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CHAPTER 1

Introduction

Debris flows are flows of water-saturated slurry mixtures [37, 52, 62]). Examples
are mud slides initiated by heavy rainfall on eroded mountain sides consisting
of mixtures of rock, sand and mud; and volcanic debris flows in which the flow
may be a mixture of volcanic debris and water (see Fig. 1a). These flows often
cause major destruction to buildings and infrastructure, with accompanying
loss of human lives. In industrial applications, dense liquid-solid flows, such
as slurry flows, are used in pipeline transportation (see Fig. 1b). This form
of transportation has relatively low operation and maintenance costs, and is
friendly to the environment [48]. Other applications occur for instance in liquid
fluidized beds [38].

The first objective of the research in this thesis is to be able to solve hy-
drodynamic models of two-phase flows which describe the motion of the above
mentioned debris flows. These models contain many interesting aspects, e.g.,
the presence of nonconservative products, stiff source terms and flows with free-
surfaces. In this thesis we will provide some of the tools necessary for solving
these models by space- and/or space-time discontinuous Galerkin (DG) finite
element methods.

The second objective of this thesis is to develop fast multigrid methods for
the solution of the algebraic system of equations originating from the space-time
DG discretization. In particular for higher order accurate DG discretizations of
practical problems, a significant improvement in computational performance is
essential. In the next sections we will discuss the main topics in more detail.
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(a) The lahar developed on the slopes of (b) Slurry and sediment transport in
Santiaguito volcano [33]. Photograph cour- pipelines. Photograph courtesy of LI-
tesy of U.S. Geological Survey. Cengineering [34].

Figure 1.1: Ezamples of two-phase flows.

Nonconservative products. We are interested in solving dispersed two-phase
two-fluid models. The use of a discontinuous Galerkin (DG) method for these
problems is of interest because it can deal efficiently with unstructured and
deforming grids, local mesh refinement (h-adaptation), adjustment of the poly-
nomial order in each element (p-refinement), and parallel computation. These
benefits stem from the compact stencil used in DG methods, i.e., the solution
on an element depends only on the data of its immediate neighboring elements.
Furthermore, the DG finite element method easily deals with shocks and other
discontinuities in the solution. Dispersed two-phase two-fluid models contain,
however, nonconservative products which are introduced in the governing equa-
tions in the modeling procedure [22, 23]. This poses serious problems which
motivated the research in Chapters 2 and 3 to present a way to genuinely deal
with nonconservative products in a DG finite element context.

Systems of equations containing nonconservative products cannot be trans-
formed into divergence form, i.e., equations of the form Oyu+0, f(u)+g(u)0yu =
0 cannot be written as 0;u+9d,h(u) = 0. This causes problems once the solution
becomes discontinuous, since the weak solution in the classical sense of distri-
butions then does not exist. Consequently, no classical Rankine-Hugoniot shock
conditions can be defined. To overcome these problems we use the theory of
Dal Maso, LeFloch and Murat (DLM) [54] for nonconservative products. In this
theory a definition is given for nonconservative products of the type g(u)d,u,
where g : R™ — R™ is a smooth function, but u :]a,b[— R™ may admit dis-
continuities. Using this theory, a notion of a weak solution can be given to
the Riemann problem for nonconservative hyperbolic partial differential equa-



tions. In Chapter 2 we will use the DLM theory to propose a new discontinuous
Galerkin (DG) finite element method suitable for hyperbolic partial differential
equations in nonconservative form. A problem with the DLM theory is, how-
ever, the introduction of a path in phase space connecting the left and right
state across a discontinuity. It is possible to derive an expression for this path
by constructing entropy solutions to the nonconservative hyperbolic equations
(see LeFloch [46]), but this construction can be a very difficult as well as costly
job. In Chapter 3 we will therefore investigate the influence of this path in phase
space on the numerical solution.

Over the years several authors have been developing numerical methods
suitable for nonconservative hyperbolic partial differential equations with non-
smooth solutions. Toumi [75] introduced a generalized Roe solver based on the
DLM theory, which was later applied by Toumi and Kumbaro [76] to shock
tube problems and two-fluid problems. The work by Toumi [75] was also used
by Parés [57], Castro, Gallardo and Parés [14] and Parés and Castro [58] to
develop numerical schemes in the finite volume context. Alternative approaches
in which the DLM theory is not used are followed by Saurel and Abgrall [66]
and Xing and Shu [87]. The latter work considers high order well-balanced finite
volume WENO and Runge-Kutta discontinuous Galerkin methods for systems
containing nonconservative products. The schemes of Xing and Shu are de-
signed such that they exactly maintain the balance laws at the discrete level for
certain steady state solutions. In Chapter 2 we use the DLM theory in a DG
finite element context to give the nonconservative products a proper definition
at locations where discontinuities are present. This work differs from the previ-
ously mentioned works in that we do not formulate a weak formulation based
on generalized Roe solvers. Instead, we present and use a new numerical flux in
the context of the DLM theory.

Depth-averaged two-phase flows. In many flows the height H of the flow
is much smaller than the length L of the flow, H/L <« 1. For these flows,
depth-averaging techniques are commonly used to simplify the three dimen-
sional equations. Examples include the shallow water equations derived from
the incompressible Navier-Stokes equations or the Savage-Hutter equations for
dry granular flow [67]. Recently, Pitman and Le [62] and Le [45] derived a
depth-averaged model for two-phase flows based on a three dimensional contin-
uum model for two-phase flows as derived by Jackson [38] (see Appendix B for
the three dimensional continuum model). We remark, however, that with the
assumptions made in the depth-averaging process by Le [45], the same depth-
averaged model can be derived from the three dimensional model of Drew and
Lahey [22]. In Chapter 4 we have slightly extended the depth-averaged model
by also including extra friction terms to simulate turbulent friction and we
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present a discontinuous Galerkin finite element method for the depth-averaged
two-phase flow model.

Much of the research conducted with depth averaged models for liquid-solid
flows focuses on correctly predicting the final depositions of debris avalanches
and their behavior over natural terrains (Denlinger and Iverson [20], Patra et
al. [60, 59], Pouliquen and Forterre [63], Tai et al. [70], Wang et al. [83]). In
Chiou et al. [15] and Gray et al. [26] also the influence of obstacles on granular
flows is investigated. We are, however, interested in the behavior of debris flows
through contractions and in Chapter 4 we will perturb a steady-state two-phase
flow with a low particle volume fraction by introducing an upstream avalanche
of particles for a short period, thus temporarily increasing the particle volume
fraction. This experiment was done by Akers and Bokhove [2] (see Fig. 1.2) and
we use this experiment to qualitatively validate the depth-averaged two-phase
flow model.

Multigrid. The space-time DG method is implicit in time and requires the
solution of a system of algebraic equations at each time step. To solve this
system we consider multigrid techniques, which are very efficient and versatile
techniques for the solution of large systems of (non)linear algebraic equations.
During the past decades many different multigrid algorithms have been devel-
oped and applied to a wide variety of problems. Furthermore, an extensive
mathematical analysis has been conducted for many multigrid algorithms re-
sulting in detailed knowledge about the design of optimal multigrid algorithms,
their performance and efficient implementation.

In this thesis we consider the use of a pseudo-time multigrid technique origi-
nally developed by Jameson [39] and further extended in [55]. This method was
applied in the early 2000’s in a space-time DG context in [79] for second order
accurate discretizations of the Euler equations and has been a preferred method
to solve space-time DG discretizations since [4, 40, 41, 42, 61, 64]. Our objective
is to improve this method for higher order space-time DG discretizations since
it preserves the locality of the DG scheme and is very useful in a FAS multigrid
scheme for nonlinear problems.

The main components in a multigrid algorithm are an iterative method and
coarsened approximations of the algebraic system. In addition, restriction and
prolongation operators are necessary to connect the various approximations of
the algebraic system. In case of partial differential equations the coarsened al-
gebraic systems can be obtained by either discretizing the equations on coarser
meshes, resulting in h-multigrid algorithms [30, 42, 80, 79], or by using dis-
cretizations with different orders of accuracy, which give p-multigrid meth-
ods [9, 24, 50, 53]. Of course combinations of both techniques are possible,
resulting in hp-multigrid methods [56, 68]. In Chapter 5 we will consider h-



Figure 1.2: When water flow enters a contraction at a certain speed, a steady
state in the contraction is reached with oblique hydraulic jumps (top left). This
steady-state is perturbed by an upstream avalanche of polystyrene beads (just
inserted in the top middle frame). There is a transition period in the top right,
bottom left and bottom middle frames in which one second elapses between each
frame. A second steady state, an upstream steady shock, is reached (bottom

right) [2].

multigrid methods while in Chapter 6 we discuss some preliminary results using
also p- and hp-multigrid.

The design of the iterative method (also known as a smoother) and the re-
striction and prolongation operators are crucial for multigrid performance. Also,
the coarsening of the algebraic system can have a significant impact. For lin-
ear problems discrete Fourier analysis can provide detailed information on these
aspects. This is achieved by analyzing the full two- or three-level multigrid algo-
rithm. Due to its complexity, the analysis of multigrid algorithms is frequently
restricted to two-level analysis, or even the simpler analysis of only the multi-
grid smoother. For many problems this results in a rather poor prediction of
the actual multigrid performance. It is therefore important to consider realistic
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model problems and extend the analysis to three grid levels. This can signif-
icantly enhance the accuracy of the analysis and is essential when optimizing
the multigrid algorithm, see e.g. [86].

The h-multigrid algorithm using a pseudo-time integration method discussed
in this thesis was originally developed in [42, 79] for second order accurate space-
time DG discretizations of the compressible Euler and Navier-Stokes equations.
The algorithm is easy to implement and parallelize, even on locally refined
meshes, and is insensitive to initial conditions. For higher order accurate DG
discretizations the multigrid performance was, however, not satisfactory. In
Chapter 5 we therefore discuss the analysis of the A-multigrid algorithm and
demonstrate how the multigrid performance for higher order DG discretizations
can be improved.

In Chapter 5 we perform a two- and three-level Fourier analysis for space-
time DG discretizations of a linear PDE. To better approximate “real” problems,
such as the compressible Navier-Stokes equations, we consider the 2D advection-
diffusion equation instead of the 1D model problem as was done in [42]. The
Fourier analysis then serves as a tool to optimize our h-multigrid algorithms.
In [79], an explicit Runge-Kutta time integrator was optimized for single-grid
1D computations. This Runge-Kutta scheme was used as a smoother in the
h-multigrid algorithm without further modifications. In Chapter 5 we optimize
explicit Runge-Kutta smoothers in combination with the three-level A-multigrid
algorithm. This combined optimization process should result in a significantly
improved algorithm. The optimization is performed for a three-level A-multigrid
algorithm for the solution of the 2D advection-diffusion equation discretized with
a second or third order accurate space-time DG discretization.

It is known that multigrid methods converge slowly on grids with high aspect
ratio cells. High aspect ratio cells cause a strong coupling in one direction
and a weak coupling in other directions, see e.g. [77]. Different techniques are
proposed in the literature to tackle this problem, e.g. semi-coarsening and line
implicit smoothing. Both, however, become impractical for three dimensional
computations on unstructured grids. In order to address this problem, recently,
Lucas et al. [49] proposed a Newton linearization in combination with a Krylov
subspace technique for unsteady flow computations. To maintain the locality of
the discontinuous Galerkin discretization, we prefer however the use of pseudo-
time integration methods using explicit Runge-Kutta time integrators. In order
to reduce the stiffness of the discretization introduced by the high aspect ratio
cells, we have derived a rescaling in Chapter 5 to be added to the pseudo-time
algorithm. By investigating how the scaling of the discretization changes on
high and low aspect ratio cells, a rescaling can be derived to better balance the
discretizations in all directions. A similar argument holds for the change from
inviscid to viscous flows in a boundary layer.



In Chapter 6 we perform a three-level Fourier analysis of h-, p- and hp-
multigrid techniques applied again to the 2D advection-diffusion equation. We
test the multigrid schemes then through the computation of inviscid flow over
a NACAO0012 airfoil, solving the Euler equations of gas dynamics. We found
that the choice of the basis functions in the numerical simulations has a large
effect on the stability of the computations. In order to investigate this, we have
calculated the spectrum of a third order accurate space-time DG discretization
for the 2D Euler equations for the flow over a NACAQ0012 airfoil. This provided
useful information on the best choice of basis functions.

An alternative derivation. Many partial differential equations describing
fluid flow contain second (and higher) order derivatives. Obtaining a DG dis-
cretization for these higher order derivatives is non-trivial and many different
DG methods exist to deal with these terms. Even for first order partial dif-
ferential equations there are some issues regarding the derivation of the DG
weak formulation. In Chapter 7 we aim at a mathematically more consistent
derivation of DG discretizations. This derivation is different from the classical
derivation in that we introduce generalized DG derivatives based on bounded
Borel measures. On element boundaries the generalized DG derivative is well
defined despite the discontinuity in the numerical approximation at the element
faces. Using this alternative approach we recover the standard weak formula-
tion for hyperbolic partial differential equations (PDE’s). For parabolic and
elliptic PDE’s, two DG formulations can be obtained, a new weak formulation
and the weak formulation proposed by Brezzi et al. [13]. Numerical simulations
are conducted to compare both weak formulations.

Outline. In Chapter 2 we derive the space-time DG finite element formula-
tion for nonconservative partial differential equations and state the space DG
finite element formulation as a special case in Appendix A. In DG methods, the
numerical flux plays an essential role. In Chapter 2 we therefore also derive a
numerical flux for systems with nonconservative products (NCP-flux) which can
also be applied to moving grids.

We apply the DG finite element method to two depth-averaged and dispersed
multiphase systems in Chapter 3 and show numerical results using a linear path
in phase space. We then investigate the effect of the different paths in phase
space on the numerical solution.

In Chapter 4 we present a discontinuous Galerkin finite element method for
the depth-averaged two-phase flow model as derived by Pitman and Le [62] and
Le [45]. We numerically verify and validate the method and the model. The
DG method does not guarantee monotone solutions around discontinuities and
sharp gradients and thus numerical oscillations can develop. To prevent these
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numerical oscillations we investigate and clarify the WENO slope limiter given
in [51] in combination with Krivodonova’s discontinuity detector [43].

Space-time DG methods of partial differential equations result in large sys-
tems of algebraic equations that need to be solved at each time-step. To effi-
ciently solve these systems, we combine pseudo-time integration methods with
multigrid techniques. In Chapter 5, a two- and three-level Fourier analysis of the
multigrid algorithms is conducted. The Fourier analysis provides the spectral
radius of the multigrid algorithm which gives a prediction of the asymptotic rate
of convergence of the multigrid method. We optimize the A-multigrid method
by minimizing the spectral radius. In Chapter 6 we further analyze p- and
hp-multigrid using Fourier analysis and perform “real-life” simulations.

An alternative derivation of the discontinuous Galerkin (DG) finite element
weak formulation is given in Chapter 7. We introduce generalized DG deriva-
tives based on Borel measures which lead to a mathematically more consistent
derivation. We compare numerical results of a new DG weak formulation for
higher-order derivatives with the well known method of Brezzi et al. [13]. For
this we consider the compressible Navier-Stokes equations in which we simulate
viscous flow past a cylinder and a NACAQ012 airfoil. Conclusions are drawn in
Chapter 8.



CHAPTER 2

Discontinuous Galerkin finite element methods
for hyperbolic nonconservative partial
differential equations: Theory

In this chapter we present a discontinuous Galerkin finite element (DGFEM) formu-
lation for systems containing nonconservative products, such as occur in dispersed
multiphase flow equations. The main criterium we pose on the weak formulation is
that if the system of nonconservative partial differential equations can be transformed
into conservative form, then the formulation must reduce to that for conservative sys-
tems. Standard DGFEM formulations cannot be applied to nonconservative systems
of partial differential equations. We therefore introduce the theory of weak solutions
for nonconservative products into the DGFEM formulation. We also introduce a new
numerical flux that is able to deal with nonconservative products.

2.1 Nonconservative hyperbolic partial differen-
tial equations

The main topic of this chapter is the derivation of a formulation for DGFEM
suitable for nonlinear hyperbolic partial differential equations in nonconservative
form. We use the theory of Dal Maso, LeFloch and Murat (DLM) [54] to
overcome the absence of a weak solution in the classical sense of distributions
for these types of equations. In an article by Dal Maso, LeFloch and Murat [54],
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a definition was given for nonconservative products of the form g(u)0,u, where
g : R™ — R™ is a smooth function, but u :]a, bj— R™ may admit discontinuities.
They assumed u to be a function of bounded variation (BV), viz. a Lebesgue
integrable function whose first derivative is a bounded Borel measure, and the
product g(u)d,u is defined as a Borel measure on Ja,b[. Such a definition is
necessary when ¢ is not the differential of a smooth function ¢, i.e., there is no
¢ such that g(u)0,u admits a conservative form d,q. The following example,
given by LeFloch [46], illustrates the DLM theory.

Consider the function u(z) composed of two constant vectors uz, and ug in
R™ with ur, 7£ UR:

u(z) =ur + H(x — zq)(ur —ur), = €la,b, (2.1)

where x4 €la,b] and H : R — R is the Heaviside function with H(z) = 0 if
x < 0and H(z) =1if x > 0. Consider any smooth function g : R — R™. We
see immediately that g(u)dyu is not defined at z = x4 since here |Oyu| — oc.
Dal Maso, LeFloch and Murat [54] introduce therefore a smooth regularization
u® of the discontinuous function w. They show that in this particular case, if
the total variation of u® remains uniformly bounded with respect to e:

du m g(us)

. du®
— =1
dx e—0

dz

g(u)

gives a sense to the nonconservative product as a bounded measure. This limit,
however, depends on how we choose u®. Introduce a Lipschitz continuous path
¢ :[0,1] — R™, satisfying ¢(0) = ur and ¢(1) = ug, connecting vy, and ug in
R™. The following regularization u® for u then emerges:

ur, if x €la,xq — g
uf(z) =  p(E=2te) if x €lag —e,xa+e[ > 0. (2.2)
UR, if x €lag+e,b]

Using this regularization, LeFloch [46] states that when € tends to zero, then:

do
dr

dut

g(u)

1
— C6,,, with C :/ 9(p(1))=(7) dr,
0

vaguely in the sense of measures on a, b[, where §,, is the Dirac measure at
xq4. We see that the limit of g(u®)d,u® depends on ¢. There is one exception,
namely if a ¢ : R™ — R exists with g = J,,¢. In this case C = q(ur) — q(ur).
We are, however, interested in the case when such a function ¢ does not exist.
We then see that the definition of the nonconservative product g(u)dyu must
depend on the path ¢ chosen in the regularization. In Section 3.3, we will
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investigate the effect of different paths ¢ on the numerical solution. For now,
assume that the path ¢ is given. In Dal Maso, LeFloch and Murat [54] it is
assumed that the path belongs to a fixed family of paths in R™. These paths
are Lipschitz continuous maps ¢ : [0,1] x R™ x R™ — R™ which satisfy the
following properties:

(Hl) ¢(07UL7UR) =ur, ¢(1;'LLL’U,R) = UR,
(H2) é(75ur,ur) = ur,
(H3) ’%(T§UL7UR)’ < Kl|ur, — ug|, a.e. in [0,1].

Dal Maso, LeFloch and Murat [54] consider functions w :]a, b}— R™ of bounded
variation, viz. u € BV (Ja,b[,R™). These are functions of L!(]a,b[,R™) whose
first order derivative is a bounded Borel measure on the interval ]a, b[. Since u is
BV, u admits a countable set of discontinuity points and at each such point x4,
a left trace ur, = lim. o u(zq — €) and a right trace ur = lim. o u(xq + €) exist.
For more on Borel measures, BV functions and related topics, see, e.g., [89)].

Based on the family of paths satisfying (H1)-(H3), the following theorem is
given by Dal Maso, LeFloch and Murat [54]:

Theorem 2.1.1. Let u :]a,b[— R™ be a function of bounded variation and
g :R™ — R™ be a continuous function. Then, there exists a unique real-valued
bounded Borel measure . on |a,b| characterized by the two following properties:

1. If u is continuous on a Borel set B Cla,b], then:

u(B) = [ gt ax

where A is the Borel measure.

2. If u is discontinuous at a point xq4 of |a, b, then:

1

(o)) = [ glolrsun.un) G s ur)

By definition, this measure u is the nonconservative product of g(u) by Oyu and
is denoted by p = [g(u)g—z]d).

In this chapter we will derive a space-time DGFEM weak formulation for
nonlinear hyperbolic systems of partial differential equations in nonconservative
form in multi-dimensions:

Uio+ Fir i + GikrUr,k =0, Te€R? ¢t>0, (23)
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with U € R™, FF € R™ x R?, G € R™ x R? x R™; we use the comma notation
to denote partial differentiation and the summation convention on repeated
indices. Here, (-) o denotes partial differentiation with respect to time and (-) x
(k = 1,...,q) partial differentiation with respect to the spatial coordinates.
In a space-time context, space and time variables are, however, not explicitly
distinguished. A point at time ¢ = z with position Z = (21,22, ...,z4) has
Cartesian coordinates z = (g, ) € R?7"1. We can write (2.3) then as:

TirUrk =0, z€R 20>0, k=0,1,2,....q, (2.4)

with U € R™ and T € R™ x R9t! x R™ given by:

Oiry if k=0,
Tiper = 2.5
ikr { Djp,, otherwise, (25)

where 0 represents the Kronecker delta symbol and where D, = 0F;;/0U, +
Gy Dal Maso, LeFloch and Murat [54] give a similar theorem to Theorem 2.1.1
for the nonconservative term Tjk, U, in multi-dimensions. As before, assume
a given family of Lipschitz continuous paths ¢ : [0,1] x R™ x R™ — R™ that
satisfy, for some K > 0 and for all UL, UF € R™ and 7 € [0, 1], the properties:

(H1) ¢.(0;U*,U") = U}, ¢,.(1;U,UR) = UL,
(H2) ¢,.(r; UL, UL) =UEL,

(H3) |%=(r; UL, UR)| < K|UF - UF|, ae. in [0,1],
(H4) ¢, (r;UF,UR) = ¢,(1 —7;UR,UF).

Note that property H4 has been added, which does not have to be satisfied in
the one dimensional case. Let Q C RIt! with Q = Q, U S, U I, where €, is
the set of points of approximate continuity, S, the set of points of approximate
jump and I,, contains the irregular points. The DLM theorem then states:

Theorem 2.1.2. Let U : Q — R™ be a bounded function of bounded variation
defined on an open subset Q of RIT1 and T : R™ — R™ be a locally bounded
Borel function. Then there exists a unique family of real-valued bounded Borel
measures (; on 2, i =1,2,....m such that

1. if B is a Borel subset of Q,,, then:

i(B) =/ TirrUr i dX, (2.6)
B

where A is the Borel measure;
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2. if B is a Borel subset of S,,, then:

1
Hz‘(B):/ / T'L'kr(d)(T;ULvUR))%(T;ULaUR)dTnlgquv (2.7)
BNS, Jo or

with UY and UR the left and right traces at the discontinuity, where H?
denotes the q-dimensional Hausdorff measure and where we choose n™ the
outward normal with respect to the left state;

3. if B is a Borel subset of I, then u;(B) = 0.
The measure p; is the nonconservative product of Ty, by Uy, denoted by:
Wi = [TikrUr,k]¢~ (2.8)
In particular, a piecewise C! function U is a weak solution of (2.4) if and
only if the following two conditions are satisfied [14]:
1. U is a classical solution in the domains where it is C'.

2. At a discontinuity U satisfies the generalized Rankine-Hugoniot condi-
tions:

— (U —UF) + Fi(URRE — Fyp(UYRE+

/1 L 7R\ 09r L 17R _
Gir(P(m; U, U™)) == (1; U, U™ )dr iy, =0, (2.9)
0

or
where o is the speed of propagation of the discontinuity, U* and U are
the left and right limits of the solution at the discontinuity and n” is the
space component of the space-time normal n” (see e.g. LeFloch [46]).

When G(U) is the Jacobian of some flux function Q(U), jump conditions (2.9)
are independent of the path and reduce to the Rankine-Hugoniot condition:

Hi (UM ng — Hy(UM)ng = o(UF = UF), (2.10)
where H = F + Q.

2.2 Space-time DGFEM discretization

In this section we will introduce the formulation for space-time DGFEM for
systems of hyperbolic partial differential equations containing nonconservative
products. We will start by introducing space-time elements, function spaces,
trace operators and basis functions, after which we derive the space-time DG
formulation. In Appendix A we also give the formulation for space DGFEM.



14 Chapter 2: DGFEM for hyperbolic nonconservative pdes: Theory

2.2.1 Space-time elements

In the space-time DGFEM method, the space and time variables are not dis-
tinguished. A point at time ¢t = zo with position vector & = (1, x2, ..., z4) has
Cartesian coordinates (g, Z) in the open domain & C RITL. At time t the flow
domain Q(t) is defined as:

Q) ={z eR?: (t,z) € £}

By taking tg and T as the initial and final time of the evolution of the space-time
flow domain, the space-time domain boundary 0& consists of the hyper-surfaces:

Q(to) = {I’Eaglﬂioito},
QUT) ={x€d€ :20=T},
Q:={xe€df ty<zy<T}.

The time interval [tg, T is partitioned using the time levels ¢y < t; < ... < T,
where the n-th time interval is defined as I, = (tn,tn41) with length At,, =
tn+1 — tn. The space-time domain £ is then divided into N; space-time slabs
E" = £nN1I,. Each space-time slab £" is bounded by Q(t,), Q(tn+1) and
Q" = 9E™/(Qtn) U Qtns1)).

The flow domain Q(t,,) is approximated by Q(t,), where Q,(t) — Q(t) as
h — 0, with h the radius of the smallest sphere completely containing the largest
space-time element. The domain (t,) is divided into N, non-overlapping
spatial elements K;(t,). Similarly, Q(t,41) is approximated by Qp(tn41). We
can relate each element an = Kj(t,) to a master element K Cc R4 through the
mapping F7:

Fp:K— K} wx—Zx )X (€)

with z; the spatial coordinates of the vertices of the spatial element K7 and

x; the standard Lagrangian shape functions defined on element K. The space-
time elements K} are constructed by connecting K" with K;”l using linear
interpolation in time, resulting in the mapping G} from the master element
K C R o the space-time element K™:

Gr:K—K": &0 (62) = (3(tnts +ta) + 5 (tng1 — tn)o,
3(1=&)FR (&) + 3(1+ &) Fr(€))-
The tessellation 7, of the space-time slab £} consists of all space-time elements

IC" thus the tessellation 7}, of the discrete flow domain &, := UNt 15h then is
deﬁned as Tp, == UN’ 1T”
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The element boundary 0K, which is the union of open faces of K7, consists
of three parts: Kj;(t)}) = limejo K;(t, +€), K;(t,, ) = limeo K;(tn1 — €) and
QF = oK} /(K;(t})UK;(t, ,)). Define the grid velocity v € R? as v = AZ/At.
The outward space-time normal vector at an element boundary point on 9K}
is given by:

(1,0) at K;(t, 1),
n =1 (-1,0) at K;(t}), (2.11)

(—vgng,n) at Q;L,

where 0 € R?. Note that since the space-time normal vector n has length one,
the space component 7 of the space-time normal has a length || = 1/v/1+ v - v.
It can be convenient to split the element boundaries into separate faces. In
addition to the faces K;(t;) and Kj(t, ), we also define therefore interior and
boundary faces. An interior face is shared by two neighboring elements ' and
IC;?, such that Slnj = 9N Q;?, and a boundary face is defined as Sg,j =0Em™N Q;?.
The set of interior faces in time slab I™ is denoted by S; and the set of all
boundary faces by 7. The total set of faces is denoted by S} 5 = SF U Si.

2.2.2 Function spaces and trace operators

We consider approximations of U(x, t) and functions V' (z, t) in the finite element
space V},, which is defined as:

Vi = {V € (L*(&)™ : V| 0 Gk € (PP(K)™, VK € T},

where L2(&,) is the space of square integrable functions on & and P?(K) denotes
the space of polynomials of degree at most p on the reference element K. Here
m denotes the dimension of U.

We now introduce some operators as defined in Klaij et al. [41]. The trace
of a function f € Vj, at the element boundary 9K is defined as:

L _ 1 L
FE = lim f(z — en”),

with n% the unit outward space-time normal at OKY. When only the space
components of the outward normal vector are considered we will use the notation
L. A function f € V} has a double valued trace at element boundaries OK.
The traces of a function f at an internal face S = KF N K are denoted by
fLand fE. The jump of f at an internal face S € S} in the direction k of a
Cartesian coordinate system is defined as:

[£1x = frng + fRag,
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with ﬁfj = —ﬁﬁ. The average of f at S € S} is defined as:
) =505+ 1.

The jump operator satisfies the following product rule at S € S} for Vg € V),
and Vf € Vj, which can be proven by direct verification:

lgi firlk = Los B U firle + Loa)n{ fir }- (2.12)

Consequently, we can relate element boundary integrals to face integrals:

Z / fixng dQ = Z /[[ngzk]]k dS + Z / fhng d (2.13)

KeT1,r SeSt SeSE

2.2.3 Weak formulation

In this section we derive a space-time DGFEM weak formulation for equations
containing nonconservative products. Before discussing the space-time DGFEM
weak formulation for equations containing nonconservative products, we first
introduce as a reference the space-time DGFEM weak formulation for equations
in conservative form (see, e.g., van der Vegt and van der Ven [79]).

Consider partial differential equations in conservative form:

Uio+ Hix =0, T€R? 20>0, (2.14)

where U € R™ and H € R™ xR?. Using the approach discussed in van der Vegt
and van der Ven [79], the space-time DG formulation for (2.14) can be stated
as:

Find a U € V, such that for allV € Vj:

-y /( VioU; +VkHlk>dIC

KeT,»

+ > ( / VEULdK — VfU}dK)
KeTpr \E(t K ()

n+1)

+ > / — VI {Hix — o Ui}ng dS + > /VL (H} — vUF)nl dS.
Sesy Sesn
(2.15)

Note that at this point no numerical fluxes have been introduced yet into the
DG formulation. We continue now with equations containing nonconservative
products. Let U € V},. We know that the numerical solution is continuous on an
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element and discontinuous across a face, so, using Theorem 2.1.2, U is a weak
solution to (2.4) if:

0= Vidu (2.16)

=Y [ Villia+ DasUne) i

1
+ </ 17</ 5ir%¢r(7;UL,UR)dTn§) dK
KeT, K(t, 1) 0 T
> ! 8¢T L
+/ V;(/ 6ir(T;UL,UR)dTTLO>dK)
K(t) 0 or

1
* /‘7</ Diger (6(7 ULvUR))%(T; Ut U dray
S 0

87—
1
/

= [ Villia+ DasUne) di
KeTn K

aaai" (r; UL, U dr n5> ds (2.17)

s (/ Bk - Ut g+ [ ﬁ(uﬁ_vmgdz()
KeTy, K(t:wrl) K(ti)

% ! ad)r _
=3 [0( [ wtotmvtum) S vt v ar

SEeS
L 9¢, _
— V04 (r; UL URY dr nﬁ) ds (2.18)
o OT
=% [ Viltho + D) i
KeTn K
e ([ wwrevak- [ wr vk ak)
KeT, K(t, 1) K (%)
~ 1 0y _
+) /V(/ Dir (p(m; UL, UR)) = (r; UE, U dmg) ds
s 0 or
SeSsy
+ Z /‘Z[[kai]]de, (2.19)
SeSy S

where V' € V}, is an arbitrary test function. Furthermore, V is the value (nu-
merical flux) of the test function V on a face S and J represents the Kronecker
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delta symbol. In (2.19) we used the definition of n{ as given in (2.11). The
crucial point in obtaining the DG formulation is the choice of the numerical flux
for the test function V. Using D, = 0F;/0U, + Gikr, (2.19) can be rewritten
as:

0= Z /}CVi(Uz‘,o + Fip g + GirrUr i) dK

KeTn

KeT, K(tn ) K(t)

] 9 (2.20)
+ ) /v(/ Gigr(p(m; UR, UM = (r; U, UT) dmg) ds
S 0 or

SESy
- Z /‘Zﬂsz_kaz]]de

SeSy S

We choose the numerical flux for V' such that if there exists a Q, with G, =
0Q;x/OU,., then the DG formulation for the system containing nonconserva-
tive products reduces to the conservative space-time DGFEM weak formulation
given by (215) with H;x = Fi + Q-

Theorem 2.2.1. If the numerical fluz V for the test function V in (2.20) is
defined as:

‘f/; _ {V} at S € 57, (2.21)
0 at K(t,) C Qp(tn) Vn,

then the DG formulation (2.20) will reduce to the conservative space-time DGFEM
formulation (2.15) when there exists a @ such that G = 0Qi/0U, so that
Hi = Fig + Qik-

Proof Assume there is a @, such that Gk, = 0Q;r/0U,.. We immediately
see that:

1
/ G (p(m; UL, UR))%(T; UL URYdr ik = —[Qir] (2.22)
0
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Integrating by parts the volume integral in (2.20) and using (2.22) we obtain:

Z/ LOU +‘/’Lk( 7k+Qlk))

KET
+ >0 | VUG + (B + Qi)ab)doK)
KeT, oK
(2.23)
KeTs, K(t, ) K(th)
—Z/f/\;[[ ik + Qir — viUi]i, dS
SeSr S

We write H;,, = Fi + Qix. Using the definition of the normal vector (2.11), the
element boundary integral in (2.23) becomes:

VEUERE + HEaE)d(0K) Z/VL L — o UR)ak dQ
KeT, oK KEeT,

+ > ( / VEiULdK — ViUl dK). (2.24)
KETh K(t, 1) K ()

We will now use relations (2.12) and (2.13) to write the element boundary
integrals as face integrals:

> / VE(HE — v UE) Rk do

KeTy,

Z / Hip — v U]k dS + Z / VEHE — v UNAE dS

e sese (2.25)
=> / ({{V]}[[sz vk + (ViE = VY[ Hy — kai}}ng) ds

SeSy

+ > /VL (HE — v UP)RE ds.

