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Abstract

Large Time Step (LTS) finite volume methods are presented, analyzed and
applied to one-dimensional hyperbolic conservation laws.

The HLL (Harten-Lax—van Leer) and HLLC (HLL-Contact) schemes are
extended to LTS-HLL(C) schemes. The LTS-HLL-type schemes for scalar
conservation laws are defined in the numerical viscosity, flux-difference
splitting and wave propagation form, and TVD conditions on wave velocity
estimates are determined. It is shown that the LTS-HLL-type schemes
contain some already existing LTS methods such as the LTS-Roe and
LTS-Lax-Friedrichs, and that they allow us to deduce LTS extensions of
other methods, such as the Rusanov and Engquist-Osher schemes. The
LTS-HLL(C) schemes for systems of conservation laws are developed by
standard field-by-field decomposition. Numerical results suggest that the
computational efficiency of LTS methods depends on the type of problem
under consideration. In certain cases LTS methods for nonlinear systems
of equations yield increased accuracy, efficiency and convergence rate
compared to standard methods.

Entropy stability of LTS-HLL-type schemes is analyzed. We use modified
equation analysis to gain insight into numerical diffusion in LTS-HLL-
type schemes and to conjecture about entropy stability of LTS methods.
Theoretical results obtained through the modified equation analysis are in
agreement with numerical results for both scalar conservation laws and
the Euler equations.

Positivity preservation in LTS methods is investigated. We show that
the positivity preserving conditions for LTS methods are stronger than for
standard methods. We describe different ways positivity can be lost in
LTS-HLL-type schemes for the Euler equations, and we propose a simple
way to increase the robustness of the LTS-HLL-type schemes by adding
numerical diffusion. Numerical investigations show that LTS-HLL-type
schemes successfully handle test cases for positivity preservation, and
where the positivity is lost we can improve the robustness by adding
numerical diffusion.

In addition, we applied the LTS-Roe scheme to a two-fluid model and
focused on the treatment of the boundary conditions and the source terms.
It is shown that stability and accuracy of the solution can be greatly
improved by appropriate treatment of boundary conditions and source
terms.
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I like mathematics because it is not hu-
man and has nothing particular to do
with this planet or with the whole acci-
dental universe — because, like Spinoza’s
God, it won't love us in return.

Bertrand Russell

Infroduction

This thesis studies finite volume methods for hyperbolic conservation laws.
In particular, we study Large Time Step (LTS) methods, unconditionally
stable, explicit multi-point finite volume methods and their application to
scalar conservation laws, the Euler equations and two-fluid model.

We start by giving a motivation for our work, by presenting a brief
historical overview of the Large Time Step methods and by outlining the
goals and structure of this thesis.

1.1. Motivation

Hyperbolic conservation laws are widely used to model a variety of physi-
cal phenomena, such as fluid dynamics, geophysics, biomechanics, electro-
dynamics, magnetohydrodynamics, astrophysics, etc. They are also heavily
used in modeling multiphase flow phenomena [125, 138, 94], which is of
particular interest for the SIMCOFLOW project [96]'. In this thesis, we
consider already existing models and focus on numerical methods for hy-
perbolic conservation laws rather than on physical modeling. To simplify
the analysis, we mostly use simpler models (such as the Euler equations)

IThe PhD project is a part of the research project SIMCOFLOW — a framework for complex
3D multiphase and multi physics flows carried out by SINTEF Materials and Chemistry
from July 2014 until June 2017 and funded by the Research Council of Norway.



instead of more complicated multiphase flow models. However, we believe
that the numerical tools developed here should be applicable to a wide
class of hyperbolic problems.

In that respect, the motivation for our work on LTS methods is twofold.
First, the final goal of every numerical method should be to solve a real-life
problems or help us develop numerical methods for such problems. In
order to describe the capacity of a particular method to do that, we often
evaluate the method in terms of accuracy, efficiency and robustness.

When it comes to the accuracy, the current state of the art tools for
hyperbolic conservation laws are ENO and WENO methods [122]. However,
these methods may be quite expensive in terms of computing time, and
even with continuous advances in computational power, many practical
applications still require a trade-off between accuracy and efficiency. In
addition, for highly nonlinear problems including discontinuities, WENO
methods will not necessarily be more accurate and efficient than second-
order methods [45].

The computational efficiency of a numerical method is strongly influ-
enced by a number of things. One of them is the time integration method,
where the main division is made between explicit and implicit time inte-
gration methods. Explicit methods are associated with higher accuracy
and simpler implementation, but their efficiency and stability are limited
by the CFL (Courant-Friedrichs-Lewy) condition. Implicit methods are
not limited by the CFL condition and may be very efficient, but they are
associated with a number of different difficulties, most important being
the excessive diffusion and more complicated implementation. In addition,
a development of modern supercomputers in the direction of parallel com-
puting favors explicit methods, since they are parallelized more easily than
implicit ones [107].

Further, high-order methods are usually less robust than first-order
methods [151]. One property of robust methods is positivity preservation,
which is still an active area of research for high-order methods. For instance,
at this year’s SIAM CSE conference?, there was a dedicated session on
Positivity Preserving and Invariant Domain Preserving Methods, where many
of the talks addressed these issues for high-order methods. Some of the
more recent publications include [151, 152, 61, 19, 121]. Hence, simpler
methods may be more convenient when we are dealing with very complex

25JAM Conference on Computational Science and Engineering, February 27-March 3,
2017, Atlanta, Georgia, USA.



flows, such as multiphase flow models or flows with strong source terms.

Unfortunately, there is always a trade-off between the accuracy, efficiency
and robustness. Considering the great variety of problems where CFD
(Computational Fluid Dynamics) is applied, there is a growing demand
for methods with a different balance between these properties. In this
thesis, we study LTS methods, a class of explicit methods not limited by the
CFL condition, thereby providing a potential increase in efficiency, while
preserving the advantages of explicit methods.

The second reason to study explicit multi-point methods is to gain
better understanding of explicit methods in general. Namely, almost the
complete theory of explicit finite volume methods assumes standard (3-
point) methods.® By studying the concepts such as stability, numerical
diffusion, total variation, modified equation and entropy stability in the
multi-point methods one may gain better insight into these concepts in
standard methods. And while multi-point methods are often seen as
an extension of standard methods, it might be fruitful to view standard
methods as a special case of the multi-point methods. Hence, we believe
that studying explicit multi-point methods is a valuable exercise regardless
whether one plans to use a CFD code that includes such methods or not.

1.2. Historical overview

Large Time Step methods studied in this thesis have been introduced by
LeVeque in a series of papers between 1982 and 1985 [79, 80, 81]. Therein,
the Godunov [43] and the Roe scheme [120] were extended to the LTS-
Godunov and the LTS-Roe schemes and applied to scalar conservation
laws and the Euler equations. In 1988, LeVeque extended the LTS-Godunov
scheme to second-order accuracy and into two dimensions for arbitrary
grids [82]. Through the years, these ideas have been recognized and used by
a number of authors. Herein, we present the most important contributions
in chronological order.

Parallel to LeVeque’s work, Brenier [12] developed a framework of un-
conditionally stable explicit methods which includes the LTS methods of
LeVeque and an LTS extension of the Engquist-Osher scheme [36], while
Lucier [93] studied the error bounds in different schemes, including the
LTS-Godunov scheme by LeVeque.

3Throughout the thesis, we use the term standard methods to denote explicit 3-point finite
volume methods.



In 1992, Elliot and Chaundhry used these ideas to model
two-dimensional dam-break flows [35], while in 1994 Garcia-Navarro and
Priestley [41] used the LTS-Roe scheme in their work on semi-Lagrangian
methods for the shallow water equations. At the same time, in 1993, Wang
and Warnecke investigated the entropy consistency in different LTS
methods [144, 145]. In 1995, further applications of the LTS methods
included front tracking methods based on wave propagation by LeVeque
and Shyue [86] and semi-implicit methods by Klein [68].

From 2001 to 2004, there was a focus on investigating more mathematical
properties of LTS methods: Helzel and Warnecke [55] and Wang et al. [146]
studied the entropy stability of the LTS-Godunov scheme, Huang et al. [62]
investigated the error bounds for the LTS-Glimm scheme and Tang and
Warnecke [133] studied the monotonicity of (2K+1)-point schemes.

This period of numerical analysis of LTS methods was followed by a
new wave of research mostly focused on the application of existing LTS
methods and their extension to two- and three-dimensional problems.
From 2006 to today, Morales-Herndndez, Murillo, Garcia-Navarro and
co-workers [105, 99, 101, 100, 102] published a number of papers in which
the LTS-Roe scheme is applied to the shallow water equations. Therein,
the main focus has been on the treatment of the source terms, boundary
conditions and multidimensional extensions, including arbitrary grids. In
2014, Xu et al. [148] applied the LTS-Godunov scheme to the shallow water
equations. Further applications of the LTS-Godunov scheme in recent years
include the three-dimensional Euler equations by Qian and Lee [117], high
speed combustion waves by Tang et al. [134], and Maxwell’s equations by
Makwana and Chatterjee [95], while Lindqvist and Lund [90] applied the
LTS-Roe scheme to two-phase flow model.

In 2016, Lindqvist et al. [91] studied the TVD property of LTS methods
and showed that the LTS-Roe and the LTS-Lax-Friedrichs schemes are
the least and most diffusive TVD LTS methods, respectively. This thesis
heavily builds on the theoretical framework developed in [91]. In addition,
the ideas developed in [91] have been further explored by a sequence of
masters students at the author’s university: Bore [10] investigated high-
order LTS methods, while Solberg [124] and Nygaard [108] studied LTS
methods with inherent mechanisms for introducing numerical diffusion.

In addition to LTS methods, there is a number of other approaches on
how to relax the CFL condition in the explicit methods. The interested
reader is referred to the research on semi-Lagrangian schemes [44, 126, 41,
49, 48, 75], front-tracking methods studied by Holden and co-workers [56,



58, 57], different approaches by Corrias et al. [20, 21], Leonard [76, 77, 78],
Qiu and Shu [119] and Thompson and Moeller [135], and a version of
LTS method developed by Harten [51] and further explored by Qian and
Lee [118], Hussain et al. [63] and Siddiqui et al. [123]. Herein, we do not
explore these any further.

1.3. Goals and thesis outline

The majority of the LTS methods discussed above are extensions of the
Godunov and Roe schemes. The major disadvantage of the Godunov
scheme is that it is computationally very expensive and cumbersome to
implement for systems of equations, while the Roe scheme is not entropy
stable and it is not positivity preserving. In fact, the LTS-Roe scheme leads
to entropy violations even more often than the standard Roe scheme [91].
The LTS-Lax-Friedrichs scheme [91] is extremely diffusive and it is of inter-
est only as a theoretical result and a building block for more sophisticated
methods.

These observations motivated the question if it is possible to construct
the LTS extensions of other schemes and what would be the properties of
such solvers. In particular, we focused on the HLL and HLLC schemes. The
HLL (Harten-Lax-van Leer) scheme is a very simple and efficient Riemann
solver proposed by Harten et al. [53] in 1983. In addition to its simplicity
and efficiency, the HLL scheme may be tuned to be entropy stable and
positivity preserving. A more sophisticated extension, the HLLC (HLL-
Contact) scheme, was proposed by Toro et al. [139] in 1994. Today, the HLL
and HLLC schemes are widely used in a number of different fields, such
as multiphase flow modeling [149, 137, 136, 115, 28, 27, 92], relativistic
flows and magnetohydrodynamics [67, 88, 98, 97, 69, 59], shallow water
equations [2] and radiative transfer [9]. For more references we refer to the
book by Toro [138].

The development, analysis and application of the LTS-HLL(C) schemes
are major themes of this thesis. In particular, our goals are:

e Develop LTS extensions of the HLL and HLLC schemes.
e Study entropy stability of the LTS-HLL(C) schemes.
e Study positivity preservation of the LTS-HLL(C) schemes.

e Study boundary and source term treatment in the LTS methods.



The thesis outline and contributions can be summarized as follows: in
chapter 2 we present the mathematical models we solve, we outline the
framework of the numerical methods we will consider, and we present the
existing LTS methods. In chapter 3 we present the main results:

e In section 3.1 we develop LTS extensions of the HLL and HLLC
schemes. We develop the LTS-HLL-type schemes, we determine their
numerical viscosity and flux-difference splitting coefficients, and we
investigate their convergence. This new class of schemes allows us
to deduce some already existing LTS methods such as the LTS-Roe
and LTS-Lax-Friedrichs, and it allows us to deduce LTS extensions
of other methods, such as the Rusanov and Engquist-Osher schemes.
Parts of this section are adapted from our second journal paper Large
Time Step HLL and HLLC Schemes [P2].

e In section 3.2 we study entropy stability of LTS-HLL-type schemes.
We use modified equation analysis to investigate how entropy vi-
olations occur in the LTS-HLL-type schemes and how can they be
avoided. Parts of this section are adapted from our second conference
paper Numerical Viscosity in Large Time Step HLL-type Schemes [P1].

e In section 3.3 we study monotonicity and positivity preservation
of LTS-HLL(C) schemes. We determine monotonicity conditions
on numerical flux function of an LTS method, and we show that
positivity preserving conditions in LTS methods are stronger than in
standard methods. We investigate different ways how is positivity
lost in the LTS-HLL scheme, and we propose a simple way to increase
robustness of the scheme by adding numerical diffusion. This section
closely follows our third journal paper Monotonicity and Positivity
Preservation in Large Time Step Methods [P4].

In addition to the work on the LTS-HLL(C) schemes, we applied the
LTS-Roe scheme to a one-dimensional two-fluid model and focused on the
treatment of the source terms and the boundary conditions. By introducing
anew type of boundary conditions and by treating source terms in a similar
way as Morales-Herndndez, Murillo, Garcia-Navarro and co-workers [105,
99, 101, 100, 102], we are able to notably improve accuracy of the solution.
These results are presented in chapter 4. Content of chapter 4 corresponds
to our first journal paper Large Time Step Roe Scheme for a Common 1D Two-
Fluid Model [P3], and our first conference paper Boundary and Source Term



Treatment in the Large Time Step Method for a Common Two-Fluid Model [P5].
Finally, chapter 5 closes with conclusions and comments regarding possible
further research directions.

In the presentation of the thesis results, we aimed to give a structured

overview of our findings, but also tried to depict the order in which our
work was done and how it was motivated.






Never any knowledge was delivered in
the same order it was invented.

Sir Francis Bacon

Background

We present the mathematical models we will be considering and the
numerical methods we will be using.

First, we present a general scalar conservation law and the Euler equa-
tions. The multiphase flow model will be presented in chapter 4. The
properties of the solution to the scalar conservation law are presented in
more detail, with a focus on the uniqueness of the solution and entropy
conditions.

We then present the numerical methods we will use. We begin with
the standard methods for scalar conservation laws and consider their
numerical viscosity and flux-difference splitting forms. Convergence and
entropy stability of the numerical methods are discussed following the
standard literature. We do not aim to provide a comprehensive overview
of numerical methods for the hyperbolic conservation laws. Instead, we
focus on those parts that play an important role in the understanding and
development of LTS methods. The methods are then extended to the LTS
framework along the lines of Lindqvist et al. [91]. Main ideas of the LTS
methods are presented, together with the already existing LTS methods.

Finally, both standard and LTS methods are extended to systems of
conservation laws following the standard field-by-field decomposition.

The content of this chapter up to section 2.2.4 on the LTS methods heavily
builds on the existing literature, and we refer to the books by Godlewski



and Raviart [42], LeVeque [83, 84], Toro [138], Trangenstein [142] and
Dafermos [24] for more detailed reading.

2.1. Mathematical models

2.1.1. Scalar conservation laws

We consider the initial value problem for the scalar conservation law:

ur+ f(u)y =0, xeR, teR", (2.1a)
u(x,0) = up(x), (2.1b)

where u € R is a conserved variable, f(u) : R — R is a strictly convex (or
concave) flux function!, and 1 is the initial data.? It is known that solutions
to the initial value problem (2.1) may develop discontinuous solutions even
when the initial data is smooth. To allow for discontinuous solutions we
consider weak solutions that satisfy (2.1) in the sense of distributions. A
function u(x, t) is a weak solution of (2.1) if it satisfies:

[e) +o00 +o00
/0 /_oo (ugot—l—f(u)gox)dxdt—i—/_oo up(x)e(x,0)dx =0, (2.2)

for all test functions ¢ € C}, i.e. for all continuously differentiable functions
with compact support. However, there are infinitely many weak solutions
u(x, t) that satisfy (2.1) in a weak sense. The correct, unique weak solution
to (2.1) is the same as the solution to the parabolic equation:

U+ f(u)y = Vidyy, v >0, (2.3)

in the limit when v — 0, where v is a small parameter acting as a viscosity.
In order to determine if a particular weak solution u(x,t) is the unique
weak solution, we usually determine the so-called entropy condition for
(2.1) and check if the weak solution u(x, t) satisfies this condition. This
can be done in different ways, and examples of such conditions include
the Lax entropy condition [73], Oleinik’s entropy condition [109], Kruzkov
entropies [70] and entropy functions [73]. Here, we focus on the entropy

Here and throughout the thesis, we will be considering only strictly convex (i.e.
f"(u) > 0) or strictly concave (i.e. f/(u) < 0) flux functions.

2We follow the common notation where subscripts x and ¢ denote partial derivatives with
respect to x and t, respectively.

10



functions, because they will be used later when we discuss the numerical
methods.

The basic idea is to define an entropy function n(u) such that it is a convex
function of u (i.e. #”(u) > 0) and a corresponding entropy flux (u) such
that:

() = ' (u)f' (u)- (24)
Then it can be shown that the function u(x, t) is the unique weak solution
(or entropy solution) of the scalar conservation law (2.1) if the inequality:

n(u)e+9(u)x <0, (2.5)

holds in a weak sense, see LeVeque [83, p. 39].
Another important property of the unique weak solution to (2.1) is that
it respects a strict maximum principle. Namely, if:

m = min (u(x)), M =max (u(x) 9)

then:
u(x,t) e mM] ¥V x,t (2.7)
This property will play an important role later on when we discuss mono-
tone methods for scalar conservation laws and positivity preserving meth-
ods for systems of equations.
For our purposes, we assume that the unique weak solution is known and
want to know whether the numerical method converges to this solution.

The one-dimensional Riemann problem

In order to gain additional insight into the properties of the solution to the
scalar conservation law (2.1), we consider a Riemann problem for (2.1):

ur, for x <0,
,0) = 2.8
u(x,0) { UR for x>0, @8)

which is simply the conservation law (2.1) with a piecewise constant initial
data with a single discontinuity. By assuming a strictly convex flux function
f(u) the solution to the Riemann problem is either:

e a shock:

u for x <st,
u(x, t) = { - (2.9)
UR for x > st,

11



where s(up, ur) is the shock speed given by the Rankine-Hugoniot

condition:
_ f(uR) _f(uL), (2.10)
UR — U,
e or a rarefaction wave:
ur, for x < f'(up)t,
u(ct)={ (o(/H) for fu)t<x<flu),  (211)
UR for x> f'(ugr)t,
where: x
f (o(x/t)) = o (2.12)

The structure of the solution for the Riemann problem (2.8) is closely
related to the fact that (2.1) has infinitely many weak solutions. Namely,
it is possible to construct weak solutions of (2.1) with the initial data (2.8)
that satisfy (2.1) in a weak sense, but are not the solution to the viscous
equation (2.3) in the vanishing viscosity limit.

The same difficulty is observed with numerical methods. When we
numerically solve (2.1) with discrete initial data (2.8), a numerical method
may converge to weak solution of (2.1) that is not the solution to the viscous
equation (2.3) in the vanishing viscosity limit. We will return to this later
on when we consider entropy stability of numerical methods.

2.1.2. Systems of conservation laws
We consider the hyperbolic system of conservation laws:

U +F(U),=0, xR, tecR, (2.13a)
U(x,0) = Up(x), (2.13b)

where U € RN (1 < N € N) is a vector of conserved variables,
F(U) : RN — RN is a flux function, and Uy is the initial data. We can also
write (2.13) in a quasilinear form as:

U;+A(U)U, =0, (2.14)
where: SE(U
A(U) = B(U)’ (2.15)

12



is the Jacobian matrix of F(U). We assume that the system of equations
(2.14) is hyperbolic, i.e. the Jacobian matrix (2.15) has real eigenvalues and
linearly independent eigenvectors.

Hyperbolic systems of conservation laws suffer from the same difficulties
as the scalar conservation laws, i.e. they may develop discontinuous
solutions and we have to look for a unique solution among all weak
solutions. The unique entropy solution is determined in a similar fashion
as for the scalar conservation law, namely we look for an entropy condition
for the system of conservation laws and check if the particular weak
solution satisfies this entropy condition.

In general, the entropy conditions for systems of conservation laws are
notably more difficult than for scalar conservation laws. For more details
we refer to the literature from the beginning of this chapter and the work
by Tadmor [129, 130, 131, 132] and references therein. For our purposes,
we will once again assume that the unique weak solution is known and we
will only be interested in whether the numerical method converges to this
solution.

The Euler equations

The Euler equations can be written in the form (2.13) by defining:

p pv
U= |pv|, FU)=|pP+p]|, (2.16)
E v(E+p)

where p, v, E, p denote the density, velocity, total energy density and the
pressure, respectively. The total energy density E is given as:

1
E = pe + Epvz, (2.17)
where ¢ is a specific internal energy defined by an equation of state:

e=e(p,p), (2.18)

which depends on the gas under consideration. In this thesis, we will
consider only ideal gas for which:

_ p
=TT (2.19)
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Throughout the thesis we will use v = 1.4 for air. Alternatively, we may
write the Euler equations (2.16) in the form (2.14) by defining the Jacobian
matrix A(U) (see LeVeque [84, p. 300]). The eigenvalues of the Jacobian
matrix A(U) for the Euler equations are:

M=v—a, A=v, A3=v+a, (2.20)
where a = /yp/p is the speed of the sound.

Remark 1. It is possible to define the Riemann problem (2.8) for the Euler
equations and study structure of the solution in a similar fashion as for the
scalar conservation law. We omit such analysis here and refer to Lax [73],
LeVeque [85] and Toro [138] for detailed analysis of the Riemann problem
for the Euler equations.

2.2. Finite volume methods for scalar conservation
laws

We start by dividing the spatial domain into intervals with increment
Ax = Xj 172 — Xj_1/2, and the time domain into intervals with increment
At = "1 — . We then integrate the conservation law (2.1) over the control
volume [xj_1/2,Xj11/2] X [t",¢""1] to obtain:

X X
j+1/2 j+1/2
/ u(x, " Hdx = / u(x, t")dx

Xj-1/2 Xj-1/2
1 1

+, fu(xj1/2,1))dt — ; (u(xj1/2,1))dt, (2.21)
which is telling us that the conserved variable inside a cell changes only
due to the flow over its boundaries. By approximating the exact cell average
of the exact solution as:

1 [X+2
u” =~ —/ u (x,t") dx, 2.22
] Ax X1 ( ) ( )

and by approximating the time averaged flux function of the exact solution
at the interface x;, 1,5 as:

tn+1
" 1

#1727 A |, fu(xjt1/2,1))dt, (2.23)
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we can write (2.21) in the conservation form:

At
Wt == (]+1/z F?ﬁl/z). (2.24)

Unfortunately, u (xj+1/2,t) changes in time and most of the time we cannot
evaluate the integral (2.23) exactly. Instead, we evaluate it by using an
exact or approximate Riemann solver.

2.2.1. Standard methods

In order to solve (2.1) numerically, Godunov [43] assumes a piecewise
constant initial data:

M(X, tn) = M;?, Xj-1/2 <x< Xiy1/2s (2.25)
which leads to a local Riemann problem defined at each interface. Then,
u™ is updated by exactly solving (2.1) with initial data (2.25):

]

1 Ax/2 _ 0 ~
u;1+1 = / ”]Gcl)(}z (x/At) dx + = / ﬁ‘i‘}z (x/At)dx, (2.26)

where u G‘ic}z (x/t) is the exact solution to the local Riemann problem at

the cell mterface Xj_1/2, and where we assumed that the time step At is
such that the waves from the Riemann problems do not interact. We note
that we can obtain (2.24) from (2.26), revealing the definition of F;, 1/, as:

ESd, = F(uj, ) = £ (#539,(0)) - (2.27)

Unfortunately, solving the Riemann problem exactly becomes extremely
expensive once we move to nonlinear systems of equations, especially
for complex equations of state. Thus, we consider (2.1) with initial data
(2.25) and we seek an approximation to the flux (2.23). In this chapter
we consider two different ways to approximate the flux function (2.23):
numerical viscosity (NV) form and flux-difference splitting (FDS) form.

Numerical viscosity

In the section above, we discretized (2.1) in conservation form:

n+1 __ At

Uj _u]'_E(

Fir1/2—Fiz1/2), (2.28)
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where the numerical flux function is usually defined as:

1 1
Fiiaa =5 (fi+ fir) = 5Qm/2 (01 — ), (2.29)

where f; = f (u]') and Qj,1/2 is the numerical viscosity coefficient.> We
require that the numerical flux function is Lipschitz continuous and consis-
tent in the sense that:

F(u,u) = f(u). (2.30)

In this form, the method is completely determined by the numerical vis-
cosity coefficient:

Qroe = |A| : Roe (2.31a)
Qrxr = Ax/ At : Lax-Friedrichs (2.31b)
Qrus = max (|Aj],[Aj11]) : Rusanov (2.31c¢)
"
Qro = _ / " |f'(u)|du  : Engquist-Osher (2.31d)
Ujr1 — Uj Ju;
i+ fir1 —2M; u
QGod = fit S pr/2(f(1)) : Godunov (2.31e)
Ujs1 — U]
Or.w = A2At/ Ax : Lax-Wendroff (2.31f)

where A; = f'(u;), A = Ajy12 is the shock speed at the interface xj,1/»
determined by the Rankine-Hugoniot condition:

A = { (1) = ) / (i —wj) 36 ttpa = 20,

f/(u]') if Llj+1 — u]' = 0,
and M, q/2(f(u)):
min f(u) if uj <uwjq,
, - UER 1172
MH—l/Z (f(u)) = max f(u) i w > g, (2.33)
uERj11/2
where:
R = [min (uj,uj41) ,max (uj,uj1)] . (2.34)

3From now on, we omit time index 1 because we consider only explicit methods.
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Flux-difference splitting

Another way to discretize (2.1) is by flux-difference splitting:

At

1 —

u;?+ == 4 (A].tl/zAu]-_l/z + Aj+1/2A“j+1/2) , (2.35)
where A]?—;l /, are the flux-difference splitting coefficients, and where we

introduced Au; 1/, = u; — uj_1. In this form, the method is completely
determined by the flux-difference splitting coefficients:

Ag.. = £max (0, £A) : Roe (2.36a)
Af = % (A + if) : Lax-Friedrichs  (2.36b)
1
Ag = 5 (A £ max (|A], [Aj41])) : Rusanov (2.36¢)
i 1 Uitr + .
A= — / (f'(u))™ du : Engquist-Osher (2.36d)
Ujtr — Uj Ju;
i+ fir1 — 2M; u
Aéod = 1 <A + fitfin It1/2 (f( )>) : Godunov (2.36¢)
2 Mj+1 — u]‘
o= A2 : droff f
Alw = 5 1+ A : Lax-Wendro (2.36f)

There is a one-to-one mapping between the numerical viscosity (2.31)
and the flux-difference splitting coefficients (2.36) such that:

At = % (A+£Q) and Q=A"-A". (2.37)

We will denote the methods in (2.31) and (2.36) as one-parameter methods.

2.2.2. Convergence and entropy stability

In this section we address two important questions associated with the
numerical methods (2.31):

e how do we know that a numerical method (2.31) converges to the
solution of the scalar conservation law (2.1);

e and since there are infinitely many weak solutions of (2.1), even if
the numerical method converges, how do we know that it converges
to the unique weak solution satisfying the entropy condition?
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To answer these questions we consider the conservation form (2.28) and
note that it is much more than just a convenient way to write the scheme
in the numerical viscosity form. Namely, Lax and Wendroff [74] proved
that if a conservative and consistent numerical method converges, then
it converges to a weak solution of the scalar conservation law (2.1). Un-
fortunately, the Lax-Wendroff theorem itself says nothing about whether
a method converges, and it says even less about the uniqueness of the
solution.

To address these two questions, we recall that (2.31) are one-parameter
methods, completely determined by the numerical viscosity coefficient Q.
Therefore, our two questions can be summarized as — what choice of Q
guarantees convergence to the unique weak solution satisfying the entropy
condition?

Convergence

We start by considering the Lax-Wendroff theorem and addressing the
question of conservation, consistency and convergence.

For the methods (2.31), the requirement to be written in conservation
form is satisfied by the definition of (2.28), while the consistency can be
shown by using the modified equation. Namely, the first-order accurate
methods (2.31a)—(2.31e) give a second-order accurate approximation to the
equation (see [91]):

2
ur+ f(u)y = %AA—Xt [(j;Q - c2> ux]x, (2.38)
where Q = Q (u,u) and ¢ = f'(u)At/Ax. It can be shown that by using
any Q from (2.31a)—(2.31e) in (2.38), by keeping ¢ = const. and passing
Ax — 0 we recover the scalar conservation law (2.1). The same property
can be shown for the second-order accurate Lax-Wendroff method (2.31f).
In order to prove the convergence, we need to show that the scheme is
stable in some appropriate sense. Herein, we will use the form of nonlinear
stability called the total variation stability. A weak solution to the scalar
conservation laws (2.1) has the following property (see Harten [50]):

TV(u(,0) STV (-, h), h>h, (2.39)

where TV is the total variation of an arbitrary function u(x):

TV(x) = limsup % | °:o u(x) — u(x — )| dx, (2.40)
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where for smooth u(x) we can write:
V(1) = / ' (x)| dx. (2.41)

Equation (2.39) is telling us that the total variation of solution is non-
increasing in time. Hence, it is natural to enforce this requirement on the
numerical method.

Definition 1 (Harten [50]%). A two-level method is called total variation dimin-
ishing (TVD) if, for any set of data u", the values u"*' computed by the method

satisfy:
TV(u"™) < TV (u"), (2.42)

where the discrete total variation is defined as:

TV (u") = .2 ullyq —ull. (2.43)

j=—00

We note that for TV(u") to be finite, one must assume u" = const. as
j — £oo (see [85, 138]). Hence, it follows from the Lax-Wendroff theorem
that if the methods (2.31) are TVD, then we expect they converge to some
weak solution of the scalar conservation law. This can be determined using
the classical result:

Theorem 1 (Harten [50], Tadmor [128]). A 3-point conservative scheme in the
form (2.28) is unconditionally TVD if and only if:

Ax )
(Aiv172] € Qjs12 < A Vj. (2.44)
It can be shown that methods (2.31a)-(2.31e) are TVD, while the Lax-

Wendroff method (2.31f) is not. We can also see that the lower and upper
bounds are in fact the Roe and Lax-Friedrichs schemes:

Qroe < Q < Qrxr- (2.45)

4The TVD concept has been introduced by Harten [50], while the Definition 1 is taken
verbatim from LeVeque [84].
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Entropy stability

Following the Lax-Wendroff theorem, a conservative, consistent and TVD
scheme converges to a weak solution of the conservation law. However,
we still do not know if the method converges to the entropy solution. If
the method converges to the entropy solution, we say that the method is
entropy stable.

Since the numerical method is completely determined by the numerical
viscosity coefficient Q, it is no surprise that the concept of entropy stability
is directly related to the numerical viscosity coefficient Q. This is not a
coincidence, and it has a deeper meaning — the unique weak solution we
wish to obtain is the limit solution of the parabolic equation (2.3) which
contains a certain amount of physical viscosity.

In order to see how are solutions to (2.1) and (2.3) related, we recall that
the parabolic equation (2.3) contains a viscosity v:

U+ f(u)y = vidyy, v >0. (2.46)

It is precisely this viscosity that guarantees that (2.46) has only one solu-
tion, and it is precisely the lack of this viscosity that causes (2.1) to have
discontinuous solutions and forces us to consider all weak solutions as
possible solutions to (2.1).°

However, the modified equation (2.38) shows that when we solve (2.1)
with a first-order accurate method, we are actually solving the following
equation with second-order accuracy:

2
ur+ f(u)y = %% [Duy],, (2.47)

where we introduce the inherent numerical diffusion:
At -
D="0Q-¢ 2.48
L0 (2.48)

The right-hand side of (2.47) has the same effect as the right-hand side of
(2.46). Hence, by solving (2.1) we are actually more accurately solving the
viscous equation (2.47) in which the viscosity is introduced by the numer-
ical method. This suggests that a certain amount of numerical diffusion

SLa nature ne fait jamais des sauts (French for “Nature does not make jumps”) — Gottfried
Leibniz, in New Essays, IV, 16. Leibniz’s axiom sums up a crux of the matter with the
hyperbolic conservation laws (2.1) — by neglecting viscosity, we allow jumps, which
leads to difficulties otherwise not encountered in real world.
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should guarantee convergence to the unique weak solution satisfying the
entropy condition. The critical question is how much numerical diffusion
do we need to make sure that the method converges to the unique weak
solution satisfying the entropy condition?

The Godunov scheme plays a central role in answering this question.
The Godunov scheme solves the Riemann problem exactly, and it can be
shown that it converges to the entropy solution [110, 127]. Osher [110] and
Tadmor [127] showed that any scheme with more numerical diffusion than
the Godunov scheme also converges to the entropy solution. Such scheme
are denoted as E-schemes and they satisfy the inequality:

sgn (uj — uj-1) [Fﬁuz — F5),] <0, (2.49)
or in terms of the numerical viscosity coefficient (2.31):

Qcod < Qr < Quxs (2.50)

where Qg is the numerical viscosity coefficient of an E-scheme, and the
upper bound has to hold due to the TVD condition (2.44). Among the
schemes considered in (2.31), the Lax-Friedrichs, Rusanov and Engquist-
Osher schemes are E-schemes, while the Roe and Lax-Wendroff schemes
are not.

Another way to obtain convergence to the entropy solution is to supple-
ment a scheme that is not entropy stable, such as the Roe scheme, with an
entropy fix. Then it is sufficient to show that the new scheme satisfies a
discrete version of the entropy inequality (2.5):

A
’7(u7+1) < n(uj) — ATi (le+1/2 — 1/1]-_1/2) , (2.51)

where ;1,2 = ¥(uj,uj;1) is the numerical entropy flux. A number of
different entropy fixes can be found in [84], but they are all designed for
standard methods and they are not suited to resolve the entropy violations
which we encounter in LTS methods. Therefore, we do not consider these
in much detail.

The third way to ensure convergence to the entropy solution is by show-
ing that the scheme is monotone. We recall that in addition to being entropy
stable, the unique weak solution to the scalar conservation law (2.1) satis-
fies the strict maximum principle (2.7). If the numerical scheme satisfies
this property on a discrete level, namely for:

m = mjn(u?), M = max(u?), (2.52)
] J
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if the numerical scheme ensures that:

uj € [m,M] ¥V jn, (2.53)
we say that the scheme is maximum-principle-satisfying. Monotone
schemes are maximum-principle-satisfying and their properties will be
studied in section 3.3 (p. 63). Among the schemes considered earlier (2.31),
the Godunov, Lax-Friedrichs, Rusanov and Engquist-Osher schemes are
monotone, while the Roe and Lax-Wendroff schemes are not. An impor-
tant feature of the monotone schemes is that they are E-schemes and that
they are at best first-order accurate [110]. More details on E-schemes and
monotone schemes, including proofs of statements above, can be found in
the books by Godlewski and Raviart [42] and Trangenstein [142].

2.2.3. CFL condition

We saw that the TVD condition led to a lower bound on the numerical
viscosity coefficient, corresponding to the Roe scheme. Further, E-schemes
imposed a stronger lower bound on the numerical viscosity coefficient,
corresponding to the Godunov scheme.

The upper bound of the TVD condition (2.44) is due to the CFL (Courant-
Friedrichs-Lewy) condition. Namely, the time step At in the standard
methods given by discretizations (2.28) and (2.35) is limited by:

- At
C = max |A(x,1)] Ax <1, (2.54)

which enforces that information from interface cannot travel more than
a single cell during a single time step. This is due to the fact that the
numerical flux function (2.29) depends only on neighboring cells:

Fj+1/2 =F (M]‘, uj-l—l) ’ (255)
which leads to a standard (3-point) method:

M]r-H_l =u (Ll]',1,1/l]', u]'Jr]) . (256)
The central topic of this thesis are explicit methods not limited by the
CFL condition (2.54). Namely, standard methods may be interpreted as a
special case of the (2k + 1)-point methods, where the parameter k defines
the size of the stencil. For standard methods k = 1, yielding a 3-point
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methods. We may relax the CFL condition (2.54) by increasing the domain
of dependence:
u}”l =u (Ujk, .-, Ujik) (2.57)

which leads to a new CFL condition:

- At
C = max |A(x,1)] o <k, (2.58)

where k is any positive integer. These ideas were originally introduced by
LeVeque [79, 80, 81] and used by a number of authors through the years
(see section 1.2 Historical overview for more details). Herein, we follow
Lindqvist et al. [91] who were (to the best of our knowledge) the first to
give closed forms of the numerical viscosity and flux-difference splitting
coefficients for LTS methods.

2.2.4. Large Time Step methods

For the LTS methods considered here, the basic conservation form (2.28) is
still valid, and it is the numerical flux function that is changed. The LTS
extension of the numerical viscosity form (2.29) is:

1
Z Q]+l/2+zAu]+l/2+1/ (259)

l——OO

1
Fiiip = 5 (f] +f]+1

and the LTS extension of the flux-difference splitting form (2.35) is:

At
Wt = Ax[:@glmlAw N21+Aﬁ4ﬁﬂA%+Uﬂa, (2.60)
i=0

where newly introduced indices will be explained below, and where we
introduce the convention:

Q'=AF=0 for |i|>k (2.61)

We note that (2.59) differs from [91] in a sense that we scale Q' by Ax/At.
In order to see how is the numerical flux function of an LTS method (2.59)
related to the standard numerical flux function (2.29), and how is the
LTS flux-difference splitting (2.60) related to the standard flux-difference
splitting (2.35), we consider Figure 2.1.

