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Abstract

Many complex phenomena like shock-shock interactions, shock-vortex interactions,
stratified flows, etc., are governed by nonlinear hyperbolic conservation laws. Higher order
numerical schemes like the discontinuous Galerkin (DG) method are increasingly being
used in computational fluid dynamics (CFD) codes to solve such conservation laws. Os-
cillations often develop in the numerical solutions obtained using higher-order methods.
These spurious oscillations can lead to numerical instabilities and eventual degradation of
the solution. Slope limiting is one of the mechanisms used to suppress such oscillations, and
thus, stabilize the numerical solution. Slope limiters were originally introduced for finite
volume (FV) methods, where the reconstructed slope in an element is modified to prevent
oscillations while maintaining second-order accuracy and stability of the numerical solu-
tion. Limiters tailored specifically for the DG method have also been proposed. However,
developing efficient higher order limiting techniques for the DG method on unstructured
meshes remains an open problem. Many factors influence the design of a suitable limiter
for the DG method, e.g., the domain discretization involved, the basis functions used to
approximate the solution, the choice of limiting directions, and the neighborhood used to
reconstruct the solution coefficients, to name a few.

In this work, we propose high-order moment limiters for the DG method on un-
structured two-dimensional (triangular, quadrilateral, curvilinear triangular) and three-
dimensional (tetrahedral) meshes. The limiters work by relating the solution coefficients
(moments) to directional derivatives along specified directions and limiting said direc-
tional derivatives independently using a one-dimensional slope limiter. The limiting is
performed hierarchically starting at the highest moment and stops on reaching a set of
moments/derivatives that remains unchanged, thereby preventing overlimiting.

To use available computational resources efficiently, simulations often employ run-time
adaptive mesh refinement strategies. In this thesis, we present a high-order limiter for the
DG method on nonconforming triangular meshes that arise in such adaptive computations.
Moreover, we also propose a simple algorithm to update the reconstruction stencil of ele-
ments in an adaptively refined triangular mesh. Our algorithm is implemented entirely on
the graphics processing unit (GPU) and avoids race conditions.

We provide numerical examples to show that limited solutions retain the theoretical
rate of convergence and are robust in the presence of discontinuities. Finally, we perform
wall clock studies to analyze the performance of the proposed limiter for the computational
cost involved in executing the limiter.
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Chapter 1

Introduction

Nonlinear hyperbolic conservation laws can be used to model several complex physical
phenomena like shock-vortex interactions, stratified flows, flows around a turbine, etc.
Closed-form analytical solutions do not exist for many of these problems, thus making it
necessary to rely on numerical simulations to obtain approximate solutions. Many of these
simulations, for example modeling atmospheric flows for weather forecasting, simulations
of oceanic surface waves and their interaction with coastlines, etc. involve large variations
in length and time scales. Moreover, we require high accuracy in the numerical solution to
efficiently capture complex phenomena over such large scales. Using traditional techniques
like a simple finite volume (FV) formulation often prove to be computationally expensive,
especially to achieve the required high accuracy of the solution. Therefore, higher order
numerical schemes are being progressively used in computational fluid dynamics (CFD)
codes to solve nonlinear conservation laws. Due to its compact computational stencil and
ease in handling adaptive refinement (of both the computational element and the polyno-
mial numerical approximation of the solution in an element) over complex geometries, the
discontinuous Galerkin (DG) method offers an attractive alternative to traditional schemes.

Numerical solutions obtained from high order methods often develop spurious oscilla-
tions near solution discontinuities which can lead to numerical instabilities and eventual
degradation of the solution. For example, consider the linear advection equation

ut+a1%u+aga—yu=0, (1.1)

with (a1,a2) = (1,0) and the initial condition u(x,0) = uy(x) given by

1.0, |z|<0.25,]y| <0.25,
uo(x) =

0.0, otherwise,



in the domain Q = [-1,1] x [-1,1]. Figure 1.1 compares the cross-section of the exact
solution of the advecting square pulse at ¢ = 0.5 with the numerical solution obtained
using a second order DG approximation. We can clearly observe spurious oscillations,
also referred to as ”Gibbs oscillations”, near the discontinuities at = 0.25 and x = 0.75.
These spurious oscillations are undesired as they often lead to numerical instabilities and
reduced accuracy in regions where solution is smooth. The issue is further exacerbated

—  Unlimited
— Analytical

-0.2

0.0 0.2 0.4 0.6
X

Figure 1.1: Cross-section at y = 0.5 of an advecting square pulse at ¢ = 0.5, obtained with
a second order numerical approximation.

for nonlinear hyperbolic conservation laws, where the presence of oscillations can lead to
nonlinear instabilities. Consider the Noh test case [3] for the two-dimensional Euler system
of equations given by

p pu pv
9, 9, 2 9,
g\pul, O puttp |, O P;w =0, (1.3)
ot\pv| Ox| pw oy | pv+p

E (E+p)u (E+p)v

where p is the density, pu and pv are the z- and y-direction momenta, E' is the energy, and
the pressure, p, is given by the equation of state p = (y-1) (E - S(u?+ v2)). The test case
involves the time evolution of a symmetric circular shock structure. Figure 1.2 shows how
spurious oscillations have severely deteriorated the numerical approximation of density,
obtained using a second order DG approximation. In certain situations, these oscillations
can potentially lead to nonphysical values for the numerical solution, for example, negative



values for density, energy, and/or pressure. Therefore, it is imperative that we suppress
such spurious oscillations and stabilize the solution.

Figure 1.2: Numerical solution (density) at ¢ = 2. for the Noh test case with a second order
DG approximation.

Designing efficient and robust techniques to control such spurious oscillations near
solution discontinuities remains one of the challenges in developing robust higher order
methods for solutions of nonlinear hyperbolic conservation laws. Several techniques have
been successfully developed to suppress numerical oscillations resulting from higher order
discretizations employed in traditional methods like finite volume methods, finite difference
methods, etc. Many of these techniques, for example, artificial viscosity methods [1, 5],
flux limiters [4, 0, 1], spectral filters [7, 8, 9], weighted essentially non oscillatory (WENO)
reconstruction [10, 11], and slope limiters [12, 1, 13, 1] have been successfully applied to
the DG formulation.

1.1 Slope Limiters

Slope limiting, originally proposed for FV methods, is one of the techniques used to sup-
press oscillations by controlling the gradient of the solution in an element. It is a natural
limiting method for second order formulations, especially in the context of FV methods as
it involves reconstructing the slope without altering the average value in an element. For
example, consider the one-dimensional hyperbolic conservation law given by

—u+%f(u) = 0. (1.4)



Let the approximate linear solution U; in an element €2; be
UZ‘:UZ‘-FUZ"(X—X()), (15)

where U; is the solution average in €);, UZ is the gradient of the solution in the element,
and xq is the element centroid. As shown in Figure 1.3, slope limiting reconstructs the

- - - Slope before:limiting

— Slope after liiniting /

Az

Figure 1.3: Reconstruction of the slopes of the solution using slope limiting.

slope of the solution resulting in a modified solution given by

U, =U; + $(R)U; - (x - Xq), (1.6)

where R = % is the ratio of the forward and backward differences in U. Figure 1.4

i-1
shows some of the commonly used one-dimensional slope limiters.

Efficient limiters [0, 15, 16, 17] based on the total variation diminishing (TVD) prop-
erty have been successfully developed for second order methods in one-dimension. However,
TVD schemes reduce solution accuracy near smooth extrema [13] to first order and, thus,
are at most second order accurate. Through numerical examples, it was shown in [19]
that limiters based on the TVD property on two-dimensional Cartesian grids can achieve
an accuracy of at most first-order. Recently, using an isotropic definition for total vari-
ation, it was shown numerically in [20] that the limited second order DG solutions of
two-dimensional hyperbolic equations are TVD in the means. However, due to a limited
theoretical basis for the TVD property in high dimensions, most practical limiters were
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Figure 1.4: Stability regions for commonly used one dimensional slope limiters [!].

developed using geometrical arguments or by direct extension of ideas rigorously developed
in one dimension, e.g., requiring solution values at specified points not to exceed solution
averages in a chosen neighborhood [21, 13]. More recently, the local maximum principle
(LMP) of the solution averages,

. =—n  —n+l —n
<U. <
minUy <U; < maxUy, (1.7)
has been employed to develop newer limiters for second-order methods [22, 2, 23]. For scalar

problems, the LMP guarantees that solution averages remain bounded for all computational
time.

Designing limiters in higher dimensions comes with its own specific challenges. Unlike
in one dimension, there is no unique set of directions in which to limit solution gradients.
The number of components of the gradient to be limited also increases in higher dimensions.
For high-order methods, mixed derivatives appear, which further complicates the limiting
process.

One of the first limiters on unstructured meshes in higher dimensions was proposed in
[21] for FV methods. The solution gradient is limited by scaling it with a constant coeffi-
cient v € [0,1]. A less diffusive limiter was proposed in [21], where the components of the
gradient were scaled by separate multipliers. Limiters from the FV framework have been
successfully extended to the DG method. Limiters tailored specifically for the DG method
have also been proposed [12, 25, 10, 11, 26, 22, 23, 27]. For example, the WENO recon-
struction in [11], hierarchical limiting using a local Taylor series expansion in [28, 29, 13],



and limiting in the directions of the medians [26] have been proposed for the DG method
on unstructured triangular and quadrilateral meshes. A high-order hierarchical moment
limiter for the DG method on Cartesian grids was proposed in [25]. More recently, a second
order moment limiter for the DG method was proposed in [2] for unstructured triangular
meshes and in [23] for tetrahedral meshes. They limit the numerical solution by finding the
directions in which the linear solution moments decouple and reconstructing the gradient
along these directions using a one-dimensional limiter. In three-dimension, a WENO re-
construction [30], and an a posteriori sub-cell finite volume limiter [31] have been proposed
for the DG method on tetrahedral meshes. Limiters designed to preserve specific properties
of the solution, e.g., positivity preservation [32, 33, 34] and entropy stability [35, 36, 37, 38]
for nonlinear system of equations have also been proposed. However, limiters present in the
literature for the DG method on unstructured meshes are either computationally expen-
sive, too restrictive or not robust, i.e., they involve problem-dependent tuning parameters.
Therefore, developing compact and robust limiting techniques for the higher order DG
method on higher dimensional and unstructured meshes remains an open problem.

Traditional limiting techniques [25, 10, 2, 27, 29] were designed for conforming meshes,
i.e., meshes where an edge is shared between only two elements. Nonconforming meshes,
i.e., meshes where an element shares an edge with more than one neighboring element, of-
ten arise in simulations employing run-time adaptive mesh refinement [39, 10, 11, 12/ 13].
Adaptive computations allow us to effectively use computational resource where they are
needed the most, e.g., to better capture the fine features of the solution. To ensure numer-
ical stability and maintain accuracy of a high-order DG discretization, it is necessary to
use limiting techniques compatible with nonconforming meshes. It is known that applying
conventional limiters on nonconforming or nonuniform meshes might lead to oscillations.
For example, it was shown in [1] that in one dimension applying a second-order TVD lim-
iter developed for uniform grids to non-uniform grids leads to overshoots/undershoots in
the solution. A limiter taking into account mesh structure was shown to eliminate this
problem. In [11], a direction-aware slope limiter for finite volume (FV) methods on three-
dimensional adaptively refined cubic grids was proposed. Extensions of limiters for the DG
method to adaptively refined meshes have been proposed in [15, 16, 47]. In order to limit
the solution in an element €);, solution values in the neighboring elements are projected
onto a ghost element with either the same refinement level or similar cell size as €2;. Then,
the numerical solution is limited by reconstructing solution gradients using the projected
solutions. While such approaches are shown to work well, they are computationally ex-
pensive and difficult to implement on unstructured meshes. Before discussing limiters in
detail, we provide a brief description of the DG formulation in the next section.



1.2 Discontinuous Galerkin method

Consider a hyperbolic conservation law
u, +V-F(u)=0, (1.8)

where the vector of conserved variables u(x,t) is defined on Q x [0,7],  is the spatial
domain, T is the final time, and F(u) is the flux function. Additionally, assume that the
initial condition u(x,0) = ug(x) is provided along with relevant boundary conditions.

The discontinuous Galerkin method is constructed by splitting the domain ) into a
mesh of elements €2;, such that Q =J; €2;. The elements can be triangles, quadrilaterals or
curvilinear triangles in two-dimensions or tetrahedras in three-dimensions. A weak form
of the conservation law is obtained by multiplying (1.8) by a test function v € H!(€);) and
integrating on ;. Using the following identity

fﬂi vV -F(u)dx = —_/QiF(u).deXJeriv.(UF(u))dX7 (1.9)

and applying the divergence theorem, we obtain
[ utvdx—f F(u)-Vvdx+[ vF(u)-ndl =0, Yve H'(Q;), (1.10)
o o8 %

where n = (n,,n,) is the outward facing unit normal on element 2;’s boundary 0.

The exact solution on €); is approximated by U;, a linear combination of the basis
functions ¢, of degree up to p, i.e.,

P
m=0

where [AJZm are the degrees of freedom (DOFs) and P is the number of the degrees of
freedom. The basis functions ,, can be defined locally on element €2;, for example by using
a local Taylor series expansion or a local Lagrange basis. However, to obtain a simple set
of semi-discrete equations (shown below) it is more convenient to use orthonormal basis
functions defined on a canonical reference element 2.

We give a brief description of the mappings, basis functions and the final set of semi-
discrete equations for the mesh elements considered in subsequent chapters. For triangular
elements, we map €2; to the right unit triangle Qy={0<r,s<1,0<r+s <1} (Figure 1.5)



Xi1 >

Figure 1.5: Mapping of €2; to the canonical triangle €y by (1.12).

using the transformation

T Ti1 Ti2 Ti3 l1-r-s
Yl=1%1 Y2 Vi3 r , (1.12)
1 1 1 1 S

where (z; 5, yi k), k = {1,2,3}, are the vertices of €2;. The Jacobian of the transformation is

J; = Lig = &i1 Liz = L1} (1.13)
Yi2z —Yi1 Yi3z—Yi1

On €, the Dubiner basis [18]

2
w;(r,s)zc,ngLk(l L) -r) P2 - 1), 0<l+k<p, (1.14)
-7

forms an orthonormal set with respect to the L? inner product. Above, C} are normaliza-
tion constants, Li(x) is the Legendre polynomial of degree k [19]

L) = (lejlk ddkk[u 22)], (1.15)

and P**%(z) is a Jacobi polynomial of degree [ [19]

P () = Uy Dy o) (1.16)



With the basis functions (1.14), the numerical solution U; is written as

Ui(rns )= 3 ULk 5). (1.17)

l+k=0

As continuity of the solution at element interfaces is not imposed, the solution can be
multivalued at the boundary between two neighboring cells. Therefore, a numerical flux
F*(U,,U;) is introduced to allow communication between the neighboring elements €;
and ;. Choosing v to be ¢}, equation (1.10) under the map (1.12) becomes

d .
S0~ [ B (el e -

1 *

(1.18)
where J; is the Jacobian given by (1.13), N¢ is the list of indices of the elements that share
an edge with €;, 9€; ; is the edge shared by Q; and €, and ¢! (x) = ¢} (1, 5).

Figure 1.6: Mapping of €; to the canonical square 4 by (1.19).

For quadrilateral elements, we map €2; to a unit square Qo = {-1<(,n <1} (Figure 1.6)
using the transformation

(L-Q0-m (+Q0-n) (1+Q+n) (-0 +n)
A 2,2 A 2,3 A 7,4 A )
(1.19)

Xz‘(<777) =Xi1

where x; 1, = (Tig, yir), k={1,2,3,4}, are the vertices of €;. Regrouping the terms, (1.19)



can be simplified to get

x;(¢,m) = Cixo+ Cix1C + Ci xan + Ci x3(, (1.20)
where the coefficients C; x are

1 1
Cz',xo = Z_l (Xm +X;2 X3+ Xi,4) ) Ci,xl = Z (Xi,Z +X;3—X;1— Xi,4) )

1

1 (1.21)
Ci,x2 = A_L (Xi,?) + X4 X1 — Xi,2) ) Ci,x?) = Z (Xi,l +X;3— X2~ Xi,4) .

The Jacobian of the transformation is

T Ciz1 + Ciazn Ciao+ Cja3C
Jz C n » ’ ’ ’ , 122
(yc yn) (Ci,yl +Ciyan Ciyo+ CiysC (122)

and the determinant of the Jacobian is
det Jz = det Ji,O + det Ji,lC + det Ji,Zn; (123)
where the coefficients det J; ;, 7 ={0,1,2}, are

det Jio = Ci21Ciy2 = Ci 22Ci 1, det Jig = C; 2105 y3 — C 2305 41,

1.24
det J; 2 = C; 23C; 42 — Ci 22C 3. ( )
On €y, the tensor product basis
(27 +1)(2k+1)
PHEOE v 5 L;i(¢)Li(n) (1.25)

forms an orthonormal set with respect to the L? norm, where L;(z) is the Legendre poly-
nomial of degree j [19]. With basis functions (1.25), the numerical solution U; is written
as

Ui(¢,n) = Zp: UF,05(¢.m). (1.26)

7=0,k=0

Choosing v to be ¢¥, the equation (1.10) under the map (1.19) becomes

p
Z det =fQ F(U,)-(VebJ ) det J;dr— 3 f AF(U, U)oy, di, (1.27)
0,s=0 0

r= veN? i,

where 0 < j, k <p, det J; is the determinant of the Jacobian (1.23), N¢ is the list of indices
of elements that share an edge with ;, €2, , is the edge shared by €2; and (2,, and n,, is

10



the outward pointing unit normal on 9€; ,. The mass matrix M; on €2;, whose entries are
given by

m;;, = fg @} o5 det J; dr, (1.28)
0

is computed during the pre-processing stage and stored.

Figure 1.7: Mapping of €2; to the canonical Q by (1.29) (A) for ¢ =2 and (B) for ¢ = 3.

For curvilinear triangular elements, we map the element ; to a unit triangle Qy = {0 <
r,s <1} (Figure 1.7) using the transformation

q
x;(r,8) = Z }A{;k(pfc(r,s). (1.29)

l+k=0

The coefficients X; depend on how the nodes x;x = (z;k, ¥ix), 1 <k < %(q +1)(¢g+2), on
2; are mapped to nodes on q (Figure 1.7). Moreover, the above coefficients can be easily
computed in the pre-processing stage by plugging the nodes x;; on €2; and their corre-
sponding mappings on g into (1.29) and solving the resulting linear system of equations.
The Jacobian of the transformation (1.29) is

Ji = (I C'“") (1.30)

and the determinant of the Jacobian is
det J; = |z,ys — x5y, (1.31)

With the basis functions (1.14), the numerical solution U is written as in (1.17). Choosing

11



v to be ¢f, the equation (1.10) under the map (1.29) becomes

p
>
r=0,5=0

m%%ym / F(U,)-(VighJoh) det J, dr—Z/ﬂ AF (UL Uy, dl, (1.32)

veN?

where 0 < j, k <p, det J; is the determinant of the Jacobian (1.30), N¢ is the list of indices
of elements that share an edge with ;, €2, , is the edge shared by €2; and (2,, and n;, is
the outward pointing unit normal on 9€; ,. The mass matrix M; on €2;, whose entries are
given by

miy, = [ ghprdet (1.33)

is computed during the pre-processing stage.

(0,1,0)

« | (0,0.0)

Figure 1.8: Mapping of €2; to the canonical tetrahedron Qg by (1.34).

Finally, for tetrahedral elements, we map €); to the reference tetrahedron Qy = {0 <
r,s,t <1} (Figure 1.8) using the affine transformation

x Tin Tip Tz Tia|fl-r-s-t

YV _|¥%r Y2 Yiz Yia T (1 34)
z 2l Ri2  Ri3 Rid S ’ )

1 1 1 1 1 t

where x;x = (Tik, Yiks2ik), k= {1,2,3,4}, are the vertices of §2;. The Jacobian of the
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transformation is
Ti2—Ti1 XT3~ L1 Lia— Til
Ji=|Yi2—Yi1 Yiz—Yi1 Yia—Vi1l- (1.35)
2i2 T 21 Ri3 T 21 Rid T Rl

On €y, the Dubiner basis [15]

2t+s+r-1 2s+r—-1
@Zm(n s, t) — Cli,m22k+lLk ( s+r ) (1—8—7‘)kpl2k+1’0 ( sS+T ) (1_r)lpglk+2l+2,0(2r_1)7
1-s-r 1-r

(1.36)
where 0 < k + 1+ m < p, forms an orthonormal set with respect to the L? inner product.
Above, C’,i’m are normalization constants, Li(x) is the Legendre polynomial of degree k
[19] and P7**°(z) is a Jacobi polynomial of degree I [19]. With the basis functions (1.36),
the numerical solution U; is written as

U,(r,t) = i UL ()" (). (1.37)

l+k+m=0
Choosing v to be ¢t equation (1.10) under the map (1.34) becomes

d Sl [ -
—U.’m:f F(U)(V™ 1) dr—
dt ik Q% ( )(V@k ) ) r

l,m
’F*Ui’U"i‘dl, ngl S7
det Jl jg\;? \/Cr;QiJ' ¢k ( ]) n )] +i+m p
(1.38)

where J; is the Jacobian given by (1.35), N¢ is the list of indices of the elements that share
an edge with €;, 09, ; is the face shared by €, and Q;, and (bigm(x) = gogm(r).

The volume and boundary integrals in (1.18), (1.27), (1.32), and (1.38) are evaluated
using appropriate numerical quadratures. Finally, we use an explicit Runge-Kutta (RK)
method of order (p+ 1) to solve the above semi-discrete system of equations in time.

1.3 Outline

This thesis is concerned with the design and implementation of compact, robust, and effi-
cient limiting techniques for the DG method on higher dimensional unstructured meshes.
In Chapter 2, we describe a second order moment limiter for the DG method on adap-
tively refined triangular meshes. Further, we also discuss a simple algorithm to update the
limiting neighborhood under adaptive mesh refinement. In Chapters 3 and 6, we propose,
respectively, an arbitrarily high-order moment limiter for the DG method on unstructured
triangular and quadrilateral meshes. Next, we present and analyze the stability of a class
of second order slope limiters in Chapter 4 and a second order moment limiter in Chapter

13



5 for the DG method on quadrilateral meshes. In this process, we propose a new measure
of cell size for quadrilateral elements. In Chapters 7 and 9, we discuss how to extend the
high-order moment limiter for the DG method on triangles to isoparametric curvilinear tri-
angular meshes and three-dimensional tetrahedral meshes, respectively. Finally, we present
and analyze the stability of a class of second order slope limiters for the DG method on
tetrahedral meshes in Chapter 8.

14



Chapter 2

Limiting on adaptively refined
nonconforming triangular meshes

In this chapter, we present a second order limiter for DG approximations on adaptively
refined nonconforming triangular meshes. The limiter works by decoupling linear solution
coefficients along two pre-determined directions in an element and limiting the gradients
along these directions using a one-dimensional minmod limiter. The limiter is an extension
of the second order moment limiter proposed in [2] for the DG method on unstructured
triangular meshes. Limiting the numerical solution in an element €); requires access to
solution averages in some neighborhood of €);, for example, a vertex neighborhood (shaded
polygon, Figure 2.1b). The vertex neighborhood of an element in a nonconforming mesh
usually contains more elements (of varying sizes) compared to a conforming mesh (Figure
2.1a). Further, when the mesh is adaptively refined, with every refinement (and coarsen-
ing), the vertex neighborhood can change its composition and the number of elements in
it. Therefore, updating the limiting neighborhood of an element in an adaptively refined
nonconforming mesh is necessary.

15



(a) Conforming mesh. (b) Nonconforming mesh.

Figure 2.1: Examples of conforming and nonconforming triangular meshes.

A direct approach to maintaining and updating an element’s limiting neighborhood,
say LN, requires storing a list of IDs of all elements in L/N;. This list is modified whenever
the elements in it undergo refinement or coarsening. This process is straightforward in
serial computing. However, a parallel implementation on a GPU leads to race conditions,
i.e., reading from and writing to the same memory location simultaneously, which can
lead to an incorrect neighborhood. Alternatively, we propose an approach that entails
maintaining a vertex to element and element to vertex connectivity, i.e., for each element
Q);, we store the list of IDs of the vertices associated with it, and for each vertex v;, we
store the list of IDs of elements that share vertex v; and update the corresponding IDs
with every refinement (coarsening).

2.1 Limiting algorithm

In this section, we describe the proposed second order moment limiter for the DG method
on nonconforming triangular meshes. The limiter works by decoupling linear solution co-
efficients along two specific directions and limiting the slopes along said directions using a
one-dimensional minmod limiter. The choice of the limiting directions and the reconstruc-
tion stencil are described below.
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2.1.1 Moment limiter

The second order DG approximation on €2; can be written in terms of computational
variables (r,s) as

Ui(r,s) = 030908 (r,s)+ Uil,oﬂp(l) (r,s)+ 03190(1) (r,s). (2.1)

The basis functions ¢ are given by

0
0
o (r,s) = =2+ 6r, (2.2)
0
1

(0,1)

Figure 2.2: Reference triangular element 2.

2
Consider the vectors vy = ﬁ(l,—l/Q) and vy = (0,1) in the computational space

(Figure 2.2). The linear solution coefficients U}O and Uiol can be expressed, respectively,
as the directional derivatives along v; and v, as

V5

v Vo ‘
Ui,O - 12 Dv1 Uu (23)
- 1

U’L’?l = szUi7 (24)

43

i.e., the linear solution coefficients decouple along these directions. Using (1.12) for €;,
we map the vectors v; and vy from the computational to the physical space and, after
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normalization, obtain the following unit vectors

Jﬂ]l Jﬂ]z
Viit=v7 0 Vi2T 7o (2.5)
| Jivn | Jiva
where J; is given by (1.13). Using the mapping (1.12) and the Jacobian (1.13), (2.5) can
be simplified to

1 1 1
Vil = T (Xi,2 - §(Xi,1 + Xi,3)) y  Vig= m (Xi3—X1), (2.6)
where
1
hz’,l = ’ Xi2— §(Xi,1 + Xi,3) ) hi,Z = ”Xi,3 - Xi,lH . (2-7)

Using (1.12), (2.5), and (2.6) in (2.3), the linear solution coefficients can be expressed
as directional derivatives along v;; and v; 9 as
i1
5 D,,,U;, (2.8)
70— iz
43

Therefore, we can limit the solution coefficients UZ;’O and Ugl separately by comparing them
to the forward and backward differences along v;; and v; 9, respectively. The differences
are reconstructed using the solution averages on neighboring elements in the reconstruc-
tion stencil shown in Figure 2.3 (shaded elements). Computing these differences requires
interpolated solution values UZ{  and Uﬁk at the forward and backward interpolation points

.
U}, =

1y

D,,,U:. (2.9)

xzk and x,, k= {1,2} (black squares in Figure 2.3a).
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(b) Reconstruction stencil along v; 1.

(a) Reconstruction neighborhood.

Figure 2.3: Reconstruction neighborhood and stencil for €2;.

To find the interpolation points, we first form a polygon by joining the cell centroids
of elements that share a vertex with €2;. Next, we construct two lines passing through
the centroid of €; and parallel to v;; and v;» (Figure 2.3a). The points where these two
lines intersect the polygon give the required interpolation points x! i and x? ix- Finally, the

solution values at the interpolation points x! ix and x? . are obtained using linear interpola-
tion of cell averages from the closest nelghbormg elements For example, the forward and
backward interpolated solution values Uif , and U?; along v, ; are given by (Figure 2.3b)

Ui{l = BZ1Um +(1- 6{1)Um Uiljl = 31Uj +(1- szl)Uku

where 6f L ﬂfl € [0,1] are linear interpolation weights.

After computing the forward and backward differences, we use (2.8) and (2.9) to limit
solution coefficients or moments as follows

lflh UL =T, n bthUi—Uf’,l
e gl rele @y

f _77 b
1! hio Uin = Ui NI hiza U'_UZQ
124\/_ d£2 2,1 124\/— d )

71
Ui,

o = minmod (
(2.10)

2

U?, = minmod (

where the scaling coefficients ll & lf > k={1,2}, are nonnegative, U, is the cell average

in €2;, and d{ . and d?, are, respectively, the distances of the interpolation points xlf , and
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ng, k={1,2}, from the cell centroid of ;. The minmod function is given by

sign(a) -min(lal,[ol,[c]),  if sign(a) = sign(b) = sign(c),

minmod(a, b, c) = { (2.11)

0, otherwise.

In the following sections, we derive admissible range for the scaling coefficients [;.

2.1.2 Stability constraints for linear advection
The numerical solution in €; satisfies the local maximum principle (LMP) in the means if

. =n  —n+l —n
minU, <U; <maxU,, (2.12)
keN; keN;

where NV is a set containing the indices of €2; and its neighbors. Let N;* be the set containing
indices of outflow neighbors of €2; and N; be the set containing indices of inflow neighbors
of ©;. Then the following constraints on /; ; need to be satisfied for (2.12) to hold.

1. On each outflow edge of €;, we enforce

lipaij,+ligai o<1, VjeN;. (2.13)

2. On each inflow edge of €2;, we enforce

lj,l%_',i,l + lj72a3_',i,2 <1, VjeN;, (2.14)

The coefficients o ;, and a; ;. k= {1,2}, are defined as

i,5,k?
hi,l Qf)l r;; . hi,2 ¢0 r;; .
?%fm, lf ¢(1)(ri,j) SO, 4\/§|lc(lfj)|’ lf ¢(1)(ri,j) SO,
G = b b TR WA )
é’l%’ otherwise. 4\2/’25 il(zb]), otherwise,
4,1%4 1 1,204 9
. 1(4. . . O(y. .
Paa bl < hip |64 (r;)]

lf ¢(1)(rj,i) < O,

oo o) 6 Tadiy e A3 ey

331 =Y . Tip.. _ 32 - 3 h., O(y. . ) )
Ll%(f”), otherwise, L2 ¢1(f”), otherwise.
6 dj, W3 dj,

(2.15)
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where d{’ , and df}k are, respectively, the distances of the interpolation points x{ , and X?,k

from the cell centroid x; g, for k = {1,2}, r;; is a quadrature point on the edge shared by
elements €2; and (2;, and the ratios r;; and r; 5, are

—n —=b —n =b
_ dzf,l U, - Ui,l _ dzf,2 U; - U¢,2 9216
Ti1 = = Ti2 = pol= (2.16)
Z,]. Ui,l - U’L ’L,2 Ui,2 - UZ

The constraints (2.13) and (2.14) were derived in [2]. The geometric constants in (2.15)
depend on the mapping (1.12) of Q; to €y and can be computed in the preprocessing
stage. Consider an outflow edge of ); with edge number . On this edge, we can enforce

A

edge 2

Qo

Figure 2.4: Mapping of €2; to the canonical triangle Qy by (1.12).

two constraints on the scaling coefficients [;; and [; 5, i.e., the constraint (2.13) on 2; and
the constraint (2.14) on its inflow neighbor. For a conforming element (Figure 1.5), the
basis functions ¢ in the coefficients o] ;; and o, in (2.13) and (2.14) are evaluated at the
midpoint of the edges. For nonconforming meshes, we need to consider an extra case. If the

blep| ¢
1] 1[-v3
211 V3
3121 0

Table 2.1: Values of the linear basis functions evaluated at the midpoints of the edges of
Q.

outflow edge has been refined, the basis functions in (2.13) are evaluated at the midpoint
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of the edge with the corresponding values listed in Table 2.1, while the basis functions in
(2.14) are evaluated at the midpoints of the two half edges, which are listed in Tables 2.2a

and 2.2b. Therefore, if edge b is an outflow edge and hasn’t been refined, the constraints
(2.14) and (2.13) reduce to

lin lio lin lio

<1 and <1 ifb=1, 2.17
6, Dl o (2.17)
<1 and —m—+ —2— <1 ifb=2, (2.18)
671'71 4")/2'?2 671;’17“@1 477;,27"@2
7—— <1 and <1 ifb=3, (2.19)
3%,1”71 3'71'71
d! d’
where yifk = hz’k and ~?, = hl’k for k = {1,2}. However, if the outflow edge b has been
refined, the constraints (2.14) and (2.13) reduce to
l; 3; 51 l; l; l; .
1 Z b’2 <1 and ch + b’2 <1 and b’l ; <1 ifb=1,
127’7;’1’}/Z~71 871’,27,7?,2 12’%,1 8’%727”2‘,2 6’)/2'717’1'71 4')/1.’2
(2.20)
5l; li li 31; l; l; '
<1 and -+ 2 <1 and - 22 <1 ifb=2,
129, 87, 127”2)171',1 &%ia 6%717”1‘,1 4%727”1,2
(2.21)
l; l; l; l; l; :
b’l ’2b <1 and b’l ; <1 and—’}gl if b=3.
3viarin AT, 31T 4v;, 3/,
(2.22)
bl oy | ¢ bl gy | ¢
I3 5 I
— | —=V3 - | -=Vv3
g7 47
21 = | =V3 2| -=| =V3
2 2 21 2
312 V3 312 -V3
(a) (b)

Table 2.2: Values of the basis functions evaluated at (A) the quarter and (B) three quarter
points of the edges of €.
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To find a suitable pair of scaling coefficients [, ; and [;» during runtime, we need to
identify the outflow edges of §2;, check if these edges have been refined, identify the edges
on o to which they are mapped, and finally, select appropriate constraints from (2.17) -
(2.19) or (2.20) - (2.22). This is computationally expensive. Instead, if any of the edges of
an element has been refined, we can enforce the constraints (2.13) and (2.14) on all edges
of Q;, i.e., find scaling coefficients that satisfy all inequalities (2.20) - (2.22). Doing so leads
to a more diffusive limiter. However, such a limiter is easier to implement. Simplifying
(2.20), (2.21), and (2.22) gives

liq lio lin 3l;2
: f b * : f b < : f b * ; f b <1
6 mln(7i71>ri:17i,1) 4 mm(%g?ri,ﬂw) 12m1n(%,1:ri,17z‘,1) 8 min(7;,, Ti,ﬂw)
' 5[;71 N ' l;;g <1 ' l;;,l + . l;,g <
12 mm(%,pﬂﬂ&) 8 mm(’yi’Q,ri,gvg’,Q) 3 mln(%,l,ri,l’yf’l) 4 mm(%’z,ri,ﬂfg)
lin <
3 min(%{p 7”2‘,1721)
(2.23)
) . ~ lix ~ liz .
Using notations l;; = ——— ;~ and lig = ——— T (2.23) can be written
mm(%‘,p Ti,17¢,1) mm(%‘,m 7’1’,2%,2)
as
L 1 i 3l;
Sl T2
6 4 12 8
Ly 2o Sl (2.24)
12 8 3 4
-l <1
3

Figure 2.5a shows the region of admissible solutions of (2.24), i.e., choosing any set of
scaling coefficients that lies in the shaded region leads to a numerical solution that satisfies
the LMP (2.12). To ensure that the scaling coefficients are not too small, i.e., the limiter
is not too restrictive, we choose a set of scaling coefficients from the top boundary of the
shaded region marked II in Figure 2.5b, i.e.,

lin =0n min('y{l,ri71721),
o) . 6 (2.25)
li’2:4(1—§) mln(VZQ,Ti’27£2)7 Oy € [3,2].

Moreover, from (2.10), we note that the limited solution coefficients can be written solely
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[ 6 12

li.l

(a) Simplified set of inequalities . (b) Zoom in near admissible region.

Figure 2.5: Simplified set of inequalities for nonconforming element €2;. The shaded region
is the the admissible region for scaling factors [.

in terms of either the forward differences or the backward differences as

010 _ liIEUi{l _UZL _ lilﬂv?_(]il?l
b B ) d{,l "6 Ti71d?71 7
3 hiy UL, =T, hiy Uy = UL, (2.26)
Uy = lijp—=— m =y ———
’ “43 d{Q 43 7’@',2d32
Substituting (2.25) into (2.26) and using (2.16), (2.10) simplifies to
ad . Uifl - Ul 2 Ul - Uibl
Ui,l = minmod (5nT, Ui,ly 5nT7) R
(2.27)

i,2 = M1NIMO ( —3)77 1,2,( ——)— >

6 L . . .
where 0, € [5, 2]. To maintain the second order accuracy the linear solution coefficients

must not be altered in the case when the exact solution is linear, i.e., l;1, ;2 > 1 and (2.25)
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imply
Spmin(yfy,ri1y) 2 1,

5, 2.28
4(1—§)min(%{2,m727§’72) > 1. (2.28)

Noting that the ratio of the backward and forward differences for a linear solution is one,

Figure 2.6: Interpolation points should lie outside the shaded region in order to maintain
the second order accuracy.

f b

: d’
ie., 1 =72 =1, and plugging Pyifk = hz—k and 7?, = hz—k for k={1,2} into (2.28), we get
. hi,l . 3hi,2
mln(dﬁl,df’l) > 5 mln(diz,dfg) > 1G-0.)" (2.29)

Thus, for the limited solution to retain the second order accuracy, the interpolation points
must lie further from the cell centroid of €2; than a certain distance. For example, the
exclusion regions for two different values of d are shown in Figure 2.6 as the shaded areas.

2.2 Reconstruction neighborhood

To limit the solution in an element (2; using the technique described in Section 2.1, we
need access to solutions on elements in the vertex neighborhood of €2;. In this section, we
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describe our approach to find the vertex neighborhood of elements in an adaptively refined
nonconforming triangular mesh using a vertex database (Figure 2.7a).

v] — |€1| (€2 le5 |eg| -.- |€f el — v v3 vy S] —

V) —» (€3 €2 €5 €9 -.- €n €2 — U1 V2 U3 82 —»

U3 — €1 €2 € €10 -+ €] €3 — U2 Vg UN §3 —»

VN— €3 ey €7 €11 -+ €m ENf—>  US (% (% Sp—»
(a) Vertex-Element connectivity. (b) Element-Vertex connectivity.

Figure 2.7: The connectivity and the vertex database for a nonconforming triangular mesh.

@® Primary Vertex I Secondary Vertex

Figure 2.8: Refinement of element €); (shaded).

2.2.1 Vertex database

Consider refinement of element ; with element ID e; (Figure 2.8). We refer to the vertices
of an element as its primary vertices (vertices vy,vq, and vs, marked with green dots) and
the midpoints of the edges of an element as the secondary vertices (vertices vy, vs, and vg,
marked with blue rectangles). We present a step-by-step algorithm for updating the vertex
database when an element is refined (or coarsened).
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- Ul
Us —>le; e e E e | 1€ | €
P, . -
A \\ N :
RN V4 —> g €; €; E €| € €Eo
Si1 —> |Ug \ e, «

Si2 —>

Figure 2.9: Adding newly created vertices and initialising their element ID list.

First, we identify all elements and edges that are to be refined. Next, while refining
a edge, we allocate memory in the vertex database for newly created secondary vertices,
i.e., the edge midpoints, to store the IDs of the elements sharing the vertex. To ensure
mesh regularity, elements sharing an edge differ in their refinement levels by at most one
level. Due to this restriction, each secondary vertex is shared by at most six elements. In
the example shown in Figure 2.8, edges s;; and s; 5 are being refined. We create two new
secondary vertices, vy and vs, and allocate memory for them in the vertex database. Then
we initialise the allocated space with IDs of the elements sharing the edge, with the ID of
the element on the left occupying the first three positions and the ID of the element on
the right occupying the last three. For example, for the secondary vertex vy, we assign the
ID e; to the first three positions and the ID e, to the next three positions (Figure 2.9).

Next, we replace the ID of the parent element in the element ID list of a primary
vertex with the ID of the corresponding child element. For example, while refining €2;, we
replace its ID e; with e; . in the element ID list of vy, €; . in the element ID list of v,,
and e; .3 in the element ID list of v3 (Figure 2.10a to Figure 2.10b). Next, for each of the
secondary vertices, we replace the ID of the parent element with the IDs of the three child
elements sharing that vertex. For example, for the secondary vertex vy, we replace e; with
the IDs e; o1, €01, and e; o (Figure 2.11a to Figure 2.11b). Finally, we add the appropriate
vertex IDs to the vertex ID list of each child element. To update the vertex database when
elements are coarsened, the steps described above can be applied in reverse. First, for the
elements being coarsened, replace the element ID, i.e., ID of the child element, with the
ID of the parent element in the element ID lists of all the primary vertices as well as the
secondary vertices (if present) (Figure 2.10b to Figure 2.10a).
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(b) After refinement.

