was extended to the 10-moment problem in [124]|. For the MUSCL-Hancock scheme
to be admissibility preserving, the slope d, given by the minmod limiter (5.17) has to
be further limited so that 'u,;’i =uy +2 (mpi% — ) 0, EUpa (5.21). Let { P, 1<1< K}

be the admissibility constraints (5.1) for the conservation law (3.1) to be in Uyq. The
slope is limited by iterating over the constraints. For each constraint, we can solve an
optimization problem to find the largest 6 € [0, 1] satisfying

Pi(uj +20 (2,1 — ) 8,) = P(0+ wt+(1-0)u))>e, p=0N  (523)

where €, is a tolerance, taken to be %Pk(ug) [151]. The optimization problem is
usually a polynomial equation in #, and can be solved for its root. In this work, we use
a general iterative solver that is independent of choice of Py (Appendix F). If P is a
concave function of the conserved variables, we can follow [19] and use the simpler but

possibly sub-optimal approach of defining
, 1) (5.24)

In either case, by iterating over the admissibility constraints { Py} of the conservation
law, the flux slope limiting is performed by the following for loop

ep — Pr(uyp)
Pk(u;’i) — Pk(u;})

p=0,N

0+ =min < min

0, «—minmod(B At u,, Acu,, SA_uy)
SE e ur 42 (z, 1 — )0
for k=1: K do
€ — %0 Pk(ug)
Find 6. by solving (5.23) or by using (5.24) if Py is concave
O —min{6,,60_}
(Sp — Hk 6p
uht
end for

1
u pii

<—u$+2(mpi%—xp)5p
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At the k' iteration, solving the optimization problem (5.23) will satisfy the con-
straint Py, by definition. On the other hand, if we use (5.24) in case Py is concave, the

u;’i computed with the corrected slope 4, will satisfy

Py(y™) = P (0w, )P + (1= 0) ) > 04 Py (2 =)P™) + (1= 0) Pelup) > e (5.25)

so that the k' admissibility constraint is satisfied; here (u;’i)pre" denotes u;’i before
the k™ correction. The choice of ¢ :%OPk(u}}) was made following [151] to allow
only a certain deviation below the safe solution, imposing a stricter requirement than
positivity. Note that this limiting is performed on the slope used for reconstruction
in the MUSCL-Hancock scheme, and not on the updated solution. We now use an
inductive argument to show that the k* correction will continue to satisfy the previous
admissibility constraints. Thus, we assume that constraint P, is satisfied by (u;’i)prev
for all [ <k and we perform k" correction on it to obtain u;’i. In case of concave
admissibility constraints,

Pi(u; =) = D0y (u,

Z (9k P[((u;’i)prev) + (1 - Gk) Pl(u;}) Z 9k €+ (1 - tgk) €L=€
In case of non-concave P, we use (5.2) to obtain Pl(u;’i) > el((u;’i)pre", uy) >0
from (5.25). Thus, in both cases, constraints P, are satisfied for all [ <k and the
slope 6§, obtained at the end of K iterations satisfies all admissibility constraints

: +
ensuring u,™ € Uaq.

5.5. FLUX LIMITER FOR ADMISSIBILITY PRESERVATION

The first step in obtaining an admissibility preserving blending scheme is to ensure
that the lower order scheme preserves the admissible set U,q. This is always true if
all the fluxes in the lower order method are computed with a finite volume method
that is proven to be admissibility preserving. However, the LWFR scheme uses a time
average numerical flux and maintaining conservation requires that we use the same
numerical flux at the element interfaces for both lower and higher order schemes (see
Remark 5.3). To maintain accuracy and admissibility, we have to carefully choose a
blended numerical flux F, 118 in (5.11) but this choice may not ensure admissibility,

and further limitation is required. Our proposed procedure for choosing the blended
numerical flux will give us an admissibility preserving lower order scheme. After this
step, there are two possibilities for obtaining admissibility of the blending scheme. We
could follow the procedure of [151] to a posteriori modify the blending coefficient « to
obtain admissibility relying directly on the admissibility of the lower order scheme. The
other option which we take in this thesis is to note that, as a result of using the same
numerical flux in both high and low order schemes, element means of both schemes
are the same (Theorem 5.5). A consequence of this is that our scheme now preserves
admissibility of element means and thus we can use the scaling limiter of [205]. The
latter approach of correcting element means to obtain a positivity preserving Lax-
Wendroff scheme has been used in [128], where the numerical flux is corrected to
directly make element means admissible. In comparison to [128], our procedure for
ensuring admissibility of element means requires less storage and loops.

7i)prev_|_ (1 _ ek) u;l) (526)
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The theoretical basis for flux limiting can be summarised in the following The-
orem 5.5.

THEOREM 5.5. Consider the LWFR blending scheme (5.6) where low and high order
schemes use the same numerical flur F, 1 at every element interface. Then the fol-
2

lowing can be said about admissibility preserving in means property (Definition 5.2) of
the scheme:

1. element means of both low and high order schemes are same and thus the blended
scheme (5.6) is admissibility preserving in means if and only if the lower order
scheme is admissibility preserving in means;

2. if the finite volume method using the lower order flur f, 1 as the interface
2

flux is admassibility preserving, such as the first-order finite volume method or

the MUSCL-Hancock scheme with CFL restrictions and slope correction from

Theorem 5.4, and the blended numerical fluz F, 1 is chosen to preserve the
2

admissibility of lower-order updates at solution points adjacent to the interfaces,
then the blending scheme (5.6) will preserve admissibility in means.

Proof. By (5.3, 5.9), element means are the same for both low and high order schemes.
Thus, admissibility in means of one implies the same for other, proving the first claim.
ﬁ’p"H given by (5.8) is in
U,q for 0 < p < N implying admissibility in means property of the lower order scheme

by (5.9) and thus admissibility in means for the blended scheme. O

For the second claim, note that our assumptions imply w,

We now explain the procedure of ensuring that the update obtained by the lower
order scheme will be admissible. The lower order scheme is computed with a first order
finite volume method or MUSCL-Hancock with slope correction from Theorem 5.4 so
that admissibility is already ensured for inner solution points; i.e., we already have

ugy €U, 1<p<N -1

The remaining admissibility constraints for the first (p =0) and last solution points
(p=N) will be satisfied by appropriately choosing the inter-element flux F, , 1. The first
2

step is to choose a candidate for F,, 1 which is heuristically expected to give reasonable

.
control on spurious oscillations, i.e.,

Qe+ Qey1

— _ LW
Fe+% - (1 aeJr%) F;—f—% + ae+% feJr%’ aeJr% 2

where f, 1 is the lower order flux at the face e +% shared between FR elements and
2

subcells (5.14, 5.20), and «, is the blending coefficient (5.6) based on element-wise
smoothness indicator (Section 5.3.2).
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The next step is to correct F |, 1 to enforce the admissibility constraints. The guiding

Jr
principle of our approach is to perform the correction within the face loops, min-
imizing storage requirements and additional memory reads. The lower order updates
in subcells neighbouring the e —I—% face with the candidate flux are

~n+1 At

_ n
U - ue—i—l,D_

Wo ATty (f; a 1)

(5.27)
An+1 n At
Uy = ue,N_ U)NALU ( €+* fN )

To correct the interface flux, we will again use the fact that first order finite volume
method and MUSCL-Hancock with slope correction from Theorem 5.4 preserve admis-
sibility, i.e.,

~low,n+1 n At e
Uy = U _—— — cU
0 e+1,0 wo ﬁxe—i—l (f% fe+%) ad

At
~low,n+1 __ n__
Un - ue,N wy AZEe (.f .fN ) EZ/{ad
Let {P.,1 <1< K} be the admissibility constraints (5.1) of the conservation law (3.1).
For each constraint, we can solve an optimization problem to find the largest 6 € [0, 1]
satisfying

P04+ (1-0)a " >e,,  p=0,N (5.28)

p

where €, is a tolerance, taken to be %OP;C(&;,OW’"H) [151]. The optimization problem
is usually a polynomial equation in #, and can be solved for its root. In this work, we
use a general iterative solver that is independent of choice of Py (Appendix F). If P
is a concave function of the conserved variables, we can follow [19] and use the simpler

but possibly sub-optimal approach of defining
: 1) (5.29)

In either case, by iterating over the admissibility constraints { Py} of the conservation
law, the flux FLﬁ can be corrected using the iterative limiting procedure in Algo-
rithm 5.1.

€ — Pk(/&;ow,n—kl)

Pk( n+1) Pk(ﬁllow,n-&-l)

p

¢ = min < min

p=0,N

Algorithm 5.1

Flux limiter

F_ 1 (1- )FL ! +a, fe+1 > Initial guess
2

e—l—i
for k=1 K do

€0, €N<_ P ( ~ low, n+1) LP (,&low,n—i—l)

Y 10 'N
Find 6 by solving (5.28) or by using (5.29) if Py is concave
Fo—0F 1+(1-0)f 1

2 2 2

~n+1 n At e+1
H —_— —_—
'LLO ue+1,0 ”LU()AIEE_A,_l (f% Fe+%>
~n+1 n____ At _ fe€
Uy UeN wN Aze (F€+% fo%)

end for
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In case of solving an optimization problem (5.28), the admissibility constraint P
will be satisfied after the k' iteration of Algorithm 5.1 by definition of the optimization
problem. In the case of concave Py, if (5.29) is used, after the k% iteration, the updates
computed using flux F, L will satisfy for p=0, N

Pk(ﬂg*l) = Pk(e(ﬁ,ngl)prev_i_ (1 _ 9)&;"“”“)

> O P((ay " )P) + (1-0) Pu(d,™" ) > ¢,

satisfying the k' admissibility constraint; here (ﬁ;‘“)pm" denotes 1’),;‘“ before the k'

%OP;C(&;’W’”H) is made following [151]. After the K

iterations, all admissibility constraints will be satisfied and the resulting flux F, 1 will
2

correction and the choice of €,=

be used as the interface flux keeping the lower order updates and thus the element
means admissible. Thus, by Theorem 5.5, the choice of blended numerical flux gives
us admissibility preservation in means. We now use the scaling limiter of [205] to
obtain an admissibility preserving scheme as defined in Definition 5.1, an overview of
the complete scheme can be found in Algorithm 5.2. The above procedure is for 1-
D conservation laws; the extension to 2-D is performed by breaking the update into
convex combinations of 1-D updates and adding additional time step restrictions; the
details are given in Appendix H.

5.6. SOME IMPLEMENTATION DETAILS

In Section 5.5, the procedure for computing the blended numerical flux to achieve
admissibility preservation in means for LWFR (Definition 5.2) was presented. In this
section, we present an overview of the complete LWFR blended scheme which employs
the computed blended flux and the scaling limiter of [205] to obtain an admissibility
preserving scheme (Definition 5.1) in Algorithm 5.2.

The residual in (5.6) is computed by performing an element loop and a face loop,
incorporating blending within each of these loops. Within the element loop, we com-
pute lower order fluxes on the subcell faces not shared by the FR elements. The
fluxes for the faces shared by FR elements are computed within the face loop, and
subsequently blended with the LW flux. This approach enables direct computation
and use of each quantity, without the need for intermediate storage. However, to
compute (5.27), admissibility preservation requires storage of lower order fluxes ff and
I 1, which are computed during the element loop. ’

In Algorithm 5.2, we give a high level overview of the LWFR with blending scheme.
In the implementation, some operations are avoided by computing only high or low
order residuals in the cases where o, =0 or a, =1, but we did not include this opti-
mization in Algorithm 5.2 to maintain simplicity in our explanation. The correction
procedure of numerical flux for admissibility preservation (Section 5.5) is performed
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within the interface iteration. The contribution of numerical flux to the residual is
added in a different element loop to avoid race conditions in a multi-threaded loop; only
one loop would be needed in a serial code. After the solution update in Algorithm 5.2,
the blended flux will ensure that our purely low order update and the element means
are admissible. However, the updates at solution points need not be admissible at this
stage and must be corrected. The correction at solution points could now be performed
as an a posteriori modification of the blending coefficients [151] or using the scaling
limiter of [205]; we use the scaling limiter for all results in this work.

Algorithm 5.2

High-level overview of the Lax-Wendroff with blending scheme
t=0;
while t <7 do

Compute {a.} (Section 5.3.2)

> Assemble element residual
for e in eachelement (mesh) do

Add LW element residual to rhs scaled with 1 — a,
Add FV subcell residual to rhs scaled with a,
Store £ /2, f_1/2 (5.27)

end for

> Compute numerical fluxes at all interfaces

for e —i—% in eachinterface(mesh) do

Compute FGIJ‘FVE, feJr% and blend them into FH% (Section 5.5)
end for

> Assemble face residual
for e in eachelement (mesh) do

Add contribution of F, 1 to high, low order residual scaled with 1 — a, a
2

end for
Update solution
Apply positivity correction at solution points using [205] or [151]
t=t+ At;
end while

5.7. NUMERICAL RESULTS

We perform various tests to show the robustness and accuracy of the proposed blending
scheme. The LWFR results are always obtained with D2 dissipation and EA flux [1§]
with Rusanov’s numerical flux using Gauss-Legendre solutions point and Radau cor-
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rection functions. All numerical simulations were run with the first order blending
(Section 5.3.3), MUSCL-Hancock blending (Section 5.4) and TVB limiter with fine-
tuned parameter M plotted with legends FO, MH and TVB-M. We also made com-
parison with the results of first order blending scheme using Gauss-Legendre-Lobatto
points of [90] implemented in Trixi.j1 [141, 158]. Our code is publicly available at [17],
and the scripts for generated results in this chapter are available at [16]. The user only
needs to install Julia [29] and the remaining dependencies are automatically handled
by Julia environments and its package manager.

5.7.1. 1-D Euler equations

As an example of system of non-linear hyperbolic equations, consider the one-dimen-
sional Euler equations of gas dynamics given by (4.16). Unless otherwise specified, the
gas constant v will be taken as 1.4 which is the value for air. The time step size for
polynomial degree N is computed as in (4.18). Most of the numerical results presented
in this chapter use degree N =4 for which CFL(N)=0.069. The admissibility preser-
vation of subcell based MUSCL-Hancock imposes a time restriction (Theorem 5.4)
which depends on several quantities other than element means, including some evolved
quantities, see equations (G.10, G.13, G.19). The CFL coefficient of MUSCL-Hancock
admissibility is also smaller than CFL(/N) in (4.18), see Remark G.7. However, we have
found the time step given by (4.18) with Ccpr, =0.98 to be sufficient for admissibility
preservation in all the simulations we have performed. Thus, we do not explicitly
impose the CFL restrictions in Theorem 5.4 as they are more severe and expensive
to compute. If the admissibility is violated in any cell, then the time update can be
repeated in those cells by lowering the time step by some fraction.

5.7.1.1. Shu-Osher problem

This problem was described in Section 4.8.4. Due to presence of both spurious oscil-
lations and smooth extremums, this becomes a good test for testing robustness and
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accuracy of limiters. We discretize the spatial domain with 400 cells using polynomial
degree N =4 and compare blending schemes and TVB limiter with parameter M =
300 [137]. The density component of the approximate solutions computed for the
compared limiters are plotted against a reference solution obtained using a very fine
mesh, and are given in Figures 5.3, 5.4. The three limiters show similar performance in
Figure 5.3 on the large scale. The enlarged plots in Figure 5.4 show that the MUSCL-
Hancock blending scheme is able to capture smooth extrema better than the first order
blending and the TVB scheme.

t=1.8,N=4,NC=400

4.5
4.0
3.5 1
23,0
()]
g
8 2.5
2.0 7 —— Reference
1.51 FO
—— MH
1.04 —— TVB-300 V\/\/
4 2 0 2 4

X

Figure 5.3. Shu-Osher problem, density plot of numerical solution with degree N =4 using first
order (FO) and MUSCL-Hancock (MH) blending schemes, and T'VB limited scheme (TVB-300) with

parameter M = 300.

t=1.8,N=4,NC =400 t=18,N=4,NC=400
4.70
J —— Reference
45 4.65 — FO
4.60 ——--MH
4.0 —— TVB-300
S = 4.55 1
A a
4.45
Reference
301 — Fo 4.40
— MH
4.35 1
25 — TVB-300
T T T T T T 4.30 T y T T ¥
0.0 0.5 1.0 1.5 2.0 2.5 1.4 1.5 1.6 1.7 1.8 1.9 2.0
X X

(a) (b)

Figure 5.4. Shu-Osher problem, density plot of numerical solution with degree N =4 using first
order (FO) and MUSCL-Hancock (MH) blending schemes, and TVB limited scheme (TVB-300)
with parameter M =300 at time ¢ =1.8 on a mesh of 400 cells.. (a) Zoomed near smooth extrema,

(b) Zoomed to only show two extrema.

5.7.1.2. Blast wave

This test case was described in Section 4.8.5. The solution consists of reflection of
shocks and expansion waves off the boundary wall and several wave interactions inside
the domain. The numerical solutions are inadmissible if the positivity correction is not



102 ADMISSIBILITY PRESERVING SUBCELL LIMITER

applied. With a grid of 400 cells using polynomial degree N =4, we run the simulation
till the time ¢ =0.038 where a high density peak profile is produced. As in the previous
test, we compare first order (FO) and MUSCL-Hancock (MH) blending schemes, and
TVB limiter with parameter M =300 [137] (TVB-300). We compare the performance
of limiters in Figure 5.5 where the approximated density and pressure profiles are
compared with a reference solution computed using a very fine mesh. Looking at the
peak amplitude and contact discontinuity of the density profile which is also shown
in the zoomed inset, it is clear that MUSCL-Hancock blending scheme gives the best
resolution, especially when compared with the TVB limiter.

t=0.038,N=4,NC =400 t=0.038, N=4,NC=400
= Reference = Reference
61 — FO 400 — FO
—— MH 350 4 — MH
51 —— TVB-300 —— TVB-300

Density
w

055 0.60 0.65 0.70 075 0.80 0.85 0.90

Figure 5.5. Blast wave problem, numerical solution with degree N =4 using first order (FO) and
MUSCL-Hancock (MH) blending schemes, and TVB limited scheme (TVB-300) with parameter
M =300. (a) Density, (b) pressure profiles are shown at time ¢ =0.038 on a mesh of 400 cells.

5.7.1.3. Sedov’s blast wave

To demonstrate the admissibility preserving property of our scheme, we simulate
Sedov’s blast wave [160]; the test describes the explosion of a point-like source of
energy in a gas. The explosion generates a spherical shock wave that propagates out-
wards, compressing the gas and reaching extreme temperatures and pressures. The
problem can be formulated in one dimension as a special case, where the explosion
occurs at =0 and the gas is confined to the interval [—1, 1] by solid walls. For
the simulation, on a grid of 201 cells with solid wall boundary conditions, we use
the following initial data [207],

3.2 x 10° < Az
p=1 v=0 E(gj): Az |x|—7
’ ’ 10712, otherwise

where Az is the element width. This is a difficult test for positivity preservation
because of the high pressure ratios. Nonphysical solutions are obtained if the proposed
admissibility preservation corrections are not applied. The density and pressure profiles
at t =0.001 obtained using blending schemes are shown in Figure 5.6. Results of
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TVD limiter are not shown as it fails to preserve positivity in this test because the
admissibility correction of Lax-Wendroff scheme depends on the blended numerical flux
(Section 5.5).

t=0.001,N =4,NC =201 1e5 t=0.001, N=4, NC=201
6_
— Exact 7] Exact
5 — FO — FO
— MH 6 — MH
41 5
2 2
431 241
Jb] (]
(=) a‘: 3
2_
2.
1{ —— — 11
0 01
-2.0 -15 -1.0 -0.5 00 0.5 1.0 15 2.0 -2.0 -1.5 -1.0 =05 0.0 05 1.0 1.5 2.0
X X

(a) (b)

Figure 5.6. Sedov’s blast wave problem, numerical solution with degree N =4 using first order
(FO) and MUSCL-Hancock blending schemes. (a) Density and (b) pressure profiles of numerical
solutions are plotted at time t =0.001 on a mesh of 201 cells.

5.7.1.4. Riemann problems

We test two extreme Riemann problems from [205] to demonstrate admissibility
preservation of our scheme. The first is a Riemann problem with no shocks and two
rarefactions, which move away from each other leading to a near vacuum state in
the exact solution. The low densities make it a challenging test, as the oscillations
can easily cause negative density values. As in the previous test, results of TVD
limiter are not shown as it fails to preserve admissibility. We run the simulation
on the domain [—1, 1] with initial data

(p,v,p) = (7.0,—1.0,0.2), —1<2<0
PV PI=(7.0,1.0,0.2), otherwise

The results obtained using blending schemes are shown in Figure 5.7 on a mesh of 200
cells with transmissive boundary conditions at time ¢ =0.6.

The second test is a 1D Leblanc shock tube problem with initial data

(pop)=] 2010, —1<w=0
S (0.001,0,1), otherwise

The solution has extremely high density and pressure ratios across the shock and the
numerical solutions give negative pressure if the proposed admissibility preservation
techniques are not applied. The log-scaled results obtained using blending schemes are
shown in Figure 5.8 at time ¢ =0.001 on a mesh of 800 cells with transmissive boundary
conditions.
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Figure 5.7. Double rarefaction problem, numerical solution with degree N =4 using first order (FO)
and MUSCL-Hancock (MH) blending. (a) Density and (b) pressure profiles of numerical solutions
are plotted at t=0.6 on a mesh of 200 cells.
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Figure 5.8. Leblanc’s test, numerical solution with polynomial degree N =4 using first order (FO)
and MUSCL-Hancock (MH) blending. (a) Density and (b) pressure profiles of numerical solutions
with log scales are plotted at ¢ =0.001 on a mesh of 800 cells.

5.8. 2-D ADVECTION EQUATION

The description of this test is provided in Section 4.10.2. The numerical solution is
computed at t =27 and shown in Figure 5.9a after one time period, comparing different
limiters Figure 5.9b-c. To be specific, Figure 5.9 compares contour plots of polynomial
solutions obtained using the LWFR method of degree N =4 with TVB limiter using a
fine-tuned parameter M =100, and with blending limiter using first order and MUSCL-
Hancock reconstructions, after one time period. The blending limiter with MUSCL-
Hancock reconstruction is shown to produce more accurate solutions among the three
profiles especially when compared to the TVB limiter, as the TVB limiter results in
greater smearing of the profile. The sharp features of slotted disc profile show the most
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notable improvement.

(a) Exact (b) TVB with M =100

(c) FO blending (d) MH blending

Figure 5.9. Rotation of a composite signal with velocity a = (é —Y, T — %), numerical solution with

polynomial degree N =4 on a mesh of 100? elements.

5.9. 2-D EULER EQUATIONS

We consider the two-dimensional Euler equations of gas dynamics given by (2.13).
Unless otherwise specified, the adiabatic constant v will be taken as 1.4 in the numer-
ical tests, which is the typical value for air. The time step size for polynomial degree
N is computed as in (4.30). Most of the numerical results presented in this chapter
use degree N =4 for which CFL(/N)=0.069 (4.30). As in the 1-D case, (4.30) will not
guarantee that the time step restriction for admissibility of MUSCL-Hancock scheme
on the subcells is satisfied. However, we have found all tests to work with (4.30) using
CcrL=0.98 and the results are shown with that safety factor unless otherwise specified.

For verification of numerical results and to demonstrate the accuracy gain of our
proposed Lax-Wendroff blending scheme with MUSCL-Hancock reconstruction using
Gauss-Legendre points, we will compare our results with the first order blending scheme
using Gauss-Legendre-Lobatto (GLL) points of [90] available in Trixi.jl [141]. Both
solvers use the same time step sizes in all results. We have also performed exper-
iments using LWFR with first order blending scheme and Gauss-Legendre (GL) points,
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and observed lower accuracy than the MUSCL-Hancock blending scheme, but higher
accuracy than the first order blending scheme implementation of Trixi. j1 using GLL
points. These results are expected since GL points and quadrature are more accu-
rate than GLL points, and MUSCL-Hancock is also more accurate than first order
finite volume method. However, to save space, we have not presented the results of
LWEFR with first order blending.

5.9.1. Isentropic vortex convergence test

The description of this test containing a smooth solution with an analytic solution has
been given in Section 4.11.1. We run the computations up to a time ¢t =T when the
vortex has crossed the domain once in the diagonal direction. Figure 4.38a compares
the L? error of density sampled at N 4 3 equispaced points against grid resolution
when using the blending limiter. It can be seen that the limiter does not activate
for adequately high resolution, yielding the same optimal convergence rates as those
achieved without the limiter, as shown in Figure 4.38b.

402 802 1602 3202 6402 12807 402 802 1602 3202 6402 12802
Degrees of freedom (M?) Degrees of freedom (M?)

(a) (b)

Figure 5.10. Convergence analysis of isentropic vortex test for polynomial degrees N = 3,4 when
(a) the blending limiter is active (b) no limiter is active.

5.9.2. Double Mach reflection

The description and significance of this test have been given in Section 4.11.2. The
simulation is run on a mesh of 600 x 150 elements using degree N =4 polynomials up
to time ¢ =0.2. In Figure 5.11, the density plot generated using LWFR with MUSCL-
Hancock blending scheme is shown. In Figure 5.12, we compare the results of Trixi. jl
with the MUSCL-Hancock blended scheme zoomed near the primary triple point with
the same 600 x 150 mesh resolution in Figure 5.12a,b. In Figure 5.12¢, we show a
solution generated with Trixi. j1 on a finer mesh of 1600 x 400 elements. The MUSCL-
Hancock (Figure 5.12b) captures more of the small scale structures present in the
reference solution (Figure 5.12¢) than the first order blending scheme of Trixi.jl
(Figure 5.12a).
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Figure 5.11. Double Mach reflection problem, density plot of numerical solution at ¢t =0.2 using
polynomial degree N =4 on a 600 x 150 mesh generated using Lax-Wendroff Flux Reconstruction
with MUSCL-Hancock blending scheme.

) Trixi.jl zoomed ) LW-MH zoomed ) Reference solution

Figure 5.12. Double Mach reflection problem, density plots of numerical solution at t =0.2 using
polynomial degree N =4 on a 600 x 150 mesh zoomed near the primary triple point.