SeSp
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Combining (2.23), (2.24) and (2.25) we obtain:

0=— Z /’C (VioUi + V; 1 Hyi,) dK

KeTy,

+ > ( / VEUL dK — viuk dK)
K(t, 1) K ()

KEIZ—}L

i ( [ nwr-vkar - xZ(Uﬁ—Uf)dK) 2,96
2\ S e (220)

Y /S (VM Hi — Uil + (V2 — VY Huy — 0,03}l dS

SeSr
-y /IZ[[HikkaU,;]]deJr > /ViL(HﬁfkaUiL)ﬁédS.
ses S sesp S

The term {V; }[H;x — vxU;]x is set to zero in the space-time DG formulation
for conservative systems by arguing that the formulation must be conserva-
tive. For a general nonconservative system we can not use this argument. In-
stead, we note that by taking V = {V} on the faces S € Sy, the contribution
Js{Vi}[Hir — vUi]i dS cancels with — [ ‘Z[[sz — vpU;]k dS. Furthermore,
taking V' = 0 on the time faces K(t,) C Qx(ty) ¥n, we obtain the space-time
DGFEM weak formulation for conservative systems given by (2.15). O

Theorem 2.2.1 allows us to finalize the derivation of the DGFEM formulation for
hyperbolic nonconservative partial differential equations. First, we start with
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the volume integral of (2.20) and integrate by parts, to obtain:

0=% / VioUs = Vi Fig + ViGignUp ) dKC

KeTy,

+ > (/ ViLUiLdK—/ VEUE dK)
KeT, K(tn4q) K ()

+ > (/ Vi(UF — Ul dK — ‘Z(UZR—UiL)dK)
KeT, K(t, 1) K(th)

+ 3 [ AV~ o+ (V= VIO Fu — oUihaf) 45 (2.m
SeSy

+ > /VL Lo URRE dS
SeSp

L R ¢T L R

+ 3 [0 [ Gurtotr vt v et 0% ara ) as
SeSy

— Z/V ik — ’UkU]]de
SeSy

where we used relation (2.11) for the time component of the space-time normal
vector and relations (2.12) and (2.13) to write the element boundary integrals
as face integrals. For the numerical flux for the test function V in (2.27) we use
(2.21), and thus obtain:

0= Z/ ViU — VigFi + ViGiryUry) dK

Ke?’h
+ > ( / ViUl dK — ViUl dK)
KeTy, K(tn+1) K(tj:)
+ Z/ B\ Fy, — v, U; ik dS
SeSy
+ > /VL (FL — v Ul)ak dS
SeSp
+ 3 /{{vg(/ G (0 UL,UR))a‘b"(T;UL,UR)dmg) as.
SeSr or

(2.28)

Theorem 2.2.1 states that the weak formulation given by (2.28) can be re-
duced to the space-time DGFEM formulation (2.15), when a @ exists such
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that G = 0Qir/OU,. However, this formulation is generally numerically un-
stable. Problematic in the conservative space-time DGFEM formulation are
the interior (V;* — V®){H,, — vxU; }nf and boundary V& (HE — v, UF)ng flux
terms, see (2.15). Generally, a stabilizing term is added to these flux terms,
together forming an upwind numerical flux. Furthermore, the following upwind
flux is introduced in the conservative space-time DGFEM formulation at the
time faces, a formulation naturally ensuring causality in time:

~ Ut at K(t,,,)
- ntl) 2.29
{UR at K(t}) (229)

It replaces the traces of U taken from the interior of £ € 7,*. In (2.28), we
also introduce the upwind flux (2.29) at the time faces. We also need a stabi-
lizing term in (2.28). To understand how we add our stabilizing term, consider
again the conservative space-time formulation. As mentioned above, a stabiliz-
ing term is added to {sz - ka }. Denote this stabilizing term as Hét“b then
({{sz — Ui B+ Hét“b) = H“ where H; is the space-time numerical flux. In
the nonconservative space-time formulation (2.28) we add a stabilizing term to
the conservative part { F;p — viU; }, but we also need to add a stabilizing part
due to the nonconservative product. For the nonconservative product there is
no counterpart for {F;r — vxU;}. This term is hidden in the volume integral
and in the last term of (2.28). We add the stabilizing term for the noncon-
servative product P/} to the stabilizing term for the conservative product Pj:
({Es — veUs Y + PS, + Pe)nk = P”C By introducing a ghost value UF at the
boundary, we can use the same expressions also at a boundary face. An expres-
sion for Pr¢(UL, U v,nl) is derived in Section 2.3, such that it reduces to the
numerical flux in the conservative case, ILAI2 Finally, the space-time DGFEM
weak formulation for partial differential equations containing nonconservative
products (2.3) is:

Find a U € V}, such that for allV € Vj:

0= Z / zOU Vk:sz:‘i‘Vszr rk)dK:

KeTn

+ ) ( / VEUL dK — ViLdeK>
KeT K(t,11) K(t)

+ > / —VRYPreds
Sesn

+ /{{V}(/ Gikr(¢ UL,UR))%(T;UL,UR)dTn£> ds,
Sesn or

(2.30)
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s, n=(1,0) A v Sy
T J "
(U =U" (U=U" n=(0.1)
n =|(0,—1) £ \513 T
- ol n=A-v,1)/V1+v?
(U =Uy) o
(U = Ug)
I 0 v
n=(-1,0)

Figure 2.1: Wave pattern of the solution for the Riemann problem. Here Sy and
Sgr are the fastest left and right moving signal velocities and v is the velocity of
the element boundary point.

Note that due to the introduction of the upwind flux at the time faces, each
space-time slab only depends on the previous space-time slab so that the sum-
mation over all space-time slabs could be dropped.

2.3 The NCP numerical flux

In Section 2.2 we derived a weak formulation for space-time DGFEM for systems

of equations containing a nonconservative product. To obtain an expression for

the flux Pre(UL, UR v,al) in (2.30), we first discuss the numerical flux U, and

then derive the numerical flux for NonConservative Products, or NCP-flux.
Consider the following nonconservative hyperbolic system:

8U + 8, F(U) + G(U)d,U = 0, (2.31)

where U € R™, with m the number of components of U, similarly F(U) € R™,
G(U) € R™*™ and z € R is along the normal of the face. To approximate the
Riemann solution of (2.31) we consider only the fastest left and right moving
waves of the system with velocities S;, and Si and the grid velocity. In the star
region (see Figure 2.1), which is the domain enclosed by the waves Sy, and Sg,
the averaged exact solution U* is defined as:

B 1 TSk
U= — Uz, T) da. 2.32
T(SR—sm/TSL (x.T) dx (2.32)

In what follows we obtain a relation for U* from the weak formulation of (2.31).
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Using Gauss’ theorem we obtain over the control volume €7 U Q5 the relation:

S.T oT 0
/ Ude—i—/ U(m,T)d:E:/ Uy dz+

Ty, ST xr
T T
/FLdt—/ (F(U (vt ) —wU (ot 1)) di — [ G(U)O,U dedt
0 0 Qs

T 1
0 .
[ [ Gtone U, Ui T (v, Uy ar e, (233)
0 0

where Fi, = F(Up) and Uj = lim,| g, U*(st, t) is the trace of U* taken from the
interior of {29, which is constant along the wave Sy, due to the self similarity of
the solution in the star region. Replace the exact integrand in the second integral
on the left hand side of (2.33) with the approximate solution U*. Furthermore,
using the self similarity of the solution in the star region [54], we obtain:

T vt
G(U)0,U dwdt = / / G(U)d,U dwdt
Q2 t=0Jz=5pt
T v
:/ G(U*)0sU*0ps | J| dsdt (2.34)
t=0JSL

—7 [ Gwo.u*ds,
SL

where we used the coordinate transformation x = st, t = ¢, which has a Jacobian
|J| = t. Introduce the trace of U* taken from the interior of {2y along the line
x = vt as: Uf, = limgy, U*(st,t) and the path ¢r-, : [0,1] x R™ x R™ — R™
with:

GrLeo(T; UL, UL,) =U"(s), if Sp <s<w.

By connecting these two paths into the path ¢z, : [0,1] x R™ x R™ — R™,
such that ¢r,(m;UL,Uf,) = ¢+ U drey, redefining 7 and using (2.34), the
integral contributions due to the nonconservative product on the righthand side
of (2.33) can be combined, resulting in:

1
_ 0dry «
SLUL-F(U—SL)U*:FL—FU—/ G((bLU(T;UL,UEU))ﬂ(T;UL,ULv)dT,
0

or
(2.35)
where FV = F(U(vt,t)) — vU (vt,t) which is constant along 2 = vt. Similarly,
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using Gauss’ theorem for the control volume Q3 U 4 yields:

SRT TR TR
/ U(x,T)d:r—i—/ URdm:/ Ugdz—
v 0

T SrT
T T
/ Frdt + / (FUt, 1) — oU(ut, 1)) dt — | GU)O,U da di—
0 0 Qs

T 1
0o p+
|| GonnriUi ) * 52 (U Uy dr . (230
0 0

where Fr = F(Ug) and U}, = limgys, U*(st,t) is the trace of U* taken from
the interior of 23, which is constant along the wave Sg. Furthermore, denote
the trace of U* taken from the interior of {13 along the line x = vt as: Uf, =
limg, U*(st,t). Replace the exact integrand in the first integral on the left
hand side of (2.36) with the average of the exact solution U*. Introduce the
path ¢,p+ : [0,1] x R™ x R™ — R™ with:

Gor-(T;Uhy, Up) =U"(s), ifv<s< Sg,

and the path ¢,g : [0,1] x R™ x R™ — R™ such that ¢,r(m;U%,,Ur) =
Or+r U ¢yr~ after redefining 7. Using the self similarity of the solution in the
star region {23, similar to (2.34), the integral contributions on the righthand side
of (2.36) can be combined, resulting in:

1
e v * a v *
(SR*U)U *SRUR:F *FR*/ G(gﬁvR(T;URD,UR))iqSR(T;URU,UR)dT.
0

or
(2.37)
Note that U}, = Uf,, since the solution U is smooth across 002N 003, where Qs
and Q3 are the closures of 2, and Q3. Now, introduce the path ¢ : [0, 1] x R™ x
R™ — R™ (see Figure 2.2) and redefine 7 such that ¢(7;Ur,URr) = ¢r, U dur
then, by adding (2.35) and (2.37) and rearranging terms, we obtain:

i+~ SrRUR = SLUL + Fy — Fr _
N Sr—SL

1 1G’~UU8<Z~UUd 2.38
m/o (¢(r; UL, R))E(Ty L, Ur)dr. (2.38)

This equation is still exact if we would know the path ¢. Note from Figure 2.1
that outside the star region the solution is still at its initial values at ¢ = 0,
denoted by Ur and Ugr. Within the star region bounded by the slowest and
fastest signal speed Sy, and Sg, respectively, an averaged star state solution U*
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¢(7)

Ur

Ur
0 5 2 1
Figure 2.2: Combining the paths to form ¢pr(T; UL, UR) = ¢ UdrpUdyrs U
OR*R-

is assumed. We define the numerical flux for U as:

Up, ifv<8Sg,
U={U* ifS,<v< 8k,
Ugr, ifv> Sg,

where the averaged star state solution U* is given by (2.38) and v is the velocity
of the element boundary point. R
We now continue to derive an expression for P"¢(Uy, Ug,v,n"). Define

| 66U G20 ) a7 = [ gt v)

so that:

L _
- 0d B
|| 6602, 0) 32 53U, V) = 6(03) — (00,
0

using conditions H1-H4. Denote G(Uy) = Gi and introduce g}a = Gy — {6},
for k = 172 with {{Q}} = (gl + gz)/2 Note that gg — g1 = g2 — Ql. From
(2.35) and (2.37), the definition of the paths, conditions H1-H4 and assuming
Ur, = Ug, = U", we then obtain:

SLUp + (v — 8p)U* = Fr, — F* — G* + G, (2.39)

and: B _ B
(SR—’U)U*—SRUR:FU—FR—QR—FQ*, (240)
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where G, = G(UL), Gr = G(Ugr) and G* = G(U*). Subtracting (2.40) from
(2.39) and rearranging the terms, we obtain:

Fv +§* = {§}+ {{F}} + %((SR —’U)U* + (SL —U)U* - SUL — SRUR),
with {G} = (GL + Gr)/2 = 0. Similarly, by adding (2.39) and (2.40) together

and rearranging terms, we obtain:

1
~ - 0
Fp+ Gy =Fp — %/ G(o(1; UL, UR))*GZZ_)(T; Ur,Ug)dr,
0

and:

or

The NCP numerical flux ﬁ”C(UL,UR,v,ﬁL) is defined in Q; as Fr + Gz, in

Qs UQs as FU +G* and in Q4 as Fr + G (see also (2.30)). The NCP-flux is
thus given by:

1
Fr+ G = Fr+ 1 / G(B(r:Up, Un) 22 (7 U, Un) .
0

Fing — 4 [} Girr(@(73UL, Ur)) 92 (r; Uw, Ur) drif
if S, > v,
ﬂFlk}’ﬁg —+ %((SR — U)U,L* —+ (SL — U)Ul* — SLUZ-L — SRU,L-R)
if Sp <wv < Skg,
FRaf + 3 [ Gike(¢(1;UL, Ur)) %= (73 Ur, Ur) dring
if Sp < v,

ﬁinc(ULy UR7 v, ’FLL) =

i (2.41)
with U* given by (2.38). Note that if G is the Jacobian of some flux function
Q, then P"(Uy,Ur,v,n") is exactly the HLL flux derived for moving grids in
van der Vegt and van der Ven [79].






CHAPTER 3

Discontinuous Galerkin finite element methods
for hyperbolic nonconservative partial
differential equations: Applications

In the previous chapter and in Appendix A we presented space- and space-time discon-
tinuous Galerkin finite element (DGFEM) formulations for systems containing non-
conservative products, in which we introduced the theory of weak solutions for noncon-
servative products into the DGFEM formulation. This leads to the new question how
to define the path connecting left and right states across a discontinuity. The effect
of different paths on the numerical solution is investigated in this chapter and found
to be small. We furthermore apply our scheme to two different systems of partial dif-
ferential equations. We consider the shallow water equations, where topography leads
to nonconservative products, in which the known, possibly discontinuous, topography
is formally taken as an unknown in the system. We also consider a simplification of
a depth-averaged two-phase flow model which contains more intrinsic nonconservative
products.

3.1 Obtaining and solving the discrete system

By replacing the trial function U and the test function V' in the DGFEM weak
formulation by their polynomial approximations, a system of algebraic equations
is obtained. Solving this system for the expansion coefficients of the trial func-
tion U results in the DGFEM solution of our problem. Depending on whether
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we are solving the DGFEM weak formulation in space-time or in space, different
basis functions and solving algorithms are used, which we discuss next.

3.1.1 Space-time DGFEM basis functions and solving
method

Polynomial approximations for the trial function U and the test functions V' in
each element K € 7, are introduced as:

U(taf)hc = Umr(/}’m(t?:f) and V(tvj)bc = ‘A/ﬂ/]l(t?"f)v (31)

with v, the basis functions, z € RY, and expansion coefficients U,, and ‘717
respectively, for m,l = 0,1,2,..., N, where N depends on the order of accuracy
and the space dimension ¢. In this chapter the basis functions are defined such
that the test and trial functions can be split into an element mean at time ¢, 1
and a fluctuating part. The basis functions 1, are given by:

1, form =0
Ym = Om(t,T) — RG] fK (i, apm (t,7)dK form=1,2,...,N,
'n+1
where the functions ¢, () in element K are related to the basis functions ¢y, (),
with ¢,,,(§) € PP(K) and £ the local coordinates in the master element K,
through the mapping Gx:
Om = Pm © G}EI-

By replacing U and V in the weak formulation (2.30) by their polynomial ex-
pansions (3.1), a system of algebraic equations for the expansion coefficients of
U is obtained. For each physical time step, the system can be written as:

Lo =o0. (3.2)

This system of coupled non-linear equations is solved in this chapter by adding
a pseudo-time derivative:

| ‘aT :—EE(U Urh, (3.3)

which is integrated to steady-state in pseudo-time. Following van der Vegt and
van der Ven [79] and Klaij et al. [40], we use the explicit Runge-Kutta method
for inviscid flow with Melson correction which is given by:

Algorithm 1 Five-stage explicit Runge-Kutta scheme:
1. Initialize VO = U.
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2. For all stages s =1 to 5:

(I+a VS =VOpa Ve — (vt 0 1) /|K™)).

3. Update V = V5.

The coefficient A is defined as A = Ar/At, with A7 the pseudo-time step and
At the physical time step. The Runge-Kutta coefficients ays are defined as:
a1 = 0.0797151, as = 0.163551, a3 = 0.283663, gy = 0.5 and a5 = 1.0.

3.1.2 Space DGFEM basis functions and solving method

Polynomial approximations for the trial function U and the test function V in
each element K; are introduced:

U(t, %) i, = Untbm(Z), and V(t,7)|x, = Vity(Z) (3.4)

for m,l = 0,1,2,..., M, where M depends on the order of accuracy and the
space dimension, and where the basis functions 1, in this chapter, are given by:

b = 1 form=20
" @m(i)—ﬁijwm(i)dK form=1,2,..., M.

The functions ¢, (Z) in element K; are related to the basis functions ¢,,(§) on
the master element K through the mapping F":

Sﬁm:@moFgl

with ¢y, (€) € PP(K) and ¢ the local coordinates in the master element K. By
replacing U and V in the weak formulation (A.11) by their polynomial expan-
sions (3.4), we arrive at the following system of ordinary differential equations
for the expansion coefficients U of the variables U

M% = LPC(D), (3.5)

with M the element mass matrices defined as M;; = [, ¥;¢; dK and £LP¢(U)
J

the space part of the weak formulation with U and V replaced by their poly-

nomial expansions. In this chapter, to solve this system of ordinary differential

equations, we use an explicit TVD third order Runge-Kutta method (see e.g.
Gottlieb and Shu [25]).
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3.1.3 Slope limiters

In our space- and space-time DGFEM computations, when the solution may
admit discontinuities, we use a slope limiter to deal with overshoots and under-
shoots. In this chapter we use a simple minmod function (see e.g. Cockburn and
Shu [19]). Let Uy represent the mean of U on element K, and let Uy, represent
the slope, then the solution in an element is given by:

Uy = Uy, + ¥(2)m(Us, Ups1 — Ug, Ux — Ui—1),
where the minmod function m is defined as:

s miny<p<gla,| if s =sign(aq) = sign(as) = sign(as)
0 otherwise.

m(a17a27a3) = {

3.2 One dimensional test cases
3.2.1 The one dimensional shallow water equations with
topography

We consider a non-dimensional form of the shallow water system with topogra-
phy. The system reads:

Ui’() + Fi,l + GijUjJ =0, for ,j=1,2,3 (36)
with:
b 0 0 0 0
v=|n|, F= hu . auy=1| o 0 0
hu h? + LF2p2 F2n 0 0
(3.7)

Here b is the topography, h the water depth, u the flow velocity and F the Froude
number defined as F = u/\/g*h§, where the starred values denote reference
values. The eigenvalues of 0F/0U + G(U) are given by:

M=u—VF2h, X=0, A3=u-+VF2h (38)

When taking ¢ = Up + 7(Ug — UL), the NCP-flux for (3.6) on a fixed grid
becomes:

FL — lyne, if S >0,

pre _ ) phil _ (Sr+SL)V™/(2(Sr — Sr)), if Sp <0 < Sg,
FR 4 %V"C, if Sgp <0,
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in which F™! is the HLL-flux [74]:

SprFr, —S.Fr+ SLSr(Ur —UpL)

phil _
Sr— 5L

and V"¢ appears in the extra term due to the nonconservative product:

Ve = [0, 0, =F2{n}[p]]"

In the numerical flux, as derived in Section 2.3, we take:

SL = min(uL -V F_QhL, UR — F_QhR) and
Sr = max(uy, + VF2hp,ur + VF2hg).

Test cases 1 and 2: rest flow

For test cases 1 and 2 we only consider the solution determined with space-
time DGFEM calculations using linear basis functions and the linear path ¢ =
Ur +7(Ur — Up). Consider flow at rest over a discontinuous topography with
initial and boundary conditions:

e Test case 1. Initial conditions: b(z,0) = 1if x < 0 and b(z,0) = 0if z > 0,
h(z,0) 4+ b(x,0) = 2, hu(z,0) = 0. Boundary conditions: b(—5,t) = 1
h(=5,t) =1, u(=5,t) =0, b(5,t) = 0, h(5,t) = 2, u(5,t) = 0.

e Test case 2. Initial condition: b(x,0) = 0if z < 0 and b(z,0) =1 if z > 0,
h(z,0) 4+ b(x,0) = 2, hu(z,0) = 0. Boundary conditions: b(—5,t) = 0,
h(=5,t) =2, u(— 5,t)-07 b(5,t) =1, h(5,t) =1, u(5,t) = 0.

In Figure 3.1 we show the steady state solution, calculated using a time step of
At = 10%! on a grid with 100 cells and a Froude number of F = 0.2. We solve the
system of non-linear equations using a pseudo time stepping integration method
(see van der Vegt and van der Ven [79]). As stopping criterium in the pseudo
time-stepping calculation we take that the maximum residual must be smaller
than 10~2. A pseudo time stepping CFL number of CFLP3¢*4° = (0.8 is used.
For the space DGFEM weak formulation we prove theoretically, that when

using linear basis functions and taking the path ¢ = Uy, +7(Ugr — Uy,), rest flow
remains at rest. Consider the one dimensional version of the space DGFEM
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(a) Test case 1. (b) Test case 2.

Figure 3.1: Flow at rest over a discontinuous topography. F = 0.2, 100 cells,
At =107,

weak formulation (A.11) for the shallow water equations:

0= Z/ (Villio — Via Fi + V;Gy;Uj 1) dEK

+> /{V}}</ (ol UL,UR))%(T; UL, Ur) dT)ﬁLdS

SeSy

+ ) / —VR)Preds.

SeSy

We only consider cell K where the contributions satisfy:

0 :/ (ViUio — Vi Fy + V;Gi;U; 1) dK
Ky
1y/L 8925 L pnc
+ Vi Gl] (13 UL,UR))a (r;UL,Ug)dr nt +V; P ds
Skt

1 a A
+/5k ém( /0 G (6(r: Us, Ur)) af( UL,UR)dT) L yRPregs,
(3.9)

For the numerical flux we take the star-state solution given by (2.38). For rest

flow, using ¢ = Uy +7(Ug — Uy) and hy, + by, = hr + br the star-state solution
is given by:

— 1

T
U*=————|Sgbr — SLb Srhr — Sph 0 3.10
SR_SL[RR tbr, Srhr—Sphr, 0], (3.10)
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so that the numerical flux Pm¢ = {F} + L(Sp(U* = Ur) 4+ Sp(U* — Ug)) is
given by:
5 SLSR(bR - bL) SLSr(hr — hL) 1p—2(32 2\1T
pPne = zF~=(h h . 3.11
(205l Zhu) - Seonln Z0) e i) @)

Also, using ¢ = U, + 7(Ugr — Ur) and hy, + by, = hg + br we can show that

| Guotr U, U G2 (U U dr = [0, 0, —F-BlR]

We can write (3.9) now as:

VEPPAS — | VIEPMdS,
Sk

OZ/ (VUIO ‘/;1F —I—G”Ujl dK+
Ky Sk41
(3.12)

where PP and P™ are given by:

0
/ G” T UL,UR)) 8¢ (T UL,UYR)CZT—F‘PHC

_ |5LSr(br —br)  SLSr(hr —hi) 1E-2),2 ’
Sp—S, Sp—S, = * F

/ GZJ T UL,UR))88¢ (7’ UL,UR)dT—PnC

_ SLSr(hr — hi) 1E-2,2 !
’ Sp—S, 2 Rl

_ | _ S.Sr(br —bL)
Sr—SL

Using linear basis functions we can evaluate the integrals as follows

_ _ Az ~ ~
‘/;Ui,o dK = A:ch|Kk8tU2|Kk + %VilKkﬂtUAKk, (3133)
Ky
1 o~ —_— A~
— Vi,FidK:—/ Vil F(Us| k), + Uik, §) d€
/v [ Vi (Ui, + Oilie € 13

— —Vilk, [0, 0, LF 202 4+F %37

1
VG Uyt dK =/ (Vilier + Vi )G Tl + Uil )0 1y d
~1 (3.13¢)

0, zF_Qhki)k}T

Ky,
3

= Vilk [0 0, 2F 2hby]" + Vil i, [0,
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Sks1Shi1 (b1 —biy1)
L 7 17 L SIngli}fngrl L
/ ‘/'Z Pf dS = (V|Kk + VlKk) Sk+1sk+1(hk+L1*hk+1) , (313d)
Sk+1 —SK1

SF=2(hy + hy,)?

SESE (b —bp)
SE—ST

- /S VAP dS = ~(V|k, = Vik,) | SESEGERD |, (3.13¢)
k

te—25 52

sF 2 (he — hy)
where U and (/\) are the means and slopes, respectively, of the approximation for
U and V. Adding the vectors (3.13b)-(3.13e), we note that the third element
of this sum is zero using hy + by = hg + br and the fact that the slope of
h4+b=0 (so Ulg, = (—hi, hi,0)). Note that in (3.13d) and (3.13¢) we have
bty — bk +hity —hi,, =0and bff — b + hff — b, = 0, respectively so that:

815(5]6 + Bk) =0, 8t(fzk + l;k) =0, 8tmk- =0, 3#;1\146 =0,

meaning that for rest flow h + b remains constant.

Test case 3: Subcritical flow over a bump

We now consider subcritical flow with a Froude number of F = 0.2 over a bump.
The topography reads:

) = {g(b @)+ @) forf—ml<h

otherwise.

We use z, = 10, a = 0.5 and b = 2 as in [71]. The exact steady state solution for
this test case is found by solving the following third order equation in u [31, 71]:

F2u3/2 + (b— F?/2 — 1)u + 1 = 0 with hu = 1. (3.15)

The domain z € [0,20] is divided into 40, 80, 160 and 320 cells. We consider
DGFEM and STDGFEM calculations using the linear path ¢ = Uy +7(Ug—Uy).
For space DGFEM calculations, a CFL number of CF'L = 0.8 is taken and when
the residuals are smaller than 10~!! the calculation is stopped. For STDGFEM
calculations we consider the solution after one physical time step of At = 102,
We can do this because we want to consider the steady state solution. As
stopping criterium in the pseudo time-stepping calculation we take that the
maximum residual must be smaller than 107!, A pseudo time stepping CFL
number of CFLP*e%4° = (1.8 is used.
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(a) The water level h(z) + b(z). (b) The mass flow hu(z).

Figure 3.2: Test case 3: steady-state solution calculated using space DGFEM,
F=0.2, 320 cells.

The initial condition is A +b = 1 and hu = 1 and the boundary conditions
are: b(0,t) =0, h(0,t) =1, u(0,t) =1, b(1,t) =0, h(1,t) = 1 and u(1,t) = 1.
The steady state solution is given in Figure 3.2. The order of convergence is
determined by looking at the L? and the L™® norm of the numerical error in
z = h+ b and hu with respect to the exact solution:

Ncells 9 1/2
”Znum — Zezact ”2 = ( Z ‘/K (Z}?im - Z?(m:d) ) s (316)
k=1 k

and:

”Znum — Zezact ”mar == max{|z;um - Zizact‘ 01 S 1 S Ncells}- (317)

The order of convergence using DGFEM and STDGFEM is given in Table 3.1 us-
ing linear basis functions and in Table 3.2 using quadratic basis functions. Using
linear basis functions we obtain second order convergence and using quadratic
basis functions we obtain third order convergence for both space-DGFEM and
space-time DGFEM calculations.

Test case 4: Supercritical flow over a bump

Next, we consider supercritical flow with a Froude number of F = 1.9 over a
bump. We use the same topography (3.14) and the exact solution can be found
by solving (3.15). The domain x € [0,20] is again divided into 40, 80, 160 and
320 cells and we consider DGFEM and STDGFEM calculations using the linear
path ¢ = Uy + 7(Ugr — UL). For space DGFEM calculations, time steps of
At = 0.01 are made. Using linear basis functions, a CF L number of CFL = 0.3
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DGFEM
h+b hu
Neeurs L? error P L™ error p L? error D L™ error p
40 0.1133 - 1072 - 0.6513 - 10~ 2 - 0.1265 - 1072 - 0.3302-1072 -
80 0.3193-107% 1.8 0.2387-10"2 1.4 | 0.1944-10"% 2.7 0.8030-10"% 2.0

160 0.8364-10"% 1.9 0.6989-10"% 1.8 | 0.2764-10"% 2.8 0.1369-10"% 2.6
320 0.2119-10"% 2.0 0.1847-10"% 1.9 | 0.3798-10"° 2.9 0.2931-10"% 2.2

STDGFEM

h+b hu
Neells L? error D L™2* error D L? error D L™ error D
40 0.1141-102 - 0.6559 - 102 - 0.1262 - 1072 - 0.3285 - 1072 -
80 0.3194-107% 1.8 0.2387-10"2 1.5 | 0.1943-107% 2.7 0.8029-10"% 2.0
160 0.8365-10"* 1.9 0.6989-10"% 1.8 | 0.2763-10"* 2.8 0.1369-10"% 2.6

320 0.2119-10"% 2.0 0.1847-10"% 1.9 | 0.3797-107° 2.9 0.2929-10"%* 2.2

Table 3.1: L? and L™ error for h+b and hu using DGFEM and STDGFEM
for test case 3. Second order convergence rates are shown for F = 0.2.

is taken and when the residuals are smaller than 10~'! the calculation is stopped.
For the STDGFEM calculation we consider again the solution after one physical
time step of At = 10%'. The same stopping criteria as in the subcritical flow
case are used. Using linear basis functions, we use a pseudo time stepping CF'L
number of CFLP*¢ud° = (.8. For quadratic basis functions, on the grids with
40 and 160 cells, a pseudo time stepping C'FL number of CFLP*¢%° = (0.4 is
employed and on the grids with 80 and 320 cells a pseudo time stepping CFL
number of CFLPseude = (.8,

The initial condition is h + b = 1 and hu = 1 and transmissive boundary
conditions are given at = 0 and at z = 20, i.e., U’ = UL, where U? is the
vector of the boundary data and U’ is the vector with the data calculated at
the boundary from inside the domain. The steady-state solution is shown in
Figure 3.3. The order of convergence is again determined by computing the L2
and the L™%" norm of the numerical error in h + b and hu with respect to the
exact solution as defined in (3.16) and (3.17). The order of convergence using
DGFEM and STDGFEM is given in Table 3.3 using linear basis functions and
in Table 3.4 using quadratic basis functions.