In the numerical flux function (2.59), the infinite sum contains contribu-
tions to the numerical flux function from different interfaces. The subscript
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of Q describes the absolute cell interface position, while the superscript
describes the relative cell interface position with respect to the interface
Xjy1/2- Hence, Q;: 124 tells us how the numerical viscosity coefficient Q
from the interface x;,1/2,; contributes to the numerical flux function at the
interface x;11,2, which is |i| cells away. This is illustrated in Figure 2.1a.
In the flux-difference splitting form (2.60), two infinite sums contain
contributions to the flux differences from different interfaces. The subscript
of A describes the absolute cell interface position, while the superscript
describes the relative cell interface position with respect to interfaces
xj_1/2 and x;;1/>. Hence, A;fl /2 tells us how the flux-difference splitting
coefficient A from the interface x;_1,,_; contributes to the flux difference at
the interface x;_; 5, which is |i| cells away. This is illustrated in Figure 2.1b.

o0 .
1

Py Qj+1/2+iAuj+l/2+i

i=—o00

-2 -1 ‘Y0 A, +1
Qi 328372 Qi 08U -1/2 1Q7 1 0AMj41/2) Qfyz/2MUjv3/2
— — — ! — ! — —

l l . l . l .

Xj—5/2 " Xj—3/2 " Xj—1/2 e Xjy1/2 " Xj+3/2 " Xj4+5/2
] ) ] Ui q ] u; J Ujiq ] Ujio ]

(a) Numerical viscosity form

[ . o0 .
i+ . . 1— . .
EO ATy D12 Eo Ai1 2481 /24

1+ " A0+ i" 40— l 1-
A5 pAujaya AT A1 AT Ml Ay pAjaya
o— ! o— | «0

‘0— R «—0 0’
1— ) 0— ) 0+ ) 1+ )
AT 080372 AT pBujayn Al Bl Ajs pBujia
«—O «—0 «—0 o— o— o—
° ‘ ° ‘ ° ‘ ° ‘ °
Xj—5/2 n Xj-3/2 n Xj-1/2 n Xjt+1/2 n Xj+3/2 n Xj+5/2
] Uiy ] uj ] u; ] Uiy ] Uin ]

(b) Flux-difference splitting form

Figure 2.1.: Updating of u;: domain of dependence of standard (dashed
boxes) and LTS methods (full boxes) in numerical viscosity
and flux-difference splitting forms.

The coefficients with the superscript 0 correspond to the standard meth-
ods (2.31) and (2.36).

Remark 2. We note that the absolute cell interface position has a meaning
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only with respect to a particular cell, for instance x; in the examples above.
In order to make our definitions of Q and A more general, and to simplify
the notation, we will suppress the absolute cell interface index. Then,
our definition of Q and A tells us how the numerical viscosity (or flux-
difference splitting) coefficient from an arbitrary interface contributes to the
numerical flux function (or flux difference) at the interface that is |i| cells
away.

Lindqvist et al. [91] determined the partial viscosity coefficients of the
LTS-Roe scheme:

Ql%oe - ’/\‘/ (262&)
: A
F = 2max (o, A — i;) for i>0, (2.62b)

the LTS-Godunov scheme:

(f(u)—&-iu%’f)jH—M,‘H/z (f(”)‘*‘i”%)

e for i<,

Qhoq = { 27210 ) for 1=0, (263
(f(u)—o—iu%).—Mj+1/2(f(”)+i”%) :
) Jqu_uj for i>0,
and the LTS-Lax-Friedrichs scheme:
Ax

QgXF — kXt, (2643)
= <iA T zﬁf) for > 0. (2.64b)

Lindqvist et al. [91] also determined the flux-difference splitting coefficients
of the LTS-Roe scheme:

. Ax Ax
it : _q
ARge = £ max (0, min <:i:}\ lAt , At>> , (2.65)

and the LTS-Godunov scheme:

; 1 . Ax
AGodj-1/2-i = Aty 1yp s <Mj—1/2—i (f(u) —(i+1) MAt>
. Ax Ax
M 12— (f(u) — mAt) + uj_iAt) , (2.66a)
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- 1 Ax
Al T e—— . .
God,j+1/2+i ﬁu]' Lot (M]-H/Z—H (f( ) iu 3t)

. A A
—Mi1/2+i <f(”) +({@+1u Af) + Ujgi Af) , (2.66b)

while Bore [10] determined them for the LTS-Lax-Friedrichs scheme:
; Ax
+
Afp = % </\ +k > . (2.67)

We note that for k = 1, (2.59) and (2.60) reduce to (2.29) and (2.35), re-
spectively. Lindqvist et al. [91] also showed that there is a one-to-one
mapping between the numerical viscosity and the flux-difference splitting
coefficients:

Lemma 1 (Lindqvist et al. [91]). For a given local multi-point scheme, there is
a one-to-one mapping between the coefficients A of (2.60) and the coefficients Q
of (2.59) as follows:

- 0 F1
=5 <A:I:Q F0 ) (2.68a)
Al — i% (Q?i - QW“)), ie{l,... k-1, (2.68b)
and:
2y i APY for i<0,
Q' = Yo (APt — AP7)  for i=0, (2.69)
—2) L AT for i>0.

We will denote the methods (2.62)—(2.64) and (2.65)—(2.67) as LTS one-
parameter methods. Namely, even though the numerical flux function (2.59)
may depend on more than one numerical viscosity coefficient Q, these
methods are natural extensions of the standard one-parameter methods.
2.2.5. Convergence and entropy stability

Convergence

The Lax-Wendroff theorem from section 2.2.2 also applies to LTS methods.
The conservation form is ensured by writing the LTS methods in the form
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(2.59), while the consistency of the LTS-Godunov, LTS-Roe and LTS-Lax-
Friedrichs schemes can be shown by using modified equation. The first-
order accurate LTS method gives a second-order accurate approximation
to the equation (see [91]):

B lez

up+ f(u)x = > AF

k—1
( Y AA)‘;QI'—&) ux] . (2.70)

i=1—k

By using any Q from (2.62)—(2.64) in (2.70), by keeping c = const. and by
passing Ax — 0 we recover the scalar conservation law (2.1).

The notion of TVD stability was generalized for multi-point schemes by
Jameson and Lax [65, 66] (see also Lindqvist et al. [91]):

Lemma 2. A multi-point conservative scheme in the form (2.59) is uncondition-
ally TVD if and only if:

2(Ax/At) =2Q011 /5 + Qi jp + Qjir2 2 0, (2.71a)
Q10 —2Q7Y 1+ Q2 F A2 2 0, (2.71b)

j +(i+1 +(i+2 . .
20+ 20, viz1, v (@710

LeVeque [80] showed that the LTS-Godunov scheme is TVD, while
Lindqvist et al. [91] showed that the LTS-Roe and LTS-Lax-Friedrichs
schemes are also TVD. Further, the property that the Roe and
Lax-Friedrichs schemes are the least and most diffusive possible TVD
schemes also holds in the LTS framework, where the coefficients of the
LTS-Roe and the LTS-Lax-Friedrichs schemes are the least and the most
diffusive coefficients possible, respectively.

Entropy stability

Entropy stability of LTS methods is less understood than that of standard
methods. In one of the papers on the LTS-Godunov method, LeVeque
conjectured that the LTS-Godunov method converges to the entropy solu-
tion provided the correct entropy solution is used for each Riemann problem [80].
However, rigorous proof turned out to be very difficult to obtain and to
this day it remains an open question.

Contributions to this matter have been made by Wang and Warnecke [144,
145] in the nineteen nineties, where they proved that the LTS-Godunov
and LTS-Glimm schemes are entropy stable for C < 2 if the flux function is
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monotone, and for an arbitrary Courant number if the initial data is mono-
tone. Later, Wang et al. [146] proved entropy stability of the LTS-Godunov
method for any Courant number for some additional types of initial data.
An example of monotone, hence entropy stable LTS method is an LTS
version of Lax-Friedrichs scheme studied by Tang and Warnecke [133]. In
section 3.3, we will show that the LTS-Lax-Friedrichs scheme of Lindqvist
et al. [91] is entropy stable by showing it is monotone. An interesting result
related to this matter is a monotone, entropy stable LTS-Engquist-Osher
scheme by Brenier [12]. Therein, author considers averaged multival-
ued solutions, and the LTS-Engquist-Osher scheme is deduced from the
transport-collapse operator.®”

Since the numerical viscosity coefficients of some LTS methods were
given only recently by Lindquist et al. [91], we are not familiar with
analysis of entropy stability along the lines of work by Osher [110] and
Tadmor [127] where the numerical viscosity coefficients Q are compared to
the numerical viscosity coefficient of the Godunov scheme. One difficulty
that immediately arises is that in LTS methods, the numerical diffusion in
the numerical flux function (2.59) is not uniquely determined by a single
Q. This leads to a possibility that different combinations of Q may result
in the same overall amount of numerical diffusion.

The recent paper by Lindqvist et al. [91] addressed question of entropy
stability by studying modified equation, an approach which we will employ
in section 3.2. In [91], modified equation and numerical experiments are
used to demonstrate that the LTS-Roe is not entropy stable. This is expected,
since it is an extension of the standard Roe scheme. Further, it is shown
that the LTS-Roe scheme leads to an entropy violation even more often
than the standard Roe scheme. This observation has been reported by other
authors as well. We will return to this point in section 3.2 where we will
discuss entropy stability of LTS methods in more detail.

6Brenier’s framework is quite different than the one considered in this thesis, and it
remains to be explored how to compare it to the entropy violating LTS-Engquist-Osher
scheme we will derive in chapter 3.

7An important point arising here is that LTS extensions of standard methods are not
unique. This will be addressed in section 3.1.4.
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2.3. Finite volume methods for systems of conserva-
fion laws

We consider systems of equations (2.13) and apply the integration proce-
dure which we used in section 2.2 to go from the scalar conservation law
(2.1) to the numerical method in conservation form (2.28). This results in
conservation form:

o At

i~ e (B2 = Fiap), 2.72)

with the numerical flux function defined as:

1 1 & .
Fiy12 =5 (Fj+Fa) — 5 Y. Q128U 244 (2.73)

1=—00

where the partial numerical viscosity coefficients Q; 1,2 ; are now matrices.
The corresponding flux-difference splitting form is:
Ut — U — 2y (A AU, AT AU : 2.74
i T VT Ax 2 j—1/2—i2 Y j—1/2—i + jH1/24i2 1/ 241 | (2.74)
i=0

where the flux-difference splitting coefficients Aﬁl /2 are now matrices.

We observe that (2.73) and (2.74) are simply expressions (2.59) and (2.60)
generalized to systems of equations, where we note that we immediately
used generalized LTS expressions because these naturally contain the
expressions for standard methods.

In order to generalize the ideas developed for scalar conservation laws
in section 2.2 to systems of conservation laws, we follow the standard ap-
proach which consists of linearizing the problem (2.13) and then applying
the theory developed for the scalar conservation laws to each characteristic
field. Consider the Roe scheme [120] where the numerical viscosity matrix
is given as:

Qroe = |Al, (2.75)

where A is the Roe matrix [120] satisfying following conditions:
e A is diagonalizable with real eigenvalues, i.e. it is hyperbolic;

e if U;, Ujy; — U, then A (Uj,Ujz1) = A(U), i.e. it is consistent with
the original conservation law;
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* A(UjUjn) (U1 = Uj) = Fjua — .

We then diagonalize the numerical viscosity matrix Q' and the flux-
difference splitting matrices A’* with the eigenvectors of the Roe matrix
as:

Q1= (RORTY) (2.76a)
AR = (RAiifrl)jH/Z, (2.76b)
where ) and A are diagonal matrices of eigenvalues:
Q = diag (w1, ..., wN), (2.77a)
A =diag (Aq,...,AN). (2.77b)

Lindqvist et al. [91] determined the eigenvalues for the LTS-Roe scheme in
the numerical viscosity form:

WRoe = |7, (2.78a)
Ax

wlﬁe = 2max (0, A — ZAt) for i>0, (2.78b)

and the flux-difference splitting form:

, Ax Ax
+ . )
ARge = T max <O,m1n (j:/\ — ZE, At)) . (2.79)

They also obtained the eigenvalues for the LTS-Lax-Friedrichs scheme in
the numerical viscosity form:

A
Wy = kA—’tC, (2.80a)

W, = k ;l (i/\ + kif) for i>0, (2.80b)

while Bore [10] provided them for the flux-difference splitting form:

: 1 Ax
i+
M = op </\ + kAt) , (2.81)

where we note that the operations above are applied in each characteristic
field.
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2.3.1. Convergence and entropy stability

Even though the Lax-Wendroff theorem also holds for systems of equa-
tions [84], it is in general not possible to prove convergence of numerical
methods for systems of conservation laws. In fact, a proof of convergence
for any finite volume method for a general system of hyperbolic conserva-
tion laws remains an outstanding open problem, see Bressan [13]. Situation is
better when it comes to entropy stability, and it is possible to prove entropy
stability of certain methods, for instance Godunov method [85], HLLE
method [33] and HLLC method with wave velocity estimates according
to Bouchut [11]. If these methods converge, we can be confident that they
converge to the entropy solution.

An important contribution to the questions of convergence and entropy
stability is the book by Bouchut [11], where preservation of invariant
domains and existence of entropy inequalities are used as stability criteria.
Therein, preservation of invariant domains is used to ensure positivity
preservation, while existence of entropy inequalities ensures the computation
of admissible discontinuities, and at the same time it provides a global stability,
by the property that a quantity measuring the global size of the data should not
increase, see Bouchut [11]. Our investigations of LTS methods for systems
of equations will be based on comparison with standard, more established
methods and on using well studied test cases. At best, we will give heuristic
arguments and conjecture on properties of the methods.
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There is much pleasure to be gained from
useless knowledge.

Bertrand Russell

LTS-HLL-type schemes

This chapter presents the main results of this thesis. These results have
been already described in 1.3 Goals and thesis outline, but we repeat them to
give the structure of the chapter:

e In section 3.1 we develop the framework of the LTS-HLL-type
schemes, and we develop LTS-HLL(C) schemes.

e In section 3.2 we investigate entropy stability of the LTS methods by
using the modified equation analysis.

e In section 3.3 we investigate monotonicity and positivity preservation
of the LTS methods.

3.1. Constructing the LTS-HLL and LTS-HLLC schemes

The HLL (Harten-Lax-van Leer) solver was proposed by Harten et al. [53]
as an example of a very simple and inexpensive approximate Riemann
solver for systems of hyperbolic conservation laws. In the original paper,
the HLL scheme assumes a two-wave structure of the solution and con-
structs the approximate Riemann solver by using estimates of the velocities
for the slowest and fastest waves. The choice of these estimates plays a
decisive role for the properties of the scheme. Namely, by an appropriate
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choice of the wave velocity estimates it is possible to tune the amount of
numerical diffusion, recover some existing numerical methods and achieve
an entropy stable and a positivity preserving scheme.

The choice of wave velocity estimates has been studied for instance by
Davis [29], Einfeldt and co-workers [33, 34], Toro et al. [139], Batten et al. [6],
Bouchut [11], Pelanti [114] and LeVeque and Pelanti [85]. In particular, the
choice of wave velocities according to Einfeldt [33] became very popular
because it yields an entropy stable and a positivity preserving scheme,
known as the HLLE scheme. However, simplicity of the HLL scheme
is owing to the fact that it is an incomplete Riemann solver. Namely, by
assuming a two-wave structure of the solution, the HLL scheme imposes
a single intermediate state across the Riemann fan. Because of this, the
HLL scheme may poorly resolve certain waves in systems where solution
structure consists of more than two waves. Einfeldt [33], Linde [89] and
Park [112] introduced modifications of the HLL scheme in which the
resolution of intermediate waves is improved. For the Euler equations,
Toro et al. [139] proposed the HLLC (HLL-Contact) solver in which the
contact discontinuity is reconstructed by assuming a three-wave structure
of the solution.

As stated above, the original HLL scheme assumes a two-wave structure
of the solution and it was originally intended as a solver for systems of
equations. Later developments of the HLL scheme continued to work along
these lines, and the same applies to the HLLC scheme which was designed
as a solver for the Euler equations. We followed this same approach in our
paper [P2] where we used the HLL and HLLC schemes for the system of
conservation laws as the starting point.

Herein, we adopt a slightly different approach and interpret the HLL
scheme as a method for scalar conservation laws. We define the HLL-type
schemes, a class of standard two-parameter methods that also includes the
one-parameter methods (2.31) and (2.36) considered in chapter 2. The
new framework can be written in both numerical viscosity (2.29) and flux-
difference splitting form (2.35). By introducing notion of waves [84], we can
also write the new scheme in wave propagation form, which will provide
a new insight into the TVD condition. Further, by interpreting the HLL
scheme as a scheme for a scalar conservation law we are able to rigorously
study its convergence and entropy stability.

The extension to the LTS-HLL scheme is made as in the previous chapter,
following the work of Lindqvist et al. [91]. We define a class of LTS
two-parameter methods, which allows us to obtain LTS extensions of

34



some standard one-parameter methods in a very simple way. Lastly, the
extension to systems of equations is done as earlier by a classical field-by-
field decomposition into characteristic variables.

A number of ideas that will be used in this section have been recognized
and used by different authors, for instance Harten and Hyman [52], LeV-
eque [83, 84], Bouchut [11], Pelanti [114] and Einfeldt [33]. Our framework
naturally incorporates these ideas as will be described in more detail below.

3.1.1. Standard HLL scheme for scalar conservation laws

Once again, we are interested in solving the scalar conservation law (2.1):
ur+ f(u)y =0. (3.1)

In the previous chapter we solved (3.1) by using standard one-parameter
methods written in the numerical viscosity (2.29) and flux-difference split-
ting (2.35) form. Herein, our first goal is to establish the HLL scheme.

We start by retaining the basic assumption of HLL-type schemes and
assume a two-wave structure of the solution. This leads to a simplest
possible two-wave Riemann solver:

Uj if x< SL,j+1/2t,
ﬁj+1/2(3€/t) = M}'__I'_LlL/z if SL,j+1/2t <x < SR,]'+1/2t, (3.2)

Ujiq if x> SR/j+1/2t,

where Sp ;12 and Sgj.1/2 are wave velocity estimates (that are to be
HLL
j+1/
Riemann solver (3.2) is consistent with the integral form of the conservation
law (3.1):

determined later on), while u:}5", is the intermediate state such that the

HLL __ SRuj—l—l - SLuj +f] - f]'+1

Uity = Sn— 51 (3.3)

where we suppressed the interface index on S;, and Sg because the interface
index is given on the left-hand side. We refer to Toro [138, p. 319] for step
by step derivation of (3.3). By using (3.2) in (2.26) we may write the HLL
scheme in the conservation form (2.28) with the numerical flux function:

mr  Sefi— Sy fiv1+SL Sk (w1 —u)
j+1/2 — S+ — 5
R L

, (3.4)
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where ST = max(0,5) and S~ = min(0,S). Further, by equalizing (3.4)
with (2.29) we can find that the numerical viscosity coefficient is:

Sr| (A —=8S1) +|SL| (Sg — A
QHuLLj+1/2 = ISkl ( L)+ [Su| (5w )~ (3.5)
SR —S.

Similarly, the flux-difference splitting coefficients are:

SI—{ ()\— SL) —|—S]—f (SR —)\)

AIJ—rILL,jJrl /2= Sk — S, , (3.6a)
) Sg (A= S1) +S; (S — )
HLL,j+1/2 — . S — Si / (3.6b)

where we recall that A was defined in (2.32).

Therefore, the HLL scheme is a class of standard two-parameter methods,
where the NV and FDS coefficients depend on free parameters Sy, and Sg.
We can show that this class contains all standard one-parameter methods
described by (2.31) and (2.36).

Lemma 3. Consider a standard one-parameter conservative scheme written in the
numerical viscosity form (2.29), which is uniquely determined by the numerical
viscosity coefficient Qs. By defining Sy, and Sg in the HLL scheme (3.5) as:

SL=-Qs, Sk=0Qs (3.7)

the numerical viscosity coefficient of the HLL scheme becomes:
Qnrr = Qs. (3.8)
Proof. Use (3.7) in (3.5).! O

We have the equivalent results for the flux-difference splitting form:

Lemma 4. Consider a standard one-parameter conservative scheme written in
the flux-difference splitting form (2.35), which is uniquely determined by the
flux-difference coefficients Agt. By defining Sy, and Sy in the HLL scheme (3.6) as:

SL=A; —Af, Sp=A!-A;, (3.9)
the flux-difference splitting coefficients of the HLL scheme become:
Af, = A (3.10)

IWe note that this is not completely original results and that it was observed already
by Davis [29] for the Rusanov and Lax-Friedrichs schemes as applied to the system
of equations, and by Toro et al. [139] — “Other obvious choices reproduce star fluxes

Fj* 11/2 associated with familiar schemes.”
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Proof. Use (3.9) in (3.6). O

We note that (3.7) and (3.9) are equivalent, due to relation (2.37).

We described standard one-parameter methods as a special case of
standard two-parameter methods consisting of two waves. This has a very
natural geometrical interpretation. Namely, even though solution of the
Riemann problem for the scalar conservation law with strictly convex (or
concave) flux function consists of either a shock or a rarefaction wave (see
(2.9) and (2.11)), most of schemes in flux-difference splitting form (2.36)
solve the Riemann problem by splitting a discontinuity into left- and right-
going contribution that updates the cell to the left and right, respectively.
However, there is a subtle difference in a way the flux-difference splitting
and the HLL-type scheme split the Riemann problem, which we now
describe.

Figure 3.1a shows a geometrical interpretation of the flux-difference
splitting form (2.35), where A~ Au corresponds to the left-going, and A Au
to the right-going contribution, respectively. Figure 3.1b shows the HLL-
type scheme where S; W! corresponds to the left-going, and SRW? to the
right-going contribution, respectively. The name wave formulation follows
from the fact that the HLL-type scheme splits the discontinuity into two
waves separated by the intermediate state u'''l. These waves are then
transported with the corresponding velocities S; and Sg.

ur, uy

| 5 — |
' 1 S.oo yHLL

A" =5(A-Q): AT =1(A+Q) gy

— —
. : Sr
: "
; UR : Ur
(a) Flux-difference splitting (b) Wave formulation

Figure 3.1.: Geometrical interpretation of how different numerical forms
split the discontinuity.

Since the HLL-type scheme consists of two waves, we can write the

updating formula for u}”l in the wave propagation form (see [85, p. 80]):

At [ & 2
+1_ P WP P, p
wit = uj— Ax <215j—1/2wj—1/2 + lej+1/2wj+1/z> / (3.11)
p= p=
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where we introduce the notation S7* = max (0,S7), S~ = min (0,S?),
and we define the wave velocities:

1 2
Siv172 = Suj+1/2, Sjp1/2 = SRj+1/2 (3.12)
and the waves:
1 _ HLL 2 _ HLL
W]'+1/2 — uj+1/2 - 1/[]', Wj+1/2 — u]'+1 - uj+1/2. (313)

For standard, one-parameter methods it is easy to show that:

_ 1
Ag +1/28Uj 4172 ) (Ajt1/2 — Qsjjt1/2) Attjr1yo

_ HLL
=Stz (Wl — ) = Z St Wi (G19)
N 1
Agi12Mj11/2 =5 (Ajr172 + Qsjr1/2) Atjia /2
HLL p+
=SRj+1/2 (”j+1 - u]‘+1/2) = Z S]+1/2W 41/2-  (B.15)
p=

This new framework provides a new insight into some properties of one-
parameter methods. For standard-one parameter methods, (3.11) becomes:

At
wit = — Ax (QS,] 1/2 (”J J}If]iL/2> ~Qsjnn ( Ui - )) (310

where by using (3.7) in (3.3) we have that an intermediate state of a one-
parameter method is:

Ly _ 1, 1 Ajr1y2
Uitz =5 (uj+ujs1) — 5

Uil — Ui) . 3.17
2 QS/j-i,—l/Q ( ]+l ]) ( )

By looking at fig. 3.1 we heuristically argue that the intermediate state of
the one-parameter method should lie between the left and right state:

HLL(1 .
“j+1/(2) € [min (uj,uj11), max (uj, uj1)] - (3.18)
By enforcing this condition we find it is satisfied for:

Aiv12| < Qsjvia V5, (3.19)
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which we recognize as the lower bound of the TVD condition (2.44). We
can see that in the wave propagation form, the upper bound of TVD
condition limits how far can waves travel, while the lower bound limits
the magnitude of the waves. We can show that (3.19) implies (3.18) by
rewriting (3.18) as:

HLL(1)

uj > Uit1 >ujyr if uj > g, (3.20)
HLL(1 .
uj < ”j+1/(2) <uj if uj < ujy1. (3.21)

We suppress the interface indices and observe that when u; > u;, 1, the left
inequality can be rewritten as:

Qs

Since uj;1 — u; < 0, we require that:

% (1 - A) (uj41 —uj) <0. (3.22)

A
1——>0. 3.23
Qs — (3:23)
For A > 0, we obtain that:
Qs > |Al, (3.24)
while for A < 0 we obtain:
Al
14— >0, 3.25
Os (3.25)

which is satisfied for any Qg > 0. The remaining cases are done in the
same way.

We can make several observation by considering uﬂLlL/(;), eq. (3.17). The
Roe scheme in flux-difference splitting form consists of a single disconti-
nuity traveling either to the left or right, i.e. either Ay . =0or A} . =0.
The wave propagation form consists of two waves traveling to the left and
right, but it can be shown that by using Qree in (3.17) we obtain that either

HLL _ . HLL _ .. .
Uiiqjp = Uj OF Uii3n = Ujt1, hence one of the waves W is equal to zero.

This fits into the discussion above, since the Roe scheme is precisely the
lower limit of the TVD condition.
Next, for the Lax-Wendroff scheme, Qi.w = A2At/Ax, we obtain:

1 11 Ax
HLL-LW _
uiajz = 5 (i) = 5550 (e =), (3.26)
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and the intermediate state is outside R, except when |A| = Ax/At.2

Further, in the case of transonic shock or transonic rarefaction when
A = 0, the Roe and Lax-Wendroff schemes do not have well defined
intermediate state, since term A/Qsg in (3.17) becomes 0/0 and Ax/0,
respectively.

Finally, we know that for the central scheme Qc = 0. By using this in
(3.3) the fraction on the right-hand side explodes, which explains why the
scheme is unstable.

3.1.2. Convergence and entropy stability

We are now interested in convergence and entropy stability of the HLL-type
scheme. As in previous chapter, we start by considering convergence to
a weak solution along the lines of the Lax-Wendroff theorem. Then, we
obtain stronger conditions to ensure convergence to the entropy solution.

Convergence

The question of conservation was already discussed and we do not repeat it
here. Consistency may be shown as earlier, by using the modified equation:

Lemma 5 (Prebeg [P1]). The HLL scheme with the numerical viscosity coefficient
(3.5) is consistent with the scalar conservation law:

ur+ f(u)y =0. (3.27)

Proof. Standard first-order methods give a second-order accurate approxi-
mation to the equation:

2
u+ f(u)y = %% [(j}i@ — c2> ux] ) (3.28)

By using (3.5) in (3.28) we obtain that the HLL scheme gives a second-order
accurate approximation to the equation:

1Ax?

ur+ f(u)y = 5 Ar [DHLLUx], (3.29)

2Gecond-order accurate schemes are often achieved by using the wave limiters which, as
the name suggests, limit the magnitude of the waves W. Author conjectures that TVD
wave limiters are precisely those that ensure that, at the discontinuities, the intermediate
state lies within R.
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where:

c—c
Dyip = — LL (|CR| — C%{)
CR—C >
- - —C), 3.30
. (Je] —¢f) + (¢ —cL) (cR —¢) (3.30)

where ¢, = SpAt/Ax and cr = SrAt/Ax. By keeping ¢ = const. and
passing Ax — 0 we recover the scalar conservation law (3.27). O

Next, we obtain conditions for the TVD stability:

Lemma 6. The HLL scheme with the numerical viscosity coefficient (3.5) is TVD
Ax Ax

—ap SOL2 S A2 SSRm2 S S Y (3.31)

Proof. We suppress the interface indices and recall that a standard conser-
vative scheme is unconditionally TVD if and only if:

Ax
< < — .
A <Q<—+ (3.32)
where for Qurr we require the following:

Sr — S - E
The upper bound in (3.33) can be rewritten as:

(=50 (15 = 55 )+ (5w =) (Isu] - 55 ) <0, (@39

which is always satisfied when the outer inequalities in (3.31) hold. The
lower bound in (3.33) can be rewritten as:

(A =50) (ISRl = [A]) + (Sg = A) (S| = [A]) =2 0, (3.35)

which is always satisfied when the inner inequalities in (3.31) hold. O
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Entropy stability

The TVD stability result above does not tell us if the scheme converges to
the unique entropy-satisfying weak solution of the scalar conservation law.
We can show that a scheme is entropy stable by using entropy functions,
by showing that it is an E-scheme or by showing that it is monotone.

Herein, we will use entropy functions to show that the HLL scheme with
the choice of the wave velocities according to Einfeldt [33]:

SL = min (/\]-H/z,f'(uj)) ’ (336&)
SR = max (}\]‘Jrl/z, f'(uj+1)) ’ (336b)

is entropy stable.® Our proof closely follows the proof by Pelanti et al. [114,
p- 12] (see also [52, 42]).

We consider the discrete Riemann problem (2.8) for the scalar conser-
vation law (3.1) with a convex flux function f(u). If the solution to the
Riemann problem is supposed to be a shock (2.9), the HLLE scheme yields
S;, = Sg = A, and it can be shown that in the limit when S;, Sg — A, the
HLLE scheme becomes the Roe scheme and the solution is:

~ ur, if x <At
t) = 3.37
u(x/t) { UR if x> At. (3.37)

If the solution is supposed to be a rarefaction (2.11), the HLLE scheme
yields Sy = f'(u;) and Sg = f'(u;;1), and the solution is:

up, if x< f/(uL)t,
i(x/t) =< ul if  fup)t < x < f'(ur)t, (3.38)

URr if x> f/(MR)f.
If the rarefaction is a transonic rarefaction, i.e. f'(up) <0 < f’(ug), certain
schemes (such as the Roe scheme) may lead to an entropy violation. If the

HLLE scheme is entropy stable, the solution (3.38) must satisfy the integral
form of the entropy condition (2.5):

/ " / o D10+ (] dad <0 (3.39)

3In Einfeldt’s paper [33], the HLLE scheme is developed for the Euler equations. We will
denote the choice (3.36) as the scalar HLLE because it is equivalent to applying the
original Einfeldt’s choice to the scalar conservation law.
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By using u = #(x/t) and integrating (3.39) we obtain:

Ax

[ nesan)dx < 5 (rln) + () = A (plum) — 9(n). (3.40)

-7
Since (3.38) consists of piecewise constant data, the left-hand side is:

Ax

/_; n(ii(x/At))dx = n(ufth) (SgAt — SLAY)

2

+n(ur) (SLAt + Azx) + 1 (uRr) <A2x — SRAt> . (341)

The outer bounds enclosing !l in (3.38) are physical signal velocities that
also appear in the exact solution (2.11), so we know from the conservation
principle that u'Ll is equal to the integral of the exact solution uf(x/t)
from f'(up)At to f'(ug)At:

yHL = _r /SRAt ub (x/At)dx (3.42)
~ At(SrR—SL) Jsia ’ )

where we used that S = f'(ur) and Sg = f'(ug) are the outer bounds of
the exact solution (2.11). By using Jensen’s inequality we have that:

1 St
HLL) E
n(u"r) < At (Sx —51) /SLt n(u®(x/At))dx. (3.43)
By using (3.43) in (3.41) we obtain:

ax SrAt

[ nt@eranyde < [ g (o an)ax

LAt
A A
+ 1 (ur) <SLt + 2x> + 17 (uRr) <2x — SRAt) , (3.44)

where the right-hand side is the exact solution:

Ax Ax

/_;W(ﬁ(x/At))dxg/_ZU(uE(x/At))dx

2

< 5 (o) + n() — At () — p(un)), (345)

where the last inequality follows from the fact that the exact solution
satisfies the entropy inequality. Hence, we showed that the HLLE scheme
is entropy stable, provided that the TVD condition (3.31) is satisfied.
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3.1.3. LTS-HLL scheme for scalar conservation laws

In addition to the numerical viscosity and the flux-difference splitting
form, we recall that it was also possible to write the updating formula of
a standard method in terms of the solutions to the neighboring Riemann
problems (see (2.26)):

1 /7
u7+1 = /0 ’ Uj_1/2 (x/At)dx + —/ Ujr1/2 (x/At)dx,  (3.46)

where i;_1/5(x/t) is the approximate solution to the local Riemann prob-
lem at the cell interface x;_1,,. Since in LTS method the value of u]”+1 ay
depend on more than three cells, it might also depend on more than two
Riemann problems. Following LeVeque [81] (see also Lindqvist et al. [91])
we may write the general updating formula of LTS method in terms of

solutions to all Riemann problems in the domain of dependence:

ut = Z / o= Y w, (3.47)

|=—c0
where 11 ,1/5_; is the solution to the Riemann problem at x;,1/,_; and:

X = Xjy1/2—i
6= —1o (3.48)
We note that (3.47) reduces to (3.46) when C < 1.

To obtain the numerical viscosity and flux-difference splitting coefficients
of the LTS-HLL scheme, we follow our paper [P2] and use (3.2) in (3.47)
to determine the flux-difference splitting coefficients, and then use the
formula (2.69) to directly obtain the numerical viscosity coefficients. For a
slightly different approach, which includes geometrical consideration and
more heuristic arguments we also refer to our paper [P2], where as the

starting point we used HLL(C) schemes for systems of equations.

Proposition 1 (Prebeg et al. [P2]). The LTS-HLL scheme can be written in the
flux-difference splitting form (2.60) with coefficients:

; A=S Ax Ax
[ = L . .
A == T max (0, min <:i:SR ZAt At))
SR—A ) Ax Ax
+ T max (0, min <:|:SL — ZE, At)) . (3.49)
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Proof. The HLL Riemann solver (3.2) can be written as:

Ujr1/2(¢) = uj+ H(Z — Si) (M%L/z - “j) + H( — Sr) <“j+1 - u}_—li-LlL/Z)

(3.50a)
= w1 — H(Sy = §) (w72 — 1) = H(Sk = ) (w1 — 2
(3.50b)
where H is the Heaviside function. By using (3.3) we can rewrite this as:
~ H(—S1) H(Z — Sr)
@) =+ (T g 60 =)+ S0 -5 ) G~ )
(3.51a)
H(S, —¢ H(Sr —(
i ( S(RL— St ) (Sx=A)+ S(RR— SL : (- SL)) (1 =)
(3.51b)

We then use (3.51a) in (3.47) and note that for i < 0 we can write:
i% ~ Ax (—i)—
/(i—l)gf Ujy1/2-i(Gi)dg = T bii ~ Ay (ujpr-i —uj—i),  (3.52)

where A~ is the flux-difference splitting coefficient:

i A— SL . Ax Ax
1 — JRE—
AL = 751{ s min <O, max <SR +1 AT A ))
SR —A . Ax Ax
+ S min <O, max (SL + 1E' _At>> . (3.53)

Similarly, we use (3.51b) in (3.47) and note that for i > 1 we can write:

i% ~ Ax i—1
L Bra(6048 = Frupai = AL (i =), (359
— A

where A’ is the flux-difference splitting coefficient:

; A—S Ax A
AZ;{LL = SL max (0, min <SR — iA—J:, Af))

- Sg—Sp
SR —A . Ax Ax
+ S max <O, min (SL — i At>> . (3.55)
Substituting (3.52) and (3.54) into (3.47) we recover the LTS method in the
flux-difference splitting form (2.60). O
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Proposition 2 (Prebeg et al. [P2]). The LTS-HLL scheme can be written in the
numerical viscosity form (2.59) with coefficients:

|SR| (A —SL) +[SL| (Sr — A)

Qbr = Sk — 5. , (3.56a)
;_FIiL = ZS);_—S_‘GLL max <O +Sg — 12?)
+2 SS;__ SAL max (o, £S5, — ii’f) for i>0. (3.56b)
Proof. Use (3.49) in (2.69) to recover (3.56). O

In addition to NV and FDS form, we may also write the LTS-HLL scheme
in the wave propagation form (3.11):

n+l _ .. pi+ pi— p
uf B Ax Z (Z S] 1/2—i ] 1/2— z+ Z S]+1/2+in+1/2+i> ’

(3.57)
where we recall that S' = S and S? = Sy (eq. (3.12)). The wave velocities
(3.12) are modified as:

. Ax A
SPiE — 4 max (0, min ( +SP A’; A’; >> (3.58)

We recall that the interface indices on A, Q and S¥ have been suppressed,
and we refer to remark 2 (p. 25) for explanation of the notation.

3.1.4. A class of LTS one-parameter methods

In Lemmas 3 and 4 we showed that the standard one-parameter methods
(2.31) and (2.36) can be deduced from the HLL-type scheme by appropriate
choice of S;, and Sg. This motivated the question if we can obtain LTS
one-parameter methods from the the LTS-HLL-type scheme by appropriate
choice of S, and Sg.

We begin with the LTS-Roe and LTS-Lax-Friedrichs schemes because we
already have their NV and FDS coefficients. We may recover the LTS-Roe
scheme in the NV (2.62) and FDS (2.65) form by using;:

SL = _QRoe/ SR = QRoe/ (359)
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in the LTS-HLL-type scheme in the NV (3.56) and FDS (3.49) form, respec-
tively. In order to obtain the LTS-Lax-Friedrichs scheme in the NV (2.64)
and FDS (2.67) form, we must use:

SL = —kQixr, Sr = kQixr, (3.60)

in the LTS-HLL-type scheme in the NV (3.56) and FDS (3.49) form, respec-
tively. This illuminates an important point related to the Lax-Friedrichs
scheme. The numerical viscosity coefficient of the standard Lax-Friedrichs
scheme (2.31b) was defined as:

QLXF = AX/At, (361)

while the partial numerical viscosity coefficient of the LTS-Lax-Friedrichs
scheme (2.64) associated with i = 0 was defined as:

Q¥ 1.5 = kAx/At. (3.62)

In order to obtain the LTS-Lax-Friedrichs scheme (2.64) from the LTS-HLL-
type scheme (3.56), we must use (3.62). We can now see that in the standard
Lax-Friedrichs scheme (3.61) the coefficient k = 1 is implicitly assumed,
and that the numerical viscosity coefficient of the standard method in fact
reads Qi = kAx/At.