Figure 2.10: Updating the element ID list for primary vertices of element €2;.

Finally, if the left and right elements of a edge are coarsened to the same refinement
level, i.e., the edge is flagged for coarsening, the associated secondary vertex (the vertex
at the edge midpoint) is removed from the vertex database and the allocated memory is
freed up to be used later, if needed. Note that, as each element is uniquely identified in the
vertex to element connectivity, updating the IDs of the elements with adaptive refinement
does not lead to race conditions.
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Figure 2.11: Updating the element ID list for secondary vertices of €2;.

2.2.2

Vertex neighborhoods can easily be assembled once the vertex database has been updated.
During a refinement cycle, only a small percentage of elements undergo refinement. There-
fore, we don’t need to update the vertex neighborhood of all elements present in the mesh.
So, we flag only those elements whose primary or secondary vertices have an updated el-
ement ID list. To update the vertex neighborhood for the flagged elements, we read the
element IDs from the element ID list associated with both primary and secondary vertices,
assemble the read element IDs, remove duplicate IDs, if any, and finally reorder the IDs if

needed.

Updating the vertex neighborhood
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Figure 2.12: Reconstruction neighbourhood for vertex neighbourhood limiter.

2.2.3 Updating the reconstruction stencil

Once the vertex neighborhood for element €); is identified and updated, limiting techniques,
e.g., the second order vertex neighborhood limiter [22] and the second order moment limiter
described in Section 2.1 can be applied. As the vertex neighborhood limiter requires only
the maximum and minimum values of cell averages in the reconstruction neighborhood,
the limiter can be directly applied once the vertex neighborhood (Figure 2.12) has been
updated. However, for the moment limiter, we need to find interpolation points along
the directions v;; and v; 5. Moreover, to maintain second order accuracy, we also need
to ensure that the interpolation points satisfy the geometric constraints (2.28). To find
the interpolation points, we first replace IDs of elements in the vertex neighborhood that
are at a refinement level higher than that of €2; with the IDs of the middle child element
of a parent element at the same refinement level as €; (Figure 2.13c). This is described
in Algorithm 1. Next, we compute the convex hull of the enlarged neighborhood (Figure
2.13d) using Algorithm 2. Then, we can find the interpolation points and weights along
v;1 and v; » (Figure 2.14) and finally, the moment limiter can be applied as given in (2.27).

2.3 Numerical Results

In this section, we analyze the performance of the proposed moment limiter on adaptively
refined nonconforming meshes. We run convergence studies to show that limited solutions
exhibit the expected convergence rate. We present numerical experiments to illustrate

30



Algorithm 1 To update the reconstruction neighborhood to satisfy the geometrical con-
straints on the interpolation points

N <« Size of reconstruction neighborhood
neighbor iidx[ N] < IDs of elements in the reconstruction neighborhood
parent[] < Array of parent IDs
child4[] < Array of middle child IDs
refine_level[] < Array of refinement level of elements
idz < 1D of element €);
dif f_level < 0
temp_idx < 0
forv::1—- N do
temp_idz < neighbor_idx[i]
dif f_-level < refine_level[temp_idx] — re fine_level[idz]
if dif f_level >0 then
for k:1—dif f_level do
temp_idx < parent[temp_idx]
end for
while child4[temp_idz] > -1 do
temp_idz = child4[temp_idzx]

end while
neighbor_idz[i] < temp_idz
end if
end for
............ . ... refinement level : f e;
’ 7 o
// ,//’/// [N
;T , ! N \
a K

(a) Zoom in on the red inset. (b) Sample traversal of the element tree.

robustness of the limiter in the presence of discontinuities. In all presented cases, time-
stepping was performed using an explicit second order Runge-Kutta integrator with the

31



Algorithm 2 To compute the convex hull of a given reconstruction neighborhood

N « Size of reconstruction neighborhood
centroid[ N| < Centroids of elements in the neighborhood arranged in
anticlockwise direction
in_convexhull[ N] < Array of size N initialised to 1
flag_change_in_hull < 1
Nb_iterations < 5
while flag_change_in_hull =1 & Nb_terations>0 do
flag_change_in_hull < 0
fori:1-> N do
if in_convexhull[i] ! =0 then
index_f < Index of succeeding element in the convex hull
ndex_b < Index of preceding element in the convex hull
0 < Angle enclosed in the anticlockwise direction by the lines joining
centroids of elements with indices index_b, i, index_f
if 6 <180 then
flag_convexhull < 0

else
flag_convexhull < 1
end if
if flag_convexhull ! = in_convexhull[i] then
flag_change_in_hull < 1
end if
in_convexhull[i] < flag_convexhull
end if
end for
Nb_iterations < Nb_iterations — 1
end while

CFL condition proposed in [50]

3 h;
At < — min;—-, 2.30
13 ™ g (2:30)
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Figure 2.13: Updating the reconstruction neighbourhood for moment limiter on noncon-

forming mesh.

Figure 2.14: Reconstruction neighbourhood for moment limiter.

where h; is the smallest height of element €2; (Figure 2.15). For nonconforming elements,
we used the proposed second order limiter (2.27) with 6, = 3, i.e.,

U . d Uz{l_Ui U Ui_Uz‘b,l U . d Uz{2_ ZU Ui_ z’b,z
i,1 = 1MININOo 1 y Ui 1, 1 ) i,2 = I1NMO W’ i,272—\/§ .
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For conforming elements, we used the second order limiter proposed in [2]

¥ . Uifl _ﬁi o U% B Uibl m . Uifg _Ui ~ Uz - Uibg
Ui = minmod | — Ui, =1, U;2 =minmod | ——— U, =55

2 z i s
(2.32)
The mesh is adaptively refined using the refinement strategy proposed in [13]. Finally, we

use the local Lax-Friedrichs flux, unless stated otherwise.

Figure 2.15: Element size h; = min(H, 1, H; 2, H; 3) [2].

2.3.1 Advecting Pulse.

In this example, we verify the need for using the proposed moment limiter (2.27) over the
moment limiter (2.32) developed for conforming meshes. We solve the advecting pulse
problem on the domain Q =[-1,1] x [-1,1] with the flux in (1.8) given by F = [u,u]. The
initial condition, consisting of a square pulse, is given by

1, if max (Jo - 0.35], |y|) < 0.25,

) (2.33)
0, otherwise.

up(x,y) = {

Note that for the given initial condition, the cell averages of the exact solution lie in the
interval [0,1]. The problem is solved until ¢ = 0.1 on a nonconforming mesh of 15,912
triangles (Figure 2.16). Table 2.3 shows the minimum and maximum solution averages
at t = 0.1 for forward Euler and RK2 time steps. We observe that the cell averages
of the solution exceed the global bounds with the moment limiter (2.32) developed for
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conforming meshes. However, with the proposed moment limiter (2.27), solution averages
remain within the global bounds.

Figure 2.16: Initial nonconforming mesh of 15,912 triangles for the advecting pulse problem.

Limiter | Maximum | Minimum Limiter | Maximum | Minimum
(2.27) 1 -1.67e-21 (2.27) 1 -2.50e-21
(2.32) 1.0021 -1.17e-05 (2.32) 1.0055 -6.27e-06

(a) RK2. (b) Forward Euler.

Table 2.3: Global bounds of solution averages at ¢ = 0.1 on a nonconforming mesh of 15,912
triangles for the advecting pulse problem with limiter (2.27) developed for nonconforming
meshes and limiter (2.32) developed for conforming meshes.

2.3.2 Advecting Hill.

We consider the advecting hill problem on the domain Q = [-1,1] x [-1,1], with the flux
2

in (1.8) given by F = [u, u]. The initial condition is uo(z,y) = 2.5exp (2_—;2), with R = 0.15

and r =+/(z +0.25)% + (y + 0.25)2. We solve the problem on a sequence of nonconforming
meshes A-D. Mesh A (Figure 2.17b) is a coarse unstructured nonconforming mesh of 4,391
triangles with the maximum level of refinement set at three, while meshes B-D are obtained
by the nested refinement of the preceding mesh. That is, each element in a coarser mesh
is divided into four new elements by joining the edge midpoints to form a finer mesh. The
L, errors and rates of convergence for p =1 DG approximation at ¢ = 0.5 are presented in
Table 2.4. We observe that limited solutions converge with theoretical rates. We note that
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the limiter causes only a moderate increase in the magnitude of numerical errors. Raised
solutions for p = 1 on meshes A and D are plotted in Figures 2.17a and 2.17¢, respectively.
Additionally, solution profiles along y = 0.25 on meshes A and D are shown in Figure 2.17d.
We observe that solutions on all but the coarsest mesh approximate the top of the hill well
(Figure 2.17d).

Mesh | Number of elements Tnited L1 errorunhmi tod
A 4,391 3.03e-02 (-) 8.4e-03 (-)
B 17,564 5.3¢-03 (2.51) | 1.82e-03 (2.2)
C 70,256 1.07e-03 (2.30) | 4.04e-04 (2.17)
D 281,024 2.51e-04 (2.09) | 9.32e-05 (2.11)

Table 2.4: L, errors for the advecting hill problem for limited and unlimited solutions at
t =0.5. The convergence rates are given in parentheses.

2.3.3 Rotating shapes.

We solve the rotating shapes problem with the flux in (1.8) given by F = [-27yu, 2rzu].
The initial condition, consisting of a square pulse and a hill (Figure 2.18), is given by

cos?(27r), if r <0.25,
up(z,y) =11, if max(|Jz -0.35|,|y|) <0.25, (2.34)
0, otherwise,

where r = \/(x +0.5)%2 + y2. The exact solution of the problem is a rotation of the initial
condition about the origin. The problem is solved until £ = 1 on an initial unstructured
mesh of 1,540 triangles. The mesh is refined every 5 time steps with the maximum level
of refinement set at six.

Figure 2.19 shows the isolines of the solution obtained with the proposed moment
limiter on the final mesh. We observe that the isolines are sharp, the discontinuities are
well resolved, and the limiter suppresses oscillations near the discontinuities. This is further
demonstrated in the cross-sections in Figure 2.20. We also note that the peak of the hill
has been flattened in Figure 2.20a. This well known phenomenon is due to clipping at local
extrema by second order limiters.
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(a) Raised solution on mesh A. (b) Initial nonconforming mesh A.
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X

(c) Raised solution on mesh D. (d) Solution profile along the line y = 0.25.

Figure 2.17: Solutions of the advecting hill problem with p = 1.

2.3.4 Isentropic vortex.

Next, we test the performance of the limiter when applied to a system of nonlinear equa-
tions. We consider the Euler equations

p pu pv

0 | pu o1 pu+p 0 PUV

— — — =0 2.35

ot|pv | oz | pu |7 oy | pv*+p ’ (2.35)
E (E+pu (E+p)v

where p is the density, pu and pv are the x- and y-direction momenta, F is the energy, and
the pressure, p, is given by the equation of state p = (y-1) (E - S(u? + U2)). We solve the
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y 1 05

Figure 2.18: Initial set-up for the rotating shapes test case.

L NN

\, \/

(a) Isolinés at £ =1 ‘ (b) Final mesh of 120,178 triangles.

Figure 2.19: Solution of the rotating shapes test case at t = 1.

smooth isentropic vortex problem described in [51] with the initial conditions

-1 7T v . .
p:(l_(’yST)(Mﬁ)Zer) ’ p:»y?wQ’ u:% ez, U:—%xQQ, (2.36)
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(a) Profile of the solution at y = 0. (b) Profile of the solution at z =0.5.

Figure 2.20: Solution profiles for the rotating shapes test case at ¢t = 1.

where r = #, R=1.5, =135, v=14, and M =0.4. With these initial conditions,
the exact solution is stationary and given by (2.36). The L; errors in the density and
convergence rates for p = 1 at ¢t = 0.5 are reported in Table 2.5. Similar to the scalar
advection case, we see that the moment limiter does not degrade the expected convergence
rate.

Figure 2.21: Initial nonconforming mesh A for isentropic vortex problem.
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Mesh | Number of elements Trnited L1 errorunhmi tod
A 4,781 6.43e-02 (-) 1.07e-02 (-)
B 19,124 1.39e-02 (2.2) | 2.56e-03 (2.06)
C 76,496 3.46e-03 (2.00) | 6.16e-04 (2.04)
D 305,984 8.70e-04 (1.99) | 1.5e-04 (2.04)

Table 2.5: L; errors for the isentropic vortex problem for limited and unlimited solutions
at t = 0.5. The convergence rates are given in parentheses.

2.3.5 Double Mach test case.

We solve the double Mach reflection problem to test the performance of the proposed
moment limiter in the presence of strong discontinuities. The initial set-up for the problem
is taken from [25] and shown in Figure 2.22. The computational domain [0, 3.5] x [0, 1] is
initially discretized into 1,953 triangles. The initial condition consists of a Mach 10 shock
wave impinging at a 60° angle on a reflecting wall. The states to the left (U;) and to the
right (U,) of the shock wave are given in Table 2.6. The simulation is run until ¢ = 0.2
with the mesh refined every 10 timesteps. The maximum level of refinement is set at seven.
Figure 2.23 shows density isolines obtained at ¢t = 0.2 on a final mesh of 151,371 triangles.

U, | U,

p 8 1.4
s=v-n| 825

p 116.5 | 1

Table 2.6: States to the left and right of the initial shock for the double Mach test case.

We can observe the well-resolved shock structure (Figure 2.23a) as well as the vortices near
the slip line (Figure 2.24a).

Next, we perform a wall clock study to compare the performance of the proposed
moment limiter and the vertex neighborhood limiter [22] with respect to the computational
cost involved. The results of the study are shown in Tables 2.7 and 2.8. We observe that
although the cost associated with setting up the reconstruction neighborhood is higher
for the moment limiter, the limiting time for the moment limiter is less than 30% of the
limiting time for the vertex neighborhood limiter, thereby offsetting the additional set-up
costs.
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0 6 3.5

(b) Final adaptively refined mesh.

Figure 2.23: Density isolines at ¢ = 0.2 for the double Mach test case obtained using a
second order approximation with moment limiter on a final mesh of 156,114 triangles.

2.3.6 Shock-vortex interaction.

Finally, we solve the shock-vortex interaction test case to analyze the performance of
the proposed limiter for problems with smooth flow features as well as discontinuities.
The test case involves interaction of two vortices of strength M, = 0.9 with a stationary
shock of strength M, = 1.5, as they pass through it. The set-up for the problem (Figure
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(a) Zoom in near slipline. (b) Final adaptively refined mesh.

Figure 2.24: Density isolines at ¢ = 0.2 for the double Mach test case obtained using a
second order approximation with moment limiter, on a final mesh of 156,114 triangles.

Moment limiter | Vertex neighborhood limiter
Total run time (s) 733.88 992.15
Limiting time (s) 40.35 174.77
Setting up neighborhood (s) 11.9 4.45
Total limiting time (s) 52.25 179.22

Table 2.7: Wall clock timings (seconds) for the double Mach test case run until ¢ = 0.2 using
a second order approximation on an initial unstructured mesh of 1,953 triangles with the
mesh refined every 10 timesteps, and the maximum level of refinement set at seven.

Moment limiter | Vertex neighborhood limiter
Total run time (s) 800.86 1031.84
Limiting time (s) 37.94 157.53
Setting up neighborhood (s) 33.56 13.23
Total limiting time (s) 71.5 170.76

Table 2.8: Wall clock timings (seconds) for the double Mach test case run until ¢ = 0.2 using
a second order approximation on an initial unstructured mesh of 1,953 triangles with the
mesh refined every 2 timesteps, and the maximum level of refinement set at seven.

2.25) is a modification of the one in [52]. The vortices are initially placed at (0.25,0.25)
and (0.25,0.75), while the shock is located at = 0.5. The upstream conditions are
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Figure 2.25: Initial set-up for the shock vortex test case.

(Pus Wy Vs pu) = (1,v/1.4M,,0,1) and the vortices rotate with an angular velocity

r
Wm—, T<a,
B a b?
W= wmm(’lﬂ—7), CLSTSb, (237)
0, r=>b,

where r is the radial distance from the center of the vortex, w,, = V1.4M, is the maximum
angular velocity, and (a,b) = (0.075,0.175). The density and pressure inside the vortices

are
T 2.5 T 3.5
_ = - - 2.38
p pu(Tu) , P pu(Tu) : (2.38)

where T, = 1 is the upstream temperature and the temperature of the vortices can be
obtained by solving

2
ar _ 2w (2.39)
dr Tr
where r is the radial distance from the center of the vortex. The domain is initially
discretized into 5,212 triangles. The simulation is run until £ = 0.7 with the mesh adaptively

refined every 5 timesteps and the maximum level of refinement set at six.

Figure 2.26 shows density isolines at ¢ = 0.7 obtained using second order discretization
with moment limiter on the final adaptively refined mesh. We observe that the shock
structure and compression waves are sharp and well-defined. Further, as the vortex passes
through the stationary shock, it splits into two vortices. From Figure 2.26a we see that
vortex splitting is captured and the vortices are well resolved.
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(a) Density isoli

nes.
v

,/ :

e o e e L

(b) Final adaptivley refined mesh.

Figure 2.26: Density isolines at ¢ = 0.7 for the shock vortex test case, obtained using a
second order approximation and moment limiter on a final mesh of 181,057 triangles.

2.4 Summary

In this work, we have described a family of second order moment limiters for the discontinu-
ous Galerkin method on adaptively refined nonconforming triangular meshes. The limiter
works by decoupling the linear solution coefficients along two directions and restricting
the slopes along said directions using a one-dimensional limiter. The limiter uses solution
averages from a compact reconstruction stencil consisting of eight elements. The limiter
is an extension of the second order moment limiter proposed in [2] for conforming trian-
gular meshes. Extension of the limiter to nonconforming meshes is not straightforward
as a triangular element in the mesh can share an edge with more than one element. We
have proposed a simple algorithm, implemented entirely on a GPU, to update the recon-
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struction neighborhood of elements in an adaptively refined mesh. The algorithm involves
maintaining a database of vertices in the mesh and updating the vertex to element and
element to vertex connectivity with every refinement cycle. As every element is uniquely

identified in the database, the algorithm avoids race conditions when implemented on a
GPU.

The numerical experiments provided in Section 2.3 validate the robustness and accuracy
of the proposed limiter. Finally, the performed wall clock timing studies confirm the
advantage of using the presented moment limiter over the vertex neighborhood limiter
proposed in [22] with respect to the computational cost involved in executing the limiters.
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Chapter 3

High-order moment limiter on
unstructured triangular meshes

In this chapter, we describe an arbitrarily high-order moment limiter for the DG method on
unstructured triangular meshes. The limiter can be viewed as an extension of the second
order limiter proposed in [2] to higher order approximations and an extension of the high-
order moment limiter on Cartesian grids [25] to triangular meshes. The proposed limiter
works by computing directional derivatives of the numerical solution in two specially chosen
directions (Figure 3.1). These values are limited by comparing them to approximations
computed as forward and backward differences of the directional derivatives of one order
less. The limited directional derivatives are then related to the solution coefficients.

The limiter is applied hierarchically, starting with the highest order solution coefficients.
That is, the limiter is first applied to the p + 1 degrees of freedom corresponding to basis
functions of degree p. If one or all of these coefficients is modified, the limiter is applied to
the coefficients corresponding to the basis functions of degree p—1. This process continues
until either all non-zero order coefficients are limited or we encounter coefficients that are
not altered by the limiter.

The limiter is very simple to implement as it operates on a small, fixed stencil of eight
elements for all orders of approximation. This stencil is computed in the pre-processing
stage and stored. We also precompute [53] and store geometrical constants involved in the
limiting algorithm. For each directional derivative of the solution, the limiter is written as
a standard minmod function. The values used by the minmod are given by simple formulas
involving solution coefficients and precomputed constants. The limiter is parameter free
in the sense that no parameter needs to be fine-tuned. However, there is a range of values
for the parameter that describes how we relate a solution derivative to finite differences of
lower order derivatives. This is similar to the range of stable slopes in the Sweby region
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[6]. We use the value of this parameter used on Cartesian grids in [25].

Since the limiter acts directly on solution coefficients (moments), it does not require
costly solution evaluations at limiting points. Choosing to limit in fixed directions in the
computational space as opposed to fixed directions in the physical space also leads to
computational savings. This is because the solution is defined in the computational space,
hence its derivatives have a simple form in there. As a result, the limiter takes only about
fifteen percent of total computing time in a parallel implementation [54] for the modal
discontinuous Galerkin method.

3.1 Limiting algorithm

We aim to limit directional derivatives of the numerical solution by comparing them to the
forward and backward differences of derivatives of one order less. In the following section
we derive expressions for directional derivatives of U; in the physical and computational
spaces. The moment limiter is then presented in Section 3.1.2 for an arbitrary order of
approximation p. A detailed derivation of the limiter for the p = 2 approximation follows
in Section 3.1.3.

3.1.1 Directional derivatives

Consider directions given by the vectors

2
U1:%(17_1/2)7 02:(071)7 (31)
on € (Figure 3.1). It was shown in [2] that the first order directional derivatives in

directions (3.1) uncouple solution coefficients. This lead to development of the second
order moment limiter on triangular meshes. While higher order solution coefficients can-
not be fully uncoupled, these directions significantly simplify relations between solution
coefficients and solution derivatives.

Denote jth directional derivatives along these directions by
oI

DI DI~ (r) = ——Uy(r),
¢ DI Ui(r) PR (r)

0<qg<y, (3.2)

where r = (r,s). In order to evaluate (3.2) at the cell centroid of Qq, ro = (3,3), we
parameterize two lines passing through ry and having directions (3.1). We introduce the
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[(0,0) (1,0) r

Figure 3.1: Limiting directions v; and v, on the canonical element 2.

. 2s :
new variables b = —— — 1 and a = r and note that b=0 and a = % are equations of these

,
two lines (Figure 3.1). Computing directional derivatives (3.2) of the Dubiner polynomials

(1.14) results in
V5’ 94 2 \I"4 gia
(2 DLDGIAS)| || = 5 (1) abj—q%(“’b) G
k() ((1 )P (20 - 1)) |

(3,0)
(3.3)

(5:3)

Ol 2k+y q

Bbi—a

where 0 < g < 7. Since even degree Legendre polynomials are even polynomials and odd
degree Legendre polynomials are odd, odd derivatives of even degree Legendre polynomials
and even derivatives of odd degree Legendre polynomials evaluated at zero are zero, i.e.,

d2n+1

dQn
0,
d£2n+1

d€2n L

Qk(g) =07 k7n=071727“" (34)

Setting j = p in (3.3) and using (3.4), we obtain the pth directional derivatives of U;(r)
along v; and v, evaluated at the cell centroid ry

DP,Ui(xo) = [0022p (b)]

(£

Y

(3,0)
[Cl 92(p-1)

dr-
dbr-1

Ly (0) 4 P (20 - )|

Y

(3.0

'Lpl

5 )D521Dl Ui(ro) =
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V5 -2 12 72 2 oa(p-2) &0 & op-1)-10
(7 Dﬁ’g Dlei(rU):Ui,p—Q [Cp—22 (p )dbp—sz—Q(b)@Pz (2a—1)] o)
3’
70 | A002(p-1) dr? d? 2 p2p+1,0
+ U, | CO2 dbp_2Lp(b)@((1—a) P (20 -1)) o
1o
37
5\ -3713 3 3 oa(p-3) 477 & ap-3)+10
(7 Dy Dy, Ui(ro) = Uy [Cp—32 v )dbp—st—a(b)ﬁpg (2a—1)] o
3?
2 gy P73 d? 2(p-1)+1,0
L0, [0;122@ D s Lo (0) 7= (L= @) PP 020 - 1))] .
3
5\ - v
Y5\ oo 1,0 = v, [cg—PLO(za - 1)]
2 ! K dap” P 1
(570)
N dp T
UL, | Oy 2 La(b) - ((1-a)2P D020 - 1))
- 13,0
o dp 7
LU 2 L) (- ) P (20 - 1) 1
- - (5)0)
_— P dr 2(6)+1,0 1
+ O | G2 o) 7 ((1-a)°P2D" (20 - 1))_ L (3.5)
Expressions in (3.5) can be compactly written as
\/5 q B la/2] ~ ~ L dre
(7 D52 qu1 U’i(ro) = Z% Ui({p?’qerQ'y [05—312722(17 o) dbr—a Lp—q+2’Y(b)
b
(3.6)
d? 97 p2(p-g+27)+1,0
(- ap R0 )| Lo 0sase
3’

where || is the floor function. Denoting the expression in [] by 60,4-2,, we write (3.6) in

49



the matrix form

Dy, Ui(ro) —9070 O 0 0 0 0O 0 - - Ui(?p
(\/75) DY, D} Ui(xo) 0 6, 0 0 0 0O 0 - Uil’p_l
2
? DDLU | 6 0 6y 0 0 0 0 - |02,
? 3D523D§1 U(ro) |51 0 631 0 6335 0 0O 0 - Uis:p—?) - (37
\/75 4D§; D4 Ui(ro) bio O by 0O 64y O O - (ji%p—ll
(é)nglUi(ro) | v bz O ep’p_ Uy

Similarly, the jth directional derivatives of U;(r), 1 < j < p, along v; and vy evaluated at
ro are

\/5 q p la/2] d -q
( 2 j qu U (I'()) Z [;] Uzqk2§+2ﬁ |:CI(<1; 35262]“—] 2a+28 dbj qu*quQﬁ(b)
k=j

3.8
dd k—j+28 p2(k-q+28)+1,0 ( )
(R (2a-1))

, 0<qg<y.
(3.0)

Next, we use (1.12) for element €2; to map the directions v; and vy defined in (3.1)
from the computational to physical space and obtain the following unit vectors (after
normalization)

Ji’Ul JiUQ
i=—7 i=—7 3.9
Va T el Y [l (3.9)

where J; is given by (1.13). Using (1.12), (1.13), and (3.1), (3.9) can be simplified to

1
hiq

1
Vi1 = (Xi,Q - §(Xi,1 + Xi,3)) y Vi = (Xi3—Xi1) (3.10)

1
his
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where x; 5, k={1,2,3} are the vertices of ; and

o hip =Xz =] (3.11)

)

h“:]

1
Xi2 — §(Xi,1 + Xz‘,3)

Using (1.12), (1.13), and (3.9), we relate directional derivatives in the physical and com-
putational spaces:

V5
2hi,1

Vi1 Vi2

DI DI U(x) = ( -
7,2

q Jj—q
1 .
)( ) DY DIU(r), 0<q<j, 1<j<p. (3.12)

In the next section, we will derive an algorithm for limiting D¢, , D3, 9U;(xo).

Remark 1. The process outlined above can be used to compute directional derivatives
in any given directions. The advantage of using directions (3.1) is sparsity of the matrix

in (3.7).

Remark 2. Tt can be shown that there are no directions that fully uncouple all directional
derivatives, i.e., result in a diagonal matrix in (3.7).

Figure 3.2: €); and the mesh elements sharing a vertex with it. Elements used in limiting
are shaded. Limiting directions v;; and v; s are shown as arrows. Backward and forward
interpolation points are shown as solid squares. Linear interpolation of directional deriva-
tives at the interpolation points is performed over the segments shown as thick lines.
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3.1.2 Derivation of the moment limiter

ipr Uip-1-+ Ul
and corresponding directional derivatives. We present the algorithm on Z;m efcample of
limiting on the pth order directional derivative D{’,;}D},i ,Ui. We limit Deng; ,Ui by
comparing its value at the cell centroid of €; to the forward and backward differences of
Dg;U along v; 9 and DQZ?D}WU along v; 1, i.e., the derivatives of one degree less in v; o
or v; direction, respectively.

We start the limiting process with the highest order solution coefficients Ue Ul

The forward and backward differences are computed from the forward X{ , and X{ 5, and
backward x?, and x?, interpolation points (Figure 3.2, solid squares) to the cell centroid
(Figure 3.2, ‘solid cir7cle). We find these points by forming a polygon by joining the cell
centroids of the neighboring elements that share a vertex with €2;. Next, we define two
lines parallel to v; ; and v; 5 that pass through the centroid of €2;. The interpolation points

xlf w X040, k =1,2, are then the points of intersection of these lines and the faces of the

polygon.

Figure 3.3: (A) Limiting stencil along v; 1, (B) Limiting stencil along v; 5.

Let us consider limiting D@;} D!  U; in the direction v;,. In order to find the values

of the (p — 1)th order derivative DQ;U at the interpolation points, we first compute the
(p - 1)th directional derivative D%, Us(xs0), f = {j,k,m,n} at the cell centroids of the
neighbouring elements €, Q, €, and €2, (Figure 3.3b). Consider for example element

2,,. In general, limiting directions v, ; and v,, o on 2, will not coincide with v;; and v; 5
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on €);. To obtain directional derivatives in the directions v;; and v; 5 on (2,,, we express
directions on (2; as linear combinations of directions on €2,

_ 1 1 _ 2 2
Vil = Q1 Vil + Qo oVima,  Via = Q1 Vi1 + Qo 9Vin 2, (3.13)

for some coefficients a. Using (3.13) and (3.12), the (p-1)th directional derivative D%, U,,,
evaluated at the cell centroid x,, o of €, is

-1
p—1 _ 1 1 p
DV¢71Um(Xm70> - (C(mlean’l + Oém,QDV'mQ) Um(meo)

(V5 -

p1 (3.14)
am,leJDﬂl + O{m72%Dy2) Um(ro).

Similarly, we can compute the (p—1)th directional derivatives Dgﬁ Ui(%50), D@;i Ur(Xk.0),

and Dg;}Un(xnvo) at the centroids of Q;, {2, and €2,, (Figure 3.3b). We use these values to
linearly interpolate the forward and backward reconstructions of the (p — 1)th directional
derivatives D@;} Up, and D@;} UZ.J; at the backward and forward interpolation points x?,

f
and x; , as

DrUl, = B8 U (x50) + (1= BL,) DY U(xk0),
Dg,-_j Uz'b,2 = £2D€f1Um(Xm,0) + (1~ 522)Dp_lUn(Xn,0)7

i,1 Vi1

(3.15)

where 0 < 8%, <1 and 0 < ﬁif , <1 are the backward and forward interpolation weights for
the limiting stencil in Figure 3.3b. That is, DY} UZ{ , is the weighted average of D%, 1 U;(x;0)
and D%, Uy (Xk0), where 61{2 is

o=l

Bly= i ———=. (3.16)

||Xj,o — Xk,0

Finally, the limited pth order directional derivative D@;i D} U; is obtained by comparing

its value to the forward and backward differences in the (p’— 1)th directional derivatives
multiplied by the scaling parameters lfi , and 15?72
DY UL, = DY 1 Ui(xi0)

7
HXz‘,z - XZEOH

’

Dﬁ;} D},MUi(xi’O) < minmod (D{’,ﬁ,i D‘l,i,QUi(XLO), Z{Q
(3.17)

i,2

p-1 p—lr7b
b DV,L'J UZ(XZ,O) - DVi,l UZ,2 )
)

b
”Xi,Q — X0
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where the minmod function is

sign(a) - min(lal, |} ), if sign(a) = sign(b) = sign(c),

minmod(a, b, c) = { (3.18)

0, otherwise.

Next, we limit D{'ﬁ;i D!  U; along v;;. We compute the (p - 1)th directional derivative
DQZ?D},”U at the cell centroids of Q,, %, €, and €, (Figure 3.3a), e.g. Dg;?D%,iQUS,
evaluated at x;, is

—2
p—2 1 (.1 1 P ( 2 2 )
D2 Dy, Us(Xs0) = (al1Dy,, +alyDy,, )" " (a2,Dy,, +a2,Dy. ;) Us(Xs0)

V5 1LY (. V5 1
= (0@ mDvl + 0@,2@171)2 04?,1%17@1 + a?,z@sz Us(ro).
(3.19)

Then, we linearly interpolate DgﬁD},i ,U at the forward and backward interpolation points

xlf , and x? | using the values at the cell centroids

D{’,;?Dl U/ :ﬁif,1Dp_2D1 Us(Xs,0)+(1_ﬁ£1)Dp_2D1 Ut(Xt,O)a

vi2 74,1

Vi1 Vi2 Vi1 Vi (3 20)
DDLUy = B2, DE2D) Ua(Xap) + (1= 8)DE2DY  Uy(x40),

where 0 < 3, <1 and 0 < ﬁfl < 1. Finally, we limit DeﬁD},in by comparing it to the

forward and backward differences of DgﬁD},i’ ,U scaled by the parameters ZZ , and 1%,

DYDY, UL - DE2DY,,Ui(xi0)

vi2 1,1

Y

-1l : -1l f
Dy Dy, ,Ui(xi0) < minmod (D{'ji’lDVi’2 Ui(xi0), 1l

f
Hxi,l — X0

vi2 1,1
i1

b
Hxi,l - X@OH

, DLAD. Ui(xip) - D3 DL UY )

(3.21)

The scaling parameters llf ,and 12,k ={1,2}, depend on the order of the derivative being
limited. For pth order derivatives, the admissible range is

1< l£2 < %{2(210— 1), 1< l?,z < 7?,2(21’— 1),

3.22
Letl <nfi(2p=1), 1<8 <+h(2p-1), (3:22)

which is equivalent to the range for the scaling parameters used on Cartesian grids in [25].
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The geometric parameters 7; in (3.22) are

I xiol [t = xio

fo Hxi,l Xi,0 b 1%~ X0

’Yil_ ’ ’Yi,l_ )

’ hi,l hi,l (3 23)
Loxol Il |

7f B me Xi,0 ’yb X2 T a0

1,2 ) 4,2 = )
hio i o

)

where h;; and h; o are given in (3.11). To minimize loss in accuracy of the solution, in all
experiments in Section 3.2 we choose the least restrictive limiter, i.e., the right hand side
of the intervals in (3.22).

Remark 3. Directional derivatives D{;MU and Df,mU , 1 <7 < p, are limited only in
directions v;; and v; 9, respectively. Mixed derivatives are limited in both directions with
the smallest of the two limited values taken.

In a similar way, we limit every pth order directional derivative along v;; and v; .
Substituting these limited directional derivatives into (3.7), we obtain the limited pth
order moments. If all pth order directional derivatives are modified by the limiter, we
repeat the process for the (p — 1)th order moments [A]Z?p_l,Ui{p_%m,Ufgl. We limit the
(p—1)th directional derivatives along v;; and v;» by comparing them to the forward and
backward differences in (p—2)th directional derivatives. We find modified values of (p—1)th
order moments by substituting the limited (p — 1)th directional derivatives into a system
of equations similar to (3.7), obtained by ignoring the contribution of pth order moments
in (3.8). The process is continued until we reach either a set of kth order directional

derivatives that are not modified or the zeroth order moment.

3.1.3 Third order limiter

To illustrate implementation of the high-order moment limiter, we give a detailed descrip-
tion for the case p = 2 in this section and p = 3 in the Appedix A. The third order DG
approximation on element €2;, written as a linear combination of the Dubiner basis, is

2
Ui(r,s) = 3 Ulpi(r,s). (3.24)

l+k=0
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The quadratic basis functions are given by

A5 = 0 a1y gy,

pi(r.s) =3\/_(23+7“—1)(5r—1), (3.25)
wa(r,8) =36+ 12V6 (r - 1) + 106 (r - 1)°,
and the linear and constant basis functions are given by
wo(r,8) = V2,

o(r,s) = =2+ 6r, (3.26)
QV(r,s) = =2/3 + 2V/3r + 44/3s.

Using (3.5) and (3.7), the second order moments of U; can be expressed in terms of the
second order directional derivatives along v;; and v; 2 as

Dg Uz I R
his D3, . Us(Xi0) S\ (ro) 1230 0o o |(00,
- 1 1 . N
hi th 1Dvi gDvi,lUi (Xi,O) ( 9 ) DugDvl Uz(rO) = 0 30\/§ 0 U}’l
2 A
h2 DVZIU-(XZ',O) (é) D2 Ui(r) /30 0 20V/6 Ui2,0
2 vt

(3.27)
We start by computing the first order directional derivatives along v;; and v; 2 at the cell
centroids of the elements involved in the limiting stencil (Figures 3.2 and 3.3). For example,
to limit D2 ,Uiand Dy, , Dy, U;, we need to compute directional derivatives along v;; and
v, 2 at the cell centroids of QJ, Q, Q, and 2, (Figure 3.3b). Consider element §2,,. Using
(3.8), the first order directional derivatives along v,,; and v, o at the cell centroid x,, o are

/3 By, 255
9 n,2 n,0 |

hni Dy, Un(Xn0) = (— 5

5 ) D! U,(ro) =6 (Ui,o n

5 (3.28)
ha2DY Un(Xn0) = Dy, Us (1) = 4V/3 (Ugl + \/;0;71) .
Then, the directional derivatives along v;; and v; 2 at x,, o are computed as
D\lll 1Un = 06711 1Dvn 1Un + 06711 2DVn 2Un,
’ ’ ’ ’ ’ (3.29)

1 ) 2
Dvan = amlenlen + ozn’QDvnYQUn,
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where the coeflficients o are obtained from

_ 1 1 _ 2 2
Vil =0 1Vp1 T QpoVno,  Vio= Q1 V1 + 0 9Vp 2. (3-30)

In a similar way, the first order directional derivatives along v;; and v, are computed
at the cell centroids of €2;,€);, and ,,,. The computed values at the cell centroids are used

to linearly interpolate the values at the forward and backward interpolation points le , and
b
X;o as

Dy, Uly = B,Dy, ,Uj(x;0) + (1= B],) Dy, , Ur(xk0),
DVMUZ-I?2 = 22DVZ.’1Um(Xm70) +(1- 522)Dvi,1Un(Xn70)a
Dy, ,Ul, = B1,Dy. ,Us(x;0) + (1 = B,) Dy, ,Up(x10),
Dy, ,Uly = 829Dy, Up(Xim0) + (1= B4) Dy, , Up(Xn0).