We see that the space- and space-time DGFEM calculations results in sec-
ond order convergence for h + b using linear basis functions and in third order
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DGFEM
h+b hu
Neceus L? error p L™ error p L? error p L™ error p
40 0.3210 - 1073 - 0.1466 - 10~ 2 - 0.8352- 1073 - 0.3124 - 10~ 2 -
80 0.4622-10"% 2.8 0.2670-107% 2.5 | 0.1269-10"% 2.7 0.5562-107% 2.5

160 0.6303-107° 2.9 0.3567-10"% 2.9 | 0.1689-10"%* 2.9 0.7186-10"* 3.0
320 0.7931-10"% 3.0 0.4459-10"° 3.0 | 0.2144-10"° 3.0 0.8860-10"° 3.0

STDGFEM
h+b hu
Neells L? error D L™2* error D L? error D L™2* error P
40 0.3278 - 1073 - 0.1836 - 10~ 2 - 0.2339 - 1073 - 0.1170 - 10~2 -
80 0.4433-10"% 2.9 0.3195-10% 2.5 | 0.3721-10"%* 2.7 0.2401-107% 2.3
160 0.4556-10~° 3.3 0.3142-10"* 3.3 | 0.5513-10° 2.8 0.3596-10"* 2.7

320 0.5522-107% 3.0 0.4407-10"° 2.8 | 0.7489-10"% 2.9 0.5218-10"° 2.8

Table 3.2: L? and L™ error for h+b and hu using DGFEM and STDGFEM
for test case 3. Third order convergence rates are shown for F = 0.2.

convergence for h+ b using quadratic basis functions. We do not show the order
of convergence for hu because the error for hu is of the order of machine pre-
cision on all meshes for the space DGFEM calculations and stabilizes around
108 for the space-time DGFEM calculations.

Test case 5: Transcritical flow over a bump

For this test case we consider the steady state solution of transcritical flow with
a shock over a bump. The topography is given by:

0.2 —0.05(x — 10)? if8 <z <12,
b(x) = .
0 otherwise,

which is the same as that used by Xing and Shu [87]. The initial condition
is h4+b = 0.5 and hu = 0 and the boundary conditions are: b(0,t) = 0,
hu(0,t) = 0.18, b(25,t) = 0, h(25,t) = 0.33, hu(25,t) = 0.18. The remaining
boundary data are set equal to the data calculated at the boundary from inside
the domain. In our computations, we take F~2 = 9.812. Simulations concern
space-time DGFEM. We consider the solution after one physical time step of
At = 10%! on a grid with 200 cells using a pseudo time stepping CFL number
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(a) The water level h(z) + b(z). (b) The mass flow hu(z).

Figure 3.3: Test case 4: steady-state solution calculated using space DGFEM,
F=1.9, 320 cells.

DGFEM h +b STDGFEM h + b

Neelrs L? error p L™ error p L? error p L™ error P
40 0.7543 - 1072 - 0.4619 - 1071 - 0.7543 - 1072 - 0.4619 - 1071 -
80 0.1281-10"2 2.6 0.9406-10"2 2.3 | 0.1281-10"2 2.6 0.9406-10"2 2.3

160 0.3188-10"% 2.0 0.2615-10"2 1.8 | 0.3188-10"° 2.0 0.2615-1072 1.8
320 0.7914-10"% 2.0 0.6883-10"% 1.9 | 0.7914-10"%* 2.0 0.6883-107% 1.9

Table 3.3: L? and L™ error for h+b using DGFEM and STDGFEM for test
case 4. Second order convergence rates are shown for F = 1.9.

of CFLPsevd —= (.8. To deal with the shock, we used the slope limiter as
discussed in Section 3.1.3. The solution is given in Figure 3.4 and compares
well with results in [31].

Test case 6: Perturbation of a steady state solution

We repeat a test case as was formulated in Xing and Shu [87] which was origi-
nally proposed by LeVeque [47]. Consider a topography given by:

D) 0.25( cos(107(z — 1.5)) + 1) if 1.4 <z < 1.6,
o otherwise.
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DGFEM h + b STDGFEM h + b
Neells L? error P L™ error p L? error p L™?* error P
40 0.1293 - 1072 - 0.5034 - 10~ 2 - 0.9181-107% - 0.4946 - 10~ 2 -
80 0.1944-107% 2.7 0.9383-10"% 24 | 0.1624-10"°% 2.5 0.1127-1072 2.1

160 0.2892-10"% 2.7 0.1545-10"% 2.6 | 0.1830-10"% 3.1 0.1382-10"% 3.0
320 0.3724-107° 3.0 0.2111-10"% 2.9 | 0.2253-107° 3.0 0.2002-10"% 2.8

Table 3.4: L? and L™** error for h+b using DGFEM and STDGFEM for test
case 4. Third order convergence rates are shown for F =1.9.

—h+b —hu
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(a) The water level h(z) + b(z). (b) The mass flow hu(z).

Figure 3.4: Test case 5: steady-state transcritical flow with a shock, At = 10?1,
Nees = 200, CFLT = 0.8, F72 = 9.812.

The initial conditions are given by:

hu(z.0) =0, h(z,0) = {1 —ba)+e LISz,
1—b(x) otherwise.

At the boundaries, we use transmissive boundary conditions. We take F~2 =
9.812. The same two cases as in Xing and Shu [87] were run: € = 0.2 (big
pulse) and € = 0.001 (small pulse). We used space-time DGFEM to compute
the solution on a uniform grid with 200 cells and 3000 cells. On the grid with
200 cells, a physical time step of At = 0.0002 was used. On the grid with 3000
cells, we used a physical time step of At = 0.00002. A pseudo time stepping
CFL number of CFLP*¢%d — (.4 was used. In Figures 3.5 and 3.6 we show
the fine and coarse mesh solution, as in [87], for the water level h(z) + b(z) and
mass flow hu(x) at time ¢ = 0.2 for the big pulse test case and the small pulse



Chapter 3: DGFEM for hyperbolic nonconservative pdes:
42 Applications

test case, respectively.
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(a) The water level h(z) + b(z). (b) The mass flow hu(z).

Figure 3.5: Test case 6: perturbation of a steady state solution with a big pulse
at timet = 0.2, € = 0.2. Line: N.eys = 3000. Dots: Ny = 200.
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(a) The water level h(z) + b(z). (b) The mass flow hu(x).

Figure 3.6: Test case 6: perturbation of a steady state solution with a small

pulse at time t = 0.2, e = 0.001. Line: Neeys = 3000. Dots: Neeys = 200.

Test case 7: Dam break problem over a rectangular bump

A dam break problem is simulated over a rectangular hump, as in [87]. The
topography is given by:

if |x — <1
bz) = 8 if |z .750| < 1500/8,
0 otherwise,
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for « € [0,1500]. The initial conditions are given by:

20 — b(x) if z <750,
15 — b(z) otherwise,

hu(xz,0) =0, h(z,0)= {

and as boundary conditions we take: b(0,t) = 0, h(0,t) = 20, hu(0,t) = 0,
b(1500,t) = 0, h(1500,t) = 15 and hu(1500,t) = 0. We take F~2 = 9.812. With
space-time DGFEM the solution was computed on a uniform grid with 400 cells
and 4000 cells. On the grid with 400 cells, a physical time step of At = 0.02 was
used and on the grid with 4000 cells, the physical time step was At = 0.002.
The pseudo time stepping CFL number was CEFLPsud = (0.8, In Figures 3.7
and 3.8 we show the solution for the water level h(z) 4 b(x) at time ¢t = 15 and
at time ¢ = 60, respectively.

S0 2
Sl ey 17
5
16
Of--smmemememsd e 15 ——
% 500 1000 1500 B 500 1000 1500
X X
(a) The numerical solution of the (b) The numerical solution of the
water level and the topography. water level.

Figure 3.7: Test case 7: the dam breaking problem at time t = 15. Line: 4000
cells. Dots: 400 cells.

Conclusions

For the shallow water equations with topography we showed numerical re-
sults of seven test cases calculated using the space- and/or space-time DGFEM
discretizations we developed for nonconservative hyperbolic partial differential
equations. For all test cases we obtained good results. For test cases 1 and 2 we
showed that rest flow remained unchanged despite having discontinuities in the
topography. In test cases 3 and 4 we solved subcritical and supercritical flow
over a bump demonstrating that the scheme is second order accurate for linear
basis functions and third order accurate for quadratic basis functions. In test
cases b, 6 and 7 we showed that we resolved also more complex test cases with
discontinuous solutions.
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(a) The numerical solution of the (b) The numerical solution of the
water level and the topography. water level.

Figure 3.8: Test case 7: the dam breaking problem at time t = 60. Line: 4000
cells. Dots: 400 cells.

3.2.2 The depth averaged two-fluid model

In this section we consider two fluid models (also known as Eulerian models) in
which the particle phase is treated as a continuum by averaging over individual
particles. Two frequently used models for two-fluid equations, are those derived
by Anderson and Jackson [5], and Drew and Lahey [22] and Enwald et al. [23].
Apart from their derivation, the difference between these systems of equations
is how the fluid-phase shear stress (if included) is multiplied by the solid volume
fraction in the momentum equations (see also van Wachem et al. [81]). In the
limiting case that pressure is the only fluid stress, both formulations are equal.

We will consider a simplification of these equations, namely the depth-
averaged two fluid model derived by Pitman and Le [62]. They start with
the system of Anderson and Jackson [5] and use the shallow flow assumption,
H/L < 1, where H is the characteristic length of the flow in the z-direction and
L the characteristic length of the flow in the y-direction. The derivation is sim-
ilar to the way the shallow water equations are derived from the Navier-Stokes
equations. Since the pressure is the only fluid stress, the same depth-averaged
two fluid model also follows from the system derived by Drew and Lahey [22]
and Enwald et al. [23].

The dimensionless depth-averaged two fluid model of Pitman and Le [62],
ignoring source terms for simplicity, can be written as:

Uio+ Fi1 +GijU;1 =0, fori,j =1,2,3,4, (3.18)
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where:
[h(l—a) h(l — a)u
ha hov
U= hawv , F=|hav?®+ Te(l - p)ezgh’a
hu(l — ) hu? + %ggh2
L ° 0
[ 0 0 0 0 0
0 0 0 0 0
GWU) = epagh epagh 0 0 e(1 — p)agzgha + epagh| |
% —au® —egha  —egha —ou? u(a—1) wua— 2uo (1 — a)egh
L 0 0 0 0 0

(3.19)

Again we have taken the topography b as unknown. The meaning of the
different symbols are: h(z,t) is the depth of the flow, v(x,t) the velocity of the
solid phase, u(z,t) the velocity of the fluid phase, a(z,t) the volume fraction of
the solid phase, b(x) the topography term, ¢ = H/L, p is the ratio between the
fluid density and the solid density, g = kqp, Where k,p, is the Earth pressure
coefficient and ¢ is the z-component of the scaled gravity. Note that in the limit
a — 0, this model reduces to the shallow water equations with eg akin to F~2:

3.20
Oy (hu) + 0, (hu® + Legh®) = —eghd,b. (3.20)

In the limit o — 1, the depth-averaged two-fluid model model reduces to:

8th + 8x(hv) = 07

(3.21)
O (hv) + 0y (W + Lekapgh®) = —ckapghyb

which is the Savage-Hutter model without source terms, a model that simulates
avalanches of dry granular matter [36].

In our simulations, we set the Earth pressure coefficient to be a;, = 1 and
take e = 1. To compute the eigenvalues of 0F /90U + G(U), we use the LAPACK
package. The biggest eigenvalue is used for Sp and the smallest eigenvalue is
used for Sz, in the NCP numerical flux.

Test case 8: Two-phase subcritical flow

As in the case of the shallow water equations with topography, also for the
two-phase flow model we consider the steady state solution for subcritical flow
over a bump. We consider the same topography (3.14). The reference solution
is found by solving:

0,U =A"1S, (3.22)
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where U, A and S are given by:

_ T -1 = a)hgdyb
U=|[hMl-a), ha], S= [ — ghod,b }
(3.23)
Ao u?(1 — a) — 2u? + gh(l — @) u?(1—a)+ gh(l — a)
- 1(1+ p)gha 1(1=p)g(1+ a)h + gpha —v%]’

with the topography derivative a known function and steady state discharges:
hu(l — o) = q1, hva = qo, (3.24)

with ¢; and ¢o integration constants. Here we take g1 = 0.2, g0 = 0.1, g =1
and p = 0.5 and as initial condition h(1—«) = 1, ha = 0.6, hu(l —«) = 0.2 and
hva = 0.1. We use the STDGFEM formulation to calculate the solution. We
consider one physical time step of At = 102! and use a pseudo time stepping in-
tegration method to solve the system of non-linear equations. We determine the
solution on a domain z € [0, 20] divided into 40, 80, 160 and 320 cells. As stop-
ping criterium in the pseudo time-stepping method we take that the maximum
residual must be smaller that 10~®. The pseudo time stepping CFL number
is CFLPseudo = (.1. At the boundaries, we define the exterior trace to be the
same as the initial condition. The numerical flux decides then what to do with
this information. The steady state solution is given in Figure 3.9. The order of
convergence is determined by computing the L? and L™%® norm of the error,
similar as to what is done in (3.16) and (3.17). The order of convergence is given
in Table 3.5. Using linear basis functions, we obtain second order convergence
as expected.

Test case 9: Two-phase supercritical flow

We will now consider the steady state solution of two-phase supercritical flow
over a bump with (3.14) as topography. The exact solution is found by solving
(3.22)-(3.24), now with ¢; = 4 and g2 = 2. Other constants remain as in test
case 9 and we use the same solution strategy. The steady state solution is
given in Figure 3.10 and the order of convergence is given in Table 3.6. Again,
using linear basis functions, we obtain second order convergence for the variables
h(1—a)+band ha+b. We do not see second order convergence for the variables
hu(1 — a) and hva because the error for these solutions stabilizes around 1078,
the value of the maximum residual.

Test case 10: A two-phase dam break problem

For the depth-averaged two-phase flow model we consider a dam break type
test case. Consider two mixtures separated by a membrane. The left mixture



3.2 One dimensional test cases

47

2
Q 1.5¢
o
E:
-’f e —h+b
E R _ S ---h(1-0)+b
2 R ha+b
¥ SN b
£0.5¢

00 5 10 15 20

X

Figure 3.9: Test case 8: steady-state solution for a subcritical two-phase flow
calculated with STDGFEM using 320 cells. Shown are the total flow height h+Db,
the flow height due to the fluid phase h(1 — «), the flow height due to the solids
phase ha and the topography b.

STDGFEM
h(l—a)+b ha +b

Neells L? error P L™2* error D L? error D L™2* error D
40 0.8171-1073 - 0.2308 - 1072 - 0.1404 - 1072 - 0.4194 - 1072 -
80 0.2025-107% 2.0 0.5584-10"% 2.0 | 0.3537-10"% 2.0 0.9903-107% 2.1
160 0.4871-10"% 2.1 0.1322-107% 2.1 | 0.8511-10"% 2.1  0.2306-10"% 2.1
320 0.9789-10"° 2.3 0.2651-10"%* 2.3 | 0.1712-10"% 2.3  0.4597-10"% 2.3

hu(l — ) hv(a)

Neeils L? error p L™2* error p L? error P L™2* error p
40 0.3672 - 1074 - 0.1442 - 1073 - 0.1212-107% - 0.3409 - 10~4 -
80 0.5911-10"° 2.6 0.3448-10"% 2.1 | 0.1791-10"° 2.8 0.8054-10"° 2.1
160 0.1049-107° 2.5  0.8471-107° 2.0 | 0.3807-107% 2.2 0.2048-10"° 2.0
320 0.1723-107% 2.6 0.2078-10"° 2.0 | 0.5115-10"7 2.9 0.4861-10"% 2.1

Table 3.5: L? and L™ error for h(1 —a)+b, ha+b, hu(l —«) and hva using

STDGFEM for test case 8.
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Figure 3.10: Test case 9: steady-state solution for a supercritical two-phase flow
calculated using STDGFEM using 320 cells. Shown are the total flow height
h+0b, the flow height due to the fluid phase h(1 — «), the flow height due to the
solids phase ha and the topography b.

STDGFEM
h(l—a)+b ha+b
Neells L? error D L™®* error D L? error D L™2* error D
40 0.2400 - 10~ 2 - 0.5674 - 1072 - 0.2359 - 1072 - 0.5575 - 1072 -
80 0.6060-107% 2.0 0.1402-10"2 2.0 | 0.5958 -107% 2.0 0.1378-10"2 2.0
160 0.1459-10"% 2.1 0.3339-10"% 2.1 | 0.1434-10"% 2.1 0.3280-10"% 2.1
320 0.2933-10"% 2.3 0.6678-10"* 2.3 | 0.2884-10"% 2.3 0.6561-10"* 2.3

Table 3.6: L? and L™ error for h(1 —a)+b, ha+b, hu(l —«a) and hva using

STDGFEM for test case 9.
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DGFEM

Neetts | L2 of h(1 — «) P L? of ha P L? of hu(1 — «) P L? of hva P
32 0.1238 - 107 - 0.7030 - 1072 - 0.1263 - 1071 - 0.1384 - 1071 -
64 0.1125 - 1071 0.1 0.5780-10"2 0.3 0.1155-107* 0.1 0.8164-10"2 0.8
128 0.6231 - 1072 0.9 0.3391-10"2 0.8 0.7114 - 1072 0.7 0.4465-10"2 0.9
256 0.4379 - 1072 0.5 0.2751-10"2 0.3 0.4494 - 1072 0.7 0.3828-10"2 0.2
512 0.3085-10"2 0.5 0.1875-10"2 0.6 0.3536 - 10~2 0.3 0.3275-10"2 0.2

Table 3.7: L? error and convergence rate for h(l — «), ha, hu(l — a) and
hva using DGFEM for test case 10. The convergence rates are shown for the
solution at t = 0.175. With L? of U we mean |Ux — Uan|2.

has a solid volume fraction of o = 0.4 and the right mixture has a solid volume
fraction of @ = 0.6. At time t = 0 we remove the membrane. We want to
know how the mixtures behave. We consider the solution on the domain [0, 1].
As initial condition we take U(z,0) = U if z < 0.5 and U(z,0) = Ug if
x > 0.5, where Up = [1.8, 1.2, 0, 0, 0|7 and Ug = [1.2, 1.8, 0, 0, 0]7. The
constants in the computation are taken as g = 1 and p = 0.5. We compute
the solution on a domain with 16, 32, 64, 128, 256, 512 or 1024 elements. We
consider DGFEM calculations using the linear path ¢ = U, +7(Ug — UL). The
solution is determined at t = 0.175 using a time step of At = 0.0001. The
solutions of h(1 — ), ha, b and h are depicted in Figure 3.11a, the solutions of
hu(1l—«) and hva are depicted in Figure 3.11b and the solution of « is depicted
in Figure 3.11c in which we compare the solutions on a grid with 128 elements
to the solutions computed on a grid with 10000 elements. Apart from some
small spurious oscillations obtained on the grid with 128 elements, the solutions
compare very well with the solutions obtained on the grid with 10000 elements.
Since we do not have an exact solution, we compute the order behavior using
the following approach:

1Un = Uonlo _ 2P (3.25)

|Uan — Uan|l2

where p is the order of convergence, Uy the solution on a mesh consisting of N
cells, and | - |2 is the L? norm. The order behavior is shown in Table 3.7. Due
to the presence of shocks we cannot obtain second order accuracy. Instead we
obtain a convergence rate of approximately O(h'/?).
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(a) Solution of h(1 — ), ha, band (b) Solution of hu(l — «) and hva.

h.
1
0.8]
0.6|
——a 10000
-l T
0.4]
0.2]
[0)

0 0.2 0.4 0.6 0.8 1
X

(¢) Solution of a.

Figure 3.11: Test case 10. The solution computed on a mesh with 128 elements
compared to the solution computed on a mesh with 10000 elements at time t =

0.175 using space DGFEM.
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3.2.3 River bed evolution under shallow flows
Test case 11: hydraulic and sediment transport through a contraction

Consider the non-dimensional form of the shallow water equations and the bed
evolution equation (for details see Tassi et al. [72, 73]):

AirUT,O + Fik:,k + GikrUr,k =0, (326)
where U = [h, huy, hug, b]T and:

e 0 0 O huq hug
A4_ |0 € 00 P hu? + F~2h? /2 hugug
{00 € O - huqusg hu3 + F~2h2/2| "
0 0 0 1 |u|%~ Ly |u|®~ Ly
[0 0 0 0 0 0 O 0
0 0 0 F==h 0 0 O 0
G1=1o 00 o | 92|00 0 Foul
0 0 0 0 0 0 O 0

where € is the ratio between the sediment and hydrodynamic discharge and (8
is a constant. In most rivers far less sediment than water is transported so that
€ < 1. In our calculations we take e =0, 3 =3 and F = 0.1.

An extra complication in this test case is matrix A in (3.26) since it is a
singular matrix when € = 0. This is a problem when deriving the numerical flux
and the wave speeds St and Sr. However, since we solve the system of algebraic
equations in pseudo-time, we need the numerical flux on the space faces only in
the space-time normal direction. To obtain the numerical flux on a fixed grid,
note that the normal in the time direction is 0, so that, after augmenting with
a pseudo time derivative, (3.26) is changed to:

0:Ur + Fipp o + Gir Ur j, = 0. (3.27)

The numerical flux is then determined in the space normal direction to a face
(see Tassi et al. [72, 73]). For one dimensional numerical examples solving (3.26)
including convergence rates with space and space-time DGFEM we refer to Tassi
et al. [73].

In this test case we consider hydraulic and sediment transport through a
contraction. The mesh considered is given in Figure 3.12. In Tassi et al. [73] we
show results of this test case using space DGFEM and here we use space-time
DGFEM. The physical time step is At = 0.0001. For the pseudo-time stepping,
the pseudo-time CFL number is CFLP*¢*4° = (0.8. Furthermore, if residuals
converged to a tolerance of 1076 in the pseudo-time integration, we considered
the system to be solved. In Figures 3.13, 3.14 and 3.15 we show the mass
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flow hu, hv and the bed elevation b at time ¢ = 0.005 which in physical time
corresponds to a few months. As in Kubatko et al. [44], we observe that the bed
experiences erosion in the converging part of the channel due to an increase in
the flow velocity and the development of a mound in the diverging part of the
channel. The results compare qualitatively well with those presented [44] and
are the same as we obtained using space DGFEM in Tassi et al. [73].
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Figure 3.12: Test case 11: the mesh.
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Figure 3.13: Test case 11: flow and sediment transport in a contraction channel:
mass flow hu(x) at time t = 0.005.
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Figure 3.14: Test case 11: flow and sediment transport in a contraction channel:
mass flow hv(x) at time t = 0.005.

3.3 Effect of the path in phase space on the nu-
merical solution

3.3.1 Polynomial paths

In the numerical test cases discussed in the previous sections a linear path was
taken: ¢ = UL + 7(UF — UL). In this section, we will investigate the effect
of different paths on our numerical results. To determine this effect we again
consider test case 10 in Section 3.2.2 for which we expect to find the biggest
effect of the path due to the shock waves in the solution. We use the following
paths and note that in one dimension property (H4) can be neglected:

¢2U1 :UL+T2(UR_UL)7 ¢2v2:UR+(1—T)2(UL—UR)7
¢5U1 = UL + T5(UR - UL)a ¢51}2 - UR + (1 — T)S(UL — UR)7 (328)
¢20U1 = UL + T20(UR - UL)? ¢20v2 = UR + (1 — 7—)20(UL — UR)

In Figure 3.16, h(1 — &), ha, b and h are shown on the whole domain and also
a zoom-in on the left shock wave. The deviations shown in these figures are
approximately also seen in the mass flow variables and the void fraction.

In these computations it is important to have a good numerical integration
scheme to approximate the path integral. Incorrectly approximating the path
integral results in solutions having incorrect faster or slower shock speeds. A
two-point Gauss integration scheme is sufficient when taking ¢ linear or when
using ¢o,1 and ¢a,2. For the other paths we split the domain [0, 1] into 8 non-
intersecting uniform intervals and within each interval we evaluate the integral
in the two Gauss points corresponding to that particular interval. To conclude
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Figure 3.15: Test case 11: flow and sediment transport in a contraction channel:
bottom profile b(x) at time t = 0.005.

for this test case, when properly integrated any choice of paths in (3.28) leads
to the same numerical solution with only minor differences.

3.3.2 Toumi paths

In this section we will consider paths similar to those chosen in Toumi [75].
These paths are different from those of the previous section in that these paths
are C°. We will compare the solutions determined with the following five paths
with the solution determined with a linear path:

(Uf +2r(U —UD), UL, US, UL, UE), for 7 € [0, ]
Ul ufy =L (UR, UL + (2 UR ULy, UL + (2 UR _ Uyl
o1 (T; ) )= (1’ o + @ = 1)Uy —Uy), Uy + (27 — 1)(Us" = Uy'),
Uy + 21 — 1)(UF —UP), U + (27 — 1)U = UL)), for 7 € [4,1],
(UL, Uy + 27U = Uy), U, Us, US), for 7 € [0, 1]
bra2(m;UR, U = (UE + (27 — D)(WUE —UL),UR, UE + (27 — 1)(UF — UL),
UF + (21 = )(UF - UP),UE + (21 — 1)(UF - UL)), for 7 € [1,1],
(Uf,uf U +2r(UR - UL, UF, UF), for T € [0, 3]
L Ry _ L R L L R L R
drs(T; U7, UT) = (U + (27 = DU — Uy), Uy + (27 — 1)(Uy* — Uy'), Us',
UL + (2r —1)(UF - UF), UE + (27 — 1)(UE — UL)), for r € [4,1],

(Uf,u3,03,Uf +2r(U - UL), UF), for 7 € [0, ]
¢ra(m; UL, UT) = ¢ (UF + (2r = 1)U — UE), UF + (27 = 1)(US — UY),
Uy + (27 — )(U3 —=UH), UF, UE + (2r = 1)(UF —UE)), for 7 € [$,1],
(UL, uf,Uf, UL, UL + 27 (UF - UE)), for 7 € [0, 3]
ors(r; UL, UT) = (UF + (2r - DUE — UF), UF + (2r — 1)(UF - UF),
UF + (21 = )UF - UL, Uf + (2r —)(UF - US),UEF), for 7€ [4,1].
(3.29)

In the implementation the integrals are computed using a two-point Gauss
integration rule. In Figure 3.17, h(1 — «), ha, b and h are shown on the whole
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Figure 3.16: Solution of h(1 — «), ha, b and h calculated on a mesh with 1024
elements at time t = 0.175 using the paths defined in (3.28).

domain and also zoomed in on the left shock wave. The deviations shown in
these figures are approximately also seen in the mass flow variables and the
void fraction. We see that the final solution determined with the paths given in
(3.29) are all very similar. The choice of one of these paths does not have a big
effect on the final solution compared to the linear path.

3.3.3 Refining the mesh

As a final check we further refine our mesh. We will calculate the solution on
a mesh with 10000 elements. We only do this for the linear path, ¢o0,1 (see
(3.28))and &1 (see (3.29)) and compare these solutions with the numerical
solution determined with the linear path on a mesh with 1024 elements. In
Figure 3.18, h(1 — «), ha, b and h are shown on the whole domain and also
zoomed in on the left shock wave. The deviations shown in these figures are
approximately also seen in the mass flow variables and the void fraction. To
obtain these figures, the integral of the nonconservative product for each path
was evaluated differently. For the linear path a two point Gauss integration
scheme was used for the whole domain [0, 1]. For the path ¢q9,1 we divided the
domain [0, 1] into 16 nonintersecting uniform domains and within each domain
we used again a two point Gauss integration scheme. For the path ¢r; the
domain [0, 1] was divided into 8 nonintersecting uniform domains and within
each domain we used a two point Gauss integration scheme. As we see in these
figures, the differences in the numerical solution for all the paths are minimal.
The slight differences in the shock speed are more likely to be caused by the
numerical integration scheme than the difference in the path. If we were to
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Figure 3.17: Solution of h(1 — «), ha, b and h calculated on a mesh with 1024
elements at time t = 0.175 using the paths defined in (3.29).

determine the numerical solution using the path ¢20,1 by dividing the domain
[0,1] into 8 nonintersecting uniform domains instead of 16, the differences in
shock speed in comparison to the other paths will increase, so it is important
to have a good approximation for the integral of the nonconservative product.
We conclude that it is important to have a good numerical integration scheme
to approximate the path integral. Using a linear path, a two points Gauss
integration scheme, without refinement, suffices. We saw that it does not matter
which path is chosen, but choosing the linear path, due to the simple integration
scheme, is by far the cheapest and easiest choice.

3.3.4 Contact waves

In Parés and Castro [58] a test case is presented for the shallow water equations
in which they state that the selection of the path is critical in order to satisfacto-
rily capture stationary contact discontinuities related to bottom discontinuities
(see [58]). We repeat this test case. Consider the shallow water equations given
by (3.6) and (3.7). Following Parés and Castro [58], the initial condition is
given by U = Ul if 2 <0 and U = U if > 0, where UL = [0, 1, /2¢]7 and
Ul = [—1, 0.6527036446614, \/2g]T if z > 0, where g = 9.81. These initial con-
ditions are such that the states U” and U® are connected by an entropic contact
discontinuity (see [58]). The boundary conditions are given by: b(—5,t) = 0,
h(=5,t) = 1, hu(—5,t) = 1/2g, b(5,t) = —1. The remaining boundary data are
set equal to the data calculated at the boundary from inside the domain. The
steady state solution is calculated using a physical time step of At = 10%! and
a pseudo CFL number of CFLPs¢*d° = (0.8. We consider the solution on a mesh
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main. wave.

Figure 3.18: Solution of h(1 — ), ha, b and h calculated on a mesh with 10000
elements at time t = 0.175 using the linear path, ¢20,1 and é7y.

with 1000 elements on which the contact wave falls exactly on a face, and on
a mesh with 999 elements so that the contact wave falls exactly in the middle
of an element. The effect of three paths are considered, namely the linear path
¢(r; UL UR) = UF + 7(UR — U%) and two Toumi like paths:

(UL +27( Ul -Uh),Ud), for 7 € [0, 3]
(UR,UF + (2r = 1)(UF = U¥)), for 7€ [5,1]
(
(ut

Ul ,U2 +27(U2 Uf)), for 7 € [0, 3]
(2r —1)(Uf - UlL)7U2R), for 7 € [%,1].

¢T1(T;UL7UR) Z{

¢T2(T;UL,UR) :{

Note that the path for Us = hu is irrelevant since the nonconservative product
for the shallow water equations only involve b and h. The solution on the mesh
with 1000 elements is shown in Figure 3.19 and the solution on the mesh with
999 elements is shown in Figure 3.20. We see that the solution of a steady con-
tact discontinuity experiences a similar dependence on the path as observed by
Parés and Castro [58], also after refining the mesh to 10000 and 9999 elements,
respectively. The numerical dissipation introduced when the contact disconti-
nuity is not exactly at an element face has, however, a strong regularizing effect
(compare Figures 3.19 and 3.20) and significantly reduces the dependence of
the solution on the path. This effect will even be stronger in multi-dimensional
problems since the discontinuities then rarely coincide with mesh lines, but it is
always important to check the dependence of the solution on the chosen path.
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Figure 3.19: A comparison of the computed solution of a contact discontinuity
related to the discontinuous topography with the exact solution. The solution was
computed on a mesh with 1000 elements using a physical time step of At = 102!
and a pseudo CFL number CFLPs¢%d = ().8.
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Figure 3.20: A comparison of the computed solution of a contact discontinuity
related to the discontinuous topography with the exact solution. The solution was
computed on a mesh with 999 elements using a physical time step of At = 10%!
and a pseudo CFL number CFLPs¢%d° = (8.