Having obtained the LTS-Roe and LTS-Lax-Friedrichs schemes by fol-
lowing the approach used for standard methods (see Lemmas 3 and 4), we
establish equivalent results for other LTS methods.

Proposition 3. Consider a first-order accurate, LI'S one-parameter conservative
scheme written in the numerical viscosity form (2.59), which is uniquely deter-
mined by the partial numerical viscosity coefficients Qk. By defining Sy, and Sg
in the LTS-HLL-type scheme (3.56) as:

SL=-Qs, Sr=0Qs (3.63)
the numerical viscosity coefficients of the HLL-type scheme become:
Q% = Qs, (3.64a)
o= A éSQS max <O,j:Q5 - zif)
+ QSQ; A max (0, FQs — ii’f) for i>0. (3.64b)
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Proof. Use (3.63) in (3.56) to obtain (3.64). O

Proposition 4. Consider a first-order accurate, LI'S one-parameter conservative
scheme written in the flux-difference splitting form (2.60), which is uniquely
determined by the flux-difference splitting coefficients Agi. By defining Sy, and
Sr in the LTS-HLL-type scheme (3.56) as:

SL=Ag —A{ =—-Qs, Sp=A{—-A5 =Qs, (3.65)

the flux-difference splitting coefficients of the HLL-type scheme become:

Agi =4 A+ Qs max <O,min (:l:Qs - iAx Ax>>

205 AT At
Qs—A . Ax Ax
+ 20 max | 0, min | FQg ZAt AL . (3.66)
Proof. Use (3.65) is (3.49) to obtain (3.66). O

We obtained a framework of LTS two-parameter methods that contains
already existing LTS-Roe and LTS-Lax-Friedrichs schemes, and allows us
to directly obtain an LTS extension of any first-order accurate standard
one-parameter method. We note that an LTS extension of standard method
is not unique. In our framework, what makes an LTS method an extension
of a standard method is the fact that they are based on the same NV (or
FDS) coefficients, and that the LTS method reduces to the standard method
for C < 1. Newly developed LTS extensions include:

o LTS-Engquist-Osher: Framework established above provides an LTS
extension of the Engquist-Osher scheme. In the next section, we will
show that our LTS-Engquist-Osher scheme is not entropy stable. On
the other hand, Brenier [12] developed a monotone (hence entropy
stable) LTS-Engquist-Osher scheme. Unfortunately, we do not know
NV or FDS coefficients of the LTS-Engquist-Osher scheme by Brenier
so at the moment we cannot compare these two.

o LTS-Godunov: Using Sp, = —Qgoq and Sg = Qgoq does not recover
the LTS-Godunov scheme of Lindqvist et al. [91]. In our framework,
every scheme can be interpreted as the two-wave Riemann solver (3.2),
and that also applies to our LTS-Godunov scheme when the solution
is supposed to be a rarefaction. On the other hand, the LTS-Godunov
scheme of Lindqvist et al. [91] splits a rarefaction into as many waves
necessary to resolve it exactly (to projection error) on the given grid.
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o LTS-Lax-Wendroff: Propositions 3 and 4 are stated for first-order accu-
rate schemes. A straightforward LTS extension of the Lax-Wendroff
scheme seems to be unstable. This issue is currently being investi-
gated, and as a possible cause of failure we note that for standard
methods we have:

A<l <1 = Qrw < Qroe < Qrxr (3.67)

However, for LTS methods with an arbitrary Courant number, the nu-
merical viscosity coefficient of the Lax-Wendroff scheme may exceed

both QRoe and QLxF~

3.1.5. Convergence and entropy stability
Convergence

All considerations regarding the convergence of existing LTS methods (see
section 2.2.5) also apply to LTS-HLL-type schemes. Namely, following the
Lax-Wendroff theorem we are able to show that LTS-HLL-type methods
with certain restrictions on the wave velocity estimates Sy, and Sg converge
to a weak solution.

The question of conservation was already discussed and we do not
repeat it here. Consistency may be shown as earlier, by using the modified
equation:

Lemma 7 (Prebeg [P1]). The LTS-HLL scheme with the numerical viscosity
coefficient (3.56) is consistent with the scalar conservation law:

1253 +f(1/l)x =0. (368)

Proof. First-order methods give a second-order accurate approximation to

the equation:
1A | (i A
== ( Z EQI — c2> ux] . (3.69)
X

ur 4 f(u)x = > A

i=1-k

By using (3.56) in (3.69) we obtain that the LTS-HLL scheme gives a second-
order accurate approximation to the equation:

1 Ax?
up+ f(u)x = AL [Drrs-HLLYxy , (3.70)
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where:

Dursine. = - ([lel] = lex]) (1 +ce| = [lex]])
= (Tlewl] = fecl) (1 + fec| = Tlew|T)
R L
+(c—cp)(cr—¢), (3.71)

where ¢, = SLAt/Ax, cr = SrAt/Ax, and [¢| = min{n € Z|n > c} is a
ceiling function. By keeping ¢ = const. and passing Ax — 0 we recover the
scalar conservation law (3.68). O

To show TVD stability we use the TVD conditions for the LTS method in
terms of the numerical viscosity coefficients, see (2.71).

Lemma 8. The LTS-HLL scheme with the numerical viscosity coefficients (3.56)
is TVD if:

Stj+1/2 < Ajp172 < Srjr172, Vi (3.72)

Proof. We suppress the interface indices and note that by substituting (3.56)
in (2.71a)—(2.71c) the TVD conditions become:

At

))
)
))
Ax >>
))
))

(A — Sp) max (0, min <iZSR,

+ (Sr — A) max (0, min <j:25L,4 F 25, 0, (3.73b)

Ax A

(A —Sp)max | 0, min | £Sg —i—, FSr + z—x +2
At At
. Ax Ax
+(SR—)\)max<0,mm<iSL—1A,$SL+ A +2 >0 V i>1,

(3.73¢)
which are always satisfied under the condition (3.72). O
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Entropy stability

The discussion on entropy stability of existing LTS methods from sec-
tion 2.2.5 also applies here. We note that in general, the class of TVD
LTS-HLL-type schemes is not entropy stable, because this class includes
the entropy violating LTS-Roe scheme. We will address the question of
entropy stability in LTS methods in section 3.2 by using the modified
equation analysis.

3.1.6. LTS-HLL(C) schemes for systems of conservation laws

The LTS-HLL-type schemes can be extended to systems of equations fol-
lowing the same way the already existing LTS methods have been extended
to systems of equations, see section 2.3. A slightly different approach
to obtain the LTS-HLL scheme for systems of equations is given in our
paper [P2], where we start with the standard HLL(C) schemes for systems
of equations and extend them to the LTS framework. Our paper [P2]
also includes analysis of numerical diffusion in the LTS-HLL scheme for
the Euler equations, and numerical results for both LTS-HLL(C) schemes
applied to the Euler equations.

Up to now, we did not explicitly present the HLLC and the LTS-HLLC
schemes. This is due to the fact that we did not develop a scalar counterpart
of the HLLC scheme, and because the HLLC scheme does not naturally
fit into the NV and FDS form. Nevertheless, an LTS-HLLC scheme in a
conservation form can be obtained in a relatively straightforward manner
and we refer to our papers [P1, P2] for more details.

Herein, we show that both LTS-HLL(C) schemes for systems of equations
can be also written in the wave propagation form. This can be done by
combining elements of wave propagation form and the HLLC scheme, as
is done for instance by Pelanti and Shyue [115]. We skip technical details
and give a final result.

An LTS scheme for scalar conservation law in the wave propagation
form (3.57) can be extended to systems of equations as:

nt+l _ pi+ p
Uj =U; -+ Z (Z S] 1/2—i ] 1/2-i 1 Z 5]+1/2+1Wj+1/2+i) ’

(3.74)
where for the HLL scheme m = 2, and the wave velocities are:

St=5, §%=5g, (3.75)
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while the waves are:
Wi =0 -0y, (3.76a)

Wi, =U; - U, (3.76b)

where UH “i/, is determined following the same principles as for the in-
termedlate state in case of scalar conservation law (3.3). For the HLLC
scheme applied to one-dimensional Euler equations m = 3, and the wave
velocities are:

St=5;, $*=5c, §°=5g, (3.77)
while the waves are:

Wl 1/2 = UL] 12— Uj-1, (3.78a)

WZ 12 = UE]LL?/z UE]LE?/Z/ (3.78b)

WP, = UIHC — U, (3.78¢)

where the definition of the contact wave velocity Sc and the intermediate
states UEIﬁLﬁl / can be found in our papers [P1, P2] and in paper by Toro
et al. [139] and the book by Toro [138], from where we adopted them. All
velocities are modified in the same manner as:

Ax Ax
Sit LCcRr = T max (0 min <:&:SLCR At' At>) . (3.79)

3.1.7. Choice of the wave velocity estimates S; and Si

We now address the question on how to choose the wave velocity estimates
Sp, and Sg. This question was left open in the original paper where the HLL
scheme was introduced [53], and was addressed by a number of authors in
the coming years, see beginning of section 3.1. Herein, we outline some of
velocity choices as applied to systems of equations, and we note that all
of these also apply to the HLLC scheme and to the LTS extensions of the
HLL(C) schemes.

We have already seen that for the scalar conservation laws, we can recover
standard one-parameter methods from the standard HLL-type framework
by an appropriate choice of Sy, and Sg. In addition, we constructed gen-
uinely two-parameter HLLE scheme. For systems of conservation laws, we
can exactly deduce one-parameter methods from the HLL-type framework
only for systems with two equations. If system of equations has more
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than two equations, we can exactly deduce only those one-parameter meth-
ods which consist of two waves (such as the Lax-Friedrichs scheme), but
not those schemes that consist of more than two waves (such as the Roe
scheme).

For example, by defining:

SL/]'+1/2 = —kAX/At, SR,]'+1/2 = kAX/At, (380)

we obtain the eigenvalues (w!,...,wN) and (A},...,AN) corresponding to
the Lax-Friedrichs scheme, and by defining:

Sujt1/2= —Srjr1/2  Srjsr/z = max([Af] [ALq] [AY] IAN,]), (3.81)

we obtain the eigenvalues (w!,...,w") and (A},...,AN) corresponding to
the Rusanov scheme. We note that we will obtain genuine Lax-Friedrichs
and Rusanov schemes independent of how many waves the system of
equations has. By choosing:

SL]+1/2 /\Roe j+1/27 SR]+1/2 /\Roe j+1/27 (3-82)

we obtain the eigenvalues (w!,w™) and (A!, AN) corresponding to the Roe
scheme. The choice (3.82) identically reduces to the Roe scheme only for
systems with two waves. For standard methods, the above was observed
already by Davis [29] and Einfeldt [33].

Some other choices are given as:

SLjt1/2 = A}
" iy Davis #1 [29]. (3.83)
Srj+1/2 = /\j+1

SLj+1/2 = min (/\1 )L]H)

Davis #2 [29]. (3.84)
SR,]'+1/2 = max ()\ /\]+1)

SLj+1/2 = min ()‘ AJH/ 2> Einfeldt [33]. (3.85)

_ N

More complicated choices constructed for the Euler equations can be found
in Toro et al. [139] and Bouchut [11], where Bouchut developed a special
choice of Sy and Sy in order to handle vacuum in the Euler equations.
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The choice of the wave velocities according to Einfeldt [33] is very
popular among the standard methods, because it yields an entropy stable
and a positivity preserving scheme [34]. Among the choices (3.83)—(3.85)
and those found in Toro et al. [139], Einfeldt’s choice (3.85) was also found
to yield the very best results when used in LTS-HLL(C) schemes. These
observations are based on our experience, and more rigorous comparison
may be fruitful.

The LTS-HLLE scheme for systems of equations seems to inherit the
HLLE scheme property of being entropy stable, but does not inherit the
HLLE scheme property of being positivity preserving. The former will be
addressed in the next section 3.2 Entropy stability and it is a topic of our con-
ference paper [P1], while the latter will be addressed in section 3.3 Positivity
preservation and it is a topic of our journal paper [P4].

3.2. Entropy stability

Earlier in the thesis (sections 2.2.5 and 3.1.5), we have seen that the tools
commonly used to prove entropy stability of standard methods are not
readily available for LTS methods. Therein, we postponed the discussion
on entropy stability in LTS methods, and now we finally address it by
using modified equation. We begin this section with a word of caution:

"Modified equations have been a commonly used tool in the study of differ-
ence schemes. Because of the lack of any theoretical foundation, this use has
been accompanied by constant difficulties and results derived from modified
equations have sometimes been regarded with apprehension. As a result, a
situation arises where authors either disregard entirely the technique or have
an unjustified faith in its scope.”

Griffiths and Sanz-Serna [47]

We are hoping to avoid both of these pitfalls, and to use modified equation
while being fully aware that it is based on certain assumptions that prevent
us from using it as a tool to rigorously prove entropy stability. With this in
mind we proceed to use modified equation analysis to conjecture about
the entropy stability of the LTS-HLL-type schemes.

We start by outlining how entropy violation happens in standard meth-
ods following the numerical viscosity interpretation [84]. We then move to
LTS methods, and present new difficulties that arise in LTS framework and
different ways how this is handled in the existing literature. By following
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the modified equation analysis by Lindqvist et al. [91], we illustrate the
mechanism behind the entropy violation in the LTS-Roe scheme. Then, we
show how is it avoided in some LTS-HLL-type schemes.

Part of discussion in this section closely follows our conference pa-
per [P1]. The major difference is that here we focus on scalar conservation
laws, while in the paper we consider the Euler equations.

3.2.1. Entropy violation

Entropy violation is most commonly associated and discussed as it appears
in the Roe scheme [120]. Therefore, we focus on the Roe scheme and start
by following the numerical viscosity interpretation of the entropy violation
as found in the book by LeVeque [84].

The numerical flux function of the Roe scheme can be written as:

1 1
2 =5 (fi+fin) =5 Wl (W =), (3.86)

where we recall that A; 1/, was defined in (2.32). In the case of a transonic
rarefaction, f'(u;) < 0 < f'(uj;1), the shock speed may be very close
to zero, corresponding to no viscosity. We define the interface Courant
number Cj;1/2 = Aj11/24t/Ax and note that if:

Cit1/2=0, (3.87)

we might obtain an entropy violation, because in case of a transonic
rarefaction the exact solution is supposed to be a rarefaction wave (2.11),
while the Roe scheme will treat it as a stationary shock with the velocity
Ajr1/2 = 0. For the standard methods, these situations are well understood
and we refer to [84] and references therein for more detailed discussions.

For the LTS-Roe scheme, most of authors observed that it leads to entropy
violations more often than the standard Roe scheme [79, 81, 117, 99, 148,
91, 90]. Lindqvist et al. [91] showed that such LTS-related entropy violation
may appear when:

C]'+1/2 =—i, VielXZ. (3.88)

In earlier papers on LTS methods, this issue is solved by manually splitting
the rarefaction wave into several expansion shocks [79, 81, 117, 99, 148]
or by varying the time step [90, 91]. We now show how this issue is
automatically avoided in the LTS-HLLE and LTS-Rusanov schemes.
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3.2.2. Modified equation analysis

For the standard one-parameter method we may gain insight into the
numerical viscosity of the method by looking at the numerical flux function
and the corresponding numerical viscosity coefficient Q. However, for LTS
methods the numerical flux function contains multiple numerical viscosity
coefficients, so it is more convenient to work with the modified equation.
Earlier on (sections 2.2.5 and 3.1.5) we have seen that a first-order LTS
methods give a second-order accurate approximation to the equation:

2
e+ F(u)x = %% (Dus., (3.89)

where the inherent numerical diffusion was already introduced for stan-
dard schemes (2.48):

D= ki ﬁQf—cz. (3.90)
Ax

i=1—k

Lindqvist et al. [91] determined the inherent numerical diffusion of the
LTS-Roe and LTS-Lax-Friedrichs schemes:

Dirs xoe = (T1el] = [el) (1 + |e| — [Ie]T), 391)
Dirsaixe = k> — 2. (3.92)

In our conference paper [P1] we determined it for the LTS-HLL scheme:

Dursant = oo ([lex/] — lex]) (1 + lex] — [lex])
RE (Tlenl] = lenl) (1+ fec| = TleuT)
R L
+(c—cL)(ecr —¢), (3.93)

where we recall that we defined ¢, = S At/Ax, cg = SrAt/Ax and
c = f'(u)At/Ax, where [c] = min{n € Z|n > c} is the ceiling function.

We can observe that the inherent numerical diffusion of the LTS-Roe
scheme (3.91) vanishes when the condition (3.88) is satisfied, leading to
no diffusion being introduced by the method. If the exact solution is a
rarefaction wave, this will lead to an entropy violation. This does not
happen in the LTS-HLLE scheme:
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Proposition 5 (Prebeg [P1]). If the exact solution of the Riemann problem is a
rarefaction wave, i.e.:

f'(up) < Ajpagn < f(ujn), (3.94)
the inherent numerical diffusion of the LTS-HLLE scheme satisfies:
Drrs-piie > 0. (3.95)

Proof. In the HLLE scheme, the wave velocity estimates are:

SL = min (A]-H/z,f'(uj)) ’ (396&)
SR = maX (/\]'+1/2, f'(uj+1)) . (396b)

If (3.94) holds, then (3.96) yields:
St = f’(u]') < /\]'+1/2 < Sgr = f’(u]-+1). (3.97)
By using these in (3.93) we observe that:

Drrshiie > (¢ —cp) (cr —¢) > 0. (3.98)
]

We can see that if the solution to the Riemann problem is a rarefaction
wave, the LTS-HLLE scheme always introduces a certain amount of nu-
merical diffusion. This is due to the fact that the HLLE scheme splits each
discontinuity into two waves, and it is in fact entropy stable. We recall
that LeVeque conjectured that the LTS-Godunov method converges to the
unique entropy solution if we use the entropy solution for each Riemann
problem [80] (see also page 27 of this thesis). This conjecture holds for any
Riemann solver that itself satisfies the entropy condition, so we conjecture
that the LTS-HLLE scheme converges to the entropy solution, because we
use the entropy stable solution for each Riemann problem.

3.2.3. A class of one-parameter modified equations

Following the reasoning we used to deduce standard one-parameter meth-
ods from the HLL-type scheme (Lemmas 3 and 4), and to deduce LTS
one-parameter methods from the LTS-HLL-type scheme (Propositions 3
and 4), we establish the equivalent result for the modified equations.
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Proposition 6. A first-order accurate, LTS one-parameter conservative scheme
written in the numerical viscosity form (2.59), which is uniquely determined
by the partial numerical viscosity coefficients Qj, gives a second-order accurate
approximation to the equation:

ur+ f(u)x = z— [Dsuix],, (3.99)
where the inherent numerical diffusion is:
Ds = cs (2[es] —1) + [es] (1= [es]) — 2, (3.100)
with cg = QgsAt/ Ax.

Proof. The derivation of the modified equation for the LTS-HLL-type
scheme (3.93) makes no assumptions on the choice of S;, and Sg. Hence,

we may define S;, = —Qs and Sg = Qs in (3.93), which then reduces to
(3.100). O

For ¢s = c and for cs = k, this reduces to the modified equations of
the LTS-Roe (3.91) and LTS-Lax-Friedrichs schemes (3.92), respectively.
Following Proposition 5, we can show the same result for the LTS-Rusanov
scheme.

Proposition 7. If the exact solution of the Riemann problem is a rarefaction wave,
ie.
F1) < Ajraja < f'(ujsa), (3.101)

the inherent numerical diffusion of the LTS-Rusanov scheme satisfies:
DirsRrus > 0. (3.102)
Proof. With the Rusanov scheme, the numerical viscosity coefficient is:
Qrus = max (|Aj], [Aja]) = max (If ()] |f (u)]). (3.103)
If (3.101) holds, then using (3.103) in (3.100) and rewriting yields:
Drrs-rus = ([lerus|T = [eras]) (1+ |erus| = [leras| 1) + ks — €% (3.104)

where crys = QrusAt/ Ax. The first term has the same form as the LTS-Roe
scheme (3.91):

(Tlerus|T = [erus|) (1 + |erus| = [lerus|]) >0, (3.105)
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and since cgys > ¢, the second term is:

ks —c* > 0. (3.106)

Hence we have that:
Dr15Rus > 0. (3.107)
O

We may also make certain observations about our LTS extensions of
other one-parameter methods mentioned on page 48:

o LTS-Godunov: NV coefficient of the standard Godunov scheme differs
from the NV coefficient of the standard Roe scheme only in the
case of a transonic rarefaction. This property also holds for the LTS-
Godunov scheme introduced in this thesis and the LTS-Roe scheme.
This means that the LTS-Godunov scheme successfully resolves the
transonic rarefaction, but it fails in the same manner as the Roe
scheme when the condition (3.88) holds.

o LTS-Engquist-Osher: The argument applied for the LTS-Godunov
scheme also applies for the LTS-Engquist-Osher scheme.

e LTS-Lax-Wendroff: By choosing cs = ¢?, (3.100) yields:
Dirsiw = 262 [¢*] =26 4[] — [¢*]?, (3.108)

which vanished only for ¢ < 1. Hence, our LTS-Lax-Wendroff scheme
is not second-order accurate.

We summarize our observations regarding the entropy stability of LTS
methods in the Table 3.1.

Table 3.1.: Entropy stability of different methods:
standard and LTS (conjectured?)

Roe ILxF Rus E-O God HLLE

Standard no yes yes yes yes yes
LTS no yes yes no  ho yes

4The LTS-Lax-Friedrichs scheme is proved to be entropy stable by proving it is monotone.
This will be shown in next section.
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We consider the inviscid Burgers” equation and two Riemann problems:

0 if x<0,

u(x,0) = { A (3.109a)
-1 if x<0,

u(x,0) = { » x>0 (3.109b)

Figure 3.2 shows the numerical solution to the Riemann problem (3.109a)
with different LTS methods with C = 5 on two different grids on the
interval x € [—1,1.5]. In Figure 3.2a we see that the LTS-Lax-Friedrichs,
LTS-Rusanov and LTS-HLLE successfully resolve the rarefaction, while
the LTS-Roe, LTS-Engquist-Osher and LTS-Godunov all lead to the same
pattern of entropy violation. This is expected, because for the initial data
(3.109a) these three schemes are identical. In Figure 3.2a, the LTS-Lax-
Friedrichs scheme leads to a step-like pattern solution, but this is not an
entropy violation but a consequence of the fact that the LTS-Lax-Friedrichs
scheme splits the discontinuity into two waves, while we only did 8 time
steps. Figure 3.2b shows that as we refine the grid, the LTS-Lax-Friedrichs
scheme converges to the exact solution.
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Figure 3.2.: Comparison of different LTS methods at C = 5 for the
Riemann problem (3.109a)
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We now consider a transonic rarefaction. Figure 3.3 shows the numerical
solution to the Riemann problem (3.109b) with different LTS methods
with C = 5 on two different grids on the interval x € [-2.5,25]. In
Figure 3.3a we see that the LTS-Lax-Friedrichs, LTS-Rusanov and LTS-
HLLE successfully resolve the rarefaction. The LTS-Roe, LTS-Engquist-
Osher and LTS-Godunov schemes lead to an entropy violation, but this
time in a different manner. The entropy violation in LTS-Roe scheme
is a combination of two types of entropy violations — the standard Roe
scheme entropy violation (3.87) (at transonic rarefaction) and the LTS-Roe
scheme entropy violation (3.88). The LTS-Godunov and LTS-Engquist-
Osher schemes successfully resolve the entropy violation related to the
transonic rarefaction, but they do not resolve the LTS entropy violation.
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Figure 3.3.: Comparison of different LTS methods at C =5 for the
Riemann problem (3.109b)

We can see that the conjectures from Table 3.1 are in agreement with the
numerical experiments. A number of numerical experiments for the LTS-
HLLE scheme applied to systems of equations implies the same. We refer
to Nygaard [108] for the shallow water equations, and to our papers [P1,
P2, P4] for the Euler equations.
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3.3. Positivity preservation

In the previous two sections 3.1 and 3.2 we presented results on the
construction of LTS-HLL-type schemes and the entropy violation by some
of them. These results are related to our papers [P1, P2], but we presented
them in detail because we focused on scalar conservation laws, while our
papers [P1, P2] focused on the Euler equations.

In this section we present our results on monotonicity and positivity
preservation in LTS methods, with a focus on the positivity preserving
property of LTS methods for the Euler equations. The content of this
section very closely follows our paper [P4], and this section is more a
summary than a presentation of its own. The main results in [P4] are:

e a set of conditions on the numerical flux function of an LTS method
that guarantees that the method is monotone;

e a proof that the LTS-Lax-Friedrichs scheme of Lindqvist et al. [91] for
scalar conservation laws is monotone;

e a proof that the LTS-HLLE scheme is not positivity preserving, unlike
its standard counterpart the HLLE scheme;

e a proof that the LTS-Lax-Friedrichs scheme of Lindqvist et al. [91]
for systems of conservation laws is positivity preserving for one-
dimensional Euler equations.

3.3.1. Monotonicity

The question of monotonicity was introduced earlier in section 2.1.1
where we considered mathematical properties of scalar conservation laws.
Therein, a class of monotone schemes was introduced because they possess
two very attractive properties:

e Monotone schemes satisfy the discrete version of the strict maximum
principle (2.7). Let us define:

m = min(u)), M = max(u}), (3.110)
] )

then the monotone scheme guarantees that:

ui € [m,M] ¥V jn. (3.111)
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e Monotone schemes are E-schemes, hence they converge to the entropy
solution.

Unfortunately, monotone schemes have a third, less attractive property
— they are at best first-order accurate [110]. Further, even though they
cannot introduce new extrema, monotone LTS methods can produce oscil-
latory solutions, as was shown by Tang and Warnecke [133]. Nevertheless,
monotone schemes are an essential tool in development of numerical meth-
ods and their understanding is important for many aspects of numerical
modeling. The monotone scheme is defined as:

Definition 2 (Harten et al. [54], Trangenstein [142]). An explicit numerical

method:
u;?“ = H(ujg, .., Uji; Ax, AL), (3.112)

is monotone if and only if it preserves inequalities between sets of numerical
results:

Vui, Voi if Vi oui <of, (3.113)
then V j:

u]T_Url =HWUj k- Ujy ks A%, A) S H(Vj g, - oo, Vi AX, At) = v]’fH.
(3.114)

We can determine if the method is monotone by the following result:

Lemma 9 (Trangenstein [142]). Suppose that:

witt = H(uj g, ujy Ax, AL), (3.115)

is a monotone scheme and that it is differentiable in each of its u; arquments for
j—k <1< j+k Then:

a—%zo, V j—k<Z<I<j+k (3.116)
aul
Conwversely, if:
oH . .
g 20V joksI<jtk (3.117)

then (3.115) is a monotone scheme.
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A standard numerical method is monotone if the numerical flux function
F(uj,ujy1) is non-decreasing in its first argument, non-increasing in its
second argument and the CFL condition (2.54) holds.

The first result in our paper [P4] is the set of conditions on the numerical
flux function of an LTS method that ensures that the method is monotone.
The conditions are given in Proposition 1 of paper [P4], which also includes
the proof. In addition, by using Lemma 9 we prove that the LTS-Lax-
Friedrichs scheme of Lindqvist et al. [91] is monotone.

3.3.2. Positivity preservation

When we consider systems of equations, it may be unreasonable to require
that a certain conserved variable remains bounded between its initial values
at all time. However, it is often natural to require that some variables
remain bounded in some specific sense, such as for example the positivity
of density and internal energy in the Euler equations or positivity of water
depth in the shallow water equations. We will denote such density and
internal energy as physically real. If the scheme satisfies:

Pl >0, Vjm, (3.118)

as well as the positivity of other variables of interest, we say that the
scheme is positivity preserving.

Definition 3 (Einfeldt et al. [34]). A class of schemes that always generates phys-
ically real solutions from physically real data is denoted as positivity preserving
schemes.

Condition (3.118) is so natural that it is somewhat surprising (and disap-
pointing) that many popular schemes do not guarantee positivity preserva-
tion. Namely, certain generally well-behaved schemes may completely fail
for certain types of initial data, and the question of positivity preservation
is an ongoing field of research. Notable results include the paper by Ein-
feldt et al. [34], where it is shown that the Godunov and HLLE schemes
are positivity preserving, while the Roe scheme is not, the paper by Batten
et al. [6] where they showed that the HLLC [139] scheme is positivity
preserving with an appropriate choice of wave velocity estimates, the work
by Perthame and Shu [116] where they established a general framework to
achieve high-order positivity preserving methods for the Euler equations
in one and two dimensions, and the book by Bouchut [11] where the con-
ditions on the wave velocities estimates are determined so that the HLLC
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scheme can also handle vacuum. Areas of interest include the Euler equa-
tions (Calgaro et al. [14], Hu et al. [61], Li et al. [87], Zhang and Shu [150,
151, 152]), shallow water equations [121, 71, 147, 3], magnetohydrodynam-
ics [4, 67, 40], multiphase flows (Chen and Shu [18]), unstructured meshes
(Berthon [8]) and flux-vector splitting methods (Gressier et al. [46]), to
name just a few. These papers consider standard methods and mostly
tackle issues with positivity preserving that arise in high-order methods.

We considered the positivity preservation in LTS methods. The positiv-
ity preservation in the LTS-Roe scheme has been addressed by Morales-
Hernandez and co-workers [99, 100], where they considered the shallow
water equations with source terms, and suggested to handle loss of posi-
tivity by reducing the Courant number when the loss of positivity is likely
to happen. We took a slightly different direction and focused on the loss of
positivity in the LTS-HLLE scheme, and on increasing the robustness of
the LTS-HLLE scheme by adding numerical diffusion. We outline our two
main results below.

We considered the classical result by Einfeldt et al. [34]:

Lemma 10 (Einfeldt et al. [34]). An approximate Riemann solver leads to a
positively conservative scheme if and only if all the states generated are physically
real.

An example of such Riemann solver is the HLLE scheme, and the
generated states in question are intermediate states appearing across the
Riemann fan. Our first result related to positivity preservation is showing
that physically real intermediate states are a necessary, but not a sufficient
condition for positivity preservation in the LTS methods. We did this by
considering the LTS-HLLE scheme, for which all intermediate states are
physically real, and showing that it is not positivity preserving for the
Euler equations (see paper [P4]).

Our second result is the proof that the LTS-Lax-Friedrichs scheme of
Lindqvist et al. [91] is positivity preserving for the Euler equations. Our
proof closely follows the proof by Zhang and Shu [150] where they showed
that the standard Lax-Friedrichs scheme is positivity preserving for the
Euler equations. We follow their proof and generalize it to hold under the
relaxed CFL condition (2.58) (see paper [P4], Proposition 3).

In order to make the LTS-HLLE scheme more robust, we defined the
wave velocity estimates as a convex combination:

SL=(1-B)St+BSP", Sk =(1—B)Sk+BSK", (3.119)
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where SE/R are the wave velocity estimates according to Einfeldt (3.85), and
Sk’g are the wave velocity estimates corresponding to the Lax-Friedrichs
scheme (3.80). This approach reduced oscillations, and provided an in-
crease in robustness in a sense that we could use the scheme defined by
(3.119) for Courant numbers at which the LTS-HLLE scheme would lose
positivity. However, such a straightforward increase in numerical diffusion
across all cells and all time steps also led to a decrease in accuracy. We
believe that this can be improved by selectively introducing numerical dif-
fusion only when it is necessary to preserve positivity. That way positivity
would be ensured, while the solution would be kept as sharp as possible.
Numerical results obtained with the LTS-HLLE scheme and LTS-HLLES
(3.119) schemes can be found in our paper [P4], where we applied them to
the one-dimensional Euler equations and considered double rarefaction,
LeBlanc’s shock tube and the Sedov blast-wave as test cases.
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Truth is much too complicated to allow
anything but approximations.

John von Neumann

Multiphase flow modeling

This chapter presents the application of the LTS-Roe scheme to one-
dimensional two-fluid model and the contribution to treatment of boundary
conditions and source terms in LTS framework.

4.1. Mathematical modeling of two-phase flow

In the previous sections we studied single phase flow which can be com-
pletely described by the Navier-Stokes equations (for viscous flows) and
the Euler equations (for inviscid flows). In particular, we focused on
one-dimensional scalar conservation laws and the Euler equations.

However, in practical applications most of the fluid flows are multi-
phase and/or multicomponent in their nature. In a world of unlimited
computational resources, these flows could be modeled by applying the
Navier-Stokes equation locally to the domain where a certain fluid is
present, and by direct modeling of the interfaces between different phases.
However, the present computing capabilities are not even close to that
goal, and at the moment they do not seem to be achievable in any foreseen
future:
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"For example, turbulence or three-dimensional hydrodynamics, those are
problems that can eat up an arbitrary capacity on any computer we’re ever
likely to see. So you have to be clever.”

Bernie Alder

Being clever consists of using simplified models of the Navier-Stokes
equations and/or by developing more accurate and more efficient nu-
merical methods. There exist a great variety of simplified models for
multiphase flow modeling, and they all boil down to finding the optimal
balance between ensuring that the mathematical model possesses a capa-
bility to describe all the physics we are interested in, while at the same
time keeping the model simple enough to be able to numerically solve it in
a reasonable time.

One of the most commonly used simplifications is averaging, where the
flow parameters are averaged either over time, space or ensemble. A vast
body of literature has been written on this topic, and we point out to
books by Drew and Passman [31], Ishii and Hibiki [64] and Stadtke [125]
and literature therein for a comprehensive overview of the topic. Much
of the progress in both mathematical and numerical modeling of multi-
phase flows was driven by demands of nuclear and petroleum industries,
where notable softwares include CATHARE [5] and RELAPS [15] for safety
analysis of nuclear reactors, and LedaFlow [26], OLGA [7], PeTra [72] and
TACITE [113] for oil & gas industry. Herein, we do not study these models.

Instead, we focus on a very simple two-fluid model and use it to illustrate
some of the major difficulties encountered in multiphase flow modeling.

4.1.1. Two-fluid model

We consider a one-dimensional isentropic equal-pressure two-fluid model
without energy equation in which we solve separate evolution equations
for mass and momentum of two fluids:

0t (agpq) + 0x(agpevg) =0, (4.1a)

ot (aip1) + 0x(a10101) =0, (4.1b)

0 (agpgvg) + Bx(ocgpgv§ +(p— pi)ag) + zxgaxpi = Qg (4.1¢)
31 (a1pror) + s (aipov} + (p — pH)ay) + wdxp’ = Qi (4.1d)

where p, , v, Q are the density, volume fraction, velocity and the source
term with corresponding phase indices g,/ for the gas and liquid phase,
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respectively. The pressure p denotes a common pressure of both phases,
while the pressure p’ denotes the pressure at the interface between gas and
liquid. For more details and closure relations we refer to the paper by Evje
and Fldtten [37] from where this model was adopted.

This and similar models have been studied by a number of authors [141,
23, 22, 37, 30, 103] since it is one of the most simple two-fluid model
that contains many of the difficulties that distinguish it from single phase
hyperbolic systems such as the Euler equations.

Systems of equations such as (4.1) can be written as:

U, + F(U), + B(U)W(U), = Q(U), (42)

where U is a vector of evolved variables, F(U) is a flux function,
B(U)W(U), represents non-conservative transport terms and Q(U) is a
vector of source terms. We may observe that already this very simple
two-fluid model possesses two difficulties that were not present in the
Euler equations:

e non-conservative terms: The presence of non-conservative terms in
this (and many other) two-fluid models presents a difficulty when it
comes to the numerical modeling, because it is not possible to write
the left-hand side of (4.2) in conservation form. Hence, we cannot
rely on the Lax-Wendroff theorem when considering convergence,
and we do not possess a flux function that completely describes
the evolution of the left-hand side, which prevents us from fully
exploiting advantages of numerical methods based on the numerical
viscosity form.

This has been a long standing challenge both for mathematical theory
and numerical modeling. The pioneering work on the mathemati-
cal theory of non-conservative products goes back to Vol'pert [143],
while notable papers include the works of Dal Maso et al. [25], Hou
and LeFloch [60], Parés [111] and Castro et al. [17]. From the nu-
merical modeling viewpoint, we mention the papers by Toumi and
co-workers [140, 141], Castro and Toro [16], Dumbser et al. [32],
Munkejord et al. [104] and Flatten and Morin [39].

We outline the approach we used to treat the non-conservative terms
in section 4.2 where we discuss numerical modeling of (4.2).

e source terms: In the system of equations (4.1) the source terms appear
only in the momentum equations modeling the effect of gravity. In
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more general case described by (4.2) source terms may appear in all
equations and they may account for a variety of physical phenomena.
For example, in a two-phase flow modeling the source terms are used
to model the relaxation processes that account for transfer processes
between two phases. These processes include transfer of heat, mass
and volume due to differences in temperature, chemical potential and
pressure, see Lund [94] for a comprehensive analysis of the relaxation
models. Further modeling difficulties may appear if the source terms
are stiff, or if the system of equations is close to steady-state. The
latter difficulties gave rise to a a class of well-balanced schemes. We
refer to LeVeque [84] and Bouchut [11] for an overview of these
difficulties and further reading.

Herein, we wish to stress that these concepts (relaxation terms, stiff

source terms, well-balanced schemes) are still an active area of research
and there are numerous unresolved problems even for standard methods.
Hence, we are still a long way from having an established theory how
source terms should be treated in LTS methods. A pioneering work on this
topic has been done by Morales-Herndndez, Murillo, Garcia-Navarro and
co-workers [105, 99, 101, 100, 102] where they studied the source terms in
the shallow water equations. In addition to these two difficulties that can
be immediately seen from (4.2), there are several other challenges that may
appear in practical applications (for both single and multiphase flows):
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e boundary conditions: The treatment of boundary conditions is still

a challenging topic and an active field of research even for stan-
dard numerical methods. Definition of boundary conditions in LTS
methods is further complicated by the fact that we need to define
additional ghost points at the boundaries. In addition, the presence
of source terms leads to further difficulties due to a very delicate
effect of the source terms at the boundaries of the domain when we
use LTS methods. The question of boundary conditions in LTS meth-
ods has been addressed by LeVeque [82] and Morales-Hernandez
and co-workers [105, 99, 101, 100, 102]. The treatment of boundary
conditions in LTS methods is the topic of our conference and journal
papers [P5] and [P3], respectively. We outline how we approached
these difficulties in section 4.2.

e positivity preservation: In section 3.3 we studied difficulties related to

positivity preservation in the Euler equations. The presence of two (or



more) fluids and source terms, and their complex interaction poses
an even greater challenge for the capability of method to preserve
positivity, especially when we extend the method to LTS framework.

e stability of standard methods: The CFL condition is only a necessary
condition for stability of standard methods. Indeed, for most homo-
geneous one-dimensional systems of hyperbolic conservation laws,
most standard schemes will be stable up to a Courant number of
unity. However, in more complex flows it is very often the case that
the actual upper bound of the Courant number is less than unity,
and running a simulation requires us to use a lower Courant number
than one might expect.