5.9.3. 2-D Riemann problem

2-D Riemann problems consist of four constant states and have been studied theoreti-
cally and numerically for gas dynamics in [80]. We consider this problem in the square
domain [0, 1]? where each of the four quadrants has one constant initial state and every
jump in initial condition leads to an elementary planar wave, i.e., a shock, rarefaction
or contact discontinuity. There are only 19 such genuinely different configurations
possible [203, 112]. As studied in [203], a bounded region of subsonic flows is formed
by interaction of different planar waves leading to appearance of many complex struc-
tures depending on the elementary planar flow. We consider configuration 12 of [112]
consisting of 2 positive slip lines and two forward shocks, with initial condition

(0.5313,0,0,0.4) if 2>0.5,y>0.5
(1,0.7276,0,1) if 2<0.5,4>0.5
(w0, p) = (0.8,0,0,1) if £<0.5,y<0.5
(1,0,0.7276,1) if 2>0.5,y<0.5

The simulations are performed with transmissive boundary conditions on an enlarged
domain up to time t =0.25. The density profiles obtained from the MUSCL-Hancock
blending scheme and Trixi.jl are shown in Figure 5.13. We see that both schemes
give similar resolutions in most regions. The MUSCL-Hancock blending scheme gives
better resolution of the small scale structures arising across the slip lines.
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A plot of the blending coefficients computed by the smoothness indicator is shown
in Figure 5.14 at an early time ¢t =0.025 (5.14a) and the final time ¢ =0.25 (5.14b). The
blending coefficient takes values close to =1 in the vicinity of shocks while smaller
values are seen near the stationary contact discontinuities. Figure 5.15 shows the
percentage of cells in which the indicator function a >0 as a function of time. From
these figures, we see that limiting is only performed in a small subset of the elements
in the grid and the indicator is able to track the sharp features and ignore the smooth
regions.

(a) Trixi.jl (b) LW-MH

Figure 5.13. 2-D Riemann problem, density plots of numerical solution at ¢t =0.25 for degree N =4
on a 256 x 256 mesh.

(a) Trixi.jl (b) LW-MH

Figure 5.14. 2-D Riemann problem, blending coeflicient « for degree N =4 on a 256 x 256 mesh.
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Figure 5.15. 2-D Riemann problem, percentage of elements where the blending coefficient a >0

vs time ¢, for approximate solution with polynomial degree N =4 on a 256 x 256 mesh.

5.9.4. Kelvin-Helmholtz instability

Fluid instabilities are essential for mixing processes and turbulence production, and
play a significant role in many astrophysical phenomena. They are crucial for accu-
rately modeling stripping of gas from satellite galaxies, as well as calculating the
expected levels of turbulence and entropy in the intracluster gas of galaxy clusters [168|.
The Kelvin-Helmholtz instability is a common fluid instability that occurs across con-
tact discontinuities in the presence of a tangential shear flow. This instability leads to
the formation of vortices that grow in amplitude and can eventually lead to the onset
of turbulence. We adopt the initial conditions for this instability from [168] over the
domain [0, 1]?,

g - {2 i 02<y<o0Ts
pR®Y) = 1,  otherwise

wley) — [05 i 025<y<07
Y= —0.5,  otherwise,

v(z,y) = wpsin(4dnz) {eXp{_@—z—SﬁW}LeXP{—(y;—WH

p(r,y) = 25

with wo=0.1, 0=0.05/+/2 and the adiabatic index y=7/5 corresponding to diatomic
gases. The initial conditions consist of a single strongly excited mode in the y velocity
concentrated near the interfaces. The wavelength is chosen to be equal to half the
domain size so that the single mode dominates the linear growth of instability. This
instability leads to shearing and small scale, self-similar vortex structures. We run this
test using solution polynomial degree N =4 on a mesh of 5122 elements with periodic
boundary conditions. We compare the density profiles of Trixi.jl and our MUSCL-
Hancock blending scheme in Figure 5.16. The presence of more vortex structures with
the MUSCL-Hancock scheme suggests that the scheme has lesser dissipation errors and
is capable of capturing small scale features.



110 ADMISSIBILITY PRESERVING SUBCELL LIMITER

) Trixi.jl ) LW-MH

) Trixi.jl zoomed around top left (d) LW-MH zoomed around top left

Figure 5.16. Kelvin-Helmholtz instability, density plots of numerical solution at ¢ =0.4 using
polynomial degree N =4 with Rusanov flux on a 5122 element mesh.

5.9.5. Astrophysical jet

In this test, a hypersonic jet is injected into a uniform medium with a Mach number
of 2000 relative to the sound speed in the medium. Following 86, 206], the domain is
taken to be [0, 1] x [—0.5,0.5], the ambient gas in the interior has state u, defined in
primitive variables as

(p,u,v,p)a=(0.5,0,0,0.4127)
and inflow state u; is defined in primitive variables as

(p,u,v,p);=(5,800,0,0.4127)
On the left boundary, we impose the boundary conditions

o[ it yE[-0.05,0.0]
" w;, otherwise

and outflow conditions on the right, top and bottom. The HLLC numerical flux was
used in the left most cells to distinguish between characteristics entering and exiting
the domain. To get better resolution of vortices, we used a smaller time step with
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Ccrr,=0.5 in (4.30) and included ghost elements in time step computation to handle
the cold start. The high velocity makes the kinetic energy much higher than internal
energy. Thus, it is very likely for numerical solvers to give negative pressures. At the
same time, a Kelvin-Helmholtz instability arises before the bow shock. Thus, it is a
good test both for admissibility preservation and capturing small scale structures.
The simulation gives negative pressures if used without the proposed admissibility
preservation techniques. While the large scale structures are captured similarly by both
the schemes as seen in Figure 5.17, the LWFR with MH blending scheme shows more
small scales near the front of the jet.

|

(a) Trixi.jl (b) LW-MH

Figure 5.17. Mach 2000 astrophysical jet, density plot of numerical solution in log scales on

400 x 400 mesh at time ¢ =0.001.

5.9.6. Sedov’s blast case with periodic boundary conditions

Similar to Sedov’s blast test in Section 5.7.1.3 this test from [151] on domain [—1.5,
1.5]? has energy concentrated at the origin. More precisely, for the initial condition,
we assume that the gas is at rest (u=v=0) with Gaussian distribution of density and
pressure

2 2

ka kA

o -1 =
e 7, P(%y):Po—i——ZWUQe 2B =g 42 (5.30)
p

p(CU, y):/)0+ 47_‘_0_3

where 0,=0.25 and 0,=0.15. The ambient density and ambient pressure are set to
po=1, po=1075. There are two differences in this Sedov’s test compared to the previous
one - the energy concentrated at the origin is lesser, and domain is assumed to be
periodic. When shocks collide at the periodic boundaries, the resulting interaction leads
to the formation of small scale structures. A reference solution on a 128 element mesh
with polynomial degree N =4 is shown in Figure 5.18. In Figure 5.19, we compare the
density profiles of the numerical solutions of polynomial degree N =4 on a mesh of
642 elements using Trixi.jl and the proposed MUSCL-Hancock blending scheme in
log scales. The solution on the coarse mesh generated by the proposed scheme is able
to resolve small scale structures better than the solution of Trixi.jl on the coarse
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mesh. This is most evidently seen by looking at the mushroom structures as some of
the mushroom structures in the MUSCL-Hancock scheme (Figure 5.19b) look very
similar to the reference solution (Figure 5.18b).

) t=20

Figure 5.18. Sedov’s blast test with periodic domain, density plot of numerical solution on 128 x 128
mesh in log scales with degree N =4 at (a) t =2 and (b) ¢t =20 with polynomial degree N =4

computed using Trixi. jl.

) Trixi.jl ) LW-MH

Figure 5.19. Sedov’s blast test with periodic domain, density plot of numerical solution on 64 x 64
mesh in log scales at ¢t =20 with degree N =4.

5.9.7. Detonation shock diffraction

This test [173] involves a planar detonation wave that interacts with a wedge-shaped
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corner and diffracts around it, resulting in a complicated wave pattern comprising
of transmitted and reflected shocks, as well as rarefaction waves. The computational
domain is Q=10,2]%\ ([0,0.5] x [0, 1]) and following [90], the simulation is performed
by taking the initial condition to be a pure right-moving shock with Mach number of
100 initially located at x =0.5 and travelling through a channel of resting gas. The
post shock states are computed by normal relations [4], so that the initial data is

(33 ) = 5.9970, if £<0.5 w(z,y) = 98.5914, if £<0.5
PREY) = 1, if 205" Y7 o, if 2>0.5

11666.5, if £<0.5
'U(.’I?,y) _07 p(xay)_{ 1, 1fIE>05

The left boundary is set as inflow and right boundary is set as outflow, all other
boundaries are solid walls. The numerical results at ¢ =0.01 with polynomial degree
N =4 on a Cartesian grid consisting of uniformly sized squares with Az =Ay=1/200
are shown in Figure 5.20. The results look similar to [90]; the strong shock makes this
a tough test for the admissibility preservation and negative pressure values are obtained
if the proposed admissibility correction is not applied.

(a) Density (b) Mach number

Figure 5.20. Shock diffraction test, numerical solution at time ¢ =0.01 with polynomial degree

N=4.

5.9.8. Forward facing step

Forward facing step is a classical test case from |73, 197| where a uniform supersonic
flow passes through a channel with a forward facing step generating several phenomena
like a strong bow shock, shock reflections and a Kelvin-Helmholtz instability. It is a
good test for demonstrating a shock capturing scheme’s capability of capturing small
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scale vortex structures while suppressing spurious oscillations arising from shocks. The
step is simulated by taking the domain to be Q= ([0, 3] x [0, 1]) \ (0.6, 3] x [0,0.2]) and
the initial conditions are taken to be

(p7u7v7p):(1'473707 1)

The initial conditions are taken to be constant over the whole domain €2. The left
boundary condition is taken as an inflow and the right one is an outflow, the rest are
solid walls. The corner (0.6,0.2) of the step is the center of a rarefaction fan and is
thus a singular point leading to formation of a spurious boundary layer. The modern
treatment of this issue is to use a more refined mesh near the corner point, which is
what we do in Chapter 8. For now, we obtain the same outcome by forming 1-D meshes
in [0, 1], [0, 3] with the same grid spacing Azp.x away from the singularity and the
smaller grid spacing Ammin:%Axmax in [0.15,0.25],[0.45,0.75]. Then, the 2-D mesh is
formed by taking a tensor product of the two 1-D meshes with cells from [0.6, 3] x [0,
0.2] removed. We show the density profile of numerical solutions in Figure (5.22a, b, c)
for solution polynomial degrees N =2, 3,4 with Az.=1/160. The scheme captures
both the shock and the small scale vortices, with better resolution of shear structures
from the triple shock point near the top wall as the overall resolution is increased. The
corner point singularity causes an artificial boundary layer and Mach stem to occur
but these numerical artifacts decrease as we increase mesh resolution by increasing the
polynomial degree. Figure 5.21 shows the time evolution of the percentage of cells in the
grid where the blending coefficient a > 0 and Figure 5.22d plots the blending coefficient
for degree N =4 solution at the final time; these figures show that the blending limiter
is activated in a small fraction of the cells and only in the vicinity of shocks.

N} w =~
s f L

% Elements with o > 0

—_
s

0.0 0.5 10 15 20 25 3.0
t
Figure 5.21. Forward facing step test case, percentage of elements where the blending coefficient

« is non-zero versus time t for approximate solution with polynomial degree N =4 on a mesh with
Az max=1/160.
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(d) Blending coefficient a for N =4

Figure 5.22. Forward facing step, density plots of numerical solution at time ¢ =3 with solution
polynomial degrees N =2,3,4 (a, b, ¢) and blending coefficient plot for degree N =4 (d). The meshes
are formed by taking grid spacing AZmax = AYmax away from the corner and smaller grid spacing
AZmin = AYmin = % Az max near the corner.
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5.10. SUMMARY AND CONCLUSIONS

An admissibility preserving subcell-based blending limiter for the high order Lax-
Wendroff Flux Reconstruction (LWFR) scheme has been constructed by extending the
LWFR scheme proposed in Chapter 4 using the blending limiter of [90]. The scheme
uses a smoothness indicator to blend two single-stage solvers on the FR grid, one based
on the high order LWFR method and the other based on a finite volume update on
the subcells. At the FR element interfaces, a blended numerical flux is constructed
using the Lax-Wendroff time averaged flux and lower order numerical flux. The same
blended numerical flux is used by both schemes at the element interfaces to maintain
conservation. The crucial observation used for obtaining admissibility preservation
was that admissibility preservation in means is a consequence of admissibility of the
lower order updates. A simple and efficient procedure to obtain admissibility preser-
vation in means was thus proposed, where lower-order updates are made admissible
by appropriately constructing the blending numerical flux within the face loop. This
approach eliminates the need for additional element or interface loops, minimizing
storage requirements. The user only needs to provide the admissibility constraints
{Py,k=1,..., K} of the conservative variables and whose positivity implies that the
solution is in the admissible set U,q, making the correction problem-independent. Once
admissibility preservation in means is obtained, we use the scaling limiter of [206] to
enforce admissibility of the polynomial values. To enhance accuracy, we modified the
blending scheme of [90] to use Gauss-Legendre solution points and used the second-
order MUSCL-Hancock scheme to compute the lower-order residual. We extended the
slope restriction criterion of [26] for admissibility of the MUSCL-Hancock scheme to
non-cell-centered grids that arise in the blending scheme to maintain the conservation
property. We also proposed a problem-independent procedure to enforce the slope
restriction. The scheme is robust and the higher resolution of MUSCL-Hancock is
more superior in capturing small scale structures, as was demonstrated by numerical
experiments on compressible Euler equations.



CHAPTER 6

GENERALIZED ADMISSIBILITY PRESERVATION AND
SOURCE TERMS

6.1. INTRODUCTION

In Chapter 5, we developed an admissibility preserving subcell based blending scheme
for LWFR by exploiting the subcell structure to appropriately construct the blended
numerical flur. The subcell based limiter was initially introduced to control oscillations
and then also used to obtain admissibility preservation. In this chapter, we will show
that the role of subcell based blending in admissibility preservation was primarily to
derive and motivate the construction of the blended numerical flux. That is, we now
propose a generalized procedure of limiting the time average flux to obtain provable
admissibility preservation. This procedure can be combined with any choice of lim-
iter to control oscillations and get a robust, admissibility preserving scheme. In this
chapter, we use it with the TVB limiter to verify admissibility preservation. The idea
of the generalized procedure is to perform a cell average decomposition like in [205]
for LWFR and perform flux limiting to enforce admissibility in means. The LWFR
scheme is extended to apply to conservation laws with source terms by performing time
averaging of source terms. The extension is made provably admissibility preserving
by limiting the time average source terms. To numerically validate our claims, we test
LWFR on the Ten Moment equations, which are derived by Levermore et al. [118] by
taking a Gaussian closure of the kinetic model.

The rest of the chapter is organized as follows. Section 6.2 describes the LWFR
scheme for conservation laws with source terms, and notions of admissibility preser-
vation. Section 6.3 describes the additional limiting required in LW scheme for admissi-
bility preservation, i.e., for the time averaged flux (Section 6.3.1) and time averaged
sources (Section 6.3.2). Section 6.4 shows the numerical results for the Ten Moment
equations model and a summary of the the chapter is given in Section 6.5.

6.2. LWFR FOR SOURCE TERMS

Consider a conservation law of the form

where u € R? is the vector of conserved quantities, f = f(u) is the corresponding flux,
s=38(u,t, ) is the source term, together with some initial and boundary conditions.
As in the case of s=0 (3.1), the solution that is physically correct is assumed to belong
to an admissibility set Uaqg (5.1).

117
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Following Chapter 4, the LWFR scheme for source terms is derived from a Taylor’s
expansion in time at t =t%,,, around t =1,

N+1 N
w't=ut Y o+ O(AEV )
m=1

Since the spatial error is expected to be of O(AzN*1), we retain terms up to O(AtN 1)
in the Taylor expansion, so that the overall formal accuracy is of order N + 1 in both
space and time. Using the conservation law with source terms, d,u=—0, f +s (6.1),
we re-write time derivatives of the solution in terms of spatial derivatives of the flux
and source terms

H'u=—07 " fla+0" s,  m=12,...

so that
N+1 N+1
At™ At™ -
utl = un— Z W( ! 1f)z+z — ! 13+O(AtN+2)
m:1aF — (6.2)
= = At (u") + At S(u” 1) + O(AtVH)
where
AN At At
— m — _— T a1 N
F = n;)(m“Ll)!at f=f+Zof ot oS (6.3)
N
At AL ANy
S = Z mat 3_3—{—76t8+...+m8t S (64)

3
I

Note that F'(u™), S(u",t") are approximations to the time average flux and source
term in the interval [t,, t, 1] since they can be written as

Flur) = < t"“{f(unn...+%a§ﬂun)]dt (6.5)
S(u" t") = Ait ttnﬂls(u",t")—i—...+%3{Vs(u",t”)]dt (6.6)

where the quantity inside the square brackets is the truncated Taylor expansion of the
flux f or source s in time. Following equation (6.2) we need to specify the construction
of the time averaged flux (6.3) and the time averaged source terms (6.4). The first step
of approximating (6.2) is the predictor step where a local degree N approximation F?°
of the time averaged flux is computed by the approximate Lax-Wendroff procedure
(Section 4.2.4). Then, as in the standard RKFR scheme, we perform the Flux Recon-
struction procedure on F° to construct a local degree N + 1 and globally continuous
flux approximation Fy,(€). The time average source S will also be approximated locally
as a degree N polynomial using the approximate Lax-Wendroff procedure and denoted
with a single notation S?(&) since it needs no correction. The scheme for local approxi-
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mation is discussed in Section 6.2.1. After computing Fj, S°, truncating equation (6.2),
the solution at the nodes is updated by a collocation scheme as follows

n+l_,n __ At dFj

e,p — Ue,p A_xed_f(fp)‘f‘At Sé(ﬁp)a OSPSN (6-7>

u

This is the single step Lax-Wendroff update scheme for any order of accuracy.

6.2.1. Approximate Lax-Wendroff procedure for degree N =2

The approximations of temporal derivatives of s are made in a similar fashion as those
of f in [208, 18| (Section 4.2.4). For example, to obtain second order accuracy, 0; s
can be approximated as

s(u™+ Atuy, x, t" ) — s(u" — Atup, z, t" )
2 At

O s(u,x,t) ~

where u; = —0, f + s(u, x,t). Denoting g* as an approximation for At*9f g, we
explain the local flux and source term approximation procedure for degree N =2

F:f+% f<1)+% 2, S—sii s<1>+é s@

2
where
At
o _ _
u Ar Df+Ats
0,50 = Lf(uru) - Fu-u®)], 2 s(uru®) - su-u)
u® — _ Bt 5 Ars®
Az,

f@ = f(u+u(1)+%u(2)>—2f(u)+f<u—u(1)+%u(2))
(2 — wylye@ wylye@
s9 = sl utu+su —2s(u)+slu—u t5u

The local approximation of the flux F' for all degrees and then its FR correction using

the time numerical flux F, 1 is as in Chapter 4.
2

6.2.2. Admissibility preservation

As in Chapter 5, the idea is to obtain admissibility preservation in means (Defini-
tion 5.2) and then use the scaling limiter of [205] (Appendix F)to obtain an admissibility
preserving LWFR scheme (Definition 5.1). The following conservation property of
the LWFR scheme will be crucial in obtaining admissibility preservation in means

w!t =ug -

At -
T (F, 1~ F,_1)+ALS, (6.8)
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where @” is the cell average of solution, S,:= Z;V:O wp S0 (&) 1is the cell average of
the source term. As in (4.5), the conservation property (6.8) is obtained by multi-
plying (6.7) by the quadrature weights associated with the solution points and sum
over all the points in the e™ element. In the subsequent sections, we discuss limiting
of time average sources and fluxes in order to obtain admissibility in means.

6.3. LIMITING TIME AVERAGES

6.3.1. Limiting time average flux

In this section, we describe the approach to obtain admissibility preservation in means
property (5.2) for the LWFR update (6.7) in the case where source term s in (6.1) is
zero. In Chapter 5, a subcell based blending limiter was used which helped in control-
ling spurious oscillations but also motivated construction of the blended numerical flux
that gave us admissibility preservation in means. The admissibility preserving scheme
used in Chapter 5 was a combination of the subcell based blending scheme and a flux
limiter. The approach we now describe generalizes Chapter 5 in the sense that we
can use the blended numerical flux to obtain admissibility preservation in means even
without using the subcell based blending limiter, allowing us to use a different limiter
for controlling oscillations. The procedure begins by following the work of Zhang and
Shu [205] to define fictitious finite volume updates

At
ont+l n_ e_FLW
Ye,0 Ue,0 wo Ax, [f% e*%]
ittt = ul At ¢ 1<p<N-1
Ue , = Uep— w, Az, [ p_,_,_ .f ] SP>IV— (6.9)
~n n At
Uejvl = ue,N_m[ ety fN ]

where f 1= f(ul, ul,41) is an admissibility preserving finite volume numerical

flux (Definition 3.1). The fictitious updates of (6.9) look similar to a lower scheme
on subcells (5.8) and can indeed be seen as finite volume updates on subcells. The
argument for admissibility preservation in means of the scheme will in fact be obtained
by viewing u”+1 for p=0, N as evolutions on subcells. However, u”+1 for p=1,...,
N — 1 are never explicitly computed. The relation of (6.9) to element means of the
scheme is the following

n+1 Z wp n+1 (610)

Thus, if we can ensure that ﬁ;‘;l € U,q for all p, the scheme will be admissibility pre-

serving in means (5.2). We do have 47" € U,q for 1 <p < N —1 under appropriate CFL
conditions because the finite volume fluxes are admissibility preserving (3.14). In order
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to ensure that the updates u%’l, ugjrvl are also admissible, the flux limiting procedure

of Chapter 5 is followed so that the high order numerical fluxes F LV\{ are replaced by
2
blended numerical fluzes F, 1. The procedure is explained here for completeness We

define an admissibility preservmg lower order flux at the interface e + =
fe+%: F(uli10,uen)

Note that, for an RKFR scheme using Gauss-Legendre-Lobatto (GLL) solution points,

n+1

the definition of w7 will use f et in place of FLV\{ and thus admissibility preserving

in means property w111 always be present. That is the argument of [205] and here we
demonstrate that the same argument can be applied to LWFR schemes by limiting
Fter We will explain the procedure for limiting F W 1L to obtain F, | 1; it will be similar

in the case of F, 1. Note that we want F,, 1 to be such that the followmg are admissible
2 2

- At
aptt = Ueh1,0 = o x (fit'=F,))
Wo ATe+1 2 2 (6 11)
At '
Apt1
u}’%ﬁ‘ = ug’N_—wNAxe (F;_i_%—f]f]_%)

We will exploit the admissibility preserving property of the finite volume fluxes to get

- low At
Ay = wl g ———— (i = f,1) €U
T W AZery 2 et3 (6.12)
~low At '
'U/]l\(; ,n+1 — UQN—M('f fN )Euad
e

Thus, to enforce admissibility preservation in means, the flux FL can be limited by

Algorithm 5.1 by using the initial guess F, 1 « FterV\{ and the ulow 4t defined
for i=0,N in (6.11, 6.12). ’ ’

6.3.2. Limiting time average sources

After the flux limiting performed in Section 6.3.1, we will have an admissibility pre-
serving in means scheme (5.2) if the source term average S, in (6.8) is zero. In order
to get an admissibility preserving scheme in the presence of source terms, we will make
a splitting of the cell average update (6.8), which is similar to that of [124]

ﬂ?+1=l<ﬂg——2At (F 1 — F 1))—*—%(“6 +2AtSLW)_ U +a§LW

2 Az, \ets e (6.13)

where S™W denotes the time average source term in element e computed with the
approximate Lax-Wendroff procedure in Section 6.2.1. With the flux limiting per-
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formed in Section 6.3.1, we can ensure that cell average 4l € U,q if half the standard
CFL is assumed®!. In order to enforce uS € Uynq, SPV will be limited as follows. We
will use the admissibility of the first order update using the source term

N
alow ntl, —a" 4+ 2 At 8, € Un, S.= Z Wy $(Ue, p, Te p, 1") (6.14)
p=0

which will be true under some problem dependent time step restrictions (e.g., Theorem
3.3.1 of [125]). Then, we will find a 6 € [0,1] so that for § =8%:=0s+ (1 —0) SV,
we will have @S € Uy,q. The 6 can be found by iterating over admissibility constraints
Py, (5.1). For the constraint P, we can solve an optimization problem as in (5.23) to
find the largest 0 satisfying

Pua?+2At 8% =P(0as" +(1—0)ao"" ) >¢ (6.15)

low,n+1
e

where € is a tolerance, taken to be %Opk(ﬂ ) [151] . We solve (6.15) using a general
iterative solver that is independent of choice of P, (Appendix F). If P is a concave
function of the conserved variables, as in (5.24), we can use the simpler but possibly

sub-optimal approach of defining
; 1> (6.16)

Thus, a procedure analogous to Algorithm 5.1 is used for limiting source terms, which
we write here for completeness.

€ — Pk(ﬁéow,nJrl)

Pk( W) . Pk<alow,n+1)

e

0 =min| min
p=0,N

Algorithm 6.1

Source limiter

S, — StW > Initial guess
for k=1: K do
€0 — P ( — low, n+1)

Fmd0 by solving (6.15) or by using (6.16) if Py is concave
S, <—9§e +(1-6)S.
ul—ul+2AtS.

end for

After replacing S™ by S obtained from Algorithm 6.1 in (6.13), we will have
w® € U,q and since F has been corrected to ensure wf € U,q4 following Section 6.3.1, we
will also have u" ! € U,q. Thus, we have an admissibility preserving in means LWFR
scheme (5.2) even in the presence of source terms. Then, the scaling limiter of [205]
(Appendix F) will be used to obtain an admissibility preserving scheme.