CHAPTER 4

Discontinuous Galerkin finite element method
for shallow two-phase flows

In this chapter we present a discontinuous Galerkin finite element method for a depth-
averaged two-phase flow model. This model contains nonconservative products for
which we developed a discontinuous Galerkin finite element formulation in Chapter
2. We qualitatively validate the model against a laboratory experiment and show the
abilities of the model to capture physical phenomena. To be able to perform these
test cases, a WENO slope limiter is investigated in conjunction with a discontinuity
detector to detect regions where spurious oscillations appear.

4.1 Depth-averaged two-phase flows

In shallow flows, the characteristic height H of the flow is typically much smaller
than its characteristic length L, H/L = ¢ <« 1. Variations in the vertical are
small and we can simplify the governing equations by averaging the flow over the
depth. In doing so, depth-averaged quantities are assumed to be independent
of the vertical coordinate, at leading order in . In this section we introduce
the depth-averaged two-phase flow equations derived by Le [45]. Note that
the depth-averaged two-phase flow equations derived by Le [45] are slightly
different from the depth-averaged two-phase flow equations derived by Pitman
and Le [62]. The difference is that the momentum of the mixture of the Le
model can be written in flux conservative form, while this is not the case for the
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momentum of the mixture of the Pitman and Le model.

Le [45] derived a depth-averaged flow model by depth-averaging the three
dimensional continuum model for two-phase flows as derived by Jackson [38] (see
Appendix B for the three dimensional model). Using the summation convention
on repeated indices and the comma notation to denote partial differentiation,
the scaled non-dimensional depth-averaged flow model is:

Uit + Fir e + Giggr Vo, = Si, 4,r=1,...,6, k=1,2. (4.1)

Note that G, V; i is a nonconservative product. In (4.1)
U=I[h(l-aq), ha, hav;, h(1 — a)u;)", V = [h, a, v;, u;]T and

h(1 — a)uy 0 0 0O
r hawvy, G — 0 0 0 O
7l havivy +e(1 = p)oaadgsh® |0 TF T | epagsh 0 0 0’
i h(1 — a)uuy e(l—a)gsh 0 0 O
i 0
g_ 0
T (1 = p)(—epirOib + piz)agsh + h FP + giha — paCplulu; /e — ephagsd;b
—e(1—a)gshdb—hFP/p+h(1 —a)g; — (1 — a)Cplulu;/e

Note that compared with the model by Le [45], we have added extra friction
terms with the drag coefficient C'p as a leading order turbulence parameteriza-
tion.

The orientation of the Cartesian coordinate system is shown in Figure 4.1
in which 6 is the angle of the x1-z5 plane with the horizontal. The depth-
averaged quantities in the above model are constant in the z3 direction and
are the particle volume fraction «, the fluid velocity vector uw and the solids
velocity vector v. The flow depth is given by h and the bottom topography by
b. The constants ¢ = H/L and p = pf/p® represent the height to length ratio
of the flow and the ratio between the fluid density p/ and the solids density
p®, respectively. The gravity vector is given by § = [g1, 92, —g3]7 in which
g3 is the vertical component of the gravity (see Figure 4.1) and Cp is a drag
coefficient. The above quantities are all scaled and dimensionless. To obtain
the variables in dimensional form, denoted by (-)*, we have used the following
scalings: [x*ay*] = L[:L'vy}’ = L/g*t’ [UT,U;] = g*L[UhUQ]a [UT»”ék] =
Vg Lvi,va], v& = g*Lur, (95,935,957 = g*glsin(0),0,cos(0)]T with g the
gravity constant.

A closure needs to be given for the drag function F” and we follow Pitman
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Figure 4.1: Orientation of the coordinate system and the gravity vector.

and Le [62] by taking FP = B(u; — v;) in which 3 is given by:

3.65 for Re; < 0.2,
5= (l-pa 4.35Re; "% —1 for 0.2 < Re; < 1,
T wp(l—a)"’ " ) 445Re; %' —1  for 1 < Rey < 500,
1.39 for 500 < Rey,

where Re; = dpyvr/py, in which d is the particle diameter, p! the fluid density,
py the fluid viscosity and vr the terminal velocity of an isolated particle falling
in the fluid. We remark that as 1 — p increases, the drag function FP makes the
system (4.1) increasingly stiffer. We are, however, interested in the case where
p is approximately 0.9. In this situation the model does not have stiff source
terms and no special algorithms are needed to deal with stiffness.

The functions ¢ were introduced by Pitman and Le [62] to relate basal and
diagonal shear stresses to the normal stress in the solids phase stress tensor in
the 3-dimensional two-phase model before depth-averaging. The functions ¢ are
given by:

(3 . .
Vi3 = _mtan(gbbed)a = 1527 Pii = kl:Fa v = 172

12 = —sign(dovq) sin(gine ) kT,  po1 = —sign(drvs) sin(Pins )k T,
F_ol T V1 = cos?(Gine) (1 + tan®(dpea))

cos?(int)

in which the “—” in the “F” applies when Oxvr, > 0 and the “4” applies when
kv, < 0. Furthermore, | - | is the Euclidean norm, ¢;,; is the internal angle of

k

_17
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Figure 4.2: Regimes of hyperbolicity for the depth-averaged model. For the values
of a and |u — v| in the shaded area the model is elliptic.

friction, which measures how layers of solid particles slide over one another and
Ppeq is the basal angle of friction, indicating how easily solid particles slide over
the bottom [35].

To determine whether the depth averaged model is hyperbolic, we need to
determine their eigenvalues. If all eigenvalues are real and distinct, the model is
hyperbolic. Deriving the eigenvalues for the depth-averaged model is not trivial,
so eigenvalues are computed numerically for a number of given parameters.
Consider the case in which the topography is flat, b = 0. We take h = 1,
p =0.9, g3 =1 and we assume kT = k~. Furthermore, we take ¢pcq = 14.75°
and ¢;n: = 24.5° which hold for fine glass particles [7]. For different height to
length ratios, ranging from € = 0.001 to € = 1, we determine the eigenvalues as
a function of the particle volume fraction o and the absolute difference between
the phase velocities |u — v|. In Figure 4.2 we show for which values of a and
|u — v| the depth-averaged model is not hyperbolic (in the shaded areas some
of the eigenvalues are not real). We see that the region for which the model is
not hyperbolic decreases as € decreases. In this chapter we are only interested
in cases where the model is hyperbolic. When the model is not hyperbolic, a
different numerical approach needs to be introduced which is not treated in this
chapter.
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4.2 The DGFEM discretization

In this section we present a space-time DGFEM formulation for the depth-
averaged two-phase flow model. We remark however that the space DGFEM
formulation is very similar and for some of the numerical test cases we will
apply space DGFEM. For more on space DGFEM we refer to Appendix A and
Cockburn and Shu [18].

We consider the solution in the open space-time domain & C R? using the
definition of the space-time elements as given in Section 2.2.1. Furthermore, in
this chapter, we consider the solution only on a fixed grid. We consider linear
approximations of U(t, z) € R® and test functions W (t,Z) € RS in the function
spaces defined in Section 2.2.2.

4.2.1 Basis functions

Polynomial approximations for the trial function U and the test functions W in
each element K € 7, are introduced as:

U(t, )|k = Upthm (t, &) and W (t, Z)|c = Wi (t, Z), (4.2)

with 1), the basis functions, z € R?, and expansion coefficients U,, and Wl,
respectively, for m,l = 0,1,2,3. The basis functions ¢, are given by ¢y = 1
and ¥, = @n(t,Z) for m = 1,2,3 where the functions ¢,,(z) in element K
are related to the basis functions ¢y, (€), with ¢,,(€) € PY(K) and ¢ the local
coordinates in the master element K, through the mapping Gic: ©m = @m oG,Zl.

4.2.2 The weak formulation

Due to the nonconservative products (4.1) cannot be transformed into diver-
gence form. This causes problems once the solution becomes discontinuous,
because the weak solution in the classical sense of distributions then does not
exist. Consequently, standard space-time DGFEM discretizations cannot be
applied. In Chapter 2 we derived a discontinuous Galerkin finite element weak
formulation for general hyperbolic equations with nonconservative products and
we apply this weak formulation here as well.

We refer to Chapter 2 for the derivation of the weak formulation for (4.1).
The main criterium posed on the weak formulation is that the formulation must
reduce to that for the conservative system if the system of nonconservative
partial differential equations can be transformed into conservative form. The
weak formulation for (4.1) is given by:
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Find a U € V, such that for all W € Vj,:

0= Z / WioU; = Wi ik Fi + WiGigr Vi, — W;S;) dK

KeT»

+ > ( / WUl dx — WEUE dK)
’CGT" K(tn+1) K(tj;)

+ > / — Wl Preds
Sesn

+ Z /{W}}</ Girr(p(T; UL, URY) ¢”( Ul uftydra )ds.
Sesn

(4.3)

The last term makes it different from standard discontinuous Galerkin finite el-
ement formulations. It is needed to introduce a measure for the nonconservative
product where U is discontinuous. Note that an extra function, ¢(7; Uy, Ug),
has been introduced to deal with the regularization of U across the discontinuity.
In Chapter 3 the effect of the choice of ¢(7; UL, Ug) on the numerical solution
was investigated. We concluded that the numerical diffusion has a regulariz-
ing effect across discontinuities, which significantly reduces the dependence of
the solution on ¢(7;Ur,Ug), so that often it does not matter in practice how
¢(7; UL, Ug) is chosen. We adopt a linear path: ¢(r;Ur,Ug) = Ur+7(Ur—Up).
Furthermore, we use here the NCP numerical flux ﬁ"C(U L UR al) designed in
Chapter 2 for systems containing nonconservative products as a generalization
of the HLL flux [74]. The NCP numerical flux P"¢(UL, UR, L) reads:

knk -3 fO zkr T UL,UR))8¢'" (T UL,UR) dT?’Lk
if S, >0,
Pre(Us, Un, ity = § Wb 3 (SaU7 4+ SLU7 = SLUL = SeU5) (4.4)
if Sp, <0< SR,
FEal +1 fo ik ( rz)(T;UL,UR))B")7 (1;UL, Ug) drik
if Sg < 0,

with U* given by:

oo SRUF -~ SLUE+ (R~ FR)E
¢ Sr—SL

L[ 0r >
m/o Gitr(9(T3 UL, Ur)) 5 ~(7; U, Ur) dr iy (4.5)

Note that the first terms on the right hand side of (4.4) are in each case the
upwind or unstable numerical fluxes. The wave speeds Si, and Sg in the numer-
ical flux are usually approximated by the minimum and maximum eigenvalues
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of the Jacobian matrix. The characteristic polynomial of the Jacobian matrix
of the depth-averaged model, dF/0U +G is ¢(A\) = (A—¢,)(A—¢qu)p(A) in which
p(A) = A+ a1 A3 + agA? + a3\ + a4, where

a1 =—2(qu + qv),
az =qp + qp + 4quqs — £g3h(1 — a + pa),
— 3egsh(l —p)(1 + @) (1117 + ©2an3 + P1an1ng + Ya1niNg)
as = — 2¢uu(qu + qv) + 2qveg3h(1 — a) + 2pgsahqs,
+2¢u(3eg3h(1 + @) (1 — p)(p111] + Y2213 + Pram1N2 + P2101N2)),
as =qoqp — Ga(5hegs(1— p)(1 + @) (@110 + @20m3 + Praming + E21n11n2))
+ %529§h2(1 —p)(1 — @)(p11n] + @213 + P12n1M2 + P211112)

— qyegsh(1 — a) — qoepgsah.
(4.6)

Two eigenvalues are \; = ¢, and Ay = ¢q,. Since explicitly solving the quar-
tic polynomial p(A) = 0 yields rather unwieldy relations, we approximate the
remaining four eigenvalues.

We approximate p(A) by p(A) = (A—g¥—A)(A—g"+A)(A—¢"—B)(A—¢"+B)
and expand P as p = A* + a1 A3 + ba A% + b3\ + by with coefficients:

by = @2 + ¢2 + 4quqn — (A% 4 B?),
b3 = QQv-A2 + 2QuB2 - 2QUqu(Qu + QU)a (47)
by = q2q2 — q.B° — o A® + APB2.

Note that by choosing

A= V Egdh(l - 04)7

B = \/%hﬁgi’)(l — p)(1 + @) (p117] + @2an3 + Pr2n1n2 + P211102),

(4.8)

the coefficients a; and b; almost match. We approximate the solutions to p(A)
now as Az .4 = ¢, £ A and A5 ¢ = g, £ B. The error in the approximation of the
roots is then proportional to p(A34) = O(g?) and p(As6) = O(e).

As mentioned above, ¢(7; Uy, Ugr) had to be chosen and we adopted
¢(1;UL,Ug) = U + 7(Ug — Uyr). This choice of the path presents us the op-
portunity to exactly determine the integral due to the nonconservative product



66 Chapter 4: DGFEM for shallow two-phase flows

in (4.3):

_ 0 }
0
! oy . —epgs[h] fol ahdr
; Grr(o(7; UL,UR))B—T(T, Up,Ug)dr iy = —€p93[[h1]] fol ahdr |
—egs[h] fol(l —a)hdr
| —cgal] L (- c)hr
(4.9)
in which

1
/0 ath:%(OLLhLJr%(O&RhLJrOéLhR)+OthR),
1
/ (1— a)hdr = {h} — Yaphs + Larhs +arhr) + arhy).
0

4.2.3 Pseudo-time stepping

By replacing U and W in the weak formulation (4.3) by their polynomial ex-
pansions (4.2), a system of algebraic equations for the expansion coefficients of
U is obtained. For each physical time step, the system can be written as:

Lo =o0. (4.10)
This system of coupled non-linear equations is solved by adding a pseudo-time
derivative of the primitive variables V = [h, o, v;, u;5]", hence (4.10) becomes:

ov™ N ou
=LV V" = — 4.11
o LV™vnh, M /;C%V dK, (4.11)

which is integrated to steady-state in pseudo-time. Following Van der Vegt and
Van der Ven [79], we use the explicit Runge-Kutta method for inviscid flow with
Melson correction given by:

Algorithm 1 Five-stage explicit Runge-Kutta scheme:
1. Initialize YO = V.
2. For all stages s =1 to 5:
(I+a DY =Y0 4 a (Y~ - MIL(ys—h v hy).

3. Update V = Y.

The coefficient A is defined as A = A7 /At, with A7 the pseudo-time step and
At the physical time step. The Runge-Kutta coefficients «; use are [79]:
a1 = 0.0797151, ay = 0.163551, ag = 0.283663, ay = 0.5 and a5 = 1.0.
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Figure 4.3: Slope limiter in 2D.

4.2.4 Slope limiter and discontinuity detector

In numerical discretizations of the weak formulation (4.3), spurious oscillations
generally appear near discontinuities. Using the Krivodonova discontinuity de-
tector [43], we apply a slope limiter only near discontinuities to deal with these
spurious oscillations. We use the slope limiter given in [51] which we describe
briefly here for reasons of clarity.

The idea of the slope limiter is to replace the original polynomial P, by
a new polynomial P that uses the data u,, of the midpoints of the original
element in element Kj and its neighboring elements u,, up, u. and ug. Fight
polynomials are constructed, 4 Lagrange polynomials, P;, ¢ = 1,2,3,4 and 4
Hermite polynomials P;, ¢ = 5,6,7,8. For the Hermite polynomials we also
need the physical gradient of the data in the neighboring elements at the points
Z, i.e., Vug, Vup, Vu. and Vug (see Fig. 4.3).

To construct the Lagrange polynomials consider the surface through z,,, =,
and xp. Name the polynomlal _through this surface Py with P, = Pf+]3f’x+]5fy.
The coefficients P¢, P? and P¢ are found by solving:

1 2w Ym Pl Um
1 x4 Yo P1 = | uq
1 o w PC Up

In the same way, polynomials P, P3 and P, are constructed by considering the
remaining three surfaces.
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Each of the four Hermite polynomials are determined by looking at the
current element and one of the neighbors, e.g., the first Hermite polynomial,
Ps, is found by looking at the neighboring element sharing face Sy. In the
midpoint zp, the gradient of the solution is Vuy, while the solution in the
midpoint of the current element is u,,. The first Hermite polynomial is given
by: Ps = P5 + Pbx + P5y where:

Pg =y — xp - Vuy,
P5 = azub in Tp,
Py = 0yup in 3.

In the same way, polynomials Ps, Py and Py are constructed by considering the
remaining three surfaces.

The linear approximation of the original polynomial is determined just like
the Hermite polynomials. In the midpoint z,,, the solution is u,, and the
gradient is Vu,,. The linear approximation is: Py = P0 + Pox + Poy where:

Da

Po = Um — Ty * VU,
Pé’ = OpUyy, 1D Ty,
Py = 0yum in xpy,.

Now project P, j = 0,...,8, onto the DG space and solve for (4);, (41); and

(t12);:

fK,C Yorho dK ka o1 dK ka Vo2 AKT [ (1) ka Yo Py dK
Jx, V1o dK S, i dK [ e dK | ()| = | [g, 01 P dK
Ji, Yoo dK [ oprdK [i hothadK | | (d2); Jx, ¥2Pj dK

After the polynomial reconstruction is performed, an oscillation indicator is used
to assess the smoothness of P;. The oscillation indicator for the polynomial
P, i =0,..,8, is defined as o, = [VF;|, with |- | the Euclidian norm. The
coefficients of the new solution u in element K are constructed as the sum of
all the polynomials multiplied by a weight, 4, = Z?:o wi(lg)i, ¢ = 0,1,2, in
which the weights are computed as:

(e +0i(F5)) "

8 _
z:j:o(6 +0;(P;))~7
where v is a positive number and e a small number to avoid division by O.
Take for example € = 1072, The effect of v and the combination of polyno-

mials (Lagrange and original or Lagrange, original and Hermite) is tested in
Section 4.3.2.

w; = 5 (4.12)
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The discontinuity detector introduced in Krivodonova et al. [43] defines for
each element K} a measure of the discontinuity 7. This will indicate regions
where the gradient of a variable V is large. For the depth-averaged two-phase
flow equations, depending on the situation, we choose either ¥V = h or V = a.
The discontinuity detector is given by:

_ 2s,coky fs, VE—=VEdS

= max(I}?(h),I]?(a)), I]?(V)
V210K V] oo

o (4.13)

where hx is the cell measure defined as the radius of the largest circumscribed
circle in the element K7, p the polynomial order, |0K}| the surface area of the
element and | - | the maximum norm. The solution is estimated [43] to be
smooth when Z; < 1 and non-smooth when Z;, > 1.

4.3 Verification

4.3.1 Sub- and supercritical low over a bump

We consider the 1D steady-state solution of sub- and supercritical flow over a
bump (see also Chapter 3). This is a popular test case to verify shallow water
codes [14, 31, 47, 71, 87] and we extend the test case to the depth-averaged
two-phase flow model. For this test case we consider:

h(l—a) h(1 — a)u
ho hav
hawv + |how? 4+ 1e(1 — p)p11gsh’a
h(l — a)u h(1 — a)u?
b t 0 T
0 0 0 0 O h 0
0 0 0 0 O o 0
+ G31 0 0 O G35 [ = Sg y (414)
G41 0 0 O G45 u 54
0 000 O b, 0
where

G31 = EIpOéggh, G35 = 6(1 — p)gpnggh& + 6ph0¢gg,
Gy =e(1 —a)gsh, Gus =¢e(1 - a)gsh,
Ss=hFP S, =—-hFP/p.

Note that we take the given topography to be formally unknown in the system.
This leads to a well-balanced scheme (see Chapter 3). Let the upstream variables
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be denoted as hg, ag, 1y and vg. For both the subcritical and supercritical test
case we take hg =1, ug =1, v9g = 1, and a = 0.3.
We consider the solution on a domain = € [0, 1] in which the topography is
given by [87]:
b(z) = {0.2 —20(z — 0.5)2 if 0.4 < <06
0 otherwise.

As initial condition we take h +b = 1, u = ug, v = vg and a = «ag. At the
boundaries we define the exterior trace to be the same as the initial condition.
For the subcritical test case we take g3 = 10® while for the supercritical test case
gs = 25. Other parameters in the model are chosen as: ¢ = 0.01, p = 0.9, 0 = 0°,
11 = 2(1 — /1 — c082(hint) (1 + tan?(dpea)))/ co8?(Gint) — 1, Pint = 24.5° and
Gped = 14.75°. In FP | the parameters are p/ = 1000kgm =3, v = 0.143m s~ 1,
d=10"2m and p/ = 1073 kg (ms)~'.

We compute the order of convergence by comparing the space-time discon-
tinuous Galerkin finite element solution of (4.14) to an “exact”solution of (4.14).
This “exact” solution is found by setting the time-derivative terms in (4.14) to
zero and then solving the system of ODE’s with a RK45 method on a grid with
10000 points.

In Figure 4.4 we plot the numerical solutions of the total flow height h + b,
topography b, flow depth h, particle volume fraction a and the velocities v and v
for sub- and supercritical flow. The order of convergence is given for the mixture
momentum hav + ph(l — a)u as well as the topography b in Table 4.1 for sub-
and supercritical flow. The reason why we also show the order of convergence
for the topography b is because it is taken formally as an unknown in the system
(as in Chapter 3) and we show that the topography converges at the same rate
as the other unknowns. For a linear polynomial approximation we obtain as
expected second order convergence.

4.3.2 The slope limiter

We consider a Riemann problem to test the effect of the polynomials (Lagrange,
original and/or Hermite) in the slope limiter and the parameter -y (see (4.12)) in
the space-time DGFEM discretization. For this test case we neglect the source
terms. Furthermore, we simplify the expressions for 11, @22, 12 and a1 by
taking o117 = w22 = 1 and @13 = @21 = 0. Other parameters in the model are
chosenas p=1,¢g=1,e=1and § = 0°. We consider the solution on a domain
[0,1] x [0,1] divided into 32 x 32 elements. A physical time step of At = 0.005
is used and we consider the solution at final time T' = 0.37. We consider the
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(b) Supercritical flow: flow height
h + b and topography b.
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(e) Subcritical flow: velocities u and (f) Supercritical flow:

v.
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and v.

Figure 4.4: Steady-state solution on a grid with 80 elements.
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Subcritical flow

Neeuts b P h(av + p(1 — a)u) P
10 1.5171-10"2 - 4.2299 - 1072 -
20 3.7397-1073 2.0 1.0484 - 103 2.0
40 9.3222-107% 2.0 2.9977 - 1074 1.8
80 2.3296-10"% 2.0 8.1480 - 107° 1.9

Supercritical flow

Neeits b P h(av + p(1 — a)u) P
10 1.2910 - 10~2 - 4.0446 - 1074 -
20 3.4861-107% 1.9 1.4343 -10~% 1.5
40 9.0211-107% 2.0 3.7399 - 107° 1.9
80 2.2925-107% 2.0 9.4394 - 1076 2.0

Table 4.1: Sub- and supercritical flow: L? error for the topography b and the
total momentum h(av + p(1 — a)u) and the convergence rate p.

following two-dimensional Riemann problem:

V(it=0)=
( ) VE  otherwise,

{VL for x < 0.5 and y < 0.5,
in which V is the vector of primitive variables and V¥ = [1, 0.4, 0, 0, 0, 0] and
VE =105 0.2, 0, 0, 0, 0]T. At the boundaries we set u; = uy = v; = vy = 0.

The slope limiter is used in element K} only when the discontinuity detector
I > €griv- In this test case we take €y = 1.

In Figure 4.5 we compare the solution of the volume fraction « along the di-
agonal x = y as computed using a slope limiter with the combination Lagrange
and original polynomials; and, the combination Lagrange, Hermite and original
polynomials. For each combination we furthermore compare the solution using
v=1and vy =10in (4.12). We see that the least numerical dissipation is intro-
duced using the combination Lagrange and original polynomials while v = 1.
Increasing v to v = 10 introduces more smoothing to the solution. Also adding
the Hermite polynomials to the combination Lagrange and original polynomials
increases the amount of numerical dissipation. This can also be seen in Fig-
ure 4.6 where we compare the flow height h calculated using the combination
Lagrange and original polynomials with v = 1; and, the combination Lagrange,
Hermite and original polynomials with v = 10. We plot the results per element
to show the discontinuities at the element faces which would not be visible with
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Figure 4.5: Solution of the volume fraction o at T = 0.37 along the diagonal
T =1y as computed using the combination of Lagrange and original polynomials
(LO) in the slope limiter or the combination of Lagrange, Hermite and original
polynomials (LHO) with v =1 or v = 10.

post-processing. We remark that without the slope limiter it was not possible
to do this test case because o became less than zero in regions around large dis-
continuities due to undershoots. In Figure 4.7 we indicate the areas where the
discontinuity detector detects large discontinuities. In these regions the slope
limiter is used. The scheme is robust for a wide range of - values, but for ac-
curacy reasons vy should be chosen as small as possible, because this minimizes
the numerical dissipation. For the Riemann problem presented here, the best
combination would be the Lagrange and original polynomials with v = 1. As
can be seen in Figures 4.5 and 4.6 there is a wave crest which can be captured
using the combination Lagrange and original polynomials with v = 1 which is
not captured using the combination Lagrange, Hermite and original polynomials
with v = 10 since this combination introduces too much numerical dissipation.
For other applications though, more numerical dissipation may be desirable to
avoid large over- and undershoots which can be achieved by slightly increasing
the value for v and/or using a different combination of polynomials.
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(a) The flow height h as calculated using Lagrange
and the original polynomials in the slope limiter. Fur-
thermore, v =1 in (4.12).

(b) The flow height h as calculated using Lagrange,
Hermite and the original polynomials in the slope lim-
iter. Furthermore, v = 10 in (4.12).

Figure 4.6: Solution of the flow height h at T = 0.37. Too much numerical
dissipation is introduced in (b) since there is a wave crest in (a) which is not
captured in (b).
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x2

x1

Figure 4.7: The shaded area indicates where the discontinuity detector has large
values and where the slope limiter is used; situation at T = 0.37.

4.4 Validation

In [2, 4, 71] laboratory experiments of shallow water and in [82] laboratory
experiments of shallow granular flow through a contraction were compared to
numerical results. We will simulate a two-phase flow mixture consisting of solid
particles in water in which the density of the solid particles is slightly higher
than that of water. We will simulate the flow of this mixture as it enters a
contraction. Initially we start with a flow with very low particle volume fraction
(5 %) and the flow reaches a steady-state with oblique jumps. We then perturb
this steady-state by increasing the particle volume fraction at the inlet to 30
% for a short period. This perturbation was sufficient to perturb the flow with
oblique jumps to one with an upstream moving shock as was observed by Akers
and Bokhove [2] (see Figure 1.2). We now describe the numerical setup.

In our numerical calculations we consider a channel in the Cartesian coordi-
nate system (z,y) € [0,10] x [-0.5,0.5]. The channel converges from = = 4 to
x = 4.7228 so that y € [-0.3,0.3] and diverges from x = 4.7228 to x = 6.1685
(see Figure 4.8). As initial condition we take h = 0.2, « = 0.05, v; = u; = 0.5
and vo = ug = 0. Define h,, = h(1 — «). At the inflow boundary we specify
hy = 0.19, the xz-components of the velocities, u; = 0.5 and v; = 0.5, the
y-components of the velocities, us = 0 and v9 = 0, and the particle volume frac-
tion «v. Initially, the inflow condition for the particle volume fraction is a = 0.05.
For time 20 < t < 35 we change the inflow condition by increasing the particle
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Figure 4.8: Geometry and mesh of the chute with a contraction.

volume fraction to @ = 0.3 after which we decrease the particle volume fraction
again to o = 0.05. At the walls we follow Ambati and Bokhove [3] and impose:

b L

=—-v-n, b

3
Sl

=vid, (4.15)
=ub.t .

|

b .

\%
b =-u’'-n, u

3

v
u )

where ¢ is the unit tangential vector orthogonal to the normal vector 7. Further-
more, we extrapolate the void fraction, o = o and the flow height A = b,
At the outflow boundary, all variables are extrapolated, U = UL,

There are a number of constants in the depth-averaged flow model. We
will consider shallow liquid-solid flows with a height to length ratio of € = 0.2
as a feasible approximation and for which the liquid to solid density ratio is
p = 0.9. The gravity constant is ¢ = 1.5 so that the gravity components are
g1 =sin(f)g, g2 = 0 and g3 = cos(#)g in which 6 is the angle of the contraction
with respect to the horizontal (see also Figure 4.1). We take § = 0.625° for
0<x<7and 6 =10° for x > 7 so that the outflow boundary has no effect on
the solution in the contraction. To be able to calculate the drag function FP,
we use the following constants: pf = 1000kgm =3 and uf = 1073 kg (ms)~*
while the solid particles are assumed to have a diameter of d = 1073m and
vy = 0.143m s~1 [38]. The internal angle of friction is taken to be ¢, = 24.5°
and the bed friction angle is @peq = 14.75° [7]. The bottom topography is taken
constant b(z,y) = 0 and the drag coefficient is Cp = 107*.

We compute the solution for the depth-averaged model using space DGFEM
until ¢ = 100 using a CFL number of CFL = 0.8 on a grid with 400 elements in
the z-direction and 40 elements in the y-direction. In the slope limiter, a combi-
nation of Lagrange, Hermite and original polynomials was used with v = 10 to
avoid severe over- and undershoots. In Figures 4.9- 4.11 we show the transition
of the flow height h from oblique jumps to an upstream steady shock (for a
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comparison, see also Figure 1.2). We see the same as observed by Akers and
Bokhove [2]. In Figures 4.9a, b and ¢ we see that the first steady-state solution
is captured very well. After increasing the particle volume fraction at the inlet,
the steady-state is perturbed. The transitional phase in Figures 4.10a and b
show the numerical and laboratory results, respectively, and we see different be-
havior between the results. The second steady-state, an upstream steady shock,
however is captured again very well (see Figures 4.11a and b). We remark that
if Cp = 0, we do not get an upstream steady shock. As expected, an upstream
moving shock appears.
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(a) Side view of h.

Oblique jumps

04 02 0 02 04
y

(b) Snapshot from the labora- (¢) Top view of h.
tory experiment.

Figure 4.9: Oblique jump solution at t = 22.
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h: 01 02 03 04 05 06

(a) Side view.

Hydraulic jump

(b) Snapshot from the labora-

tory experiment.

39.

Figure 4.10: Transition phase at t
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(a) Side view.

Hydraulic jump

(b) Snapshot from the labo-
ratory experiment.

Figure 4.11: Upstream mowing shock at t = 100.



CHAPTER D

h-Multigrid optimization for higher order
accurate space-time discontinuous (Galerkin
discretizations

Space-time discontinuous Galerkin (DG) discretizations of partial differential equations
result in large systems of algebraic equations that need to be solved at each time-step.
To efficiently solve these algebraic equations, we combine a pseudo-time integration
method with new multigrid techniques. We remark that in this chapter we only
consider h-multigrid techniques so that with multigrid we mean h-multigrid. The
main benefits of this multigrid algorithm is that no large global linear system needs to
be solved and, through the use of explicit Runge-Kutta type smoothers, the locality of
the DG discretization is preserved. A two- and three-level Fourier analysis is used to
investigate and optimize the h-multigrid algorithm for second and third order accurate
space-time DG discretizations of the two-dimensional advection-diffusion equation.
We will compare our new optimized schemes with existing h-multigrid techniques
employing Runge-Kutta type smoothers.

5.1 Space-time DG for the 2D advection-diffusion
equation

In this section we summarize the space-time DG method for the 2D advection-
diffusion equation. We start by explaining the space-time formulation of the
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problem after which the space-time DG weak formulation is discussed. Intro-
ducing a polynomial approximation in the weak formulation then results in a
system of algebraic equations. Also, we summarize the pseudo-time integration
and explicit Runge-Kutta methods that we optimize later in Section 5.4.