Such difficulties were, for example, reported by Pelanti and
Shyue [115] where the six-equation two-phase model was studied.
Therein, these difficulties are attributed to the stiffness of the source
terms. In practice, there is a variety of reasons why the actual CFL
bound can be reduced. The difficulty for our interests is that if the
nature of the model prevents even standard methods from reaching
the standard Courant number, it remains an open question how we
can apply LTS methods to such problems.

Remark 3. We note that chronologically, the content of chapter 4 was
the first thing done at the beginning of the PhD project. Unfortunately,
the fact that the LTS-Roe scheme is not positivity preserving became a
serious obstacle for more complicated models (this is not surprise, since
the standard Roe scheme is not positivity preserving itself). The difficulty
with positivity preservation was one of the main reasons that motivated us
to study the HLL(C) schemes which are known to be positivity preserving.
However, severe problems with positivity preservation of the LTS-HLL(C)
schemes were observed for five-equation models of Allaire et al. [1] and
Murrone and Guillard [106]. We then opted to study the issues with
the positivity preservation by using simpler models such as the Euler
equations.

4.2. Numerical modeling of two-phase flow

Herein, we outline the approach we used to numerically solve the two-
fluid model (4.1). For more general numerical methods for multiphase
flow modeling we refer to the literature outlined in previous section.
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The system of equations (4.2) can be written in quasilinear form as:

U +A(U)U, = Q(U), 43)
where: SE(U SW(U
A(U) = a(U) + B(U)aI(J). (4.4)

We then solve the system of equations (4.3) with the explicit Euler method
in time and the LTS-Roe scheme in flux-difference splitting form in space:

At &S _
U7+1 =U; - o Z (A;Jrl/z AU 10+ A]H/HZAU]H/ZJH) + AtQ(U),
i=0

(4.5)
where we left the source term Q(U) undiscretized for now. We note that
for this system, the treatment of the non-conservative term was straightfor-
ward, and its effect was simply incorporated into the coefficient matrix A,
eq. (4.4), as it was done by Evje and Flatten [37].

The major findings of our papers [P3, P5] are related to treatment of
boundary conditions and source terms with the method (4.5). Herein, we
outline the main results on these.

4.2.1. Treatment of the boundary conditions

In standard methods the value of U;l“ at the new time step depends only
on the value at three cells in the previous time step:

1
Ut =U (UL, UL UL, ). (4.6)
For the first cell in the domain, this implies that:
Ul = U (U, U, UY), (4.7)

where Uy pc is the value of U in the left boundary cell. Hence, the treatment
of the boundaries in the standard methods requires us to define a single
ghost cell at each boundary. In the LTS methods the value at the new time
step depends on up to k cells at the previous time step:

U};H:U(m, 1L, UL, UL U, 7+2,...), (4.8)

which implies that we may need to provide more than one ghost cell at the
boundary:

We proposed two ways how to define these addltlonal boundary cells:
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e Extrapolated boundary conditions (EBC): All additional boundary cells
are equal to the original boundary cell:

U'=Ulpc ¥ j<LBC (4.10a)
U'=Upgc V j>RBC, (4.10b)

where the value of the the primary boundary cells at x;pc and xrpc
may be defined in a number of ways, for example by extrapolation of
the characteristic [38] or primitive variables. The difficulties observed
with the LTS method are somewhat independent of the way we define
Uppc and Ugpc, and in our papers [P3, P5] we used primitive variable
extrapolation.

o Steady-state boundary conditions (SSBC): We solve the steady-state
version of (4.3) to obtain the slopes of the evolved variables U due to
the effect of the source term Q(U):

U, = A(U)"lQ(U). (4.11)

The discrete version of (4.11) allows us to determine the change of
the evolved variables U at the boundaries as:

6:UL = (A(Urgc)) ' Q(Upge), (4.12a)
5:Ug = (A(Ugrgc)) " Q(Ugsc)- (4.12b)

We then use these to replace (4.10) by:

U’ = Ulge + (j — LBC)Axo, UL ¥V j € [LBC— M, ..., LBC],
(4.13a)

U’ = Ulge + (j— RBC)Ax6,Ur V' j € [RBC, ..., RBC + M],
(4.13b)

where M = [C].

SSBC led to an increase in accuracy, especially on coarser grids. However,
SSBC requires additional computational work since one has to resolve
the eigenstructure in newly defined cells. A more thorough analysis and
comparison between solutions obtained with EBC ans SSBC can be found
in our papers [P3, P5].
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4.2.2. Treatment of the source terms

We investigated two ways to treat the source term in (4.5):
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o Explicit Euler treatment: The source term is approximated directly as:

AtQ(U) = AQ(U;)). (4.14)

This approach gave acceptable results only if the LTS-Roe scheme
was applied only on the acoustic waves. If the Courant number
associated with the phase waves was increased above the standard
CFL condition, severe oscillations appeared in the volume fraction
and velocity profiles.

Split treatment: In this approach we followed the work by Morales-
Hernandez and co-workers [105, 99, 101, 100, 102], but generalized
in slightly different direction more suitable for implementation in
flux-difference splitting framework.

The source term is approximated in an upwind manner, where the
contributions from the source terms are evaluated at the interfaces:

AQ(U Z( j—1/2-i5j- 1/2—i+A§11/2+isj+1/2+i>/ (4.15)

where for the definition of A and S we refer to our paper [P3]. This
approach resulted in notable improvement of accuracy compared
to the simpler approach (4.14) and allowed us to use the Courant
number up to C & 2.4 for phase waves. However, it did not yield an
unconditionally stable scheme, and further increase of the Courant
number gave rise to oscillations. In addition, split treatment is clearly
more computationally expensive than the explicit Euler treatment.



A scientific approach means knowing
what one knows and what one doesn’t.
Absolute or complete knowledge is un-
scientific.

Karl Jaspers

Conclusions and outlook

5.1. Conclusions

We developed and investigated Large Time Step HLL-type finite volume
methods for hyperbolic conservation laws. Our major contributions are
presented in chapters 3 and 4 and they can be summarized as follows:

e Section 3.1: We developed the LTS-HLL-type schemes.

e Section 3.2: We investigated entropy stability of LTS methods by
using the modified equation analysis.

e Section 3.3: We investigated monotonicity and positivity preservation
of LTS methods.

e Chapter 4: We investigated the treatment of boundary conditions
and source terms in LTS methods.

In section 3.1 we interpreted the HLL scheme as a numerical scheme
for scalar conservation laws. We developed a two-parameter HLL-type
schemes, and determined the TVD conditions on the wave velocity esti-
mates. We showed that the HLLE scheme is consistent, TVD and entropy
stable, i.e. it converges to the entropy solution. We then developed the
LTS-HLL-type schemes. We described these new schemes in the numerical
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viscosity, flux-difference splitting and wave propagation form, and we de-
termined the TVD conditions on the wave velocity estimates. We showed
that the LTS-HLLE scheme is consistent and TVD. However, a rigorous
proof of entropy stability remains unresolved.

This new class of schemes provided greater flexibility in constructing new
schemes because it has two free parameters, while at the same time it allows
us to simply deduce LTS extensions of standard one-parameter methods,
such as the Roe, Lax-Friedrichs, Rusanov, Godunov and Engquist-Osher
schemes. Working along the lines of the approach above, we extended the
standard HLL and HLLC schemes for systems of conservation laws to the
LTS-HLL(C) schemes.

In section 3.2 we investigated the question of entropy stability by using
the modified equation analysis. First, we used the modified equation to
quantify the amount of numerical diffusion in the LTS-HLL-type schemes.
We performed numerical experiments to gain better insight into how
entropy violations happen in LTS methods, and to conjecture how are they
avoided in certain LTS-HLL-type schemes. In particular, we conjecture that
the LTS-HLLE and LTS-Rusanov schemes are entropy stable. Numerical
results for both scalar conservation laws and the Euler equations are in
agreement with theoretical results obtained with the modified equation
analysis.

In section 3.3 we investigated questions of monotonicity and positivity
preservation. First, we determined the monotonicity conditions on the
numerical flux function of an LTS method, and we showed that the LTS-Lax-
Friedrichs scheme is monotone. Then, we moved to systems of equations
and showed that the positivity preserving conditions in LTS methods
are stronger than in standard methods. For some special cases of initial
data, we described how loss of positivity preserving occurs in the LTS-
HLLE scheme, we showed that the LTS-Lax-Friedrichs scheme is positivity
preserving, and we numerical demonstrated that robustness of the LTS-
HLLE scheme can be increased by adding numerical diffusion.

Lastly, in chapter 4 we applied the LTS-Roe scheme to a one-dimensional
two-fluid model and focused on the difficulties related to the boundary
conditions and the source terms. We proposed a new way to define the
boundary conditions in the LTS framework, and we handled the source
terms by following Morales-Herndndez and co-workers [105, 99, 101, 100,
102]. It is shown that the accuracy of the solution can be greatly improved
by appropriate treatment of boundary conditions and source terms.
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5.2. Future outlook

Large Time Step methods have been around for more than thirty years,
but they never really became a part of the mainstream in the finite volume
methods/hyperbolic conservation laws community. Nevertheless, there
seems to be an unfailing appeal in their increased stability and explicitness,
and it seems that throughout their history there was always someone trying
to exploit their full potential.

I am not convinced that my humble contributions will change this trend.
But in case time proves me wrong, and for those who will be interested
in further exploring LTS methods I will consider some possible directions
and possibilities.

e Numerical diffusion: The majority of the numerical investigations per-
formed by us and other authors suggest that most errors in LTS
methods appear in form of oscillations around shocks and contact
discontinuities. These errors can be reduced by introducing numer-
ical diffusion, as it was successfully done by Lindqvist et al. [91],
Solberg [124] and Nygaard [108]. Therein, the amount of the numeri-
cal diffusion being added is partially automated and partially tuned
manually. We showed that manually adding numerical diffusion
increases the robustness of LTS methods. Any LTS method aiming
for generality and robustness will need to have a sophisticated and
fully automatized mechanism to add numerical diffusion.

One idea on how to do this might be along the lines of how higher
order TVD methods are designed: use second-order scheme where
the data is smooth, and reduce it to a first-order schemes around
discontinuities. We believe that is possible to construct an LTS method
which will automatically introduce appropriate amount of numerical
diffusion around discontinuities or when loss of positivity is likely to
happen.

o Computational efficiency and convergence rates: Even though the com-
putational efficiency is one of the most attractive features of LTS
methods, it was not the main objective of our investigations. How-
ever, any strong argument in favor of LTS methods must be supported
by evidence of increased computational efficiency.

Our preliminary investigations suggest that the decrease in computa-
tional time is greatest immediately after going fromC =1 — C =2.
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A further increase in Courant number yielded smaller and smaller
gains in computational time (see for instance our papers [P3, P2,
P5]). This suggests that in terms of computational time, it might be
optimal to use a relatively small Courant number. A better criterion
for choosing the Courant number would be computational efficiency,
which was also investigated in our papers [P3, P2]. Therein, computa-
tional efficiency and convergence rates are studied, and it is observed
that LTS methods generally have higher convergence rates than their
first-order counterparts. We note that our numerical codes were build
to be simple and modular, and we believe that by optimizing the
code we could further improve the gains in computational time and
computational efficiency.

Since a significant increase in Courant number leads to oscillations
and inevitable decrease in accuracy, it might not be fruitful to push
the Courant number above a single digit numbers. Another attractive
feature of keeping the Courant number relatively low is that it might
result in increased computational efficiency while applying the LTS
method only on acoustic waves, which brings us to the next point.

Low Mach number flows: LTS methods might be an attractive candidate
for low Mach number flows, where it would be possible to use very
high Courant numbers for the acoustic waves, and standard methods
for the slow waves. We obtained some preliminary results in this
direction in our paper [P3], where we considered the water faucet
test case. Therein, slow waves are not strongly affected by acoustic
waves and it was possible to use an LTS method for the acoustic
waves in a straightforward way, which led to a notable decrease in
computational time and increase in accuracy of slow waves.
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Abstract

We present the Large Time Step (LTS) extension of the Roe scheme and apply it to a standard
two-fluid model. Herein, LTS denotes a class of explicit methods that are not limited by the
CFL (Courant—Friedrichs—Lewy) condition, allowing us to use very large time steps compared
to standard explicit methods. The LTS method was originally developed in the nineteen eighties
(LeVeque, 1985), where the Godunov scheme was extended to the LTS Godunov scheme. In
the present work, the relaxation of the CFL condition is achieved by increasing the domain
of dependence. This might lead to difficulties when it comes to boundary and source terms
treatment. We address and discuss these difficulties and propose different ways to treat them. For
a shock tube test case, where there are neither source terms nor difficulties associated with the
boundaries, the method increases both accuracy and efficiency. For a water faucet test case that
includes a source term, the method increases the efficiency, while the accuracy strongly depends
on the appropriate treatment of boundary conditions and source terms.

Keywords: Large Time Step method, Roe scheme, Two-fluid model, Boundary treatment,
Source term

1. Introduction

In this paper, we are interested in the numerical simulation of one dimensional two-phase
flow. To that end, we use a one dimensional, equal-pressure two-fluid model studied by many
authors [1, 2, 3, 4, 5, 6]. This and other similar models are in widespread use for the simulation
of two-phase flow, and they have been used successfully in many applications by the oil & gas
[7, 8] and nuclear industry [9]. In practical applications one usually has to make a compromise
between accuracy and efficiency. The balance between these requirements is, among other things,
strongly affected by the numerical time integration method, where the main division is made
between explicit and implicit time integration methods. As is well known, explicit methods are
associated with higher accuracy and simpler implementation, but their efficiency and stability are
limited by the CFL (Courant-Friedrichs—Lewy) condition. Implicit methods are not limited by
the CFL condition and may be very efficient, but they are associated with a number of different
difficulties, most important being the excessive diffusion and difficult parallelization. In this
paper we study a class of explicit methods that are not limited by the CFL condition, thereby
allowing us to use time steps much larger than usually associated with explicit methods. Such
methods are knows as the Large Time Step (LTS) methods and they have been first introduced
in the nineteen eighties by LeVeque [10, 11, 12]. Therein, the Godunov scheme was extended
to the LTS Godunov scheme and applied to scalar conservation laws and the Euler equations.
Preprint submitted to Applied Mathematical Modelling April 14, 2017



In his work, LeVeque treats each discontinuity as a wave and allows waves from each Riemann
problem to travel more than one cell during a single time step, allowing for interaction between
the waves. These interactions are assumed to be linear, i.e. the waves are passing through each
other without change in speed or strength [12]. From the way LeVeque’s LTS method is defined,
it uses a Lagrangian point of view by tracking where the characteristics are going. Through the
years, these ideas have been recognized and used by many authors. Here, we address the most
recent contributions, without attempting to provide a complete and comprehensive overview.

Murillo, Morales-Hernandez and co-workers [13, 14, 15, 16] applied the LTS Roe scheme
to the one and two dimensional shallow water equations and focused on the treatment of source
terms and boundary conditions. Xu et al. [17] applied the LTS Godunov scheme to the shallow
water equations. Qian and Lee [18] applied the LTS Godunov scheme to the three dimensional
Euler equations by using a dimensional splitting approach. Tang et al. [19] applied the LTS
Godunov scheme to high speed combustion waves. Makwana and Chatterjee [20] applied the
LTS Godunov scheme to the Maxwell’s equations, and Lindqvist and Lund [21] applied the LTS
Roe scheme to two-phase flow and focused on accuracy and computational efficiency. Lindqvist
et al. [22] also studied more theoretical properties of the LTS methods and how they fit into the
TVD setting. Therein, the LTS method of LeVeque is defined in the numerical viscosity and flux
difference splitting framework, a perspective more coinciding with the Eulerian point of view.
It is shown that these formulations are mathematically equivalent to the original formulation by
LeVeque [12].

Herein, we use the LTS method of LeVeque in the form presented by Lindqvist et al. [22]
and apply it to the one dimensional non-conservative two-fluid model. In [22], the relaxation
of the CFL condition is achieved by extending the domain of dependence. This leads to diffi-
culties when it comes to the treatment of boundary conditions and source terms. These issues
are the central topic of this paper. For the homogeneous system, the LTS Roe scheme shows
promising results when applied to test cases where no complex wave interactions occur at the
boundaries, as will be illustrated by the numerical example of the shock tube. However, "inter-
esting” boundaries and/or source terms require special treatment. In the present paper we will
illustrate difficulties related to the boundary conditions and source terms as separate challenges,
using the classical water faucet test case as an example. First, we will discuss the definition of
the boundary conditions in the LTS Roe scheme. Namely, the presence of source terms may lead
to a distinct pattern of numerical errors being generated in the vicinity of the boundary. We will
show how boundary conditions can be modified to reduce these errors and improve the accuracy
of the solution. Second, the presence of source terms in the LTS Roe scheme may lead to numer-
ical errors being generated elsewhere in the domain as well. We will discuss how these errors are
generated and show that the most simple, straightforward treatment of source terms is not well
suited for the LTS method. To resolve this, we will discretize the source term by formulating a
slight modification to the approach presented by Murillo and Garcia-Navarro [23]. The separate
treatment of the difficulties related to the boundary conditions and source terms will be justified
in sections 4 and 5, where we will show that the numerical errors being generated in the vicinity
of the boundary and elsewhere in the domain are caused by distinct but related mechanisms.

This paper is structured as follows: in section 2, we present the two-fluid model we use. In
section 3, we present the numerical method and outline the standard Roe and LTS Roe schemes.
Sections 4 and 5 discuss boundary and source term treatments, respectively, with corresponding
numerical investigations. Section 6 discusses accuracy and computational performance, and
section 7 closes with conclusions.



2. Mathematical model

We are considering a one dimensional isentropic equal-pressure two-fluid model [1, 2, 3,
4, 5, 6] without energy equation, where we solve separate evolution equations for mass and
momentum of two fluids:

O(agpg) + 0x(agpeve) = 0, 2.1)
di(aupr) + Ox(apvy) = 0, 2.2)
0i(@gpgve) + 0x(pggvy + (p = pHag) + agdup' = Oy, 23)
dlaiprvy) + Oxlprarvi + (p — pHay) + aidp’ = Q, 24)

where p, @, v, Q are the density, volume fraction, velocity and the source term with corresponding
phase indices g, for the gas and liquid phase, respectively. The pressure p denotes a common
pressure of both phases, while the pressure p’ denotes the pressure at the interface between gas
and liquid.

In this basic model, several physical effects that would be present for a number of engineering
applications have been neglected. For numerical studies, this practice has been followed by many
authors [1, 2, 3,4, 5, 6] and a thorough discussion of its justification can be found in the book of
Stidtke [24].

In this respect, we would like to emphasize that a number of practical applications would
require viscous terms [25], i.e. terms involving second-order spatial derivatives, to be naturally
incorporated into our framework. Such terms would typically render the model parabolic, and
would be physically important for problems involving for instance thermal conduction or wax de-
position. As demonstrated in [22], our numerical Large Time Step framework naturally includes
numerical diffusion. This was exploited by Solberg [26] who proposed a concrete extension of
the LTS framework to systems containing viscous terms.

2.1. Quasilinear form
The Egs. (2.1)—(2.4) can be written in a quasilinear form as:

6,0+ A(U)0,U = Q(U), (2.5

where the vector of evolved variables U and the vector of source terms Q are defined as:

T
U= [pgag,pzaz,pgagvg,pzazw] , (2.6)
T
Q) =[0,0,0,,0/] . @)
and the coefficient matrix A is defined as in [3]:
0 0 1 0
0 0 0 1
AWU) = 9p, s 2.8
© K (p,ag + Apa,(;—’;’) - vﬁ K(pgag - Apag%) 2v, 0 2.8)
K (p,oz; - Apal';—’;’) K (pgoz] + Apagc;i;) - vl2 0 2y
where « is defined as: 1
K= 2.9)

dpg 9 ’
Wagpé + Walpg



and the interface pressure term Ap is defined as:

(7Yl 2
ol R

(2.10)
Pe + P10y

Ap=p-p' =6
with 6 = 1.2. The interface pressure term Ap ensures that the system remains hyperbolic for
physically realistic states. For the cases we consider in this paper the system will always remain
hyperbolic, i.e. the coefficient matrix A will have 4 real and distinct eigenvalues and thus linearly
independent eigenvectors. Physically, these eigenvalues correspond to fast pressure waves and
slow interface (volume fraction) waves. Although it is possible to derive the analytical expres-
sions for eigenvalues and eigenvectors, these expressions are too complicated to be of practical
value. Some useful approximations may be obtained through perturbation techniques [2, 3, 5]:

+ +
P~ PgV) + PidgVe " PgQ + P1Qg ’ @.11)
Pgal + p1g pgalappl + plagappg

A~ PV + P1gvy . \/Ap(pga'l +,010/g) _pgplaga/l(vg —-v)?
P + Py a P + P '

® pressure waves.

e interface waves:

(2.12)

These expressions may become inaccurate if the relative velocity becomes too large. In the
following, we will not use the approximations (2.11) and (2.12). Instead we will calculate the
eigenstructure numerically for increased accuracy.

2.2. Closure relations and thermodynamic submodel

The model is closed by a basic relation between volume fractions and by an equation of state
for each phase k:

P — Pko
ag+a; =1, Pr = Pro + P (2.13)

k

where the speed of sound a is defined as ai = 8p/dpy. The parameters are p;o = 10 Pa, pgo = 0,

oo = 1000 kg/m?, Peo =0,a; = 10° m/s and a, = V10> m/s. The assumption of equal phase
pressures, pg = p; = p, allows us to write (2.13) in terms of conserved variables:

uj Uz

pilp) - = pla, ), 2.14
Pg(P) +P1(P) p = pluy, uz) 2.14)

where u; = pya, and u; = pja; are elements of the vector of evolved variables U, Eq. (2.6). For
details on closure relations and interface pressure modeling we refer to the papers [3, 27].

3. Numerical model

We start by discretizing the homogeneous version of (2.5) by the explicit Euler method in
time and a Roe scheme in space:

n n At (4 n A- n
Ut = U3 = = (AT oAU + AT AU ). 3.1
4



where U;? is a discrete approximation of the cell average of U in the cell with center at x; and

+

at the time level 7, and A T /ZAU =12 are flux differences at the cell interfaces x;z1/2, where we
introduce AUj;1/2 = Uj;; — U;. For more convenient notation, here and throughout the paper,
we assume that the absence of a time index implies the time level 7.

Herein, the fundamental component is the construction of a Roe matrix A, originally pro-
posed for the Euler equations [28]. We are discussing the non-conservative system modeling
two-phase flow and we construct the Roe matrix A following the approach found in [5, 3]. Once
the Roe matrix A is defined, the positive and negative parts of A are defined through its eigen-
values:

A* = RA*R™, (3.2)

where R is the matrix of right eigenvectors and A is the diagonal matrix of eigenvalues with the
eigenvalues defined as:
A" = max(0, 1), A~ = min(0, A). (3.3)

A known limitation of this scheme is that the time step must satisfy the constraint C < 1, where
C is the Courant number:

At
= 1—. 4
C mjaxlxl il Ax (3.4)

In the following, we will describe an extension of the Roe scheme that is not limited by this
condition.

3.1. Large Time Step Roe scheme

To extend the standard Roe scheme to the LTS Roe scheme we use the ideas developed by
LeVeque [12] and approach used by Lindqvist et al. [22]. We start by recalling that the standard
Roe scheme is a three-point scheme:

Ut =u(U,

UL, 3.5)
In the standard Roe scheme this property is ensured by the CFL condition (3.4), which requires
that no wave can travel more than one cell during a single time step. As a consequence, the
U;f” in the (3.1) is updated only by the flux differences at the cell interfaces x;_;/, and xj./2,
see Figure 1. However, if we increase the time step At, the particular wave may travel more
than one cell during a single time step. To take this into the account we increase the domain of
dependence. Therefore, the value in a particular cell may depend on more than three cells:

n+l _ n n n n n
U = U (., UL, UL UL UL U, ), (3.6)

where the particular size of the domain of dependence depends on the local Courant number.
Since the information from the domain of dependence with which we update cell state U"*! is
delivered in terms of flux differences through the cell faces, we reformulate the flux differences to
include all flux differences in the domain of dependence. Hence we modify the flux differences
in (3.1) to obtain the LTS extension of the Roe scheme:

At (o o N L
n+l1 —
Ut =Up - ; Al /HAUj,l/z,,.+;A;ﬂ/2”AUM/M . 3.7

The matrices A™ are defined as: ) )
A = RA#R!, (3.8)
5



with the eigenvalues defined as in [22]:

Ax Ax
A= 0, A— 3.9
+max( min (+ lAt A7 )) 3.9)

The superscripts i+ and i— in (3.8) denote the parts of the Roe matrix A defined by the positive
(i+) and the negative (i—) wave speeds 2™ and A~ at the cell interface located i cells to the left
(i+) and to the right (i-) of the cell interface associated with i = 0, i.e. xj;1/2. Herein, flux
differences associated with A™* and A’ are traveling to the right and left, respectively.

‘We assume that these flux differences, i.e. the waves they describe are moving independently
of each other, i.e. all the interactions between the waves are linear. Figure 1 shows the flux
differences that update the cell U; in the standard and LTS Roe scheme. We note that even
though we allow more waves to pass through the particular interface, the different waves need
to travel a different distance before they start “passing” through the relevant interface. This fact
is taken into the account by the modification of the eigenvalues in (3.9). Also, we note that the
infinite sums in (3.7) will only contain a finite number of nonzero terms, because the term A — z—
becomes negative, and the term A + z = becomes positive in (3.9) for sufficiently large i. The
reader is referred to [22] for a more extenswe explanation of the LTS method.

11
U’ n+1
= it o
ZUA —1/2— LAU171/27L Z I/HLAU +1/2+i
& i=0
T o [
A; 3/28Uj-3/2 ' A; 128Uj-1/2 ‘ ' ]+1/1AU7+1/2 ‘ ;+d/zAU7+i/2 —
— — LT . | L. '
A; J/ZAU7 3/2 A; I/ZAU7 1/2 ]+1/1AU7+1/2 ;+d/zAU7+i/2
— —
Uis Ui Uy Ui Uit n
Tj—5/2 Tj-3/2 Tj-1/2 Tj+1/2 Tj+3/2 Tj+5/2

Figure 1: Updating of U;: domain of dependence and flux differences in standard Roe (dashed boxes) and LTS Roe
scheme (full boxes)

4. Boundary conditions

We now discuss how to incorporate boundary conditions into the LTS scheme (3.7). Bound-
ary conditions may be divided into two main categories [14]: closed, in which no information
is allowed to cross the boundary, and open, in which information travels across the boundaries
along the waves inherent in the equations, as described for instance in [29].

Herein, the direction of information flow is determined by the sign of the eigenvalues of the
matrix A given by (2.8), with positive eigenvalues corresponding to flow along the positive x-
direction. Hence, the number of imposed boundary conditions must correspond to the number of
inflowing characteristics at the given boundary.

For the purposes of this paper, we will assume that the flow is subsonic. In that case we have
at least one incoming and one outgoing characteristic at each boundary, i.e. one of the pressure
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eigenvalues (2.11) will be positive and one will be negative. Then, at each boundary, we are left
with 3 different scenarios according to the sign of the interface eigenvalues (2.12):

o No interface eigenvalue represents inflow: 1 boundary condition must be imposed;
e one interface eigenvalue represents inflow: 2 boundary conditions must be imposed;
e both interface eigenvalues represent inflow: 3 boundary conditions must be imposed.

In this paper, we will present a method general enough to handle all these cases. We will however
limit ourselves to constant boundary conditions, i.e. we consider only cases where both the
imposed boundary conditions and the signs of the boundary eigenvalues do not vary in time.
This allows us to focus on a main difficulty in the LTS setting (3.7): how to naturally incorporate
boundary cells into the increased domain of dependence.

For the first cell in the domain, the standard Roe scheme stencil (3.5) implies:

Up! = U(Upye, UL UB), (4.1

with Upgc being U in the left boundary cell, where the value at the boundary is typically pre-
scribed for the problem. Clearly, this leads to a difficulty when it comes to the definition of
numerical boundary conditions in the LTS method. If we assume that U; in (3.6) is the first cell
in the domain, then the LTS Roe scheme stencil (3.6) implies:

U = U(., U, Ul UG, UG, U, ). (4.2)

U

Here, we do not have the cell values associated with U”" S

§RE etc. We now suggest two
different ways to define these boundary cells.

4.1. Extrapolated boundary conditions

Assume that we apply a Courant number C > 0, i.e. we will need M = ceil(C) numerical
ghost cells at each boundary to directly apply the LTS Roe scheme, where ceil(C) is the smallest
integer that is larger or equal to C. The straightforward way to provide these additional cells is
to simply extrapolate the values of the original boundary cell. In this way, all additional cells in
the boundary zone will have the same values as the original boundary cell:

U'=Ujye ¥V j<LBC, 4.3)
Ul =Usye Y j>RBC, (4.4)

where LBC and RBC denote the indices of the left and right boundary cells, respectively. Assum-
ing N cells in the interior domain, we will use the convention that LBC = 0 and RBC = N + 1.
We will refer to this formulation as EBC, i.e. extrapolated boundary conditions. If there are no
source terms present in the computational domain and the boundary conditions are constant in
time this approach will be very effective, and very accurate results may be obtained, as will be
shown for the shock tube example.

Next, we are interested how appropriate this definition is when there are source terms present.
If we assume constant boundary conditions, the assumption of locally uniform data corresponds
to a valid steady state solution in the absence of source terms. Consequently, the application of
(4.3) and (4.4) may be viewed as follows:



e Calculate Uy gc and Ugrpc by some boundary scheme.

e Solve the steady state and homogeneous version of the problem (2.5):
Ad,U=0, (4.5)
in an artifical domain extended at the boundaries (the solution is simply U = const.)

o Transport the solution from this artificial domain into the actual computational domain
through the LTS method.

Comparing the steady state form of (2.5) to (4.5), we see that under this point of view the EBC
approach assumes there is no effect of the source terms in the boundary cells. Applying a Courant
number C > 1, we will then see this manifest itself as a discontinuity in the numerical solution,
propagating C cells per time step away from the boundary. Clearly, this is a numerical artifact
due to the fact that we allow information to travel more than one cell during a single time step,
without being affected by the source term. Herein, there are a number of ways of constructing
the values of the primary boundary cells at x gc and xgpc, for instance by extrapolation of the
characteristic [30] or primitive variables. However, regardless of our choice of updating Uy gc
and Ugpc, we are left with a central problem associated with the EBC as given by (4.3) and
(4.4) in the presence of source terms. We observe that this problem is somewhat independent
of the choice of extrapolation variables, and we focus on primitive variable extrapolation for the
purposes of this paper.

4.2. Steady state boundary condition
To overcome the problem discussed above, we replace (4.5) by the steady state form of (2.5):
Ad,U = Q). (4.6)
Assuming that the eigenvalues of A are nonzero, we obtain:
d,U = (A(U)™" Q). “.7n

Now, by discretizing this equation at the left and the right boundary cells we obtain the slopes
6,Uy and 6,Ug (left and right, respectively) as:

6,UL = (A(ULgc)) ™' Q(ULgc)s 6xUr = (A(Ugpc)) ™" Q(Uggc). 4.8)
which we then use to formulate the additional boundary cells as:

U} = Ulpc + (j - LBO)AxS, U, ¥ je[LBC-M,...,LBC], (4.9
at the left boundary zone and:

Uj = Ugpc + (j —RBO)Ax6,Ug, V j€[RBC,...,RBC+ M], (4.10)

at the right boundary zone. These equations then replace (4.3) and (4.4). We will refer to this
formulation as SSBC, i.e. steady state boundary conditions.

Remark 1: We note that in practice, this approach must be handled with caution. Namely,
using (4.9) and (4.10) may result in negative values of the conserved variables. This will be
further addressed in section 5.
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4.3. Numerical example
To illustrate how the presence of a source term causes an error close to the boundary and to
show the advantage of using the SSBC we consider a linear advection with a source term:

o+ adu = q(u), a=1, 4.11)
with initial data and source term defined as:
u(x,0)=1, q(u) = =0.1u. 4.12)

For the problem (4.11) to be well-posed we need a boundary condition at the left boundary. We
choose u(0,¢) = 1. The Eq. (4.11) is solved by the explicit Euler method in time, the LTS upwind
scheme in space and an explicit treatment of the source term:
n+1 n At N i+ N i— n
u;" =u;— A_x ZO aj_]/z_iAl/tj_]/z_,‘ + ZO a_,-+]/2+iAu_f+|/z+i + Atq_,-(uj), (4.13)
1= =

where we note that (4.13) is (3.7) applied to the scalar problem (4.11) including the source term.
We set Ax = 1 and evaluate the solution at time 7 = 3. Figure 2a shows the solution obtained with
the non-LTS upwind scheme (At = 1 = C = 1, 3 time steps). Next, we consider the solution
obtained with the LTS upwind scheme (Ar = 3 = C = 3, 1 time step) and EBC, see Figure 2b.
It can be seen that the EBC approach neglects the effect of the source term during a single LTS
step, and then applies the source term only at the end of the LTS step. In addition, the effect of
the source term is magnified, since it multiplies At and At is larger in the LTS method. To fix
this issue, we use the SSBC and reconstruct the boundary zone according to (4.6) — (4.10), see
Figure 2c.

Here we note that this pattern of error generation in the presence of source term is not limited
only to the vicinity of the boundaries. Similar pattern may appear whenever we transport a
discontinuity since the LTS method neglects the effect of the source term on the Riemann problem
during a single LTS step. In addition, similar mechanism may arise if there are no source terms,
but strong nonlinear effects. In that case, the LTS method neglects the nonlinear interactions
during a single LTS step, leading to errors that exhibit similar behavior, i.e. transport of sections
of constant data unaffected by nonlinear interactions. In section 5 we will discuss errors caused
by the source term elsewhere in the domain.

Remark 2: It should be noted that the discretization (4.13) is stable for our illustrative
example, but for arbitrary initial data stability may be lost due to interaction between the source
and transport terms.

To demonstrate the performance of the LTS Roe scheme and boundary treatments we con-
sider two test cases. The numerical solutions are obtained by (3.7) and explicit treatment of the
source term:

U=y, - A Z A AU i+ Z A% AU /2”} +A1Q;. (4.14)
i=0 i=0
In all the numerical investigations considered below, the time step At is fixed and determined
at the beginning of the calculation, based on the Courant number we want to use and prior
knowledge of the largest eigenvalue that will appear during the computation:

CAx

B max| |’
Jn

9
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Figure 2: Numerical solution for problem (4.11) after r = 3

4.4. Shock tube results

We first consider a shock tube problem studied by Cortes et al. [2] and Evje and Flatten [3].
The tube has a length of 100 m and initial data with a discontinuity at x = 50 m. The initial data
on the left and the right of the discontinuity are:

[265000 Pa, 0.71,65 m/s, 1 m/s] if x < 50;

T
Ve 0) = [panveu] = { [265000 Pa,0.7,50 m/s, 1 m/s]  if x > 50. “.16)

The solution is evaluated at the time # = 0.1s. Boundary conditions are obtained by simple
extrapolation (EBC), because the waves will not reach the boundaries, therefore no special treat-
ment of the boundaries is required. The numerical solution is obtained with (4.14), and we note
that for the shock tube test case Q’; = 0. The reference solution is obtained by the Roe scheme
with superbee wave limiter on a grid with 12 000 cells and At = 2.1815 - 107> s, corresponding
toC = 1.

Figure 3 shows the comparison between the standard and LTS Roe scheme at Courant number
C =~ 5 and C = 39 on the grid with 100 cells. It can be seen that the LTS Roe scheme with C ~ 5
resolves the left going shock with higher accuracy than non-LTS Roe scheme. The LTS Roe
scheme with C ~ 39 achieves even higher accuracy. However, one can note that LTS Roe scheme
leads to slight overshoots and undershoots which can be best seen in pressure and liquid velocity
profiles. Similar oscillations have been observed previously for the Euler equations [22, 18],
and are due to the assumption of linear wave interactions. Regardless of these oscillations one
should note that the solution obtained with the LTS Roe scheme took only 8 and 1 time steps (ts),
respectively, making it more efficient than the standard Roe scheme that took 39 time steps.

We also investigate the convergence of the LTS Roe scheme for different grids and Courant
numbers, see Table 1. We can observe that the accuracy increases as we refine the grid and that

10
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Figure 3: Comparison between standard and LTS Roe scheme on the grid with 100 cells for shock tube problem (4.16)

Table 1: 1-norm error estimate & (x103 Pa) and convergence rates £ for pressure for shock tube problem (4.16)

Roe Roe + superbee LTS Roe LTS Roe LTS Roe
& 26-103(C~ 1) 26-1072 (C~ 1) 1251072 (C~5) 2.5-1072 (C ~ 10) 0.1 (C ~39)
no & L, En L, En L, En L, En L,
100 155 - 4.12 - 8.27 - 6.41 - 11.2 -
200 11.1 0.482 2.58 0.676 6.31 0.390 4.85 0.401 6.54  0.777
400 7.16 0.633 1.04 1.311 4.01 0.654 2.84 0.775 3.25  1.009
800 4.90 0.546 0.52 0.986 2.64 0.605 1.75 0.700 1.59  1.031

in most cases the convergence rate increases as we increase the Courant number. A similar trend
is observed for the velocity profiles, while the accuracy and convergence of the volume fraction
are somewhat ambiguous due to the presence of the spike, see Figure 3.