6.1. In the experiments we conducted, the CFL restriction used in Chapter 5 preserved admissibility.
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6.4. NUMERICAL RESULTS

The numerical tests for admissibility preservation with 2-D Euler’s equations in
Chapter 5 were repeated with the generalized admissbility enforcing procedure of Sec-
tion 6.3.1 and it was seen that admissibility of numerical solution was preserved in all
test cases. For further numerical verification of admissibility preserving flux limiter (Sec-
tion 6.3.1) and for validation of admissibility of LWFR with source terms (Section 6.3.2),
we test our scheme with the Ten Moment equations [118] which we describe here.
Here, the energy tensor is defined by the ideal equation of state E = % p+ % pPUR
v where p is the density, v is the velocity vector, p is the symmetric pressure tensor.
Thus, we can define the 2-D conservation law with source terms

Oy + Oy, f1 4 On, fo=58""(u) + s™(u)

where u=(p, pv, E)=(p, pv1, pva, E11, E12, E22) and

p U1 p U2
P11+ poi P12+ pUI V2
P12+ pU1 V2 P22+ pU3
Fi= (Evi+pi) v , = E11v2+ pravy (6.17)
1 1
Eipv +§ (p11v2+ p12v1) E12112+§ (p12V2 + P22 v1)
i Eav1 + prave | i (Eaa+ pa2) va

The source terms are given by

0 0
—%p@mW 1 ’
1= T2 = 6.18
s _%pvlaxw , s 1 0 (6.18)
1 ——pv1 Oy W
——pve O, W 4
4 1
0 —EpvzayW

where W(x, y,t) is a given function, which models electron quiver energy in the
laser [27]. These equations are relevant in many applications, especially related to
plasma flows in cases where the local thermodynamic equilibrium used to close the
Euler equations of compressible flows is not valid, and anisotropic nature of the pres-
sure needs to be accounted for. More details about the significance of these models
can be found in |25, 27| and further references in [124]. The admissibility set is given by

Ug={ueRp(u)>0, z'pu)x>0, xcR*\{0}}

which contains the states w with positive density and positive definite pressure tensor.
The positive definiteness of p is equivalent to that Tr(p) = p11 + p22 >0 and det p=
p11p22 — P12 > 0. Following the notation of (5.1), the K =3 admissibility constraints P,
Py, P are density, Trace(p), and det(p). However, although density and trace functions
are concave functions of the conserved variables, det (p) is not so.
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The hyperbolicity of the system without source terms, along with its eigenvalues
are presented in Lemma 2.0.2 of [125]. The conditions for admissibiltiy preservation
of the forward Euler method for the source terms, which are the basis for the source
term limiting described in Section 6.3.2, are Lemma 5.1 of [124]. For completeness,
they are stated here.

LEMMA 6.1. (Lemma 2.0.2 of [125]).

The system (6.17) without source terms is hyperbolic for uw € Unq and admits the eigen-
values

v-n, v-n+ M’ v-n+ M
P P

along the unitary vector n (The definition of eigenvalues along a direction nv is in the
sense of Definition 2.1) where p,v,p denote the density, velocity and pressure tensor
of (6.17) respectively. The eigenvalue v-n has a multiplicity of two while the rest have

(p-mn)-n
p

a multiplicity of one. The eigenvalues v-n,v-n+ are associated to linearly

degenerate fields (2.5). The eigenvalues v-n =+ 4 /w are associated to a genuinely
nonlinear field (2.4).

THEOREM 6.2. (Lemma 5.1 of [124]).
Define source term updates in the the two coordinate directions as

ug,p7n+ =ulp+2At Sf,lp? Sg,lp = Sml(ug,pv Te,py ")
s2n4+1_ 0n T2 o GTafn,M n
ueyp _ueﬁp+2AtSe,p7 se,p_s (ue,wwe,wt)

for s%1, 5% defined in (6.18). Then, for s, ,= s\, + 8.3, the source term update in 2-
D can be written as

sl n+1 + us”,n—i—l

sn+1l__ n n _1
u —ue,p+Atse7p——(ue7p o p )

67p 2

(6.19)

Assume u' p € Upa. Then, we will have u:’mpl’"ﬂ € Uaq if the the following time step
conditions are satisfied

l (PT1)e.p l (p?l)e,p(pSQ)e,p_((p?Q)e,p)2
M= \/<pn>e,p (CAUD \/<pn>e,p (Pho)e.p (0 W) p)?

Simalarly, u:,r;’”*'l € Uaq if the following time step conditions are satisfied.

1 (P32)e,p L[ (PT)e,p (Ph2)e,p — ((PT2)e,p)?
At <— L 7 At <= R AP2Z/e, 2Je,
2 \/(p”)e,p((ayWy Je.p)? 2\ (p")e,p (P11)e,p ((Oy Wy')e,p)?
By (6.19), these time step restrictions will imply u:;;H EUygq.

All distinct numerical experiments from [125, 124, 126] were performed and observed
to validate the accuracy and robustness of the proposed scheme, but only some are shown
here. The experiments were performed both with the TVB limiter used in Chapter 4
and the subcell-based blending scheme developed in Chapter 5. As seen in Chapter 5,
the subcell based limiter preserves small scale structures well compared to the TVB
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limiter. The use of TVB limiter is only made in this chapter to numerically val-
idate that the flux limiting procedure of Section 6.3.1 preserves admissibility. The
results shown are produced with TVB limiter unless specified otherwise.

The developments made in this chapter have been contributed to the package
Tenkai.jl [17| developed in Chapter 5 and the setup files used for generating the
results in this chapter are available in [§].

6.4.1. Convergence test

This is a smooth convergence test from [30]| and requires no limiter. The domain is
taken to be 2=[—0.5,0.5] and the potential for source terms (6.18) is W =sin (27 (z —
t)). With periodic boundary conditions, the exact solution is given by

plz,t)=2+sin (27w (x —1)), wvi(x,t)=1, vz, t)=0
p11—1.5+é[COS(47T(I—t))—SSin(Zﬂ'(I—t))], pr2(z,t) =0, pao(z,t)=1

The solutions are computed at t =0.5 and the convergence results for variable p and
p11 are shown in Figure 6.1 where optimal convergence rates are seen.

1 =2 ]
0 <& <&
& o
10_4 10—4_
10—6_
5 1070 5
=] =]
(] (]
U U
1078_
10781 —o— N
—o— N
— N
0| 57 om) 107104 om=?)
107109 _o om-%) -e- O(M™%) N
-%= O(M~3) po —#*= O(M~3) Ne
80 160 320 640 1280 80 160 320 640 1280
Degrees of freedom Degrees of freedom

(a) (b)

Figure 6.1. Error convergence analysis of a smooth test with source terms for (a) p, (b) p11 variable

6.4.2. Riemann problems

Here, we test the scheme on Riemann problems in the absence of source terms with
the TVB limiter. The domain is 2=[—0.5,0.5]. The first problem is Sod’s test

(p,v1,v y={ (1,0,0,2,0.05,06), 2 <0
p,v1, V2, P11, P12, P22) = (0.125,0,0,0.2,0.1,0.2), >0

The second is a problem from [125] with two rarefaction waves containing both low-
density and low-pressure, leading to a near vacuum solution

(1,-5,0,2,0,2), z <0

(“m”%ﬁhM%MQ:{(L&QzOJL 2>0
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The scheme is able to maintain admissibility in the near vacuum test and the results
for both Riemann problems are shown in Figure 6.2 where convergence is seen under
grid refinement.

1.0 —— Exact 1.0 —— Reference
...... NC =100 k
-=- NC=500 === NC=500
0.8 0.8
2 206
% 0.6 @
<] =
jo} D
A Ro04
0.4
3 0.2
0.2 -
- 0.0
-0.4 -0.2 0.0 0.2 0.4 -0.4 -0.2 0.0 0.2 0.4
X X

(a) (b)

Figure 6.2. Density plots of numerical solutions with polynomial degree N =2 for (a) Sod’s
problem, (b) Two rarefaction (near vacuum) problem

6.4.3. Shu-Osher test

This is a modified version of the standard Shu-Osher test (Section 4.8.4), taken
from [126]. The solution is initialized in domain [—5,5] in terms of primitive variables as

(p, v1, 2, P11, D12, D22)
_J (3.857143,2.699369, 0, 10.33333, 0, 10.33333), if <-4
B (14+0.2sin(5x),0,0,1,0,1), if x>—4

The simulation is performed with polynomial degree N =4 using 200 elements and
run till time ¢ =1.8 and the results with both blending and TVB limiter are shown in
Figure 6.3 where, as expected, the blending limiter is giving a much better resolution
of the shock and high-frequency wave.

—— Reference 2713 —— Reference
aol A Y M9 NV Blend | |1 }?_i;:d
-=-= TVB 261
3.51
>
Z.o 2.5
g 3.0 <
Q
A
2. 4
5 2.4+
2.01
2.3
1.5
—4 -2 0 2 4 24 0 0 2 4
X X

Figure 6.3. Numerical solution for Shu-Osher problem with polynomial degree N =4 using TVB
and blending limiter and we show (a) Density, (b) v profiles. The density plot has an inset plot near
the shock which compares the number of cells smeared across the shock by blending and TVB limiter.
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6.4.4. Two rarefactions with source terms
The Riemann problem is given by

( V1,V )— <17_470797779), x <0
P, V1, V2, P11, P12, P22) = (1,4,0,9,7,9), >0

with source terms as in (6.18) with W (z,y,t) =25 exp(—200 (z — 2)?). We show the
numerical solutions with degree N =4 and 500 elements at t=0.1 in Figure 6.4 with
and without the source terms using the blending limiter. The solution with source
terms has a near vacuum state at the centre. Thus, this is a test where low density
is caused by the presence of source terms verifying that our scheme is able to capture
admissibility even in the presence of source terms. The positivity limiter had to be
used to maintain admissibility of the solution.

101

—— Homogeneous
1.0 —— Non-Homog.
8_
0.8
2z ®1
3 0.6 N
g o
A 44
0.4
0.2 21
—— Homogeneous
00— Non-Homog. 0
00 05 10 15 20 25 3.0 35 4.0 00 05 10 15 20 25 3.0 35 4.0

(a)x (b)x

Figure 6.4. Two rarefactions with source terms using polynomial degree N =4 on a mesh of 500
element at time ¢t =0.1, where we show (a) Density Profile, (b) Pio

6.4.5. Two dimensional near vacuum test

This is a near vacuum test taken from [125] which is simulated using the TVB lim-
iter, and is thus another verification of the admissibility preserving framework of
Section 6.3.1. The domain is Q = [—1, 1] with outflow boundary conditions. The
initial conditions are

p=1, pu=pe=1, p=0, vi=8f(r)costd, vs=8 fi(r)sind
where r=+/2%+ y?,  =arctan (y/z) € [—7, 7| and s =0.06 Az for mesh size Az=Ay

of the uniform mesh. The f;(r) smoothens the velocity profile near the origin as 6 is
not defined there

F(r) = —2(%)34—3(2)2, ifr<s
° 1, otherwise
The numerical solution computed using polynomial degree N =2 and 100 elements is
shown at the time £ =0.02. The results are shown in Figure 6.5 and are similar to those
seen in the literature. Since this is a near vacuum problem, the numerical method is
not able to maintain admissibility of solution without the positivity limiter.
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-1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00

(a) (b)

Figure 6.5. 2-D near vacuum test. Density plot of numerical solution with degree N =2 on a 1002
element mesh (a) Pseudocolor plot (b) Solution cut along the line y=0.

6.4.6. Uniform plasma state with Gaussian source
The initial condition is a uniform plasma state characterized by
PZO-L v =02 =0, P11=Dp22=9, p12=7

in the domain Q = [0, 4]*> with outflow boundary conditions and source terms with

potential

W(x,y,t)=25exp (=200 ((z —2)*+ (y — 2)?))

Since W depends on both x and y variable, the uniform state will be affected an-
isotropically. The simulation is run till ¢=0.1 and the density profile is shown in
Figure 6.6 with degree N =2 on a 200 x 200 mesh using the blending limiter. In
Figure 6.6, we show the line plot across the diagonal.

0.093 0.094 0.096 0.098 0.1 0.101
0.100 ‘M W

0.098 1

Density

0.096 1

0.094 1

0.5 1.0 15 20 25 30 35

(a) (b)

Figure 6.6. Uniform plasma state with Gaussian source (a) Density pseudocolour plot (b) Line
plot across = + y=4.
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6.4.7. Realistic simulation with inverse bremsstrahlung

Consider the domain = [0, 100]? with outflow boundary conditions. The uniform
initial condition is taken to be

p=0.109885, v1=v2=0, pu=po=1, pp2=0

with the electron quiver energy Wz, y,t) =exp (—0.01 ((x — 50)* + (y — 50)?)). The
source term is taken from [27], and only has the x component, i.e., s¥(u) =0, even
though W continues to depend on x and y. An additional source corresponding to
energy components sg=(0,0,0,vrpW,0,0) is also added where vt is an absorption
coefficient. Thus, the source terms are s = s, + sg. The simulation is run till t=0.5
on a grid of 100 cells. The blending limiter from Chapter 5 was used in this test as it
captured the smooth extrema better. The density plot with a cut at y =4 is shown in
Figure 6.7.

0.1097 0.109750.10980.109850.1099 0.1100

0.10995 1
0.10990 1

0.10985

Density

0.10980 +

0.10975 1

0.10970 4 —— vr=0, ref.
vr=1, ref.

0.10965

20 30 40 50 60 70 80

(b)

Figure 6.7. Realistic simulation. Density profile computed with degree N =2 on 1002 element

mesh. (a) Pseudocolor color plot (b) Cut at y =4 comparing different absorption coefficients vp.

6.5. SUMMARY AND CONCLUSIONS

A generalized framework was developed for the LWFR scheme. The framework can
be seen as an extension of [205] to LWFR. It is a generalization of Chapter 5 as it
can be used in combination with any limiter for controlling spurious oscillations. As a
demonstration of this, results with TVB limiter that is made admissibility preserving
were presented, though the best accuracy is obtained with blending limiter. The LWFR
scheme was extended to be applicable to problems with source terms while maintaining
high order accuracy. Provable admissibility preservation in the presence of source terms
was also obtained by limiting the time average sources. The claims were numerically
verified on the Ten Moment problem where the scheme showed high order accuracy
and robustness.






CHAPTER 7
MULTI-DERIVATIVE RUNGE-KUTTA

7.1. INTRODUCTION

Lax-Wendroff schemes discussed in earlier chapters perform a Taylor’s expansion in
time to the order of the desired accuracy and compute the temporal derivatives locally.
Multiderivative Runge-Kutta (MDRK) schemes also make use of temporal derivatives
but they combine them with multiple stages to obtain the desired order of accuracy.
As MDRK schemes use both temporal derivatives and multiple stages, they are a
generalization of LW and standard multistage RK methods [159]. MDRK methods
typically require fewer temporal derivatives in contrast to the Lax-Wendroff schemes
and fewer stages in contrast to the standard RK methods, which is what makes them
promising. In this chapter, we propose a multiderivative Runge-Kutta scheme in a Flux
Reconstruction framework to solve hyperbolic conservation laws (3.1). The idea is to
cast the fourth order multi-derivative Runge-Kutta scheme of [119] in the form of

At

u"tl = ur—Ato, F*
where
1 tn+1/2 1 tn+1
mF: IF n ~__ - d , » *: - * ’]’L’ * ~ -
0 O, F(u™) At/28[n fdt O, F*=0, F*(u",u") At8 i fdt

The method is two-stage; in the first stage, F' is locally approximated and then Flux
Reconstruction (FR) (4.8) is used to construct a globally continuous approximation
of F which is used to perform evolution to u*(7.1); and the same procedure is then
performed using F* for evolution to u"™!. The developments of Chapters 4, 5 are
applied to each stage of MDRK. In particular, the numerical flux has been constructed
with D2 dissipation (4.11) and EA scheme (Section 4.3.2) to enhance accuracy and
stability. Admissibility preserving blending limiter performing MUSCL-Hancock on
subcells is also developed showing good accuracy like in Chapter 5. The scheme is
validated with a modern test suite for high order methods [132].

The rest of the chapter is organized as follows. The MDRK scheme in FR framework
is introduced in Section 7.2. In particular, Section 7.2.3 discusses the approximate Lax-
Wendroff procedure applied to MDRK, Sections 7.2.4 discuss the D2 dissipation for
computing the dissipative part of the numerical flux to enhance Fourier CFL stability
limit and Section 7.2.6 discusses the EA scheme for computing the central part of
numerical flux to enhance stability. The Fourier stability analysis is performed in
Section 7.3 to demonstrate the improved stability of D2 dissipation. In Section 7.4,
we show how the admissibility preserving blending limiter of Chapter 5 applies to the
MDRK scheme. The numerical results validating the order of accuracy and capability
of the blending scheme are shown in Section 7.5 and a summary of the new MDRK
scheme is presented in Section 7.6.

131
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7.2. MULTI-DERIVATIVE RUNGE-KUTTA FR SCHEME

Multiderivative Runge-Kutta [130] methods were initially developed to solve systems
of ODE like

—— _T 2
W L) (72)
that use temporal derivatives of L. They were first used for temporal discretization of

hyperbolic conservation laws in [159] by using Weighted Essentially Non-Oscillatary
(WENO) [163] and Discontinuous Galerkin [49] methods for spatial discretization.

In this work, we use the two stage fourth order multiderivative Runge-Kutta method
from [119]. For the system of ODE (7.2), the MDRK scheme of [119] to evolve from
t" to t" 1 is given by

.1 . At2dL,
At? (dL dL
n+l1 __ n n n *
u = u"+AtL(u )—l——6 <dt (u™) +2 F (u)>

In order to solve the 1-D conservation law (3.1) using the above scheme, we formally
set L =—f(u), to get the following two stage procedure

ut = u”—%@xF (7.3)
u"tt = u"— At F* (7.4)
where
1 0
F o= f(u")+ 7 At f(u”)
4 0t
= f(u)+g mf(u)‘ir mf(u)
The formal order of accuracy of the scheme (Appendix I) is obtained from
1 e A
0, F :E(?m . f+O(AtY)

The idea is to use (7.2 7.3) to obtain solution update at the nodes written as a collo-
cation scheme

At dF}

u:,p - u?,p_ (gp)
2Ax, d€
. At AF} , 0<p<N (7.6)
Uep = Uep— Az, dé (&)

where we take N =3 to get fourth order accuracy in both space and time. As was
the case for Chapter 4, the major work is in the construction of the time average flux
approximations Fj, Fy' which is explained in subsequent sections.
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7.2.1. Conservation property

The computation of correct weak solutions for non-linear conservation laws in the
presence of discontinuous solutions requires the use of conservative numerical schemes.
In order to see the conservation property of (7.6), multiply each equation by the
quadrature weights associated with the solution points and sum over all the points in
the e'" element,

N
* _
§ WpUe,p —
n+1l
E Wy, =

The correction functions are of degree N + 1 and thus the fluxes Fj, F}; are polynomials
of degree <N + 1. If the quadrature is exact for polynomials of degree at least NV,
which is true for both GLL and GL points, then the quadrature is exact for the flux
derivative term and we can write it as an integral, which leads to

At
/u;;dx = /uﬁdx—T[F’eJr;—Fe;]
Qe Qe

/ uptlde = / up dr — At [Fe*Jrl —F ]
Qe Qe ’ i

This shows that the total mass inside the cell changes only due to the boundary fluxes
and the scheme is hence conservative. The conservation property is crucial in the proof
of admissibility preservation studied in Section 5.5.

al At <~ OF

Z e,p 2A$’ Z p agh(gp)

Py (7.7)
2

e, At Z p(?@i;(gp)
p=0

(7.8)

7.2.2. Reconstruction of the time average flux

To complete the description of the MDRK method (7.6), we must explain the method
for the computation of the time average fluxes Fj,, Fj* when evolving from t" to ¢"*1.
In the first stage (7.2), we compute Fj, which is then used to evolve to u*. In the
second stage (7.3), u", u* are used to compute F} which is used for evolution to
u" 1. The procedure for both Fj,, Fi is the same, and is in fact the same as Steps 1-
4 in Section 4.2.2. The procedure is not fully described but for readability, we briefly
mention that the steps are the following.

1. Approximate Lax-Wendroff procedure (Section 4.2.4) to approximate time
average fluxes Fy,, Fy at all solution points.

2. Use Lagrange interpolation to construct discontinuous time average flux approx-
imations F}, Fj*® (4.7).

3. Use FR correction functions g, gr (3.18) to construct to continuous time average
fluxes Fj,, Fyf (4.8).

4. Plug continuous fluxes Fj, F; into (7.6) to get an LWFR scheme using matrix
vector operations (4.9).
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7.2.3. Approximate Lax-Wendroff procedure

The time average fluxes F,, F; must be computed using (7.5), which involves temporal
derivatives of the flux. The approximate Lax-Wendroff is used due to its advantages
discussed in Section 4.2.4. To present this idea in a concise and efficient form, we recall
the notation

’U,(l):At &gu, f(l):At 3tf
The time derivatives of the solution are computed using the PDE
uV=—Ato, f

The approximate Lax-Wendroff procedure is applied in each element and so for sim-
plicity of notation, we do not show the element index in the following. The vector f
below contains the flux values at solution points.

First stage.

gnt1/2
Fie f(u) %At%f(un)xﬁ/ Flw)dt (7.9)

tn

To obtain fourth order accuracy, the approximation for % f(u™) needs to be third
order accurate (Appendix I) which we obtain as

ft(gat>

Rt +200) 48 Flu(€,t+ Al) — 8 F(u(€,t — AD) + Ful€,t —2 A1)
12 At

o —fu+2Atu)+8 flu+ Atu) —8 fu — Atu) + fu—2 At )

~ 12 At

(&,0)

Thus, the time averaged flux is computed as

1
—fy (D)
F f+4f
where

At
Az,

fO = %[—f(quQ uM) +8 f(u+u®) =8 fF(u—u®) + f(u—2uW)]

Second stage.
The time averaged flux is computed as

Df

Ffg (04220

where
At
*(1) — Df*
u Az,
1) = %[—f(u*—i—Z u* M) 8 Fu*+urM) — 8 F(u*—u*M) + F(u*—2u*D)]

Remark 7.1. The f,f(Y computed in the first stage are reused in the second.
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7.2.4. Numerical flux

The numerical flux couples the solution between two neighbouring cells in a discontin-
uous Galerkin type method. In RK methods, the numerical flux is a function of the
trace values of the solution at the faces. In the MDRK scheme, we have constructed
time average fluxes at all the solution points inside the element and we want to use this
information to compute the time averaged numerical flux at the element faces. The
simplest numerical flux is based on Lax-Friedrich type approximation and is similar to
the one used for LW [137] and is termed D1 dissipation as in Section 4.3

Fe—i—é_? [FeJr% + FeJr%] - ? /\e-l-% [uh(me+%’ t”) - uh(‘reJr%’ tn)] (710>
* *— *+1_ - + . -
Fe-i—%_g [.F;+%+Fe+%] 2/\eJr% [Uh($e+%,tn) uh(l‘e-ﬁ%’t")]

which consists of a central flux and a dissipative part. As in Chapter 4, the numerical
flux of the form (7.10) leads to somewhat reduced CFL numbers which is experi-
mentally verified and discussed in Section 7.3. The flux (7.10) also lacks the upwind
property even for linear advection equation. An alternate form of the numerical flux
is obtained by evaluating the dissipation term using the time average solution, leading
to the formula similar to D2 dissipation of Section 4.3

1 L1 P
'Fe-i-;_? [FveJr% + FeJr%] 9 )\e-i-% [Ue-&-% Ue-&-%] (711>
* . *— *x—+ *x—+ *—
'Fe-i-%_g [FveJr% + FeJr%] o § )\e-i-% [Ue-&-% o Ue-&-%]
where
U=uttu®
(7.12)

Ur=u+tz (UM 42 u*W)

are the time average solutions. Following Chapter 4, we will refer to the above two
forms of dissipation as D1 and D2, respectively. The dissipation model D2 is not
computationally expensive compared to the D1 model since all the quantities required
to compute the time average solutions U, U* are available during the Lax-Wendroff
procedure. It remains to explain how to compute F:% , Fe*f% appearing in the cen-
tral part of the numerical flux. There were two ways introduced for Lax-Wendroff in
Chapter 4 to compute the central flux, termed AE and EA. We explain how the two

apply to MDRK in the next two subsections.

7.2.5. Numerical flux — average and extrapolate to face (AE)

In each element, the time average fluxes F}?, Fy* corresponding to each stage have been

constructed using the Lax-Wendroff procedure. The simplest approximation that can

be used for Fil, F;*fl in the central part of the numerical flux is to extrapolate the
2 2

fluxes F, F;°to the faces

F* | F% =F(zF ), Fgé(:c;

1
e—i—i

1)

2
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As in Chapter 4, we will refer to this approach with the abbreviation AE. However,
as shown in the numerical results, this approximation can lead to sub-optimal conver-
gence rates for some non-linear problems. Hence we propose another method for the
computation of the inter-cell flux which overcomes this problem as explained next.

7.2.6. Numerical flux — extrapolate to face and average (EA)

Instead of extrapolating the time average flux from the solution points to the faces,
we can instead build the time average flux at the faces directly using the approximate
Lax-Wendroff procedure that is used at the solution points. The flux at the faces is
constructed after the solution is evolved at all the solution points. In the following
equations, a denotes either the left face (L) or the right face (R) of a cell. For a € {L,
R}, we compute the time average flux at the faces of the e element by the following
steps, where we suppress the element index since all the operations are performed inside
one element.

Stage 1.
wi = VI(utu®)
= D P 48 Fud) — 8 flug) + Fug?)
F, = flu)+p S

Stage 2.

u*i — VI(U*:EU*(I))

«

w*? = V] (u*+2u*M)

2 = - ) 8 F ) =8 F(u) + f ()
Fi = flua)+5(F0+2£0)

Remark 7.2. The f(u,), fo(}) computed in the first stage are reused in the second
stage.

We see that the solution is first extrapolated to the cell faces and the same finite
difference formulae for the time derivatives of the flux which are used at the solution
points, are also used at the faces. The numerical flux is computed using the time
average flux built as above at the faces; the central parts of the fluxes Fi i Fe*f% in

equations (7.10), (7.11) are computed as

F_ 1= (FR)ev Fe—:-l = (FL)6+1
D) 2
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We will refer to this method with the abbreviation EA.

7.3. FOURIER STABILITY ANALYSIS

We now perform Fourier stability analysis of the MDRK scheme applied to the linear
advection equation, u; + a u, =0, where a is the constant advection speed. We will
assume that the advection speed a is positive and denote the CFL number by

JiaAt
Az

We will perform the stability analysis for the MDRK scheme with D2 dissipation
flux (7.11) and thus will like to write the two stage scheme as

Ug+1:—02 A_sU,_o—0 A_lug,1+(1 — CTA()) ul—o A+1U£L+1—U2 A+2U£L+2 (713)

where the matrices A_o, A_1,Ag,A;1,A 5 depend on the choice of the dissipation model
in the numerical flux. We will perform the final evolution by studying both the stages.

7.3.1. Stage 1
We will try to write the first stage as

ui=—c A ur_+(1 — o Ay ur—o Aur, (7.14)
Since f;=awuy, the time average flux for the first stage at all solution points is given by
Fe=aU, where U~=TWu, and T®=I-ZD
The extrapolations to the cell boundaries are given by

Fi(at )=VIF.,  Fi(a'.)=VAF.