(3.31)

Finally, the directional derivatives D2  U; and Dy, , Dy, ,U; are limited by comparing them
to the forward and backward differences along v; - as

DVu Ui],c2 - sz-,g Ui (Xi,())

f
[cis = il

’ Y,2 I

D%,MUZ-(XLO) < minmod (ng,zUi(Xz}O) 1/

b
lio

DVz‘,z U’i(xi,o) - DV'L',Z U£2 )

b
Hxi,Q — X0

; (3.32)
Dvi,l Uz’,2 - DVi,l Ul (Xi,U)

f
[cis = %ol

Y

Dvi,zDvm Ui(xi,O) <~ minmod (DW’QDVZ.’1 Ui(Xi70)7 l£2

b Dy, Ui(xi0) - Dw,lUﬁz)
©,2

b
me — X0

The range for the scaling parameters lzk and 1?,, k = {1,2}, is given in (3.22). Similarly,
the first order directional derivatives along v;; and v, o are computed at the cell centroids
of Qg, Qy, Q,, and €, (Figure 3.3a), and are used to linearly interpolate the values of the

first order directional derivatives at the forward and backward interpolation points X{ , and
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X, 1 as

DVuszl = ﬁf Dy, Us (x50) + (1 - 5f1)Dv,- Ui(xt0),
Dv“Uzbl = zleVle (%a0) + (1 - ﬁ 1)sz1Ub(Xb0)
DV12Uz1 = B8], Dy, ,Us(x00) + (1= B)) Dy, Us(x410),
Dy, , U7y = 871 Dv,2Ua(Xa0) + (1= B71) Dy, , Un(31,0).-

(3.33)

The directional derivatives D7 | U; and Dy, Dy, ,U; are limited by comparing them to the
forward and backward dlf‘ference along v, ; as

DVz 1Ull DVz 1[](>(Z 0)

[t =0

’ Y1

I

D‘Q,Z 1U-(Xz»vo) <~ minmod (D\Z/i’lUi(Xi,O) A

b
li,l

Dvi71 Ui(xi,o) - DVi,l Uilil )
b _x. ’
[ 1 =i (3.34)
DVzQU’Ll DVZQU(XzO)

[l =i

Y

Dy, Dy, ,Ui(xi0) < minmod (Dvi,lpvi,QUi(x,,O), zgf .

lb DVq',,2 Ui(xi,o) - DVi,Q Uib,l )
i1

21 = xiol
Finally, the modified second order moments 0507 Uil, and ng are computed by sub-

stituting the limited second order directional derivatives D2 U;, D2 U;, and Dy, Dy, ,U;
into (3.27)

2

09, = —=2_p2 [,
212300 v
A hiohi,
Ul =52 f via Dvin Ui (3.35)
L b

Z- D2 Ui+ —=2-D2 U.
Y206 VYT 24006

If all second order directional derivatives have been modified by the limiter, then the linear
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moments are limited using the second order moment limiter [2]
. vl -U; . U-U
Ugl <~ minmod (%, Z—1) ,

— — 3.36
Ui],cz_Ui 70 UZ'_U'b2) (330

. 1’7
5 <+ minmod (—, Upgy ——=—

v 7 7

where U? is the cell average in §2;. The forward and backward interpolation values U{ g and
Uilj g 4= {1,2}, are linearly interpolated using the cell averages from respective neighboring

elements (Figure 3.2). For example, the forward and backward interpolation values along
Vv, 2 are given by

Ui{2 = B@{2Uj +(1- /82{2)Uk:7

_ _ 3.37
Uiljzzﬂib,QUm"‘(l—ﬂfg)Um ( )
with 0< 3/, 8%, < 1.
3.1.4 Implementation of the moment limiter
The limiter is easy to implement and fast in execution. We pre-compute [53] the limiting

stencil for each mesh element (Figures 3.2 and 3.3), i.e., for each €);, we store pointers
to the eight mesh elements involved in the limiting stencil. We compute and store the
constants « in (3.30) and interpolation weights 5 in (3.31) and (3.33). For example, with
p=2, we

1. Compute higher order derivatives using (3.27).
2. Compute lower order derivatives using (3.28).

3. Compute the directional derivatives along the required direction on neighboring ele-
ments using (3.29).

4. Interpolate lower order derivatives at the interpolation points using (3.31) and (3.33).

5. Apply the minmod function.

Each step in the above Algorithm is a set of simple algebraic operations involving the
solution coefficients and the pre-computed constants. Consequently, the limiter takes only
15% of the total runtime (Example 3.2.5) in this implementation of the modal discontinuous
Galerkin method.
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3.2 Numerical Results

We perform numerical experiments to analyze the performance of the proposed high-order
moment limiter. We run convergence studies to show that limited solutions exhibit the
expected convergence rates. We also present numerical experiments to show robustness
of the limiter in the presence of discontinuities. In all presented cases, time-stepping was
performed using an explicit Runge-Kutta integrator of order (p+1) with the CFL condition
proposed in [50]

At<CFL minﬂ,
i |al
CFIL - 1 ’ (3.38)
4
(2p+1) (1 + —(p+2)2)

where h; is the smallest height of element €2; (Figure 3.4). Finally, unless stated otherwise,
the local Lax-Friedrichs flux was used.

Figure 3.4: Element size hz = min(Hi’l,Hi’g,HLg) [ ]

3.2.1 Advecting hill.

We consider the advecting hill problem on the domain = [-1,1]x [-1, 1], with the flux in
(1.8) given by F = [u,u]. The initial condition is ug(z,y) = 2.5exp (%), where R = 0.15
and 7 = /(2 +0.25)2 + (y + 0.25)2. We solve the problem on a sequence of meshes A-E.
Mesh A is a coarse unstructured triangular mesh. Meshes B-E are obtained by nested
refinement, i.e., each element in a coarser mesh is divided into four new triangles by
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connecting the edge midpoints with the centroid to obtain a finer mesh. The L; errors and
rates of convergence for p =2 and p =3 at ¢ = 0.5 are presented in Table 3.1. We observe
that limited solutions converge with the theoretical rates. It is expected that a limiter will
increase the magnitude of the numerical error. We note that such an increase in the error
is modest. Raised solutions for p = 2 on meshes A and C are plotted in Figures 3.5a and
3.5b. Additionally, solution profiles along y = 0.25 on meshes A-C are shown in Figure
3.5c. We observe that solutions on all but the coarsest mesh approximate the top of the
hill well.

L1 error
Mesh | Nb. elems p=2 p = 2 (unlimited) p=3 p = 3 (unlimited)
A 1,046 | 4.820-03 () 7.860-04 (1) 1.98¢-04 () 6.49¢-05 ()
B 1,184 |3.700-04 (3.70) | 9.09¢-05 (3.11) | 1.85e-05 (4.75)| 3.81¢-06 (4.09)
C | 16,736 |4.08¢-05 (3.18)| 1.07e-05 (3.08) | 1.066-06 (4.13)| 2.24e-07 (4.09)
D | 66,044 |4.63c-06 (3.14)| 1.29¢-06 (3.05) |6.37e-08 (4.06)| 1.35¢-08 (4.05)
E 267,776 | 5.72e-07 (3.02) | 1.56e-07 (3.047) |3.91e-09 (4.03) | 8.23e-10 (4.035)

Table 3.1: L; errors for the advecting hill problem for limited and unlimited solutions at
t = 0.5. Convergence rates are given in parentheses.

3.2.2 Limiting directions.

In this section we investigate how ordering of vertices influences performance of the limiter.
Triangle €2; is described by its vertices x;1,X;2, and X;3. Assuming that the vertices
are arranged in the counter-clockwise direction, there are three ways to describe €, i.e.,
(Xi1,Xi2,X;3), (Xi2,X;3,X;1), and (X;3,%;1,X;2) (Figure 3.6). With mapping (1.12), this
results in three possible limiting directions. We analyse the effect of vertex ordering and,
hence, limiting directions, on the accuracy of limited solutions. One way to do so is to
compare the distances of the points used in reconstructing the forward and backward
approximations of solution derivatives from the cell’s centroid. For each vertex ordering of
€2;, we compute the maximum (+; 5/) and the minimum (7;,,) of the geometric parameter
vi (3.23). Next, we name the vertex ordering with the smallest v; 5y on €2; Configuration
1, the mesh generator’s vertex ordering Configuration 2, and the vertex ordering with the
largest v;,, on €); Configuration 3. Tables 3.2 and 3.3 show the solution errors obtained
with three configurations for p = 2 and p = 3 approximations. We note that the stencils
with the interpolation points closest to the cell centroid have the smallest errors. However,
variation in the errors for the three configurations is not significant. Thus, mesh-generated
vertex ordering can be directly used, without any additional pre-processing.
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(a) Raised solution on mesh A. (b) Raised solution on mesh C.
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X

(c) Solution profile along the line y = 0.25.

Figure 3.5: Solutions of the advecting hill problem with p = 2.

Xi3 Xi,2 X1

Xi1 Xi3 Xi2
Xi2 Xi1 Xi3

Figure 3.6: Limiting directions on €2;.
3.2.3 Rotating shapes.

We solve the rotating shape problem with the flux in (1.8) given by F = [-27yu, 2rau].
The initial condition consists of a hill and a square pulse (Figure 3.7) and is given by
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Mesh | Configuration 1 | Configuration 2 | Configuration 3
A 4.43e-03 4.82e-03 4.14e-03
B 3.54e-04 3.70e-04 3.68e-04
C 3.96e-05 4.08e-05 3.96e-05
D 4.39e-06 4.63e-06 4.45e-06
E 5.37e-07 5.71e-07 5.41e-07

Table 3.2: L; errors for the advecting hill problem at ¢ = 0.5 with three different vertex

ordering, p = 2.

Mesh | Configuration 1 | Configuration 2 | Configuration 3
A 5.08e-04 4.98e-04 4.00e-04
B 1.72e-05 1.85e-05 1.87e-05
C 9.81e-07 1.06e-06 1.05e-06
D 5.78e-08 6.37e-08 6.06e-08
E 3.57e-09 3.91e-09 3.66e-09

Table 3.3: L; errors for the advecting hill problem at ¢ = 0.5 with three different vertex
ordering, p = 3.

cos?(2mr), if r <0.25,
up(z,y) =11, if max(|z -0.35|,|y|) <0.25,

0, otherwise,

(3.39)

where r = /(2 +0.5)2 + y2. The exact solution is a rotation of the initial condition about
the origin. The problem is solved until ¢ = 1 on an unstructured mesh of 12,792 triangles.

Figure 3.8 shows the isolines of the solutions and solution profiles along y = 0, x = 0.5,
and x = 0.55 obtained using the p =1, p = 2, and p = 3 approximations with the moment
limiter. The quality of the solutions is comparable to solutions on Cartesian meshes with
an equivalent number of elements [25]. We observe that the peak of the hill is captured
well only by the third and fourth order schemes (Figure 3.8¢c). This is due to a well known
phenomenon of clipping at local extremas by second order limiters. Due to the hierarchical
nature of the moment limiter, the second and higher order moments are not limited with
the p =2 and p = 3 approximations and the accuracy at the peak is preserved. We see that
all three limiters suppress oscillations near solution discontinuities. Comparing solution
isolines in Figures 3.8a and 3.8b, we note that the higher order approximation of the
square pulse is less diffused and more symmetrical. This is further demonstrated in the
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Figure 3.7: Initial condition for the rotating shapes problem.

cross-sections in Figure 3.8e.

Finally, Figure 3.9 shows the isolines of the solutions and solution profiles along y = 0,
x = 0.5, and z = 0.55 obtained using the p = 1 and p = 2 approximations without limiting.
We can clearly observe oscillations near the discontinuities for both p =1 and p = 2, which
are severely affecting the quality of the solution.

3.2.4 Isentropic vortex.

Next, we test the performance of the high-order limiter when applied to a system of nonlin-
ear equations. For this example, we consider the Euler equations, the system of nonlinear
hyperbolic conservation law governing inviscid fluid flows, given by

P pu pv

0 | pu o1 pu+p 0 PUV

— — — =0 3.40

ot\pv| "0z puw |7 oy | pvi+p ’ (340)
E (E+p)u (E+p)v

where p is the density, pu and pv are the x- and y-direction momenta, F is the energy, and
the pressure, p, is given by the equation of state p = (y-1) (E - L(u?+ 1)2)). We solve the
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(c) Profile of the solution along y = 0.

smooth isentropic vortex problem described in [51] with the initial conditions

1

v-1 P\ p7 B T 5 r
p:(l_(8ﬂ-2)(Mﬁ)2e) , p:’yM27 u:myez’ Uz_ﬁxeg’ (3.41)

where r = #, R=1.5, =135, v=14, and M =0.4. With these initial conditions,
the exact solution is stationary and given by (3.41). The L; errors in the density and
convergence rates at t = 0.5 are reported in Table 3.4 for the p = 2 and p = 3 discretizations.

Similar to the scalar advection case, we see that the high-order moment limiter does not
degrade the expected convergence rates.
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(d) Profile of the solution along x = 0.5. (e) Profile of the solution along x = 0.55.

Figure 3.8: Rotating shapes at ¢t =1 on an unstructured mesh of 12,792 triangles.

Nb. elems L1 error
=2 p = 2 (unlimited) =3 p = 3 (unlimited)
1,560 | 3.37¢-03 () 3.360-04 () 8.250-05 () 7.366-06 (-)
6,240 | 2.44c-04 (3.79)| 4.57¢-05 (2.80) |5.960-06 (3.79)| 4.24e-07 (4.12)
24,960 | 3.25¢-05 (2.91)| 6.11e-06 (2.90) |3.55e-07 (4.07)| 2.51e-08 (4.08)
00,810 | 4.16-06 (2.99) | 8.10e-07 (2.92) |2.246-08 (3.99)| 1.51e-09 (4.06)

Table 3.4: L, errors in the density for the isentropic vortex example at ¢ = 0.5. Convergence
rates are shown in parentheses.

3.2.5 Shock shock interactions.

In this example we test performance of the limiter in the presence of shock-shock inter-
actions. The initial condition is a modification of a test case from the two-dimensional
Riemann test suite proposed in [55] (Figure 3.10). The simulation is run until ¢ = 0.8 on a
mesh of 320,000 triangles. Figure 3.11 presents density isolines obtained using the p = 1,
p =2, and p = 3 approximations with the moment limiter. We see that the high-order DG
method equipped with the moment limiter is able to capture finer flow structures, as well
as the shocks.

Finally, we check the computational cost of the limiter. The limiter takes about fifteen
percent of the total run time (Table 3.5) of a parallel GPU implementation of the modal
discontinuous Galerkin method [54] and this number is about the same for both orders of

approximation.
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(a) Isolines with p = 1. (b) Isolines with p = 2.
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(c) Profile of the solution along y = 0.

3.2.6 Double Mach test case.

We solve the double Mach reflection problem to test the performance of the proposed
moment limiter in the presence of strong shocks. The initial set-up for the problem is
taken from [25] and shown in Figure 3.12. The initial condition consists of a Mach 10
shock wave impinging on a reflecting wall at an angle of 60°. The states to the left (U;)
and to the right (U, ) of the shock wave are given in Table 3.6. The computational domain
[0,3.5] x [0,1] is initially discretized into 1,953 triangles (Figure 3.12a). The simulation
is run until ¢ = 0.2 with the mesh refined every 10 timesteps. The maximum level of
refinement is set as seven. The reconstruction stencil is updated after every refinement
using the strategy proposed in [56] and discussed in the previous chapter. Figures 3.13,
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(d) Profile of the solution along x = 0.5.
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(e) Profile of the solution along x = 0.55.

Figure 3.9: Solution of the rotating shapes problem at t = 1 without limiting on an un-
structured mesh of 12,792 triangles.

p | Run time (s) | Limiting time (s) | Time steps
o[ 749.16 115.8(15.5%) 0,751
3 2947.9 427.22(14.5%) 12,876

Table 3.5: Limiting time for the shock-shock interaction example. The limiting time as a
percentage of the total run time is given in parenthesis under ” Limiting time”.

(0,1) (1.1)
(p,u, v, P) = (0.5323,1.206,0,0.3)
p,u,v, P) =
1.5,0,0, 1.5)
0.8,0.8)
(p,u,v, P) = (0.138,1.206, 1.206, 0.029)
p,u,v, P) =
(0.5323,0,
1.206,0.3)
(0.0) (1.0)

Figure 3.10: Initial condition for the 2D Riemann problem.
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Figure 3.11: Density isolines at ¢ = 0.8 for the shock-shock interaction example with (A)
p=1,(B) p=2,and (C) p =3, on a mesh of 320,000 triangles.

3.14, and 3.15 show the density isolines at ¢t = 0.2 obtained using second, third, and fourth
order DG approximations with the moment limiter.We observe that all DG approximations
resolve the shock structures well. We also note that the slip line near the primary triple
point is tighter as well as the finer vortical structures are better resolved for the higher
order approximation (Figure 3.16).
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Table 3.6: States to the left and right of the initial shock for the double Mach test case.

U, | U,

p 8 1.4
s=v-n| 825 | 0
) 116.5 | 1

\
YA QYAY.

</

1.0

(a) Initial mesh of 1,953 triangles.

M £ 10

,
,
U, / U,
,
,

N
S e

Figure 3.12: The initial set-up for the double mach reflection test case.

3.3 Summary

In this chapter, we have presented a high-order moment limiter for the DG method on
triangular meshes. It limits numerical solution by hierarchically limiting solution coeffi-
cients (moments) starting with the highest. The limiter stops when it encounters solution
coefficients or corresponding directional derivatives that are left unchanged by the min-
mod function. This avoids overlimiting, especially at solution extrema where second order
methods and second order limiters visibly damage solutions even on reasonably fine meshes.

Numerical experiments presented in Section 3.2 demonstrate that the DG method
equipped with the proposed limiter retains the p + 1 convergence rate for smooth solu-
tions and eliminates spurious oscillations in the presence of discontinuities.

1/6

(b) Initial condition.
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(a) Density isolines.
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(b) Final adaptively refined mesh of 236,310 triangles.
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Figure 3.13: Density isolines at ¢ = 0.2 for the double Mach test case obtained using second
order approximation with moment limiter.
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(b) Final adaptively refined mesh of 237,924 triangles.

Figure 3.14: Density isolines at ¢ = 0.2 for the double Mach test case obtained using third
order approximation with moment limiter.
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(b) Final adaptively refined mesh of 222,969 triangles.

Figure 3.15: Density isolines at ¢ = 0.2 for the double Mach test case obtained using fourth
order approximation with moment limiter.

The key component of the limiter is the choice of the directions in which the solution
is limited. The proposed limiting directions nearly uncouple solution coefficients, which
allows us a fast transition between solution coefficients and directional derivatives of the
solution. This also allows us to limit only the moments that exhibit excessive growth and
retain the accuracy of the solution.

The proposed limiter has a simple and fixed reconstruction stencil, which is computed
[53] during the preprocessing stage. Despite a complex derivation, the limiter itself consists
of a set of algebraic operations on solution coefficients and precomputed constants. As a
result, it takes only about fifteen percent of the total computing time in a parallel imple-
mentation of the modal discontinuous Galerkin method for solution of Euler equations,
which is very modest.
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(e) Zoom in near slipline for p = 3. (f) Final adaptively refined mesh.

Figure 3.16: Density isolines at ¢ = 0.2 for the double Mach test case obtained using second
(top), third (middle), and fourth order (bottom) approximations with moment limiter.
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Chapter 4

Slope limiter on quadrilateral meshes

In this chapter, we present and analyze a family of scalar slope limiters for the second
order DG method on unstructured quadrilateral meshes. The limiter works by multiplying
linear solution coefficients by a scaling factor ~; that lies in the interval [0, 1] so that the
numerical solution at chosen limiting points along the element boundary remains bounded
by solution averages from a neighborhood of the element. Moreover, we prove that with
appropriate timestep size, applying the above limiter ensures that the numerical solution
satisfies local maximum principle (LMP) (4.16) in the means.  The choice of limiting

() Edge neighborhood (b) Reduced neighborhood.

points and the limiting neighborhood is crucial to the performance of the limiter. Figure
4.1 shows a few possible choices for the limiting neighborhood. For the limited solution to
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(¢) Vertex neighborhood.

Figure 4.1: Possible limiting neighborhoods for a quadrilateral element. The filled disks
denote the center of masses of the elements while the filled squares represent the limiting
points.

retain its second order accuracy on a triangular mesh, it was shown in [22] that the limiting
points must lie within the convex hull formed by the center of masses of the elements in
the limiting neighborhood. The same proof and conclusion follows for a quadrilateral mesh
as well. A simple choice for a neighborhood that always satisfies the above condition is the
vertex neighborhood (Figure 4.1¢), i.e., the neighborhood consisting of elements sharing
a vertex with the element. Therefore, in the present work, we have chosen the vertex
neighborhood as the limiting neighborhood.

We give a short description of the second order slope limiter in Section 4.1. We analyze
the stability of the limited solution for scalar linear conservation laws in Section 4.1.1
and scalar nonlinear conservation laws in Section 4.1.2. Finally, we present numerical
experiments in Section 4.2 to verify the performance of the proposed limiter.

4.1 Limiting algorithm

The second order DG approximation on €2; can be written as a linear combination of the
Legendre tensor product basis (1.25)

U(¢,m) = UL ob(C.n) + UL m) + ULy b (Cm) + Ul ot (Cm), (4.1)
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where the constant and linear basis functions are

V3

1
s08=§, ¢?=7C, ©p =

(—1,-1) (1,-1)

Figure 4.2: Reference square element 2.

The limited numerical solution is given by

Up =0, +~(Up-T,;),

(4.2)

(4.3)

where U:L is the cell average of the solution in €2; and ~; is a scalar multiplier that lies in

the interval [0, 1] and is computed using the following algorithm

1. Compute the minimum and maximum cell averages in a neighborhood of €;, i.e.,

m; =minU; and M; = maxUj,
jGNZ‘ .]ENZ

(4.4)

where N; is a set containing the indices of €2; and elements in the neighborhood of

Q;, e.g., vertex neighborhood.

2. Compute the coefficient y;(xy) at each limiting point xy, e.g., edge midpoints, Gauss
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quadrature points, etc., as

M: = U, —
Z—Uvz_, if Ui(Xk)—Ui>O,
Ul(Xk);UZ
vi(xy) = mi_Ui_
Ul(Xk) —

1 otherwise.

if Uz(xk) - ﬁz < 0, (45)

3. Finally, compute the scalar multiplier ~; as

Vi = min(l,mkinyi(xk)). (4.6)

Remark 1. We note that limiting the solution U using (4.3) doesn’t change the cell
average U? in €2; and thus, does not affect conservation.

4.1.1 Stability analysis for linear advection

Consider the case where (1.8) is a scalar linear advection equation, i.e.,

u + V- (au) = 0. (4.7)
Setting k=1=0in (1.27), we get
- (U U) gl (4.8)
dt |Q | ]§e ’

After one Euler time step, the cell average in €); is given by

n+1

UZ‘ :U;L Z [ F*(UwU ni,jdl' (4'9)
|Q |]€Ne

For linear advection, the flux in (1.8) is given by F(u) = ua, where a is the flow direction.
Choosing the upwind flux as the numerical flux gives us

(a'nm)Ui, iijN;7

4.10
(a-ni,j)Uj, iijN;, ( )

F*(Ui, U]) . nm- = {

7



where N} and N are, respectively, the indices of the outflow and inflow neighbors of €,

ie., Nf={jeN¢l+(a-n;;)>0}. Further, from the divergence theorem we have

zN: AQ VU,ZZ(XL())a'IIi’jdl = Z Uf(Xi’0)|a'ni7j||6Qi,j|— Z Ul-”(xi,o)|a-ni,j||5§2i,j| =0. (4].1)
JEN? ]

JeN; JeN;
Substituting (4.10) and (4.11) in (4.9), we get

n+1 =Un + At

U i
€2

)

S (UP(xi5) = Ul (xi0) ) - 14|66 5]

JEN;

(4.12)
- > (U (i) = Ul (xip)) |a'nz‘,j||5Qi,j|]7

JeN;

where we chose the edge midpoint as the quadrature point x; ;. If the solution is limited
at time t,, then (4.12) becomes

—n+l —=n At ~ ~
U, =T, + N > (U7 (xi5) = Ul (xi0)) - 1692
t jeN
s (4.13)
= 2 (OP(xi5) = U (%40)) |a-ni7j||5Qi,j|],
JeNF
where U™ is the limited solution. We aim to rewrite (4.13) in the form
T =600, + Y 64U, (4.14)
k

where Uy, is either the cell average or a convex combination of cell averages in some neigh-
borhood of €2;. If the scaling coefficients ¢y satisfy

020, 09>0, and 50"‘251@:17 (4.15)
k

then the right hand side of (4.14) is a convex combination of cell averages in some neigh-
borhood of €2;, and thus, the numerical solution in €2; satisfies the local maximum principle
(LMP) in the means, i.e.,

. o—n  —n+l —n
minU, <U, <maxU,, (4.16)
keN; keN;

where N is a set containing the indices of €; and its neighbors.
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For a scalar linear conservation law, we choose the edge midpoints as limiting points
while computing the scalar multiplier 7; in (4.3). Therefore, using (4.5) and (4.6) in (4.3),
we note that the limited solution at the quadrature point (edge midpoint) x; ; satisfies

U7 (xiy) = U; +7% (U (xi5) = U;)
:W+Ti (Um_Un)>

)

(4.17)

where 7; € [0,1] and U, = {m;, M;}, i.e., U"(x;;) can be written as a convex combination
of solution averages in some neighborhood of €2;. Moreover, since the bilinear map (1.19)
reduces to a linear transformation along 7 =0 and ¢ = 0 in the canonical space, we have

QUZ-"(Xi,o) = Uin(xi,j) + U?(izyj)a (4.18)

where x; ¢ is the cell center of {2; while x; ; and %; ; are midpoints of opposite edges. Further,
using its definition, the cell average Uj can be written in terms of solution coefficients as

ﬁ’?:l(}”’o \/gazU.”’O \/_BZU"1 (4.19)
% 9 2,0 2 3 2,1 2 3 2,0 7
where «; and [3; are geometric parameters given by
det Jz 1 det JZ 2
i = 7 5 i = _ ; 4.20
Y= det Jio det J; (4:20)
that satisfy the constraint

|| +[Bi] < 1. (4.21)

The constraint (4.21) follows from the condition that the determinant of the Jacobian
(1.22) has to be non-negative at all points in the element.

Now, consider the bilinear equation in the canonical space

V3 V3

et

1~ ~ ~ 3~
SUI + U+ =2 Ul i+ S U n =0 (4.22)
Plugging (4.19) in (4.22), we get
\/§~n0 \/§ 3~ n,1 \/§Oéi~n0 \/§5i~n1
-5 Uii ¢+ UzO n+ 2U11 =5 3Uii + 5 3l (4.23)
The intercepts of (4.23) on the (¢,n)-axes in the canonical space satisfy
n /B’L n
UZ 10<’L int = z 0 7]@ int = 3 Uz 1 3 Uz 01 (424)
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Without loss of generality, let’s assume |U;HO| > |Ui’?(’)1|. Therefore, using (4.21) and (4.24),
the ¢ intercept, (;int, satisfies

rn,0 rrn, 1
Ui B U

E

ITiintl =7 =1Cint] = |5 =i5 + 5 =i5]
SO 310 (4.25)
ol 1Al 1
3 3 3

Further, let’s assume that the intercept r;;,; maps to the point x;. on €2; (hollow disk,
Figure 4.3). Therefore, we can express U? as

U, = rU (Xiae) + (1-7) U (x40)- (4.26)

Using the results in (4.11), (4.17), (4.18), and (4.26), the expression on the right hand side
of (4.13) can be rewritten as

—n+l 7. At ~ ~
Ui = Ui+ | 20 (05 6ai) = U7 (i) -l o2
| | JeN
Z (Un(xlj) U (Xzﬂ))|a Il”||5Q”|]
jeN;
—n At " .
=U,; 0, Z U (Xw)|a nJZ||5QZJ|+ Z U (XZ])|a n”||5Q”|
| | jeN‘ ]€N+

(4.27)
-2y Uf(xi70)|a-nj,i||59i,j|],

JEN;

Z U"(x”)|a n; z||5Qu|

JEN;

2 At 7" At
=11- 002
[ 1— MQ| Z |a- n],|| w|] |Q|

JEN

+ UF (%5)a- nZ]||5QZ]|+ 1 Z U7 (Xiae)la- nJ1||6QZ]|]

JjeN; jeN*

which is of the form (4.14). We note that all of the scaling coefficients on the right hand
side of (4.27) add up to one. Further, the scaling coefficients of the values of the limited
solution at edge midpoints are non negative by construction. Therefore, to satisfy (4.15),
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Figure 4.3: Quadrature or limiting points on the edges of element €2;.

the scaling coefficient of U, should satisfy

2 At
—_— Z |a- nj,i||5Qi,j| < 1
L-r |Ql| jeN-
X Q (4.28)
At<—" -

T2 Yjen-larmyl[oQyl
Using (4.25) in (4.28), we obtain a restrictive condition on an admissible time step

€%

1
At < - .
3L jen; |- myl|o€2 4]

(4.29)

Timestep restriction
For a given flow direction a, the quadrilateral element €2; can have one, two (Figure 4.4a),

or three (Figure 4.4b) inflow (outflow) edges. The case of one inflow edge is the same as
three outflow edges and is not considered here.

81



X1 €1 Xi,2

(a) I: Two inflow edges. (b) IT : Three inflow edge.

Figure 4.4: Inflow configurations.

First, let’s consider the scenario in Figures 4.4a and 4.5, where §2; has two inflow edges.
Using the divergence theorem, we can rewrite Y oy [a-n; (|08 ;| as

Y. lanyll0Qi 5] = la-ngldi, (4.30)

jeN;

where d; is the length of the diagonal opposing the two inflow edges (Figure 4.5). Further,
note that the area of {); can be expressed as

1
12 = 3 (ha + ha) di, (4.31)

where hy and hy are the heights of the two triangles created by the diagonal. Using (4.30)
and (4.31), the time step restriction (4.29) can be rewritten as

1
At Lhaths (4.32)
6la-ng|
From Figure 4.5b, we observe that
H,
maX{HMl, HZ'AQ} < ay, H4 < h4 + hg, |a . nd1| = |a|— (433)
Ay

Plugging (4.33) into (4.32), we arrive at a slightly restrictive estimate for the time step

At < —

oh (4.34)
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(b) L.

Figure 4.5: Configuration with two inflow and two outflow edges.

Next, let’s consider the scenario in Figures 4.4b and 4.6, where €2; has one outflow edge.
We can write Yo+ [a-1;,[[0€; ;] as

Y. lamy |69, = la-n.,

JeN;

€il, (4.35)

where e; 1 is the length of the outflow edge. Further, the area of €); satisfies the inequalities
1 1
2] > SHimein, €] > iz (4.36)

From Figure 4.6, we observe that

H; sz

Hisn<ayq, l|a-ng|=|al
Qg

(4.37)

Plugging (4.37) and (4.36) into (4.29), we arrive at a similar, slightly more restrictive
estimate for the time step

At<1a4

< 57al (4.38)
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Figure 4.6: Configuration with one outflow edge.

Note that the height H; 4; was used in (4.36) and (4.38) because H; 41 > H; 31, i.e., the
restriction (4.38) is valid or required only when vertex x; 4 lies further away from edge 1
than vertex x; 3. Finally, as the flow can be in any arbitrary direction, we apply (4.34) and
(4.38) at each vertex to arrive at the following time step restriction

1 h;
At < = min —-, (4.39)
6 o al

where h;, the smallest height of element €2; (Figure 4.7), is given by
hi = min(hl, hg),
hy = min(max(min(H; 1, H;13), min(H; 34, H; 31) ), max(min(H; 24, H; 23),

min(H; 41, Hi42))),
hy = min(max(H; 41, H; 31), max(H; 12, H; 42), max(H; 13, H; 23), max(H; 24, H; 34) ).

(4.40)
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Figure 4.7: Element size h,;.

4.1.2 Stability analysis for scalar nonlinear conservation laws

Consider the case where (1.8) is a scalar nonlinear hyperbolic equation, i.e.,

u + V- (F(u)) =0. (4.41)
Setting k=1=0in (1.27), we get
dU; [
- F* (U, U;) - nydl. (4.42)
dt | ];e !

After one Euler time step, the cell average in €); is given by

Tt 8 o] Zf (UL 1) gl (4.43)
je

NE
As the cell average UZ is a constant, from the divergence theorem we have

5 fm F* (U, TU") i dl = 0. (4.44)
jeN¢€ 2%

Using (4.44), a two point quadrature rule to compute the nonlinear flux at boundary 4€2; ;,
and denoting the normal flux at a quadrature point x;; on 6€2;; as

¥, (U, U;) =F:(U, Uj) - m, (4.45)
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we get

> S (B U U - By (T T7)) 10921 (4.46)

If the solution is limited at time ¢, then (4.46) becomes

—_—n+ —_—nNn At T T
7T s B SRR IR T, )
J

eN? q=

where Un is the limited solution. Further, adding and subtracting ﬁ‘q(ﬁf, U]”) at each
quadrature point in (4.47), we get

—n+l —n At 2 B N )
U g 2 2 (RO 07) B, (U7,U7) = By (U7, T7)) 9,
2|Ql|jeNe =
= Z ZéFQ(e 1 U”) (UT.L—U."(X(,I. )’5(2 | (4.48)
2|Q |JeN5q laUl b ¢ v Y 4J .
At IF, -

2|Q|]§628U2 7, 050) (UP(x) =T, ) 169,41,

where 0,1, lies between ﬁf(x;{j) and U, , 0,1, lies between U]”(Xf]) and U, , and by the
monotonicity property of the numerical flux, the partial derivatives satisfy
3 OF ’ OF
Fy.=—2>0, Fy ,=-——2>0. 4.49
Ui,q (9U1 5 Us,q 8U2 ( )
We aim to rewrite (4.48) in the form
U7 =T+ Y (Ue-T7), (4.50)
i

where Uy, is either the cell average or a convex combination of cell averages in some neigh-
borhood of €2;. If the scaling coefficients wy, satisfy

wp 20, and Y wi <1, (4.51)
k

then the right hand side of (4.14) is a convex combination of cell averages in some neigh-
borhood of €2;, and thus, the numerical solution in {2; satisfies the local maximum principle
(LMP) (4.16) in the means.
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Consider the difference ﬁ? - Uzn(xf j). We note that the solution is linear on each edge
of ;. Therefore, on an edge with edge number s (Figure 4.3), we have

Un(Xz ]s) + Un( zys) QUin(Xi,SG)’ (452)

where x; 4 is the midpoint of edge s. Using the results in (4.52), (4.11), (4.17), (4.18), and

(4.26), the difference U, ~UM(x?.,) can be written as

1,JS

1,78 i
:(Uf(xg’js) U, )+2U —2(2U (x:0) - U7 (Xi5e))
= (ﬁf(x;’:js) U, ) +2(UM(%i50) - U; )+4U s 1 (TU (Xi4e) - U, )
- (Uf(x;{'js -U,; ) +2(UP (i) ~ Uy ) + 14_ - (rUZ»"(xiAe) -T;).
(4.53)
Plugging (4.53) and (4.49) into (4.48), we get
—n+ - At n TN T T
U 2|Q | ZeZFUlq[(U (ijs) Ui)+2(Ui (Xi,§e)_Uz')
JeN (4.54)

At
> ZFUzq(Un(X ) =T, ) 169,
2|Q |J€N6 —

+

© (02 i) - T7) | 982+

which is of the form (4.50). Moreover, we require the scaling coefficients to satisfy (4.51).
To do so, we need to impose the following restriction on the time step size

At Ar .
2|Q |]§e lZFU “ (3 = r) ' FU”] 9] <1
A 2( 1) |0€2 ;| < 1 4.55
2|Q | ]§e J ( )
1 =T |Qz|
At <
T4 N e 0951

where ); is the maximum wavespeed in the element. Finally, using (4.25), we arrive at the
following time step restriction

(4.56)




€%

2jeNe 08 51

where ;. =

4.2 Numerical Results

In this section, we present numerical experiments to analyze the performance of the pro-
posed scalar limiter. We perform convergence studies to show that the limited solution
retains the second order rate of convergence for smooth problems. We also run tests to show
the robustness of the proposed limiter in the presence of discontinuities. In all presented
cases, time-stepping was performed using an explicit second order Runge-Kutta method
with the CFL condition (4.29). Finally, unless stated otherwise, the local Lax-Friedrichs
flux was used.

4.2.1 Sinusoidal Wave.

We solve the linear advection equation on the domain © = [-1,1] x [-1, 1], with the flux
in (1.8) given by F = [u,u]. The initial condition consists of a sinusoidal wave ug(x,y) =
sin(2m(z + y)) advected with speed a = /2 along the direction (1,1). The problem is
solved until £ = 0.5 on a series of quadrilateral meshes A — D. Mesh A is the coarsest
with 509 quadrilaterals. The finer meshes are obtained by remeshing the preceding mesh
such that the area of the element is reduced by a factor of four. Table 4.1 shows the L
errors and the observed convergence rates for the second order DG approximation with and
without limiting. We observe that the second order limiter retains the theoretical rate of
convergence. Employing a limiter is expected to reduce accuracy of the solution. However,
we note that such reductions are relatively modest.

Mesh | Number of elements Tited L1 errorunhmi tod
A 509 414e-01 () 1.0e-01 (-)
B 2035 1.11e-01 (1.89) | 2.11e-02 (2.24)
C 8363 2.34-02 (2.24) | 4.83¢-03 (2.13)
D 33000 5.15e-03 (2.18) | 1.23e-03 (1.97)

Table 4.1: L, errors for the advecting sinusoidal wave problem at t = 0.5 with and without
limiting. The numbers in parentheses are the observed rates of convergence.
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4.2.2 Rotating Shapes.

Next, we solve the rotating shapes problem with the flux in (1.8) given by F = [-27wyu, 2w xu].
The initial condition consists of a hill and a square pulse as shown in Figure 4.8 and given
by

Figure 4.8: Initial condition for the rotating shapes problem.

cos?(2nr), if r <0.25,
up(z,y) =41, if max(Jo—0.35],|y|) <0.25, (4.57)

0, otherwise,

where r = \/(x +0.5)2 + y2. The exact solution is a rotation of the initial condition about
the origin. The problem is solved until ¢ = 1 on an unstructured mesh of 6472 quadrilateral
elements. Figure 4.9 shows the isolines and the solution profiles at y = 0, = = 0.5, and
x = 0.55, obtained using second order DG approximation with and without limiting. The
quality of the solution is comparable to the results obtained using the moment limiter
described in [25] on a 80 x 80 Cartesian mesh. From Figure 4.9b, we note that the limiter
is successful in reducing the oscillations near the discontinuities, which is corroborated by
the solution profiles in Figures 4.9¢ and 4.9e. We also note that the accuracy near the peak
of the hill has reduced. This occurs due to the well known phenomenon of clipping at the
local extrema by a second order slope limiter.

89



(a) Isolines with second order limiter. (b) Isolines without limiting.

-=- p = Lllimited) h
104 === p = l{unlimited) -

— exact \:l
0.8+ \

0.6

0.4+

0.2+

0.0+

T T T T T T
-1.00 =0.75 —0.50 —0.25 0.00 0.25

X

(c) Profile of the solution at y = 0.

4.2.3 Isentropic vortex.

Next, we test the performance of the second order limiter when applied to a system of
nonlinear equations, for example, the Euler equations given by

p pu

pv

0 | pu O\ pu>+p 0 pUY

— — — =0 4.58

ot|pv | oz | puo |7 oy | pv?2+p ’ (4.58)
E (E+p)u (E +p)v

where p is the density, pu and pv are the x- and y-direction momenta, F is the energy, and
the pressure, p, is given by the equation of state p = (y-1) (E - 5(u?+ v2)). We solve the
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(d) Profile of the solution at = =0.5. (e) Profile of the solution at = = 0.55.

Figure 4.9: Isolines and profiles of the solution for the rotating shapes problem at ¢ =1 on
an unstructured mesh of 6472 quadrilaterals.
smooth isentropic vortex problem described in [51] on the domain [-3, 3] x[-3,3] with the
initial conditions

_1 rﬁ i /B r r

where r = 1_(93;;‘1/2), R =15 =135, v =14, and M = 0.4. With the given initial
conditions, the exact solution is stationary and given by (4.59). The L, errors in energy
and the observed convergence rates for the second order DG approximation at ¢ = 0.5 are
reported in Table 4.2. Similar to the advecting sinusoidal wave problem, we see that the

proposed limiter maintains the theoretical convergence rate and introduces only modest

erTors.
L1 error
Mesh | Number of elements b = 1 Timited [ p = 1 (unfimited)
A 515 4.06e-01 (-) 2.85e-01 (-)
B 2047 8.93e-02 (2.18) 6.86e-02 (2.05)
C 372 2.05e-02 (2.12) 1.7e-02 (2.01)
D 33532 5.19e-03 (1.98) 4.29¢-03 (1.99)

Table 4.2: L, errors in energy for the stationary isentropic vortex test case at ¢t = 0.5 on
unstructured quadrilateral mesh. The numbers in parentheses are the observed rates of

convergence.
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4.2.4 Shock shock interactions.

Next, we test the performance of the limiter in the presence of shock-shock interactions.
The initial condition for the test problem is taken from the two-dimensional Riemann test
suite proposed in [55] (Figure 4.10). The simulation is run until ¢ = 0.8 on a mesh of
160,660 quadrilaterals. Figure 4.11 shows the density isolines at ¢ = 0.8 obtained using the
second order DG approximation. We note that the method is able to resolve the vortical
structures along contact discontinuities well.

01 11

,u,v, P) = (0.5323,1.206,0,0.3
(P, 0, P) = (0.5323, ’ ) p,u,v, P) =

1.5,0,0,

—

5

0.8,0.8)

(p,u, v, P) = (0.138,1.206, 1.206, 0.029)
p,u,v, P) =
(0.5323,0,
1.206,0.3)

(0,0) (1,0)

Figure 4.10: Initial condition for the 2D Riemann problem.
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(a)

Figure 4.11: Density isolines at ¢ = 0.8 for the shock-shock interaction example for p =1 on
a mesh of 160,660 quadrilaterals.