4.5. Water faucet results

As a second test case we consider the classical water faucet problem proposed by Ran-
som [31]. The problem consists of a vertical pipe 12 meters long with initial data:

T
V(x,0) = [ p.as,ve,vi| = [10° Pa,0.8,0 mys, 10 mys | . 4.17)
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The water in the pipe is accelerated due to the effect of gravity which we define as a source term
in (2.5):

Q) = (0.0, gpgr. gpren]' (4.18)
where g = 9.81 m/s?. The solution is computed at time = 0.6 s. In addition, the following
boundary conditions are given:

Inlet: a; =08, v,=10m/s, v, =0mfs,
Outlet: p = 10’ Pa.

The remaining values required to determine the evolved variables at the boundary cells are ex-
trapolated from the computational domain, which yields the following set of values at the bound-
aries:

T ! 1" 10° Pa

. _la|l | 08 s el | @y
Bipc = Ve =l o |’ Brpc = Ve = (Vg)N . (4.19)

Vilige [10m/s Vilrpc Dy

The analytical solution for the liquid volume fraction and liquid velocity can be found in [3].
The reference solution for the remaining variables is obtained by the standard Roe scheme with
superbee wave limiter on a grid with 12 000 cells and At = 2.9154 - 107 s, corresponding to
Cxl1.

4.5.1. Effect of time step

Figure 4 shows the comparison between the standard and the LTS Roe scheme with different
time steps and different implementations of the boundary conditions on the grid with 100 cells.

It can be seen that the pressure solution obtained with SSBC is smoother and larger than the
solution obtained with EBC for corresponding time steps, especially for larger time steps. That
is expected regarding smoothness, since the boundaries defined with SSBC introduce a smaller
error and provide a smoother transition between the boundary zone and the rest of the domain.

The accuracy of the gas volume fraction and liquid velocity increase as we increase the
Courant number. This is because the larger time step Az leads to a smaller number of time steps,
which reduces the numerical diffusion introduced each time we average a cell state, i.e. in each
time step. However, the error in the gas velocity near the outlet gets larger for larger Courant
numbers. We note that the Courant numbers corresponding to the interface waves are smaller
than one for all cases. More rigorous insight into the relation between time step and numerical
diffusion can be gained through the modified equation analysis, see for instance Harten et al. [32].

4.5.2. Effect of grid refinement

We also compare the effect of grid refinement starting with a grid of 100 cells and a time
step At = 0.0017 s, which corresponds to C ~ 5. For each refined grid we keep the Courant
number constant, i.e. the ratio At/Ax = 0.0146 = const., see Figure 5. We again note that the
SSBC provides smoother and larger pressure profiles than EBC. However, this effect becomes
less significant as the grid is refined. This is expected, since the number of boundary cells
remains constant as the total number of grid cells is increased. Hence their relative influence
becomes smaller. Nevertheless, practical simulations are often performed on coarse grids due to
computational efficiency constraints. Here the results may be sensitive to the different treatments
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Figure 4: Effect of increasing the time step for different treatments of boundary conditions on the grid with 100 cells for
water faucet problem (4.17)
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Figure 5: Effect of grid refinement for different treatments of boundary conditions with Az/Ax = const., (C = 5 ) for
water faucet problem (4.17)

of the boundary conditions presented here. Figure 5 indicates that both with EBC and SSBC,
the LTS Roe scheme converges to the exact solution as the grid is refined. A similar trend is
observed for the velocities.

To confirm that, we again investigate the convergence of the LTS Roe scheme for different
grids and Courant numbers, see Table 2. We can observe that both accuracy and convergence
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rate tend to increase as we increase the Courant number and refine the grid. A similar trend is
observed for the pressure and velocity profiles.

Table 2: 1-norm error estimate & (x1072) and convergence rates £ for volume fraction for water faucet problem (4.17)

Roe Roe + superbee LTS Roe LTS Roe LTS Roe
A 29-107°(Cx1) 291072 (C~ 1) 1461072 (C ~ 5) 2911072 (C ~ 10) 5.81-1072 (C ~ 20)
n En Ly En Ly & Ly En L, &y L,
100 20.99 - 1.55 - 18.76 - 15.64 - 7.12 -
200 13.82  0.603 0.85 0.867 12.26 0.614 10.05 0.637 4.01 0.827
400 8.87 0.641 0.50 0.751 7.78 0.655 6.26 0.683 2.10 0.932
800 5.50 0.689 0.28 0.847 4.76 0.707 3.75 0.741 1.10 0.934

5. Source terms

Until now, we applied the explicit Euler method for time integration of the source term Q,
cf. Eq. (4.14). That way, the accuracy of solutions for volume fractions and phase velocities were
increased at the cost of the accuracy of the pressure profile. The oscillations in the pressure profile
did not affect the volume fraction profiles, because interface waves are not strongly affected by
the pressure waves, cf. see the results in section 4.5. Further, the pressure waves are not strongly
affected by gravity. For the water faucet example this is an acceptable approach as long as we
apply the LTS method only to the pressure waves, i.e. the Courant numbers corresponding to
interface waves (2.12) are less or equal to one at all times:

()

where C' are interface Courant numbers and A' are the interface eigenvalues (2.12). We note
that the eigenvalues associated with the interface waves (2.12) could be further approximated by
assuming p,/p; ~ 0 for which we would obtain that both interface waves are A = v,. For the
water faucet case considered here this assumption is also justified by numerical investigations.

However, if the source term is discretized with the explicit Euler method, and interface
Courant number is increased beyond the standard CFL condition, severe oscillations will appear
in the volume fraction and velocity profiles, regardless of how we define additional boundary
cells. This suggest that if we want to use the LTS discretization for interface waves we need a
more refined treatment of the source term.

In the literature, two improvements to the straightforward Euler discretization of the source
term are commonly applied [33]:

At
C' = —max

<1
Ax Jin -

, (GRY)

o Operator splitting [34], which is based on solving the hyperbolic system d,U+A(U)d,U = 0
alternately with the ODE dU = Q(U) to approximate the solution to the full problem (2.5).

o Flux modification [35], which is based on modifying the numerical flux at the cell inter-
faces to take into account the effect of the source term during the time step.

LeVeque [36] notes that operator splitting methods may cause difficulties when the system is

close to a steady state solution, i.e. when the flux gradients are balanced with the source terms.

Schemes that correctly balance the source volume integral with the flux surface integral are
14



denoted as well-balanced schemes, and are most conveniently formulated in the flux modification
setting.

In this paper, we will follow the flux modification approach, starting by considering a scalar
conservation law. Then, we provide the natural extension to the LTS Roe scheme and the system
of equations. We follow the work of Murillo and Garcia-Navarro [23], which again is based on
ideas introduced by Bermudez and Vazquez-Cendén [35]. We will end up formulating a slightly
modified discretization.

5.1. Scalar conservation law with source term
‘We are considering a scalar conservation law with source term in the form:

O+ 0.f (u) = g(u), (52

with initial data corresponding to the Riemann problem:

_Jouw ifx<O;
u(x0) = { ug if x> 0. (5-3)
We can also write (5.2) in quasilinear form as:
O + A0.u = q(u), A =d,f(u). 5.4)

The Riemann problem (5.3) can be solved exactly by integrating (5.2) over the control volume
[xL, xr] X [0, T] such that:

[ARpT| < |xL, xR I, xL <0< g, (5.5

where Agp is wave speed corresponding to Riemann problem (5.3) determined by the Rankine—
Hugoniot condition. By integrating (5.2) in space and time we obtain:

XR T XR
f u(x, T)dx = ugxg —urxp + T (f(ur) — f(ur)) + f f q(u)dxdt. (5.6)
XL 0 XL

As a discrete analogue to the above, we consider the local Riemann problem with piecewise
initial data:

_Ju; ifx<0
ux,0) = { Wi ifx> 0. 57
By integrating the local Riemann problem over the corresponding discrete control volume [—%, AT"
[0, T'] we obtain:
5 Ax
|4 Ty dx = == (ujn + 1) + T (f)) = @) + Tsjoao, (5.8)

where we expressed the source term as:

T XR
TSjH/z = f f qj+1/2 dxdz. 5.9
0 XL

As for now, we will leave the specific ways to evaluate the source term g/, at the interface
aside and return to it later, when we consider system of equations, cf. section 5.4. Since we
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are considering a scalar conservation law, the Riemann problem (5.7) consists of only one wave
traveling either to the right (if ;1,2 > 0) or to the left (if A;,1/, < 0). If the wave speed 4,/> is
positive, the value of u/*.+1 corresponding to the right going wave can be calculated from (5.8) as:

Ax

i AT 2
f u(x, T)dx + f ut(x, T)dx + f u(x, T)dx =
-4 0 Ajr1pnT

B (s +5) + T () = flaie) + T (5.10)

By using the Rankine—Hugoniot condition:
Flujn) = fup) = Ao (e — 1)), (.11

on the right hand side of (5.10) and the fact that the integrands on the left hand side of (5.10) are
equal to uj, ”741 and uj,, respectively, (5.10) yields:
Sj+1/2

u+

= (5.12)

A1’

where u?,, denotes the state that travels to the right of the Riemann problem, into the cell with
center at x;,. If the wave speed 4,1, is negative, the corresponding uy is:

(5.13)

U, =Ujy| —
J+1 B
/ Ajs12

where u denotes the state that travels to the left of the Riemann problem, into the cell with
center at x;. Therefore, an arbitrary cell state u; can be seen as being updated by information
from neighboring Riemann problems:

Wi AX = uiAx + (= up)AT A= (= AT, AL (5.14)

where we recall that A* was defined according to (3.3). By inserting (5.12) and (5.13) into the
(5.14) we have:

At At
+1 _ + - + —
uy = u;' - A—x(/lj_]/zAuj,l/z +/lj+1/2AMj+1/2)+ A_x(sj'l/z +Sj+]/2), (515)
: + P - ac-
with Sip and S defined as:
At A7
+ j-1/2 _ j+1/2
S p= s S = 2l s (5.16)
Jj=1/2 /ljfl/Z J J+1/2 /1j+l/2 J

We will denote this type of source term discretization as the split source discretization, as op-
posed to unsplit explicit Euler discretization. We note that the quotient of eigenvalues in the
(5.16) is either zero or one, i.e. the source terms in (5.16) are either zero or sj_j/2 or sj.i/2,
respectively.

Note that, as in the original formulations [35, 23], the expressions (5.16) are not defined if a
cell interface eigenvalue is zero. In this case, a convention would be needed to uniquely define
the splitting of the source term. As this situation will not arise for any of our test cases, the
description (5.16) will be sufficient for our present purposes.
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In [23], Murillo and Garcia-Navarro obtain the equivalent of finite volume method (5.15) as:

At
1 _
i (A1 01 28U 12 + A5, O p AU ) (5.17)

u

with 9_,4.]/23

Sjt1/2
Ajerpp(ujer = uj)’
Although (5.15) and (5.17) are mathematically equivalent, (5.17) suffers from a drawback that
source term yields no effect if the initial data is uniform. Since the initial data in the water faucet
problem is uniform, it is necessary to use the approach corresponding to (5.15).

Remark 3: In [23], Murillo and Garcia-Navarro further discuss the effect of source term on
the time step At and the effect it might have on the positivity preserving property of the scheme.
Here, we do not discuss that matter because the water faucet test case, as discussed here, does
not contain issues related to loss of positivity.

1y =1 - (5.18)

5.2. Extension into the LTS framework

In this subsection, we are interested in generalizing this new discretization of the source term
into the LTS framework. We start by observing that for a homogeneous problem, (5.15) is the
scalar formulation of the flux difference splitting form (3.1). In section 3, the discretization (3.1)
was extended into the LTS framework by extending the domain of dependence, i.e. by taking
into the account more flux differences, cf. section 3.1. The procedure may be summarized as:

e Take into the account flux difference contributions from all interfaces in the domain of
dependence;

e modify the wave speeds associated with flux differences according to (3.9).

By applying these steps, the homogeneous version of (5.15) can be extended into the LTS frame-
work as:

At (&, &
MT'] = u'j’ — E (Z /lljtl/zf,'Aujfl/Zfi + Z /l}+1/2+iAuj+1/2+i] . (5.19)
i=0 i=0

Based on this, we argue that the same reasoning may be applied on the source term contributions
in the (5.15):

e Take into the account source effect contributions from all interfaces in the domain of de-
pendence;

o modify the wave speeds associated with source contribution according to (3.9).

Hence, we obtain the LTS extension of (5.15) as:

At [ .
+1 _ + -
”7 = ""} T Ax [Z /l_lf-l/z-iA”jfl/Zfi + Z /l_lf+l/2+iAuj+1/2+i]
i=0 i=0
o it o i
At (o A= A1 24i
+ — —Sj-1/2-i t Sj+1/2+i |- (5.20)
A A A
X\ Aj-1/2-i I Ajr1jasi
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That way we take into account source effects that are delivered from all interfaces in the domain
of dependence, and we ensure that the source terms further away from the cell we are updating
contribute less than those closer. We note that in fractions of eigenvalues associated with source
terms in (5.20), we modify only the eigenvalue in the numerator. Due to that, the quotient of
eigenvalues is not either zero or one anymore, but may gradually decrease from one to zero as
we are moving further away from the interface.

5.3. Generalization to system of equations

We are now interested in generalizing (5.20) to systems of equations. We start by generaliz-
ing the non-LTS (5.15), and then proceed to generalize (5.20). For homogeneous problem, we
already observed that (5.15) is the scalar formulation of the flux difference splitting form (3.1).
Hence, we look for the generalization of (5.15) in the form:

N Al At -
A;—l/2AU.i—1/2 +A 2AU_]'+]/2) + — (S}:l/z + Sj+1/2)’ (5.21)

A
: ( J+1/ Ax

n+l _ ym
UJ-Jr _Uj_Ec

where S_;T’H 1’ will be the system equivalent to s;i] 1’ in the (5.16). To see how (5.15) generalizes
to system of equations, we recall the way the Roe scheme [28] is constructed, but note that for
our investigations we consider the Roe matrix A defined for two-fluid model, cf. section 3. We
consider the system of equations (2.5) and linearize:

0 U +A}4120,U = Qo (5.22)

where Q.12 is a vector of source terms evaluated at the interface x /. Different ways on how
to construct this vector will be addressed in section 5.4. Then, we solve this linearized problem
exactly by considering the individual Riemann problem for (5.22) with:

_ Uj if x < O;
U(x,0) = { U ifrs0 (5.23)

We start by multiplying (5.22) by R~!, where R™! is the right eigenvector matrix of A = A j+1/2t
R19,U+R'ARR9,U = R'Qj1)2, (5.24)

to obtain: .
8,W + AaxW = Q_/'+]/2, (525)

where W = R™'U is the vector of characteristic variables, A is the diagonal matrix of eigenval-
ues, and Q.12 = ﬁ’lQ i+1/2 1s the vector of characteristic source terms. This way we decoupled
the system (5.22) into linear advection equations. Then we solve each of these equations ac-
cording to the theory we presented for scalar conservation laws, section 5.1. Therefore, for each
characteristic variable w” of vector W we have equation equivalent to (5.15):

+ (/lp);n/zAan/z)

At )
W)= 0] = 2 (0w

At _
A ((sp);—I/Z + (sp)j+|/2) vp, (5.26)
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where s” is p-th component of vector S. We note that S is obtained by integrating components of
Q as done with g1/, in (5.9):

T R
TSj+1/2 = f f Qj+1/2 dxdr. (5.27)
0 XL

Following LeVeque [36], the flux difference terms in Eq. (3.1) may be defined as:

AiAU_,*.Hﬂ = MiﬁilAUﬁ_]/Z = Z (ﬂ.p)i VPAW?H/T (528)

p=1

Similarly, we argue that the split source term can be defined as:

A m ( p)i
§%1 = RAFARS 10 = ) TR (5.29)
p=1
Therefore we have that: B
S_J,i]/z = A?+1/2Sj+l/2v (530
where we introduced:
A* = RA*R!, (5.31)
A* = A*A7! (5.32)

Here we point out that (5.30) is system equivalent of (5.16), where term Ail , in (5.30) corre-
sponds to the quotients of eigenvalues in (5.16). Here, just as in the (5.16), the diagonal elements
of matrix A* in (5.32) take the values of either zero or one.

Once we have established the relation between (5.15) and (5.21), we are left with the task
of establishing the LTS framework for (5.21). Recall that in section 3 we extended (3.1) to
the LTS framework (3.7) by extending the domain of dependence. The same idea was applied
in extending the scalar conservation law with source term (5.15) to the LTS framework (5.20).
Following that idea, we propose the LTS discretization of the source terms (5.30) in Eq. (5.21)
as:

Ship = A;+1/2Sj+1/2 - ZA?:I/Z—iSJH/Z*i’ (5.33)
i=0
Siip= A;+1/2S_i+1/2 — ZA;:.]/zﬂ'Sj-H/ZH, (5.34)
i=0
with:
A" =RA*R™, (5.35)
A = A=A (5.36)

The modification of eigenvalues in (5.36) has the same role as with the flux difference contribu-
tions — source terms coming from interfaces further away from relevant interface are contributing
less than the source terms closer to the relevant interface, due to the fact that they have to travel
a certain distance before they start passing through the relevant interface. Here, we note that the
diagonal elements of matrix A™* in (5.36) are not either zero or one, respectively, but may instead
gradually decrease towards zero.
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5.4. On the choice of average for Qj.1,2

Herein we propose two different ways on how to approximate the source term Q1 in (5.22)
at the cell interface. As a first choice we propose the arithmetic average of Q in neighboring cells,
i.e. a central discretization:

1
Qi =5 (Q; + Q). (5.37)

An alternative choice is to take into the account the physics of the particular problem. This may
be done by considering the signs of the eigenvalues and defining:

Qj+1/2 = A;H/sz + AJ+'+1/2(2j+1’ (5.38)

which will be denoted as upwind discretization of the source term. We note that A]ﬁ 12 Was
defined in (5.31).

5.5. Water faucet results

Herein, we once again consider the water faucet test case from section 4.5 and use the same
initial data, boundary conditions and means of obtaining the reference solution.

In this section we are interested in increasing the global Courant number so that even the
interface Courant number (5.1) exceeds the standard CFL limit. Table 3 shows several global
Courant numbers estimated on prior knowledge of the largest wave speeds and the corresponding
largest interface Courant numbers C' at starting and end time.

Table 3: Global Courant numbers C with time steps Ar and largest interface Courant number C' on grid with 100 cells

Global C Atins Cit=0) C' (t=065)

~ 1 3.4985 x 107 0.030 0.049
~ 10 0.0035 0.300 0.490
~ 30 0.0103 0.879 1.444
~ 49 0.0171 1.459 2.398

5.5.1. Treatment of boundary conditions for very large Courant numbers

At the moment, it remains ambiguous what is the optimal way to apply SSBC approach (cf.
section 4) when we use very large Courant numbers. Namely, we wish to apply SSBC to as many
boundary cells as possible to reduce the oscillations in the pressure. At the same time, applying
(4.9) and (4.10) directly may lead to negative values of the conserved variables. We observed
that if interface Courant number (5.1) is higher than one, using EBC will lead to oscillations in
volume fraction as well. The error will develop in a similar manner as the error in the pressure
profile discussed in section 4, i.e. there will be a step-like pattern in the volume fraction profile.
Since in this section we are interested in volume fraction profiles we apply SSBC to just enough
cells to ensure that we apply the SSBC to the interface waves. Regardless of how we define
the remaining cells, their treatment will affect only the pressure waves and at the moment these
waves are not the focus of our interest. Therefore, we used:

e Left boundary: by examining the Table 3 and noting that the domain of dependence of
interface waves consists of at most three upwind cells, we used the SSBC approach for
five boundary cells at the left boundary.
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e Right boundary: at the right boundary we applied SSBC on all the boundary cells because
it did not cause any of the conserved variables to become negative.

A more rigorous and more general framework on how to properly apply SSBC in the LTS Roe
scheme is being currently investigated.

Remark 4: As discussed above, using EBC when the interface Courant number is larger than
one leads to a step-like error in the volume fraction. We found that this error is independent of
how we treat the source term, i.e. it yields the same error for both unsplit and split discretization
of the source term and it is not affected by the choice of average for Qj1/2. This justifies our
simplification to treat errors caused by the source terms in the vicinity of the boundaries and the
errors caused by the treatment of source terms elsewhere in the domain as independent problems.

5.5.2. Comparison between different discretizations of source term at Courant number C =~ 30
Figure 6 shows the comparison of results for the water faucet problem solved by standard

Roe scheme, standard Roe scheme with superbee limiter and three different discretizations of

the source term for global Courant number C ~ 30, all on the grid with 100 cells. The pressure
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Figure 6: Effect of source term treatment at C = 30 on grid with 100 cells for for water faucet problem (4.17)

profiles associated with the LTS method show strong oscillations which are due to the very large
global Courant number and somewhat ambiguous treatment of boundary conditions that may
affect the accuracy of the pressure waves, see section 5.5.1. In addition, these pressure profiles
seem to stabilize themselves at a values slightly lower than the prescribed outlet pressure (10°
Pa). Regardless of that, the volume fraction waves were not affected by the oscillations of the
pressure, and therefore we do not focus on these errors.
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In the plot for the volume fraction, we may see that the standard unsplit treatment leads to a
very large error in the volume fraction on the upstream side of the contact discontinuity, while
the corresponding split discretizations yield much better solution. The best solution is obtained
by using the upwind approximation for the source term (5.38). This hierarchy is expected, and
may be explained in a following way. First, we note that the error manifests itself as an increase
in gas volume fraction. Second, we recall that the source term in (2.5) and the corresponding
discretization in (5.21) are positive. The source term is given by the (4.18), where gravity g
is constant, while the changes in volume fractions dominate the changes in densities. When
we update cell U;, and we treat the source term with unsplit approach, we simply multiply
the strength of the source term at that cell by time step Az. We may observe that this is not
true, because what actually enters the cell is coming from the upstream direction, and upstream
of the contact discontinuity the volume fraction is smaller than in the cell at x;. Hence, this
approach overestimates the amount of gas phase. Following the same reasoning, we may see
why central discretization yields a better solution. The central discretization (5.37) of the split
source term uses the volume fractions, i.e. the source terms from upstream interfaces, where
value at each interface is determined according to (5.37). This approach uses smaller values of
volume fraction, and these values give much better results, but they still overestimate the source
strength in the cell at x;. Upwind discretization (5.38) uses even smaller values of the volume
fraction than the central discretization, and does not lead to too large accumulation of the volume
fraction in the cell at x;. We may observe that the accuracy of the best solution obtained with
the LTS Roe scheme is much closer to the high resolution Roe scheme than to the standard Roe
scheme.

The same hierarchy of the solutions is observed for the liquid and gas velocity profiles. We
note that for the gas velocity profile all LTS Roe schemes results seem to stabilize around a
slightly too big outlet velocity at the right boundary.

5.5.3. Comparison between different discretizations of source term at Courant number C ~ 49

Next we further increase the Courant number and compare different choices of average for
Q412 with split discretization of the source term, Figure 7.

For Courant number C = 49 the accuracy of pressure profiles is further decreased. In ad-
dition, the pressure profiles corresponding to Courant number C =~ 49 stabilize themselves at
different values than before, but still not at the prescribed outlet pressure (10° Pa). Once again,
we do not focus on these errors, because we concluded that they do not significantly affect the
volume fractions and the velocity profiles.

For the volume fractions, further increase of the Courant number leads to further increase
in the error upstream of the contact discontinuity. At C ~ 49, only the split discretization of
the source term with upwind average for Qj,/> gives reasonably good solutions, although if we
further increase the Courant number or the simulation time this error keeps increasing. Similar
trend is observed for the velocities. Therefore, even though our new approach significantly im-
proves the solution compared to the explicit treatment of the source term, it does not guarantee
an unconditionally stable treatment of the source term.

Remark 5: Herein, we note that the error in the volume fraction upstream of the contact
discontinuity is independent of the way we treat boundary conditions, i.e. it is the same for the
EBC and SSBC. This is in agreement with remark 4.

22



100400 T T T T
—— Reference
100300 [ - - - At=3.5E-4, C=1 T N
————— At = 3.5E-4, C=1, superbee
100200 H At=0.0171, C=49, split - central 1 1
100100 == At =0.0171, C=49, split - upwind g
= o
g 4
£ 100000 °
Y o
5 £ 4
@ 99900 3
4 S
[ g
99800 &3 1
99700 i
99600 |~
59500 e A —
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Distance (m) Distance (m)

Figure 7: Effect of source term treatment at C = 49 on grid with 100 cells for for water faucet problem (4.17)

6. Computational performance

Through the paper, it was repeatedly stated that the LTS Roe scheme is more efficient than
the standard Roe scheme. Herein, we investigate the computational efficiency of the LTS Roe
scheme by examining the relationship between the computational time and the 1-norm of the
error for different grids and Courant numbers, Fig. 8.

For the shock tube problem (4.16) (Fig. 8a) we used the EBC treatment of the boundary
conditions. For the water faucet problem (4.17) (Fig. 8b) we used the SSBC treatment of the
boundary conditions as described in section 5.5.1 and upwind treatment of the source term with
the average (5.38). The CPU times are obtained with the MATLAB tic—toc function averaged
over several simulations. We observe that:

e For all the cases, the LTS Roe scheme is more accurate than the standard Roe scheme;
o at each grid size, the increase of Courant number leads to an increase of the efficiency;

o for the shock tube problem (4.16) (Fig. 8a) the optimal Courant number depends on the
grid size. The convergence rate indicates that as we refine the grid, the solution obtained
with the highest Courant number will achieve the highest accuracy.

We note that these results are dependent on numerical implementation of the method and the fea-
tures of the studied problems. However, similar results were independently obtained by Lindqvist
and Lund [21].
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7. Conclusions

We extended the standard Roe scheme to the LTS Roe scheme and showed that the two-fluid
model can be solved with an explicit method not limited by the CFL condition. We applied the
LTS Roe scheme to two test cases, shock tube and water faucet, and focused on the difficulties
related to the treatment of boundary conditions and source terms.

The LTS Roe scheme performed very well for the shock tube test case, where there are
neither source terms nor difficulties associated with boundary conditions. For the water faucet
test case, applying the LTS Roe scheme with the most simple treatment of boundary conditions
and source terms led to two distinct, but related, patterns of error generation. The first error
is associated with the effect of the source term in the vicinity of the boundary. It is highly
dependent on the definition of the boundary cells, and it was shown that this error can be reduced
by imposing the steady state boundary conditions (SSBC). In particular, the SSBC approach
reduced the oscillations and led to smoother profiles of all variables affected by this error. The
second error is associated with the effect of the source term in general, and it is highly dependent
on the discretization of the source term. This error was especially important when the interface
Courant numbers were increased above one, since it caused severe oscillations in the volume
fractions and velocities. It was shown that an appropriate split discretization of the source term
allows us to use interface Courant numbers up to up to C' ~ 2.4, which corresponds to global
Courant number C ~ 49. However, the oscillations associated with the pressure profile remained,
and got even worse as we increased the Courant number. Reducing the oscillations caused by
the source term in the vicinity of the boundaries by introducing SSBC treatment of the boundary
conditions and reducing the oscillations in volume fractions and velocities caused by the source
term elsewhere in the domain by introducing the split discretization of the source term are the
main contributions of this paper.

Finally, it was shown that the LTS Roe scheme is more efficient than the standard Roe scheme
for all the cases investigated in this paper. Further, the convergence analysis suggests that in-
creasing the Courant number increases the convergence rate. The optimal choice of the Courant
number remains to be determined for each particular problem.

The proposed method shows promising potential, especially in the following cases. First,
for the problems where there are no source terms and where complex wave dynamics is not
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happening close at the boundaries. Second, in problems with a large number of grid cells where
the number of additional ghost cells introduced by the LTS method is relatively small compared
to the number of grid cells in the domain. And last, in problems where the velocities of the phases
are much smaller than the pressure wave speeds and we are not interested in maximum accuracy
of the pressure field compared to the accuracy required for volume fractions and velocities.

We believe that the interface Courant number can be further increased by more appropriate
treatment of the source term. First, errors observed in Figure 6 led to an erroneous overshoots
in velocities, and for our investigations we used fixed time step determined at the beginning of
the simulation. Hence, adaptive time stepping procedure may be more appropriate for situations
when the LTS method may cause overshoots in velocity. Second, the split discretization of
the source term, although more successful than standard discretization of the source term, does
not take into the account effect of the source term during single LTS steps. These effects may be
taken into consideration by investigating the discretization of the source term in direction of well-
balanced schemes or some completely new approach, for example by taking into the account the
modification of the wave speeds by the source term. As for now, these investigations remain
outside the scope of this paper.
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Abstract. We present Large Time Step (LTS) extensions of the Harten-Lax-van Leer (HLL) and
Harten-Lax-van Leer-Contact (HLLC) schemes. Herein, LTS denotes a class of explicit methods stable
for Courant numbers greater than one. The original LTS method [R. J. LeVeque, SIAM J. Numer.
Anal., 22 (1985), pp. 1051-1073] was constructed as an extension of the Godunov scheme, and successive
versions have been developed in the framework of Roe’s approximate Riemann solver. In this paper, we
formulate the LTS extension of the HLL and HLLC schemes in conservation form. We provide explicit
expressions for the flux-difference splitting coefficients and the numerical viscosity coefficients of the
LTS-HLL scheme. We apply the new schemes to the one-dimensional Euler equations and compare
them to their non-LTS counterparts. As test cases, we consider the classical Sod shock tube problem
and the Woodward-Colella blast-wave problem. We numerically demonstrate that for the right choice
of wave velocity estimates both schemes calculate entropy satisfying solutions.
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1. INTRODUCTION
We consider the hyperbolic system of conservation laws:

U, +F(U), =0, (1.1a)
U(z,0) = Up(), (1.1b)

where U € RY is the vector of conserved variables, F(U) is the flux function and Uy is the initial data. We are
interested in solving (1.1) with an explicit finite volume method not limited by the CFL (Courant-Friedrichs-
Lewy) condition.

A class of such methods has been proposed by LeVeque in a series of papers [13, 14, 15] in the 1980s.
Therein, the Godunov scheme was extended to the LTS-Godunov scheme and applied to the Euler equations.
The CFL condition is relaxed by allowing the waves from each Riemann problem to travel more than one cell
during a single time step. Each wave is treated as a discontinuity, and the interactions between the waves are
assumed to be linear. Through the years this idea has been used by a number of authors. For the shallow
water equations, Murillo, Morales-Herndndez and co-workers [27, 23, 25, 24, 26] applied the LTS-Roe scheme
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and Xu et al. [41] applied the LTS-Godunov scheme. Further applications of the LTS-Godunov scheme include
the 3D Euler equations by Qian and Lee [31], high speed combustion waves by Tang et al. [35], and Maxwell’s
equations by Makwana and Chatterjee [21]. Lindqvist and Lund [18] and Prebeg et al. [30] applied the LTS-Roe
scheme to two-phase flow models. Lindqvist et al. [19] also studied the TVD properties of LTS methods and
showed that the LTS-Roe scheme and the LTS-Lax-Friedrichs scheme are the least and most diffusive TVD
LTS methods, respectively. All the methods discussed above share the feature of starting from a Godunov
or Roe-type Riemann solver and extending it to the LTS framework. The goal of this paper is to establish a
more general platform for LTS extensions of approximate Riemann solvers. In particular, we will construct the
natural LTS extensions of the HLL and HLLC schemes, and quantify their level of numerical diffusion.

The original HLL scheme, proposed by Harten, Lax and van Leer [9] in the 1980s, assumes a two-wave
structure of the solution and constructs the approximate Riemann solver by using estimates of the velocities
of the slowest and the fastest waves. The choice for these velocity estimates has been studied for instance by
Davis [4], Einfeldt and co-workers [5, 6] and Batten et al. [1]. The original HLL solver may poorly resolve certain
physics in systems where the solution structure consists of more than two waves. For the Euler equations, Toro
et al. [39] proposed the HLLC solver in which the contact discontinuity is reconstructed by assuming a three-
wave structure of the solution. Today, HLL and HLLC solvers are widely used in a number of different fields,
such as multiphase flow modeling [42, 37, 36, 28, 3, 2, 20] and magnetohydrodynamics [12, 22].

In this paper, we show how LeVeque’s approach [15] may be directly used to derive LTS extensions of the
HLL and HLLC schemes, denoted as LTS-HLL and LTS-HLLC, respectively. In section 2 we present our
basic model and numerical framework. In section 3 we present the standard HLL scheme and extend it to
the LTS framework. In particular, we write the scheme in numerical viscosity and flux-difference splitting
form. Section 4 presents the LTS extension of the HLLC scheme. In section 5, we study in more detail the
numerical diffusion of the LTS-HLL scheme. We provide a direct proof that the numerical viscosity coefficients
satisfy the TVD property without any restriction on the time step. We also prove that for subsonic flows,
the numerical diffusion for the contact wave increases monotonically with the time step. This is in contrast
with previously investigated LTS methods [15, 23, 19], where the numerical diffusion will typically attain local
minima for integer Courant numbers. In section 6 we present numerical investigations for the one-dimensional
Euler equations. The resulting LTS-HLL(C) schemes are seen to improve the efficiency of standard HLL(C)
schemes while also providing improved robustness compared to previously studied LTS methods. In section 7
we close with conclusions.

2. PRELIMINARIES

2.1. Problem outline

As a special example of (1.1) we consider the Euler equations where the vector of conserved variables U and
the flux function F(U) are defined as:

p pu
U=|pu|, FU=|p’+p |, (2.1)
E u(E + p)

where p,u, E,p denote the density, velocity, total energy density and pressure, respectively. The system is
closed by the relation for the total energy density, E = pe + pu?/2, and an equation of state for perfect gas,
e = p/(p(y — 1)). Throughout the paper we will use v = 1.4 for air. Alternatively, we can write (1.1) in a
quasilinear form as:

U, +A(U)U, =0, A(U) =0F(U)/0U. (2.2)
We assume that the system of equations (2.2) is hyperbolic, i.e. the Jacobian matrix A has real eigenvalues
and linearly independent eigenvectors. The eigenvalues of the Euler system (2.1) are:

M=u—a, X=u, A3z=u-+ta, (2.3)
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where a is the speed of sound.

2.2. Numerical methods

We discretize (1.1) by the explicit Euler method in time and the finite volume method in space:

At
n+l _ n n n
Ui =U-x ( i1z~ Fj—1/2> ; (2.4)
where U7 is a piecewise constant approximation of U in the cell with center at x; at time level n and F;? 172
is a numerical approximation of the flux function at the cell interface ;1,2 at time level n.

2.2.1. Standard 3-point methods

In the case that the numerical flux depends only on the neighboring cell values, we can with no loss of
generality write the scheme in the numerical viscosity form [7, 34]:

1 1
Fii1=F (U}, U},) = 3 (Fj +Fj,,) — 5 Q412 (U7 - U7), (2.5)
where F} = F (U;L) and Q;L v1/2 is the numerical viscosity matrix. To simplify the notation, the time level n
will be implicitly assumed in the absence of a temporal index. The choice of the numerical viscosity matrix Q
determines the finite volume method we use, i.e. for the Lax-Friedrichs scheme Qpyr = diag(Az/At), and for
the Roe scheme Qgroe = |A| where A is the Roe matrix [32]. A can be diagonalized as:

A =RAR™, (2.6)

where R is the matrix of right eigenvectors and A= diag(A1, ..., An) is the matrix of eigenvalues. We note
that in the Lax-Friedrichs and the Roe schemes, the numerical viscosity matrix Q acts independently on each
characteristic field. In that case, Q can be diagonalized as:

Q=ROR, (2.7)
where Q = diag(wy, ...,wy) is the matrix of eigenvalues of Q, and Q and A have the same eigenvectors. The
numerical viscosity matrices of the Lax-Friedrichs and the Roe scheme are then obtained by:

Az N
Qrxr = EI’ Qroe = |A[. (2.8)

An alternative way to discretize (1.1) is with the flux-difference splitting:

U =0y - - (Af,, (U - UL) + AT, (UL, - 1), (2.9)

a (

where A* represent a splitting of the Roe matrix (2.6) according to:
AT =RA*R. (2.10)

Herein, A* are obtained by transforming each diagonal entry of A:

1 .
Mor =3 <)\ + %) AR =+ max(0, £)). (2.11)
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For 3-point methods, the size of the time step in discretizations (2.5) and (2.9) is limited by the CFL condition:
At

C= A (2, 1) 28 < 1, 2.12

max [ (7, )] T+ < (212)

where A, are the eigenvalues of the Jacobian matrix A in (2.2). In this paper, we consider explicit methods
that are not limited by the constraint (2.12).

2.2.2. Large Time Step methods

The natural LTS extension of the numerical viscosity formulation (2.5) is (see [19]):

1 1T &,
Fit120=5 (Fj+Fjn) -5 > QAU (2.13)

i=—00

and the natural LTS extension of the flux-difference splitting formulation (2.9) is (see [19]):

At

At & o
( ]71/27¢AUJ—1/2—1 +Aj+1/2+1'AUJ'+1/2-*-1') ) (2.14)

Uit =u; - =

i=0
where we introduced the notation AU; 1,5 = Uji1 — U;. We note that (2.13) differs from [19] in a sense
that we scale Q° with Az/At. Herein, the upper indices denote the relative cell interface position. These will
be further clarified in section 3.2. Lindqvist et al. [19] provided the partial viscosity coefficients Q' and the
flux-difference splitting coefficients A“* for the LTS-Godunov, LTS-Roe and LTS-Lax-Friedrichs schemes. For
the LTS-Roe scheme [19], the partial viscosity coefficients are defined through the eigenvalues of Q’:

by = fminl) , 2.15
Qs = ( o (2.15)
where the eigenvalues are defined as:
Wioe = [Al; (2.16a)
Fi .AQ? .
Whee = 2max | 0, £ — A ) for i > 0, (2.16b)
and the flux-difference splitting coefficients are defined through the eigenvalues of At
Ait _ (RAIER-1
A%, = (RAZR >j+1/2 , (2.17)
where the eigenvalues are defined as:
; Az Az
it . .
Afoe = T max (0,m1n (j:/\ —ixg E)) . (2.18)

In the following section we determine these coefficients for the LTS-HLL scheme.

3. LTS-HLL SCHEME

We start by presenting the standard HLL scheme of Harten et al. [9]. Then we formulate the natural LTS
extension of the HLL scheme and provide explicit expressions for the flux-difference splitting and the numerical
viscosity coefficients.
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3.1. The standard HLL scheme

We consider the cell interface Riemann problem:

{ U, if <0,
U(z,0) = (3.1)

Uj+1 if x>0.