1 1
2 2
The D2 dissipation numerical flux is given by

F,,1=VAF.=a VETOu,
2

and the flux differences at the face as

F 1+ —F(z" )=aViu,_1—aVETWOu,, F 1—F(z,1)=0
2 €~3 2

¢ 2 2 )
so that the flux derivative at the solution points is given by

9:F, = br(aVETOu,_1—aVITOu,) +a DTWy,
— ab VETOu, 1+a (DTO—b, VITO) U,

Since the evolution to u* is given by

At /2

u*=u"—
Az,

Oc F, (7.15)
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the matrices in (7.14) are given by

AG=S b VAT, A= (DTO-bVITO), Al (7.16)

1
2
The upwind character of the D2 dissipation flux leads to AS:%:O and the right cell does
not appear in the update equation.

7.3.2. Stage 2

After stage 1, we have u*,u”™ and both are used to obtain u™*!. In this case,

where

1 1
T@—|_245D T —_25D
67" 37

The numerical fluxes are given by

F@_,_% = §[V£F6+V% e+1]_§a(v%j 6+1_V£U6)

1 1
= SalVAUVIUL ] e (VIUz— V)

= aVEU;

F:il = CLV}E 271

2

and the face extrapolations are

Fi¥(x~ ) = VEF: = aVEU;
F(xt ) = VIF: = aVIU;

Thus, the flux difference at the faces is

Fe*+§_Fia(x;+) =0

1
2 7.17
Fr o= F(azl 1) = a(VEU;1—VTU) (7.17)
2 2
the flux derivative at the solution points is given by
O:Fr = aDUi+abr(VEU: ,—VIU;) (7.18)

= abyVEU;_1+a (D-b Vi) U}
We now expand U} in terms of u} as follows

U2=T@ur+TE"ux

where

1 1
T@=I-=¢D TeH=—Z—4sD
67 37
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Thus, by
At
Az,

urtl=un— O¢ F3,

and also expanding u* from (7.15), the matrices in (7.13) are given by

A, = —b VET@HAW

AL, = b VETO4TEI(1 -6 A)) =0 (D—b VI) TEHAY)
—(D=b VE) (TO4TEH(1—g AlM))

A=A = 0

z
I

where AV are defined in (7.16). The upwind character of D2 flux is the reason why
we have A 1=A5=0.

Stability analysis. We assume a solution of the form ul=uy exp(i kx.) where i =
v/ —1, k is the wave number which is an integer and Uj, € RV*! are the Fourier ampli-
tudes; substituting this ansatz in the update equation (7.13), we get

uptt=H(o, k) Gy
where
H=—02A sexp(—2ik) — o A_jexp(—ik)+1—0 Ag—0c A 1exp(i k) — 02 A sexp(2i k)

and k =k Az is the non-dimensional wave number. The explicit expression of H is
then used to numerically compute the CFL number as in Section 4.4. The results
of this numerical investigation of stability are shown in Table 7.1 for two correction
functions with polynomial degree N =3. The comparison is made with CFL numbers
of MDRK-D1 (7.10) which are experimentally obtained from the linear advection test
case (Section 7.5.1.1), i.e., using time step size that is slightly larger than these numbers
causes the solution to blow up.

D1
Correction Experimentally D2 % %XY-_D; %
obtained
Radau ~0.09 0.107{1.19| 0.103 1.04
go ~0.16 0224 14 0.170 1.31

Table 7.1. CFL numbers for MDRK scheme with Radau and g5 correction functions.

We see that dissipation model D2 has a higher CFL number compared to dissipation
model D1. The CFL numbers for the g5 correction function are also significantly higher
than those for the Radau correction function. The MDRK scheme also has higher CFL
numbers than the single stage LW method for degree N =3, which is especially true
with the g, correction function. The optimality of these CFL numbers has been verified
by experiment on the linear advection test case (Section 7.5.1.1), i.e., the solution
eventually blows up if the time step is slightly higher than what is allowed by the CFL
condition.
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7.4. BLENDING SCHEME

The MDRK scheme (7.6) gives a high (fourth) order method for smooth problems, but
most practical problems involving hyperbolic conservation laws consist of non-smooth
solutions like shocks. Thus, we develop the blending scheme used for LWFR from
Section 5.3.1 for the MDRK scheme. The idea is to apply the limiter at each MDRK
stage.

Let us write the MDRK update equation (7.6)

At /2 At
H . * n H H.n+1 n *, H
u,=ul— R u, " =ul— R 7.19
€ Az, ¢ € ° Az, ¢ ( )
where U, is the vector of nodal values in the element. We use the lower order schemes as
At /2 At
L% n L L.n+1 n *, L
u*=ul— R u, "t =ul— R 7.20
€ ¢ Az, ¢ € ° Az, € ( )

Then the two-stage blended scheme is given by

u = (1—a) uf’*+aeuf’*:u;‘—it—/2 (1 - a0) RF+a, RY]
e A (7.21)
Wt = (- agul " aulm —ur 2 (00 RY R

where a, € [0, 1] must be chosen based on the local smoothness indicator of Section 5.3.2.
As in Section 5.3.1, if a, =0 then we obtain the high order MDRK scheme, while
if a, =1 then the scheme becomes the low order scheme that is less oscillatory. The
lower order scheme will either be a first order finite volume scheme (Section 5.3.3)
or a high resolution scheme based on MUSCL-Hancock idea (Section 5.4). In either
case, the common structure of the low order scheme at each stage will be the same
as in Section 5.3.1. However, there is one thing that we would like to clarify in the
structure of the lower order method (7.20). In the first stage, the lower order residual

1
RL performs evolution from time ¢ to t"2 while, in the second stage, R:’L per-

forms evolution from t" to t"*1. Intuition may suggest evolving from tn+% to tnt!
in the next stage, but that will violate the conservation property because of the expres-
sion of second stage of MDRK (7.3, 7.19).

Note that the subcells will be the same as in the single stage LWFR scheme, see
Figure 5.1. Since the lower order scheme for the second stage is an evolution from
t" to t"*!, its explanation will be exactly the same as in Section 5.3.1. With a slight
modification, we will obtain the lower order scheme used in the first stage, but we write
it here for clarity. The low order scheme is obtained by updating the solution in each
of the subcells by a finite volume scheme,

be a A2

= I
U, Ue 0 wo AIe [-f% 3_%]
At/2
Ly* — n
Uey = Uer =g fl 1spsN—d (7.22)
At/2
L?* J— n e
U, N = UeN— Wy Al'e [‘F;_F%_ N—%]
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The inter-element fluxes F el used in the low order scheme are same as those used in

the high order MDRK scheme in equation (7.5). As in Chapter 5, Rusanov’s flux [152]
will be used for the inter-element fluxes and in the lower order scheme. The element
mean value obtained by the low order scheme satisfies

N
=S wbrwmar— AU (R - F, ) (7.23)

A[Ee ety €73

which is identical to the update equation by the MDRK scheme given in equation (7.8).
The element mean in the blended scheme evolves according to

u; = (1—ae) ()" + e ()"
o A2 B A2 B
- (1 Oée) |:u€ Al‘e (Fe—&-% Fe—;):|+ae |:ue Al’e (Fe-l—% Fe—%)
L At)2

— —F
" Ag, FerymFey)
and hence the blended scheme is also conservative. The similar arguments will apply

to the second stage, where the lower order scheme is as described in Section 5.3.1, and
we will have by (7.8)

w o w R E )
ult = al - AA; (B —F 1)

Overall, all three schemes, i.e., lower order, MDRK and the blended scheme, predict
the same mean value.

The inter-element fluxes F, 1 L 1, F”, 1 are used both in the low and high order schemes.

To achieve high order accuracy in smooth regions, this flux needs to be high order
accurate, however it may produce spurious oscillations near discontinuities when used
in the low order scheme. A natural choice to balance accuracy and oscillations is to take

Foo=(I-a )F0+a 1 f
* ’ HO* 2 (724)
Fe_"_% = (1_ e+§)Fe+§ +a6+7 6+%

where FHO FH are the high order inter-element time-averaged numerical fluxes used

in the MDRK scheme (7.11) and f, 1 is a lower order flux at the face 1 shared
2 2

between FR elements and subcells (5.14, 5.20). The construction of specific lower
order schemes as first order (Section 5.3.3) or MUSCL-Hancock (Section 5.4) remains
as in Chapter 5, and the same goes for flux limiting of (7.24) to enforce admissibility
in means (Definition 5.2). Once admissibility preservation in means is obtained, the
scaling limiter of [205] (Appendix F), is used to obtain an admissibility preserving
scheme (Definition 5.1).
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7.5. NUMERICAL RESULTS

In this section, we test the MDRK scheme with numerical experiments using polyno-
mial degree N =3 in all results. Most of the test cases from the previous chapters were
tried and were seen to validate our claims, but we only show the important results
here. We also tested all the benchmark problems for higher order methods in [132],
and show some of the results from there.

7.5.1. Scalar equations

We perform convergence tests with scalar equations. The MDRK scheme with D1 and
D2 dissipation is tested using the optimal CFL numbers from Table 7.1. We make a
comparison with RKFR scheme with polynomial degree N =3 described in Section 3.4
using the SSPRK scheme from [167]. The CFL number for the fourth order RK scheme
is taken from [76]. In many problems, we compare with Gauss-Legendre (GL) solution
points and Radau correction functions, and Gauss-Legendre-Lobatto (GLL) solution
points with g, correction functions. These combinations are important because they
are both variants of Discontinuous Galerkin methods (94, 57| (Appendix B).

7.5.1.1. Linear advection equation

The initial condition u(z,0) =sin(27z) is taken with periodic boundaries on [0, 1]. The
error norms are computed at time ¢ =2 units and shown in Figure 7.1. The MDRK
scheme with D2 dissipation (MDRK-D2) scheme shows optimal order of convergence
and has errors close to that MDRK-D1 and the RK scheme for all the combinations
of solution points and correction functions.

GL, Radau

GLL, g5

©o— RK 103 ©o— RK
10-4 —e— MDRK-D2 —e— MDRK-D2
—+— MDRK-D1 10-4 —+— MDRK-D1
1075 ~5- O(M™%) -5- O(M™%)
8 51073
— —
— —
® 106 @
‘11 (11 10—6
1077
1077
10-8
T 108 0
40 80 160 320 640 40 80 160 320 640

Degrees of freedom Degrees of freedom
(a) (b)

Figure 7.1. Error convergence for constant linear advection equation comparing MDRK and RK
- (a) GL points with Radau correction, (b) GLL points with g correction

7.5.1.2. Variable advection equation

ur+ f(x,u), =0, flz,u)=a(z)u

The velocity is a(z) = 22, ug(z) = cos(rx/2), x € [0.1, 1] and the exact solution is
uw(x,t)=ue(x/(1+tz))/(1+¢tx)% Dirichlet boundary conditions are imposed on the
left boundary and outflow boundary conditions on the right. This problem is non-linear
in the spatial variable, i.e., if I}, is the interpolation operator, Iy(auy) # In(a) In(up).
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Thus, the AE and EA schemes are expected to show different behavior, unlike the
previous test.

The grid convergence analysis is shown in Figure 7.2. In Figure 7.2a, the scheme
with AE shows larger errors compared to the RK scheme though the convergence rate
is optimal. The MDRK scheme with EA shown in the middle figure, is as accurate
as the RK scheme. The last figure compares AE and EA schemes using GL solution
points, Radau correction function and D2 dissipation; we clearly see that EA scheme
has smaller errors than AE scheme.

GL, Radau GL, Radau MDRK, GL, Radau, D2

o RK o RK o EA
10°° —o— MDRK-D2-AE 1077 —e— MDRK-D2-EA 107° —o— AE
10-7 o —— MDRK-D1-AE —+— MDRK-D1-EA 107 * —8- O(M~%)

8- O(M™%) 10-8 8- O(M™%)

40 80 160 320 640 40 80 160 320 640 40 80 160 320
Degrees of freedom Degrees of freedom Degrees of freedom

(a) (b) (c)

Figure 7.2. Error convergence for variable linear advection equation with a(x) =2?; (a) AE scheme,

(b) EA scheme, (c) AE versus EA

7.5.1.3. Burgers’ equations

The one dimensional Burger’s equation is a conservation law of the form u;+ f(u), =0
with the quadratic flux f(u)=wu?/2. For the smooth initial condition u(x,0)=0.2sin (x)
with periodic boundary condition in the domain [0, 2 7], we compute the numerical
solution at time ¢t =2 when the solution is still smooth. Figure 7.3a compares the error
norms for the AE and EA methods for the Rusanov numerical flux, and using GL
solution points, Radau correction and D2 dissipation. The convergence rate of AE is
less than optimal and close to O(th/ ?). In Figure 7.3b, we see that no scheme shows
optimal convergence rates when ¢y correction + GLL points is used. The comparison
between D1, D2 dissipation is made in Figure 7.4 and their performances are found to
be similar.

GL, Radau GLL, 9>
1074
©— RK 10744 ©— RK
. —o— MDRK-EA —o— MDRK-EA
10 —+— MDRK-AE —+— MDRK-AE
-8- O(M™*) 10754 -8~ O(M~%)
. 1070 =
o o
5 5 10-6
1077 Y
108 10-74
107° -
T T T T T 10_8 1 T T T T T
40 80 160 320 640 40 80 160 320 640
Degrees of freedom Degrees of freedom

(a) (b)

Figure 7.3. Comparing AE and EA schemes using D2 dissipation for 1-D Burgers’ equation at

t=2. (a) GL points with Radau correction, (b) GLL points with gy correction.
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10—4_
<o~ RK 10744 9=_RK.
. —e— MDRK-D2 —e— MDRK-D2
10725 —— MDRK-D1 —— MDRK-D1
—5- O(M™%) 10754 -5- O(M™%)
= 1076 =
8 g
25 53 10—6
~ =74 ~
10784 107 4
-9 |
10 3 105 -

GL, Radau

80 160 320 640

Degrees of freedom

(a)

GLL, g,

80 160 320 640
Degrees of freedom
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Figure 7.4. Comparing D1 and D2 dissipation for 1-D Burgers’ equation at t =2. (a) GL points

with Radau correction, (b) GLL points with go correction

7.5.2. 1-D Euler equations

We now consider the 1-D Euler’s equations (4.16) and compute the time step size
with (4.18) with CFL=0.107 (Table 7.1). The coefficient Ccrr, =0.98 is used in tests,
unless specified otherwise.

7.5.2.1. Blast wave

This test is as described in Section 4.8.5. As in the case of the LWFR scheme, the
numerical solutions give negative pressure if the positivity correction is not applied.
With a grid of 400 cells using polynomial degree N =3, we run the simulation till the
time ¢ =0.038 where a high density peak profile is produced. As tested in Section 4.8.5,
we compare first order (FO) and MUSCL-Hancock (MH) blending schemes, and TVB
limiter with parameter M =300 [137] (TVB-300). We compare the performance of
limiters in Figure (7.5) where the approximated density and pressure profiles are com-
pared with a reference solution computed using a very fine mesh. Looking at the peak
amplitude and contact discontinuity, it is clear that MUSCL-Hancock blending scheme
gives the best resolution, especially when compared with the TVB limiter.

61 4001 —— Reference
— TVB
5 3501 —— 7
300 MH
24 £ 2501
& 1
4 1) 4
83 £ 200

Reference
TVB 100 1
FO

50
MH

0 ‘ ‘ ; ‘ ; ; 0 i i ; ; ; .

055 0.60 065 0.70 0.75 0.80 0.85 0.90 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90

X

(a)

(b)

Figure 7.5. Blast wave problem using first order (FO) and MUSCL-Hancock blending schemes,
and TVB limited scheme (TVB-300) with parameter M =300. (a) Density, (b) Pressure profiles are
shown at ¢t =0.038 on a mesh of 400 cells.
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7.5.2.2. Titarev Toro

This is an extension of the Shu-Osher (Section 4.8.4) problem given by Titarev and
Toro [176] and the initial data comprises of a severely oscillatory wave interacting with
a shock

(.0 p)_{ (1.515695, 0.523346, 1.805), _5<r<-45

(140.1sin(2072),0,1), —45<x<5

The physical domain is [—5, 5] and transmissive boundary condition is used at both
ends. This problem tests the ability of a high-order numerical scheme to capture
the extremely high frequency waves. The smooth density profile passes through the
shock and appears on the other side, and its accurate computation is challenging due
to numerical dissipation. Due to presence of both spurious oscillations and smooth
extrema, this becomes a good test for testing robustness and accuracy of limiters. We
discretize the spatial domain with 800 cells using polynomial degree N =3 and compare
blending schemes. The density profile at t =5 is shown in Figure 7.6. As expected, the
MUSCL-Hancock (MH) blending scheme is superior to the First Order (FO) blending
scheme and has nearly resolved the smooth extrema.

1.7 1.70
il

1.6 R ik 1.65

1.5 | 1.601

141 ‘\‘ i \‘H\\“m“ 1551
z 2
213 g 1.50
a a

1.2 1.45

1.14

—— Reference 1.407 __ Reference
1.0 — MH R 1.3511— MH
094 FO — FO
1.30 T
-4 -2 0 2 4 -2.0 -1.8 -1.6 -1.4 -1.2 -1.0
X X

Figure 7.6. Titarev-Toro problem, comparing First Order (FO) and MUSCL-Hancock (MH)

blending (a) Complete plot, (b) Profile zoomed near smooth extrema on a mesh of 800 cells.

7.5.2.3. Large density ratio Riemann problem

The second example is the large density ratio problem with a very strong rarefaction
wave [174]. The initial condition is given by

(prv.p)—{ (1000,0,1000), <03
P9 PI= (1,0,1), 0.3<uz

The computational domain is [0, 1] and transmissive boundary condition is used at
both ends. The density and pressure profile on a mesh of 500 elements at ¢ =0.15 is
shown in Figure 7.7. The MH blending scheme is giving better accuracy even in this
tough problem.
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Figure 7.7. High density problem at ¢t =0.15 on a mesh of 500 elements (a) Density plot, (b)
Pressure plot

7.5.2.4. Sedov’s blast

This test case is as described in Section 5.7.1.3. Nonphysical solutions are obtained
if the proposed admissibility preservation corrections are not applied. The density
and pressure profiles at ¢ =0.001 are obtained using blending schemes are shown in
Figure 7.8. In Chapter 5, the TVB limiter was not used in this test as the proof
of admissibility preservation depended on the blending scheme. Here, by using the
generalized admissibility preserving scheme of Chapter 6, [11], we are able to use the
TVB limiter. However, as expected, the TVB limiter is less accurate and unable to
control the oscillations.

GA
—— Reference
TVE 700000
5<
— FO 600000
— MH
41 500000
z
g 3/ 2 4000001
2 2
= & 300000
2<
200000 - —— Reference
| * — TVB
! 100000 1 g
ol N — MH
-2.0 -15 -1.0 -05 0.0 05 1.0 1.5 2.0 -2 -1 0 1 2
X X

(a) (b)

Figure 7.8. Sedov’s blast wave problem, numerical solution using first order (FO) and MUSCL-
Hancock blending schemes, and TVD (a) Density, (b) Pressure profiles are shown at t=0.001 on a
mesh of 201 cells.

7.5.3. 2-D Euler’s equations

We consider the two-dimensional Euler equations of gas dynamics given by (2.13). The
time step size is computed as in (4.30) with CFL=0.107 (Table 7.1) and Ccpr, = 0.98
unless otherwise specified.
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As in Chapter 5, for verification of some of our numerical results and to demon-
strate the accuracy gain observed in [19] of using MUSCL-Hancock reconstruction
using Gauss-Legendre points, we will compare our results with the first order blending
scheme using Gauss-Legendre-Lobatto (GLL) points of [90] available in Trixi.j1 [141].
The accuracy benefit is expected since GL points and quadrature are more accurate
than GLL points, and MUSCL-Hancock is also more accurate than first order finite
volume method.

7.5.3.1. Double Mach reflection

The description and significance of this test have been given in Section 4.11.2. The
simulation is run on a mesh of 600 x 150 elements using degree N =3 polynomials up
to time t =0.2. In Figure 7.9, we compare the results of Trixi. j1 with the MUSCL-
Hancock blended scheme zoomed near the primary triple point. As expected, the small
scale structures are captured better by the MUSCL-Hancock blended scheme.

1.4

(a) MDRK (b) Trixi.jl
Figure 7.9. Double Mach reflection problem, density plot of numerical solution at t=0.2 on a

600 x 150 mesh zoomed near the primary triple point.

7.5.3.2. Rotational low density problem

These problems are taken from [132| where the solution consists of hurricane-like flow
evolution and has one-point vacuum in the center with rotational velocity field. The
initial condition is given by

(:0; u,v, p) = (,007 Vo sin 97 —Up COS 9; Apg)
where 0 = arctan(y/x), A=25 is the initial entropy, p=1 is the initial density, gas

constant v=2. The initial velocity distribution has a nontrivial transversal component,
which makes the flow rotational. The solutions are classified [204] into three types
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according to the initial Mach number My = |vg| /co, where co=p'(po) = Ay pl " is the
sound speed.

1. Critical rotation with M= /2. This test has an exact solution with explicit
formula. The solution consists of two parts: a far field solution and a near-

field solution. The former far field solution is defined for r > 2t +/p'(po), r =

a2+ y2,

Ulz,y,t) = ~(2tphcosd—++/2pj+/r2— 2% pjsin)
1

V(z,y,t) = —(2tposing — /2 ph/r?— 2% pf cosb) (7.25)
ple,y,t) = po
plr,y,t) = Apg

and the near-field solution is defined for r <2t +/p’(po)

2

x + —x -+ r
U(I,y,t): 2ty7 v(x7y7t): 2t y? p(x7y7t):m

The curl of the velocity in the near-field is
curl(U,V)—Vz—Uy——Qit#O

and the solution has one-point vacuum at the origin » =0. This is typical
hurricane-like solution that is singular, particularly near the origin r =0. There
are two issues here challenging the numerical schemes: one is the presence of the
vacuum state which examines whether a high order scheme can keep the pos-
itivity preserving property; the other is the rotational velocity field for testing
whether a numerical scheme can preserve the symmetry. In this regime, we
take vo=10 on the computational domain [—1,1]* with Az =Ay=1/100. The
boundary condition is given by the far field solution in (7.25).

2. High-speed rotation with My > /2. For this case, vo=12.5, so that the
density goes faster to the vacuum and the fluid rotates severely. The physical
domain is [—2,2]? and the grid spacing is Az =Ay=1/100. Outflow boundary
conditions are given on the boundaries.Because of the higher rotation speed, this
case is tougher than the first one, and can be used to validate the robustness
of the higher-order scheme.

3. Low-speed rotation with My < +/2. In this test case, we take vg="7.5 making
it a rotation with lower speed than the previous tests. The outflow boundary
conditions are given as in the previous tests. The simulation is performed in

the domain [—1,1]? till ¢ =0.045.

The density profile for the flow with critical speed are shown in Figure 7.10 including
a comparison with exact solution at a line cut of y =0 in Figure 7.10b, showing
near overlap. In Figure 7.11a, we show the line cut of density profile at y =0 for the
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three rotation speeds. In Figure 7.11b, we show streamlines for high rotational speed,
showing symmetry.

1.0e+00 1.0 G R Lo —

o  Approx
Exact

0.0
~1.00-0.75-0.50—0.25 0.00 0.25 0.50 0.75 1.00

(a) (b)

Figure 7.10. Density profile of rotational low density problem at critical speed (a) Pseudocolor
plot (b) Line cut at y =0 on a mesh with Az =Ay=1/100.

/
1.0 —=  — Critical T Iy
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£ 0.6
‘@
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-1.00-0.75-0.50—-0.25 0.00 0.25 0.50 0.75 1.00 \\
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Figure 7.11. Rotational low density problem (a) Density profile line cut at y =0 for different
rotational speeds, (b) Stream lines for high rotational speed.

7.5.3.3. Two Dimensional Riemann problem

This test case is as described in Section 5.9.3. The simulations are performed with
transmissive boundary conditions on an enlarged domain up to time ¢t =0.25. The
density profiles obtained from the MUSCL-Hancock blending scheme and Trixi. jl are
shown in Figure 7.12. We see that both schemes give similar resolution in most regions.
As in LWFR scheme, the MUSCL-Hancock blending scheme gives better resolution of
the small scale structures arising across the slip lines.
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(a) Trixi.jl (b) MDRK

Figure 7.12. 2-D Riemann problem, density plots of numerical solution at t=0.25 for degree N =3

on a 256 x 256 mesh (a) Trixi.jl, (b) MDRK

7.5.3.4. Rayleigh-Taylor instability

The last problem is the Rayleigh-Taylor instability to test the performance of higher-
order scheme for the conservation laws with source terms, and the governing equations
are written as

p pu pu 0
O pu 0| p+pu? +g puUv 1 0
ot pv Ox pUV oyl p+po® | | »
E (E+p)u (E+p)v pU

The implementation of MDRK with source terms is based on [11] where an approx-
imate Lax-Wendroff procedure is also applied to the source term. The following descrip-
tion is taken from [132]. The Rayleigh-Taylor instability happens on the interface
between fluids with different densities when an acceleration is directed from the heavy
fluid to the light one. The instability with fingering nature generates bubbles of light
fluid rising into the ambient heavy fluid and spikes of heavy fluid falling into the
light fluid. The initial condition of this problem [161] is given as follows

(01,0, p) = (2,0,—0.025acos(87x),2y+ 1), y<0.5,
Py, )= (1,0,—0.025acos(8wz), y + 1.5), y>0.5

where a=+/vp/ p is the sound speed and v=5/3. The computational domain is [0,
0.25] x [0, 1]. The reflecting boundary conditions are imposed for the left and right
boundaries. At the top boundary, the flow variables are set as (p,u, v, p)=(1,0,0,
2.5). At the bottom boundary, they are (p,u,v,p)=(2,0,0,1). The uniform mesh
with 64 x 256 elements is used in the simulation. The density distributions at t=1.5,
1.75,2,2.25, 2.5 are presented in Figure 7.13. It is a test to check the suitability of
higher-order schemes for the capturing of interface instabilities.
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Figure 7.13. Rayleigh-Taylor instability on a 64 x 256 mesh

7.6. SUMMARY AND CONCLUSIONS

This chapter introduces fourth order multiderivative Runge-Kutta (MDRK) scheme
of [119] in the conservative, quadrature free Flux Reconstruction framework to solve
hyperbolic conservation laws. The idea is to cast each MDRK stage as an evolution
involving a time average flux which is approximated by the Jacobian free Approximate
Lax-Wendroff procedure. The numerical flux is carefully computed with accuracy and
stability in mind. In particular, the D2 dissipation and EA flux of Chapter 4 have been
introduced which enhance stable CFL numbers and accuracy for nonlinear problems
respectively. The stable CFL numbers are computed using Fourier stability analysis
for two commonly used correction functions graqa, and go, showing the improved CFL
numbers. Convergence analysis for non-linear problems was performed which revealed
that optimal convergence rates were only shown when using the EA flux. The shock
capturing blending scheme of Chapter 5 has also been introduced for the MDRK
scheme applied at each stage. The scheme is provably admissibility preserving and
good at capturing small scale structures. The claims are validated by numerical experi-
ments for compressible Euler’s equations with the modern test suite [132] of high order
methods.