4.2.5 Double Mach reflection.

Finally, we solve the double Mach reflection problem to test the performance of the pro-
posed limiter in the presence of strong discontinuities. The initial set-up for the problem
is taken from [25] and shown in Figure 4.12. The initial condition consists of a Mach 10
shock wave impinging on a reflecting wall at an angle of 60°. The states to the left (U;)
and to the right (U,.) of the shock wave are given in Table 4.3. The computational domain
[0,3.5] %[0, 1] is discretized into 230,266 quadrilaterals. The simulation is run until ¢ = 0.2.
Figure 4.13 shows the density isolines obtained at ¢ = 0.2 using the second order DG ap-

U, | U,

p 8 1.4
s=v-n| 825

p 116.5 | 1

Table 4.3: States to the left and right of the initial shock for the double Mach test case.

proximation. We can observe the well-resolved shock structure as well as the vortices near
the slip line (Figure 4.14).
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J/ P=10Pa
\ ! p=14Kg/m?
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3.9

0
Figure 4.12: The initial set-up for the double Mach reflection test case.

Figure 4.13: Density isolines at ¢ = 0.2 for the double Mach test case for p =1 with limiter

on a final mesh of 230,266 quadrilaterals.

Figure 4.14: Density isolines at t = 0.2 for the double Mach test case for p = 1 with limiter
on a final mesh of 230,266 quadrilaterals.
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4.3 Summary

We have presented a stability analysis for a family of second order scalar slope limiters
for the DG method on unstructured quadrilateral meshes. The limiter works by scaling
the linear solution coefficients by a constant scaling factor 7; € [0,1]. Further, we derive
conditions on the limiter as well as the time step which ensure the solution satisfies the
local maximum principle in the means. In this process, we also arrived at a new estimate
for the cell size for a quadrilateral element.

Numerical experiments presented in Section 4.2 confirm that the DG method with the
proposed limiter eliminates spurious oscillations and is robust in the presence of discon-
tinuities. Further, the experiments also demonstrate that the limited solution retains the
second order convergence rate for smooth solutions.
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Chapter 5

Moment limiter on quadrilateral
meshes

In this chapter, we propose a second order moment limiter for the DG method on unstruc-
tured quadrilateral meshes. The limiter can be viewed as an extension of the high-order
moment limiter on Cartesian grids [25] and the second order moment limiter on triangular
grids [2] to quadrilateral meshes. The proposed limiter works by decoupling solution coef-
ficients as the directional derivatives of the numerical solution along two specially chosen
directions (Figure 5.1) and then limiting by comparing them to forward and backward
differences of the derivatives of one order less. The proposed limiter requires access to
the solution from a compact and fixed stencil consisting of at most twelve neighboring
elements. The parameters associated with the reconstruction stencil, e.g., geometric dis-
tances, element size etc, are computed in the preprocessing stage and stored. Further, we
provide a range of values for scaling coefficients that relates the computed differences to
the solution coefficient, which is similar to the range of stable slopes in the Sweby region
[6]. With the prescribed range of values, the numerical solution in an element €; satis-
fies a local maximum principle (LMP) (5.37) in its means which ensures stability of the
numerical solution in the infinity norm.

We give a detailed description of the proposed limiter in Section 5.1. We provide a
stability anaylsis of the second order DG method with the moment limiter for scalar linear
conservation laws in Section 5.1.1 and derive a range of values for the scaling parameters
of the solution coefficients in Section 5.1.2. Finally, we present numerical experiments in
Section 5.2 to verify the performance of the proposed limiter.
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5.1 Limiting algorithm

Consider the second order DG approximation on €2;, written as a linear combination of
Legendre tensor product basis

Ul = U0 (Cm) + UL (Com) + Ul o (Com) + U o1 (), (5.1)
where the constant and linear basis functions are

o V3, L _V3

1
908=§, W) =-——C po=-=1n 1==(n (5.2)

(1,1)

(—1,-1) (1,-1)

Figure 5.1: The canonical rectangle €.

The derivatives of U* along the vectors v; = (1,0) and vy = (0,1) in the canonical space
are

\/_An(] 3 \/§An1 3 - 3 An1
Ule= 5 Uit + 35U, Uly=5Uig + §Ui{1g, Fen = SO (5.3)

Using (1.19), (1.20), (1.22), and the chain rule, the derivatives in (5.3) can be expressed
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in terms of the derivatives of U in the physical space as

Ure = Ul + Ulie, Uty = ULy + Ul
Uen = Ultea®cn + Uglyyycyn + Ulley (@nyc + mcyy) + Ul Cigs + Ul Ciys.,

/l?xy

(5.4)

where the coefficients C; x are defined in (1.21). Denote the kth directional derivative of
U; along v; and v, as

01

DS Dk—sUi —
V17 U2 agsank—s

U, 0<s<k, k<p. (5.5)

Consider the directional derivatives D,, U and D,,U!". Using (5.3), the derivatives can be

written as /3 /3
n 3 n,0 3 n,1 n 3 3
D, U = TUi,l + §Ui,1 n, DU = 5 BY
ie., D, U and D,,U" are, respectively, linear in ¢ and 1. Now, under the transformation
(1.19), the vectors v; and vy respectively map to the directions v;; and v; 5 in the physical

space, given by

U;j(;l +=UN¢, (5.6)

Vi1 = (Ci,zla Ci,yl) y Vi = (Ci,z% Ci,yQ) ) (5-7)

and passing through the cell centroid x; o of €;. Further, the bilinear map (1.19) reduces
to a linear transformation along ¢ = 0 and n = 0. Therefore, we can approximate U;? il by
relating it to the forward and backward differences of D, U along v;2 and D,,U" along
Vi1
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b) Reconstruction stencil for U™* along v; 1.
i,1 )

Figure 5.2: Reconstruction stencil for the second order moment limiter.

To compute the forward and backward differences, we need to find the forward (x{ , and

x{ »); and backward (x?, and x!,) interpolation points (Figure 5.2, hollow disks), evaluate
the value of the directional derivatives at these points, and finally, compute their difference
from the value at the cell centroid (Figure 5.2, solid circle). To find the interpolation
points, we form a polygon by joining the cell centroids of the neighboring elements that
share a vertex with ;. Next, we define two lines parallel to v;; and v, that pass through
the centroid of ;. The interpolation points XZJ: b X?,k, k = 1,2, are then the points of

intersection of these lines and the sides of the polygon.

First, let’s consider D,,U". From (5.3), we see that U l” il is proportional to the derivative
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of D,,U along 1 = 0, i.e., we need to compute the forward and backward difference of
D,,U; along v;; to limit Ui’fil. To do so, we find the values of D,,U" at the forward

and backward interpolation points X{ , and Xl»’l (Figure 5.2b).Let’s consider the forward

al, - C
7,20 .
interpolation point x{l. Under (1.19), x; 1 maps to the point ¢/ = (C—,O) in the
2,21
canonical space. Now, consider the following vectors at Xi’1
Vz’cf = (Ciz1,Cig1) Vzqu = (Ci,x2 + C’i,xsq, Ciy2 + Ci,y3C{) ) (5.8)

Under the map (1.19) and by applying chain rule, the value of D,,U" at XZf, | can be written
as

V2~

D, UMx!,) = Dy1sU (5.9)

To find the approximate value of D,, U at XZ 1, we first compute the directional derivative

D _1.sU at the cell centroids of the nelghborlng elements 2; and €. The computed values
Vin

are then used to linearly interpolate the value of the directional derivative at XM. For

example, consider the neighboring element ;. Using (5.3), we compute the directional

derivative D 1.rU at the cell centroid of €2 as

Z’U

DU =apturl  +67un, (5.10)

(0,0) (0,0)

Similarly, we compute the directional derivative D .U at the cell centroid of the neigh-
Vi
boring element (2;

+o-

_ 1f
leU =y JC 3m
(0,0)

(5.11)

(0,0)

Finally, we linearly interpolate D
(5.10) and (5.11)

o U] (xZ 1) using the directional derivatives computed in

D, UMx!,) = DUl = B/ D1, Ur + (1= B])Dus UL, (5.12)
’ im ’ i,m ’ in
where the interpolation weight ﬁf | is given by

x|
ij 0~ X1

Bl = , 5.13
I — (5:13)

with 0 < Bl-f ; £ 1. In a similar fashion, we can estimate the value of D,,U at the backward
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interpolation point X?’l as
Dy UP(x2y) = B Dy1alUp + (1= B) D sl (5.14)
i,m i

Finally, we compute the limited solution coefficient Uz.nil by plugging the forward and
backward differences into a one-dimensional slope limiter as

f n(~t n
li,l (2szUi (Xi,l) 1 U”l) li)l ( 1 UnJ_QszUi (Xi'),l)))’

1 . frm,l
U1 « murlmod(UL1 ,

[end 3 V3 Go\VB T 3
(5.15)
where minmod() is the minmod limiter given by
immod(apey - | 19(@) minQal LI i sign(@) = sign() = sign(), o
0, otherwise.

Similarly, we compute the forward and backward differences of D, U* along v; o and plug
them into a one-dimensional slope limiter to find the limited solutlon coefficient UZ" )

2y

N U, (2D, Ur(x! 1. by, (1 . 2D, Un(x}
U”il <~ minmod Ui"il, 112f U 1’2) - —UZ.”iO o (—Ui”iO - b ( Z’2)) )
B U 3 V3 | V3" 3

(5.17)

Next, we limit the linear solution coefficients Ui’?io and Ui’?(’)l. Substituting the basis
functions (5.2) into (5.1), the solution U in §2; can be written as

1. .
Uﬁ=§U§00+\/7_U"OC £UZ”O1 ;Uig (5.18)

From (5.18), we note that U can be written as

1 A .
Ur = 5(]350 + Ulc, (5.19)
along 1 =0 and
1~ 3.
up = 505+ gU;}gn, (5.20)

along ¢ =0, i.e., we can find approximations for U, l" io and (7? (’)1 by computing the forward and
backward differences of the numerical solution along v;; and v; s, respectively. Moreover,
to ensure that the solution UM satisfies (5.37), we would like to express the forward and
backward differences in terms of solution averages. We aim to find a reconstruction stencil
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with forward (x/,,, x/,_) and backward (xt,,, x!,,) interpolation points that enable us to
do so. For this, we note that if the solution U* were linear on €;, the cell average ﬁ? would

be located at the center of mass of €, x; . (Figure 5.3a).

Xr.c

(b) Reconstruction stencil for linear solution co-

. 0 rm,1
efficients U}’ and U]'j" along v; ;.

(a) Reconstruction stencil for linear solution co-
. 0 1
efficients U} and U]y .

Figure 5.3: Reconstruction stencil for the second order moment limiter.

To find the interpolation points, we form a polygon by joining the centers of mass of all
neighboring elements that share a vertex with (2;. Next, we draw two lines parallel to v;
and v; o and passing through x; .. The interpolation points are then given by the points
of intersection of the two lines with the polygon (hollow points, Figure 5.3a). Finally, the
values at the interpolation points are linearly interpolated using the cell averages from the
closest neighboring elements, e.g., the value at the forward interpolation point X{ 1o 18

Ui{lc = 57{10Uk + (1 - ﬁi]jlc) Uja (521)

where the linear interpolation weight is given by

, (5.22)
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with 0 < Blf 1o < 1. Therefore, the limited linear coefficients UZ" io and Ul" (’)1 are given by

. 2 h; 1 . o
U = minmod | U, =1, —— (U, - U.), —=li1——(U; - U, |,
i,1 ( i,1 \/g 1d£16( i,lc ) \/g 71d§?7lc( 1 )

2 hz o 2
: (Ui}ch_U ) (U ))7

el . ol
UZ.% = minmod (Ui’?{’) , \/_ li T
z 20

where U? is the solution average in €2;, the element lengths h;; and h; are given by

hig = |vial =\/CF + C2pyy hig =] =\/Clua+ CF o (5.24)

where the coefficients C; x are defined in (1.21). Denoting the ratio of the backward and
forward differences as

—n —=b —n —b
- (dflc) Uz _Ui,lc - (dich) Uz _Ui,ZC (5 25)
7,1 — _ —n 4,2 — _ ) .
dfi),lc Uf,lc - UZ d’lL'),2C UZf,QC - U’L

the limited linear solution coefficients in (5.23) can be written solely in terms of either the
forward differences or the backward differences as

(5.26)

Finally, if the linear solution coefficients Uf 61, and ﬁzn io are modified, we update the

. . ~n.0
zeroth order solution coefficient Ui” ) as

\/_detJZO Wl \/_detjzo s

“rn,0 n 0
Uy < U

~U%Y). (5.27)

to ensure that the cell average U? remains unchanged.

In the next section, we establish the range of values of the scaling coefficients for which
the numerical solution satisfies the LMP in means for linear advection.
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5.1.1 Stability analysis for linear advection

The following analysis can be viewed as an extension of the stability analysis presented in
[2] for triangular meshes to quadrilateral meshes. Consider the case where (1.8) is a scalar
linear advection equation, i.e.,

ur+ V- (au) = 0. (5.28)

Setting k=1=01in (1.19), we get
du; 1

= F*(U;,U;) - dl. (5.29)
dt | ge f !

After one Euler time step, the cell average in €); is given by

n+1 —n

7T S [ ) 50
|g2|]Ne

€

For linear advection, the flux in (1.8) is F(u) = ua, a being the flow direction. Choosing
the upwind flux as the numerical flux gives us

(a-ni,j)Ui, iijN;,

5.31
(a-ni,j)Uj, iijNi_’ ( )

F*(U;,Uj) -ny Z{

where N and N; are respectively the indices of the outflow and inflow neighbors of 2;,

i.e., N*={jeN¢|l+(an;,)>0}. As the cell average U, is a constant, from the divergence

theorem we have

Z ﬂﬂ U?a . Ili,jdl = Z ﬁﬁa nijo5Qi7j] - Z U?\a ni,jH(SQi,j| =0. (532)
JeENE i, j

jeN; JeN;
Therefore, substituting (5.31) and (5.32) in (5.30) we get

At
0]

T =T+ Y (U (xiy) - Us) la-myl |65 = > (U7 (xi5) = Us) la- g 1][6€2 4]

JeN; JeN;

(5.33)

104



If the solution is limited at time ¢, then (5.33) becomes

—n+l — At ~ — ~ —
Ui =Uit07| 2 (U7 (i) = Us) la-my |61 = Y (UF (i) = Us) [a- ma 0241 |
| 1| JeN; JeNF
(5.34)
where U™ is the limited solution.
We aim to rewrite (5.34) in the form
T =T+ Y w (=T, (5.35)

k

where Uy, is either the cell average or a convex combination of cell averages in some neigh-
borhood of €2;. If the scaling coefficients wy, satisfy

wp 20, and Y wi <1, (5.36)
k

then the right hand side of (5.35) is a convex combination of cell averages in some neigh-
borhood of €2;, and thus, the numerical solution in €2; satisfies the local maximum principle
(LMP) in the means, i.e.,

—n+l
minU, <U,  <maxU,, (5.37)
keN; keN;

where N is a set containing the indices of §; and its neighbors. We note that the cell

average U, can be written in terms of the solution coefficients as

—n 1

U, =0+ ﬁ%

“rn,0 \/gﬁz Ayl
i =50 T 53 Ui + Ui s (5.38)

23

where «; and [3; are geometric parameters given by

det Ji,l det Ji,2
@i= det Ji,07 BZ - det Ji,O’ (539)
that satisfy the following constraint
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Outflow

Consider the limited numerical solution UZ” on {; evaluated at x; ;

Un(Xu) 11100908(1'%]) + zn1090(1](rw) + U ¢0(ru) + zn1190%(ri,j)v (5.41)

where r; ; is a quadrature point on {2y. For the second order DG approximation of equations
of the form (5.28), the quadrature points are the midpoints of the edges, i.e., one of the
coordinates of r;; will be zero. Therefore, at the chosen quadrature points, ¢i(r;;) = 0
and (5.41) reduces to

U”(x”) znOOSOg(ri,j) n1090(1)(rw) + U;élﬁzs(l)(ri,j)' (5.42)

Using (5.38) and (5.27), (5.42) can be rewritten as

0rx) =T+ O () - gm0 (b - s 20) . G

Replacing the limited linear solution coefficients with the expressions in (5.26) and using
(5.25), (5.43) can be written as

2h; 1 —n

U” X; .+lZ 2 r; U/’ -U,

( ]) 1\/—dllc( 1( ]) 2\/— )( i,lc )
2hz2

fo_"
f( T )(Um o).

To satisfy (5.36), we require the coefficients in front of the differences on the right hand side
of (5.44) to be non-negative. If ¢(r; ;) > 2—\1/5042- and o}(r;;) > ﬁﬁi, then this is satisfied.
If not, using (5.25), we replace the forward difference in (5.44) with the corresponding
backward difference

(5.44)

2h; o gy 2h
(A~ M o) (U~ T) = e lten) e

2h,2( Lr, ) -
\/_dz2c (po Y

| (U? - Uiljlc) ’

f —n) _ 2h22

1
Une = Ui) = i i U U'Lbc )
2\/‘ )( 2,2¢ A \/512d$2c|(100( j) \/§ﬁ|( 2 )

(5.45)
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to get non-negative multipliers. To serve this purpose, we define non-negative coefficients
Vi and v,

2hin | 1 _ 1
rii) - ——ao;|, if ©(r;;) < —=ay,
. ) \/_dllc| 1( ,J) \/— | 901( :J) 2\/3
P 2 ) - Lal, otherw |
_— a;|, otherwise.
Vard,, i
s 1 1 (5.46)
- o(rij) — —=8il, if gg(rij) < —=pi,
. ) \/_dl2c| ( ) 2\/5 | (100( 7]) 2\/§
P2y - sl otherw |
r; |, otherwise.
\/_ T Qdi’ 2¢ 70 7 \/_
where df i and db ;) are respectively the distances of the interpolation points x! ix and Xl k

from the center of mass X; ., for k = {1c,2c} and the ratios r;; and iz are given in (5. 25)
Plugging (5.46) into (5.44), we can write the difference U (x; ;) - U; in the outflow term
n (5.34) as

UZ-"(Xi,j) -U; = _li,1’7;:j,l (Ui,j,l —Ui ) - lz‘,ﬂ;fj,z (Uz’,j,2 _Ui ) (5 47)
=01 (Uz‘,j,l - Uzn) —0;j2 (Ui,j,2 - U?) )
where the values U; ;1 and U, ;, are
szlw if So(l)(rlj) < Laiv UifQ@ if (p(l)(rlj) < LBM
Ui,j,l = ’ 2\/§ UZ'JQ = ’ 7 2\/5 . (548)
U}, otherwise. Uly., otherwise.
Inflow

Consider the limited numerical solution U ;- on an inflow neighbor of €, €;, j € N/,
evaluated at x; ;

Ur(xi;) = Uy e (rya) + Ul (x0) + Ul o (rs0) + U ol (xj0), (5.49)

where r;; is a quadrature point on €)y. Again, as a result of the choice of the quadrature
points and the arguments made in Section 5.1.1, (5.49) can be rewritten as

070 = T3+ 02 (A0 - e )+ 03 (b - 2] 650
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Replacing the limited linear solution coefficients with the expressions in (5.26) and using
(5.25), (5.50) can be written as

Uf

7,lc

-~ —n 2h; 4
07 (x,,) = U 41—l
j( J) j J,l\/gd;iIC

M 1 —
ﬂ\/‘éf ( 5(1“171)—%51)([]3{25[]3')-

Proceeding as in Section 5.1.1 for outflow terms, we define two non negative coefficients
Vi and 755

(@?(rj,z‘) - % )( -T;) -

iy | 1 , 1
rji) - ——=ay], if ©¥(r;) 2 ——=aqy,
o \/—df P4 (x0) /3 jl P1(r)) /3’
Vit = 213 1 , )
N ——— | (r “)—%0@1, otherwise.
Jl ]1(2

o (5.52)

1
1r~i—— |, if pi(r;) < —=P8;,
. \/gd}{zckpo( i) 2\/§ﬁj| ©o(T5.) 2\/5@
2= 2 1 )

\/g—db| 0( jl)—2—\/§ﬁj|, otherwise.
7,2¢

where dﬁ , and d?’ . are, respectively, the distances of the interpolation points Xf’k and X; i
from the center of mass x; ., for k = {1c, 2c}, and the ratios 7;; and r;, are given in (5.25).
Therefore, plugging (5.52) into (5.51), the difference ﬁjn(xu) -
(5.34) can be written as

U? in the inflow term in
U;L(Xid') - Uz = Uj - U,L + lj,lf)/ji,i,l (Uj,i,l - Uj + Uz ) + lj,Qijii,Q (Uj,i,2 - Uj + Uz )
_ _ i 0 —n _ —n _ —n
= (V=LY = Li2v7a2) (U =U) + Lavzan (Usin = U3 ) + 2%50 (Ujie = Uy)

—mn

= Hj,i,O(U;L - U:L) +0;1 (Uj,i,l - U:L) +0ji0 (Uj,i,Q -U; ) ;

(5.53)
where the values U;; 1 and U;,; » are
, if ri;)> ——aq;, o if ri;)>——
Uj,i71 _ ]1c 901( s ) \/— ] Uj,z‘72 _ ]2 QOO( Js ) 2\/— ‘ (554)
U]blc, otherwise. U]b2C7 otherwise.
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For the multipliers on the right hand side of (5.53) to be non negative, we need to impose

liaVgin + 252 <1, VieN;. (5.55)

Putting it together

nl[69
Denoting A;; = W

(5.34), we get

A mg |69 4

, A= ] and plugging (5.53) and (5.47) into

—n

U + = U? + At Z )\;Z[QJ7170(U? — U;n) + 9]'72'71 (Uj,i,l - U?) + 0]'71'72 (Uj%g - U;ﬂ)]

JeNT

%

At Y N[00 (Uija = U7) + 052 (Ui = U3

JjeN;

which is of the form (5.35). Moreover, we require the sum of the multipliers to be less than
one, i.e.,

At Z /\]_72 [0]‘71'70 + 9]‘71"1 + 0]'71‘72] + At Z /\Z] [Gi,j,l + 0i,j,2] <1

JeN; JeNF
At Y N =L = baviie) + Liavien + Laviie) + At 3 N[l +lianie] <1
JeN; JeNF
At 30 N+ A 0 Ny + livise] <1
jeN; JeN;F
(5.57)
Inequalities (5.57) are satisfied if we enforce an additional condition
on all outflow edges of €2;, and the following restriction on the time step size At
ALY N+ D) A<l
jeNj’ JeN;
5.59
Al Y [ 1|02 5] 3 [ m 1091 | (5.59)
JeNZ |Ql| JeN; |QZ|
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Using the divergence theorem, we get

Z |a-nj,i||5Q,-,j = Z |a-nj7i||5Qi7j|. (560)

JeN; JeNy

Plugging (5.60) into (5.59), the restriction on the time step reduces to

1 Q;
At < = [ .
2 ¥jeny|a-my 4|08 |

(5.61)

Following the steps presented in Section 4.1.1 from Chapter 4 to find an estimate for
the cell size h;, we arrive at the following time step restriction

1 h;
At < - min —Z, 5.62

1" fa (5:62)
where h;, the smallest height of element 2; (Figure 5.4), is given by

hz‘ = min(hl, hg),

hl = min(max(min(ng, Hi713>, H’liIl(Hi’g;l, Hi,31))7 maX(min(HLM, Hi,23)7

min(H; 41, Hi42))),
ho = min(maX(HiAla Hi,31)7 maX(Hi,127 Hi,42)7 maX(Hi,B, Hi,23)7 maX(Hi,m, Hi,34))'

(5.63)

Figure 5.4: Element size h,;.
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5.1.2 Scaling Coefficients

For the numerical solution U in the element €; to satisfy the LMP (5.37) in means,
the scaling coefficients for the limited linear solution coefficients must satisfy the following
conditions

Liaviji+liavij2 <1, VjeN/, (5.64)

)

on each outflow edge of §2; and

LinVjin+ 22 <1, Vie N, (5.65)

on each inflow edge of €,

where the non negative coefficients v are defined in (5.52) and (5.46). Consider an outflow
edge of (); with edge number s. We can enforce two constraints on the scaling coefficients
li1 and [;9, ie., (5.64) on the outflow edge of €; and (5.65) on the inflow edge of a
neighboring element €2;. As we have already noted, the basis functions in (5.52) and (5.46)
are evaluated at the edge midpoints, with the corresponding values reported in Table 5.1.
Moreover, the geometric parameters in (5.52) and (5.46) depend on the mapping of €2; to
Qy and are evaluated in the pre-processing stage.

i ¢

0 V/3/2
V3/2 0

0 V3/2
-V3/2| 0

Table 5.1: Values of the basis functions evaluated at the midpoints of the edges of canonical
element €.

=~ W N | ;m

Consider the edge s = 1. Further, assume it’s an outflow edge. Depending on whether
the inequalities
oy 2 0, ﬁz 2 —3, (566)
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hold true or not, (5.52) and (5.46) reduce to one of the following constraints

1 1 1 1
L;, a;| +1;, 3+8i<1, lLiim———|u|+lio——|3+ 8| <1,
13Aflc| BT e P
1 1 1 1 (5.67)
l; Qi tlioo——13+6il <1, lLiio—F—lal+lias———3+06i <1,
! >\{,16| | 2312)\120‘ B| 311)‘210‘ | ’23 22)\120’ ﬁ|
f dec dfkc
where ;= T and )\f ke =7 , k={1,2}. The geometric constants a; and (; given by
i,k zk

(5.39) depend on how €2; maps to Qg and thus varies from element to element. Therefore,
the reduced form of (5.52) and (5.46) depend on the mapping of an element and can be
cumbersome to code. Thus, it is convenient to consider the simplified and more restrictive
constraint

1 1

|| + 1 2 13+ 6] < 1. (5.68)
Smm{n AL AL lc} 23 min{r; s\, A, }

1,2¢? 71,2¢

Following a similar procedure for the other edges, if the edge s is an outflow edge, then
(5.52) and (5.46) reduce to

1 1
—lou + iz 3+ B <1 ifs=1 (5.69)
311’1111{7"2 1/\2 1e’ >\z 10} 3 IIllIl{Tz 2/\1 2¢? /\1 20}
1 1
7 |3—az-|+l,2 |/BZ|S 1 ifs=2 (570)
Bmln{rl 1>\z le? >\z 10} I'IllIl{’f’Z 2)\2 2¢? )\1 20}
1 1
3m1n{rl 1)\2 le? )\z lc} 3 mln{rl 2)\1 2¢? >\z 2c}
1 1
|3+Oéi|+l12 |61| <1 ifs=4. (572)
3m1n{rl 1)\2 1er 7Y, lc} mln{rl 2)\1 2¢? )\z 20}

To find suitable scaling coefficients /; ; and [; 2 during runtime, we need to identify the out-
flow edges of €);, identify the edges on the canonical element €y to which they are mapped,
and finally, select appropriate constraints from (5.69) - (5.72). This is computationally
expensive. Instead, using the triangle inequalities

B+fI<3+[fl, B-fl<3+Ifl, f=A{a bi}, (5.73)

112



we can reduce (5.69) - (5.72) to a slightly more restrictive set of constraints

1 1 1 1
lia 7 _|ai|+li,2 7 (1+—|5¢|) <1
min{r; 1 A2, Aj 1.} 3 min{r; o\, ., Al } 3

1,2¢? “',2¢

1 1 1 1 (5.74)
lia 7 (—’041""‘1)4‘[1‘,2 7 —|Bi] < 1.
min{TiJ)\glc’)\i,lc} 3 min{Ti,?A?,zcaAmc}g’
: : > lia 5 lio
Using the notations [;; = ’ — and ;5 = ’ 7 (5.74) can be
min{ri,l)‘?,lcv )‘z‘,lc} min{ri,g)\f’%, >\i,20}
written as
Lo +(1+1|B|)Z <1 (1+1| |)z~ g, <1 (5.75)
Xt Pl b2 = 1, 1%l ) i+ S |Piftiz = 1. .
3 1 3 2 3 1tg 2
B 4
li.2
sl
Bil [~
TE— —
W}a\ Iai\ lin

Figure 5.5: Simplified set of inequalities for element €2;. The shaded region is the region
of admissible scaling coefficients [;.

Figure 5.5 shows the region of admissible solutions of (5.75), i.e., choosing any set of
scaling coefficients that lies in the shaded region leads to a limited numerical solution that
satisfies LMP (5.37) in the means. To ensure that the scaling coefficients are not too small,
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we choose the set of scaling coefficients from the top boundary of the shaded region, i.e.,

lii=6 min()\lf’l,m 1)\?1)

3 sl ; 3(1-18i) 3
1- A Y\ if & , 7
l.2 _ 33+ |Bz|( |3 3 |) mln( 1277" 2 2) 1 € [ 4|O~’z| ) 3:;_ |Oéz| N |5z|] (576)
b +ozZ . .
- b Y ifSel— o 27
|ﬁz|(1 o——) mln()\zz,m,g)\w), if e [3+|ai|+|ﬁi|’4]

For the numerical experiments presented in Section 5.2, we choose the following set of

scaling coefficients
- 1
lij=lo;= ———. 5.77
b 14+ il + 84| (5:77)

3

5.1.3 Geometric constraints

For a linear solution, the solution coefficients must not be altered to maintain second order
accuracy, i.e., l; 1, l;2 > 1 which implies

dmin(A/ ;i Ay) 2 1,

Jovi| b 3(1-15i) 3
-0— A iaAlo) 21, if 0 , ,
3+ |@|( 3 ) minQhg riaAip) 2 L i 0 € [ =m0, oo (5.78)
3+ |ozl| 3 3
1-5~—) min(\,,7i2A\00) 21, if 6 € [—-o— = ].
ot ) min(Xriaa) EEEEI
Noting that the ratio of the backward and forward differences for a linear solution is one,
f b
i.e., 1 =72 =1 and plugging )‘sz thc and )\i’k = hl’kc, k={1,2}, into (5.78), we get
’ ik ik
mm(dl 1o @i b .
3+ 18] 3(1-18i) 3
d db > hz s ) 5 )
mlIl( 1,27 172) = 3 _ |CVZ|6 2 € [ 4|Oél| ) 3 + |al| 4 |B@|] (579)
|8il 3 3
d ’5) > hiay, 6 € [————, =]
min(diz a2 55 a0 BeareE) 4

Thus, for the limited solution to retain the second order accuracy, depending on the choice
of 9, the interpolation points must lie at a certain distance from the center of mass of an
element (Figure 5.6).
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b)d= ——.

( ) 3+|az|+\ﬁl|
Figure 5.6: The interpolation points should lie outside the shaded region for second order
accuracy.

For a system of conservation laws, the proposed limiter can be applied sequentially to
the conserved variables. For nonlinear scalar conservation laws, we can derive a moment
limiter with a modified reconstruction stencil and prove stability of the numerical solution
in the sense of satisfying LMP (5.37) in the means. However, due to the involved nature of
the reconstruction stencil and severe restrictions on the time step, we proceed with applying
the moment limiter proposed in Section 5.1 to nonlinear conservation laws as well, and from
the numerical experiments in Section 5.2 we note that this leads to reasonably good results.

5.2 Numerical Results

In this section, we present numerical experiments to analyze the performance of the pro-
posed moment limiter. We perform convergence studies to show that the limited solution
maintains the theoretical second order convergence rate for smooth problems. We also run
tests to show the robustness of the proposed limiter in the presence of discontinuities. In all
presented cases, time-stepping was performed using an explicit second order Runge-Kutta
method with the CFL condition given in (5.62). Finally, unless stated otherwise, the local
Lax-Friedrichs flux was used.
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5.2.1 Sinusoidal Wave.

We solve the linear advection equation on the domain Q = [-1,1] x [-1,1], with the flux
in (1.8) given by F = [u,u]. The initial condition consists of a sinusoidal wave uy(x,y) =
sin(27(z+y)) advected with speed a = v/2 along the direction (1,1). The problem is solved
until ¢ = 0.5 on a series of quadrilateral meshes A — D. A is the coarsest mesh with 509
elements. The finer meshes are obtained by remeshing the preceding mesh such that the
area of an element is reduced by a factor of four. Table 5.2 shows the L; errors and the
observed convergence rates for p = 1 DG approximation with and without limiting. We
observe that the second order limiter retains the theoretical rate of convergence. We also
note that limiting introduces only relatively modest errors in the solution.

Mesh | Number of elements m— L1 e;rirl (amlimited)
A 509 3.79e-01 (-) 1.0e-01 (-)
B 2035 1.09e-01 (1.79) 2.13e-02 (2.24)
C 8363 2.35e-02 (2.21) | 4.86e-03 (2.13)
D 33469 4.48e-03 (2.37) 1.17e-03 (2.07)

Table 5.2: L; errors for the linear advection of a sinusoidal wave at t = 0.5 on an un-
structured quadrilateral mesh. The numbers in parentheses are the observed rates of
convergence.

5.2.2 Rotating shapes.
Next, we solve the rotating shapes problem with the flux in (1.8) given by F = [-27yu, 2rzu].

The initial condition consists of a hill and a square pulse as shown in Figure 5.7 and given

by
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Figure 5.7: Initial condition for the rotating shapes problem.

cos?(2nr), if r <0.25,
up(z,y) =11, if max(|z -0.35|,|y|) <0.25, (5.80)
0, otherwise,

where r = \/(x +0.5)2 + y2. The exact solution is a rotation of the initial condition about
the origin. The problem is solved until ¢ = 1 on an unstructured mesh of 6472 quadrilateral
elements. Figure 5.8 shows the isolines and the solution profiles at y = 0, x = 0.5,0.55,
obtained using second order DG approximation with and without the moment limiter. The
quality of the solution is comparable to the results obtained on a 80 x 80 Cartesian mesh
using the moment limiter described in [25] and the results obtained on a quadrilateral mesh
using the slope limiter described in chapter 4. From Figure 5.8b, we note that the limiter is
successful in reducing the oscillations near the discontinuities, which is corroborated by the
solution profiles in Figures 5.8¢c and 5.8e. We also note that the well known phenomenon

of clipping at the local extremas by a second order limiter has reduced the accuracy near
the peak of the hill.
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(a) Isolines with second order moment limiter. (b) Isolines without limiting.
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(c) Profile of the solution along y = 0.

5.2.3 Isentropic vortex.

Next, we test the performance of the second order limiter when applied to a system of
nonlinear equations, for example, the Euler equations given by

p pu pv
J | pu O\ pu2+p 0 PUY
— — — =0 5.81
ot|ov| oz | pu |7 oy| pv?+p ’ (5:81)
E (E+p)u (E+p)v
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’f\ === p = L{unlimited) b, === p = L{unlimited)
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(d) Profile of the solution along x = 0.5. (e) Profile of the solution along x = 0.55.

Figure 5.8: Rotating shapes at ¢ = 1, on a quadrilateral mesh with 6472 elements.

where p is the density, pu and pv are the x- and y-direction momenta, F is the energy, and
the pressure, p, is given by the equation of state p = (y-1) (E - (u?+ v2)). We solve the
smooth isentropic vortex problem described in [51] on the domain [-3, 3] x[-3,3] with the
initial conditions

1
(v-1) 2\ p B x B
p:(l— S (MpB)“e ) , p=7M2, u=ﬁyez7 v:_27rRx€2’ (5.82)
where 7 = #, R =15 =135 v =14, and M = 0.4. With the given initial

conditions, the exact solution is stationary and given by (5.82). The L; errors in density and
the observed convergence rates are reported in Table 5.3. Similar to the linear advection

test case, we see that the proposed limiter maintains the theoretical convergence rates and
introduces only modest errors.

5.2.4 Shock shock interactions.

Next, we test the performance of the limiter in the presence of shock-shock interactions.
The initial conditions for the test problem were taken from the two-dimensional Riemann
test suite proposed in [55] and shown in Figure 5.9. The simulation was run until ¢ = 0.8
on a mesh with 160,103 quads. Figure 5.10 shows the density isolines at ¢ = 0.8 obtained
using the second order DG approximation. We note that the method is able to resolve the
vortical structures along the contact discontinuities well.
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Mesh | Number of elements

L1 error

p = 1 limited | p =1 (unlimited)

A 515 6.87¢-02 (-) 1.70e-02 ()

B 2047 1.42e-02 (2.19) | 4.06e-03 (2.07)
C 8372 3.61e-03 (2.02) | 1.00e-03 (2.02)
D 33532 7.42e-04 (2.27) | 2.54e-04 (1.98)

Table 5.3: L errors in density for the stationary isentropic vortex example at ¢ = 0.5 on
unstructured quadrilateral mesh. The numbers in parentheses are the observed rates of

convergence.

(0.1)

LY

(p,u,v, P) = (0.5323,1.206,0, 0.3)

p,u,v, P) =
1.5,0,0,1.5)

(p,u,v, P) = (0.138,1.206, 1.206, 0.029)

08,0.8)

p,u,0, P) |
(0.5323,0,
1.206, (].3)

(0,0)

(1,0)

Figure 5.9: Modified initial condition for 2D Riemann problem.

120




Figure 5.10: Density isolines at ¢ = 0.8 for the shock-shock interaction example for p = 1
with moment limiter on a mesh of 160, 103 quads.

5.2.5 Double Mach reflection.

Finally, we solve the double Mach reflection problem to test the performance of the pro-
posed moment limiter in the presence of strong discontinuities. The initial set-up for the
problem is taken from [25] and shown in Figure 5.11. The initial condition consists of a
Mach 10 shock wave impinging on a reflecting wall at an angle of 60°. The states to the left
(U,) and to the right (U,) of the shock wave are given in Table 5.4. The computational
domain [0,3.5] x [0,1] is discretized into 230,266 quadrilaterals. The simulation is run
until £ = 0.2. Figure 5.12 shows the density isolines obtained at ¢t = 0.2 using the second

U, | U,

p 8 1.4
s=v-n| 825

p 116.5 | 1

Table 5.4: States to the left and right of the initial shock for the double Mach test case.

order DG approximation with the moment limiter. We can observe the well-resolved shock
structure as well as the vortices near the slip line (Figure 5.13).
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0 6 3.5

Figure 5.11: The initial set-up for the double mach reflection test case.

Figure 5.12: Density isolines at ¢ = 0.2 for the double Mach test case for p = 1 with moment
limiter on a final mesh of 230,266 quads.

Figure 5.13: Density isolines at ¢ = 0.2 for the double Mach test case for p = 1 with moment
limiter on a final mesh of 230,266 quads.
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5.3 Summary

We have presented a family of second order moment limiters for the DG method on un-
structured quadrilateral meshes. The limiter works by decoupling the solution coefficents
as derivatives along two specific directions and restricting the gradients along said direc-
tions using a one-dimensional minmod function. With the proposed limiting directions,
the solutions coefficients are fully uncoupled which allows us to selectively limit moments
that show excessive growth while retaining the solution accuracy.

We provide a range of values for the scaling parameters of the solution coefficients and a
suitable time step which ensure stability of the numerical solution in the sense of satisfying
LMP (5.37) in the solution averages. Numerical experiments presented in Section 5.2
illustrate that the DG method with the proposed limiter eliminates spurious oscillations
and is robust in the presence of discontinuities. Further, the experiments also demonstrate
that the limited solution retains the theoretical second order convergence rate for smooth
solutions.
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Chapter 6

High-order moment limiter on
quadrilateral meshes

In this chapter, we describe a high-order moment limiter for the DG method on quadri-
lateral meshes. The limiter works by decoupling the solution coefficients (moments) as
directional derivatives along two specific directions (Figure 6.1). Starting with the highest
moment, we hierarchically limit the moments by reconstructing the associated directional
derivatives using a compact stencil and restricting their values using a one-dimensional
minmod limiter. The choice of limiting directions and the compact reconstruction stencil
are described in 6.1.1, while the formulae for the generalized moment limiter is described
in 6.1.2 . Finally, we describe of the hierarchical implementation of the limiter in 6.1.3.

6.1 Limiting algorithm

6.1.1 Directional derivatives

Consider the (p+1)th DG approximation of a scalar conserved variable on the element (;

UG = S OEeEC), (6.1)

§=0,k=0

where the tensor product basis {gof} is given by (1.25). Using the bilinear transformation
(1.19), Q; can be mapped to the canonical element €y. Consider the vectors v; = (1,0)
and vy = (0,1) passing through the cell centroid rq = (0,0) of €y in the canonical space.
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(1,1)

— ==

(—1,-1) (1,-1)

Figure 6.1: The canonical rectangle €.