The original HLL scheme by Harten et al. [9] solves the Riemann problem approximately by assuming a single
state between the left and right states:

Uj if x < Spt,
Uz/t)={ UM, if St <z < Swt, (3.2)
Uj+1 if x> Sgt,

where S, and SR are approximations of the smallest and the largest wave velocities at the interface z;,1/5. As
for now, we leave these unspecified and return to them in section 6. The intermediate state U;{-}—JILN is defined
such that the Riemann solver is consistent with the integral form of the conservation law (1.1), see [9, 5]:

mr _ SRUjy1 —SLU; +F; —Fjp

Uitz = Sk — Sy (3.3)
Next, we use U?}_‘%/Q to determine the flux function F; /5. This is defined as:
Fj if 0< Sy,
Fiop=q Fib, if SL <0< Sg, (3.4)
Fj+1 if 0> Sg.
In the interesting case, S, < 0 < Sg, the flux function has the form [38]:
Filt), =Fj+ 5L (U_I,-I+L1L/2 - Uj) : (3-5)
;’Hle/Z =Fj11+Sr (U?ff/z - UJ‘+1> . (3.6)
These two equations are equivalent and by using (3.3) in any of them we obtain:
SrF; — SLF, 1 + SLSR (U'+1 — U)
FHLL _ J Jj+ J J . 3.7
j+1/2 SR _ SL ( )
Further, the equations (3.4) and (3.7) can be written more compactly as:
Fiiij = St Fj — Sy Fju + 8¢ Sg (Uja — U)) (3.8)

SE—Sp '

where S = min(Sy,,0) and S5 = max(Sg,0). Equation (3.8) is then used in (2.4). For more information and
more detailed derivation we refer to [9, 4, 5, 1, 38]. Einfeldt [5] showed that the numerical flux (3.8) can be
recovered from the numerical viscosity framework (2.5) by setting:

BT (3.9)
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Following the framework introduced in (2.8), we define the HLL scheme through the diagonal entries of €2 as:

S (A= Sp) = S (S§ —N) _ [Sr[(A=50) +[90] (Sr = A)
Sy —Sp Sk — St '

WHLL — (3.10)

The HLL scheme can also be written in the flux-difference splitting framework (2.11) by modifying the diagonal
entries of A% as:

A=Si or A=SL op . Sn—A 4

AE . = = 11
HLL T GF T gER T g T g Ok + S — SLSL7 (3.11)
_ ST —N A=SL SR — A _

Mg, = —2 = . 12
HLL Sl-{ _ SI: L SR _ SL SR, + SR _ SL SL (3 )

3.2. The LTS-HLL scheme

We want to construct the LTS extension of the numerical flux function (3.8). Consider the Figure la and
the Riemann problem at the interface ;. /5. First, we consider the wave structure when C' < 1, denoted in
Figure 1b as At"™LTS_ In this case, the Riemann problem at Zj11/2 is completely defined by U;, U1 and
velocities St j11/2 and Sg_j41/2 being emitted from the interface x;,1/2, see (3.2)-(3.8). Next, we consider the
case when C' > 1, denoted in Figure 1b as At"“TS. For this case, the wave emitted from the interface xj_1/2 and
associated with velocity Sg ;j_1/2 passes through the interface z;, /5.

This wave violates the CFL condition (2.12) since we allowed the wave to travel more than one cell during
a single time step. However, we may relax the CFL condition (2.12) if we modify (3.8) by taking into account
this additional contribution. We start by assuming that the interactions between the waves are linear and we
note that:

o The flux function (3.8) at the interface ;1,5 is increased by the contribution from the jump 2 moving
to the right with the velocity Sg j_1/2-

e The contribution from the jump 2 does not start passing through the interface x;,/, immediately, i.e.
it has to travel through the cell z; before it starts to pass through the interface ;1 /s.

Based on this, we modify (3.8) as:

LTS-HLL _ 10 -1 HLL
Jj+1/2 T FJ'+1/2 + SR,J;1/2 <Uj—1/2 - Uj) , (3.13)
where we denoted (3.8) as F9+1/2, and:
Ax
—1
Srij-1/2 = Srj-1/2 ~ AL (3.14)

The purpose of this modification is to take into the account the fact that the wave has to travel one cell before
it starts contributing to the flux function (3.13). In the general case, we allow for an arbitrarily large time step
size At, therefore allowing the waves to travel several cells during a single time step. In addition, we note that
each interface may emit waves where each of the local wave speeds S;, and Sg may be either negative, zero or
positive. Therefore, the general formula for the flux function of the LTS-HLL scheme has the form:

o0 o0
LTS-HLL __ 0 —1 +1
FiAY =Fpn+) Filipt > Fiiog (3.15)
i=1 i=1

where the additional terms under the sum signs represent the information reaching the interface ;1,2 from
neighboring Riemann problems on the left and on the right, respectively. The newly introduced terms in (3.15)
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U,

Ujt1

Tj_3/2 Ti_1/2 Ti+1/2 Tit+3/2

(A) Riemann problems at Zj_1/2 and T2

SLj+1/2 SR,j—1/2 SR,j+1/2 A¢LTS

x

Tj-3/2 Tj—-1/2 Tj+1/2 Tjt3/2

(B) Characteristics with slopes dz(t)/dt = S r at @712

U
U,_
i-1 UHLL
1 j=1/2
A A A LU .
s © -
1 i+
x
Tj-3/2 Tj—1/2 Tjt1/2 Tj4+3/2

(c) Approximate solutions of Riemann problems at ;- /5 with HLL scheme

FIGURE 1. Wave structure in the LTS-HLL scheme

are:

—i —i HLL —i HLL
Foli o i = Srt1/2-i (Uj+1/27¢ - Uj+1—i> + S0 t1/2—i (Uj—i - Uj+1/2fi) )

+i _ oti HLL +i HLL
F]i1/2+i - SL,ZJ'H/zH (Uj+1/2+i - Uj+1i> + SR,Zj+1/2+i <Uj+1+1’, - U]‘+1/2+77) ;

where the modified wave velocities are:

S+

i .
[L,R],j+1/24i — M1

—i Al
SILiR]j41/2—; = Max (S[L,R],.m/w Ve 0> ;
Ax
<S[L«,R]J+1/2+i + lﬂﬁ) .

Equation (3.15) is then used in (2.4).

3.2.1. The LTS-HLL scheme in numerical viscosity form

We can now write the LTS-HLL scheme in the numerical viscosity form (2.13).

(3.16)

(3.17)

(3.18a)

(3.18b)
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Proposition 1. Given the Roe matriz:

A= (RARA)HW V5, (3.19)

where A is the diagonal matriz of eigenvalues, the LTS-HLL scheme defined by (3.13)~(3.18) can be written in
the numerical viscosity form (2.13) with coefficients:

i _ D OP—1
Q12 = (RQ R ).7_“/27 (3.20)

where Ql(f\ SL, Sr) is the diagonal matriz with entries given by:

Sr| (A= SL) +|SL| (Sr — A
Wi = Sl S}i — ‘SL ¢ )7 (3.21a)
A — SL Ax SR - A .ACL' .
Fio—9l = +SRr —i— 22— +S, —i— . 21
WHLL = 2g g max <0 Sr—i At) 25 g, max (07 SL—i At) for i>0 (3.21b)

Proof. The coefficient Q° has already been determined by (3.9). We obtain the coefficients Q! for i # 0 by
equalizing (2.13) and (3.15), while using the Roe condition [32]:

Aji1jo (Ujpr = Uj) = F(Uji) — F(U)). (3.22)
(|

We point out the similarity of the LTS-HLL partial viscosity coefficients (3.21) to the partial viscosity
coefficients of the LT'S-Roe scheme (2.16).
3.2.2. The LTS-HLL scheme in fluz-difference splitting form

We have built the LTS-HLL scheme by heuristic arguments as an extension of the standard HLL scheme,
following LeVeque’s general approach of treating all wave interactions as linear [15]. We now derive the flux-
difference splitting formulation in a more formal way, starting with LeVeque’s general updating formula [15]:

oo AN
" At At
Uj“Z@_Z / U)o 4(G)dG — Z Uy, (3.23)

arf {=—00

(3.24)
Proposition 2. Given the Roe matriz:

A= <R1§R‘1)j+1/2 vj, (3.25)

where A is the diagonal matriz of eigenvalues, the LTS-HLL scheme can be written in the fluz-difference splitting
form (2.14) with coefficients:

A% = (R]\iifrl) (3.26)

j+1/2”
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where A (f\, SL, Sr) is the diagonal matriz with entries given by:

it 4 AT POL i _ a2t =22 PRTA ; ;= =22
)\VLL SR SL max (0 NI1T ( SR, K3 P N 2‘)) SR SL max <0 nin ( SL 3 P s 2‘)) . (327)

Proof. The HLL Riemann solver (3.2) can be written as:
Uj41/2(¢Q) = U; + H(C - Su) ( e — Uj) + H(¢ — Sr) (Uj+1 - U?H/z) (3.28a)
=Uj —H(SL - Q) ( e — Uj> — H(Sr —() (Uj+1 - Uﬂ“fm) ; (3.28b)

where H is the Heaviside function. Using (3.3) we can rewrite this as:

Uyeara(©) = U + (=S s - )+ B A - 50)) (00— 1)) (3290)
U - (%(SR A+ B sm) (Ujr —Uy), (3.20b)

where Sy, = ST and Sg = SgI. We then use (3.29a) in (3.23) and note that for i < 0 we can write:

SR Az ~(—i)—
(io1) s Ujiay2-i(G)dG = A Uimi ~ Ay (Uj1-i = Uj—q), (3.30)
pemes

where:

A" =RA"R™!, (3.31)

and A"~ is the diagonal matrix with values:

N e Az Ax SrR—A . Az Az
- 2720 o 2L PRTA 22 2T ). 32
A S min <O,max <SR+1 e t)) + e min <O,max <SL+Z ) t>> (3.32)

Similarly, we use (3.29b) in (3.23) and note that for i > 1 we can write:

ige Az )
A (i—1
/(v ) as Uj1/2-iG) A6 = 5 Uja-i = Al (Ui = U, (3.33)
=AY
where:
AT =RATRT (3.34)
and AT is the diagonal matrix with values:
. A= 5t . Az Ax Sr — A . Azr Ax
i+ - . R S — -
A o max <0,m1n <SR v At>> + S max (0., min (SL yvilyw >> . (3.35)
Substituting (3.30) and (3.33) into (3.23) we recover the LTS flux-difference splitting equation (2.14). O

We point out the similarity of the LTS-HLL flux-difference splitting coefficients (3.27) to the flux-difference
splitting coefficients of the LTS-Roe scheme (2.18).

Proposition 3. The fluz-difference splitting formulation (3.26)—(3.27) and the numerical viscosity formulation
(3.20)—(3.21) are equivalent.
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Proof. Lindqvist et al. [19] derived the following one-to-one mapping between the numerical viscosity and flux-
difference splitting coefficients:

A0E — % (A+Q°+Q7), Ait — :i:% <Q;i _ Q;(iﬂ)) ) (3.36)

By using(3.20)—(3.21) in (3.36) we obtain (3.26)(3.27). O

4. LTS-HLLC SCHEME

In this section we propose a direct extension from the HLLC scheme to the LTS-HLLC scheme, following the
approaches from section 3.

4.1. Standard HLLC scheme

We recall that the standard HLL scheme assumes a two wave structure of the solution with a single, uniform
state UHLL between the waves. This is a correct assumption for hyperbolic systems consisting of only two equa-
tions (such as the one-dimensional shallow water equations). However, for the Euler equations this assumption
leads to neglecting the contact discontinuity. The approach to recover the missing contact discontinuity was
first presented by Toro et al. [39]. Herein, we outline an approach to reconstruct the missing wave following the
approach described by Toro in [38].

The standard HLLC scheme is given in the form similar to the HLL scheme defined by equations (3.2) and
(3.4), but with the state UM being split into two states separated by a contact discontinuity:

U]‘ if x<Spt,
e/t UHLLC if Spt <z < Sct, (@)
x/t) = .
UELLC if Sct <z < Srt,
U]‘Jrl if x> Sgt.
Based on this, the numerical flux function is defined as:
F]' lf 0 < SL7
FiLG, if Su <0< Sc,
Fipi2= L e (42)
FR,j+1/2 if S¢ <0< Sg,
Fj+1 if 0> Sg.
In the interesting case, Sy, < 0 < Sg, the numerical flux function has the form:
FILC, — F, 4 5 (UML), - U))., (43)
Fii ) =Fju+Sr (Ug,LjLﬁ/? - UJ’“) : 4
where the intermediate states are determined according to [38]:
S —
UHLLC _ ) (SK ZK> Sc , (4.5)
K=ee %+(50—UK)<50+7PK )

pr(Sk—uK)
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where index K denotes left (L) or right (R) state in (4.1). The contact discontinuity velocity is given by [38]:

S — PRZPL + prur (St — ur) — prUR(SR — “R)
pL(SL —uL) — pr(Sk — ur)

(4.6)
For details on the derivation of these formulae we refer to the book by Toro [38].

4.2. LTS-HLLC scheme

Following the approaches of section 3, we obtain the following expression for the numerical flux to be used
n (2.4):

Proposition 4. The numerical flux of the LTS-HLLC scheme (4.2) is:

LTS-HLLC _ 0
FJ'+1/2 J+1/2+ZFJ+1/2 i +ZF,+1/2+17 (4.7)
where F?H/? is the standard HLLC fluz given by (4.2), and the additional terms are:

i _ q—i HLLC R T T
F]+1/2 i *SRJH/Z i(URj+1/2—z‘ U.7+1*1>

HLLC HLLC
+ SC7+1/2 i (ULJ+1/2 i—Ug j+1/2*i)
HLLC
L]+1/2 i (U Ui i1 Z>7 (4.8)
+i UHLLC
F]i1/2+z - SL17+1/2+Z ( Lj+1/2+i UJ‘+7?>
( UHLLC UHLLS )
CJ+1/2+L Rj+1/24i = Y Lj+1/2+i
HLLC
R ;+1/2+z ( JHl+i T j+1/2+i> : (4.9)
Herein, the modified velocities are:
_ Az
Sitc,ny j1/2-i = MAX (S[L,GRMH/?—i - ZE:O) : (4.10)
i . Ax
SiL o R} j1j24i = Min <5[L,C,R1<,j+1/2+z' + 2570) . (4.11)

Proof. The HLLC Riemann solver (4.1) can be written as:

Ujp1/2(0) = U + H(C — Sp) (UL —U;)
+ H(¢ = Sc) (URMC = UPMC) + H(¢ - Sk) (Uj1 — URMC),  (4.12)

or equivalently:

Uj11/2(¢) = Uy — H(Sy - ¢) (UM — Uy)
— H(Sc — ) (UR™C = UIMC) — H(Sr — ) (U1 — URHEC), (4.13)



12 TITLE WILL BE SET BY THE PUBLISHER

where H is the Heaviside function and ¢ is given by (3.24). We then use (4.12) in (3.23) and note that for i <0
we can write:

. Ax
U1 i(G)dG = 22U,
[, Drwi@a = 5,

+ (min (0 St — (i — 1)%) min <0 SL — if)) (UHC _y, )

. ) Az . Az
+ (mln (O7 Sc— (i — I)E) — min (0 Sc — lE)) (URHLC — UitLe)

+ (min (O, Sr — (i — 1)%) — min <O7 Sr — z%)) (Ujp1oi — URVEO) | (4.14)

Similarly, we use (4.13) in (3.23) and note that for ¢ > 1 we can write:

iy Az
]+1/2 I(CL) dCz = At
(i-1)2%

+ (max (0.5 - 1)

U]+l i

UHLLC UHLLC)

>—max (o St — E)) (UPLLC —u,_y)
) oo )
+ (max (o, S — (i — 1)%) — max (o S — 28

Herein, the index j;/5_; is implicitly assumed on the parameters S|, ¢ rj and
n (3.23) we can write the LTS-HLLC scheme as:

+ (max (O Sc—(i—1)

ek el

)
>> Ujyi-; — URMC) L (4.15)
Uit

1) - Using (4.14) and (4.15)

U;_Hrl U - At (FLTS-HLLC _ F?T?;I;ILLC) .

Az j+1/2 (416)

d

We note that (4.8) and (4.9) are very similar to the corresponding numerical flux functions for the LTS-HLL
scheme, (3.16) and (3.17), but with the addition of the middle wave associated with Sc.

5. TVD ANALYSIS AND MODIFIED EQUATION

We interpret the LTS-HLL scheme as a numerical method for the scalar conservation law and we show that
the LTS-HLL scheme is TVD. Next, we employ the modified equation analysis and use the results of Lindqvist
et al. [19] and Prebeg [29] to study the numerical diffusion of the LTS-HLL scheme.

5.1. TVD analysis

The original HLL scheme [9] and the HLLC scheme [39] have been constructed as approximate Riemann
solvers for hyperbolic systems of conservation laws. However, we may interpret the standard HLL and the
LTS-HLL scheme as a numerical method for scalar conservation laws with two input parameters Sy, and Sg.
This allows us to perform the TVD analysis of the scheme.

For the standard HLL scheme Einfeldt [5] showed that the HLL scheme satisfies the TVD-type condition if
the eigenvalues wyy,r, of the numerical viscosity matrix Qup,, satisfy:

‘/\p,Roe‘ S Wp HLL, (51)
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for each characteristic field p. The set of TVD conditions for LTS methods for scalar conservation laws was
determined by Jameson and Lax [10, 11] (see also Lindqvist et al. [19]).

Lemma 1. A multipoint conservative scheme in the form (2.13) is unconditionally TVD if and only if:

2(Az/At) — 2Q2+1/2 + Q].lll/,_) + le'+1/2 >0, (5.2a)
Q?+1/2 - 2Qﬁll/z + jSfuz + /\j+1/2 20, (5-2b)

+i £(i+1) £(i42) )
e 2 T Qe 20, Y iz, (5.2¢)

for all j, where @ are the numerical viscosity coefficients.

By interpreting the numerical viscosity coefficients of the LTS-HLL scheme (3.21) as the numerical viscosity
coefficients @) of the numerical method for the scalar conservation law we may show that:

Proposition 5. The LTS-HLL scheme is TVD under the condition:
St <A< Sg. (5.3)

Proof. By substituting (3.21) in (5.2a)—(5.2c) the TVD conditions become:

Az . Az
(A—=5L) (E — min (\SR| , E))
Az Az
— - _ =) > :
+(Sr — ) (At min <|SL|7 At)) >0, (5.4a)
. Ax
(A — SL) max ( 0, min j:QSR,4E F 2SR
. Az
+ (Sr — A) max ( 0, min | £25, 4E F25.) ) >0, (5.4Db)
. Az Az
(A = Sp) max (07 min (:ﬁ:SR — ZE, FSr + ’LE + 2))
+ (Sg — A) max ( 0, min iSL—i&,¢SL+i&+2 >0, V i>1, (5.4¢)
At At
which are always satisfied under the condition (5.3). O

In the limit A = S, = Sk, we recover the LTS-Roe scheme which is well established to be TVD [15, 19].

5.2. Modified equation analysis

Once we have obtained the partial viscosity coefficients Q?, we may use them to compare the amount of the
numerical diffusion between different schemes. One way of doing this is by employing the modified equation
analysis.

Lindqvist et al. [19] showed that for the scalar conservation law the LTS scheme (2.13) and (2.14) gives a
second-order accurate approximation to the equation:

5 k—1
up + fu)e = %% K > 2—; c2> u} , (5.5)
i=1 T
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where Q° = Q* (u, ..., u) is the numerical viscosity coefficient of the (2k-+1)-point scheme, and ¢ = f'(u)At/Ax.
We distinguish between the numerical diffusion inherent to the scheme:

At .
D(u) = —Q -7 )
W= Y SQ-c (56)
i=1—k
and the total numerical diffusion v:
1 Az?
v(u) = iﬂD(u) (5.7)

Lindqvist et al. [19] determined D(u) for the LTS-Roe and LTS-Lax-Friedrichs scheme as:

Drrs-roe = ([lef] = [e]) (1 + [e] = [lef]) (5.8)

Drirsiar = k% — &2, (5.9)

where [¢] = min{n € Z|n > ¢} is the ceiling function. By using the numerical viscosity coefficients (3.21) in
(5.6), Prebeg [29] determined D(u) for the LTS-HLL scheme as:

Dursnnr, = —— = (Tlenl] = lex]) (1+ len]  [lex/T)
+ S ([lew T = fec) (1 + few| = Tlec/)
R CL
+(c—cL)(er =), (5.10)

where ¢, = SLAt/Ax and cg = SgAt/Az. We use equations (5.8)—(5.10) to investigate the numerical diffusion
of the LTS-Roe, LTS-Lax-Friedrichs and LTS-HLL schemes.

We consider the Euler equations and investigate the numerical diffusion at a Riemann problem with subsonic
flow conditions and the Roe eigenvalues defined as:

M =-05 X=025 X=0L (5.11)

Figure 2 shows D), and v, for the p-th characteristic field as a function of the global Courant number ¢. We use
the global Courant number as an input variable and determine the time step from it as:

cAzx
Atg= ———————— 5.12
e (Pl Pl Pa]) (542
Then the numerical diffusion D, and v, are determined as functions of the local eigenvalue A, and the global
time step size Atz:

D, =D (A, Ate, Az), vy =v (X, Atg, Az), (5.13)

where we note that for the Figure 2 we use S, = A\; and Sgr = A3, and we assume that Az = 1.

We observe that the area between LTS-Roe and LTS-Lax-Friedrichs curves (including the curves) is the
TVD-type region. This follows from the result in [19] where it is shown that the LTS-Roe is the least diffusive
and that the LTS-Lax-Friedrichs is the most diffusive TVD scheme. The range of numerical diffusion that can
be achieved by the LTS-HLL scheme is hatched. Einfeldt [5] showed that for subsonic flow conditions, the
standard HLL scheme can reproduce the full span of numerical diffusion between the Roe and Lax-Friedrichs
schemes in the 1st and 3rd characteristic field corresponding to either shock or rarefaction. The amount of
diffusion in 2nd characteristic field (contact discontinuity) is always higher than in the Roe scheme.
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FIGURE 2. Numerical diffusion D(u) and v(u) in characteristic fields of the Euler equations
for (5.11). LTS-Roe (blue-squares), LT'S-Lax-Friedrichs (red-circles), LTS-HLL
(black-diamonds). Hatched region (dark green-lines) is the range of numerical diffusion that
can be achieved by the LTS-HLL scheme by varying Si, and Sg.

We may show that in the subsonic case, the numerical diffusion of the LT'S-HLL scheme in the 2nd character-
istic field is always bigger than the numerical diffusion of the LTS-Roe scheme and that it is always increasing

with the time step.

Proposition 6. The numerical diffusion of the LTS-HLL scheme in the 2nd characteristic field:

Do prs-HLL =
where we define:

with:

and where:

H(|z]) = [l2] + 20|[2] — |2 — J2f* = T|2]1%,

and:

C2 — CL

— CL, CR — CL,

Cc, =C — 0, CR=Cy+o0,

V-V
Cy = 2Aw7 U—GAx7

SL <0< |)\2‘ < SR,

18 a monotone function of the time step At.

H (ler]) + =29 (|ev)) + (c2 — 1) (cr — ¢2)

(5.14)

(5.16)

(5.17)

(5.18)
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Proof. By using (5.15), we can rewrite (5.14) as:
1 1 )
Dy yrs.HLL = 57"5 (Jerl) + 57"5 (Jen]) + 0. (5.19)

We introduce the dimensionless parameter z:
At
oA
and note that showing that (5.19) is a monotonically increasing function of At, is equivalent to showing that:

(5.20)

1 1
D(z) = 57—[ (z]|cr]) + ?H (z]ew)) + 2202, (5.21)

is a monotonically increasing function of z. We note that # is a continuous function of z, hence D(z) is also
a continuous function of z. Therefore D(z) is monotonically increasing if the first derivative is always positive.
In other words, we need to show:

dD(z)
dz

1
= le| ([z lerl] = zler]) + lev| (T2 levl] = zlew]) = 5 (lec] + |enl) + 220% > 0 ¥z > 0. (5.22)

We define the maximum Courant number:
Cmax = max (|zep ], |zer|) , (5.23)

and consider the cases ¢pax < 1 and cpax > 1.

Case cpax > 1:

The first two terms in (5.22) are non-negative, so it is sufficient to show that:

%(W + |er|) + 2202 > 0. (5.24)
For subsonic flows we have that:
%(‘CL|+|CR|): %(CR_CL) =0 (5.25)
Hence (5.24) becomes:
z0 > % (5.26)
By using (5.16) we have that:
aiij > %, (5.27)

which always holds for subsonic flows when ¢pax > 1.

Case Cpax < 1:

For cmax < 1 the equation (5.22) becomes:

dD(z)
dz

=(ca+0)(1 —zcy — 20) — (c2 — 0)(1 + 2¢9 — 20) — 0 + 220% > 0, (5.28)

which simplifies to:
dD(z)

L 0" 2(c2)%2 > 0. (5.29)
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We have already proved that the expression is positive for z > 1/(20), in the opposite case the lowest value of
(5.29) is attained for:

1
= — 5.30
T o (5.30)
giving:
dD(z )? 1
di):"_(i) =l (ote), (5.31)
which is always positive for subsonic flows. (|
6. REsSULTS

In this section we compare the new schemes with their non-LTS counterparts and the LTS-Roe scheme. Until
now, we did not discuss how to choose the wave velocity estimates for S;, and Sg in the HLL and HLLC schemes
and their LTS extensions. For our investigations, the choice of wave velocity estimates for St, and Sg is made
according to Einfeldt [5]:

Stsv12 = min (M (U;), M1 (0412)) (6.12)

SR’]'+1/2 = max (A3(ﬁj+1/2), Ag(U]‘+1)> 5 (61b)

where U denotes the Roe average of conserved variables. For the Euler equations, the eigenvalues are defined
as A\ = u—a and A3 = u+ a, where u and a are the velocity and speed of sound, respectively. We note that the
choice of wave velocity estimates is not a trivial matter and refer to Davis [4], Einfeldt [5] and Toro et al. [39]
for detailed discussions about a number of different estimates and their properties. Herein, we choose (6.1)
based on our own experience, where this choice yielded very good results, especially when it came to calculating
entropy satisfying solutions. A more rigorous comparison between different wave velocity estimates in the LTS
framework may be very fruitful, but at the moment it remains outside the scope of this paper.

In all the numerical experiments below, the input discretization parameters were the Courant number C' and
Az. Then, the time step At was evaluated at each time step according to:

CAx

_ 2
max A, (z, )]’ (6.2)
P

where A, are the eigenvalues of the Jacobian matrix A in (2.2).

6.1. Sod shock tube

As a first test case we consider the classic Sod shock tube problem [33], with initial data V (z,0) = (p, u,p)":

V(&0 (1,0,1)T if =<0, (63)
x,0) = .
(0.125,0,0.1)T if x>0,

where the solution is evaluated at ¢ = 0.4 on a grid with 100 cells. Figure 3 shows the results obtained with
HLL(C) and LTS-HLL(C) schemes with C' =1 and C' = 3. We observe that the LTS-HLL scheme (Figure 3a)
increases the accuracy of the shock and the left going part of the rarefaction wave, while increasing the diffusion
of the contact discontinuity. This is in agreement with the results from section 5.2 and it is due to the fact that
the standard HLL scheme assumes a two wave structure of the solution and neglects the contact discontinuity,
leading to excessive diffusion. Since the LTS-HLL scheme maintains the two wave assumption, it can be seen that
the increase in the time step leads to further smearing of the contact discontinuity. The LTS-HLLC scheme
(Figure 3b) also improves the accuracy of the shock and the rarefaction wave. In addition, the LTS-HLLC
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scheme also improves the accuracy of the contact discontinuity, because the HLLC scheme resolves the wave
missing in the HLL scheme. The velocity profiles show that the LTS-HLLC scheme produces more spurious
oscillations than the LT'S-HLL scheme.

T
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--- HLL, c=1 .
—&— LTS-HLL, C=3 /,f
08 08
N 4
> 206
gose g
8 204
0.4 &‘r‘% ’ /
h
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Lgee o |
0
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Distance Distance

(A) Standard HLL and LTS-HLL scheme
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[ R {

-1 -0.5 0 0.5 1 -1 -0.5 0 05 1
Distance Distance

(B) Standard HLLC and LTS-HLLC scheme

o

Density
Velocity

FIGURE 3. Comparison between the standard HLL(C) and the LTS-HLL(C) schemes for the
problem (6.3)

Next, we compare the performance of the LTS methods to each other. We consider the same test case and also
include the results obtained with the LTS-Roe scheme [19]. Figure 4 shows that the LTS-Roe scheme produces
spurious oscillations in both density and internal energy. Further, we observe that the LT'S-Roe scheme violates
the entropy condition, while both LT'S-HLL and LTS-HLLC schemes produce entropy satisfying solutions. We
note that for this test case, the standard Roe scheme does not lead to an entropy violation because there is
no sonic point across the rarefaction wave. Lindqvist et al. [19] showed how the LTS-Roe scheme can lead to
an entropy violation even if there is no sonic point across the rarefaction wave. Such an LTS-related entropy
violation cannot be fixed with standard entropy fixes developed for the Roe scheme, but it can be fixed by
splitting the rarefaction wave into several expansion shocks [13, 15, 31, 23, 41] or by varying the time step [18,
19]. Prebeg [29] showed that the LTS-HLL scheme with the wave velocity estimates (6.1) always produces
entropy satisfying solutions.

Last, we investigate the computational times for the LTS-HLL(C) schemes at different Courant numbers and
different grids, see Figure 5. We observe that for any grid, the CPU time decreases as we increase the Courant
number. However, by looking at the CPU time required to reach the same error we observe that the HLL
scheme tends to be more efficient than the LTS-HLL scheme, and that the LTS-HLLC scheme tends to be more
efficient than the HLLC scheme.
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FIGURE 4. Comparison between different LTS schemes at C' = 3 for problem (6.3)
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FIGURE 5. Computational time vs. error estimate £ for density with the LTS-HLL(C)
schemes for the problem (6.3) with 100, 200, 400, 800, 1600 and 3200 cells

Remark 1. The CPU times are obtained with the MATLAB tic-toc function and averaged over a number of
simulations. The computational times in Figure 5 correspond to implementation in the framework (2.5) with
the numerical flux functions evaluated with (3.15) for the LTS-HLL and (4.7) for the LTS-HLLC scheme. We
note that for the LTS-HLL scheme the similar computational efficiency trends are observed for implementations
in the numerical viscosity framework (2.13) with (3.21), and the flux-difference splitting framework (2.14) with
(3.26). Similar computational efficiency trends were reported by Lindgvist and Lund [18] and Prebeg et al. [30].
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6.2. Woodward-Colella blast-wave problem

We consider the Woodward-Colella blast-wave problem [40]. The initial data is given by uniform density
p(z,0) = 1, uniform velocity u(z,0) = 0, and two discontinuities in the pressure:

1000 if 0<z<0.1,
p(z,0) =< 0.01 if 0.1<x<0.9, (6.4)
100 if 09<z<l1.

The solution is evaluated at ¢ = 0.038 on a grid with 500 cells. The solution consists of contact discontinuities
at x = 0.6, x = 0.76 and = = 0.8 and shock waves at z = 0.65 and = = 0.87, see [17]. The boundary walls at
z =0 and z = 1 are modeled as reflective boundary condition. The reference solution was obtained by the Roe
scheme with the superbee wave limiter on the grid with 16000 cells.

Figure 6 shows the results obtained with the standard HLLC scheme at C' = 1 and different LTS methods
at C' = 5. We observe that both LTS-Roe and LTS-HLLC schemes are more accurate than the standard HLLC
scheme. Next, we observe that all schemes correctly capture the positions of both shocks and contact discon-
tinuities. As expected, all schemes resolve the shocks much more accurately than the contact discontinuities,
especially the LT'S-HLL scheme which introduces very strong diffusion at the contact discontinuities.
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FIGURE 6. Comparison between the standard HLLC and different LTS methods for problem (6.4)

Last, we investigate the computational time for the LTS-HLL(C) schemes at different Courant numbers and
different grids, see Figure 7. We observe that for any grid, the CPU time decreases as we increase the Courant
number. For the LTS-HLL scheme, the optimal choice of the Courant number depends on the grid size. The
LTS-HLLC scheme is always more efficient than the HLLC scheme. The observations made in Remark 1 also
apply for Figure 7.
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FIGURE 7. Computational time vs. error estimate £ for density with the LTS-HLL(C)
schemes for the problem (6.4) with 100, 200, 400, 800, 1600 and 3200 cells

7. CONCLUSIONS

Following LeVeque [15], previous works on Large Time Step (LTS) explicit methods have focused on the
LTS-Roe and LTS-Godunov Riemann solvers. Aiming to achieve a more general platform for LTS methods,
we have here formulated LTS versions of the HLL and HLLC approximate Riemann solvers. In particular, we
have determined the explicit expressions for the flux-difference splitting coefficients and the numerical viscosity
coefficients of the LTS-HLL scheme through our Propositions 2 and 3.

Through a modified equation analysis, we are able to precisely quantify the numerical diffusion associated
with LTS approximate Riemann solvers. So far, the lack of a controlled mechanism for introducing stabilizing
numerical diffusion has been a drawback for LTS methods [41]. In this respect, our Proposition 6 may be of
interest, as it allows for interpreting S;, and Sy as parameters for smoothly controlling the numerical diffusion
within the TVD region.

We applied the LTS-HLL(C) schemes to one-dimensional test cases for the Euler equations. At moderate
Courant numbers the LTS-HLL scheme leads to increased accuracy of shocks and rarefaction waves compared
to the standard HLL scheme. The stabilizing excessive diffusion on the contact wave is evident. For moderate
Courant numbers, the LTS-HLLC scheme leads to an increased accuracy of shocks, rarefaction waves and
contact discontinuities compared to the standard HLLC scheme. It also shows potential for increased robustness
compared to the previously investigated LTS-Roe scheme [15, 19, 31]. We observe that for the Einfeldt’s [5]
choice of velocity estimates, both the LTS-HLL and LTS-HLLC schemes calculate entropy satisfying solutions.
This is in agreement with a recent result by Prebeg [29] where the modified equation analysis was used to show
that the LTS-HLL scheme with Einfeldt’s choice of velocity estimates yields entropy satisfying solutions. This
is a notable improvement compared to the existing LTS-Roe scheme for which entropy violations are observed
for even more cases than with the standard Roe scheme [19, 31, 23]. For moderate Courant numbers, the
LTS-HLLC scheme tends to be more efficient than the standard HLLC scheme in achieving a giving accuracy.
For larger Courant numbers, both the LTS-HLL and LTS-HLLC schemes produced spurious oscillations and
the accuracy decreased.

Further investigations are needed for robust higher order extensions of LTS methods, which were already
considered by LeVeque [16] and Harten [8]. Moreover, conditions for preservation of positivity should be explored
for LTS methods.
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1 Introduction

We consider a hyperbolic system of conservation laws:

U, +F(U), =0, z€R,t €RT, (1.1a)
U(z,0) = Ug(x), (1.1b)

where U € RY is a vector of conserved variables, F(U) : RY — RY is a flux
function and Uy is the initial data. We are interested in solving (1.1) with an
explicit finite volume methods not limited by the CFL (Courant—Friedrichs-Lewy)
condition, and we focus on the positivity preserving property of such methods.

When we use conservation laws to describe the real world, the conserved vari-
ables are representing some particular measurable properties of the nature. In
addition to being conserved, these properties may have additional requirements
imposed upon then. For example, when we solve the Euler equations it is required
that the density is positive at all times:

p(z,t) >0 VzcRtcRY. (1.2)

Does the numerical method ensure that the condition (1.2) is always satisfied on
a discrete level? Namely, does the scheme enforce that:

py >0 VYjn. (1.3)

To tackle this question, we start by considering a scalar conservation law. In this
paper, we follow a common approach of treating monotonicity as a scalar coun-
terpart of positivity preserving property [50]. Consider a one-dimensional initial
value problem for the scalar conservation law:

ut + f(u)e =0, zeR,teRT, (1.4a)
u(z,0) = uo(z), (1.4b)

where u € R is a conserved variable a f(u) : R — R is the flux function. A unique
weak solution of (1.4) satisfies a strict mazimum principle. Namely, if:

m = mzin (uo(z)), M= max (uo(z)), (1.5)

then:
u(z,t) € [m,M] V x,t. (1.6)
We want the numerical scheme to enforce this property on a discrete level. Define:

m= min(ug), M= max(ug). (1.7)
J i

If the numerical scheme ensures that:
uj € [m,M] ¥ jn, (1.8)

we say that the scheme is maximum-principle-satisfying. When we discuss systems
of equations, it may be unreasonable to require that a certain variable remains
bounded between its initial values at all time, but it might be necessary to require
that a conserved variable remains bounded in some specific sense, such as for
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example the positivity of the density and internal energy in the Euler equations.
‘We then say that the scheme is positivity preserving.

The development of positivity preserving schemes has been an ongoing topic
for many years now. For the standard methods, Einfeldt et al. [11] showed that the
Godunov and the HLLE (HLL-Einfeldt) schemes are positivity preserving, while
the Roe scheme is not. Batten et al. [3] showed that the HLLC (HLL-Contact) [44]
scheme is positivity preserving with an appropriate choice of wave velocity esti-
mates, and Bouchut [5] determined wave velocities estimates such that the HLLC
scheme can also handle vacuum. Further, Perthame and Shu [33] established a gen-
eral framework to achieve high-order positivity preserving methods for the Euler
equations in one and two dimensions. Areas of interest include the Euler equations
(Calgaro et al. [6], Hu et al. [16], Li et al. [23], Zhang and Shu [49-51]), shallow
water equations [39,18,46,1], magnetohydrodynamics [2,17,12], multiphase flows
(Chen and Shu [8]), unstructured meshes (Berthon [4]) and flux-vector splitting
methods (Gressier et al. [13]), to name just a few. These papers consider standard
methods and mostly tackle issues with positivity preservation that arise in high-
order methods. This paper takes a different route and considers the issues with
positivity preservation in Large Time Step (LTS) methods.