CHAPTER 8
CURVILINEAR GRIDS

8.1. INTRODUCTION

This chapter extends the LWFR scheme to curvilinear grids that are body-fitted to
handle curved geometries. These geometries occur in practical problems, especially in
CFD. Adaptive mesh refinement is also developed for LWFR using the Mortar Element
Method [106] in order to have efficient resolution of localized flows. The extension is
conservative, free stream and admissibility preserving. In the previous chapters, the
time step size was computed based on a wave speed estimate by using optimal CFL
numbers obtained from a Fourier stability analysis. The Fourier stability analysis is
based on uniform Cartesian grids and does not apply to the curvilinear case. Thus,
usage of a wave speed based formula for computing time step sizes for curvilinear grids
requires fine tuning of the CFL number for each problem and geometry. In order to
minimize fine tuning, we propose an error based time step computation method for
the LWFR method. Numerical results for compressible Euler’s equations are used to
validate LWFR on adaptively refined, curvilinear grids with error based time stepping.
The performance improvement of error based time stepping over CFL based time
stepping is also shown.

The chapter is organized as follows. In Section 8.2, we review notations and the
transformation of conservation laws from curved elements to a reference cube fol-
lowing [105, 103|. In Section 8.3, the LWFR scheme of Chapter 4 is extended to
curvilinear grids. In Section 8.3.1, we review FR on curvilinear grids and use it to
construct LWFR on curvilinear grids in Section 8.3.2. Section 8.3.4 shows that the
free stream preservation condition of LWFR is the standard metric identity of [105].
In Section 8.4, the admissibility preserving subcell limiter for LWFR Chapter 5 is
extended to curvilinear grids. In Section 8.5, the Mortar Element Method for treatment
of non-conformal interfaces in AMR of [106] is extended to LWFR. In Section 8.6,
error-based time stepping methods are discussed; Section 8.6.1 reviews error-based
time stepping methods for Runge-Kutta and Section 8.6.2 introduces an embedded
error-based time stepping method for LWFR. In Section 8.7, numerical results are
shown to demonstrate the scheme’s capability of handling adaptively refined curved
grids and benefits of error-based time stepping. Section 8.8 gives a summary and draws
conclusions from the work.

8.2. CONSERVATION LAWS AND CURVILINEAR GRIDS

The developments in this work are applicable to a wide class of hyperbolic conserva-
tion laws but the numerical experiments are performed on 2-D compressible Euler’s
equations (2.13). For the sake of simplicity and generality, we subsequently explain
the development of the algorithms for a general hyperbolic conservation law written as

Ui+ Vg f(u)=0 (8.1)

153
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where u € R? is the vector of conserved quantities, f(u)=(fi,..., f1) € RP*? is the
corresponding physical flux, « is in domain Q2 C R? and

d
=1

Let us partition €2 into M non-overlapping quadrilateral /hexahedral elements €2, such
that

0=

=

0, (8.3)

Il
—

e

The elements €2, are allowed to have curved boundaries in order to match curved
boundaries of the problem domain 2. In this chapter, we take the reference element
to be Q,=[-1,1]? in contrast to the previous chapters where it was [0, 1]¢. This
choice is made for compatibility with Trixi.jl [141]. To construct the numerical
approximation, we map each element €. to a reference element Q,=[-1,1]? by a
bijective map O,.: 2, — €,

T = @e(é)

where & = (¢')2, are the coordinates in the reference element, and the subscript e will
usually be suppressed. We will denote a d-dimensional multi-index as p = (p;)%;. In

this work, the reference map is defined using tensor product Lagrange interpolation of
degree N > 1,

0(&)= > @ply(£) (8.4)
where )

and {Kp}peN]% is the degree N Lagrange polynomial corresponding to the Gauss-
Legendre-Lobatto (GLL) points {&,},cng so that ©(&p) = @ for all p € N§. Thus,
the points {&,},cng are where the reference map will be specified and they will also
be taken to be the solution points of the Flux Reconstruction scheme throughout
this chapter. The functions {{p},cng can be written as a tensor product of the 1-D

Lagrange polynomials {¢,,}2'_ of degree N corresponding to the GLL points {&,, })\—o

d N

@) =T (€, tue)= [ S (5.6)

i=1 k=0,k#i S

The numerical approximation of the conservation law will be developed by first trans-
forming the PDE in terms of the coordinates of the reference cell. To do this, we need
to introduce covariant and contravariant basis vectors with respect to the reference
coordinates.
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DEFINITION 8.1. (COVARIANT BASIS) The coordinate basis vectors {a;}¢_, are defined
so that a;, a; are tangent to {&* = const} where i, j, k are cyclic. They are explicitly
given as

ai:(ai,la'--aai,d>:g;7 1<i<d (8.7)

DEFINITION 8.2. (CONTRAVARIANT BASIS) The contravariant basis vectors {a'}&,
are the respective normal vectors to the coordinate planes {& = const}i_,. They are
explicitly given as

The covariant basis vectors a; can be computed by differentiating the reference map
©(&). The contravariant basis vectors can be computed using [105, 103|

Ja'=a; x ay (8.9)

where (i, j, k) are cyclic, and J denotes the Jacobian of the transformation which also
satisfies

ox

mao]22

} a;-(a; x ay) (i, 7, k) cyclic

The divergence of a flux vector can be computed in reference coordinates using the
contravariant basis vectors as [105, 103]

d
= Z (8.10)
Consequently, the gradient of a scalar function ¢ becomes
d
1 0
=5 gl (8.11)
i=1

Within each element (2., performing change of variables with the reference map ©, (8.10),
the transformed conservation law is given by

@, +Ve f=0 (8.12)

where
~ d
a=Ju, fi=Ja-f=>"Jafn (8.13)
n=1

The flux f is referred to as the contravariant flux.
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The vectors {Ja’}?{_; are called the metric terms and the metric identity is given by

> a(ajg) =0 (8.14)

The metric identity can be obtained by reasoning that the gradient of a constant
function is zero and using (8.11) or that a constant solution must remain constant
in (8.12). The metric identity is crucial for studying free stream stream preservation
of a numerical scheme.

Remark 8.3. The equations for two dimensional case can be obtained by setting
(O(&))3=123(&) =& so that az3=(0,0,1).

8.3. LWFR ON CURVILINEAR GRIDS

The solution of the conservation law will be approximated by piecewise polynomial
functions which are allowed to be discontinuous across the elements. In each element
(e, the solution is approximated by

W(€) = ueplp(€) (8.15)

where the ¢, are tensor-product polynomials of degree N which have been already
introduced before to define the map to the reference element. The hat will be used to
denote functions written in terms of the reference coordinates and the delta denotes
functions that are possibly discontinuous across the element boundaries. Note that the
coefficients u. , are the values of the function at the solution points which are GLL
points.

8.3.1. Flux Reconstruction (FR)

Recall that we defined the multi-index p = (p;)%; (8.5) where p;€{0,1..., N}. Let
i€{l,...,d} denote a coordinate direction and S € {L, R} so that (S,4) corresponds
to the face d€); ; in direction ¢ on side S which has the reference outward normal ng ;,
see Figure 8.1. Thus, 8951- denotes the face where reference outward normal is ngp ;=e;
and 895 ; has outward unit normal ny, ;= —ng.;.

The FR scheme is a collocation scheme at each of the solution points {&€,= (&,,)1,

pi=0,...,N}. We will thus explain the scheme for a fixed £ = £, and denote &; as
the projection of &= (&;)%_; to the face S= L, R in the i*" direction (see Figure 8.1), i.e.,

5]’7 j?éZ
1, j=i,S=R
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Figure 8.1. Illustration of reference map, solution point projections, reference and physical normals.

The first step is to construct an approximation to the flux by interpolating at the
solution points

(£)i(&) =) (Ja' F)(&) l4(€) (8.17)

q

which may be discontinuous across the element interfaces. In order to couple the
neighbouring elements and ensure conservation property, continuity of the normal flux
at the interfaces is enforced by constructing the continuous fluxr approrimation using
the FR correction functions gr, gr [94]. We construct this for the contravariant flux
f5 (8.17) by performing correction along each direction 1,

(£€) = (fo(&) + ((fe'ﬁR,i)*_fg'ﬁR,ixgﬁ) 9r(&p:) (8.18)
- ((fe : ﬁL,i)* - fe5 : ﬁ’Lz)(EZL) gL(fpi)

where f, - ng (&) denotes the trace value of the normal flux in element €2, and ( f.
n;)* (&) denotes the numerical flux. We will use Rusanov’s numerical flux [152] which
for the face (S,14) is given by

1

< . \e  Eey — . ~s S5 4 1 AS _
(fe'ns,i) =f (US,mUJsr,i,nS,i)25[(f5'ns,i)++(f5'ns,z‘) - ; (UJSr,i—US,i) (8.19)

The (£°-ng,;)* and uii denote the trace values of the normal flux and solution from
outer, inner directions respectively; the inner direction corresponds to the element 2.
while the outer direction corresponds to its neighbour across the interface (5,7). The
Mg, is a local wave speed estimate at the interface (S5,4). For compressbile Euler’s
equations (2.13), the wave speed is estimated as [141]

A=max (fo|, JoH) 4 max (j7], [e¥),  vF—vemE, = \qpE pE (8.20)

where n is the physical unit normal at the interface. The FR correction functions gz, gr
in the degree N + 1 polynomial space [Py, are a crucial ingredient of the FR scheme
and have the property

gr(=1)=gr(1) =1, gr(1) = gr(—1)=0
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Reference |94] gives a discussion on how the choice of correction functions leads to
equivalence between FR and variants of DG scheme. In this work, the correction
functions known as go or ggu from [94] are used since along with Gauss-Legendre-
Lobatto (GLL) solution points, they lead to an FR scheme which is equivalent to a
DG scheme using the same GLL solution and quadrature points (Appendix B). Once
the continuous flux approximation is obtained, the FR scheme is given by

dug,p 1 = B
T T Ve fo(&p) =0, Vp (8.21)

where J ,, is the Jacobian of the transformation at solution points x. ,. The FR scheme
is explicitly written as

5 ~
S Ve 710
d
ty 2 (o) = ) (€0 k(6 5.22)
&P =1
d
‘J: -2 ((femw ) = F7- 1) (6F) 91(6) =0

i=1

8.3.2. Lax-Wendroff Flux Reconstruction (LWFR)

The LWFR scheme is obtained by following the Lax-Wendroff procedure for Cartesian
domains 208, 18] (Chapter 4) on the transformed equation (8.12). With w" denoting
the solution at time level £t =t,,, the solution at the next time level can be written using
Taylor expansion in time as

N+1

= 4 Z a(k) n+O(AtN+2>

where N is the solution polynomial degree. Then, use u;= —% Ve- f (8.12) to swap a
temporal derivative with a spatial derivative and retain terms up to O(A#N+1)

N+1
AtF =
=u" 7 k" a (vﬁf)

k=1

un+1

Shifting indices and writing in a conservative form
u"tl=u"——V,- F (8.23)

where F is a time averaged approximation of the contravaraint flux f given by

N tn+1
k=

F=%" A gk Fa L Fa (8.24)
(k+1)! II~7 i '

0
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We first construct an element local order N + 1 approximation F? to F using the
Approximate Lax-Wendroft procedure described in Section 8.3.3 to get

- Z ﬁe,p (p(€)

The F? will be, in general, discontinuous across the element interfaces. Then, we
construct the continuous time averaged flux approximation by performing a correction
along each direction i, analogous to the case of FR (8.18), leading to

(F.(8) = (F2(&) + ((lf'e-ﬁR,i)*—lf?-ﬁR,i)(Eﬁ) 9r(&p;) (8.25)
— ((Fo-ng ;) —F-np ) (€F) gu(&,)

where, as in (8.19), the numerical flux (F,- N ;)" is an approximation to the time
average flux and is computed by a Rusanov-type approximation,

)\Sz

N B S B
(Fermrs )" =5 [(F° A i)+ (F° ns.0) 7| = == (Us; — Us,) (8.26)

and U is the approximation of time average solution given by

N tn+1

Atk 1
U:k:O maturvﬂ/n udt (827)

The computation of dissipative part of (8.26) using the time averaged solution instead
of the solution at time t¢,, was introduced in Section 4.3 and was termed D2 dissipation.
It is a natural choice in approximating the time averaged numerical flux and does
not add any significant computational cost because the temporal derivatives of w
are already available when computing the local approximation F3. The choice of D2
dissipation reduces to an upwind scheme in case of constant advection equation and
leads to enhanced Fourier CFL stability limit (Section 4.4).
The Lax-Wendroff update is performed following (8.21) for (8.23)

nil  om At

Ue,p = Ue,p— Jep Fe(ﬁp)
which can be explicitly written as
n " At ~
ue;lz ep T Ve Fe&(ﬁp)
e7p
At &< -
—— D (Fornn) = F2 i i) (€F) 9k(5) (8.28)
P =1
d
At Fon Y Fo.n Ly
+= pz (Fe-np)" — F2-np i) (&) 91(6p.)
OP =1

By multiplying (8.28) by quadrature weights J. ,w, and summing over p, it is easy to
see that the scheme is conservative in the sense that

at =al— / (F.-np ;) dS +/ F.-np;)*dS 8.29
|Q|<ZZ1 o0 e ¢ 895,1( L.a)"dSe (8.29)
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where the element mean value u,. is defined to be

Jop Wy (8.30)

We provide the proof of (8.29) for completeness. Multiply (8.28) with J. ,w, and sum
over p € N§ to get, using the exactness of Gauss-Legendre-Lobatto (GLL) quadrature

as+%:iw/|§j vg-F%s>ds
o / S (Bt — B ) (€1) () € (8.31)
02 1

|Q|/Z (F,-ny )" — F2-ng ) (€F) gi(&,,) d€

021

where &7 are as defined in (8.16). Then, note the following integral identities that are
an application of Fubini’s theorem followed by fundamental theorem of Calculus

/ O EO(€)dE — / (B 71y ] dSe + / B o S
Q o0k, o0k,
A((E'ﬁR,i)*—ﬁ?'ﬁR,i)(Eﬁ) gr(&p,) A€ = /mR (F.-ng,)* — F-np,] dSe

/ (Bt — Py )(€8) gh(6,) dE = — /8 ey B s
Qo L,

where 0€); ; is as in Figure 8.1 and we used gr(—1) = gr(1) =1, gr(—1) = gr(1) =0.
Then substituting these identities into (8.31) gives us the conservative update of the
cell average (8.29).

8.3.3. Approximate Lax-Wendroff procedure

We now illustrate how to approximate the time average flux at the solution points
F, .p Which is required to construct the element local approximation F5(£) using the
approximate Lax-Wendroff procedure [208]. For N =1, (8.24) requires 0, f which is
approximated as

f (Ep) f(up + At (ut)Pé_Ag%uP — At (ut)P) (832)

where element index e is suppressed as all these operations are local to each element.
The time index is also suppressed as all quantities are used from time level ¢,,. The u,
above is approximated using (8.12)

(w)p = —Jip Ve F(&,) (8.33)
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where f9 is the cell local approximation to the flux f given in (8.17). For N=2, (8.24)
additionally requires 0y f

i F°(&p)
o | 7 w1+ B ) 2 o)+ (- At B )]

where the element index e is again suppressed. We approximate w; as
1 -
(wet)p= —5 Ve 0:f°(&p) (8.34)
P

The procedure for other degrees will be similar and the derivatives V¢ are computed
using a differentiation matrix. The implementation is made efficient by accounting
for cancellations of At terms, which will be the same as in Section 4.2.4 for Cartesian
meshes.

8.3.4. Free stream preservation for LWFR

If the solution of the conservation law (8.1) is spatially constant at a time level, then
its evolution at later time levels remains constant®!. This is the free stream property
and it is crucial for the numerical scheme to satisfy it in order to avoid very large
errors [105]. In this section, we discuss the conditions under which the LWFR scheme
is free stream preserving.

The free stream preservation of a conservation law is equivalent to the metric
identity (8.14). The divergence in a Flux Reconstruction (FR) scheme (8.22) is com-
puted as the derivative of a polynomial. Thus, denoting 8g as a polynomial derivative,
which is computed using a differentiation matrix (3.5), the following discrete metric
identity (8.14) is at least required for our scheme to preserve a constant state

d d
> Ok (Ja) =) O In(Ja)=0 (8.35)
i=1 i=1

where Iy is the degree N interpolation operator defined as

£)=> (&) f(&) (8.36)

The study of free-stream preservation for Discontinuous Galerkin (DG) methods was
made in [105] showing that satisfying (8.35) gives free stream preservation. However,
it was also shown that the identities impose additional constraints on the degree of the
reference map ©. The remedy given in (8.35) is to replace the metric terms Ja® by a
different degree N approximation Zy(Ja’) so that (8.35) reduces to

d
>t In(Jal) Z e, INIn(J a?) Z O, In(Ja') =0 (8.37)

=1 i=1 =1

8.1. This assumes that boundary conditions are either specified by the same constant, or are periodic.
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In [105], choices of Zy like the conservative curl form were proposed which ensured (8.37)
without any additional constraints on the degree of the reference map ©. Those choices
are only relevant in 3-D as, in 2-D, they are equivalent to interpolating © to a degree
N polynomial before computing the metric terms which is the choice of Zy we make
in this work by defining the reference map as in (8.4).

In this section, we show that the identities (8.35) are actually enough to ensure free
stream preservation for LWFR. Throughout this section, we assume that the mesh is
well-constructed [105] which is a property that follows from the natural assumption of
global continuity of the reference map.

DEFINITION 8.4. Consider a mesh where element faces in reference element €1, are
denoted as {9Q5;} for coordinate directions 1<i<d and S=L/R chosen so that the
corresponding reference normals {ngs;} are np,;=e; and Ny ;= —Ng; where {e;}{,
s the Cartesian basis, see Figure 8.1. The mesh is said to be well-constructed if the
following s satisfied

d
> (@(Jam™)*t —In(Ja™)7) (As)m=0, V1<i<d, S=L,R (8.38)
m=1

where £+ are used to denote trace values from ), or from the neighbouring element
respectively.

Remark 8.5. From (8.9), the identity (8.38) can be seen as a property of continuity of
the tangential derivatives of the reference map at the faces and is thus obtained if the
reference map is globally continuous. Also, since the unit normal vector of an element
at interface 7 is given by Ja'/|Ja’|, (8.38) also gives us continuity of the unit normal
across interfaces.

Assuming the current solution is constant in space, u” = ¢, we will begin by proving
that the approximate time averaged flux and solution satisfy

Fi= fi(c), U=u’=c (8.39)

For the constant physical flux f(e¢), the contravariant flux f will be
d
fi=Ix(Ja')- f(e) =) In(Jai) fulc) (8.40)
n=1

Note that the contravariant flux (8.40) is not constant as the metric terms spatially
vary for curvilinear grids. However, using (8.33), we obtain at each solution point
1 ~
u = —=Ve 0=

] Z
1 d : 1 & ;
- _72 Oei (In(Ja?) - f(e)) = —7<Z QJN(Jal)) - f(c)

i=1
=0

kl



8.4 SHOCK CAPTURING AND ADMISSIBILITY PRESERVATION 163

where the last equality follows from using the metric identity (8.35). For polynomial
degree N =1, recalling (8.32), this proves that

55 f(u—i—Atut)—f(u—Atut) B
0 f= 2 At =0

Thus, we obtain
ﬁ’é—f‘s—F%&gf‘s—f‘s, U—u‘s—ir%é)tu‘s—u‘S
Building on this, for N =2, by (8.34),
utt——%V£'8tf5—0

which will prove 9, f° =0 and we similarly obtain the following for all degrees

. N k L '

P o= kz:: (kA_i_tl) oFfr=rf={Ja' flc)}i (8.41)
N k

v=2 (/cA+t1)! Ful=ul=c (8.42)

>
Il
o

To prove free stream preservation, we argue that the update (8.28) vanishes as the

volume terms involving divergence of F and the surface terms involving trace values
and numerical flux vanish. By (8.41), the volume terms in (8.28) are given by

%At (Z 8§¢IN(Jai)> f(e)

=1

and vanish by the metric identity (8.37). By (8.42), the dissipative part of the numerical
flux (8.26) is computed with the constant solution u™= ¢ and will thus vanish. For the
central part of the numerical flux, as the mesh is well-constructed (Definition 8.4), the
trace values are given by

d d
(13’5-73,5714)+ = Z (In(Ja™)- f(e))"(Nsi)m= Z (In(Ja™)- f(e)) (ns.i)m
= Tﬁé'ﬂs,i)_ "

Overall, the numerical flux (8.26) satisfies
(F-ng) = (F°-ng )" = (F ng,)”

That is, the numerical flux agrees with the physical flux at element interfaces, ensuring
that the surface terms in (8.28) vanish.

8.4. SHOCK CAPTURING AND ADMISSIBILITY PRESERVATION

As is the case for problems involving Cartesian grids (Chapters 4-7), most practical
problems involving hyperbolic conservation laws on curvilinear grids consist of non-
smooth solutions containing shocks and other discontinuities. Thus, we develop the
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blending scheme from Section 5.3.1 for curvilinear grids. In order to be compatible with
Trixi.jl [141] and make use of this excellent code, we introduce LWFR with blending
scheme for Gauss-Legendre-Lobatto solution points, which are also used in Trixi.jl.
As in Chapter 5, the blending scheme has to be constructed to be provably admissibility
preserving (Definition 5.1), which is obtained by the weaker admissibility preservation
in means (Definition 5.2) property using the scaling limiter ([205], Appendix F).

As in Section 5.3.1, we will subdivide each element into subcells (Figure 8.2) and
perform a first order finite volume evolution on the subcells which will be blended with
the high order scheme LWFR scheme using a smoothness indicator as in (5.6). We
begin by discussing how to construct the low order scheme on the curved element and
subcells.

8.4.1. Low order scheme for curvilinear grids

Py Py
@ @

o Tl \\\
N

€o Le,0

Figure 8.2. Subcells in a curved FR element

The subcells for a curved element will be defined by the reference map, as shown
in Figure 8.2. As in Appendix B.3 of [90], the finite volume formulation on subcells is
obtained by an integral formulation of the transformed conservation law (8.12). In the
reference element, consider subcells Cp, of size w, = Hj:1 wp, associated to the solution
point (&,,)%_; corresponding to the multi-index p = (p;)&y, where p; € {0,1..., N}. Fix
a subcell C'= C), around the solution point &= (&,,)%_; and denote I3 /B as in (8.16).
Integrate the conservation law on the fixed subcell C'

/Jutdv+/v§-fdvzo
C C

Next, perform one point quadrature in the first term and apply the Gauss divergence
theorem on the second term to get

Je,p%wﬁ acf-ﬂdA:O (8.43)

where 7 is the reference normal vector on the subcell surface. Now evaluate this surface
integral by approximating fluxes in each direction with numerical fluxes

| i 2 (Foerin ) (€0)+ (Fonn ) (€D, tmimen fri——e (8:4)
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The explicit lower order method using forward Euler update is thus given by

IsH

LR A (€ + (£, ) (€D)] (8.45)

Wp;

n+1: n__

Uy

For the subcells whose interfaces are not shared by the FR element, the fluxes are
computed, following [90], as

£6 _ . (nR,i)p
(Fo, o) (€F) = | (na)pll £ (u,,, “m)
(78,10, (60) =l £ 20 (5.46)

(Pis)m { B m

DPit1 m=1

where (ng ;)p is the normal vector of subcell C), in direction ¢ and side S € {L, R}. The
numerical fluxes (8.46) are taken to be Rusanov’s flux (8.19)

Frlum wtn) =3 [(f - m) () + (F o) ()] - 5 (w* — ) (5.47)

where ) is the wave speed estimate at the subcell face computed using u* (8.20). At
the interfaces shared by FR elements, the first order numerical flux is computed by
setting u® in (8.47) to element trace values as in (8.19). However, the lower order
residual needs to be computed using the same inter-element flux as the higher order
scheme at interfaces of the Flux Reconstruction (FR) elements. Thus, for example, for
an element 2. at solution point £ =&, with p=0, the subcell update will be given by

T3 (B rin ) (€ + (B ) (64 (8.48)

i=1 pi

n+1
ue,O

_ueO_

where (F?-7;)*(€F) is the blended numerical flux and is computed by taking a convex
combination of the lower order flux chosen as in (8.19) and the time averaged flux
from LWFR scheme (8.26). An initial guess is made as in 1-D (5.11) and then fur-
ther correction is performed to ensure admissibility, as explained in Section 8.4.3.2.
Other subcells neighbouring the element interfaces will also use the blended numerical
fluxes at the element interfaces and thus have an update similar to (8.48). Then, by
multiplying each update equation of each subcell p by wp, and summing over p, the
conservation property is obtained

7L n+1 Ln+1 _ n ~5' -~ D)k
Z u = U, |Q | (Z /a F ’an dS£+/,99L_(Fe ’I’I/Lﬂ) ng)
=1 0,1
(8.49)

Since we also have the conservation property in the higher order scheme (8.29), the
blended scheme will be conservative, analogous to the 1-D case (5.9, 5.10).
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The expressions for normal vectors on the subcells needed to compute (8.46) are
taken from Appendix B.4 of [90] where they were derived by equating the high order
flux difference and Discontinuous Galerkin split form. We directly state the normal
vectors here, denoting (np ;)p as the outward normal direction in subcell C,, along the
positive ¢ direction

pi .
(nR,i)p:IN(Jai)p”(ﬂ’ Z wy a;:iIN(Jai)pi”, (pz\l) { Z];;n Ziz
=0

where {w;}{L, are quadrature weights corresponding to solution points, Zy is the

approximation operator for metric terms (8.37), and (ny ;), can be obtained by the
relation (ny, ;)p=—(nr,i)p;, , Wwhere p,_ was defined in (8.46).

Free-stream preservation. To show the free stream preservation of the lower order
scheme with the chosen normal vectors, we consider a constant initial state u =c and
show that the finite volume residual will be zero. A constant state implies that the time
average of the contravariant flux will be the contravariant flux itself (8.39). Thus, all
numerical fluxes including element interface fluxes are first order fluxes like in (8.46)
and the residual at p in direction ¢ is given by

£

= L) (g at S we Tn( @)~ Tx(T a3 wideTn(Tadp,)

)
Pi =0 1=0

= f(c) 0:In(Ja')p

The residuals in other directions give similar terms and summing them gives

nR.i)p+ (NLi)p)

Z(’)fl ~n(Jah),=0

by the metric identities, thus satisfying the free stream preservation condition.