Denote the gth directional derivative of U; along v; and vy as

01

D: DIU; = ———U,
V17T V2 aCSanq—s

0<s<q, q<p.

Plugging in the expression for U; from (6.1) in (6.2), we get

p A
D; DU, = > U D3 Db (¢, n)
j=0,k=0

VG 1)(2@‘5) D 25— 11200 ) - 110

.\ \/(23+3)(2(q—3) +1)

(25 + 1)I(2(g - 5) - D¢

2
Vst 1)(;@ =~ ) s 12(g-5) + 1)1y

S 3 S rq—s S -8 -8
+ ), ULD; DEces(Cn) + ), UL Dy DEset=(¢,n)

k>q+1-s g>s+1
p
“rk - k
+ Y UKD DLok(Cm).

7>s+1,k>q+1-s
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Ignoring the contribution from the higher order terms, we can approximate the ¢th direc-
tional derivative D3 DF,°U; as

V(2s+1)(2(g-s) +1)

D3, DY, Ui » (25 - DI(2(q - 5) - DT

2
Vs 3)(2((1 =D g 1)2(g-5) - DIUESC (6.4)
VEDCEZD D 0 1yag- sy« 1107

Under the transformation (1.19), the vectors v; and vy, respectively, map to the directions
v, 1 and v; 9 in the physical space

Vi1 = (Ci,xlu Ci,yl) y Vi = (Ci,m% Ci,yQ) ) (6-5)

where the coefficients Cjx are defined in (1.21). Noting that the transformation (1.19) is
a bilinear map, (1.19) reduces to a linear transformation along ¢ = 0 and along n = 0.
Therefore, we can find approximate values of the solution coefficients Uzq;jfl and Ug;l_s by
computing the forward and backward differences of D¢ 1DZ; °U; along v; 1 and v; 2, respec-

tively.

Figure 6.2: Reconstruction neighborhood for €2;. Elements used in limiting are shaded.
Limiting directions v;; and v; o are shown as arrows. Backward and forward interpolation
points are shown as hollow disks.

To compute the forward and backward differences, we need to find the forward (x{ , and
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X{ »); and backward (x?, and x!,) interpolation points (Figure 6.2, hollow disks), evaluate

the value of the directional derivatives at these points and finally, compute their difference
from the value at the cell centroid (Figure 6.2, solid circle). To find the interpolation
points, first, we form a polygon by joining the cell centroids of the neighboring elements
that share a vertex with (2;. Next, we define two lines parallel to v;; and v, that pass
through the centroid of €2;. The interpolation points X{ s Xf w K =1,2, are then the points
of intersection of these lines and the faces of the polygén. 7

6.1.2 Generalized moment limiter

Let’s consider limiting the solution coefficient Uf;fl Along 7 =0, (6.4) reduces to

Dy DE*U; =

V(2 + 1)(2(9’ =D s 2 - 5) - IO

(6.6)

N V(25 +3)(2(q-5) +1)
2

(2s+ 1)1(2(q - s) - DIULE G,

ie., Ug;fl is proportional to the gradient of D3 D{,°U; along v;. Since the map (1.19)
reduces to a linear transformation when 1 = 0, we can obtain an approximate value of
Uf%, by computing the forward and backward differences of D3 D7,°U; along v;;. To

2,8+1
do so, first, we need to compute the values of D3 Dj,°U; at the forward and backward

interpolation points le , and x?, (Figure 6.2). Consider the forward interpolation point

z;1 -G

Ci,ml

,20 . .
x{l. Under (1.19), x{l maps to the point szl = ( - ,0) in the canonical space.

Consider the following vectors at le 1

Vzlcf = (Ci,;tlu Ci,yl) ) VJJ = (Ci,$2 + Oi,:c?)C{a Oi,y? + Ci,y?)C{) y Vi3 = (Ci,xi’n Ci,y3) ) (6-7)
where the coefficients C; , are defined in (1.21). Using the map (1.19) and the chain rule,
the value of D, DL PU; at Xi , can be written as a linear combination of the directional
derivatives along the vectors in (6.7)

- - - -1- b —a-b
Dy, DgQSUi(xfil) = O‘ODT/Q,{D&%UZ'+O‘1D"iv3Dii’lgDz{;{ SUi+---+Oanf’,i’3DV;,gD:;’,§ Ui, (6.8)
where «; are constant coefficients and n is the order of approximation corresponding to
Ufl1- To find the approximate value of D3 Dy, °U; at X{ 1, we compute D3 D, °U; at
the cell centroids of the neighboring elements €2; and €2, by evaluating the expression on
the right hand side of (6.8). The computed values are then used to linearly interpolate
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the value of D3 D3,°U; at Xf 1. For example, consider the computation of the directional
derivative Dg. D”1 chl ;U at the cell centroid x; o of the neighboring element ;. Note

Vi ,¢ Vi M
that the vectors in (6.7) can be written as a linear combination of the vectors vy ; and vy o,

which respectively map to v; and vy under (1.19) for €2, as

Lf_ LS Lf _ LS )
Vit Olkgvkl'i'ﬁkgvk% Vi aank1+5k,7Vk2, i3 = Oékng;lJr@kngz (6.9)

Therefore, the value of D¢ Db1 ;D¢ ;U at the cell centroid x; 9 can be computed as
Vi ,¢ i,m

Vi1

b (LS Lf ac 1f Lf b 1f
D3 Dv,l’ch‘C,Lf Uk - (O‘kz,?,DVk,l + 51:,3 ka,2) (O‘kz,chk,l + ﬁk,c DVM) (O‘k,nD
2 ,M

v ) (6.10)
+5}1:£ka,2) Uia

i.e., a linear combination of directional derivatives along v ; and v 2. Note that the chain
rule gives

D UkZUk,C

. Dy, Ui=Us,| (6.11)
(0,0) (0,0)

Vk,1

By applying the chain rule, Uy .,m evaluated at ro = (0,0) can be written in terms of
directional derivatives along vj; and vy o

I,m

wy, U (6.12)

Vkl Vk2
(0,00 r=lss=1

Uk,Clnm

Therefore, using (6.11), (6.12) and (6.3), the directional derivatives along v ; and vy o can
be expressed as a linear combination of the solution coefficients in €2, which can then be

plugged into (6.10) to compute D2 Db1 4D ;Ui In a similar fashion, we can compute
2 NG ,m

the value of Dy, Db1 chl fU at the cell centroid of the neighboring element (2;. Finally,

the computed Values at the cell centroids of 2 and €, are used to linearly interpolate
Da DblchlfU at X

Vi3
7.( zn

DﬁmeI}{DfNUi - B!, De. Dblfplka+(1 B D BDa,gDi_l,ij, (6.13)
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where 0 < ﬂgl <1, i.e., a weighted average of Dgi,st,Lfo,Lf Uy and Dgi’SDf’/LfDiLij with
it Vin i Vi

the interpolation weight given by

o—x!
ﬁflz—me il (6.14)

||Xj,o ~ Xk,0 I '

Similarly, all of the directional derivatives on the right hand side of (6.8) can be computed
to obtain the value of D;leZ;SUi(X{l).

.., is obtained by comparing U4~ to the

Finally, the limited solution coefficient U} o

7,8+
forward and backward differences of D3 Dg,°U; multiplied by the scaling parameters lzf’ 1

b
and li71

U975 « minmod(Ugfs 1 DfangDI)v

2,5+1 4,s+17 74,1
L1 2D;, DY, °Uy(x1,)  [srres-nt,,
I\ @s+3)2(g-5) + )25+ 1)1(2(g-5) - 1)V 2s+3(2s+ 1)1 |
R N YIRSV CIE VP 2D;, D, "Uis(x;1)
AV 254325+ 1)U 25+ 3)(2(g-s) + D)(2s+ 1)1(2(g - s) - 1)1 ]
(6.15)
where the minmod function is
minmod(a, b, ¢) = sign(a) -min(|al,|b],|c|), if sign(a) = sign(b) = sign(c), (6.16)
Y 0, otherwise.

Now, consider the gth directional derivative D5H Dg, "'U;. Similarly to (6.3) and (6.4),
it can be approximated as

V(25+3)(2(¢-5) - 1)
2

(25 + 1)!I(2(g - s) - )OI

2,5+1

s+1 -s5-1 ~
DS DI,

DO D o gy s st 617)
LV (@s+ 3)(2@ —5)+ 1) (2s+ DI(2(q -~ ) - DT,
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Along ¢ =0, (6.17) reduces to

V(25 +3)(2(g-5) - 1)
2

s+1 ng-s—1 _
D DI, =

N V(25 +3)(2(qg-s) +1)
2

(25 + DI(2(q - ) =)L

i,5+1

(6.18)

(2s+ 1)1(2(q - s) - UL,

ie., U;{;fl is proportional to the gradient of D51 DE,*"'U; along vs. Following steps similar

to the ones outlined for Dg D%, °U;, the limited solution coefficient Uf 7, is obtained by
comparing UZ*| to the forward and backward differences of Ds+DZ,*"'U; multiplied by
the scaling parameters I/, and 12,

79-S ; r7a=s 1 D+ b -
Ui 511 < minmod (Ui,s+17 li D3, li,2D2) .

L1 ( 2DsH DY, Uy (x],)
LI\ @s+3)2(g-5) + D) (25 + 1)(2(g— ) - 1)!

| 2la=9) -1 (2(g=5) =3)! goan
\IQ(q—s)+1(2(q—8)—1)! R (6.19)
1 2(g-5)-1(2(g=5)=3)! ~gst
P \l 2g=s)+1(2q—s) -1t
. 2031 i, Ui(x) )
V2s+3)2(g-s) + (2 +1)!(2(g-s)-1)! ]

The admissible range for the scaling parameters lfi , and lg w k={1,2}, is

1<ty <nlyl, 1<ty <nby,

(6.20)
1< 11{1 < |<@f1|7 1<y <|¢tl,

which is equivalent to the range for the scaling parameters used on unstructured two-
dimensional mesh in [57]. In all experiments in Section 6.2 we choose the least restrictive
limiter, i.e., the right hand side of the intervals in (6.20).
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6.1.3 Implementation strategy

The limiter is applied hierarchically starting with the highest solution coefficient. For the

(p+1)th DG approximation, we find the limited coefficient Ui’p. If (A]i’jp * f]fp, then we limit

the solution coefficients (0f’ o1 Uf » 1). If both these solution coefficients are modified, then
we move on to the next set of lower order solution coefficients until we reach either a set

of coefficients that are not modified or (Uf 0 ﬁgp). If (Uf 0 [jgp) are limited, we compute

the limited coefficient Uf ;}1 and the process continues until we reach a set of coefficients
that are not limited or UZQO. We provide the order of hierarchical limiting of the solution
coefficients in (6.21).

. . - . N . .

Ufp’ U’fp—l’ Ufp ), (Ufp—w ng ) - (Uij’ Ui?p)’

U0 (U, UL, (U, U2, - (U8, 08,04),

i,p—17 i,p—27 i,p—1 i,p—37
) Sp-2 Frp-3 fp-2 frp-4 Sp-2
Ui}?p—% (Uzp—S’ Ui;?p—Q)’ (U:p—4’ Ui}?p—Q)’ (Uiz,)o ; Uz‘?p—z)a (6.21)

Uil,h (Ui1,07 Uz'?l)'

Remark 1. If the linear solution coefficients (Uilo, Uiol) are limited, then we update the
zeroth order solution coefficient UZQO using (6.22) to ensure that the cell average of U; in
Q, U;, remains unchanged.

~ det Ji,l (UO =0 ) det Ji,g (Ul =1 )

UQO“'UO i1~ Vit +\/§deth 0o~ Uio)-

% i0 T 6.22
’ 0 \/gdet Ji70 ( )

To further elaborate the limiting technique discussed above, we give a brief description
of the implementation of the second order limiter in the next section and the third order
moment limiter in the Appendix B.

6.1.4 Second order limiter

The p = 1 DG approximation on §2;, written as a linear combination of Legendre tensor
product basis, is

Ui = 020908@7 n) + U&W?(Ca n) + Uz‘l,oSO(lJ(Cv'f]) + Uilwi(c,n), (6.23)
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where the constant and linear basis functions are

V3 V3 3
Y==( wy=—=n, 1= <0 (6.24)

o_1
900_27 2 9 9

The derivatives of U; along the vectors vy = (1,0) and ve = (0,1) in the canonical space are

V3.0 3- V3., 3. 3.
7U31 + §Ui1,1777 Uip = TUil,o + §U¢1,1Ca Uicn = §Uil,1' (6.25)

Ui7< =
Using (1.19), (1.20), (1.22), and the chain rule, the derivatives in (6.25) can be expressed
in terms of the derivatives of U; in the physical space as

Ui,C = Ui,:cx( + Ui,yyCa Ui,n = Ui,xxn + Ui,yym (6 26)
Ui,(n = Ui,mzxcxn + Ui,yyyCyn + Ui,my(x'r]yC + x(yn) + Ui,mci,zii + Ui,yoi,yi’)' ‘

We start limiting at the highest solution coefficient, i.e., Uill. From (6.25), we see that
U Z.171 is proportional to the gradient of D,,,U; along n = 0, i.e., we can find the limited solution

coefficient [7111 by computing the forward and backward difference of D,,U; along v; ;. For
this, we need to find the values of D,,,U; at the forward and backward interpolation points
X@f,1 and x?, (Figure 6.2). From (6.26), (6.8), and the chain rule, the value of D,,U; at X{J
is

Dy, Ui(x!,) = Dy1.sUs. (6.27)

Now, using (6.9), (6.10), and (6.25), we compute the directional derivative D 1;U at the
cell centroid of the neighboring element € ’

Dv.l’ka = allgngk,C (628)

Lf
+ ek,nUka

(0,0) (0,0)

Similarly, we compute the directional derivative D .U at the cell centroid of the neigh-

i,m
boring element €2;
_ LS Lf
DosUs=anUicl - +053Ujy
o (0,0)

(6.29)

(0,0)

Finally, we linearly interpolate the value of D,, Ui(xfi 1) using the directional derivatives
computed in (6.28) and (6.29)

Dy, Ui(x!,) = D iy U; = B/, D1 Up + (1= 8/ ) D 1.5 U;. (6.30)
’ ] ’ i,n ’ i
In a similar fashion, we estimate the value of D,,U; at the backward interpolation point
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b
Xi,l as

Dy, Ui(x2) = B2 D 16Uy + (1= B21) D 16U, (6.31)

(2

Finally, we compute the limited solution coefficient U}l by plugging the forward and back-
ward differences into (6.15) as

f b
(711 <~ minmod Ull 1/ 1 QDUZUi(Xi’l) - iUlo lb1 ; (LUJO - 2Dv2UZ‘(XM)) .
7, 4,19 %4,1 |CZJ7“1| 3 \/g 1, ) Ve, |Czb,1| \/g 1, 3

(6.32)
Similarly, we compute the forward and backward diﬁ"erepces of D,,U; along v; 5 and plug
them into (6.19) to find the limited solution coefficient Uil’1

f b
01, o minmod | 02,17, L (220 Ui2) 1 o ) L (_1 09, - QDMUi(Xi,z)) |
i ) 3 V3R, VB 3

(6.33)

If (7111 is modified, then we find the limited linear solution coefficients U, and U},
Consider Ugl. Along 1 =0, from (6.23) we see that

V3.

1
7[/@91@ (6.34)

Ui=§U20+

ie., Uiol is proportional to the gradient of U; along n = 0. Similar to the steps outlined above
for U}l, we can linearly interpolate values of U; at the forward and backward interpolation

points xlf , and x?, along v;; using the solution values at the cell centroids of the closest
neighboring elements, i.e.,

A~ A~

Uo o o Uo
U(x))) =67+ (U= 8L) =% UGdy) =Bl ==+ (1= 5h) =~ (6.35)

Thus, the limited linear solution coefficient ﬁiol is given by

. . 1 (2U0(x])) 1 1 1 2U(x%))
U2, < minmod | U2, 1/ L —— | — =2 (6.36)
! ( 5 a ’CZJ;1| ( \/g \/EUSO 5 |Czb,1| \/§U30 \/g

Similarly, the limited linear solution coefficient Uil’o is given by

N . 1 (2U(x),) 1 1 1 2U(x?,)
U}y <+ minmod | U}, 1/ |1t — - i . (6.37)
g ( g ’2|mf,2|( V3 VBUS )\ VEDY, VB

133



Finally, if the linear solution coefficients are modified, we update the value of the zeroth
solution coefficient as shown in (6.22).

6.2 Numerical Results

In this section, we present numerical experiments to analyze the performance of the pro-
posed high-order moment limiter. We perform convergence studies to show that the limited
solution maintains the theoretical rate of convergence for smooth problems. We also run
tests to show the robustness of the proposed limiter in the presence of discontinuities. In
all presented cases, time-stepping was performed using an explicit Runge-Kutta method of
order p+ 1 with the CFL condition

At<CFL mini%,
a (6.38)

1
CFL=——
(2p+1)’
where h;, the smallest height of element 2; (Figure 6.3), is given by
hi = min(hl, hg),
hl = min(max(min(Hng, Hi,13)7 min(Hi,34, Hi,Bl))7 maX(min(HLM, Hi,23)7 (6 39)

min(H; 41, H;42))),
hy = min(maX(HiAl, Hz‘,gl), maX(Hm, Hi’42), maX(Hi,m, Hi,23)7 maX(Hi,247 Hz',34)).

Finally, unless stated otherwise, the local Lax-Friedrichs flux was used.

Figure 6.3: Element size h,;.

134



6.2.1 Sinusoidal Wave.

We solve the linear advection equation on the domain Q = [-1,1] x [-1,1], with the flux
in (1.8) given by F = [u,u]. The initial condition consists of a sinusoidal wave uy(x,y) =
sin(2m(x+y)) advected with speed a = v/2 along the direction (1,1). The problem is solved
until £ = 0.5 on a series of quadrilateral meshes A — D, A being the coarsest mesh with
509 elements. The finer mesh is obtained by remeshing the preceding mesh such that the
element size is reduced by a factor of two. Table 6.1 shows the L errors and the observed
convergence rates for p = 1,2, and 3 DG approximations with and without limiting. We
observe that the limited solution retains the theoretical rate of convergence. We also note
that the errors introduced by limiting are relatively modest.

Mesh | Nb L1 error
p=1 p = 1 (unlimited) p=2 p = 2 (unlimited) p=3 p = 3 (unlimited)
A | 509 | 3.51e01 () 1.0e-01 (-) 5.87¢-02 () 1.28¢-03 () 1.830-02 (1) 2.05¢-04 ()
B | 2035 | 0.020-02 (1.82) | 2.136-02 (2.24) | 4.046-03 (3.6) | 5.01e-04 (3.00) | 1.08e-04 (7.4) | 1.22e-05 (4.07)
C 8363 | 2.17e-02 (2.20) | 4.86e-03 (2.13) 4.3e-04 (3.22) 6.08e-05 (3.04) | 5.24e-06 (4.37) 7.51e-07 (4.02)
D 33469 | 4.24e-03 (2.35) 1.17e-03 (2.07) | 4.220e-05 (3.36) 7.57e-06 (3.00) | 2.54e-07 (4.37) | 4.73e-08 (3.99)

Table 6.1: L, errors for the linear advection of a sinusoidal wave at t = 0.5 on an un-
structured quadrilateral mesh. The numbers in parentheses are the observed rates of
convergence.

6.2.2 Rotating shapes.

Next, we solve the rotating shapes problem with the flux in (1.8) given by F = [-27yu, 2rzu].
The initial condition consists of a hill and a square pulse as shown in Figure 6.4 and given
by

cos?(2mr), if r <0.25,
up(z,y) =11, if max(|z -0.35|,|y|) <0.25,
0, otherwise,

(6.40)

where r = /(2 +0.5)2 + y2. The exact solution is a rotation of the initial condition about
the origin. The problem is solved until £ = 1 on an unstructured mesh of 6389 quadrilateral
elements. Figure 6.5 shows the isolines and the solution profiles at y = 0, = = 0.5,0.55,
obtained using second, third, and fourth order DG approximations and the respective
moment limiters. The quality of the solution is comparable to the results obtained on a
80 x 80 Cartesian mesh using the moment limiter described in [25]. We note that while the
discontinuities are sufficiently resolved by all three limiters, the peak of the hill is captured
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Figure 6.4: Initial condition for the rotating shapes problem.

well only by the third and fourth order moment limiters. This occurs due to the well known
phenomenon of ’clipping’ by a second order slope limiter at local extrema. Moreover, while
all three limiters are successful in reducing the spurious oscillations near discontinuities,
from Figure 6.5b we see that discontinuities are sharper with high-order limiters, which is
further supported by the solution profiles shown in Figures 6.5d and 6.5e.

6.2.3 Isentropic vortex.

Next, we test the performance of the high-order limiter when applied to a system of non-
linear equations, for example, the Euler equations given by

p pu pv
J | pu O\ pu2+p 0 PUV
— — — =0 6.41
ot|ov | oz | pu |7 oy| pv?+p ’ (6.41)
E (E+p)u (E+p)v

where p is the density, pu and pv are the x- and y-direction momenta, F is the energy, and
the pressure, p, is given by the equation of state p = (7 -1) (E - E(u?+ vz)).

We solve the smooth isentropic vortex problem described in [51] on the domain [-3, 3] x
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(c) Profile of the solution along y = 0.

[-3,3] with the initial conditions

1
(/7_1) r ﬁ p’Y B r /6 r
p:(l_ 82 (MB)QG) » PEoa YT rrY VT TR

(6.42)

where r = #, R =15 =135, v =14, and M = 0.4. With the given initial
conditions, the exact solution is stationary and given by (6.42). The L; errors in density
and the observed convergence rates are reported in Table 6.2. As with the linear advection,
we see that the proposed limiter maintains the theoretical convergence rates and introduces

only modest errors.
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(d) Profile of the solution along = = 0.5. (e) Profile of the solution along x = 0.55.

Figure 6.5: Rotating shapes at ¢ =1 on a quadrilateral mesh with 6389 elements.

, L1 error

Mesh | Nb of elem p=1 p = 1 (unlimited) p=2 p = 2 (unlimited) p=3 p = 3 (unlimited)
A 515 7.150-02 () 17602 () 131003 () 9.200-04 (-) 2.040-04 (1) 1.78¢-05 (1)
B 2047 | 1.500-02 (2.12) | 4.060-03 (2.07) | 2.620-04 (4.00) | 1.22-04 (2.93) | 5.50e-06 (5.71) | 1.10e-06 (4.02)
§ 8372 | 3.490-03 (2.11) | L0c-03 (2.02) | 3.07c-05 (3.08) | 1.600-:05 (2.93) | 1.55¢-07 (5.71) | 6.45¢-08 (4.09)
D 33532 7.28e-04 (2.26) | 2.54e-04 (1.98) | 3.00e-06 (3.36) 2.1e-06 (2.93) 5.25e-09 (4.88) | 4.03e-09 (4.00)

Table 6.2: Ly errors in density for the stationary isentropic vortex example at t = 0.5 on
unstructured quadrilateral meshes. The numbers in parentheses are the observed rates of

convergence.

6.2.4 Shock-vortex interaction.

Next, we solve the shock-vortex interaction test case to analyze the performance of the
proposed limiter in the presence of both discontinuities and smooth flow features. The test
case involves interaction of two vortices of strength M, = 0.9 with a stationary shock of
strength M, = 1.5 as they pass through it. The initial set-up for the problem (Figure 6.7)

is a modification of the one in [52].
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Figure 6.7: Initial set-up for the shock vortex interaction example.
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Figure 6.6: Rotating shapes at ¢t =1 on a quadrilateral mesh with 6389 elements.
Initially, the shock is located at x = 0.5 while the vortices are located at (0.25,0.25) and

(0.25,0.75). The upstream conditions are (py, Uy, Uy, D) = (1,v/1.4M,,0,1), the vortices
rotate with an angular velocity

r
Wm—, r<a,
B a b?
w = Wmm(’f’—7), CLST’Sb, (643)
0, r=>b,

where 7 is the radial distance from the center of the vortex, w,, = V1.4M, is the maximum
angular velocity, and (a,b) = (0.075,0.175). The density and pressure inside the vortices

are
T 2.5 T 3.5
_ (L o (L 6.44
p pu(Tu) . P pu(Tu) : (6.44)

where T}, = 1 is the upstream temperature. The temperature inside the vortices can be
obtained by solving

dl" 2 w?

s 6.45
dr T7r’ ( )

where r is the radial distance from the center of the vortex. The simulation is run until
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t =0.7 on a mesh of 110,774 quadrilaterals. Figure 6.8 shows the density isolines at ¢t = 0.7
obtained using the second, third, and fourth order DG approximations and the respective
moment limiters. From Figure 6.8, we observe that the shock structure and compression
waves have been effectively captured in all three simulations. Further, as each vortex
passes through the stationary shock, it splits into two vortices. Comparing Figures 6.8a
and 6.8b we observe that the high-order discretizations are more effective in capturing the
split vortices.

(a) Density isolines with p = 1.

(b) Density isolines with p = 2.

6.2.5 Strong shock interactions.

Next, we test the performance of the limiter in the presence of shock-shock interactions.
The initial conditions are taken from the two-dimensional Riemann test suite proposed in
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(c) Density isolines with p = 3.

Figure 6.8: Density isolines at ¢ = 0.7 for the shock vortex interaction example on an
unstructured mesh of 110,774 quads.

[55] and shown in Figure 6.9. The simulation is run until ¢ = 0.8 on a mesh of 160,103
quadrilaterals. Figure 6.10 shows the density isolines at ¢ = 0.8 obtained using the second
and third-order DG approximations and the respective moment limiters. We note that the
higher order method better resolves the vortical structures along the contact discontinuities.

(0.1) (1,1)

u,v, P) = (0.5323,1.206,0, 0.3
(6., P) = ) p,u,v, P) =

1.5,0,0,1.5)

0.8,0.8)

(p,u,v, P) = (0.138, 1.206, 1.206, 0.029)
p,u,v, P) =
(0.5323,0,
1.206,0.3)

(0,0) (1,0)

Figure 6.9: Modified initial condition for 2D Riemann problem.

Next, we perform a wall clock timing study to check the computational cost of the
limiter. We see that the limiter takes at most about twenty percent of the total run time
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Figure 6.10: Density isolines at ¢ = 0.8 for the shock-shock interaction example for a) p =1,
b) p =2, on a mesh of 160, 103 quadrilaterals.

(Table 6.3) of a parallel GPU implementation of the modal discontinuous Galerkin method
[54].

p | Run time (s) | Limiting time (s) | Time steps
1| 370.8% 35.86 (9.6%) 10,062

2 3004.5 564.4 (18.1%) 16,702

3

11,9175 2,579.6 (21.6%) 20,842

Table 6.3: Limiting time for the shock-shock interaction example for p =1, 2, and 3 DG
approximations on a mesh of 160, 103 quadrilaterals. The limiting time as a percentage of
the total run time is given in parenthesis under ” Limiting time”.

6.2.6 Double Mach reflection.

Finally, we solve the double Mach reflection problem to test the performance of the pro-
posed moment limiter in the presence of strong discontinuities. The initial set-up for the
problem is taken from [25] and is shown in Figure 6.11. The initial condition consists of a
Mach 10 shock wave impinging on a reflecting wall at an angle of 60°. The states to the left
(U;) and to the right (U,) of the shock wave are given in Table 6.4. The computational
domain [0,3.5] x [0,1] is discretized into 230,266 quadrilaterals. The simulation is run
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U, | U,

p 8 1.4
s=v-n| 825 0
) 116.5 | 1

Table 6.4: States to the left and right of the initial shock for the double Mach test case.

until ¢ = 0.2. Figure 6.12 shows the density isolines at ¢ = 0.2 obtained using second and
third order DG approximations with the moment limiter. The results are comparable to
the results in [25] obtained using a moment limiter on Cartesian mesh. We observe that
both DG approximations resolve the shock structures well. We also note that the slip line
near the primary triple point is tighter for the higher order approximation (Figure 6.13b).

1.0

0 6 3.5

Figure 6.11: The initial set-up for the double mach reflection test case.

6.3 Summary

We have presented a high-order moment limiter for the DG method on unstructured quadri-
lateral meshes. The limiter works by limiting solution coefficients (moments) hierarchically
starting with the highest moment. The limiting stops when either a pair of solution coef-
ficients that are not modified or the zeroth order solution coefficient is encountered. The
hierarchical implementation prevents overlimiting, especially near solution extrema where
employing a second order limiter leads to ’clipping’ thereby damaging the solution. Fur-
ther, with the proposed limiting directions, the solution coefficients are fully uncoupled
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(b) Density isolines with p = 2.

Figure 6.12: Density isolines at ¢t = 0.2 for the double Mach test case on a final mesh of
230,266 quads.

(a) Zoom in near slip line for p = 1. (b) Zoom in near slip line for p = 2.

Figure 6.13: Density isolines at ¢t = 0.2 for the double Mach test case on a final mesh of
230,266 quads.

which allows us to selectively limit moments that show excessive growth while retaining
solution accuracy.

Numerical experiments presented in Section 6.2 illustrate that the DG method with
the proposed limiter eliminates spurious oscillations and is robust in the presence of dis-
continuities. Further, the experiments also demonstrate that the limited solution retains
the theoretical convergence rate for smooth solutions.
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The proposed limiter makes use of a compact reconstruction stencil computed [53] once
during the preprocessing stage. With the parameters precomputed, the complex formulas
involved in the limiter reduces to a simple set of algebraic expressions involving solution
coefficients. Thus, the limiter takes only a relatively modest percent of the total computing
time ( ~ 20% until p = 3 DG approximation) in a parallel implementation on a GPU for
solution of Euler equations.
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Chapter 7

High-order moment limiter on
curvilinear triangular meshes

In the following chapter, we present a high-order moment limiter for the DG method on
curvilinear triangular elements. The limiter can be viewed as an extension of the high-order
limiter on triangular meshes proposed in [57] to curvilinear triangular meshes. We limit
solution coefficients (moments) hierarchically by relating them to reconstructed directional
derivatives of the numerical solution along two specified directions (Figure 7.1). The di-
rectional derivatives are reconstructed by comparing them to the forward and backward
differences of derivatives of one order less. We derive expressions for directional derivatives
of U; in the physical and computational spaces in Section 7.1.1. The moment limiter is
then presented in Section 7.1.2 for an arbitrary order of approximation p. We provide a
detailed derivation of the limiter for the p =2 DG approximation in Section 7.1.3. Finally,
we provide a brief description of the hierarchical implementation of the limiter in 7.1.4.
According to [58, 59], for a p+ 1th order DG approximation to retain its theoretical p+ 1th
rate of convergence on a curvilinear triangular element €2; of order ¢, the 'curvature’ of €);
should not exceed O(h*!), where h is the measure of cell size of ;. Therefore, in this
work, we focus on curvilinear elements with the constraint stated above.
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7.1 Limiting Algorithm

7.1.1 Directional derivatives

Consider the vectors

2
U1:%(17_1/2)7 02:(071)7 (71)
on the reference element )y (Figure 7.1). For p = 1, it was shown in [2] that the first

order directional derivatives along directions (7.1) decouple the linear solution coefficients.
This lead to development of the second order moment limiter on triangular meshes. For
high-order approximations, these directions significantly simplify relations between solution
coefficients and solution derivatives and led to the development of high-order moment
limiter on triangular meshes [57].

(0,1)

(0.0) (1,0) T

Figure 7.1: Limiting directions v; and vy on the canonical element €.

Denote jth directional derivatives along these directions by

. 99
Dg D%_qUZ' r)= —Uz r), 0<g< ., 7.2
D1, "Ui(r) Do (r) q<j (7.2)
where r = (7, s). Following the discussion in [57], the pth directional derivatives of U;(r)
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along v; and v, evaluated at the cell center ry can be written as

\/5 4 5 la/2] N B - dr—1
(7 52 qu1 Ui(ro) = = ng?gww [05—312722@ a ’Y)dbp*q Lp—q+27(b)

i i
ol (R SUCEEN]

(3,0)

where || is the floor function. Representing the expression within the square brackets by
6, .4-2+, we rewrite (7.3) in the matrix form

Dz, Ui(ro) —900 0 0 0 0 0 0 I( i) \
(?)D&_lD%lUi(I‘o) 0 6, 0 0 0 0 0 - Ui{p_l

2
%3 D" D3Uro) | 60 0 6s 0 0 0 0 - U2,
\/75 3D523D§1Ui(ro) =0 6 0 Gz 0 0 0 - |f03 [ (T4
? 4D5;4D;‘;1Ui(r0) bio 0 by 0O 64y O O - Ui%pfll

Similarly, the jth directional derivatives of U;(r), 1 < j < p, along v; and vy evaluated at
ro are

\/S q ' p LQ/QJAq25 428 ket j—2q+28
_ — — +97— +
(7) DD} Uy(ro) = kZ Bz;) UipZqr2p [Ck—q+2/32 ]q
=j B=

di-a
dbi=q

Li—g+25(b)
(7.5)
, 0<qg<y.

q —q 2 k 2 170
d - ((] a)k: J+25Pq (2 q+ B)‘*’ (2@ ])):| 1
(3’0)

As noted in [57], the directional derivatives can be computed in any chosen directions.
However, using the directions (7.1) results in a sparse transformation matrix in (7.4).

Next, using (1.29) for element €2;, we map the directions v; and vy defined in (7.1) from
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the computational to the physical space and, after normalization, obtain the following unit
vectors evaluated at rg

Jz‘Ul Jivg
Vi,l = y Vz‘,g = (76)
| Jiva ], | Jiva I,
where J; is given by (1.30). Further, we define the element heights as
hiy = | Jivi = | Jiva| (7.7)
ro ro

Finally, using (1.29), (1.30), and (7.6), we express directional derivatives in the computa-
tional spaces, evaluated at rp, in terms of directional derivatives in the physical space

NAYER . s
(2h ) (h_) D;, D};'Uy(ro) = Dy, DJ lU(xzo) Z Y. ¢ V“DJ =40 (X)),
i1 i2 i
(7.8)

where 0 <1 <7, 1<j<p, and the coefficients ¢; depend on the the Jacobian J; in (1.30)
and its derivatives evaluated at ry. Once we reconstruct the directional derivatives in
the physical space, plugging them into (7.8) and using (7.5) we can compute the limited
solution coefficients (or moments). In the following section, we describe an algorithm for
limiting DY, 1D€4,Z_g Ui(xi0)-

7.1.2 Reconstructing directional derivatives

For a p+ 1th order DG approximation, we start the limiting process with the highest order

solution coefficients U?p, Ullp e UZ 0 To modify pth order solution coefficients, we need

to limit all directional derivatives D{,leDl LUi, 01 <7, p—q+1<j<p, where q is the
order of the curvilinear element (2;. Con81der limiting the pth order directional derivative
D@iDl U;. We limit D{'ﬁiDl U; by comparing its value at the cell center of €; to the

forward and backward dlfferences of DY 1U along v, o and DY, 2D1 ,U along v; 1, i.e., the
derivatives of one degree less.

The forward and backward differences are computed from the forward ( X; 15 Xfi ,), and
backward (x?,,x?,) interpolation points (Figure 7.2, solid squares) to the cell center (Figure
7.2, solid ciréle).7 To compute these points, first, we form a polygon by joining the cell
centers of the neighboring elements that share a vertex with ;. Next, we define two lines
parallel to v;; and v, 5 that pass through the center of €2;. The points of intersection of

these lines and the faces of the polygon gives the interpolation points xf - k=1,2.

zk’
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Figure 7.2: ; and the mesh elements sharing a vertex with it. Limiting directions v;
and v;, are shown as arrows. Backward and forward interpolation points are shown as
solid squares. Linear interpolation of directional derivatives at the interpolation points is
performed over the thick line segments.

First, let us consider limiting DQ;D},Z,’Q U, along v, 5. To find the values of the (p-1)th
order derivative D{’,ﬁU at the interpolation points, we first compute the (p—1)th directional
derivative Df’,;U 1(Xs0), [ ={j,k,m,n} at the cell centers of the neighboring elements €,
Q, Qp, and Q,, (Figure 7.3b). For example, consider element ;. Generally, limiting
directions v;; and v;9 on ); will not be the same as v;; and v; . To obtain directional
derivatives along v;; and v; 5 on €);, we express directions on €; as linear combinations of
directions on €2

Vi = a}}lvﬂ + 04]1-’2vj,2, Vio = %2',1Vj,1 + a?’2vj,2, (7.9)

for some coefficients a. Using (7.9) and (7.8), the (p - 1)th directional derivative D%, U,
evaluated at the cell center x; of §2;, is

_ -1
Dy Uj(x50) = (1 Dy, +fsDy,,)" Us(x50). (7.10)

Similarly, we compute the (p—1)th directional derivatives ng Uk(Xk0), D{’,;} Up (Xm,0), and
D@;}Un(xn,o) at the centers of Qy, Q,,, and Q,, (Figure 7.3b). Using the above computed

values, we linearly interpolate the (p — 1)th directional derivatives D@;i Uz‘{z and D@;} U;”Q
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Figure 7.3: (A) Limiting stencil along v; 1, (B) Limiting stencil along v; 5.

at the interpolation points x?, and xzf 5 as

Drul, = fDein(xjo) + (1= B1,) D Un(x0),

Vi1

Dei,iUZ?Q = Dgl}Um(vao) (1 /B Q)Dp 1Un(xn,0)7

Vi1

(7.11)

where 0 < 622 <1land0< BZ 5 <1 are the backward and forward interpolation weights for
the limiting stencil in Figure 7.3b.

Finally, we limit the pth order directional derivative DY 1D1 ,Ui by comparing its value
to the forward and backward differences in the (p - 1)th dlrectlonal derivatives multiplied
by scaling parameters 1/ ;o and l
DL U, - DY Ui(xi0)

7
Hxi,z - Xi,OH

Y

De;} D‘lli,2 Ui(Xi,O) <~ minmod (Dgli D},Z,’QUi(XZ”o), l£2
(7.12)

p-1 p=1r7b
b DV¢,1 Ui(xi,o) - DV¢,1 Ui,2 )
)

i,2 3
”XM -
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where the minmod function is

sign(a) - min(lal, |} ), if sign(a) = sign(b) = sign(c),

minmod(a, b, c) = { (7.13)

0, otherwise.

Next, we limit D{'ﬁ;i D!  U; along v;;. We compute the (p - 1)th directional derivative
Dy? Dy, U at the cell centers of €2, ), €2, and €, (Figure 7.3a). For example, Dy? D, U,
evaluated at x, is

Dy 2D Ua(Xap) = (al 1Dy, , +04}LQDW)1"‘2 (e21Dy,, + 25Dy, ,) Us(Xap). (7.14)

Vi2

Once the values at the cell centers are computed, we use them to linearly interpolate

D@;? D} .U at the forward and backward interpolation points X{ , and x?

Dr2D, UL =B/, Di2DY Us(x0) + (1-81)DE2DY Us(%40).

Vi1 T vi2 74,1 Vi 2 Vi1 V2 (7 15)

DDLUy = B0 D52 DL, Ua(Xap) + (1= 871) D52 D, Us(Xs0),

Vi1 Vi, 17 Vi2 Vi1 Vi2

where 0 < sz, ;<land0< ﬂl{ , < 1. Finally, we limit D{’,ﬁD},MUi by comparing it to the

forward and backward differences of va’;f D} U scaled by the parameters l{ , and l?,1

P2 11 f _ pp2p,1 yan
DVi,lDVz‘,zUi,l DVi,1Dvi72Uz(Xz,0)

Y

-1 11 . -1 1 f
Dy Dy, ,Ui(xi0) < minmod (D{’,Z_JDVZ}2 Ui(xi0), 1,

f
Hxi,l — X0

vi2 1,1
i1

P=2 M1 P=2 M1 b
b DV¢,1Dvi,2Ui(Xi,0) - DVi,lD U,
b
|1 = i

(7.16)

The scaling parameters lzf , and 12,k ={1,2}, depend on the order of the derivative being
limited. For jth order derivatives, 2 < j < p, the admissible range is

L<ll, <l (25-1), 1<l <Aty (25-1),

7.17
15[{15751(2j—1)7 131?,15’731(2j_1)7 ( )

which is equivalent to the range for the scaling parameters used on Cartesian grids in [25]
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and the scaling parameters used in [57]. For first order derivatives, the admissible range is

1<, <af,2, 1<, <A,

7.18
1<l < 1<l (7.18)

6
il —%{1%: < ?,1 3%1771\/57

which is equivalent to the range of scaling parameters used in [2]. The geometric parameters
7v; in (7.17) and (7.18) are

F1 =i |2y = xio]
fo Hxi,l X0 b 1% X0
’yz‘ 1~ ’ ’Yi,l - J
’ hi,l hi,l 719
f b ( : )
o me X%0| b sz‘,z X%:OH
2 = ) 2 = )
hz? h7,2

where h; ; and h; 5 are defined in (7.7). We note that in all experiments presented in Section
7.2, we choose the least restrictive limiter, i.e., the right ends of the intervals in (7.17) and
(7.18), to minimize loss in accuracy of the solution.