5.1.1 Space-time DG formulation

In the space-time DG method, the space and time variables are treated together.
A point at time ¢ = xo with position vector & = (x1,z2) has Cartesian coordi-
nates x = (o, Z) in the open domain & C R3. At time ¢, the flow domain Q(t)
is defined as Q(t) := {# € R? : (t,z) € £}. By taking to and T as the initial
and final time of the evolution of the space-time flow domain, the space-time
domain boundary O consists of the hyper-surfaces Q(tg) = {z € 9E : ¢ = 1o},
UT) ={zx €9 : 290 =T} and Q = {x € € : tg < o < T}. With this
notation, the 2D advection-diffusion equation can be written as:

Uo+aru x — Aksu,s,k =0, k,s=1,2, on &,
u = ug, on Q(ty), (5.1)
U= ub, on Q,

where a comma denotes differentiation with respect to the Cartesian coordinate
2k, ar € R are the constant advection coefficients and A;s € RT the constant
diffusion coefficients. We take A1 = vy, Age = v, and A1z = Az = 0. The
initial flow field is denoted by wy and the boundary data by u’. The summation
convention is used on repeated indices.

5.1.2 Weak formulation and discretization

The approximation Qy(t,) of the flow domain Q(¢,) is divided into N,, non-
overlapping spatial elements K(t,). The space-time elements K% are con-
structed by connecting K7 with K;-’H using linear or quadratic interpolation
in time. The flow domain &, limited to the time interval (¢,,t,11), defines a
space-time slab, £'. The tessellation 7, of £} consists of all space-time elements
K.

Within a space-time slab we distinguish faces connecting space-time slabs,
K;(t}) and Kj(t, ), internal faces S} and boundary faces Sj;. The outward
space-time normal vector on a space-time element K is denoted by n = (ng, n),
with n; the temporal and n the spacial part of the outward normal vector.
On an internal face S € Sy, the traces from the left and right element are
denoted by (-) and (-)f, respectively. The average operator is defined as {-} =
2(()% + (™) and the jump operator as [-Jr = (-)Faf + (-)Fnf.



5.1 Space-time DG for the 2D advection-diffusion equation 83

We consider approximations of w(z) and test functions v(z) in the finite
element space W}, defined as:

Wi, = {W € Ly(&) : Wk 0 Gt € PP(K), VK € Tp,},

where Ly (&) is the space of square integrable functions on &, Pp(lé) the space
of polynomials of degree at most p on the reference element K = (—1,1)% and G
the iso-parametric mapping from the master element to the space-time element
K%. Furthermore, we also use the following space:

Vi ={V € (La(En))? : Vi 0 G € (PP(K))?, VK € T}

The space-time DG weak formulation of the 2D advection-diffusion equation
is: Find a uw € W}, such that for all v € Wy,:

_ Z /’C(v’ou—l—v’k(aku—Aksu’s)))dlc—i- Z /S[[v]]kakadé‘

KeTr Sesy

+ Z </ vlut dK—/ vLuRdK) + Z /vLakaﬁ,g ds
Kezn \E(t ) K(ty) sesn /S

— Z /[[v]]kAkS{uvs—ns’Rf}}de Z /ULAks(uﬁfnst)ﬁé dsS
sesp S sesy /S

-y /AkS{v’k}}[[u}]st— > /vﬁcAkS(uL_ub)ﬁg’dS:O,
Sesn Vs Sesy?S

(5.2)

in which a space-time generalization of the approaches by Bassi and Rebay [10]
and Brezzi [13] were followed for the discretization of the viscous flux. The local
lifting operator is defined as [41]: Find an RS € Vj, such that for all w € Vj,:

) / wRS dKC = {fg{ws}[[u]]sds for & € 57,
K

Kern Jswhk(u® —u)nl dS for S € Sp.
h

The stabilization parameter n° is constant and should be chosen greater or equal
to the number of space-faces of an element. An upwind flux is used for @ in
(5.2). We refer to [69] for a full error analysis and derivation of the space-time
DG algorithm for the advection-diffusion equation.

The DG discretization is obtained by approximating the test and trial func-
tions in each element K € 7, with polynomial expansions:

u(t’ CE)|IC = ﬁi¢i(t>j)’ ’U(tvj)bC = ﬁjwj(t>j)7 (53)
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with 1; the basis functions and #; and 9; expansion coefficients, respectively, for
1,7 =0,1,2,..., N, where N depends on the polynomial degree of the basis func-
tions in Wj,. On the reference element K, the basis functions t;(¢) € PP(K) are
a combination of one-dimensional Legendre polynomials. These are related to
1;(z) in the space-time element K through the mapping G%: ¥, = Y;o0 (G)~L.
In this chapter we consider linear and quadratic polynomial approximations.
For the multigrid optimization in Section 5.4, we consider a uniform space-
time mesh with elements At x Az x Ay and we consider (5.2) only with periodic
boundary conditions. We will use the following dimensionless numbers:

At a(Ax)?

a
CFL = T, Rez = yxh 5 Rey =

Ay
) AR_E»

in which » = Azv1+ AR? and a = /a2 +aZ. Furthermore, we introduce

the flow angle 4/!°” with respect to the x-axis so that a, = cos(y/"**)a and
a, = sin(y/"%)a.

Then, replacing v and v in (5.2) with their expansions (5.3) and using the
fact that the coeflicients ¥ are arbitrary, we obtain the following discrete system
for the vector of expansion coefficients 4™ at time level n:

Lp(a"; 0" ) o= AwAy (L + L3+ L+ L4+ LYa™ + L1710 1) = 0. (5.4)

The space-time DG discretization can be represented using the following dimen-
sionless stencil notation:

0 0 0
Ly=|L: Dg 0|, Ly=1|0 Dy 0|, L'=|0 D' 0],

L 0 Lg 0

- . i : (5.5)
£i=|rd p¢ vd|, £i=|0 DI o|, L7'=|0 D7 of,

I 0 L§ 0

in which the blocks L&4, D& U4 = D"~1 € R™™ and m depends on the
order of the space-time DG discretization. Note, we assume here that the ad-
vection coefficients ay, are all positive. If they are (partly) negative the upwind
stencil in £g and/or Ly must be changed accordingly.

The inviscid part of the stencil in (5.4) depends on the CFL number and can

now be written as:

L% = CFL cos(y/"“)\/1 + AR2L® =T°L?,

V1+ AR? Fa _paja (5.6)

Ly, = CFL sin(y/ow) R Y v Ly
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The viscous part of the stencil depends on the Reynolds and CFL numbers:

CFL CFL
d d pd d d pd
ﬁz o E Fmﬁz, ‘Cy = ey ﬁ Fyﬁy, (57)

while the stencils related to the time discretization are given by:

L=, = (5.8)

5.1.3 Pseudo-time integration and Runge-Kutta methods

The space-time discretization (5.4) is solved using a multigrid algorithm with a
Runge-Kutta type smoother. For notational purposes let the system of algebraic
equations be denoted as

Ly a1t = (5.9)

Following van der Vegt and van der Ven [79], to solve the system of coupled
equations for the expansion coefficients (5.9), a pseudo time derivative is added
to the system:
ou*
or

which is integrated to steady-state in pseudo-time. At steady state, 4" = u*.
Here M is the mass matrix defined as M;; = fK Yy dIC, with v; the basis
functions used in the DG discretization.

For the pseudo-time integration we introduce the dimensionless number A\ =
A7/At and use the pseudo-time CFL number, defined as CFL™ = ACFL and
the pseudo-time Von Neumann number VN7 = min(CFL" /Re,, CFL™ /Re,).
We rewrite (5.10) by setting £;, = AzAyL;, and M = AzAyAtM:

M = —Lp(a*; a1, (5.10)

- ou” ro(nk. an—1
5 =—Lp(a*;a" ), (5.11)

in which M is the dimensionless mass-matrix. To solve (5.11) we consider 5-
stage Runge-Kutta methods. For notational purposes, we set Ln(V*un—t) =
L5, (V*). Initialize VO = 4"~!. Then, an N-stage Runge-Kutta scheme is given
by:

J
i = (vo_x(zajﬂ,mlch(v“)) H@vw) JAHBAD), G=1,..N.
1=1
. (5.12)
Return then 4" = V. For notational purposes we also write:

"= Spant (5.13)
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We require from the 5-stage Runge-Kutta schemes that they are second order
accurate in pseudo-time. This requirement gives conditions for the a coeffi-
cients [29]. For the 3 coefficients, which serve as a Melson correction to improve
stability for small values of A 2 1, see Melson et al. [55], no additional conditions
are imposed.

5.2 h-Multigrid algorithms for linear systems

In this section we will first discuss the algebraic formulation of multigrid tech-
niques for linear systems. Next, we discuss the multigrid error transformation
operators. These operators will be analyzed using Fourier analysis in Section 5.3.
For more information on multigrid methods, we refer to Hackbusch [27], Trot-
tenberg et al. [77] and Wesseling [84].

5.2.1 Algebraic formulation of multigrid algorithms for
linear systems

In a multigrid technique for the solution of linear partial differential equa-
tions, we introduce a finite sequence N, of increasingly coarser meshes G,
n € {1,..., N.} to generate coarser approximations of the original problem. For
1 <n < m < N, restriction operators anhh : Gnh — Gmp and prolongation
operators ﬁl},ﬁ : Gmh — Gnn are introduced to transfer the data between the
different meshes. Following [42], we define the prolongation operator P for
the space-time DG discretization as:

,&;(zh _ (M;L]—t)zl (/}C QZ};Lh,w;nh dK:) ,&}nh
nh

Z}ﬂlﬁ;—"h, 1<n<m<N,

(5.14)

where M,,;, is the mass matrix of element KC,,;,. This definition stems from
the Lo-projection of the coarse grid solution U, in an element KC,,; on the
corresponding set of fine grid elements {/C,,}. The restriction operator is de-
fined as R™" = L(P"n)T. In (5.14), the embedding of spaces is assumed, i.e.
Woh C Wy, for n < m, to ensure that u™" is defined in K.

In a multigrid technique to solve Lpv, = fj on Gp, with Ly a linear dis-
cretization operator and fj a given righthand side, a set of auxiliary problems
is solved. At each grid level G,p, 1 < n < N, we solve L,p,vnn = fnn using an
iterative method S, starting from an initial guess w?,. We assume that each
operator L, is invertible. The multigrid algorithm is defined as follows:
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Definition 5.2.1. MG, -Algorithm.
if n = N, the coarsest mesh, then

why = MGy (W, fansv1,12) == Lo fun, (5.15)
else the multigrid algorithm MG, is defined as
1. (Pre-smoothing). Let u?, = w2, and define u.} by

I+1 _ l _ .
U = Snhlnp, l=0,1,--- ;11 — 1;

with Sy the smoothing operator at grid level n given by (5.13).
2. (Restricting). Restrict the residual to the coarser mesh G,,; with n <

m < N,
P = RO (fan — Lonuly).

3. (Coarse-grid solving). At grid level m set 20, = 0 and repeat the MG,,-
algorithm ~-times

1 -1
Zyn = MG (2,0, Tmh, V1, V2), I=1,--,7.

4. (Correcting). Let y2, = u + PrhzY .
5. (Post-smoothing). Define y*2 by

y'ij_hl :thyih’ l:OaL aV2*1~

Finally, set w), = MG,(w®,, fan,v1,v2) = yh? as the result of the MG,,-
algorithm.

Using different sequences of meshes G,,;, various multigrid cycles, such as the
V, W or F-cycle can be constructed.

5.2.2 Multigrid error transformation operator

In order to understand the performance of the multigrid algorithm we need the
multigrid error transformation operator. Define the error of the initial guess
w?, in the multigrid algorithm at grid level n as €2, = w9, — vy, with v,
the exact solution and the error of the approximation w), after application of
MG, (wgh, fuh,v1,12) as e}lh = w}th — vpn. The initial and approximation error
are related through the multigrid error transformation operator e}m = Mnhegh.
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Definition 5.2.2. The multigrid error transformation operator M,; at grid
level n is defined recursively, with m > n, as:

Mnh = th(I P (I MA/ ) mhR th)STVL;l’

with I, the identity operator, v;, | = 1,2, the number of pre- and post-
smoothing iterations and ~ is the cycle index.

For a derivation, see e.g. [77, 78]. We are specifically interested in two- and
three-level multigrid. For two grid levels (n = 1,m = 2) the multigrid error
transformation operator is equal to

M9 = Sy (I, — Py Lo  R¥Ly,) Sy, (5.16)
and for three grid levels (n = 1,m = 2) and (n = 2, m = 4) we obtain
My = Sp2(I, — Py, (Ian, — M3,) Ly R L) S} (5.17)
with
Moy, = S3 (Lo, — Pijy Ly, RyjiLan) Sy (5.18)

We will also investigate the effect of replacing the exact solution on the coarsest
mesh in (5.15) with v¢ smoothing steps. This approach is more straightforward
for non-linear problems, such as the compressible Navier-Stokes equations.

5.3 Fourier analysis of discrete operators

To analyze the two- and three-level multigrid error transformation operators,
(5.16) and (5.17)-(5.18), respectively, we will use discrete Fourier analysis. The
analysis closely follows Brandt [12] and Wienands and Joppich [85]. See also
Hackbusch [27], Hackbusch and Trottenberg [28], Trottenberg et al. [77], Wes-
seling [84], and van der Vegt and Rhebergen [78].

5.3.1 Introduction
Assume a finite mesh Gﬁlv , which is defined in R? as
GN = {(z1,22) = (k1h1, kahs) | k € G, h € (RY)?},
where we use the index set GL given by
Gy ={keZ®| —N;<k;<N;—1, N;eN, i=1,2}.
We also consider an infinite mesh G, which is defined in R? as

Gh = {(z1,32) = (k1h1, kahs) | k € Z% h € (RT)?}.
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On G}, we define for vy, wy, : Gpp — C the scaled Euclidian inner product as

(o wn)e, = lim % S on(@)en(@). (5.19)

Here an over-bar denotes the complex conjugate and z = (x1, z2). In the analy-
sis we will also need the discrete ¢? inner product and norm on Gp,, which are de-
fined for vy, wp, : Gy — C, respectively, as (vn, wn)e(a,) = D seq, Vn(T)wn(T)

1
and ||”hH62(Gh) = (vhavh)EZ(Gh)-

In the multigrid algorithm on each of the meshes G,p, n € {1,---,N.},
we solve the linear system L,pvnp(2) = fon(z), © € Gup, with L, the matrix
resulting from a numerical discretization on the mesh G, of a (system of) linear
partial differential equations with constant coefficients and f,,, the right hand
side. The linear system on the mesh G, is described using stencil notation

thvnh(x) = Z ln,kvnh(l‘ + k‘h), r € Gup, (5.20)
keJ,

with stencil coefficients [,, ;, € R™#*"™* and finite index sets J,, C 72 describing
the stencil. In a space-time DG discretization, the 5-point stencil is given by:

0 Ly 0
Jn i={k = (k1,k2) | k1,k2 € {-1,0,1}}, and [L], = |l—10 loo lio| ,
0 o O

n

in which the stencil coefficients [,, ;, are generally my, X mj, matrices, with mj >
1 depending on the order of the discretization. For the advection-diffusion
equation, it follows from (5.4)-(5.8):

loa =TyUy, lo10= (P3LS +TELY),

loo = (T3Dg + Ty Dy +T3DS + Ty Dy + D'),

ho=TeUd o1 = (T4Ly+T9LY).

On the infinite mesh G}, we define for z € G}, the continuous Fourier modes
with frequency 8 = (61,60,) € R? as ¢y, (0, 2) := ¢"*/" with 0-2/h := 0121 /hy +
0222 /ha, h € (RT)? and i = /—1. We also define the space of bounded infinite
grid functions by F(Gp,) := {vn | vn : G, — C with ||vp||g, < oo}. For each vy, €
F(Gy) there exists a Fourier transformation, hence vj,(x) can be written as a
linear combination of Fourier components

vp(z) = / T (0)e?=/hag, x € Gy, (5.21)
|o]<m
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with z/h := (z1/h1,72/hs) = j € Z?, and inverse transformation

,Uh 4 2 Z 720w/h’ - g QJ < 71_7
z€Gp
see e.g. [12]. Due to aliasing, Fourier components with |6 := max{|01\ [02]} > 7

are not visible on . These modes coincide with e?#/" where 6 = 6 (mod 2).
Hence, the Fourier space

F = span {ew'w/h |0 €0 =[-mn)%zc Gh} (5.22)

contains any bounded infinite grid function.

5.3.2 Fourier symbols of grid operators

In this section we will summarize the Fourier symbols of the basic multigrid
operators, namely the fine and coarse grid operators, and the restriction, pro-
longation and smoothing operator. We will consider the Fourier symbols for
the frequencies 0%, with o € ap := {a = (a1,q2) | @; € {07 1},i = 1,2}. These
modes are defined as

0= 0° € O, = [-7/2,7/2)
90‘ = 00 —_ (dlsign(91), 072 Sign(QQ))ﬂ—7

see Figure 5.1.

Fine grid and smoothing operator

Define the fine grid operator as

(thh Z lkvh x + kh) r € Gy,
k€JL,

with Jr, the stencil of the fine grid operator. The fine grid operator is related
to its discrete Fourier transform Lpvp(0) through the relation (see (5.21))

(Lpvn)(z) = /9|< Lyon(0)e**/"do. (5.23)

The discrete Fourier transform can be further evaluated into:

Lyon(8) = Lu(0)Tn(8), with Ly(8) = > lpe'™. (5.24)
kEJLh
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Figure 5.1: Low and high frequencies Fourier modes in two-level multigrid.

Similarly, we obtain for the smoothing operator Sy, which is defined as

(Spvp)(x) = Z spunp(x + kh), z € Gp,

kEJsh

with Jg, the stencil of the smoothing operator, the relation

(Spvn)(z) = /0|< Spon(0)et®*/"dp (5.25)

where the discrete Fourier transform can be further evaluated into:
Snon(6) = Su(0)T(0), with Sp(6) = > spe’®*, (5.26)
kEJsh
Restriction operator

Define the restriction operator as

(Riwn)(@) = Y reon(z +kh), T € Gan, T+kh € Gy,
keJr



Chapter 5: h-Multigrid optimization for higher order accurate
92 ST-DG

with Jg the stencil of the restriction operator. The restriction operator is related

to its discrete Fourier transform R%"v;,(26°) through the relation

(B3 on)(2) = / Rl (20°)0" /21 g (5.27)
[09]<

™

2

The discrete Fourier transform R2"v;,(26%) can be further evaluated into:
R2hvh 20°) = Z R2h %Yo, (0%), with RQh Z reet(5.28)
acasg keJr

which shows that the restriction operator couples the fine grid modes 6% into a
coarse grid mode 6°.

Coarse grid operator

Define the coarse grid operator for T € Ggj, as

(Lonvan)(®) = Y lwvon(Z +2kh),  Z € Gan, T + 2kh € Gay,
kEJLQh

with J,,, the stencil of the coarse grid operator. The coarse grid operator is
related to its discrete Fourier transform Lop,vap, (6°) through the relation

(Lzhvgh)(i’) = / IELU\Qh(QO)eiQGO'i/(Qh)dQO. (529)

16°]<%
The discrete Fourier transform can be further evaluated into:

Lonvan(26°) = Lon(260°)52,(260°),  with  Lon(20°) = Y 1ke®*, (5.30)
kEJLZh

where #° € ©,;,. Analogously, we obtain for Ly the symbol

L4h 400 Z I, 6419 k:
k€JL,,

Prolongation operator

The definition of the prolongation operator requires the introduction of subsets
of the mesh G},. Define the meshes G as

“.={x="kh|k€Z?k=a(mod?2)}.
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On each mesh GY a separate index set J§ is defined as
Jp = {Oé = (a1, 0) | @; € {O, 1},i = 1,2}

with Jp = Uaea,Jp. The prolongation operator on the meshes G} then is equal
to

(Pgjyvan)(x) = Z Prvan (T + kh), z € Gy, x +kh € Ga.
keJg

In two dimensions we obtain the meshes

GOO = {(z1,22) = (k1h1, kah2) | k1 even, ko even}
= {(x1,22) = (k1h1, kahe) | k1 odd, ko odd}

= {(x1,z2) = (k1h1, kaha) | k1 odd, ko even}

GOl = {(z1,x2) = (k1h1, ka2ho) | k1 even, ks odd},

with h; € R, and the sets J& which are equal to
0 — {k € Jp|kyeven, koeven}, J' = {k € Jp|ksodd, kyodd},
W= "1k e Jplkiodd, kyeven}, J% ={k € Jp|kseven, kyodd}.

The prolongation operator is related to its discrete Fourier transform through
the relation

(PthQh Z / hv2h Ha) 0% I/hdoo (531)
6

|60|]<Z
acog =2
The discrete Fourier transform can be further evaluated into

P vap, (0%) = Pl (0%)025,(260°) (5.32)
with the Fourier symbol @(00‘) defined as

o)=Y Y me

Be€aa ey
5.3.3 Two-grid Fourier analysis
For the two-grid Fourier analysis we define the 2h-Fourier harmonics Fap, (6) as
Fon(0) := span{¢y(6*, z) with o € az }.

The introduction of 2h-Fourier harmonics is motivated by the fact that each low
frequency 6° € Oy, is coupled to the high frequency modes 0 with o € a\ {0}.
These modes are not visible on the coarse mesh Gsp, due to aliasing.
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The Fourier symbols fh(ﬁ) and -Z\Qh(29) can be zero for certain values of 6.
These frequencies are removed from the space of 2h-Fourier harmonics through
the definition of

F29 .= For\ Upew,, Fon(0)
with - .
Wog = {0 € Oy, | L2y (20°) = 0 or Lj,(0*) = 0}.
The error eh after one iteration of a two-grid multigrid cycle is determined
by el = M¥ef, with e the initial error and M.? the tvvo level multigrid

error tranbformatlon operator defined by (5.16). The error e has the Fourier
decomposition for z € Gj,

Rl)= [ @)y
10|<m

29 A ay 10 x/h 100
=> /0 A (0%)e de°. (5.33)

acas |<7r/2

Using the Fourier symbols discussed in Section 5.3.2, the discrete Fourier trans-

form of M;9ef}(§*) can be further evaluated into

M (0) =(5a(0%) " ek 0) -
(Sn(6%))" Pl (6%) L (26°) 37 R2(67) L, (6%) (S (67)) " 61k (6%).
BEas
(5.34)

In order to simplify notation the following matrices are defined for 2D problems

L}9(9) = diag (Ln(6°), Ln(0"), Ln(6™°), Ly (6")) € C*™4m  (5.35)
Si9(0) = diag (Sp(0°), Sh(0"), S,(6'), S,(6")) € CHmxdm (5.36)
R29(0) = (RZ(6°°), R"(0M), RZ(0'°), B2 (")) € T (5.37)
P29(0) = (P, (0™), P, (6'), Pl (6'°), P, (0°)T) e €™ ™ (5.38)

where diag refers to a diagonal matrix consisting of m x m blocks with m > 1.
The dlbcrete Fourier transform of the two-level multigrid error transformation
operator M, M?9 € C4mx4m then is equal to

M2 (0) = (872(0)) (1% — BR2(0) Ly (26°) R (0)17(0)) (S32(9)) ™ (5.:39)

with 6 € Oy, \ Uy, and 1?9 the 4m x 4m identity matrix.
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Figure 5.2: Low, medium and high frequencies Fourier modes in three-level
multigrid.

5.3.4 Three-grid Fourier analysis
For the three-grid Fourier analysis we define the Fourier harmonics Fyp,(6) as
Fan(0) = span{zbh(ﬂg,x) | € o, B € B2}, where
0 =0y €Oy, :=[—7/4,7/4)%,
05 = 05 — (B1 sign (61), B sign (02))T,
05 =05 — (ansign ((61)8), o sign ((62)8)),
ﬁQ = {ﬁ = (BlaB2> | Bl S {07 %}77/ = 172}5 (540)

see Figure 5.2. Note that we now have 16 coupled Fourier harmonics all related
to 699. In the transition from Gap, to Gyp, the modes 05 = 9% are not visible due
to aliasing. Hence for T € G4y, we have

Sn (000, 7) = on (031, T) = ¢ (034, 7) = on (051, 2),

and all modes 63 on Gy, alias to 090 resulting in the relation

(]52}1(2988,.%') = ¢4h(4088,$z') = ¢)4h(49§7§;) with T € G4h>088 € Oyp.
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The Fourier symbols Ly, (6), Lx(26) and Ly, (46) can be zero for certain values of
#. These frequencies are removed from the space of Fourier harmonics through
the definition of

F?9 = Fap\ Usews, Fan(0),
with
o =1{0€Ou, | L1 (463) = 0 or Ls,(269) = 0 or L,(65) = 0}.

The error e? after one iteration of a three-grid multigrid cycle is determined by
ef =M ,‘:’9 e,‘?, with ef the initial error and M ,“Z’g the three-level multigrid error
transformation operator defined by (5.17).

In order to compute the discrete Fourier transform of M 2’9 we need some
intermediate results. First, all modes ¢ (05, x) on Gj, alias to ¢2h(29%753) on
the mesh Gp. In order to compute the effect of the coarse grid correction
operator My, we use (5.34), replace ¢ with 20%, and h with 2h. The discrete

/_\

Fourier transform of MQ;f gy (6%) is thus equal to

- v3+vg - 1/4/\ /_\
M22F€62h(29/3) (S2h(20?3)) ’ A (295) (Szh(292)) Pfﬁl(?@%)hﬁ (469)
S RY:209,)Lon (269,) (San (265,)) 23, (269, )-

BirEaz

(5.41)

Introduce the coarse grid correction matrix as MQh = Iy — M;h Using (5.41)
we obtain the relation

Manes, (205) = > M(B, B2; ve)es), (269, (5.42)
B2€P2

where the coefficients M (8, Ba: v.) are independent of eg‘h(%o).

The error e} has for z € G, the Fourier decomposition

K@) = [ PO
10|<m

=> 3 /90< B (M A)(m)ew?f 2/ gy, (5.43)
BEP2 vEQ2 ™



5.3 Fourier analysis of discrete operators 97

—

The discrete Fourier transform of M 29 e;f}(Qg) can be further evaluated into

MPei(07) = (Su(03)" e (0}) — (Su(0))"” Pl (07)
> M(B, Boive) Ly (209)) D REM(05)Ln(03,) (Su(05,))" (03,)-
B2€B2 acaz

In order to simplify notation the following matrices are defined

L9(65) = diag (Ln(0%), Ln(85Y), Li(05), Ly(63})) € Crmxam (5.44)
579(65) = diag (S, (6%), Sn(011), Sn(810), Su(63)) € Clmxim (5.45)
R29(0,5) = (R2M(6%), R2M(01Y), R2M(010), R2H(6%1)) € Cmxim (5.46)
P29(6,) = (PL,(6%°), P (051), Pl (010), PL (65))T € C¥mxm (5.47)

where diag refers to a diagonal matrix consisting of m x m blocks with m € N.
We also introduce the matrices

Ly?(0) = bdiag (L3?(000), Ly (051), L3 (010), L7 (6,,)) € CHom=16m
Si2(0) = bdiag (S3?(000), S (011), S22 (01), 532 (6,1)) € CHomx16m
Ry9(0) = bdiag (R (000), B2 (011), e (010), R? (6,,)) € CHmxtom
PY(0) = bdiag (P (000), Pr¥(011), Py (010), PQg(aoé)) € Clomxdm
() = bding (L, (2000), Ly (2031), L3 (2030), L5} (205)) € CHim

1739(9;%) = M(QQ'YC) € cmxam,

The discrete Fourier transform of the error transformation operator for a three-
level multigrid cycle M‘sg( 6) € CL6mx16m then is equal to

M2 (6) = (532(0)) ™ (177 = B(0)0% (0:70) Q3 (O) B (0) L3 (0) ) (S37(6))"
(5.48)
with 6 € ©4, \ Y3, and where I39 the 16m x 16m identity matrix. We still need
to obtain an explicit expression for U 39(6;4.). On the mesh Gy the modes 05
reduce after the restriction operator to modes 269, hence using the result of the
two-level analysis given by (5.39), the coarse grid error transformation operator
is equal to

ME37(205) = (S37(209))" (29— P30 (205) L, (409) R34 (265 L31.(20) ) (537, (209))
(5.49)
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with 205 € Oy, \ Uy, 129 the 4m x 4m identity matrix and Egz, §§Z, ﬁgz and
P;,f given by (5.44)-(5.47), respectively, with h replaced by 2h. The matrix
U39(0;7.) then is equal to

U%9(0;7.) = 1%9 — (M9 (205))™

5.3.5 Spectral radius

The spectral radius of the error transformation operator gives a prediction of
the asymptotic rate of convergence of the multigrid method. The asymptotic
convergence factor per cycle is defined as

1
(m) m
e
p= lim | sup M
m—oo (0);&0 Heh ||Z2 Gh)

where egbm) is the error after m applications of the multigrid cycle, hence 620) =

(1) _ D

eh and e; ' = ey . It can be shown that the asymptotic convergence factor is
equal to
p= sup p(M"™(9)),
0€0g\Wng

where p is the spectral radius defined as:
p(M) = max{|A| |A € 0(M)}, where o(M) = {) € C|\ is an eigenvalue of M }.

Note that a requirement for convergence is that the spectral radius has to satisfy
u < 1. We will optimize our multigrid algorithm by minimizing the spectral
radius of the three-level multigrid error transformation operator (5.48).

5.4 Optimizing multigrid

In this section we will discuss the optimization of the Runge-Kutta smoothers.
We will consider 5-stage smoothers discussed in Section 5.1.3, distinguishing
between RK schemes with only non-zero diagonal terms versus Runge-Kutta
smoothers with all coefficients in (5.12) non-zero. For notational purposes, a
diagonal 5-stage RK scheme is denoted dRK5, while a full 5-stage RK is denoted
as fRK5. We will optimize the coefficients of the smoothers for three-level
multigrid computations for a space-time DG discretization of the advection-
diffusion equation in two-space dimensions using linear and quadratic basis-
functions for steady flows.
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To optimize our multigrid algorithm we will search for coefficients in the
Runge-Kutta smoothers (5.12) for which the spectral radius of the three-level
multigrid error transformation operator (5.48) is minimal. For the optimiza-
tion, we use the procedures fminsearch and fmincon, available in Matlab. As
constraint in the fmincon procedure, we require that the spectral radius of the
smoother and the three-level multigrid error transformation operator are less
than 1. The optimization will be performed for advection dominated flows in
which we fix the Reynolds numbers Re, = Re, = 100. We also fix the flow angle
yftew — 7 /4 the aspect ratio AR = 1 and CFLA! = 100 for steady flows. For the
different optimized smoothers, the optimized coeflicients are given in Tables 5.1
and 5.2. In Figures 5.3-5.6 we plot the stability domain and eigenvalue spectra
of the discretization, smoother and three-level algorithm for the new dRK5 and
fRK5 smoothers. We remark that the optimization is performed by approximat-
ing the exact solution on the coarsest grid by performing v¢ iterations of the
smoother. If, however, we perform the optimization by using the exact solution
on the coarsest grid instead, the Runge-Kutta coefficients may be different, but
the spectral radius of the multigrid algorithm will be approximately the same.

The optimization results in Tables 5.1 and 5.2 show that by optimizing
the Runge-Kutta smoothers a significant reduction in the spectral radius of
the multigrid error transformation matrix p™& can be obtained. This should
result in a significantly improved convergence rate of the multigrid scheme,
but needs to be verified on actual computations since only periodic boundary
conditions are taken into account in the Fourier analysis. See Section 5.6 on the
performance of the multigrid algorithms.