8.4.2. Smoothness indicator

As in Section 5.3.2, we measure the smoothness of degree N approximate solution
within each element and in terms of the orthonormal Legendre basis and analyze
the decay of its coefficients. In this section, we write the smoothness indicator for d
dimensions, using the multi-index notation (8.5).

Let ¢ = g(u) be the quantity used to measure the solution smoothness. With
{Lj}jvzo being the 1-D Legendre polynomial basis of degree N, taking tensor pro-
duct gives the degree N Legendre basis

Lp(&)=]] Ln(¢),  pie{0,1,...,N}
The Legendre basis representation of ¢ can be obtained as

9= L. e o= [ aw(E) L6 e
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The Legendre coefficients {¢,} are computed using the quadrature induced by the
solution points,

qu - Z Q(ue,q> LP(€Q) Wgq
Define a

Sk= D> dp

p,pi<K

which measures the “energy” in ¢,. Then the energy contained in the highest modes
relative to the total energy of the polynomial is computed as follows

S —FBn-1 Svo1— SN—Q}
Sy ’ Sy

]E—max{

In 1-D, this simplifies into the expression of (5.12) and the remaining steps to obtain
the blending coefficient a. € [0, 1] are the same as in Section 5.3.2.

8.4.3. Flux limiter for admissibility preservation

We first briefly review the flux limiting process for admissibility preservation from
Chapter 5 for 1-D and then do a natural extension to curvilinear meshes. The first
step in obtaining an admissibility preserving blending scheme is to ensure that the
lower order scheme preserves the admissibility set U,g. This is always true if all the
fluxes in the lower order method are computed with an admissibility preserving low
order finite volume method. But the LWFR scheme uses a time average numerical
flux and maintaining conservation requires that we use the same numerical flux at
the element interfaces for both lower and higher order schemes (Remark 1 of [19]).
To maintain accuracy and admissibility, we carefully choose a blended numerical flux

F, 1 asin (5.11) but this choice may not ensure admissibility and further limitation is
2

required. Our proposed procedure for choosing the blended numerical flux will give us
an admissibility preserving lower order scheme. As a result of using the same numerical
flux at element interfaces in both high and low order schemes, element means of both
schemes are the same (Theorem 8.6). A consequence of this is that our scheme now
preserves admissibility of element means and thus we can use the scaling limiter of [205]
to get admissibility at all solution points.

Once the low order scheme on subcells is constructed as in Section 8.4.1, the
blending scheme with smoothness coefficient can be written as (5.6). The theoret-
ical basis for flux limiting summarized in Theorem 5.5 also applies. For clarity, we
rewrite Theorem 5.5 in the notation of general curvilinear specialized to first order
blending in Theorem 8.6.

THEOREM 8.6. Consider the LWFR blending scheme on curved meshes where low
and high order schemes use the same numerical flur (FY - 7,;)*(€) at every element
interface and the lower order residual is computed using the first order finite volume
scheme (8.45). Then the following can be said about admissibility preserving in means
property (Definition 5.2) of the scheme:

1. element means of both low and high order schemes are same, and thus the
blended scheme is admissibility preserving in means if and only if the lower order
scheme is admissibility preserving in means;
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2. if the blended numerical fluz (F2-1;)*(&5) is chosen to preserve the admissibility
of lower-order updates at solution points adjacent to the interfaces, then the
blending scheme will preserve admissibility in means.

Proof. By (8.29, 8.49), element means are the same for both low and high order
schemes. Thus, admissibility in means of one implies the same for the other, proving
the first claim. For the second claim, note that our assumptions imply uL 1 given
by (8.45, 8.48) are in Uyq for all p. Therefore, we obtain admissibility in means property
of the lower order scheme by (8.49) and thus admissibility in means for the blended

scheme. O

8.4.3.1. Flux limiter for admissibility preservation in 1-D

To make the general case of curved meshes easier to understand, we keep the 1-D Flux
limiter in Section 5.5 in a self-contained version in Algorithm 8.1. For simplicity, we
only consider the case where the admissibility constraints Py (5.1) are concave functions
of the conservative variables.

Algorithm 8.1
Computation of blended flux F,

. Lw e+1
Input: FeJrlv fe_;,_%? fN 1 ue+1 Oaue Ny Oy Oet1
2 2
Output: FeJr%

_ Qet Qeq
O[eJr% - 2
LW . . . .
(_ JR—
F,_ L (1—-a, L ) F, ! +a 1 f. L > Heuristic guess to control oscillations

>FV inner updates with guessed F,

cntl
gt = ul o0 — wOA%H (ff )

~ 1 At
ayt gy — o (B - ffv_;)

>FV inner updates with f et ! which are admissibile

- low,n+1 At +1

uoown :'u,e+1,0 T WoATer (f%e - fe-g-%)
~low,n+1 _ At

uy " —ug,N—m(fe%— Iy 1)
for k=1: K do

> Correct F, ! for K admissibility constraints

)

>FV inner updates with F,_ 1 corrected for Py

(nlow n—&—l)’%P (ﬁ]l\c;w,n—i-l)

~low
¢ — Pr(@™ ")
1 ~Tow,n+1
PG} — Pu(a™ "

F o1 —0F 1+(1-0)f

€0, EN < 15 P

0 «+— min (minj&N

ag w0 ——— woAre+1 (fi_ )
~ At
u]’;‘]-tl «— IU’Z,N — wN—Ax (Fe+% — fi]*%)
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8.4.3.2. Flux limiter for admissibility preservation on curved meshes

Consider the calculation of the blended numerical flux for a corner solution point of
the element, see Figure 8.2. A corner solution point is adjacent to interfaces in all
d directions, making its admissibility preservation procedure different from 1-D. In
particular, let us consider the corner solution point p =0 and show how we can apply
the 1-D procedure in Section 8.4.3.1 to ensure admissibility at such points. The same
procedure applies to other corner and non-corner points. The lower order update at
the corner is given by (8.48)

d

Z L fNCo ng 1) (51 ) (ﬁeé‘ﬂL,i)*(&L)] (8.50)

J, w
€,p i=1 DPi

ontl n At
ue,O - ue,O_

where n; =e; is the reference normal vector on the subcell interface in direction 4,
(f8, - Mp.i)* denotes the lower order flux (8.44) at the subcell Cp surrounding &,

(Y -ny ;)*(€F) is the initial guess candidate for the blended numerical flux. Pick k; >0
such that Zle k;=1 and

~low,n n At ¢ ~ * PN * .
a " = uto = o [(f& n ) (6F) + (F-nr)7(€1)], 1<i<d  (851)
pive,p
satisfy
W eUyy, 1<i<d (8.52)

where (f-7,)*(&F) is the first order finite volume flux computed at the FR. element
interface.

The {k;} that ensure (8.52) will exist provided the appropriate CFL restrictions are
satisfied because the lower order scheme using the first order numerical flux at element
interfaces is admissibility preserving. The choice of {k;} should be made so that (8.52)
is satisfied with the least time step restriction. However, we make the trivial choice of
equal k;’s motivated by the experience of Chapter 5, where it was found that even this
choice does not impose any additional time step constraints over the Fourier stability
limit. After choosing k;’s, we have reduced the update to 1-D and can repeat the same
procedure as in Algorithm 8.1 where for all directions 7, the neighbouring element
is chosen along the normal direction. After the flux limiting is performed following
Algorithm 8.1, we obtain (F? -7y, ;)*(&F) such that

(e ) (EF) + (FP vy )" (€5)] € Una (8.53)

d
> kit =alE €U (8.54)
=1
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along with admissibility of all other corner and non-corner solution points where the
flux (FY-n,)*(&F) is used. Finally, by Theorem 8.6, admissibility in means (Def-
inition 8.30) is obtained and the scaling limiter of [205] can be used to obtain an
admissibility preserving scheme (Definition 5.1).

8.5. ADAPTIVE MESH REFINEMENT

Adaptive mesh refinement helps resolve flows where the relevant features are localized
to certain regions of the physical domain by increasing the mesh resolution in those
regions and coarsening in the rest of the domain. In this work, we allow the adaptively
refined meshes to be non-conforming, i.e., element neighbours need not have coinciding
solution points at the interfaces (Figure 8.3a). We handle the non-conformality using
the mortar element method first introduced for hyperbolic PDEs in [106].

In order to perform the transfer of solution during coarsening and refinement, we
introduce some notations and operators. Define the 1-D reference elements

Iy=1[-1,0], I,=10,1], I=[-1,1], N¢ = {0, 1}¢ (8.55)

and the bijections ¢4: Iy — I for s=0,1 as

¢o(§)=28+1, £€ ¢i(§)=26-1, el (8.56)
so that the inverse maps ¢; ': I — I, are given by
Gl O=431 cel o= 11 cer (8.57)

Denoting the 1-D solution points and Lagrange basis for I as {&,}) 0 and {£,(£)})

respectively, the same for I are given by {¢;'(&,) 110 and {£,(s(€)) 00 respectively.
We also define f to be integration under quadrature at solution points. Thus,

N

fu@ae=3" ugyu,  fu©de=Y 2u(0 (),

p=0 p=0

In order to get the solution point values of the refined elements, we will perform inter-
polation. All integrals in this section are approximated by quadrature at solution points
which are the degree N Gauss-Legendre-Lobatto points. The interpolation operator
from I to {Is}s—o,1 is given by Vz, defined as the Vandermonde matrix corresponding
to the Lagrange basis

(Vo)pa = L5 (&), 0<p,¢g<N, s=0,1 (8.58)

For the process of coarsening, we also define the L? projection operators {P*}s—.1
which projects a polynomial u defined on the Lagrange basis of I; to the Lagrange
basis of I as

fru@u@c- {ugu@e  osisy
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Figure 8.3. (a) Neighbouring elements with hanging nodes (b) Illustration of refinement and

coarsening

Approximating the integrals by quadrature on solution points, we obtain the matrix
representations corresponding to the basis

Péqflwqfws (&), 0<i,j<N, 5=0,1 (8.59)

where {w,})_y are the quadrature weights corresponding to solution points. The
transfer of solution during coarsening and refinement is performed by matrix-vector
operations using the operators (8.58, 8.59). Thus, the operators (8.58, 8.59) are stored
as matrices for the reference element at the beginning of the simulation and reused
for the adaptation operations in all elements. Lastly, we introduce the notation of
a product of matrix operators {A;}{-; acting on b= (bp),eng = (Dpipaps)peng aS

(Aib)p=>_ (H <Az->pz-qz->bq (8.60)

qE]Nf\l] =1

8.5.1. Solution transfer between element and subelements

Corresponding to the element (2., we denote the 2¢ subdivisions as (Figure 8.3b)

d
Q.= @E<H 1) Vs € N¢
=1
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where I are defined in (8.55). We also define ¢,(&)= (¢s,(£))%, so that ¢, is a bijection

between (), and . in reference coordinates®2 Recall that {{p},cng are Lagrange
polynomials of degree N with variables & = (£%)%_,. Thus, the reference solution points
and Lagrange basis for ()., are given by {gb;l(ﬁp)}pewv and {{p(¢s(§))}peng, Tespec-
tively. The respective representations of solution approximations in €2, {2, in reference
coordinates are thus given by

u(€)= ) L€ ucq ()= lo(0s(€)) Uerq (8.61)

qeNg qENF;

8.5.1.1. Interpolation for refinement

After refining an element ). into child elements {€X,};cn¢, the solution w,. has to be
interpolated on the solution points of child elements to obtain {u,}scng. The scheme

will be specified by writing u., 4 in terms of wu. 4, which were defined in (8.61). The
interpolation is performed as

Ues,p = Z lo( @5 (€p))tte g = Z (Héi(¢;l(£pi)))ue,q

qeNg qeNf \i=1
d
= E H (V=, )pzqz Ue, q
geNg \i=1

In the product of operators notation (8.60), the interpolation can be written as

d
U, = V=, |ue
i=1

8.5.1.2. Projection for coarsening

When 2¢ elements are joined into one single bigger element §2,, the solution transfer is
performed using L? projection of {te, }seng into ue, which is given by

][ Ue lp —][ ulp(&)d, Vp e N§ (8.62)
seN¢ §2e
Substituting (8.61) into (8.62) gives

][ ))te, gdz =Y ][ €)u, qdx (8.63)

sGlNd qENF qeNG

Note the 1-D identities
]{gp(f) lo(§)dE=0pqw)p

fat qus(g))dg—% 677 (O =5 (05 (6) =Py

8.2. That is, ©, ¢s O, ! is a bijection from ., to Q..
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Figure 8.4. (a) Prolongation to mortar and computation of numerical flux Fz,, F=,, (b) Projection
of numerical flux to interfaces.

where the projection operator {P*};_¢ 1 is defined in (8.59). Then, by change of vari-
ables, we have the following

d
][pr<£> fq(f) =Jep 11:[1 W, Opug;s ]{)

Using (8.64) in (8.63) and dividing both sides by .J. , gives

d d
P i |Wesq = " We,
wp=3 3 (H ppzq)u, . Z( ps)u
i=1

seN¢ geNg \i=1 seN?

d
Ep(g) €q<¢s(€)) = Je,pH Wp, P;ZQ'L (8'64>
i=1

€s

where the last equation follows using the product of operators notation (8.60).

8.5.2. Mortar element method (MEM)

8.5.2.1. Motivation and notation

When the mesh is adaptively refined, there will be elements with different refinement
levels sharing a face; in this work, we assume that the refinement levels of those
elements only differ by 2 (Figure 8.3a). Since the neighbouring elements do not have
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a common face, the solution points on their faces do not coincide (Figure 8.4). We
will use the Mortar Element Method (MEM) for computing the numerical flux at all
the required points on such a face, while preserving accuracy and the conservation
property (8.29). There are two steps to the method.

1. Prolong F?-fg,;, Us,, ug; (8.26) from the neighbouring elements to a set of
common solution points known as mortar solution points (Figure 8.4a).

2. Compute the numerical flux at the mortar solution points as in (8.26) and map
it back to the interfaces (Figure 8.4b).

In Sections 8.5.2.2, 8.5.2.3, we will explain these two steps through the specific case of
Figure 8.4 and we first introduce notations for the same.

Consider the multi-indices s € N{™' = {0,1}%~" and the interface in right (positive)
i=1 direction of element €, denoted as I' (Figure 8.4). We assume that the elements
neighbouring €2, at the interface I' are finer and thus we have non-conforming subin-
terfaces {I5}, N which, by continuity of the reference map, can be written as [ =
O ({1} x Hf:_ll I,)=0.({1} x ¢y 1(I971)). Thus, in reference coordinates, ¢, (8.56) is a
bijection from Iy to I'. The interface I' can be parametrized as y =~(n) =06.(1,n) for
1 € 1?1 and thus the reference variable of interface is denoted 1=~ ~1(y). The subin-
terfaces can also be written by using the same parametrization so that [y={~v(n):n €
Hf:_ll I;,}. For the reference solution points on I' being {7s},cn¢-1, the solution points
in I, are respectively given by {¢;1(np)}peNf—l and for {Zp(n)}peN]cé—l being Lagrange
polynomials in I', the Lagrange polynomials in I, are given by {Kp(gzﬁs(n))}pem_l
respectively. Since the solution points between I' and I do not coincide, they will
be mapped to common solution points in the mortars =5 and then back to I', I’y after
computing the common numerical flux. The solution points in =, are actually given
by {gﬁs_l(np)}peNld_l, i.e., they are the same as I;. The quantities with subscripts =,
=1 will denote trace values from larger, smaller elements respectively.

8.5.2.2. Prolongation to mortars

We will explain the prolongation procedure for a quantity F' which could be the normal
flux F°- ng;, time average solution Ug ; or the solution wg ;. The first step of MEM
of mapping of solution point values from solution points at element interfaces I', [
to solution points at mortars =;, ZF is known as prolongation. The prolongation
of {Fﬂ}sem_l from small elements Iy to mortar values {Fz+},cna-1 is the identity

map since both have the same solution points, and the prolongation of F? from the
large interface I' to the {FE;}Se]N?—I is an interpolation to the mortar solution points.

Accuracy is maintained by the interpolation as the mortar elements are finer. Below,
we explain the matrix operations used to perform the interpolation.

The prolongation of {F2}, end-1 to the mortar values {Fz+}, na-1 is the identity
map. The {Fz }, end-1 in Lagrange basis are given by

d—1
Fo(m= Y L(os)Fzp  me]] L (8.65)

peNy!
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The coefficients {Fx_ p},cni-1 are computed by interpolation

Fz- = F‘(¢;1(np)) = Z ﬁq(¢;1("lp))F1§(77q)

geNg~!

S (H zm;l(np»))Fﬁ(nq) (8.66)

geNg~t \i=1

= Z (H (Vsi)piQi)Flé(nq)

geNg~t \i=1

where the interpolation operators {Vz,}s—o1 were defined in (8.58). Using the product
of operators notation (8.60), we can compactly write (8.66) as

d—1
F = (H VSZ)FfS (8.67)
i=1

The same procedure is performed for obtaining U=z, uz+. The numerical fluxes
{F%,},cna-1 are then computed as in (8.26).

8.5.2.3. Projection of numerical fluxes from mortars to faces

In this section, we use the notation F*:=(F,-ng;)* to denote the numerical flux (8.26).
In the second step of MEM, the numerical fluxes {FZ }, end-1 computed using values

at {=F seNd—1 are mapped back to interfaces I's, I". Since the solution points on s are
the same as those of =<, the mapping from {Fﬁs}sequ to {Fﬁs}sem_l is the identity

map. In order to maintain the conservation property, an L? projection is performed to
map all the fluxes {FZ }, y¢-1 into one numerical flux F¥ on the larger interface.

An L? projection of these fluxes to Fif on I is performed as

][ Fz (,= ][ Fy(,, VpeN& ! (8.68)
I

ENd 1

where integrals are computed with quadrature at solution points. As in (8.65), we write
the mortar fluxes as

Fi(m) = ) ly(os(n)F2, 4 — mEES

geNy !

Fi(n) = Y, ly(mFrg  nel

geN{ !

Thus, the integral identity (8.68) can be written as

][ (m)FzZ, 4 ][ n)Ft, VYpeNi ' (8.69)

d 1 d—1
sENY! geNg™? EN,



176 CURVILINEAR GRIDS

Using the identities (8.69), the equations (8.69) become
d—1
RO 1 L L
seN¢—1 geNg—t \i=1

where J2, is the surface Jacobian, given by ||(Ja'). p|| in this case ((6.29) of [103]).
Then, dividing both sides by Jf,p wp gives

Fi,= > Y ( 17>;;q1> Fi = ) (H P)F: (8.70)

sEN{™! geNg! seNj~ \i=1

where the last identity is obtained by the product of operators notation (8.60). Note

that the identity (8.68) implies
][F~U—][va v e Py

Then, taking v =1 shows that the total fluxes over an interface I' are the same as over
{Is}, en¢-1 and thus the conservation property (8.29) of LWFR is maintained by the

LWFR scheme.

GNd 1

Remark 8.7. (FREESTREAM AND ADMISSIBILITY PRESERVATION UNDER AMR)
Under the adaptively refined meshes, free stream preservation and provable admissi-
bility preservation are respectively ensured.

1. When refining/coarsening, there are two ways to compute the metric terms
- interpolate/project the metric terms directly or interpolate/project the ref-
erence map O at solution points and use the newly obtained reference map
to recompute the metric terms. The latter, which is the approach taken in
this work, can lead to violation of free stream preservation as we can have
(ZN)ep (J @%) # (In)ep(J a’) where €, and Q. are two neighbouring large and
small elements respectively. Thus, the interface terms may not vanish in the
update equation (8.28) with constant u™ leading to a violation of free stream
preservation. This issue only occurs in 3-D and is thus beyond the scope of
this work, but some remedies are to interpolate/project the metric terms when
refining /coarsening or to use the reference map © € Py /2, as explained in [104].
Another solution has been studied in [109] where a common finite element space
with mixed degree N —1 and N is used with continuity at the non-conformal
interfaces. Since this work only deals with problems in 2-D, we always have
(Zn)ep(J @) = (Zn)en(J @’) ensuring that the interface terms in (8.28) vanish
when u = c. Further, since the metric terms are recomputed in this work, the
volume terms will vanish by the same arguments as in Section 8.3.4. Thus,
free stream preservation is maintained even with the non-conformal, adaptively
refined meshes.
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2. The flux limiting explained in Section 8.4.3 ensures admissibility in means (Def-
inition 5.2) and then uses the scaling limiter of [205] to enforce admissibility of
solution polynomial at all solution points to obtain an admissibility preserving
scheme (Definition 5.1). However, the procedure doesn’t ensure that the poly-
nomial is admissible at points which are not the solution points. Adaptive mesh
refinement introduces such points into the numerical method and can thus cause
a failure of admissibility preservation in the following situations: (a) mortar
solution values {uz_} obtained by interpolation as in (8.65) are not admissible,
(b) mean values {u,,} of the solution values {u.,} obtained by interpolating
from the larger element as in (8.5.1.1) are not admissible. Since the scaling
limiter [205] can be used to enforce admissibility of solution at any desired
points, the remedy to both issues is further scaling; we simply perform scaling
of solution point values {uz_}, {u.,} with the admissible mean value u.. This
will ensure that the mortar solution point values and the mean values {u,,} are
admissible.

8.5.3. AMR indicators

The process of adaptively refining and coarsening the mesh requires a local solution
smoothness indicator. In this work, two smoothness indicators have been used for adap-
tive mesh refinement. The first is the indicator of [90], explained in Section 8.4.2. The
second is Lohner’s smoothness indicator [120] which uses the central finite difference
formula for second derivative, which is given by

lq(up,,) — 2 q(up) + q(up, )|

0, = max max

peNg 1<i<d Normalizer(i, p) ’
. |q(up,,) — q(up)| + [q(up) — q(up, )|
Normalizer(i, p) = o p P P 8.71
) ( + Fuame 9(2tp,,)| 20| + [g(atp ) (&.71)

(Pit)m = { B m#z:

Pi+1, m=1

where {up},cng are the degrees of freedom in element €2, and ¢ is a derived quantity
like the product of density and pressure used in Section 8.4.2. The value fyave =0.2
has been chosen in all the tests [120].

Once a smoothness indicator is chosen, the three level controller implemented
in Trixi.jl [140] is used to determine the local refinement level. The mesh begins
with an initial refinement level and the effective refinement level is prescribed by
how much further refinement has been done to the initial mesh, The mesh is cre-
ated with two thresholds med_threshold and max_threshold and three refinement
levels base_level, med_level and max_level. Then, we have

base_level, a. <med_threshold
level.={ med_level, med_threshold < o, <max_threshold
max_level, max_threshold < a,
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Beyond these refinement levels, further refinement is performed to make sure that two
neighbouring elements only differ by a refinement level of 1.

8.6. TIME STEPPING

This section introduces an embedded error approximation method to compute the time
step size At for the single stage Lax-Wendroff Flux Reconstruction method. First,
recall that a standard way to compute the time step size At” is to follow Chapter 4
and use

Aty = Cymin—2=#_cpr(v) (8.72)
e,p O'(’U,e,p)

where the minimum is taken over all elements {€.}, J. is the Jacobian of the change of
variable map, o(uf) is the largest eigenvalue of the flux jacobian at state ', approx-
imating the local wave speed, CFL(NN) is the optimal CFL number dependent on
solution polynomial degree N and C, <1 is a safety factor. In Section 4.4, a Fourier
stability analysis of the LWFR scheme was performed on Cartesian grids, and the
optimal CFL numbers were obtained for each degree N (Table 4.1) which guaranteed
the stability of the scheme. However, the Fourier stability analysis does not apply to
curvilinear grids and formula (8.72) need not guarantee L? stability with CFL numbers
from Table 4.1. Thus, formula (8.72) may require the CFL number to be fine-tuned
for each problem. Along with the L? stability, the time step has to be chosen so
that the scheme does not give inadmissible solutions. An error-based time stepping
method inherently minimizes the parameter tuning process in time step computation.
The parameters in an error-based time stepping scheme that a user has to specify
are the absolute and relative error tolerances 7,, 7., and they only affect the time
step size logarithmically. In particular, because of the weak dependence, tolerances
7o =T, = 1075 worked reasonably for all tests with shocks; although, it was possible to
enhance performance by choosing larger tolerances for some problems. Secondly, if
inadmissibility is detected during any step in the scheme or if errors are too large, the
time step is redone with a reduced time step size provided by the error estimate. The
scheme also has the capability of increasing and decreasing the time step size.

We begin by reviewing the error-based time stepping scheme for the Runge-Kutta
ODE solvers from [140, 142] in Section 8.6.1 and explain our extension of the same to
LWEFR in Section 8.6.2.

8.6.1. Error estimation for Runge-Kutta schemes

Consider an explicit Runge-Kutta method used for solving ordinary differential equa-
tions by evolving the numerical solution from time level n to n+ 1. For error estimation,
the method is constructed to have an embedded lower order update ©"*!, as described
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ntl gt gives an

in equation (3) of [140]. The difference in the two updates, u
indication of the time integration error, which is used to build a Proportional Integral

Derivative (PID) controller to compute the new time step size,
Aty gy = r(eD/F PP B0y A, (8.73)

where for ¢ being the order of main method, ¢ being the order of embedded method,
we have

k=min (g, 4) +1

and [; are called control parameters which are optimized for the particular Runge-
Kutta scheme [140]. With M being the number of degrees of freedom in u, we pick
absolute and relative tolerances 7,, 7. and then error approximation is made as

1

1 n+1 un-l—l 2\ 2
n - y n - ! 8.74
=g W= M§:<m+nmwﬂw”WWH) (8.74)

where the sum is over all degrees of freedom, including solution points and conservative
variables. The tolerances are to be chosen by the user but their influence on the scheme
is logarithmic, unlike the CFL based scheme (8.72).

The limiting function k(z) =1+ tan"!(z — 1) is used to prevent sudden increases
in time step sizes. For normalization, PETSc uses @ =u""! while OrdinaryDiffEq.j1
uses @ =u". Following [140], if the time step factor At”“/At" >0.9% the new time

step is accepted and used in the next level as At"+!= AtHLTE not, or if admissibility
is violated, evolution is redone with time step size At" = At""! computed from (8.73).