Similarly, we limit every jth order directional derivative along v;; and v;s, where
p—q+1<j<p. Substituting these limited directional derivatives into (7.8) and using
(7.4), we obtain the limited pth order moments. If all pth order moments are modified
by the limiter, we repeat the process for the (p - 1)th order moments ngfl, Uil’pﬁ, e Ufal
and the process continues until we reach either a set of kth order moments that are not

modified or the zeroth order moment.

Remark 1. For a gqth order curvilinear triangular element, if the solution coefficients of
order ¢ or lower are limited, then we update the zeroth order solution coefficient U?, using

(7.20) to ensure that the cell average of U; in €, U, remains unmodified.

(U7 =07, 0<i<y, 1<j<q, (7.20)

where the coefficients § are

53;12[2 @™ det J; dr. (7.21)
0

To further illustrate the limiting technique discussed above, we give a brief description
of the implementation of the third order limiter on second-order curvilinear triangles in
the following section.
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7.1.3 Third order limiter

The third order DG approximation on element {2;, written as a linear combination of the
Dubiner basis (1.14), is

2
Ui(r,s) = Z Uil’,cgoﬁﬁ(r,s). (7.22)

l+k=0

The quadratic basis functions are given by

<pg(7’,s)=@(25+r—1)2—@(1—7‘)2,

pi(r,s)=3v2(2s+7-1) (br-1), (7.23)

w2(r,s) =3vV6+12V6 (r—1) + 10v/6 (r - 1),
and the linear and constant basis functions are
e(r,s) = V2,
wo(r,s) = =2+ 6r, (7.24)
l(r,s) = ~2v/3 + 2V/3r + 4V/3s.

Using (7.4), the second order moments of U; can be expressed in terms of the second order
directional derivatives along v; and v,y as

DZ,Ui(ro) 1230 0 0 || 02
V5 .
(7 Dy, Dy Uro) 1= 0 30v2 0 ||T}] (7.25)
2
(?) D2 Uy(ro) -V30 0 20V6||U%

Further, using (7.8) and (1.29) with ¢ = 2, we can relate the directional derivatives in
the computational space and the directional derivatives along v;; and v; 2 in the physical
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space, evaluated at the cell center x; o, as

| S

D,,Ui(rg) = hi,2D\11i’2Ui(Xz‘,O)7 ( )Dvl Ui(ro) = hi,lelzi,lUi(Xi,O)
U(ro) h,2 D2 U(Xlo)

+ 12\/ ( ?QOThl 1D\1;i71Ui(Xi,O) + ng;hi72D‘1,i’2 Ui(xi,O))

)D}&Dil Ui(ro) = hizhia Dy, , Dy, \Ui(xi0) (7.26)

+30f(

—_———
SIS
ot

nzl \/_ ZlDVuU(XZ 0) +771 1hz 2D\11z2U‘(Xi,0))

2
\/5 2 12 20 _ /30
(7 U (I'()) h D Ui(xi,O) + (20\/677Z 77 ) \/S i 1Dvl 1[jl(Xi’O)
+(20v/6r7y - V30nly ) hia DY, Ui(xi).
The coefficients 7; are obtained using
Xlo= Mo Via o Vigs Xl =M Vil H 00 Vi, Xip = Via+avia, (727

where the mapping coefficients x; are defined in (1.29). To start the limiting process, first,
we compute the first order directional derivatives along v;; and v; 2 at the cell centers of
the elements in the limiting stencil (Figures 7.2 and 7.3). For example, to limit D%i’ Ui
and Dy, , Dy, U;, we need to compute directional derivatives along v;; and v;» at the cell
centers of Qg, U, Q, and Q; (Figure 7.3a). Consider element €,. Using (7.5) and (7.8),
the first order directional derivatives along v,; and v, at x, are

- 30 -~ 2
halD‘l,a Ua(Xap) = (?) D} Uy(ro) = 6(U5’0 + %UQQ \9/_U30)

A 5 (7.28)
hao DY Ua(Xa0) = DL, U, (x0) = 4V/3 (U;{l + \/;U;l) .

Then, we compute the directional derivatives along v;; and v; 2 at x, as

1 _ 1 1
Dvi’an = Oéa71Dva,1 Ua + aa,2DVa,2 Ua’

7.29
D\l’i,zUa = Oéczth Ua + a2,2Dva,2 Ua, ( )

Va,1
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where the coeflficients o are obtained from

1 1 _ 2 2
Vil = Va1t 0GoVan, Viz=Qp Vel + QgaVa2. (7.30)

Similarly, we compute the first order directional derivatives along v;; and v;» at the
cell centers of €2, €, and ;. Using the above computed values, we linearly interpolate
the values at the forward and backward interpolation points XZJ-C’ , and x?, as

DVleifl = ﬁ'f Dy, Us(x50) + (1 - 5 1)sz Ui(x40),

Dv“Ub = zlev“U (Xa0) + (1~ ﬁ 1)Dvl1Ub(Xb0)
Dy, Ul = B/, Dy, ,Us(x40) + (1= B])) Dy, ,Us(x10).
Dy, 2U ZlDVm Ua(Xa0) + (1 - Bgl)Dvi,zUb(Xb,O)'

(7.31)

Finally, the directional derivatives D2  U; and Dy, , Dy, ,U; are limited by comparing them
to the forward and backward dlfferences along v;; as

DVlezfl DV 1U(X10)

Y

D% U(xzo) < minmod (D U; (X,O),l21

sz‘,l - XiaOH

b
li1

DVz’,l Ui(xi,o) - DV¢,1 Uz‘él )

b _
Hxi,l

(7.32)
DVZQUZI DVZQU(XZO)

[t =i

I

DVi,l Dvi’2 Ui(Xi,O) <~ minmod (DVi,l DVi,Q Ui(Xi70)7 l{l

b DVi,2 U’i(xi,o) - DVi,Z Uilzl )

i1 b
sz‘,l -

The range for the scaling parameters lsz and ¥, k={1,2}, is given in (7.17). In a similar
way, the first order directional derivatives al(;ng v;1 and v;o are computed at the cell
centers of Q;, Q, Q,,,, and €, (Figure 7.3b), and the values at the cell centers are used to
linearly interpolate the values of the first order directional derivatives at the forward and

backward interpolation points X{ , and x?, as

Dy, Uly = B,Dy, ,Uj(x;0) + (1= B,) Dy, , Ur(xk0),
Dy, Uby = 823Dy, U (Xim0) + (1 = 823) Dy, , Un(Xn0),
Dy, ,Uly = B1,Dy, ,Us(x;0) + (1= B/5) Dy, , Ur(x10),
Dy, ,Uby = 825Dy, Un(Xm0) + (1 = 85) Dy, ,Un (Xn0)-

(7.33)
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The directional derivatives D7  U; and Dy, , Dy, ,U; are limited by comparing them to the
forward and backward dlfference along v; o as

DVZQUZQ DVZQU(XZ 0)

me - X@OH

Y

D‘2’i,2 Ui(xi,o) < minmod (D%i,zUi(Xi70), lzf;2

i,2 b
”Xi,z B

b Dvi,2 Ui(xi,o) - sz',z Uz‘b,2 )

(7.34)
; Dy, UL, = Dy, Ui(xi0)

Hxi,z - Xi,OH

Y

DVZQDVHU(XZO) <~ minmod (DVZZDVHU(XZO), i

lb DV¢,1 Ui(xi,o) - DV¢,1 Uz‘lz2 )
2,2

b
me

Next, we limit the first order directional derivatives Dy, U; and Dy, ,U;, evaluated at
X;0. We first compute the numerical solution at the cell centers of the elements in the
limiting stencil (Figure 7.3). For example, to limit D, U;, we compute the solution values
at the cell centers of 2,, (2, €, and 2, and use them to linearly interpolate the solution

values at the forward and backward interpolation points XZ , and X?’l as

= Bl U(xs0) + (1= B U(x00),  UPy = 821 Ua(%a0) + (1= B1)Up(x0). (7.35)

Finally, the directional derivative Dy,,U; is limited by comparing it to the forward and
backward differences along v; ; as

f i\ Xi,0 il\Xi0) — U
Uia = Uixio) 4, Uiio) U’b’l). (7.36)

D, 1U(X10) <~ minmod (DV“U(XM), il

71 b
HXZ =Xl ks =il

The range for the scaling parameters lfk and 17, k= {1,2}, is given in (7.18). In a similar
way, the solution values at the cell centers of Qj, Qp, Q,,, and €2, are computed and used to

linearly interpolate the solution values at the forward and backward interpolation points

f b
X; 9 and X[ o as

Uly = BL3U5(x50) + (1= Bl)Ur(x0)s - Uy = BUm (Xm) + (1= B22)Un(Xp0).  (7.37)

The directional derivative Dy, ,U; is limited by comparing it to the forward and backward
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differences along v; » as

~Ui(xi0) , Ui(xi0) - UYy

) 01,2

Dy, ,Ui(Xi,0) < minmod (DV LU (x0), 1 ) ) (7.38)

b
me xio| T [x72 = xiol

Finally, the modified second order moments Ufo, Ui{l, and 022 are computed by sub-
stituting the limited directional derivatives into (7.26) and (7.25)

2

R 2
U0 =—2_D2 Up+n’0—_h;1 D) U;+n> h;inD. U,
2 12¢/30 7*° ;2 V5 1 Hvin M2 2P 5
o hz th 1 1,0 1,1
Uil’l ) 30v2 via Dvi Ui + 13 Thl 1D1 Ui + ;3 i 2D‘1’z‘,2 Ui, (7.39)
2,
o h D2 h 1y i .
U: U; + U; + ZlDVle +7710h172DVi,2U7"

W 20f Dy Ui 240f DU n“’f

If any of the solution coefficients have been modified, we update the zeroth order solution
coefficient USO using (7.20). If all second order solution coefficients have been modified by
the limiter, then the linear moments are limited using the second order moment limiter [2]

2y

2 L 2
Uly = Ui(xio) -, Ui(xig) - Uf’,z)

Ue minmod ( Uiﬁ ~Uilxio) U Uilxio) - Uﬁl )
;1 B —— _— 1,

(7.40)

(2

U9, <+ minmod ,Uile,
2 ( 2\/3 2 2\/5

and the zeroth order solution coefficient U 00 is updated using (7.20). The forward and

backward interpolation values Us; f and U, bq, q = {1,2}, are linearly interpolated using the
values at the cell centers from respectlve neighboring elements (Figure 7.2). For example,
the forward and backward interpolation values along v; 5 are given by

= B,U5(x0) + (1 = BLy) Ur(xx.0),

7.41
Ub2 = 5£2Um(xm,0) + (1 - 522)Un(xn,0)7 ( )

with 0< 3/, 8%, < 1.
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7.1.4 Implementation Strategy

For each mesh element, we compute the limiting stencil (Figures 7.2 and 7.3) in the pre-
processing stage [53], i.e., for each €;, we store the access IDs to the eight mesh elements
involved in the limiting stencil. Then, we compute and store the constants « in (7.30),
the constants 7 in (7.26) (for ¢ = 2) and interpolation weights § in (7.31). For example, to
apply the limiter for p = 2 on a mesh element of order ¢ = 2, we

1. Compute first- and second-order derivatives using (7.25) and (7.26).
2. Compute lower order derivatives using (7.28).

3. Compute the directional derivatives along the required direction on neighboring ele-
ments using (7.29).

4. Interpolate lower order derivatives and solution values at the interpolation points

using (7.31), (7.35), and (7.37).

5. Apply the minmod function.

7.2 Numerical Results

In this section, we present numerical experiments to analyze the performance of the pro-
posed high-order moment limiter. We perform convergence studies to show that the limiter
maintains the theoretical rate of convergence for smooth problems. Further, we run tests
to show the robustness of the proposed limiter in the presence of discontinuities. In all pre-
sented cases, time-stepping was performed using an explicit Runge-Kutta method of order
p+1 with the CFL condition [50]. Finally, unless stated otherwise, the local Lax-Friedrichs
flux was used.

7.2.1 Advecting hill.

We consider the advecting hill problem on the domain (2 obtained by applying the trans-

formation . .
T(z,y) = (320 _0.3sin(2r )y 53403 sin(27r(;—x))) (7.42)

2

to the square domain [-1,1] x [-1,1]. For this test case, the flux in (1.8) is given by
F = [u,u] and the initial condition is ug(z,y) = 2.5exp(%), where R = 0.15 and r =

/(7 -0.25)2 + (y - 0.25)2. We solve the problem on a sequence of curvilinear meshes A-F
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of order ¢ = 2 and g = 3. Mesh A is a coarse unstructured curvilinear mesh consisting of
240 triangular elements (Figure 7.4). Meshes B-F are obtained by nested refinement of the
preceding mesh.

Figure 7.4: Mesh A, consisting of 240 second-order triangular elements, for the advecting
hill problem

Tables 7.1 and 7.2 show, respectively, the L; errors and rates of convergence for p =1,
p =2, and p = 3 DG approximations at ¢ = 0.4 with and without limiting on second-
and third-order triangular meshes. We observe that limited solutions converge with the
theoretical rates. It is expected that a limiter will increase the magnitude of the numerical
error. We note that such an increase in the error is modest.

Mesh | Nb L1 error
p=1 p = 1 (unlimited) p=2 p = 2 (unlimited) p=3 p = 3 (unlimited)
A | 240 | 346002 () 121002 (1) 149002 (1) 1.09¢-03 (1) 1.690-02 (1) 1.060-04 (-)
B | 952 | 6.8%0-03 (2.33) | 2.61c:03 (2.21) | 5.930-04 (4.65) | 1.300-04 (2.97) | 1.360-04 (6.95) | 7.580-06 (3.8)
C | 3814 | 145003 (2.25) | 6.100:04 (2.00) | 5.726-05 (3.37) | 1.78¢-05 (2.07) | 1.946-06 (6.13) | 5.640-07 (3.75)
D | 15,576 | 2.660-:04 (2.44) | 1.41c-04 (2.11) | 5.54¢-06 (3.37) | 2.15c-06 (3.05) | 8.13-08 (4.57) | 3.350-08 (4.07)
E | 62,104 | 5.610-05 (2.24) | 3.620:05 (1.96) | 5.580-07 (3.31) | 2.72-07 (2.08) | 4.020-00 (4.34) | 2¢-09 (4.07)
F 247,688 | 1.22e-05 (2.20) | 9.15e-06 (1.98) | 5.23¢-08 (3.41) | 3.36e-08 (3.01) 1.94¢-10 (4.37) 1.32¢-10 (3.92)

Table 7.1: Ly errors for the linear advection of an advecting hill at ¢ = 0.4 on an unstructured
curvilinear triangular mesh of order ¢ = 2. The numbers in parentheses are the observed
rates of convergence.
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L1 error

Mesh Nb p=1 p = 1 (unlimited) p=2 p = 2 (unlimited) p=3 p = 3 (unlimited)
A | 240 | 346002 () 121602 (1) 158002 (1) 111e-03 (1) 1.690-02 (1) 1.09¢-04 (-)
B | 952 | 6.800-03 (2.33) | 2.61c-:03 (2.21) | 5.94c-04 (4.65) | 1.420-04 (2.97) | 1.18c-04 (6.95) | 7.97c-06 (3.8)
C | 3814 | 1.450-03 (2.25) | 6.156-:04 (2.09) | 5.74-05 (3.37) | L.81e-05 (2.97) | 1.89e-06 (6.13) | 5.96e-07 (3.75)
D | 15576 | 2.67e-04 (2.44) | 1.42¢-04 (2.11) | 5.55¢-06 (3.37) | 2.19e-06 (3.05) | 7.95¢-08 (4.57) | 3.53¢-08 (4.07)
E | 62,104 | 5.630-05 (2.24) | 3.650-05 (1.96) | 5.600-07 (3.31) | 2.750-07 (2.98) | 3.950-00 (4.31) | 2.11c-09 (4.07)
F 247,688 | 1.23e-05 (2.20) | 9.21e-06 (1.98) | 5.26e-08 (3.41) | 3.39¢-08 (3.01) | 1.93e-10 (4.37) | 1.39¢-10 (3.92)

Table 7.2: L, errors for the linear advection of an advecting hill at ¢ = 0.4 on an unstructured
curvilinear triangular mesh of order ¢ = 3. The numbers in parentheses are the observed
rates of convergence.

7.2.2 Rotating shapes.

Next, we solve the rotating shapes problem with the flux in (1.8) given by F = [-27yu, 2w xu].
The initial condition consists of a hill and a square pulse ( Figure 7.5 ) and is given by

—

=

Iy
wﬂ%l“

Figure 7.5: Initial condition for the rotating shapes problem.

cos?(2nr), if r <0.25,
up(z,y) =11, if max(|z -0.35|,|y|) <0.25, (7.43)

0, otherwise,
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where r = \/(x +0.5)? + y2. The exact solution is a rotation of the initial condition about
the origin. The problem is solved on the domain €2 obtained by applying the transformation

(1+
2

T(z,y) = (:1:—0.1 cos(2m y)),1y+0.1 cos(27r(1;—$))) (7.44)

to the square domain [-1,1] x [-1,1]. The problem is solved until ¢ = 1 on curvilinear
meshes of 12,800 triangular elements of order ¢ = 2 (Figure 7.6) and ¢ = 3.

Figure 7.6: Second-order curvilinear mesh of 12,800 elements, for the rotating shapes
problem.

Figures 7.7 and 7.8 show the isolines and the solution profiles at y =0, = 0.5,0.55, ob-
tained using second, third, and fourth order DG approximations with and without limiting
on the second-order mesh while Figure 7.9 shows the corresponding isolines and solution
profiles obtained on the third-order mesh with limiting. The quality of the solution is
comparable to the results obtained on a 80 x 80 Cartesian mesh using the moment limiter
described in [25] and to the results obatined on an unstructured triangular mesh using the
moment limiter described in [57]. We note that while the discontinuities are resolved well
by all three moment limiters, the peak of the hill is captured well only by the third and
fourth order moment limiters. This can be attributed to the phenomenon of clipping at
the local extrema by a second order slope limiter. Moreover, while all three limiters are
successful in reducing the spurious oscillations near discontinuities, from Figures 7.7b and

163



(a) Isolines with second order moment limiter. (b) Isolines with third order moment limiter.
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(c) Profile of the solution along y = 0.

7.9b we see that discontinuities are sharper with high-order limiters. The above observation
is further supported by the solution profiles shown in Figures 7.7e and 7.9e.
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(d) Profile of the solution along x = 0.5. (e) Profile of the solution along x = 0.55.

Figure 7.7: Rotating shapes at ¢ = 1 with limiting on a curvilinear mesh with 12,800
triangular elements of order ¢ = 2.
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(c) Profile of the solution along y = 0.
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Figure 7.8: Rotating shapes at ¢ = 1 without limiting on a curvilinear mesh with 12,800
triangular elements of order g = 2.

7.2.3 Isentropic vortex.

Next, we test the performance of the high-order limiter when applied to a system of non-
linear equations, for example, the Euler equations given by

p pu pv
J | pu O\ pu2+p 0 PUV
— — — =0 7.45
ot|ov | oz| puo |7 oy| pv?+p ’ (7.45)
E (E+p)u (E+p)v

where p is the density, pu and pv are the x- and y-direction momenta, F is the energy, and
the pressure, p, is given by the equation of state p = (7 -1) (E - E(u?+ vg)).

We solve the smooth isentropic vortex problem described in [51] with the initial condi-

tions

1

’7_1 T vt p7 ﬁ z 6 r
p:(l_ (SWZ)(MB)QQ ) , pzf)/MQ’ u:ﬁye27 U:_Qﬂ-Rx62’ (746)

where 7 = =90 R - 15 3= 135 4 = 1.4, and M = 0.4. With the given initial
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(a) Isolines with second order moment limiter. (b) Isolines with third order moment limiter.

(c) Profile of the solution along y = 0.

conditions, the exact solution is stationary and given by (7.46). We solve the problem on
domain €2 obtained by applying the transformation

(1+y)
2

. (1+x)
),3y+0.3s1n(27rT)) (7.47)

T(z,y) = (3£E - 0.3sin(27

to the square domain [-3,3]x[-3,3]. The L; errors in density and the observed convergence
rates for p=1, p=2, and p = 3 DG approximations at the final time are reported in Table
7.3 for second-order meshes and in Table 7.4 for third-order meshes. As with the linear
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(d) Profile of the solution along x = 0.5.
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(e) Profile of the solution along x = 0.55.

Figure 7.9: Rotating shapes at ¢ = 1 with limiting on a curvilinear mesh with 12,800
triangular elements of order ¢ = 3.

advection, we see that the proposed limiter maintains the theoretical convergence rates
and introduces only modest errors.

L1 error
Mesh Nb p=1 p = 1 (unlimited) p=2 p = 2 (unlimited) p=3 p = 3 (unlimited)

A 240 2.81e-01 () 6.83¢-02 () 8.6e-02 (1) 5.636-03 (-) 7.356-02 (-) 3.4be-04 (-)

B 952 | 8.00¢-02 (1.8) | 1.64e-02 (2.06) | 1.260-02 (2.77) | 7.550-04 (2.80) | 5.96e-04 (6.95) | 2.150-05 (4.0)
C | 3814 | 1.98¢-02 (2.03) | 3.98¢-03 (2.04) | 6.51e-04 (4.27) | 1.02e-04 (2.80) | 1.97e-05 (4.01) | 1.41e-06 (3.93)
D 15,576 | 4.71e-03 (2.07) | 9.67e-04 (2.04) 7.86e-05 (3.05) 1.26e-05 (3.02) 1.05e-06 (4.23) | 8.31e-08 (4.08)
E 62,104 | 1.18e-03 (1.99) 2.42e-04 (1.99) 1.02e-05 (2.95) 1.67e-06 (2.92) 6.18e-08 (4.09) 5.42e-09 (3.94)
F | 247,688 | 3.28¢-04 (1.85) | 6e-05 (2.01) | 1.23¢-06 (3.05) | 2.16e-07 (2.95) | 3.07e-00 (4.33) | 3.42¢-10 (3.97)

Table 7.3: Lp errors for the isentropic vortex problem at ¢ = 0.5 on an unstructured
curvilinear triangular mesh of order ¢ = 2. The numbers in parentheses are the observed

rates of convergence.

7.2.4 Shock-cylinder interaction.

Next, we solve the interaction of a Mach 2 shock wave with a cylinder to test the perfor-
mance of the proposed limiter in the presence of discontinuities. The setup for the problem,
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L1 error
Mesh Nb p=1 p = 1 (unlimited) p=2 p = 2 (unlimited) p=3 p = 3 (unlimited)

A | 240 | 28le01 () 6.81e-02 (1) 8.85¢-02 (1) 5.746-03 (1) 6.200-02 (1) 3.70e-04 (1)

B | 952 | 8.090:02 (1.8) | 1.620:02 (2.06) | L.29¢-02 (2.77) | 7.730-04 (2.80) | 7.51c-04 (6.95) | 2.290-05 (4.0)
C 3,814 | 1.98e-02 (2.03) 3.92¢-03 (2.04) 6.56e-04 (4.27) 1.05e-04 (2.89) 1.94e-05 (4.91) 1.49¢-06 (3.93)
D | 15,576 | 471003 (2.07) | 9.520-04 (2.04) | 7.95¢-05 (3.05) | 1.33c-:05 (3.02) | 1.01e-06 (4.23) | 8.83¢-08 (4.08)
E | 62,104 | 1.180-03 (1.99) | 2.380-04 (1.99) | 1.03c-05 (2.95) | 1.74e-06 (2.02) | 6.07c-08 (4.09) | 5.730-00 (3.94)
F 247,688 | 3.29¢-04 (1.85) | 5.92e-05 (2.01) 1.25e-06 (3.05) | 2.21e-07 (2.95) | 3.02e-09 (4.33) | 3.61e-10 (3.97)

Table 7.4: L; errors for the isentropic vortex problem at ¢ = 0.5 on an unstructured
curvilinear triangular mesh of order ¢ = 3. The numbers in parentheses are the observed
rates of convergence.

described in [21], consists of a Mach 2 shock starting at « = 0.2 and a cylinder of radius
r =0.15 centered at (0.5,0.5). The states to the left U; and right U, of the shock wave are
given in Table 7.5. The problem is run until £ = 0.3. We solve the problem on an annular

U, U,
p|11.2/3 1.4
ul| 1.25 0
v 0
p 4.5 1

Table 7.5: States to the left and right of the initial shock for the shock cylinder interaction
test case.

domain 2 of inner radius r = 0.15 and outer radius R = \/5/ 2. The domain is discretized
into a structured polar mesh of 209,300 second-order triangular elements. Figures 7.10
show the density isolines at ¢ = 0.3 obtained using p = 1 and p = 2 DG approximations
on the second-order curvilinear mesh. Once again, we observe that both approximations
capture the shock structures and their interactions well.

7.2.5 Strong shock interactions.

Next, we test the performance of the limiter in the presence of shock-shock interactions.
The initial conditions for the test problem are taken from the two-dimensional Riemann
test suite proposed in [55] and shown in Figure 7.11. The simulation is run until ¢ = 0.8
on a mesh of 247,688 second-order triangular elements. Figure 7.12 shows the density
isolines at t = 0.8 obtained using the second and third-order DG approximations and the
respective moment limiters. We note that the higher order method better resolves the
vortical structures along the contact discontinuities.
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(a) Density isolines with p = 1. (b) Density isolines with p = 2.

7.2.6 Double Mach reflection.

Finally, we solve the double Mach reflection problem to test the performance of the pro-
posed moment limiter in the presence of strong discontinuities. The initial set-up for the
problem (Figure 7.13) is taken from [25]. The initial condition consists of a Mach 10 shock
wave impinging on a reflecting wall at an angle of 60°. The states to the left (U;) and
to the right (U,) of the shock wave are given in Table 7.6. The simulation is run until
t = 0.2 on a computational domain [0,3.5] x [0,1] discretized into 252,232 second-order
triangular elements. Figure 7.14 shows the density isolines at ¢ = 0.2 obtained using second

U, | U,

p 8 1.4
s=v-n| 825

) 116.5 | 1

Table 7.6: States to the left and right of the initial shock for the double Mach test case.

and third order DG approximations with the respective moment limiters. The results are
comparable to the results in [25] obtained using a moment limiter on Cartesian mesh and
to the results in [57] obtained using a moment limiter on triangular meshes. We observe
that both DG approximations resolve the shock structures well. We also note that the
slip line near the primary triple point is tighter for the higher order approximation (Figure
7.15b).  Finally, we report the computational cost of limiting in Table 7.7. The limiter
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(c) Density along surface of the cylinder.

Figure 7.10: Density isolines at t = 0.3 for the shock cylinder interaction example on an
structured polar mesh of 209,300 second-order triangular elements.

01) (11)

(p, u,v, P) = (0.5323,1.206,0,0.3)
pyu,v, P) =
1.5,0,0,1.5)
0.8,0.8)
(p,u,v, P) = (0.138,1.206, 1.206, 0.029)
p,u,v, P) =
(0.5323,0,
1.206,0.3)
(0,0) (1,0)

Figure 7.11: Modified initial condition for 2D Riemann problem.

takes at most sixteen percent of the total run time of a parallel GPU implementation of
the modal discontinuous Galerkin method [51].
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(a)

Figure 7.12: Density isolines at ¢ = 0.8 for the shock-shock interaction example for a) p =1,
b) p =2, on a mesh of 247,688 second-order triangular elements.

1.

0 e 3.5

Figure 7.13: The initial set-up for the double mach reflection test case.

7.3 Summary

We have presented a high-order moment limiter for the DG method on unstructured curvi-
linear triangular meshes. The limiter works by limiting solution coefficients (moments)
hierarchically starting with the highest. The limiter stops when either a set of solution
coefficients that are not modified or the zeroth order moment is encountered. The hi-
erarchical implementation prevents overlimiting, especially near solution extrema where
employing a second order limiter leads to ’clipping’ of the extrema.
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(b) Density isolines with p = 2.

Figure 7.14: Density isolines at ¢t = 0.2 for the double Mach test case on a final mesh of
252,232 second-order triangular elements.

(a) Zoom in near slip line for p = 1. (b) Zoom in near slip line for p = 2.

Figure 7.15: Density isolines at ¢t = 0.2 for the double Mach test case on a final mesh of
252,232 second-order triangular elements.

Numerical experiments presented in Section 7.2 demonstrate that the DG method with
the proposed limiter eliminates spurious oscillations and is robust in the presence of dis-
continuities. Further, the experiments also show that the limiter solution retains the the-
oretical convergence rate for smooth solutions.

The proposed limiter makes use of a compact reconstruction stencil computed [53] once
during the preprocessing stage. The implementation of the limiting strategy involves only a
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p | Run time (s) | Limiting time (s) | Time steps
1 228.4 16.2 (7.1%) 10,062
2 1566.65 222.81 (14.2%) 16,702
3 41313 672.9 (16.2%) 20,842

Table 7.7: Limiting time for the double Mach reflection example for p =1, 2, and 3 DG
approximations on a mesh of 252,232 second-order triangular elements. The limiting time
as a percentage of the total run time is given in parenthesis under ” Limiting time”.

simple set of algebraic expressions involving the solution coefficients and some precomputed
parameters. Thus, the limiter takes only a small percent of the total computing time (
~ 16%) in a parallel implementation, which is relatively modest.
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Chapter 8

Slope limiter on tetrahedral meshes

In this chapter, we present and analyze a class of scalar slope limiters for the DG method
on unstructured tetrahedral meshes. The limiter works by multiplying linear solution
coefficients by a scaling factor «; € [0,1] such that the value of numerical solution at select
limiting points along the element boundary remains bounded by solution averages from
a neighborhood of the element. The above limiter along with a valid time step ensure
that the numerical solution satisfies local maximum principle (LMP) (8.18) in means. The
performance of the limiter depends on the choice of the limiting points as well as the
limiting neighborhood. For a triangular mesh, it was shown in [22] that for the limited
solution to retain its second order accuracy, the limiting points must lie within the convex
hull formed by the cell centroids of the elements in the limiting neighborhood. The same
proof and conclusion follows for a tetrahedral mesh. A simple choice for a neighborhood
that always satisfies the above condition is the vertex neighborhood, i.e., the neighborhood
consisting of elements sharing a vertex with the element.

We give a short description of the second order slope limiter in Section 8.1. We analyze
the stability of the limited solution for scalar linear conservation laws in Section 8.1.2
and scalar nonlinear conservation laws in Section 8.1.3. Finally, we present numerical
experiments in Section 8.2 to verify the performance of the proposed limiter.

8.1 Limiting Algorithm

The second order DG approximation on §2;, written as a linear combination of polynomial
basis, is

Uin(ra S, t) = U’ZLOSOO(ra S, t) + Uiillgol (7’, S, t) + ﬁﬁQ@Q(ra S, t) + 023903(70’ S, t)? (81)
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where the constant and linear basis functions are given by

o =06
©1=-V10+4V10r

(8.2)
Yy = —2\/3 + 2\/57“ + 6\/58
w3 =-2V15+2v 157 + 2V 155 + 4/ 15¢.
A
i S
L (0,1,0)
(0,0,0)
—_————— e e — »
(1,0,0) T
! (0,0,1)
ot
'/.
Figure 8.1: Reference tetrahedral element €.
The limited numerical solution is given by
Uzn = 020@0(7"7 S, t) +Q; (UzT,LlSDl (T7 S, t) + UZ}Q@Q(Ta S, t) + 01??3903(7’7 S, t)) ) (83)

where «; is a scalar multiplier that lies in the interval [0,1] and is computed using the
following algorithm
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1. Compute the minimum and maximum cell averages in a neighborhood of €;, i.e.,

m; = grgl]lvlzl U, and M, = max Uj, (8.4)
where NN; is a set containing the irgiices of ; and elements in the neighborhood of
Q;, e.g., vertex neighborhood and U; is the solution average in €2;.

2. Compute the coefficient y;(x;) at each limiting point xg, e.g., face midpoints, quadra-
ture points, etc., as

M. -U, =
Z—[]l_’ if Ui(Xk)_Ui>Ou
Ui(xx) = U;
viba) =4 _mizUi ey T <0,
Ui(xx) = U,

1 otherwise.

3. Finally, compute the scalar multiplier o; as

;= min(l,mkinyi(xk)). (8.6)

Remark 1. We note that limiting the solution U* using (8.3) doesn’t change the cell
average U :L in ; and thus, doesn’t affect conservation.

8.1.1 Second order accuracy

For a triangular element in two dimension, it was shown in [22] that for the slope limiter to
be second order accurate, the limiting points must lie within the region enclosed by the cell
centroids of the neighborhood used in limiting. The same result extends to slope limiting
on terahedral elements.

For the slope limiter to be second order accurate, the scaling coefficient «; should be
equal to one for exact linear solutions. Let’s assume that the limiting points on €2; lie within
the region enclosed by the cell centroids of the neighborhood used in limiting, N;. Now,
assume that the exact solution u(x) is linear. Therefore, on §2;, the numerical solution
Ui(x) = u(x). From the above two assumptions, the solution at the limiting points on
will be bounded by the maximum and minimum solutions values at the cell centroids in
N;, ie.,

m; < Ul(Xk) < Mi, (87)
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where m; = minjey;, Uj and M; = maxjey, Uj. Subtracting the cell average U, from (8.7)
gives

From (8.8), we observe that the coefficient y;(x) in (8.5) evaluated at limiting point x
will always be greater than one. Therefore, from (8.6), the scaling coefficient «; will be
one and the solution remains unchanged. However, if any of the limiting points, say x;,
lies outside the region enclosed by the cell centroids in V;, then (8.7) and thus (8.8) may
no longer be satisfied at x;. Therefore, either m; — U; > U;(x;) - U; or Us(x;) = U; > M; - U,
and following the algorithm to compute the scalar multiplier, «; could end up belng less
than one.

8.1.2 Stability analysis for linear advection

Consider the case where (1.8) is a scalar linear advection equation, i.e.,
u + V- (au) = 0. (8.9)

Setting k = 0 in (1.38) and multiplying with /6, we get

au” 1
Lo F (U, U") -, dl, 8.10
P fé (Ur, U™ n,, (8.10)

where UZH = \/BU(? is the cell average and |;| = 6det J; is the volume of the tetrahedron
;. After one Euler time step, the cell average in €Q; is

n+

7T Zf F (U Uy) il (8.11)
|Q|] N¢

€

For linear advection, the flux in (1.8) is given by F(u) = ua, where a is the flow direction.
Choosing the upwind flux as the numerical flux gives us

(a-ni,j)Ui, iijN;7

8.12
(a-ni,j)Uj, ifjeNi_, ( )

F*(Ui, UJ) . l’li’j = {
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where N} and N are, respectively, the indices of the outflow and inflow neighbors of €,

ie., Nf={jeN¢l+(a-n;;)>0}. Further, from the divergence theorem we have

Z ﬂg ﬁ?a-ni’jdl = Z U?|a-ni7j||59i,j| - Z U?|a-ni,j||59i,j| =0. (813)

JeN? 6,3 JeN; JeN;

Substituting (8.12) and (8.13) in (8.11), we get

7

S (U (xiy) - Uy ) la-ml[6€ - > (Uz‘n(xi,j)_U?)|a‘ni,j”59i,j|]7

JjeN; JjeN;

(8.14)

where the midpoint of the face 6€; ; is chosen as the quadrature point x; ;. If the solution
is limited at time ¢,, then (8.14) becomes

—n+l —=n At Fn —n Fn —n
Ui =0+ | 2 (07 (i) = U e myallo€il = 30 (U7 (xig) = U) la-m 1025
| 2| JeN; JeN}
(8.15)
where U™ is the limited solution. We aim to rewrite (8.15) in the form
U =60, + - 0kU, (8.16)
k

where Uy, is either the cell average or a convex combination of cell averages in some neigh-
borhood of €2;. If the scaling coefficients ¢ satisfy

0,>0, 0920, and o+ b, =1, (8.17)
k

then the right hand side of (8.16) is a convex combination of cell averages in some neigh-
borhood of €2;, and thus, the numerical solution in €2; satisfies the local maximum principle
(LMP) in the means, i.e.,

. =n  —n+l -n
minU, <U; <maxU,, (8.18)
keN; keN;

where N is a set containing the indices of €; and its neighbors.

For a scalar linear conservation law, we choose the face centers as the limiting points
while computing the scalar multiplier o; in (8.3). Consider the following proposition, proof
of which is provided in Section 8.4.1.
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Proposition 1

For a face center x; ;, there exists a scalar multiplier ;. and another face center x;; such
that

Ui(X@j)—Ui =Tfe (Ui_Ui(Xi,k))7 OSTfCSB. (819)
Using (8.13) and (8.19), the expression on the right hand side of (8.15) can be rewritten
as
—n+l —n At n n
U, =U, +ﬁ Z (U (xi5) - )|a n;,(|6€2; 5] - Z (U (xi5) - )|a n;;[[0€2 |,
| Z| JeN; JeN;
—n At S S —n
=Ui+g > (U (xi) = U3 ) famyall o + 3 rpe (U7 (xi0) = U3) - 5[0 51 |
| l| JeN; jeN;
At —n
O, Z |a- n]l||5QzJ| Q. Z 74f0|a'I12'7J‘||5Qi,j| U
| |_]EN_ | |]eN+
At

"l

JeN; jeN;

Z U"(X”)|a n; Z||5Qw|+ Z rfcf]in(xi,j’”a'ni7j||5Qi,j|:|v

i At
"l

) Z ja- nJZ|5Qu|

| | JeNT

> UF(xig)la-my |92,

JEN

+ T’ch{‘(Xz‘,j'ﬂa'l’lz‘,j||59z‘,j|]

JjeN;
(8.20)

which is of the form (8.16). We note that all of the scaling coefficients on the right hand
side of (8.20) add up to one. As a result of limiting, the solution values at face centers are
bounded by the minimum and maximum cell averages in a neighborhood of €2;. Further,
by construction, the scaling coefficients of the values of the limited solution at face centers
are non negative. Therefore, to satisfy (8.17), the scaling coefficient of Uj should satisfy

(1+Tf0) |Q| Z |a n]1||5Qlj|<1
JeN;
X o (8.21)
At < .