The LTS methods have been introduced by LeVeque [19-21], where the Go-
dunov and Roe schemes were extended to the LT'S-Godunov and LTS-Roe schemes,
respectively, and applied to scalar conservation laws and the Euler equations.
These ideas have been applied in different fields, including the shallow water
equations (Murillo, Morales-Herndndez and co-workers [32,28,31,29,30] and Xu
et al. [47]), 3D Euler equations (Qian and Lee [37]), high speed combustion waves
(Tang et al. [41]), Maxwell’s equations (Makwana and Chatterjee [27]) and multi-
phase flows (Lindqvist and Lund [25] and Prebeg et al. [36]). Lindqvist et al. [24]
studied the TVD properties of LTS methods and developed the LTS-Lax-Friedrichs
scheme, while Prebeg et al. [35] developed an LTS extension of the HLL [15] and
HLLC [44] schemes and applied them to the one-dimensional Euler equations.
Prebeg [34] also used the modified equation analysis to show that the LTS-HLLE
scheme yields entropy satisfying solutions.

The positivity preserving in the LTS-Roe scheme for the shallow water equa-
tions with source terms has been addressed by Morales-Hernéandez and co-workers
(28,29], where they suggested to handle loss of positivity by reducing the Courant
number when the it is likely to happen. In this paper, we focus on the LTS-HLLE
scheme and consider scalar conservation laws and the Euler equations. Our first
result are conditions on the numerical flux function of an LTS method that guar-
antees that the method is monotone. We show that the LTS-HLLE scheme is not
monotone, and that the LTS-Lax-Friedrichs scheme is monotone. Next, we con-
sider the Euler equations and the classical result by Einfeldt et al. [11] that states
that the exact or approximate Riemann solver is positivity preserving if and only
if the intermediate states generated by the Riemann solver are physically real. Our
second result is showing that in the LTS framework this condition is necessary, but
not sufficient for the positivity preservation. We then show that the LTS-HLLE
scheme is not positivity preserving, and that the LTS-Lax-Friedrichs scheme is
positivity preserving.

This paper is structured as follows. In section 2 we outline the problem we
solve and the numerical methods we use. In order to investigate the monotonicity,
we will interpret the HLL scheme as a numerical method for scalar conservation
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laws. Extension to systems of equations is then obtained by a classical field-by-
field decomposition. In section 3 we consider scalar conservation laws and how is
monotonicity lost in LTS methods. In section 4 we move to systems of equations
and investigate different ways how is positivity lost in the LT'S-HLLE scheme when
applied to the Euler equations. Section 5 presents numerical results, while section 6
closes with conclusions.

2 Preliminaries

2.1 Problem outline

As an example of (1.1) we consider the Euler equations. They can be written in
the form (1.1) by defining:

p pv
U= ||, FU)=|p’+p], (2.1)
E v(E + p)

where p,v, E,p denote the density, velocity, total energy density and pressure,
respectively. The system is closed by the relation for the total energy density,
E = pe + pv* /2, an equation of state for perfect gas, e = p/(p(y — 1)), and v > 1
(we use v = 1.4 for air). We can write (1.1) in a quasilinear form as:

U, +A(U)U, =0, A(U) = 9F(U)/dU. (2.2)

We assume that the system of equations (2.2) is hyperbolic, i.e. the Jacobian ma-
trix A has real eigenvalues and linearly independent eigenvectors. The eigenvalues
of the Euler equations (2.1) are:

M=v—a, XN=v, N¥=uv+a, (2.3)
where a is the speed of sound:

a=p/p. (2.9)

2.2 Numerical methods

We start by presenting the standard HLL and the LTS-HLL schemes for scalar
conservation laws, and then generalize them to systems of equations.

2.2.1 Standard (3-point) methods

We discretize (1.4) by the explicit Euler method in time and the finite volume
method in space: A
t

W = = S (e = P ), 25)

where uj is a piecewise constant approximation of  in the cell with center at x; at

time level n, and F}'; , is a numerical approximation of the flux function at the

cell interface x;11/2 at time level n. In the case that the numerical flux depends
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only on the neighboring cell values, we can with no loss of generality write the
scheme in the numerical viscosity form [14,40]:

1 1
Fit12= 3 (fi + fi+1) — QQ]'-H/Q (i1 — uj), (2.6)

where f; = f (uj), Q11,2 is the numerical viscosity coefficient and the temporal
index n is from now on omitted because we consider only explicit methods. The
choice of the numerical viscosity coefficient uniquely determines the choice of the
numerical method. For the HLL scheme [15], the numerical viscosity coefficient is
(see [10]):

Sr|(A—=SL) +|SL| (Sr — A
QHLL,j+1/2 = 158/ ( ;ﬁ_lsLL'( B ), (2.7)

where A is the shock speed determined by the Rankine-Hugoniot condition, and
S1, and Sgr are the wave velocity estimates to be determined later.
An alternative way to discretize (1.4) is with the flux-difference splitting form:

At _
uftt =, - v (Ajtl/z (uj —uj—1) + A o (Wit1 — Uj)) ; (2.8)

where A:.El 5 are the flux-difference splitting coefficients. The choice of the method
in this form is determined by the choice of the flux-difference splitting coefficients,
where for the HLL scheme we have:

Ak Sk (A= SL) + S (Sr—A)

HLL,j—1/2 — Sk — SL, ) (2.9)

where S5 = max(0, Sr) and S = min(0, Sg).
A third way to discretize (1.4) is the wave propagation form that will be used
in this paper:

At m m B

+1 ,+ ,

W = - g (Z ARy S§+1/2Wf+1/2> . e
p=1 p=1

where we replaced the discontinuity in the conserved variable by m waves. For the
HLL scheme m = 2, and we define the velocities S? as:

531'71/2 = SL,j—l/Qv 532'71/2 = SR,j—1/27 (2-11)
and the waves WP as:
W;71/2 ZU?E%/Q —Uj-1, W]?—I/Q = Uj _UJHE%/% (2-12)

where u?f{“/Q is the intermediate state determined from the integral form of the
conservation law (3.17) (see [15,43]):

GJHUL _ SRUG = Stujo1 + fimi =
imz Sr — S

. (2.13)

We refer to [15,9-11,3,43] for a more detailed derivation of the HLL scheme.
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2.2.2 Large Time Step methods

For the standard methods above, the size of time step in discretizations (2.5), (2.8)
and (2.10) is limited by the CFL condition:

At
- P =<1 2.14
c g}%\k (w,t)lAI <1, (2.14)

where X is 0 f(u)/0u if we consider (1.4), and the eigenvalues of A(U) (eq. (2.2)) if
we consider (1.1). In this paper, we consider explicit Large Time Step (LTS) meth-
ods that are not limited by the condition (2.14), i.e. we relax the CFL condition
so that:
C = max |\ (z, t)| A Sk ke zt. (2.15)
P,

Following Lindqvist et al. [24], the LTS extension of the numerical viscosity for-
mulation (2.6) is:

Fji172= (f] + fi+1) — Z QS1/24+i DU 41/2+4, (2.16)

i=—00

and the LTS extension of the flux-difference splitting formulation (2.8) is:

uj = Uj - Az Z (A;-tl/Q,iAujq/%i + A;11/2+iAuj+1/2+i) ) (2.17)
i=0

where we introduced the notation Awuj;_;/5 = u; —u;j—1 and the convention:
QY =AF =0 for i>k (2.18)

The LTS extension of the wave formulation (2.10) is:

At oo m m
+1 _ Jidt
U;L —“j—ﬂz <Z S]p 1/2— WV 1/2 z+Z J+1/2+z ]+1/2+1)' (2.19)

We note that (2.16) differs from [24] in a sense that we scale Q' by Ax/At.
The newly introduced upper indices denote relative cell interfaces. For instance,
Q; +1/2+ describes the contribution of the numerical viscosity coefficient Q from
the cell interface ;41 /24, to the numerical flux function Fj /5 which is [i| cells
away. From now on, we will suppress the subscript and our definition of @ will
simply tell us how much does the numerical viscosity coefficient ) from an arbi-
trary interface contributes to the numerical flux function |i| cells away. The same
reasoning applies to the flux-difference splitting coefficients A and wave velocities
S.

Lindquist et al. [24] determined the numerical viscosity and flux-difference
splitting coefficients of the LTS-Godunov, LTS-Roe and LTS-Lax-Friedrichs schemes.
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Prebeg et al. [35] determined the numerical viscosity coefficients of the LT'S-HLL
scheme as:

|Sr| (A —SL) +[SLl (Sr — A)

0
= 2.2
QuLL Sk — 5L ) (2:20a)
i A= SL Az
i QH max <0 +Sr — At)
Sr — A Ax .
22— + fi 2.2
+ [ max (0 St — At) or >0, (2.20b)
and the flux-difference splitting coefficients of the LT'S-HLL scheme as:
A— SL . ,A.’If Azx
AHLL = SR o, max <0, min (j:SR Ve E))
Sr — A . Ax Az
+ Sn 51 max (O, min (iSL —i— A AL )) (2.21)
The wave velocities in an arbitrary LTS method given by (2.19) are:
Aa: Az
pyit : P _
S = *max (O, min (j:S AL A >> (2.22)

The derivation and a detailed analysis of equations (2.16) and (2.17) can be found
in [24], while the derivation of (2.20) and (2.21) can be found in [35].

2.2.8 Systems of equations

In order to apply the methods discussed above to systems of equations, we follow
the standard approach of applying the scalar method to a field-by-field decom-
position obtained through the Roe linearization [38]. We refer to the books by
LeVeque [22] and Toro [43] for the standard theory, and to Lindqvist et al. [24]
and Prebeg et al. [35] for LT'S methods considered in this paper.

The LTS extensions of the numerical viscosity (2.16), flux-difference split-
ting (2.17) and wave formulation (2.19) for systems of equations are:

1 1 =
Fjfi0= ) (Fj +Fjq1) — 5 Z Qjt1/2+:AU 11944, (2.23)
1=—00

for the numerical viscosity,

Ut = U, - —Z (ASf 1o iAU g+ AT 5 AT ), (229)

i=0

for the flux-difference splitting, and:

At & -

n+1l __ X P+ 7

Ui =li-& > <Z S y2-Wi 12t Z Siv1/2+i a+1/2+z> '
p=1

i=0
(2.25)
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for the wave formulation. For the LTS-HLL scheme [35], the partial viscosity ma-
trices Q" are defined through their eigenvalues by diagonalizing them as:

Q;+1/2 = (RQinl)jH/z, (2.26)

where R is matrix of eigenvectors of the Roe scheme [38], and Q' is the diagonal
matrix with the eigenvalues:

0 |SR\(/\ Su) + |SL| (Sr — A)

WHLL [y , (2.27a)
i A— 5L
Fe
WHTLLL 27SR oy max (O +Sr — At)
Sr — A Az .
+2m max <0, £S5 — lE) for i > 0, (2.27b)

and the flux-difference splitting matrices A" are defined through their eigenvalues
by diagonalizing them as:

Az:t

5 At —
j+1/2 = = (RA™R 1)j+1/27 (2.28)

where A is the diagonal matrix with the eigenvalues:

A= SL . Az Ax
)‘HLL + Sh_ S5 max <0, min (:l:SR —ig Zt))

SR —A . Az Ax
+ —F +SL —i—,— | |- 2.2
5 5, Max <0,m1n< SL Ve At)) (2.29)
For the wave formulation, the wave velocities are the same as in (2.22):
pit . p Az Az
S = *max (O, min (iS AL AL )) (2.30)

We refer to [35] for the detailed derivation of (2.27) and (2.29).

3 Scalar conservation law

We consider the scalar conservation law (1.4) and we want to construct an LTS
method that will guarantee that the numerical solution respects the strict maxi-
mum principle (1.8). The condition (1.8) is guaranteed if the numerical method is
monotone. We can determine if the scheme is monotone by the following result:

Lemma 1 (Trangenstein [45]) Suppose that:

u?+1 :H(Uj,k,...,Uj+k;A"E, At), (31)

is a monotone scheme and that it is differentiable in each of its u; arguments for
J—k<I<j+k. Then:

Mo, v j-k<i<i+h (32)
8'&1

Conversely, if:
OH . .
2— >0, V j—k<I<j+k, (3.3)
8ul

then (3.1) is monotone scheme.
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For standard methods, monotonicity can be also shown by considering the numer-
ical flux function (2.6):

F(a,b) = 5 (/@) + £(8) — 5Q(a,b) (b —a). (3.9

The standard numerical method is monotone if the numerical flux function F(a,b)
is non-decreasing in its first argument, non-increasing in its second argument and
the CFL condition (2.14) holds. Our first result is a set of conditions on the
numerical flux function of an LTS method that yields a monotone scheme.

Proposition 1 Suppose that an explicit (2k + 1)-point scheme:

u?+1 =H (Uj—p, ..., ujtr; Az, At), (3.5)
can be written in conservation form:
uy T =g+ %(ijlﬁ(“j—kvuj—k-#lv S Ujgko1) (3.6)
—Fi2(U kg 1s Uik 1, Ustk)),s
where:
F:F(ul,...,u%), (3.7)

is a Lipschitz continuous numerical flux function of 2k arguments. The numerical
method (3.5) is monotone if:

oF oF
> > <
OF | Our = Qur—? 20 for 1<p<k, (3.5)
ur 78F < —BF <0 k+1 < 2k; .
OuP—1l = Qur — for kt1<ps<2k;

and the condition:
oF

duk

A or

Az Oukt1
Remark 1 We note that we use lower indices to denote the absolute index position,
le[j—k,...,j+k] for the numerical method H and the numerical flux function F,

and upper indices to denote the relative (local) index position: p € [1,...,2k + 1]
for the numerical method H, and p € [1,...,2k| for the numerical flux function F.

) <1, (3.9)
holds.

Proof We recall Lemma 1 and note that the scheme (3.5) is monotone iff:

oA
— > 1<p<2k+1. .1
pup 20 ¥ 1<p<2k+ (3.10)

By differentiating H with respect to its arguments u” we obtain:

(a) %635 for p=1,
(®) % (gfp - 335—1) for 1<p<k,
%: (€) 1+ 2L (55 — 525 ) for p=k+1, (3.11)
(@) 2EL(55 —s5=)  for k+1<p<2k
() - % aifk for p=2k+1;

We now show that (3.8) implies that all conditions (a—e) are > 0.
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— Conditions (a) and (e): Condition (a) is satisfied by (3.8) because OF/0u? > 0
when p = 1. In the same manner, condition (e) is satisfied by (3.8) because
OF/0u? < 0 when p = 2k.

— Conditions (b) and (d):

OF oF

= = > )
<8uP 8up*1> 20, (3.12)

can be satisfied by any of the following;:

oF oF

> T .

ur 2 et 2 0 (3.13a)

OF  _ OF _ (3.13b)

Our—1 ~ Jup —
However, conditions (a) and (e) require that F' is non-decreasing in its first
argument and non-increasing in its last argument. Therefore, only condition
(3.13a) holds for 1 < p < k, which is satisfied by (3.8); and only condition
(3.13b) holds for k + 1 < p < 2k, which is satisfied by (3.8).
— Condition (c) can be written as:

At OF oF
S (W‘ a?) 20, (3.14)

and since for p = k41 we have 0F/0u? < 0, and for p = k we have 0F/0u? > 0,
oF

we may rewrite this as:
At
== _ <1 .1
Ax ( Ouk ) - (3.15)

which is the condition (3.9). O

oF
Quk+1

It was already pointed out by LeVeque [20] that the LTS-Godunov scheme is
not monotone for C' > 1. We now use LeVeque’s argument to show that the LTS-
HLLE scheme is not monotone by constructing a counter-example. The LTS-HLLE
scheme is obtained by defining the wave velocity estimates Si, and Sg according
to Einfeldt [10]:

Sp,j+1/2 = min (f, (uj), >\j+1/2) ) (3.16a)
Sr,jr1/2 = max (Njy1/2, f (uj41)) - (3.16b)
Consider the initial value problem for the inviscid Burgers equations with the
initial data:
1 if =4,
uf = (3.17)
0 if i#j.

We can see that for the initial data (3.17):
SR,j—1/2 = Uj > SR,j+1/2 = Aj+1/2, (3.18)

hence the wave from x;_,,5 can pass the wave from ;1,5 at some finite time
(see Fig. 1). Given enough time and a large enough Courant number, there will
be a cell z in front of the shock such that (2.19) reduces to:

Wi At At LLE

z Uz — AfngR,j—l/QW]zfl/z = 7A7$SR,]‘—1/2 (Uj - U?fl/g) < 0. (319)
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u

T ]
' Sk .
— '
: '
: P
R —
SL; :
— '
:
'
L L L L
Ti-3/2  wj_y  Ti-1/2 u; Ti+1/2 wjpy Ti+3/2

xT

Fig. 1: Transport of initial data (3.17) with the LTS-HLLE scheme in the wave
formulation (2.19)

Remark 2 We point out that both the LTS-Godunov and LTS-HLLE schemes are
TVD (total variation diminishing). It is sometimes stated that the TVD methods
are maximum-principle-satisfying, which we believe is due to the fact that authors
implicitly assume standard methods. To the best of our knowledge, standard TVD
methods are indeed maximum-principle-satisfying. However, as we showed above,
that is not the case for the LTS TVD methods.

We now show that the LTS-Lax-Friedrichs scheme of Lindqvist et al. [24] is
maximum-principle-satisfying by showing that it is monotone.

Proposition 2 The LTS-Laz-Friedrichs scheme by Lindquist et al. [24]:
n+1 1 At
uj "t = H (ks ujek) = 5 (ug-k + Uj+k)*m (f (wjsr) = f (uj—r)), (3.20)
is monotone under the CFL condition:
, At
= — < k. 21
C = maxlf'(u(, )| 55 < b (3:21)

Proof By differentiating (3.20) we have that:

o3 3 (L4 53250 (wj—k))  1=j—k,
ou 3 (1= 325/ (ujsn)) b=j+k, (3.22)
0 otherwise;
which satisfies (3.3) if (3.21) holds. O

4 Systems of conservation laws

We begin by restating some existing results on positivity preservation in standard
methods. We then move to LTS methods and outline how the loss of positivity
occurs there.
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4.1 Positivity preservation

We start by considering the existing result for positivity preserving properties of
standard methods:

Definition 1 A class of schemes that always generate physical solutions from
physical data is denoted as positivity preserving schemes.

This definition is due to Einfeldt et al. [11], where it is shown that the Godunov
and HLLE schemes are positivity preserving, while the Roe scheme is not. Herein
we outline the main points that will be used onwards. Consider a standard exact
or approximate Riemann solver and note that the numerical algorithm may be
seen as:

— (a) Solve the Riemann problem exactly or approximately to obtain the inter-
mediate states in the Riemann fan.
— (b) Update the solution according to:
Ax
n+1 1 2~ 1[0 <
Uj = A—m ) Uj_l/g (Cl?/At)deJrAix N Uj+1/2 (a?/At)dI, (41)
e

where [NJH:I s2(z/At) is the exact or approximate solution to the Riemann
problem at the cell interface z ;1 /2.

Einfeldt et al. [11] showed that if and only if step (a) generates physical states,
then the scheme is positivity preserving. This is due to the fact that, given the
physically admissible solutions to Riemann problems, the integration in (4.1) yields
physical solutions. We have the following classical result:

Lemma 2 (Einfeldt et al. [11]) An approzimate Riemann solver leads to a
positively conservative scheme if and only if all the states generated are physically
real.

Therefore, step (a) is the necessary and sufficient condition for the positivity pre-
serving property of the scheme. Next, consider an exact or approximate LTS Rie-
mann solver and note that the numerical algorithm may be seen as:

— (a) Solve the Riemann problem exactly or approximately to obtain the inter-
mediate states in the Riemann fan
— (b) Update the solution according to:

i Az

gt 2 At 5 [ g V- S U 4.2
i T A > 1 i—1/2—i (G)dG— > Uy, (4.2)
At

i=—00 l=—c0

where U j—1,2(C:) is the exact or approximate solution to the Riemann problem
at the cell interface 2;_1/9_; and {; = (x — x;_1/2_;)/(t — t™) (see [21,24] for
details on (4.2)).

We observe that step (a) is the same for standard and LTS methods. We will show
that in the LTS framework step (a) is only a necessary condition, i.e. (4.2) may
yield non-physical states even when the solutions to the Riemann problems are
physically real. In particular, we will show that:



Monotonicity and positivity preservation in Large Time Step methods 13

Claim (1) The LTS-HLLE scheme is not positivity preserving.
Claim (2) The LTS-Lax-Friedrichs scheme is positivity preserving.

We will show that the LTS-HLLE is not positivity preserving by using the
wave formulation (2.25) and by constructing a counter-example. General updating
formula for an LTS method (4.2) can be rewritten as (2.23), (2.24) and (2.25). A
nice feature of the wave formulation (2.25) is that we can decompose it to updating
component by component. Since the wave velocity estimates are scalars, and the
waves W are vectors, (2.25) allows us to treat the updating field-by-field as:

At = _
n+1 _ it 7
6]j *9]; sz (Z Sf 1/2—14 f 1/2—i ZS]+1/2+I ]+1/2+’L> (4'3)

1=0 \p=1

where 6 is an arbitrary conserved variable from (2.1), and 6” is the value of 6 in
the wave WP.

4.2 Loss of positivity with LTS-HLLE scheme in the Euler equations

We now consider two different ways how positivity can be lost in the Euler equa-
tions. The goal of this section is not to cover all possible ways how positivity can be
lost. Instead, we aim to show that the LT'S-HLLE scheme is not positivity preserv-
ing by constructing a counter-example, and we wish to illustrate the mechanism
behind the loss of positivity. In particular, we consider only a class of initial data
with the initial velocity:

vo(x) = 0. (4.4)
Further, we assume a special type of initial data where the perturbation of the
data is limited to a single cell. Finally, the wave velocity estimates S, and Sy in
the HLLE scheme [10] are determined as the approximations to the smallest and
the largest eigenvalues:

St = min ()\ A /2) (4.52)

Sk = max (A?Hm, A§+1) , (4.5b)
which for the one-dimensional Euler equations carry the indices 1 and 3, and where
)\Jl.fl /2 are the Roe averaged eigenvalues [38].

4.2.1 Local collapse in density

Consider the initial data with a density spike in a single cell:
(p,0,1) if i=7;
(P, v,p)? = . . . (4'6)
(p0,0,1) if i #j,

with p; > po. By using (2.3) and (2.4), the hierarchy of the eigenvalues in the
neighborhood of the cell j is:

N1 < Aj_1/2 < Aj, (4.7a)
N> >0 (4.7b)
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at the interface z;_1/2 and:
Aj > Agija > A, (4.8a)
AT <2y < A4, (4.8b)

at the interface ;11 /2. For the density in the cell j, the LTS-HLLE scheme (4.3)
yields:

P = s = 2 (5% uya (01— AR 4 S0y (MHE - 01)) (49)

where we note that for the initial data (4.6) we have prf/EQ = p]+1/2 and pjx1 =

po-
Lemma 3 For the initial data (4.6), the LTS-HLLE scheme preserves the posi-
tivity of the density in the cell j if:

1
Pitif2 > b5 (4.10)

Proof Both waves updating (4.9) reduce the density in the cell j. The decrease in
the density is greatest when the Courant number C is large enough that (2.30)
yields:

Az Az
0+ _ 0—
R,j—1/2 — E» S ,_,+1/2 Kt (4.11)
Then (4.9) reduces to:
n HLLE
Pj = 2p] 1/2 = Pjs (412)
which is positive when (4.10) holds. O
Lemma 4 For the initial data (4.6), the condition (4.10) holds for:
o3 < bpo, (4.13)
where:
b= % <4+ 6/19—3\/33-1- 6/19—0-3\/33) =~ 5.6786. (4.14)

Proof For the initial data (4.6), the intermediate state pr{‘/Eé is determined by
(2.13):
HLLE Srp; — Supo
ol = 2 2Ll 4.15
Pj—-1/2 Sk — oL ( )

By using (4.7) in (4.5) we have that at x;_1 /5:

SL =X = —ao = —/7p/po, (4.16a)
Sk =X _1/2 = aji1/2 = \/ 0/ \/Pop; (4.16b)

where a;_1 /5 is the Roe averaged speed of the sound (see for instance [22]). The
intermediate state (4.15) now becomes:

,_.
[~

HLLE POP; pj PO po

Pj—1/2 = — F/——  — n
or T\ e

(4.17)

HT
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Then we can rewrite the condition (4.10)

1/ ,/ o) > 0. 4.18
2/)] N po p] P> (4.18)

We know that po < pj, i.e. we may write p; = bpo, b > 1. By using this in (4.18)
we obtain:

b4 —b4+2>0, (4.19)
which is a decreasing function of b € (1, 00) and becomes negative when b exceeds
the condition (4.14). O

4.2.2 Local collapse in internal energy

Consider the initial data with a pressure spike in a single cell:
(1,0,p;) i i=j;
(p7 va)zo = . . . (4'20)
(Loapo) if 7‘#]:

with p; > po. By using (2.3) and (2.4), the hierarchy of the eigenvalues in the
neighborhood of the cell j is:

N1 > Aj_1y2 > Aj, (4.21a)

N1 <Ay <A, (4.21b)
at the interface z;_;,5 and:

Aj < N2 < A, (4.22a)

)\? > )\?+1/2 > )\?+17 (4.22b)

at the interface x;, /5. For the total energy density in the cell j, the LTS-HLLE
scheme (4.3) yields:

Ett =E; - % (SO R,j—1/2 (E EHLlLE) + ST kt1/2 (EJHflL/g >) (29

By using the following relations (superscript denotes the time step):

1
B} = pjej + 551031 = plle], (424)
1
Ej = pjej + §p]1 [v;]°, (4.24b)
o5 =09, Vi, (4.24c¢)

we can obtain from (4.23) that the internal energy is:

At _
n+1 0+ 0 HLLE
e Az <S R,j—1/2 ( 65— 1/2> S Jk+1/2 (6j+1/2 - ej))

_% {vj - % (S +g 1/2 ( ;{ 1/2) -‘rSL k12 (v;{f}/‘% _Uj))r_ (125)

We note that for the initial data (4.20) we have e; }%/1«:2 = ;{f{“/EQ, U;{LIL/EZ = —v;ﬂ“{“/%

and pjz1 = po.
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Lemma 5 For the initial data (4.20), the LTS-HLLE scheme preserves the posi-
tivity of the internal energy in the cell j.

Proof Both waves associated with the internal energy and the term associated
with the kinetic energy reduce the internal energy in the cell j, eq. (4.25). The
decrease in the internal energy is greatest when the Courant number C is large
enough that (2.30) yields:

0+ Az Az

SR,j71/2 = At’ SL G122 AL (4.26)
Then (4.25) reduces to:
n 1 2
ej'H = Qe;{f{“/EQ —e [ijLlL/% + UJH_H“/%] Qe;{f{“/Eg —ej, (4.27)

which is always p031t1ve as we will show next. For the initial data (4.20), the

intermediate state e; L{“/EQ is:

HLLE _ SR€j — SLeo‘ (4.28)

G-12 = Sr — SL

By using (4.21) in the (4.5) we have that at x;_1 /5:

SL = /\;71/2 = —a;_1/2 = —\/7(po +15) / (2p), (4.29a)
Sk =X] = a; = \/ypi/p. (4.29b)

The intermediate state (4.28) now becomes:

HLLE 1 /PiPi+ pﬁp]
€j—1/2 = 51 n . (4.30)
VRS
We wish to show that (4.27) is always positive, i.e. e;{Llﬁ e] always holds:

o
1 VBP0 Sl

T e 27T

¥ 1
2pj\/ﬁﬂ/po P (po—§ )>0. (4.31)

We know that po < pj, i.e. we may write p; = bpo, b > 1. By using this in (4.31)

we obtain:
71;\/ b+ \/7 (1 - 7b> (4.32)

which is an increasing function of b € (1,00), hence the inequality (4.27) always
holds. m]
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4.2.3 Nonlocal collapse in density

In the section above we described how positivity can be lost in the cell where there

is a spike in the initial data. We now show that a spike in the initial data in one

cell can also cause loss of positivity in other cells as well. Such collapse will be

denoted as a nonlocal collapse. 1t is this type of loss of positivity that in a system

of equations is equivalent to the loss of monotonicity described in section 3.
Consider the initial data with a density spike in a single cell:

(p,v,p)} = (4.33)

(pjvovl) if i=y;
(p0,0,1) if i #],

with p; > po. The hierarchy of the eigenvalues in the neighborhood of cell j is the
same as earlier, see (4.7) and (4.8). We note that the problem is symmetric and
focus on the right side. There is a cell z to the right of cell j such that z > j for
which the LTS-HLLE scheme (4.3) yields:

At _j i
1 z2—j)+ HLLE z 1)+ HLLE
.0:+ = Pz — Az <S§27j£)1/2 (ﬂj - ﬂj71/2> + S}(:g,jil/g) (Pj+1 - Pj+1/2)> >

(4.34)
where we note that for the initial data (4.33) we have p?_[‘{“/EQ = ?_H“/E? and pjr1 =

Pz = Po-

Lemma 6 For the initial data (4.33) the LTS-HLLE scheme preserves the posi-
tivity of the density in the cell z if:

1
Pitif2 > b5 (4.35)

Proof We consider (4.34) and note that the wave from x;_; /5 decreases the density
in the cell 2, while the wave from z; /o increases the density in the cell z. By
using (4.7) and (4.8) in (4.5) we find out that the waves are moving with velocities:

SR,j—1/2 = )\?71/2 = )\?H/z < SRjy1/2 = /\?H: (4.36)

hence the waves updating (4.34) cannot pass each other. The critical case is when
the Courant number C is large enough that (2.30) yields:

(z—i+ _ Az (z—i-D+ _ Az
Shalvie= T Swats = g (4.37)

Then (4.34) reduces to:

P2t =205 — pj, (4.38)
which is positive when (4.35) holds. O

We note that the condition (4.35) holds under the same condition as in Lemma 4.
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4.2.4 Nonlocal collapse in internal energy

Consider the initial data with a pressure spike in a single cell:
(p.v.p)} = RO (4.39)
(1,0,po) if i#J,

with p; > po. The hierarchy of the eigenvalues in the neighborhood of cell j is the
same as earlier, see (4.21) and (4.22). We note that the problem is symmetric and
focus on the right side. There is a cell z to the right of cell j such that z > j for
which the LTS-HLLE scheme (4.3) yields:

At

nt+1 z—j)+ HLLE (= 1)+ HLLE

BT =B - (5§aJ]1/2 (E — —1/2> Skiis (Ej+1 EJ+1/2>)
(4.40)

By using the relations given in (4.24), we can obtain from (4.40) that the internal
energy is:

n At z z 1)
et me. = 2 (S50 (e — M) + G (e - HB))

x
1 At gl—i+ ] HLLE S(z i—U+ [ aoLe\\ ]’
o B0 (50 (o BB 4 S0 (o )

(4.41)
We note that for the initial data (4.39) we have e; L{“/EQ = ?_H“/EQ, v;{_LlL/% = —U?_H“/]g

and pjz1 = po.

Lemma 7 For the initial data (4.39), the LTS-HLLE scheme preserves positivity
of the internal energy in the cell z if:

1
ej 1z > ej = eo + Sl 12)" (4.42)

Proof We consider (4.41) and note that the wave from x;_; /o decreases the in-
ternal energy in cell 2z, the wave from x;,, /5 increases the internal energy in the
cell z, and the term corresponding to kinetic energy decreases the internal energy
in the cell z. By using (4.21) and (4.22) in (4.5) we find out that the waves are
moving with velocities:

SR,j—1/2 = A? > SRjt1/2 = >\?+1/27 (4.43)

hence the waves updating (4.40) can pass each other. The critical case is when the
Courant number C' is such that (2.30) yields:

(z—i)+ _ Az (z—j—1)+ _

R,j—1/2 — "Ag’ SR,j+1/2 =0, (4'44)
i.e. the wave decreasing the internal energy completely passes through the cell z,
and the wave increasing the internal energy does not reach the cell z. Then (4.41)

reduces to:

n HLLE 1. HLLE
ertt =eg — ejt+ej 12 — [ Crmsyri (4.45)

which is positive when (4.42) holds. O



Monotonicity and positivity preservation in Large Time Step methods 19

Lemma 8 For the initial data (4.39), the condition (4.42) holds for:
p; < 3.09224pg. (4.46)

Proof For the initial data (4.39), the intermediate state e] LI /2 was already de-

fined in (4.30), while the intermediate state v; L1/2 can be determined in a similar
manner as:

Uj,l/g = T .
\/’%“F /,_YPOQPJ

Then we can rewrite the condition (4.42) as:

HLLE Po — Dy (4 47)

Bipi + I’oJrI’J i .
1L Vi ST I B Po P >0 (4.48)

—1 —1 y—-1 2 /
Y VB + po+p, y ¥ Ao+ ’Y%

We know that po < pj, i.e. we may write p; = bpo and b > 1. By using that we
have:

1 -1 1—2b+ b2 1+b
+ (2- )+\f—727 (1J; e <\/15+1/'2F>>0.
+b) +
b+ 2V 5

(4.49)

This is a decreasing function of b € (1, c0) and becomes negative when b = 3.09224.
[}

We showed four different examples how positivity of density and internal energy
can be lost when we use the LT'S-HLLE scheme. We note that these examples are
limited to very special types of the initial data, and it is reasonable to expect that
arbitrary initial data might lead to more ways to lose positivity, especially if the
velocity differences between the cells would be very large.

We now proceed to show that the LTS-Lax-Friedrichs scheme by Lindqvist et
al. [24] is positivity preserving.

4.3 LTS-Lax-Friedrichs scheme for the Euler equations

Proposition 3 The LTS-Laz-Friedrichs scheme by Lindquist et al. [24]:

1
U = S (U ok + Ujin) —

2 - Fj*k) ’ (450)

At

2kAx (i
is positivity preserving for the one-dimensional Euler equations under the CFL

condition:
C= rnax|)\p (z, t)| — < k, kezt (4.51)

Pzt

Our proof is based on the paper by Zhang and Shu [49] where it is shown that
the standard Lax-Friedrichs scheme is positivity preserving for the Euler equations
under the standard CFL condition (2.14). We follow their proof and generalize it
to hold under the relaxed CFL condition (4.51). We start with the following result:
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Lemma 9 (Zhang and Shu [49]) Define the set of admissible states by:

p
G={U= |pu||p>0, and p=(y—1)(E-Lip?) >0, (4.52)
E

then G is a convez set.

Proof (Proposition 3) We can rewrite (4.50) as:

n 1 1 At
Uit = 3 <UJ K+ kA F ) t3 (Uj+k - mFHk) . (4.53)

We assume that Uj;_; and Ui, are in the set G, and we want to show that
U;L+1 € G under the CFL condition (4.51). We start by observing that U;-“Ll is a
convex combination of vectors:

At At
Rzt and Ujsk = 270 B

Therefore, we only need to show that these vectors are in the set G. For the first
component of U (the density) we obtain:

Ujp + —— (4.54)

At
(1 + AT Ug:;:k) pizk >0, (4.55)
which is satisfied when (4.51) holds. The next step is showing the positivity of

pressure. By dropping subscripts, the pressure (p = (v — 1)pe) can be written as
a function of conserved variables:

At At At T
(Uj:kA F) ({pj: APV pv:tkA (pv* +p)Eimv(E+p)} )

At _p__y=1
<1i s ) <1 o7 (i iv)2>. (4.56)

The first bracket is positive since it is equal to the bracket in (4.55), while the
second bracket can be rewritten as:

p -1 (kAa: ) P
1-2__ 77" Jso0 — ,/— + JAE, 4.57
( PZ(’“AA;”iv)2> y-1\ At "o (4.57)

which always holds under the CFL condition (4.51). O

4.4 Towards a positivity preserving LTS method

In the existing literature, two main ways to tackle the loss of positivity are:

— Constructing an unconditionally positivity preserving scheme (see references
in section 1). This approach is currently available only for standard methods,
and at the moment it seems unattainable for a wide class of LTS methods
because of lack of full understanding of all possible ways the positivity can
be lost. Currently, the LTS-Lax-Friedrichs scheme is the only known positivity
preserving LTS method.
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— Reducing the Courant number. This approach works for LTS methods as well,
and it has been exploited by Morales-Herndndez and co-workers [28,29]. The
straightforward way to do this is by repeating the time step with a reduced
Courant number when the positivity is lost, while more sophisticated ap-
proaches include determining if the loss of positivity is likely to happen at
the beginning of each time step.

Herein, we propose a very general way to increase the robustness of the LTS
method and its ability to preserve positivity by adding numerical diffusion. We
start by observing that by defining the wave velocity estimates as S, = —kAz /At
and Sg = kAxz/At in the LTS-HLL scheme we recover the LTS-Lax-Friedrichs
scheme of Lindquist et al. [24]. Since the LTS-Lax-Friedrichs scheme is positivity
preserving, we propose to parametrize the wave velocity estimates as a convex
combination between the HLLE and Lax-Friedrichs schemes:

SL=(1-8)SE+85EF,  Sp=(1-p8) 5k +BSEF, (4.58)

where SE’R are the wave velocity estimates according to Einfeldt (4.5). We will
denote this method as the LTS-HLLES.