8.6.2. Error based time stepping for Lax-Wendroff flux reconstruc-

tion

Consider the LWFR scheme (8.28) with polynomial degree N and formal order of
accuracy N +1

n n At ~
ue,ngl = Ue,p — Je.p Ve- Fe&(gp) —Cep

where C. , contains contributions at element interfaces. In order to construct a lower
order embedded scheme without requiring additional inter-element communication,
consider an evolution where the interface correction terms C. , are not used, i.e., con-
sider the element local update

n+1 At

uloc,e,p_ ’U, J
e,p

)

Ve FO(E,) (8.75)
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Truncating the locally computed time averaged flux F? (8.24) at one order lower

5_§
Fe— — (k)—f-].) at.fe

we can consider another update

Tkl _ . A

t ~
Uhoeep=ulp = Ve F(&)

which is also locally computed but is one order of accuracy lower. We thus use u_’

n+1

(8.76)

(8.77)

+1

uﬁ;gi and 4T = Ujo. . in the formula (8.74) along with = "1 then we use the same
procedure of redoing the time step sizes as in Section 8.6.1. That is, after using the error
estimate (8.74) to compute Aty 41 (8.73) we redo the time step if At/ At">0.92 or
if admissibility is violated; otherwise we set At"T! to be used at the next time level.
The complete process is also detailed in Algorithm 8.4. In this work, we have used
the control parameters 3; =0.6, fo=—0.2, #3=0.0 for all numerical results which are
the same as those used in [140| for BS3(2)3p, the third-order, four-stage RK method
of [32]. We tried the other control parameters from [140] but found the present choice
to be either superior or only slightly different in performance, measured by the number

of iterations taken to reach the final time.

Algorithm 8.2

n+1 n+1

Overview of LWFR element residual of order N + 1 & error approximation using w,. ~, Ui,

for e in eachelement (mesh) do

Compute {9F f2}N-! using approximate LW procedure (8.32) to obtain 1%5 (8.76)

Compute uj,!} using FY (8.77)

Compute 9N £ using approximate LW procedure (8.32) to obtain F? (8.24)

Compute w5t using F? as in (8.75)

loc,e

1 Tl
n-+ n+
_ uloc e,i 'u’loc,e,z
temporal_error[e]=

- n+1

P To+ Ty max{|uloc7eyl| |u

Compute and add local contribution of F to the residual (8.28)

end

, sum is over dofs in e

Algorithm 8.3

High level overview of LWFR residual (Within time integration)

Compute {a.} (Section 8.4.2)
Assemble cell residual (Algorithm 8.2)
for I' in eachinterface(mesh) do

Compute F*V, fr and blend them into Fr (Algorithm 8.1)

end
for e in eachelement (mesh) do

Add contribution of numerical fluxes to residual of element e (Remark 5.3b)

done
Update solution
Apply positivity limiter
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Algorithm 8.4

Lax-Wendroff Flux Reconstruction at a high level to explain error based time stepping

Initialize t < 0, time step number n « 0, and initial state u°
Initialize PID controller with ep«— 1,7« 1
Initialize Atg= At with a user supplied value
Initialize accept_step « false
while t <T do
if accept_step then
accept_step < false
te—t
Atyiq— At
n—n-+1
else
At, — At
end

if t+ At,, > final_time then
At, < final_time—t

end if

u"ﬂ u"t! (Algorithm 8.3, 8.2) computing temporal_error, checking admissibility
Wiy (% Zetemporal_error [e] )% > M 1is the total number of dofs
Wy 11 < max {w,1,1071%} >To avoid division by zero
Entl Wn 41

dt_factor «— k (e7/Fel/Ffs/ky >k(z)=1+tan"}(z —1)

At dt_factor-Atf,
if dt_factor > accept_safety && no inadmissibility then

accept_step <« true
else

accept_step < false
end
if accept_step then

t—t+At,

if f ~final_time then
t < final_time

end if
Apply callbacks > Analyze and postprocess solution, AMR
Positivity correction for AMR (Remark 8.7)
end if
end while

8.7. NUMERICAL RESULTS

The numerical experiments are performed on 2-D FEuler’s equations (2.13). Unless
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specified otherwise, the adiabatic constant ~ will be taken as 1.4 in the numerical
tests, which is the typical value for air. A comparison will be made between error and
CFL based time stepping schemes where the CFL based time stepping schemes use the
following formula for the time step (see (2.5) of [142], but also [96, 140])

d
2 . 1 -
= — — ! < ‘
At, N1 CCFLIil,lpn ( A ;:1 )\W,), Cor<1 (8.78)

where {Xi’p}‘f:l are wave speed estimates computed by the transformation

d
Xep= Z (Jan)e.p Ae.p

n=1

for {Ja'}{_, being the contravariant vectors (8.2) and A., the absolute maximum
eigenvalue of f/(u. ). For Euler’s equations with velocity vector v = {v;} and sound
speed ¢, N'=|v;| +¢. The Cgpy, in (8.78) may need to be fine-tuned depending on the
problem. Other than the convergence test (Section 8.7.2.2), the results shown below
have been generated with error-based time stepping (Section 8.6.2). The scheme is
implemented in a Julia package TrixiLW. j1 written using Trixi.j1 [141, 158, 157 as a
library. Trixi. j1 is a high order PDE solver package in Julia [29] and uses the Runge-
Kutta Discontinuous Galerkin method; TrixiLW.jl uses Julia’s multiple dispatch
to borrow features like curved meshes support and postprocessing from Trixi.jl.
TrixiLW.jl is not a fork of Trixi. jl but only uses it through Julia’s package man-
ager without modifying its internal code. The setup files for the numerical experiments
in this work are available at [10]. The animations of the results presented in this chapter
can be viewed at

www.youtube.com /playlist?list=PLHg8S7nd3rfvI1Uzc3FDaTFtQo5VBUZER

8.7.1. Results on Cartesian grids

8.7.1.1. Mach 2000 astrophysical jet

The test is as described in Section 5.9.5. The simulation is performed on a uniform
5122 element mesh. This test requires admissibility preservation to be enforced to
avoid solutions with negative pressure. This is a cold-start problem as the solution
is constant with zero velocity in the domain at time ¢t =0. However, there is a high
speed inflow at the boundary, which the standard wave speed estimate for time step
approximation (8.79) does not account for. Thus, in order to use the CFL based time
stepping, lower values of Ccpr, (8.78) have to be used in the first few iterations of the
simulations. Once the high speed flow has entered the domain, this value needs to be
raised since otherwise, the simulation will use much smaller time steps than the linear
stability limit permits. In Section 5.9.5, this was handled by including the inflow wave
speed for computation of time step. Error based time stepping schemes automate this
process by their adaptivity and ability to redo the time steps. The simulation is run
till t=10"2 and the log scaled density plot for degree N =4 solution obtained on the
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uniform mesh is shown in Figure 8.5a. For an error-based time stepping scheme, we
define the effective Ccpr, as

Cerr,:=At,

2 1 & -
N+1I32n<|Je,p - Ae”’)] (8.79)

which is a reverse computation so that its usage in (8.72) will get At,, chosen in the
error-based time stepping scheme (Algorithm 8.4). In Figure 8.5b, time ¢ versus effec-
tive Cerr, (8.79) is plotted up to t=10"° to demonstrate that the scheme automatically
uses a smaller Ccpy, of ~1073 at the beginning which later increases and stabilizes at
~1071. Thus, the error based time stepping is automatically doing what would have
to be manually implemented for a CFL based time stepping scheme which would be
problem-dependent and require smart user intervention.

20 —— Error based scheme

g 1014
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Figure 8.5. Mach 2000 astrophysical jet (a) Density plot (b) Effective Ccpr,

8.7.1.2. Kelvin-Helmholtz instability

This is a variant of the Kelvin-Helmholtz instability like in Section 5.9.4. The initial
condition is given by [151]

1 3 1 1 .
(o) =( 5+ 3 B (B = 1), ysin 2. 1)

with B = tanh (15 y + 7.5) — tanh (15 y — 7.5) in domain Q = [—1, 1]* with periodic
boundary conditions. The initial condition has a Mach number M < 0.6 which makes
compressibility effects relevant but does not cause shocks to develop. Thus, a very
mild shock capturing scheme is used by setting o, = min {ae, Omax} (Section 8.4.2)
where apmax = 0.002. The same smoothness indicator of Section 8.4.2 is used for AMR
indicator with parameters from Section 8.5.3 chosen to be

(base_level,med_level,max_level)=(4,0,8)
(med_threshold, max_threshold) = (0.0003,0.003)

0.01 0.0 0.2 0.4 0.6 08 1.0
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where base_level =0 refers to a 2 x 2 mesh. This test case, along with indicators’
configuration was taken from the examples of Trixi.j1 [140]. The simulation is run
till £=3 using polynomial degree N =4. There is a shear layer at y ==+0.5 which rolls
up and develops smaller scale structures as time progresses. The results are shown
in Figure 8.6 and it can be seen that the AMR indicator is able to track the small
scale structures. The simulation starts with a mesh of 1024 elements which steadily
increases to 13957 at the final time; the mesh is adaptively refined or coarsened at every
time step. The solution has non-trivial variations in small regions around the rolling
structures which an adaptive mesh algorithm can capture efficiently, while a uniform
mesh with similar resolution would require 262144 elements.
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Figure 8.6. Kelvin-Helmholtz instability at ¢ =3 using polynomial degree N =4 (a) density plots,
(b) adaptively refined mesh

8.7.1.3. Double mach reflection

The description and significance of this test have been given in Section 4.11.2. The setup
of Lohner’s smoothness indicator (8.71) is taken from an example of Trixi.j1 [140]

) 76)

(base_level,med_level,max_level) 3
0.1)
)

= (0
(med_threshold, max_threshold)=(0.05
where base_level =0 corresponds to a 16 x 5 mesh. The density solution obtained
using polynomial degree N =4 is shown in Figure 8.7 where it is seen that AMR
is tracing the shocks and small scale shearing well. The initial mesh consists of 80
elements and is refined in first iteration in the vicinity of the shock to get 2411 elements.
In later iterations, the mesh is refined and coarsened in each iteration, and the number
of elements keeps increasing up to 7793 elements at the final time t =0.2. In order to
capture the same effective refinement, a uniform mesh will require 327680 elements.
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Figure 8.7. Double Mach reflection with solution polynomial degree N =4 at t =0.2 (a) Density

plot, (b) Adaptively refined mesh at final time

8.7.1.4. Forward facing step

The description and significance of this test have been given in Section 5.9.8. Here,
we repeat the setup to make this chapter self-contained. The step is simulated in the
domain Q= ([0, 3] x [0,1])\ ([0.6,3] x [0,0.2]) and the initial conditions are taken to be

(p,u,v,p)=(1.4,3,0,1) in

The left boundary condition is taken as an inflow and the right one is an outflow, while
the rest are solid walls. The corner (0.6,0.2) of the step is the center of a rarefaction
fan and can lead to large errors and the formation of a spurious boundary layer, as
shown in Figure 7a-7d of [197] and also in the results of Section 5.9.8. These errors
can be reduced by refining the mesh near the corner, which is automated here with
the AMR algorithm.
The setup of Lohner’s smoothness indicator (8.71) is taken from an example of

Trixi.jl [140|

(base_level,med_level,max_level)=(0,2,5)

(med_threshold, max_threshold) = (0.05,0.1)

The density at ¢t =3 obtained using polynomial degree N =4 and Lohner’s smooth-
ness indicator (8.71) is plotted in Figure 8.8. The shocks have been well-traced and
resolved by AMR and the spurious boundary layer and Mach stem do not appear. The
simulation starts with a mesh of 198 elements and the number peaks at 6700 elements
during the simulation then and decreases to 6099 at the final time ¢ =3. The mesh
is adaptively refined or coarsened once every 100 time steps. In order to capture the
same effective refinement, a uniform mesh will require 202752 elements.
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Figure 8.8. Mach 3 flow over forward facing step at time ¢t =3 using solution polynomial degree
N =4 with Lohner’s indicator for mesh refinement. (a) Density plot (b) Adaptively refined mesh

8.7.2. Results on curved grids

8.7.2.1. Free stream preservation

In this section, free stream preservation is tested for meshes with curved elements. Since
we use a reference map of degree N in (8.4), free stream will be preserved following the
discussion in Section 8.3.4. We numerically verify the same for the meshes taken from
Trixi.jl which are shown in Figure 8.9. The mesh in Figure 8.9a consists of curved
boundaries and only the elements adjacent to the boundary are curved, while the one
in Figure 8.9b is a non-conforming mesh with curved elements everywhere, and is used
to verify that free stream preservation holds with adaptively refined meshes. The mesh
in Figure 8.9b is a 2-D reduction of the one used in Figure 3 of [149]| and is defined by
the global map (£, n)+— (z,y) from [0,3]> — Q described as

.3 (m2£-3 2y—3
x—f+8cos(2 5 )COS(QT&' 5 )
.3 3m2£—-3 m2n—3
y—n+8cos(—2 3 )005(2 3 )

The free stream preservation is verified on these meshes by solving the Euler’s equation
with constant initial data

(p,u,v,p)=(1,0.1,-0.2,10)
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and Dirichlet boundary conditions. Figure 8.9 shows the density at time ¢ =10 which
is constant throughout the domain.

09 092 094 09 098 1.02 104 106 1.08

‘“‘H

x &

Figure 8.9. Density plots of free stream tests with mesh and solution polynomial degree N =6 at

t=10 on (a) mesh with curved boundaries, (b) mesh with refined curved elements

8.7.2.2. Isentropic vortex

This is a test with exact solution taken from [90] where the domain is specified by the
following transformation from [0, 1] — Q

[ &L,— A, Lysin(27n)
m(fﬂ?)_< nLy+AyLZsin(27T§) )

which is a distortion of the square [0, L,] x [0, L,] with sine waves of amplitudes A,,
A,. Following (90|, we choose length L, = L,=0.1 and amplitudes A, = A, =0.1.
The boundaries are set to be periodic. A vortex with radius R, =0.005 is initialized
in the curved domain with center (z,,y,) =(Ls/2,L,/2). The gas constant is taken
to be Rgas=287.15 and specific heat ratio v =1.4 as before. The free stream state is
defined by the Mach number My=0.5, temperature TO 300, pressure Po= 105, velocity

ug= Moy /7 Reas Tp and density py=

1
T\~ -1 —yp = T —x =
(pauavup):<p0(To)’y ,U0<1—ﬂ%6 2 ):'U'Oﬁ R e? 7p(x7y)RgaST>

O e S N T )

where Cp= Rgasv/ (7 — 1) is the heat capacity at constant pressure and 3=0.2 is the
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vortex strength. The vortex moves in the positive x direction with speed ug so that the
exact solution at time ¢ is u(z, y,t) =wo(r — ugt, y) where ug is extended outside €2 by
periodicity. We simulate the propagation of the vortex for one time period ¢,= L, /uq
and perform numerical convergence analysis for degree N =3 in Figure 8.10b, showing
optimal rates in grid versus L? error norm for all the conserved variables.

1.16
1.1605
1.16

— 1.1595

Degree N =3

102

— 1,159
— 1.1585
—1.158
—1.1575
— 1.157
— 1.1565

1.156
108 Qs
1.1555 RN
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115

162 322 642 1282 2562
Number of elements

(a) (b)

Figure 8.10. Convergence analysis for isentropic vortex problem with polynomial degree N = 3.
(a) Density plot, (b) L? error norm of conserved variables

8.7.2.3. Supersonic flow over cylinder

Supersonic flow over a cylinder is computed at a free stream Mach number of 3 with
the initial condition

(p7u7/U7p) - (1'47 37 07 1)

Solid wall boundary conditions are used at the top and bottom boundaries. A bow
shock forms which reflects across the solid walls and interacts with the small vortices
forming in the wake of the cylinder. The setup of Lohner’s smoothness indicator (8.71)
is taken from an example of Trixi.j1 [140]

(base_level,med_level,max_level)=(0,3,5)
(med_threshold, max_threshold)=(0.05,0.1)

where base_level =0 refers to mesh in Figure 8.11a. The flow consists of a strong shock
and thus the positivity limiter had to be used to enforce admissibility. The flow behind
the cylinder is highly unsteady, with reflected shocks and vortices interacting con-
tinuously. The density profile of the numerical solution at ¢ =10 is shown in Figure 8.11
with mesh and solution polynomial degree N =4 using Lohner’s indicator (8.71) for
AMR. The AMR indicator is tracing the shocks and the vortex structures forming
in the wake well. The initial mesh has 561 elements which first increase to 63000
elements followed by a fall to 39000 elements and then a steady increase to the peak
of 85000 elements from which it steadily falls to 36000 elements by the end of the
simulation. The mesh is refined or coarsened once every 100 time steps. In order
to capture the same effective refinement, a uniform mesh will require 574464 elements.
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Figure 8.11. Mach 3 flow over cylinder using solution and mesh polynomial degree N =4 at t =10
(a) Initial mesh, (b) adaptively refined mesh at final time, (¢) density plot at final time.
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8.7.2.4. Inviscid bow shock upstream of a blunt body

This test simulates steady supersonic flow over a blunt body and is taken from [90]
which followed the description proposed by the high order computational fluid dynamics
workshop [36]. The domain, also shown in Figure 8.12 consists of a left and a right
boundary. The left boundary is an arc of a circle with origin (3.85,0) and radius
5.9 extended till =0 on both ends. The right boundary consists of (a) the blunt
body and (b) straight-edged outlets. The straight-edged outlets are {(0, y): |y| > 0.5}
extended till the left boundary arc. The blunt body consists of a front of length
1 and two quarter circles of radius 0.5. The domain is initialized with a Mach 4
flow, which is given in primitive variables by

(p,u,v,p)=1(1.4,4,0,1) (8.80)

The left boundary is set as supersonic inflow, the blunt body is a reflecting wall and
the straight edges at x =0 are supersonic outflow boundaries. Lohner’s smoothness
indicator (8.71) for AMR is set up as

(base_level,med_level,max_level)= (0, 1,2)
(med_threshold, max_threshold)=(0.05,0.1)

where base_level =0 refers to mesh in Figure 8.12a. Since this is a test case with a
strong bow shock, the positivity limiter had to be used to enforce admissibility. The
pressure obtained with polynomial degree N =4 is shown in Figure 8.12 with adaptive
mesh refinement performed using Lohner’s smoothness indicator (8.71) where the AMR
procedure is seen to be refining the mesh in the region of the bow shock. The initial
mesh (Figure 8.12a) has 244 elements which steadily increases to ~1600 elements till
t=~1.5 and then remains nearly constant as the solution reaches steady state. The mesh
is adaptively refined or coarsened at every time step.

- Pressure Mach
21.1 4.3
Egi ‘ I 15 I 3
i 10 2

11
0.9

() (d)

Figure 8.12. Mach 4 flow over blunt body using polynomial degree N =4 showing (a) initial mesh,
(b) adaptively refined mesh, (c) pressure plot, (d) Mach number plot

8.7.2.5. Transonic flow over NACAO0012 airfoil
This is a steady transonic flow over the symmetric NACA0012 airfoil. The initial
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condition is taken to have Mach number M,=0.85 and it is given in primitive variables
as

(p,u,v,p) = (%7 UOCOSG; UOSin07p0)

where po=1,To=1, R=287.87,0 =7 /180, Uy = My ¢y and sound speed co=+/7Ppo/ po-
The airfoil is of length 1 unit located in the rectangular domain [—20, 20]? and the initial
mesh has 728 elements. We run the simulation with mesh and solution polynomial
degree N =6 using Lohner’s smoothness indicator (8.71) for AMR with the setup

(base_level,med_level,max_level)=(1,3,4)
(med_threshold, max_threshold) = (0.05,0.1)

where base_level =1 refers to the mesh in Figure 8.13a . In Figure 8.13, we show the
initial and adaptively refined mesh. In Figure 8.14, we show the Mach number and
compare the coefficient of pressure C, on the surface of airfoil with SU2 [70] results,
seeing reasonable agreement in terms of the values and shock locations. The AMR
procedure is found to steadily increase the number of elements till they peak at ~=4200
and decrease to stabilize at ~3750; the region of the shocks is being refined by the AMR
process. The mesh is adaptively refined or coarsened once every 100 time steps. In order
to capture the same effective refinement, a uniform mesh will require 186368 elements.

(a) (b)

Figure 8.13. Meshes for transonic flow over NACA(0012 airfoil. (a) Initial mesh (b) adaptively
refined mesh

M, =0.85,A0A=1°
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Figure 8.14. Transonic flow over airfoil using degree N =6 on adapted mesh (a) Mach number (b)
Coefficient of pressure on the surface of the airfoil

1.04
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8.7.3. Performance comparison of time stepping schemes

In Table 8.1, we show comparison of total time steps needed by error (Algorithm 8.4)
and CFL (8.78) based time stepping methods for test cases where non-Cartesian meshes
are used. The total time steps give a complete description of the cost because our
experiments have shown that error estimation procedure only adds an additional com-
putational cost of ~4%. The relative and absolute tolerances 7,, 7, in (8.74) are taken
to be the same, and denoted tolE. The iterations that are redone because of error
or admissibility criterion in Algorithm 8.4 are counted as failed (shown in Table 8.1
in red) while the rest as successful (shown in Table 8.1 in blue). The comparisons are
made between the two time stepping schemes as follows - the constant Cepy, in (8.78)
is experimentally chosen to be the largest which can be used without admissibility
violation while error based time stepping is shown with tolE = 1le-6 and the best tol-
erance for the particular test case (which is either 1e-6 or 5e-6). Note that the choice
of tolE = le-6 is made in all the results shown in previous sections. A poor quality
(nearly degenerate) mesh (Figure 8.12b) was used in the flow over blunt body (Sec-
tion 8.7.2.4) and thus the CFL based scheme could not run till the final time ¢t =
10 without admissibility violation for any choice of Ccpr. However, the error-based
time stepping scheme is able to finish the simulation by its ability to redo time steps;
although there are many failed time steps as is to be expected. The error-based time
stepping scheme is giving superior performance with tolE = 1e-6 for the supersonic
flow over cylinder and transonic flow over airfoil (curved meshes tests) with ratio
of total time steps being 1.755 and 1.43 respectively. However, for the forward facing
step test with a straight sided quadrilateral mesh, error based time stepping with tolE
= le-6 takes more time steps than the fine-tuned CFL based time stepping. However,
increasing the tolerance to tolE = 5e-6 gives the same performance as the CFL based
time stepping. By using tolE = 5e-6, the performance of supersonic flow cylinder
can be further obtained to get a ratio of 2.327. These results show the robustness of
error-based time stepping and even improved efficiency in meshes with curved elements.

Error
(SP%J) (Alg. 8.4) Ratio
' (Pass + Fail)
tolE=le-6 |_—"'“ | BesttolE [go_

FF Step 7661457 5646355 (5e-6)
8.7.1.4) |20 resianzray | U4 | (seae3ss 5y | 1O
Cylinder 871262 657170 (5e-6)
(8.7.2.3) 1529064 (871124 + 138) 1795 (651118+6052) 2.327
Blunt ] 4200 ] 4200 (1e-6) ]
(8.7.2.4) (3800 -+ 400) (3800 -+ 400)
Airfoil 4778674 4778674 (1e-6)
(8.7.2.5) 0856828 (4778651 + 23) 143 (4778651 + 23) 143

Table 8.1. Number of time steps comparing error and CFL based methods
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8.8. SUMMARY AND CONCLUSIONS

The Lax-Wendroff Flux Reconstruction (LWFR) scheme has been extended to curvi-
linear and dynamic, locally adapted meshes. On curvilinear meshes, it is shown that
satisfying the standard metric identities gives free stream preservation for the LWFR
scheme. The subcell based blending scheme of Chapter 5 has been extended to curvi-
linear meshes along with the provable admissibility preservation (Section 5.2) based
on the idea of appropriately choosing the blended numerical fluz (Section 5.5) at the
element interfaces. Adaptive Mesh Refinement has been introduced for LWFR scheme
using the Mortar Element Method (MEM) of [106]. Fourier stability analysis to com-
pute the optimal CFL number as in Section 4.4 is based on uniform Cartesian meshes
and does not apply to curvilinear grids. Thus, in order to use a wave speed based time
step computation, the CFL number has to be fine tuned for every problem, especially
for curved grids. In order to decrease the fine-tuning process, an embedded error-
based time step computation method was introduced for LWFR by taking difference
between two element local evolutions of the solutions using the local time averaged
flux approximations - one which is order N + 1 and the other truncated to be order
N. This is the first time error-based time stepping has been introduced for a single
stage evolution method for solving time dependent equations. Numerical results using
compressible Euler equations were shown to validate the claims. It was shown that free
stream condition is satisfied on curvilinear meshes even with non-conformal elements
and that the LWFR scheme shows optimal convergence rates on domains with curved
boundaries and meshes. The AMR with shock capturing was tested on various prob-
lems to show the scheme’s robustness and capability to automatically refine in regions
comprising of relevant features like shocks and small scale structures. The error based
time stepping scheme is able to run with fewer time steps in comparison to the CFL
based scheme and with less fine tuning. The speed-up obtained by error based time
stepping for curvilinear meshes was in the range of 1.43 and 2.33.






CHAPTER 9

PARABOLIC EQUATIONS

9.1. INTRODUCTION

In this chapter, we develop the LWFR scheme to solve second order PDE in conserva-
tive form using the BR1 scheme [22]. Examples of such equations include compressible
Navier-Stokes and resistive magnetohydrodynamics. Following Chapter 8, we solve
second order equations on curvilinear meshes and use error based time stepping.

This chapter is organized as follows. In Section 9.2, the notations and transforma-
tions of second order equations from curved element to a reference cube are reviewed. In
Section 9.3, the LWFR scheme for second order equations is introduced. In Section 9.4,
the treatment of boundary conditions is described. The numerical results are shown
in Section 9.5 and a summary of the chapter is provided in Section 9.6.