Lt rpe ¥jen- o my |09 51

From (8.19), we note that ;. <3. Applying this in (8.21), we obtain a slightly restrictive
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condition on the time step
1 62|

At < -
4% jen-la- 1[0 4]

(8.22)

In general, the expression for the measure of cell size on the right hand side of (8.22)
depends on the direction of wave propagation. Instead, as noted and proved in [23], we
can use a slightly restrictive but simpler measure of cell size

||

hi= 3,
|(SQZ'71| + |6Ql,2|

(8.23)

where [0€2; 1| and |0€2; 1] are the two largest face areas of €;. Combining (8.22) and (8.23),
we have

1 h;
At < 24
12]al (8:24)

8.1.3 Stability analysis for scalar nonlinear conservation laws

Consider the case where (1.8) is a scalar nonlinear hyperbolic equation, i.e.,
u+ V- (F(u)) =0. (8.25)

Setting k£ =0 in (1.38) and multiplying with /6, we get

au” 1
i__ 1 F (U™, U -n, dl. 8.26
- |Qi|j§.&fmi,j Ur,U) -ny, (8.26)

Therefore, after one Euler time step, the cell average in §2; is given by

—n+l —n * n n

]eNe

As the cell average U:L is a constant, from the divergence theorem we have
5 f F* (U, TU") i dl = 0. (8.28)
jeNe J 0%

Using (8.28), a three point quadrature rule to compute the nonlinear flux on face 4€2, ;,
and denoting the normal flux at a quadrature point x -on 082, ; as

Fq(Ui,Uj) :F;(Ui,Uj)~nm, (829)
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we get

> S (B U U - By (T T7)) 10921 (8.30)

If the solution is limited at time ¢, then (8.30) becomes

—n+ -—n At T T
gt - - D Z( (U UM) -F (U, U;)) 69, (8.31)
3|Q |]ENE =

where U™ is the limited solution. Next, adding and subtracting Fo(U; , U ') at each quadra-
ture point in (8.31), we get

—n+l —n At 3 B N )
U 2 2 (RO 07) By (U7, U7) = By (U7, T7)) 9,
3|Ql|jeNe =
= Z ZéFQ(e 1 U”) (UT.L—U."(X(,I. )’5(2 | (8.32)
3|Q |JeN5q laUl b ¢ v Y 4J .
At IF, -

3|Q|]§628U2 7, 050) (UP(x) =T, ) 169,41,

where 6,1, lies between Ui”(xzj) and U, , 0,1, lies between 0f(x§7j)Aand U,. By the
monotonicity property of the numerical flux, the partial derivatives of F, satisfy

F
Fuq= 7? >0, Fu,q=-=-2>0. (8.33)

(8.34)

where Uy, is either the cell average or a convex combination of cell averages in some neigh-
borhood of €2;. If the scaling coefficients wy satisfy

wp>0, and Y wg<1, (8.35)
k

then the right hand side of (8.16) is a convex combination of cell averages in some neigh-
borhood of €2;, and thus, the numerical solution in {2; satisfies the local maximum principle
(LMP) (8.18) in means.
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For a scalar nonlinear conservation law, we choose the three point quadrature points on
each face as the limiting points while computing the scalar multiplier «; in (8.3). Consider
the following proposition, whose proof is provided in Section 8.4.2.

Proposition 2

For a quadrature point x; ; from the three point quadrature rule on face 0€2; ;, there exists
a scalar multiplier 73, and another quadrature point x;;, possibly on a different face, such
that

Ui(xi,j) - ﬁz =T3q (Uz - Uz(xz,k)) s 0< T3¢ < 5/3 (836)

Using (8.36) and (8.33) in (8.32), we get

—n+l — 3, - . 4 T
i =Ui+ 3|Q | ) z:: Fu,q [qu (Ui (Xg,j') -U; )] 1062
At i (8.37)
Z Z FU2 q (Un(x ) U ) |5Qi:j|7
3|Q | N

which is of the form (8.34). As a result of limiting, the solution values at the quadrature
points on all faces are bounded by the minimum and maximum cell averages in the limiting
neighborhood of €2;. Moreover, we require the scaling coefficients to satisfy (8.35). To do
so, we need to impose the following restriction on the time step size

At 3., .
3|Q| Z Z (FUl,qr3q + FUz,q) |5Qi,j| <1
J

jeNe Lg=1
At — N Y 3(rag+1)]69 <1
3 7
3|Q | JeN? ! 7

(8.38)
1 €2
(1+73g) Ai Zjene
1 hic

At < ——=
T8N

At <

€%

Y jene 092 5]

where ); is the maximum wavespeed in the element and h; . = 3
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8.2 Results

In this section, we present numerical experiments to analyze the performance of the pro-
posed scalar limiter. We show numerically that the derived restrictions on the time step
for linear stability is valid. Through convergence studies, we show that the limited solution
retains second order rate of convergence for smooth problems. Finally, we also run tests
to show the robustness of the proposed limiter in the presence of discontinuities. In all
presented cases, unless stated otherwise, time-stepping was performed using an explicit
second order Runge-Kutta method with the CFL condition (8.21).

8.2.1 CFL verification.

We provide numerical examples to show that the time step restriction derived in Section
8.1.2 for linear stability is tight. To do so, we construct a structured and tiled tetrahedral
mesh with the same minimum cell width for every tetrahedron. To construct the mesh, we
first divide a cube of side a = 1/30 into six tetrahedra using the decomposition shown in
Figure 8.2. Next, the tetrahedral decomposition of the cube is tiled on the domain [-1,1]3
resulting in a structured mesh of 1,296,000 elements. For the decomposition in Figure 8.2,

1
the minimum cell height for each tetrahedron in the cube is h; = %\/5, along the direction

[1,1,0].0n the tiled mesh, we solve the scalar advection equation, with the flux in (1.8)
given by F = [u,u,0] until the final time ¢ = 0.25.The initial condition is given by

1, ify/x?+y?+22<0.25,

. (8.39)
0, otherwise.

uo(x,y,2) = {

185



X

Figure 8.2: Decomposition of cube into tetrahedra.

Table 8.1 shows the maximum and minimum cell averages of the numerical solution
observed until the final time. We note that the numerical solution remains bounded within
the initial global bounds at the CFL of 1/12 for the forward Euler time stepping, agreeing
with the analysis. For RK2 timestepping, we note that it is possible to take larger CFL
and the solution averages still remain within the initial global bounds.

1/CFL Maximum Minimum 1/CFL Maximum Minimum
6 14-8.896752e-04 | -3.440212¢-04 6 142.359015e-02 | -6.377838e-04
8 141.889171e-04 | -1.254546¢-05 8 145.951599e-03 | -5.951599¢-03
10 14-7.426556e-06 | -8.941661e-17 10 141.091354e-08 | -7.366143e-16
11 141.554312¢-15 | -8.004176e-17 11 14+1.842021e-08 | -5.316378e-16
11.5 | 1+41.332268e-15 | -8.053579e-17 11.5 | 14+4.628808e-11 | -4.064670e-16
12 141.332268e-15 | -7.328884e-17 12 14-2.220446e-15 | -5.299669¢-16
(a) RK2. (b) Forward Euler.

Table 8.1: Global bounds of solution averages until ¢ = 0.25 on a mesh of 1,296,000
tetrahedra for the advecting spherical pulse problem.
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8.2.2 Advecting hill.

We solve the scalar advection equation on the domain Q = [-1,1]3, with the flux in (1.8)
given by F = [u,u,u]. The initial condition is

T
cos(=r)?, r<l,
UO(*/E’:%Z) = { (2 ) ) (840)

0, otherwise

where 7 = 21/(z)2 + (y)? + (2)2. The problem is solved until ¢ = 0.25 on a series of unstruc-
tured tetrahedral meshes A—D. Mesh A is the coarsest with 4485 tetrahedra while meshes
B-D are obtained by the nested refinement of the preceding mesh. Tables 8.2 and 8.3 show
the Ly errors and the observed convergence rates for the second order DG approximation
with and without limiting. We observe that the limited solution retains the second order
rate of convergence, when the solution is limited at face midpoints as well as second de-
gree quadrature points. Applying a limiter is expected to introduce errors in the solution.
However, we note that such errors are relatively modest.

L1 error
Mesh | Number of elements Tinited Tnlted
A 4,485 1.56e-02 (-) 1.5e-02 (-)
B 35,347 4.1e-03 (1.93) | 4.6e-03 (1.7)
C 271,899 9.66e-04 (2.08) | 1.1e-03 (2.06)
D 2,178,457 2.04e-04 (2.24) | 2.5e-04 (2.14)

Table 8.2: L; errors for the advecting hill problem at ¢ = 0.25 with and without limiting,
using vertex neighborhood and face midpoints as limiting points. The numbers in paren-
theses are the observed rates of convergence.

L1 error
Mesh | Number of elements Tmited Tolimited
A 4,485 2.12e-02 (-) 1.5e-02 (-)
B 35,347 5.7e-03 (1.89) | 4.6e-03 (1.7)
C 271,899 1.28e-03 (2.15) | 1.1e-03 (2.06)
D 2,178,457 2.51e-04 (2.35) | 2.5e-04 (2.14)

Table 8.3: L; errors for the advecting hill problem at ¢ = 0.25 with and without limiting,
using vertex neighborhood and second degree quadrature points as limiting points. The
numbers in parentheses are the observed rates of convergence.
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Figure 8.3: The edge neighborhood for element 2;.

To show the effect of the choice of limiting neighborhood on the solution accuracy, we
repeat the convergence study with the edge neighborhood i.e., all elements that share a
face with €; (Figure 8.3, shaded region), as the limiting neighborhood and the face centers
as the limiting points. Table 8.4 shows the L; errors and the observed convergence rates for
the second order DG approximation with and without limiting. We note that for the chosen
limiting configuration, the limited solution does not retain the second order convergence
rate, thus corroborating the discussion in Section 8.1.1.

L1 error
Mesh | Number of elements Tited nlimited
A 4,485 2.35e-02 (-) 1.5e-02 (-)
B 35,347 8.677e-03 (1.44) | 4.6e-03 (1.7)
C 271,899 3.62e-03 (1.26) | 1.1e-03 (2.06)
D 2,178,457 1.66e-03 (1.12) | 2.5e-04 (2.14)

Table 8.4: L; errors for the advecting hill problem at ¢ = 0.25 with and without limiting,
using edge neighborhood and face midpoints as limiting points. The numbers in parentheses
are the observed rates of convergence.
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8.2.3 Rotating Shapes.

We solve the rotating shapes problem with the flux in (1.8) given by F = [-27yu, 2wzu, 0].
The initial condition consists of a hill and a square pulse given by

cos?(2nr), if r <0.25,
uo(z,y,2) =41, if max (Jz—-0.35],]y|,|2|) < 0.25, (8.41)

0, otherwise,

where 7 = \/(2+0.5)2 +y2 + 22, The exact solution is a rotation of the initial condition
about the origin. The problem is solved until ¢ = 1 on an unstructured mesh of 3,150,670
tetrahedral elements. Figure 8.4 shows the isosurface of the limited solution for z < 0
at the final time while Figure 8.5 shows the isolines and the solution profiles at z = y =
0, 2z =0, =0.5, and z = 0,z = 0.55, obtained using p = 1 DG approximation with and
without the limiter. The quality of the solution is comparable to the results obtained
using the moment limiter described in [25] on a 80 x 80 Cartesian mesh and the second
order moment limiter described in [23] on an unstructured mesh of 3,049,851 tetrahedral
elements. From Figures 8.5a, 8.5b and 8.5c, we note that the limiter successfully reduces

T

Figure 8.4: Isosurfaces of the limited solution to the rotating shapes problem for z < 0 at
t=1.

oscillations near the discontinuities. This is further supported by the solution profiles in
Figures 8.5d and 8.5f. We note that the accuracy near the peak of the hill has reduced
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which can be attributed to the well known phenomenon of ’clipping’ at local extrema by a
second order slope limiter. Furthermore, from the profiles of the limited solutions in 8.5d
and 8.5e, we observe that the solution is better resolved when we choose the face midpoints
as the limiting points over the second degree quadrature points. This is to be expected as
limiting at second degree quadrature points is more restrictive compared to applying the
limiter at face centers.

(a) Isolines with second order limiter, midpoint(b) Isolines with second order limiter, quadrature
as limiting points. points as limiting points.

4 — exact

L === unlimited
——- midpoint
—-- quadpoints

0.8

0.6

0.4 4

0.2 4

0.0 4

v

-1.00 —0.75 -0.50 —0.25 0.00 0.25 0.50 0.75 1oo
X

(¢) Isolines without limiting. (d) Profile of the solution at y = 0.

190



exact ot
7\ ===~ unlimited unlimite

IS
M B -
A -
- (RN -
B —-- midpoint 10 ',~ ______ J midpoint
i --- quadpoints
--- quadpoints
0.8 08

0.6

0.4

0.2

\
l.
\
\
0.0 = A

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 075 1.00
y

(e) Profile of the solution at z = 0.5. (f) Profile of the solution at x = 0.55.

Figure 8.5: Isolines and profiles of the solution for the rotating shapes problem, with and
without limiting, at ¢ = 1 on an unstructured mesh of 3,150,670 tetrahedras.

8.2.4 Shock-bubble interaction.

Next, we test the performance of the second order limiter when applied to a system of
nonlinear equations, for example, the Euler equations given by

p pu pu puw
2
g | ru g | pwt+p 9 puv 9 pUW
—lpvl+=—| puww |+=| p?+p |+=—| pvw |=0, (8.42)
ot pw Tl puw Y1 pow Y1 pw?+p
E (E+pu (E+p)v (E+p)w

where p is the density, pu, pv and pw are the x-, y-, and z-direction momenta, F is the en-
ergy, and the pressure, p, is given by the equation of state p = (y—1) (E - +v?+ w2)).
In this example, we simulate the interaction between a Mach 10 shock and a spherical
bubble. The initial setup consists of a spherical bubble of radius R = 0.55 centered at
(-0.4,0,0) in the domain [-1,1]? and the incident shock located at x = -0.95 (Figure 8.6).
Table 8.5 provides the initial incident, quiescent, and bubble states. Up and Ug respec-
tively denote the initial states inside and outside the bubble, while U; gives the state to
the right of the left moving shock. Due to the symmetry of the problem, we can run the
test case on a quarter of the original domain, i.e., [-1,1]x [0, 1]2. The problem is run until
the final time ¢ = 0.125 on an unstructured mesh of 11,530, 455 tetrahedra. A cross section
of the density on the plane z = 0 at various times between ¢ = 0 and the final time ¢ = 0.125
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. &
(0,0,0) (-0.4,0,0)

Figure 8.6: Initial setup for the bubble-shock interaction case.

U, | Uz | U;
p| 14705 8
u| 0| 0 |-825
vl oo o
wl 0|01 0
p| 1 | 1 |1165

Table 8.5: The initial states for the shock-bubble interaction test case.

|
(a) t = 0.06125. (b) ¢ =0.125.

Figure 8.7: Density profile along z = 0 for the bubble shock interaction case on an unstruc-
tured mesh of 11,530,455 tetrahedra.

are shown in Figure 8.7, displaying a complex interaction where the shock compresses the
initial bubble. Isosurfaces of the density at the final time are provided in Figure 8.8.
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Figure 8.8: Isosurfaces of density for the bubble shock interaction case, at ¢ = 0.125 on an
unstructured mesh of 11,530,455 tetrahedra.

8.3 Summary

We have presented the stability analysis for a class of second order scalar slope limiters
for the DG method on unstructured tetrahedral meshes. The limiter works by scaling
the linear solution coefficients by a constant scaling factor «; € [0,1]. Further, we derive
conditions on the limiter as well as the time step that ensure the solution satisfies the
local maximum principle in the means. Numerical experiments presented in Section 8.2
confirm that the DG method with the proposed limiter eliminates spurious oscillations and
is robust in the presence of discontinuities. Further, the experiments also demonstrate that
the limiter solution retains the second order convergence rate for smooth solutions.

8.4 Proofs

8.4.1 Proof of Proposition 1

Proposition 1
For a face center x; j, there exists a scalar multiplier 0 < 74, < 3 and another face center

X; . such that - -
Ui(XiJ) —Ui Z’f‘fc (Uz_Uz(Xz,k)) (843)
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Let xg , j=11,2,3,4}, be the four face centers of the tetrahedron ;. Following conven-
tion, Xz is the face center corresponding to the face opposite the vertex x; ;. The four face
centers form vertices of a tetrahedron and thus, can be mapped to the canonical tetrahe-
dral element €y under an affine map similar to (1.34) (Figure 8.9a). Further, as the map
is affine, all geometrical ratios remain constant under the transformation. Now, without
loss of generality, let’s assume that x} maps to the vertex (0,0,0) on €. On €y, the line
A
} S

‘ (0,1,0)

(0,0,0)

(a) Mapping tetrahedron formed by joining face centers to

reference element €.
A

(b) Reference tetrahedral element €.
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joining the vertex (0,0,0) and cell centroid (1/4,1/4,1/4) passes through the face center
r? = (1/3,1/3,1/3) (Figure 8.9b). Therefore, for a linear solution, the solution values at

these points are related as o
U; (x}) +3U; (x7) = 4U;. (8.44)

Note that as the solution is linear and r? is the center of the face corresponding to the
points x/, j ={2,3,4}, we can write the solution value at r? as

U (10) = 5 (U3 () + U (8) + U (). (8.45)
Plugging (8.45) into (8.44) and rearranging, we get

Consider the scenario where the difference U, (x}) — U; is non negative. For (8.46) to hold,
atleast one of the differences on the right hand side should be non negative. Let U; (x¥)-U;
be the maximum of the differences on the right hand side i.e.,

Ui (Xf) —U,L = maX(Ul (X,LZ) —U,L', U,L (X?) —Ui, Ul (Xf) —U,L) > 0. (847)

Defining the ratio r¢. as

Tfc= L_, (848)
Ui (Xf) - U@
and combining (8.47) and (8.46), we get
0<U;(x})-U,; <3(Ui (xF)-U;

OSTfCSB.

Next, consider the case when the difference U; (x}) - U, is negative. Multiplying (8.46)
with —1, we get

U;-Ui(x}) = (U -U; (x2)) + (U - U; (x3)) + (U, - U (x})) (8.50)

where the difference on the left hand side is now positive. Now, proceeding in a way similar
to when the difference U; (x}) — U; is non negative, we arrive at

0<U; - Ui(x}) <3(U; - Us (xF))

8.51
OSchSS. ( )
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Remark 1. Note that the ratio 7. is not defined if U; (Xf) = U,;. However, in this
scenario, all of the differences in (8.46) are zero and hence, (8.43) is trivially satisfied.

Finally, as the face center x} was arbitrarily chosen, the above steps hold for any face
center, thus proving the proposition (8.43).

8.4.2 Proof of Proposition 2
Proposition 2

For a quadrature point x; ; from the three point quadrature rule on face 4§, ;, there exists
a scalar multiplier 0 < 73, < 5/3 and another quadrature point x;, possibly on a different
face, such that

Ui(Xi,j) _Ui =T3q (Uz_Uz(Xz,k)) (852)
Let xJ%, j ={1,2,3,4}, ¢ = {1,2,3}, be the quadrature points on the faces of the tetra-
hedron €2;. Following convention, xg’q lies on the face opposite the vertex x; ;. €; can be
mapped to the canonical tetrahedral element €y using the affine map (1.34). Further, as
the transformation is affine, all geometrical ratios remain constant under the map. Now,
without loss of generality, let’s assume that X;’l maps to the point r! = (1/6,1/6,2/3) on
Qy. We note that the above mapping depends on how the vertices of €2; are ordered and
are mapped onto the vertices of §2;. Thus, depending on the choice, any quadrature point
on the faces on ; can be mapped to r’!. On €, the line joining the point r:! and the
cell centroid (1/4,1/4,1/4) intercepts the r, s-plane at the point r? = (3/10,3/10,0) (Figure
8.10). Therefore, for a linear solution, the solution values at these points are related as

3U; (r;") +5U; (x7) = 8U.,. (8.53)

Note that as the solution is linear and r? lies in the region enclosed by the quadrature
points r47 on the face of €y on (7, s)-plane, we can write the value of the solution at r? as

Ui (rq) = Y41U; (1'4’1) +7,2U; (1‘4’2) + (1 — V41~ 74,2) Ui (1‘4’3) ) (8-54)
where 0 < 741,712 < 1. Plugging (8.54) into (8.53) and rearranging, we get
_ 5 _ _ _
Ui (r;’l)—Ui =3 [74,1 (Ui (I‘?’l) - Ui) + V4,2 (Ui (I‘Zm) - Ui) + (1 =41~ 7a2) (Ui (X?’?)) - Uz)] .
(8.55)

Now, consider the case when the difference U; (rl1 ’1) - U, is non negative. For (8.55) to
hold, atleast one of the differences on the right hand side should be non negative. Let
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(0,1,0)

Figure 8.10: Mapping of face quadrature points by (1.34).

U; (rf’k) — U, be the maximum of the differences on the right hand side i.e.,

Ui (r?’k) _U’i = max (Uz (I'?’l) _Ui7 U'Z (I'Z-172) _Uiv UZ (r?’g) _Uz) > 0.

Defining the ratio rs, as

197

(8.56)

(8.57)

(8.58)



Next, consider the case when the difference U; (x;’l) - U, is negative. Multiplying (8.55)
with -1, we get

U;-U; (r}’l) = g [74,1 (Ui -U; (r?’l)) + 74,2 (Ui -U; (1“;1’2)) + (1 =741 = 7a2) (Ui - Ui (X?’S))] )

(8.59)
where the difference on the left hand side is now positive. Now, proceeding in a way similar
to the case when the difference U; (X;’l) ~ U, is non negative, we arrive at

0<U, -

=

IN

() <2 (T U ()
(8.60)
0

IN
<

3qS

w | o

Remark 1. Note that the ratio 73, is not defined if U; (xf’k) = U,;. However, in this
scenario, all of the differences in (8.55) are zero and hence, (8.52) is trivially satisfied.

Finally, as noted before, depending on the choice of vertex ordering and mapping,
quadrature point on any face can be mapped to r’! and thus, the above result holds for
every quadrature point on the faces of €);, thus proving the proposition (8.52).
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Chapter 9

High-order moment limiter on
tetrahedral meshes

In this chapter, we describe a high-order moment limiter for the DG method on unstruc-
tured tetrahedral meshes. The limiter can be viewed as an extension of the high-order
limiter on triangular meshes [57] and an extension of the high-order moment limiter on
Cartesian grids [25] to tetrahedral meshes. The limiter works by relating the solution coef-
ficients (moments) to the directional derivatives of the numerical solution in three specially
chosen directions (Figure 9.1) and limiting the derivatives by comparing them to forward
and backward differences of the directional derivatives of one order less. Starting with
the highest solution coefficient, the limiter is applied hierarchically thus ensuring that the
solution is not overlimited. The choice of limiting directions is described in 9.1.1, while the
compact reconstruction stencil and the generalized moment limiter are described in 9.1.2.
Finally, we provide a brief description of the hierarchical implementation of the limiter in
9.1.4.

9.1 Limiting Algorithm

9.1.1 Directional derivatives

Consider the directions given by the vectors

3

ﬁ(lu_l/&_l/g)v U2 = i(0717_1/2)7 U3 = (07071)7 (91)

V5

v =
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on  (Figure 9.1). It was shown in [23] that the first order directional derivatives along the
directions (9.1) fully uncouple linear solution coefficients, which lead to the development
of a second order moment limiter on tetrahedral meshes. While higher order solution coef-
ficients cannot be fully uncoupled, these directions significantly simplify relations between
solution coefficients and solution derivatives.

(0,0J0)

Figure 9.1: Limiting directions vy, v and v3 on the canonical element €).

Denote jth directional derivatives along these directions by

oI

990y Geyd—9~h
Ov] vy Ovy

D, Dy, D} Uy(x) = Ui(x), 0<ghg+h<j, 9.2)

where r = (r,s,t). Using (9.2) and (1.37), the jth directional derivatives of U;(r), 1< j <p,

along vy, vy, and vy evaluated at the cell centroid of €2, rg = 411, i, }t) are
VITY' (V5 o

g h »
(T) (7) DY DLDLT MU () = Y D ). 03)

ik ———
l+k+m=0 80?80?5U§g

where 0 < g,h,g+h < j. Setting j = p in (9.3), we obtain the pth directional derivatives of
Ui;(r) along vy, vy, and vz evaluated at rg

() (5

ic’m(r())v (94>

h .
o ~lm 07
) (8) puoioprtum - ¥ o

i ——n¥
I+krm=p ok Ov]ovhouvt™? h
where 0 < k,l,m,g,h,g+h <p. Next, we use (1.34) to map the directions vy, vy, and v3
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defined in (9.1) from the computational to physical space and after normalization, obtain
the following unit vectors

R N
Mgl T e T [ ivs]

(9.5)

where J; is given by (1.35). Using (1.34), (1.35), and (9.1), (9.5) can be simplified to

1 1 1 1
Vi1t =T | X2 — _(Xi,l +X;3+ Xi,4) y Vig = Xi3— —(Xm + Xi,4) )
hi 1 3 hl 2 2
17 ' (9.6)
Vi3 = m (Xi,4 - Xi,l) )
where x; 5, k={1,2,3,4}, are the vertices of €; and
1 1
hi,l = (|1 X4,2 — §(Xi,1 +X;3+ Xi,4) ) hm =|1Xi3 — §(Xi,l + Xi,4) ) hi,S = ||Xi,4 — X1 || .
(9.7)

Using (1.34), (1.35), and (9.5), we relate directional derivatives in the physical and com-
putational spaces

‘ VI RAYER S |
g h J=g-h[J. = 9 Dh pDi-g9-hpJ. 9.8
‘DVi’l 'DVZ"Q DVLg UZ (X) ( 3]”/7/,1 2]7}172 hi73 D’Ul D’U2 'D’U2 Ul(r)7 ( )

where 0 < g,h,g+h <j, 1<j<p.. In the next section, we derive an algorithm for limiting
Dgi,lD{/;g Ui(XO)'

Remark 1. The process outlined above can be used to compute directional deriva-
tives in any given directions. The advantage of using directions (9.1) is sparsity of the
transformation in (9.4).

9.1.2 Derivation of the moment limiter

For the p + 1th order DG approximation, we start the limiting process with the highest
order solution coefficients Ui0 I’,O, Uif_h - UiO . For example, consider limiting the pth order
directional derivative DgﬁD},LzD},m U;. We limit D{’,;?D%,MD},LSUZ- by comparing its value
at the cell centroid of €); to the forward and backward differences of D{',;? D} U along v;3,
DeﬁD},iysU along v, 2, and D’ng;’QDimU along v; 1, i.e., the derivatives of one degree
less along v; 3, v; 2 and v; 1, respectively.
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Figure 9.2: The reconstruction stencil for €2;. Limiting directions v;;, v;2, and v;3 are
shown as arrows. Backward and forward interpolation points are shown as solid squares.
Linear interpolation of directional derivatives at the interpolation points is performed over
the shaded triangular regions.

The forward and backward differences are computed from the forward (x{ 15 X{ 5, and
x/,) and backward (x?,, x,, and x?,) interpolation points (Figure 9.2, solid squares) to
the cell centroid (Figﬁre 9.72, solid c:ircle). To find the interpolation points, we form a
polygon by joining the cell centroids of the convex hull of the neighboring elements that
share a vertex with 2;. Next, we define three lines parallel to v; 1, v; 2, and v; 3 that pass
through the centroid of §2;. The interpolation points Xfi . Xfyk, k ={1,2,3}, are then the
points of intersection of these lines and the faces of the polygon.

Let us consider limiting D{D’;?D%q,szlq,sUi in the direction v;». In order to find the

values of the (p — 1)th order derivative D{'Z;?D},L ,U at the interpolation points, we first

compute the (p — 1)th directional derivative Df,jD‘l,iSUf(Xﬁo), f =44k, l,m,n, o0} at the
cell centroids of the neighbouring elements €2;, 2, Q. Qo O, and Q, (Figure 9.3b). For
example, consider element €2,,,. To obtain directional derivatives along v; 1, v; 2, and v; 3 on
Q.n, we express the limiting directions on §2; as linear combinations of limiting directions

202



Figure 9.3: (A) Limiting stencil along v;;, (B) Limiting stencil along v;», (C) Limiting
stencil along v; 3.
Vm,1, Vm,2, and Vim,3 Ol Qm

_ 1 1 1 _ 2 2 2
Vil = Qo 1Vm1 + Qo oV 2 + Oy 3Vip 3, Vig = QG 1 Vip 1 + Qo 9Vim 2 + Qg 3V, 3, (9.9)

_ 3 3 3
Vi3 = Qpy 1Vim1 T Qo oVip 2 + Qi 3Viy 3,
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for some scaling coefficients .. Using (9.9) and (9.8), the (p — 1)th directional derivative
D@;?D},i!g Un, evaluated at the cell centroid x,, ¢ of 2, is

-2
-2 M1 _ ( 1 1 1 )P ( 3 3
DVi,lDVz‘,S Um(xmvo) - am»lDVm,l + am,QDVmJ + am,SDVm,3 am,lDVm,l + am,QDVm,z

+a, 5Dy, ) Un(Xm,0) (9.10)
p-2
:(M\ﬁiDm+a1 ¢3L)+a1—£—D ) (ﬁ jﬁlD

m,lgh—m’1 m,22hm72 v2 m,3hm73 v3 m,1 3hm,1 v1
5)
+a7?;1,2 \/_ DU2+a§n,3_Dv3 Um(r0)~ (911)
ims o
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Similarly, we compute the (p-1)th directional derivatives D, Ds,. JUi(x¢0), t={j,k,l,n,o},
at the centroids of €;, Q, @, Q,, and Q, (Figure 9.3b). We use these values to linearly
interpolate the (p—1)th directional derivatives D%, DL U, and D4} DL U/, at the back-

Vi3 1,2 Vi3~ 1,2

ward and forward interpolation points x%, and xlf 5 as

D€_2D1 Uf — if2 1Dp—2D1

i1 Vi3 1,2 Vi1 Vi3

Uj(xj0) + BZQ,QDP_QDI Ur(Xk,0)

Vi1 Vi3

+(1- ﬁi{&l - 552,2)Dp72D1 Ui(x10),

Vi1 Vi3

p—2 Nl b _ b p—2 Nl b p—-2 Nl
DVi,lDVi,sU@?_ i7271DVi,1D Um(xm,O)Jrﬁz‘,Q,zD D Un(Xn,O)

Vi,3 Vi1 Vi3

+(1- ﬁzb,2,1 - 22,2)D€;?D\1@,3 Us(X0,0),

(9.12)

where 0 < ﬁf’m, By, <land0< 55271,@{272 <1 are the backward and forward interpolation

weights for the limiting stencil in Figure 9.3b. Finally, the limited pth order directional
derivative D{J,ﬁ D! D!  Ujis obtained by comparing its value to the forward and backward

differences in the (p— 1)th directional derivatives multiplied by the scaling parameters lzf’ 9
and 17,

DDy, Dy, Ui(xi0) < minmod (D%.2D}, Dy Ui(Xiy),
; DDLUl - DYDY Ui(xig) |, DVIDY, Ui(xig) - DY iDL U? ) (9.13)

vi3~i,2 Vi3 Vi3 4,2
0,2 1442

7 b
me - X@OH Xio = Xi0

where the minmod function is

sign(a) - min(|al, |b],|c]), if sign(a) = sign(b) = sign(c),

minmod(a, b, c) = { (9.14)

0, otherwise.

Next, we limit DﬁjD},i,gD},i’g U; along v; 3. We compute the (p - 1)th directional deriva-
tive D{’,;?D},MU at the cell centroids of ., Qf, Q,, €, Q, and Q, (Figure 9.3¢), e.g.,
D@;?D},i ,Ue, evaluated at x., is

-2
p-2 1 _ 1 1 1 p ( 2 2
DvileviygUe(Xe,O) - (ae,lDVe,1 + ae,ZDVe,z + ae,3DVe,3) ae,lDVe,1 + ae,2DVe,2

+ag,3DVe,3) Ue(Xe,O)
\/ﬁ \/5 1 p=2 \/ﬁ
= (Oéi,13h_€71Dy1 + @272%131)2 + CK;BED’US ail Sh&l l)v1 (915)
V5 1
sk D sty ),
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Then, we linearly interpolate ngDii ,U at the forward and backward interpolation points

f

X; 5 and X?’?’ using the computed values at the cell centroids

-2 f _ nf -2 1 f -2 1
Dei,lelzi,zUi,s‘Bi,:s,le DviygUe(X@O)-'_ﬁi,S,QDp D Uf(xf,O)

Vi1 Vi1 Vi2

+ (1~ ﬁif,S,l - /Bif,.3,2)D€;?D\1/i,2 Uyg(%4,0);

_ g ! (9.16)
D\p;i’?D;l/i,Q Uib,3 = ’23,1D€i3Dii72 UI(X$70) + /833,2D€i,?D3’i’2 Uy(Xy,O)
+(1 - ﬁf,:s,l - 5,3,2)D€;?D\11i,2 U.(X0);

where 0 < 8%, 1,803, <1and 0< 8/, . 8/;, <1. Finally, we limit DY;2D} DL U; by com-

paring it to the forward and backward differences of D{’,ﬁ D;,. U scaled by the parameters
2

2y

b
3 and [ 5

DD, Dy, Ui(xio) < minmod (D¥.2D}, Dy Ui(xio),
; DYDY UL - DEEDL Ui(xio) |, DEDY Ui(xig) = D43 D) Uftg) (9.17)

Vi, 2 Vi,2
4,3 ) Y1,3

HX{,3 - X’i,O H “X?,3 - Xi,O H
Finally, we limit D{'jﬁD\l,i’ ,Di. Ui along v;;. We compute the (p - 1)th directional
derivative D@;?D},i ,Dy. .U at the cell centroids of Q4, 0, €2, Q,, Qy, and €2, (Figure 9.3a),

73 .
e.g., DV.7 D5, Dy, U, evaluated at X, is

-3
p-3 N1 1 _ 1 1 1 p ( 2 2
DvileviyzDngUS(X&O) - (C(S,IDVS,l + aS,QDVs,Q + Odvs,?)ljvsﬁ) Oés,lDVs,l + aS,ZDvS,2+
2 3 3 3
aS,SDVs,3) (Oé ,1DVS,1 + a872DVs,2 + aS,3DVs,3) US(Xsyo)

-3
1 P
V5 . DUB)

—_—
Q»—A
2
—

- Dy, +aly—-D,, +aly—
8,1 3h57]_ 1 + as,2 2],’/5’2 2 + 06573 h573
V11 1
2 YD, +a2y—r2D,, + a2, —D,
(as,l Shs,l 1 as 2 2h5’2 2 as 3 hs’g 3
V11 V5 1
(QE,I%DM + Oé§2 2hs72 DU2 + Oés’g@DU?’ US(I'Q).

(9.18)

Then, we linearly interpolate Df,;?l’D},mD},LSU at the forward and backward interpolation
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points x{ , and xf}l using the values at the cell centroids

Dy3DL DL U =Bl \DE3DY DL Uy (x00) + B ,D8 2D DL Us(x40)

viivialvis viivis Vi
+(1- 5{1,1 - 5{1,2)D€;?D\1/¢,2D\1”73 Ui (%t0), (9.19)

DDy, Dy, Uby = B0, D8 3D, Dy, Ua(Xao) + 8112 D53 Dy, Dy, Us(x00)
+(1- 531,1 - 31,2)D€Z?D\1/i,2D\1”,3 Ue(Xe0)

where 0 < 8%, 8%, <1 and 0 < 8/, ,,8/,, < 1. Finally, we limit D%} D} D} U; by
comparing it to the forward and backward differences of Dgﬁ’Dii ,D{. .U scaled by the

parameters I and I,

Dy2D;,. Dy, Ui(xio) < minmod (D%.2D}, D}, Ui(xi0), D*, D7),

Vi,2 Vi2
Dt = lf DeZ?D‘I’z,QD‘IM,JUZ{ - D‘P;z_,?Dxlllynglszz(Xz,O)
=1 7
! HXZfJ - XivOH (920)
-3 -3
Do p Dgi,lD},i}QD},i,gUi(xi,O) - D{'ﬁmD},Z_,QD},Z_QUQ1
=1 _
l HX?J - Xz‘,OH
The admissible range for the scaling parameters lfi , and li.”k, k={1,2,3}, is
1 Slzf,sg’yz{?n 1 51?,3 5733;
1<, <~fy 1<t <Aty (9.21)

b b
1< lif,1 < %{17 1<y <50,

which is equivalent to the range for the scaling parameters used on Cartesian grids in [25]
and the scaling parameters used on unstructured two-dimensional mesh in [57, 60]. The
geometric parameters ; in (9.21) are

L1 =g |21 = xiol
Fo Hxi,l_xz,ﬁ p 1% X0
P L — g N
ol hi ’ b i1 7
b2~ Xio <25 =i
f _ "Xi,Z X’L,O b _ X’i,2 X'Lao (9 22)
3,2 = h ) 4,2 h ) :
02 02
fs = Xio| |2 = xiol
W Hxi,3 Xi,0 b= Xi3 ~ X0
i3 = v i3 = )
his his

)

where h; 1, hi2, and h; 3 are given in (9.7). In all experiments in Section 9.2 we choose the
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least restrictive limiter, i.e., the right hand side of the intervals in (9.21).

Following a similar strategy, we limit every pth order directional derivative along v; i,
Vi2, and v; 3. Substituting these limited directional derivatives into (9.4), we obtain the
limited pth order moments. If all pth order directional derlvatlves are modified by the
limiter, we repeat the process for the (p — 1)th order moments U i1 U Opl 9y ﬁi%p -1 We
limit the (p — 1)th directional derivatives along v; i, v;2, and v;3 by comparing them to
the forward and backward differences in (p—2)th directional derivatives. We find modified
values of (p—1)th order moments by substituting the limited (p—1)th directional derivatives
into a system of equations similar to (9.4), obtained by ignoring the contribution of pth
order moments in (9.3). The process continues until we reach either a set of kth order
directional derivatives that are not modified or the zeroth order moment.

To further elaborate the limiting technique discussed above, we give a brief description
of the implementation of the third order limiter in the next section.

9.1.3 Third order limiter

The third order DG approximation on element §2;, written as a linear combination of the
Dubiner basis (1.36), is

Ui(r, s,t) = Z Ul,:lgoim(r,s,t). (9.23)
I+k=0

The quadratic basis functions are given by

105
128

@3’0(7’,8,75)=\/5(12(1—7’)2+48(8+7’—1)(1—7“)+40(8+T—1)2),
02 (r,5,t) = V14(6+20 (r—1) + 15 (r - 1)%),

(rys,t) = \/7 82t+s+r-1)4(1-r)+5(s+r-1)),

Ol(r,s,t):\/;4(2t+5+7"_1)(5+6(r_1))’

gpé’l(r,s,t):ﬁ2(2(1—r)+3(s+7’—1))(5+6(r—1)),

gpg’o(r,s,t): (3(2t+s+r—1) —(1—3—7"))

(9.24)
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and the linear and constant basis functions are given by

WL

0’ = =10 + 4V/10r

@é’o = -2v/5 + 2V5r + 63/5s

90871 = —-2V15 + 2V 157 + 2v/15s + 4V/15t.