The optimization process has a big impact on the Runge-Kutta coefficients
which greatly differ per case. Also, the Runge-Kutta coefficients are very differ-
ent from commonly used schemes since they are optimized for a fast multigrid
convergence and not for time accuracy. It really pays off to optimize close to a
realistic flow state, but of course this has its own limitations. Finding a good
balance between optimization and more generally applicable algorithms is still
an open question. In practice, the Runge-Kutta smoothers use local time step-
ping and this gives the opportunity to apply locally the best smoother for the
actual flow state.

5.5 Rescaling

On grids with high aspect ratios, a strong coupling in one direction versus a weak
coupling in the other directions are a cause for slow convergence of the multigrid
method [77]. This can also be seen in the scaling of the different operators of
the discretization. If AR is large, the scaling of £2 and £Z in (5.6) and (5.7)
becomes large so that the discretization terms in the x-direction are dominant.
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100

ST-DG

Steady flows, linear basis functions, 3-level multigrid

dRK5 FRKS
initial optimized initial optimized

agy 0.0791451 | 0.05768995298 | 0.05768995298 0.0578331573
as1 - - 0.0 -0.0002051554736
ago 0.163551 0.1405960888 0.1405960888 0.1403808301
anl - - 0.0 0.0003953470071
ago - - 0.0 -0.001195029164
ays 0.283663 0.267958213 0.267958213 0.2681810517
asy - - 0.0 0.0001441249202
ago - - 0.0 -0.0002608610327
ass - - 0.0 -0.0003368070181
asy 0.5 0.5 0.5 0.8473374098
ag1 - - 0.0 0.4115573097
aga - - 0.0 -0.003144851878
ags - - 0.0 -0.0001096455683
aga - - 0.0 0.001555741114
ags 1.0 1.0 1.0 0.5901414466
B1 0.0791451 | 0.05768995298 | 0.05768995298 0.04887040625
Ba 0.163551 0.1405960888 0.1405960888 0.1274785795
B3 0.283663 0.267958213 0.267958213 0.2287556298

B4 0.5 0.5 0.5 0.9547064029

Bs 1.0 1.0 1.0 2.52621971
CFL™ 0.8 0.8 0.8 0.8

VNT 0.8 0.8 0.8 0.8

oS 5.943 0.98812 0.98812 0.98914
pMG 167.06 0.89151 0.89151 0.81762

Table 5.1: Initial and optimized coefficients for the dRK5 and f RK5 smoothers
for 3-level multigrid for steady flows with CFLA* = 100 and Re, = Re, = 100.

The flow angle is v/ = 71/4 and the element aspect-ratio AR = 1.

m=vw=v3=v4=1,ve=4andy=1.

Here,
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Steady flows, quadratic basis functions, 3-level multigrid

dRK5 FRKS
nitial Sptimized nitial optimized

agy 0.0791451 | 0.04865009589 | 0.04865009589 0.04877436325
agy - - 0.0 -0.0002188348438
ago 0.163551 0.130316854 0.130316854 0.1300906122
agl - - 0.0 2.608884832¢-05
g0 - - 0.0 2.444376496¢-05
ays 0.283663 0.2729621396 0.2729621396 0.2734805705
asy - - 0.0 -0.001250385487
ass - - 0.0 -0.0007838720635
as3 - - 0.0 -0.0004890887712
asg 0.5 0.5 0.5 4.412139367
agl - - 0.0 0.8097217358
aga - - 0.0 0.08435089009
ag3 - - 0.0 -0.01986799007
age - - 0.0 0.01359815476
ags 1.0 1.0 1. 0.1121972094
B1 0.0791451 | 0.04865009589 | 0.04865009589 0.5551936269
Ba 0.163551 0.130316854 0.130316854 0.1333199239
B3 0.283663 0.2729621396 0.2729621396 -1.332263675
B4 0.5 0.5 0.5 -3.649588578
Bs 1.0 1.0 1.0 0.46771792
CFL™ 0.4 0.4 0.4 0.4

VNT 0.4 0.4 0.4 0.4

oS 10.684 0.98974 0.98974 0.9896
MG 124.02 0.90049 0.90049 0.89903

Table 5.2: Initial and optimized coefficients for the dRKS and fRKS smoothers
for 3-level multigrid for steady flows with CFLA* = 100 and Re, = Re, = 100.
The flow angle is vF1°% = /4 and element aspect-ratio AR = 1. Here, v; =
vw=v3=v4=1vo=4andy=1.
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Figure 5.3: Stability domain of the dRK5 smoother (left) and the fRK5 smoother
(right) and eigenvalue spectra of Ly for space-time DG discretizations of the
2D advection-diffusion equation using linear basis functions (steady flow case,
CFLAt = 100).
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Spectrum of smoother Spectrum of smoother

(a) Eigenvalue spectra dRK5 smoother. (b) Eigenvalue spectra fRK5 smoother.
Spectrum of three-level operator Spectrum of three-level operator
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(c) Eigenvalue spectra 3-level MG with (d) Eigenvalue spectra 3-level MG with
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Figure 5.4: FEigenvalue spectra of the dRK5 smoother (left) and the fRK5
smoother (right) for space-time DG discretizations of the 2D advection-diffusion
equation using linear basis functions (steady flow case, CFLAt = 100).
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Figure 5.5: Stability domain of the dRK5 smoother (left) and the fRK5 smoother
(right) and eigenvalue spectra of Ly, for space-time DG discretizations of the 2D
advection-diffusion equation using quadratic basis functions (steady flow case,
CFLA* = 100).
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Figure 5.6: Figenvalue spectra of the dRKS5 smoother (left) and the fRK5
smoother (right) for space-time DG discretizations of the 2D advection-diffusion
equation using quadratic basis functions (steady flow case, CFLA = 100).
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Similarly, if AR is small, the scaling of £ and £{ in (5.6) and (5.7) becomes
large so that the discretization terms in the y-direction are dominant. If viscosity
becomes important, in for instance a boundary layer, the diffusion operators £2
and £J in (5.7) start to dominate over the advection terms (5.6) resulting also
in slower convergence. In this section we introduce a rescaling to the pseudo-
time algorithm. This rescaling is possible since we are only interested in fast
convergence to steady-state in pseudo-time and not in pseudo-time accuracy.
We introduce a rescaling that better balances the different operators for all
aspect ratio cells, whether the flow is inviscid or viscous. This in contrast
to the pseudo-time algorithm in [40] in which a combination of two Runge-
Kutta smoothers was used for flows with inviscid and viscous regions: the EXI
Runge-Kutta smoother for inviscid flows and the EXV Runge-Kutta smoother
for viscous flows. This scaling is important since it also allows to optimize the
multigrid algorithm for only the unit aspect ratio.

Consider again the pseudo-time system (5.11). The reason why the multigrid
algorithm performs badly on high aspect ratio cells is related to the scalings of
L% in (5.6) and (5.7). Adding a rescaling S to the Lh.s. of (5.11) balances the
different operators:

ou*

or
There are different options as to how to choose the rescaling S. We introduce
the following rescaling;:

m(cos(fyflow)er(VM) 1 ( 1 1 )7

+—= =
V8 AR V8 \ Re;  Rey

which is just (I'g + 'y + rd + I‘Z)/CFL and scaled such that when /0% = /4,
Re, = Rey = oo and AR =1, then S = 1.

SM = —Lp(a*;amt). (5.50)

S:

5.6 Testing multigrid performance
In order to demonstrate the performance of the optimized algorithms we con-
sider the following initial boundary value problem:
ur+apur —v(ug) =0, (x1,22) € Q= (0, 1)2, teRT,
u(wy, xe,t) = g(x1,72), (71,72) €0Q, t € RT, (5.51)
u(zy,0,0) =1 — %(:171 +x9) (x1,22) €Q,

in which g(z1, x2) equals at the domain boundary the exact steady state solution
of (5.51) given by:

1 <6Xp(a1/’/1) —exp(aiz1/v1) | exp(az/ve) — eXp(a2$2/V2)).

u(@y,2) = 5 explar /) — 1 exp(az/va) — 1
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Figure 5.7: Solution to the advection-diffusion equation given by (5.51) on a
Shishkin mesh with flow angle vf°¥ = 1 /4.

We consider two flow angles with respect to the z-axis, respectively, 7/4 and
m/8. In the discretization we use a Shishkin mesh in which the coordinates
(x*,y*) of a uniform mesh are mapped onto a mesh suitable for dealing with
boundary layers. The mapping is given by:

2(1 — oy)x¥, for z} < 0.5 .
i = , ) 7’:1527 T =1T1, Y= T2,
1+ 20;(zf —1), for z} > 0.5

where o; = min(0.5,2v/aln(N;)), and where NV; is the number of elements in
the z; direction.

In Figure 5.7 we show the solution on a Shishkin mesh with flow angle
yftew = 7 /4. In Figures 5.8 and 5.9, we show the convergence results using
different smoothers in the 3-level multigrid. In Figure 5.10 we make a zoom
of Figure 5.9 closer to the vertical axis. In these figures, one work unit on the
fine grid is defined as one full Runge-Kutta step. On the medium grid, one full
Runge-Kutta step corresponds to 1/4 work units while on the coarsest grid a
full Runge-Kutta step corresponds to 1/16 work units. It follows that one full
multigrid cycle then corresponds to (11 + v2) + (v3 +v4)/4 + vo /16 work units.

The parameters in the test cases are the following: we consider one physical
time step, with At = 100, a = v/2, v, = v, = 0.01, N; = Ny = 32, and two
flow angles, viz. % = 7/4 and /"% = /8. Depending on the stability
of the smoother, we use different CFL™ and VN numbers. For the original
EXI-EXV pseudo-time stepping scheme, see [40], we define Re; = aAxz?/(v;h),
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Figure 5.8: Convergence results of space-time DG using linear basis functions for
three level multigrid algorithms with different Runge-Kutta smoothers. (dRKS5,
diagonal explicit 5-stage RK scheme, fRK5 general explicit 5-stage RK scheme,
EXI-EXV scheme [40], exact and approzimate solution of equations on coarsest

mesh).
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Figure 5.9: Convergence results of space-time DG using quadratic basis func-
tions for three level multigrid algorithms with different Runge-Kutta smoothers.
(dRKS, diagonal explicit 5-stage RK scheme, fRK5 general explicit 5-stage RK
scheme, EXI-EXV scheme [40], exact and approzimate solution of equations on
coarsest mesh,).
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Figure 5.10: Zoom of the convergence results of space-time DG using quadratic
basis functions for three level multigrid algorithms with different Runge-Kutta
smoothers. (dRKS5, diagonal explicit 5-stage RK scheme, fRK5 general explicit
5-stage RK scheme, EXI-EXV scheme [40], exact and approzimate solution of
equations on coarsest mesh).
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with h = Az1v1+ AR2. The EXV scheme was used when Re; < 1 and the
EXT scheme was used otherwise. For the EXI-EXV smoother in [40], no mass-
matrix was used in the pseudo-time calculation. The mass-matrix was, however,
used in the computations with the optimized smoothers. For the multigrid
computations, 11 = s =v3 =1y = 1, v = 1 and vo = 4 for the approximate
calculation on the coarse mesh. Both an exact solution of the linear system on
the coarsest mesh and an approximate solution with v pseudo-time iterations
on the coarse mesh were tested.

Comparing the results shown in Figures 5.8 and 5.9 we can draw the following
conclusions. First of all, we see that using the optimized Runge-Kutta smoothers
of Tables 5.1 and 5.2 a big improvement is obtained over the original EXI-EXV
smoother. For linear basis functions and a flow angle of 7/8 the number of work
units to obtain 4 orders reduction in the residual is reduced from 4507 to 379.
For quadratic basis functions and a flow angle of 7/4 the number of work units
reduces from 21254 to 184.

For linear basis functions the difference in convergence rate between Runge-
Kutta smoothers with only non-zero diagonal terms versus Runge-Kutta smoothers
with all coefficients non-zero in (5.12) is negligible. For quadratic basis functions
this difference is, however, significant. Using more Runge-Kutta coefficients en-
larges the possibilities to optimize the smoother, but the optimization process
requires a significantly larger computing time. In order to speed up the opti-
mization process the coefficients of Runge-Kutta schemes with only non-zero
diagonal terms are used as initial values.

The effect of solving the equations on the coarsest mesh with high accuracy is
very large. Without this the multigrid convergence significantly slows down after
a rapid initial decrease of the residual. In particular, for nonlinear problems it is
tempting to solve the algebraic system on the coarsest mesh only approximately,
because otherwise a global Newton solver is required. The effect of solving the
algebraic equations on the coarsest mesh accurately is, however, non-negligible.

The flow angle has a mild effect on the convergence rate. In general if the
flow direction is close to one of the mesh lines the convergence rate is the slowest.

It is important not to extrapolate the results for the advection-diffusion
equation directly to the Euler and Navier-Stokes equations. In these cases other
aspects than optimizing the smoother are also important. In particular, the
discretization and solution on the coarse meshes needs further investigation.






CHAPTER 0

Multigrid algorithms for higher order
space-time discontinuous (Galerkin
discretizations of the Euler equations

In Chapter 5 we used Fourier analysis to optimize h-multigrid algorithms for second
and third order accurate space-time DG discretizations of the 2D advection-diffusion
equation. In this chapter we extend this analysis to three-level p- and hp-multigrid
methods. We, however, consider only the EXI Runge-Kutta smoother [79]. To com-
pare the efficiency of the h-, p- and hp-multigrid methods, we present some preliminary
results of a more complex test case in which we solve the compressible Euler equations.

6.1 Space-time DG for the Euler equations

In this section we summarize the space-time DG method for the Euler equations.
We start by introducing the space-time formulation after which the space-time
DG weak formulation is discussed. After introducing a polynomial approxima-
tion in the weak formulation a system of algebraic equations is obtained. Finally,
we summarize the pseudo-time integration and the explicit EXI Runge-Kutta
method. See also [79].



Chapter 6: Multigrid for higher order accurate ST-DG: Euler
114 equations

6.1.1 Space-time formulation

In the space-time DG method, the space and time variables are treated together.
A point at time ¢ = xg with position vector & = (x1,z2) has Cartesian coordi-
nates * = (2o, 7) in the open domain & C R3. At time ¢, the flow domain Q(t)
is defined as Q(t) := {Z € R? : (t,Z) € £}. By taking to and T as the initial
and final time of the evolution of the space-time flow domain, the space-time
domain boundary O consists of the hyper-surfaces Q(tog) = {x € 9E : ¢ = to},
AUT)={zx €€ :20=T}and Q = {x € 0 : tg < o < T}. Let the initial
flow field be denoted by Uy and the boundary data by U®. Then, using index
notation with the summation convention on repeated indices and the comma
notation to denote partial differentiation, the Euler equations can be written
as:

U)o-i—Fk(U)JC:O, on 5,
U = Uy, on Q(to), (6.1)
U =Ub, on Q,

with U € R* the vector of conservative variables and F' € R**2 the inviscid flux
given by:

p pui
U= |puj|, Fr= |pujur+pdjk|, (6.2)
pE uk(pE + p)

where j, k = 1,2. The Euler equations are completed with the equation of state
for a calorically perfect gas: p = (v—1)p(E — u;u;), with ~ the ratio of specific
heats.

6.1.2 Weak formulation and discretization

The approximation j(t,) of the flow domain Q(¢,) is divided into N,, non-
overlapping spatial elements Kj(t,). The space-time elements K% are con-
structed by connecting K7 with ij—l using linear interpolation in time. The
flow domain &, limited to the time interval (¢, ¢,+1), defines a space-time slab,
& The tessellation 7," of &} consists of all space-time elements K.

Within a space-time slab we distinguish faces connecting space-time slabs,
K;(t}) and Kj(t, ), internal faces S} and boundary faces Sj;. The outward
space-time normal vector on a space-time element K is denoted by n = (ng, 1),
with n; the temporal and n the spacial part of the outward normal vector.
On an internal face S € Sy, the traces from the left and right element are
denoted by (-) and (-)f, respectively. The average operator is defined as {-} =
()% + (%) and the jump operator as [J5 = (-)Faf + (-)Fnf.
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We consider approximations of U(x) and test functions V(z) in the finite
element space W}, defined as:

WP = {W € (La(&))* : W]k 0 G € PP(K), VK € Tp.},

where Ly(&),) is the space of square integrable functions on &,, PP(K) the space
of polynomials of degree at most p on reference element K = (=1,1)% and G%
the mapping from the master element to the space-time element IC;L.

Considering only fixed grids, the space-time DG weak formulation of the
Euler equations is: Find a U € W, such that for all V € Wp,:

- Z/ VioUs + VigFir) dC+ >

KeTn Sesy

+ > ( / VEUL dK — VEUER dK)
KeT, \YE( K(t)

nt1)

/S (VE-V®H, dS

> /VLH ds =0,

SESE
(6.3)

in which H = H(UL, U, al) is the inviscid numerical flux. Following [79] we
use the HLLC approximate Riemann solver given by:

H; = 5(Finy + Fgng) + 3 ((1SY] = [S*DUL + |S™|UF)
+ 5 (187 = ISMDUE — 1S |U ),

with FL:f = (U ). The intermediate states UL and U[? are given by:

LR _ SLLR qLJ% 1 %;R I
U, + (p« —p™ )
SL,R _ gM SL,R _ gM k )
p*SM 7pLRqLR

with ¢ = ﬁfuk the normal velocity and p, the intermediate pressure:
p*ZZpL(SL-—qL)(SA[—-qL)4—pL ::pR(SR<—qR)QSA{—-qR)4—pR.
The middle wave speed SM is defined as:

gm _ P (ST — ") - prat (St —¢") +p*
(SR—q ) ph (st — L) ’

and the left and right wave speeds as S¥ = min{q” — a*, ¢'* — a*} and ST =
max{q” + a¥, ¢t + a’'}, respectively, with ¢ = \/vp/p the speed of sound. For
more information on the derivation of the space-time DG weak formulation, we
refer to [79].
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The space-time DG system of algebraic equations is obtained by approxi-
mating the test and trial functions in (6.3) in each element K € 7,;* with the
polynomial expansions:

U(twi')'IC = ini(tu f)7 V(t,i‘)bg = ijj(tﬂ i')7 (6'4)

where 1; are the basis functions and U; and VJ the expansion coefficients, re-
spectively, for i,57 = 0,1,2,..., N, and N depends on the polynomial degree
of the basis functions in Wj;. On the reference element IC, the basis func-
tions ¢;(£) € PP(K) are a combination of one-dimensional Legendre polyno-
mials. They are related to 9;(x) in element K through the mapping G%:
Vv, = ;o (G)~!. The system of algebraic equations is written compactly
as L, (U™, U™ 1) =0.

6.1.3 Pseudo-time integration and Runge-Kutta methods

Following [79]7 to solve the system of coupled equations for the expansion coef-
ficients £5,(U™;U™~1) = 0, a pseudo-time derivative is added to the system:
oU*(K;) 1 Nw ome

Kj|—— = ——rL, (U 0" ! 6.5

1| S = - (O 0, (65)
which is integrated to steady-state in pseudo-time. At steady state, Un = U*.
To solve (6.5), we investigate the use of h-, p- and hp-multigrid methods with
the explicit 5-stage EXI Runge-Kutta smoother [79] For notational purposes,
we set Ly, (V*; U™ 1) = £,(V*). Initialize VO = U"~!. The EXI smoother is
given by:

V= (VO +a; AT (VI - Eh(V“)/ﬂKlet)))/(H a;ATD), j=1,..,5.

(6.6)
with U™ = V5. The Runge-Kutta coeflicients at stage j are denoted by «;
and defined as: a; = 0.0791451, as = 0.163551, a3 = 0.283663, oy = 0.5 and
as = 1.0. The matrix I represents the identity matrix. For notational purposes
we also write (6.6) as:

(" = S0, (6.7)

Here h refers to the grid discretization while p refers to the polynomial order.

6.2 Multigrid methods

In this section we present the h-, p- and hp-multigrid methods for solving the
non-linear system of algebraic equations resulting from the space-time DG dis-
cretization of the Euler equations.
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6.2.1 h-Multigrid algorithm

In an A-multigrid technique we introduce a finite sequence N, of increasingly
coarser meshes Gpp, n € {1,..., N.} to generate coarser approximations of the
original problem. For 1 < n < m < N, restriction operators thh : Gun —
G for the solution and R;”hh : Gpn — Gy for the residuals, together with
prolongation operators Pg’}l : Gpn — G are introduced to transfer the data
on the different meshes. Following [42], we define the prolongation operator
P for the space-time DG discretization as:

Uph = (M;;)il< /;< Yphymh dIC> Ut

(6.8)
:( mh)UUk] y 1§n<m§Nc,
where M,,;, is the mass matrix of the space-time element ICp,j, € 7)5,. The mass
matrix M, is defined as:
(M)t = / Pt dK. (6.9)
Kann
The restriction operator for the solution is defined as R™* = (P"")~!, while the
restriction operator for the residuals is defined as Rnh = 1(P")T . In (6.8),

the embedding of spaces was assumed, i.e. Wy, C Wi Wlth m > n to ensure
that U™ is defined on KCpp,.

In the h-multigrid technique, to solve the non-linear system N3 (Up) = fi
on G}, with A}, the nonlinear operator and f;, a given righthand side, a set
of auxiliary problems is solved. At each grid level G5, 1 < n < N,, we solve
Non(Unr) = fan using the EXT Runge-Kutta method. The h-multigrid Full
Approximation Scheme (FAS), is defined as follows:

Definition 6.2.1. hMG,,-Algorithm. Start with the initial guess V9.
if n = N, the coarsest mesh, then solve (e.g. with a Newton method)

Vlh - hMG ( nhafnhaVI,VQ) Nr,:hlfnh7 (610)
else the multigrid algorithm AMG,, at the mesh G, is defined as
1. (Pre-smoothing). Let U, = V%, and define U/} by
Urlil = th\pUrlzhv 1=0,1,---,v1 — 15

with Sy,p|, the smoothing operator at grid level n given in (6.7).
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2. (Restricting). Restrict the residual and solution to the coarser mesh G,
with n <m < N,

0 _ mhyrv
th - RnhU ;

nh’

Tmh = th(RrTthZ;L) + Rzlhh(fnh = NanUph)-
3. (Coarse-grid solving). At grid level m repeat the hMG,,, -algorithm ~y-times

Z = hMGy (Z5 Y rns v, v2),  L=1,+ 7.

4. (Correcting). Let Y., = UYL + P (Z), — RMMUL).
5. (Post-smoothing). Define Y2 by

er;;l = Sﬂh|pY7£h7 [=0,1,--+ 1o =1

Finally, set V,}h = hMGn(VT?h,fnh, v1,1v2) == Y2 as the result of the hMG,-
algorithm.

Using different sequences of meshes G, various multigrid cycles, such as
the V, W or F-cycle can be constructed.

6.2.2 p-Multigrid method

In the p-multigrid method, lower order approximations U9, ¢ < p, on the same
grid serve as coarse approximations in the solution of the non-linear system
N(U?) = f. Let N, be the number of p-levels. To transfer the solution and
residuals between the lower-order W}! and higher-order W}’ spaces, 1 < ¢ < p <
N,, we follow [9]. The solution U € W}’ can be obtained from U € W by
solving:

/ VPUP K = [ VPUTAK, WVP e WP (6.11)
Kh Kh

Replacing the test and trial functions in (6.11) by their polynomial expansions
(6.4) gives:
w0, = ([ wtonac)on, = ([ wtugac)on = s,
’Ch K:h
The prolongation operator P? then is defined as:

Ub, = (MP), (ME), UL = (PE) U, (6.12)
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Similarly, the solution restriction operator R is defined as:

Uzqn = (Mq);ll (Mg)lmﬁfm = (RZ)nme)mv

(6.13)

while the residual restriction operator is defined as 7@;1, = (Pé’)T.

In the p-multigrid technique, to solve the non-linear system NP(UP) = fP
for the pt"-order solution UP, with f a given righthand side, a set of auxiliary
problems is solved. For each level n, 1 <n < N, we solve N™MU™) = f™ using
the EXIT Runge-Kutta method. The p-multigrid algorithm is defined as follows:

Definition 6.2.2. pMG,-Algorithm. Start with the initial guess V.
if p =1, the lowest polynomial order, then solve (e.g. with a Newton method)

V) =pMG,(V,), [P 08 V) .= N1 fP, (6.14)
else the multigrid algorithm pMG, for polynomial order p is defined as
1. (Pre-smoothing). Let U) = V,) and define U;,j{) by
ULt = Su,Uj, 1=0,1,--- 00 —1;
with S|, the smoothing operator in (6.7).

2. (Restricting). Restrict the residual and solution to the lower polynomial
order ¢, 1 < g < p,

Z) =RiU",
VP — VP
rq = Ng(RIUp" ) + RE(fp — NpUp? ).
3. (Coarse-grid solving). At the polynomial order g repeat the pMG,-algorithm

~v9-times
Z(lI:pMGQ(Ztllil’TQ’Vf7V§)ﬂ l:]-a 77q'

4. (Correcting). Let Y;) = Upyf +Pr(Z)" — RZU;f)~

5. (Post-smoothing). Define Y2 by
Y = S,V 1=0,1,---,08 — 1.

Finally, set V) = pMG,(V?, fp, 1, v5) = Y;,Vg as the result of the pMG,-
algorithm.
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6.2.3 hp-Multigrid method

A combined h- and p-multigrid method is obtained if we replace in the pMG
algorithm the p = 1 step, (6.14), by calling the hMG algorithm to solve the
lowest order problem. Note that by calling the hMG algorithm, the system
of non-linear algebraic equations to be solved is very small compared to the
original problem and it will therefore be relatively cheap to solve with e.g. a
Newton method.

6.3 Fourier analysis for p- and hp-multigrid

In this section we use three-level Fourier analysis to investigate the p- and hp-
multigrid algorithm. For this we consider space-time DG discretizations of the
2D advection-diffusion equation using quadratic basis functions. The aim of the
Fourier analysis is to calculate the spectral radius which gives a prediction of
the asymptotic rate of convergence of the multigrid method. For a three-level
Fourier analysis of the h-multigrid algorithm and more details on the notation
and derivations, we refer to Chapter 5.

6.3.1 p-Multigrid error transformation operator

The derivation of the p-multigrid error transformation operator is similar to that
of the h-multigrid error transformation operator given in Chapter 5. Therefore,
we only introduce the definition of the p-multigrid error transformation operator.

Definition 6.3.1. The multigrid error transformation operator My, of order
p is defined recursively for p = NP, NP —1,...,1 as:

Mh\p = Sug

I =Py (1P = My )L

1 vP
np-D L1 Re ™ Laip) Sy (6.15)

with Sj,|, the smoother (6.7), vy, V8 the number of pre- and post-smoothing

iterations and +* is the cycle index. When p =1, M) =o0.

hlp—1

6.3.2 Three-level p-multigrid Fourier analysis

To couple the three-level p-multigrid Fourier analysis to the three-level h-multigrid
Fourier analysis, we consider the 16-dimensional subspace given by (5.40) in
Chapter 5, otherwise it would not be necessary to consider these modes simul-
taneously. Since the p-multigrid algorithm only acts on one grid, the p-multigrid
Fourier analysis is much easier compared to the three-level h-multigrid Fourier
analysis.
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We introduce the following matrices:

L5, (85) = diag (Lnjp(95°), Lnjp(05"), Luip(85”), Lnjp(65)) € CHnxtms

55,(05) = diag (Snip(63°): Snip(05"), Suip(057), Sup(951)) € CHrw =t
Rby ! (05) = diag (RE" ™ (0F), Ry (05), R 0F), RE"TH05") € Cimrims
Py ' (0) = diag (P17 (0°), PP (03). PR (00), PP (61) € T,

with f/h|p, §h|p, ﬁi'p_17 75,’;_1“9, respectively the Fourier symbols of the dis-
cretization, smoother, restriction and prolongation operators, see Chapter 5.
We also introduce the matrices

L%,(0) = diag (L5,(600), L5, (01 1), L8, (010), Lb,(0p1)) € CHOme>10ms

55,(0) = diag (53, (000), 554(03 1), 55,(030), 554(0py)) € COmr 16
REP1(6) = ding (RYP ™ (600). REY ™ (033). RED™(0,0). RYP ™ (8y)) € L1016
ﬁgg—l\lﬂ<9) = diag (ﬁgg—lkﬂ(aoo),755;1\?(9%%)77559—1|P(9%0)7ﬁ§g—1\19(90%)) e Cl6mpx16m,

The Fourier symbol of the three-level p-multigrid error transformation operator
My, (0) € Com»x16m then is equal to
My, (0) = (S5,(0))" K39(0)(S5,(0))",
K%(0) =I5, — P3P (0) (15, — (U5, )" ) (L5, )T ORES ™ (0)L5,(6),
(6.16)

for 0 € Oy \ U3, and fgg € R16m»>x16mp jdentity matrix. Furthermore, Us, is
given by:

(Mh|p71(9))’ypa if q=p— 1a
(Ugg)'yp =10, if g = p — 2 and one level h—multigrid,
M39 9), if ¢ =p— 2 and three level h—multigrid,

where M39(0) is (5.48), given in Chapter 5, applied to a (p — 2)*"-order space-
time DG discretization.

6.3.3 Results from Fourier analysis

Using the Fourier analysis of the previous sections, we will determine the spectral
radius of the different multigrid techniques to solve the system of algebraic
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equations resulting from the space-time DG discretization of the 2D advection-
diffusion equation. We compare the spectral radii obtained from single grid, h-,
p- and hp-multigrid.

We consider quadratic basis functions and the following parameters: CFL =
100, Re, = Re, = 100, AR = 1, ¥/l°¥ = 7 /4, CFL™" = VN =1, vi = v} =5
and v¢ = 10, where * = h,p. Furthermore, v* = 1. The results of the Fourier
analysis are given in Table 6.1. The “work” column represents the amount
of work needed to converge the solution six orders with respect to its original
error. This column is more representative when comparing the efficiency of the
different multigrid techniques. This is because the spectral radius only predicts,
in the asymptotic regime, the amount of multigrid cycles needed for convergence.
However, the amount of work per multigrid cycle differs per technique:

gPoP, SG,
(g"0F + gP= 0P =) (] 4 g) + gP AP, pMG,
work per cycle = < gPbP ((c" 4+ Y (W] + vh) + "2k, MG,

(gPbP + gP P (] + v+
g ((M A+ T+ vg) + M TPug), hpMG,

where gP is the number of Gauss quadrature points in an element in the space-
time discretization depending on the polynomial order p, b” the number of
basis functions depending on the polynomial order p and ¢ a weighting for the
number of cells depending on the grid-level h. We have: ¢gP = 9, g~ = 4,
P rl=10P=60w1=4w2=1c"=1 "1 =1/4and "2 = 1/16.
For example, for the single grid (SG) computation, which has a spectral radius
p = 0.99418, the number of cycles to converge six orders, N., follows from
pNe =107% — N, = 1389. The amount of work then equals 9-6- 1389 = 75006.
From Table 6.1 we can obtain the following conclusions. All multigrid methods
perform better than a single-grid method and the h-multigrid method has the
best theoretical performance. For the non-linear test case in Section 6.4.2, we
will, however, need for the hA-multigrid method a CFL™ number which is twice
as small compared to the CFL™ number for the single-grid, p- and hp-multigrid
methods. From Table 6.1 it follows that p- and Ap-multigrid methods then
will perform better than the h-multigrid method, but the A-multigrid method
still performs better than single-grid methods. Furthermore, we remark that
in the Fourier analysis it does not make much difference if we solve the coarse
grid problem in the h-multigrid, or the lowest order stage of the p-multigrid
algorithm, exactly or via v¢ iterations of the EXIT Runge-Kutta smoother. This
also explains why there is hardly any difference in spectral radius between the
p- and hp-multigrid techniques.

In Figure 6.1 we plot the spectrum of Ly, the space-time discretization oper-
ator of the 2D advection-diffusion equation, and the stability domain of the EXI
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p-levels  h-levels CFL™ p work

1.0 0.99010 | 75006
1.0 0.74318 | 33370
1.0 0.73347 | 32091
1.0 0.66350 | 24098
0.5 0.80364 | 45360

[ U
[JCRNIURN SR

Table 6.1: Spectral radii and work units of the different multigrid strategies.

smoother. The eigenvalue spectra of the single grid, h-, p- and hp- multigrid
techniques, are depicted in Figure 6.2.