9.2. CURVILINEAR COORDINATES FOR PARABOLIC EQUA-
TIONS

We work with a system of parabolic equations in conservative form in d dimensions
Ohu+ Ve f(u)=Vyz- f'(u,Vyu) (9.1)

with some initial and boundary conditions. Here, u € IR? is the solution vector and its
gradient is the matrix Vou = (9,,u,...,0;,u) € RP*% The f2 f? are the advective
and viscous fluxes and can be seen as matrices f=(fi,..., f;) € RP*% z is in domain
Q CcR? and divergence of a flux is given by V- f = Zle Oy, fi. Following [78], we
introduce some notations to describe the scheme. The action of a vector b€ R? on
v € R? gives bv € RP*? which is defined component-wise as

bv=(bjv)i_, (9.2)
Further, the action of a matrix B= (by,...,b;) € R4 on v = (vy,...,vy) € RP*? also
gives Bv € R?*? defined as
d
B'U:Z bl v;, bz (s (b” ’Ui);‘izl (93)
i=1

195
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The second order system (9.1) will be reduced to a first order system of equations
following the BR1 scheme [22] where an auxiliary variable g is introduced

qg—Vzu = 0
Ou+Vy- f(u,q) =0 (94)
We will be using the same FR elements {Q.} (8.3), reference map = = 0(§) (8.4),
multi-index p € N§ (8.5), Lagrange polynomial basis {€p}peng as in Section 8.2 and
again denote the covariant and contravariant basis vectors as {a;}i—;, {a‘}?_; (Defin-
ition 8.1, 8.2). The covariant and contravariant vectors will now be used to map the
equations (9.4) to the reference element Q,=[—1,1]%

Using the Leibniz product rule of differentiation, and the metric identity (8.14) on
the transformation of a gradient transformation (8.11), we get the non-conservative
form of gradient of a scalar ¢ and thus of a vector w in vector action notation (9.2)

d d
_1 i 09 1 ;0w
Vx(b—JiZl Ja 9E" VwU—JiZI Ja o (9.5)
Following the notation of [78|, define the transformation matrix M = (Ja!,..., Ja%) €
R%*? 50 that with the matrix action notation (9.3)
1
Vmu:j/\/l Veu (9.6)

Within each element ()., performing change of variables with the reference map
O, (8.11, 8.10), the first order system (9.4) transforms into

Jg—MVeu = 0

pa g 97
Jat’lL—i-Vg'f = Vg-f(u,q) ( )
where, as in (8.13), we have
. . d
(fa)i:Jai-fo‘:Z Jat f2, a=a,v (9.8)
n=1

9.3. LAX-WENDROFF FLUX RECONSTRUCTION

As in the earlier chapters, the solution of (9.1) will be approximated by piecewise poly-
nomial functions which are allowed to be discontinuous across the elements. Within
each element (2., the solution will be represented by degree N Lagrange basis in the
reference coordinates (8.15) and u. , are the unknown values at solution points which
are taken to be GLL points.
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9.3.1. Solving for ¢q

The system (9.7) is solved at each time step for evolving the numerical solution from
time t" to t"!, where the first step is solving the equations for q. The BR1 scheme
was initially introduced for Discontinuous Galerkin (DG) method in [22] and is used
as a Flux Reconstruction (FR) scheme by exploiting the equivalence between FR and
DG [94], see for example [195]. Here, we show the first step in the FR framework® !,
repeating some notations from Chapter 8. Recall that we defined the multi-index
p=(pi)&2, where p;€{0,1...,N}. Let i€ {1,...,d} denote a coordinate direction and
Se{L,R} sothat (S,) corresponds to the face 0€2; ; in direction ¢ on side S which has
the reference outward normal ng ;, see Figure 8.1. Thus, Oﬁﬁi denotes the face where
reference outward normal is np ; = €; and 0Q§, ; has outward unit normal ns, ;= —ng ;.

The FR scheme is a collocation at each of the solution points {&,=(&,,){-1, p;=0,...,

N}. We will thus explain the scheme for a fixed € = £, and denote &; as the projection
of € to the face S=L, R in the i*" direction (Figure 8.1), as defined in (8.16). A
correction of u? is performed to obtain wu. as

u(€) = ul(€) + (we —u)(&F) gr(&p,) + (ul —u)(&F) 9(&p,) (9-9)

where ud(£7) denotes the trace value of the normal flux in element e and u (&) denotes
an approximation of the solution at the interface (S,7) which is chosen to be

wi(€) = 5 (ud +us,) (9.10)

and gr, gr are FR correction functions [94] (Section 3.4). Thus, g can be obtained
from (9.7) as

= MVeul€) (9.11)

9.3.2. Time averaging

The LWFR scheme is obtained by performing the Lax-Wendroff procedure for Carte-
sian domains on the transformed equation (9.7). Let u™ denote the solution at time
t=t, and q@" denoting the gradient computed from (9.11). As we did in the previous
chapters, the solution at the next time level can be written as

N+1

u't = ”+Z At = 0w+ O(AN )

where N is the solution polynomial degree. Then, use u;= —% Ve (F*— F°) from (9.7)
to swap a temporal derivative with a spatial derivative and retain terms up to At to get

N+1 At (k-1) N+1
n+1l__ -
u =u" J k" at (V f ) J

k=1 k=1

Atk v
=T (Ve )

9.1. Unlike FR, there is no physical fluxz in the first step of the BR1 scheme where we solve for q. We
call this step FR due to the application of correction functions to enforce global continuity.
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Shifting indices and writing in a conservative form gives

unﬂzun—%vs-ﬁu%vg-ﬁv (9.12)

where F'“, F'" are time averages of the contravariant advective and viscous fluxes f“, f*
tn+1

ko, L a _
)!8tf NAt/ fodt, a=a,v (9.13)

tn

Atk
(k+1

F°=

N
k=0

We will find local order N + 1 approximations Fi*, F*0 to F* F" (Section 9.3.2.1)
which will be discontinuous across element interfaces. Then, in order to couple the
neighbouring elements, continuity of the normal fluxes at the interfaces will be enforced
by constructing the continuous flux approrimation using the FR correction functions
g, gr [94] (Section 3.4) and the numerical fluxes. Thus, once the local approximations
14:‘6‘“5, F" are computed, we construct the advective and viscous numerical fluxes for
element e in coordinate direction i € {1,... d} at the side S € {L, R} (following the
notation from (8.16)) by using Rusanov’s [152] and the central flux respectively

AS.i
2

(FY g ,)t + (FY-ng,)7) (9.15)

(Fea ‘Mgt = ((Faa ‘Mg )T+ (Fa5 Ng;)7) — (Us,;—Ug,) (9.14)

o] — po| =

(FY ng,)* =

The (F?-fig;)* and U ; denote the trace values of the normal flux and time average
solution from outer, inner directions respectively; the inner direction corresponds to the
element e while the outer direction corresponds to its neighbour across the interface
(S,4). The Rusanov’s flux (9.13) is exactly as discussed in the inviscid case (8.26).

The advective and viscous fluxes have been treated separately so far to keep a
simple implementation of the different boundary conditions of the two. However, for
the final evolution (9.12), we can combine them to define F'= F* — F", so that the
interface numerical fluxes can also be summed as (ﬁ‘e ‘Ng ;) = (Fea ‘Mg ) — (Fev ‘Ng ;)"
and thus the continuous time averaged numerical flux is constructed as

(Fo(8))'=(F2(€))" +((F.-ng,)" = FY - 1) (&) gr(&p.)

_((Fe . ’I’ALLJ-)* . ﬁg . ﬁL,z)(ﬁzL) gL(ﬁpi) (9.16)

Substituting F, in (9.12), the explicit LWFR update is

d
n n At n At ~ . " ~ R
ue:;l = ue,p - J p vﬁ ’ Fe(s(ép) - J » Z ((E ' nR,i) - Fe(s . nR’Z)(gﬁ) gll?(é-pl)
) NG (9.17)
d
At . o
LA > ((Fo i) = B 7,0)(61) 92(65.)

=1
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9.3.2.1. Approximate Lax-Wendroff procedure

We now illustrate how to locally approximate Fad Fvo (9.13) for degree N =1 using

the approximate Lax-Wendroff procedure [208|. For N =1, (9.13) requires 0, .0, f°
which are

Fé(u+ Atur) — £ (u — Atuy)

atfa ~ 2A ::atffl5
ry ¢ ~v (918)
v fllu+Atuy, Vu+ At (Vu)) — f(u— Atwuy, Vu — At (VU)) o s

8tf ~ :315‘1:

2 At
and wuy, (Vu); are approximated using (9.7)

1 = = 1
w=—=Ve: (f*= "), (Vuhi=5MVeu (9.19)

where f£5, f29 are degree N cell local approximations to the fluxes fa, f“ given in (9.7)
constructed by interpolation (8.17)

(f2%)i= Z £ (e p) by, (F7)i= Z P (Ue py @ep) o (9.20)

where g is obtained in (9.11). The procedure for other degrees will be similar following
Section 4.2.4.

9.3.3. Free stream preservation

Assume a constant solution u" = ¢. The correction terms in (9.9) will be zero since a
globally constant solution will be continuous across element interfaces. Thus, ®. =ud=
¢, proving that ¢ =0 from (9.11). Thus, we can now suppress dependence of g on f"
and, in particular, write f“ = fv(ue). Thus, the equation we are solving for evolution

from t™ to t"*! is now .
ut+7V§-f(u):0, f=r-r

implying that the arguments for free stream preservation for LWFR on hyperbolic
conservation laws used in Chapter 8 apply to parabolic equations. Thus, as proven
in Section 8.3.4, the free stream will be preserved as long the metric identity (8.14) is
satisfied for interpolated metric terms (8.35).

9.4. BOUNDARY CONDITIONS

In this section, we discuss the treatment of additional boundary conditions required to
solve second order equations (9.1). We explain the implementation for the 1-D scheme
which is applied to higher dimensions across normal direction. Consider a grid with
elements {2}, where ), Q) are the left, right boundary elements. In addition to
the advective numerical flux (9.13), application of boundary conditions is needed in
the first step of BR1 scheme when computing (9.10) and when computing the viscous
central flux (9.14). These additional boundary conditions are discussed in this section.
We denote the discontinuous numerical solution as u3(¢) and the globally continuous
approximation is given by

u (£) =ud(€) + (U 1~ u;r%) 9r(&) + (u, 1 — u:_%) 9.(§) (9.21)

2
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where u etl is the interface value given by

1 _
u, 1 :§(u:+%+ue+l) (9.22)

Similarly, the discontinuous viscous flux approximation is denoted as F*°(¢) and its
globally continuous approximation is given by

FX (&) =F2(€) + (F, — FX5) gnl€) + (F2 — F25) 00(€) (9.23)

where F 1 is the interface value which we compute as
2

v 1 v v—
Bl =y (B +ED) (921

With these notations, application of boundary conditions involves specification of uy,
Uyl and F1 ,F 1. In some cases, the boundary conditions are enforced through the

M+
ghost values Wthh are F), ”+ 1 for the right boundary and F by u1 for the left

M+
boundary. After speciﬁcatlon of the ghost values, (9.22, 9.24) can be used to compute
the boundary values. In other cases, the boundary values UL Uy L and FY 1 Fy 41are
specified directly.

Periodic boundary. In case of periodic boundaries, the ghost values are specified
as follows.

17v+- 1L+7 1 = v+ 1LT
A4+§ 2 2
_ - v—
F% ,’LL% == F M+7

This enables us to compute (9.21, 9.23) at the boundary faces.

Dirichlet /Inflow boundary. Assume that the left boundary is an inflow boundary.
Let the boundary condition be given by w(0,t) = g(¢). The solution at the boundary
is given by

ur=g(t)

2
The viscous flux at boundary is computed as

1 tn+1

Fimgg [ 90, (Van(i)) ) di

If the integral cannot be computed analytically, then it is approximated by quadrature
in time. From (9.13), we see that integral must be at least accurate to O(AtV+1) which
is of the same order as the neglected terms in (9.13). In the numerical tests, we use
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(N + 1)-point Gauss-Legendre quadrature which ensures the required accuracy.

Outflow boundary. Assume that the right boundary is an outflow boundary. In
this case, the values across the right boundary are computed using the interior solution

and flux so that Uyt = M+l and Fy, Ml = FM+1 where F'" 1 is obtained from the

Lax-Wendroff procedure.

The remaining boundary conditions used in this chapter are specific to the Navier-
Stokes equations (2.14) and are explained for 2-D. The viscous flux is given by

Tv—VQ

We will assume that the respective boundary conditions are on left boundary element
with index e = (1, e,) whose left face is given by ef=(1/2,¢,).

No-slip, adiabatic walls.

At no-slip boundaries, tangential component of velocity vector v is set to be the
speed of the wall, while the normal component is set to zero. In case of the left face
e;=(1/2,e,), the velocity is set to ve, = (0, ve,). Thus, the boundary value of solution
is specified in primitive variables as

prim __
'U/ef (pef7 vefvpef)

Adiabatic walls are those where the normal heat flux is zero and thus the viscous flux
is specified as

(Fei}'n) = ((Feq;—i_'n)lv(Feq;+‘n)27(F€1;+‘n)3 (T—;’I’L) vef)

v+ 2 v+ 3 +
(0,(Fef n)?, (Fg" n) ,(Tefn)-'vef)

where 1 is the normal vector at the face ey.

In numerical results, unless specified otherwise, the velocity in no-slip walls is
zero. We will refer to a wall as moving with speed v if it is no-slip and the tangential
component is specified to have speed v.

No-slip, Isothermal walls.

The velocity wve, is treated the same as in the case of no-slip, adiabatic walls.
Additionally, in an isothermal wall, the temperature I¢, is specified. The temperature
is enforced by setting the pressure to be pe, = pefRTe ;~ The solution is thus specified
at boundaries in terms of primitive variables as

prim __
u6f (pef7 v€f7pef)
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The viscous flux is specified using the inner values as follows.

(Fe;-n)=(Fg,"-n)

9.5. NUMERICAL RESULTS

The numerical experiments were made with the compressible Navier Stokes equa-
tions (2.16), with most test cases taken from [144]. The error based time stepping from
Section 8.6.2 is used in all experiments other than the convergence tests. The error
based time stepping is applied to parabolic equations by using the local time averaged
flux (8.75, 8.24) to be the total of time averaged advective and viscous fluxes (9.13).
The subsequent step of truncating the time averaged flux (8.76) to obtain an embedded
lower order method (8.77) remains the same. Absolute and relative tolerances (8.74)
of 7,=7,=107% are used in all experiments.

The results have been generated by extending the package TrixiLW. j1 developed in
Chapter 8 to solve parabolic equations. The setup files for the numerical experiments
in this chapter are available at [15].

9.5.1. Convergence test

Consider the scalar advection-diffusion equation u;+a -V u=v Au where a = (1.5,
1). For the initial condition ug(z,y) =1+ 0.5sin (7 (z +y)) on [—1,1]? with periodic
boundary conditions, the exact solution is given by

U(l', y) =1 —+ 0.5 €_2V7r2t sin (7T (.T — a1t+ Y — a2 t))

A convergence analysis with v chosen to be in diffusion and advection dominated
regimes is performed and shown in Figure 9.3, and optimal convergence rates are seen
for all solution polynomial degrees. For non-periodic boundaries, we use the Eriksson-
Johnson test [72| which is also a scalar advection diffusion with a=(1,0) and v=0.05
on domain [—1,0] x [—0.5,0.5] with exact solution that decays to a steady state

T T
_61

u(x,y) =exp(—1t) (eM® — e*2?) + cos(my) ¢

et —e™
Al,Agz(_li_Vzly_“l), =4 (9.25)
1++/1+47202
A 2v

Dirichlet boundary conditions are used on left, bottom and top boundaries and outflow
conditions on the right. The initial and numerical solution at ¢ =1 on a 1282 mesh
are shown in Figure 9.1. The convergence results are shown in Figure 9.4a where
degree N =2,4 show optimal rates while degree N =3 nears 3.54 order accuracy. The
suboptimal accuracy for this test using N =3 is also seen for Runge-Kutta FR/DG
solvers of Trixi. j1. The phenomenon is similar to the nonlinear Burgers’ convergence
test (Section 4.7.3) where suboptimal convergence rates were seen for odd degrees,
especially when Gauss-Legendre-Lobatto points were used.


https://github.com/Arpit-Babbar/TrixiLW.jl
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Figure 9.1. Errikson-Johnson test (a) Initial condition (b) Numerical solution at ¢t =1
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A convergence analysis is also made for the Navier-Stokes equations on the domain
[—1,1]? with a manufactured solution taken from one of the examples in Trixi.j1 [141]
given by

p = c+ Asin(mx)cos (my)cos (mt)

vi=vy = sin(7x)log(y+2)(1—e 4¥=2)cos(rt) (9.26)

p = p
The manufacturing of solution will lead to source terms which will be treated as in
Chapter 6. The vertical boundaries are periodic and horizontal boundaries are no slip,
adiabatic walls. The density and v; plot of numerical solution at ¢ =1 are shown in
Figure 9.2. The error convergence analysis for density profile is shown in Figure 9.4b,
where optimal convergence rates are seen for all polynomial degrees.

15 1.6 1.8 2 22 24 25 -0.5-0.4 -0.2 0 0.2 04 05

- -
(b)

Figure 9.2. Numerical solution for Navier-Stokes equations with manufactured exact solu-
tion (9.26). (a) Density plot, (b) v, plot
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-
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Figure 9.3. Convergence analysis for scalar advection-diffusion equation with a = (1.5,1)

and coefficient (a) v =5 x 1072 (b) v=10"12
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Figure 9.4. Convergence analysis with non-periodic boundary conditions. (a) Eriksson-
Johnson test (Section 4 of [72]) and (b) Navier-Stokes equations with manufactured solution.

9.5.2. Lid driven cavity

This is a steady state test case for the Navier Stokes equations in the square domain
0, 1]%. We take the setup from [79] where Pr=0.7, ;1=0.001 and the initial condition
is the solution at rest

(p7u7v7p):(170707

Mz
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where M., =0.1. The top boundary is moving with a velocity of (1,0) and the other
three have no-slip boundary conditions. All boundaries are adiabatic. The problem
has a Reynolds number of 1000 corresponding to the top moving wall. The laminar
solution of the problem is steady, with Mach number 0.1 corresponding to the moving
lid. We compare the solution with the numerical data of Ghia et al. [79] by plotting the
horizontal velocity profile along the vertical line through the midpoint of the domain,
and vertical velocity profile along the horizontal line through the midpoint of the
domain. The x-velocity plot along with velocity vectors are shown in Figure 9.5. The
comparison is shown in Figure 9.6, where a good agreement with [79] is seen.

-

Figure 9.5. Lid driven cavity, z-velocity pseudocolor plot and velocity vectors.
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Figure 9.6. Velocity profiles of lid driven cavity test. (a) vy cut at y=0.5 (b) v, cut at z=0.5.

9.5.3. Transonic flow past NACA-0012 airfoil

This test case involves a steady flow past a symmetric NACA-0012 airfoil. We choose
the free stream density and pressure as po, =1, pso =2.85 and Prandtl number Pr=0.72,
and simulate a flow corresponding to a Reynolds number 500, free-stream Mach number
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of 0.8 and 10° angle of attack. The free-stream velocity is set at w., = (1.574,0.277).
The following additional quantities are considered for validation of the scheme:

e Surface pressure coefficient C, and surface skin friction coefficient C} along the
airfoil surface

— L
C,— PP (rn)n

o/ E A AL L.
%,Ooo|voo|2loo %IOOO’UOOPZOO

e Pressure induced lift and drag force coefficients

ot s

dp Cdp
3 Poo [Vecl? Lo’ 3 Poo [0 I

e Lift and drag force coefficients due to viscous forces

) Wads - [l ds

dp

Cdp

%pOO|UOO|2loo , %pOO|vOO|2loo

where n is the inward unit normal at domain boundary, n' is the tangent at the
domain boundary, ¥y= (cos a, sin a)*, ¥; = (—sin a, cos @)+, with a being the angle of
attack.

The simulation is performed with 728 elements and polynomial degree N =4. The
mesh and Mach number contour plot are shown in Figure 9.7. In Figure 9.8, coeffi-
cient of pressure C}, and coefficient of friction Cy over the airfoil surface are compared
with [171], showing good agreement for C}, and same for C everywhere other than the
leading edge where there are some errors. The coefficients of pressure induced drag and
lift (cap, c1p), and drag and lift due to viscous forces (cqr, ¢;r) are shown in Table 9.1
and a good agreement with [171] is seen.

(a)

Figure 9.7. Transonic flow over a NACA-0012 airfoil with M., = 0.8 solved on a mesh with
728 elements using solution polynomial degree N =4. (a) Mesh (b) Mach number contour.
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Figure 9.8. Transonic flow over an airfoil, quantities of interest on surface. (a) Coefficient
of pressure and (b) Coeflicient of friction

Cdp Cdf Cip Cif Clp+le
LWFR |[0.1467 | 0.1242 | 0.4416 | -0.0043 | 0.4373
Reference | 0.1475 | 0.1275 - - 0.4363

Table 9.1. Transonic flow over an airfoil compared with data from [171].

9.5.4. Flow past a cylinder

This test involves a laminar, unsteady flow past a cylinder inside a channel [156].
On the left, the inflow boundary condition is imposed with p =6 =160.7143, v, =
4v,y (H —y)/H? where H=0.41m and v, = 1.5m/s is the maximum velocity, and
v9=0. The Mach number corresponding to v,, is 0.1. The v; velocity has a quadratic
profile in y and is symmetric for y € [0, H]. The cylinder is placed so that its center is
at (H/2,H/2)—(0.005,0.005) so that it is slightly offset in y from the center of the
channel to destabilize the otherwise steady symmetric flow (Figure 9.9).

A
0.16ml

H = 0.41m M‘ IO.lm

0.15m1

1.4m

Figure 9.9. Physical domain used in Von Karman street.

Isothermal, no-slip boundary conditions are imposed on the cylinder surface, and
the top and bottom boundaries. The viscosity coefficient is ¥ =1072 so that Reynolds
number of the flow corresponding to the mean velocity is 100. The simulation is per-
formed on a mesh with 5692 elements and polynomial degree N =4 so that Az =0.01.
After some time, a Von Karman vortex street appears with a periodic shedding of
eddies from alternate sides of the cylinder. This is typical for slow flows past a slender
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body. The vorticity profile is shown in Figure 9.10, which clearly depicts the periodic
vortex shedding. The periodic behavior can also be observed in Figure 9.11 where the
evolution of the coefficient of total lift ¢; = ¢, + ¢;r and the coefficient of total drag
¢4 = Cdp + cqy on the surface of cylinder is shown. The time period of the ¢; profile is
72 0.33759 so that the Strouhal number is St =FD /u=D/(ru)=0.29621 where
D=0.1,u=1 are the diameter of cylinder and mean velocity. This value is in the
reference range of [156]. The values Max ¢; and Max ¢; are not in the reference range
but are close, as shown in Table 9.2.

Figure 9.10. Vorticity plot of Von Karman street
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(a) (b)

Figure 9.11. Flow over cylinder. (a) Coefficient of lift ¢; (b) Coefficient of drag cq.

Max ¢ Max ¢y St
LWFR 0.906 3.136 0.29621
Reference range | [0.99,1.01] | [3.22, 3.24] | [0.284,0.3]

Table 9.2. Comparison of quantities of interest for flow past cylinder

9.6. SUMMARY

The Lax-Wendroff Flux Reconstruction (LWFR) scheme has been extended to para-
bolic equations along with its capability of handling curved meshes and error based
time stepping proposed in Chapter 8. The scheme has been numerically validated by
performing convergence and other validation tests on the compressible Navier Stokes
equations.
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CHAPTER 10

CONCLUSIONS

A conservative, Jacobian-free and single step, explicit Lax-Wendroff method has been
constructed in flux reconstruction context. The Jacobian free property is achieved
by using the approximate Lax-Wendroff procedure, leading to a procedure where the
scheme only requires the specification of physical flux and numerical flux. Special
attention was paid to construction of numerical flux; the dissipative part of the numer-
ical flux was computed with the time averaged solution (called D2 dissipation) leading
to an upwind flux in the linear case and improved CFL numbers at no additional
computational cost. The scheme with D2 dissipation is proven to be equivalent to
ADER schemes for linear problems. The central part of the Lax-Wendroff numerical
flux was computed by performing the approximate Lax-Wendroff procedure at the
faces (EA scheme) rather than using the extrapolated time averaged flux from solution
points (AE scheme). It was observed that the EA scheme improved accuracy of the
LWFR scheme and some tests showed optimal order of convergence only with the EA
scheme. The development of various numerical fluxes like HLL, HLLC and Roe for
the LWFR scheme with the improvements was made. The new scheme and its benefits
were validated by performing convergence analysis, analyzing error and energy growth,
and various test cases on compressible Euler’s equations.

A subcell based shock capturing blending scheme was introduced for LWFR based
on [90]. The idea was to construct a robust low order scheme on subcells and blend it
with the high order LWFR scheme using a smoothness indicator. To enhance accuracy,
we used Gauss-Legendre solution points and performed MUSCL-Hancock reconstruc-
tion on the subcells. The MUSCL-Hancock reconstruction was only possible due to the
single stage nature of LWFR. Since the subcells of the blending scheme were inher-
ently non-cell centred, the MUSCL-Hancock scheme was extended to non-cell centred
grids along with the proof of [26] for admissibility preservation. The subcell structure
was exploited to obtain a provably admissibility preserving LWFR scheme by careful
construction of the blended numerical flux at the element interfaces. The procedure
for enforcing admissibility only requires the user to specify what the admissibility
constraints of the equation are, and the process is problem independent beyond that.
The numerical experiments were made on compressible Euler’s equations verifying the
enhancement of accuracy and admissibility preservation. In particular, the experiments
revealed that the MUSCL-Hancock blending scheme was more accurate than the first
order blending scheme and that LWFR was able to simulate difficult tests for admis-
sibility like a Mach 2000 astrophysical jet and strong Sedov’s blast waves.

A generalized framework for admissibility preservation was introduced by per-
forming a cell average decomposition followed by flux limiting, extending the positivity
limiter of Zhang and Shu to Lax-Wendroff schemes. The scheme was extended to
handle source terms by constructing time average source terms. Provable admissi-
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bility was also obtained for the extension by introducing a limiter for the time average
sources. The scheme with source terms was validated using the ten moment problem
of gas dynamics with tests for accuracy and robustness.

The multiderivative Runge-Kutta (MDRK) method of Li and Du [119] was written
as an evolution involving time average fluxes in both stages. This allowed us to apply
approximate Lax-Wendroff procedure to each stage and obtain an MDRK scheme in
Flux Reconstruction framework. The key developments made for LWFR, namely D2
dissipation, EA scheme and blending limiter were applied to each stage. This gave
us an MDRK scheme with improved stability, robustness and provable admissibility
preservation. The scheme was validated on the modern test suite of [132] for high order
methods.

The LWFR scheme was extended to handle body-fitted, adaptively refined curvi-
linear meshes. The curvilinear grids were defined by a reference map for each element
which was used to apply the Lax-Wendroff procedure in reference coordinates. The
adaptively refined mesh was allowed to be nonconformal and Mortar element method
for LWFR was developed to obtain a scheme that was conservative, admissibility and
free stream preserving. A Fourier stability analysis does not apply to such meshes and
hence an error based time stepping method was developed for LWFR. A performance
comparison between error based time stepping and CFL based time was made and, even
with less fine tuning, the error based time stepping gave superior performance. The
extension is validated by performing tests for Euler’s equations on curvilinea