Using (9.4), the second order moments of U; can be expressed in terms of the second order
directional derivatives along v; 1, v;2, and v; 3 as

(9.25)

12,02, Ui(xio) Ugy
hi’3hi,2DVi73 DVz"Q Ui(xi,o) Uzl,io
hZZ,QD?/i,QUi(Xi,O) ) 02‘2,60 (9.26)
hi,ghi,lei,ng,lUi(xi,O) Ui(?il
h?legi,lUi(Xi,o) USE?
hi72hi71Dvi72Dvi’1Ui(Xi,O) UZ];bl
where the matrix A is given by
192 @ 0 0 0 0 0
128
0 80 % 0 0 0 0
1 21
16y /195 0 S0\ /= 0 0 0
128 o S 8 -~ (9.27)
_ZL = 4 —
: 3V 32 ! 8\/ 4 ’ ’
64 /105 40 /21
5V s 0 SV s 0 30v14 0
32 [105 16 /21
_2e == 0 /= 0 0 36V 7
| 3V 128 3V 38 f‘

To limit the second order solution coefficients, we start by computing the first order direc-
tional derivatives along v; 1, v;2, and v, 3 at the cell centroids of the elements involved in
the limiting stencil (Figures 9.2 and 9.3). For example, to limit D Ui, Dy, ,Dy, ,U;, and
Dy, , Dy, ;U;, we need to compute directional derivatives along v; 1, v; 2, and v; 3 at the cell
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centroids of Q;, Qy, O, Q,,, Q,, and Q, (Figure 9.3b). Consider element ,,. Using (9.3),
the first order directional derivatives along v, 1, v,2, and v, 3 at the cell centroid x,, ¢ are

00 16 [105 .., 10 [21
hnle},n’lUn(xn,o):4\/1_OU2:(1)+—6 1(2)—8U3;2 L USS—— V14U,
1
hu2DY Un(%n0) = 67500 + 84/ OSU,?S \/ 20+3VTUY, (9.28)
hnsDy, Un(Xn0) = 4¢_U03+4\/ U01 8\/ 2U10

Then, the first order directional derivatives along v; 1, v;2, and v; 3 at x, ¢ are computed
as

D\lleU” = Oérll,lDVnJ Un + arlz,QDVn,Q Uno‘}z,?;Dvn,s Um
DL U, = 21DVMU +a2,Dy, U, +0a2 3Dy, U, (9.29)
Dy, Uy =0, Dy, Uy +a, 5Dy, Uy + 3Dy, U,

Vn,1 Vn,2
where the coefficients o are obtained from

_ 1 1 1 _ 2 2 2
Vil = O 1Vl + O oV o+ Qp 3V 3, Vig = Qg 1V 1+ Qg 9V 2 + O, 3V, 3, (9.30)

_ -3 3 3
Vi3 = an,lvn,l + an,Qvn,Q + an,Svn,S-

Following similar steps, the first order directional derivatives along v;1, v;2, and v; 3
are computed at the cell centroids of €2;, €2, €, €),,,, and Q,. The computed values are then

used to linearly interpolate the values at the forward and backward interpolation points

f b
X; o and x;, as

DVleifQ :Bz2lDVle (x50) +5122Dv11Uk(Xk0) (1- 5121 zzz)Dv“Ul(XlO)
DvllUb 121Dv11U (Xm0>+5522Dv11U (Xn0) + (1~ 6521 1,2,2)Dv21U (%0,);
Dy, zUi 2= ﬁi,Q,lDw,zUj(Xj,O) + ﬁi,Q,QDvi,zUk(Xk,O) (1- 5{2,1 - ﬁzfz 2) Dy, ,Ui(x10),
Dvszb b 21 Dv; ,Un (Xm0)+ﬁzb22DvL2U (Xn0) + (1_5521_ 172,2)Dv12U (%X0,0),
szsUm :ﬁz2lDV13U (XJ0)+Bz22DVz3Uk?(Xk0) (1- @le ﬁzzz)DvlsUl(XlO)
DvlgU 121Dv13U (Xm0)+ﬁ522Dv13U (Xn0) + (1~ 6521 1,2,2)Dv25U (Xoo() )
9.31

Finally, the directional derivatives D2 U;, Dy, ,Dy, U;, and Dy, Dy, ,U; are limited by
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comparing them to the forward and backward differences along v; o as

sz',z Uz‘J,cz - DVz’,2 Us (Xi,[))

7
me - XiaOH

Y

D3i72Ui(xi70) < minmod (DimUi(Xi,O), l£2

i,2

b DV¢,2 Ui(xi,o) - DVi,Q Uz‘lZ2 )

b .
Hxi,Q Xi,0

. ; Dy Uly = Dy, Ui(xi0)
Dy, ,Dy,,Ui(xi0) < minmod | Dy, , Dy, ,Ui(Xio0), 3, ,
HXi,2 - XZ%OH

(9.32)

lb Dvi,l Ui(xi,o) - DVi,l Uz‘l12 )
©,2 )

b _
sz‘,z

DVZSU DVZSU(XZO)

[t =i

I

DviygDViygUi(Xz’,O) < minmod (DV,L.’QDW’SU}(XZ"O)7 l{,2

b DVz‘,s Ui(xi,o) - DVi,S U£2 )

i\2 b
me - Xi»OH

The range for the scaling parameters le and l?,k:? k={1,2,3}, is given in (9.21).

Similarly, to limit D?, Ui, Dy, Dy, , Ui, and Dy, Dy, U;, the first order directional
derivatives along v; 1, v;2, and v; 3 are computed at the cell centroids of €2,, Q,, €, 2,
Qp, and Q. (Figure 9.3a), and are used to linearly interpolate the values of the first order
directional derivatives at the forward and backward interpolation points XZ{ , and le as

Dy, 1Uifl = /Bzfl 1Dv. Uy (%Xr0) + @fl 2sz Us(%50) + (1= 51,1,1 ﬂz,l,Q)DVi,lUt(Xt,0)7
Dy, 1Ub i, 1 1Dy, U, (Xa0) + 5@ 12Dy, U(%p0) + (1 - 51,1,1 i,1,2)Dw,1Uc(Xc,0)a
Dy, 2Uz' 1= 5z‘,1,1Dw,2Ur(Xr,0) + 51,1,2sz~,zUs(Xs,0) +(1- 51’,1,1 - z{l,z)Dw,QUt(Xt,O)a
Dy, zUb Zb,l,l‘DVi,Q Ua(Xa0) + 5?,1,2Dvi,2 Up(xp,0) + (1 - 6161 17 'bl 2) Dy, ,Ue(%c0),
DstUil = /Bifl 1Dv, ;s Ur (%r0) +5¢f1 2sz-,3Us(Xs,0) (1- /31,1,1 /31,1,2)Dv13Ut(Xt0)
szsUb zllDVzBU (Xa,0) +5112DV¢,3Ub(Xb,O) + (1—5?,1,1 - 1,1,2)Dv13U (Xc0)-

(9.33)

The directional derivatives D2 U;, Dy, , Dy, ,U;, and Dy, | Dy, ,U; are limited by comparing
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them to the forward and backward difference along v;; as

DVi,le‘J; - Dvm Ui(Xi,o)

7
Hxi,l - X@OH

Y

D‘Q,mUi(xiyo) < minmod (Dailei(Xi,O), l£1

b DV¢,1Ui(Xi,0) - DV¢,1U£1
li,l b ’
Hxi,l —Xi,0
‘ Dy, U 1= Dy, Ui(xi0)
Dy, Dy, ,Ui(%;) <+ minmod Dvi,lei,QUi(Xi,O)»l£1 > M ‘ ,
[/ = xio

(9.34)

lb DVi,2 Ui(xi,o) - DVi,2 Uilil )
i,1 )

b _
Hxi,l

DVZSU DVZSU(XZO)

HXz‘,l - XZ%OH

I

DW’1 DviygUi(Xz’,O) <~ l’IliIlHlOd (DW’1 DViygUi(Xi,0)7 lf,l

b DVz‘,3 Ui(xi,o) - DVi,S Uz‘lil
N

1,1 2,0
To limit D3, . U;, Dy, , Dy, ,U;, and Dy, , Dy, ,U;, the first order directional derivatives along
Vi1, Viz, and v; 3 are computed at the cell centroids of ., Qy, Q,, Q,, Q,, and Q, (Figure

9.3¢), and are used to linearly interpolate the values of the first order directional derivatives

at the forward and backward interpolation points xlf 5 and x?, as

Dy, 1Uif3 = Bz 3, 1Dy, Ue (Xe0) + @ 3, oDv,. 1Uf(xf0)
DVleb zdlDVuU (Xx 0) +5132Dv11U (Xy 0)+(1- /szzl i,3,2)DVi,1UZ(XZ,0)a
sz’,zUz’{:s = ﬁz‘,3,1sz’,2Ue(Xe,0) + 52’,3,2DV¢,2Uf(Xf,0) 52‘ 3.1 {3,2)DV¢,2U9(X9,0)>

(1- 5131 @fsz)Dv“U (%4,0),

(

+(1

‘DVi,2Uib,3=B’Lb3 1Dy, 2 Uz (Xw,O)+5§,3,2sz-,2Uy(Xy,0)+(1 5?31 332)Dv12U (X20);
+(

+(

(9.35)

DstUifS = 513 1Dy, 3Ue (Xe 0) + /31‘]03 2Dv13Uf(Xf0) 1- 5131 Bzfa 2)Dv13U (Xg 0);
szgUb 131Dv13U (Xx 0) +5132Dv13U (Xy 0) +(1- 55)31 1,3,2)DV¢,3Uz(Xz,0)-

The directional derivatives D2 U;, Dy, , Dy, U;, and Dy, , Dy, ,U; are limited by comparing
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them to the forward and backward difference along v; 3 as

DVz',3 Uz{3 - sz~,3 Ui (Xi,[))

7
me - X@OH

Y

D3i73Ui(Xi,0) < minmod (D3¢,3Ui(xi70)’ l£3

i3

b DV¢,3 Ui(xi,o) - sz',a Uz‘lz3 )

b~
Hxi,B Xi,0
DV’L 1UZ3 DVz 1U(X7/0)

[t =i

Y

Dy, , Dy, Ui(x;0) < minmod (Dvi,SDVi,lUi(Xi70)7 lzf,g
(9.36)

lb Dvi,l Ui(xi,o) - DVi,l Uz‘liS )
%3 )

[t5 -]
Dy, UL, = Dy, ,Ui(x:0)

[t =i

I

DVi,SDVi,2 Ui(xi,O) <~ l’IliIlHlOd (DVi,SDVi,zUi(Xi70)7 l{,?)

b
b DVz‘,z Ui(xi,o) - DVi,2 Ui,S
4,3 b

sz‘,3 - Xi»OH

Finally, the modified second order moments U f ', k+l+m = 2, are computed by substituting
the limited second order directional derivatives along v; 1, v;9, and v; 3 into (9.26)

AO,D h1273 128
Uz'2 = Vi3 2
’ 192y 105 ™
710 _ hlghzz 32

; Dv Dv QU’L7
Z, 6 i,
Uz'200 = v 2 Z v 3 lv
500 (9.37)

. hi 3h; 4 h; 3h; 4

0.1 1,3704,1 1,3104,2
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If all second order directional derivatives have been modified by the limiter, then the linear
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moments are limited using the second order moment limiter [23]

f 77 77 b
UiO,lO < minmod | —2* Ui, AZ-O’107 - )
’ VAT RVATY
. ul,-U; ., U;-U
U}y < minmod | —= Ule, 2 (9.38)

N N
Uifz - U@ ~0.1 Ul - Uz'bQ
. UL(’) 7—7 )

2/15 215

20,1 .
U,y <+ minmod

where UZ is the cell average in €2;. The forward and backward interpolation values UZ{ "

and Uqu, q = {1,2,3}, are linearly interpolated using the cell averages from respective

neighboring elements (Figure 9.2). For example, the forward and backward interpolation
values along v; 3 are given by

f _af 77 f 77 f f N\N7T7
Uis=DBi31Ue+ Bi3,Us + (1- Bis1— Bi,3,2)U97

_ _ _ (9.39)
Uil??, = 5?,3,1[]1‘ + /623,2Uy +(1- 533,1 - ﬁf,&?)UZ,

Wlth 0 < 3537175537275?,3,17&23,2 < 1

9.1.4 Implementation of the moment limiter

As the limiter uses a compact stencil and involves only a set of simple algebraic operations,
it is easy to implement. We pre-compute [53] the limiting stencil for each mesh element
(Figures 9.2 and 9.3), i.e., for each ;, we store access to the eighteen mesh elements
involved in the limiting stencil. We compute and store the constants a in (9.30) and the
interpolation weights £ in (9.31) and (9.33). For example, with p = 2, we

1. Compute higher order derivatives using (9.26).
2. Compute lower order derivatives using (9.28).

3. Compute the directional derivatives along the required direction on neighboring ele-
ments using (9.29).

4. Interpolate lower order derivatives at the interpolation points using (9.31) and (9.33).
5. Apply the minmod function.

6. Repeat above steps until a set of unmodified directional derivatives are reached.
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9.2 Results

In this section, we present numerical experiments to analyze the performance of the pro-
posed high-order moment limiter. Through convergence studies, we show that the limited
solution retains the expected rate of convergence for smooth problems. We also run numer-
ical tests to show the robustness of the proposed limiter in the presence of discontinuities.
In all presented cases, time-stepping was performed using an explicit Runge-Kutta method
of appropriate order. Finally, unless otherwise stated, the local Lax-Friedrichs flux was
used.

9.2.1 Advecting hill.

We solve the scalar advection equation on the domain = [-1,1]3, with the flux in
2
(1.8) given by F = [u,u,u]. The initial condition is ug(x,y,2) = 2.5exp (2—;2), with
r = /(x+0.25)2+ (y+0.25)2+ (2 +0.25)2 and R = 0.15. The problem is solved until
t =0.25 on a series of unstructured tetrahedral meshes A - D. Mesh A is the coarsest with
4485 tetrahedra while meshes B-D are obtained by the nested refinement of the preceding
mesh. Table 9.1 shows the L; errors and the observed convergence rates for the p =2 and
p =3 DG approximations with and without limiting. We observe that the limited solutions

retain the theoretical rate of convergence.

L1 error

Mesh | Nb. elems D=2 p = 2 (unlimited) p=3 p = 3 (unlimited)

A 4,485 6.246-02 () 6.19¢-03 (-) 6.12¢-02 1.47¢-03 ()

(-)
B | 35,347 | 1.3e-02 (2.26) | 9.44¢-04 (2.71) | 1.24¢-02 (2.3) | 1.16¢-04 (3.66)

C 271,899 | 1.1e-03 (3.56) | 1.32e-04 (2.86) |8.55e-04 (3.86)| 8.25e-06 (3.81)

3.8
D | 2,178,457 |9.99e-05 (3.43)| 1.35e-05 (3.29) |2.06e-05 (5.37)| 4.17e-07 (4.3)

Table 9.1: L; errors for the advecting hill problem for limited and unlimited solutions at
t = 0.25. Convergence rates are given in parentheses.
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9.2.2 Rotating Shapes.

We solve the rotating shapes problem with the flux in (1.8) given by F = [-27yu, 2wzu, 0].
The initial condition consists of a hill and a square pulse given by

cos?(2nr), if r <0.25,
uo(z,y,2) =41, if max(Jz-0.35],]y|,||) < 0.25, (9.40)

0, otherwise,

where 7 = \/ (x+0.5)2+y2+ 22 The exact solution is a rotation of the initial condition
about the origin. The problem is solved until ¢ = 1 on an unstructured mesh of 3,150,670
tetrahedral elements. Figure 9.5 shows the isolines and the solution profiles at z =y =0, 2z =

Figure 9.4: Isosurfaces of the limited solution to the rotating shapes problem for z < 0 at
t=1.

0,z = 0.5, and 2z = 0,2 = 0.55, obtained using the p =1, p = 2, and p = 3 approximations
with the moment limiter. The quality of the solution is comparable to the results obtained
using the moment limiter described in [25] on a 80 x 80 Cartesian mesh and the high-order
moment limiter described in [57] on an unstructured mesh of 12,792 triangular elements.

We note that only the third and fourth order schemes capture the peak of the hill well
(Figure 9.5¢) and not the second order scheme. This is due to a well known phenomenon of
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(a) Isolines with second order moment(b) Isolines with third order moment
limiter [23]. limiter.

° o

(c) Profile of the solution along z =0,y = 0.

clipping at local extrema by second order limiters. Since the high-order moment limiter is
applied hierarchically, the solution is not overlimited for the p = 2 and p = 3 approximations
and the accuracy at the peak is preserved. Further, we observe that all three limiters
suppress oscillations near solution discontinuities. Finally, Figure 9.6 shows the isolines
of the solutions and solution profiles along z =y =0, z = 0,2 = 0.5, and z = 0,z = 0.55
obtained using the p = 1 and p = 2 approximations without limiting. We can clearly
observe oscillations near the discontinuities for both p =1 and p = 2, which severely affect
the quality of the solution.
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(d) Profile of the solution along z =0,z = 0.5. (e) Profile of the solution along z =0,z = 0.55.

Figure 9.5: Rotating shapes at ¢t =1 on an unstructured mesh of 3,150,670 tetrahedra.

9.2.3 Shock-bubble interaction.

Next, we test the performance of the high-order limiter when applied to a system of non-
linear equations, for example, the Euler equations given by

p pu pv pw

U pu’ +p pUV puw
9 pv |+ 9 puv |+ 9 pv2+p |+ 9 pvw | =0, (9.41)
ot 0 dy dy 9

pw puw pUW pw? +p

E (E+p)u (E+p)v (E+p)w

where p is the density, pu, pv and pw are the x-, y-, and z-direction momenta, F is the en-
ergy, and the pressure, p, is given by the equation of state p = (y-1) (E - L(u?+v?+ wQ)).
In this example, we simulate the interaction between a Mach 10 shock and a bubble. The
initial setup consists of a spherical bubble of radius R = 0.55 centered at (—0.4,0,0) in the
domain [-1,1]* and incident shock located at x = —0.95 (Figure 9.7). Table 9.2 provides
the initial incident, quiescent, and bubble states. Up and Ug respectively denote the
initial states inside and outside the bubble, while U; gives the state to the right of the
left moving shock. Due to the symmetry of the test case, we run the simulation only in a
quarter of the original domain, i.e.,[-1,1] x [0,1]2. The problem is run until ¢ = 0.125 on
an unstructured mesh of 11,530,455 tetrahedra.
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(a) Isolines with p = 1. (b) Isolines with p = 2.
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(c) Profile of the solution along z =0,y = 0.

U, | Uz | Uy
p| 14105 8
ul 0| 0 |-825
vio |l o | 0
w|l 0] 0] o0
p| 1 | 1 |1165

Table 9.2: The initial states for the shock-bubble interaction test case.
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(d) Profile of the solution along z =0,z =0.5. (e) Profile of the solution along z = 0,z = 0.55.

Figure 9.6: Solution of the rotating shapes problem at ¢t = 1 without limiting on an un-
structured mesh of 3,150,670 tetrahedra.

|
- .

&
(0,0,0) $0.4,0,0)

Figure 9.7: Initial setup for the bubble-shock interaction case.

(a) t = 0.06125. (b) t = 0.125.

Figure 9.9: Density profile along z = 0.02 for the bubble shock interaction case using p = 2

DG approximation on an unstructured mesh of 11,530,455 tetrahedra.
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(a) t = 0.06125. (b) ¢ = 0.125.

Figure 9.8: Density profile along z = 0.02 for the bubble shock interaction case using p =1
DG approximation on an unstructured mesh of 11,530,455 tetrahedra.

A cross section of the density on the plane z = 0.02 at various times between ¢t = 0 and
the final time ¢ = 0.125 for p = 1 and p = 2 DG approximations are shown, respectively,
in Figures 9.8 and 9.9, demonstrating a complex interaction where the initial bubble is
compressed by the shock. Isosurfaces of the density at the final time ¢ = 0.125 for p =2 DG
approximation are provided in Figure 9.10.

(a) View 1.

(b) View 2.

Figure 9.10: Isosurfaces of density for the bubble shock interaction case, at t = 0.125 using
p =2 DG approximation on an unstructured mesh of 11,530,455 tetrahedra.

Finally, we perform a walk clock study to check the computational cost of the limiter.
The limiter takes about twenty percent of the total run time (Table 9.3) of a parallel multi-
GPU implementation of the modal discontinuous Galerkin method [51] and this number is
about the same for both orders of approximation.
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p | Run time (s) | Limiting time (s)
1 16396.6 2988.47(18.2%)
64651.28 13376.95(20.5%)

Table 9.3: Limiting time for the bubble-shock interaction example. The limiting time as a
percentage of the total run time is given in parenthesis under ” Limiting time”.

9.3 Summary

We have presented a high-order moment limiter for the DG method on unstructured tetra-
hedral meshes. It limits the numerical solution by expressing the solution coefficients
(moments) in terms directional derivatives along specific directions and reconstructing the
directional derivatives using one-dimensional minmod limiter. The limiting is performed
hierarchically, starting with the highest solution coefficients and it stops when the limiter
encounters a set of directional derivatives that are not modified by the one-dimensional lim-
iter. This hierarchical implementation avoids overlimiting, especially at solution extrema
where second order limiters are known to damage solutions.

Numerical experiments presented in Section 9.2 demonstrate that the DG method
equipped with the proposed limiter retains the theoretical convergence rate for smooth
solutions and eliminates spurious oscillations in the presence of discontinuities. The pro-
posed limiter has a simple and fixed reconstruction stencil. Despite a complex derivation,
the limiter itself consists of a set of simple algebraic operations on solution coefficients. As
a result, it takes only a modest percent of the total computing time in a parallel imple-
mentation of the modal discontinuous Galerkin method for solution of Euler equations.
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Chapter 10

Conclusion

In this thesis, we have presented and implemented efficient limiting techniques for the
high-order modal discontinuous Galerkin method on unstructured meshes. In Chapter 2,
we proposed and analyzed a class of second order moment limiters for the DG method on
adaptively refined triangular meshes. The limiter is an extension of the second order mo-
ment limiter proposed in [2] for conforming triangular meshes. We faced unique challenges
in extending the limiter to nonconforming meshes as a triangular element in the mesh
can share an edge with more than one element. We have proposed a simple algorithm to
update the reconstruction neighborhood of elements in an adaptively refined mesh. The
algorithm involves updating a vertex database and the vertex-to-element connectivity with
every refinement cycle. When implemented on a GPU, the algorithm avoids race conditions
as every element is identified uniquely in the database.

In Chapters 3, 5, 6, 7, and 9, we have presented high-order moment limiters for the
DG method on triangular, quadrilateral, curvilinear triangular, and tetrahedral meshes.
The proposed techniques limit numerical solutions by hierarchically limiting solution co-
efficients (moments) starting with the highest. The limiters stop when they encounter
a set of solution coefficients or corresponding directional derivatives left unchanged by a
one-dimensional slope limiter. The hierarchical implementation avoids overlimiting, espe-
cially at solution extrema where second-order limiters visibly damage solutions even on
reasonably fine meshes.

Through numerical experiments, we demonstrated that the DG method equipped with
the proposed limiters retains the p+1 convergence rate for smooth solutions and eliminates
spurious oscillations in the presence of discontinuities. A major component of the limiters
is the choice of the directions in which the numerical solution is limited. The proposed
limiting directions nearly uncouple solution coefficients, thus ensuring an easy and quick
transformation from solution coefficients to directional derivatives of the solution and back.
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This uncoupling of the solution coefficients combined with hierarchical limiting allows us
to limit only the moments that exhibit excessive growth and retain the accuracy of the
solution.

The proposed limiters have a compact and fixed reconstruction stencil computed dur-
ing the preprocessing stage. Even though they involve complex derivations, the actual
implementation of the limiters consists of a simple set of algebraic operations on solution
coefficients and the precomputed constants. As a result, limiting takes up only a modest
percent of the total computing time in a parallel implementation of the modal discontinuous
Galerkin method on a GPU.

In Chapters 4 and 8, we have presented and analyzed the stability of a family of
second-order slope limiters for the DG method on quadrilateral and tetrahedral meshes,
respectively. The limiter works by scaling the solution coefficients by a constant multiplier
that lies in the interval [0,1]. The limiter bounds the numerical solution at select limiting
points on an element by the solution averages in a neighborhood of the element. Further,
we derive conditions on the timestep that ensure the numerical solution satisfies a local
maximum principle in the means. In this process, we also arrived at a new estimate for
the cell size of a quadrilateral element.

Future work involves extending the high-order limiter for the DG method to adaptively
refined nonconforming tetrahedral meshes. This can be accomplished since the limiting
directions for an element remain the same when a mesh is adaptively refined. It would be
interesting to extend the algorithm to update the reconstruction neighborhood, proposed in
Chapter 2, to three-dimensional adaptively refined meshes as well as to support multi-GPU
platforms. Extending the limiting technique to three-dimensional curvilinear tetrahedral
meshes and two-dimensional manifolds would also be of interest. Finally, designing a
high-order moment limiter that accounts for entropy stability of solutions of nonlinear
conservation laws is an interesting avenue to explore.
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Appendix A

A.1 Fourth order moment limiter on triangles

The p = 3 DG approximation on element €);, written as a linear combination of the Dubiner
basis, is

3 A
Ui(r,s) = Y Ulei(r,s). (A1)
1+k=0

The cubic basis functions are given by

9r,s) =V14(2s+r—1) [5(25+r—1)2—3(1—7’)2],

gpé(r,s):\/1_0[3(23+7‘—1)2—(1—r)2] (7r-1), (A2)

2(r,8) =2v/6 (25 +7 - 1) [10+30 (r - 1) + 21 (r - 1)*], '

O3 (r,s) = 8/2r% +36v/2r2 (r = 1) + 24V/2r (r = 1)* + 2v/2 (r = 1)°.

Using (3.5) and (3.7), the third order moments can be expressed in terms of the third order
directional derivatives along v;; and v, as

h§,2D§,mUi(Xi,0) 240v/14 0 0 0 Ui?g
h?,th,lD?/iaDVi,l Ui(xi0) 0 16810 0 0 U112

high?,Dy,, D3, Ui(xi0) | |-12v14 0 168/6 0 U2,

ZA7

\ h;?’;D;q’,i,lUi(Xi,o) 0 -42v/10 0 4202 Ui?fo

Similar to the third order moment limiter described in Section 3.1.3, Chapter 3, we obtain
the modified third order moments by limiting the third order directional derivatives along
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v;1 and v; 9. To do this, we first compute second order directional derivatives along v;
and v; o at the cell centroids of the neighboring cells. For example, to limit D?, Ui and
D?, Dy, , Ui, we compute the second order directional derivatives along v;; and v; 3 at the
cell centroids of Q,, %, €, and Q, (Figure 3.3a). Consider element §2,. Using (3.8), the
second order directional derivatives along v, ; and v, 2 at the cell centroid %, are

2
5 . . )
h2,D?% Uu(Xa0) = (%) D2 U, (o) = 20602, - /3002, + 16V/100U 1,

- 40\/502,07

5 . . .
haiha2Ds, , Dy, Ua(Xa0) = (%) D} DL U,(ro) = 30V2U2 | +8V14U0, + 8V6U2,,

h2 D2 Ua(Xa0) = D2,Ua(ro) = 12¢/3007, + 32V/10U .

(A.4)

Then, the second order directional derivatives along v, ; and v, at X, are computed as
2 _ (1 \22 1 1 1 \272
Dvaa = (aa,l) Dva,an + 2aa,1aa,2DVa,1Dva,2 Ud + (O‘a,2) Dva,gUaa
1 1 _ 1 2 2 1 .2 1.2 1 1 1 .2 12
D, Dy Us=ab 02 D% U+ (ah 005+ a0l ) Dy Dy U +al a2 ,D3 Us, (AL5)
2 _ (A2 \22 2 2 2 \2 2
Dvm Ua - (aa,l) Dvayl Ua + 2aa,1aa,2Dva,1Dva,2 Ua + (aa,2) DvaygUaﬂ

where the coefficients a are obtained from

_ 1 1 _ 2 2
Vil = Qg Va1 + QaaVa2, Vi2 =g Va1 +QsoVao. (A.6)

In a similar way, the directional derivatives along v;; and v, are computed at the cell
centroids of €2, €, and €2,. The computed values at the cell centroids are used to linearly
interpolate the values of second order directional derivatives at the forward and backward

interpolation points x;, and x;,

D%'iJU’L{l = /Bi}le\ZfileS(sto) + (1 - /6)7‘,)51)D2 Ut(xt,0)7

Vil
D\%i,lUib,l = ZI‘D\%Z'J Ua(xago) + (1 - ﬁZl)D\%Z’lUb(Xb,O)7

DVi,lDVi,zUiJ,cl = ﬁz‘]leVi,lDVz‘zUS(X&O) + (1 - 5£1)DV¢,1DVi,2Ut(Xt,0)’
Dw,lDVi,QUib,l = leVmDVz',zUCL(XCL,O) + (1 N ﬁzl)DVi,leiaQ Ub(xb’0)7
D2 UL =81 D2 Us(x.0) + (1= B D2, Ui(x10),

(A7)

vi2 1,1 Vi, 2 Vi, 2
D%'i,QUZ‘ljl = 721D\27i’2Ua(Xa,0) + (1 - ﬁzb,l)DgfiygUb(beO)'
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The third order directional derivatives D3 U;, D2 D, U;, and D2 D, ,U; are limited
by comparing them to the forward and backward differences along v;; multiplied by the
parameters lfi , and 12,

D2 U/ - D2 U/(xio
D%i’lUi(Xi’o)Hmiand Dii,lUi(XivO)’lZ{l ME Z’lf ME Z( 17)
Hxi,l - X@OH

Y

i1

2 2 b
b Dvi’lUi(Xip) - Dvi,1Ui,1
b 7
Hxi,l - Xi»OH
f
DV¢,1 DVi,2Ui,1 - DVi,l DVz',2 Ui(xi,o)

f
Hxi,l Xi,0

Y

D‘Q,“DVM Ui(xi0) < minmod (D\Zzi,lez;z Ui(xi0), lz1

i1

b
b DVz‘,lDVz‘,2 Ui(xi,o) - DVz‘,lDVz‘,z Ui,l

b )
Ity = xiof

D2 Ul -D2 U(xio)
D‘Q,LQDWJUZ-(X,-,O)<—|minmod(D‘Z,Z,QDVZAJU,-(XZ-,O),Z{I iz n] viz TV

f ’
[t =xiol

b
li4

b
HXi,l —Xi,0

D2, Ui(xi0) - D%, U}, )

(A.8)

The range for the scaling parameters lzf’ . and lf}k, k={1,2}, is given in (3.22). Similarly, the
second order directional derivatives along v; ; and v; 5 are computed at the cell centroids of
Qj, Q, €, and €,,. The second order directional derivatives at the forward and backward
interpolation points xlf ,, and x?, (Figure 3.3b) are linearly interpolated using the found
values. They in turn are used to limit the third order directional derivatives D?,MUZ-,

D3, ,Dy, Ui and D3 Dy, ,U;, similar to (A.8).

Finally, the modified third order moments (A]i?’o, Ufl, U}Q, and ljlog are computed by sub-
stituting the limited third order directional derivatives D3 U;, D2  D..  U;, D, D2 U,
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and D ,U; into (A.3)

A

0

A

1

2=

A

2 _
i1~

N

3
3,0

3
1,2 3
—=_D3 U,
240\/14 7*?
h2,hi
2 p2 D, U,
16810 2 M A9
hioh?, s, (A.9)
Tl Vi D%, UZ+#D§, Ui,
168v6 V! 336014 *?
hz:‘g,l 3 highi,l 2

———D3 U+ ——-"-D2 D, U.
4202 V! 16802 V2

If all the third order directional derivatives are modified by the limiter, then we hierar-
chically apply the third order moment limiter, and so on, until we reach either a set of
directional derivatives that are not limited or the zeroth order moment.
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Appendix B

B.1 Third order moment limiter on quadrilaterals

The third order DG approximation on a quadrilateral element §2;, written as a linear
combination of Legendre tensor product basis (1.25), is

2

U= Y. Ukes(Cn). (B.1)

j=0,k=0

The constant and linear basis functions are given in (6.24) and the quadratic basis functions
are

¢3=%5(3CQ—1), @%=§(3n2—1),
Ad-Ye o1, - -, (B.2)

©3 = §(3C2—1)(3772—1)~
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The derivatives of U; along the directions v; = (1,0) and vy = (0,1) in the canonical space
are

V3 3. 3f 3r V15

U@CZTU& §U111 2< C +TUZ%1(3 2 1)“‘_ 2C(3 ? -1),
V3 - 3f 3\/ V15 15 -
U’L’J] = _Ul _U11C Uz20 1C _U12(3<2 1) + ZU12,2(3C2 - 1)777
3f 3\/
U@CC— 2 z2 9 _U22(3 2 1)7
3V3 3\/
Ui,'rm = TU2 IC _U22(3C2 ]-)7
3 - 3\/ 3\/ 45
Uien = §U¢1,1 Uly¢+ n+ +7U122C77, Uicce =0, Uiy =0,
3vV15 - 45 A 3v15 4 45
Ui,CCn = —Uil,Z + _U32777 Ui,cnn 2Ca Uzyccnn = _UZ%Q,
2 2 2 2
(B.3)

Using (1.19), (1.20), (1.22), and by applying chain rule, the derivatives in (B.3) can be
expressed in terms of the derivatives of U; in the physical space as
Uic =Uizxe + Uiyye, Uiy =Uzxy+ Ui yyy,
Uice = Ui,ac;rxg + Ui,yyyg + 2U; oo Uiy = Ui o + Ui gy + 2U; 4y Ty,
Uicn = Ui gty + Ui yyYctn + Ui ay (Tyc + cyy) + Ui 2Ciaz + Ui y Ci g3,
Usicee = Ui,mxﬂﬂz’ + Ui,yyyyg + 3Ui,myxfy< + 3Ui,myyxcy?>
Ui .yyn = Ui,xacqu?; + Ui,yyyyf; + 3Ui,a:xyx727yn + 3Ui,xyy$n%2p (B.4)
Uigen = Ui,mrxgxn + Ui,yyyygyn + Ui eay (Qnyan + xgyn) + Ui yya (2xgy<y,7 + ygyn)
+ 2{Ui,22Ci237¢ + Uiy Ciy3yc + Us oy (Ci gzt + Ciasye) }
Uigm = Uszaai@e + Uiy + Uszay (2xnyn$< + m%yc) + Ui yya (anynyé + ?J?;yc)
+ 2{U; 22 Ci 23y + Uiy Ci 34 + Ui ay (Ci 32 + Ci 23Yy) }-

Consider the following vectors on the physical element €2;
Vii= (Oi,zla Ci,y1)7 Via = (Cz',a:27 Oi,y?)u Vi3 = (Cz',x:a, Cz',y:a)- (B-5)
We can write v; 3 in terms of the other two vectors as
Viz=a) V11+Oflv Vio. (B.6)

1, Vi,3 ,3
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Denote the sth directional derivative along the directions v;; and v, 9, evaluated at the
centroid x; 0, as

DY DS, = 0°Us

. . ——F—, 0<g<s. B.7
Vi1t Vi Tt aqVZ. laS*qVi 2’ 5¢= ( )

Using (B.4), the directional derivatives along v;; and v, » evaluated at the centroid x; ¢ of
Q); can be computed as
Dvi,lUi = UZ:C R DVi,Q Uz = Ui,n

(0,0)

I

(0,0)

Y

D% Ui =Usgc

2 —
o D3, Ui = Uiy

(0,0) (0,0)
DVi,lDVi,QUi = Ui,@l - {ail,vi,gDVi,lUi + alZ,Vi,gDVi,QUi}7
(0,0) (B 8)
Dii,lUi = Ui,CCC ) Dii,QUi = Ui,nnn )
(0,0) (0,0)
DsileVi,QUi = Ui,CC?? - 2{@7:17VZ,73D\2,Z,’1 U’l + &?,VZ‘,3DVi,1DVi,2Ui}7
(0,0)
DVi,lD%'i,zUi = Ui,Cm? - Q{Q},Vi,y,DVi,lDViﬂ UZ + a?,viyngfiyzUi}'
(0,0)

We start limiting at the highest solution coefficient, i.e., UfQ. Consider the directional
derivative D2 D,,U;, which from (B.3) can be written as

3V15 - 45 -
Uiy + EU32C7 (B.9)

D? D,,U; =
ie., 022 is proportional to the gradient of D2 D,,U; along n = 0. Therefore, we can find
the limited value of UZQ by computing the forward and backward difference of D2 D,,U;

v
along v;;. To do so, we first find the value of D2 D,,U; at the forward and backward
interpolation points XZJ-C’ , and X?’l. Let’s first consider the forward interpolation point X{ 1

Using (6.7), (6.8), and (B.4), D2 D,,U; at X]-il can be written as

7

D2, D,,U; = D2, ;D 1;U; + 2Dy, , D 1. Us. (B.10)
Vv i ’ i,C

[N

Next, we compute the directional derivatives on the right hand side of (B.10) at the cell
centroids of the neighboring elements 2; and ;. Consider the element €2, (Figure B.1b).
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Using (6.10), the derivatives D?, ;D iU, and Dy, ,D 1.+Uj, can be written in terms of the
Vit i1 ’ i,¢
derivatives along v, and v 2 as

1, 1, 2 17 17
Di?’{DVH Uk = (0 Dvis + B2 Do) (0 Do + By Do) U

(B.11)
Dstszqu Uk = (Oéllc:g;DVk,l + Blingsz) (allc:éDVkJ + ﬁli:gszm) Ukv

where the derivatives along vy, and v at X can be computed using (B.8) and (B.3).
Next, we compute the derivatives D?, ;D 1;U; and D, ,D 1.sU; at the cell centroid x;
v, ¢ i,m ’ i,C

of ©; and linearly interpolate the value of D2 D,,U; at X{ , using the computed values at
the cell centroids as

DngUZUZ-(x{l) - 5{1D51D1,2U,€ +(1- ijl)Dngij. (B.12)

In a similar fashion, we can estimate the value of D2 D,,U; at the backward interpolation

(a) Reconstruction stencil for high-order
moments

(b) Reconstruction stencil along v; 2

Figure B.1: Reconstruction stencil for moment limiter on quadrilateral mesh.

: b
pont X7, as

D3, Dy, Us(x1) = 8105, Doy Un + (1 = B71) D7, Do U, (B.13)

Finally, we compute the limited solution coefficient 032 by plugging the forward and back-
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ward differences into (6.15) as

]

f
(722 «<minmod (U~22 1 1 (207 Du, Ui(xivl) 1
2,27 74,1
5 5 y ’

_ Uil 7
¢/l 45 V5 ’2)

)
7,,1 |<—£1| 15 ’L,2 45 *

Next, consider the directional derivative D,, D2 U;, which from (B.3) can be written as

(B.14)

3V15 051 N 45

D, D2 U; = ?U;%g, (B.15)

ie., 052 is proportional to the gradient of D, D2 U; along ¢ = 0. Following the steps
outlined above for D} D,,U;, we compute the limited solution coefficient [NJZZ from the
forward and backward differences of D,, D52 U; along v, 9 as

L (2D DLUK) 1 g,
|7’]:ij‘2| 45 /15 Z,l 9
b 1 ( 1 UQ _2D’01D1212Ui(x?,2)))
It \ V15 45 '

[752 «~minmod (0327 l£2
(B.16)

If [752 is modified, then we compute the limited coefficients (0517 Uzlg) Consider the

directional derivative D2 U;, which from (B.3), after ignoring the contribution from higher
order solution coefficients, can be written as

33
2

D;,Ui = —==Uly + =5—U2, (B.17)

3V15 -
2
ie., UZI is proportional to the gradient of D% U; along 7 = 0. Following the steps outlined

above for D} D,,U;, we can compute the limited solution coefficient [72.21 from the forward
and backward differences of D§2 U; along v, ; as

f b
U?leminmod (721 2 L 2D32Ui(xi’1)—ifj?0 lblL(LU,?O_%) )
%, 7, z,1|<,i]jl| 3 /—15 \/5 7, 7, |Czb71| \/g 7, 3\/1—5
(B.18)
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Next, consider the directional derivative D,, D,,U;, which from (B.3) can be written as

3 3\/ 3\/ 45 A
D,,D,,U; = §U3,1 UL+ =—U%n —U22C77, (B.19)

ie., (Affl is proportional to the gradient of D,, D,,U; along n = 0. Therefore, we compute

the limited solution coeflicient U,fl from the forward and backward differences of D,, D,,U;
along v; o as

1 (2D, D,,Ui(x! 1 .
U21 «<minmod Ufl,lfcz D Uil ’2)— Ul |,

I/, 3V15 V15 "
1 1 ( 1 ~1 2D1)1DU2U1'(X?,2)))

)2 W
' |77?,2|

(B.20)

Ui -
NG 315

Similarly, we compute the limited solution coefficient Uilz as

N U (2D, D, Us(x’ 1 .
UZ'172 < minmod(U}Q, i1 ( 1 2 ( z,l) _ Uill ,

[ef 315 V15
l?_,l( 1 Ul B 2D01DU2U1'(X?,1)))
|§z'b,1| V15 ol 315

~ o 2D?2 U; x/ 1 . 16 1. 2D2 Uy(x
!, <+ minmod Ul-l’z, 1}2 Ui 1’2) - =001, Zl;2 (—UQ ( 22)) .
|77¢,2| ni,2|

2y

Ui N N AW
(B.21)

If both (7221 and U 1, are modified, then we compute the limited coefficients (U2, UY,) as

U°, < minmod [ U° ll{l 2DU1Ui(X£1)— L Uo lgl ( /—1 U _QDUIUi(ngl))
©,2 2,29 |le;1| 3\/5 /—15 i1 7|<Zb71| 15 i1 3\/5

N U, (2D, U(x[,) 1 . b, (1 .. 2D,U(xt,)
U?, < minmod U2, 2 L2 [}k ”_’2(_Ui1 _ 2 0,2 ) ‘
g ( i |( 3v/5 V5 ) bl NV 3V5

(B.22)

If both UiQ,O and USQ are modified, then we proceed with the second order limiter described
in Section 6.1.4, Chapter 6.
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