Besides applying an h-multigrid technique as solver for the lowest-order prob-
lem in the p-multigrid algorithm, we could also have applied a p-multigrid tech-
nique as solver for the coarse grid problem in the h-multigrid algorithm. We,
however, chose not to follow this path due to findings of Yavneh [88] in which
it is shown that an enriched discretization on the coarsest grid in h-multigrid is
preferred.

6.4 Multigrid algorithms applied to the Euler
equations

In this section we apply the h-, p- and hp-multigrid algorithms to space-time
DG discretizations of the Euler equations. As a test case we will consider 2D
steady subsonic flow around a NACAO0012 airfoil. The angle of attack is taken
to be a = 2° and we take a far-field Mach number of Ma = 0.5. We first discuss
the choice of basis functions for our DG discretization after which we discuss
the numerical results of a simulation.

6.4.1 Choosing the basis functions

For the NACAO0O012 test case we noticed that the choice of basis functions in the
space-time DG discretization £; was important for the stability of the scheme.
We therefore calculate the spectrum of the complete discretization Ly, including
boundary conditions and high aspect ratio elements, for a number of choices of
basis functions. Since we consider a steady-state problem, the space-time DG
discretization is taken to be only first-order accurate in time but third-order
accurate in space. The spectrum of £}, is determined numerically by calculating
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Spectrum of smoother Spectrum of three-level operator

(a) EXI Runge-Kutta method (b) 3-level p-multigrid

Spectrum of three-level operator Spectrum of three-level operator
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(c) 3-level hp-multigrid (d) 3-level h-multigrid

Figure 6.2: Eigenvalue spectra of the different multigrid techniques for the space-
time DG discretization of the 2D advection-diffusion test case using quadratic
basis functions.
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AT Normalized AT

Option 1 0.0475 1

Option 2 0.0275 0.579
Scaled M =1 | 0.0089 0.187
Orthonormal | 0.0179 0.377

Table 6.2: Pseudo-time step AT such that the spectrum of Lj with quadratic
basis functions lies within the stability domain of the EXI smoother. We nor-
malized AT with respect to the At of the option 1 Legendre basis functions.

Let M be the mass-matrix (see (6.9)). On a uniform grid we can also write
M = At|K|M in which M is dimensionless. With this definition we consider
the following sets of quadratic basis functions on the reference element K:

1. Legendre basis functions, option 1: 1 = 1, ¢ = &, 3 = &, Yg =
£1&a, Y5 = £F — %7 e = £2 — % (using Gram-Schmidt orthonormalization
see [32]).

2. Legendre basis functions, option 2: ¥ = 1, ¥y = &1, 3 = &2, ¥y = £1&o,

3. Scaled quadratic basis functions such that M = I: ¢ = 1, ¥y = /31,
3 = V3Ea, Y4 = 36162, ¥s = 5VB(3ET — 1), v = 5V5(365 — 1).

4. Orthonormal quadratic basis functions on the reference element K: P =
V05, thy = V151, 3 = V1.5E, vy = 1.561&, ¥s = $V2.5(3¢F — 1),
Ve = 3V/2.5(3¢3 — 1).

For all sets of basis functions, we plot the spectrum of £; and the stability
domain of the EXI Runge-Kutta smoother in Figure 6.3. The calculations are
performed on a grid with 28 x 4 elements. For each set the pseudo-time step
AT was chosen such that the spectrum of £ lies within the stability domain
of the smoother (see Table 6.2). We see that, depending on the choice of basis
functions, the largest pseudo-time step is five times larger than the smallest
pseudo-time step. The best choice is to take the Legendre basis functions,
option 1. We remark that the Fourier analysis of Section 6.3.3 and the numerical
simulations in Section 6.4.2 are done with the Legendre basis functions, option
1.
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Spectrum of L and stability domain of smoother
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(a) Quadratic Legendre basis functions,
option 1.
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(b) Quadratic Legendre basis functions,
option 2.

Spectrum of L with bf orthonormal on ref. element and stability domain of smoother
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(c) Scaled quadratic Legendre basis
functions s.t. M = 1I.

“io K K 4 2 o 2 4 6

(d) Orthonormal quadratic Legendre
basis functions on K.

Figure 6.3: Spectrum of Ly, on the grid around a NACA0012 airfoil.
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6.4.2 Simulations

We consider 2D steady subsonic flow around a NACAO0012 airfoil with an angle
of attack of a = 2°. We take a far-field Mach number of Ma = 0.5. As
mentioned in Section 6.4.1, since we consider a steady-state flow problem, we
use a space-time DG discretization which is only first-order accurate in time but
third-order accurate in space. The grid around the airfoil has 448 x 64 elements
and is shown in Figure 6.4. We consider five solution strategies to solve the
algebraic system resulting from the space-time DG discretization of the Euler
equations:

1. Single grid.

2. Three-level h-multigrid with v = v} = vl = v} = 10. The coarse grid

problem is solved exactly using a matrix-free Newton method.

3. Three-level h-multigrid with v} = vl = 8 = v} = 5. The coarse grid

problem is solved approximately taking ug = 20.

4. Three-level p-multigrid with vf = v§ = v§ = v} = 5. The lowest order
problem is solved approximately taking vf, = 20.

5. Three-level hp-multigrid with vf = v5 = v = v; =5, * = h,p. The
coarse grid problem is solved approximately taking Vg = 20.

For the single-grid, p- and hp-multigrid computations we used a pseudo-time
CFL number of CFL™ = 1.6, while for h-multigrid CFL™ = 0.8. Larger pseudo-
time CFL numbers for A-multigrid resulted in unstable calculations. The Mach
contours are given in Figure 6.5 while the convergence history plot is given in
Figure 6.6.

From Table 6.1 we expect Ap-multigrid to be the best solution method and
single-grid to be the worst. We see, however, that p-multigrid is slightly better
than hp-multigrid. We also see that h-multigrid performs worst.

The hp-multigrid initially shows a significant improvement in the reduction
of the residual compared to the single-grid computation. In particular, in the
early cycles hp-multigrid is very efficient. In the asymptotic regime, however,
single-grid and hp-multigrid have approximately the same convergence rate.
The reason for this behavior is unclear yet. For the p-multigrid method, initial
convergence is significantly faster than for the single-grid computations, but in
the asymptotic regime a comparable convergence history with the single grid
computations is obtained.

Furthermore, initially the h-multigrid performs rather well, however, after
the high-frequency modes have been smoothed, h-multigrid efficiency quickly
deteriorates. A reason for this could be that at some point the coarse-grid
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(a) NACAQ012 airfoil mesh: 448 X (b) Zoom of the mesh around the
64 elements. airfoil.

Figure 6.4: The computational mesh used for inviscid subsonic flow around a
NACA0012 airfoil.

problem of the A-multigrid algorithm is not solved well with respect to the
characteristic components, as was demonstrated in [88]. This problem may be
overcome by employing an improved coarse grid operator. This has not been
studied in the present work, but is currently under investigation. We also see
that there is hardly any difference in solving the coarse grid problem exactly by
the Newton method or approximating the solution by performing v smoothing
steps. This in contrary to the results obtained in Chapter 5 where we saw a
large improvement when solving the coarse grid problem exactly.
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Figure 6.5: Mach contours of inviscid flow around a NACAQ0012 airfoil.
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Figure 6.6: Convergence history of single-grid, h-, p- and hp-multigrid tech-
niques (inviscid flow around a NACA0012 airfoil).



CHAPTER [

An alternative derivation of the discontinuous
Galerkin finite element weak formulation

In Chapter 2 we introduced a discontinuous Galerkin (DG) finite element weak formu-
lation for PDE’s with nonconservative products. For this, we used the theory of Dal
Maso, LeFloch and Murat [54] in which a Borel measure was assigned to the noncon-
servative product so that even if the solution was discontinuous, the nonconservative
product was well defined. In this chapter we follow a similar approach to provide an
alternative derivation for DG weak formulations for hyperbolic PDE’s and a new DG
weak formulation for elliptic/parabolic PDE’s.

DG methods for hyperbolic PDE’s have been thoroughly investigated by Cockburn
and co-workers. Detailed surveys can be found in [16, 17]. In the derivation of the
DG weak formulation, commonly two different routes are followed. To explain these
different approaches, we consider a space DG discretization of a 1D scalar hyperbolic
PDE, Oiu+ 0, f(u) = 0, on a domain §2. Denote by 7; the tessellation of © and let K},
be an element of the tessellation 7;,. The computational domain €2, is the union of all
elements of the tessellation. Furthermore, let the exact solution u be approximated
by up € W), with W), a finite element space, and let v, € W}, be a test function.

Following the first approach, the weak formulation of the PDE is not considered on
the whole domain, but rather on an element. The PDE is multiplied by a test function
vy, € Wh, integrated over an element K € 75, and w is replaced by its approximation
up € Wh:

0= / (”Uhatuh =+ vhazf(uh)) dK, Yvp € Wh.
K
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After integration by parts we obtain:

0:/(vhatuh—f(uh)amvh)d}'(+/ of fup)a® d(OK), Vv, € Wi,  (7.1)
K o]

K

where 7 is the outward unit normal to the boundary 0K and u® is the trace at
the element boundary OK defined as v’ = lim. o u(x — en’). The problem with this
formulation, is that there is no coupling of element K with its neighboring elements. To
deal with this, the argument is used that the trace at an element boundary is double
valued because there is no direct relation with the data in a neighboring element.
This implies that the flux on an element boundary does not have a precise meaning.
A numerical flux f(uL, u®, ﬁL) is therefore introduced by viewing the discontinuity on
an element boundary in the normal direction 7’ as a local Riemann problem. Here
u® is the trace on the element boundary on a neighboring element of K. Equation
(7.1) then becomes:

0= / (vnOrun — f(un)Ozvp) dK—l—/ of f(uf, ult, n") d(0K), Yo, € Wi, (7.2)
K oK

which is solved for all elements of the tessellation 7j,.

The second approach avoids the problem of coupling the weak formulation on an
element to the weak formulation on neighboring elements by immediately considering
the whole computational domain. The PDE is multiplied by a test function v, € W,
integrated over the element K € 73 and wu is replaced by its approximation un € Wi,
After summation over all elements in the tessellation 77, we obtain:

0= Z / vh&guh + vpOs f(uh))dK Yo, € Wh. (7.3)

KeT,

Integration by parts then results in

O—Z/vhatuh— f(un)dzvn) dK—i—Z/ vhfuhn d(0K), Yun € Wh.
KeTy, KeTy,
(7.4)
The coupling between the elements is achieved by noting that the summation over the
element boundaries can be written as a sum over element faces S:

3 / ok sabya o) = 3 / (L (oF " + o) (F(ul) + F(ull))+

KeTy,
3on + o) (A" f(ur) + " f(uy)) dS. (7.5)

Using now the argument that the formulation must be conservative, the following
condition is imposed:

/vhﬁLf(uﬁ)ds = 7/ onn " f(uf) dS, Vo, € Wi, (7.6)
S S
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so that the underlined term in (7.5) vanishes and (7.4) becomes:

0= Z / vrOrup — f (up) 0 vh)dK—i—Z/ vh—vh % (uﬁ)—i—f(uf))ﬁLdS, (7.7)

KeT,

Yo, € Wi, where we used ¥ = —a%®. It is well known that the DG weak formula-
tion is unstable in this form. A numerical flux f(uﬁ,uf, n™) is therefore introduced
to replace the central flux 1(f(uf) + f(ux))n" in the face integrals. Note that in
the derivation of (7.2) the numerical flux plays two rolls, namely coupling of the ele-
ments and stabilization. Here, the numerical flux is only introduced for stabilization
purposes. We obtain:

0= Z / (vnOrun — f (un)Ozvp) dK+Z/ vh—vh uh,uh, )dS Yoy, € Wh.

KeT;,

(7.8)
The relation (7.6) is necessary for (7.8) and (7.2) to be the same. However, the
equality in (7.6) is mathematically not necessarily true so that the argument that the
formulation must be conservative is questionable (Take e.g. f = au, a = constant: in
DG u is discontinuous and so also f).

In the above we see that both routes have their problems. In the first route
it is the coupling of the elements while in the second route it is the conservation
assumption of the formulation to neglect part of the face integrals. In order to obtain
a mathematically more consistent derivation we introduce a new approach based on
Borel measures.

For elliptic and (incompletely) parabolic equations also various formulations are
presented in the literature. These include the method of Brezzi et al. [13], the LDG
method [18], the IP method [21], Bassi et al. [11] and NIPG [65]. An analysis of these
formulations is given in [6]. Articles dealing with the space-time DG formulation
of elliptic/(incompletely) parabolic equations are e.g. [41, 69]. Using the theory for
nonconservative products, it is possible to recover the method of Brezzi et al. [13], but
also to define a new weak formulation. We discuss both possibilities in this chapter.

The outline of this chapter is as follows. In Section 7.1 we summarize two theorems
on Borel measures. In Section 7.2 we discuss the space-time DG method presented
in [41, 79] while in Section 7.3 we present a derivation of the space-time DG weak
formulation based on Borel measures. We remark that the space-time DG method is a
generalization of the space DG method. We therefore omit the alternative derivation
for the space DG method since it is analogous. In Section 7.4 we perform numerical
simulations to investigate the accuracy of the different formulations.

7.1 Borel measures in DG

We will derive discontinuous Galerkin finite element formulations for systems of
partial differential equations of the form:

fij(U) =U;o0+ sz(U) (Aikrs(U)Ur,s),k =0, Te€R? ¢t>0, (7.9)
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with U € R™, F € R"™*4, F ¢ R™X@+th) and A € R™*9XMX4; we use the
comma notation to denote partial differentiation and the summation conven-
tion on repeated indices. Here (-) ¢ denotes partial differentiation with respect
to time and () %, (k = 1,...,q) partial differentiation with respect to the spa-
tial coordinates. In a space-time context, the space and time variables are,
however, not explicitly distinguished. A point at time ¢ = xy with position
T = (21,22, ...,,) has Cartesian coordinates = = (xo,z) € RIT,

We introduce now some theorems. Let  C RIt! with = Q,, U S,,, where
Q, is the set of points of approximate continuity and S, the set of points of
approximate jump. If the product A;pys(U)Uy s in (7.9) cannot be written as
Gk, then Ajprs(U)U, s is a nonconservative product. Following [54, 64], assume
a given family of Lipschitz continuous paths ¢ : [0,1] x R™ x R™ — R™ that
satisfy, for some K > 0 and for all UL, U® € R™, with U” and U® the left and
right traces at a discontinuity, and 7 € [0, 1], the properties:

(H1) ¢,(0;UL,UR) =UF, ¢,(1;UL,UR) =UF,
(H2) ¢, (r; U, U") =UF,

(H3) %(T? UL, UR)| < K|UF - UE|, ae. in [0,1],
(He) ¢y (r; UM UR) = ¢ (1 = s UR,U").

The theory of Dal Maso, LeFloch and Murat [54] (DLM theory) then states (see
Chapter 2):

Theorem 7.1.1. Let U : Q — R™ be a bounded function of bounded variation
defined on an open subset Q of RIt! and A : R™ — R™ a locally bounded
Borel function. Then there exists a unique family of real-valued bounded Borel
measures uf}g onQ,i=1,2,....m, k=1, ...,q such that

1. if B is a Borel subset of 1., then
W (B) = [ A @)U, (7.10)
B

where X is the Borel measure;

2. if B is a Borel subset of S,,, then

1
WbB) = [ [ ualotn UL U G U UR) dr ki,
BnS, Jo or
(7.11)
with UV and UF the left and right traces at the discontinuity, where H?
denotes the q-dimensional Hausdorff measure and n” the outward normal
with respect to the left state.
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We remark that in the particular case that there is a G such that G;(U) , =
Aikrs(U)U, s, then (7.11) becomes:

pb(B) = [ (@™ - Gtk ane, (7.12)
BNS,

In the special case of conservative fluxes F;i, we introduce the following theorem:

Theorem 7.1.2. Let U : Q — R™ be a bounded function of bounded variation
defined on an open subset Q of RIt! and F : R™ — R™ a locally bounded
Borel function. Then there exists a unique family of real-valued bounded Borel
measures u{ on ,1=1,2,...,m such that

1. if B is a Borel subset of ), then

uf(B):/ Fie(U) k dA, (7.13)
B

where X\ is a Borel measure;

2. if B is a Borel subset of S,,, then
Wl B) = [ (a0 - Fahefarr. (1
BNS.

with UV and UT the left and right traces at the discontinuity, where H?
denotes the q-dimensional Hausdorff measure and n” the outward normal
with respect to the left state.

7.2 Space-time DGFEM weak formulation

In this section we introduce space-time elements, function spaces, trace opera-
tors and we discuss the space-time DGFEM weak formulation.

7.2.1 Elements

In the space-time DGFEM method, the space and time variables are not dis-
tinguished. A point at time ¢ = xo with position vector Z = (x1, z2, ..., z4) has
Cartesian coordinates (zg,Z) in the open domain & C RITL. At time ¢, the
flow domain Q(t) is defined as Q(t) := {Z € R? : (¢,%) € £}. The space-time
domain boundary 9 consists of the hyper-surfaces Qo := {& € 9 : g = o},
Qpr ={zx€d€:290=T}and Q := {zx € O : ty < o < T}. The space-time
normal vector at 9€ is defined as n := (ng,n)”, with ng the temporal component
and n the spatial component.
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The time interval [tg, T] is partitioned using the time levels tg < t; < ... < T,
where the n'" time interval is defined as I, = (¢*,t"*!) with length At, =
tn+1 — tn. The space-time domain £ is then divided into N; space-time slabs
E™ := ENI,, with boundaries Q(t,,), Q(tn+1) and Q™ = 9E™/(Q(tn) UQ(tn11)).

In each space-time slab we introduce a finite element tessellation 7, with
space-time elements K. The flow domain Q(t,) is approximated by Q(t,),
where Qp(t,) — Q(tn) as h — 0, with h the radius of the smallest sphere
completely containing the largest space-time element. The domain Qj(t,) is
divided into N,, non-overlapping spatial elements K(¢,). At t,.1 the spatial
elements K (t,+1) are obtained by mapping the vertices of the elements K (¢,,)
to their position at ¢,41. The space-time elements K € 7;* are then obtained
by interpolation in time between the elements K (t,) and K(t,+1), such that
&y = Ukerp K — €™ as h — 0. Furthermore, each space-time element K7 can
be mapped to the master element K C R4+ by an isoparametric mapping Gy.

The element boundary QIC;?, which is the union of open faces of K7, consists
of three parts: K;(t;}) = limejo K;(tn +€), K;(t, 1) = limejo Kj(tnq1 — €) and
Q7 = 0K} /(K (t*) UK;(t,,1))- Define the grid velocity v € R? as v = Az/At.
The outward space-time normal vector at an element boundary point on 9K7
is given by:

(170) at K ( n+1)
n=2< (-1,0) at K;(th), (7.15)

(—vkhig, ’ﬁ) at Q;L,

where 0 € R?. Note that since the space-time normal vector n has length one,
the space component 7 of the space-time normal has a length |n| = 1/y/1+ v - v.
It can be convenient to split the element boundaries into separate faces. We
therefore define interior and boundary faces. An interior face is shared by two
neighboring elements K and K7, such that Sj; = Qf N Q7, and a boundary
face is defined as S B, = 0E™ N Q;L The set of 1nter10r faces in time slab I™ is
denoted by S} and the set of all boundary faces by S§. Furthermore, we deﬁne
the time-faces as S"j_l Kin IC;”rl where S}){]_ = ICJOHQO and S% K, = IC;FHQT In
space-time slab £, the total set of faces is denoted by 8" = SPUSEUSETTUSE.
The total set of space-faces is denoted by Sjz = S7 U SE.

7.2.2 Function spaces and trace operators

We consider approximations of U(x, t) and functions V' (z, t) in the finite element
space W}, which is defined as:

Wiy = {W € (L*(&,))™ : W]k o Gk € (PP(K))™, VK € T},
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where L2(&,) is the space of square integrable functions on &, and P?(K) denotes
the space of polynomials of degree at most p on the reference element K. Here
m denotes the dimension of U. We will also use the space

Vi = {V € (L*(€n))™ % : VI 0 Gk € (PP(K))™, VK € Tn }.

The trace of a function f € W}, at the element boundary 9K is defined as
fL = lim.o f(z — en®) with nl the unit outward space-time normal at OK.
The outward normal vector of the adjacent element K is denoted as n' with
n® = —n’. When only the space components of the outward normal vector are
considered we will use the notation 2. A function f € W), has a double valued
trace at element boundaries K. The traces of a function f at an internal face
S = KENKCE are denoted by f¥ and f#. The jump of f at an internal face in the
direction k of a Cartesian coordinate system is defined as [f]; = finf + fEnf.
The average of f at an internal face is defined as {f} = %(fL + f®). The jump
operator satisfies the following product rule on all interior faces for Vg € W,
and Vf € W}, which can be proven by direct verification:

lgifirlk = Lo: }1firle + loaluf fir }- (7.16)

Element boundary integrals are related to face integrals by:

S (X [ st shntaor) -

n KeT
Z( > /[[gifij]]j as+ /gzL Lnkds+ Y /[[gifio]]od«'s), (7.17)
n Nsesn’S Sesy?S sesn /S

withk=0,....,q,5=1,...,q, i = 1,...,m. From now on, for notational purposes,
we use the same notation for interior and boundary faces by introducing ghost
values U at the domain boundary.

7.2.3 Weak formulation

We now introduce the space-time DG weak formulation of (7.9). The commonly
used derivation of the space-time DG weak formulation is well known and there-
fore not repeated here. Instead, we refer to [8, 13, 41, 79]. The space-time DG
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weak formulation of (7.9) is given by: Find a U € W), such that for all V € Wy,:

( Z / VioUi + Vi (Fi(U) = Aigrs(U)U,.5)) dK
KeTr

+ > / — VIV F(U) — vxUi Yk dS

Ses,
- / ik Aikrs (U) (Ur,s + Rys) } S
Sesn,
- {{V; A; ’I‘S }} d8+ {U ]}dK
Sezsn / o sgn/ )

(7.18)

with the lifting operator R, defined as: Find an R € Vj such that for all
(TS Vi:

> / PreRpsdC =Y / lrs(U, — U,)]s dS. (7.19)

Ke1» SESTy

Note that in the derivation of the lifting operator by Brezzi et al. [13], the
numerical flux U was introduced.

7.3 Derivation based on Borel measures

Using the Borel measures from Section 7.1, we introduce the definitions of gen-
eralized DG flux derivatives and generalized DG diffusion terms. We then derive
a new weak formulation for (7.9). Two criteria are imposed on the weak for-
mulation for the hyperbolic part of (7.9), namely, the scheme must be locally
element wise conservative, and second, we require causality in time. We will
also show, that by introducing a definition of the generalized DG derivative,
it is possible to obtain exactly weak formulation (7.18). As mentioned already
in the introduction, the space DG derivation follows analogously to that of the
space-time DG derivation and is therefore omitted.
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7.3.1 Generalized DG flux derivatives

Using Theorem 7.1.2, generalized DG flux derivatives, denoted by D,’? CFu(U),
k=0,..,q,1=1,...,m, satisfy:

/V;D,?Gm( )dE, => " (Z/me ).k dK — Z/V ik ( ]]de)
gh

n KeT,» Sesn

= | Vi(Fa(U) s+ R dE,, YV € W),
En
(7.20)

where R € R™ is the global lifting operator defined as: Find an Rf € W,
such that for all V € Wy, :

/gviRideh: (Z /v i de) (7.21)

n Sesn
It follows that DPCFir(U) = Fir(U) ks + RI ae. on &,. Note that in (7.20)
and (7.21) we still need to define V. This will be discussed in Section 7.3.3.

7.3.2 Generalized DG diffusion terms

Using Theorem 7.1.1, the generalized DG diffusion term, denoted by
(Airs(U)U, )PC, with k,s = 1,...,q, i,7 = 1,...,m, satisfies:

/ it (Auprs(U)Uy0) P dEn =
En

( > /‘szdﬂzk
n KeT, SEST
—Z( Z /¢1kAzkrs Ursd]C

n KeT,»

Py /%k(/ Zkrs(¢(7_;UL’UR»%%—T(T;UL,UR)dTnSL) dS)

SeSTy

+ > / Gir, dpfi(S )

:/ Pik (Aikrs(U)Ur,s + R;}g) dghv V‘P € W,
En
(7.22)
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where R4 € R™*4 is the global lifting operator defined as: Find an R4 € Vj,,
such that for all ¢ € Vy, :

/ iRy dE, =
En

1
Z< Z /‘SSazk(/ Aikrs(d)(’r;UL,UR))aaq:_T(T;UL7UR)dTT_L£> dS).
n \Sesy, 0
(7.23)

It follows that (AikrS(U)Um)DG = Aikrs(U)U, s + Rf}c a.e. on &,. In (7.22)
and (7.23) we still require the definition of ¢;;. This will be discussed in Sec-
tion 7.3.3.

7.3.3 Space-time discontinuous Galerkin weak formulation

We now derive the space-time discontinuous Galerkin finite element weak for-
mulation. In a discontinuous Galerkin finite element framework we do not de-
termine the weak formulation for (7.9), but for:

DPCF(U)=0, zeRI, 2>0, k=0,1,..,q, (7.24)

with F € R™*(@+1) given by:

N U; if k=0,
Fir(U) = 7.25
k( ) {Fi (U) — (AikTS(U)UT,S)DG, lf k = 1, ey q. ( )

We omit the tilde notation from now on.

A new weak formulation based on generalized DG flux derivatives
and diffusion terms

Multiplying (7.24) by a test function V' € Wy, integrating over the domain &,
and using the definition of the generalized DG flux derivatives (7.20), we obtain:

- (X [vriac- 3 [GEohas). k=0.q

n  NKeT™ Sesn
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Using (7.25), we can rewrite (7.26) as:

> ( 3 Vit BV = (ko010 )

n ICeTh"
- Z /Vi[[Ui]]odS— Z /‘A/'Z-[[Ui]]ods
sesp S sesn, ’S
-/ Vi[[wU)(AWS(U)UT,QDG]]MS)
sesy, 7S
(7.27)
:Z< Z /W(Ui,0+Fik(U)7k_(Aikrs(U>Ur,s)7DkG)dlC
n NkeTp UK
= 3 [ VR) ~ 0~ (A 010, Pl dS
sesp, /S
- > /Vi[[Ui]]ods) k=1,..,q,
sesp /S

where we used the definition of the space-time normal (7.15). We are left with
choosing the numerical flux for the test function V in (7.27) and the test func-
tion for the definition of (Ajrs(U)U,.)PY (see (7.22) and (7.23)). These test
functions belong to different spaces (V € W), and ¢ € V) and will also be
defined differently. We start with the test function V' € W)j. The choice for the
numerical flux of the test function V' € W}, follows from requiring that on an
element the formulation must be conservative.

Theorem 7.3.1. If the numerical flux 1% for the test function V€ Wy in
(7.27) is defined as V.= {V'}, then the DG formulation (7.27) will be locally
conservative on an element.

Proof. Integrating by parts the volume integral in (7.27) we obtain:

0= Z < - Z /]c (V:i,OUi + V;,k(sz(U) - (Aikrs(U>Ur,s)DG)) dK

KeT

=+ Z / ‘/;L (Uanél + (le]; - (AikrsUr,s)DG)ﬁﬁ) d(aK:>
ke /0K

= Y [ VRAO) - i~ (AU, dS
sesn, 78

-y ]QVwUﬂ0d5>,

Sesn

(7.28)



142 Chapter 7: Alternative derivation of the DG weak formulation

where F% = F; (UMR). Using relations (7.16) and (7.17) and the definition
of the normal vector n (7.15), the element boundary integral in (7.28) becomes:

Z ( Z /3/C ‘/;L (U’LLng + (lellc - (Aik:rsUr,s)DG)ﬁé) d((?lC))

KeT

:Z ( Z /S[[‘/Z(sz(U) - (Aikrs(U)Ur,s)DG)ﬂk- ds

n SeSTy

+ /S[[ViUi]]odM > /S[[VZ—UA]od8>

Sesr, Sesn

Z( > [ IGEO) - 00~ (@00 Ods + 3 [ Wiilods

n SeSip SeSy >

Z ( Z /s (Vili A Fir(U) — veU; = (Aigrs (U) U ) PE B}

Sesyy
+ {Vi}Ew(U) — 0Ui — (Aikrs(U) Uy, 5) P15 dS

b 3 [Vilofud+ (vHOlds ).

Sesn
(7.29)
Combining (7.28) and (7.29) we obtain:
' Z(‘ 2 / (ViioUs + Vi (Fi(U) = (Aikrs (U)Ur,5) 7)) dEC
n KeTr K
+ Z /(ViL — VI{Fi(U) — v,U; }ng dS
sesn, /S
— : , DG 4 ‘
5625;33 /S [Vilef (Airrs (U) Uy ) }}dS+S§§ /S [Vilod U} dS
+ / ({Vi} — V) [Fin(U) — 0Ty — Aiprs (U)UPE]. dS
sesp, S
+ SZ;K/S (fvik - V;)[[Ui]]odS).
(7.30)

The DG formulation is conservative if the last two integrals in (7.30) are zero.
This can be achieved by taking V; = {V;}. O
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Consider again (7.27). Integrate by parts the volume integral and using Theo-
rem 7.3.1 to choose the numerical flux for the test function V' € W},, we obtain:

( Z/ VioUi + Vik(Fir(U) = (Aigrs (U)U,5)P9)) dK
Ke1nr

+ > / BYEFi (U) — vpU; yak dS

SeSTy
¥ /[[v 0007 as + 3 [ Wileguias).
SeST, SeSy

(7.31)

where we used relation (7.15) for the time component of the space-time normal
vector and relations (7.16) and (7.17) to write the element boundary integrals as
face integrals. To use the definition of the generalized DG diffusion term (7.22)
and (7.23), we have to choose p; = Vi € V. Then, from Theorem 7.3.1, it
follows directly that ¢ = {¢}} and we obtain:

( Z / i, OU + V; k( zk:(U) - Aikrs(U)Uns)) dK
KeTnr

+ 3 / — VIFx(U) —vUidnf dS+ > / [Vilo{U:} dS

SEST, Sesy

- Z / V]]k{Azkre( )Ur§+R }}dS

SeSy;

olon
+ ¥ /{m k}(/ Agprs(6(m: U, TN 220 (o 8 U il ) d8>
or
SGSVL
(7.32)
The DG formulation is generally numerically unstable and a stabilizing term is
added to the central flux { Fy, —viU; }7iE, together forming an upwind numerical

flux: H; = ({Fu —vpUs } + H%%)nk. Furthermore, the central flux on the faces
Sk is replaced by an upwind flux, naturally ensuring causality in time:

. JUR ifnf =1,
\UR if nf = 1.

We obtain now the DG weak formulation: Find a U € W), such that for all
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VeWy:

0=— Z /}C (‘/i,OUi + Vir(Fie(U) — Aikrs(U)Uns)) dK

Ke1n»

" Z / VRHdS_ /[[V]]{{Azlms( )U75+R }dS
sesy, sesy,

£ {{m}( / Aikrs (6 UL,UR>)8¢”'(T;UL,UR>deL) as
SeSy or

ViU dK — / ViUl dK) ;
. t+)

2
ket NYE;

n+1)
(7.33)
where we used
/[[V oUidS =" (/ ViUl ak - VfUﬁdK), (7.34)
Sesy ke NV Ei(t) K;(t)

which follows from (7.17). Due to the introduction of the upwind flux at the
faces Sk, each space-time slab only depends on the previous space-time slab so
that the summation over all space-time slabs in (7.33) could be dropped. We
see that (7.33) and (7.22) still require and expression for the path ¢. Since the
terms in which the path is required are diffusion terms, the expression is not
very important: in the limit of the element size tending to zero, there are no
discontinuities in the solution and hence these terms vanish. In the remainder of
this chapter we therefore choose a linear path: ¢(r; UL, UT) = UL +7(UR-UF).