5 Numerical results

In this section we present numerical results for three test cases commonly used to
test the robustness of numerical methods. The input discretization parameters are
the Courant number C' and Ax. Then, the time step At is evaluated at each time
step according to:

CAx
At = ——— . 1
" ] &
p,J

s

5.1 Double rarefaction

As the first test case we consider the double rarefaction test case already considered
by Prebeg [34], with initial data V(z,0) = (p, v,p) T

(1,-2,04)T if z<o0,

5.2
(1,2,0.4)T if x>0, (52)

V(z,0) = {

where the solution is evaluated at ¢ = 0.05 on a grid with 100 cells in the inter-
val [—0.2,0.2]. Figure 2 shows that the LTS-HLLE scheme successfully resolves
problem (5.2) at the Courant number C' = 5. Further, we observe that the LTS-
HLLES scheme yields smoother profiles of all variables. We note that the LTS-
HLLE scheme preserves positivity for the problem (5.2) for all Courant numbers
we tried.
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Fig. 2: The HLLE and LTS-HLLE(3) schemes for the problem (5.2)

5.2 LeBlanc’s shock tube

As the second test case we consider LeBlanc’s shock tube with initial data V(z,0) =
(p,v,p)":

(1,0,(2/3)0.1)T if x<3,

5.3
(0.001,0,(2/3)10")T if 2 >3, (5-3)

V(z,0) = {

and v = 5/3, where the solution is evaluated at ¢ = 6 on a grid with 600 cells in
the interval [0, 9]. Figure 3 shows that both LTS-HLLE(3) schemes perform better
than the LTS-Roe scheme. This becomes even more notable as we increase the
Courant number, and the LTS-Roe scheme losses positivity and crashes for C' > 10,
while the LTS-HLLE(3) schemes preserve positivity for all Courant numbers we
tried. Introducing numerical diffusion smoothened the profiles, but also calculated
position of the right shock even further to the right. We note that large errors
observed in velocity and internal energy (even with the standard methods) have
been reported by other authors as well, see for instance [26,7,48].
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Fig. 3: The HLLE, LTS-Roe and LTS-HLLE(S) schemes for the problem (5.3)

5.3 Sedov blast-wave

As the last test case we consider the planar Sedov blast-wave problem with the
initial data V(z,0) = (p,v,p)":

(1,0,4 x 1071) if —2<ax< 054z, 05Ar<z<?2

5.4
(1,0,2.56 x 10%) if —0.5Az <z < 0.5Az, (5-4)

V(z,0) = {

where the solution is evaluated at t = 1072 on a grid with 800 cells in the interval
[—2,2]. The exact solution is obtained with free software [42]. In the previous two
test cases, the LTS-HLLE scheme preserved positivity for any Courant number we
tried. For the Sedov blast-wave, the LT'S-HLLE scheme loses positivity for C' > 4,
but we were able to use C' > 4 by adding numerical diffusion, see Fig. 4. The loss
of positivity for the LTS-HLLE scheme is expected because the initial data (5.4)
closely resembles the initial data studied in section 4.
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Fig. 4: The HLLE and LTS-HLLE(3) schemes for the problem (5.4)
(the solution is symmetric and only the right half of the domain is shown)

6 Conclusions

‘We have investigated the monotonicity and positivity preserving properties in LTS
methods, with a special focus on the LTS-HLLE scheme for the Euler equations.
In particular, we have determined the monotonicity conditions on the numerical
flux function of the LTS method for scalar conservation laws (Proposition 1),
and we showed that the LTS-HLLE scheme is not positivity preserving. Further,
we showed that the LTS-Lax-Friedrichs scheme for scalar conservation laws is
monotone (Proposition 2) and that the LTS-Lax-Friedrichs scheme for the Euler
equations is positivity preserving (Proposition 3).

We applied the LTS-HLLE(3) schemes to three test cases commonly used to
test the positivity preserving property. Even though the LTS-HLLE scheme is not
positivity preserving, numerical investigations suggest that it always preserves pos-
itivity for the double rarefaction and LeBlanc’s shock tube. The LTS-HLLE scheme
lost positivity for the Sedov blast-wave when we increased the Courant number
above certain values. We proposed a very simple way to make the schemes more
robust by adding numerical diffusion, which allowed us to increase the Courant
number used for the Sedov blast-wave. Unfortunately, increased robustness ob-
tained by adding numerical diffusion results in less accurate solutions.

We believe that the decrease in accuracy due to additional diffusion can be
reduced by more sophisticated ways of introducing numerical diffusion. In our
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investigations the parameter 8 is constant across the whole domain and at all
time steps. By selectively introducing numerical diffusion we could introduce a
minimal amount of numerical diffusion required to ensure positivity preservation,
while keeping the solution as sharp as possible. The development of such methods
requires further insight into the ways positivity is lost, and at the moment it
remains outside the scope of this paper.
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ABSTRACT

In this paper we present the Large Time Step method based
on the Roe scheme applied to a standard two-fluid model.
The Large Time Step method was originally developed in
the nineteen eighties by Randall LeVeque and has enjoyed
increasing popularity in the CFD community in recent years
due to its attractive features such as increased accuracy and
efficiency compared to its standard low time step counter-
parts. In terms of efficiency and computation time, one of
the main disadvantages in common explicit schemes is the
limited time step size imposed by the CFL condition. The
idea behind the Large Time Step method is to increase the
domain of dependence which leads to a relaxation of the
CFL condition, allowing us to use Courant numbers larger
than one, i.e. using very large time steps compared to stan-
dard explicit methods. It is shown that such an approach
notably reduces the computation time and increases the ac-
curacy of the solution. However, the idea of increasing the
domain of dependence causes difficulties when it comes to
boundary treatment, especially in the presence of source
terms. In this paper, we describe and address these diffi-
culties. We extend the standard Roe scheme with the Large
Time Step method and apply it to the standard two-fluid
model for the water faucet test case, focusing on the treat-
ment of the boundary conditions. Furthermore, we com-
pare the performance of the scheme with the classical Roe
scheme in terms of computational time.

Keywords: Two-fluid model, Large Time Step, Boundary
treatment, Source term.

NOMENCLATURE

a speed of sound, [/s]

A coefficient matrix

A Roe matrix

F flux vector

g gravitational acceleration, [7/s2]
k phase index, g - gas, / - liquid
p pressure, [Pa]

p'  interface pressure, [Pa]

Q source term

R matrix of right eigenvectors of Roe matrix
t time, [s]

U vector of evolved variables

v velocity, [/s]

Copyright © 2015 CSIRO Australia

x spatial coordinate, [m]

o volume fraction

A eigenvalue of coefficient matrix

A diagonal matrix of eigenvalues of Roe matrix
P density, [kg/m3]

INTRODUCTION

The two-fluid model is a mathematical model in
widespread use for the simulation of two-phase
flow. The model contains difficulties associated with
a complicated eigenstructure and non-conservative
terms (Jones and Prosperetti, 1985; Flatten and
Morin, 2012; Morin et al., 2013). Despite these
difficulties the model has been successfully used in
many applications, such as oil & gas (Larsen et al.,
1997; Bendiksen et al., 1991) and the nuclear indus-
try (Barre and Bernard, 1990). Current research and
improvements of the two-fluid model are based on re-
solving the mathematical difficulties and further im-
proving the computational performance, in terms of
new numerical schemes which aim to increase the ac-
curacy of the solution or reduce the computational
time. In the present work we show that the compu-
tational time can be reduced and the accuracy can be
improved by the Large Time Step (LTS) scheme. The
basic idea is to formulate an explicit scheme which
will not be limited by the CFL condition, thereby
allowing us to use time steps much larger than usu-
ally associated with explicit schemes. Such schemes
were first introduced by Randall LeVeque in the nine-
teen eighties (LeVeque, 1985), but have recently seen
a revival with applications to the Euler equations
(Qian and Lee, 2012) and the shallow water equations
(Morales-Hernandez et al., 2014; Xu et al., 2013). To
the best of our knowledge no application of LTS to
two-phase flows has yet been published.

Although the results obtained with the LTS method
are promising, there are certain difficulties when it
comes to the treatment of boundary conditions, espe-
cially in presence of source terms, such as gravity. In
this paper we present two different approaches to treat
the boundaries. We show the effect of the different
treatments of boundary conditions on the accuracy of
the solution depending on the choice of the time step



and the grid size. A performance study demonstrates
how the computational time is reduced by increasing
the time step in the LTS method.

MODEL DESCRIPTION

We consider a one-dimensional isentropic equal-
pressure two-fluid model without energy equa-
tions (Evje and Flatten, 2003), where we solve sep-
arate evolution equations for mass and momentum of
two fluids (k = g,1):

9 (proy) N 9 (PO vi)
ot ox

d (prowve) 9 (prowvi+ (p—ph) o) ap'
+
ot ox

=0 )

(2)
Closure relations and thermodynamic submodel

The model is closed by a basic relation between vol-
ume fractions:
o +oy =1 3)
and by equation of state for each phase k:
P — Pko

Pk =Pro+—> C))
ax

where the speed of sound a is defined as ai =
dp/9p. The parameters are defined as:

Pio= 105 Pa pg,O =0
pro = 1000 kg/m? Pgo=0
a; = 10> m/s ag = V105 m/s.

Although the model assumes equality of phase pres-
sures, p, = p;, we need to define an interface pressure
term to ensure that the system is hyperbolic:

O 01PgPI (ngvl)z

5
Py 0 + P10 ®)

Ap=p-p'=8§
with § = 1.2. For details on closure relations and in-
terface pressure modeling we refer to Evje and Flatten
(2003).

NUMERICAL MODEL

The system of equations (1)—(2) can be written in
quasilinear form as:
U U
— +AU)=— =
o tAUF
This system is discretized by the explicit Eu-

ler method in time and the Roe scheme in non-
conservative form in space:
Ut =ut - A (AFt +AF +AtQ" (7)
i T T A T2 j+1/2 J
where the flux differences AF" and AF ™~ are:
+  _apt _ A+
AF,-H/Z = AF,'+1/2 (UijfH) = Aj+1/2 (Uj+1 - Uj)
®

Q(U). ©)
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tou—- =0k

Herein, the fundamental component is the construc-
tion of a Roe matrix A (see Evje and Flatten (2003)
for details), and we define

At =RATR™! 9)

where R is the matrix of eigenvectors of A and A is
the diagonal matrix of eigenvalues. Herein,

AT =max(0,1), (10)
A~ =min(0,1). (11)

In this paper we will refer to this formulation and re-
sults obtained with it as "the standard Roe scheme".
A known limititation of this scheme is that the time
step must satisfy the constraint C < 1, where C is the
Courant number:

A
C:max|7L|BtA (12)

Herein, the maximum is taken over all eigenvalues in
all computational cells.

In the following, we will describe an extension of the
Roe scheme that gets rid of this limitation.

Large Time Step Scheme

To extend the standard Roe scheme to the LTS Roe
scheme we use the approach proposed by LeVeque
(1985).

As stated earlier, the basic idea of the LTS method is
to increase the domain of dependence. Since the in-
formation from the domain of dependence with which
we update cell state U"*! is delivered in terms of
fluxes through the cell faces, we reformulate the flux
differences to include all flux differences in the do-
main of dependence. Hence we modify (8) as follows:

AF7+1/2 = ;}Aﬁl/zﬂ' (UHH *UH) (13)

AF}+1/2 = ;)A;:—]/Z-H (Uj+1+i - U.Ht’) (14)
i

where the matrices A™® are defined as:

At — RIEAE (ﬁii)*l (15)
A™ = diag (A™) (16)

i+ _ LA Ax
A" = max <0,m1n </1 vy (17

- _ mi Ar _Ax
A 7mm(0,max<l—i-tm7 At))' (18)

The infinite sum from equations (13) and (14) will
contain only a finite number of nonzero terms, be-
cause the term A —i % becomes negative, and the term
A+i % becomes positive at some point.

Due to limited length of the paper the reader is re-
ferred to the forthcoming journal article for more ex-
tensive explanation of the LTS method.



BOUNDARY CONDITIONS

Increasing the domain of dependence leads to a dif-
ficulty when it comes to the definition of boundary
cells. In the standard Roe scheme we must provide
only one boundary cell at each boundary, because
the first cell in the domain is updated only from its
neighboring cells, i.e. the Roe scheme is a three-point
scheme:

Uit =U(Uf,, U}, UL (19)

For the first cell in the domain this leads to:
U = U (Uppe, U, UB) (20)

with Uy pc being U in the left boundary cell. From the
way the LTS Roe scheme is formulated it is clear that
the value at any cell may depend on more than three
cells:

Ui =U (..U, U) UG UG U, ) 2D

where the particular size of the domain of dependence
depends on the local Courant number. Clearly, this
leads to a difficulty when it comes to the definition
of numerical boundary conditions, since (for example
at the left boundary) we do not have cells associated
with Uj_,, U_5, etc. We now suggest two different
ways to define these boundary cells in the presence of
source terms.

Extrapolated boundary conditions

Assume that we apply a Courant number C, i.e. we
will need M = ceil(C) numerical ghost cells at each
boundary to directly apply the LTS Roe scheme. The
straightforward way to provide these additional cells
is to simply extrapolate the values of the original
boundary condition cell. In this way, all additional
cells in the boundary zone will have the same values
as the original boundary cell:

Ul =Ujpe V p<LBC (22)

U\ =Upse ¥ p>RBC (23)

where LBC and RBC denote the indices of the left and
right boundary cells, respectively. Assuming N cells
in the interior domain, we will use the convention that
LBC=0and RBC=N+1.

We will refer to this formulation as EBC, i.e. extrap-
olated boundary conditions. If there are no source
terms present in the computational domain this ap-
proach will be very effective, and very accurate re-
sults may be obtained. For reference we advise the
reader of the forthcoming journal article by the same
authors.

Herein, there are a number of ways of constructing the
values of the primary LBC and RBC cells, depending
on the physics of the prescribed problem. Most rig-
orous are the characteristic boundary conditions, see
for instance Fjelde and Karlsen (2002).
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However, regardless of our choice of updating Uypc
and Ugpc we are left with a central problem associ-
ated with the EBC as given by (22)—(23) in the pres-
ence of source terms. Assuming the constant bound-
ary conditions, the assumption of locally uniform data
corresponds to a valid steady-state solution in the ab-
sence of source terms. Consequently, the application
of (22)-(23) may be viewed as follows:

e Calculate U;pc and Ugpc by some boundary
scheme, for instance by extrapolation of the
characteristic or primitive variables.

* Solve the steady-state homogeneous problem

U U
5 TAU S =

in an artifical domain extended at the boundaries
(the solution is simply U = const.)

0 (24)

Transport the solution in this artificial domain
into the actual computational domain through
the LTS method.

Comparing (6) to (24), we see that under this point of
view the EBC approach introduces an artifical discon-
tinuity of the source term at the boundaries. Applying
a Courant number C > 1, we will then see this man-
ifest itself as a discontinuity in the numerical solu-
tion, propagating C cells per time step away from the
boundary. Clearly, this is a numerical artifact arising
from our extrapolation being faster than the interac-
tion between transport and source term effects in each
cell. This issue is the main topic of our current paper,
and we will illustrate this phenomenon in the numer-
ical section. We now proceed to propose a natural
modification that will remedy this.

Steady-state boundary condition

To overcome the problem discussed above, we simply
replace our equation (24) by (6) to instead solve the
steady-state problem:

AT =), 25)

By solving this for % we obtain:

dU 1
— =(A(U U). 26
= (AU) Q) 26)
Now, by solving this equation at the left and the right
boundary cells we obtain the slopes 6,U;, and 6,Ug
(left and right, respectively) which we then use to for-
mulate the additional boundary cells as:

UL, =Ujpc—qAx6,U, V g€ [0,...,M] (27)
at the left boundary zone and:

Uiy =Ukpe+ (g~ DASUR YV gell,....M]
(28)



at the right boundary zone. These equations then re-
place our previous equation (22) and (23). We will
refer to this formulation as SSBC, i.e. steady-state
boundary conditions.

In the following, we will present some numerical sim-
ulations highlighting the differences between EBC
and SSBC.

NUMERICAL RESULTS

As a test case to compare our implementations of the
boundary conditions we use a simplified water faucet
problem proposed by Ransom (1987). We consider a
vertical pipe 12 meters long with initial data:

=08, v=10m/s, v,=0mfs, p=10°Pa.
The source term Qy is limited to gravity and defined
as:
Ok = Proig-

The following boundary conditions are given:

Inlet: oy =038, v,=10m/s, vg=0m/s,

Outlet: p= 10° Pa.
Boundary values are then simply obtained by extrap-

olating the missing variables from the computational
domain, more precisely

j2 P
Q 0.8
=1, =| o (29)
Vi 1se 10 m/s
and
p 10° Pa
n o _ | (a)y
Wiac = Ve = )l (30)
Vi | rpc (W)X’

All the results discussed above are computed at time
t = 0.6s. The analytical solution for the liquid vol-
ume fraction and liquid velocity can be found in Evje
and Flatten (2003), while the complete procedure is
available in Trapp and Riemke (1986). The reference
solution for the remaining variables is obtained by the
standard Roe scheme with superbee wave limiter on a
mesh with 10 000 cells and Ar = 3.5294 - 1075,

For the actual Roe scheme, we use the exactly the
same procedure as described in Evje and Flatten
(2003). Herein, we replace the original discretization
(8) by our Large Time Step extension (13)—(18). Note
in particular that (13)—(18) reduces to (8) in the event
that C <1.

Effect of time step

We consider a domain with a fixed number of cells
(100) and compare the pressure, volume fraction and
velocity profiles for different time steps and different
implementations of the boundary conditions, see fig-
ure 1.
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It can be seen that the solution obtained with SSBC
is smoother than the solution obtained with EBC for
corresponding time steps, especially for larger time
steps. That is expected since the boundaries defined
with SSBC introduce a smaller error and provide a
smoother transition between the boundary zone and
the rest of the domain.

The solutions for the gas volume fraction are very
similar among each other which is not surprising be-
cause the liquid and gas velocities are more than an
order of magnitude smaller than the velocity of the
pressure waves. Because of that, the Courant num-
ber corresponding to the volume fraction waves is ac-
tually smaller than 1 at all times. Further, it can be
seen that the accuracy of the solution for the gas vol-
ume fraction and liquid velocity is actually increased.
This is because the larger time step leads to fewer
time steps in total, which reduces the numerical dif-
fusion introduced each time we average a cell state.
More rigorous insight can be gained through the mod-
ified equation analysis, see for instance Harten et al.
(1976).

Effect of mesh refinement

We also compare the effect of grid refinement starting
with a mesh of 100 cells and a time step Az = 0.00176
which corresponds to C =~ 5. For each refined mesh
we keep the Courant number constant, i.e. the ratio
At/Ax = 0.01467 = const., see figure 2.

We again note the SSBC provides smoother profiles
than EBC. However, this effect becomes less signifi-
cant as the mesh is refined. This is to be expected, as
the number of boundary cells remains constant as the
total number of grid cells is increased. Hence their
relative influence becomes smaller.

Nevertheless, practical simulations are often per-
formed on coarse grids due to computational effi-
ciency constraints. Here the results may be sensitive
to the different treatments of the boundary conditions
presented here.

Performance analysis

The last numerical experiment (see figure 3) shows
how the computational time depends on the increased
time steps for different grid sizes. The abscissa shows
the Courant number. The ordinate shows the relative
computational time normalized to one for C = 1. The
approach used for the treatment of the boundary con-
ditions is SSBC.

Each profile is the averaged results of 10 simulations
performed in MATLAB.

It can be seen that the gain in computational time for
different mesh sizes shows a similar trend, with the
gain being smaller for larger meshes. A precise ex-
planation of this phenomenon would require a careful
code profiling beyond the scope of the current paper.
However, it should be noted that a relative slow-down
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of the code would be expected for high Courant num-
bers for coarse meshes, as the values in the artificial
boundary cells will then influence a significant part of
the domain. The figure indicates that this effect is not
detrimental.

CONCLUSION

We extended the standard Roe scheme to a Large
Time Step Roe scheme and showed that the two-fluid
model can be resolved with an explicit method not
limited by the CFL condition.

Increasing the time step size leads to less accurate
pressure and gas velocity, but to increased accu-
racy in volume fractions and liquid velocity. The
numerical error associated with pressure waves
can be partially reduced by imposing steady-state
boundary conditions (SSBC) to determine the flow
variables in the ghost cells compared to a simple
extrapolation boundary treatment. In particular, the
SSBC approach will reduce oscillations and lead
to smoother profiles. This observation is the main
contribution of the current paper.

Grid refinement shows that the error introduced by
a larger time step decreases with decreased grid
spacing.

A performance study shows that the relative gain
in computational time is highly dependent on the
Courant number, and that the gain is largest imme-
diately after increasing the time step above the CFL
limit.

The proposed method shows promising potential, es-
pecially in the two following cases. First, in prob-
lems with a large number of grid cells where addi-
tional ghost cells introduced by the LTS method cause
relatively small increase in computational time com-
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pared to the reduction of computational time gained
by increasing the time step (i.e. reducing the number
of time steps). Second, in problems where the veloc-
ities of the phases are much smaller than the acoustic
wave speeds and we are not interested in maximum
accuracy of the pressure field compared to the accu-
racy required for volume fractions and velocities.
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Numerical Viscosity in Large Time Step
HLL-type Schemes

Marin Prebeg

Abstract We consider Large Time Step (LTS) methods, i.e. the explicit finite vol-
ume methods not limited by the CFL (Courant-Friedrichs—Lewy) condition. The
original LTS method [R. J. LeVeque, SIAM J. Numer. Anal., (22) 1985] was con-
structed as an extension of the Godunov scheme, and successive versions have
been developed in the framework of Roe’s approximate Riemann solver. Recently,
Prebeg et al. [submitted, 2017] developed the LTS extension of the HLL and
HLLC schemes. We perform the modified equation analysis and demonstrate that
for the appropriate choice of the wave velocity estimates the LTS-HLL scheme
yields entropy satisfying solutions. We apply the LTS-HLL(C) schemes to the one-
dimensional Euler equations and consider the Sod shock tube, double rarefaction
and Woodward-Colella blast-wave problem.

1 Introduction

We consider the hyperbolic system of conservation laws:

U, +FU), =0, (1a)
U('x’o) :UO(x) ) (1b)

where U € R™, F: R" — R™, x € R and t € R". We are interested in solving (1)
with an explicit finite volume method not limited by the CFL (Courant-Friedrichs—
Lewy) condition.

A class of such methods has been proposed by LeVeque [1, 2, 3]. Therein,
the Godunov scheme was extended to the LTS-Godunov and LTS-Roe schemes
and applied to the one-dimensional Euler equations. Most recent applications of

Marin Prebeg
Department of Energy and Process Engineering, Norwegian University of Science and Technology,
Kolbjgrn Hejes vei 2, NO-7491 Trondheim, Norway, e-mail: marin.prebeg@ntnu.no
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these ideas include shallow water equations (Murillo, Morales-Hernandez and co-
workers [4, 5, 6, 7, 8] and Xu et al. [9]), three-dimensional Euler equations (Qian
and Lee [10]), high speed combustion waves (Tang et al. [11]), Maxwell’s equations
(Makwana and Chatterjee [12]) and two-phase flows (Lindqvist and Lund [13] and
Prebeg et al. [14]). All the methods discussed above share the feature of starting
from a Godunov or Roe-type Riemann solver and extending it to the LTS frame-
work. In addition to these applications, Lindqvist et al. [15] studied the TVD prop-
erties of LTS methods and introduced the LTS-Lax-Friedrichs scheme. Several au-
thors [1, 3, 5,9, 10, 13, 15] reported that the LTS-Roe scheme yields entropy violat-
ing solutions even more often than the standard Roe scheme. Therein, this issue is
solved by splitting the rarefaction wave into several expansion shocks [1, 3, 5, 9, 10]
or by varying the time step [13, 15].

Prebeg et al. [16] developed the LTS extension of the HLL (Harten—Lax—van
Leer) [17, 18, 19] and HLLC (HLL—Contact) [20] schemes and applied them to
a one-dimensional Euler equations. They observed that the LTS-HLL(C) schemes
with the wave velocity estimates according to Einfeldt [18] yield entropy satisfy-
ing solutions. This observation motivates the present paper, which is structured as
follows: in Sect. 2 we outline the problem and the numerical methods we will con-
sider, most importantly the LTS-HLL(C) schemes; in Sect. 3 we discuss the entropy
violation associated with the LTS methods and use the modified equation analysis
to demonstrate that the LTS-HLL scheme with the choice of the wave velocities es-
timates according to Einfeldt [18] yields entropy satisfying solutions; in Sect. 4 we
perform numerical investigations; while in Sect. 5 we end with conclusions.

2 Preliminaries

We specify the particular hyperbolic conservation law we will investigate and out-
line the framework of the numerical methods we will use.

2.1 Problem Outline

As an example of (1) we consider the one-dimensional Euler equations where:
U= (p,pu,E)" (2a)
T
F(U) = (pu,pi® + p,u(E+p)) . (2b)

where p,u,E,p denote the density, velocity, total energy density and pressure,
respectively. The system is closed by the definition of the total energy density,
E = pe+ pu?/2, where e is the internal energy given by the equation of state as
e=p/(p(y—1)). We use y = 1.4 for air. We can also write (1) in a quasilinear form
as:
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IF(U) )
U -’

We assume that the system of Eqgs. (3) is hyperbolic, i.e. the Jacobian matrix A has
real eigenvalues and linearly independent eigenvectors.

U +AU)U, =0, A(U)=

2.2 Numerical Methods

We discretize (1) by the explicit Euler method in time and the finite volume method
in space:

At
+1 _
v 7U’;——( ;fH/Z—F;Ll/Z) , &)

where U;? is an approximation of the average of U in the cell j at time level n and
F;‘ )2 is a numerical approximation of the flux function at the cell interface x;
at time level n. In standard (3-point) methods the numerical flux depends only on
the neighboring cell values and we may write the numerical fluxes in the numerical
viscosity form:

n 1 s n 1 71 n n
2= (Fj+Fj,) - 512 (U3 -15) ®)

where F;’ = F(U;’) and Q;? )2 is the numerical viscosity matrix. To simplify the
notation, the time level n will be implicitly assumed in the absence of a temporal
index. In the numerical viscosity framework (5) the HLL scheme is obtained by
setting:

S'E +SE A fESE,
Sg —SL Sr —SL

QuL = I, Q)
where A is the Roe matrix [21], Sr and Sy, are the wave velocity estimates, and the
superscripts denote Sjf = max(0,Sg) and S; = min(0,S.). The choice of the wave
velocity estimates will be addressed in Sect. 2.3. We note that Q can be diagonalized

as:
Q-ROR ', 7

where R is the matrix of the right eigenvectors of the Roe matrix, and Q =
diag(a)l,...,a)’") is the matrix of the eigenvalues of Q, where the superscript
denotes the particular characteristic field. Then we may define the HLL scheme
through the diagonal entries of £ as:

SE(A—Sp) = SC(SE—4)
Sg—S¢

WyLL = ) 3

where A are the ei genvalues of the Roe matrix A. For more details on the derivation
of the HLL scheme we refer to [17, 18, 19, 22].
For the 3-point method (5) the time step Ar is limited by the CFL condition:



4 Marin Prebeg
At
C=max|A?|— <1, )
i 14 |AX -

where k;’ are the eigenvalues of the Jacobian matrix A(Uj) in (3), and the super-
script p denotes the particular characteristic field, p = 1,...,m. We are interested in
explicit methods not limited by the condition (9).

2.2.1 Large Time Step HLL Scheme

The natural LTS extension of the numerical viscosity formulation (5) is [15]:

1 L&
Fiop=5 E+Fm) =5 ¥ Qi (Usrsi = Ugi) - (10)

We note that (10) differs from [15] in the sense that we scale Q' with Ax/At. By
using the results from [16] we write the LTS-HLL scheme in the numerical viscosity
form (10) by defining:

i _(poin-1
Q)10 = (ROR >,~+1/z’ an
where the diagonal entries of Q are defined as:
SEA—=S0) =S (SE—2
iy = OS50 =SS h) 12
Sr —SL
: ) —-SL Ax
ol = 2SR —y max <0,:|:SR sz>
-y Ax
+2SS:7 5 max (O,iSL - iE> for i>0. (12b)

We refer to [16] for the derivation of these formulae.

2.2.2 Large Time Step HLLC Scheme

The HLL scheme assumes a two-wave structure of the solution and leads to poor
resolution of the contact discontinuity in the one-dimensional Euler equations (2).
Toro et al. [20] introduced the HLLC solver where the missing contact wave is
restored. Following [22], the main idea consists of assuming a three-wave structure
of the solution, thus splitting the Riemann fan into two intermediate states:



Numerical Viscosity in Large Time Step HLL-type Schemes 5

Uj if x<Spt,
~ UHLLC if St <x < Sct,
Ule)=4 = o . (13)
Uy if  Sct <x < Srt,
Uj+l if x> Spt,
where the intermediate states are:
S 1
K — UK S
UELLC:pK<S — ) . < N )
K —9C p—K+(Sc7uK) <Sc+m>

where index K denotes left (L) or right (R) state in (13). The contact discontinuity
velocity is given by:

_ PR—pL+PLu(SL—uL) — Prur (Sr — ur)

S
¢ pL(SL —u) — PR(Sk — UR)

5)

For details on the derivation of these formulae we refer to the book by Toro [22].
Herein, we present the LTS-HLLC scheme in the conservation form as derived
in [16]. The numerical flux to be used in (4) is:

LTS-HLLC __ 30 i SR
Fiiin 7Fj+l/2+ziFjJIrl/Z—ijLZiFjil/ZJri’ (16)
i= i=
where F‘]). 12 is defined as:
F; it 0<SL,
0 FlbS, if SL<0<Sc,
Fip =9 puirc . an
FR,j+1/2 if Sc<0<S8R,
Fi if 0>S8gr.

In the interesting case, Si. < 0 < Sg, the numerical flux function has the form:
HLLC HLLC
Foifip=Fj+5 (UL,]‘+1/2_U1’) ) (18)
HLLC HLLC
Fg i =Fjri +5r (UR.,j+1/2*U.i+1) . 19
The remaining terms in (16) are:
—i i HLLC
Fj+l1/27i - SRA’jJrl/Z—i (UR,j+1/2—i - Uj+lfi)
—i HLLC HLLC
el (UL,j+1/2—i - UR7j+l/2—i>

—i HLLC
+ SL4lj+l/2—i (Uj*i - ULA,‘+1/24> ) (20)
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+i _ ¢t HLLC R o
Fj+1/2+i - SL,j+1/2+i (UL¢j+l/2+i UJ+!)
+i HLLC HLLC
+ SC,_;‘+1/2+:‘ (UR.,_/+|/2+1' - UL.j+I/2+I>
+i HLLC
+ SR/ (UHH!’ - UR.j+1/2+i) . 2D

Herein, the modified velocities are:

i (At
SiLeR)jr1/2-i = max <S[L,C,R].j+1/27i - ’B’O> ; 22)
S c=min { SjLcRrl i1/ »+ig.0 . (23)
[L.CR],j+1/2+i [LCR],j+1/2+i T A

We refer to [16] for the derivation of these formulae.

2.3 Estimates for Wave Velocities Sy, and Sg

In the present paper, the choice of the wave velocity estimates is made according to
Einfeldt [18]:

SL,j+1/2 = min <11(Uj)7il(ﬁj+1/2)> , (24a)
SR, j+1/2 = max (13(6_1+1/2)77L3(Uj+1)> , (24b)

where U denotes the Roe average of conserved variables. The HLL scheme with (24)
is usually denoted as the HLLE scheme. Einfeldt et al. [23] showed that the standard
(3-point) HLLE scheme yields entropy satisfying solutions and preserves positivity.
Batten et al. [24] showed that the HLLC scheme [20] with (24) also preserves pos-
itivity. In the following section we demonstrate that the LTS-HLLE scheme yields
entropy satisfying solutions.

3 Entropy Violation

A weak solution to a conservation law is not necessary unique [25, p. 217]. For
the numerical scheme to select the physically relevant solution, we need to impose
so-called entropy conditions. Entropy violation is most commonly associated and
discussed as it appears in the Roe scheme [21]. We start by following the same
approach and consider the numerical viscosity interpretation of the entropy viola-
tion [25].

Consider a standard (3-point) Roe scheme written in the numerical viscosity for-
mulation (5). The eigenvalues of the numerical viscosity matrix Qgee are given by:
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WDRoe = |l| . (25)

In the transonic case a particular eigenvalue w{{oe (p =1,...,m) may be close to
zero, corresponding to no viscosity in the field p associated with the eigenvalue w?”.
We define the interface Courant number Cj.’H n= wj’H /zAt /Ax and observe that if:

clyp=0, (26)

we may expect an entropy violation in the particular field p. For the standard (3-
point) method these situations are well understood and we refer to [25] and refer-
ences therein for a detailed discussion.

Lindqvist et al. [15] showed that for the LTS-Roe scheme the entropy violation
may also appear when:

c?

P =i, Vi€Z. 27)

To clarify this phenomenon and to show how it is avoided in the LTS-HLL scheme
we employ the modified equation analysis.

3.1 Modified Equation Analysis

For scalar conservation laws, Lindqvist et al. [15] showed that the LTS method (10)
gives a second-order accurate approximation to the equation:

1 Ax [ =l
u1+f(u)x:§Ax [Az <Z Q’A;cz> ux} ) (28)

where Q' = Q' (u, ... ,u) is the numerical viscosity coefficient of the (2k + 1)-point
method, and ¢ = f’(u)At/Ax. Therein, the expression:

-2, (29)

Fle

k=1
Duy=Y 0
i=1—k

is interpreted as the amount of numerical diffusion inherent to the scheme. In [15]
D(u) for the LTS-Roe scheme is determined as:

Drrs-roe = ([le[] = |ef) (1+[e| = [le[]) , (30)

where [¢] = min{n € Z|n > c} is the ceiling function. We may observe that D
vanishes when (27) is satisfied. If the solution is supposed to be a rarefaction wave,
this will lead to an entropy-violating expansion shock. We note that in [15] the
modified equation (28) is defined for scalar conservation laws. Herein, we use it for
systems of conservation laws by treating each characteristic field p separately.
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Proposition 1. The numerical diffusion D? in the p-th characteristic field for the
LTS-HLL scheme (11)—(12) is:

D = = (e[ = lew) (1 +[ex] = [lex]])
R (Tlew ] —leul) (1 + lec| = [lec 1)
CR —CL

+(c—cL)(cr—C¢) , 3D
where ¢, = SL.At/Ax, cr = SRAt/Ax and ¢ = ipAt/Ax.
Proof. Use (12)in (29). O
Proposition 2. If the exact solution in the p-th field is a rarefaction wave, i.e.:

/lj”<lp

T <A (32)

the numerical diffusion DP for the LTS-HLLE scheme satisfies:
Dirspiie >0 (33)
Proof. 1f (32) holds, Eq. (24) yields:
SLj+1/2 < iﬂrl/z <SR,j+1/2 - (34)
By using this in (31) we observe that:
Dirg g = (c—cL)(cr—c)>0. O (35)

Numerical investigations in the following section suggest that the above also ap-
plies to the LTS-HLLC scheme with the wave velocity estimates according to [18].

4 Results

In this section we compare the LTS-HLL(C) schemes with their non-LTS coun-
terparts and the LTS-Roe scheme. We note that all the results presented for LTS-
HLL(C) schemes are obtained with the wave velocity estimates (24). Further, the
input discretization parameters are the Courant number C and Ax. Then, the time
step Az is evaluated at each time step according to:

CAx
At = —— . 36
max| 27| 0
psJ
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4.1 Sod Shock Tube

We consider the Sod shock tube problem [26] with initial data:

{(1,0,2.5)T if x<0,
U(x,0) = . (37
(0.125,0,0.25)T if x>0,

with the solution evaluated at + = 0.4 on a grid with 200 cells. Figure 1 shows
the comparison between LTS methods. We observe that the LTS-HLL(C) schemes
yield entropy satisfying solutions, while the LTS-Roe scheme leads to an entropy
violation at x ~ —0.25.

T
—— Reference
1 =

—e— LTS-Roe /Jrr
—8— LTS-HLL
—o— LTS-HLLC H

. \ }f/
- e |
I —

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Distance Distance

Density
o
o

Fig. 1 Comparison between different LTS methods at C = 3.5 for problem (37)

4.2 Double Rarefaction Problem

Next, we consider the double rarefaction test case which is often used as a bench-
mark test case for the positivity preserving. The initial data is:

U0) (1,-2,D)T if x<O0, 38)
X, =
' (1,2,1)T if x>0,

with the solution evaluated at = 0.05 on a grid with 200 cells. Figure 2 shows
that the LTS-HLL(C) schemes successfully handle the near-vacuum conditions. In
addition, the accuracy is very close to that of the non-LTS methods.
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2= -
1 Reference f

% 15 4 —=— HLL, c=1
06 %

0.4 X j . E
-1
0.2 a5 f"
-2
0
-0.4 -0.2 0 0.2 0.4 -0.4 -0.2 0 0.2 0.4
Distance Distance

HLLC, Cc=1

[1-©- LTS-HLL, C=3 gf

[| - *- LTS-HLLC, C=3

e e———
o
[

Velocity
o

Fig. 2 Comparison between the standard HLL(C) and LTS-HLL(C) schemes for problem (38)

4.3 Woodward-Colella Blast-wave Problem

As the last test case we consider the Woodward-Colella blast-wave problem [27].
The initial data is given by uniform density p (x,0) = 1, uniform velocity u(x,0) = 0,
and two discontinuities in the pressure:

1000 if 0<x<O.1,
p(x,0) =1 0.01 if 0.1<x<09, (39)
100 if 09<x<1,

with the solution evaluated at + = 0.038 on a grid with 1000 cells. The reference
solution was obtained by the Roe scheme with the superbee wave limiter on the grid
with 16000 cells. The boundary walls at x = 0 and x = 1 are treated as reflective
boundary conditions. In Fig. 3 we can see that all LTS methods correctly capture
positions of shocks and contact discontinuities. In the density plot, we observe that
both the LTS-Roe and the LTS-HLLC are much more accurate than the standard
HLLC scheme.

7 T T T 16 :
—— Reference

6 H--- HLLC, c=1 H 14 5 .
—e— LTS-Roe, C=7 12 ;

5 H —&— LTSHLL, C=7 8

4 —o— LTS-HLLC, C=7

Velocity

Vi
/
i

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Distance Distance

Fig. 3 Comparison between the standard HLLC and different LTS methods for problem (39)
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However, the LTS-Roe scheme produces an entropy violation at x ~ 0.69, while
LTS-HLL(C) schemes do not. This can be seen in Fig. 4 where we zoomed in the
area of interest in the plot for the velocity.

Reference H

HLLC

LTS-Roe

LTS-HLL

LTS-HLLC
1

0.62 0.66 0.7 0.74 0.78 0.82
Distance

Fig. 4 Entropy violation with the LTS-Roe scheme for problem (39)

5 Conclusions

We used the modified equation analysis to demonstrate that the LTS-HLL scheme
proposed by Prebeg et al. [16] with the choice of the wave velocity estimates ac-
cording to Einfeldt [18] yields entropy satisfying solutions. We applied the scheme
to the one-dimensional Euler equations and numerically demonstrated that the LTS-
HLL(C) schemes with the same wave velocity choice also yield entropy satisfying
solutions. In addition, we applied both schemes to the double rarefaction test case
and showed that both schemes successfully handle near-vacuum conditions.
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