Recovering the weak formulation of Brezzi et al. [13]

We show in this section, that using the theory developed in the previous sections
it is possible to recover the weak formulation of Brezzi et al. [13] (7.18). For this,
we introduce the generalized DG derivative. Using Theorem 7.1.1 and (7.12)
with A;x-s = 1, the generalized DG derivative of U; with respect to Ty denoted
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by D,?GUi7 k=1,...,q,1=1,...,m, satisfies:

/g ‘PikaDGUidgh:Z< > /’C%kduf}c(’@)Jr > /S@ikd,“f}c(s)>
h

n ke SeSTy

:E ( 5 /SﬁikUiykdICf Z /@ik[[Ui]]de>
n NkeTp /K sesp, /s

— E ( Z /SpikUi’kd,C— Z /{{%k}}[{Ui]]de)
n NkeTp K sesn, 7S

=/ o (Uip +RLYdE, Vo€ Vi,
En
(7.35)

where R? € R™*4 is the global lifting operator defined as: Find an R € Vi,
such that for all p € V}, :

Zn: (KZT: /K PR, dIC) --3 <st: /S {{gaik}}[[Ui}]kd‘S). (7.36)

n

and where we take ¢ = {@ir }}, which is a direct consequence of Theorem 7.3.1.
We see that this definition of the global lifting operator R¢ exactly corresponds
to that of R in (7.19) if we choose U = {U}, as was done in [10]. It follows
that DkDGUi =Uir + ’R?k a.e. on &,. Instead of deriving the space-time DG
weak formulation for (7.24), we derive now the weak formulation for

DPCF,(U)=0, zeR™ z5>0, k=0,1,...q, (7.37)
with F € Rm*(a+1) given by:
_ U, if k=0,
Fi(U) = 7.38
@) {F (U) = Auors (U)DPCU,, if k=1,....0. (7.38)

The steps of deriving the weak formulation follows closely those of Section 7.3.3.
We therefore only consider some intermediate results. First, (7.31) becomes

0=>" (— > //c (VioUi + Vi k(Fir(U) = Aigrs(U)DPCU,) ) dC

KeTr
b Y [ VO EO) - ol s+ Y [ VilefUip ds
sesn, ’S sesp 7S

— . . DG
S;?B /S Vil{Aikrs(U)DSCU, B dS),
(7.39)
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Using the definition of the generalized DG derivative (7.35) in (7.39) we obtain
exactly (7.18), hence using the Borel measures, we have recovered the weak
formulation of Brezzi et al. [13]. As in Section 7.3.3 we introduce numerical
fluxes for stabilization purposes. We obtain now the DG weak formulation:

Find a U € Wy, such that for all V € Wy

0=-— Z / (%,OUi + ‘/z,k(Ek - Aikrs(U)Ur,s)) aK
Kezy 7k

+ > ( / VEUL dK — VEUE dK)
e NK

(tni1) K(th)

Rypr. _ g . d
+ 3 /5 WVE—vRHAS - Y /S Vil Aitra(U)(Ur + RE) ) dS

Sesy, SESTp

- 56% /S {Vi e Aiirs (U) } U] s dS.
(7.40)

The essential difference between (7.33) and (7.40) is the treatment of the non-
linear term A5 (U)U, s. In (7.33) this term is treated as a nonconservative
product, while in (7.40) A;,s(U) and U, 5 are treated separately. We remark
that if the tensor A is constant, (7.33) and (7.40) are the same.

7.3.4 A comment on the derivation for hyperbolic PDE’s

We return in this section to the example of the 1D hyperbolic scalar equation
in the introduction of this chapter. We will show that we do not need relation
(7.6) to obtain (7.7).

Let dPC f(u) denote the 1D (inviscid) space-DG equivalent of DPC Fyy.(U)
in (7.20). Then, in a DG framework we seek the weak formulation for:

o+ 0P fu) =0, z€Q,CR, t>0. (7.41)
Multiplying (7.41) by a test function v, € W}, integrating over the domain €,

and using the definition of the 1D space-DG equivalent of the generalized DG
flux derivative (7.20), we obtain (compare with (7.3)):

0= Z /th(&suh—|—@Cf(uh))dK—zS:/S@h(an(uﬁ)—&—an(u;f))dS,

KeTy,

(7.42)
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Yun, € Wh. Integrate by parts the volume integral and using Theorem 7.3.1 to
define 9, = 3(vf + vf!) we find (compare with (7.4)):

0= Z / (vhOyup, — f(up)Ozvp) dK + Z / fuh (8K)

KeT, KeTy,

*Z/S s +ofy@" f(uf) + af f(uf) dS, Vo, € W, (7.43)
S

Using equality (7.5), the sum of the boundary integrals in (7.43) can be written
as a sum over face integrals. We immediately see that the underlined term in
(7.43) cancels against the underlined term in (7.5). We automatically get (7.7)
without having to use the (questionable) relation (7.6).

7.4 Test cases

To compare the original weak formulation (7.40) and the new formulation (7.33)
we conduct two test cases. We consider steady state solutions of the compressible
Navier-Stokes equations for a cylinder and a NACAO0012 airfoil.

The two dimensional Navier-Stokes equations are given by (7.9) in which

P PUk OF: (U, VU
U= |puj|, Fr= |pujur+pdjr|, Aikrs(U)= g((U))’
pE ui(pE +p)

with j,k = 1,2, i,7 = 1,...,4, and where FY = [0, Tjx, Tjru; — q]". Here p is
the density, puy the momentum density in the Cartesian coordinate direction
xk, pE the total energy density and § the Kronecker delta function. For a full
description of the homogeneity tensor A;x.s, we refer to [41]. The total stress
tensor 7 is defined as 7, = Au; 0k +u(uj7k +“k,j) with 4 = 1,2 and the dynamic
viscosity coefficient p is given by Sutherland’s law:

B Tt Ts (TA\Y?
Noo_ T+TS’ Toc ’

where T is the temperature and Ts a constant. The subscript oo denotes free-
stream values. The second viscosity coefficient A is related to pu by the Stokes
hypothesis: 3A 4+ 2u = 0. The heat flux vector ¢ has components g, = —xT,
with k the thermal conductivity coefficient. We assume a calorically perfect gas
in thermodynamic equilibrium. The pressure p and internal energy e are given
by the equations of state p = pRT and e = ¢, T, where R = ¢, —c, is the specific
gas constant and ¢, and ¢, the specific heats at constant pressure and constant
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volume, respectively. The total energy is the sum of the internal and kinetic
energy: £ =e+ %uzul Furthermore, the ratio of specific heats is denoted by
v = cp/co.

We non-dimensionalize the Navier-Stokes equations by choosing the recur-
rent set { poo, Goos Teo, L} in which L is the characteristic length scale of the prob-
lem and aoo = \/YPoo/Poo 18 the free-stream speed of sound. After dimension-
alization, six dimensionless Pi groups can be formed. In the simulations we set
the ratio of specific heats v = 1.4, the Prandtl number Pr = ¢pptoo /Koo = 0.72
and the ratio g = Ts/T, = 0.4. The remaining three dimensionless groups,
viz. the angle of attack «, free-stream Mach number My, = too/an and free-
stream Reynolds number Reo, = pootico L/ lico, are specified depending on the
test case. By definition of our non-dimensionalization, poe = 1, oo = 1, Too =1
and L = 1.

In the implementation of the DG discretization (7.40), to improve the com-
putational efficiency, it is customary to replace the central flux of the diffusion
terms { Ajrs(U)U,- s + RE T} by

{Aikrs(U)Ur,s + R;‘ik ~ {Aikrs(U)Ur,s + n(R?k)S}}v
in which 7 is a stabilization constant and where the local lifting operator (R%,)°
is an approximation of the global lifting operator. The local lifting operator is
defined as: Find an (R%)S € Vi, such that for all ¢ € V, :

> /}C oir(RE)S dK = — /S {ow Uil dS, S € Sps. (7.44)

KeT;;

Note, the local lifting operator is only non-zero in the elements connecting to
the face S. The local lifting operator is related to the global lifting operator

through
> /;< pirRG A= > Y /,< oir(RE)S dK,

KeT,» SeS, KeTr

see [41]. A similar simplification is applied to (7.33).

7.4.1 Cylinder

We first consider flow around a circular cylinder for a free-stream Mach number
of My, = 0.3, a free-stream Reynolds number of Re,, = 40 and an angle of
attack of a = 0°. We use a piecewise quadratic polynomial approximation
for the solution. To solve the solution to steady-state we employ three level
multigrid as described in [42]. We use 10 pre- and post-smoothing steps with
20 pseudo-time steps to approximate the solution on the coarsest grid. We
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consider a structured O-type mesh with 128 x 128 elements. We considered the
solution after the residual was reduced by six orders. The residual then, for both
discretizations, was 6.2 - 1078, In Figure 7.1 we show the pressure and Mach
contours as well as the absolute difference between the contours calculated with
the Brezzi method and the new method. In Figure 7.2 we show the pressure
coeflicient distribution along the cylinder. The largest absolute difference in
pressure is 1.0 - 1079 and in Mach number 1.0 - 1076.

7.4.2 NACAO0012 airfoil

Next, we compute the viscous flow past a NACAQ012 airfoil for a free-stream
Mach number of M, = 0.8, a free-stream Reynolds number of Re,, = 73 and an
angle of attack of @ = 10°. We use a piecewise linear polynomial approximation
for the solution. To solve the solution to steady-state we employ the EXI-EXV
pseudo-time stepping scheme of [40]. We use a structured C-type mesh with
320 x 80 elements. We considered the solution after the residual was reduced
by three orders. The residual then, for both discretizations, was 3.3 - 107°. In
Figure 7.3 we show the pressure coefficient distribution along the NACA0012
airfoil. In Figure 7.4 we show the pressure and Mach contours as well as the
absolute absolute difference between the contours calculated with the Brezzi
method and the new method. The largest absolute difference in pressure is
1.2-10~* and in Mach number 1.1-107%.
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(a) Pressure contours. (b) Mach contours.
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tours.

Figure 7.1: Cylinder test case (Res = 40, Mo, = 0.3). Pressure and Mach con-
tours as computed with a piece-wise quadratic polynomial approximation. Left
column: the pressure contours and the absolute difference between the pressure
contours calculated with the Brezzi method and the new formulation given by
(7.33). Right column: the Mach contours and the absolute difference between

the Mach contours calculated with the Brezzi method and the new formulation
(7.83).
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Figure 7.2: Cylinder test case (Reoo = 40, M, = 0.3). Pressure coefficient
distribution along the cylinder.
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Figure 7.3: NACA0012 test case (Res = 73, Mo = 0.8, o = 10°). Pressure
coefficient distribution along the NACAQ0012 airfoil.
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Figure 7.4: NACA0012 test case (Reso = 73, My = 0.8, a = 10°). Pressure
and Mach contours as computed with a piece-wise linear polynomial approrima-
tion. Left column: the pressure contours and the absolute difference between
the pressure contours calculated with the Brezzi method and formulation (7.33).
Right column: the Mach contours and the absolute difference between the Mach
contours calculated with the Brezzi method and formulation (7.33).



CHAPTER 8

Conclusions and recommendations

In this thesis discontinuous Galerkin (DG) finite element methods aimed at
solving hydrodynamic models of two-phase flows were presented. Also, signifi-
cant attention was given to the development of efficient multigrid techniques for
higher order accurate space-time DG discretizations. In this chapter, we draw
conclusions and give recommendations for further research.

Nonconservative products. We have derived weak formulations for space-
and space-time DG finite element methods for nonconservative hyperbolic par-
tial differential equations. We also introduced a numerical flux for systems with
nonconservative products (NCP-flux) suitable for DG finite element methods.

As test cases we considered the shallow water equations with and without
dynamic topography (1D and 2D) and a simplified depth-averaged two-phase
flow model. For the shallow water equations we considered rest flow over discon-
tinuous topography and showed, both numerically and theoretically, that rest
flow is preserved. We also considered subcritical and supercritical flow over a
bump. For these test cases we obtained second and third order accuracy for
suitable basis functions. We also considered more complex test cases: steady
state transcritical flow with a shock, a perturbation of a steady state solution
over a discontinuous topography and a dam breaking problem over a rectan-
gular bump. For the two dimensional shallow water equations with dynamic
topography, we considered hydraulic and morphological transport through a
contraction.
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For the simplified depth-averaged two-phase flow model we also considered
subcritical and supercritical flow over a bump and again obtained second order
accuracy using linear basis functions. A dam-break test case was further used to
investigate the effect of the path on the numerical solution. The effect of the path
was very small in the numerical solutions. Taking different paths did not lead
to relevant changes in the final solution. We did see, however, that for certain
paths it is not sufficient to simply use a two-point Gauss integration scheme
over the whole domain of integration for the path integral, but higher order
integration rules were required. It resulted in significantly larger computational
cost which is undesirable.

Finally, we examined the effect of the path across a contact wave and saw
that we could not capture the stationary contact discontinuity. By making the
mesh such that the contact wave falls within an element we did see that the
numerical error made is a full order smaller than if the contact wave falls ex-
actly on a face. The numerical dissipation has a regularizing effect decreasing
the effect of the path, but at the moment it is still unclear how to choose the
path in case of a contact discontinuity and this is a topic of further research.
The regularizing effect due to numerical dissipation across shock-waves is much
larger explaining why we did not experience any significant effect of the path in
test cases containing shock waves.

Depth-averaged two-phase flows. Recently, a depth-averaged two-phase
flow model was introduced by Pitman and Le [62] and Le [45] to model shallow
debris flows. We slightly extended this model by including extra friction terms
to simulate turbulent friction. The depth-averaged model contains nonconserva-
tive products which makes it numerically challenging to solve. In Chapter 2 we
developed a discontinuous Galerkin finite element method to deal with noncon-
servative products which we applied in Chapter 4 to solve the depth-averaged
two-phase flow model of Le [45].

The DG finite element discretizations for the depth-averaged model were
verified against steady-state flow solutions over a bump and we obtained sec-
ond order convergence when using linear polynomial approximations. To pre-
vent numerical oscillations, the WENO slope limiter [51] in combination with
Krivodonova’s discontinuity detector [43] was successfully applied. A Riemann
problem solution was shown which could not be solved without the slope limiter
due to severe undershoots.

Furthermore, the effect of the choice of the polynomials and the parameter
v in the slope limiter were shown. The scheme is robust for a wide range of v
values, but for accuracy reasons v should be chosen as small as possible, because
this minimizes the numerical dissipation. Also adding the Hermite polynomials
to the combination of Lagrange and unlimited polynomials increases the amount
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of numerical dissipation. This could be seen in the Riemann problem we inves-
tigated where there was a wave crest that could only be captured using the
Lagrange and unlimited polynomials and setting v = 1. Certain applications
with strong gradients, however, need more numerical dissipation to avoid over-
and undershoots so that v may need to be slightly increased. This was neces-
sary e.g. in the validation test case where we used the combination of Lagrange,
Hermite and unlimited polynomials with v = 10.

Finally, we qualitatively validated the model by showing its ability to cap-
ture the changes in a steady state solution with oblique jumps to a short time
increase in the number of particles and compare with the results obtained by
Akers and Bokhove [2].

Multigrid. In Chapter 5 we have discussed two- and three-level multigrid anal-
ysis for linear algebraic systems resulting from a higher order accurate space-
time DG discretization of the 2D advection-diffusion equation. This allows the
analysis of the convergence rate of a multigrid algorithm, but is also useful
to optimize the smoothers in the multigrid algorithm. Optimal smoothers are
obtained using a constrained optimization process, which finds smoother coeffi-
cients such that the spectral radius of the multigrid error transformation opera-
tor is minimal. This can result in a significant improvement in the convergence
rate of the multigrid algorithm.

The multigrid optimization has been used to obtain improved algorithms
for the solution of the algebraic system resulting from a space-time discontin-
uous Galerkin discretization of the advection-diffusion equation in two space
dimensions. These algorithms have been tested on a two-dimensional problem
containing boundary layers. The optimized algorithms showed a significant im-
provement compared to the original EXI-EXV Runge-Kutta method discussed
in [40, 42]. Apart from optimizing the multigrid smoother, also the solution of
the algebraic system on the coarsest mesh has a big impact on the multigrid
performance.

In Chapter 6 we then compared and analyzed h-, p- and hp-multigrid meth-
ods employing the explicit EXI Runge-Kutta smoother for the solution of the
space-time DG discretization of the Fuler and 2D advection-diffusion equa-
tions. From the Fourier theory it is to be expected that Ap-multigrid is the
most efficient solution technique of the space-time DG discretization. From the
numerical simulation of subsonic inviscid flow around a NACAO0012 airfoil we
saw, however, that the p-multigrid technique shows the best convergence rate.
The p-multigrid is the most efficient due to its rapid residual reduction in the
initial multigrid cycles and the least deterioration of the asymptotic conver-
gence compared to the other multigrid techniques. The h-multigrid method
shows a poor convergence rate after the high-frequency error modes have been
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smoothed. A reason for this could be that at some point the coarse-grid problem
of the h-multigrid algorithm is not solved well with respect to the characteristic
components, as was demonstrated in [88]. This problem may be overcome by
employing an improved coarse grid operator. This has not been studied in the
present work, but is currently under investigation.

In the numerical computations of “real-life” problems, the choice of basis
functions can have a significant effect on the stability of the scheme. For this
reason we also investigated the spectrum of the discretization for different sets of
basis functions. We found that the un-scaled Legendre basis functions allowed
a b times larger pseudo-time step than the scaled Legendre basis functions in
which the dimensionless mass-matrix on a uniform grid is the identity matrix.
For this reason we suggest the use of un-scaled Legendre basis functions.

An alternative discontinuous Galerkin derivation. Defining generalized
DG derivatives and DG diffusion terms, based on Borel measures, we have in-
troduced an alternative derivation of the discontinuous Galerkin finite element
weak formulation. Using Borel measures, we have also introduced a new DG
weak formulation for parabolic/elliptic partial differential equations. We per-
formed two numerical simulations of the compressible Navier-Stokes equations
past a cylinder and a NACAO0012 airfoil. We saw that with the new DG weak
formulation we obtain very similar results as those obtained using the weak
formulation of Brezzi et al. [13].

Regarding hyperbolic PDE’s, we showed that two commonly used approaches
in deriving the DG weak formulation have their problems. We have introduced
a mathematically more consistent derivation based on Borel measures.

Further research. Hydrodynamic two-phase flow models contain many in-
teresting aspects, e.g., the presence of nonconservative products, stiff source
terms, flows with free-surfaces and a mixture velocity field that has to be di-
vergence free. In this thesis we have only addressed a few of these aspects and
there are still many interesting research topics that need to be addressed before
the DG method can be applied to fully 3D models of two-phase flows.

The incompressible Navier-Stokes equations can provide much insight into
developing efficient DG methods for equations requiring divergence free velocity
fields. The space-time DG method is particularly interesting in this respect since
pseudo-compressibility methods in pseudo-time allow simple implementations of
the method, but also because of its superior ability of dealing with moving grids
needed for free-surface boundary conditions. However, computationally, the
space-time DG method is expensive. We have set an initial step to improve the
efficiency of solving the space-time DG discretization by developing and analyz-
ing hA-multigrid methods for 2D advection-diffusion equations. We have shown
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that significant improvements in computational efficiency are possible. More
research needs to be done to develop and analyze h-, p- and/or hp-multigrid
methods specifically for equations requiring divergence free velocity fields. A
good candidate for analysis would be the Oseen equations.

As stepping stones for fully 3D two-phase flow models, intermediate two-
phase flow models can also be of interest and aid in the development. Examples
include the depth-averaged two-phase flow model as addressed in this thesis,
but also hydrostatic 3D two-phase flow models. The depth-averaged model was
used to test the DG finite element method for nonconservative products. A hy-
drostatic 3D two-phase flow model, on the other hand, requires the development
of a DG finite element method capable of dealing with moving boundaries on
deforming meshes. Furthermore, such a model can also be used to test the opti-
mized multigrid techniques for space-time DG discretizations of incompressible
flows.






APPENDIX A

Derivation of the space DGFEM weak
formulation for hyperbolic nonconservative
partial differential equations

In this Appendix we derive a space DGFEM weak formulation for hyperbolic noncon-
servative partial differential equations (see also e.g. Cockburn and Shu [18] for more
on the Runge-Kutta discontinuous Galerkin method for conservative hyperbolic sys-
tems). As opposed to the derivation of the weak formulation for space-time DGFEM
in Chapter 2, we now only consider fixed grids. We first introduce the function spaces
after which we derive the weak formulation.

The space DGFEM weak formulation

Let Q C R? be the bounded flow domain approximated by €25, such that Q; — Q
as h — 0, with h the radius of the smallest sphere completely containing the
largest element K;. Consider approximations of U(z,t) and the test function
V(z,t) in the finite element space defined as:

Wy, = {V € (L* (W)™ : V|, o Fx € (PP(K))™}, (A1)

where m denotes the dimension of U.
The weak formulation for space DGFEM can be derived in a similar man-
ner as that for space-time DGFEM, except that now we consider fixed grids.
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Before discussing the space DGFEM weak formulation for equations containing
nonconservative products, we first introduce as a reference the space DGFEM
weak formulation for equations in conservative form (see e.g. Tassi, Bokhove
and Vionnet [71]).

Consider partial differential equations in conservative form:
Uio+ Hixi, =0, Z¢€ RY, t >0, (A.2)

where U € R™ and H € R™ x R%. Using the approach discussed in Tassi,
Bokhove and Vionnet [71], the space DG formulation for (A.2) can be stated
as:

Find a U € W}, such that for all V € Wy,:

0—2/ (Villio — Vi Hy) dE + Z/V]]k{sz}dS
SeSy
+ ) / ViHERE dS. (A.3)

SESE

Note that at this point no numerical fluxes have been introduced yet into the
DG formulation. We now continue with equations containing nonconservative
products. Let U € W}, (see (A.1)). We know that the numerical solution is con-
tinuous on an element and discontinuous across a face, so, using Theorem 2.1.2,
U is a weak solution to (2.3) if:

Qh Qh

—Z/ i ZO+D1]€7"UT/{:) aK

+ Z/ (/ Dir (6(; U* UR))(%T(T Ut ,URydrn )dS, (A.5)

SeSr

where V' € W}, is an arbitrary test function. Furthermore, V is the value (numer-
ical flux) of the test function V on a face S. Note that Theorem 2.1.2 is applied
to nonconservative products in space-time where space and time variables are
not explicitly distinguished. In space DGFEM this is the case and we only need
the space part of the measure in Theorem 2.1.2. This measure is denoted in
(A.4) as fi;. The crucial point in obtaining the DG formulation is the choice
of the numerical flux for the test function V. Using D, = 0F;t/0U, + Gikr,
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(A.5) can be rewritten as:

O—Z/ i 10+szk+Dzkr rk dIC Z/ zk kd8+

SES

Z/ (/ Digr(¢(m; U UR))8¢T< UL utydra )dS (A.6)

SeSy

We choose the numerical flux for V such that if there exists a () such that G, =
0Q;1/OU,, then the DG formulation for the system containing nonconservative
products reduces to the conservative space DGFEM weak formulation given by
(A.3) with Hy, = Fip + Qik-

Theorem A.l. If the numerical fluz V for the test function V in (A.6) is
defined as V = {V'}, then the weak formulation (A.6) will reduce to the con-
servative space DGFEM formulation (A.3) when there exists a @Q such that
Gikr = 0Qir/OU, so that H, = Fy, + Qi

Proof Assume there is a @ such that Gk, = 9Q;/0U,. We immediately
see:

/ Girr(o(T; UE, UR))%Q:( JUE URY drak = —[Qi]w- (A.7)

Integrating by parts the volume integral in (A.6) we obtain:

OZZ/K VUzO zk( zk+sz dK+Z VL Fk""sz)nkd(aK)
k

0Ky,

- Z /V[[sz+sz]]de (A.8)

SeSy

We write H, = Fi, + Q. Use relations (2.12) and (2.13) to write the element
boundary integrals as face integrals:

Z/ VIHEREA(OK) = Z/Vszde—i— > /VLHknk

SeSy SeSp
-F / ({{V} ali+ (V= VO Hadnt ) as
+ Y /VL
SeSp

(A.9)
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Combining (A.8) and (A.9) we obtain:

0=>" / ViUio— VkadK—s—Z/ {Vid [ Hu o+ (VE-VA{H Y ak) dS

SEeSr

+ > /VL Lakds — Z/V[[szde (A.10)

SeSp Sess

The term {V; }[Hix]r is set to zero in the space DG formulation for conserva-
tive systems arguing that the formulation must be conservative. For a general
nonconservative system we can not use this argument. Instead, we note that
by taking V {V} on the faces S, the contribution [({V;}[ Zk]]k dS cancels

with — [ Vi[Hix]r dS. We now obtain the weak formulation given by (A.3). O

Theorem A.1 allows us to finalize the derivation of the DGFEM weak formula-
tion, similar to the space-time DG formulation, to:
Find a U € W}, such that for all V € Wy,:

on/ (Villio = VinFik + ViGirUri dK+Z/ — VPreds+
5 [ ( [ Gurtotron 0 2 it vl ) as. ()
s /S 0 T

Note that we combined the fluxes at interior and boundary faces by using a
ghost value U at the boundary.



APPENDIX B

The three-dimensional two-phase flow model

In this Appendix we present the three-dimensional two-phase flow model as derived by
Jackson [38]. By depth-averaging this model, Pitman and Le [62] and Le [45] derived
a depth-averaged two-phase flow model for shallow two-phase flows.

The three-dimensional two-phase flow model

Assume that the only fluid’s stress is the fluid’s pressure. Furthermore, the
densities p/ and p® of both phases are assumed to be constant. The three-
dimensional model consists of two continuity equations and two momentum
equations. To write the equations in compact form, we use the summation
convention on repeated indices. The continuity equations are given by:

9 ((1 = @) + O ((1 — a)ug) = 0,
Ot(a) 4+ Ok (avy) =0,
and the momentum equations are:
Op((1 = a)p’ui) + 0k ((1 — ) p uwgur) = —(1 — )0k (Birp’) — FP + (1 — a)p’ gs,
Oc(ap®v;) + O (ap’vivg + T,) = —ady (6ip”) + EP +ap’g;.

(B.1)

(B.2)

Here, i,k = 1,2,3. The Cartesian coordinate system we consider is at an angle
6 with respect to the horizontal (see Figure 4.1). In these equations « is the
particle volume fraction, u the fluid velocity vector, v the solids velocity vector,
7 the gravity vector, T the solids stress tensor, p/ is the fluid pressure, F'P the
generalized drag force and ¢ represents the Kronecker delta function.
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Summary

The first research topic in this thesis is the development of space- and space-
time discontinuous Galerkin (DG) finite element methods for hydrodynamic
models of shallow (liquid-solid) two-phase flows. Many interesting aspects of
these models arise, e.g., the presence of nonconservative products, stiff source
terms, flows with free-surfaces and, in the three-dimensional (3D) model, the
velocity field of the two-phase mixture has to be divergence free. This thesis
provides some of the tools which are necessary for solving hydrodynamic models
of two-phase flows with space- and/or space-time DG finite element methods.

An important research topic is nonconservative products which are present
in many two-phase flow models. A large part of this thesis is therefore devoted
to developing a general method which can be applied to partial differential equa-
tions containing nonconservative products. For this, we combine the theory of
Dal Maso, LeFloch and Murat, in which a definition is given for nonconserva-
tive products even where the solution field is discontinuous. This theory also
provides the mathematical foundation for a new DG finite element method. For
this new DG method, we show standard (p+ 1)-order convergence results using
p!" order basis-functions for test-cases of which we know the exact solution. We
also show its ability to deal with more complex test cases. Finally, we apply
the method to a depth-averaged two-phase flow model of which the numerical
results are qualitatively validated against results obtained from a laboratory
experiment.

The second topic of this thesis is multigrid. The use of multigrid is of great
importance to obtain efficient solvers for fully 3D two-phase flow models. As an
initial step to improve the efficiency of solving the space-time DG discretization,
we have developed, analyzed and tested optimized multigrid methods using



explicit Runge-Kutta type smoothers for the 2D advection-diffusion equation.
Many physical models describing fluid motion contain second (and higher)
order derivatives. Obtaining a DG discretization for these higher order deriva-
tives is non-trivial and many different DG methods exist to deal with these
terms. As final topic of this thesis we introduce an alternative derivation of DG
methods based on Borel measures. This alternative derivation gives a consistent
treatment of derivative terms by assigning a measure to derivatives when the
flow field is discontinuous. We investigate the various DG weak formulations
arising from this technique by considering the 2D compressible Navier-Stokes
equations for the viscous flows over a cylinder and a NACAQ0012 airfoil.



Samenvatting

Het eerste onderwerp van onderzoek in dit proefschrift is het ontwikkelen van
ruimte- en ruimte-tijd discontinue Galerkin (DG) eindige elementen methodes
voor hydrodynamische modellen voor ondiepe (vloeistof-vaste deeltjes) twee-
fasen stromingen. Deze modellen bevatten veel interessante aspecten, zoals de
aanwezigheid van niet-conservatieve produkten, stijve bron termen, stromingen
met vrije oppervlaktes, en in het drie dimensionale (3D) model moet het snel-
heidsveld van het twee-fasen mengsel divergentie vrij zijn. In dit proefschrift
ontwikkelen we een aantal technieken die nodig zijn voor het kunnen oplossen
van hydrodynamische modellen voor twee-fasen stromingen met behulp van de
ruimte- en/of ruimte-tijd DG eindige elementen methode.

Niet-conservative produkten, die voorkomen in veel twee-fasen modellen, zijn
een belangrijk onderzoeksonderwerp. Een groot gedeelte van dit proefschrift is
daarom gewijd aan het ontwikkelen van een algemene methode die toegepast kan
worden op partiéle differentiaal vergelijkingen die niet-conservatieve produkten
bevatten. Hiervoor combineren we de theorie van Dal Maso, LeFloch en Mu-
rat, waarin een definitie wordt gegeven voor niet-conservatieve produkten zelfs
daar waar het oplossingsveld discontinue is. Deze theorie legt het wiskundige
fundament voor een nieuwe DG eindige elementen methode. Voor deze nieuwe
methode laten we standaard (p + 1)-orde convergentie resultaten zien bij het
gebruik van p? orde basis-functies voor problemen waarvan de exacte oplossing
bekend is. We laten ook zien dat deze methode geschikt is voor complexere
test cases. Uiteindelijk passen we deze methode toe op een diepte-gemiddeld
twee-fasen model waarbij de resultaten kwalitatief gevalideerd worden met ex-
perimenten uitgevoerd in het laboratorium.

Het tweede onderwerp van dit proefschrift is multigrid. Het gebruik van



multigrid, of andere efficiénte oplosmethodes, is van groot belang voor het
oplossen van de volledige 3D twee-fasen modellen. Als eerste stap om de ef-
ficiéntie van de methode te verbeteren voor het oplossen van de ruimte-tijd
DG discretizatie, hebben we geoptimaliseerde multigrid methodes met expli-
ciete Runge-Kutta smoothers ontwikkeld, geanalyseerd en getest voor de 2D
advectie-diffusie vergelijking.

Veel fysische modellen die stromingen van vloeistoffen beschrijven, bevat-
ten tweede (of hogere) orde afgeleides. Het afleiden van een DG discretizatie
voor deze hogere orde afgeleides is niet triviaal en er bestaan vele verschillende
DG methodes voor het omgaan met deze termen. Tenslotte introduceren wij in
dit proefschrift een alternatieve afleiding voor DG methodes gebaseerd op Borel
maten. Deze alternatieve afleiding geeft een consistente manier voor het omgaan
met afgeleides door een maat toe te kennen aan afgeleides als het stromingsveld
discontinue is. Wij onderzoeken de verschillende DG zwakke formuleringen die
onstaan door deze techniek door de 2D compressibele Navier-Stokes vergelijkin-
gen te beschouwen voor visceuze stromingen om een cylinder en een NACA0012
vliegtuigvleugel.
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